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LEGENDE DU QUARTZ ET DU CORINDON 
(suite) 

I1 y a deux ans, un corindon, sans galon, vint a Besan~on ou tout est vibration 
Prendre l e ~ o n  d'un quartz issu d'une famille double rotation. 

Helas ! Le maitre, au cours de ses 6volutions, fut frappe, par l'eclair, d'electrocution. 
Ce jour-la, le corindon jura d'apprendre aux quartz danser sans electricit& 

Ce mois, revenant, pour sa mission, a Besan~on ou tout est vibration, 
I1 voit un quartz, l'ombre d'un laboratoire, sur la route de l'observatoire. 
Pare d'electrodes dorees, surannees, un fil a chaque pied, ce cousin effemine fait pitie. 
D'un tir de laser, le corindon brise les fers du prisonnier puis, par pulsions, 
l'eclaire de son rayon de lumiere. 
L'illumine s'etire, frernit, palpite au rythme de la modulation, imposee par le corindon. 
I1 scintille de toutes ses facettes, danse, au gr6 des couleurs, la violette polka, 
la verte bourree, la brune sarabande, la blonde farandole, la rouge carmagnole. 

C'est ainsi, qu'en 89, a Besan~on oh tout est vibration, le quartz, libere de ses prkjuges 

par la lumiere du corindon, fit sa premiere revolution, sans le secours des electrons. 

Prof. E. DIEULESA.INT 
Besanson, 23 mars 1989 
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Time and Frequency in Geosciences 

by B. Cuinot 
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Time and frequency techniques play an essential typical methods of accurate dimensional measurements on 
role in many of the programs and projects for a the Earth and in space which require the time and 
global monitoring and understanding of our planet. frequency techniques. Then I will show how these 
The paper gives a general survey of these measurements contribute to the knowledge of the Earth. 
techniques and of their scientific and practical 
applications. 

2. Dimensional measurements at the terrestrial scale 

1. Introduction 

The interest raised by geosciences has 
considerably increased during the last two decades and 
especially during the last few years. With the media 
opening a window on the entlre world, attention is 
constantly attracted to the behaviour of our planet by 
natural catastrophes: seisms, tropical storms, 
droughts, floods ... We are aware of the dangers 
generated by a dramating increase of the world 
population: exhaustion of natural ressources, abnormal 
content of carboll dioxyde and methan in the atmosphere, 
ozone holes, pollutions, change of climate due to the 
destruction of the equatorial forests, to mention a few 
ones from a long list of alarming changes of our 
environment. 

At the same time, space techniques offer the 
possibility to see the Earth as a whole. The 
observations from space platforms show us in real time 
the circulation of the atmosphere, of the oceans, the 
state of the surface of the oceans, the land use ... 
space geodesy, not only gives us the shape of the 
Earth, but also its minute deformations: our planet is 
alive, even at the scale of human lifetime. 

An important factor in improving our knowledge of 
the Earth is the awareness of the interdependence of 
the various phenomenas. This knowledge must be global: 
extended to the entire planet and to all Earth 
disciplines. Many large scale projects for the study 
of the Earth have been launched or are being prepared. 
Our understanding of the evolution of the Earth, its 
atmosphere and oceans, will tell us nore and more 
precisely what to do and what we should not do for a 
good management of our unique patrimony. Shall we be 
able to sacrifice immediate interests for the survival 
of the planet ? That is another problem. 

Many of the techniques used in geophysical 
research, especially for the global phenomena, rely on 
an accurate dimensional measurement. For the distances 
to be measured, length is given by the flight time of 
electromagnetic signals. Long before the new 
definition of the metre based on a conventional value 
of the velocity of light (1983), space geodesy and very 
long baseline interferometry (VLBI) measured fictitious 
distances, by adopting a value of the velocity of light 
(not always the same value ... which was a source of 
difficulties). I would like to show here how time and 
frequency have an essential role, although ancillary, 
in the progresses of some branches of guosciences. 

In these matters, there is no bi-univocal 
correspondence between the measurement technique and 
the geophysical study: the same technique serves 
several objectives and, inversely, the study of some 
particular phenomenon requires several technical 
approaches. Therefore I will first briefly describe 

2.1. Doppler measurements 

Some of the very first artificial satellites 
carried crystal clocks and emitted stable frequencies. 
The observed Doppler effect measured with ground clocks 
provides the relative positions of the satellites and a 
network of ground stations. 

The Doppler method has been used with many 
geodetic satellites. It is also the method applied 
since 1960 for the system of positioning TRANSIT (or 
NNSS) of the USA. This system is still operational, 
but should be replaced by another t/f system, the 
Global Positioning System (GPS). In the most refined 
application of TRANSIT, a global geodesy at one metre 
accuracy level has been achieved. For some time, 
TRANSIT provided also the most precise values of the 
coordinates of the terrestrial pole of rotation, which 
moves with respect to the Earth itself. 

The Doppler method is especially valuable for 
tracking satellites in low orbits such as those 
employed for missions of Earth observation. In France, 
the DORIS system is being experimented. Compared to 
TRANSIT, it is an inverted Doppler system, the 
measurements being made on board the satellite which 
interrogates automatic beacons equipped with crystal 
clocks. 

Another application of Doppler measurements is the 
determination of relative velocity between satellites. 
For instance, in the GRM project, two satellites will 
be orbiting with a separation from 150 to 550 km and it 
is expected that their relative velocity will be 
measured with an uncertainty of 1 pm/s every 4 minutes. 
The method is a two-way Doppler which, to a large 

extent, is free from the oscillators instabilities; 
nevertheless the best available crystal clocks are 
required. The separation between the satellites 
depends on the irregularities of the gravitational 
field of the Earth: GRM should be able to map the geoid 
with an horizontal resolution of 100 m and heights to 
f 0.1 m. 

2.2. Distance measurements 

Many of geophysical observations are based on the 
measurement of propagation time: for instance, the 
study of the Earth interior by the propagation of 
seismic waves. But we will restrict our discussion to 
the most precise applications where the time of flight 
of electromagnetic signal gives distances. 

The two-way methods use the return signal from the 
target, In geasciencea, microwave emissions are 
employed in radar altimetry from satellites which 
provides vertical distances, satellite to sea, to about 
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f: 5  cm. The microwaves a r e  a l s o  employed i n  tlie PRARE 
system of FRG, i n  development, f o r  measuring d i s t a n c e s  
s a t e l l i t e - E a r t h ,  with ttie t iming equipment on board the  
s a t e l l i t e  and r e l a y s  on the  ground; the  expected 
accuracy  i s  t 10 cm. PRARE w i l l  a l s o  apply the  Doppler 
method. 

I n  s p i t e  of the  inconvenience of not  being an a l l  
weather  t echn ique ,  l a s e r  ranging on t e r r e s t r i a l  and 
space t a r g e t s  i s  developed b e c a ~ l s e  i t  can b r i n g  a  
h igher  accuracy .  

A f t e r  an exper imenta l  pe r iod ,  some a r t i f i c i a l  
s a t e l l i t e s  have been designed f o r  l a s e r  rang ing ,  with 
corner-cube r e f l e c t o r s .  They have a  s p h e r i c a l  shape 
and a  h igh  densLty i n  o rder  t o  mlnLmize t h e  non- 
g r a v i t a t i o n a l  f o r c e s ,  atmosphere d r a g ,  r a d i a t i o n  
p r e s s u r e ,  which cannot  be we l l  modelled. Such 
s a t e l l i t e s  a r e  a l r e a d y  f l y i n g :  STARLETTE (France ,  
1Y75), LAGEOS (USA, LY76), ETALON (URSS, 1989) ;  o t h e r  
ones a r e  i n  p r o j e c t  : LAGEOS2 ( I t a ly /USA) ,  AJIZAI 
( J a p a n ) ,  STELLA (France) .  

Ground l a s e r  s t a t i o n s  a r e  c o n s t a n t l y  improved: 
t h e i r  accuracy  i s  now a t  t h e  c e n t i m e t r e  l e v e l ,  which 
r e q u i r e s  t h a t  t h e  time of f l i g h t  be measured witti 
u n c e r t a i n t i e s  l e s s  than 100 p s .  Two-color l a s e r s  w i l l  
reduce f u r t h e r  t h e  u n c e r t a i n t i e s  by measurements of t h e  
r e f r a c t i o n  and w i l l  open t h e  m i l l i m e t r e  e r a .  These 
measurements a r e  dependent on t h e  frequency accuracy ,  
but  not c r i t i c a l l y :  1 m/lO 000 km = 10-lo.  But t l iere  
i s  a  requirement  of good shor t - t e rm s t a b i l i t y  f o r  t h e  
d u r a t i o n  of the  f l i g h t  (- 0.1 s ) .  

Laser  ranging is a l s o  a p p l i e d  t o  r e f l e c t o r s  
i n s t a l l e d  on ttie Moon by american a s t r o n a u t s  and USSR 
au tomat ic  dev ices  s i n c e  1969. The d i s t a n c e  accuracy  i s  
of t h e  o r d e r  of 1  cm, say  2 x 10-l1 i n  r e l a t i v e  va lue .  

S a t e l l i t e  l a s e r  ranging (SLR) and Lunar l a s e r  
ranging (LLR) have some common g o a l s :  geodesy a t  the  cm 
l e v e l ,  r e f e r r e d  t o  t h e  c e n t e r  of mass of t h e  Ear th ,  
o r i e n t a t i o n  of t h e  E a r t h  i n  space  t o  l e s s  than 
f 0.001". In  a d d i t i o n  SLR prov ides  d a t a  on t h e  geoid 
and LLR i s  a  t o o l  f o r  s tudy ing  t h e  e v o l u t i o n  of t h e  
Earth-Moon system. 

I n  o r d e r  t o  i n c r e a s e  t h e  number of s i t e s  
p o s i t i o n e d  by SLR, mobile l a s e r  s t a t i o n s  a r e  developed;  
t h e r e  is a l s o  the  p o s s i b i l i t y  t o  i n v e r t  t h e  t echn ique ,  
t h e  l a s e r  borne by s a t e l l i t e  f i r i n g  on numerous ground 
r e f l e c t o r s .  

The measurement of d i s t a n c e s  by u n i d i r e c t i o n a l  
methods a r e  much more demanding from t h e  c l o c k s ,  
because they  a r e  based on s y n c h r o n i z a t i o n s .  Tlie most 
imposing a p p l i c a t i o n s  a r e  t h e  GPS of USA and t h e  
s i m i l a r  system GLONASS of USSR. For i n s t a n c e  GPS w i l l  
inc lude  21 s a t e l l i t e s  wi th  rubidium arid cesium c l o c k s  
which a r e  kept  synchronous,  by s o f t w a r e  c o r r e c t i o n o ,  t o  
about  + 10 ns .  The s imul taneous  t r a c k i n g  of 4 
s a t e l l i t e s ,  o r  more, g i v e s  immediatly t h e  t h r e e  
dimensional  p o s i t i o n  and t h e  t ime o f f s e t  of t h e  
o b s e r v e r ' s  c lock .  I n  normal u s e ,  t h e  p o s i t i o n  is 
ob ta ined  wi th  u n c e r t a i n t i e s  of a  few loetres  ( a s  long a s  
t h e  system i s  not v o l u n t a r i l y  degraded f o r  unauthorized 
u s e r s ) .  However t h e  g e o d e s i s t s  employ o t h e r  modes of 
o b s e r v a t i o n  (by i n t e r f e r o m e t r y  f o r  i n s t a n c e )  which 
a l low t h e  es tab l i shment  of p r e c i s e  ephemerides,  loore 
p r e c i s e  than the  b roadcas t  ephemerides,  and then  an 
improved p o s i t i o n i n g .  I t  i s  thus  p o s s i b l e  t o  o b t a i n ,  
i n  an o p e r a t i o n a l  mode, r e l a t i v e  p o s i t i o n s  wi th  
u n c e r t a i n t i e s  of  lo-' t o  loe8 cor responds  t o  1  cm 
over  1000 km). 

2.3. Very long base l i n e  i n t e r f e r o ~ n e t r y  (VLBI) ......................................... 
VLBI i s  an as t ronomica l  technique which has  been 

i n i t i a l l y  developed f o r  mapping rad iosources  wi th  h igh  
r e s o l u t i o n  ( b e t t e r  than  0.001") f o r  wave-lengths i n  t h e  
ce-dm domain. L a t e r  i t  hae been shown t h a t  VLBI can  
a l s o  provide t h e  o r i e n t a t i o n  of t e r r e s t r i a l  b a s e l i n e s  
wi th  r e s p e c t  t o  t h e  d i r e c t i o n  of e x t r a g a l a c t i c  

rad iosources  witli u n c e r t a i n t i e s  s m a l l e r  than  0.001". 

In p o s i t i o n a l  VLBI, t h e  b a s i c  measurement is t h e  
time d i f f e r e n c e  of t h e  a r r i v a l  of  quasa r  r a d i a t i o n  i n  
two s t a t i o n s  A and B ,  which i s  measured by c o r r e l a t i o n  
t echn iques .  As the  angu la r  r e s o l u t i o n  i n c r e a s e s  with 
d i s t a n c e ,  t h e  lengt l i  of tlie b a s e l i n e  AB i s  extended t o  
s e v e r a l  thousands km, making imposs ib le  t h e  p h y s i c a l  
connec t ion  between t h e  s t a t i o n s .  Tlie rece ived  s i g n a l s  
a r e  timed by l o c a l  c l o c k s ,  independent  frolo each o t h e r .  
The requirements  f o r  the  c l o c k s  a r e  twofold:  

( a )  they must keep Llie phase of t h e  rece ived  s i g n a l s  
dur ing  the  o b s e r v a t i o n  of a  s i n g l e  source  (15 minu tes ,  
f o r  i n s t a n c e ) ;  
( b )  they should be synchronous t o  b e t t e r  than 1 0 0 p s  t o  
t a k e  f u l l  advantage of tlie t echn ique .  

The l a t t e r  requirement  cannot  be f u l f i l l e d .  
F o r t u n a t e l y ,  when observ ing  s e v e r a l  s o u r c e s  i n  
d i f f e r e n t  a r e a s  of t h e  sky ,  i t  i s  p o s s i b l e  t o  s o l v e  f o r  
t h e  c l o c k  d i f f e r e n c e ,  assuming t h a t  t h i s  d i f f e r e n c e  can 
be modelled with a  smal l  number of  f r e e  pa ramete rs ,  tlie 
c o e f f i c i e n t  of a  c u b i c ,  f o r  i n s t a n c e .  Only t h e  
hydrogen masers have a  s u f f i c i e n t  s t a b i l i t y ,  up t o  24 
hours ,  f o r  t h e  p o s i t i o n a l  VLBI. 

V L B I  p rov ides  t h e  o r i e n t a t i o n  of t h e  E a r t h  i n  
space  with u n c e r t a i n t i e s  of t h e  o r d e r  of 0.001" (3  cm 
a t  t h e  s u r f a c e  of t h e  E a r t h )  and t h e  r e l a t i v e  p o s i t i o n s  
of the  observ ing  s t a t i o n s  with an accuracy  of about  
1  cm. Mobile VLHI s t a t i o n s  have been b u i l t  f o r  
monitor ing tlie c o o r d i n a t e s  changes of some c r i t i c a l  
l o c a t i o ~ i s  of tlie Ear th .  

3 .  A p p l i c a t i o n s  t o  geosc iences  

To show t h e  a p p l i c a t i o n s  of t h e  time and frequency 
techn iques  t o  t h e  s tudy  of the  Ear th .  I have s e l e c t e d  
some broad themes: 

- t h e  shape of the  s o l i d  E a r t h ,  - t h e  shape oE t h e  g e o i d ,  
- tlie shape of tlie oceans ,  - tile r o t a t i o n  of t h e  E a r t h .  

However on must be aware t h a t  t h e  p r o g r e s s e s  i n  t h e s e  
f i e l d s  a r e  s t r o ~ i g l y  c o r r e l a t e d .  I n  p a r t i c u l a r  t h e  
geoid p lays  a  key r o l e ,  because i t s  knowledge i s  
r e q u i r e d  f o r  model l ing t h e  o r b i t s  of t h e  s a t e l l i t e s ,  
which a r e ,  i n  t u r n ,  used f o r  the  o t h e r  themes. The 
geoid i s  a l s o  a  r e f e r e n c e  s u r f a c e  f o r  t h e  s tudy  of tlie 
oceans and o b j e c t  of s tudy  i n  i t s e l f .  

3.1. Shape of the s o l i d  E a r t h  

The t e r r e s t r i a l  geodesy may be q u i t e  a c c u r a t e  
l o c a l l y ,  however tlie p ropaga t ion  of e r r o r s  over  long 
d i s t a n c e s  g e n e r a t e s  d i s t o r s i o n s  and the  i n c o n s i s t e n c i e s  
between major datums could reach s e v e r a l  hundreds of 
metres .  With tlie Doppler t echn ique  an enormous 
p rograss  was achieved s i n c e  it was p o s s i b l e  i n  t h e  
1970's  t o  reach  t h e  one-metre accuracy  a l l  over  tlie 
E a r t h .  I n  a d d i t i o n ,  t h e  Doppler t e c h n i q u e s ,  a s  a l l  t h e  
dynamical t echn iques  which u l t i m a t e l y  r e s t  on t h e  
mode l iza t ion  of the  o r b i t s  of a r t i f i c i a l  s a t e l l i t e s  and 
of the  Moon, l o c a t e  t h e  c e n t e r  of mass of t h e  E a r t h  
w i t l i  r e s p e c t  t o  the  observ ing  s t a t i o n s .  

However, i t  i s  t h e  accuracy  a t  the  cm l e v e l  which 
r e a l l y  opened a  new e r a  i n  geodesy and geophys ics ,  
because i t  g i v e s  a c c e s s  t o  tlie s tudy  of de format ions  
dur ing  a  reasonab le  f r a c t i o n  of human l i f e .  

The e v a l u a t i o n  of sp read ing  r a t e s  a t  ocean r i d g e s  
has  l e d  t o  inodels of p l a t e  motions invo lv ing  v e l o c i t i e s  
of a  few cmlyear. llowever t h i s  is an average  over  
m i l l i o n s  of years .  The geodesy a t  t h e  cm l e v e l  can 
provide a  "snapshot"  of t h e s e  motions a s  w e l l  a s  
i n t r a p l a t e  motions.  I t  might be i n t e r e s t i n g  t o  compare 
t h e  p r e s e n t  v o l o c i t i u s  wi th  the  mean v e l o c i t i e e  over  
g e o l o g i c a l  t imes.  There i s ,  f o r  i n s t a n c e  some 
i n d i c a t i o n  t h a t  t h e  motion of t h e  Ind ian  p l a t e  wi th  



r e s p e c t  t o  the  Euras ian  p l a t e  i s  s lowing down. Rut 3.3. The shape of t h e  oceans 
c l e a r l y ,  the  d e t e c t i o n  of anomalies  of t h e  p l a t e  --- --- -------- --- 
v e l o c i t i e s  w i l l  r e q u i r e  much time and many o b s e r v a t i o n  
s i t e s  t o  make s u r e - t h a t  the  r e s u l t s  a r e  not  p o l l u t e d  by 
l o c a l  motions. 

The knowledge of the  p resen t  c r u s t a l  motions i s  
r equ i red  t o  understand what i s  happening s t  the  l i m i t  
of t e c t o n i c  p l a t e s .  I t  i s  a  necessa ry  coluplement t o  
the  mapping of d e f o r m a t i o ~ l s  i n  s e i s m i c  a r e a s  by l o c a l  
Ineasurelnei>t.s over r few hundreds km, w i t 1 1  an accuracy 
a s  good a s  p o s s l b l e ,  the  u n c e r t a i n t i e s  reduced t o  a  few 
m i  l l i ~ n e t r e s  being a  d e s i r a b l e  g o a l .  These s t u d l e s  
r e q u i r e  d dense g r i d  of measuring s i t e s .  The d a t a  can  
be provided by pure ly  t e r r e s t r i a l  methods of d i s t a n c e  
measurement and by a l l  t echn iques  of space  geodesy 
p rev ious ly  mentioned. !lowever methods with 
s o p h i s t i c a t e d  lns t ruments  on s a t e l l i t e s  and s imple  
beacons on t h e  ground a r e  e s p e c i a l l y  conven ien t .  The 
immediate goa l  of a l l  these  measurements is tho 
p r e d i c t  Lori of se i sms .  

3.2. Shape of t h e  geo id  ------------------ 
The geoid i s  t h e  eqc l ipo ten t ia l  s u r f a c e  of t h e  

E a r t h  which b e s t  f i t s  t h e  mean s e a  l e v e l .  I t s  g l o b a l  
shape was one of t h e  f i r s t  s c i e n t i f i c  r e s u l t s  brought  
by a r t i f i c i a l  s a t e l l i t e s  which r e v e a l e d ,  a s  e a r l y  a s  
1959, t h e  famous "pear  shaped" f i g u r e  of the  Ear th .  

Nowadays, l a r g e  s c a l e  i r r e g u l a r i t i e s  of t h e  geoid 
( r e s o l u t i o n  of about  1000 km) a r e  de r ived  from 
s a t e l l i t e  t r a c k i n g ,  a lmost  e x c l u s i v e l y  by t / f  
techniques of s e c t i o n  2. When compared t o  a  r e v o l u t i o n  
e l l i p s o i d  which r e p r e s e n t s  i t  a t  t h e  b e s t ,  t h e  geoid 
shows buolps and h o l e s  reach ing  100 metres .  A much 
b e t t e r  s p a t i a l  r e s o l u t i o n  is ob ta ined  over  t h e  oceans  
by s a t e l l i t e  a l t i m e t r y ,  t h e  s e a  s u r f a c e  d e p a r t i n g  on ly  
by a few dec imet res  from t h e  geo id .  The CRM p r o j e c t  
would extend t h i s  r eso luLion  over  t h e  c o n t i n e n t s .  Of 
course  t e r r e s t r i a l  g r a v i ~ n e t r y  a l s o  c o n t r i b u t e  d a t a :  l e t  
us remark t h a t  a b s o l u t e  g rav imete r s  t iming t h e  f a l l  of 
a  t e s t  moss a r e  based on a  t / f  t echn ique .  

An a c c u r a t e  model of t h e  g e o i d ,  i n  con junc t ion  
wi th  t h e  topography,  t h e  age of t h e  c r u s t ,  magnet ism,is  
a  s u r p r i s i n g l y  r i c h  source  of knowledge of t h e  Ear th  
t e c t o n i c s  and of unders tand ing  t h e  E a r t h  rheology and 
i o t e r i o r .  This  cat1 be exp la ined  by t h e  Pact  t h a t  t h e  
h e t e r o g e n e i t i e s  of the  E a r t h ' s  mantle  have a  s i g n a t u r e  
on t h e  geo id .  The models of  convec t ion  i n  t h e  mant le ,  
which invo lve  the  temperature and v i s c o s i t y  of the  
l i t h o s p h e r e  arid es tenosphere  a r e  s t r o n g l y  c o n s t r a i n e d  
by t h e  n e c e s s i t y  of l e a d i n g  t o  t h e o r e t i c a l  e f f e c t s  on 
the  geoid i n  conformity with t h e  r e a l i t y .  The s tudy  of  
Lhe geoid c o n t r i b u t e s  t o  the  unders tand ing  of t h e  
d r i v i n g  f o r c e s  of the  p l a t e  t e c t o n i c s ,  of t h e  
t r ans format ions  of the  ocean ic  c r u s t  from i t s  
g e n r r d t i o n  Ln mid-ocean r i d g e s  t o  i t s  m e l t i ~ l g  some 200 
m i l l l o ~ l s  yedrs  l a t e r  i n  subduct ion zones. I t  b r ings  
some l i g h t  i n  volcanology and seismology i n  c r i t i c a l  
zones. Other s p e c t a c u l a r  r e s u l t s  a r e ,  f o r  i n s t a n c e ,  the  
d i scovery  of a  l a r g e  a r e a  of anomalous l i t h o s p h e r e  i n  
South C e n t r a l  P a c l f i c ,  the  d i scovery  of  a  s e a  mount 
which escaped soundings from the  deformat ion  of t h e  
g e o i d ,  t h e  discovery of smal l  s c a l e  convec t ion  and " l ~ o t  
s p o t s " .  The l a s e r - t e l e m e t r y  on LACEOS seems t o  
i n d i c a t e  t h a t  the  f l a t t r n i ~ l g  of t h e  E a r t h  is slowly 
decreas ing ;  i n  con junc t ion  with t h e  f a c t  t h a t  t h e  
f l a t t e n i n g  i s  g r e a t e r  than requ i red  by l l y d r o s t a t l c  
e q u i l i b r i u m ,  t h i s  r e s u l t  may be i n t e r p r e t a t e d  a s  t h e  
delayed answer of  t h e  Ear th  t o  t h e  g e n e r a l  d e c e l e r a t i o n  
of i t s  r o t a t i o n .  

May be i n  t h e  f u t u r e  t h e  e q u i p o t e n t i a l  s u r f a c e s  of 
t h e  E a r t h ' s  f i e l d  w i l l  be mapped us ing  tlie 
g r a v i t a t i o n a l  r e d - s h i f t  of f r e q u e n c i e s :  t o  a n  e l e v a t i o n  
of 10 cm cor responds  a  frequency o f f s e t  of 10-17. 

We may add t h a t  t h e  t echn iques  of ntudying t h e  
E a r t h  i n t e r i o r  frum the  p e r t u r b a t i o n s  of t h e   notion of 
a r t i f i c i a l  s a t e l l i t e s  has  been s u c c e s s f u l l y  a p p l i e d  t o  
Venus and Mars. 

Af te r  p re l iminary  experiments  s t a r t i n g  i n  1972, a  
d e d i c a t e d  oceanographic s a t e l l i t e  SEASAT was launched 
i n  1978, c a r r y i n g  a  microwave a l t i m e t e r .  Unfor tuna te ly  
due t o  mal func t ion ,  on ly  3 months of SEASAT d a t a  ace  
a v a i l a b l e .  Never the less  o u t s t a n d i n g  r e s u l t s  have bee11 
ob ta ined  which l e d  t o  ambi t ious  miss ions :  EKSl (Space 
European Agency, 1990) ,  TOPEX/POSEIDON (NASAICNES, 
1991).  

A remarkable f e a t u r e  of t h e s e  rn i s s io~ ls  is t h a t  
they  r e q u i r e  t h e  u l t i m a t e  advances i n  a  wide range of 
space  t echn iques ,  most of them being t / f  t e c h n i q u e s ,  i n  
o r d e r  t o  g e t  t h e  u s e f u l  accuracy  of v e r t i c a l  d i s t a n c e  
measuremellts: 

- r e a l i z a c t o n  of t h e  ~nicrowave r a d a r  and methods 
of  a n a l y s i s  of t h e  r e t u r n  s i g n e l ;  - c a l i b r a t i o n  of t h e  r a d a r  by l a s e r  rang ing ,  s o  
t h a t  t h e  t o t a l  u n c e r t a i n t y  of t h e  v e r t i c a l  d i s t a n c e  
s a t e l l i t e / o c e a n  be l e s s  than  4 ciu; 

- good mode l iza t ion  of t h e  geo id ,  f o r  t h e  p r e c i s e  
o r b i t o g r a p h y  of t h e  s a t e l l i t e  and f o r  use a 5  a  
r e f e r e n c e ;  - s a t e l l i t e  p o s i t i o n i n g  with r e s p e c t  t o  ground 
s t a t i o n ,  us ing  Doppler (TRANSIT, DORIS) and range 
measurements (CPS, PRARE) t h e  goa l  being t h e  v e r t i c a l  
co~nponent of t h e  s a t e l l i t e  o r b i t  t o  i 10 t o  15 cm. 

Over one month average ,  t h e  expected accuracy  on 
mean s e a  l e v e l  i s  expected t o  be of t h e  o r d e r  o r  below 
5 cm. The s e a  c u r r e n t s  and e d d i e s  a r e  marked hy 
a l t e r a t i o n  of t h e  s e a  l e v e l  of a  few dec imet res :  i t  
becomes povs ib le  t o  map them permanently.  Otller 
impor tan t  r e s u l t s  w i l l  be t i d e  models, h e i g h t  of t h e  
waves, g l o b a l  f i e l d  of the  winds. 

Let us c i t e  some of t h e  announcement o b j e c t i v e s  of  
ToPEX/POSEIDON t o  show t h e  i n t e r e s t  of such 
measurements: 

t o  conduct s t u d i e s  of t h e  permanent and v a r i a b l e  
c i r c u l a t i o n  of the  ocean,  and i t s  i n t e r a c t i o n  wi th  t h e  
atmosphere,  on g l o b a l  o r  b a s i n  s c a l e s ,  i n  o r d e r  t o  
c o n t r i b u t e  t o  our  unders tand ing  of t h e  r o l e  of t h e  
ocean i n  c l i m a t e ;  

t o  deve lop  an ll~lproved unders tand ing  of the  o c e a n i c  
c i r c u l a t i o n  on r e g i o n a l  s c a l e s  For p e r i o d s  of a  few 
months; 

t o  o b t a i n  an improved unders tand ing  O F  t h e  h e a t  
t r a ~ l s p o r t e d  by the  ocean; 

t o  conduct s t u d i e s  of t i d e s  models us ing  a l t i m e t e r  
ohaerva t io i i s  (... geophys ica l  i n t e r e s t  of t i d a l  energy 
d i s s i p a t i o n , t i d a l  load ing  of t h e  l i t h o s p h e r e ,  and o t h e r  
such s t u d i e s ) ;  

t o  s tudy  t h e  s t a t i s t i c s  of o c e a n i c  v a r i a b i l i t y  
r e q u i r e d  by g l o b a l  models of o c e a n i c  c i r c u l a t i o n  ...; 

t o  improve knowledge of t h e  g r a v i t y  f i e l d  and 
a s s o c i a t e d  geoid . . . ; 

t o  conduct  s t u d i e s  of geophys ics  us ing  e i t h e r  
a l t i m e t e r  o b s e r v a t i o n s  of t h e  marine geo id  o r  p r e c i s e  
p o s i t i o n i n g  of ground-based s t a t i o n s ,  c o n t r i b u t i n g  t o  a  
b e t t e r  underatal lding of l l r l l o s p h e r i c  and mantle  
p rocesses ;  

t o  s tudy  s u r f a c e  wave phys ics ,  t h e  growth o r  decay of 
waves i n  response  t o  wind, and t h e  i n t e r a c t i o n  of waves 
with c u r r e n t s  us ing  a l t i m e t e r  o b s e r v a t i o n s  of wave 
h e i g h t s ,  s u r f a c e  c u r r e n t s ,  and wind. 

One can no te ,  i n  p a r t i c u l a r ,  t h e  e v i d e n t  
r e l a t i o n s h i p  of such s t u d i e s  with c l imato logy ,  which is 
c e r t a i n l y  of v i t a l  importance.  
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The motion of the  r o t a t i o n  pole of ttie E a r t l ~  wi th  
r e s p e c t  t o  the  Edrtll i t s e l f  was d i scovered  i n  1890. 
Although suspec ted  long beforehand,  tlie v a r i e t i o r i  of 
the  E a r t h  r o t a t i o n  v e l o c i t y  was unquesLionably proven 
i n  1935-1950; Iiowever, i t s  p r e c i s e  knowledge r e q u i r e d  
ttie r e f e r e n c e  t o  atomic t ime,  which i s  a v a i l a b l e  s i n c e  
1055. 

The p r e s e n t  measurement tecl iniques a r e  mainly 
s a t e l l i t e  and l u n a r  l a s e r  ranging and VLHI. The EarLli 
r o t a t i o n  parameters  (ERI'), i . -e .  t h e  c o o r d i n a t e s  of Lhe 
po le  and ttie a n g l e  of r o t a t i o n  given by the  Universal  
Time UT1, may now seem t o  be a  by-product ol a c c u r a t e  
space geodesy,  s i n c e  t h e i r  s imul taneous  d e t e r m i n a t i o n  
wi th  s t a t i o n  c o o r d i n a t e s  and s a t e l l i t e  p o s i t i o n  i s  
r e q u i r e d .  However the  ERP a r e  q u i t e  important  i n  
themselves,  because they a r e  a f f e c t e d  by tlie motions of  
t h e  f l u i d  p a r t s  of the  E a r t h ,  a tmosphere,  oceans,  f l u i d  
c o r e  : t h e i r  v a r i a t i o n  is t h e r e f o r e  a  very complex 
phenomenon which is f a r  from be ing  w e l l  understood.  

I n  t h i s  range of p e r i o d s  from a  few days t o  a  few 
y e a r s ,  the  e x c i t a t i o n  of t h e  i r r e g u l a r i t i e s  of t h e  EItP 
i s  dominated by atmospheric  e f f e c t s .  Such e f f e c t s  
c o n t r i b u t e  l a r g e l y  t o  t h e  motion of the  pole because 
t h e r e  i s  a  resonance between t h e i r  annual  component and 
t h e  f r e e  n u t a t l o n  of t h e  E a r t h ,  havlng a  period of 1.2 
y e a r s .  

The ERP measurements may not  be tlie b e s t  t o o l  t o  
unders tand  the  g l o b a l  behaviour  of t h e  atmosphere. 
But, i n v e r s e l y ,  i t  i s  conce ivab le  t o  remove from t h e  
E R P  t h e  a tmospher ic  (and may be a l s o  tlie ocean ic )  
component i n  o r d e r  t o  s tudy  o t h e r  sources  of e x c i t a t i o n  
such a s  se i sms ,  core /mant le  i n t e r a c t i o n .  

The l a t t e r  e x c i t a t i o n  i s  poor ly  known and the  ERP 
a r e  one of ttie few w i t t n e s s e s  of what i s  t a k i n g  p lace  
i n  tlie f l u i d  core .  As t h e  c o r e  e f f e c t s  produce most 
probably long-term changes,  over  decades ,  c e n t u r i e s ,  a 
permanent moni to r ing  of t h e  ERP i s  necessa ry .  I d e a l l y  
t h a t  would r e q u i r e  au tomat ic  o b s e r v a t o r i e s ,  i n  s t a b l e  
l o c a t i o n s ,  where, a s  seen  p r e v i o u s l y ,  t h e  t / f  
t echn iques  a r e  e s s e n t i a l .  

Let  us a l s o  mention,  among o t h e r  components of t h e  
EKP, t h e  s lowing down of t h e  E a r t h  r o t a t i o n  which i s  
mainly due t o  d i s s i p a t i o n  i n  s e a  t i d e s  and t o  t r a n s f e r  
of the  Ear th  r o t a t i o n a l  energy t o  t h e  Moon o r b i t a l  
energy.  The l a t t e r  w i l l  be p r e c i s e l y  es t imated  from 
t h e  i n c r e a s e  of the  Earth-l4oon d i s t a n c e  (a 1  cm/year) 
measured by LLR. This  is a  n i c e  example of t h e  
i n d i r e c t  way by which a  t / f  technique can c o n t r i b u t e  t o  
t h e  knowledge of our  p l a n e t .  

4. Conclusion 

Some of the  programs of s y s t e m a t i c  moni to r ing  of 
t h e  Edrttl a r e  very o ld  (meteorology,  measurement of 
magnetism, of t h e  Ear th  r o t a t i o n ,  seismology,  ... ). 
But many impor tan t  p r o j e c t s  a r e  a t  t h e i r  very 
b e g i ~ i n i n g :  inoni tor ing of t h e  de format ions ,  of t h e  s e a  
s u r f a c e ,  of i c e  cover ,  d e t e r m i n a t i o n  of t h e  geo id ,  ... 

In  bo th  c a s e s  t h e  time and frequency techn iques  
have o f t e n  ail e s s e n t i a l  r o l e ,  e i t h e r  i n  improving tlie 
measurements o r  i n  opening new domains of s tudy .  The 
t / f  t echn iques  f o r  t h i s  type of a p p l i c a t i o n  have n o t  
y e t  reached t h e i r  optimum - may be they w i l l  never  do! 
Progresses  can be cons idered  i n  two d l r e c t i o n s :  

more s t a b l e  and /or  a c c u r a t e  time s t a n d a r d s  w i l l  
con t inue  t o  o f f e r  new p o s s i b i l i t i e s ;  

No r e f e r e n c e s  a r e  given:  they would have been t o o  
numerous. N e v e r t l ~ e l e s s ,  I  would l l k e  t o  mention t h a t  
I  e x t e n s i v e l y  used documents from CNES ( F r a n c e ) ,  ESA, 
GRGS ( F r a n c e ) ,  IFAG (FRG), JPL (USA), NASA (USA) 
[ I  !lope t h a t  the  reader  kiiows t h e s e  acronyms . . .] and 
o t h e r  o r g a n i z a t i o n s .  

I a l s o  Lhank c o l l e a g u e s  f o r  l o a n  of s l i d e s  f o r  t h e  
p r e s e n t d t i o n  of c h i s  commtrnlcaLion a t  t h e  Porum: 
G .  R;rlnllno, F. B ~ r l i e r  dnd t h e  docu~nen ta t ion  s e r v i c e  o f  
t h e  Observa to i re  d r  l a  C6te d 'Aznr ,  D. Kirchner ,  
IJ. S ~ h l d t e r .  

ins t ruments  of l e s s e r  c o s t ,  volume and mass and 
having a  b e t t e r  r e l i a b i l i t y  would a l low t o  i n c r e a s e  the  
number of  observ ing  s i t e s  on t h e  ground and t h e  
c a p a b i l i t y  of space s t a t i o n s .  
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Abstract 

This paper, presents i ssues  t h a t  r e l a t e  t o  the  
environmental s e n s i t i v i t y  of the frequency of 
prec is ion  frequency sources. A s  a de f in i t i on  of 
prec is ion  sources, an aging r a t e  of lo-- per day or 
l e s s  i s  used. Included i n  t h i s  de f in i t i on  a re  high 
performance quartz c r y s t a l  o s c i l l a t o r s ,  rubidium gas 
c e l l  devices,  cesium beam standards and hydrogen 
masers. A summary i s  given of the  t yp ica l  
environmental s e n s i t i v i t i e s  of these four c lasses  of 
prec is ion  frequency sources. This i s  followed by a 
discussion of i n t e r r e l a t i onsh ips  between two or more 
environmental s t imul i  and of the l i m i t s  of 
measurabil i ty of the frequency changes imposed by the 
bas i s  noise performance of t he  frequency source under 
t e s t .  The p p e r  concludes with a review of 
standardization e f f o r t s  in the  area of time and 
frequency. This includes the  IEEE Standard(1) 
"Standard Definit ion of Physical Quan t i t i e s  f o r  
Fundamental Frequency and Time Metrologyltl approved a t  
the  end of 1988. This new Standard was developed 
under t he  IEEE Projec t  Authorization 1139(2). Also 
reported a re  the e f f o r t s  towards a Standard 
character iz ing environmental s e n s i t i v i t i e s  which has 
been authorized by the IEEE a s  Projec t  1193. This 
paper i s  motivated by t h i s  ongoing standardization 
e f f o r t  ( 3 ) .  

Introduction 

I t  i s  self-evident t h a t  environmental s e n s i t i v i t i e s  of 
prec is ion  frequency sourcea i n  most, i f  not a l l ,  
appl ica t ions  Umi t  t h e i r  performance to l eve l s  
i n f e r i o r  t o  those given by fundamental physical  design 
pr inc ip les .  Therefore, the  character iza t ion  and 
knowledge of the  s i ze  of the  e f f e c t s  and t h e i r  correc t  
measurement a r e  of utmost importance to  any user of 
precision frequency souroes. In  t h i s  paper, prec is ion  
frequency sources a r e  defined a s  those o s c i l l a t o r s  
which f ea tu re  frequenay d r i f t s  o r  aging r a t e s  of l e s s  
than lo-* per day. This de f in i t i on  admits the very 
high performance quartz c r y s t a l  o s c i l l a t o r s ,  a s  well 
a s  cesium beam and rubidium gas c e l l  atomic standards 
and hydrogen masers. Environmental s e n s i t i v i t i e s  a r e  
of overriding importance in f i e l d  use, such os on 
board of a i r c r a f t  or ships or i n  other mobile 
appl ica t ion .  However, even in protected labora tor ies ,  
environmental s e n s i t i v i t i e s  can become of considerable 
concern to tho users such as  the labora tor ies  
generating the time sca les  which form the Universal 
Coordinated Time (UTC) . 
This paper addresses the topic  of environmental 
s e n s i t i v i t i e s  i n  three par ts .  The f i r s t  p r t  i s  a 
summary of the environmental s e n s i t i v i t i e s  of 
prec is ion  frequency sources. In tabular  form the 
p r inc ipa l  environmer~tal s t imul i  a r e  l i s t e d :  

accelera t ion  & grav i t a t i ona l  po ten t i a l  
barometric e f f ec t s  
humidity 
magnetic f i e l d  
radia t ion  
r e t r ace  ( i n t e rmi t t en t  aperation) 
and temperature 

Also considered a r e  the t yp ica l  s t a b i l i t y  performance 
cha rac t e r i s t i c s  i n  terms of frequency i n s t a b i l i t y  a t  
one second averaging time a s  well  a s  the  bes t  
achieved s t a b i l i t y  ( f l i c k e r  f l o o r )  and the typ ica l  
frequoncy aging per day. 

The second p r t  reviews se lec ted  areas  where 
convolution of two or more transducing mechanisms has 
caused d i f f i c u l t i e s  in character iz ing and measuring 
the  e f f e c t s ,  such a s  i n t e rp l ay  between humidity and 
temperature e f f ec t s .  A discussion i s  included which 
i l l u s t r a t e s  fundamental measurement l imi t a t i ons  
stemming from the basic,  u l t imate  s t a b i l i t y  or noise 
performance of the devices.  These l imi t a t i ons  impose 
boundaries on the a b i l i t y  of the user to specify and, 
through t e s t i n g ,  ve r i fy  environmental s e n s i t i v i t i e s .  

In the t h i rd  and l a s t  section of t h i s  paper, a 
summary is  given of the  s tandardiza t ion  e f f o r t s  of 
the  Standards Coordinating Committee 27 on time and 
frequency of the IEEE. These e f f o r t s  r e su l t ed ,  a t  
the  end of 1988, ( a )  i n  the  approval of the f i r s t  
IEEE Standard on time and frequency e n t i t l e d  
"Standard Definit ions of Physical  Quantit ies f o r  
Fundamental Frequency and Time M e t r ~ l o g y ~ ~ ,  (b )  i n  t he  
approval of a new projec t  aimed a t  character iz ing 
environmental s e n s i t i v i t i e s .  This paper i s  p a r t  of 
the  e f f o r t  t o  achieve consensus on t h i s  l a t t e r ,  new 
IEEE projec t .  

%Scal Environmental S e n s i t i v i t i e s  of Precision 
Frequency Sources 

She following four  t ab l e s  summarize the  data  which, 
t yp i ca l ly ,  a r e  encountered with t he  four  types of 
prec is ion  frequency sources: quar tz  c r y s t a l  
o s c i l l a t o r s ,  rubidium gas c e l l s ,  cesium beam 
standards,  and hydrogen masers. The values reported 
i n  the  t ab l e s  a r e  taken from da ta  and procurement 
spec i f i ca t ions  ava i l ab l e  from the  various 
manufacturers of the  devices(4).  Since there  a r e  
severa l  vendors fo r  each of the  four  types of 
frequency sources, t he  values a r e  rounded and 
represent ce r t a in  compromises. A comprehensive 
discussion of these devices and the  underlying 
physical  and engineerin6 pr inc ip les  can ba found i n  
Reference (5 ) .  Fach t a b l e  l i s t s  a number of e n t r i e s  
with the following def in i t ions :  

Frequency s t a b i l i t y  - given is the square route 
of the two sample o r  Allen variance f o r  sampling 
times of one second and one hundred seconds, a s  
well  a s  the  bes t  observed value ( f l i c k e r  f l o o r )  
which i n  most cases i s  reached a t  averaging 
times of the  order of a day. A measurement 
bandwidth of lkHz was assumed. 

Drift - given i s  the  t yp ica l  f r a c t i o n a l  
(normalized) frequency change per day r e s u l t i n g  
from aging mechanisms. 

Retrace - l i s t e d  i s  the f r a c t i o n a l  
frequency di f ference  between a frequency 
source turned on from a cold s t a r t  a f t e r  
su f f i c i en t  warm-up, compared t o  it# 
frequency during the  l a s t  continuous 
operation previous t o  the oold start. 
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Temperature - l i s t e d  is the  f r ac t iona l  frequency 
change f o r  a one degree Kelvin change wi th in  a 
temperature region around room t ampera t~~re .  

Acceleration - given i s  the  frequency change 
encountered when changing a steady s t a t e  
accelera t ion  of one g by one g in  a spec i f i c  
d i rec t ion .  

Barometric change - given i s  the  frequency change 
a s  a r e s u l t  of going from atmospheric pressure t o  
vacuum. 

Humidity - given i s  the frequency change when 
changing the environment from a zero humidity 
l eve l  to  a l eve l  of 100% (but not condensing). 

Mametic f i e l d  - given is the frequency change 
encountered a s  a r e s u l t  of applying a homogeneous 
magnetic f i e l d  of one gauss (1  gauss = lo-' 
t e s l a )  t o  a device operating in a spec i f i c  
or ienta t ion  with respect t o  the  ea r th ' s  magnetic 
f i e l d .  

Radiation - given is the frequency change 
encountered a f t e r  applying a dose of lo-* rad of 
x-ray radia t ion .  

In a l l  the data  given, we a r e  assuming quas i -s ta t ic  
conditions;  i . e . ,  we are  making the assumption tha t  
the  frequency source has s t a b i l i z e d  and i s  i n  
equilibrium with i t s  environment before applying the 
environmer~tal change o r  stimulus. Furthermore, a f t e r  
the  appl ica t ion  of the  stimulus, the frequency 
standard again has reached a new equilibrium with i t s  
environment. It i s  obvious t h a t  these  ideal ized  
conditions can never be t r u l y  met because they would 
not only require  i n f i n i t e  time periods before and 
a f t e r  appl ica t ion  of the stimulus, but a l so  an 
i n f i n i t e l y  slow appl ica t ion  of the  stimulus i t s e l f .  
Therefore, t o  w e t  the  challenge in developing 
standard t e s t  methods and uniform descr ip t ions  of the  
s t imul i  and the resul t ing  e f f ec t s ,  we have to  agree on 
acceptable procedures approximating the  quas i -s ta t ic  
condition.  

Sometimes, cha rac t e r i s t i c s  a r e  important t o  the user  
which r e l a t e  to  a very dynamic environment; i .e . ,  i t  
may be important how the  frequency source ac tua l ly  
r eac t s  or even t racks  a pa r t i cu l a r  temperature or 
humidity or radia t ion  or accelera t ion  prof i le .  I n  
such cases,  t e s t  methods probably have to completely 
conform t o  the required p ro f i l e s .  I n  f a c t ,  experience 
has ahown t h a t  extrapolation from one dynamic p ro f i l e  
of an environmental stimulus t o  an a l t e r ed  p r o f i l e  
t yp i ca l ly  a r e  not meaningful and the  r e s u l t s  of such 
ext rapola t ions  a r e  unreliable.  

In  addi t ion  t o  the  t yp ica l  values given i n  t he  four  
t ab l e s ,  each t ab l e  a l so  l i s t s ,  i n  na r r a t ive  form, t he  
bas ic  s e n s i t i v i t y  mechanism. 

Measurement Limitations 

When specifying, character is ing ,  and evaluating 
prec is ion  frequency sources,  we encounter t h ree  types 
of l imi ta t ions :  (a) fundamental l imi t a t i ons  r e l a t ed  
t o  the baeic frequency i n s t a b i l i t y  (noise)  
performance of a device under t e s t ,  (b)  l imi t a t i ons  
r e l a t i n g  t o  the  dynamics of the  applied s t imu l i ;  
e.g., measurements made c l ea r ly  not under equil ibrium 
conditions,  and ( c )  convolution between two or more 
s t imul i  and/or physical  transducine mechaniems. I n  
addi t ion ,  many parameters exh ib i t  non-linear 
response. For example, near a c t i v i t y  d ips ,  quar tz  
o s c i l l a t o r s  show gross changes in the magnitude and 
sense of t he  tempez.ature coe f f i c i en t .  Magnetic f i e l d  
s e n s i t i v i t i e s  a r e  inherent ly  non-linear and may even 
depend on temperature. 

a )  hndamental Measurement Limitations 

The following may appear t r i v i a l  t u t ,  since too of ten  
t e s t  procedures and spec i f i ca t ions  a r e  de f i c i en t  i n  
t h i s  regard,  i t  i s  important t o  mention; It is se l f -  
evident t h a t  environmental s e n s i t i v i t y  can ne i the r  be 
speci f ied  nor measured more prec ise ly  than i s  
permitted by the fundamental frequency s t a b i l i t y  
performance of the  frequency source. Therefore, when 
writ ing t e s t  procedures or specifying frequency 
sources,  g rea t  care must bs taken t o  avoid conditions 
and statements which a re  incompatible with the 
fundamental perforlnance of the  source a s ,  f o r  
example, represented by a p lo t  of the square root  of 
the  two sample variance a s  a funct ion  of the  sampling 
time. For example, i f  t he  f l i c k e r  f l o o r  of a 
frequency source i s  it i s  not proper t o  
speci fy  a measurement requirement f o r  ce r t a in  
environmental s e ~ ~ s i t i v i t i e s  a t  the lo- '* l eve l .  

Ebrthermore, one has to r e a l i z e  thrrt the  f l i c k e r  
f l o o r  i s  t he  bes t  poss ib le  frequency s t a b i l i t y  of t h e  
device and, with the  exception of quartz,  is 
typ ica l ly  i s  reached only a f t e r  long sampling time 
periods (hours t o  days). Test procedures must take 
t h i s  i n t o  consideration and allow s u f f i c i e n t  elapsed 
time to perform these measurements before changes in 
environmental s t imul i  a r e  mandated. In  o ther  words, 
t he  achievement of t he  quas i - s t a t i c  condition 
discussed above becomes an extremely time-consuming 
process i f  measurements a r e  performed near the  
ult imate s t a b i l i t y  l imi t a t i ons  of the device. I f  
measurements and changes a r e  t o  be performed f a s t e r ,  
then the  corresponding frequency s t a b i l i t y  a t  the 
allowable sampling time must be considered. For 
example, i f  the above-mentioned device with a 
s t a b i l i t y  f l o o r  of lO- '=has  a s t a b i l i t y  of a t  
sample times of one second, than changes due t o  
incrementally increasing s t imul i  l e v e l s  in one second 
in t e rva l s  cannot be measured with a g rea t e r  prec is ion  
than We note,  t h a t  one can overcome t h i s  
l imi t a t i on  somewhat by repeat ing  and using 
corre la t ion  techniques. 

In  general ,  the  use of s t a t i s t i c a l  measures i n  non- 
equil ibrium s i tua t ions  should be avoided. The 
following turn-on spec i f i ca t ion  is an example of a 
spec i f i ca t ion  which, when subjected t o  lneasurement 
ve r i f i ca t ion ,  w i l l  p redic tably  lead  to ambiguoue 



(non-repeatable r e s u l t s  ) : "The frequency s t a b i l i t y  i n  
terms of the square root  of the two sample variance 
s h a l l  be 10-10, f i f t y  seconds a f t e r  t ~ r n - o n . ~ ~  It i s  a 
f a c t  t h a t  one simply cannot measure a s t a t i s t i c a l  
quant i ty  with s t a t i s t i c a l  confidence a t  a p r t i o u l n r  
time or epoch. The t e s t  engineer i s  faced with an 
impossible dilemma: Should he perform a s t a t i s t i c a l l y  
not va l id  measurement ( a  snapshot measurement) with 
the  consequence of non-repeatabil i ty i n  the second or 
t h i r d  or nth t e s t ?  should he assure s t a t i s t i c a l  
v a l i d i t y  by making repeat  measurements, which would 
put i n  question the  p r t i c u l a r  50 second timing 
requirement? Should the  sampling s t a r t  a t  50 seconds, 
i n  which case the ac tual  measurement time i s  l a t e r  
than 50 seconds? Should he spread the  sampling around 
the  50 seconds mark, in which case e a r l i e r  data which 
a re  not required t o  meet t he  spec i f i ca t ion  a r e  
included In the sample? And, in any case,  something 
i s  being averaged while a dynamic process is still 
causing changes; i .e . ,  the o s c i l l a t o r  has not s e t t l e d  
down i n t o  an equilibrium condition. 

b) Testing and Specifying Non-Equilibrium Conditions 

In  general ,  the  condition of a non-equilibrium 
measurement occurs when the time constants involved i n  
the t r ans fe r  of the  environmental stimulus i n t o  the  
s ens i t i ve  components of the  frequency source a r e  
longer than the timing of the  measurement following 
the  stimulus. For example, the temperature of the 
frequency source i s  r a i s ed  by 20 degrees. The thermal 
time constant of a c rys t a l  o s c i l l a t o r  could e a s i l y  be 
two hours due t o  t he  i n su l a t ion  and thermal mass of 
the  qua r t s  c rys t a l  oven. 

I f  a measurement i s  t o  be taken t h i r t y  minutes a f t e r  
termination of the  temperature stimulus, one w i l l  ge t  
a r e s u l t  which i s  highly dependent on the  pa r t i cu l a r  
manner and time p ro f i l e  of the temperature change. It 
w i l l  be d i f f e r e n t  whether it was an abrupt 20 degree 
change, o r  a ramp, or any other  imaginable p ro f i l e .  
I n  addi t ion ,  it i s  of obvious concern whether the  
temperature coupling of the o s c i l l a t o r  t o  the  
temperature chamber was excel lent  or more remote 
(e.g., d i r e c t  physical  base p l a t e  contact  t o  a high 
capacity heater or j u s t  a i r  c i rcula t ion) .  
Furthermore, i f  c lose  coupling and f a s t  ramping was 
possible,  then the i n i t i a l  condition of the o s c i l l a t o r  
w i l l  a l s o  be of importance and a f f e c t  the  ac tua l  
r e s u l t s  of the s t i pu l a t ed  measurement, 30 minutes 
a f t e r  cessation of the stimulus. 

Related concerns can eas i ly  be imagined f o r  a l l  o ther  
environmental s t imul i  ranging from re t r ace  (length of 
off-time, condition p r io r  t o  turn-off, condition 
during the off -time, eto.  ) t o  accelera t ion ,  humidity, 
radia t ion ,  e t c .  As indicated above, i n  cases whexSe a 
non-equilibrium measurement i s  e s sen t i a l ,  many more 
conditions than j u s t  t he  spec i f i ca t ion  of the  stimulus 
and i t s  timing a re  important. They include: 

the  o r ig ina l  conditions of the  frequency source 
under t e s t i  

the  pa r t i cu l a r  p r o f i l e  of the  appl ica t ion  of t he  
stimulus; 

t he  way the  st imulus i s  appl ied  t o  t h e  
osc i l la . tor  ( the  degree of coupling of the 
stimulus to  the o s c i l l a t o r ) ;  

the  question to what degree s t a t i s t i c a l  measures 
such a s  the  Allen variance,  a r e  useful  i n  a non- 
equil ibrium, dynamic s i t u a t i o n  and i n  s i t u a t i o n s  
which involve non-linear responses t o  s t imul i .  

c )  In terac t ion  of Two or More Environmental Stimuli  

In  an idea l  measurement s i t u a t i o n ,  it is des i r ab l e  to 
have the  environmental st imulus appl ied  i n  such a way 
t h a t  i t  uniquely and exclus ively  a f f e c t s  the 
frequency source under the  t e s t .  Often, t h i s  i s  no t  
possible and, f requent ly ,  it i s  not even obvious t h a t  
o ther  e f f e c t s  may be present.  The following i s  a 
l i s t  of the  most commonly encountered s i t u a t i o n s  
where the  appl ica t ion  of a p a r t i c u l a r  stimulus i s  
leading to  the react ion  of the frequency standard t o  
an associated stimulus. The associa ted  st imulus,  i n  
t he  majority of cases,  i s  temperature. 

1.  Acceleration (t ip-over t e a t )  - An 
instrument is  t e s t ed  f o r  accelera t ion  by 
turning it 180- i n  the  e a r t h ' s  magnetic 
f i e l d .  I f  done properly,  t h i s  is  a quasi-  
s t a t i c  t e s t  and should y i e ld  accurate 
measurements a s  a r e s u l t  of the  applied 
change of two g. However, the pos i t ioning 
upside down of t he  instrument invar iably  
changes i t s  i n t e rna l  heat  d i s t r i bu t ion .  A 
s i gn i f i can t  por t ion  of heat  t r a n s f e r ,  i n  
most frequency sources,  i s  through air 
convection. The convective heat  t r anspor t  
w i l l  be a l t e r e d  s i g n i f i c a n t l y  i f  the  fo rce  
of gravi ty  is reversed. Thus, tip-over 
t e s t s ,  more of ten  than not ,  a r e  r e a l l y  
t e s t s  of temperature s e n s i t i v i t y  due t o  the 
conveotive heat t ranspor t  component. 

2. Radiation -- I f  a r ad i a t ion  dose i s  applied 
i n  a r e l a t i v e l y  sho r t  time period ( sho r t  
compared t o  the thermal time constant of 
the  u n i t  under t e s t ) ,  then the  heating 
associa ted  with the  radia t ion  loading w i l l  
cause thermal e f f e c t s  i n  t he  u n i t ,  
especia l ly  when measurements a r e  made 
within the  time period of the thermal time 
constant of the un i t .  Thus, frequency 
excursions observed i n  response t o  a 
radia t ion  shock very f requent ly  a r e  
react ions  t o  thermal shock r a the r  than 
radia t ion  shock. 

3. Humidity -- I n  addi t ion  to a f f ec t ing  
conductivity and d i e l e c t r i c  constants,  
changes in humidity w i l l  change the 
i n t e r n a l  heat  conductance of the  u n i t ,  
especia l ly  a s  regards convective co i l i ng  
and heat t r ans fe r  ( 6 ) .  I n  addi t ion ,  the  
time constants f o r  e f f ec t ive  change i n  t h e  
humidity l eve l s  within the un i t  a r e  not 
necessar i ly  equal t o  its thermal time 
constants,  causing po ten t i a l l y  very e r r a t i o  
r e s u l t s  when t e s t s  a r e  performed i n  non- 
equilibrium conditions ae regards humidity 



or temperature or both. The un i t  may have 
c r i t i c a l  a reas  which a r e  inadequately vented 
and, as  a r e s u l t ,  involve loca l  time 
constants which may be subs t an t i a l l y  
d i f f e r en t  than the global time constants of 
the uni t .  After a l l ,  humidity i s  only a 
meaningful concept when the area under 
consideration i s  i n  complete thermal 
equilibrium. 

4 Temperature -- In  temperature t e s t i ng ,  a 
temperature range i s  being administered 
ranging from a ce r t a in  speci f ied  low 
temperature ( t yp ica l ly  below room 
temperature). Various forms of ramping a r e  
applied and the change can take the  un i t  all 
the  way t o  i t s  upper temperature l i m i t  f ron~ 
an i n i t i a l  I1soaking1' a t  the lower 
temperature l i m i t ;  o r  the reverse  may be 
preescribed. The temperature changes may be 
administered through d i r e c t  physical  (base 
p l a t e )  contact  with the heating or cooling 
oource, or through general  placement i n  a 
refrigerator/oven with a c o r ~ b i n a t i o ~ ~  of 
r ad i a t ive  and convective cooling and 
heating. Obviously, s ign i f i can t  d i f ferences  
can occur between the  ramping of t h e  
heating/cooling source ( the  
oven/ref r igera tor)  and the  u n i t  i t s e l f ,  
depending on the effectivonees of heat 
t ransfer .  Thus, a t  any given moment within 
the temperature p ro f i l e ,  the  temperature of 
the  u n i t ,  of its i n t e r n a l  components, and 
i t s  outside surfaces may be d i f f e r e n t  among 
each other,  and d i f f e r e n t  from t h a t  of the  
heating or cooling source i t s e l f .  

I n  addi t ion  to the presence of subs t an t i a l  
temperature gradients ,  y e t  another 
phenomenon of ten  i s  not being considered 
ser ious ly .  When the  u n i t  i s  taken from low 
temperature t o  high temperatures o r  the 
reverse,  s ign i f i can t  changes i n  humidity 
l eve l  w i l l  occur i n  the  oven chamber and i n  
the un i t  i n t e rna l ly  (especia l ly  i f  the oven 
i s  not humidity contro l led) .  Worae, ac tua l  
condensation and even the  formation of i ce  
can occur within t he  u n i t ,  especia l ly  when a 
cold soaked un i t  i s  taken up to higher 
temperatures. Condensation of moisture can 
have seriorls e f f ec t s  on the func t iona l i t y  of 
the  device,  inclucling but not l imi ted  t o ,  
e l e c t r i c a l  shor t ,  i n f i l t r a t i o n  of moisture 
i n t o  s ens i t i ve  e l ec t ron ic s ,  and even 
permanent, l a s t i ng  changes or damage of 
e l ec t ron ic  o r  physical  components. 

Condensation e f f e c t s  can be eliminated with 
t e s t i ng  under vacuum, Itowever, when ramping 
an operating u n i t  through 1/10 t o  1/1000 of 
atmospheric pressure,  e l e c t r i c a l  discharges 
may occur within the  un i t .  This may a f f e c t  
i t s  performance as well  as  i n f l i c t  permnnent 
damage t o  sub-assemblies and e l ec t ron ic  
components. 

Standardization Ef fo r t s  

tleasurements a r e  only of value i f  they a re  repeatable 
and can be compared with the r e s u l t s  of o thers .  
Systems designer,  manufacturer, and user des i r e  a 
common baseline t o  compare speci f ied  performance with 
ac tua l  r e s u l t s ,  and t o  assure compat ib i l i ty  with 
o ther  systems or rietworks pa r t i cu l a r ly  with those 
having a common in ter face .  One p re requ i s i t e  f o r  t h i s  
i s  the  agreenent on the  bas ic  q u a n t i t i e s  which 
describe the  performance of frequency sources i n  t he  
frequency and time domain. They allow the  
quan t i f i ca t ion  of frequency i n s t a b i l i t y  and time 
e r ro r  as  well  a s  the a b i l i t y  t o  predic t  performance 
i n  the  sense of timekeeping. The following 
quan t i t i e s  have been i n  use in  a consis tent  way f o r  
about two decades: frequoncy, phase, and time 
departure;  frequency, phase w d  time i n s t a b i l i t y ;  two 
sample (Allen) variance and the  corresponding 
devia t ion;  time in t e rva l  e r ro r ;  confidence l i m i t .  
These quan t i t i e s  have been defined and confirmed by 
the recent ly  approved IF3E Standard (Projec t  
designation: 1130) which l i s t s  t he  mathematical and 
physical  d e f i n i t i o ~ l s  of these quan t i t i e s ,  as  well  as  
notes on appl ica t ion  and in t e r r e l a t i onsh ips  between 
the  frequency and time domains. 

The above l i s t e d  quan t i t i e s ,  as  defined by the new 
I E E  Standard, a l s o  must be used t o  deocribe 
environmental s e n s i t i v i t i e s .  The IEEE has approved a 
p ro j ec t  (Projec t  designation 1193) t o  d r a f t  an IEEE 
Standard aimed a t  defining standard procedures to  
measure environmental s e n s i t i v i t i e s  o f  prec is ion  
frequency sources. I t s  primary purpose w i l l  be the 
assurance of consistency and r e p e a t a b i l i t y  of 
environmental s e n s i t i v i t y  measurements, and the  
p o r t a b i l i t y  of r e s u l t s  on pa r t i cu l a r  frequency 
sources between the various segments of the time and 
frequency community. 

It was the  i n t en t  of t h i s  paper to discuss some of 
the  challenges which l i e  ahead i n  t he  task  of 
quantifying environmental s e n s i t i v i t i e s  and to 
descr ibe  some observations about co r r e l a t i ons  and 
in ter re la t ionehips .  This paper a l so  i s  intended to  
s o l i c i t  input  from the  many p rac t i t i one r s  and from 
l abo ra to r i e s  engaged i n  the  t e s t i n g ,  ve r i f i ca t ion ,  
and acceptance of prec is ion  time and frequency 
SOUrCeS. 
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F i g u r e  1 QUARTZ CRYSTAL OSCILLATOR 

S t a b i l i t y  Dr i f t  Retrace Temp. Accel. Baron. Humidity Nannetic Radiation 

1  s f loo r  per day (per K) (per  g )  (0  t o  (0  t o  (per gauss) (per krad) 
atnos. 100%) 

pressure)  

typ ica l  value 10-11 10'12 10'10 10-9 10-10 10-9 10-10 10-9 1 0 - l ~  upset plus 
temporary 6 
permanent 
vorsening of the  

d r i f t  r a t e  
beat value 10'13 10'13 10'12 10'10 10'12 10-10 none none none 

bas i c  - - change, changas c r y s t a l  c r y s t a l  c r y s t a l  e l ec t ron ics  none changes i n  
mechanism - - i n  the  i n  the  l a t t i c e  mounting enclosure and c r y a t a l  

quar tz  quar tz  property 6 l a t t i c e  and convective l a t t i c e  
c r y s t a l  ' c r y s t a l  property mounting cooling (upset 

1nostly 
a  thermal 
e f f e c t )  



Figure 2 RUBIDIUM GAS CELL OSCILLATOR 

Stability Drift Retrace Temp. Accel. Barom. Humidity Hagnet ic Radiation 

I s floor per day (per K) (per g) (0 to (0 to (per gauss) (per krad) 
atmos. 100%) 

pressure) 

typicalvalue 10-11 10-13 10-12 10-11 10-12 upset, 10-11 10-12 10-12 upset, none 
10-12 

best value 10-l2 loqL4 10-13 10-13 10-14 10-13 none 10-13 none 

basic - - gas cell gas gas gas gas cell elactrooics atomic none* 
mechanism - - physics cell cell cell dimensions, and transition 

physics physics, physics cavity convective 
micro- (crystal dimension cooling 
wave for upset) 
power 

Figure 3 CESIUM BEAM TUBE STANDARD 

Stability Drift Retrace Temp. Accel. Barom. iiumidity klap.net ic Radiation 

I s floor per day (per K) (per g) (0 to (0 to (per gauss) (per krsd) 
atmos. 100%) 
pressure) 

typical value 10-11 10-13 10-15 10-12 10-13 upset, 10-12 10-12 10'12 upaet,none 
10-13 

best value 10-l2 10-14 10'16 10-13 10'14 upset, 10-15 none 10-14 none 
10-13 

baa ic - - electronic electronic electronic beam design electronics atomic none 
mechanism - - parameters, parameters parameters position depen- and transition 

beam (crystal dent convective 
detection for cooling 

upset) 

Figure 4 HYUROCEN MASER STANDARD 

Stabllicy Drift Retrace Temp. Accel. Barom. Humidity Magnetic Radiation 

I s floor per day (per K) (per g) (0 to (0 to (per gauss) (per krad) 
stmos. 100%) 
pressure) 

typical value 10-12 10-14 10-14 10-12 10-13 upset 10-12 10-12 10-I upset ,none 
10-~3' 

best value 5X10-13 5x10'16 10-16 10-13 10-14 upse , 10-l5 none 10-I 4 none 
10-15 

basic - - electronic electronic cavity bean design electronics atomic none* 
mechanism - - parameters, parameters tuning position depen- and transition 

wallshtf t and (crystal dent convective 
wallshift for cooling 

upset) 
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I. Introduction 

Quartz crystal oscillators are employed in satellites for the generation of 
precision time and frequency signals. These crystal resonators must be 
insensitive to ionizing radiation in order to meet their performance 
requirements. The susceptibility of quartz crystal resonators to ionizing 
radiation (proton, electron and gamma) manifests itself as frequency shifts. 
Previous experiments have indicated that these shifts are dependent on total 
radiation dose, dose rate, particle flux or fluence and kinetic energy levels [I, 2 
and 31. Some recent investigations did indicate that  the frequency 
susceptibility of quartz crystals to lower levels of radiation (<I0 rad [Si] is not 
correlated to bulk effects, i.e., impurity levels in the quartz crystal blan 1; . The 
present work further substantiates this hypothesis by presenting the results of 
radiation tests on BVA SC quartz crystal resonators. These resonators had 
above average aluminum defect center concentrations (-18 ppm) but exhibited 
some of the lowest radiation sensitivities on a per accumulated dose basis. I t  
is apparent from these tests that electrodeless resonators, like the BVA, have 
good radiation responses for simulated low-earth orbit radiation levels (0.6 rad 
for 42 minutes). The objective of our current study is to investigate the 
radiation sensitivity of SC cut BVA resonators. 

11. Radiation Study 

To quantify the effects of radiation on quartz crystal resonators, 
materials studies have been conducted on the basic radiation susceptibility 
mechanisms in quartz crystals [I]. These studies have focused on the quartz 
crystal resonator's susceptibility to cosmic rays, electron, proton, neutron, and 
X-ray radiation. Based upon its unique interaction mechanism with matter, 
each of these forms of radiation interacts differently with the quartz crystal. 
In general, the radiation a satellite encounters in space is due to trapped 
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electrons and protons in the Van Allen belts and is enhanced by activity on 
the sun. I t  has been shown that trapped electrons in the Van Allen belts do 
not contribute significantly to the total radiation doses received by 
instrumentation located on the TOPEX spacecraft behind 5 gm/cm2 of 
equivalent aluminum shielding [4]. Therefore, our study on the susceptibility 
of quartz crystal resonators to low-earth radiation focused on proton 
radiation induced effects. Specifically, we have investigated the effects of 
ionizing radiation levels, encountered by the TOPEX spacecraft, on the 
stability of quartz resonators. Typically, the doses accumulated by a quartz 
crystal blank behind 5 gm/cm2 of equivalent aluminum shielding is about 0.6 
rad [Si] and dose rates not exceeding 0.014 rad [Si] per minute. This study 
reports on the effects of these dose rates on BVA-SC resonators. 

Protons encountered in space by quartz crystal oscillators lose their 
energy mainly by Coulomb interactions with the electrons in a solid. Photons 
emitted by a Cobalt 60 source and interacting with the quartz crystal 
resonator have been shown to cause the same magnitude of frequency shift in 
quartz crystal resonators as protons [Ref. 21. This effect can be explained by 
the fact that the probability of Compton collisions of 1.25 MeV photons from 
a Cobalt 60 source depends only on the density of the absorber and not on its 
atomic number. Therefore, the frequency susceptibility of quartz crystal 
resonators to  low-earth orbit radiation can be emulated by gamma rays from 
Cobalt 60 sources. 

The low-earth orbit radiation spectrum typically consists of cosmic 
rays, trapped protons and electrons, and solar flare protons [Ref. 41. The 
density of the cosmic rays is low and therefore not a hazard to quartz crystal 
resonators. I t  was also shown that the contributions of electrons to the total 
radiation dose received by an orbiting satellite is several orders of magnitude 
smaller than the proton radiation behind a specified amount of shielding. 
Therefore, protons are the main radiation hazard for spacecraft electronics 
and, in particular, quartz crystal resonators. The contributions of solar flare 
protons generated during solar activity can be predicted on a yearly basis, 
allowing the technical activities of a spacecraft mission to be scheduled around 
these events. However, a satellite is intermittently exposed to trapped proton 
radiation in the Van Allen belts. The low dose rates allow for the 
accumulation of only tenths of a rad in the crystal blank over one orbit and, 
therefore, it is important to study the effects of low doses (<1 rad) on the 
radiation susceptibility of quartz crystal resonators. I t  should also be pointed 
out that  the accumulation of proton radiation during each orbit takes place 
over certain intervals when the satellite traverses specific dense radiation 
zones within the Van Allen belts, while a certain amount of time per orbit is 
spent in radiation free environments. For the TOPEX satellite, which is 
scheduled to be launched in 1991, the maximum dose behind 5 gm/cm2 of 
equivalent aluminum shielding is approximately 8000 rad Si over its three 

in Figure 2. 
kd year mission (see Fig. 1). The energy spectrum of the TOP orbit is shown 

The quartz crystal in the spacecraft will accumulate the radiation over 
specific intervals depending on the time spent in radiation zones. Figure 3 
illustrates the magnitude of these radiation eones as a function of orbit time, 
the South Atlantic Anomaly (SAA), represents the most intense radiation 
zone. The peak value of the accumulated dose behind 5 gm/cm2 of aluminum 
shielding in the South Atlantic Anomaly is about rad/sec; the TOPEX 



spacecraft spends approximately 42 minutes of its orbit in this radiation 
anomaly. The South Atlantic Anomaly represents an average dose rate of 
approximately 0.6 rad for 42 minutes or 0.014 rad/min. Since the relative 
accumulated doses for the other zones are a t  least two orders of magnitude 
lower, it is safe to assume that most of the radiation accumulated in a quartz 
crystal resonator is contributed by the South Atlantic Anomaly. In other 
words, the spacecraft spends the remainder of the orbit (-70 min) in a 
relatively radiation free environment. 

Thus, it is important to study the effects of this annealing on the 
frequency stability in alpha quartz. I t  is readily apparent that one cannot 
simulate the effects of low-earth orbit radiation on quartz crystals by high 
dose and high dose rate radiation, because such tests do not take into account 
the radiation free intervals of actual low-earth orbits, nor do they expose the 
crystal to the correct low dose rates which have been shown to activate 
different radiation susceptibility mechanisms in alpha quartz. Therefore, the 
present study was conducted to examine the radiation susceptibility of SC 
BVA resonators to low dose rate ionizing radiation. 

111. Resonator Studies 

For the resonator susceptibility test, quartz crystal resonators were 
exposed to 1.25 MeV gamma radiation from a Cobalt 60 source (refer to 
Fi ure 4). The dose rates a t  the quartz crystal blank were kept a t  0.014 rad 

i per minute during all tests. The small attenuation of the gamma radiation IS f 
through existing oscillator shields was taken into account in each experiment 
so that  a consistent dose rate a t  the quartz crystal was established. The 
quartz crystal resonators were of the electrodeless BVA SC type. They were 
manufactured from cultured premium Q swept quartz. The 5.0 MHz 
sinusoidal output of the resonators was applied to a mixer which was made 
part of a frequency stability data acquisition system which has been described 
in several previous papers [Refs. (2) and (3)j. 

Four BVA-SC resonators were exposed to the Cobalt 60 radiation. The 
radiation exposures consisted of a 42 minute exposure to  0.6 rad [Si a t  a dose 
rate of 0.014 rad/min followed by a 70 minute annealing interval. A hese tests 
were repeated several times to  study long term trends. Typical results of 
these tests are shown in Figs. 5 and 6 and summarized in Table I. I t  can be 
seen that  on a per rad basis, the radiation sensitivity varies quite 
substantially. Specifically, one resonator (SIN 1) did not show any radiation 
response. This phenomenon is not easily explained since all resonators were 
manufactured from the same manufacturer's lot of swept quartz. 
Furthermore, no correlation could be accounted for between radiation 
susceptibility and the resonator's individual electrical parameters (refer to 
Table I). 

Figure 5 shows a typical response of the BVA-SC resonators to an 
exposure of 0.6 rad [Si over 42 minutes. The resonator has a negative 
frequency shift of -1.6 4 10-l1 (df/f per rad). A small recovery occurs after 
the 42 minutes of exposure and continues during the 70 minute annealing 
interval. Successive exposures of 0.6 rad [Si] result in similar frequency shifts. 
After five successive exposures and annealing periods, the resonator seems to 
recover but exhibits a permanent frequency offset. This phenomenon has 



been observed in many different classes of crystal resonators [Refs. (2) 
All BVA-SC resonators were tested as manufactured (not pre-conditioned 

(refer to Table I). 
and exhibited negative frequency shifts when exposured to gamma radiation 

Preconditioning of quartz crystal resonators with 20 krad Si] of gamma 
radiation has been shown to reduce their irradiation susceptibi \ ity [Refs. (1) 
and (2)) This pre-irradiation of an assembled quartz crystal resonator 
supplies enough energy to overcome the binding energy of some cations 
located interstitially within the resonator. The cations can, therefore, freely 
move in the crystal resulting in a quartz crystal having a lower entropy. This 
more perfect crystal should be less susceptible to ionizing radiation than a 
crystal which has not been pre-irradiated. 

An experiment was conducted to see if this hypothesis is also true for 
low radiation exposures of quartz crystal resonators. BVA-SC resonator serial 
number 23 was, therefore, preconditioned with 20 krad of gamma radiation. 
The radiation tests were repeated using the sarne 0.6 rad [Si] exposure followed 
by 70 minutes of annealing. The response of this resonator is shown in Figure 
6. The radiation sensitivity of this preconditioned resonator is 1.3 X 10-l1 
(refer to Table I). The preconditioning caused a sign reversal in the frequency 
shift. However, the magnitude of the frequency shift is quite similar to that 
of the resonator before preconditioning. This experiment showed that the 
current Ievel of preconditioning (20 krad) does not dramatically reduce the 
resonator's radiation sensitivity. One may conclude that 20 krad of 
preconditioning may not be the optimum pre-conditioning level. Further 
experimentation will be required to fully understand the relation between 
preconditioning dose and its effect (if any) on the motion of cations in the 
quartz resonator. The sign reversal of the frequency shift after 
precanditioning still indicates that bulk effects in the quartz resonator might 
still be affected. Additional experiments will need to be conducted to  study 
this phenomenon. Unfortunately, theoretical models of the piezoelectric effect 
in quartz resonators do not explain this sign reversal. Only further 
experimentation can presently offer some insight on the true underlying 
causes of these complex phenomena. 
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Figure 4 .  
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Table I. 

sc BVA RESONATOR ELECTRICAL CHARACTERISTICS* 

Resonator Rad ia t ion  
S e r i a l  co f o R S e n s i t i v i t y  
Number Q [ P f l  [Hz1 [ohm1 per  Rad' 

2604448 4,12 4999982,8 47,6 0 (no response) 

* 
Data supp l ied  by Osc i l l oqua r t z ,  S , A ,  
(Resonators manufactured o f  Premium Q, swept z-grown alpha quar tz  1 

+ For a 0 , 6  Rad [ S i l  exposure f o r  42 rnin, a t  a dose r a t e  o f  
0,0142 Rad [ S i l  per min, 

** Precondi t ioned w t i h  20K Rad, 



P l o t t i n g  o f  t h e  Vibratiorkul D i s t r i b u t i o n  
o f '  a TS Quartz Resox~utor u s i n g  a Pulsed L a a e r  

R.J.Williamson 

STC Technology Ltd, Harlow, Essex. England 

A method of plotting the vibrational 
distribution of a quartz resonator using a 
light beam as a probe to locally perturb the 
standing wave of the resonating area has been 
developed. The perturbation manifests itself 
as a transitory change in the frequency of 
the resonance, which is proportional to the 
magnitude of the standing wave. Thus by 
rastering the pulsed light beam across the 
area of the resonator and monitoring the 
change in its resonant frequency, the 
vibrational distribution can be mapped. 

In practice, the crystal resonance is 
maintained by a phase-lock loop with a long 
time constant, and the change monitored is 
the phase across the crystal. This change is 
small and is typically buried in the l/f 
noise of the oscillator. By using a lock-in 
amplifier at the repetition rate of the 
laser, this small change can be measured. The 
measurement uses commonly available equipment 
and can plot the vibrational distribution in 
less than a minute. 

A number of methods of plotting the 
\.ibrational distribution of quartz resonators 
have been developed, the most well known 
being Lang topography using X-rays. Others 
using interferometry are only really 
applicable to modes with a predominantly 
normal component, such as flexural modes and 
at low frequencies. The present method, 
however, is applicable to thickness shear 

aperture 

Excimer 
laser 

modes at high frequencies. For such devices 
the only other method was to use a toothpick 
which is gently tracked across the surface of 
t.he resonator whilst the electrical response 
of the crystal is monitored. A mixture of 
dampening and lotrdir~g by the toothpick alters 
t:he crystal in both the freqire~lc~ and 
amplit~tde domain. Great skill is needed for 
tlris method since the likelihood of breaking 
the crystal was high. In the present method 
the laser beam rcplaces the toothpick and the 
effect is just to modulate the crystal 
frequency. It is proposed that the mechanism 
is by the force frequency effect whereby the 
light induced heat pulse creates a localised 
compression in the quartz due to thermal 
expansion. 

The laser used for the current work was a 
Questek 2040 escimer laser. In operation, 
excited dimers are formed between a noble gas 
and a halogen such as argorl fluoride wliict~ 
emits at 193 nin. The output energy of the 
laser can be varied between 20 and 200 mJ per 
1 5  11s pulse witti a repetition rate up to 100 
Hz. The output beam is about 10  * 20 mm2 so 
that the fluence is between 10 and 100 mJ/cm2 
The large beam size enables a very simple 
means of bean1 placement as shown in figure 1. 
A computer-controlled X-Y table moves a brass, 
foil containing a number of apertures thus 
enabling different areas to be irradiated but 
with the same fluence. In front of the foil 
is a beam expander which has a twofold 
purpose. It reduces the fluence available 

Moveable 
aperture 

Imaging 
lens Crystal 

table Q Crystal 
monitor 4 
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F I G U R E  2 . M E A S U R E M E N T  LAYOUT 

k3 
f rom t h e  l a s e r  and  e v e n s  o u t  t h e  i n t e n s i t y  r e m n a n t s .  N o n e t h e l e s s ,  t h a t  o u t p u t  h a s  been  
d i s t r i b u t i o n  a c r o s s  t h e  beam. A f t e r  t h e  f o i l  s u c c e s s f u l l y  u s e d  f o r  p l o t t i n g .  
a  s i m p l e  l e n s  s y s t e m  is p o s i t i o n e d  a t  t w i c e  J .Method 
t h e  f o c a l  l e r r e t h  f rom b o t h  t h e  f o i l  and t h e  -- 
c r y s t a l .  T h i s  fo rms  a n  i n v e r t e d  image w i t h  
magnitude -1  o f  t h e  f o i l  and  r e d u c e s  t h e  
d i f f r a c t i o n  e f f e c t s  from t h e  a p e r t u r e s .  

The c r y s t a i  measurement  equ ipmen t  is  shown i n  
f i g u r e  2 .  The s i g r r a l  g e n e r a t o r  u s e d  was a 
Rohde and Schwarz  SMC s i n c e  i t  h a s  e s t e n s i v e  
n ~ o d u l a t i o n  c a p a b i l i t i e s .  The v e c t o r  v o l t m e t e r  
h a s  t h e  u b i q u i t o u s  HP 8405A and  was u s e d  t o  
f l n d  t h e  r e s o n a n c e .  Unique t o  what is i n  
e s s e n c e  a  m o d i f i e d  IEC 444 c r y s t a l  
measurement  c i r c u i t  i s  t h e  q u a d r a t u r e  h y b r i d  
f rom Anzac ( J H  1 3 1 ) .  T h i s  power s p l i t s  w i t h  a  
n i n e t y  d e g r e e  p h a s e  s h i f t  w i t h i n  a  few 
d e g r e e s  o v e r  t h e  r a n g e  20 MHz t o  200 MHz. 
T h i s  c o n s i d e r a b l y  s i m p l i f i e s  t h e  c i r c u i t  
s i n c e  l i t r e  s t r e t c h e r s  a r e  n o t  r e q u i r e d  when 
t h e  f r e q u e n c y  is c h a n g e d .  The c r y s t a l  is 
measured l n  a  100  ohm c i r c u i t  made f rom SHA 
c o a x r a l  a t t e n u a t o r s .  T h i s  is  n o t  i d e a l  f rom 
t h e  p o i n t  o f  v i ew o f  s e n s i t i v i t y  s i n c e  i t  
s u b s t a n t i a l l y  i n c r e a s e s  t h e  l o a d e d  Q o f  
t y p i c a l  r e s o n a t o r s ,  however  i t  made f o r  a  
much s i m p l e r  j i g .  Two i d e n t i c a l  a m p l i f i e r s  
f rom M i n i c i r c u i t s  (ZFL500LNl were  u s e d  t o  
b r i n g  t h e  s i g n a l  l e v e l s  up  t o  a b o u t  7 dBrn t o  
maximise  t h e  s e n s i t i v i t y  o f  t h e  HP 10514 
d o u b l e  b a l a n c e d  m i x e r  u s e d  f o r  p h a s e  
d e t e c t i o n .  The o u t p u t  o f  t h e  m i x e r  i s  low 
p a s s  filtered t o  remove t h e  sum component and 
t h c n  measured us i t rq  a  S t a n f o r d  R e s e a r c h  SR510 
l o c k - i n  a m p l i f i e r .  T h i s  i s  a l s o  f e d  f rom t h e  
same s i s n a l  s o u r c e  t h a t  is u s e d  t o  t r i g q e r  
t h e  l a s e r  ( t h e  AF o u t p u t  o f  t h e  SMG). The 
l o c k - i n  a m p l i f i e r  is i n  e g s e n c e  a  na r row band 
d e t e c t o r  s o  t h a t  t h e  wanted s i g n a l  c a n  be 
measured b u r i e d  i n  n o i s e .  
Tbe p h a s e  o u t p u t  f rom t h e  v e c t o r  v o l t m e t e r  
cibn be  u s e d  i n s t e a d  o f  t h e  m i x e r ,  i n  which 
c a s e  b o t h  t h e  q u a d r a t u r e  h y b r i d  a n d  t h e  
a m p l i f i e r s  a r e  u n n e c e s s a r y .  However,  t h e  r i s e  
t l m e  o f  t h e  p h a s e  m o d u l a t i o n  w i l l  be s l u g g e d .  
F u r t h e r m o r e ,  t h a t  o u t p u t  i s  n o i s i e r  w i t h  
s u p p l y  i n t e r f e r e n c e  as well as t h e  20 kHz I F  

For  p l o t t i n g  t h e  v i b r a t i o n a l  d i s t r i b u t i o n  o f  
a  q u a r t z  r e s o n a t o r ,  t h e  l a s e r  beam is  
r n s t e r e d  a c r o s s  t h e  e l e c t r o d e  o f  t h e  c r y s t a l  
w h i l s t  i t  is s i t t i n g  on  r e s o n a n c e .  The l a s e r  
s p o t  s i z e s  u s e d  were  0 . 1 5  mm and  0 . 3  mm. 
d e ~ e t ~ d i n g  011 t h e  s i z e  o f  t h e  r e s o n a t o r  
e l e c t r o d e  and  t h e  d e g r e e  o f  d e t a i l  r e q u i r e d .  
The l a s e r  f l u e n c e  u s e d  was a b o u t  3 mJ/cmL 
s i n c e  t h i s  gave  a d e q u a t e  r e s p o n s e  w i t h o u t  
damage t o  t h e  e l e c t r o d e .  R e p e t i t i o n  r a t e s  
u s e d  were  t y p i c a l l y  40 Hz s i n c e  t h i s  was a  
compromise  be tween  a v o i d i n g  b o t h  l / f  n o i s e  
atrd s u p p l y  i n t e r f e r e n c e  w h i l s t  m a i n t a i n i n g  
r e a s o n a b l e  g a s  l i f e t i m e s  f o r  t h e  laser. 

To a v o i d  a n y  d r i f t  i n  t h e  c r y s t a l  f r e q u e n c y  
w h i l s t  p l o t t i n g ,  t h e  o u t p u t  f rom t h e  m i x e r  
c a n  be f e d  v i a  a  v e r y  low p a s s  f i l t e r  i n t o  
t h e  DC FM i n p u t  o f  t h e  s i g n a l  g e n e r a t o r .  
I lowever,  s i n c e  a  s y n t h e s i s e d  s o u r c e  was u s e d  
a n d  t h e  a m b i e n t  was w e l l  c o n t r o l l e d ,  t h i s  
p roved  u n n e c e s s a r y .  The r a s t e r i n g  and  v o l t a g e  
nreasuremelrt i s  u n d e r  t h e  c o n t r o l  o f  a  
c o m p u t e r  u s i n g  t h e  IEEE i n t e r f a c e .  I t  p r o v e d  
n e c e s s a r y  t o  t a k e  a n  a v e r a g e  o f  s e v e r a l  
n ~ e a s u r e m e n t s  a t  e a c h  p o i n t  s i n c e  t h e  p u l s e  t o  
p u l s e  v a r i a t i o n  o f  t h e  l a s e r  e n e r g y  was a t  
l e a s t  20%. The d a t a  is t h c n  u s e d  t o  g e n e r a t e  
c o n t o u r s  wh ich  a r c  drawn on t h e  s c r e e n  o f  t h e  
c o m p u t e r .  

4 R e s u  

T h i s  method h a s  been  u s e d  t o  p l o t  t h e  
v i b r a t i o n a l  d i s t r i b u t i o n  o f  b o t h  o v e r t o ~ r e s  
and  i n h a r m o n i c s .  F i g u r e  3 g i v e s  a  s e q u e n c e  o f  
p l o t s  o f  a  50 MHz f u n d a m e n t a l  a n d  i t s  
o v e r t o n e s  up t o  t h e  1 1 t h  a t  550 MHz, 
i l l u s t r a t i n g  t h a t  t h e  method i s  v e r y  
s e n s i t i v e .  The c i r c l e  i n  t h e  background  
c o r r e s p o n d s  t o  t h e  p o s i t i o n  o f  t h e  lmrn 
e l e c t r o d e s  and t h e  d o t s  a r e  t h e  measurement  
p o s i t i o n s .  I n  t h i s  c a s e  a 0.3mm l a s e r  s p o t  
was used w i t h  rio o v e r l a p  o f  t h e  s p o t s .  



Despite the large spot used, the main 
characteristics of this resonator can be 
seen. There is a wedge in the quartz toward 
the top left hand corner, the effect of which 
gets more pronounced with higher overtones. 

9th 450 MHz 11  th 550 MHz 

F I G U R E  3 .  5 0  MHZ FUNDAMENTAL 
AND OVERTONES 

84.338 MHz 64 525 MHz 

F IC l . IRE  4 .  6 4  MHZ FlJNDAMENTAL 
AND I N H A R M O N I C S  

Figure 4 gl\es a sequence of a 64.3 MHz 
fundamental with some of ~ t s  inharmonics. In 
th,s case the laser spot dlameter was O.15mm 
so that more polnts could be used and greater 
detall 1s rexealed. There 1s a limit on the 
effective spot slze and hence on the 
resolution achielable because of lateral 
thermal diffusion hhich hi11 smooth out 
detail. This 1t111 aftect the plots of the 
lnharmonics most where the nodal lines are 

suppressed. Hoheler, the general shape 1s 
st111 e\ldent. The crystal used was of the 
standard key-hole design wlth the tabs 
positioned on both sldes of the electrode 
(the clrclel. It can be seen that the 
vibrational distribution extends down the 
tabs for the hlgher inharraonics. 

5 Mechanism 

In order to elucidate the mechanism 
responsible for the observed phase shifts 
used for the plotting process, the time 
constants and the magnitudes of the phase 
shifts have been investigated. It is assumed 
that a fraction of the laser energy from each 
15 ns pulse is absorbed by the electrode and 
converted into heat which then diffuses into 
the quartz. It is also assumed that for beam 
sizes large compared with the thickness of 
the quartz, lateral diffusion may be ignored 
initially. After a characteristic time, the 
absorbed heat will have raised the local 
temperature of the cylindrical section under 
the laser spot, thus building up a stress 
field which causes the observed phase shift. 
The details of this model have been tested 
experimentally as described in the following 

F I G U R E  5 .  R I S I N G  EDGE 

OF P U L S E  



5.1 Time ~ o m a i n  

The output of the mixer from a 50 MHz 
fundamental crystal irradiated by a single 
laser pulse is given in figures 5 and 6. This 
shows that the rise time of the phase shift 
is exponential and is about three orders of 
magnitude faster than the fall time. Figure 7 
plots this rise time (measured assuming an 
exponential form) for a number of crystals 
between 50 MHz and 114 MHz and shows that it 
is proportional to l/f2. This relationship 
confirms that ttie phase pulse may be ttlc 
result of a laser induced heat pulse 
diffusing through the thickness of the 
quartz. 

F I G U R E  7. P L O T  O F  R I S E  T I M E  

W I T H  l / f  

A mathematical model of heat absorption on 
one side of a thin substrate is given by 
Danielson and Sidles [I). It inc1ud:s the 
optical absorption depth of the substrate. In 
the present case, the absorption in the 
quartz surrounding the electrode is small. 
For the metallic electrode, however, the 
absorption depth is typically less than 100A. 
This is much less than the thickness of 
electroding of a crystal so that the heat 
from the light pulse will be generated in the 
electrode and no light will penetrate into 
the quartz. This simplifies the heat 
diffusion equation for a short laser pulse on 
one slde 1s-0 1 of a substrate of thickness 1 
t 0 

w 
T(~,tl/Tm = 1 + 2 ~cos(nxx/lI. exp(-n2r I ( 1 )  

n= 1 
where To, =Q/pcl is the uniform temperature 
after a long time, Q is the absorbed fluence, 
p is the density of the substrate and c is 
its specific heat. r=nzDt/12 is a 
dimensionless time with D the thermal 
dll'fusivlty. This is presented graphically in 
figure 8. 

For a quartz crystal resonator vibrating in 
tt~ickness shear, its frequency is given by 

F I G U R E  8. P L O T  O F  H E A T  

T R A N S F E R  I N T O  S U B S T R A T E  

where C is the appropr'iate frequency constant 
for the cut of quartz. Thus the dimensionless 
time becomes 

Thus the actual time is proportional Lo this 
dimcnsionless tinre and l/fZ . For A'r  quartz 
D.1.3 nltn2 /sec in the thickness direction and 
C-1660 kHz.mm. Taking t to be the rise time 
of the phase piilse for a crystal at frequency 
f we get r - 1 . 3 .  From figure 6 this 
corresponds to the time for the back face of 
the crystal to have reached half its final 
tenrperature thus confirming that transport of 
heat is the mechanism responsible for the 
observed time constant of the phase shift. 

5.2 Amplitude Domain 

It is concluded that the time response of the 
phase pulse is governed by the thermal 
diffusion time of the laser induced heat 
pirlse. It is now proposed that the mechanism 
responsible for the freqirency rnodulation 1s 
the force frequency effect, with the force 
supplied by the Ltlernral expansion of the 
quartz. This is given by L 2 , 3 1  

where R is a constant for a given 
crystallographic orientation and tq is the 
lateral stress across the whole resonator. 
For AT and DT-cuts, K is -2.75*10-11 and 
2.65*10-" m2/N, respectively. Thus these two 
cuts are expected to show opposite phase 
shifts. This change of sign has been 
dei~lorlst rat.ed. 

We can test this hypothesis further by 
comparing the measured frequency shift for a 
crystal with theory. For these tests the 
laser spot was made large enough to cover the 
whole device area. The maximum frequency 
deviation occurs once the heat pulse has 
equilibrated t.tirough the thickness of the 
crystal but before lateral diffusion becomes 



significant. At this point the temperature 
increase of the quartz is Tm. The resulting 
thermally induced lateral stress will be 

where a is the average lateral expansion 
coefficient and C is the average lateral 
elastic constant. This gives 

For a ti.IMHz cryslal with alun~iniun~ electl.odcs 
irradiated by 3.JmJ and assuming the 
absorptiorr at 193 nm to be about 0.3, this 
should gi\.e a frequency shift of 6.6 ppm. To 
measure this, it is necessary to calculate 
(.Ire mixer conversion factor and the Q of the 
crystal. This can conveniently be achieved by 
applying a known frequency modulation and 
measuring the output from the mixer. With 
this cel ibrat ion, tlre measured frequency 
shift was 10.4 ppm which is remarkably close 
to the theoretical in view of the assumptions 
made. 

5.3 Vibrational distribution 

It is important to remember that equation 7 
holds only for a uniform stress, that is 
where the laser beam covers the whole 
resonator area. To use this mechanism to plot 
the vibrational distribution a small spot is 
used and it is necessary to show that the 
[~frase anti hence frequency deviation resttltiny 
from a laser pulse at a particular point is 
proportional to the thickness shear amplitude 
at that point. (A similar problem is that of 
proving that the mass sensitivity of such a 
resonator is proportional to the anrplitude of 
vibration. This is a proof that is often 
evaded in books on microbalances 141.) A 
solution to both problems lies in the 
variational method used in quantum mechanics 
[ 5 ]  but first applied by Lord Rayleigh in 
1873 161. 

As described above,the effect of the laser 
beam is to alter the elastic constant of the 
quartz within the area of the beam. For a 
thickness shear resonator, the potential 
energy within that beam is proportional to 
this elastic constant times the square of the 
vibrat.iona1 amplitude. Integrating this over 
the area of the device, gives the total 
poter~tial energy. Now, the natural resonant 
frequency is the frequency at which the time- 
averaged kinetic energy of the system, which 
is proportional to the square of the 
frequency, equals the time-averaged potential 
energy. Thus any change in the potential 
energy of the system produces a corresponding 
c:hange in the resonant frequency. It follows 
that for a given local change iri the elastic 
constant, where the amplitude is maximum the 
change in potential energy and hence 
frequency is greatest. The converse is also 
true so that the frequency shift must follow 
the amplitude. 

A similar line of reasoning, but invoking 
kinetic energy, can be used to explain the 
mass sensitivity of a thickness shear 
resonator. 

Azimuthal angle (degrees) 

F I G U R E  9 .  FORCE FREQUENCY 

EFFECT FOR AT QUARTZ 

but for many of Lhe other cuts 1 7 1  including 
the A T  cut (figure 9 )  the coefficient goes 
t.11rough zero and hence changes sign in some 
directions. 

This anisotropy revealed itself when plotting 
A?' cut resonators. It was observed that in 
some areas of the resonator, always near the 
edge and often in two places nearly opposite 
one another, the phase pulse changed sign. 
This happened when the maximum of the slope 
of the amplitude was about f90' to the X 
axis. Since the laser spot irl the present 
investigation had a size only about an eighth 
the resonator diameter, there could be an 
appreciable difference in amplitude across 
the spot on the slope of the amplitude 
distributior~. The effect of the spot is 
proportional to the integral of the amplitude 
times the angular value of the effect, SO 

that the resultant can be dominated by one 
direction and hence change sign. 

This anisotropy can be diminished but not 
eliminated by reducing the beam diameter. 
Apart from signal to noise considerations, 
the lateral diffusion of heat along the 
electrode will extend the area of quartz 
perturbed. The thermal diffusivity of 
alumirrium is 81 mmZ/sec and the ratio of the 
thermal diffusion lengths in the electrode 
and the quartz is given by 

1*1/lp = rn = 4 . 3 5  ( 9 )  

Therefore if the laser spot diameter is 
5 . 4  Effect of anisotropy similar to the quartz thickness the lateral 

diffusion will dominate. 
The force frequency effect for quartz is 
caused by elastic nonlinearities (third order 
elastic constants). The direction of the 
force is important because of the anisotropy 
of quartz. The effect described above is the 
integral in all directions. For the DT cut 
the coefficient varies slightly with angle, 



The result of the anisotropy in the force 
frequency effects for some cuts is a 
differing sensitivity along the two ases. For 
instance, a circular vibrational distribution 
will appear elliptical. In principle this can 
be taken into account when formi~~g the 
contours if the orientation is known. 
Alternatively thls property can be used to 
measure the orientation of the device. 

The method described here is capable of 
plotting the vibrational distribution of 
fundamental thickness shear resonators, their 
overtones and their intlarmonics. It uses a 
pulsed mode laser to probe ttie surface of the 
resonator in a raster pattern thus building 
up a contour map of the distribution. The 
parameter measured is the magnitude of the 
induced phase modillation as the crystal is 
momentarily knocked off frequency. It is 
proposed that this perturbation is caused by 
thermally induced compressive stress through 
the thickness of the quartz under the laser 
beam. Because of the elastic nonlinearities 
iri riuartz this gives rise to a frequency 
shift. 

The basic principle of the method is 
appllcablc to any device whose operating 
parameter has a temperatt~re coefficient. For 
irrstance, the distribution of current density 
in a circuit or IC could be plotted by 
nlonitorirly the modulation in the current 
through it at the modttlation frequency. The 
sensitikity of the method is obtained by the 
use o f  a lock-in amplifier or wave analyser 
to measure this modulation in noise. 

8 References 

[ I I  G.C.Da~lielson and P.H.Sidles, "Thermal 
diffusivity and other non-steady state 
niethods", Thernlnl Conducti\'ity, Vol . 2 ,  ~ d .  
i t .  P. Tye Acedenlic Press Inc. ( London I Ltd 

121 E.P.EerNisse, "Quartz resonator frequency 
sliif'ts arising from electrode stress", Proc. 
29th AFCS, pr~ 1-4 

1 3 1  E.P.EerNisse, "SLress effects in quartz 
c:ryst.nl ~~iicrobalarices", Methods ancf 
fherion~ena, Vo 1.7, Ed. C . Lu and A .  W. Czanderna , 
Elsvier Scientific Pub1 ishing 

141 14. K.Pul ker and J.P.Decosterd, 
"Applications of quartz crystal microbalances 
for thin film deposition process 
control" ,Methods and Phenomena, V01.7, Ed. 
C. Lu and A .  W .Czanderria, Elsvier Scieritif ic 
Publishing 

1 6 1  L.I.Schiff, "Quantum Mechanics", p171, 
McGraw-Hill Book Company 

[ B  I Lord Raylcigh, "Theorj' of Sound", 2nd 
rev. ed., vol. 1 ,  Sec.88, reprinted by Dover, 
New York 

7 . l l l i t o ,  E. 1'. EerNisse and T.Litknszek, 
"The force l're~li~ency effect In doubly rotated 
quartz resonators", Proc 31st AFOS, pp 8-16 

O l e 8 9  STC PLC 
STC TECHNOLOGY LTD 
London Road. Harlow. Essex. CM17 9NA England 

The author wishes to thank Dr A.F.B.Wood of 
STC Quartz Crystal Division arid R.A.Heinecke 
of STC Technology Ltd for valuable 
discussions. This work has been carried out 
kith the support of the Procurement 
Executive, Ministry of Defence and also by 
STC Quartz Crystal Division. 



R. Brendel 

1,aboratoire de Physique et  Mbtrologie des Oscillateurs du C.N.R.S. 
nssocie a I'lJniversit6 de Franche-Comt6-Besa~lqon 

32, avenue de I'Observatoire - 25000 Besanqon - France 

A bstruct 

I t  is shown in the present paper that  the amplitude arid 
phase of the resonant frequency of a crystal containing 
ionic impurities, submitted to a slowly-varying alternating 
electric field, are  related to the concentration and the 
diffusion constant of the defects. An experimental setup for 
recording dynamic frequency relaxation is presented, a s  
well a s  experimental results. By identifying the experi- 
mental data obtained a t  different frequencies with theore- 
tical curves, i t  is possible to obtain both the in~pur i ty  
concentration and the diffusion constant. Moreover, experi- 
m e n t s  carr ied o u t  a t  var ious t empera tu res  pe rmi t  
extraction of the migration energy of thc impurity. 

Irltroduction 

Hi rh precision in  positioning devices requires  h igh  
stak~ili ty time bases. These devices are  mainly quar tz  
crystal oscillators whose frequency may be affected by 
various perturbations, sucfi a s  thermal or l l~echanical  
disturbances, ionizing radiations, etc. 

Some of these perturbations al ter  frequency s tabi l i ty  
through the mechanism of impurities contained in the 
crystal. Eli h field frequency relaxation is a method used to 
understanf how the acoustical properties of the material 
can be influenced by impurities. The method requires 
observing the frequency variation of a resonator submitted 
to a high electric field, which can be either continuous or 
alternating, and then deducing the impurity features from 
the records. 

IClectroelastic effect a n d  the s ta t ic  re laxat ion method 

It has been known for a long time that  the frequency of 
some quartz crystal resonators can be changed by applying 
a strong quasi static electric field to their electrodes. This 
effect was first observed and studied b C.K. Mruska [1,2] 
who showed that  i t  is due to a n o n i n e a r  piezoelectric 
phenomenon called the polarizing or electroelastic effect. 

Ever since, much effort has been spent in attempting to 
determine the nonlinear piezoelectric coefficientv respon- 
sible for the electroelastic effect, e i the r  by using the 
resonator method (frequency shift measuremenl) [3-71 or 
the t ransi t  time method (pulse-echo technique) [8,91. 
Recent works show that the initial discrepancies between 
t h e  r e s u l t s  ob ta ined  by both m e t h o d s  a r e  b e i n g  
progressively reduced [ 101. 

When performing electroelastic effect measurements by 
the resonator method, the initial frequency shift is often 
followed by a slow relaxating behaviour (see Fig. I) ,  first 
ex lained by J. Kusters [61 as being due to a screening 
efgct  produced by ionic impurities moving through the 
crystal under the applied quasi static electric field. Othcr 
experiments have since been reported 11 1,121 together with 
a theoretical interpretation of the relaxation phenomenon. 
It was shown that  the relative froquenc shift of an  infinite 

late with thickness 2h is related to Lie inlernal electric 
i e l d  Ii by the relation (1) 

K + h  . n t l l x  .h'=- 1 k ' c o s 2 ( - ) d x  

L h  
( 1 )  

f 2 h p u ~ " - h  

where p,, is  the density of the material, v the velocity of the 
acoustical vibration for a iven mode, ni the overtone, x the 
nbscissa along tlre norlnaBto the plate and K a parameter 
whose value dc ends upon the crystnllo raphic orientation 
of the plate [13! For a perfect crystal, tge internal electric 
field is a constant, so Eq. (1) is reduced to the homogeneous 
electroelastic effect 

'I'he static relnxaliun method consists of measuring the 
ratio between the steady state frequency shift AUI, and the 
initial homogeneous frequency shift Aw!/ (see Fig. 1). It can 
be expressed as  a function of the applied voltage and the 
impurity concentration. Nevertheless the kinetic proper- 
ties of the charge motion, such as  the diffusion constant or 
the  nobility cnn be Irardly obtained by this rnetliod. 

Fig. 1 : Under the influence of a n  applied DC voltage, the 
resonator frequency experiences an initial fre uency shift 
(Clw),, due to the electroelastic effect. I t  is fo?lowed by a 
relaxation phase created by the in] urity diffusion scree- 
ning ellect, leading to a steady state 8equency shift ~ u ) , , .  

'I'he dynamic  high field re laxat ion method 

In order to obtain the kinetic paranleters of the ionic 
difiusion, the expe~,irr~ental setup previously used has been 
~nodified. The static DC field is replaced by a low frequency 
sine generator drivin a high voltage amplifier (see Fig. 2), 
the synthesizer is lobed onto the oscillator and the error 
voltage proportional to the frequency variation of the 
qunrlz crystal refpnator in recorded, together with the 
upplied volLi17e, Ihc high voltage frequency range Ilea 
between 10 ' and a few Hz. 
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The records obtained a t  various frequencies of the hi h 
volta e show (see Fig. $), se could be expected, that t f o  
am ltuds ul the bequenty vavlstlon dearelllea when the 
hig !, voltage frequency decreases. l 'his can bc explained by 
noting that  a t  high frequencies, the impurities have hardly 
had time to move before the field is inverted. Consequently, 
their  small motion cannot substant ial ly  modify the  
internal electric field and the frequency shift follows the 
relation (2), where B is a sine function of Lirne a s  in a pure 
crystal. On the other hand, a t  low frequencies, the irnpu- 
rities move further under the influence of the electric field 
and give rise to a screening of the field, lending to a 
decrease in amplitude of the frequency variation. 

t""'"' [ IReLoni iGl  
Thermos tat Thermos lot 

-!! 4 

Synthesizer 

Plotter 

I. - 
Fig. 2 : Experimental setup block diagram for the dynamic 

high field relaxation measurements 

Fig. 3 : Exan~ples of frequency shift records obtained with 
high voltages a t  various frequencies F,,,. The larger trace 
is the high voltage amplitude (right scale), the smaller 
trace is the induced frequency shift (left scale). As the high 
voltage frequency F,," decreases, the frequency shif t  
amplitude decreases ,  b u t  r e m a i n s  approximate ly  
sinusoid~tl 
a )  Fllv = 1 Hz b) F,,, = 0.1 Hz 
c! F,,! = 0.01 IIz d) Fllv = 0.001 Hz 
The crystal under test here IS a 10 MHz 3rd overtone 

electrodeless resonator 

'I'heorelical i111el-pretation of the  dynamic  relaxat ion 

8 v 
The most common interpretation of the ionic conductivity 
in  quartz assumes that during the rowth of the crystal 
some Si4* atoms are replaced by A$* associated wlth a 
monovalent cation such as  N a t ,  Li +, ..., achieving charge 
neutrality in the crystal [141, 11i addition, it  is a s s u r ~ ~ e d  
that  cations can neither leave nor enter the crystal from 
the outside (blocking electrodes). When submitted to a n  
external  electric field the cations move towards the  
negat ively charged electrode leav ing  behind them 
uniformly distributed negative char es. Only the diffusion 
of one kind of impurity in a one-!imensional model is 
considered here. 

In h i s  case, the cationic concentration p(x,t) obeys a set of 
nonlinear parabolic partial differential equations : 
charge conservation : 



Gauss' theorem : 

I1 A = -  
1) 

Furthermore, condition (7) is then equivalent to where Ir'(x,l) is the internal electric field, cI)(x,i) the potential, 
r the electronic char e, c the permittivity of the crystal 
along the direction ofdiffusion and nu the initial impurity 
concentration. In the absence of external electric field the 
electrical neutrality of the crystal requires p = n,, every 
where. 

+ h 

- h 
which gives 

In the above equations, 1) and p a r e  respectively the 
diffusion constant and mobility of the moving specie 
related by Einstein's relation 

This result shows that the instantaneous electric field has 
the same value a t  the two boundaries. By solvin Eq. (12) 
with condition (14) i t  can be shown that the firstaarmonic 
potential solution has the following form 

UXx,I) = 5 I sinh ax - (dhlsinh ax + 5 + 1 dnl (15) 
2 Aah 

si~rhatr + j - coshah 
h 

K 

where ke  is Bolzmann's constant and ?' the absolute 
temperature. 

Because of the blocking electrodes, we have the additional 
relation Equation (5) then gives Lhe electric field 

+ h + h 
rr ti* = p tlx = 2 n u  h ulull limes (7) 

1 - h  

ahsinhax - sinhah p, I (16) 
Aah 

s i r ~ h a h  + j - corhah 
n 

and Eq. (4) expresses the local excess charge 
A 

( I  + j-) sinlrnx 
"Q',, K 

p(x,~) - r r u  = - - dnf 
(17) 

h n h  
Ur sinh ah + j - cosh ah 

S t e a d y  s t a t e  so lu t ion  of  t h e  d y n a m i c  r e l a x a t i o n  
equat ions 

When a low frequency high voltage sinusoidal potential of 
amplitude 4, is applled to the electrodes of the vibrating 
plate, the boundary conditions can be written Steady s ta te  harmonic frequency shift  

Equations (13) show that for a perfect crystal (i.e. a crystal 
without impurities) Es. (16) reduces to a n  uniform electric 

Althou h the diffusion uations are nonlinear, experi- 
ments &ow that if the h i 2  voltage period is short enough, 
the impurities cannot move far from their equilibrium 
position, so that the internal electric field is not too much 
distorded. In such a case the resonant frequency variation 
of the plate is roughly sinusoidal (see Fig. 3). That  obser- 
vation leads one to look for a harmonic potential solution 
which can be expressed to first approximation in the form 

Subs t i tu t ing  t h i s  va lue  into E (1) one f inds t h e  
homogeneous dynamic frequency sh& 

The diffusion dynan~ic fre uency shift L1 = ( ~ f l f l ~  would be 
obtained in a similar w a y k t  by substituting Eq. (16) into 
Eq. (1). 

where +(x) is a time independent complex function whose 
boundary values (8) become 

The  relevant  parameter  of the  dynamic high field 
relaxation is the ratio between fd and fh,  that  is 

By taking the derivatives of Eq. (9) with respect Lo x and I 
a s  many times a s  required and putting Eqs. (4) and (5) in 
Eq. (3) one obtains the nonlinear equatron 

The homogeneous frequency shift fh can be measured from 
an ex eritnent a t  low temperature or with a large enougll 
high [eld frequency lo insure that the impurities have not 
time to move. 

where +I, +I-, 9"' and +"" are successive derivatives of 4, with 
respect to the space variable x. 

If the higher harmonic terms such as  rVQ/ are neglected in 
Eq. (11) this equation is reduced to a simple linear diffe- 
rential equation Relation (20) allows one to connect the amplitude and 

phase of the frequency shift of the plate to the kinetic 
diffusion parameters (diffusion constant and mobility). 



Figures 4 and 5 show the amplitude and phase of the ratio 
/it/, given by Eq. 20 as  a function of the variable A = a/[> 
( log sca le )  for d i f fe ren t  v a l u e s  of t h e  p a r a m e t e r  
K = (n,r)l(cUY). 
The curves obtained look different for K larger or snialler 
than a limiting value between 10" and 10" corresponding 
to a n  impurity concentration of about 10ld charges/rn%t 
120°C. 

The calculation was done for a 0.56 mm thick quartz plate 
vibrating in the 10 MlIz third overtone. 

'I'hese curves show, as  expected, that  when the hi 
frequency increases the diffusion frequency tent:$:% 
the homogeneous frequency of a pure crystal. 

This feature appears more clearly in a Nyquist plot (Fi . 6 )  
where the imaginary part is plotted versus real part o f h e  
ratio fd //I,. The curves obtained then look like half circles 
which are described in a clockwise sense with increasing 
high voltage frequency. 

All half circles pass through the point (1,O) and their radii 
increase a s  the impurity concentration increases, tending 
towards a limiting half circle of radius 112 going through 
the origin when K tends towardinfinity. 

1 l t l ickness 0 . 5 6  mm 3 rd  O v .  1 

g Thickness 0 . 5 6  mm 3 rd  overt on^ 

l o g  (omega/D) 

8 

'. Thickness 0 . 5 6  mrn 

8. 3 r d  Overtone 

8 

l o g  (omega/Dl 

Fig. 5 :Theoretical phase of the complex ratio fd If),, under 
the same conditions a s  on Fig. 4. 

The curves shift toward the Lop as  K increases. 
l o g  (omega/D) 

Thickness 0 . 5 6  mm 3rd  O v .  1 
? 

Thickness 0.56 mrn 

l o g  (omega/D) 

Fig. 4 : Theoretical amplitude of the complex ratio fd Ifl, 
(Eq. 20) a s  a function of the variable A = RID for different 
values of the parameter K = n,e / (CU,~) proportional to the 
i m ~ u r i t v  concentration nn. 
~ d r e ,  tha parameter K has the values : 
a )  1, 2, 5.10" 1, 2, 5.108 ; 1, 5.10''' ; 10" ; 10'" 
b) 10" : 10" : 10'J : 10" 

Rea l  p a r t  ( f d / f h )  

Fig. 6 : 'l'heoretical curve of the complex ratio fd Ifh (Eq. 20) 
in a Nyquist plot, for the same cond~tions a s  in Fig. 4a and 
5a. As K increases the half circle radii increases, tending 

toward a limiting curve of radius 112. 

~ h c  curves shift toward the right ao K increaors 



Experimental results 

From records such as  those presented Fig. 3 i t  is possible to 
plot the amplitude and phase of the ratio L~lfi, as  a function 
of the high voltage excitation frequency for different values 
of the temperature (100, 120 and 140°C on the exam le 
shown Figs. 7 and 8). The experiment was erforrned wit! a 
10 MHz third overtone electrodeless ~8 cut  synthetic 
quart!! crystal resonator (BVA). The an~plitude of the high 
voltage was 600 V pcak-to-peak, but the results do not 
depend a preciiibly on the strength of the lield. In fact they 
are not cfifferent frolt~ the records obtained with a high 
voltage amplitudeof400 V peak-to-peak (Figs. 10 and 11 ). 

''he amplitude curves obtained have the form of the  
theoretical plots. Although the phase measurement is  
somewhat inaccurate because of the a pearance of higher 
harmonics (see Fig. 3) i t  is obvious $ phase difference 
goes through a maximum, a s  predicted theoretically. 

As the temperature increases, the curves shift towards the 
higher frequencies. This means that the ratio A = RID 
increases with temperature. Since the frequency range is 
the same in all  cases th i s  implies t h a t  the diffusion 
constant decreases with increasing tempera ture ,  a s  
expected. 

Log (High Voltage Frequency) 

ig. 7 : Ex erimental amplitude of the ratio fd Ifh, obtained 
with a 10 &11z third overtone SC cut electrodeless quartz 
resonator a t  different tern eratures. From left to rlght : 
10OoC, 120"C, 140°C. The Righ voltage amplitude here is 

600 V peak-to-peak. 

L . O ~  (tl igh Voltage Frequency) 

Fig. 8 : Experimental phase shift of the ratio fdIfh under the 
same conditions as  in  Fig. 7 

Figure 9 shows the same ex erimental points a s  in Figs. 7 
and 8 in a Ny uist plot. Idhatever the temperature, the 
points are distrLuted on the same curve although the point 
on the curve corresponding to a given frequency changes 
with the tempernlure. This means that the coeficient K,  
proportional to the impurity concentration, does not  
depend appreciably on the temperature in the range used. 

I b 
.a , . I  .a , .a  .4 ..11 .7  * . a  .. 1.0 

Real p a r t  ( f d / f h )  

Fig. 9 : Ex erin~ental data of Figs. 7 and 8 presented in a 
Nyquist p & t . ~ h a t e v e r  the temperature. the points lie 

approximately on the same curve. 

L.og (High Vo l tage  ~ r e q u e n c y )  

BVA 862107 400 V P/D 

~ o g  0-ligh Voltage Frequency) 

Fig. 10-11 



Real p a r t  (fd/th) 

Fig. 10-11-12 : A sequence of the same kind a s  Figs. 7 ,8 ,9 ,  
but with 400 V peak-to-peak. Note that these curves do not 

differ appreciably from the previous ones. 

1)iffusion pararnelers  

When t h e  corresponding theoret ical  h a l f  c i rcle  i s  
superposed on the experimental Ny uist plot it  is seen that  
the two plots do not fit a t  all points ($ig. 12). 

A possible ex lanation could lie in  the fact t h a t  in  the  
calculation onyy the first harmonic is considered. In actual 
fact higher harmonics exist and may distord the curve. 

Nevertheless the plots in F# 12 allow one obtain a n  
approximate value of the coe lcient K. 

In the present case K is found to be about 6.109 m", which 
corresponds to an impurity concentration of about 5.1016 
charges/m3. For this value of K the theoretical phase curves 
(Fig. 5) show t h a t  the  maximum phase difference i s  
obtained when the ratio rllil = 1.1 10hm.2. Knowing the 
excitation frequency for which the hase difference i s  
maximum it is ossible to obtain the digusion constant and 
the mobility. '&able I summarizes the result. obtained a t  
various temperatures. 

I t  is well known t h a t  the diffusion constant follows 
Arrhenius' law 

I t  is to be noted tha t  the plate used in the hi h field 
relaxation method is  a doubl rotated cut  so &at  the  
diffusion occurs neither paralley nor normal to the C-axis 
Consequently the value of 1.45 eV obtained here i s  
consistent with the range of the known data. 

Table I 

Fig. 13 : The impurity migration enorgy can be obtained 
from an Arrhenius' plot. In this case i t  1s found tn have a 

value of 1.45 eV. 

Conclusion 

,, 0 3 I ( C) 

100 

120 

100 

The dynamic high field relaxation method is  among the 
rnost sensitive methods for dealing with ionic impurity 
characterization, although i ts  implementation requires 
some restr ic t ive conditions. The  crystal  h a s  to  be 
piezoelectrically excited and has to exhibit a n  electroelastic 
effect. I n  addition, certain electrode effects, not y e t  
explained, lead to rather complicated dynanlic relaxation 
phenomena. To avoid these effects, electrodeless resonators 
must be used [l31. 

rrcc~llcllcy 11r 
Lhe ~ i i n x i t n u r ~ i  

phnse sl~ifL 

5 10'  

5 10' 

4 10 '  

I) (mZ/s) 

2 8  10' '  

2.8 10 l o  

2 24 l o 9  

In order to determine the migration energy W,,,, the  
diffusion constant is usually plotted in an Arrhenius plane At  present effort is being focused on understanding these 
whose coordinates are respectively the inverse absolute electrode effects in  order to extend the  measurement  
temperature and the natural logarithm of the method to more easily available electroded resonators. 
constant, such a plane, relation (21) is a linear function, Furthermore, from simultaneous measurements of current 
the slope of which is proportional to the migration energy. and frequency shift it is possible to obtain new information 

about the impurity contained in the crystal and to improve 
pi ure 13 shows result obtained with the data listed on the measurement accuracy of the kinetic parameters. 
T ~ ' ~ ~  I, the poink a line whose should be noted that Ule dynamic high field relaxation the migration energy W,,, = 1.45 eV.  neth hod can eventually be useful for studyin the erect  of 
s u c h  a value is typically in the of the known values radiat ion on quartz  crystal resonators. & fact some 
of the ionic diffusion energy. Here, the ions involved are preliminary experiments show tha t  radiation seems to 
probably sodium which is the most common impurity found Induce on swept resonators, a weak high field relaxation 
in synthetic quartz crystals. with a large time constant [15], the origin of which remains 

unclear. 

1 

p (~n~/V/s) 

8 7 1  10" 

8 24  10' 

6.3 10 " 

Conductivity measurements made in t h e  past give a 
diffusion constant for sodium of about 1.04 eV [161. 

Alternatively, radioactive tracer 22Na was used to measure The author wishes to thank Prof. B.A, Auld for his interest the  diffusion constant,  e i ther  parallel to the C-axis  his help in revising the manuscript. (0.87 eV) or normal to the C-axis(1.78 eV) [171. 



References 

[ I ]  C.K. IIruska, Czechoslovak Journal of Physics, m, 
150 (1961). 

[21 C.K. IIruska, Czechoslovak Journal of Physics, m, 
338 (1962). 

131 C.K. Ilrusku, IEEE'l'rans, on Sonics and Ultrasonics, 
SU-18, l(1971). 

[4] C.K. l iruska, IEEE 'I'rans. on Sonics and Ultrasonics, w, 198 (1978). 

(51 C.K. Iiruska, IEEE Trans. on Sonics and Ultrasonics, m, 390 (1978). 

161 J.A. Kusters, Proc. of the 24th AFCS (19701, p. 46. 

[7] R. Brendel, J. Appl. Phys. 54,5339 (1983). 

181 G.A. Reider, E. Kittinger, J. Tichy, J. Appl. Phys. 53, 
8716 (1982). 

[9] E. Kittinger, J. Tichy, W. Friedel, J. Appl. Phys. 60, 
1465 ( 1986). 

1101 C.K. I i ruska,  K. 13rende1, J. Appl. Phys. 65, 715 
( 1  989). 

(111 R. Brendel, J.J. Gagnepain, Proc. of the 36th AFCS 
(19821, p. 97. 

1121 R. Brendel, J.J. Gagnepain, J.P. Aubry, Proc. of the 
40th AFCS (19861, p. 121. 

[I31 H. Urendel, 1st European Preq. and Time Forum 
(1987), p. 153. 

1141 J.A. Weil, Iiad. E f f e c l s a ,  261 (1975). 

[15] C.Muriunneau, R. Brendel, Rapport DRE'I' 861044 
(1987). 

[I61 J .  Verhoogen, Am. Mineralogist 37,637 (1952). 

[17] G.iI. Friscliat, Berichle der Deutsch-Keram. Ges. 47 
(19703, pp. 238,313,364,635. 

Th i s  work was supported by Direction des Recherches 
Etudes et Techniques. 



THE AT AND SC RESONATORS IN A DC FIELD OF ARBITRARY DIRECTION 
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Abstract 

The complete set of the effectlve electroelastic 
constants of quartz is calculated for the first tlme 
uslng the data on the frequency-dc field dependence of 
quartz resonators. 

The newly obtalned electroelastlc constants are 
used to map the dc field-induced frequency shifts of 
the thlckness modes of quartz plates as a function of 
the dc field dlrectlon. Appllcatlons made to the AT 
and the SC resonators show the locus of the dc fleld 
dlrectlons with a zero frequency-dc field effect and 
the slze and variations of the effect for the dc 
fields in the lateral dlrectlons (relative to the 
resonator plates). 

The determined electroelastlc constants are in 
good agreement with their counterparts obtalned by a 
different method and the available experimental data 
confirm the predictions of the frequency-dc fleld 
dependence made. 

The principal objective of this paper is the 
raapplng of dc field-induced frequency shlfts of the 
thlckness modes of quartz plates as a function of the 
dc field dlrectlon. 

given for rlght-hand quartz and the frame of reference 
accordlng to the IRE 1949 Standard [61. 

Linear coefficient of the freauencv-dc fleld de~endence 

Conslder a rectanguar quartz plate (Flg.1.) with 
its thickness t ,  width w and length 1 parallel to an 
orthogonal frame of reference X', Y' and 2 ' .  The 
position of the plate relatlve to the baslc reference 
frame X, Y and Z  In the quartz crystal is arbltrary 
and descrlbed by the rotational symbol (xzlw)#/8 
according to 161. 

Assume that the body of the plate can be 
subjected to a uniform dc electrlc fleld E' of an 
arbltrary dlrectlon defined by the angles u, u > 0, 
and r, where the angle r 1s regarded as positive when 
measured In the dlrectlon from +Y' to + Z ' .  

When the plate 1s subjected to a dc field AE; it 

generally changes the frequency f of its thlckness 
vlbrations by Af. The relative frequency change can be 
recorded as 

The quadratic component Is negligible and the 
frequency-dc fleld dependence of the thickness 
vlbratlons is sufflclently descrlbed in terms of its 

Ideally the study would be undertaken In terms of linear 
the nonllnear theory uslng the true (thermodynamically 
defined) materlal constants of quartz but the (1 L = (l/f)(df/dE1),,-, , 

c, =u 
available applications of the nonllnear theory do not whlch can be expressed as 
cover the case under consideration. (2) L = cl d l l  + c2 d14 

On the other hand, past experience shows that 
predlctlng and mapping the frequency-dc field 
dependence has always been dealt wlth very 
successfully in an approxlmate form using the 
effectlve electroelastlc constants [1.2,31. A suitable 
approxlmate expresslon for the frequency-dc field 
dependence coverlng the case of an arbitrarily 
directed blaslng fleld 1s obtalned here by extendlng 
the formula used wlth success for the blaslng flelds 
in the resonator plate thickness and In its lateral 
dlrectlons [4,51. 

Slnce the mapping to be made requires that all 
effectlve electroelastlc constants be known, the 
obtalned expresslon 1s first used to find the mlsslng 
values [31 of the electroelastlc constants intended to 
be used. Subsequently, It 1s applied to the AT and the 
SC resonators and used for mapping the frequency-dc 
fleld dependence in several selected cases which may 
be of interest or serve an lllustratlve purpose. 

This work uses materlal constants and 
experimental quantitles orlglnatlng from several 
different sources. Durlng the calculations done here 
It bias impossible to avoid mlxlng the data determined 
at various temperatures: 209'2, 2S*C, or room 
temperature. Consequently, the results of thls work 
can at best be said to apply to room temperature. 

+ a s f ~ a r  + as f134 + a7 f144 + as f,is . 
Here dll and dl, are the plezoelectrlc strain 

constants and the quantltles 

(3) fill' f1131 fl14' f122' f124' f131' f144' f31S 
are the elght effective electroelastic constants of 
quartz; both are related to the basic reference frame 
in quartz. 

The coefflclents cl, c2, and a,, J = 1,2, .. . ,8 ,  

are relatlvely complicated function; of the four 
angles $, 8 , u, and r, of the mode of the thlckness 
vlbratlons of the resonator and of the llnear material 
constants of quartz: elastic stlffnesses, 
piezoelectric stress constants and dielectric 
permlttlvitles. 

The derlvatlon of Eq.(2) follows the steps 
described in detail for the case of the dc fleld In 
thickness I41  except for the dlfferentlatlon whlch has 
to be made for a dc fleld E' of an arbltrary 
dlrectlon. The derlvatlon presents no dlfflculty; It 
is only tedious and the details are unwieldy. For the 
purpose of thls work its result has been given only in 
a simple qualltatlve form. 

All numerlcal quantltles stated in this paper are Eq.(2) can be used in determlnlng the effective 
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electroelastic constants of quartz (3) from 
observations of the linear coefficient L. If all eight 
electroelastic constants are available, Eq. (2) can be 
used for the mapping of the linear coefficient L as a 
function of the four angles @, 0 , u. and T .  

Exoerimental data to calculate 
the unknown electroelastic constants 

The most recent attempt to determine the 
effective electroelastic constants of quartz was based 
on observations of the linear coefficient L for the 
plates vibrating In thickness with the dc biasing 
fleld also in the thlckness direction of the plate (u 
= 0.1. The work (31 resulted in the determination of 
six combinations of the eight constants fllk in (3) as 

- <-- 

shown in Table I. The remainlng electroeastic 
constants flz2 and f134 can also be calculated using 

the thickness vlbrations if only the observations of L 
are made for the dc biasing fields of directions other 
than that of the thickness of the plates (u o 00). 

Such observations have been made using the 
thickness vibrations of a plate of orientation 
(xzlw)105.07/-9.24 and a lateral (u = 901) dc field of 
various directions T E 1-75. ; 60-1 as shown in Fig.2. 
In this experiment the linear coefficient L was 
measured for the fundamental frequency of the 

thlckness modes C and A. Its respective values LC and 

LA are recorded in Table 11. More details can be found 
in [71. 

The experimental values of the linear coefficient 
L in Table I1 were calculated as a ratio Af/(f.AE1 1,  
where Af was the linear component of the change in the 
resonance frequency f caused by the biasing dc field 
AE'. For the type of the electrodes used the dc field 
in the space between the electrodes was not 
homogeneous; its average value obtained by a numerical 
solutlons of the Poisson equation was accepted as AE'. 

The vibrations of the plate described above are 
excited in the central unelectroded part of the 
resonator but spread throughout its entire body due to 
the untrapping effect of the mass of the exciting 
electrodes. On the other hand, the lateral dc field 
can reach and affect only the vibrations in the 
central part of the resonator. As a result, the 
measured frequency shift Af is substantially smaller 
in absolute value than it would be if the whole 
vibrating mass of the resonator were exposed to the 
biasing field I81. Consequently, the experlmental 

values of LC and L* in Table I1 do not match the 
theoretical value of L in Eq.(3) derived on the 
assumption that the whole body of the resonator is 
exposed to the biasing fleld. 

To rectify the situation each value of L in Table 
I1 should be multiplied by a (unknown and generally 
different) factor K > 1. Numerical estimates made in 
the course of work [81 with the help of the effective 
electroelastic constants borrowed from [91 suggest 
that - in the first approximation - the factor K is 
dependent on the mode of vibrations and independent of 
the direction of the lateral field. Consequently, to 
make a corresponding correction of the observed values 
LCand LA in Table 11, only two different factors K, KC 
and KA, need to be used, one for each mode of 
vlbrations. The corrected values pertaining \octhe 
mode C and A are thus formally recorded as K L and 
KALA, respectively. 

Calculation of the electroelastic 
 ons st ants f lzzand134- 

The twenty observations of L: (1 1,2,. . . ,101 
and L: [ 1 = 11,12,. . . ,201 from Table I 1  have been 

formally corrected by the introduction o the € (hitherto numerically unknown) factors K and KA as 
suggested in the prevlous sectlon. Eq(3J has beef A 
applied to the corrected observations K L: and K L . 

A system of linear equations has been obtalned 
consisting of two sets of equations; ten equations 
(i 
= 1,2, . . . ,  10) for the mode C 
(4) K'L; - cl 

= 
a I 1  fill + '12 f113 + '13 fl14 + a14 f122 

+ a is flz4 + f134 + a ~ 7  + f31e 

and ten (i = 11,12, . . . ,  20) for the mode A 

= 
'111 + a12 f113 + ai3 fl14 + a ~ 4  

+ a 16 f124 + '16 f134 + a17 f144 + f31S ' 
where Cl = c l l  dll + c12 dl*, for i = 1 ,2 , .  . . ,20. 
Thevaluesof thequantitiesc anda,, j =  1,2 , . . . ,  8, 
have been calculated for the fixed orientation angles 
# = 105.07., 0 = -9.249, u = 900 as a function of the 
lateral field direction angle T and the mode of 
vibration pertinent to individual observations. The 
values of the linear material constants necessary for 
the calculation have been taken from [lo]. 

At this point the number of' unknown quantities in 
Eqs.(4) and (5)  was then reduced by employing the 
earlier results from Table I. Having isolated all 
terms containing unknown quantities on the right hand 
side the linear system could be rewritten 

where i = l,2,. . . , 10, and 
(7)  b l o - c  = b Ir + brs f134 - 'f K* 

where i = 11,12,. .. ,20, and, further 
blo = 2.88 all - 0.29 a12 - 0.91 a13 

-0.80 als + 0.91 a17 + 0.71 ale, 

b14 = a + 0 . 4 2 a 1 2 + 0 . 2 6 a 1 3  
I 4  

+ 0.76 als - 0.50 al, - 0.60 ale, 
b16 = n - 0.25 a12 + 0.67 a13 

16 
+ 0.67 als + 0.51 a16, 

where i = 1, . . . ,  20 . 
Our system of twenty linear equations (Eqs.(6) 

and (7)) now contains only four unknown quatities KC, 

KA, flZ2 and fIs4. Their most likely values have been 

determined using the least square fit. The results of 
this process and their standard errors are listed in 
Table 111. 

Table IV presents the complete set of the 
effective electroelastic constants of quartz obtalned 
by combination of the results in Tables I and 111. It 
is the first set of electroelastic constants that has 
been determined using the frequency-dc fleld 
dependence of quartz resonators (called the resonator 
method). 

Table IV also contains the most recent values of 
the effective electroelastic constants obtalned from 
transit time observations L91. The difference between 
the two sets of constants is about 30 percent on the 
average. 

The correction factors lCCand KAare a byproduct Of 
our calculations. The suitability of their values can 



be visualized by comparing the corrected values of L' 

and L* from Table I1 with their counterparts 
calculated using Eq.3.This is done in Table V. 

A~IJlication to the AT and SC cuts 

Using Eq.(3) and the effective electroelastic 
constants Just calculated predictions of the magnitude 
of the linear coefficient L of the frequency-dc fleld 
dependence have been made for the resonators of the 
orientation (xzlw190*/-35.25. (the AT cut) and 
(xzlw)lll*/-33.50. (the SC cut). 

Figures 3 and 4 show the results for the dc 
fields of v = 90. and 0.5 rS 180- (the lateral 
field). 

As the actual conditions of the experiment do not 
allow the creation of a uniform dc field acting in the 
whole volume of the resonator the calculated values of 
L are typically larger than their measured 
counterparts. Consequently, an agreement in the shape 
of the experimental and the theoretical curve, such as 
seen in Figs. 3 and 4, is to be regarded as the best 
confirmation of the theory that can be achieved. 

Figures 5 - 8 show the loci of orientations of 
the dc field which will generate no frequency change ( 
L = 0 as may be of interest in high stabillty 
applications. Also shown are the directions of the dc 
field corresponding to the extreme values of L. 

Figures 9 and 10 present a mapping of the linear 
coefficient L for dc field directions in a two 
dimensional domain of the angles u e (0*,90*) and T e 
(90-,270.). 

Conclusion 

This paper deals with the interactions between 
the the three thickness modes of vibrations of quartz 
plates and an electric fleld acting on the body of the 
plates (frequency-dc field dependence). Its principal 
result is an expression for the linear coefficient of 
the frequency-dc field dependence applicable to plates 
of any orientation and to any direction of the dc 
f ield. 

The expression was used to calculate the locus of 
the electric field directions for the AT and the SC 
resonators where the resonator frequency is 
insensitive to the electric field. This may be of 
importance when designing the resonator electrodes 
while trying to minimize the effect of the exciting 
fleld on the resonator frequency stabillty. 

Detailed mapping of the linear coefficient of the 
frequency-dc field dependence was also made for the C 
mode of the AT and the SC resonators to show how 
strongly the frequency-dc field effect depends on the 
lateral field direction. 

The above calculations required the knowledge of 
all eight effective electroelastic constants of quartz 
which this work also attempted to calculate for the 
first time from the observations of the frequency-dc 
field dependence of quartz resonators. 

The work used several simplifying assumptions 
both in the derivation of the theoretical expression 
for the linear coefficient of the frequency-dc field 
dependence as well as in the experimental data 
reductlon process. 

In spite of the simplifications the obtained 
results seem to be quite harmonlous. The effective 
electroelastic constants agree surprisingly well with 
slmilar quantities obtained independently and by a 
different experlmental method. The agreement 1s by far 

the best reached hitherto for the electroelastic 
constants from different sources. Also the predictions 
of the linear coefficient of the frequency-dc field 
dependence are strongly supported by the available 
experimental data. 

A more rigorous treatment of the problem will 
have to wait for a model of the thickness vibrations 
subJected to a dc biasing field with the exciting 
field divorced from the thickness direction of the 
plate. The results obtained here represent a promise 
and an encouragement for further work in this 
direct ion. 
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Fist of caotions 

Table I. Values of the effective electroelastic 
constants and their combinations accordlng to [31. The 
errorsr are standard errors. Given in N/(V.ml for 
25*C, right hand quartz and a frame of reference 
accordlng to IRE Standard I61. 

Table 11. Observations of the linear coefficient of 



the frequency-dc field dependence for the fundamental 
frequency of the thickness modes C and A of a quartz 
plate of orientation (zxlw)l05.07*/-9.24.. Obtained 
for lateral dc fields ( u  = 90.) of various directions 

T . The values L' and LA are raw observations not 
corrected for the effect of energy 'untrapping'. Given 
in lo-'' M V ,  for room temperature, rlght hand quartz 
and a frame of reference according to IRE Standard 
161. 

Table 111. Effective electroelastic constants flz2 and 

f134 determined in this work. Given in N/(V.m), for 

room temperature, right hand quartz and a frame of 
reference according to the IRE Standard 161. 

Correction factors KC and KA have been obtained 
simultaneously. The errors are standard errors. 

Table IV. Complete set of the effective electroelastic 
constants determined using the thickness modes of 
plates and the dc electric fleld in the thickness and 
the lateral directions. Obtained by combination of 
results in Tabs.1 and 111. Corresponding values from 
an source 101 are stated for comparison. All values 
are given in N/(V.m), for room temperature, rlght hand 
quartz and a frame of reference according to IRE 
Standard 161. 

Table V. Comparison of the experimental and calculated 
values of the linear coefficlent L with the inclusion 

of the correct ion factors KC and K*. The comparison 
characterizes the degree of fit attained during the 
least square process leading to determination of the 
effective electroelastic constants f 

122 and '134 in 
Tab. 111. The values are given in 10-''m/~, for room 
temperature, right hand quartz and a frame of 
reference according to IRE Standard [61. 

Table I. 
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Table IV. 
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Table V. 

Figure 1, Llnear coefficient L of the frequency-dc 
field dependence is a function of four angles: 0, e 
(defining the orientation of the resonator (xzlw)#/e 
and the direction of the resonator thickness X') and u 
and T (defining the direction of the dc field vector 
E'). The angle u 00 measures the angle between +X' 
and the field vector E'. The angle T is positive when 
measured in the direction from +XI to + Z ' .  The axes X, 
Y, and Z form the basic reference frame in quartz 
according to IRE Standard 161. 

Figure 2. Geometry of the resonator electrodes for the 
measurement of the linear coefficient L in a lateral 
field E'. The electrodes cover the opposite parts of 
the crystal plate; its unelectroded part is marked by 
a dotted borderline. Other remarks slmilar to those 
made for Fig. 1. 

Figure 3.Dependence of the linear coefficient L on the 
dc fleld direction angle T for u = 0. (lateral field). 
Obtained for the fundamental frequency of the mode C 
of an AT resonator (orientation (xzlw)90*/-35.250). 
The shape of the predicted curve (solid line) agrees 
well with the available observations (dotted line). 
Observations were made on three resonators of type I 
[81 of of overall dimensions 19 mm x 19mm x 0.64 mm at 
the frequency of 2.6 MHz, using electrode separation 
of 5 mm and a dc potential across the electrodes of 2 
kV. Given for room temperature, right hand quartz and 
a frame of reference according to IRE Standard 161. 

Figure 4. Dependence of the linear coefficient L on 
the dc field direction angle T for u = O* (lateral 
field). Obtained for the fundamental frequency of the 
mode C of an SC resonator (orientation 
(xzlw)lll*/-33.50.). The shape of the predicted curve 
(solid line) agrees well with the available 
observations (dotted line). Observations were made on 
two resonators of type I1 181 of overall dimensions 19 
mm x 19mm x 1.01 mm at a frequency of 1.8 Mtz, the 
circular mesa height 0.1 mm, mesa diameter and 



electrode separation of 7 mm and a dc potential across 
the electrodes of 2 kV. Given for room temperature, 
right hand quartz and a frame of reference according 
to IRE Standard [61. 

Flgure 5. Locus of dc field directions (u ,T)  where the 
linear coefficient L = 0 as obtained for the AT cut. 
The locus is a straight line identical for all three 
thickness modes. Points PI and P2 indicate the dc 

field directions for which the linear coefficient L 
reaches absolute extreme values; at P. these are 

-12.1. 0 . 7  and -15.3 (all in lo-" m/;) for the mode 
C. B and A,  respectively; at P2 the extreme values are 

the same in magnitude but opposite in sign. Given for 
room temperature, right hand quartz and a frame of 
reference according to IRE Standard [61. 

Figure 6. Locus of dc field directions ( o , ~ )  with zero 
linear coefficient L for the thickness mode C of the 
SC cut. Point P indicates the dc field direction, 

where L = -14.5 lo-'' m/V reaching the maximum 
absolute value of L for this mode. Given for room 
temperature, right hand quartz and a frame of 
reference according to IRE Standard 161. 

Figure 7. Locus of dc field directions ( o , ~ )  with zero 
linear coefficient L for the thickness mode B of the 
SC cut. Point P indicates the dc field directlon, 

where L = -4 .7  lo-'' m/Vreaching the maximum absolute 
value of L for this mode. Given for room temperature, 
right hand quartz and a frame of reference according 
to IRE Standard [61. 

Figure 8. Locus of dc field directions ( o . ~ )  with zero 
linear coefficient L as obtained for the thickness 
mode A of the SC cut. Point P indicates the dc field 

direction, where L = -14.5 lo-'' m/V reaching the 
maximum absolute value of L for this mode. Given for 
room temperature, right hand quartz and a frame of 
reference according to IRE Standard [61. 

Figure 9. Mapping of the linear coefficient, L for a 
two dimensional domain of the dc field directions 
defined by the angles o E ( 0 - , g o * )  and T E (90*,270-1. 
Valid for mode C of the AT cut. The coefficient L is 

plotted in lo-'' m/V. 

Figure 10. Mapping of the linear coefficient L for a 
two dimensional domain of the dc field directions 
defined by the angles o E (0* .90*)  and T E (90-,270-1. 
Valid for mode C of the SC cut. The coefficient L is 

plotted in lo-'' m/V. 
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SIMULATION OF THE CONTOUR SHAPE FOR ETCHED QUARTZ CRYSTALS 
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ABSTRACT 

Using a  t enso r i a l  analysis of the d i sso lu t i on ,  
the successive d i sso lu t i on  shapes o f  a  s t a r t i n g  
c i r c u l a r  sec t ion  are der ived from the equation o f  the 
representa t ive  surface of the  d i sso lu t i on  slowness f o r  
the quartz c r y s t a l .  F i r s t l y  the  po lar  diagrams o f  the  
d i sso lu t i on  slowness v e c t o r t  i n  the (X, Y), (X, Z) 
and (Y, Z) planes are presented as deduced from 
experimental data. The theo re t i ca l  d i sso lu t i on  shapes 
and the corresponding out-of-roundness p r o f i l e  graphs 
o f  etched X, Y and Z  quartz p la tes  are then der ived. 
The comparison o f  the t heo re t i ca l  p r o f i l e  graphs w i t h  
the experimental ones fo r  p la tes  etched i n  
concentrated ammonium b i f l u o r i d e  so lu t ions  shows a  
sa t i s fac to ry  agreement. Experimental r e s u l t s  on the 
d i sso lu t i on  p r o f i l e  graphs re la ted  t o  var ious 
s ing l y - ro ta ted  quartz p la tes  reveal  a lso t h a t  the  
d i sso lu t i on  o f  quartz c r y s t a l s  i s  completely 
o r i en ta t i on  dependent. F i n a l l y  the  app l i ca t i on  o f  the  
method t o  the d i sso lu t i on  shapes of s i ng l y - ro ta ted  
quartz p la tes  i s  described. 

elements ~ h i c h  propagate w i t h i n  the  bu lk  c r y s t a l  along 
l i n e a r  t r a j e c t o r i e s  (19. 20) and then we can const ruc t  
numer ica l ly  the successive general d i sso lu t i on  shapes 
of a  c r ys ta l .  

2  - THE THREE FUNDAMENTAL POLAR DIAGRAMS OF THE ----- 
DISSOLUTION SLOWNESS FOR THE QUARTZ C R ~ S T A L  

- 

The general form, L( 9, 0 ) o f  the equation f o r  
the d i sso lu t i on  slowness surface i s  i n t ima te l y  
connected w i t h  the symmetry o f  the c r y s t a l  i n t o  
considerat ion (17).  Thus tak ing i n t o  account the  
degree o f  symmetry of the  quartz c r y s t a l  t o  reduced 
the number of d i sso lu t i on  constants f o r  the  
d i sso lu t i on  tensors invo lved i n  the equation o f  the 
slowness surface a  general ized form 

n  
s i n  3Y tlfl cI cos2'+'6 s i n e  cos 3  Y 

The i n t e r e s t  i n  prepar ing quartz resonator 
p la tes  by chemical etching has been rev ived i n  the 
past few years (1-9). But a  l o t  o f  experimental data 
(2, 6-13) re la ted  t o  both d i sso lu t i on  f i gu res  
format ion and va r i a t i ons  o f  e tch  r a t e  w i t h  surface 
o r i en ta t i ons  have undoubtly proved t h a t  f o r  quartz 
p la tes  immersed i n  concentrated NH F.HF or  HF 
so lu t ions  the changes i n  the shape 04f dissolution 
f i gu res  w i t h  o r i en ta t i on  can be explained on ly  i n  
terms o f  the va r i a t i ons  of the etch ra te .  Hence, i f  i t  
i s  important t o  understand how an etchant produces 
d i sso lu t i on  e tch  p i t s  o r  etch h i l l o c k s  which can 
markedly a f f ec t  the performance of a  resonator by 
inducing a  marked decrease i n  the Q-factor (14, 15) i t  
i s  also necessary, f o r  a chemical at tack governed by 
or ien ta t ion ,  t o  consider the changes i n  the  general 
shape o f  the resonator on repeated etchings (16).  

was f i n a l l y  found (17). 

The p ro jec t i on  o f  the slowness surface i n  t he  
reference planes (OXY) (OXZ) and (OYZ) gives the 
corresponding fundamental po lar  diagram f o r  the  
d i sso lu t i on  slowness as 

L (V,e = 00)  = A  + B  s i n  3 q  
X Y z z ( 2  

w i t h  m 
A = L  + Z  z o  j = 1  Aj 

and n  
B = E B  

Z  k.1 k 
m  2  

LXz( q =  9O0, 8) = Lo + .Z A  cos 6 - ~ ~ c ~ s ~ ~ * ~ ~  (5 )  
J = I  j 

Thus the work reported i n  t h i s  paper s ta r ted  as m  n  
an attempt t o  exp la in  the observed d i sso lu t i on  shapes L  ( 9 .  OD, e j  = L + Z A . C O S ~ ~ O  + 5 cot  

2' + lo 
Yz 0 J.1 J  

o f  sec t ion  o f  quartz c r ys ta l s  i n  the framework o f  the  
recent t enso r i a l  analysis o f  the d i sso lu t i on  proposed 
by T e l l i e r  e t  a1 (17, 18). This t enso r i a l  method which s i n  (6) 
const i tu tes  a  wide extension o f  the two-dimensional 
kinematic theory o f  the d i sso lu t i on  developped several 
years ago by Frank (19) allows us t o  determine i n  respect ive ly .  
three dimensions the propagation vector 7 (20) re la ted  
t o  a  surface element o f  any o r i en ta t i on  (Y , 9 ) from It should be po in ted out t h a t  when we a re  
the equation of the representa t ive  surface O f  the c~ncerned w i t h  a  po la r  diagram we can on ly  t r e a t  
d i sso lu t i on  slowness vector, 1. Hence we can t rack  twO-dimensfonal problems but a  theory in 
dur ing the d i sso lu t i on  the var ious moving surface two-dimensions su f f i ces  t o  der ive  the d i s s o l u t i o n  

EFTF 89 - Bosan~on 



shapes f o r  an i n i t i a l l y  c i r c u l a r  q u a r t z  p l a t e .  
Moreover t o  use t h e  fundamental p o l a r  diagrams we have 
t o  determine f rom exoer imenta l  da ta  t h e  unknown 
cons tan ts .  Lo, A 6 and C i n v o l v e d  i n  Equat ions ( 1  I 
t o  ( 6 ) .  

j ' k 

F o r  t h e  L p o l a r  diagram t h i s  was done by 
e v a l u a t i n g  t h e  d i f  s o l u t i o n  slowness f rom a magn i f ied  
p r o f i l e  graph o f  a deeply etched Y-cut s e c t i o n  (16)  
which represen ts  t h e  changes i n  roundness o f  t h e  
c i r c u l a r  s t a r t i n g  shape. We adopted t h i s  procedure 
r a t h e r  than t h e  procedure which c o n s i s t e d  o f  measuring 
t h e  e t c h  r a t e  o f  va r ious  Y- ro ta ted  q u a r t z  p l a t e s  
because t h e  d i s s o l u t i o n  slowness d i f f e r s  f o r  t h e  two 
faces o f  an Y- ro ta ted  p l a t e .  

To avo id  t h e  des ign  and p r e p a r a t i o n  o f  a g r e a t  
number o f  s i n g l y  r o t a t e d  q u a r t z  p l a t e s  ( X - r o t a t e d  
q u a r t z  p l a t e s )  w i t h  ang le  o f  c u t ,  , v a r y i n g  f rom 0" 
t o  180° by two degrees o n l y  t h e  unknown cons tan ts  
appear ing i n  Equa t ion  ( 6 )  were determined u s i n g  t h e  
p r o f i l e  graphs r e l a t e d  t o  t h e  e tched  s e c t i o n  o f  f o u r  
d i f f e r e n t l y  o r i e n t e d  s i n g l y  r o t a t e d  q u a r t z  p l a t e s .  
Then, t h e  es tab l i shment  o f  t h e  LXy equa t ion  i n  which 
t h e  number of unknown cons tan ts  i s  f i n a l l y  reduced t o  
2 i s  e a s i l y  accomplished by e s t i m a t i n g  t h e  values o f  
these cons tan ts  f rom t h e  p rev ious  r e s u l t s  f o r  t h e  LXZ 
and LyZ equat ions.  

POLAR PATH OF 

DISSOLUTION SLOWNESS tR.U.1  

The t h e o r e t i c a l  shapes of t h e  L and LXZ p o l a r  
diagrams a r e  d i s p l a y e d  i n  F i g u r e s  1 %' 2. We observe 
marked d i f f e r e n c e s  i n  t h e  shape o f  these fundamental 
p o l a r  graphs. Thus t h e  d i s s o l u t i o n  of q u a r t z  c r y s t a l s  
i n  concen t ra ted  NH F.HF s o l u t i o n  i s  h i g h l y  a n i s o t r o p i c  

4 as p r e d i c t e d  by some au thors  (21)  and one can 
reasonably expect  a s i g n i f i c a n t  d i s p a r i t y  i n  t h e  
d i s s o l u t i o n  shapes r e l a t e d  t o  d i f f e r e n t l y  o r i e n t e d  
q u a r t z  p l a t e s .  I t  may be a l s o  o f  i n t e r e s t  t o  n o t e  t h a t  

( i )  t h e  LXy  p o l a r  diagram of F i g u r e  1 s a t i s f i e s  
t h e  t h r e e - f o l d  symmetry about t h e  Z a x i s .  

( i i )  Even i f  t h e  L p o l a r  diagram e x h i b i t s  a 
r a t h e r  comp l i ca ted  s h a g  i t  f o l l o w s  t h e  t w o - f o l d  
symmetry r e l a t e d  t o  t h e  X a x i s .  

3 - DISSOLUTION SHAPES OF THE X-. Y- and Z-CUT PLATES 

3.11 Exper imenta l  : n a t u r e  o f  d i s s o l u t i o n  shapes 

The e t c h i n g  phenomena descr ibed  i n  t h i s  
work were produced by a concen t ra ted  NH F.HF s o l u t i o n  
e tchan t .  Four  specimen o f  t h e  X- ,  Y! and Z- c u t  
c i r c u l a r  p l a t e s  (15 mm i n  d iameter ,  2.5 mm i n  
t h i c k n e s s )  were c u t  f r o m  t h e  same s y n t h e t i c  q u a r t z  
c r y s t a l .  A f t e r  c u t t i n g  t h e  p l a n a r  su r faces  and t h e  
c i r c u l a r  con tours  were lapped w i t h  a 5 m abras ive .  I n  
a d d i t i o n ,  t h e  con tours  were p o l i s h e d  t o  remove damaged 
sur face  1e:xer. F o r  each o r i e n t a t i o n  ('!, 8 ) w i t h  (9 ,  8 ) 
r e s p e c t i v e l y  equal t o  ( \ 9  = 90°, 8 = 0°) ,  ( 'f = 0°, e = 
0°)  and ( '! = 0°, 8 = go0)  one o f  t h e  specimen 
possesses a f l a t  mark t o  l o c a t e  e a s i l y  t h e  d i r e c t i o n  
o f  t h e  X o r  Y axes. The p l a t e s  were e tched  a t  a 
cons tan t  temperature o f  333 + lo K f o r  successive - 
p e r i o d s  o f  t ime.  

The changes i n  shape o f  t h e  s t a r t i n g  
c i r c u l a r  s e c t i o n  were s t u d i e d  by u s i n g  a Ta ly rond  
ana lyser  which generates t h e  l e a s t  square c i r c l e  so 
t h a t  t h e  d i s s o l u t i o n  p r o f i l e s  were d i s p l a y e d  a t  
r e l a t i v e l y  l a r g e  m a g n i f i c a t i o n s  w i t h  t h e  superimposed 
r e f e r e n c e  c i r c l e  t o  g i v e  graphs which f o r  convenience 
a r e  c a l l e d  " p r o f i l e  graphs". 

A f t e r  each i so therma l  e t c h i n g  t h e  p r o f i l e  
F i g u r e  1 : P o l a r  p a t h  o f  t h e  d i s s o l u t i o n  slowness LXy. qraphs ob ta ined  w i t h  t h e  v a r i o u s  specimens of a g i v e n  

o r i e n t a t i o n  behave s i m i l a r i l y  whereas d i s t i n c t i v e  
d i s s o l u t i o n  shapes a r e  produced on d i f f e r e n t l y  
o r i e n t e d  specimens showing t h a t  c e r t a i n l y  t h e  
d i s s o l u t i o n  o f  q u a r t z  i n  concen t ra ted  NH4F.HF 
s o l u t i o n s  i s  s o l e l y  o r i e n t a t i o n  dependent as suggested 
e a r l i e r  by severa l  workers (7-13, 21-23). F i g u r e s  3, 4 
and 5 i l l u s t r a t e  t h e  t y p i c a l  changes i n  t h e  
d i s s o l u t i o n  shape of X - ,  Y -  and Z-cu t  p l a t e s  w i t h  
s t a r t i n g  c i r c u l a r  shape a t  t h r e e  d i f f e r e n t  s tages o f  
e t c h i n g .  I t should be p o i n t e d  o u t  t h a t  t h e  p r o f i l e  
graphs shown i n  these  f i g u r e s  a r e  ob ta ined  w i t h  a 
numer ica l  f i l t e r i n q  and thus  do n o t  i n c l u d e  t h e  
roughness o f  t h e  t r u e  p r o f i l e  graphs o f  c i r c u l h r  
sec t ions .  The con tour  o f  Z -cu t  p l a t e s  does n o t  c o n t a i n  
s u r f a c e  elements which d i s s o l v e  ve ry  r a p i d l y  as 
observed f o r  example f o r  t h e  con tour  o f  X -  and Y-cut  

ETCHING LAW 2 8  p l a t e s .  Then t h e  t y p i c a l  d i s s o l u t i o n  shape o f  Z-cut  
s e c t i o n s  i s  long  t o  be formed and w i t h  t h i s  procedure 

L.C.E.P.,E.N.S.M.M.,BESRNCON,FRANCE we avo id  some d i f f i c u l t i e s  which can a r i s e  i n  
de te rmin ing  t h e  exac t  d i s s o l u t i o n  p r o f i l e  o f  t h e  Z 

F i g u r e  2 : P o l a r  p a t h  o f  t h e  d i s s o l u t i o n  slowness LXZ. 
s e c t i o n  i n  t h e  f i r s t  s tage o f  e tch ing .  



( i )  The observed d i s s o l u t i o n  shapes e x h i b i t  t h e  
expected symmetries ; t h i s  e s t a b l i s h e s  
w i t h o u t  amb igu i t y  t h e  impor tan t  r o l e  p layed  
by t h e  su r face  o r i e n t a t i o n  i n  t h e  
d i s s o l u t i o n  process. 

( i i )  The p r o f i l e  graphs p resen t  successive l o c a l  
minima, m, and maxima, M. The minima seem t o  
correspond t o  s p e c i f i c  angles Y whose 
values remain unchanged w i t h  sadsequent 
e tch ing .  Perhaps t h e  angles r e l a t e d  t o  t h e  
minima a r e  c o r r e l a t e d  w i t h  t h e  f o r m a t i o n  o f  
f a c e t s  o f  f i x e d  o r i e n t a t i o n .  

3.2/ T h e o r e t i c a l  d e r i v a t i o n  o f  t h e  d i s s o l u t i o n  
shapes - 

The d e r i v a t i o n  o f  successive d i s s o l u t i o n  
shapes f o r  X, Y and Z c i r c u l a r  sec t ions  f rom t h e  
corresponding p o l a r  diagram o f  t h e  d i s s o l u t i o n  
slowness can be accomplished by a  numer ica l  s i m u l a t i o n  
(12, 13, 17, 18) .  I t i s  s u f f i c i e n t  t o  no te  t h a t  t h e  
d i s s o l u t i o n  vec to r ,  1, a t  a  p o i n t  M of t h e  s t a r t i n g  
c i r c u l a r  s e c t i o n  i s  assoc ia ted  w i t h  a  p l a n a r  sur face 
element whose p r o j e c t i o n  i n  t h e  p lane  o f  t h e  p o l a r  
diagram i s  now i d e n t i f i e d  w i t h  t h e  tangent  t o  t h e  
c . i r cu la r  s e c t i o n  a t  t h e  p o i n t  M ( F i g u r e  6).  The 
pumer ica l  s i m u l a t i o n  c a l c u l a t e s  t h e  p ropaga t ion  v e c t o r  
P  (17, 18, 20) and a f t e r  s u i t a b l e  t e s t s  t o  d i s t i n g u i s h  
converging and d i v e r g i n g  t r a j e c t o r i e s  generates t h e  
successive d i s s o l u t i o n  shapes o f  t h e  s t a r t i n g  c i r c u l a r  
s e c t i o n  o f  g i ven  o r i e n t a t i o n  (9 o,g o ) .  The progranl 
o f f e r s  a l s o  t h e  p o s s i b i l i t y  t o  c a l c u l a t e  t h e  l e a s t  
square c i r c l e  and then t o  d i s p l a y  t h e  magn i f ied  
out-of - roundness p r o f i l e  graph. 

( i i i )  The c u r v a t u r e  i s  ve ry  s l o w l y  m o d i f i e d  on t h e  
Z s e c t i o n  and w i t h  pro longed e t c h i n g  we 
observe a  l a t e  f o r m a t i o n  of weak edges about 
t h e  XI, X and X c r y s t a l l o g r a p h i c  axes. 

2 3 

I n  a d d i t i o n  t h e  co r respond ing  m a g n i f i e d  p r o f i l e  
graphs a r e  d i s p l a y e d  i n  F i g u r e  8. A c a r e f u l  
examinat ion o f  these p r o f i l e  graphs r e v e a l s  t h a t  t h e  
minima o f  t h e  o u t  o f  roundness a r e  d i r e c t l y  connected 
t o  t h e  f o r m a t i o n  o f  p lane  faces  on t h e  e tched  s e c t i o n .  

4 - PROFILE GRAPHS -- OF SINGLY ROTATED QUARTZ PLATES 

To f u r n i s h  some complementary i n f o r m a t i o n s  on 
t h e  o r i e n t a t i o n  dependent d i s s o l u t i o n  process o f  
q u a r t z  c r y s t a l s  some f i n a l  p r o f i l e  graphs o f  v a r i o u s  
s i n g l y  r o t a t e d  q u a r t z  p l a t e s  ( 9  = O 0 ,  ) w i t h  a  
s t a r t i n g  c i r c u l a r  s e c t i o n  a r e  d i s p l a y e d  i n  e i g u r e s  9, 
10 and 11. A l l  t h e  q u a r t z  p l a t e s  a r e  deep ly  etched and 
t h e  depth o f  e t c h  reaches a t  l e a s t  15 j m .  We observe 
t h a t  t h e  values o f  t h e  anglesymi co r respond ing  t o  t h e  
d i f f e r e n t  minima t h a t  e x h i b i t  a  p r o f i l e  graph vary  
r a t h e r  r a p i d l y  w i t h  t h e  o r i e n t a t i o n 9  o f  t h e  s t a r t i n g  

0  
c i r c u l a r  s e c t i o n .  

F i g u r e  9 : M a g n i f i c a t i o n  (x  200) o f  t h e  f i n a l  p r o f i l e  -- 
graph  o f  a  BT-49 (9, = 0.9 =-49") p l a t e .  

+ 
F i g u r e  6 : The slowness v e c t o r  LXZ assoc ia ted  w i t h  

s t a r t i n g  c i r c u l a r  s e c t i o n  : case o f  t h e  Y  
p l a t e .  

The t h e o r e t i c a l  d i s s o l u t i o n  shapes o f  X, Y 
and Z s e c t i o n s  a r e  reproduced i n  F i g u r e  7 a t  d i f f e r e n t  
e t c h i n g  t imes.  From t h e  d i s s o l u t i o n  shapes o b t a i n e d  we 
can p r e d i c t  t h a t  

( i )  On deep e t c h i n g  p lane  faces  a r e  formed q u i t e  
e a r l y  on X and Y sec t ions ,  Faces normal t o  
t h e  Z a x i s  widen r a p i d l y  on b o t h  X and Y 
s e c t i o n s  i n d u c i n g  t h e  f o r m a t i o n  o f  sharp 
c r y s t a l  edges. 

(11)  Curved faces  symmetric about t h e  X a x i s  
p e r s i s t  around t h i s  c r y s t a l l o g r a p h i c  a x i s  on 
t h e  e tched  Y sec t ions .  

F i g u r e  10 : M a g n i f i c a t i o n  ( x  500) o f  t h e  f i n a l  p r o f i l e  
graph of a  8'1-24 ( \Po = 0, 8, = - 24') 
p l a t e .  
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Figure 11 : Magnification ( x  500) of the final profile 
graph of a AT ( Y o  = 0. 0, = 35") plate. 

To predict correctly the theoretical shape of a 
profile graph related to a singly rotated quartz plate 
the two-dimensional theory of dissolution must be 
extended effectively into three dimensions. In 
particular we need to know the exact equation L ( '! , 

) of the dissolution slowness surface. ~ffec!Y$ely, 
each point M lying on the starting circular section is 
now located by means of the angle Y (Figure 12) that 
the vector 0% makes with the - Z 8  axis and the analysis 
requires to associate at this point the orientations 
( ' f ,  0) which correspond to the plane tangent to the 
circular section at this point M. A tentative to 
determine the constants appearing in the equation 
L ('f , 0 ) from the experimental profile graphs 
r$!gted to differently oriented quartz plates has been 
made. This procedure is rather difficult since only 
the dissolution slowness corresponding to crystal 
orientations present in the dissolution shapes can be 
evaluated. As a consequence in absence of a great 
number of reliable data the dissolution slowness 
representative surface is not completely 
satisfactorily reproduced. A result is given here 
(Figure 13) in the case of a singly rotated quartz 
plate with an angle of cut 6 of - 49". The 
theoretical values of the angles Ym. corresponding to 
the minima shown in the profile graph of Figure 13 are 
indicated in table 1. For a comparison experimental 
values of 'i' . are also reported in this table. We 
observe a d e 3 r t u r e  of about ten degrees between the 
theoretical and the experimental values. As indicated 
this departure may be attributed to a lack of reliable 
data collected from the etched contour of various 
quartz plates. 

Figure 13 : Magnification o f  the theoretical profile 
graph of the BT-49 ( g o =  - 49-1 plate. 

I i I Experimental value I Theoretical value I 

Table 1 : Comparison of experimental and theoretical 
values of the angle +' . for an orientation 

0 L - 4g0. mi 
0 

5 - DISCUSSION AND CONCLUSION 
Experimental investigations in the changes in 

shape, with repeated etchings, of the starting 
circular section of X-, Y- and Z-cut plates have given 
evidence for marked orientation effects. In particular 
the etched contours of X -  and Z-cut plates satisfy the 
crystal symmetry. These observations are in accord 
with the fact that on the deeply etched surface of X 
and Z plates develop dissolution figures (Figures 14 
and 15) which clearly reflect the twofold and 
threefold symmetry of quartz crystal. Thus the 
appearance of both dissolution figures and dissolution 
profile graphs can be explained in terms of the 
variation of the dissolution slowness with orientation 
encouraging us to correlate the experimental 
observations with the theoretical results derived from 
the tensorial analysis of the dissolution. Effectively 
after determining from data the values of the 
constants appearing in the equation for the 
dissolution slowness surface it is possible to 
construct from this equation the dissolution profile 
graphs corresponding to etched circular X, Y and Z 
quartz plates and it may be seen that there is a 
satisfactory agreement between theory and experiments. 

To show the correspondence between the 
development of plane faces during the dissolution and 
the existence of some local minima of the dissolution 
slowness, the plots of ~ ~ ~ ( ' f ) ,  L Z(0) and LyZ(0) vs 
respectively 'f and 0 are represenred in Figures 16 t o  
18. In addition values of the angle 9 or 0 
corresponding to successive minima of the dissolution 
slowness are collected in table 2 together with values 
'f and 0 related to the bounding faces revealed in 
t% profi?g graphs of figures 4, 5 and 6. 

Figure 1 2  : Definition o f  the angle Y , for singly 
rotated quartz plates. 



: Z plate : X plate : Y plate : 
:----_____--.-__----..--_---------------.--------------__--_. 

Table 2 : T h e o r e t i c a l  and exper imenta l  va lues o f  --- 
o r i e n t a t i o n s  correspond t o  a l o c a l  minimum 
i n  t h e  d i s s o l u t i o n  slowness. 

As expected t h e  d i s s o l u t i o n  shape tends 
predominenta ly  t o  be formed by faces l y i n g  a t  minima 
i n  t h e  d i s s o l u t i o n  slowness versus o r i e n t a t i o n  p l o t .  
Thus as suggested e a r l i e r  (24, 25) on a convex s e c t i o n  
o r  s u r f a c e  a p lane  a t  a r e l a t i v e  minimum i n  
d i s s o l u t i o n  slowness w i l l  l i m i t .  

Moreover a p p l y i n g  t h e  numer ica l  t rea tment  t o  
s i n g l y  r o t a t e d  q u a r t z  p l a t e s  shows t h a t  some 
exper imenta l  observa t ions  can be p a r t l y  exp la ined  even 
i f  as t h e  d i s s o l u t i o n  slowness v a r i e s  r a p i d l y  w i t h  t h e  
angles 9 and 8 ,  t h e  exper imenta l  d e t e r m i n a t i o n  o f  a l l  
cons tan ts  Lo, A., B and Ck r e q u i r e s  a g r e a t  ca re  
because some smal l  hepar tu res  from t h e  exac t  va lues 
w i  11 c e r t a i n l y  induce marked d e v i a t i o n s  i n  angles y 

mi ' 

I n  con lus ion ,  t h e  above r e s u l t s  i n d i c a t e  a c l e a r  
correspondence between d i s s o l u t i o n  shapes and 
o r i e n t a t i o n  and c o n f i r m  t h a t  t h e  general  appearence o f  
an etched c r y s t a l  can c e r t a i n l y  be p r e d i c t e d  v e r y  
s a t i s f a c t o r y  u s i n g  a three-d imensional  a n a l y s i s  o f  t h e  
d i s s o l u t i o n  process.  
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Figure 3 : Magnifications of the experimental profile Figure 4 : Magnifications of the experimental profile 
graphs of an X section with a starting graphs of an Y section with a starting 
circular shape at three different stages of circular shape at three different stages 
etching. of etching. 
a) Magnification is 1000 a) Miqjnificetion is 1000 
b )  Magnification is 500 b )  Magnification is 500 
C) Magnification is 500 c) Magnification is 500 
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Figure 5 : Hagnifications of the experimental profile Figure 7 : Theoretical evolution of the shape of 
-. 

graphs of a Z section with a starting quartz sections. 
circular shape at three different stages of a) X section 

etching. b) Y section 
a) hgnif ication is 5000 C) Z section. 

b )  hqnification is 2000 
C) Hagnification is 2000 
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Figure 14 : S.E.M. micrographs o f  the  face  o f  
p l a t e .  
a)  top face 
b)  bottom face.  
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Figure 8 : Theoretical  magnif icat ion o f  p r o f i l e  graphs 
o f  etched sections. 
a )  X section 
b )  Y section 
c )  Z section Figure 15 : S.E.M. face of a 

Z p l a t e  
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Figure 16 : Theoretical var ia t ion o f  the d issolut ion 
slowness LXr agalnst the angle 4 ,  go = O O .  
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Figure 17 : Theoretical var ia t ion o f  the dtssolut ion 
slowness LXZ against the angle e, yo= 90". 
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Figure 18 : Theoretical var la t lon o f  the d issolut lon 
slowness LyZ against the angle 0. Po* 0". 
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Abs t rac t  

Recent ly ,  quartzhomeotypic GaPO, was proposed 

as a  promis ing p i e z o e l e c t r i c  m a t e r i a l  f o r  

h i g h  temperature a p p l i c a t i o n s ,  due t o  i t s  

h i g h  p i e z o e l e c t r i c  c o e f f i c i e n t  dl, and t h e  

s t a b i l i t y  o f  t he  a-phase up t o  t h e  a-c 

( c r i s t o b a l i t e - )  t r a n s i t i o n  a t  temperatures 

> 1200 K. Beyond i t s  a t t r a c t i v i t y  as a  

t ransducer m a t e r i a l ,  t h e  ques t i on  a r i s e s ,  

whether i t  i s  a l s o  use fu l  as a  resonator  

m a t e r i a l ,  and, i n  p a r t i c u l a r ,  whether 

temperature compensated cu ts  e x i s t .  

I n  the  p resen t  paper we show the  ex is tence o f  

temperature compensated c u t s  w i t h  h i g h  

coup l i ng  constants .  Th i s  f a c t  d isproves the  

op in ion ,  t h a t  a-8 t r a n s i t i o n s  a re  necessary 

c o n d i t i o n s  f o r  temperature compensated c u t s  

i n  the  c l a s s  o f  quartzhomeotypic c r y s t a l s .  W'e 

f u r t h e r  d i scuss  some o the r  t e c h n i c a l  aspects 

o f  GaPO, concerning i t s  a p p l i c a b i l i t y ,  such 

as the  m a t e r i a l ' s  constants ,  morphology and 

c r y s t a l  p e r f e c t i o n .  We conclude, t h a t  GaPO, 

i s  n o t  o n l y  a  promising m a t e r i a l  f o r  h i g h  

temperature sensor a p p l i c a t i o n s ,  b u t  a l s o  a  

cand idate  f o r  ' temperature compensated' b u l k  

wave resonators .  

1 .  I n t r o d u c t i o n  

Gal 1  ium orthophospate GaPO, belongs t o  a  
3 +  6 +  

c r y s t a l  f a m i l y  w i t h  t h e  composi t ion M X 0, 

and a s t r u c t u r e  which can be considered as a  

d e r i v a t i v e  o f  a-quartz (enant iomorhic space 

groups P3,21 and P3,21), cons t ruc ted  by t h e  

a l t e r n a t e  replacement o f  h a l f  o f  t he  S i  atoms 

by M3* = Ga and the  o the r  h a l f  by xS* = P I). 

This  r e s u l t s  i n  a  doub l ing  o f  t h e  c  l a t t i c e  

parameter as compared w i t h  quar tz .  GaPO, 

polymorphs corresponding t o  the  c r i s t o b a l i t e  

phases of  SiO, a l so  e x i s t a '  F i g .  1  b u t  

con t ra ry  t o ,  e.g. t h e  isomorphous c r y s t a l s  

AIPO, and FePO, no 0-phases (enant iomorphic 

space groups P6,22 and P6,22) a re  known. Up 

ti 11 now, ga l  1  ium orthophosphate was 

considered as a  r a t h e r  e x o t i c  member o f  t h e  

c r y s t a l  f a m i l y  w i t h  quar tz - type s t r u c t u r e s .  

Therefore,  i t  has most ly  been o n l y  

i n v e s t i g a t e d  together  w i t h  o t h e r  

quartzhomeotypic c r y s t a l s ,  e.g.  concern ing 
4 > s o l u b i  1  i t y  i n  growth media3' , syn thes i s  , 

c r y s t a l  lography2 '  6 '  , photo-e lec t ron6 ' -  and 

unpo la r i  zed phonon7' -spect ra .  Beyond a  

general i n t e r e s t  devoted t o  p i e z o e l e c t r i c  

c r y s t a l s  of s a i d  MXO, f a m i l y 8 ' ,  a  s p e c i a l  

i n t e r e s t  i n  t he  compounds GaXO, (X = P,As) 

emerged as a  r e s u l t  of a  t h e o r e t i c a l  

model l ing ,  which i n d i c a t e d  a  very low 

temperature dependence o f  p h y s i c a l  

p rope r t i es9 '  . X-ray re f inements  up t o  7 5 0 ' ~  

conf i rmed t h e  p r e d i c t e d  h i g h  s t r u c t u r a l  

s t a b i l i t y  o f  GaPO, and have shown t h a t  t h e  

s t r u c t u r a l  changes w i t h  temperature can be 

a-cristobalite 

thermal 
C 

decomposition 

a-phase 
P3,21 
I 

F ig .  1:  Phase r e l a t i o n s  i n  GaPO, (see 

Ref. 2 ) .  The t r a n s i t i o n  o f  t h e  a-phase t o  t h e  

B - c r i s t o b a l i t e  phase a t  1206 K i s  

irreversible. I t  should be noted,  t h a t  

sho r t - t ime  temperature excurs ions up t o  

1400 K a re  p o s s i b l e  f o r  h i g h  q u a l i t y  s i n g l e  

a-phase c r y s t a l s  ( t h i s  matches t h e  statements 

i n  Ref.  181. I n c i p i e n t  a-6 phase t r a n s i t i o n  

dynamics a re  present  i n  t h e  a-phase w i t h  an 

es t imated s t a b i l i t y  l i m i t  o f  n e a r l y  

2000 K"'. T h i s  i s  i n d i c a t e d  by t h e  dashed 

l i n e .  These dynamics are  abrupted a t  t h e  

alpha t o  c r i s t o b a l i t e  t r a n s i t i o n .  

EFTF 89 - Besanfon 



descr ibed as the uncompleted ' b a c k - t i l t i n g '  

o f  the  GaO, and PO, te t rahedra  towards h i g h e r  

(P6,22 o r  P6,22) symmetry1) . Fur the r  evidence 

f o r  t he  h i g h  temperature s t a b i l i t y  o f  GaPOL 

was presented i n  a recen t  study on the  c l a s s  

o f  quartz-homeotypic c r y s t a l s ,  where t h e  

t e t r a h e d r a l  t i l t i n g  i n  se lec ted MXO, c r y s t a l s  

was discussed and a measurement o f  t h e  

temperature dependence of t he  p i e z o e l e c t r i c  

c o e f f i c i e n t  dl i n  GaPO, r e p o r t e d l o '  . The 

usefu lness o f  g a l l i u m  orthophosphate as a 

p i e z o e l e c t r i c  ma te r ia l  f o r  h i g h  temperature 

sensor a p p l i c a t i o n s  was concluded. The 
quest ion  now posed i s ,  whether i t  i s  a l s o  

use fu l  as a resonator  m a t e r i a l .  

I t  i s  t h e  purpose o f  t h e  present  paper t o  

d iscuss some aspects re1 a ted  t o  t h e  

appl i c a b i  1 i t y  o f  ga l  1 ium orthophosphate as a 

p i e z o e l e c t r i c  resonator  m a t e r i a l .  A t  f i r s t ,  

t h e  ma te r i  a1 constants  a r e  discussed 

i n c l u d i n g  those constants  which a re  impor tant  

f o r  t he  search o f  temperature compensated 

cu ts ,  i . e .  t h e  temperature c o e f f i c i e n t  o f  t h e  

e l a s t i c  constant  c6, . I t  t u r n s  o u t ,  t h a t  t h e  

analogue o f  t he  AT-cut i n  qua r t z  and 

b e r l i n i t e  must e x i s t  i n  g a l l i u m  

orthophosphate a lso ,  s ince  Tc,, i s  p o s i t i v e .  

Next, an example f o r  a resonator  i n  t he  

v i c i n i t y  o f  t h e  compensated c u t  i s  g iven. 

I t  i s  wor th  t o  consider c r y s t a l  growth and 

p e r f e c t i o n  as f u r t h e r  aspects, f o r  which t h e  

recen t  l i t e r a t u r e  i s  s h o r t l y  reviewed i n  t h e  

sec t i ons  4 and 5. 

We conclude ( s e c t i o n  6 )  t h a t  t h e  combinat ion 

o f  t he  h i g h  temperature c a p a b i l i t y  and t h e  

ex is tence o f  compensated c u t s  o f f e r s  

a t t r a c t i v e  perspect ives  f o r  resonator  

appl  i c a t  i ons o f  GaPO, . 

2. M a t e r i a l  constants o f  OaP04 

GaPO, has s i x  independent e l a s t i c  constants  

(c,,, c ~ ~ ,  c,,, c , , ,  c13 ,  and c,,, o r ,  
e q u i v a l e n t l y ,  t he  corresponding s e t  o f  s . PU ' 
here and i n  t h e  f o l l o w i n g  i t  i s  understood, 

t h a t  cPv and s are f o r  constant  f i e l d ) .  The 
PU 

e l a s t i c  constants  were determined f rom t h e  

measurement of t h e  resonance f requenc ies  o f  

p i e z o e l e c t r i c a l l y  e x c i t e d  v i b r a t i o n s  o f  t h i n  

c r y s t a l  p l a t e s  and bars.  The p r i n c i p l e s  o f  

t h e  method are o u t l i n e d  e.g. i n  t h e  

Refs. 11 - 14, and the exper imental  setup was 

e s s e n t i a l l y  t h e  same as the  one used i n  

Ref. 15. X-cute, r o t a t e d  X-cuts, and a Y-cut 

were used as o r i e n t a t i o n s .  The s i r e ,  

morphology, q u a l i t y ,  and t h e  r e s t r i c t e d  

Table 1: E l a s t i c  constants  Cflu ( i n  GPa) and 

s ( i n  T P ~ - '  ) of GaPO, . For cornparision, t h e  PV 
corresponding values o f  ~ 1 ~ 0 ,  "' and o f  

a re  a l so  given. 

G ~ P O ~ ~ '  Quartz A 1 PO, 

S1 1 16.8 12.8 17.3 

=3 3 17.5 9.75 12.0 

=, 4 31.3 20.0 26.5 

s6 6 40.8 28.2 40.2. 

s1 3 
- 1 . 5  -1,3 -1.6 

sl 4 8.7 4.5 5.8 

0 2 R e l a t i v e  e r r o r s  were es t imated t o  3-5% f o r  

main axes components, 10% f o r  t h e  o the rs .  

number o f  c r y s t a l s  s u i t a b l e  f o r  measurement 

i n f l uenced  t h e  cho ice o f  t h e  o r i e n t a t i o n s  and 

t h e  s i z e  o f  t h e  samples (maximum dimension 

was on1 y 7 mm) . A redundant s e t  o f  f requency 

values r e s u l t i n g  f rom contour  and th i ckness  

modes was measured, and f o r  each sample an 

ana lys i s  o f  t h e  secu la r  equat ions was made. 

The e l a s t i c  constants  were de r i ved  f rom 

r e l a t i n g  the  e i  genvalues o f  t h e  secu la r  

equat ions t o  the  measured f requenc ies .  The 

r e s u l t s  a re  l i s t e d  i n  t a b l e  1,  where, f o r  

comparis ion,  t h e  corresponding values o f  

quar tz  and b e r l i n i t e  a re  a l s o  inc luded.  A t  

ambient temperatures,  t h e  e l a s t i c  behaviour 

o f  g a l l i u m  orthophosphate, qua r t z  and 

b e r l i n i t e  i s  very  s i m i l a r .  However, due t o  

the  h ighe r  dens i t y  o f  GaPO,, t he  sound 

v e l o c i t i e s  ( v  = /-) and t h e  f requency 

constants  ( M  = f . d )  are markedly lower.  

According t o  t h e  da ta  i n  t a b l e  1 ,  t h e  r o t a t e d  

Y-cuts w i t h  zero c,', , o r ,  e q u i v a l e n t l y ,  w i t h  

a r e l a t i v e  extremum o f  t h e  frequency cons tan t  

are  l oca ted  a t  a1 = -37' and 1 9 ~  = 53'. These 

c u t s  correspond t o  t h e  AC and BC quar t z  c u t s ,  

f o r  which they are  l oca ted  a t  -32' and 5g0, 

respect ive1 y. Fu r the r  r o t a t e d  Y-cuts a re  the  

temperature compensated (TC) cu ts ,  which a re  

g iven by a zero f i r s t  o rder  temperature 

c o e f f i c i e n t  o f  t he  resonance frequency. For 

any c r y s t a l  of c l a s s  321 t h i s  c o e f f i c i e n t  i s  

g iven i n  i t s  s imp les t  form by t h e  

expressi  oni6' 



where a. denotes t h e  volume expansion 

c o e f f i c i e n t ,  a '  t h e  l i n e a r  expansion 

c o e f f i c i e n t ,  and 

c i a  = c,, cosa4 + c,, s i n a &  - PC,, s i n  4 cos 4 

the  e f f e c t i v e  th ickness shear constant .  

According t o  ( 1  1 ,  t h e  van ish ing o f  t h e  

resonance frequency a r i s e s  f rom t h e  

c a n c e l l a t i o n  o f  t h e  e f f e c t  o f  thermal 

expansion aga ins t  t h e  temperature c o e f f i c i e n t  

o f  t he  e l a s t i c  constants.  For most c r y s t a l s  

the  l a t t e r  e f f e c t  i s  negat ive  and i s  

cons iderab ly  l a r g e r  i n  magnitude than t h e  

former.  I f ,  however, Tca6>0, which means a 

s t i f f e n i n g  w i t h  i nc reas ing  temperature,  then 

angles 9 e x i s t ,  where Tc,', i s  zero. Near 

these zeros,  Tci, i s  s u f f i c i e n t l y  smal l  f o r  

t h e  c a n c e l l a t i o n .  I n  t a b l e 2 ,  se lec ted  

measured va lues o f  Tc a re  l i s t e d  f o r  GaPO, 
I.t 

and a re  compared w i t h  t h e  corresponding 

values o f  qua r t z  and b e r l i n i t e .  I t  can be 

seen t h a t  Tc,, > O  f o r  GaPO, a lso .  Thus GaPO, 

i s  a new member i n  t h e  r a t h e r  e x c l u s i v e  

f a m i l y  o f  TC mate r ia l s .  

c r y s t a l  p lane having n e a r l y  t h e  same 

i n c l i n a t i o n  r e l a t i v  t o  t h e  c - a x i s  

(4  s Oh, = - a rc tan (a . l  . C O S ~ O ~ / C / ~ ) ;  a,c a r e  

t h e  u n i t  c e l l  parameters) .  By symmetry, ( h h l )  

and (0fi1) are  equ iva len t  p lanes y i e l d f n g  t h e  

same c u t  angle,  whereas ( O h l ) ,  (501) and 

( h f i l )  would r e s u l t  i n  p o s i t i v e  va lues of 4. 

Several c r y s t a l  resonators  w i t h  t h e  main 

faces p a r a l l e l  t o  (hO1) w i t h  low values of  h 

and 1 (up t o  3 )  were made, and t h e i r  

frequency-temperature behaviour determined. 

The r e s u l t  f o r  t h e  sample f a b r i c a t e d  f rom a 

(302) b lank i s  be l i eved  t o  be c lose  t o  t h a t  

expected f rom a temperature compensated c u t ,  

and i s  shown i n  F ig .  2. The f -T r e l a t i o n  i s  
cub ic  t o  a good approximat ion.  Th i s  suggests,  

t h a t  t h e  normal ized frequency o f f s e t  can be 

descr ibed by t h e  equat ion 

s i m i l a r  t o  quar tz .  For the  curve shown i n  

F i g .  2, = -5.21 K - ' ,  bo = 0.022 K-l, co = 
0.00433 K- , fo = 5.56746 MHz, To = 25' f o r  

A f/fo i n  ppm. From t h e  o rde r  o f  magnitude o f  

these va lues,  t he  " t r u e "  AT- l i ke  c u t  i s  

expected t o  be l oca ted  w i t h i n  22' o f  t h e  

c r y s t a l  p lane (302) .  

Table 2: Se lec ted temperature c o e f f i c i e n t s  

Tc ( i n  1 0  K ) o f  GaPO, and t h e i r  
X)L y- 

IJ" 
comparis ion w i t h  t h e  corresponding values o f  5 -, 

qua r t z  and AIPO, . 25 - 
b) 

GaP04 auar tza '  A 1 PO, 
- 25 

TCl i -0.37i0.01 -0.47 -0.76 

Tc3 3 
-1.1BtO. 1 -1.6 -2.18 -40 -30 -20 -10 0 10 20 30 LO 50 60 70 00 

Tc4 a +0.31t0.1 +1.7 +1.04 T lecl - 
a > F i g .  2: Frequency-temperature r e l a t i o n  i n  

Ref. 32 
b ) 

(302) c u t  GaPO, grown by t h e  slow h e a t i n g  
Ref. 33 method. C i r c l e s  denote measured va lues.  

F i t t e d  curve ( c u b i c  parabo la) :  f u l l  l i n e .  

3. Search f o r  t he  Temperature Compensated 

(TC) Cut o f  GaP04 

According t o  t h e  IEEE Standard 176"', t h e  TC 

c u t  v i b r a t i n g  i n  t h e  slow shear mode i n  

qua r t z  i s  g iven by nega t i ve  angles 4 ( t h e  

nominal va lue i s  4 t -35:). The same 

convent ion i s  proposed f o r  g a l l i u m  

orthophosphate, and has a l ready been used 

above. Any c u t  angle 4 can be approximated by 

t h e  M i l l e r  - Bravais i n d i c e s  ( h o t )  o f  a 

A t y p i c a l  resonance curve o f  a c r y s t a l  

v i b r a t i n g  i n  the fundamental t h i ckness  shear 

c-mode i s  shown i n  F i g .  3. From t h e  p a r a l l e l  

and s e r i e s  resonance f requenc ies  t h e  

e lec t romechanica l  coup l i ng  f a c t o r  i s  

determined t o  k = 0.15, which i s  l a r g e r  than 

the  corresponding va lue f o r  t h e  AT c u t  of 

qua r t z  ( k = 0 . 0 7 7 ) ' ~ ' ,  and o f  AIPO, ( k =  

0.11 )I7' . The resonance res i s tance  f o r  t h e  

sample uesd f o r  t h e  measurement was i n  the 
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Fig. 3: P i e z o e l e c t r i c  resonance peak i n  a 

(302) c u t  GaPOJ resona to r  demonst ra t ing  l a r g e  

e lec t romechan ica l  c o u p l i n g .  E lec t rodes  are  

evaporated Cr/Au. The f requency cons tan t  i s  

N = 1370 KHzmm (unco r rec ted  f o r  e lec t rode  

mass l oad ing )  

range 0.5 t o  1 kn, depending on temperature.  

Lower va lues  o f  RI a re  be l i eved  t o  be 

ach ievab le  by opt imized resonator  design.  I t  

standard s t e e l  au toc lave technology o f  t h e  

quar tz  p r o d u c t i o n  i n d u s t r y ) ,  and as f a r  as we 

know have n o t  y e t  been used. 

Growth temperatures i n  t he  rea lm of 

re t rog rade  s o l u b i l i t y  a re  t h e r e f o r e  

p r e f e r r e d ,  b u t  t he  problem o f  c o r r o s i v e  

a t t a c k  i s  s t i l l  cons iderab le .  I t  can be 

so lved e i t h e r  by us ing  nob le  meta l  l i n e r s  o r  

quar tz  g lass  c a p s ~ l e s ' ~ '  1 3 '  , o r ,  a t  t h e  lower  
temperatures,  Tef lon.  As an example, L i t v i n  

e t  a l l " '  recommend 2 8 0 ' ~  growth zone 

temperature,  5 0 " ~  g r a d i e n t ,  7% b a f f l e  

opening, 5 - 5.9 m H,PO, , and a T e f l o n  l i n e r  

f o r  seeded growth of GaPO,. A t  temperatures 

below approx.  200°c, a g r e a t e r  v a r l e t y  o f  

growth methods can be app l i ed ,  which below 

1 6 0 ' ~  can even be opera ted a t  atmospher ic 

pressuresa1 "' . Ta and Ag become p o s s i b l e  

m a t e r i a l s  f o r  t h e  growth vesse l s .  The 

v e r t i c a l  g r a d i e n t  au toc lave  methoda", t h e  

slow h e a t i n g  method2" "' 2" , t h e  h o r i z o n t a l  
g r a d i e n t  au toc lave methoda " , and a method 

us ing  two vesse ls  heated by i n f r a r e d  

r a d i a t i o n a "  "' have been used f o r  growing 

GaPO, c r y s t a l s  i n  t h i s  temperature i n t e r v a l .  

i s  noted,  however, t h a t  due t o  hyd roxy l  
5 .  C r y s t a l  P e r f e c t i o n  

uptake,  presumably r 300 ppm, t h e  h i g h e r  

order  temperature c o e f f i c i e n t s  a r e  probab ly  
5 .  1 Twins 

n o t  i n t r i n s i c  values.  Furthermore, R, might  

a l s o  be a t  l e a s t  p a r t l y  due t o  a n e l a s t i c  
One o f  t he  problems r e l a t e d  t o  t he  c r y s t a l  

damping (see below).  Th i s  i s  c o n s i s t e n t  w i t h  
p e r f e c t i o n  o f  g a l l i u m  orthophosphate i s  

t h e  f a c t ,  t h a t  anharmonics posed no problems 
tw inn ing2"  . The t ypes  o f  merohedral t w i n s  

f o r  t he  e v a l u a t i o n  o f  t he  r e s u l t s .  
compat ib le  w i t h  t h e  t r i g o n a l  s t r u c t u r e  o f  

4. C r y s t a l  Growth 

Table 3: E t f e c t  of merohedral twins i n  GaPO,. 
The growth  o f  g a l  1 ium orthophosphate i s  

u s u a l l y  performed u s i n g  hydrothermal  o r  

r e l a t e d  processes w i t h  aequous phosphor ic Type of twin:  B r a z i l  Dauphine Combined 

a c i d  as t h e  growth s o l ~ t i o n ' ~ - ~ ~ '  . The 
Twin element: ml lC1120) 21 It0011 mi l (001) 

s o l u b i l i t y  o f  GaPO, i n  phosphor ic a c i d  has 

been i n v e s t ~ g a t e d  over  a wide range o f  Composite symmetry: 5ml 622 6% 

temperatures and p r e s ~ u r e s ~ " ~ - ~ ~ '  . The 

temperature c o e f f i c i e n t  o f  t he  s o l u b i  1 i t y  i s  Absolute conf igurat ion:  reversed reversed unchanged 

nega t i ve  i n  t h e  range s t a r t i n g  f rom approx. 
Sign of p i e z o e l e c t r i c  

~ O O ' C  ( t h e  lowest  repo r ted  growth constants el l  and d l , :  reversed reversed unchanged 
temperature2')  ) up t o  350 - 400°c, depending 

on a c i d  concen t ra t i on .  A t  h ighe r  

temperatures,  the  s o l u b i l i t y  has a mimimum, 

and then  increases w i t h  i nc reas ing  
1 9 - 2 0 )  

temperatures 

Growth temperatures i n  t h e  rea lm o f  t h e  

p o s i t i v e  temperature c o e f f i c i e n t  o f  

s o l u b i l i t y  have the  f u l l  d isadvantage o f  t h e  

h i g h  c o r r o s i v i t y  o f  t h e  s o l v e n t  ( t h e  a c i d  

s o l u t i o n  does n o t  a l l o w  t h e  use o f  t h e  

Sign o f  p i e z o e l e c t r i c  

constants el, and dl, : reversed unchanged reversed 

Frequency constant N: unchanged a f f e c t e d  a f f e c t e d  

Coupling constant: 

a )  Modes d r i v e n  

evc lus ive ly  by the 

conatant elI  o r  dl,:  reduced reduced unchanged 

b )  Other modes: reduced reduced reduced 



GaPO, , t h e i r  t w i n  elements and t h e i r  e f f e c t  

on s e l e c t e d  resonator  p r o p e r t i e s  a re  l i s t e d  

i n  t a b l e  3. Al though t h e r e  a re  seve ra l  

spec ia l  cases,  where t w i n s  have no e f f e c t  on 

a  s p e c i f i c  resonator  p r o p e r t y ,  i t  i s  ve ry  

impor tant  f o r  a  c r y s t a l  b lank  t o  be 

untwinned. E l e c t r i c a l  (Dauphine) t w i n s  a r e  

avoided by t h e  use o f  untwinned seeds, w h i l e  

o p t i c a l  ( B r a z i l )  t w i n s  a re  avoided by u s i n g  

h i g h  p u r i t y  growth media and a  c a r e f u l  g rowth  

process which minimizes the  fo rmat ion  o f  

i n c l u s i o n s a 1 ' .  

5.2 Hydroxy 1 t r a c e s  

I t  i s  w e l l  known f o r  qua r t z  and A1P04 t h a t  

t he  a c o u s t i c  damping i n  c r y s t a l  resonators  i s  

r e l a t e d  t o  OH- d e f e c t s z 6 '  "' . C o r r e l a t i o n  

curves f o r  qua r t z  were reviewed by,  e .g .  

B r i c e  and c o l e a 8 '  . For AlPO,, t h e  

r e  1 a t i o n s h i p  between water t r a c e s  and t h e  

" e x t r i n s i c "  acous t i c  losses was e s t a b l i s h e d  

on an e m p i r i c a l  bas i s  i n  Refs. 29 - 30. 

A low amount o f  water  t r a c e s  i s  con jec tu red  

t o  be an impor tan t  v i r t u e  o f  h i g h  q u a l i t y  

GaP0, a l s o .  

Loo0 3500 3000 2500 2000 1800 1600 
Wavenumber 

F i g .  4:  I n f r a r e d  spectrum o f  hyd ro the rma l l y  

grown GaPO, . The abso rp t i on  c o e f f i c i e n t  a t  

3400 cm-' i s  a s 0.3 cm-'. Using t h e  

procedure descr ibed i n  Ref. 31 and assuming 

on l y  OH c o n t r i b u t i n g  t o  a, C(H,O) = 6 5 a  2 

20 ppm weight  r e s u l t s .  Since,  however, 

i n t r i n s i c  abso rp t i on  a l s o  c o n t r i b u t e s  t o  a, 

the  a c t u a l  water  con ten t  may even be lower .  

The presence o f  OH- i n  GaPO, c r y s t a l s  was 

revea led by measuring t h e  abso rp t i on  o f  IR 

r a d i a t i o n  a t  wavelengths o f  - 3  pm. F i g .  2 

shows t h e  IR t ransmiss ion  spectrum o f  a  

sample w i t h  a  water t r a c e  con ten t  o f  o rde r  o f  

magnitude - 10 ppm by w t .  T h i s  o rde r  o f  

magnitude seems t o  be reasonably low f o r  most 

a p p l i c a t i o n s  o f  p i e z o e l e c t r i c  GaPO, when 

compared w i t h  AlPO,. However, e x t e n s i v e  

measurements a re  needed t o  e s t a b l i s h  t h e  

q u a n t i t a t i v e  requ i rements  on t h e  maximum 

water t r a c e  con ten t  o f  GaPO, f o r  resona to r  

a p p l i c a t i o n s .  

6 .  D iscuss ion 

The e l a s t i c  cons tan t  c,, o f  GaPO, e x h i b i t s  a 

p o s i t i v e  f i r s t  o rder  temperature c o e f f i c i e n t ,  

which means a  s t i f f e n i n g  w i t h  i n c r e a s i n g  

temperature.  As a  r e s u l t  o f  t h i s  unusual  

f e a t u r e ,  g a l l i u m  orthophosphate possesses 

c r y s t a l  o r i e n t a t i o n s  w i t h  tempera ture  

independent resonance f requency.  

Expe r imen ta l l y  r e a l i z e d  examples o f  

resonators  w i t h  o r i e n t a t i o n s  i n  the  v i c i n i t y  

o f  t he  compensated c u t  and v i b r a t i n g  i n  t h e  

slow shear mode e x h i b i t e d  a  coup l i ng  cons tan t  

as l a r g e  as * 0.15. Th i s  means t h a t ,  i n  terms 

o f  t h e  squared coup l i ng  constant  o r  o f  t h e  

capac i tance r a t i o ,  a  va lue o f  n e a r l y  f ou r  

t imes l a r g e r  than i n  qua r t z  can be achieved.  

T h i s  suggests t h a t  g a l l i u m  orthophosphate may 

be a  more s u i t a b l e  p i e z o e l e c t r i c  m a t e r i a l  f o r  

t h e  use i n  b u l k  wave resonant dev ices  than  

q u a r t z .  As an example, t he  l a r g e r  c o u p l i n g  

f a c t o r  may l ead  t o  l a r g e r  bandwidth i n  f i l t e r  

a p p l i c a t i o n s .  The performance o f  o the r  s i n g l y  

r o t a t e d  c u t s ,  e.g. t h e  f a s t  shear mode TC 

c u t ,  and o f  doubly r o t a t e d  c u t s  on the  c-mode 

branch may a l s o  b e n e f i t  f rom the  l a r g e  

e lec t romechan ica l  coup l i ng .  The low f requency 

constants  may a l s o  be advantageous f o r  some 

a p p l i c a t i o n s .  Furthermore,  a l l  constants  Tc 

g i ven  i n  t a b l e  3 f o r  GaPO, a re  lower :: 
magnitude than  the  corresponding va lues  i n  

qua r t z  and b e r l i n i t e .  Th i s  suggests, t h a t  t h e  

o r i e n t a t i o n  accuracy requirements may be l e s s  

severe than  i n  q u a r t z ,  which c o u l d  be 

p a r t i c u l a r l y  u s e f u l  f o r  s t r e s s  compensated 

c u t s .  More freedom i n  resonator  des ign,  e.g. 

f o r  s p e c i f i c  l o c a t i o n s  o f  i n f l e c t i o n  and 

i n v e r s i o n  temperatures,  and l e s s  s e n s i t i v i t y  

t o  thermal  g rad ien ts  may a l s o  r e s u l t .  

However, f o r  a  s u b s t a n t i a t i o n  o f  these 

conc lus ions ,  a  more complete and accu ra te  

de te rm ina t i on  o f  a l l  r e l e v a n t  p i e z o e l e c t r i c ,  

e l a s t i c  and d i e l e c t r i c  p r o p e r t i e s ,  and t h e i r  

temperature dependencies on l a r g e  h i g h  

q u a l i t y  c r y s t a l s  i s  necessary. 

The performance a t  h i g h  f requenc ies  and t h e  

Q-aIR r e l a t i o n  are  f u r t h e r  s u b j e c t s  o f  

i n t e r e s t .  The achieved low va lues  o f  water  



uptake i n  g a l l i u m  orthophosphate c r y s t a l s  may 

a l ready be s u f f i c i e n t  f o r  good damping 

c h a r a c t e r i s t i c s  o f  h igh  frequency devices.  

The combinat ion o f  low values o f  t he  f i r s t  

o rder  Tc 
P" 

and the  h i g h  temperature 

c a p a b i l i t y  suggests, t h a t  GaPO, may be more 

s u i t a b l e  than  AlPO, f o r  t he  use i n  bu l k  wave 

devices s p e c i f i e d  f o r  l a r g e  temperature 

i n t e r v a l s  o r  temperatures above, as an 

examp 1 e , 400°C. Sensor technology,  

u l t r a s o n i c s ,  and telecommunications a r e  

probable f i e l d s  o f  a p p l i c a t i o n s ,  p rov ided  

t h a t  l a r g e  h i g h  q u a l i t y  c r y s t a l s  can be 

grown. 

The quest ion ,  whether t h e  occurence o f  a-R 

t r a n s i t i o n s  i n  t h e  c lass  o f  quartzhomeotypic 

c r y s t a l s  can be considered as necessary 

c o n d i t i o n s  f o r  t he  ex is tence o f  temperature 

compensated c u t s  can now be unambigueously 

answered: i t  i s  a t  l e a s t  s u f f i c i e n t  t h a t  t h e  

corresponding dynamics are  present .  I n  a 

somewhat s i m p l i f i e d  manner, t h e  a-fi dynamics 

are  descr ibed by t h e  ' b a c k - t i l t i n g '  o f  t h e  

MO, and X04 te t rahedra  towards t h e  symmetry 

of t he  4-phase. I n  qua r t z  and AlPO, , t h e  

mechanism i s  completed as soon as t h e  a-4 

t r a n s i t i o n  i s  reached. I n  the  case o f  GaPO, , 
the  b a c k - t i l t i n g  i s  abrupted a t  t h e  

i r r e v e r s i b l e  alpha t o  c r i s t o b a l i t e  t r a n s i t i o n  

( F i g .  1 ) .  

7. Conclusion 

The r e s u l t s  presented i n  t h i s  paper a re  

summarized as f o l l o w s :  

- A complete s e t  o f  e l a s t i c  constants  i s  

g iven, showing t h a t  GaPO, e x h i b i t s  a 

s i m i l a r  e l a s t i c  behaviour l i k e  quar tz .  

- The f i r s t  o rde r  temperature c o e f f i c i e n t  o f  

t he  e l a s t i c  constant  c,, i s  p o s i t i v e ,  

i n d i c a t i n g  t h e  ex is tence o f  temperature 

compensated cu ts .  

- Pre l im ina ry  r e s u l t s  obta ined f rom r o t a t e d  

Y-cuts i n  the  v i c i n i t y  o f  t h e  temperature 

compensated c u t  i n d i c a t e  a cub ic  f -T  

r e l a t i o n s h i p  s i m i l a r  t o  t h e  AT-cuts i n  

quar tz  and b e r l i n i t e .  

- The coup l i ng  o f  these c u t s  i s  a 0.15, which 

i s  cons iderab ly  l a r g e r  than i n  quar tz .  

- The Q c a p a b i l i t y  has n o t  y e t  been f u l l y  

exp lored.  However, c r y s t a l s  e x h i b i t i n g  a 

low con ten t  o f  hydroxy l  i m p u r i t i e s ,  which 

are  b e l i e v e d  t o  be a l i m i t i n g  f a c t o r  f o r  

t h e  a c o u s t i c  losses i n  resonators,  have 

a1 ready been grown. 

- A l i t e r a t u r e  survey shows t h a t  work on 

c r y s t a l  growth i s  i n  progress.  

- Beyond i t s  usefu lness as a temperature 

compensated p i e z o e l e c t r i c  m a t e r i a l ,  GaPO, 

gains cons iderab le  a t t r a c t i v i t y  when 

keeping i n  mind i t s  p o t e n t i a l  use as a h i g h  

temperature m a t e r i a l .  
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IMI'IIOVCMCNT OF DERLINITE'S CRYSTALLINE QUALITY 

4 11. I'HILII'I'OT, A. GOIPFON, C. AVINENS 
* X  X. I)UISSON, R. AItNAUD, 0. BlGNON 

x x x  A. ZAltl<A, U. CAPCLLE, M.T. SESASTIAN 

"JI</\ L1407 CNItS, US'SL MONTI'CLLIIIIt, 34060 MONTPCLLIER CEDEX France 
*XSICN,ANNECY 

* X  * UNIVLRSITE DE I'AIIIS VI ,  CNRS 

ABSTIZAC'I' 

l'lle irnl)roverrtertt 01 the quality 01 berlinite crystals 
grown in sull~liuric acicl solutions was pursued through acting 
ori two parairwtcrs : 

- growtlt start up conditions 
- growlh solution concentration in acid 
X-ray topol;rapliy studies coi~lirii) tlie leading role 

played by tlie growltt start-up conditions i i i  sulphuric acid 
solutioris. I t  alqxars that tlie residual detects shown by the 
crystals grown iit tltesc solutions can inostly be related to 
growtli start-up troubles ; they are  generally linked to  the 
occurerlce ol  srttoll berliriitc crystollitcs a t  the sced grown 
~ r~a tc r i a l  iritcrlacc. l'licsc cryslallitcs liavc been elirr~inated 
by cltarigirlg tltc I,rcl)aralion ol growth solutions. 

The secorid parameter  strongly influences t he  
crystals' irrlpurity content, generally but wrongly called 
"water conterit". 

The works cnablcd us to obtain, in a reproducible 

af ter  two bad growth start-up. 

bctwccrr 10' orid 10'. 
I<ccently, we have sliown on an eqperimental base 

tltat this Q value could be better tlian 10' when operating 
i l l  phosphoric acid a t  T>250°C instead of 180°C (1). But 
pliosl~fiuric acid sliows inconveniences dilficult to overcorrte 
ori an industrial scale and we have sougltt lor olher growth 
conditions, chiefly another solvents ; last year, we thus liave 
~)rcscntcd our lirst~ e~tcuuro~ing results witli sulphuric acid - - 
kl so (2). 

4 ~ i r ~ c e  then, wc have looked Iur ol~tiinal jirowtli condl- 
tiuns with tlirs acid, particularly growl11 start-up condit~ons 
and acid co~ \cen t r a t ion .  The results  obtained a t  the 
"Labot.atory of physicocltemistry of aolid materials UA 407" 
01 CNIZS in EVIONTPELLIER have been transfered to  SICN in 
ANNC(:Y for prc-irtcluslrial sralc-up oI bcrlinitc growth. 

\\'eill concentrate parlicularly ori detailing tlie impor- 
tance  of growth s t a r tup  Iron) the seed and acid 
concentration in tlie growing solution. 

A) IhlPOllTANCE OF INITIAL CONDITIONS 

Cxperiencc sltows tliat the crystal's quality is strongly 
iriIluenced bv rrowtli start-uv, especially in sulphuric acid 
and whatevkr-tlie concenti,itior;. 711; f i r s t  t'rials gave 
ci ystals will1 nuriicrous Lwiniitgs arid craclts 1)articularly ill 

tltc-X zone of crys ta ls  grown on X seeds (photo I) .  
Examination with optical iilicroscope and polarized 

ligltt criabled us to detect,snioil crystallites a t  the seed-first 
gruwtli interface (Photo 2). 

I f  tlie crystallites are nurnerous, they are resl)onsible 
lor the cracks  wliicli a r e  originating from crys ta l l i tes  
clusters, esl).ecially in -X zone. Otlierwisc they can cause 
twinings (L'liuto 3) and numerous dislocations. 

X-ray trartsirtissiofi topogral)lty perniits a rnore 
accuratc identilication 01 crystals detects (3). First berlinite 
plate slluwil in pliolo 4 is Iroiri a sarlrl)lc grown a1 2U0°C in 
sull>lturic acid. 

Photo 2 : Crystallites on seed-growth interface. 

Photo 3 : Twinings in -X zone seen with an optical  
microscope and polarized light 

This plate is among the first sample growit In H 5 0  
.and its quality is not excellent. Nevertheless, many 2lach 
contrasts are present and they correspond to inclusioiis, 
visible in optical microscope, or to stongly s t ra~ned zones. 

With sim~lar growth conditions, a second Y-cut plate 
shows the same contrasts as in photo 5. 

This sample has been also studied in function of 
temperature. It has been found that the contrasts obtained 
on X-ray topographs change ior different temperatures and 
this phenomena is d i rec t ly  re la ted  t o  the  presence of 
"water" lrt the crystal. This water content can be evaluated 
by lrieans 01 inlrared spectrolnetry, using a Iorrnula dcrivcd 
from the one used for quartz (4). 
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I'l~ulo 5 : X-ri~y to()ogral)lly of a Y-cut plate.1 10 rcllection. 
Strurig c'o~itrasls related Lo "water" culllcnl. 

I:il;urc 1 sl~uws ill] cxa~i~l ) lc  ol Ll~is "walcr" c:oriccnlra- 
Liull's cvulul iu~~ tltrl.iril; j;ruwlll, i t  11'1s bc\cii t ~ ~ l i l l ) l i ~ l ~ c d  a l ter  
c'xall~irlaliu~~ ul slit:cs cut ~~;lr;lllcl lu scctl. \Vc can scc 111~11 
"watcr" c u ~ i l c r ~ t  aild c:rystallir~c tlclccts vary sir~~ilarly durir~g 
a11 lllc ~ ; I . L I \ \ , L I I ,  cs1)ccially ;I[ slarl-1111. 

111 ortlcr lc1 1:cl r'itl ul tlic tlclccls we ~ i ~ u s l  su1)l)rcss 
tllrir cxtrsc : tllc ~)rcscr~(:c LII i :~~ysl~~lli l t!s  \vl~icll or.igirlatc 
fro111 I I I U I I I C ~ I I ~ ~ ~ I I ~  u ~ ~ e ~ ~ ~ s ~ t t ~ r ~ ~ l i u r i  111 t11c; suIc11iu11. \llc 111us1 
rcc',~ll LIi;11 Lllc sululi~~~ls:  ~ : ~ I I I I I I U I ~ ~ ~  usi!tI &ire pre-salii~.ated at  
t c l l ~ l ~ c r a t u r e  wllicl~ is (:lose to g r v w t l ~  tc1111)craturc i.e. 

245OC lor instance if growth temperature is 240°C. Since 
clissolution Itinetic o[ bcrlinitc in sull)lluric acitl bcco~~ lcs  
;~l)l)rcciablc abovc lYOVC alitl incrcascs wit11 t c~~~1~cra t t1 rc ,  
tlicrc is all i ~ r i l ~ o r ~ i ~ ~ i t  dissululio~l ol ~rut r ic~i t  duri~tg thc Lil~~c 
Ilecessary to bring the autoclave to growth tcnipcrature. 
Tlle solution is then ovcr-saturated and rr~icro-crystallitcs 
prec ip i ta te  on tlie seed a t  the  begining ul  growth. 

In order to clicclc this tlirory, we have used sulutiuns 
pre-saturated a t  telnpcratures Te more and nlurc elevated 
with respect lo tllc growth leml~eralurc Tc wliicl> was held 
constant. Tlius, lor a 6bl conccntralion and Tc = 240°C, we 
raised ~)rogressively tlie valuc of Tc-Tc aiid we observed, 
with ol)tical rnicroscol,e, that the nurnber 01 crystallites a t  
tlie interlace dirninislied ~~rogressively and disappeared lor 
Te-Tc = 25°C. 

Broadly spcalt ir~g, tliis value ilicrcoses will1 the 
growtl, 1cllll)cratilrc and wllcrl tllc solutio~l is nlorc and r~lol.c 
dilutcd. It nleans tliat the dissolution's kinetic incrcascs 
when the global solubility diminislied (Figure 2). 

Fig. 2 : Berlinite solubility in sulpl~uric acid lor different 
acid conccntrations. 

This is in no way a drawback, on tlie contrary, i t  
~rialces illore simple growing crystals in dilute solutions : t r  
is possible to use acidic solutions witliout pre-saturation In 
AII'O,, wlicn sull)huric acid concentration is below 3hl and 
l'c near 2110°C. 

The absence of crystallitcs results in a drastic 
reduction ol tile nurriber ol  tlclects wliicli can be sccii by 
I I I ~ ; I I I S  ul X-ray toj~ugral~l~y (I'l~uto 6). 

I'l~oto G : X-ray topugral)hy ol a Y-cut containing the sced. 
Lktter growtli cunclitions but Illany dislocations Iron1 tlic 
sccd. 

In contrary  to the  previous cases ,  this crys ta l  
I N ~ S C I ~ ~ S  a rcl~~tivcly low dcnsity 01 inclusions, but i t 's  
sulficici~t Lo c~.c ;~tc  dislucatio~~s iilitiated Iror~l Llic seed 
si~rlaccs. 

Tlierc is aiiotl~er clcriicnt ul treniendous irl~portaricc 
concerning start-up conditions of growth, tlie choice, ol 
seed. Iri ordcr to clirriiriate dislocations in tlic sectls, Ll~c 
tcchnicluc used lor cjuartL crystals Iias bee11 a1)l)licd ( 5 ) .  I t  is 
bascd on llie sclcctiori ol  sccds iri dilIcrcnt gro\vlli Luncs. 
The diilcrent rcsuits obtained liavc sliown that tlic cjuality 
01 crystal is imi)rovctl cspccially in tlic X zor~c as sl~uwri by 
tlic sar1.111le prescritcd iri photo 7. \Ve can see that t l ~ e  + X  
zoric is Ircc of dislocalioris ai t l~ougl~ the ~ o l i c  arourid tlic 
sccd ;,resents rliany iriclusio~~s. 'l'tic -X ~ ~ n e  is nut prcsciitcd 
I~crc. 



I'lioto 10 sliows an example 01 tliis ltind ol  crystals. 

i mrn 

I ' I I O L O  7 : X-ray Icil~ul;r.~l,l~y OI a Z-cul (001) 1ru111 a X plalc 
growl1 i l l  6hjI 1-I2Sd4 ir l  220°C. 

I1l~ulo Y coflc.errrs a Y-cul ~ i l a l c  Iro111 a sarnplc sinlililr 
~ t r  111~.  ~ I I C *  i l l  ~ I I C  11rt~viot1s C:LISC \vI~~.rc 1111: sec~l  w;~s oricnlctl 
i l l u ~ ~ ) :  X.  In l l~is case, growlll scc1ul.s <:a11 bc secn and they 
c:orresporld to l l ~ c  rl~otnbocdrical laces (101) and (102), as 
well ;IS (001) and ( 1  10) laces. 'flic quality 01 l l ~ c  sample is 
quite guutl cxccl)c iri -X zonc wl~erc dislocations were 
gcncri~ led duc lo l l ~ c  poor growlll conditions. 

I'lioto Y : X-ray Lol~opral,liy of a Y-cut plate from a X seed 
wrtll better growth start-up coiidilions. 

I1 wc associate good growth start-up conditions with 
pootl seeds, we call oblairi crystals witli a crystalline quality 
c o ~ ~ ~ l ~ a r a b l c   will^ tllc o r~c  of good syntl~ctic quartz crystals 

I1llulo 9 : X-ray to(~ogral11iy oI a crystal grown frorn a Z 
.iorle sccd in 6hl 1.12S04 a t  240°C. 

111 l l~is case, ollly tllc +X zor~e is prcsclited. 'l'liis 
sarr~ple co~ltairis few dis,localio~x ilrld S O I ~ I C  growtli bands 
parallel to growl11 front of IX zonc. 
. 'This irnl~rovcrncl~t on crystallir>e quality is accompanied 
Iby a drastic reduclion in "water" cunlent as early as growtli 
start-up, even wllen using "wet" secds as shows figure 3. 

I'lioto 10 : Crystal will1 good start-up conditiuiis (4,5h~l 
H2S04, 240°C). 

This sys temat ic  study of tlie growth s t a r t -up  
conditions gave us the capability to obtain, in a reproducible 
manner,  berl inite crys ta ls  with crys ta l l ine  quali ty 
comparable to tlie one 01 good syntlietic quartz cryslals. At 
the s a ~ ~ ~ c  titnc, we liavc scarcllcd lor t l ~ c  optimal concc~itra- 
tion in acid, leading all other parameters beeing kept cons- 
tant ; to crystals as "dry" as possible, i.e. slywing a good 
value lor the surtension coefficient, Q near 10 . 

D) INFLUENCE OF CONCENTIiATlON IN H2S04 

Our first trials witli sull,liuric solutions wcrc 111atlc 
witli a 6M concentration which is a value close to tliose 
commonly used by most authors using other acids (H3P0,,, 
HCI) ( 6 ) .  For tliis concentration value, we have shown that 
the growth rate (unit : mm/day/face) rises with the crystal- 
lisation temperature Tc and the temperature gradient AT 
(7). The infra-red measurements carried on the crystals thus 
grown show that the impurities (generally called "water1') 
concentration is proportionnal to growth rate and inversely 
proportionnal to Tc. Our study was limited to 250°C which 
is tlie maxirnum temperature our present autoclaves can 
reach. Just as lor quartz, we know that the Q value is 
directly related to the impurities content. Since the main 
impurity is generally called tlwatertv, we first attempted to 
reduce its value by raising tlie concentration of tlie acid 
solution, i.e. 9M. The result was opposite to what we 
cxpccted : ir,lra-red spcctro~llctry sliows that, lor s i ~ ~ ~ i l a r  
growtli rate and Tc, tlie impurity content rises strongly 
(Figure 4). 

Pig. 4 : "Water" content in terrns of sulphuric acid conccn- 
tration, growtli temperature and growth rates. 

Hence, the nanie "water" generally used to give a 
name to the main impurity is certainly inappropriate ; it 
could be explained by considering sulphuric acid's dissocia- 
tions: 

I-12S0,, + H 2 0  ;-=-2 1-1~0' + HS04- 

H S O ~ -  + H ~ O  ;=i I - I~O'  + m4= 
l'lie soivatcd protons concentration riscs wrtli tlie 

acld concentra t ion  and is certainly tlie causc  ior  tlic 
presence of ~nipurilies (0-I-I bonds) in berlinite crystals. 

In order to check this, we have made some growth 
runs witli dilutcd solutions, Iirst 4,5M. The inIra-red sl~cc- 
trolnetry examination sl~ows,as expected, a strong decrease 
of the characterist~c absorption due to tlie 0-I-I bonds, this 
for similar growtli rates and growtli temperatures (Figure5 4 
and 5). 

I'ig. 3 : "\Valcrl' c:o~~ccr~lration i l l  c:ryslills will1 gooti start-up 
co~lditio~ls a11d "wrl" sccd (cryslal grown at  24ODC in 4,5M 
1-1 SO , Tc-'l'c 2 30UC). 2 4 



\Vc tlltrs 11;tvc stortccl s l u d y i ~ ~ g  iliurc dilute solutions, 
)I\; ill ~ ~ a r t j c t ~ l i ~ r ,  ~ I IC  r c s t ~ l t s  01 \VII~CII tvi l l  be soon 
,iviiil;iblc. li wil l  Ilclp to t l c l e r i ~ ~ i t ~ c  wlricll lcilrd o l  solution is 
(Ilc r r~osl  i t (~prcq~r io lc yruwir~l: iilcdic~rn for tlie oltentiorr o l  
b c r l i l ~ i l c  crystals \\,it11 il surlcnsiolr cocII icierit Q as liiglr as 
( l<~~bIb lc ,  for a rcaso~~i lb le growtl i  I'atc, i.c. 0,2 to 0,3 
~ l ~ ~ ~ ~ l d i l y l t i ~ ~ ~ .  

III c o ~ ~ ~ ~ c t c : t i o ~ ~  to I l ~ c  lowo ' i i~g  01 01.1 co~ icc i i t r a t i o~~ ,  
u8c vbscrvc Ilia1 l l ~ c  j r~lra-rcd absirrplioii spectra sliow a 
bet lc r  sl~ar(:r~css (I:i(:urc 6). 

I t  w i l l  tlrus be f~:asiI~lc 81111 r ~ i l ~ i ~ i ~ l ~ I e  111 i ~~s i l : / l  ~IIC 
<I i f l iv ' t ! t~ l  i ~ b s o r l ~ ( i o l ~  11(:;1l(s ill llte t'itltl<C 'loO(l-?'JUU (:III i l r ~ c l ,  
~ :o~~sccluwit ly,  111vt1ity j:rowtl~ cu i~~ l i l i ons  ill order l o  supprcss 
I l l c ~ ~ i .  111 j~;ir.lic:t~lar, i l  is  row csscri l i i~l to aulllctrlicate Llic 
11ralc 3300 till- w l ~ i c l ~  is t~sctl lo  c:alculillc l l lc 01-1 colrccn- 
Ir,l!Vui. I t  is ~ ~ i ~ s ~ i l ~ l i !  I l l i i t ,  ~ i 1 1 1 i l i t 1 ~ - 1 0  qtl i~rl/. for 11s 3300 
( III ~ ~ v s ~ l i  (S), t l t c *  IIL:.I~~ .I( 3JOU ~:III : ~ l ~ c ~ t i l ~ l  be LI~I i ~ ~ l i , i i ~ : ~ i c  
l ~ ~ , c i [ ~ i ~ r t y  of b c r l i ~ ~ i t c .  

The progrcsscs irladc in laboratory worlts permit ted 
to tlcvclol, L c r l i ~ ~ t c ' s  11rc-i~~tlt~strialisatioti ill tlrc ANNCCY 
pldlrl o I  SlCN lrow L c i ~ ~ j ;  ca(~.~blc o I  sy r~ l l i c l i ~ i r i g  111 il 

rclxoduci l le Inonncr crystals up to solnc 10 CIII i n  Icngt l~.  
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Abstract 

Sweeping (i.e. electrolysis of quartz at high tempera- 
ture) is now an industrial process, used to improve 
the radiation hardness of quartz oscillators. In gene- 
ral the electrolysis is performed for several days at 
500°C far away from thea-Btransition at 573OC which 
could induce Dauphin6 twinning or fracture. It would 
however be interesting to operature at higher tempera- 
ture, either in the a phase nearer to the trdnsition 
temperature or even in the B phase, if the problems 
related to theu-$transition can be solved. 
We report our first results (S.I.C.N.'s synthetic sam- 
ples) ohtalned zn the a phase at 550°C an in the 6 pha- 
se at 650°C with sweeping performed in vacuum or- air. 
The electrrcal current variation durlng the sweeping 
wds measured aswell astfiurlng the final cooling glving 
different activation energies in the c *  and in the,: 
phases. 
The samples were characterized by I.R. measurements at 
77K : a complete disparition of the OH lines was obser- 
ved after sweeping in a phase (650°C - 1500 V/cm) or 
In fi phdse (550°C - 3500 V/C~). However all the sam- 
ples wh~ch were heated in 6 phase were twinned. 

I. INTllODUCTION 

It is well known 11) that the performance of piezoelec- 
tric devices, particularly resonators, are limited by 
impurities. The major impurities present in synthetic 
quartz are alkali ions (M+) associated to aluminium 
(A~-M+ center) which exists as a substitution for sili- 
con and hydrogen related as grown OH defects. Sweeping 
or electrolysis is now a commercial process which is 
used to dissociate and eliminate impurities by means of 
their displacements under an applied electric field 
(1000 to 2500 V/cm along the z direction). Sweeping in 
an ambiant air atmosphere replaces the alkali ion by 
an hydrogen to form Al-OH (el-e2 peaks in I.R. spectra) 
while sweeping in a vacuum atmosphere forms Al-hole 
center (2). This is explained by the depletion of as 
grown OH- which is not compensated by the introduction 
of external hydrogen (fro111 atmospheric water). Both 
processes improve radiation hardness but the best is 
not yet known. Usually sweeping is performed for seve- 
ral days at 50O0C below the a-INC-B first order transi- 
tion (573°C) which could induce Dauphine twinning or 
fracture. Due to the thermal activation of the process, 
it would be interesting to operate at higher temperatu- 
re, either in the a phase nearer to the transition tem- 
perature or even in the (3 phase, if the problem of 
electrical twinning induced in cooling during the 
transition can be solved. Indeed Woostcr a1 al. ( 3 )  
have shown the possibility of detwinning quartz crys- 
tals. Furttiermore it1 fi phase one can expect new ef- 
fects on defect accomodation and diffusion due to the 
more open structure. Dodd and Fraser (4) found that 
ttie narrow hydrogen lines of the IR spectra are elimi- 
nated by heating at ?' > 1000°C and Krefft (5) has de- 
monstrated a strong hydrogen depletion in theanodeside 
reqion of natural quartz electrolysed at 700°C. Fraser 

ping". Electrical twinning was controled by means of 
laser light second harmonic generation ( 7 ) .  

11. EXPERIMENTAL 

Samples were successively cut from a single cultured 
(SICN) quartz bar of medium quality. The impurities 
content was determined by torch-plasma analysis : 

hl Li Na K ca Fe 
1,s 0 2,7 1,6 1,9 0,4 ppm 

Ty ical dimensions were 21 l//X) x 2(// Y) x (1 // Z )  
cmS for all the samples (pure 7-seed removal) except 
for the air swept sample at 650° whicl, was C\. 1 crn(//Y). 
The pressure of Pt electrodes foils on sample Z faces 
was about 1,8 ~ / c m ~  (we have checked in alr experiment 
that multiplying by 10 the pressure has negligeahle 
effect on the intensity of the sweeping current). Elec- 
trolysis in air was carried out in an open furnace wt~i- 
le the vacuum electrolysis was done in a vacuum furna- 
ce operating at nm Ng. Electrical field was in- 
creased slowly,onc(. tlie sweeping temperature was rea- 
ched, t.o limit tl~c current to ahouL 10 IIA/cm2 (cxcer,t , . 
for 650° in air) accross the sample. A 1,arnI)da 9 Perk111 
Elmer spectrolneter was used to get optical transmission 
spectra (non polarized light) . 
111. RESULTS : 

- Vacuum sweepin% I Z faces of the two samples were 
finely ground. 
Fig. 1 shows the sweeping currents in a phase (500°C) ' 

(a) and in 0 phase (650°C) (b) . 
Fig. 2a shows the as grown spectrum which displays the 
sl, s2, s3, s4 peaks of the 011 bounds. The absorption 

coefficient at 3500 cm-' is n3500 = 0,060 cm-l. 

Fig. 2b shows the result of a "classical" 50O0C-1500 
V/cm sweeping for 18 days : sl, s2, s3, sq decreases, 
e2 (Al-OH) appears which demonstrate the effectiveness 
of the sweeping process (M+ are replaced by H+). 
Pig. 2d shows the spectrum from the second sample swept 
dlrectly in the (3 phase at 650°C : all the s peaks and 
e peaks disappear, furthermore a strong reduction of 
the broad 011 absorption occurs ( a3500 = 0,024 cm-1). 
Ilowever the sample becomes twinned. We have also look 
for a better sweeping in the a phase by a subsequent 
electrolysis of the first sample : after the Z faces 
were optically polished it took about 2 days to re- 
obtain the final current of the fig. la, then the tem- 
perature was increased to 550°C (1500 v/cm). After R 
days the spectrum was identical to the former one (fig. 
2b) but the activation energy became higher (2,O eV 
instead of 1,46 eV). The electrolysis was then prolon- 
gated for 6 days at 550° with a stronger electric field 
of 3500 V/cm. We gct thus tlie spectrum of fig. 2c which 
is practically ider~tical to the spectrum obtained in a 
phase. Furthermore, no twinning appears as the tempera- 
ture transition was not reached. 

(6) has found a reduction of anelastic losses in B - Air sweepinq : The two samples were optically p0li- 
phase, without sweeping, between 573'C and 700°C. shed. 
We present the results of our first (sweeping currents Fig. 3 shows the sweeping currents in u (500°C) and 
and I.R. spectra) investigations in the a-phase at 0 (650°C) phases. 
550°C and in the $ phase at 650°C with air and vacuum Fig. 4 shows the different spectra obtained within 
atmosphere and we compare with 500°C "classical swee- 
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similar conditions as those used in vacuum sweeping. 
The "classical" process at 500°C - 2000 V/cm gives 
(fig. 4b) the el-e2 (~1-OH) peaks and a slight increase 
of thc broad OIi spectrum. Subsequent sweeping 
on the same sample at 550°C- 3500 V/cm reduces all the 
peaks and the integrated spectrum which becomes weaker 
than the as grown spectrum. In Clphase (650°C-1270 V/cm 
53, nearly vanished, s4 is completely eliminated whi- 
le e2, el dccrcasc. 

Table I lists the activation enerjies E (according to 
tile law u.T = A cxp (-E/~T) measured during the cool- 
i n q  at the cnd of the different sweepinqs and the 1 x 3 5 ~ ~  
cocfficicnt of absorption. 

Vdcuum swcepinq A i  r swcopinrj 
e(eV) R?500 ~(ev) a3500 

as grown 0,060 as grown l . ~ , O e > ' /  

,500~-1500 v/cm 1,45 0,060 (500-2000 1,87 0,064 
% t  550 - 1500 2,OO 0,060 [+550-3500 1,95 0,026 
+ 550 - 3500 1,70 0,020 650-1270 
G50 - 1270 (2,24(B) {1877!:,, 

?1,90(~) 0,024 1 ,97( ! )fl'% 

IV. DISCUSSION 

There is a noticeable difference between the curves 
(fig. 1 and 3) of swept current as a function of time: 
It is about ten times higher in air than in vacuum. 
This fact support recent evidence (8, 9) on the role 
of hydrogen (profusely supplied by atmospheric water) 
in the electrical conduction of quartz. In air the two 
curves at 550 and 650°C are roughly identical afterade- 
<pate sca1ing:the 650°C curve is obtained from the 500° 
curve with a reduction of % 5 on the time scale and a 
multiplication of % 15 of the currents. The electro- 
diffusion process is therefore well acce1erated.a~ ex- 
pected. The ratio of the current gives an activation 
energy of 1.3 eV typical of alkali conduction (10). 
llowever the final ratio should he greater to be consis- 
tent. with an activation energy of n, I,$ eV typical of 
conduction by proton li t  (11). In vacuum thc curves 
are much morc difficult to interpret. No steady state 
current was reached but we note a discontinuity after 
two-days both for 500°C and 650° C sweepings. May be 
the lack of hydrogen slows down the process which 
becomes more dependent on the nature of electrode 
contact and on the existence of space charge. This 
space charge can vary very much with temperature and 
electric field (12). However at the end of these diffe- 
rent sweepings the activation energy is also typical 
of hydrogen conduction except in the 500°C- 1500 V/cm 
process where the smaller value is perhaps due to a 
part of conduction by remaining alkali ions. 
The evolution of infrared spectra may also qualitative- 
ly be explained (2) by the role of h~dr0cjen.i) under 
vacuum there is mainly the as grown H and "classical 
electrolysis" is not sufficient (fig. 2b) to dissocia- 
te and displace all the M+ and optically active OH. 
This can be obtain either with the help of high elec- 
tric field near the transition temperature in a phase 
(fig. 2c) or in the @ phase at middle field by means 
of thermal activation (fig. 3c) thus we see the comple- 
te disparition of the s and e peaks (which transform 
in Al-hole center). This fact has not been already men- 
tioned to our knowledge for samples of this quality. 
We find on the whole sample a result found on the ano- 
de side by Krefft (5) in 6 phase.ii) In air in the con- 
ditions (500"~-lor field) of fig.4b there is enouqh H a- 
vailable to comper~sate the loss of alkali ion qivinc~ 
strony o,-cl lines duq to ~1-011. When the tempera- 
ture and-the field ark: increased the rate of supply 
of hydrogen from the anode is not sufficient and there 
is a depletion of H in the sample(fig. 4c). This pheno- 
mena is more marked in phase (fig.4d) with low field. 
Hay be a still morc intense field in air might allow 
us to reach the results ~btained in n phase in vacuum. 
Thus concerning the infrared spectra we have found 
sweeping conditions under vacuum which allow to gct 
similar results in a and 6 phases. However our 6 swept 
samplgbecomes twinned. The study of twinning and de- 
twinning has been the object of much work some decades 
ago (3, 13). Frondel found that thin samples can pass 

through the transition without twinning while wooster 
et al. had detwinned bar sample by application of ade- 
quate stresses (based on the fact that twins have dif- 
ferent elastic modulus). Up to now we were not success- 
ful in obtaining a @ phase swept thin sample (AT cut 
1 nun thick) free of twins. Perhaps because sweeping can 
introduce strains as recently evidenced (14). 

CONCLUSION 

We have sliown that it is possible to obtain snlnples to- 
tally Cree of a:; rli-r>wn O!l. 'I'his can be ot~tained ei- 
ther in B phase (clue to liigli temperature) or in n [,ha- 
se (duc to the 11iqIi electric field) with vacuula-swc.<>- 
ninq wllilc in air swecl~incj sucli c?ffcct will t~r ~nc~re 
~liificult. In order to compare the efficicncy of 6 and 
a phase electrolysis, other measurements (dielectric 
absorption, E.P.K., X controls ... ) are necessary. 
One should also clarify the possibilities of detwin- 
ning. 
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Fig. 1 : Vacuum sweeping : Fig. 3 : air sweeping : 
Sweeping current density vs time for two samples from Sweeping current density vs time for two samples from 
the same synthetic bar a : a phase 500°C-1500 V/cm the same synthetic bar as fig. 1. a : a-phase : 
1,  : p phase 650°C - 1270 - 1500 V/cm 5000C - 2000 V/cm b : 6 phase 650°C - 1270 V/cm. 

Fiy. 2 : vacuum sweeping : IR spectra (beam along Z - Fig. 4 : air swccping : IR. spectra (beam along Z - 
77 K) 77 K) 
a : as grown a : as grown 
b : 500°C - 1500 V/cm 18 days and with 55O0C-1500 V/cm b : 500°C - 2000 V/cm 30 days (---) base line 

8 days c : idem b + 550°C - 3500 V/cm - 7 days 
c : 550°c- 3500 V/cm 6 days (in addition to b) d : 650°C - 1270 V/cm - 8 days 
d : 650°C- 1500 v/cm (fig. 1)  18 days 



MILLISECOND PULSARS AND TIME SCALES 
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Pulsars are celestial clocks. However, they have never played any role in the estab- 
lishment of time scales because the timing of their pulses has not been accurate in the past 
and because they are complicated physical objects difficult to use for definition purposes. 
The discovery of millisecond pulsars might change somewhat this situation. 

Pulsars: 
Pulsars are celestial objects emitting pulses at, radio wavelengths which are detected 

by astronomers' radiotelescopes. These celestial objects are neutron stars, i.e. stars which 
have reached a very late stage of their evolution (life). This late stage of stellar evolution 
corresponds to the gravitational collapse of the star core after the chemically-riched outer 
layers of the star have been expelled into the interstellar medium in producing the super- 
nova phenomena. At this stage, the star is in a highly-condensed state of matter and its 
diameter is only - 10 km (the radius of the middle-aged sun is 700 000 km). The radio 
pulses observed by astronomers originate from a sharp beam of synchrotron radio emission 
attached to the neutron star surface and rotating with it. If the geometry is such that this 
beam crosses the solar system, a radio pulse is detected by radiotelescope once per rotation 
of the neutron star. So the faster the star rotates the higher the pulse frequency is. This 
phenomena a t  radio wavelengths is analagous to the optical blinks from a lighthouse along 
the sea-shore. 

In 1982, the astronomical community was fascinated by the newly discovered pulsar 
PSR1937+214 which had the unprecedented period of rotation of 1-55., . .  millisecond. The 
corresponding angular velocity of the associated neutron star is as high as 640 rotations 
per second, i.e. 20 times faster than the young pulsar in the Crab nebula and 1000 times 
faster than ordinary pulsars. Sky surveys were conducted after this exceptional discovery 
and 7 pulsars with similar properties are known today and are designated millisecond 
pulsars for the magnitude of their periods. They form a new physical class in pulsar 
astrophysics characterized by the following phenomenological properties: their periods are 
a few milliseconds, their period time derivatives are very small (< 10-l8 s/s) ,  their pulse 
profiles are very sharp and their timing measurements indicate no phase noise so far. These 
pulsars are located in the Galaxy (the Milky Way) as well as in globular clusters which 
form an halo around the Milky Way. Their distances are a few thousands light years from 
the solar system. 
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Timing measurements of pulsars: 
In radio astronomy, timing observations of pulsars consists in measuring the arrival 

times of radio pulses at  successive positions of the Earth (radiotelescope) along its orbit, 
i.e. several times per month over several years. These timing measurements are recorded 
relative to atomic clocks transferred to the radiotelescopes through the LORANC, TV 
or GPS systems. The precision of timing measurements of millisecond pulsars is a t  the 
level of 1 ps or better, Such measurements are done by coherently integrating about one 
hour of data. This precision is about 1000 times better than for timing done on ordinary 
pulsars for astrophysical purposes. The properties of millisecond pulsars (no phase noise, 
no higher order instabilities in the period than the first time derivative) and the precise 
timing measurements possible with radio astronomical techniques make millisecond pulsars 
the most "stable celestial clocks" ever discovered by astronomers. 

Stability of millisecond pulsar time scale: 
The stability of the timing measurements of the best observed millisecond pulsar 

(PSR1937f214) has been assessed by Rawley et a1 (1988) from the data acquired since 
1982 with the large radiotelescope at  Arecibo. Timing of PSR1937+214 is done a t  Arecibo 
once a week as an average but more frequent observations (once a day) or long gaps (up 
to 2 months) have occured. Rawley et a1 (1988) have analyzed a timing series of 4.2 years 
with a physical model including the effects of propagation of radio waves in the ionized 
interstellar medium and in the gravitational field of the solar system and geometrical effects 
due to the orbital and rotational motions of the Earth. The post-fit residuals between this 
model and the timing measurements recorded relative to the NBS atomic time scale show 
rms at  a level of Ips for the first 2 years and of 0 . 3 ~ s  for the last two years after some 
hardware improvements were made at Arecibo (see Figure 1). 

In the adjustment of Rawley e t  al, 8 parameters associated with the pulsar (position, 
proper motion, period, period time derivative, epoch of first pulse and ionized interstel- 
lar dispersion constant) were solved for. The fitting procedure necessarily absorbs some 
fraction of the measurement uncertainties into biases in the adjusted parameters with the 
presently limited time interval spanned by the data. For instance, annual systematic er- 
ror in these 4.2-year timing measurements caused by seasonal variations in the atomic 
time scale used (or by the Earth orbit ephemerides used) would be fully absorbed in a 
position bias of PSR1937f214 and the stability inferred from the post-fit timing residuals 
would appear to be better than it really is. In the future, longer timing series of several 
millisecond pulsars should significantly reduce such effect. 

Nevertheless, bearing that in mind, Figure 2 from Rawley et a1 (1988) can be in- 
terpreted, with some caution, as an indication that the timing series of PSR1937f214 is 
extraordinarily stable. In this figure, the stability is characterized by the Allan variance 
of the post-fit residuals between the Arecibo timing lneasurements and the physical model 
over various time intervals 7.  These aulhors co~lclude that for T < 1 montli, the fractional 
frequency instabilities of PSR1937+214 are smaller than 5 x 10-l3 and is dominated by 
random uncertainties in the timing measurement procedure of the pulsar waveform at  the 
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Figure 1 : Post-fit arrival time residuals for the millisecond 
pulsar PSR1937+214 observed at Arecibo (Rawley et a1 1988) 

Figure 2 : Fractional frequency stabilities for measurements 
of PSR1937+214 relative to UTC(NBS) (filled circles) and 
UTC(NBS) relative to other atomic time standards (open 
circles) (Rawley et a1 1988). 



radiotelescope. For T - 2 - 4 months, the instabilities of PSR1937+214 are at  the level of - 10-l3 and are marginally in excess of the instabilities of the reference time standards. 
But this is likely to be caused by the variable interstellar dispersion which was not properly 
corrected during the first two years of timing at  Arecibo conducted at  a single frequency. 
For T > 6 months, Figure 2 suggests that the stability of PSR1937+214 is better than 
5 x low1* and that timing measurements of PSR1937+214 at Arecibo have been limited 
by the instabilities of the NBS atomic time scale used for the analysis. The PTB and 
BIPM atomic time scales are known to  show fractional frequency stability at the level of 

(Guinot 1988). This is smaller than for the NBS atomic time scale used for the 
analysis of Figure 2 and it is expected that a new reduction of the timing data with one of 
these two atomic time scales would indicate that the stability of PSR1937+214 for T > 6 
months is at  the level of lo-'* in reality. 

Concluding remarks : 

The extraordinary stability of the millisecond pulsar PSR1937-t 214 over several years 
open new prospectives for both astronomers and physicists responsible for the establish- 
ment of the atomic time scale. From the astronomer point of view, a better atomic time 
scale would allow monitoring of possible instabilities of millisecond pulsars at  a higher level 
than is presently feasable. Such monitoring might allow astronomers to  attribute these 
possible instabilities to disturbances of the propagation of the radio pulses caused by the 
gravitational radiation background of the early Universe as hypothesized in theoretical 
cosmology. This would be a new and major result in observational cosmology and it is 
eagerly sought by astronomers. They are looking forwards to using a new improved atomic 
time scale as soon as possible. Improvements in the atomic time scales are expected to 
come both from the algorithm used to combine primary cesium standards (e.g. BIPM 87 
time scale : Guinot (1988)) and from hardware improvements in these primary time and 
frequency standards. Conversely, or before any significant improvements of the stability of 
the atomic time scale are acheived, post-fit residuals of Figure 1 strongly suggest than mil- 
lisecond pulsar timing measurements could be used to enhance the stability of the atomic 
time scale on time interval longer than 6 months. 

It should be noticed that millisecond pulsar timing measurements cannot be used to 
establish a new time standard which would be more accurate than the present atomic 
standards. Such assertion has been voiced in the astronomical community just after the 
discovery of millisecond pulsars. A frequency and time standard must be based on an 
invariable physical experiment that can be repeated identically for any duration at  any 
date. For example, atomic transition is invariable from first principles in physics and the 
accuracy of any time interval it can defines is only limited by the quality and fidelity of 
the instrumental procedure used. The simple facts that the periods of millisecond pulsars 
are variable as shown by timing with existing atomic time scale and that no astrophysical 
theory can accurately provides the period time derivatives prevent l~lillisecond pulsar tim- 
ing measurements to produce a new time standard. In other words, pulsar timing series 
cannot become more accurate that the atomic time scales used to calibrate the period time 
derivative and in that respect cannot become a frequency and time standard. However, as 



tentatively shown by Rawley et a1 (1988) with PSR1937+214, a pulsar timing series can 
become more stable than the atomic time scale used for the observations and advantages 
should be drawn from this result for the stability of the atomic time scale in the future. 

Finally, we want to mention that several millisecond pulsar timing programs are 
in progress at  Arecibo (USA), Greenbank (USA), Jodrell Bank (England) and Nanqay 
(France). The instrumentation in Nansay is based on a new concept for de-dispersion of 
the pulsar signal based on a frequency swept local oscillator which is controlled by times 
of arrival of pulses calculated a priori (Biraud 1988). Timing campaigns in N a n ~ a y  have 
started in the summer 1988 with this new instrumention and the first results are promising 
(Aubry et a1 1988). 

Acknowledgements : 
I am very grateful to B. Guinot for discussions which have clarified several concepts 

related to the time and frequency standards for me. 

References : 
Aubry, D., Biraud, F., Bourgois, G., Darchy, B., Drouhin, J-P., Fairhead, L., Lestrade, 
J-I?, 1988, Journal des Astronomes Franqais, vol. 33, Juillet 1988, p. 35. 
Biraud, F., 1988, Proceedings of a Worshop on Millisecond Pulsar Timing held at  Nanqay, 
1988 June 24, printed by the Observatoire de Paris, p. 1. 
Guinot, B., 1988, Astron. Astroph., 192, 370. 
Rawley, L.A., Taylor, J.H., Davis, M. M., Allan, D.W., 1988, preprint 



DETERMINING THE EFFECTS OF MICROWAVE POWR AND C-FIELD SETTING 
ON THE FREQUENCY OF A CESIUM ATOMIC FREQUENCY STANDARD 

S. K .  Karuza, W .  A.  Johnson, and F. J. Voit 

Electronics Research Laboratory 
The Aerospace Corporation 

E l  Segundo, California 90245 
U.S.A. 

Abstract 

In experiments a t  the United States  National Bureau 
of Standards, Andrea De Marchi showed that there exivt 
optimum values of the C-field set t ing in  a commercial 
dual-beam cesium frequency standard that make the 
output frequency insensitive t o  variations in  micro- 
wave power. Moreover, and most important, De Marchi 
demonstrated that  the long-tern s t a b i l i t y  of the clock 
i s  improved i f  the C-field is s e t  a t  one of these 
optimum set t ings.  To see i f  these resul ts  con be 
obtained with a clock having a different modulation 
scheme, the authors, using a completely automated 
measuring system, performed a similar study on another 
manufacturer's comercial cesium standard that em- 
ployed single-beam tube opt ics  and a modulation scheme 
different  from that  used by the clocks studied by De 
Marchi. Our resul ts ,  similar t o  those of De Marchi, 
show that optimum C-field se t t ings  exis t  for  the 
standard we investigated. 

Introduction 

De Marchi has presented data [1,2] on three 
Hewlett-Packard (H-P) model 1653 cesium (Cs) frequency 
standards. His data show that one can improve the 
long-term frequency s t a b i l i t y  of such standards by 
selecting a value of Zeeman frequency (C-field) that 
reduces the frequency sensi t ivi ty  of these H-P 
standards t o  variations i n  microwave power (P). 

For example, Fig. 1 ,  which is calculated from De 
Marchits data Cl] is a plot of the fract ional  fre- 
quency change for  a +l-dB change i n  microwave power as  
a function of the Zeeman frequency ( f Z ) .  I t  can be 
seen that there a re  four Zeeman frequencies (corre- 
sponding t o  four C-field se t t ings)  where the change i n  
frequency w i l l  be zero f o r  a change i n  microwave power 

:-SLOPE = 0.62 w 10-'' 
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ZEEMAN FREQUENCY, kHz 

Fig. 1 .  The difference i n  residual frequency changes 
between two power levels  (Po and + I  dB) as  a 
function of C-field in  an H-P 1653 cesium 
frequency standard. Circles show points a t  
a power-insensitive point (39 kHz) and a 
power-sensitive point (53 kHz). Data a re  
taken from Ref. 1 .  

of + I  dB. The peak-to-peak fractional frequency 
change @er the range of C-fields plotted is about 
5 x 10- fo r  t h i s  particular H-P standard. De Marchi 
demonstrated that there was an improvement i n  the 
long-term frequency s t a b i l i t y  of the standard a s  mea- 
sured by o ( T I ,  the Allan standard deviation, when the 
Zeeman frgquency was s e t  a t  these optlmum values. 
Figures 2 and 3 from De Marchi ' s data [ I ]  show o ( T )  

a s  a function of T fo r  the two Zeeman frequenciei of 
53 and 39 kHz, respectively, with 39 kHz being an 
optimum frequency. I t  is clear  that there is an 
improvement i n  the long-term frequency s t a b i l i t y  i f  
the C-field value is s e t  a t  39 kHz. 

t I, = 53 kHz 

3 4 5 6 7 
LOG 7, sec 

Fig. 2. The measured square root of the Allan 
variance of an H-P 1653 cesium frequency 
standard a t  a power-sensitive C-field 
se t t ing  of 53 kHz. Data a r e  taken from 
Ref. 1 .  

De Marchi s ta ted [ I ]  that  the resu l t s  he had 
obtained on the H-P C s  standards should be " . . . a t  
l eas t  typical f o r  a l l  commercial standards . . . I '  He 
cautioned, however, that  resul ts  obtained on C s  
frequency standards that  used servo loop schemes other 
than sine-wave or  slow square-wave frequency modula- 
tion might be smewhat different.  Consequently, 
considerable interest  developed t o  determine i f  the 
s t a b i l i t y  of other C s  frequency standards using 
different  modulation schemes could be improved by t h i s  
technique of optimum C-field set t lng.  Measurements 
similar t o  those of De Marchi were made i n  our own 
laboratory on a different  manufacturer's C s  standard 
that used a different  modulation scheme. Because the 
measurements a re  very time consuming, i t  was decided 
t o  automate them completely in  order t o  minimize the 
data-taking time. An additional advantage of t h i s  
automation is that  one never has t o  make and remake 
microwave power connections. 

EFTF 89 - Besan~on 
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Fig. 3.  The measured square root of the Allan 
variance of an H-P 1653 cesium frequency 
standard a t  a power-insensi t ive (zero 
crossing) C-field se t t ing  of 39 kHz. 
Data are  taken from Ref. 1 .  

Measurement System 

The C-field experiment was performed in our labor- 
atory on a c m e r c i a l  Cs frequency standard that  used 
a square-wave phase-modulation scheme. The standard 
was modified t o  allow access t o  the C-field coi l  wires 
and the microwave power source. Figure 4 shows the 
block diagram of the complete measurement system. 
Both of the parameters that a r e  varied, namely the 
C-field current and the microwave power, a re  cmputcr 
controlled; the current is s e t  by a precision 
constant-current generator and the microwave power is 
changed by a calibrated PIN diode attenuator. The 
en t i re  system is controlled by an H-P se r ies  300 
computer, which also acquires and processes the data. 

Fig. 4. Block diagram of the C-field measurement 
system f o r  a cesium frequency standard. 
The system uses a d ig i ta l  computer as  a 
controller and data gatherer. 

Figure 5 is a block diagram of the frequency mea- 
surement system. The reference for  both the Fluke 
synthesizer and the H-P counter is an H-P 5061~-004 C s  
frequency standard. Before the data a r e  taken, the 
microwave tuning adjustments in  the standard and the 
microwave power a re  varied t o  maximize the output 
current from the beam tube. The resulting microwave 
power is called the optimum power ( P o ) .  

Fig. 5. Circuit diagram of the single-mixer 
frequency-measurement system used t o  
determine the fract ional  frequency 
changes a t  different C-field se t t ings  

A typical data-taking sequence consisted of the 
followir~g steps: 

1 .  Set the C-field current a t  sane low value ( typi-  
cal ly  6 to  8 mA) and the microwave power a t  sane 
value (e.g. a t  the optimum value Po). 

2. Measure the beat frequency over sane long 
averaging time T ( typical ly  7000 sec) .  

3. Change the microwave power level (e.g. t o  Po + 
1 dB).  

4. Measure the beat frequency over T again. 

5. Increase the C-field current by sane programmed 
amount ( typical ly  0.5 m A ) .  

6. Measure the beat frequency over T again. 

7. Change the microwave power back t o  the i n i t i a l  
value. 

8. Repeat s teps 2 through 7 un t i l  the f i n a l  C-field 
current ( typical ly  20 t o  25 mA) is reached. 

Figure 6 shows a plot of the noise f loor  of the 
frequency measurement system and a plot of the 
frequency s t a b i l i t y  of the commercial C s  frequency 
standard used in our measurements. The frequency 
reference standard was an H-P 5061A-004 C s  standard. 

. 
O m .  . COMMERCIAL CESIUM CLOCK . . . *  

SYSTEM NOISE FLOOR . . 
1 0 - l ~ ~  I I *I. • 1 I 

10 1 w 1,000 10,000 100 K 
SAMPLING TIME 7. rbc 

Fig. 6. The measured square root of the Allan 
variance of the commercial cesium fre-  
quency standard and the noise f loor  of 
the frequency measurement system 



Measurement Results 

Figure 7 shows the resul ts  of measurements made for  
changes i n  microwave power level of -1 dB, + I  dB, and 
+3 dB. For the -1-dB data ,  each point represents the 
difference between two 7000-sec samples; fo r  the +I-dB 
data, each point represents the difference between two 
14,000-sec samples; and f o r  the +3-dB data, each point, 
represents the difference between two 21,000-sec sam- 
ples. Each data point is calculated as  the difference 
in output frequency between the frequency a t  the 
higher power and the frequency a t  the lower' power,, 
both of which are  normalized to the nominal output. 
In other words, 

ordinate - (AfH - AfL)/5 MHz 

where Af i s  the change in output frequency for  the 
higher mycrowave power and Af is the change i n  output 
frequency for  the lower michwave power. As Fig. 7 
shows, fo r  the + l -dB  and -1-dB data there i s  a zero 
crossing a t  about 26 kHz, but i t  i s  d i f f i cu l t  to  see 
i f  there are  any other zero crossings. For the +3-dB 
data i t  is clear that  there a re  two zero crossings a t  
about 25 and 37 kHz. 

-71 1 I I I I I I I 
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Fig. 7 .  A plot of the difference in  frequency 
changes, as  a function of the C-field of 
a cmnercial frequency standard, fo r  three 
microwave power levels  (-1, + I ,  and +3 dB) 
with respect t o  the optimum power level Po 

Because De Marchi, using the H-P C s  frequency 
standard, had found multiple zero crossings f o r  a 
+ I -dB  power change (Fig. 11, we decided to spend the 
time to make a s t a t i s t i c a l l y  significant measurement 
on our commercial C s  frequency standard for  the same 
*I-dB change. Figure 8 shows the resul ts  of t h i s  
measurement, with each data point representing the 
difference between two 100,000-sec samples ( the error  
bars are  22 standard deviations). These data show 
d is t inc t  zem crossings a t  about 25 and 37 kHz, in  
agreement with the ea r l i e r  resul ts  fo r  the larger 
power change of +3 dB. Thus i t  may be possible t o  
shorten greatly the amount of time i t  takes to 
determine the location of the 1-dB zero crossing by 
using data fo r  the 3-dB change. This could reduce the 
data-taking time t o  as  few a s  two or  three days. 

A s  Fig. 8 shows, he slope a t  the 37-kllz zero 
crossing i 0.11 x 10-15/kHz. compared t o  the slope of 
0.62 x 10-Q2/kHz for  the H-P standard (Fig. 1). Thus, 
f o r  a given departure from the optimum Zeeman fre-  
quency, the frequency of our ccmmercfal Cs frequency 
standard would be from f ive  t o  s i x  times less  senui- 
t ive to  power changes than would be that  of the H-P 
standard. We caution that  these data are  fo r  a small 
sample of clocks (three H-P clocks i n  De Marchi's case 
and one frcm another manufacturer i n  our case) ,  and 
may or may not be typical.  

On October 11, 1988, our commercial C s  frequency 
standard was taken t o  the National Bureau of Standards 
(NBS) a t  Boulder, Colorado, fo r  an evaluation of the 
standard's long-term frequency s t a b i l i t y  a t  C-fields 
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Fig. 8. Final average data of the difference in  
residual frequency changes, as  a function 
of C-field, f o r  a microwave power change 
of + I  dB above optimum power 

corresponding to Zeeman frequencies of 37 kHz (ttie 
optimum found i n  our measurements) and 44 kHz t o  
determine i f  the long-term frequency s t a b i l i t y  is 
improved by operating a t  an optimum C-field set t ing.  
We are presently in the process of making similar 
measurements on C s  frequency standards made by other 
manufacturers. 

Inaccuracies in  the Measl~rement System 

Our measurement system introduces three sources of 
error  or uncertainty: (1)  frequency measurement 
errors ,  ( 2 )  C-field current set t ing errors ,  arid 
(3 )  power se t t ing  errors .  The f i r s t  e r ror ,  a s  shown 
i n  Fig. 6 ,  has been shown t o  be almost two orders of 
magnitude below the measurement data. The uncertainty 
of the C-field currest se t t ing  is probably on the 
order of parts in  10 in our laboratory environment 
over the three months during which data were taken; 
t h i s  s t a b i l i t y  i s  largely s e t  by the s t a b i l i t y  of  a 
precision film resis tor .  The third source of uncer- 
ta inty,  the measurement of the microwave power, is the 
most d i f f i c u l t  of the three t o  assess. Figure 9 shows 
the measured power over 21 days of the C-field mea- 
surement time. Separate s t a b i l i t y  measurements were 
made on the power meter and head over about two weeks; 
i t  was found that  the noise, a s  measured by the stan- 
dard deviation, i n  the measurement system was more 
than two orders of magnitude below the noise i n  the 
power measurements, as  shown i n  Fig. 9. The data i n  
t h i s  figure w i l l  be analyzed s t a t i s t i c a l l y  and, i n  

Fig. 9. A plot of power measurements made during 
the C-field experiment 
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conjunction with the data in  Fig. 8, w i l l  be used to 
calculate the effects  of these power variations on the 
r~oise f loor  of the clock. 

Conclusions 

The C-field experiment of De Marchi was performed 
on a ccmmercial C s  frequency standard that used a 
square-wave phase-modulation scheme. The changes i n  
microwave power level were from -1 dB t o  +3 dB rela- 
t ive to  the optimum power level ( the power level that 
gives maximum beam current).  The resul ts  stlowed that 
two optimum C-fleld levels minimized variations in  
output frequency that were caused by changes in  
microwave power. 

The C s  frequency standard was sent t o  N D S  t o  deter- 
mine i f  set t ing the C-field t o  t h i s  optimum value 
would improve the long-term frequency s t a b i l i t y  of the 
frequency standard. 
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STUDIES OF COUPLING TO RAMSEY CAVITY I N  CESIUM BEAM TUBE 

L. JOHNSON P. THOMANN 

OSCILLOQUARTZ SA - NEUCHATEL - SUISSE 

ABSTRACT. 

Use o f  an E-plane s l o t  t o  coup le  t h e  i n p u t  feed t o  t h e  
Cs beam Ranlsey c a v i t y  has been s t u d i e d ,  a long  w i t h  
measurement techniques u s i n g  c a v i t y  arm decoup l ing  
a t  oddX /4 arm leng ths .  The s l o t  c o u p l i n g  o f f e r s  t h e  
advantag8 o f  b e i n g  a b l e  t o  d i s p l a c e  t h e  feed  waveguide 
s l i g h t y  t o  e q u a l i z e  t h e  arin e l e c t r i c a l  l eng ths .  
P o s i t i o n  s e n s i t i v i t y  depends on s l o t  dimensions. 
A c o a x i a l  - waveguide t r a n s i t i o n  t o  t h e  c a v i t y  i n p u t  
feed u s i n g  l o s s y  t u n i n g  elements was demonstrated as 
f e a s i b l e .  Such an arrangement a l l o w s  passage o f  t h e  
coax through lnagnetic s h i e l d i n g  i n s t e a d  of  waveguide 
w i t h  an accompanying inlprovernent i n  s h i e l d i n g .  

I INTRODUCTION 

The microwave system f o r  i n t e r r o g a t i o n  o f  a cesium 
beam u s u a l l y  c o n s i s t s  o f  p r o v i d i n g  two in-phase 
o s c i l l a t i n g  f i e l d s  separated by a space o f  low 
magnetic f i e l d .  Th is  s t r u c t u r e  i s  r e f e r r e d  t o  as a 
"Ra~lisey Cav i t y "  and i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  
F l g u r e  I. I n  c o m e r c i a l  Cesium-beam tubes t h e  c a v i t y  
i s  u s u a l l y  formed f rom WR-90 waveguide w i t h  t h e  arms 
b e n t  90" i n  t h e  E-plane. The c e n t e r  feed  i s  an open 
T - j u n c t i o n ,  aga in  i n  t h e  E-plane. The dominant 
requi rement  o f  t h i s  s t r u c t u r e  i s  in-phase o s c i l l a t i n g  
magnetic f i e l d s  a t  t h e  end o f  t h e  arms where t h e  Cs 
atoms t r a v e r s e  t h e  s t r u c t u r e .  To t h i s  end, t h e  two 
arms a r e  o f  equal e l e c t r i c a l  l e n g t h  : a m u l t i p l e  o f  
t h e  h a l f  guide w a v e l e n g t h 1  /2. 
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Since the  f requency accuracy o f  t h e  Cs beam apparatus 
depends t o  a f i r s t  o r d e r  on t h e  phase d i f f e r e n c e  o f  
t h e  o s c i l l a t i n g  f i e l d s  ( t h e  arin e l e c t r i c a l  l e n g t h  w i t h  
respec t  t o  t h e  c e n t e r  feed)  i t  becomes o f  fundamental 
importance t o  measure t h i s  l e n g t h  as a p a r t  o f  t h e  
f a b r i c a t i o n  process. The method o f  acconlpl i s h i n g  t h i s  
uses t h e  e f f e c t  o f  decoup l ing  t h e  two arms e l e c t r i -  
c a l  l y .  T h i s  decoupl ing,  measured e i t h e r  mechan ica l l y ,  
o r  e l e c t r i c a l l y ,  w i l l  determine t h e  e l e c t r i c a l  l eng th .  
E l e c t r i c a l l y  t h e  j u n c t i o n  can be represen ted  by a -17- 
network ( F i g u r e  3 )  and i t  can be r e a d i l y  seen t h a t  
two arms become decoupled whenever t h e  t h i r d  
(decoup l ing )  arm presents a h i g h  ( t h e o r e t i c a l l y  
i n f i n i t e )  impedance. Th is  w i l l  occur  whenever t h e  
decoup l ing  arm i s  s h o r t - c i r c u i t e d  and odd m u l t i p l e s  o f  
A / 4  long.  E v i d e n t l y  t h e  arms w i l l  n o t  decouple a t  
t h 8  Cs f requency,  s i n c e  they  a r e  an even nlul t i p l e  o f  
), /4 a t  t h a t  frequency. 

g ~ o w e v e r ,  they  can be decoupled by a s h o r t - c i r c u i t  
on t h e  feed arm a d j u s t e d  f o r  odd), /4. T h i s  decoup l ing  
i s  observed by connec t ing  a g e n e r i t o r  t o  one arm and 
d e t e c t i n g  t h e  t r a n s m i t t e d  s i g n a l  t o  t h e  o t h e r  arm. I f ,  
i n  t h e  c o n d i t i o n  o f  decoupl ing,  one measures t h e  
s tand ing  wave n u l l  on t h e  generator  arm, then  i n t e r -  
changes t h e  arms, t h e  change i n  p o s i t i o n  o f  t h e  
s tand ing  wave n u l l  measures d i r e c t l y  t h e  arnl l e n g t h  
d i f f e r e n c e .  

Th is  method has t h e  advantage of measurement a t  t h e  Cs 
f requency,  and t h e  d isadvantage t h a t  measurements a r e  
made w i t h o u t  a c t u a l  s h o r t - c i r c u i t  t e r m i n a t i o n s  i n  
place,lience r e l y i n g  on t h e  q u a l i t y  o f  t h e  e l e c t r i c a l  
connec t ion  between t h e  waveguide arm and t h e  genera to r  
o u t p u t  arm. An a l t e r n a t e  method uses t h e  decoup l ing  o f  
the  s h o r t - c i r c u i t e d  arms a t  7 / 4 b  and 9/4 and 
subsequent c a l c u l a t i o n  o f  the  e l e 2 t r i c a l  l e n g t h s  
a t  Cs f requency.  The method has t h e  advantage o f  
n~easure~nents w i t h  s h o r t  c i r c u i t s  i n  p lace.Disadvantages 
a r e  t h a t  measuren~ents a r e  n o t  made a t  t h e  o p e r a t i n g  
f requency,  c a l c u l a t i o n s  assume a norn la l l y  d i s p e r s i v e  
c h a r a c t e r i s t i c  o f  t h e  wave-guide, and p e r t u r b i n g  
e f f e c t s  o f  t h e  j u n c t i o n  a r e  smal l .  These ques t ions  
a r e  examined i n  illore d e t a i l  i n  t h e  f o l l o w i n g  sec t ions .  

I 1 1  SLOT-COUPLED T-JUNCTION 

The E-plane s l o t - c o u p l e d  T - j u n c t i o n  i s  a j u n c t i o n  
wherein coup1 i n g  between t h e  feed  arni and c a v i t y  arllls 
i s  accomplished v i a  a t ransverse  s l o t  t h e  f u l l  wave- 
gbide w i d t h  ( F i g u r e  2 ) .  From t h e  f i g u r e  i t  can be seen 
t h a t  t h e  branch ( f e e d )  arm inlay be d i s p l a c e d  a long  t h e  
d i r e c t i o n  o f  t h e  c a v i t y  arms and, i n t u i t i v e l y ,  t h e  
e f f e c t i v e  c e n t e r  o f  c o u p l i n g  t h e  branch t o  t h e  arms 
would a l s o  be d isp laced .  T h i s  s i t u a t i o n  has t h e  
advantage o f  changing t h e  e l e c t r i c a l  l e n g t h  o f  t h e  
arms w i t h o u t  n e c e s s i t y  f o r  machin ing o p e r a t i o n s  on t h e  
arm ends. Wi th waveguide s h o r t  c i r c u i t s  i n  p l a c e  
nleasurelnents o f  arm decoup l ing  f requenc ies  u s i n g  a 
probe a t  t h e  Cs beam s l o t  opening ( f i g . 1 )  a t  7 / 4 A  
and 9 / 4 A  would a l l o w  c a l c u l a t i n g  t h e  e l e c t r i c a l  
l e n g t h  g d i f f e r e n c e  a t  Cs f requency,  w i t h  subsequent 
adjustement  by d isp lacement  o f  t h e  branch arm. 

A. E l e c t r i c a l  C h a r a c t e r i s t i c s .  

The e q u i v a l e n t  c i r c u i t  o f  t h e  T - j u n c t i o n  i s  shown i n  
F i g u r e  3, (REF [ I ] )  .Ca lcu la ted  va lues  o f  (no rma l i zed)  
s l o t  susceptance vs s l o t  w i d t h  a r e  presented i n  F i g u r e  
4. L i m i t s  on accuracy a r e  imposed by t h e  p h y s i c a l  
c h a r a c t e r i s t i c s  assumed f o r  t h e  s l o t  so t h a t  c a l c u l a -  
t i o n s  f o r  s l o t  w id ths  up t o  6mn1 a r e  reasonably 
accura te .  Reference C11 d iscusses  these f a c t o r s  i n  more 
d e t a i l .  The schematic p r e s e n t a t i o n  i n  F i g u r e  5 
represen ts  t h e  j u n c t i o n  and arms as presented i n  t h e  
a c t u a l  nleasureinent srethod. The i d e a l  (no j u n c t i o n  
susceptances) decoupl i n g  e l e c t r i c a l  l eng ths ,  7 / 4 X 9  

and 9 / 4 A  a r e  ~ l i o d i f i e d  by t h e  presence o f  t h e  j u n c t i o n  
susceptan2es Ba/Yo. Th is  apparent  l e n g t h  change i s  
summarized i n  t a b l e  1 .  

B. E l e c t r i c a l  Lenqth O e t e r ~ n i n a t i o n .  

The e l e c t r i c a l  l e n  t h ,  ( 2 T I / X  )l, o f  a wave gu ide  can 
be determined whenf andearegknown. > , gu ide  
wavelength, i s  ca lcuTa ted  fr ni t h e  r e l a t i o n s h i p  g i v e n  
i n  Eq. ( 1 )  F i g u r e  6. Length, &, i s  unknown due t o  t h e  
f a c t  t h a t  t h e  c a v i t y  arms a r e  b e n t  90" making a 
p h y s i c a l  measurement o f  l e n g t h  imposs ib le .  However, an 
e f f e c t i v e  l e n g t h  may deter i i i ined b y  d e f i n i n g  t h e  
f requenc ies  a t  which t h e  arm decouples as b e i n g  those 
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f o r  7 / 4 >  . With t h e  siniultaneous equat ions formed, t h e  C. A tuned- lossy  s t r u c t u r e  f o r  c o u p l i n g  c o a x i a l l y  t o  
ef fect ive!& can be determined, and then A . Ca lcu la -  t h e  Ranisey t o  branch arm was i n v e s t i g a t e d  and showed 
t i o n  o f  an e f f e c t i v e h  c i s  necessary, becaase t h e  s a t i s f a c t o r y  r e s u l t s .  
bending process does n o t  necessary leave  t h e  gu ide  
w id th ,  a, cons tan t  over  t h e  f u l l  l e n g t h  o f  t h e  arni. VI  REFERENCES 
Once t h e  e f f e c t i v e  length,,(, and c u t o f f  wdve leng th ,  
A c ,  a r e  s p e c i f i e d ,  t h e  A a t  any o t h e r  f requency I ay Ctl N. Marcuv i t z .  Waveguide Handbook Vol. 10 
be c a l c u l a t e d ,  and hence 'the e l e c t r i c a l   length.^!, a t  MIT R a d i a t i o n  Labora to ry  Ser ies  Boston Techn ica l  t h a t  frequency. Cons ider inq  F i g .  6, i t  i s  e v i d e n t  t h a t  

Publishers 1964. t h e  decoup l ing  f requenc ies  a r e  m o d i f i e d  by t h e  j u n c t i o n  
susceptances. Th is  would produce a d isp lacement  o f  t h e  
a c t u a l  vs frequency curve  and thus  t h e  d i s p e r s i v e  
c h a r a c t e y i s t i c s  o f  t h e  waveguide. Th is  e f f e c t  has been 
c a l c u l a t e d  and sunimarized i n  Table 2 f o r  o u r  
requi rements.  The c a l c u l a t i o n s  assume t h a t  b o t h  fand 
h c  a r e  independant o f  f requency.  Because o f  t h e  non- 
u n i f o r m i t i e s  in t roduced  by t h e  bends, t h e r e  i s  no 
reason t o  t h i n k  t h a t  t h i s  i s  t h e  case. E v a l u a t i o n  o f  
t h i s  can bes t  be accomplished by a c t u a l  f requency 
n ieasurenmts on t h e  Cs beam tube i t s e l f ,  s i n c e  t h e  
f requency i s  ve ry  s e n s i t i v e  t o  t h e  phase d i f f e r e n c e  
between t h e  two arms. To date,  t h e  technique has been 
used on Ramsey c a v i t i e s  w i t h  open T- junc t ions .  Resu l t s  
have been s a t i s f a c t o r y .  

C. Feed Arin Displacement. 

As mentioned above, t h e  s l o t  coup led  T - j u n c t i o n  o f f e r s  
the  i n t r i n s i c  advantage o f  d i s p l a c i n g  t h e  branch arm 
a smal l  amount necessary t o  achieve e l e c t r i c a l  l e n g t h  
e q u a l i t y  o f  t h e  two arms. The s e n s i t i v i t y  o f  t h i s  
d isp lacement  i n  compensating f o r  arm d i f f e r e n c e  depends 
on s l o t  w id th .  Tab le  3 g ives  a summary o f  mesured 
values o f  t h e  c o e f f i c i e n t  o f  branch ( f e e d )  d isp lacement  
as a f u n c t i o n  o f  arm l e n g t h  change as measured a t  t h e  
two decoupl i n g  f requenc ies .  

I V  COAXIAL - WAVEGUIDE TRANSITION 

Our s tudy  o f  c o u p l i n g  t o  t h e  Ramsey c a v i t y  has been 
extended t o  t h e  t r a n s i t i o n  f rom c o a x i a l  1 i n e  t o  
waveguide as b e i n g  i n c l u d e d  i n  t h e  o v e r a l l  waveguide 
s t r u c t u r e .  The t y p i c a l  Ramsey c a v i t y  i s  energ ized  b y  
t h e  branch ( f e e d )  guide ( f i g . 1 ) .  Such an arrangement 
r e q u i r e s  a l a r g e  opening i n  t h e  magnet ic  s h i e l d i n g  
sur round ing  the  Cs beam i n t e r a c t i o n  r e g i o n  w i t h  
consequent p e r t u r b a t i o n  i n  magnetic homogeneity 
between t h e  c a v i t y  arms. A c o a x i a l  feed  a t  t h e  Ramsey 
c a v i t y ,  by c o n t r a s t ,  would r e q u i r e  o n l y  a smal l  opening 
i n  t h e  s h i e l d i n g  th rough  which t h e  coax c o u l d  pass. 
The concept i s  i l l u s t r a t e d  i n  F i g u r e  7. I t  i s  p o s s i b l e  
t o  match t h e  t r a n s i t i o n  s t r u c t u r e  and r e a l i z e  a d e s i r e d  
Q o f  t h e  c o u p l i n g  system by u s i n g  l o s s y  t u n i n g  elements. 
FIG 8 shows some r e s u l t s  o f  t h i s  approach. - 
Advantages o f  t h e  method : 
1 - Presc r ibed  t r a n s i ~ i i s s i o n  l o s s  and Q can be ob ta ined  

and a r e  a permanent p a r t  o f  t h e  beam tube. 

2 - The beam tube presents a reasonably matched l o a d  
f o r  t h e  e x t e r n a l  ~ i i ic rowave i n t e r r o g a t i n g  system, 
s i m p l i f y i n g  e l e c t r o n i c s .  

3 - The e f f e c t i v e  temperature dependance o f  t h e  
microwave feed  a t  t h e  beam tube can be c h a r a c t e r i -  
zed. 

V CONCLUSIONS 

A. Use o f  s l o t - c o u p l e d  T c o u p l i n g  t o  t h e  Ramsey c a v i t y  
has been s t u d i e d  showing t h e  p o s s i b i l i t y  o f  d i s p l a c i n g  
t h e  branch arm t o  e q u a l i z e  t h e  e l e c t r i c a l  l e n g t h  o f  
t h e  c a v i t y  arms. The s e n s i t i v i t y  o f  t h i s  d isp lacement  
depends upon dimensions o f  t h e  s l o t .  

6. C a l c u l a t i o n  o f  arm e l e c t r i c a l  l e n g t h s  by lneasuring 
decoup l ing  f requenc ies  o t h e r  than  t h e  Cs f requency 
a r e  per tu rbed  by t h e  j u n c t i o n  susceptances w i t h i n  
accep tab le  1 i m i  t s .  



Guide s h o r t  c i r c u i t  

Cs beam 
S l o t  f o r  passage o f  Cs bean1 

C a v i t y  arlil 

E-plane 90" bend 

F i g u r e  1. Ramsey c a v i t y  c r o s s - s e c t i o n  

C a v i t y  arm 4 - 1 C a v i t y  arm 

- 

Branch gu ide  

b = c a v i t y  arm gu ide  h e i g h t  

b ' =  Branch arm gu ide  h e i g h t  

d = s l o t  w i d t h  

(Note : s l o t  t r a v e r s e s  e n t i r e  guide w i d t h )  

F i g u r e  2. E-Plane s l o t - T  j u n c t i o n  c ross  s e c t i o n  



! h e r e  Yo = waveguide c h a r a c t e r i s t i c  admittance 

hq = guide wavelength 

b, b ' ,  d as def ined i n  FIG.2. 

Figure 3 .  E-plane s l o t - T  equiva lent  c i r c u i t  

S l o t  kridth - lilln 

Flqure 4. Da/Yo vs S l o t  width 
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Generator 

I 
Junct ion refzrence plane 

I 

C) Detector 
1 

i : = e l e c t r i c a l  length  

t-L . - - - -  
* 

Ideal  cond i t ion  : Ba/Yo not  present and decouplinq o f  arni occurs 

f o r  (lt = 7/4) g ,  9/4 A rJ. 

Where 9 = 2lT/A q 

& = arm length  

Actual cond i t i on  : Arm A susceptance a t  reference plane tilust equal 

+ j Ba/Yo. 

For idea l  short  c i r c u i t e d  l i n e  : 

Cot l g  = Ba/Yo and thus the actual  decouplinq frequency i s  

determined by the necessary A g t o  make c o t / 3 l =  BaiYo 

Figure 5. [ncy. 



To ca1culate gk, g and I t n u s t  be known. 

A g  i s  g iven b y :  

X g  = 
A 0 

\I1 - ( A o  / J c  )L ( 1 )  

~ h e r e A o =  f r e e  space wavelength 
h c =  guide c u t  o f f  wavelength (= 2 x guide width,  a )  

This i s  i l l u s t r a t e d  g raph i ca l l y  : 

I I Frequency 

c u t  o f f  

frequency 1 i1 , , fo2  

decoupled 1 
frequencies 

From decoupl i n g  frequency measurellients, ) \c can be deter~ll ined, hence f o r  any qiven f . P' 
Figure 6. Deter~n ina t ion  o f  1 c from decoupled frequencies. 



Calculated f o r 1  = 93.077 m (@= 0/4Xg a t  9192 MHz) 

Arm length  d i f f e rence  a t  7/4X g and 9/4X g due t o  j unc t i on  susceptance. 

S lo t  
w id th  

2 

3 

4 

5 

6 

TABLE 1 

Decoupl ed 
Frequency 

8648.29 

8650.13 

8652.61 

8655.68 

8659.28 

A r m  length  
d i f f e rence  - m 

3.7879 x 

8.436 x 

14.604 x 

22.462 x 

31.474 x 

Dimensions i n  M. 

Oecoupled 
Frequency 

9775.37 

9778.05 

9781.58 

9785.87 

9790.73 

I 

S l o t  

W 

4 

5 

4 

5 

OP:N 

Ef fec t  o f  j unc t i on  susceptance on ca lcu la ted arm length  a t  9192 MHz 

TABLE 2 - 

Arm leng th  
d i f f e rence  - mm 

3.7217 x10-~ 

8.3181 x10-~ 

14.353 x10-~ 

21.874 x10-~ 

30.254 x1oW2 

Coe f f i c i en t  o f  branch l i n e  displacement VS arm 
'length change f o r  var ious s l a t  widths 

TABLE 3 

Length m 

ARilA 

93.077 

93.077 

93.077 

93.077 

93.0 

Di f fe rence 

Idea l  

Junct ion 

- 1.41 x 

- 3 x 

1.6 x 

2 x lom5 

9.06 x 

Calculated D i f f .  

A R M B  

93.0 

93.0 

93.2 

93.2 

92.0 

Idea l  

0.07669 

0.07669 

0.12259 

0.12259 

0.99634 

OIFF. 

0.077 

0.077 

0.123 

0.123 

1 .O 

w i t h  
j unc t i on  

0.0781 

0.07672 

0.12099 

0.12257 

0.98728 



/- 
Coax-waveguide t r a n s i t i o n  

Screw 

\-- - - -. Ramsey c a v i t y  ' 

Figure 7.  Ramsey wi th  coax-waveguide tuned feed 

5 0 n  Coax - 5 0 n  Coax 

D 
Coax center  lossy d i e l e c t r i c  conductor screw antenne 

penet ra t ion  - 

. Tuning screw 

J-- -* 
il 

Power measure 

. . .rr t--.--. Waveguide load 
VSWR => 30db 

d 2 4 6 8 10 

Penetrat ion D - mm 
Figure 8. Coaxial feed c h a r a c t e r i s t i c s  



LONG TERM FREQUENCY STABILIZATION OF EXTENIIED-CAVITY 
1.5 pni SEMICONDUCTOR LASERS . 

M. de LABACI1ELERIE, K.M. DIOMANDE, P. KEMSSU, P. CEREZ 

Labora to i re  de 1 'Horloge A t o m i q u e  
Unit6 propre  de recherche  assoc i6e  B l 'universitg de Par i s -Sud .  

Bitt. 221 - Universi t6 d e  Paris-Sud 
91405 O r s a y ,  Prance .  

On thc othcr hand, for frcqucncy multiplcxing, it is 
F~~ cohcrcnt optical communic~l ions ,  a low !in,.- ncccssary to fix t l ~ c  absolutc valuc of each channel oplical 

width rrcqucncy stabi\izcd 1.5 laser would be frcqucncy; othcrwisc, ~ h c  frcqucncy of cmilting lascrs 
v;lluablc. Wc have designed and opcratcd an cxtcndcd- could drift and would bc dctcclcd by wrong local oscillators 
cavity 1.5 pm scmiconductor lascr with a 50 ktlz lillcwidth thus lcading to a wrong signal dctcction. Such a fixcd 
and a 2.10- frcquency stability floor whcn locked to t l ~ c  optical frcqucncy for cmit~ors and local oscillators can bc 
side of an amnionia absorption linc. obtained if one lascr is long-tcm~ frequency stabilizcd on 

an absolutc frcqucncy rcfcrcncc, and the other are offsct 
frcqucncy-lockcd to thc long-term stabilizcd lascr, using 

=-cavity semiconductor lascm (ECL) havc for i"s""~c a F a h r ~  Pcml inwrfcromcl~r. 

rcccntly bccn cxtcnsivcly studied to improve the spcctral It is now clcar that such cohcrcnt communication 
chilr;rclcristics o f  laser diodes [1,2,31 : lhcsc lasers llavc systcms rcquirc lascr sourccs tliat arc simultaneously vcry 
spectral lincwidths that arc far much bcttcr t\lnll ordinary cohcrcnt and long-term stabilized on absolutc frcqucncy 
laser diodcs. Thc main applications of such low lincwidth rcfcrcnccs. In ordcr lo makc such a lascr source, we havc 
luscrs arc c o ~ r ~ ~ c c l c d  with col~crcnt  optical c o n ~ ~ i ~ u n i -  chooscn to makc an cxtcndcd-cavity 1.5 p n ~  lascr (for high 
cations, howcvcr, such systcms rcquirc also long-tcrm cohcrcncc), and to stabilizc its frcqucncy to a r~~olccular  
stabilization of thc lascr frcqucncy that can bc providcd by absorption lint of ammonia around 1.5 pm (for long-term 
frcqucncy locking of thc lascr an a molccular absorption rrcqucncy stability). 
l i ~ ~ c .  Whilc long-tcrm frcqucncy stabilization has alrcatly 
hccn pcrfor~ncd with intcgratcd dcviccs 141, no cxpcrinlct~ts 
havc bccn prcscntcd for frcqucncy stabilization of an ECI,, 
which is a much morc difficult task. Aftcr a prcscntation of Q%!~d.-"m~!i&u2w"..; 
our cxtcndcd-cavity lascrs, wc will prcscnt our latcst rcsults Thc  lincwidth of sc~niconductor  lasers being 
concerning thc long-term frcqucncy stabilization of such 

invcrscly proportionnal to the square of the lascr optical 
lascrs on Ammonia molccular lines around 1,5 pnl .  

cavity length, the bcst way lo obtain lincwidths sniall 
enough for cohcrcnt optical communications consists in 

ired far c o h e r e n t e a l  communicatlorlp; using cxtcndcd-cavity lascrs (ECL) that arc made of an anti- 
The rcccnt intcrcs! for cohercnt optical communi- rcflcction coatcd lascr diodc couplcd to a much longcr 

cations comcs from two main advantages of such systcnls passive extcrnal cavity [2,5]. 
compared to intensity modulated systems: We have dcsigncd and operatcd such lasers with 
- The first onc is an incrcasc in the dcl~ctcd signal-to-noise cithcr GalnAsP diodcs (1.5 pm lasing wavclcngth) or GaAlAs 
ratio which allows either to lcngthcn the optical link diodcs (0.85 pm wavclcngth): the AR-coated facet oulput 
bctwccn rcpcatcrs, or to incrcasc the bit rate for a fixcd light is collimated by a largc apcrturc microscopc objcctivc 
l e n g t h .  (0.5 numerical rpcrturc), and dirccted to a Littrow-mountcd 
- Thc second advantage is thc possibility of a vcry dcnsc diffraction grating which cnds thc cxlcndcd cavity (fig.1). 
frcqucncy multiplcxing which allows to group a vcry largc 
number of channcls on the same fiber link. 

Ilowcvcr, thcsc communication systcms rcquirc a vcry 
high cohcrcncc of optical sourccs: for cfficicnt modula- 
tion/dcmodulation formats, thc emittor or local oscillator 
lascr lincwidth should bc inferior to 0.1% of the bit rate, 
which inlposcs practically lo attain lincwidths on thc ordcr . 
of 100 kHz [ I ] .  Up to now, intcgratcd scmiconductor lascr 
dcviccs cannot rcach such narrow lincwitdhs, it is t l ~ u s  
ncccssary to usc irnprovcd sourccs such as extcndcd-cavity 
lascrs which havc dc~nonstratcd lincwidths as narrow as 15 
k t l ~  [51. 

objective 

Fia. 1 : Extended-cavitv laser 
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mcnt of socclral m r t i e s  ; 
Thanks to thc grating spcctral sclcctivity, a broad 

tuning of thc lasing wavclcngth can be obtaincd whcn thc 
grating is rotatcd about an axis parallcl to its groovcs .Whilc 
the tuning rangc of laser diodes is usually limited to a few 
nanomctcrs, this cxtcrnal wavclcngth control allowcd us to 
obtain a tuning rangc largcr than 30 nm with AlGaAs 850 
nm lascrs, and 100 nm around 1.5 p m  for InGaAsP lascrs. 
' r l~ i s  Iargc tuning rangc is vcry intcrcsting for any atonl- 
light intcracrion such as lascr spcctroscopy or optical putn- 
ping in Ccr iu~n  bcam frcqucncy standards, bccausc rllcsc 
applications rcquirc an accuratc spcctral tuning of thc 
l a sc r .  

It is intcrcsting to noticc that most of thc buricd 
hctcrostructurc InGaAsP 1.5 pm diodcs which usually omit a 
multi-frcqucncy optical spcctrum without cxtcrnal cavity, 
wcrc always singlc frcqucncy in an cxtcndcd-cavity 
c o n f i g u r a t i o n .  

Thc analysis of thc R F  frequcncy bcat betwccn two 
identical lascrs allowed us to rccord an instantaneous 
cxtcnded-cavity lascr lincwidth betwccn 10 and 50 kilohertz 
depcnding on thc lascrs and the opcrating conditions. 
However, the lasing rrcqucncy was scnsitive to acoustical 
and mechanical pcrturbations of the cavity lcngth which 
broadcns thc optical spcctrum for longcr observation timcs; 
for a 1 sccond o b s c ~ a t i o n  timc, thc optical cncrgy was thus 
distributed ovcr a I MHz frcqucncy band. 

For semiconductor lascrs, onc of thc major frcqucncy 
noisc sourcc is rclatcd to thc frcqucncy perturbations duc 
to rcflcctcd optical powcr in the lascr cavity; howcvcr, as 
thc scnsitivity of a lascr sourcc frcqucncy to optical 
fccdback is invcrscly proportionnal to thc lascr optical 
cavity Icngth, cxrcndcd-cavity lascrs arc far lcss pcrturhcd 
by optical fccdback than ordinary diodcs, for thc samc 
powcr lcvcl rcflcctcd in thc lascr. This is of grcat practical 
intcrcst for  any light-atom intcraclion bccausc rcsidual 
fccdback is a major frcqucncy noisc sourcc in this kind of 
c x p c r i m c n t .  

for a s w c n d c d - c a v i t v  . 3 .  I I I S E L ;  
Extcndcd-cavity lascrs suffcr from two main drawbacks: 

-The lasing frcqucncy .is sensitive to acoustical pcrtur- 
bations of thc cavity Icngth. 
- The laser powcr and frequency are also sensitive to 
mechanical misalignements (the alignemcnt of  thc lascr 
cavity must remain stable to about 0.1 pm in 3 directions). 

While  acoust ical  per turbat ions can usual ly bc 
corrcctcd by an clcctronic fccdback loop, we havc not bccn 
ablc  to find an accuratc crror  signal to stabilize 
electronically thc diodc laser position in thc cxtcndcd- 
cavity. The kcy point to obtain a rcliablc stabiliacd lascr 
will thcn bc thc mcchanical and thcrn~al stability of thc 
cavity which has to be bctter than 0.1 p m  to avoid modc 
hops that cannot  bc corrected by tllc f requency 
stabilization loop. 

In ordcr to makc such a stable cavity we have choosen to : 
- Eliminate a11 mcchanical movements cxccpt onc 

nlovemcnt which providcs a finc frcquency tuning for 
frcqucncy stabilization. 

- S t a b i l i ~ c  thc tcmpcraturc of thc wholc lascr cavity 
within O.l°C ro limit thcrnmal drifts. 

Fig.2 shows thc mcchanical arrangcmcnl: thc optical 
components arc sct in the right position, in ordcr to 
providc a good aligncn~cnt and a lascr wavclcngth vcry 
closc lo thc dcsircd frcqucncy, and thcn glucd to a coopcr 
platc, tcm[~craturc blabili/cd within 0.0I0C. A 2 nlnl thick 
silica platc inscrlcd in thc lascr cavity and rotatcd with a 
picaoclcctric actualor, allows finc tuning of its frcqucncy 
ovcr scvcral Gigahertz. 

In ordcr to tcst thc stability of such a mcchanical 
arrangcnlcnt, wc l ~ a v c  monitored thc hctcrodync beat 
bctwccn two idcntical frcc-running lascrs on a 1GHz 
bandwith spcctrum analyscr and wc havc noticcd that thc 
frcqucncy diffcrcncc stayed in thc +- IGiiz  analyscd band 
for several days. 

-lines fr- 
As was previously shown [61, new absorption lincs that 

may bc used for lascr frcqucncy standards should bc find in 
lhc 1.3-1.6 p m  fiber optics band. Unfortunatcly. avaliable 
data is not prccisc cnough to choose accura~cly a new 
rcfcrcncc linc; wc havc thus first r ca l i~cd  a spectroscopic 
work to cxplorc this wavclcngth rcgion wirh a grcat 
precision. 

Using an ECL wc havc obtained thc first high 
resolution lascr spcctrum of Ammonia in thc 1.49-1.52 
microns rangc. Thc 30 slrongcst lincs havc bccn calibrated 
with a 1V7 accuracy using a wavcnlctcr: Fig. 3 shows rhc 
rccordcd spcctrunl wltich contains many lincs, oftcn vcry 
wcll rcsolvcd and significar~tly absorbing for ~nodcratc  gas 
prcssurcs (typically 10 torrs) . Ilowcvcr, thcsc lincs havc a 
Dopplcr width of 600 MlIz which lcads to a practical 
lincwidth of lGHz if collisionnal broadening is addcd. 
Morcovcr, as no saturated absorption has bccn obscrvcd up 
to now, the rcfcrcncc lincs arc too widc to obtain thc 10-I * 
stability alrcady rccordcd (51 with the Cs-D2 linc at 852 nnl. 

lntracavity objective -\ Output coupling 
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Fia.2 : Mechanical arranaement of the ECL 
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One of the strongcst lincs rccordcd is a doublet at 
1514 nm with a 1.3 GHz scparation bctwccn c a c l ~  
component; it can be uscd for a long tcrm frcqucncy 
stabilization of the ECL. 

Thc absorption is high cnough to use a 20 cm long 
absorption lcngth (or a 7 cm ccll with 3 pass) fillcd with 10 
torrs of NH3 to claboratc a prccisc crror signal. 

Dctcction tcchniouc ; 
Stabili~ation of thc lascr frcqucncy on thc top of the 

rcfcrcncc linc rcquircs a modulation of thc lascr 
lrcqucncy; howcver, optimum pcrformanccs arc obtained 
only whcn thc modulation amplitudc attains 30% of thc 
rcfcrcncc lincwidtl~. This condition could not bc auuincd 
with our lascr bccausc its modulation capabilities did not 
allow to obtain thc 300 MHz modulation amplitudc that was 
rcquircd in good conditions: the 30 MIlz/mA currcnt to 
frcqucncy convcrsion was too wcak to minimize 
simultaneous amplitudc variations, and thc piczoclcctric 
movement could lead to such wide frequcncy variations 
only for low modulation frcqucncics (less than 100 Hz). 

Wc havc thcn decided to usc at first a much simplcr 
dclcction tcchniquc to lock the lascr to the sidc of thc 
rcfcrcnce linc (see fig.4): the lascr bcam is divided in two 
parts with a bcamspliucr and the diflcrencc bctwccn thc 
non absorbed powcr and the absorbed onc is made by a 
differential photodc~cctor. 

Servo j - - 
N113 cell 

/ 
/ 

Differential detector 
1st abilization I 

Measurement 
Frequency 

(Identically stabilized) Allan variance) 
detector 

Thc absorption signals dclcctcd with a 20 cm absor- 
ption Icngih and a 10 torr gas prcssurc usually attain 10 
Volts with a dctcctor noisc of about ImV in a 10 kHz b u d .  
Howcvcr, carc must bc takcn to choosc a right photodctcc- 
torlamplificr conlbi~~alion to obtain such pcrlornlanccs. Ai 
1.5 bnl wavclcngth, i t  is necessary to usc Germanium 
photodiodcs which arc vcry noisy and havc a low shunt 
rcsistancc : thcsc dctcctors must bc associated with a low 
voltagc noisc anlplificr to obtain optimum pcrformanccs. 
Anothcr possibility consisls in using lnGaAs photodiodc 
which havc much bcttcr noisc characteristics, and to 
associatc thcn~ with a low currcnt noisc amplifier; howcvcr. 
lnGaAs dctcctor suvfaccs arc usually small which impovcs to 
focus thc lascr bcam and cnhanccs alignemcnt stability 
tolcrunccs.  

Dcspilc a largc absorption signal, thc sensitivity of thc 
frcqucncy to voltagc convcrsion remains low (20 mV/MHz). 
bccausc of the largc absorption linewidth. Howcvcr, such 
signals should logically lcad to a lo-'' stability. 

REau.lrs..; 
Thc frcqucncy bcat between two scparatcly stabilized 

lascrs has bccn rccordcd and the Allan variance of the 
lrcqucncy fluctuations has bccn rccordcd for 0.001 to 10 
scconds obscrvutioll linlc ( Fig. 5). This curvc sllows tllat the 
lockcd lascr stability attains 2.10-lo lor long ohscrvation 
tinlcs. 

Ailan variance 

0.001 0.01 0.1 1 10 
Integration time (s) 

Eia. 5 : Variance of laser f r e w n c v  fluctuations 

5-ma1a~ 
Such a s in~plc  frcqucncy slabilization tcchniquc is 

intcrcsting bccrusc of its simplicity and also bccausc t t ~ c  
lascr frcqucncy is not modulated, howcvcr, it is not suitablc 
to keep thc stability for many days bccausc the locking 
point dcpcnds on t l ~ c  lascr powcr. It is possible to inlprovc 
thc dclcction tcci~niquc by using an hctcrodync tcchniquc 
which rcquircs an cxlcrnal phasc n~odulator, and lock thc 
lascr on thc top o r  thc absorption linc. 



Wc have dcsigncd and operated a 1.5pm cxtendcd- 
cavity semiconductor lascr locked to an absorption linc of 
ammonia. Thc lascr lincwith is on thc ordcr of 50 kllx and 
wc havc shown that it is possible to obtain a 2.10." long 
term stabilily floor by locking it lo thc animonia absorption 
line. Such a lascr could bc vcry intcrcsting for cohcrcot 
optical comniunications. 
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Abst rac t  

Tho use  o f  diode l a s e r  i n  atomic f requen-  
cy s t a n d a ~ d  has found wide a c c e p t a b i l i t y  a s  
i t  hurc d i r j t l n c t  advanta&es  o v e r  convent ional  
r . f  dischar;e Rubidium lamp and f i l t e r  c e l l  
cornbindtion(\).But t h e  f requency and i n t e n s i t y  
i n s t a b i l i t i e s  01 t h e  l a s e r  l i k h t ,  due t o  
qwntum no iue ,  a f f e c t  t h e  f requency s t a b i l i t y  
o f  t h e  atomic! frequency s t anda rd .  The upp l i -  
c a t i o n  of  t h e  squeezed l a s e r  l i g h t  can  reduce  
t h e  quantum nolrce t o  a  l a r g e  e x t e n t .  I n  t h e  
squeezed l i e h t  t h e  d e s i r e d  pumping r a d i a t i o n  
1s coritkined I n  cr quddra tu re  having f l u c t u u -  
t i o r ~ s  sn ia l le r  tk1a11 those  i n  c o h e r e n t  s t t i t eu  
and o t h e r  quad ra tu re  showing inc reased  f l u c -  
t u a t i o n s  due t o  t h e  l ie i senberg  u n c e r t a i n t y  
r e l a t i o n .  I n  t h i s  paper we have t h e o r e t i -  
c a l l y  d i scus sed  t h e  f requency s t a b i l i t y  o f  
t h e  squeezed d iode  l a s e r  pumped Rubidium 
a t o a i c  f requency s t anda rd  and proposed a  
sctrenre f o r  i ts  r e a l i z a t i o n  u s i n g  o p t i c a l  
dedenera te  p r a m e t e r i c  a m p l i f i e r .  

The a p p l i c z t i o n  of d iode  l a s e r  f o r  Rb 
s t anda rd  has  d i s t i n c t  advantages  v is -a-v is  
t h e  convent ional  r. f  d i  scharge  Rubidium lamp 
und f i l t e r  c e l l  i n  terms o f  improved S/N and 
cons ide rab le  r educ t ion  i n  l i g h t  s h i f t  ( 2 ) .  
The p r f o r m n c e  of  t h e  d iode  l a s e r  pumped Hb 
s t anda rd  is ,  however, a f f e c t e d  by the  l a s e r  
frequency and i n t e n s i t y  f l u c t u n t i o n s  a s  t h e s e  
f l u c t u a t r o n s  a r e  d i r e c t l y  t r a n s f e r r e d  t o  t h e  
frequency s t anda rd  through t h e  l i g h t  s h i f t  
e f f e c t .  l'he f requency f l u c t u a t i o n s  i n  l a s e r  
l i g h t  due t o  qudntum n o i s e  put an u l t i m a t e  
limit t o  t h e  frequeiicy s t a b i l i t y  of the  l a s e r  
pu~rrped Ho s t anda rd .  The equeezing ( 3 ' 4 )  o f  
t h e  e l ec t romagne t i c  f l e l d  i s  a n  e f f e c t i v e  
m e u s  o f  r e d u c i n g  the  quantum n o i s e  i n  t h e  
l a s e r  l i e t i t .  A f i e l d  i n  a squeezed s t a t e  is  
c h ~ r a c t e r i z e d  by f l u c t u a t i o n s  i n  one quadra- 
t u r e  component sma l l e r  chan those  i n  a  cohe- 
r e n t  s t a t e ,  t h e  o t h e r  quad ra tu re  component 
showillg i nc reased  f l u c t u a t i o n s  due t o  Heisen- 
b e r g ' s  u n c e r t a i n t y  r e l a t i o n .  The f i e l d  quad- 
rat u re  co~nponent s mentioned above a r e  analo-  
gOU3 t o  coklnonically conjugate  p o s i t i o n  q  and 
uouentum p v a r i a b l e s  of  a  harmonic osc i l l8 tor .  
In t h i a  w p e r  we s h a l l  d e s c r i b e  t h e  app l i ca -  
t i o n  of squeezed l a s e r  l i g h t  i n  t h e  Rb s t an -  
dard and d i s c ~ t v s  t h e o r e t i c a l l y  t h e  r e s u l t i n g  
improvement i n  t h e  p e r f o r m n c e  of t h e  
st imdard . 
1 .  LAYBR FUPPfiD Rb STANDBAD AND SQUEEZING 

OF LIGHT 

The s a l i e n t  f e a t u r e s  o f  t h e  d iode  l a s e r  
pumped Hb s t anda rd  have been desc r ibed  i n  a 
t h e o r e t i c a l  model of t he  Rb c lock  by Camparo 
and lkueho lz  ( 5 ) .  They have made t h e o r e t i c a l  
caLcu la t ions  t o  q u a n t i f y  t h e  expected per for -  
mance improvement upon i n c o r p o r a t i o n  of d iode  

l a s e r  i n  Rubidium s t a n d a r d .  We s h a l l  conf ine  
ou r  d i s c u s s i o n s  t o  t he  e f f e c t  of  d iode  l a s e r  
f requency f l u c t u a t i o n s  due to quantum no i se  
on t h e  Hb s t a n d a r d .  And then show how the 
squeezing  of  l i g h t  improves t h e  c l o c k ' s  s t a -  
b i l i t y  by suppres s ing  the quantum n o i s e  i n  a  
quad ra tu re .  The f r a c t i o n a l  f requency f l u c t u -  
a t i o n s  of t h e  Hb s t a n d a r d  due t o  l a s e r  f r e -  
quency f l u c t u a t i o n s  a r e  expressed  a s  ( C f .  
Ref 5 ,  eqn.  8 )  

where f ,  6 , I and f  d e n o t e ,  r e s p e c t i v e l y  t he  
microwtrve hyper f i ne0  t r m e i t i o n  f r equency ,  t h e  
l a s e r  f requenc  t b e  l e s e r  i n t e n s i t y  and 
unper turbed  Kbg? 0-0 hyperf ine  f requency.  The 
above equa t ion  has been obta ined  with t h e  
f o l l o w i n g  assumptions : 

( i )  The l a e e r  l i g h t  and frequency n o i s e  a r e  
unco r re l a t ed  

( i i )  The l a s e r  f requency i s  a c t i v e l y  s t a b i -  
l i z e d  t o  t h e  p o r t i o n  of t h e  a tomic  
a b s o r p t i o n  l i n e  where b f /> I  = 0 .  Thus, 
t h e  frequency f l u c t u a t i o n s  of  the Rb 
s t anda rd  on ly  depend on the s e n s i t i v i t y  
of t h e  hyperf i n e  t r a n s i t i o n  f requency 
t o  t h e  l u s e r  f requency f l u c t u h t i o n s  
' b f / jLc  a d  tk ~nagni tude  o f  t he  l a s e r ' s  
f requency f l u c t u a t i o n r ;  SJ ._I The squee- 
z i n g  o f  l i g h t  w i l l  r educe  the l a s e r  
f requency f l u c t u a t i o n s  by suppres s ing  
t h e  quantum n o i s e  i n  the qu -d ra tu re  of 
i n t e r e s t .  

The eqn.  (1 . l a )  f o r  the squeezed d iode  
l a s e r  l i g h t  wi th  t he f i e l d  i n  t h e  d e s i r e d  
quad ra tu re  can be r e w r i t t e n  a s  

where /I f and (l c\- a r e  reduced f l u c t u a t i o n s  
i n  t h e  f r equenc ie s  of the s t anda rd  and t h e  
l a s e r  l i g h t  r e s p e c t i v e l y .  Next we s h a l l  s e e  
how t h e  squeezed l a s e r  l i g h t  i n  t h e  d e s i r e d  
q u a d r a t u r e  rseduces the frequency f  luctuatione.  
The d e t a i l e d  p r o p e r t i e s  of t h e  squeezed l i g h t  
a r e  g iven  i n  r e f s .  3 and 4 and a l s o  i n  t h e  
r e f s .  c i t e d  t h e r e .  The squeezed s t a t e  a r e  
gene ra t ed  by app ly ing  an u n i t a r y  squeeze 
o  e r a t o r  S ( 5  ) and a  displi..cement ope ra to r  
Dfz) on t h e  vacuum s t a t e  10) , 1 .e .  

where 
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and 
* 

D(Z) = e x p ( ~ o t  - a ) .  ( 1 .4 )  

The squeezing  f a c t o r  % i s  g e n e r a l l y  a  com- 
p l ex  number. l h e  complex number 2 i s  t h e  
e igenvalue  of  t h e  a n n i h i l a t i o n  opera tora  a  , 
i n  t h e  coherent  s t a t e  I Z) = D(Z) 10) . 
a+ is t h e  c r e a t i o n  o p e r a t o r .  I n  t h e  d e f i n i -  
t i o n  of  t h e  squeezed s t a t e  ( 5 ,  t h e  
o r d e r  of  t h e  o p e r a t o r s  a( T )  andZ&Z) m y  be 
i r~ t e r changed  depending upon t h e  n a t u r e  of t h e  
a p p l i c a t i o n  wi th  

where 

0(= Z cosh r  - Z* ei@ s i n h r .  

Consider t h e  squeezing  01' t he l i g h t  from a  
s i n g l e  mode d iode  l a s e r .  We assume t h a t  t h e  
l a s e r  l i g h t  i n  def lned  by t h e  s t a t e  I \i.> , 
which may be ir coherent  s t a t e .  The squeezed 
l i g h t  i s  then  given by t h e  s t a t e  

To f i n d  t h e  f requency f l u c t u a t i o n s  i n  t h e  
squeezed l a s e r  l i g h t  ) 5 ,Us> we cons ide r  t h e  
dua l  n a t u r e  o f  t h~ e l e c t r o m g n e t i c  r a d i a t i o n .  
The frequency CT of t h e  l a s e r  r a d i a t i o n  and 
t h e  momentum p  o f  quanta    photon^) i n  t h e  
d i r e c t i o n  of  t h e  propagation o f  t h e  r a d i a t i o n  
& r e  r e l a t e d  by t h e  equa t ion  

where C i s  the  v e l o c i t y  o f  l i g h t  a r d  h  i s  t h e  
P l w c k ' s  c o n s t a n t .  

Using t h e  above equa t ion  t h e  uncer ta in-  
t i e s  i n  t he  l a s e r  frequency and t h e  momentum 
of the photons a r e  r e l a t e d  a s  

S i m i l a r l y  f o r  t tie squeezed l a s e r  l i g h t  t h e  
above u n c e r t a i n t i e s  a r e  r e l a t e d  a s  

where 

For r e a l  v a l u e s  of F we f i n d  t h a t  

Fro111 equa t ions  (1 . ga l  - (1  .gc we have 

t h u s  shoriing t h a t  t he  squeezing  reduces  t he  
frequency f l u c t u a t i o n s  by a  f a c t o r  e -F  . 
Triis w i l l  be acconrpanied by an  i n c r e a s e  i n  
t h e  u n c e r t a i n t y  i n  the time de t e rmina t ion  o f  
t h e  emiss ion  o f  t h e  photons i n  t he  o t h e r  
quad ra tu re  because o f  t h e  Heisenberg ' s  
u n c e r t a i n t y  r e l a t i o n ,  and t h i s  w i l l  l e a d  t o  
i nc reased  ampl i tude  ( i n t e n s i t y )  fluctuations 
As i t  hus been mentioned e a r l i e r  t h a t  
>f/  t: I = 0 &nd t h i s  is a l m  v a l i d  f o r  t h e  

squeezed l i g h t ,  t h e  e f f e c t  of  t h e  i nc reased  

ampl i tude  f l u c t u o t i o n v  i n  t h e  o the r  quadra-  
t u r e  would not be of' much s i g n i f i c a n c e  t o  t b 
lib c l o c k ' s  p r f o r : m n c e  f o r  timall l a s e r  l i g h t  
i n t e n s i t y .  'I'hu even f o r  the squeezed l i&t 
t h e  f requency f l u c t u a t i o n o  of t h e  l a s e r  w i l l  
de termine  t h e  limit of the hb c l o c k ' s  s t a b i -  
l i t y .  

From the  eqn.  ( l . l b )  and (1 .10 )  we 
ob ta in  

nf 1 b 2 f  
- = -  (- I I 06 e - F .  ( I  .l l a )  

o f o  3621 
On comprin( :  t h e  e q n s .  ( 1  . l a )  and ( 1  . l l a )  we 
observe  t h a t  t h e  yqueezed l a s e r  l i g h t  r educes  
t h e  f r a c t i o n a l  f requency f l u c t u a t i o n s  of t h e  
Rb s t anda rd  by a f a c t o r  e -5  . I n  te rms of  
k l l s n  Variance eqn.  (1 .118)  my be w r i t t e n  a s  

Here CT; ('Z ) i s  the  Al lan  Var iance  of t he  
c l o c k ' s  f r a c  t i o n b l  frequency f l u c t u a t i o n s  due 
t o  t h e  l a s e r  f requency f l u c t u a t i o n s  f o r  a  
sampling t ime  r , uL ( Z) i s  the  Al lan  
Var iance  f o r  t h e  ltrszr f requency s t a b i l i t y  and 

is  t i le  f requency of  the  d e s i r e d  o p t i c a l  
r a 8 i a t i o n .  The improvement i n  t h e  f requency 
s t a b i l i t y  of  t h e  s t anda rd  r e s u l t i n g  from t h e  
squeezing of l a s e r  l i g h t  depends on t h e  
squeezing  f a c t o r  . I a r g e r  t h e  va lue  of $ , 
more i s  t h e  s t a b i  i t y  of t h e  f requency s t an -  
d a r d ;  t h e  f i r s t  s t e p  i s  t o  g e n e r a t e  t h e  
squeezed s t a t e s .  From the  n a t u r e  of t h e  
squeeze o p e r a t o r  Y (  F ) i t  avpea r s  t h z t  any 
phase s e m i t i v e  non- l inear  p roces s  i s  a  good 
c w d i d a t e  f o r  t h e  g e n e r a t i o n  of t h e  squeezed 
s t t r t e .  A o p t i c a l  degenerute  p r a m e t r i c  
a m p l i f i e r ,  which is  a  phase s e n s i t i v e  dev ice ,  
has been s u c c e s s f u l l y  used i n  g e n e r a t i n g  
squeezed s t a t e s  expe r imen ta l ly  (6,7). I n  t h e  
o p t i c a l  degene ra t e  parametr ic  a m p l i f i e r  ( 8 )  
(ODPA) a  non- l i nea r  medium, h v i n g  non- 
vanish in& second o r d e r  non- l inear  s u s c e p t i b i -  
l i t y ,  i s  pumped by tin e l ec t romagne t i c  wave of 
frequency denoted  by d The n o n - l i n e a r i t y  
of t h e  medium couples   this punlp wdva t o  
two o t h e r  i d e n t i c a l  wave modes c a l l e d  s i g n a l  
and i d l e r ,  whose f r e q u e n c i e s  d a r d  d i  
s a t i s f y  LCs = (;i = CZ . 1 f S t h e  wave 
v e c t o r s  of  t h e  ithreep'2waves i n  t he  medium 
a ~ t i s f y - t  he phase matching c o n d i t i o n ,  
Ks = Ki = KpI2 t h e n  s i g n a l  and i d l e r  a r e  
propagated through the medium i n  s u c h  a  way 
t h a t  one quad ra tu re  phase of t h e  s i g n a l  
( i d l e r )  mode i s  ampl i f i ed  and t h e  o t k r  i s  
a t t e n u a t e d  r e s u l t i n g  i n  t f ie  squeezing  of 
l i g h t .  The squeez ing  f a c t o r  h e r e  could be 
made l a r g e  by choos ing  high v a l u e s  of  t h e  non- 
l i n e a r  s u s c e p t i b i l i t y ,  l e n g t h  of i n t e r a c t i o n  
and pump power. I n  t h e  nex t  s e c t i o n  we s h a l l  
d i s c u s s  t h e  expe r imen ta l  s c h e m  f o r  t h e  
squeezed Rb s t anda rd  u s i n g  ODPA a s  a  e q u w i n g  
d e v i c e .  

2 .  EXPERIMENTAL SCHEE4l.3 YcSi SQUEBZBB 
RUBIDIUM FliEQUEEY STANDAFlD 

The s c h e m t i c  diagram o f  the experimental  
s e t -up  of t h e  squeezed Rubidium Standard i s  
shown i n  t h e  P ig .  1 .  Here a s i n g l e  mode 
AlGuAs d iode  l a s e r  tuned t o  t h e  D a b s o r p t i o n  
l i n e  a t  794.70 nm is used a s  a soArce of  t h e  
pumping r a d i a t i o n .  The l a s e r  f requency d is 
doubled ,  u s ing  a  c r y s t a l  (B2 Na Nb5 OI5 )  
frequency doub le r ,  arxl is used a s  a  pump f o r  
t h e  o  t i c a l  degene ra t e  p r a m t r i c  a m p l i f i e r  
(ODPA~.  P non- l inear  o p t i c a l  c r y s t a l  



M&O:LiNbO of an appropr ia te  l e n g t h  is  placed 
inaide t h z  c a v i t y  formed by the  mirrors  M and 
M' . This r e s u l t s  i n  down conversion of the 
frequency t o  U Yhe mirror  M al lows 
U s e r  frequencyp& i t s  f i r s t  harmonic i n t o  
the  o p t i c a l  cav i ty  of t h e  ODEA while t h e  
mirror hi' is  coated f o r  higher t r ansu i s s ion  
a t  6. The s q u e ~ y e d  r a d i a t i o n  emerging from 
M fcrl ls  on a Rb absorpt ion c e l l  ccnta ining 
Lib87 i sotope and some buf fe r  gas .  The abeor- 
p t ion c e l l  i s  kept a t  a constant  temperatu e 
i n s i d e  a micronuve cavi ty  tuned t o  the  lib85 
ground s t a t e  hyperfine t r a n s i t i o n  frequency. 
A small magnetic f i e l d  is hpplied along t h e  
a x i s  of  the cav i ty  t o  d e f i n e  t h e  reference 
t u i ~  f o r  t h e  qutlntization and the removal of 
the  degeneracy of t h e  hyperfine l e v e l s .  'Ithe 
l i g h t  enierqing from the abeor pt ion c e l l  f a l l s  
on a detectof;  of  h igh quantum ef f i c iency  and 
low noiae.  Lhe output from t h e  d e t e c t o r  a t  
t h e  hyperfine reasonance i s  processed using a 
servo con t ro l  loop  and t h e  necessary d.c.  
co r rec t ion  s igna l  60 obtained i s  applied t o  
t h e  VCXO f o r  cor rec t ing  i t s  frequency. 

The above scheme is  supposed t o  
improve upon the  frequency s t a b i l i t y  of tho  
standard by one t o  two o r d e r s .  The model 
c a l c u l a t i o n s  based on the  eqn. 1 - 1 1  b ,  us ing 
t h e  p r a m e t e r s  given i n  t h e  Table - 1 ,  have 
been made f o r  the frequency s t a b i l i t y  v$ (z) 
of the  squeezed Rb standard f o r  d i f f e r e n t  
values  of t he squeezing f a c t o r  5 and plot ted 
i n  Pig. 2. 

CONCLUSION: 

We have t h e o r e t i c a l l y  discussed the  
p o s s i b i l i t y  of us ing the  squeezed s t a t e s  i n  
the  diode ltlver pumped fib atomic frequency 
a t m d a r d  . As t h e  squeezir~g has a l ready  been 
acl~ieved experimentally,  p r a c t i c a l  designing 
of h squeezed Ho s tandard 1s possible  with 
t h e  scheme suggested i n  t h e  paper. 

Parameters used i n  _calculating. t h e  

Allan Variance, G; ( T ) of the  
Hubidiurn clock based on eqn. ( 1 . 1 1 b)  
f o r  ordinary and squeezed l o s e r  l i g h t .  
the  graphical  presentat ion of the  
projected frequency s t a b i l i t y  based on 
t h e  following va lues  of  t h e  p r a m e t e r s  
i s  given in Pig.  2 .  

e r a m e t  e r  Value 

Squeezed Laser I n t e n s i t y  1 m~/crn 
2 

( I ~ ) *  

Laser 
G ( 7) (S tab i l i zed  l a s e r )  9.0 x 10'12 

( 9  

Y fl 

Buffer gas  pressure ( N ~ )  100 Torr 
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frequency doubler and t h e  ODPA. 
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Fig. - 1 .  Schematic diogram of the proposed squeezed diode Laser 
pimped RUBIDIUM ATOMIC FREQUENCY STANDARD. 
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A b s t r a c t  

Thr Global  P o s i t i o n i n g  System i s  ~iow widely used 
f o r  d a i l y  time comparisons between worldwide spread  
l a b o r a t o r i e s ,  accord ing  t o  tlie common view method. Tlir 
ob ta ined  p r e c i s i o n  i s  of the  o r d e r  of one nanosecond Lo 
a  few t e n s  o f  nanoseconds depending upon t h e  d i s t a n c e  
between s t a t i o n s .  I n  case  of long-d i s tance  time 
comparisons,  t h e  e s t i m a t i o n  of ionospher ic  rlelays is 
one of tlie l a r g e s t  sources  of u n c e r t a i n t y .  

A new dual-frcqliency GPS r e c e i v e r ,  named GTRZ, has  
been developed a t  RIP:4,  For menst~ring t h e  t o t a l  
e l e c t r o n  con ten t  (TEC) a long  t h e  l i n e  of s i g h t  and then  
t h e  GPS s i g n a l  ionospher ic  de lay .  GTK2 p r i n c i p l e  
r e l i c s  upon the  p r o p e r t i e s  of tlir c r o s s - c o r r e l a t i o n  
hetwee~i  P-code ( P r e c i s e  code)  s l ~ ~ i a l s  of Id1 (1575,42 
Mllz) and L2 (1227,6 Mllz) c a c r l e r s ,  wit l iot~t  ~ l rmodula t ion  
of  (;PS !'-code. 

G'PR2 p r e l  ltninary expr r imcnts  .tllow TEC 
d e t e r m i n a t i o n  w i t l i  3 minute observn t ion  sequences,  wi th  
nti ~ ~ n c e r t a l n t y  of 2 x loL6 m-', ~ q u i v a l e n t  t o  L1 s i g n a l  
dc lny  r ~ ~ i c ~ r t a i n t y  of 1 11s. 

loriosl)licrtc ilclny mc.lslcrclncnLs ob~ ,~ incsd  in SFvrcfi 
(Pntl.: + i r r a )  from GrRZ dppcilr Lo hi, l n r g u r  than t h e  
cor responding  v a l r ~ e s  g i v e ~ i  by the  model inclurled i n  CtJS 
mrssngc. 

Lonos~lic.ric de lay  measurelnents a r e  a l s o  performed 
by United S t a t e s  Naval 0bserv. i tvry i n  Was l~ i~ ig ton  nnd 11, 
F l o r i d a ,  w i t l i  d u a l  f requency GI's r e c e i v e r s  wliich 
demodulate P-code. These r e s u l t s  a l s o  p r e s e n ~  n o t a b l e  
d i s c r e p a n c i e s  with model v a l u e s .  

At l a s t ,  tlie use of measured ionosplir?ric d c l a y s  
l a r g e l y  improves long d i s t a n c e  time comparisons ns 
shown wt th  t h e  example of time l i n k s  between 
Par i s -Observa to ry  and United S t a t e s  Naval Observatory 
i n  Washington. 

INTRODUCTION 

The major e r r o r s  of time comparisons by 
s imul taneous  t r a c k i n g s  of GPS s a t e l l i t e s  (common view 
method [ 11) come from satellite posi t i o n ,  r e c e i v i n g  
arltrnna p o s i t i o n ,  e s t i m a t i o n  of l o n o s p l ~ e r i c  and 
Lropospherlc  d e l a y s ,  c a l i b r a t i o n  o l  r e c e i v e r  
~ l i f  f e r e n t i a l  d e l a y s  and r a d i o - s i g n a l  mul t i -pa ths .  

CPS r e c e i v e r  t r a n s p o r t a t  ion [ 21 and adapted means 
oE r e c e p t i o n  l a r g e l y  reduce some of Ll~em. 
Shor t -d i s tance  comparisons (up t o  1000 km) a r e  
weakly a f f e c t e d  hy s a t e l l i t e  ~ o s i t i o n  e r r o r  and bv 
ionosphere e f f e c t s  [ 3 1 ,  fur t l iermore d i F F e r e n t i a 1  - 
c o r r e c t i o n s  can be determined For the  antenna 
coordinates [ 4 ,  51, a l lowing  time t r a n s f e r  wi th  
u n c e r t a i n t i e s  of a  few nanosecon~ls .  

GTR2 development was c a r r i e d  ou t  a t  tlie RIPM by Eiichito 
IMAE. Ile was p a r t l y  suppor ted ,  f o r  t h l s  r e s e a r c h ,  by 
t h e  French Government tlirougli tlie Croupe de Rocherches 
de GBod6sie S p a t i a l e .  

But long-d i s tance  time l i n k s ,  l i k e  USA-Europe, a r e  
pcrformtvl wi th  a  l e s s e r  p r e c i s i o n ,  of t h e  o rder  of a  
frw Lens oE nu~ioseconds.  Th is  i s  mainly due t o  
s a t e l l i t e  p o s i t i o n  e r r o r s  and r a t h e r  bad e s t i m a t i o n s  o f  
ionospher ic  d e l a y s ,  deduced from tlie ionosphcr ic  
comoensation model a c c e s s i b l e  t o  u s e r s  of one f r e q ~ ~ c ~ ~ c y  
GPS r e c e i v e r s  and p rov id ing  a  r e l a t l v e  p r e c i s i o n  of 
50 X [ 61 . 

We have developed a  new c o d e l e s s  d u a l  f reqr~ency  
GPS r e c e i v e r ,  named GTR2, f o r  measuring tlie t o t a l  
e l e c t r o n  c o n t e n t  (TEC) of ionosphere a long  the  l i n e  o f  
s i g h t  and tticn t h e  CPS s i g n a l  ionospher ic  d e l a y  [7]. In 
t h e  Eollowing a  h r i e f  desc rLpt ion  of GTKZ p r i n c i p l e  is 
given.  The ob ta ined  r e s u l t s  a r e  d e s c r i b e d  and a n a l y e ~ d  
hy comparison witli v a l u e s  coming from t h e  ionospher ic  
compensnt ton morlel. 

I o n o s l ~ l ~ e r i c  d e l a y  measurements a r c  a l s o  pe r fo r~nrd  
by United S t a t e s  Naval Observatory (USNO) with dun1 
freqrtency r e c e i v e r s  which demodulate GPS s i g n a l  P-code. 
Exnmplcs of tlic ob ta ined  r e s u l t s  f o r  two s i t e s ,  F lo r idn  
and Wnuliington [ R ]  a r e  shown. A t  l a s t  GTH2 rcs111 t s ,  
n s s o c t a t r d  wi th  USNO r e s u l t s ,  a r c  n p p l l r d  t o  rl11. t lmr 
compnrisoris bctwcen P a r i s  Observatory (UP, P a r i s ,  
France)  and United S t a t e s  Naval Observatory (USNO, 
Washington D.C., USA). Th is  o r i g i n a l  s tudy  i n v o l v e s  
measured ionosphcr ic  c o r r e c t i o n s  f o r  tlie two brnnclies 
oi time l i n k  by CPS common view method; an example is 
~ i v c n  f o r  a  t h i r t y  days period (November 1988). 

I .  THE DUAL FREQUENCY METHOD - GTRZ PRINCIPLE 

A rad io -s igna l  of c a r r i e r  frcqlrrncy 1, which 
c r o s s e s  ionosphere i s  delayed by a  q u a n t i t y  expressed ,  
a t  t h e  F i r s t  o r d e r  approx imat ion ,  a s  fo l lows :  

Tton is  expressed  i n  n s ,  L i n  Hz, a i s  a  c o e f f i c i e n t  
e q u a l  t o  134.36 and TEC i s  tlie t o t a l  e l e c t r o n  c o n t e n t  
(111 m-2) of ionosphere  a long  t h c  s i g n a l  path.  

'IEC, whicl~ is d i r e c t l y  l inked  t o  t h e  e l e c t r o n  
d e n s i t y  and t h i c k n e s s  of  ionosphere ,  l a r g e l y  v a r i e s  
wi th  s o l a r  a c t i v i t y ,  l o c a l  t ime,  l o n g i t u d e  and l a t l t u d r .  
of t h c  recep t io t l  s t a t i o n .  Examples , i re  given in Tahle 
1  with t h e  cor responding  i o n o s p h e r i c  d ~ ? l a y s  f o r  both 
c u r r i e r s  L1 (1575,42 Mllz) and L2 (1227,6 Mllz) of GI's 
r a d i o - s i g n a l s .  

Tahle 1: Exnmplrs of v e r t i c n l  propap,ntfr)~i dc tnys  of 
GPS lA1 and L2 s i g n a l s  

: t y p i c a l  va lue  f o r  n igh t  time of s o l a r  minimum 
*' : t y p i c a l  va lue  f o r  day time of s o l a r  maximum 
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As t h e  propagat ion de lay  depends on frequency,  TEC 
c a n  be es t imated  using a  d u a l  f requency method: 

'ion ('2) - Tion(L1) [L - 11- I TEC - -. 
L22 L12 

( 2 )  

Recen t ly ,  f o r  purpose of p r e c i a e  geodesy,  s e v e r a l  
~ I i f f e r e n t  type of i n t e r f e r o m e t r i c  equip~ael i ts  us ing  CI'S 
d u a l  f requency have been r e a l i z e d  [9-121. These a r c  
c i ~ d c l e s s  d e v i c e s  wit11 s e p a r a t e  r e c o n s t r u c t l o t i s  of I., 
dnd L2 s i g n a l s .  

In Lhc same way, CTH2 does ~ i o t  demoilulate CIJS 
)'-code. The medsurclnent i s  based upon Ll~e r r o s a -  
c o r r e l a t  ton between 1'-codes c a r r i e d  by LI end IT : 
becduse Ll 1'-code and L2 P-code a r e  e x a c t l y  i d e n t i c a l  
and ern1 t t e d  in pllase, the  c r o s s - c o r r e l a t i o n  of t l ~ c  
rece ived  P-codes g i v e s  a c c e s s  t o  the  d i f f e r e n c e  of L1 
d e l a y  dnd L2 d e l a y ,  ds shown on f i g u r e  1. 

I 
I 
I 
I 

pGGGi]; 
I 

L1 Pcode I 
I 

Fig.  1.- T r a ~ i s m i t t e d  and rece ived  L1 and L;! P-codes 

TEC is then  measured a long  t h e  l i n e  of s i g h t  of 
t h e  CPS s a t e l l i t e s  which a l l o w s ,  from equa t ion  ( I ) ,  t h e  
e s t i m a t i o n  of t h e  q u a n t i t y  Tion(L1) and then 
ionospher ic  compensation on the  r e a l  s i g n a l  path.  

CTRZ is very  s imple ,  wi th  no need of p r e c i s e  
measurement of time i n t e r v a l  o r  h igh  accuracy  frequency 
s o u r c e s  such a s  atomic frequency s t a n d a r d s .  To be used 
f o r  time comparisons by CPS common view method [ l ] ,  
CTRZ needs t o  be a s s o c i a t e d  t o  a  t r a d i t i o n a l  one 
frequency CPS r e c e i v e r .  

2. CTR2 RESULTS 

CTRZ is l o c a t e d  a t  t h e  Bureau I n t e r n a t i o n a l  des  
Poids e t  Mrsures ,  S6vres near  P a r i s ,  France. 

CTR2 o p e r a t e s  on r r e g u l a r  h a s l s  s i n c e  October 
1988. I t s  program i ~ i c l u d e s  a l l  obse rvab le  s a t e l l i t e s  
from BIPM but p r i o r i t y  is g iven  t o  t h e  schodulcd common 
views between P a r i s  and Washington (about  25 a  day) .  

GTRZ works wi th  4 minute sequences:  about  one 
minute t o  po in t  i ts d i r e c t i v e  an tenna  ( g a i n  10 dBi f o r  
Ll  and L2 f r e q u e n c i e s )  and about  3  minutes  t o  perform 
t h e  observa t ion .  I n s i d e  t h e s e  3 minu tes ,  t h e  
measurement i t s e l f  need@ 3  seconds and 3  o t h e r  seconds 
f o r  p re t rea tment .  The r e s u l t i n g  TEC i s  an averaged 
v a l u e  over  a  t h r e e  minutes  aeqclence, provided wi th  a n  
u n c e r t a i n t y  of 2  x 10lb m-* which cor responds  t o  an 
u n c e r t a l n t y  of 1  ns  f o r  L1 ionospher ic  de lay .  

8 1 2 3 4 5 6 7 8 9 18 11 12 13 14 15 16 17 18 19 28 21 22 23 0 
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F i g ,  2.- V e r t i c a l  i o n o s p h e r i c  d e l a y s  c a l c u l a t e d  
f r o l ~ ~  GTK2 r e s u l t s  ob ta ined  on 1889 February 10: 

a  - Diurna l  r e s i l l t s  
b  - Correspondilig e l e v a t i o n s  f o r  s a t e l l i t e s  11,  

1 3  and 9. 

F igure  2  s l~ows L1 i o n o s p h e r i c  d e l a y s  ob ta ined  froln 
GTRZ on 1989 February 10.  The measured v a l u e s  a r e  h e r e  
converted t o  v e r t i c a l  c s t i ~ n a t i o n s  us ing  a  s imple  
geomet r ic  expresslo11 based on t h e  s s s u r n p t i o ~ ~  tlkdt 
ionosphere is a  s p l l e r i c a l  s h e l l ,  l y i n g  lrotn 200 t o  4 5 0  
km a l t i t u d e  and w i t 1 1  tlniforcs e l e c t r o ~ ~  d e n s i t y .  The 
d i u r n a l  e f f e c t  i s  e v i d e n t  hut d i ~ c r e p d n c i e ~  betweell 
v a l i ~ e s  ob ta ined  f r o ~ s  d i f f e r e l i t  s a t e l l i t e s  a r e  
observab le .  Th is  is mainly due t o  tile v e r t i c a l  
convers ion  model, wt~ich is based 011 too  s imple  
h y p o t h e s i s  and wliich b r i n g s  an a r t i f i c i a l  e l e v a t i o n  
e f l e c t ,  e s p e c i a l l y  d e y r a d . ~ t i n g  For v a l u e s  i s sued  froln 
o b s e r v a t i o n s  occur ing  Lo very s lnal l  elevations. This  
can h e l p  t o  i n t e r p r e t  d i s c r e p a n c i e s  a s  between v a l u e s  
deduced from s a t e l l i t e s  11  and 13  d u r l n g  t h e  morning 
(abou t  10 b UTC). Furthermore,  CTRZ measurement n o i s e  
i n c r e a s e s  f o r  h igh  TEC v a l u e s  occur ing  f o r  smal l  
s a t e l l i t e  e l e v a t i o l i s  (< 25') and t h e  cor responding  
va lues  must be d e l e t e d .  For i n s t a n c e ,  i t  i s  t h e  c a s e  
f o r  measured d e l a y s  deduced from s d t e l l i t e  9  a t  about  
20" e l e v a t i o n  i11 evening (about  21 h  UTC). 

Fig.  3.- Histogratn o t  t h e  v a l u e s  

Tion(L1 )GTR2- Tion(L2 ob ta ined  f  ram 
130 t r a c k i n g s  f o r  a  f i v e  days pe r iod  (no v e r t i c a l  

convers ion  is a p p l i e d )  
Tlon(L1)GTK2 a r e  CTR2 measurement 

Tion(L?)rnodel a r e  t h e  i o n o s p h e r i c  compensation 
model e s t i m a t i o n s  



CTR2 measurements can be compared t o  v a l u e s  
d e r i v e d  frolo lollosphcre compensation model. These 
va lues  a r e  a c c e s s i b l e  from a one frequency CPS r e c e i v e r  
loca ted  i n  P a r i s  Observatory and correspond of course  
t o  the  same scheduled t r a c k i n g s .  F igure  3 comes from a 
f i v e  days a n a l y s i s  (1988 October 5 t o  9 )  whore about  
130 t rack l l rgs  were a v a i l a b l e .  Measured va lues  a r e  very 
o f t e n  l a r g e r  than ~nodcl  ones ,  t h e  disagreement can even 
rcacll 20 ns .  Tho d i sc repancy  exceeds 10 ns f o r  28 X of 
t h e  va lues  ,1114 5 ns f o r  62 X of tlle va lues .  

F igures  4a and 4b a l s o  p r e s e n t  measured 
ionosp l le r i c  d e l a y s  compared wi th  model v a l u e s .  Ttlese 
mrosurements a r e  pe r fo r~ned  by USNO on two d i f f e r e n t  
s i t e s ,  F l o r i d a  and Washington, w i t 1 1  d u a l  f requency  
r e c e i v e r s  demodulat ing CPS s i g n a l  P-code. Raw d a t a  
ob ta ined  with a  b a s i c  sequence of o b s e r v a t i o n  of 6 s  
and f o r  A s l n g l c  s a t e l l l t e  t r acked  d u r i ~ l g  s e v e r a l  
c o ~ \ s e c u t i v e  Iroirrs, a r e  r e p o r t e d  on t h e s e  f  i g u r e e .  On 
t h e  o p p o s i t e  of wlldt i s  observed f o r  P d r i s ,  model 
v.ilues appear  t o  be l a r g e r  Lhan measured ones f o r  
F l o r i d a .  Tlle conc lus ion  is not  s o  c l e d r  f o r  Washingion 
where tlle d i s i lg ree~nan l  s e c ~ n s  r a t h e r  l inked  t o  t h e  
S d t e l l i t e  e l e v a t i o n .  

FLORIDA 
PRN 03 

16 17 18 19 20 21 2 2 23 24 h 

UTC 

PRN 03 WASHINGTON 

UTC 

26 OCT 88 

Fig. 4.- Comparison between measured i o n o s p h e r l c  d e l a y s  
ob ta ined  frola USNO decoding GPS r e c e i v e r s  and model 
v a l u e s  f o r  two s i t e s :  a  - F l o r i d a  

b - Uamhington 



UTC (USNO) - UTC(0P) 

30 Oct. 

Satellite \A P-12 

L l l  , , , , , , , ,  , l l l l l ~ ;  
Date 

100 
47470 47476 47482 47488 47494 MJD 47464 20 Nov. 1988 

30 Oct. 

Fig. 5.- Time comparison between Par is  Observatory (Pa r i s ,  France) and 
United S ta t e s  Naval Observatory (Washtngtoa D.C. ,  USA) fo r  e t h i r t y  days 
period (November 1988). The two branches of the s a t e l l i t e  s im~~l t aneoua  
trackings a r e  corrected with 

a - madelized ionospheric values 
b - measured ionospheric values 

The hours indicated fo r  s a t e l l i t e s  11 and 12 correspond t o  the scheduled 
common views on MJD 47464 (1988 October 30): 

+ s a t  12, lh38 -@-eat 1 2 ,  2h38 
+ s a t  1 2 ,  11151 #-sat 11, 17h19 
-0- s a t  12,  21104 e s a c  11, 18h04 



3. APPLICATION TO TIME COMPARISON BETWEEN EUROPE 
AND USA 

Measured i o n o s p h e r i c  d e l a y s  ob ta ined  from CTK2 and 
from USNO d u a l  frequerlcy r e c e i v e r  can be used t o  
improve t h e  d a i l y  time comparisons between P a r i s  ( P a r i s  
Observa to ry)  and Washington (USNO). 

A p re l imindry  s tudy  has  been perfor~ned f o r  a 
t l ~ l r t y  ddys ~ ~ e r i o d ,  from October 30 t o  November 29 
1988. I t  c o n s i s t s  i n  a  comparison of t h c  d a i l y  
LJSNO - 01' time l i n k  where the  two branches of 
s l t n u l t a ~ ~ c o u s  s a t e l l i t e  t r a c k i r ~ g s  d r c  both c o r r e c t e d  
wi th  e i t l ~ c r  rnoclellzed o r  measured ionospher ic  d e l a y s .  
nd ta  were a v a i l a b l e  f o r  on ly  6 of  tlle 25 d a i l y  
s c l ~ e d u i e d  common views and c o r r e s p o ~ l d  Lo two t l l f f e r c ~ ~ t  
s . r t e l l l t e s :  PKN L L  (2  cominon views spre'ld over  1 Ilour) 
,ind PRN 12 (4  common views spread  over  2 h o u r s ) .  The 
r e s u l t s  d r e  show~l on f i g u r e s  5a and 5b wliere i t  a p p e a r s  
very c l e a r l y  t h a t  USNO - OP time t r a ~ l s f e r  i s  p e r f o r a ~ c ~ l  
wlth a  much h igher  p r e c i s l o n  whe~l medsured ionospl ler ic  
e f f e c t s  a r e  involved.  

The remaining e r r o r s  a r e  s a t e l l i t e  ep l~emer i s  
e r r o r s ,  wllich a r e  r e s p o n s i b l e  f o r  d a i l y  s c a t t e r i n g  of 
UL'C(IJSN0) - UTC(0P) va lues ,  and a l s o  antenna 
d i f f e r e n t i a l  c o o r d i n a t e s  e r r o r n ,  which a r e  responsible 
f o r  the  g l o b a l  s h l f t  of UTC(USN0) - UTC(0P) v a l u e s  ( t h e  
d u e l  f requency and s i n g l e  frequency r e c e i v e r s  of USNO 
Washington cor responding  t o  two d i f f e r e n t  antenna 
l o c a l i z a t i o n s ) .  # 

CONCLUSION 

A p ro to type  of  a  c o d e l e s s  d u a l  f requency CPS 
r e c e i v e r  o p e r a t e s  on a  r e g u l a r  b a s i s  a t  BIPM s i n c e  
October 1988. Th is  equipment i s  a b l e  t o  provide 
measured ionospher ic  d e l a y s  a long  GPS s a t e l l i t e  l i n e s  
of s i g h t  wi th  a n  u n c e r t a i l ~ t y  of  1 ns .  When a s s o c i a t e d  
wi th  USNO s l m i l a r  r e s u l t s ,  i t  b r i ~ ~ g s  a  very interesting 
g a i n  of precision f o r  t r a n s a t l a n t i c  time l i n k s .  

Furthermore t h i s  o r i g i n a l  d e v i c e  has  a  very s imple  
s t r u c t u r e  and appears  t o  be an e f f i c i e n t  complement t o  
t r a d i t i o n a l  one frequency CPS r e c e i v e r s .  A t  l a s t ,  
though i t  e x i s t s  o t h e r  methods t o  measure lonospher ic  
e f f e c t s ,  a s  Faraday r o t a t i o n  o r  d u a l  Frequency 
t r a n s m i t t e d  by Navy Navigat ion S a t e l l i t e  System (NNSS), 
t l ~ e  Global P o s i t i o n i n g  System i s  becoming more and tnore 
an importdnt  ionospher ic  moni to r ing  system. Then our  
c o d e l e s s  r e c e i v e r  belongs t o  a  ve ry  promising 
g e n e r a t l o n  of equipments  which could widely o v e r s t e p  
geodesy and time purposes.  
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ABSTRACT 

Over a period of about half a year two collocated 
C/A-Code GPS receivers of different types were Lsed at 
the Lustbdhel Observatory of the Technical University 
Graz (TUG) rn order to investigate problems encoun- 
tered with one of the receivers and to study the 
behaviour of the differential delay. After a short 
comparisori of some essential characteristics of the 
receivers the results of the delay comparison and 
ensulng flndings are given followed by a more general 
disc~ssion of the problem of receiver delay cali- 
bration. 

INTRODUCTION 

Since late 1982 at the Lustbahel Observatory of the 
Technical University Graz (TUG) as on-site GPS- 
receiver a TTS-502 (Serial Number 004) manufactured by 
Stanford Telecommunications, Inc. (ST11 has been used 
/ I / .  Several hardware and software updates were issued 
by STI, but none to adapt the receiver to the change- 
over from the WGS-72 to the WGS-84 geodetic system, 
whrch became valid for GPS on January 22, 1987, and 
thus the 1TS-502 still uses WGS-72 ellipsoid parame- 
ters. From May 5, 1988, a second receiver designed and 
built at the National Bureau of Standards (NBS), now 
Natlonal Institute of Standards and Technology (NIST), 
is being operated at TUG. This receiver is designated 
as NBS#O3 and is adapted for the use with the WGS-84 
geodetic system. 

Both receivers are single frequency receivers making 
use of the C/A-code only. In the following some user- 
relevant differences between the receivers and their 
operation will be given. More details may be found in 
the respective operating manuals and related publi- 
cations /2,3/. The NBS-receiver requires connection to 
the outdoor-unit (omnidirectional antenna, preampli- 
fier and first downconverter) by two coax cables 
(RG-58) one of which leads the amplified and down-con- 
verted si.gnal to the receiver and the other supplies 
the required LO-frequency to the down-converter. The 
receiver unit consists of two pieces (one of which 
contains a CRT to display messages and data) and a 
detachable keyboard to programme the receiver. Two 
serial interfaces (RS-232-C) are available which allow 
the receiver to be connected to a modem and a printer. 
The modem port is hi-directional which allows the 
measurement results stored in the internal memory to 
be read out in the agreed-upon format (see Table 1) as 
used in the common-view mode of operation /4/. The 
receiver performs pseudo-range measurements every 
seco~ld and smoothes the data over 15 seconds. For a 
common-view measurement of 13 minutes duration, called 
a track, a linear regression over 52 such data points 
is computed and the result related to the beginning of 
the track is stored together with other relevant 
information such as elevation, azimuth and ionospheric 
correction, but related to the end of the track. The 
measurement resolution is 0.1 ns. Via the printer port 
apart from other information, the 1 s measurements 
(pseudo-ranges) or the 15 s measurements (smoothed 
pseudo-ranges corrected for the range to the satel- 
lite, the Sagnac effect and the ionospheric and trop- 

ospheric and receiver delays) together with the ephem- 
eris data, the ionospheric data and the satellite 
clock data are available. The selection has to be done 
via the keyboard. After a power interrupt the receiver 
automatically resumes operation. 

The STI-receiver req~ires only one cable (RG-213) to 
the outdoor tnit (omnidirectional antenna and pream- 
plifier) to lead the amplified signal to the receiver. 
The receiver provides a bidirectional serlal rnterface 
(RS-232-C) to connect it to a terminal and the so- 
called auxiliary port to connect it to a printer or 
computer. For operation it has to be connected to a 
terminal. The terminal is used for programing the 
receiver and to display the data. Via the auxiliary 
port all nicasurement data together with additronal 
information as selected via the terminal are avail- 
ahle. The receiver performs one pseudo-range measure- 
ment every second and smoothes the data over 6 sec- 
onds /5/. The measurement resolution is about 50 ns 
(1/20 C/A-chip) and the resolution of the computed da- 
ta 1 ns. Every 6 seconds these data (called raw data) 
or smoothed data (the smoothing period and the kind of 
smoothing can be selected) togetlier with other lnfor- 
mation (elevation, azrmuth, dopplor frequency, satel- 
lite status etc.) are obtput to the CRT of the termi- 
nal. The 6 second pseudo-ranges, all computed data, 
and information contained in the navigation message 
such as ephemeris data, ionospheric data etc., grouped 
in so-called data categories may be obtyut via the 
auxiliary port according to the choice of the user. To 
obtain the measurement results for a common-view oh- 
servation one has to collect the appropriate data 
coming out from the abxiliary port every 6 seconds. 
Then one has to compr.te the results from a linear 
regression over 131 data points and to store the data 
according to the common-view format. After a power 
interrbpt no operational parameters are lost, but the 
receiver needs bser intervention to resume tracking. 

Both receivers car1 be used for positioning. Both need 
external 5 MHz and of course a 1 PPS referenced to the 
local time scale. 

Over the years problems appeared with the STI-receiver 
which manifested themselves in missing 6 second data 
points or the inability of the receiver to track a 
satellite at all. By means of the second receiver, 
generously on loan from NIST, it was possible to sep- 
arate these errors from general problems caused by 
GPS-satellites or possibly by the receiver set-up. In 
addition the collocated operation of the receivers 
over nearly 200 days (mid November 1988 the STI- 
receiver was Gent back to ST1 for evalbation and 
repair) also provided the opportunity to study the 
differential delay of the two receivers, which is an 
essential parameter for tlme comparisons and therefore 
of special interest. Before this extended comparison 
the delay of the TUG on-bite receiver was compared to 
other receivers during two international campaigns, 
bct only for periods not more than a few days /6,7/. 

MEASUREMENTS AND RESULTS 

Fig.1 shows the set-bp of the receivers. The antenna 
of the NBS-receiver was mounted on a separate tripod 
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at the same height as the one of the STI-receiver at a 
distance of 1.15 m to the south. The coordinates of 
the antenna of the STI-receiver were available from 
Doppler measurements /8/ converted to WGS-72 and later 
to WGS-84 coordinates /9,10,11/. They were input into 
the NBS receiver in form of geodetic coordinates (cor- 
rected for thc antenna displacement irl NS-direction) 
and into the STI-receiver in form of spatial coordi- 
nates thus avoiding the problem of internal coordinate 
conversion with wrong ellipsoid parameters (semimajor 
axis and flattening) which would cause an error of 
about 2 m. The use of WCS-72 coordinates instead of 
the WGS-84 ones would lead to an error of about 12 m. 
fioth receivers were fed by the same clock via distri- 
bution amplifiers for the 5 MHz and the 1 PPS (the 1 
YPS's had a rise time of less than 5 ns and agreed to 
better than 300 ps) and were connected to a computer 
to store both the 15 second data from the printer port 
of the NBS-receiver and the 6 second data provided by 
the auxiliary port of the STI-receiver. The common- 
vrew data computed by the NBS-receiver, and available 
via the modem port, were also read by the computer. 
Both receivers were powered by an uninterruptable 
power supply. 

Common-view measurements with the two collocated re- 
ceivers were performed from May 5 ,  1988 to November 9, 
1988 (net measurement period 187 days) according to 
the common-view schedule published by the Bureau des 
Poids et Mesures (BIPM) valid from December 15, 1987, 
and updated on June 22, 1988. Due to the above men- 
tioned problems with the §TI receiver and to external 
reasons only data of 4321 tracks from a theoretical 
number of 4523 tracks were available from this re- 
ceiver and only 2873 wore common view tracks in the 
true sense, which means same begin time and full 
number of points. The NBS receiver failed to track 64 
times whereof 57 failures were caused by satellite 
problems and other external reasons and stored data of 
45 incomplete tracks (8 caused by external reasons). 
Purthermore, tile printer port was not connected prior 
to June 15 to the computer, thus 15 seconds data and 
ephemeris data were only stored from this date on, 
whereby for some tracks the ephemeris data were not in 
the proper format or incomplete reducing tho number of 
tracks with all data available for both receivers to a 
mere 2180. Figs. 2 and 3 show the results of the 2873 
commo11 view tracks. Each point presents the common- 
view result obtained by the STI-receiver minus that of 
the NBS-receiver. In Fig. 2 the results of the linear 
regressions for each track, which are used for the 
computation of the differences, are referred to the 
beginning of the track (BOT) and in Fig. 3 to the 
middle of the track (MOT). The solid lines are the 
results of moving averages using a smoothing period of 
10 days (SM 10D). In both figures the characteristics 
of the linear regressions through the 2873 data points 
are given. From the different scatter of the data and 
from the standard deviations of the linear regressions 
one can see that the use of the middle of the track as 
reference yrelds smoother results. Figs. 4 and 5 show 
the results of single tracks for both receivers after 
employing a moving average with a smoothing period of 
3 minutes (SM 3M). For these figures tracks (given in 
Table 1) wlth low RMS (SVY11, C1 68) and high RMS 
(SV#13, C1 84) for both receivers where chosen to show 
the behaviour of the results obtained by the two 
receivers for the same tracks in more detail. Table 1 
contains common-view data in standard format for an 
arbitrary date (October 17, 1988), but with complete 
data sets obtained by STI#004 and NBS#03. In order to 
compare the noise of both receivers two additional 
columns are added to the NBS data listing the standard 
deviation of the linear regressioy through the 131 
data points of the 3TI-receiver (RHS I )  and the stand- 
ard deviation (RMS ) of a linear regression through 
the mean values of three adjacent data points of the 
STI-receiver to better adjust the smoothing of tile 
originally 131 data points, where each points is 
smoothed over 6 second, to the 52 data points of tile 
NBS-receiver, where each point is smoothed over 15 
seconds. From these and other data one can see that 
the measurement uncertainty of the STIYOO4-receiver is 
slightly higher than that of the NBSW03-receiver. 

Plotting the data of Fig. 3 separated into tracks of 
the same class of a single satellite reveals system- 
atic offsets bctween different classes of a single 
satellite differing for different satellites. Figs. 6 
and 7 show this behaviour for satellite SVY09 and 
SV#ll, respectively. A conceivable cabse for this be- 
haviour is the use of different geodetic systems in 
both receivers which result in the computation of 
different ranges to the satellites according to the 
different ellipsold parameters (angular velocity and 
yravitational constant) used for the computation of 
the satellite positions in the Earth fixed coordinate 
system /12,13/. MecaLse the ranges computed by the 
receivers are only available from the Sl'l, but not 
from the NBS-receiver, the ranges in both geodetic 
systems were computed using the ephemeris data pro- 
vided by the NBS-receiver together with the 15 s datd. 
Then the results given in Fig. 3 were corrected for 
the range differences (WGS-84 - WGS-72), thereby re- 
ducing the number of data points according to the 
availability of the ephemeris data as mentioned above. 
l'he corrected data are shown in Fig. 8. In Figs. 9 and 
10 selected data corresponding to the Fiys. 6 and 7 
are given. 

In Table 2 the results of linear regressions for the 
reduced data set (RD) are given for all tracks of all 
satellites, for all tracks of single satellites and 
for tracks of single satellites of the same class 
before and after applying the correction for the range 
differences. For all satellites except SV#ll the 
correction ledds to a significant reduction of the 
offsets and also of the standard deviation of the 
residuals from a linear regression. For satellite 
SV#ll the offsets become larger after applying the 
correction as can be seen from Figs. 7 and 10, resyec- 
tively. The 10 day smoothed data (solid line in 
Fig. 8) show variations between a minimum of 1.3 ns 
and a maximum of 3.9 ns and the one day smoothed data 
given in Yig. 11 show variations between d minimum of 
0.5 ns and a maximum of 5.4 ns. Using the resblts of 
Fig. 11 one shorrld bear in nund that due to the tem- 
porary malfunction of the STI-receiver the number of 
tracks per day is not constdnt and therefore for both 
receivers worklng properly the daily variations can he 
smaller. Using the data of Fig. 3 the square-root of 
the Allan variance was computed for all tracks sepa- 
rately (same satellite and same class number) to give 
the stability of an optimum commor~ view operation 
(collocated receivers) of both receivers in question. 
In Fig. 12 the corresponding maximum, minimum and mean 
value of the two-sample standard deviation are given 
for sampling times of up to 16 days. 

DISCUSSION 

In order to discuss the differential receiver delay 
and the delay calibration the way time is provided by 
the Global Positioning system is of primary interest. 
l'he difference between the local reference time and 
GPS-time is given by the following relationship /2/: 

ATU PR - (R + T) + ATSV (1) 

PR pseudo-range (measured by the user) 

R true time range (computed by the user from the 
station and satellite position and correction 
for the earth rotation) 

T propagation delay of the signal consisting of 
the ionospheric delay T , the tropospheric delay 
T~ and the receiver dilay T~ (using a single 
frequency receiver the ionospheric delay is 
computed by the user from parameters transmitted 
in the navigation message, the tropospheric 
delay by means of a model and the receiver delay 
should be calibrated) 

ATSV space vehicle clock error (compbted by the user 
from parameters transmitted in the navigation 
message) 



According to Equ. 1 for two receivers R1 and R2 the 
difference of the measurement results is given by the 
following equation: 

Assuming that the receivers arc connected to the same 
reference and that they use correct coordinates of the 
antennae, correct algorithms and correctly calibrated 
receiver delays, the difference given by the above 
equation should be zero (within the measurement uncer- 
tainty). A difference unequal to zero could be caused 
by different systematic effects on the PH measurements 
and/or wrong coordinates of the antennae and/or erro- 
neous delay calibrations and/or different algorithms. 
If only the receiver delays are incorrectly calibrdted 
and all other contributions are zero the difference 
given by by Equ. 2 is the differential delay by which 
the measurements have to be corrected to yield con- 
sistent results. But often these assumptions are not 
valid and there are contributions, which result in a 
differential delay depending on the satellite con- 
stellation used. 

For example in our case the use of different geodetic 
systems resulted in different RR computations and 
therefore in a differential delay depending on thc 
satellite position. For extremely low elevation angles 
(less than 10") a contribution can also be due to the 
different models for the tropospheric delay used in 
both receivers resulting in different T~ computations. 
Slight offsets cdn also be caused by the different 
computational resolutions (0.1 ns atrd 1 ns) used in 
the receivers. nut also the pseudo-range measurements 
can be influenced to a different degree by various 
effects such as Doppler frequency, signal strength, 
multipath, etc. causing differential delays depending 
on the satellite constellation. 

If a GPS receiver makes all the data available which 
are necessary to evaluate the differences given in 
Equ. 2 the above mentioned effects causilig the estab- 
lishment of erroneous differential delays can be 
evaluated by the use of calibrators and receiver com- 
parison by collocation of receivers and appropriate 
corrections could be applied. One could also use a 
unified software running on a computer which only 
requires the pseudorange measurements, the coordinates 
of the antenna and parts of the navigation message or 
satellite ephemeris and ionospheric data supplied by 
other means as an input, a method which is widely used 
within the geodetic community. 

With the present GPS satellites (preoperational satel- 
lites, no rntentionnl signal degradation) and user 
equipment commercially available, accuracies of the 
order of 10 to 20 ns seem to be no problem but the 
above considerations are important if one is inter- 
ested in the exploitation of the full accuracy 
potential for high precision time transfer provided by 
the Global Positioning Systern. 
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Figure 2. Conunon-view results of STI-receiver minus NBS-receiver referred to the beginning of the 
tracks (points: results of single tracks, solid line: smootlied over 10 days). 
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Figure 3 .  Same as Fig. 2, but referred to the middle of the tracks. 



Figure 4 .  Results of  a s i n g l e  track (SVI11 C168) with low RMS, smoothed over 3 minutes. 
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Figure 6. Common-view results of STI-receiver minus NBS-receiver for different classes of satellite 
SV109 (referred to middle of the tracks, smoothed over 10 days). 
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Figure 7. Comnon-view rslulta of STI-receiver minus NBS-receiver for different claaaea of 8atellite 
SVlll (referred to middle of the tracks, smootlied over 10 days). 
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Figure 8. Data of Fig. 3 corrected for range differences resulting from the use of the WGS-72 
geodetic system instead of the WGS-84 in the STI-receiver. 
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Table 2. Linear regressions referred to the same begin time (June 28, 1988) for all tracks of all 
satellites, for all tracks of single satellites and for tracks of the same class of single 
satellites before and after applying of range corrections. 
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Figure 9. Data of Fig. 6 with the same corrections as applied in fig. 8. 
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Figure 11. Common-view results of STI-receiver minus NBS-receiver referred to the middle of the 
tracks and smoothed over 1 day. 
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data shown in Pig. 3. 



COMPARISON OF GPS TIME RECEIVERS : 
A USERS POINT OF VIEW 

(1) Laboratoire Primaire du Temps et des Frhquances, Obssrvatoire de 
Paris, Paris 

(2) Bureau International des Poids et Mesures, Shvres 

INTRODUCTION 

Most of the operational GPS time intercomparisons between 
timeffrequency laboratories are currently carried out through receivers 
designed by the National lnstitute of Standards and Technology (formerly 
National Bureau of Standards) ; various versions of this design have been 
built up : the most common one has been the Alien Osborne TTR5 device . 
One of them has been running at the Laboratsire Primaire du Temps et des 
Frequences (LPTF, Observatoire de Paris) for several years thanks to a 
cooperation between this laboratory, the National Institute of Standards 
and Technology and the Bureau lnternational des Poids et Mesures (BIPM). 
Furthermore, the BIPM bought in 1988 a GPS time receiver designed by the 
Societe dlEtudes, Recherches et Constructions Electroniques (SERCEL). 

Since July 1988, this unit has been running at the LPTF ; it has been 
regularly compared to the master clock of the Paris Observatory UTC(0P). 
So, since the above date, the time measurements of two differently 
designed GPS receivers have been referred to UTC(OP). 

At the European Frequency and Time Forum 1988, characteristics and 
results obtained with the SERCEL NRT type receiver were shown by the 
company representatives [I]. It is intended to give insight into the SERCEL 
NRT possibilities from the user's point of view and more precisely to 
compare the NRT and the TTRS units [2, 31. 

EFTF 89 - Besan~on  



I - GENERAL CHARACTERISTICS 

Tables 1 and 2 exhibit characteristics of the two receivers which 
have been selected as important by the authors. 

"Pble 1 refers to the hardware part. Gleariy, the N R I  unit is an open 
system. Electronic cards can be added to the basic device to enlarge its 
possibilities ; i f  equipped with four signal acquisition cards, 
simultaneous measurements from four satellites give access to the GPS 
time via different ways whish leads to a better knowledge of this time. 
Furthermore, a navigation solution can be obtainod in real time. Another 
electronic card allows the steering of a clock (internal or external) with 
respect to the GPS time at the level of resolution of 100 ns or less, ' 

depending essentially on the available local clock. 

Another difference between the two receivers is concerned with the 
data processing unit. It is fully integrated with the TTR5 device ; it has to 
be added to the NRT receiver. Advantages of both processing systems can 
be appreciated through various criteria - hardware as well as software- : 
memory possibilities, data safeguard, data availability, computing andlor 
displaying modifications, ... 

It is also indicated on "Table 1 that the NRT antenna unit is delivered 
with a protection plane against multipaths and wave reflections. The 
TTRS antennas are not systematically equipped with this plane. 

Table 2 presents the software characteristics. A general overview of 
the table shows that the NRT unit has been designed in order that various 
parameters be chosen by the user ; it is a different approach as the TTRS 
one. 

Let us focus on the computation of the final result CbTC(lab)-GPS and 
its associate RMS by the two receivers. Both of them work through three 
steps : first, the raw measurements are stored according to a basic 
periodicity ; then it is operated a computation of UTC(lab)-GPS over an 
intermediate period ; the final result of UTC(lab)-GPS is obtained through 
an adjustment of the intermediate values. 

In the TTR5 receiver, the intermediate values are obtained from a 
quadratic adjustment of 15 pseudo-range code measurements. In the NRT 
device, the phase information is taken into account beside the code one ; 
the intermediate values are mean values of the code and phase 
measurements. Computation of the final result is carried out through 
linear adjustments of the intermediate values in both receivers and the 



RMS values are in both cases the standard deviation of the n intermediate 
results ; but the NRT computing process divides the standard deviation by 
the square root of n. 

TTR5 receiver N RTreceiver 

. one channel 

navigation solution has to 
take sequential tracks 
(possible drift of the local 
reference clock) 

GENERALITIES 

. possibility of four channels 

real time navigation 
solution 

. possibility of steering one 
clock on GPS time 

ANTENNA 

. Intermediate Frequency synthesized . Intermediate Frequency syn- 
in the antenna box thesized in the receiver box 

. protection against wave 
reflection (microwave 

absorber) 

DATA PROCESSING 

. integrated into the receiver . 

EPROM + RAM + microcomputer 

. memory of 150 tracks data 

. through one PC type micro- 
computer which is indepen- 
dent from the receiver 

memory of the tracks data 
on hard disk 

. if power is switched off, the last . if power is switched off, all 
19 tracks data are kept the recorded data are kept 

m I e  1 - Hardware selected characteristics of the TTRS and NUT GPS 
receivers. 



TTR5 receiver NRT receiver 

TRACKS POSSIBILITIES 
per day 

MEASUREMENT RESULTS 
display 

1 or 0.1 ns (choice) 1 or 0.1 ns (choice) 

basic period 
0.6 s 

intermediate period 
2 0.6 s (choice) 

measurement time interval 
120 to 2400 s (choice) 120 to 3600s (choice) 

results 
-: quadratic diate value : average of pseudo- 
adjustment (least square method) range code and phase measurements over 
of 15 pseudo-range code measure- the intermediate period. It refers to the 
ments. It refers to the middle of end of the intermediate period. 
the intermediate period. 

final: linear adjustment 
(least square method) of the interme- 
diate values. It refers to the beginning 
date of the track. 

RMS v- : std deviation of the inter- 
mediate values 
(nominal value : 10 ns) 

valua : linear adjustment (least 
square method) of the intermediate 
values. It refers to the beginning or 
middle or end date of the pass (choice) 

RMS v u  : std deviation of the n inter- 
' 

mediate values divided by 4n 
(nominal value : 1 to 5 ns in common 
view) 

DATA 
I 

azimuth, elevation 
refer to the end date of the track refer to the date of the final value 

ionospheric correction 
available (modelization) available (modelization) 

tropospheric correction 
not available available 

l&&2 2 Software selected characteristics of the 77R5 and NRT GPS receiver. 



II - COMPARISON OF GPS TIME RECEIVERS 

Since September 1988, the NRTI unit of the BlPM has been running 
continuously beside the TTRS device at the LPTF. Their antenna have been 
set up at two different poles as indicated on figure 1. Their coordinates 
are the following ones in the WGS84 system : 

as obtained from campaigns of the lnstitut Geographique National (IGN) 
and transformations in the WGS84 system. For the NRT, 

TTR5 antenna 
X = 4 202 780.7 m 
Y = 171 367.7 rn 
Z 3: 4 778 658.8 m 

as a result of the IGN and SERCEL measurements. Work carried out by W. 
Lewandowski on this topics has shown that coordinates of both antennas 
are wrong (up to 3m for the Y coordinate of the TTRS). The NRTI antenna 
has been set up 12 meters higher than the TTRS one in such a way that 
there is no screen to all direct GPS signals ; which is not the case with 
the TTR5 antenna. Nevertheless, it is worth mentioning that a TV antenna 
is fixed quite near the NRT one. 

NRTI antenna 
X = 4 202 783.7 m 
Y = 171 348.2 m 
Z = 4 778 677.9 m 



Both receivers measure the time synchronization UTC(0P)-GPS via 
the International time comparison schedule : from September to mid 
December 88, 20 passes were taken (first schedule) - 14 with the 
standard length of 13 minutes and 6 with 12 minutes -. A new schedule 
(second schedule) was introduced mid December according to the BlPM 
recommendation and 17 tracks are common to the two receivers. The 
measurement results refer at the beginning of the track for the two 
receivers. Table 3 details results obtained for each pass of the first 
schedule; it presents the averages m and the standard deviations o 
computed from the raw data D(t) = [UTC(OP)-GPS]TTR~ - [UTC(OP)-GPSJNRT1 
over the interval September 20 - December 19. If the measurement 
results are referred to the middle date of the tracks, the averages are 
practically not changed but the standard deviations are decreased. 

ean v a l m  

The mean values m of several passes are significantly different 
from zero ; which indicates an inconsistency between the coordinates of 
the two antenna as mentioned in [4]. Careful consideration of the D(t) 
variations around m indicates possible systematic effects : a drift of the 
order of 5 ns over 3 months is detected with 5 passes ; furthermore, 
irnp~rtant and long-term variations appear in 4 cases. In a general way, 
groups of homogeneous results differing by about 18 ns from surrounding 
results are relatively frequent. Figures 2, 3, 4 and 5 illustrate three types 
of results : time bias (fig. 2), time drift (fig. 3), long term variations (fig. 
4 and 5). 



Table 3 : Averages rn and standard deviations a of the time differences 
D(t) = [UTC(OP)-GPSITTRS - [UTC(OP)-GPS],IJRT~ and other data 
relative to 20 common view GPS trackings from September to 
December 1988. 
The tracking time, the elevation and the azimuth refer to 
September 20 (MJD = 47424). 



The values of the standard deviations of the D(t) raw data are in the 
range 3.5 ; 6.6 ns (table 3) for the first schedule and 4.3 ; 9.0 ns for the 
second one, expressing a slight degradation. 

Let us call R the ratio between the TTR5 RMS values and the NRTI 
corrected* RMS values for each pass. The average value of R is 1.7 with a 
division of the R values into two classes : in the first one, they are equal 
or superior to 2 ; in the second one, the ratio is near to 1, generally due to , 
an increase of the NRTI RMS which goes up from about 5 to 10 ns. Figures 
6 and 7 show for two tracks the intermediate 15s results [UTC(OP)- 
GPSINRT1 and illustrate the RMS degradation ; clearly a pseudo periodic 
signal coming from the environmental conditions perturbs the GPS signal 
reception (figure 7). Figure 8 presents the space repartition of the above 
two classes among the 20 passes which were taken at the end of 1988 ; 
the first class is indicated by a square and the second one by a circle. 
Some tracks cannot be classified because their ratios R change from one 
day to the other between 1 and 2. They are denoted by a triangle. 

Considering various plots, as this one of figure 8, from September 88 
to March 89, it appears 'that the azimuthal angle of about 45" gives rise to 
ratios generally near to 1, i.e., it is a specifically bad azimuth angle for 
the NRTI unit. Other azimuthal directions indicate also degradations : for 
example, the 31 5" angle azimuth. 

The two-sample variances of the D(t) raw data have been computed 
for time intervals of 1, 2 and 4 days. Taking into account the TTRS 
stability as estimated in 1988 [5], a rough estimate of the NRT1 unit 
stability has been computed. For 1 day, the dispersion of the results 
obtained out of 15 time series is very large and does not allow one to get 
a satisfactory estimate. For time intervals of 2 and 4 days, it is found 
that the NRTl device stability is similar to the TTR5 one, i.e., oy(2, 2d) = 

3 x 10-14 and oy(2, 4d) - 1.5 x 10-14. 

* The RMS displayed by the NRT1 are multiplied by Jn (n being the number of 15s samples) 
to be soharent with tha TTRS RMS, 



Two points appear clearly. First, the P.IRT1 and the TTR5 GPS time 
receivers have got different designs ; the NRT unit, as an open system, 
offers more possibilities and choices than the TTR5. This one emphasizes 
the operational aspect. Second, the time comparison results obtained with 
two units at the LPTF, in a particular environment, are not sufficient to 
get a significant and precise view of their characteristics. The NRTl RMS 
values as obtained at the LPTF are smaller than the TTR5 ones but they 
are of the same order as the RMS values displayed by one TTRS unit 
running at the LASSO station sf Grasse ; which would indicate that the 
Paris Observatory environment is responsible for a not negligible part of 
the observed perturbations. Furthermore, questions arise with respect to 
the results of figure 3. Are the receivers, one of them or both, working 
uncorreetly ? 

In August 1988, another NRT receiver was compared with the two 
devices presented in this paper. Unfortunately, the numbers of data were 
not sufficient to get significant results. The metrological qualification of 
the NRT receiver would need a long-term comparison of three identical 
units running in the same environmental conditions. 
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Time References from GLONASS Satellites 
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ABSTRACT 

The Soviet Union's global navigation satellite system, GLONASS, has eight 

operational satellites with the full contingent of 24 satellites being 

available in a possible two years at the present launch rate. Since only a 

single satellite is required for time transfer to a known location the 

potential of Glonass as a disseminator of time and frequency can be fully 

evaluated in this pre-operational phase. Using the Glonass low precision 

codes, and without making dual frequency corrections, time transfer with 

Glonass is obtainable to accuracies of the order of 100 nanoseconds or 

better. 

This paper discusses the timing references available from Glonass and how 

they are applied in a satellite to user time transfer link. Data is 

presented showing the relationship between Glonass system time and 

UTC(USN0) over an extended period of time. Finally the linking of Glonass 

system time to other Soviet atomic time scales is studied. 

INTRODUCTION 

Glonass provides worldwide time dissemination and time transfer services in 

the same manner as the NAVSTAR GPS and exhibits the same advantages as 

Navstar does over other existing timing services [I]. Time transfer is 

both efficient and economic in the sense that direct clock comparisons can 

be achieved via Glonass between widely separated sites without the use of 

portable clocks. Event time tagging can be achieved with the minimum of 

EFTF 89 - Besancon 



effort and users can reacquire Glonass time at any instant due to the 

continuous nature of time aboard the satellites. 

The first release from the Soviet Union of detailed Glonass information 

occurred at the International Civil Aviation Organisation (ICAO) special 

committee meeting on Future Air Navigation Systems (FANS) in Montreal in 

May 1988 [ 2 ] .  The report contained nominal orbital information as well as 

detailed descriptions of the Glonass CIA code structure and transmitted 

data message. The majority of this information had already been made 

available via other publications [ 3 ] ,  [ 4 ] ,  [5]. The reader is referred to 

the references at the end of this paper for generalised Glonass 

information. Currently eight Glonass satellites are in full operation 

giving single satellite coverage at Leeds of 21 to 23 hours a day. These 

satellites are listed in table 1. 

GLONAS S CHN 

12 

2 3 

2 4  

18 

7 

10 

9 

6 

Current Active Glonass Satellites 1-3-89. 

Table 1 

TIME FROM GLONASS 

Time transfer from Glonass is achieved in a straight forward manner, Figure 

1. Each satellite transmits signals referenced to it's own on board clock. 

The Control Segment monitors the satellite clocks and determines their 

offsets from the common Glonass system time. The clock offsets are then up 

loaded to the satellites as part of the transmit data message. A user at a 

known location receives signals from the satellite and by decoding the data 



stream modulated on to the transmission is able to obtain the position of 

the satellite, as well as the satellite's clock offset from the common 

system time, as a function of time. Hence the signal propagation time can 

be calculated at any instant. The time at which the signals are 

transmitted is also contained in the data message and so combining this 

with the propagation time and correcting for the satellite clock offset 

allows transfer to Glonass system time. Any other user who has a satellite 

visible is also able to transfer to the same time scale. 

Though this simplistic approach will provide time transfer to the Glonass 

system time additional errors occur which must be corrected for or an 

allowance made for them in the error budget. 

1) Position errors. Both the transmitted satellite ephemeris and the 

user's known location can contain errors which appear as biases in the 

measurements. This is particularly relevant in the case of Glonass as 

the co-ordinate system reference frame which is used is at present 

unknown and thus it would prove more profitable to solve for user 

position as well as time offset to remove position uncertainties. 

Atmospheric delays. The transit time of the signals are affected by 

delays in the troposphere and ionosphere. Tropospheric delay can be 

minimised by selecting satellites at high elevation angles and can 

also be accurately modelled. The ionospheric delay is usually the 

largest error in time transfer. Models also exist for this, such as 

that used by the Navstar GPS, but are generally less accurate. The 

Navstar model results in a rms reduction in range error of 60 percent 

[ 6 ] .  Ionospheric effects can be removed most effectively by making 

dual frequency measurements. 

3 )  Errors result in the calculation of signal propagation time due to the 

rotation of the earth, and hence a static user, during the signal 

propagation time. This is a function of satellite position and user 

latitude. For the worst case of a user at the equator and a satellite 

due east or west on the horizon this can result in an error of 

approximately 128 nanoseconds in the case of Glonass. The earth 

rotation error can be easily calculated and removed. 

4) Receiver noise and biases. Receiver noise with zero mean can be 

removed by simple averaging, which can be readily applied for a 

stationary user. Biases such as deceiver delay can also be subtracted 



from the measurements. 

5) Other errors exist such as imprecision in satellite clock correction 

parameters and affects such as multipath. 

SIGNAL TIMING REFERENCES 

Timing references are contained in both the satellite code and transmitted 

data. The Glonass C/A code is a 511 bit maximal length sequence 

transmitted at a rate of 511 Kbits/s giving a code epoch every millisecond. 

The Glonass data message is represented as 50 baud data modulated on to the 

satellite code. The data transitions are co-incident with code epochs. 

The data is transmitted as 2.5 minute superframes, each superframe is 

divided into 5, half minute, frames and then each frame is additionally 

divided into 15, two second, lines. Each frame contains the current time, 

satellite ephemeris, clock correction parameters and almanacs for five 

other satellites. Hence five frames are required to obtain all the 

almanacs. The 1 second epochs occur in the data at the beginning (even 

second) and middle (odd second) of each line. Figure 2 shows the content 

of one data frame. 

GLONASS DATA MESSAGE 

SATELLITE EPHEMERIS 

Glonass ephemerides are represented by the satellites ECEF position and 

velocity vectors as well as acceleration correction components. In general 

the ephemerides are updated half hourly giving a maximum ephemeris 

extrapolation period of 15 minutes. To calculate the satellite position 

the equations of motion of the satellite can be numerically integrated over 

the prediction period. 

Equation (1) gives the equation of motion of the satellite with a 

correction for the second zonal harmonic ( J ) of the earth's oblateness 
2 

which is by far the largest perturbation on the Glonass satellites over the 

ephemeris validity period. The equation of motion can be expressed in it's 

constituent components by equations (2) to (4) [7]. 



These equations can be integrated by any suitable technique (Runge-Kutta 

4th order for example) and with a suitable step size the satellite's 

position can be easily calculated to within 3 metres over half an hour. It 

is expected that the acceleration terms in the data message will correct 

for additional perturbations to the satellite which are predominantly 

lunl-solar in origin. 

SATELLITE CLOCK OFFSETS 

The satellite clock offset from the common Glonass system time is 

represented by two parameters [ 2 ] .  

1) 7, - the relative frequency offset between the nth. satellite 

navigation signal frequency, fn, and the nominal value, 
fhnt of the 

nth. satellite frequency. 

2) 7 - the nth. satellite time scale shift relative to the Glonass time 
n 
scale. 

The Glonass system time, 
'sys ' is related to the satellite time, tsv, by, 

where t is the time of validity of r n  and yn. 
0 



Table 2 shows the range and resolution of the Glonass clock correction 

parameters. 

* 
MSB - sign bit. 

Glonass clock correction parameters. 

Table 2 

GLONASS TIME TRANSFER MEASUREMENTS 

Units 

s 

S/S 

A series of measurements have been conducted of the difference between 

UTC(USN0) and Glonass system time. The arrangement of equipment to carry 

out these measurements is shown in figure 3. A prototype single channel 

Glonass/Navstar GPS receiver has been constructed [8] which allows time 

comparisons between Glonass or Navstar system time and a 1 pps reference 

synchronised to UTC(USN0) available from a commercial Navstar receiver. 

The Navstar system time / UTC(USN0) comparison is used as a calibration and 

confidence measurement since the offset between GPS time and UTC(USN0) is 

known and transmitted as part of the GPS data message. The measurements 

are conducted as follows. 

Resolution 

9.313x10-~O 

9.095x10-~O 

Glonass 

r n 

'n 

A time interval counter measures the interval between the UTC(USN0) 1 pps 

and millisecond epochs decoded from the code generator of the test 

receiver. Whilst tracking a satellite time interval measurements are thus 

made of UTC(USN0) against the clock of the satellite currently being 

tracked but also including the signal propagation time. This measurement 

is then related to UTC(USN0) against system time by the following 

equations. 

where, p - counter reading. 

* 
Bits 

2 2 

11 

Scale 

2-30 

2-40 

Range 

+I. 953x10-~ 

+9.304x10- lo 



tsv - satellite time. 
t - signal propagation time ( modulus 1 ms ) 
P 

- t  - 6 t  tsv sys 

where, t - system time. 
SY s 

6t - difference in system time and satellite time. 

The resolution on each measurement is 2 ns and the UTC(USN0) 1 pps is 

accurate to within 100 ns. Measurements are made once per second, averaged 

over 3 minutes and then the data is stored. 

Navstar and Glonass system time offset from UTC(USN0). 

Table 3. 

DATE 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

12/3/89 

SATELLITE 

NAVSTAR 3 

NAVSTAR 6 

NAVSTAR 9 

NAVSTAR 11 

NAVSTAR 12 

NAVSTAR 13 

GLONASS 34 

GLONASS 35 

GLONASS 36 

GLONASS 38 

GLONASS 39 

GLONASS 40 

GLONASS 41 

READINGS 

(l/SEC) 

4320 

2520 

2 340 

5580 

3420 

4990 

3960 

4860 

4320 

4320 

3780 

4140 

4680 

AVERAGE 

OFFSET/ns 

- 336 
-325 

-327 

-336 

- 330 
-352 

29696 

29700 

29699 

29705 

29703 

29740 

29713 

STANDARD 

DEVIATION/ns 

2 2 

18 

2 3 

19 

14 

16 

24 

2 4 

26 

3 5 

3 5 

24 

19 
i 



Table 3 shows a set of measurements over a typical 24 hour period. The 

data has been corrected for tropospheric, relativistic and earth rotation 

effects but not for ionospheric effects. Since the measurements are taken 

over one day then the data is obtained from two passes of each satellite. 

An elevation mask of 10 degrees is used. The offset of UTC(USN0) from 

Navstar system time over this period as transmitted by the Navstar data 

message is about -344 ns. 

Figure 4 shows a plot of UTC(USN0) against Glonass system time over a 

period of about 8 months together with a plot of UTC(USN0) - UTC(SU) over 

the same period using data published by Bureau International des Poids et 

Measures. As can be seen, Glonass system time appears to be a continuous 

and reliable time scale over this period. 

REFERENCES TO OTHER TIME SCALES 

An additional clock correction parameter is included in the Glonass data 

message which relates the Glonass system time scale to the. time scale at 

which ephemeris and satellite clock offsets are calculated. We will call 

this new time scale Glonass ephemeris time and the offset between Glonass 

ephemeris time and Glonass system time is denoted by the parameter 7 . 
C 

Observations of 7 over a period in excess of two years shows the offset 
C 

between the time scales always maintained within approximately 2 3 0 ~ s  of 

each other. Under normal circumstances application of this parameter in 

the calculation of satellite location and clock offset is unnecessary since 

a nominal satellite velocity of 4 km/s and clock frequency offset of the 

order of 10 ps/s will provide insignificant corrections when changing from 

Glonass system time to ephemeris time. Figure 5 shows a plot of T over 
C 

the same time period as figure 4. It can be seen that rc provides a 

somewhat less continuous time scale than Glonass system time. It is 

unclear at the present time as to whether Glonass ephemeris time is related 

to or influenced by other external time scales such as UTC(SU). 

CONCLUSIONS 

It has been demonstrated that time transfer with Glonass to a static user 

can be achieved to accuracies of the order of 100 ns or better while using 

the Glonass low precision C/A code phase and without dual frequency 

measurements. Results are repeatable amongst all the active satellites and 

a cross calibration with Navstar GPS provides a high confidence level. 

Glonass system time provides a time scale which has reliability and 



performance comparable to that of other international time scales and can 

be used as an intermediate time scale for clock comparisons between widely 

separated sites. 

It should be pointed out that if the proposed Selective Availability is 

employed by the DOD on all Navstar GPS satellites, limiting accuracies to 

the civil user to approximately 100 m (300 ns), then Glonass will supersede 

Navstar in position and time capabilities to the civil user. 

No direct linking has yet been confirmed between Glonass time scales and 

other external time scales such as UTC(SU) though such a link would of 

course be of value to the timing community. 
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CRYSTAL PARAMETER MEASUREMENT USING A HEWLETT PACKARD HP4195A 
NETWORK/SPECTRUM ANALYZER 

P.E. Morley and R.J.T Marshall, S.T.C. Components, Quartz Crystal Division, Harlow, Essex, U.K. 
R.J. Williamson, S.T.C. Technology Ltd., Harlow, Essex, U.K. 

JNTRODUCTION 

The object of this project was to  generate a suite of 
computer programs for use i n  a productiorl o r  test 
environment which could give a substantially cornplete 
characterisation of a crystal  resonator' using a single 
Instrument. This would have been lnconceivable a few 
years ago, but  with recent advances i n  commercially 
available network analyzer systems I t  has become a 
practical proposition. 

Several sultable Instruments exist, bu t  the one used for 
this work IS a Hewlett Packard HP4195A Network/ 
Spectrum Analyzer. Apart from the conventional network 
analys~s capability, the main desirable feature of the 
analyzer 1s i ts  abll lty to perform a direct impedance 
rneasuremellt while sweeping either the source frequency 
or amplitude, and then to  display the ~nformation lr? a 
vclrlety of different formats. This simpl~fles the manual 
measurement of crystals hnd greatly facilitates the 
developmerit of automatic measurement techniques. 

The f i r s t  technique deterrnlnes the equlvalent circuit  
parameters of a crystal resonator uslng a circle-f i t t ing 
routine performed In the admittance plane. Thls has 
been described i n  detail i n  a previous paper [ I ] .  Some 
erlhancements have been Incorporated which Improve 
both the measurement of very high Q resonators, and 
also the calibration procedure. The extension of the 
method to very high frequencies i s  also discussed. 

The other two aspects of resonator characterisation 
considered here are the measurement of spurious 
responses, defined i n  various ways, and the variation 
of the equivalent circuit  values, particularly the Q, with 
dr lve level. 

ADMITTANCE C H A R A C T F R U S  OF A CRYSTqL 
RESONATOR 

The generally assumed linear equivalent circuit  of a 
single resonance mode of a bulk wave crystal  resonator 
is shown in  fig. 1 [2]. This provides an excellent 
approximation I n  most practical cases, particularly at 
lower frequencies, and treats the resonator as a two- 
terminal network. 

Fig, 1 Simple crystel equivalent oircuit 

There has been much discussion concerning the 
deviation of devices from this impedance model, 
particularly at VHF. This is part ly due to the small, 
bu t  potentially significant, series inductance and 
resistance i n  the crystal leads and In  the conductive 
adhesive spots used i n  mounting the crystal blank 
[2,3,4]. I n  the narrow band these serles impedances can 
be modelled adequately by including a parallel 
conductance i n  the equivalent circuit  as shown i n  fig. 2. 
C51. 

Fig. 2 Crystal equivalent circuit 
with shunt resistance 

Clearly any discussion on the linear equlvalent circuit, 
o r  even on the admittance, of a crystal  assumes 
linearity In  the device. However, the presence of 
coupled resonance modes can result  i n  major deviations 
from the equivalent circuit, and their coupling to  the 
wanted mode can be either iiriear o r  non-linear. Close- 
in  inharmonlc resonances can cause similar problems and 
the main resonance itself often exhibits non-linearity 
which can be caused by several different mechanisms. 
The measurement of the circuit  parameters should 
therefore include an assessment of the quailty of f i t  t o  
the simple linear model. 

Another source of measurement ambiguity occurs when 
the crystal has a th i rd  terminal, normally the case 
conr~ection of a mstal holder. Thls is typlcelly of 
concern for crystals used i n  f i l ter  applicatlons and for 
those which are specified with a serles load capacitance 
[6]. I n  particular the value of static capacitance 
depends on the way the th i rd  terminal is connected. I t 
can be elther a) floating o r  b) connected to  one device 
terminal or c) Independently grounded, and th is  must be 
clarif ied before the measurement Is made. 

MEASLJREMENT OF THE EQUIVAI FNT CIRCUIT 
PARAMETERS 

The crystal measurement itself can be divided into two 
essentlally separate sections; the method of impedance 
measurement, whlch include8 (a) the type of f ixture and 
(b)  the method of data acqulsitlon; and (c) the 
subsequent matiipulatlon of the impedance data. 



a) Measurement Jiq impedance value. 

Many different types of j i g  for impedance measurement 
have been suggested i n  the past, each with i t s  inherent 
advantages and clisadvarltages [6,7]. For some years now 
the I E C  444 pi-network has been used by most crystal 
manufacturers and their custonlers. A significant 
practical advantage of this type of tietnork is the use 
of sprirlg-loaded knife edges for ease of insertion of 
and connection to the crystal. Ttie original IEC: 444 
specification went to great lengths to eliminate the 
reactive parts of the j ig  by tuning out the inductance 
of the resistors with capacitors. This, however, is only 
effective up to about 125 MHz. 

The HP4195A instrument offers a possible alternative i n  
i ts  direct impedance measurement facil ity which uses a 
50 ohm reflectlon bridge as a network. This has 
potential advantages i n  resolution, higher available dr ive 
level and the abll lty to calibrate the system with 
precision coaxial terminations which can be referenced 
to national standards. However, the absence of a CW 
mode In the instrument and the excessively slow sweep 
speed and stabillsation time i n  the impedance mode make 
this approach dif f icul t  to  implement, Also, the spring 
clip f ixture provided with the impedance adaptor is not 
ideally suited for connection to standard crystal 
packages. 

While it is possible to write down the equations relating 
the Impedances to the j ig  parameters, these are 
u ~ ~ ~ ~ e c e s s a r i l y  cumberso~ne, and experience has shown 
that a simpler' procedure is adequate. 

Getierally V, = [Z,/(Z, + Z ) l E  ( 1 )  
but E - FV, ( 2 )  

so that 

v,/v, = v,, = [ZJ(Z, + z )1(z2 /z j )  K 

Far a t rue short (2-O), the above can be rewri t ten as 

v,, = Z j / (Z j  + Z) v,,, ( 4 )  

where the phase is referenced to zero and V,,, is the 
voltage ratio with the short connected. It can be 
assumed that the effect of the inductive short i s  
negligible in  the amplitude domain and the small phase 
offset which occurs can be calculated once the jry 
impedance Is known. 

The j i g  impedance is calculated by inserting the 50 ohm 
termination and measul-lng the voltage ratio V,, 

For those reasons, the lnltial Implementation of the Z, = 50/(Vbas/Vb, - 1 )  ( 5 )  
method uses a thick-fi lm type pi-network and the 
instrument is configured as a conventional network Finally the j ig  capacitance is measured by removing the 
analyzer. The pi-network can be successfully used 50 ohm termination. I n  practice the signal will be very 
above 100 MHz i f  i t s  parameters are accurately known. low and the phase measut-ement will be i n  error. I t  i s  
The admittance of the crystal can then be calculated best therefore to assume a pure capacitance and 
from the voltage transfer function [I].  calculate i t s  value from the amplitude. 

Thevenin's theorem shows that any such network can 
be simplified into an image EMF (E) and a series source 
impedance together with a load impedance (Fig. 3). The 
required j ig  parameters are the total j i g  impedance (Zj 
= R j  + X j  = 2, + Z,), the voltage transfer factor ( K )  and the 
shunt capacitance ( C j )  across the measurement terminals. 
These can be obtalned by measuring three known 
impedances i n  the j i g  at the nominal crystal frequency. 
I n  practice the lmpedances used are a short-circuit, a 
50 ohm precision resistor and an open-circuit. 

Fig. 3 E q u i v a l e n t  Circuit o f  J i g  

The open circuit  measuremetit consists simply of 
measuritig the empty jig. The other two measurements, 
however, need some thought. The lnductanc,e of both 
the j i g  and calibration impedance w i l l  depend on the 
curret l t  path through them and this i n  tu rn  primarily 
depends on the distance between the contact points. 
The known impedances should therefore have the same 
contact separation as the crystals. The short-circuit can 
be made from a sheet of gold-plated metal with ridges 
at the required separation Typically this will have an 
Inductance of less than a nanohenry. The 50 ohm 
impedance can be made from 6 precision coaxlhl 
termination such as SMA o r  APC 3.5 and a simple 
modification made to the approprlate socket to  provlde 
connection to t h ~ t  knife-edges whilst maintaining the 

Once the vaiue for the j i g  impedance is known, the 
phase offset frorn the inductance of the short can be 
calculated. As th is  will slightly alter the phase of the 
5 0  ohm measuremetlt and hence the j i g  impedance i t  is 
necessary to iterate around the loop several times. 

b )  pata acauisition 

Using a sophtsticated network analyzer, there are 
clearly marly options for obtaining the admittance 
characteristic wlth respect to frequency. Some methods 
use the sweep f a c ~ l ~ t l e s  of the Instrument, and then 
select the approprlate data at a later stage [7]. A 
disadvantage of t h ~ s  approach Is that a slow sweep 
speed Is requrred to prevent d is tor t~on of the observed 
transfer charac te r~s t~c  for high Q resonators. A 
d ~ f f e r e t ~ t  technique which Is h ~ g h l y  approprlate for 
crystal resonators IS used i n  commercially available 
equipment produced by the Tratlsat Corporation. I n  thts 
ded~cated tnstl-ument an analogue phase-locked i m p  IS 
used to  step around the resonance by  locking t o  pre- 
selected phase values. The requ~red  frequency 
Informat~on is derived from a counter, and the data are 
then processed to  obtain the crystal component 
Informdtlon. 

Ttie method used i n  th is  work, however, performs 
admittance measurements at discrete frequenc~es as 
predicted by previous data. Tlie unknown a d m ~ t t a n ~ e  
can be determined by a rearrangement of equation 4:  

After any transitton i n  frequency, the s tab i l~ ty  of the 
measured impedance Z is determined by  taking several 
su~cessive measurements. A measurement IS orlly 
considered valid when the stabil ity has attained a pre- 
determined value. 

The l n ~ t i a l  des~gn of thls program was based around 
the 200 MHz HP3577A Networh Analyzer, arid th ls  was 
relatively straightforward. The introduction st STC 
Quartz Crystal Dlvls~on of a h ~ g h  frequency fundamental 
product line prompted the use of the newly ~ntroduced 



HP4195A Analyzer to extend the upper frequency limit 
to 500 MHz. Some aspects of the higher frequency 
instrument were, however, found to cause some 
dif f icul ty it1 transferr ing the data acquisition routines. 

Firstly, there i s  a discrete step of about I d 0  i n  the 
instrument's oscillator output level at exactly 10 MHz, 
which i s  generally undesirable and causes par t~cu la r  
problems i n  the measurement of devices around 10 MHz 
wh~ch exh~b i t  any non-linearity. Similar discontinuities 
occur at frequencies above 130 MHz, resulting In  similar 
problen~s. 

Unllke the HP3755A, the new analyzer has no 'CW' mode, 
which allows fast measurements at a single frequency. 
To overcome this the frequency sweep is set up to give 
~ t s  minimum of three points and a frequency span of 0 
Hz. This emulates the 'CW' mode and as the extra data 
points can be used to  determine the stabil ity very l i t t le 
is lost i n  terms of measurement time. Also the settl ing 
time after changing the centre frequency (or any other 
stimulus parameter) Is excessively high when using the 
internal correction, so all normalizing 1s performed by 
the external computer. 

c) Data Manioulatlon 

I n  essence the measurement process consists of f lnding 
the crystal resonance, taking some measurements around 
the resonance, f i t t ing a circle to  the admittance data 
and then f ~ t t i n g  a linear futictlon to the rate o f  change 
of frequency around the circle. 

An admittance equation can be derived from the simple 
crystal equivalent circuit  of fig. 1 which is of the form: 

For quartz crystals, the Q is very high and hence 4, 
is essentially constant over the resonance. The above 
equation thus describes a circle In  the admittance plane. 
The radius ( r )  i s  1/2R, and the centre coordinates 
(x,,y,) have values of 1/2R, and ~IC,. The effect of the 
shunt capacitance is to  move the circle along the B axis. 
I n  l ike manner, it can be shown that a small amount of 
series resistance i n  the narrow band approxlmatlon can 
be transformed into a shunt resistance which simply 
moves the circle along the G axis (Fig. 4). Thus by 
performing a circle curve f i t  on the admittance data of 
a crystal resonance, it Is possible to  calculate C,, R, 
and R,. Furthermore, by subtracting Go and 0, from the 
data, only the motional arm (L,, C,, R,) is le f t  and the 
values can be calculated from the variation of frequency 
around the circle. 

Fig. 4 Admlttrnce circle of cryetal 

The phase value 0 in  fig. 4 can be shown to be related 
to the frequency f by the relationship: 

This is a linear relatlonship wlth a gradient of Q but  
the value of f, is unknown. I f  f,,, Is chosen close to  
resonance, then 

where a = 2Q/f, 
and b = 2Q (f, - f,,,)/f, 
Theoretically, the centre of the circle and i t s  radlus 
give the shunt capacitance and resistance. This assumes 
that the resonance is linear and that other elements i n  
the equivalent circuit  such as series Inductance are 
negligl bie. Non-linear~ty causes distortion of the clrcle, 
and other factors, such as temperature variation, cause 
movement of the resonance i n  frequency. I t  I s  safer, 
therefore, to  measure the shunt elements of f  resonance. 
Typically this is measured at 10% below the expected 
frequency, but to Improve the measurement accuracy of 
C, for low frequency crystals, the shunt capacitance i s  
measured at 30 MHz on crystals whose resonance is 
below 27 MHz. I n  either case several measurements are 
made close to this frequency to  ensure the absence of 
spurious resonatlces. 

The effects of non-linearity will be reduced i f  amplitude 
variations are limited. This is achieved by taking 
measuremetits symmetrically around the series resonance. 
This makes sense since this Is the frequency at which 
the crystal is l ikely to  be used. The method adopted i s  
to  use the off-resonance measurement together with two 
others close to the resonance to calculate the crystal 
parameters approximately. These can then be used to  
predict the frequencies which w i l l  place the subsequent 
measurements at regular intervals around the admittance 
circle. One of the advantages of this method is i t s  
abil ity to deal with higti Q crystals which have a 
tendency to " r ing"  by checking for  impedance stabil ity 
after each frequency step. I t  also enables averaging of 
the data after stabilisation. 

EXTENSION TO HIGHER FREQUENCIES 

Recent developments i n  crystal resonator technology 
have resulted in  a progresslve increase i n  the 
achievable upper frequency limit [8,9]. As the device 
frequency increases, so the impedance of the static 
capacitance Co decreases. Any series resistance can then 
become a significant factor in  the impedance model. Also 
the impedance of any inductive series component 
increases i n  value wlth an increase i n  frequency, and 
thls can also become significant. 

Although the simple model of fig. 2 has been used t o  
obtain parameter measurements on devices above 
200 MHz (table l ) ,  their  valldity should be regarded as 
somewhat suspect. Moreover, as has been observed at 
the recent IEC TC49 WG6 measurement workshop [lo], 
different f i t t ing technlques to the same impedance model 
can result In significant differences i n  measured 
parameter values. I t is clearly necessary to  adopt 
ititernationally an equivalent circuit  which has been 
optimised for higti frequency devices. 

The next phase of the program design is now under 
way t o  lmprove the measurement above 200 MHz. The 
Implementation will uti l ize the direct impedance 
measurement fac~ l l t y  of the HP4195A, although it is 
cotisldered that the spring clip f ix ture requlres some 
modlflcation to  min~mise the crystal  lead length, whilst 
malntaining a reasonable impedance match to the 
measurement port. The method will use a frequency 
sweep t o  obtain data, as there is only a marginal 
constraint on the sweep speed due t o  the resonator Q 
at these frequencies. An Initial wide-band measurement 
w i l l  be performed to characterlze the C, and the serles 



components, and then a second narrow-band sweep w i l l  
determine the nlotional parameter values. 

STC Conponanta L l d  
Ouar t r  C r y s t a l  D l v r s J o n  

Date:  Tue 7 M a r  1989 Ope ra to r :  p e n  
T ~ n a :  I 2 : Z B  Spec no: 

C r y s t a l  I s  d r i v e  R I  C I  9 C0 
code ( k H z  I IuW) (ohn8) I f F )  (pF 

with high Q factors, i t  is clearly possible for the 
maximum transmission points to l ie between sample 
frequencies, and to result  in  significant amplitude 
errors. For this reason, a multiple-sweep system is 
employed i n  which the frequencies of the most Severe 
spurious modes are estlmated using the widest sweep 
range, and then the resonances are more closely 
examined with later measurements us l r~g  a narrower 
span. This process is repeated unt i l  there is no 
ambiguity i n  measurement. 

NEASIJREMEIJT OF DRIVE LEVEL DEPENDFNCE 
33l fund 100000.738 95.80 21.89 2.65 27431 1.02 
33 l fund  1888a8.746 95.80 21.98 2.65 27440 1.02 The oresence of non-ilnearitv i n  crvstal resonators can - - - - - - - - - 
33/fund 100000.743 95.88 21.89 2.65 27413 1.02 be rnanifested ~n several forms, some of which have been 
33/fund 100000.744 95.80 21.90 2 .65 2 7 4 1 2  known for rnany years 121. The deviat~on from ilnearkty, 
3 l l f u n d  100001.665 96.14 27.02 2.74 21457 1.86 
3 l / f u n d  180001.671 96.14 27.02 2 .74  21468 1.66 which IS almost always undesirable, appears to be 
3 l l t u n d  100001.673 96 .14  27.01 2.75 11463 I m6 divided ln to two rnaln categorres: bulk lneiastlc effects. 
3 l / f u n d  
25/3rd 
25/3rd 
llfund 
I / fund  
3 /  fund 
3 /  f und 
12/fund 
12/fund 
71fund 
7/ fund 

Table 1. typical parameter values for high frequency 
fundamental resotlators 

VEASUREMEI4T OF SPLJRIOUS RESPONSES 

The fundamental mode and I ts  overtones each have an 
associated fam~ly of unwanted responses. These typically 
occupy a narrow frequency band immediately above the 
major resonance and are usually of higher impedance. 
The most approprlate method for measuring these 
resondnces depends on the intended resonator 
application. 

For crystal oscillators, the serles resistance of the 
spurious response is of greatest concern, particularly 
i n  the severe case where mode hopping can occur, ie 
where the oscillator loop gain Is greater than unity for 
two o r  more modes. 

I n  f i l ter applications, the main concern Is the frequency 
of the spurious mod.es. The influence of spurious 
impedance lavei on the f i l ter stop-band is complex, but  
i ts  effect is oftan estimated by Inserting the resonator 
into a f ixture of known series impedance and testing the 
difference in  response level In dB between the wanted 
and spurious modes. The f ixture typically contains a 
circuit  for. C, canceilation, usually i n  the form of a 
balanced hybr id  coil [Ill. 

The measurement program Is capable of characterlsing 
the spurious modes in several ways, i n  an attempt to  
cover these variations i n  specification methods. The four 
main options are as foiiows: 

a. Level i n  dB relative to  main response. 
b. Level In dB relative to  short circuit. 
c. Resistance value. 
d. Resistance rat io relative t o  main mode. 

The user is always prompted for the crystal frequency 
and the frequency range over which the search for 
resonances w i l l  be performed. When necessary, the user 
is also prompted for f ixture impedance, and is given the 
opportunity of tuning the j i g  for cancellation of shunt 
capacitance. 

The technique for searching for significant spurlous 
modes simply utilises the facilities of the instrument to  
display the amplitude of the transmission response i n  
the frequency domain, and to  search for maxlma, Thls 
process is not entirely trlvlal, mainly because of the 
f ini te number of data points used by the analyzer for 
determination of the frequency response. For resonances 

which typically occul- at -h igh  levels of drive, end 
surface phenomena, which normally occur at low current  
levels. Bulk non-linearity results in  Intermodulation 
distortion i n  crystal f i l ters, i n  non-linear mode coupling 
resulting in  a~~on~a lous  resonance behaviour over 
temperature, and in  the well-known distortion of the 
amplitude/ frequency curve at high crystal current  
[12,13]. Surface non-linearity can also result i n  forms of 
irlterrnoduiation [IJ], and in  high levels of close-in 
phase noise in  cr-ystai oscillators, but  i t s  main effect is 
high resonator start ing resistance, sometimes called 
'sleeping sickness' o r  second levei of dr ive (SLD) [15]. 
The primary intention of this measurement rnethod was 
to detect the presence of a large drive level dependence 
of the latter type i n  resonators for application i n  
crystal oscillators. 

Several methods have been used for the measurement 
of sensitivity of crystai frequency and/or resistance to 
dr ive current. Clearly, with computer-controlled 
impedance analyzers i t  is possible to perform a ful l  
measurement of frequency and resistance at previously 
selected discrete dr ive levels [16]. While this is a highly 
accurate method, i t  is slow, and limited in  the number 
of oscillator levels which can be used. Another widely 
used technique is the ramp method [151, in  which each 
crystal is placed i n  an oscillator circuit  where the initial 
crystal current Is extremely low. The current  i s  then 
ramped to a maximum level, and then reduced back to 
the initial level. The graphical display of dotected 
oscillator output ievel against the ramp ievel provides 
a clear indication of the presence of resistance 
anomalies, but  is rather difficult to  interpret, and is 
also di f f icul t  to  relate to  national standards. A th i rd  
method is also described [I51 which utilises a matched 
pair of steppable attenuators situated before and after 
the crystal network i n  an otherwise conventional vector- 
voltmeter based measurement system. This offers the 
advantage of frequency and resistance measurement, 
and has revealed examples of highly peculiar crystal  
behaviour. 

The relatively recent introduction of highly versatile 
network/spectrum/impedance analyzers, I n  particular 
the Hewlett Packard HP4195A, has greatly facilltated the 
development of techniques for this type of measurement. 
The Instrument is capable of ramping either the 
frequency, the d.c. bias ievel o r  the R.F. signal levei 
whilst perfortning an impedance measurement. The 
measurement network is a 50 ohm reflection bridge, and 
the impedance can be displayed i n  ail the appropriate 
formats (with the exception of a Smith Chtlrt, a curious 
omissio~i by HP). 

To perform the measurement on th is  instrument, it i s  
f i r s t  set to  impedance measurement mode, and is 
calibrated with the standard impedances, which are 
provided wlth the system, over a wide frequency range. 
For each crystal the measurement sequence is then as 
foilows: 

a. I n  the rest state before a crystal  is inserted, the 
amplitude is set to  the minimum possibie value. The 



display is set to IZ1/8, and the stimulus is set to  ramp 
i n  the frequency domain. The frequency range i s  
centred on the nominal crystal frequency, with a default 
span of 4000 ppm, a value which can be changed i f  
necessary by the user. 

b. After insertion of the resonator, the marker is set 
to the minlmum impedance value. The frequency span is 
then reduced by a factor of 50 and the process is 
repeated, thus obtaining a reliable estimate of the 
resonant frequency. 

In  the applied s~gnal  frequency slgnlficantly dev lat~ng 
from the minimum impedance polnt. T h ~ s  w i l l  result  I n  
~ r r e g u l a r  deviat~ons In  crystal current  with appl~ed 
signal level. However, th is  process is not intended for 
precision parameter measurement bu t  as a method for 
rejection of units which e x h ~ b ~ t  poor l inearity; it is rdeal 
for this purpose, and can be Implemented on 'off the 
shelf' equipment. 

c. The display format is changed to  R/X, since the 
reslstance component o f  the lmpedance around a 
resonance is fair ly Insensitive to  the proximity to the 
resonant frequency, particularly for lower frequency 
devices (fig. 5). The instrument i s  then instructed to  
ramp the oscillator level, typically from -66 dBm to 
+4 dBm into 50 ohms, at the frequency as determined 
by the f i r s t  sweep measurement. Although the display 
is not t ru ly  continuous, the number o f  data points per 
sweep can be set to  as high as 101. I n  practice this 
must be performed I n  three passes, due to a limitation 
i t )  the instrument of 26 dB i n  power level per sweep, 
giving a total of 303 discrete power levels. 

B T M  B T M  STAR: - 1 0 .  0 d B m  
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Fig. 6a Plot of real part of Impedance of good unit vs drive 
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Fig. 5a  Plot of resonator Impedance In I z I I Q  format 
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Fig. 5b Plot of resonator impedance in WX format 

d. The instrument d i s p i ~ y  Is then instructed to  show 
the resistance value agairrst dr lve level, and gives an 
excellent i i lustration of deviations from linearity. The 
maximum and minlmum resistances are available from th is  
display, and can be tested against prevlously defined 
limits, for example, those set out i n  the recent proposal 
for IEC 444. Typical examples of plot6 for  good and bad 
devices are shown i n  figs. 6a and 6b respectively. 

As the source frequency i s  i n  no way locked to  the 
crystal resonance, the main inherent er ror  in  th is  
method is due to  possible large changes i n  crystal 
resonant frequency with dr ive level, which may result  
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Fig. 6b  Plot of real part of impedance of bad unlt vs drive 

SUMMARY 

A suite of computer programs has been developed which 
utillses a single instrument t o  perform most of the 
measurements required for  crystal  resonators. This 
Includes a precision technique for  characterlzatlon of 
the equivalent circuit  parameters (which can also be 
extended for measurements over temperature), a 
spurious response test and a means of selecting crystals 
for dr ive level dependence. The modules are designed 
for use in  a production environment, so speed and 
simplicity of operation are of the highest importance. 
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NINE-YEAR AGING BEHAVIOR OF THE CERAMIC FLATPACK RESONATOR 

Dale E. Beetley 

General Electric 

ABSTRACT 

GE has developed a multichannel, high precision aging* 
measurement facility capable of high volume testing of reso- 
nators. Features of the facility considered unique for pro- 
duction aging systems tests include: 1) Loran-Cldisciplined 
time-frequency @TF) oscillator frequency standard, 2) di- 
rect current power bus design, 3) measurement and switch- 
ing techniques, and 4) high volume automatic precision reso- 
nator aging. Computer-controlled data acquisition is used 
for unattended operation. 

Facility requirements included frequency measurement with 
sufficient precision to allow 20-year extrapolation of resona- 
tor frequency shift using 30 data points. The frequency refer- 
ence is traceable to the National Bureau of Standards (NBS). 

Long-term extrapolation required selection of a model 
which would most accurately reflect the major processes in- 
volved in aging. In order to verify the accuracy of model 
extrapolation, a group of resonators has been maintained in 
test for more than nine years. 

INTRODUCTION 

The major subsystems of the GE Quartz Crystal Automatic 
Aging Measurement Facility include the frequency standard, 
measurement scanning console, computer system, and power 
distribution system. This paper reviews the design considera- 
tions applied to achieve a frequency drift measurement capa- 
bility of parts in 10-11 per day in a production oriented test 
facility. Equipment capability and the long- and near-term 
aging affects and their correlation are discussed. Data model 
accuracy is considered, based on long-term data taken over a 
period approaching half the extrapolated life of the resonator. 

BACKGROUND AND DISCUSSION 

The initial impetus for this project was the need to obtain 
information relating to the long-term (20 years) frequency 

which provides a herrneti- Figure I. 
caHy sealed package. Ceramic Flatpack Resonator 

To minimize contamination problems and thereby promote 
good aging characteristics, high vacuum, high temperature 
processing is used throughout the resonator fabrication cycle. 
Since previous work has indicated that stress relaxation in the 
quartz blank is one process involved in aging [2,3], stress in 
the mounted blank was measured (see Figure 2). 

Figure 2. Stress in Mounted Quartz Crystal Resonator Blank 

It can be seen that stress in the blank is heavily dependent on 
the mounting cement. However, other factors will also intro- 
duce stress in the blank; among these is the nonplanarity of 
the mounting clips. Precise clip forming and cutting tools 
have been developed to minimize this effect. Efforts to pro- 
vide additional improvements in this area are ongoing. 

Fabrication of the automatic aging measurement facility pre- 
sented a number of technical challenges which required reso- 
lution for proper system operation [4]. Facility requirements 
included frequency measurement with sufficient precision to 
allow 20-year extrapolation of resonator frequency shift using 
30 data points. It was also necessary that the facility operate 
unattended for extended periods of time. Long-term extrapo- 
lation then required selection of a model which would most 
accurately reflect the major processes involved in aging. 

Facility Eauivment And Overations - 
To provide the required sta- 
bility, Loran-C transmission 
is used to supply the fre- 
quency measurement refer- 
ence source. This also pro- 
vides National Bureau of 
Standards (MBS) frequency 
traceability [S]. The Loran 
receiver, shown in Figure 3, 
produces a "raw" frequency 
reference phase-locked to a 
Loran-C signal. The signal 
is further conditioned using 
a disciplined time-frequency 
(DTF) standard oscillator 
[6]. The resulting phase- 
locked output of the DTF 
has excellent long-term and 
short-term frequency stabili- 
ties which are typically 5 x 
10-12 per day [S] and an Al- 
len variance (1 second) of 2 
x 10-1 2 respectively [6]. 

Figure 3. 
Loran-C Transmission Recelver 

*Aging refers to the frequency drift per day from an initial 
value. 
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The aging test console con- 
sists of 13  test drawers (Fig- 
ure 4), each containing posi- 
tions for 20 ovenized oscilla- 
tors (Figure 5). Channel se- 
lection for 260 channels is 
provided by commercial 
scanner units (Figures 4 
and 6). 

Figure 5 .  
Console Drawer Positions 
for Oven~zed Oscillators 

Figure 4.  
Aging Measurement Console 

With 13 Test Drawers 

Figure 6 .  
Console Scanner Unit 
for Channel Selection 

Individual oven temperature 
Thermistor output is measure 
minal technique, essentially c 
sistance (see Figure 7). 

monitored using a thermistor. 
at  the socket using a four-ter- 

minating errors due to lead re- 

.AUX Canuct 

1 of 260 Channels) 

ciated power supply are connected between the two bars with 
the attachment point at  the bar center point (see Figure 8). In 
order to minimize voltage variation resulting from oscillator 
loading, individual power leads were used for each oscillator. 

The bus is installed in a 
shielded enclosure, with ra- 
dio frequency (RF) interfer- 
ence decoupled, at  the bus, 
between groups of oscillator 
power source leads associ- 
ated with each individual 
chassis. 

Interconnecting power leads, 
with unbroken shields, were 
constructed using foil- 
shielded, twisted-pair cable 
(see Figures 9 and 10). 
Power is also W decoupled 
at each oscillator socket. In 
addition, the oscillator out- 
out signal is switched 

Figure 8 .  ihrough-RF n~atrix switches 
Direct Current Power Bus which provide a constant 

50-ohm- load to the oscilla- 
tors and exhibit a minimum 
RF isolation of 80 decibels 
(dBm) between channels. 
The signal is then routed to 
a precision frequency 
counter with a resolution of 
0.0001 Hz. The frequency 
reference for the counter is 
the signal generated by the 
Loran-C system. 

Figure 9. 
Interconnecting Power Leads 
W ~ t h  Foil-Shrelded, Tw~sted- Figure 10. 

Pair Cable Power Cable Interconnector 

Through spectrum analysis of an unshielded bus with 22 oper- 
ating oscillators, it was learned that the coupled noise and 
signal from other oscillators was down 40 dBm from refer- 
ence. The same bus, when shielded, had a noise level 50 dBm 
down from reference, an additional 10 dBm noise margin (see 
Figures 11 and 12). 

found to be adequate to overcome errors due to ohmmeter Flgure 1 1. Figure 12. 
output current. Coupled Norse and Slgnai from Coupled Nolse and Slgnal from 

Unsh~elded Bu, Shrelded Bus 

Direct current (dc) power is obtained from high stability, high 
current supplies that power a maximum of 80 oscillators each. The channel selection provided by the scanner units is capable 
In order to minimize oscillator coupling, a special dc bus was of the required four-terminal shitching. Good RF grounding 
fabricated for each supply. The bus consists of short, heavy, and shielding techniques are used throughout each chassis 171 
tin-plated copper bars. Voltage and sense leads for the asso- (see Figures 10 and 13). 



Signal leads other than the 
oscillator output signal were 
fabricated using foil- 
shielded, twisted-pair con- 
ductors in order to minimize 
coupled noise problems. 
Cables for the oscillator out- 
put signal were fabricated 
using double shielded coax. 
Extreme care in this area is 
essential. RF coupling 
through a ooorlv designed 
dc his, such as one -that Figure 13. 
does not incorporate "sin- RF Grounding and 
gle-point feed, single-point Shielding Method 
ground," may cause fractional frequency pulling, a problem 
which will manifest itself as similar aging characteristics for 
all units. Correction of this problem could require the com- 
plete dismantling of a test station (8). 

(IEEE) 488 instrument con- 
Figure 14. trol bus. Once started, all 

Test Faclllty Computer System measurements are made 
daily, automatically, for a specified length of time, typically 
30 to 45 days. Daily measurements of 260 oscillators usually 
can be completed in 45 minutes. 

As a result of the need for uninterrupted operation in the 
event of power failure, an uninterruptable power supply 
(UPS) is used. The UPS is a chargerlbatterylinverter unit ca- 
pable of supplying the required power for approximately 60 
minutes, which is sufficient time for emergency generators to 
come on-line and take up the load. The UPS has prevented 
the interruption of several critical tests during weather-related 
power outages. 

Aging Model 

Resonator aging is currently modeled using the following 
equation, where Af/f is frequency change in parts per billion 
(ppb) and T is time in days with T > 1 [9]: 

Af/f = A t B ln(T) ($1  
A least squares fit to the aging data collected for a particular 
resonator is used to generate values for the A and B con- 
stants. This allows the model to predict resonator frequency 
or frequency rate of change over some arbitrary period of 
operation. Aging rate of change is determined by differentia- 
tion of equation 1 with respect to T: 

Therefore, the rate of change per day = BTT, where B is slope 
in parts per billion and T is days. 

An objection raised with the current model is the inability to 
project frequency back to day "0." As a result, an alternate 
model was proposed as follows: 

where C, D, and E are constants and T, as before, is time in 
days. The proposed model assumes that stresses in plastically 
deformed electrodes are balanced by perfectly elastic stresses 
in the quartz, and that stress in the quartz is directly related to 
frequency 121. While equation 3 is valid for T = 0, evaluation 
of the constants is significantly more difficult than for the 

current model, requiring either an iterative or a differential 
process. Also, for large values of T (approximately 15 days 
or greater), the constant (1) in equation 3 becomes negligible. 
In this case, equation 3 can be rewritten as: 

Aflf = C + D ln(E) + D In(T) (4) 

By using the equation 

F = C + D ln(E) = constant (5) 

equation 4 becomes 

Aflf = F + D ln(T) (6) 

This has the same form as the model presently being used. It 
appears, then, that the primary advantage of equation 3 is that 
it permits an accurate model to be generated with fewer data 
points. However, the reduced number of data points does not 
reduce the labor involved, only the elapsed time. Any time 
savings will be offset by the additional time required for data 
reduction. 

RESULTS AND CONCLUSIONS 

The aging measurement test facility has been in use for over 
ten years. During this time, several thousand operations of 
the test bed oscillators have been performed, successfully, for 
their specified aging cycle. In order to verify the accuracy of 
model extrapolation, a group of 17 resonators has been main- 
tained in test for more than nine years. The average aging 
rate was calculated and plotted periodically. Aging rates at 
the 500-day point were predicted for most of the units (91 and 
measured to be a few parts in 10-91day [ I l l  (see Figure 15). 

Figure 15. Resonator Frequency Change (20-year aging rate) 
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Extremely good source voltage stability must be maintained 
over the test period to prevent power change influence on the 
natural crystal aging, an effect demonstrated in Figure 15. A 
dc bus powering 17 oscillators, which had already undergone 
more than 60 days aging, was loaded with an additional 40 
oscillators. The system measurement resolution was such 
that, following the increased bus loading, a decrease was 
noted in the average aging rate for the original 17 oscillators. 
The decrease, less than 1 ppblday, later recovered when the 
bus was unloaded. The effect, however, was not sensed by 
the highly aged resonators when 200 additional oscillators 
were loaded onto other power buses in the test system. The 
magnitude of this effect is such that it is negligible during the 
normal aging cycle. 

1 

k:. .% 

"%.%. -< 
1 

Several very stable 5-MHz resonators, with aging rates of 
parts in 10-lrlday, were nieasured on the system directly. A 
typical aging plot is shown in Figure 16. Note the relationship 
of the best fit of the "normalized" aging versus the actual 
data points. Further confirmation of model validity also can 
be seen with the relatively high value for the determination 

10 100 1000 1 E4 

Days - II7 xial l ,  Near-Term Avs 

O - O 17 xlals. I.on&-Term A g n ~  -- - 
117 xtsls, Near-Term Sigma 
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coefficient, 0.993 in this example. In addition, note the trace 
of oven temperature regulation over the test period. This 
trace helps to resolve anomalies in frequency behavior of a 
resonator or in the resolution of test bed oven/oscillator mal- 
functions. 

Figure 16. Resonator Aging. Typical Plot 

6 

To provide an average population aging prediction, a statisti- 
cally significant control group of 117 resonators, which under- 
went aging during the same initial 30-day period as the long- 
term sample, was plotted. The average rate and 3 sigma limit 
at 30 days, along with the extrapolated rates for 20 years were 
plotted (see Figure 15). It can be seen that the average rate 
for the long-term test samples is approximately centered in 
the area bordered by the comparison sample data. The meas- 
ured average rate (plotted values) for the test samples corn- 
pares well with the projected values, with one exception. The 
measurement system is sufficiently sensitivity to detect a shift 
in rate of approximately 0.8 ppb. This occurred when the 
remaining channels on the power bus supplying the long-tern~ 
samples were loaded. As can be seen, the aging rate recov- 
ered when the additional resonators were removed. 

6 

The close correlation between measured and projected values 
for the test samples appears to support the aging model used. 
The extrapolated rate for the test samples is approximately 
0.05 ppb at 3288 days, while the measured value is 0.075 ppb. 
The data indicate that measurement capability for frequency 
change approaches the noise floor of the system. Previous 
Allen variance measurements of the oscillator/oven stability 
yielded a noise floor of parts in 10-10. System measurement 
resolution is parts in 10-1 1. 
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AUTOMATED MEASUREMENT SYSTEM FOR FINAL FREQUENCY PLATING AND CHARACTERIZATION 
OF HIGH PRECISION SC-CUT CRYSTALS 

Pierre Stoerrner 

Ball Corporation, Efratom Division 
Irvine, California U.S.A. 

Final frequency operation of a precision 
oscillator is dependent on the accuracy to 
which the frequency of the resonator can be 
set. This becomes extremely important when 
the crystal resonator has a small tuning 
range and when there are limited provisions 
for tuning reactance adjustments in the 
oscillator. 

An automated measurement and processing 
system capable of characterizing, tuning, and 
sealing two hundred precision SC resonators 
during a single vacuum pump-down is 
described. Tuning of 10 MHz resonators to 
within 0.1 ppm at the operating temperature 
has been achieved. Correlation between 
resonator frequency operation in the tuning 
system and in the final oscillator is better 
than 0.5 ppm. Agreement between temperature 
slope measurements in the ~rocessina svstem 
and- in an external temperature bathAag;ee to 
within 10%. 

Electrical and thermal performance 
characteristics of the resonators are stored 
in a data base, statistically analyzed and 
used for production process monitoring and 
modification. 

PROCESS SYSTEM 

The tuning/measurement process station is 
illustrated in Figure 1. The system consists 
of a stainless steel, cryogenically pumped, 
high vacuum chamber containing thermal 
evaporative deposition equipment, 
manipulation devices, measurement 
feedthroughs, and cold-weld sealing 
equipment. Within the vacuum chamber, a one 
meter diameter copper turntable holds two 
hundred resonator assemblies and their 
enclosures. The copper plate is heated by 
quartz lamps situated around the perimeter 
and is proportionally temperature controlled 
through a thermocouple embedded in the copper 
plate. Four rings of machined pockets are 
located at different diameters in the copper 
plate. Resonator blanks and headers are 
placed within pockets in the outer two rings. 
These pockets serve as the mask for gold 
deposition onto the blanks during frequency 
tuning. Two resistance heated gold sources 
are located beneath the copper plate, one for 
each of the two resonator diameter positions. 
Resonator covers are placed in the two inner 
rows. An electrical feedthrough/manipulator 
provides for connection between the resonator 
package pins and the outside measurement 
system. Figure 2 shows one of the resonators 
over one of the gold sources. 

Electrical monitoring of the crystals during 
processing is done using an impedance 
analyzer and an instrumentation controller. 

FIGURE 2: CONNECTION OF RESONATOR FOR TUNING 

In production, resonator blanks, headers, and 
covers receive an extended vacuum baking at 
2 7 5 ' ~  for approximately 30 hours. This also 
provides a stabilization period for the 
quartz blank. Cleanliness of the system is 
monitored using a residual gas analyzer. 
When the desired level of remaining 
contaminants and vacuum level is reached, the 
heaters are turned off and the plate is 
allowed to stabilize at the operating 
temperature. At this point, background 
pressure in the vacuum system is less than 
1.3 x Pascals. 
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Each resonator is rotated in turn to the 
tuning position. Electrical connection is 
made to the resonator during the gold 
deposition process. The instantaneous 
frequency is monitored by the impedance 
analyzer. Each resonator is tuned to 
approximately 50 Hz high of its final 
frequency during the first pass. On the 
second pass, the gold deposition rate is 
lowered and the resonators are tuned to their 
final frequency. The reduced deposition rate 
minimizes gold source heating effects of the 
crystal blank. 

Once the entire batch of resonators have been 
tuned, the 40 kilogram copper plate is 
allowed to cool naturally by radiative heat 
loss to the surrounding vacuum system 
enclosure. The thermal time constant of this 
system is on the order of four hours. During 
cool down, several measurements of the C-mode 
and 8-mode frequencies of each resonator are 
taken. These results are compared to 
previously measured data on the two modes at 
their operating temperature and the 
frequency-temperature slope calculated for 
each resonator. Resonators meeting both the 
electrical and thermal specifications are 
cold-weld sealed in the vacuum system prior 
to backfilling of the vacuum chamber. 

Electrical characterization of the crystal 
resonator has been accomplished using 
accepted one-port techniques. All 
measurements are taken with an impedance 
analyzer which is driven by a 
computer/controller. The equipment block 
diagram is shown in Figure 3. 

Overall accuracy of the impedance analyzer 
relies on establishing a calibration plane 
for measurement of the resonator blanks. 
Calibration standards are maintained on the 
copper plate. These consist of an open, 
short, and 50n load. Calibration is done 
only at the normal operating temperature of 
the blanks. At this point the error in the 
calibration standards is less than 1% in 
resistance. The open and short are not 
affected hy temperature. This allows 
compensation for parasitic reactances in the 
cables and measurement connectors so that 
only the electrical characteristics of the 
resonator are measured. 

NATIONAL VYSTlTUTE OF STANlAROS AN) T E W L O G Y  / F R E U K I  L E A I V I E M N T  SYSTEM I 

COMPUTER h 
PRINTOUT X 

FIGURE 3: MEASUREMENT EQUIPMENT 
BLOCK DIAGRAM 

A software routine has been written to 
determine the series resonant frequency, fs, the motional reactances, Cm and L,, and the 
resistance, R of the crystal. The shunt 
capacitance, f!;, is measured at approximately 
500 kHz above and below series resonance, 
averaged and used for subsequent calculation 
of the resonator's operating frequency during 
tuning. The tuned or operating frequency is 
calculated by: 

where CI is the operating load capacitance in 
the oscillator. Since there is a significant 
dependency of the C-mode series resonant 
frequency on the resonator drive level, all 
measurements are taken with a resonator drive 
current of 0.6 ma which corresponds with: 

1) minimal frequency deviation with 
drive current 

2) the actual drive current in the 
oscillator. 

An SC-cut resonator exhibits a mode commonly 
referred to as the 88B-modet8 which is 
approximately 9% higher in frequency than the 
desired "C-modeu. Figure 4 illustrates the 
impedance response of the B and C-modes for a 
10 MHz SC-cut resonator. Typically the B- 
mode has higher Q and lower resistance than 
the C-mode. Although this mode can present 
problems in the oscillator if not properly 
trapped, its existence allows a very 
convenient way of measuring relative 
temperature changes in the resonator. B-mode 
frequency measurement provides the most 
accurate data on the resonator's true 
operating temperature since it is a measure 
of the temperature at the center of the 
quartz blank and responds immediately to 
temperature variations. The B-mode exhibits 
a frequency-temperature slope of 
approximately -330 HZ/'C near the operating 
temperature of the resonator. Figure 5 
illustrates the typical frequency-temperature 
characteristics of both the B and C modes 
over the desired operating temperature range. 

A/OIV 100. 0 D CENTER 10 550 000. 000 t i z  
B MIN -180. 0 dag SPAN 1 500 000. 000 112 
DTIME= 5 
AVERAGING TIME = 1 

FIGURE 4: IMPEDANCE RESPONSE OF 
B AND C-MODES 



TEMPWNRE CHARACTERISTICS 
SC-Cut (luartz Crystals 
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FIGURE 5: B AND C-MODE FREQUENCY- 
TEMPERATURE CHARACTERISTICS 

Determination of the SC resonator's (C-mode) 
frequency-temperature behavior requires 
nearly simultaneous measurement of both modes 
at two different operating temperatures. This 
is accomplished by finding series resonance 
for both modes with the impedance analyzer in 
approximately five (5) seconds, then changing 
the resonator temperature and repeating the 
measurements. The difference in the B-mode 
frequencies divided by the B-mode slope 
yields the relative temperature change seen 
by the resonator. Frequency-temperature 
slope of the C-mode is determined by dividing 
the difference in the measured C-mode 
frequencies by the calculated temperature 
change derived from the B-mode data. 

Electrical parameters and temperature data 
for each resonator during a particular 
process run is stored on the computer hard 
disk for subsequent statistical analysis as 
part of a continuing statistical process 
control program [I]. These results are used 
for correcting process drift in the areas of 
X-ray orientation, contouring, and base 
plating of the resonator blanks. 

Figure 6 illustrates the typical measurement 
output from the system for the C-mode 
resonance on a 10 MHz resonator. This data 
is taken before tuning occurs to verify the 
quality of the resonator. The standard 
deviations on the equivalent series 
resistance, calculated motional parameters 
and Q are typically two to three orders of 
magnitude lower than the average measured 
values. During the tuning process the 
standard deviations of the measured values 
increase to one to two orders of magnitude 
lower than the average values due primarily 
to the rapid change in resonant frequency 
with time and heating effects during gold 
deposition. The standard deviations return 
to more respectable levels when the gold 
deposition rate is lowered during the final 
tune to operate frequency. 
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All measurements on the resonators are taken 
with an HP 41948 impedance analyzer with an 
HP model 310 controller. An in-house 10 MHz 
rubidium oscillator is used as a house 
frequency standard for the impedance 
analyzer. This standard is monitored 
continuously on equipment provided by the 
United States National Institute of Standards 
and Technology. It is monitored using a 
common-mode view of a Loran-C station. 
Average daily deviati from UTC is held 
within 5 parts in 

Series resonance of both the B and C-modes is 
determined by measuring the complex impedance 
over a narrow range about series resonance. 
For frequency deviations sufficiently small, 
both the real and imaginary parts of the 
impedance can be represented by essentially 
straight lines. Given the requirement to 
make accurate measurements quickly, 19 data 
points are measured over a frequency sweep of 
less than 10 Hz for the C-mode. With 
sufficient dwell time at each measurement 
point, the total measurement cycle is 
completed within 2 seconds. A second order, 
least-mean-square fit is done to both the 
real and imaginary data. 

Series resonant frequency is determined where 
the imaginary part of the equivalent series 
impedance is equal to 0. Series resistance 
is determined from the real part of the 
impedance at the series resonant frequency. 
The slope of the equivalent series impedance 
with respect to frequency is calculated at 
series resonance and used to calculate the 
resonator Q. From this and the shunt 
capacitance and motional resistance data 
measured earlier, the motional inductance and 
capacitance are calculated. 

Eqv  R Delta Fo 
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FIGURE 6: MEASUREMENT SYSTEM OUTPUT 

After final frequency tuning the frequency- 
temperature slope of each resonator is 
measured. Figure 7 shows the deviation in 
slopes measured within the process system as 
compared to measurements made on the sealed 
resonators in a temperature controlled bath. 
Temperature accuracy and repeatability within 
the bath was better than 0.02'~. 
Measurements of the series resonant frequency 
of both the B and C-modes were manually made 
with a different set-up which utilized an 
impedance analyzer tied to the house 
reference. Thirty four measurements were 
made on twelve different resonators at 
temperatures ranging between 90 and 110'~. 
The standarg deviation of the data is 7.5 
parts in 10 . The production requirement for 
temperature slope of the resonator is f 4.5 
parts in lo8; we know with 95 % confidence 
that any resonator with a measured slope of f 
3 parts in lo8 will meet the final oscillator 
requirements. 



Correlation between tho final oscillator 
operating frequency and the tuned resonator 
frequency is approximately 0.5 pprn even 
though resonators are tuned to 0.1 ppm. The 
major contribution to this discrepancy is 
believed to be with changes in the actual 
load capacitance presented by the oscillator 
circuit. 

SLOPE DIFFERENCES 
System v s .  Temperature Bath  
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FIGURE 7: C-MODE SLOPE DIFFERENCES 

Measurements of the motional parameters, 
series resonant frequency before tuning and 
temperature slope give a good picture of the 
health of various processes used for 
resonator production. Differences in the 
motional capacitance from batch to batch 
indicates variation in the contour of the 
blank. 

Initial measurement of the series resonant 
frequency at operating temperature before 
tuning is a direct measure of the control 
achieved in the chemical polishing operation 
and the calibration of the base plating 
system. 

Temperature slope data and its variation with 
time is used to correct the X-ray orientation 
system. Collimating crystals which provide 
the Bragg reflections to properly orient the 
SC-cut are periodically adjusted to keep the 
frequency-temperature slope characteristics 
within specification. 

Once resonators are assembled into 
oscillators, additional feedback on actual 
load capacitance presented by the oscillator 
network can be derived. This information is 
used to correct the tuned frequency of the 
resonator in the system so that final 
operating frequency in the oscillator meets 
specification. 

Resonator data is analyzed and used to 
maintain the health of the fabrication 
process. 
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A process/measurement system has been 
described which provides for high volume 
fabrication and test of precision SC-cut 
quartz resonators. A virtue of the system is 
that all frequency adjustments and electri.ca1 
characterization of the resonators are 
accomplished within an environment simulating 
final use. Resonators are hermetically 
sealed within the system after 
characterization and are ready for 
installation into an oscillator when removed. 



DUAL-MODE TEMPERATURE CONTROLLED QUARTZ RESONATOR 
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ABSTRACT Th is  i s  d i s c r i b e d  i n  t h e  f i r s t  p a r t  o f  t h e  paper. The ---- 
second and t h i r d  p a r t s  concern t h e  e l e c t r o n i c  des ign  : 

M i n i a t u r i z a t i o n  i s  nowadays a l e a d i n g  f e a t u r e  o f  - t h e  dual-mode o s c i l l a t o r  which s u p p l i e s  t h e  
oven c o n t r o l l e d  c r y s t a l  o s c i l l a t o r s .  I n  t h i s  paper, C-mode f requency fC and t h e  m i x i n g  o f  b o t h  
the  authors propose a s o l u t i o n  which i s  w e l l  adapted fBC = fB - f C a  sensitive temperature 

t o  t h a t  demand. I t  i s  founded upon t h e  use o f  a SC c u t  
resona to r  v i b r a t i n g  i n  two simultaneous modes ; t h e  10 - t h e  c o n t r o l l e r  l oop  which processes f BC' 

MHz f requency i s  t h e  C mode's, t h e  B mode's be ing  used 
as a temperature sensor. The hea te rs  a r e  s e t  i n s i d e  
t h e  resona to r  enclosure.  1 - RESONATOR STRUCTURE 

A d e s c r i p t i o n  o f  t h e  designed resona to r  
s t r u c t u r e  i s  f o l l o w e d  by a r e c a l l  o f  t h e  dual-mode 
o s c i l l a t o r  p r i n c i p l e ,  which was developped i n  o rder  t o  
take  ou t  t h e  two f requencies.  Then, t h e  temperature 
c o n t r o l  l oop  u s i n g  those f requenc ies  i s  presented.  
F i n a l l y ,  a  few measurements summary t h e  designed 
system performances. 

INTRODUCTION 

Compact oven c o n t r o l  l e d  c r y s t a l  o s c i  1  l a t o r s  
appeared on t h e  market (1. 2, 3 ) .  They p r o v i d e  lower 
power consumption and f a s t e r  warm up than  t h e  p rev ious  
genera t ion .  we t a r g e t  those f e a t u r e s  when u s i n g  t h e  SC 
c u t  r e s o n a t i n g  i n  two s imul taneous modes. The c r y s t a l  
i s  c u t  f o r  t h e  t h i r d - o v e r t o n e  C-mode resonance a t  10 
MHz ; i t  may resona te  s imu l taneous ly  on i t s  
t h i r d - o v e r t o n e  8-mode a t  10.9 MHz, which i s  a l s o  a 
mode o f  th i ckness  shear, or thogonal  t o  t h e  C-mode. The 
B-mode i s  s t r o n g l y  s e n s i t i v e  t o  temperature.  
Therefore,  w i t h  a heat  source c losed  t o  t h e  c r y s t a l ,  
t h e  q u a r t z  temperature may be d i r e c t l y  c o n t r o l l e d  by 
the  B-mode f requency used as a temperature sensor. 

The goal  o f  ou r  i n v e s t i g a t i o n s  c o n s i s t s  on 
ana lys ing  t h e  performances we may expect  f rom such a 
system. It i s  obvious t h e  u l t i m a t e  r e s o l u t i o n  i s  t h a t  
o f  t h e  temperature sensor. W i t h i n  t h e  temperature 
range, t h e  B-mode f requency changes according t o  t h e  
r e l a t i o n  A f B =  KA T w i t h  - 3 0 0 6  K(Hz/"C) 4 - 260. I n  
o t h e r  words, a B-mode f requency c o n t r o l  w i t h  a 
re! l u t i o n  o f  1 Hz means a temperature r e s o l u t i o n  o f  4 9 
10 "C which mupb l e a d  t o  a C-mode frequency s t a b i l i t y  
b e t t e r  than 10 a t  t h e  t u r n o v e r  temperature.  The 
d e s i g  goal f o r  warm-up t ime t o  w i t h i n  an accuracy o f  9 1 10 i s  l e s s  than  15 minutes,  w i t h  a maximum h e a t e r  
power consumption o f  500 mW; 

F o r  t h a t  f i r s t  s tep,  experiments a re  done w i t h  
s tandard e l e c t r o n i c  components, w h i l e  keeping i n  mind 
t h a t  t h e  e l e c t r o n i c  m igh t  be i n t e g r a t e d  i n  a n e x t  
s tep .  In t h e  same way, t h e  resona to r  s t r u c t u r e  i s  
designed f rom s tandard 's  matched f o r  our  exper iments.  

The t e s t e d  resona to rs  a r e  s tandard  10 MHz-SC c u t  
c r y s t a l s  i n  s tandard enclosures.  Heaters have been 
added i n s i d e  those enclosures,  and t h e  c r y s t a l  h o l d e r s  
i n s u l a t e d  w i t h  regard  t o  t h e  l a t t e r  i n  o rder  t o  reduce 
t h e  power consumption. 

The f i r s t  resona to r  des ign  we have t e s t e d  i s  a 
BVA assembly (see f i g .  1  ) .  The hea te rs  a re  r e s i s t i v e  
pas te  p r i n t e d  on t h e  "Condensors", on t h e  oppos i te  
su r faces  o f  t h e  e l e c t r o d e s ' .  The two condensors and 
t h e  resona to r  a r e  sandwiched t o g e t h e r  by two 
i n s u l a t i n g  p ieces  i n  P.T.F.E. 

E l e c t r o d e  
r e s i s t o r  

i n s u l a t i n g  p i e c e  
\ \ / 

"condensor" 

"condensor" 

enc losure  

F i g u r e  1 : Schematic cross-section-"BVA-type" 

A second design has been t e s t e d  (see f i g .  2 )  ; 
t h e  resona to r  w i t h  depos i ted  e l e c t r o d e s  i s  heated w i t h  
I . R .  r a d i a t i o n  (49. The c r y s t a l  i s  enclosed i n  two 
r e f l e c t i n g  h a l f - s h e l l s .  To min im ize  thermal  losses  
t h i s  assembly i s  i n s u l a t e d  w i t h  regard  t o  t h e  
enc losure  by a p i e c e  o f  l e a d  g lass .  



I.R. h e a t e r  
\ 

then f i l t e r i n g  and l e v e l  c o n t r o l s  a re  made e a s i e r .  

E l e c t r o d e  

Resonator - 
M a l f  she1 l 

i n s u l a t i n g  p i e c e  

/ 
enc losure  

F i g u r e  2 : "V-type" s t r u c t u r e .  -- 
Before u s i n g  t h e  B-mode f requency as a 

temperature sensor, b o t h  designs have been eva lua ted  
w i t h  a t h e r m i s t o r  s t i c k e d  on t h e  hea te rs  ( 5 ,  6 ) .  

2 - DUAL-MODE OSCILLATOR 

F i g .  3 shows a b l o c k  d iagram o f  t h e  dual  mode 
o s c i l l a t o r .  P r e v i o u s l y  used w i t h  a 5 MHz-SC c u t  (7 ,  
81, i t  has been t r a n s l a t e d  a t  10 MHz. Nevertheless,  
t h a t  t r a n s p o s i t i o n  was n o t  d i r e c t  because o f  t h e  
B-mode dominance i n  10 MHz-SC c u t s  : t h e  C-mode 
f requency s t a b i l i t y  i s  c l o s e l y  r e l a t e d  t o  t h e  r a t i o  o f  
t h e  10 MHz-signal l e v e l  t o  t h e  10.9 MHz-signal l e v e l  
(8 ) .  The b i g g e r  t h i s  r a t i o ,  t h e  b e t t e r  t h e  f requency 
s t a b i l i t y  i s .  An au tomat i c  g a i n  c o n t r o l  i s  then  
necessary ; i t  ho lds  t h e  c r y s t a l  d r i v e  l e v e l  cons tan t .  

Mixer  

F i g u r e  : The dual-mode o s c i l l a t o r  (O.B.M.T.F.) 

We can r e c a l l  t h e  o p e r a t i n g  p r i n c i p l e  o f  t h e  
dual-mode o s c i l l a t o r  c a l l e d  O.B.M.T.F. ( " O s c i l  i a t e u r  
Bi-Mode a T r a n s l a t i o n  de Fr6quenceW) : t h e  c r y s t a l  
resonates on b o t h  modes C and B, p rov ided  t h e  i n p u t  
modul a t i n g  s i g n a l  o f  t h e  modulator  i n s e r t e d  i n  t h e  
main loop  i s  a t  f B  and fC a r e  t h e  
B-mode f requency - a h y  w:zr f@-mode f requency 
r e s p e c t i v e l y .  One way t o  implement t h a t  i s  t o  s e l f - m i x  
t h e  o u t p u t  s i g n a l  o f  t h e  resona to r .  Here t h e  s i g n a l  
processed i n  t h e  second loop  i s  a t  a low f requency fg 
- fC, f a r  f rom t h e  f requency fC o f  t h e  rnain loop  ; 

3 - TEMPERATURE CONTROL LOOP 

The o s c i l l a t o r  p rov ides  a fBC s i g n a l .  T h i s  i s  
t h e  f requency processes i n  t h e  temperature c o n t r o l  
loop, i n s t e a d  of t h e  0-mode frequency f Indeed, t h e  
C-mode f requency s e n s i t i v i t y  versus !eiperature i s  
n e g l i g e a b l e  compared w i t h  t h a t  o f  t h e  B-mode f requency 
(see f i g .  4 ) .  Therefore,  t h e  r e l a t i o n  dfBC/dT = d f  /dT 
i s  almost t r u e  f o r  s t a t i c  temperature changes. B 

To : Turnover Teaperature 

K, z - 300 Ha/, : 

F i g u r e  4 : B and C mode f requency s e n s i t i v i t y  near  t h e  
t u r n o v e r  p o i n t .  

The temperature c o n t r o l  c o n s i s t s  on a c c u r a t e l y  
m o n i t o r i n g  t h e  f requency fEC by a p p l y i n g  power t o  t h e  
hea te rs .  The f requency fBC has t o  be counted and 
compared t o  i t s  r e f e r e n c e  value a t  t h e  t u r n o v e r  
temperature.  

Many designs may be a p p l i e d  : f o r  t h a t  f i r s t  
step, we have chosen a s imple design,  m i x i n g  analog 
and d i g i t a l  e l e c t r o n i c ,  which p rov ides  a r e s o l u t i o n  o f  
1 Hz f o r  t h e  f requency f , by c o u n t i n g  i t  i n  a 
measuring t i m e  o f  1 secondBC~he l a t t e r  i s  t h e  r e s u l t  
o f  f - d i v i s i o n s  (see f i g .  5 )  ; then, i t s  s t a b i l i t y  i s  
A ~ ~ / F ~ .  

L e t  N t h e  c o u n t i n g  r e s u l t  o f  f i n  a n - b i t  n  
b i n a r y  coun te r  ; then  fBC = x . 2n + N N8d N I  2 - 1 ) .  
i f  x i s  t h e  number o f  coun te r  r o t a t i o n s .  The o p e r a t i n g  
temperature range determines t h e  f requency range and 
t h e  c o u n t i n g  r e s u l t  must be such as 0 4 N 4 2"-1 
w i t h i n  t h e  l a t t e r .  From - 20QC t o  80°C i . e .  f o r  AT = 
100°C, t h e  f r e q u ~ n c y  change i s  about A fBC 30000 HZ 
which leads  t o  2 > 30000 o r  n 5 1 5 .  Components impose 
an even number, so, he re  n = 16. 



f o r c e  t h e  hea t ing .  

A l l  t h e  d i g i t a l  e l e c t r o n i c  i s  mon i to red  by a 

F i g u r e  5 : Block  d iagram of t h e  tempera tu re -con t ro l  
e l e c t r o n i c .  

I n  a d d i t i o n ,  coun te r  i s  p r e s e t  a t  P b e f o r e  
beg inn ing  t o  count, so t h a t  t h e  number x o f  coun te r  
r o t a t i o n s  i s  t h e  same f o r  a l l  t h e  f requenc ies  w i t h i n  
t h e  range, whatever t h e  resona to r  may be. L i k e  t h a t ,  
o n l y  one number N i s  assoc ia ted  t o  one f requency 
value.  

Only t h e  t e n  l e a s t  s i g n i f i c a n t  b i t s  (L.S.B.) o f  
N a r e  conver ted  i n t o  v o l t a g e  t o  be compared w i t h  a 
r erence vo l tage .  They cover  a f requency change o f  $6 2 Hz, i . e .  approximate ly  3 O C .  The s i x  most 
s i g n i f i c a n t  b i t s  (M.S.B.) a r e  capable o f  i n d i c a t i n g  
t h e  temperature by s tep  o f  3°C ( r e f e r  t o  f i g .  5 and 
f i g .  6 ) .  When comparing them w i t h  a proper  va lue  C, 
t h e  temperature c o n t r o l  l oop  may be locked  i n  i t s  
work ing  area. 

F i g u r e  6 : Tuning p r i n c i p l e  o f  t h e  temperature c o n t r o l  .---- 
1 oop. 

A t  t h e  end o f  each 1 second-measuring t ime t h e  
t e n  LSB o f  N a re  t r a n s f e r e d  i n  l a t c h e s  and h e l d  up t o  
t h e  end o f  t h e  f o l l o w i n g  measuring t ime.  Th is  t r a n s f e r  
occurs w h i l e  t h e  MSB-comparator o u t p u t  a l lows  i t .  I t  
i s  n o t  t h e  case d u r i n g  t h e  warm-up t ime where t h e  
s t a t e  o f  the  MSB-comparator o u t p u t  means t h e  system i s  
f a r  f rom t h e  t u r n o v e r  p o i n t  : then  t h e  l a t c h  ou tpu ts  

sequencor which uses 4 P s  between two measuring t imes  
t o  p r e s e t  t h e  components. 

The analog p a r t  o f  t h e  e l e c t r o n i c  a l l o w s  t o  
i n t r o d u c e  p r o p o r t i o n a l  and i n t e g r a l  c o n t r o l s .  Dead 
t imes  may a l s o  be compensated i n  t h i s  s e c t i o n .  A 
s a t i s f a c t o r y  a n a l y s i s  o f  t h e  feedback c o n t r o l  system 
can be accomplished by t h e  use o f  t h e  f i g u r e  7 .  

F i g u r e  7 : Temperature c o n t r o l  system. 

The symbols represen t  t h e  f o l l o w i n g  : 

T : c r y s t a l  temperature 
T: : Ambient temperature 
P : Heater  power 
V : Reference v o l t a g e  
R': thermal  r e s i s t a n c e  between t h e  c r y s t a l  and t h e  

ambient temperature 
T : Resonator assembly t i m e  cons tan t  
T : Frequency measuring t ime 
G(p)  : T rans fe r  f u n c t i o n  o f  P / I  a c t i o n s  and l a g - l e a d  

systems. 

4 - MEASUREMENT_S_ - ANALYSIS 

The f i r s t  t r i a l s  had been done w i t h  t h e  EVA-type 
assembly. We achieved' s a t i s f y i n g  performances w i t h  
regard  t o  t h e  warm-up : t h e  system re u i r e d  about 12 
minutes t o  s t a b i l i z e  w i t h i n  1 x 10 ' o f  i t s  f i n a l  
frequency, as shown i n  f i g .  8, w i t h  a maximum hea te r  
power consumption o f  445 mW. However, t h e  t e s t s  on t h e  
temperature c o n t r o l  l oop  e f f i c i e n c y  r e v e a l e d  a lack  o f  
thermal ga in .  

F i g u r e  9 shows t h e  change i n  t h e  temperature 
sensor ( t h e  f requency f B C )  which r e s u l t s  o f  a change 
i n  t h e  enc losure  temperature.  I t  f o l l o w s  t h a t  t h e  
thermal  gain,  about 250 i s  unacceptable.  When 
i n c r e a s i n g  t h e  l o o p  ga in ,  i t  i s  necessary t o  
compensate t h e  t ime cons tan t  (about  150 seconds ; i t  
i s  c a l l e d  T i n  f i g .  7 )  between t h e  hea te rs  and t h e  
sensor, t o  a v o i d  o s c i l l a t i o n s .  Our at tempts w i t h  
s imple compensating networks abor ted.  I n v e s t i g a t i o n s  
concerning t h e  BVA-type assembly were stopped here  
w h i l e  w a i t i n g  t o  f i n d  a s o l u t i o n  t o  t h a t  problem of 
t h e  t ime cons tan t  r e d u c t i o n .  Measurements o f  i t s  s h o r t  
te rm f requency s t a b i l i t y  and hea te r  power consumption 
a re  shown i n  f i g .  10 and 11. 

The o t h e r  design,  we c a l l  V-type, does n o t  have 
t h e  d isadvantage o f  t h e  former : t h e  r a d i a t i v e  h e a t i n g  
decreases t h e  above-mentioned t i m e  cons tan t .  The 
temperature c o n t r o l  l oop  may be ad jus ted  such as t h e  



frequency f i s  locke_cJ i n  the system reso lu t ion ,  t h a t  
i s  1 Hz fSr 4 10 "C), even i f  the enclosure 
temperature i s  a step greater than 10°C. F ig .  12 shows 
the warm-up behavior : the oven con t ro l l ed  o s c i l l a t o r  
needs 12 mn t o  reach the operat ing frequency w i t h i n  1 
x lo-' ; during t h i s  warm-up, the  heater power i s  
about 420 mW. The steady-state heater power 
consumption i n  moving a i r  i s  shown f ig .  11. At leas t ,  
f i g .  10 shows the short- term frequency s t a b i l i t y .  A l l  
these measurenients had been done w i t h  the e lec t ron i c  
a t  the room temperature ; only the resonator enclosure 
was submitted t o  temperature changes. 

These r e s u l t s  may be considered as sa t i s f y i ng .  
They prove the temperature con t ro l  loop e f f i c i e n c y .  
However, we does not f i n d  the expected s t a b i l i t y  of 
the frequency fC when the enclosure temperature 
changes, as shown i n  the example f i g .  13. We a t t r l b u t e  
t h i s  behavior t o  thermal gradients due t o  a 
non-uniformed heat ing of the bulk and, more important, 
t o  stresses induced by the holders. I t  must be pointed 
out tha t  the c o n t r o l l e r  loop locks the frequency f 
i n  a constant value. Therefore, frequency s h i f t s  
depending on mecl~anical stresses f o r  example w i l l  a lso  
cause heat ing power ef fects.  

A F/F TIME (mn) 
5 1 0  15 

BVR TYPE 
T-19.5.C 

F19.997850 MHz 

Figure  8 : Warm-up - BVA-type resonator. 

AF,, (HZ)  BVFl TYPE --AT ( ' C )  

- 
B I 0  20  3 0  4 0  5 0  6 8  7 0  

TIME (mn) 

F i g u r e 9  : E f f e c t  o f  an ambient temperature change on - 
the temperature con t ro l  loop (w i t h  a EVA- 
type resonator ). 

-- BVR TYPE 

- V TYPE 

Figure  10 : Short term frequency s t a b i l i t y .  

-V TYPE 
--BVR TYPE 

- 1 5  -5 5 I S  25 35 45 55 65 
T ( ' C )  

Figure  11 : Heater power consumption (see F ig .  7 : 
thermal res is tance : 
R = 230°C/W f o r  t h e  EVA-type 
R = 195"C/W fo r  t he  V-type). 

TIME (rnn) 
0 

V TYPE 

F-9.98820B MHz 

Figure  12 : Warm-up - V-type resonator. 
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Figure 13 : Effect o f  an ambient temperature step on -- 
the frequency fC (10 MHz). 
(The temperature control loop i s  working). 

CONCLUSION -- 

This work is one application of the dual-mode 
principle. We have to improve the electronic design 
(the temperature control loop and the dual-mode 
oscillator) before its miniaturization. This first 
step of investigations has particularly shown the 
importance of the mechanical aspect. That is the point 
we are working on now. 

This work is supported by D.R.E.T. (D.G.A.). 

REFERENCES 

( 1 )  H.W. JACKSON, "Update on the tactical miniature 
crystal oscillator program", 36th Annual 
Frequency Control Symposium, pp 492-498, 1982. 

(2) G. MARIANNEAU, D. HAUDEN and J.J. GAGNEPAIN, 
"Integrated oven controlled quartz crystal 
osci 1 lator", 40th Annual Frequency Control 
Symposium, pp 350-354, 1986. 

( 3 )  K. SCHWALLER. K. SCHULTHESS and W. ZINGG, 
"Miniature Oscillators", 2d European Frequency 
and Time Forum, pp 817-822, 1988. 

( 4 )  J.P. VALENTIN, "Resonateur a thermostat 
infrarouge integre", brevet doinvention no 
83-07307 du 03/05/1983. 

(5) S .  GALLIOU, "Chauffage rapide avec resonateurs 
EVA "tactiques"", p 31-43, rapport de synthese 
contrat ORET nQ 85/180. 

Acousto-Opto-Electronique et Vibrations no 1132; 
universite de Franche-Comtg, octobre 1988. 

(7) M. MOUREY, J.L. VATERKOWSKI, "New design of a 
dual mode quartz crystal oscillator", 
Electronics Letters, Vol. 21, no 5, p 185, 1985. 

(8)  S. GALLIOU, M. MOUREY, "Compensation statique et 
dynamique en temperature d'un osci 1 lateur a 
quartz bi-mode", 1st European Frequency and Time 
Forum, p 267-272, 1987. 

( 6 )  C. NOEL, "Conception et r6alisation d'un 
thermostat pour resonateur B quartz", D.E .A. 



'I'liK SI 'W IIESONA'I'OII-A NEH'CON'I'ROI, II:I,ICRZEN'I'POH IIlC11 S'I'AIiII,I'I'Y OSCI1,I~A'I'OlIS 

R.A.  Auld 

I,:~boratoire de  Physique e t  Metrologie des Oscil lateursdu C.N.R.S. 
associ6 ti I 'U~iiversite de F r a n c h e - C o m t e - B e s ~ n  

32, avenue de  1'Observ;itoire - 25000 Besancon - Frnnce 

Abstract  

Surface wiive resonators for oscillators opera t ing  in  the  
l J t IF  a n d  low n\icrowuve frequency ranges have ,  in t h e  
pitst, always operated in the  Rayleigh surface wave rrlode 
(SAW) .  Ano the r  type  of su r f ace  w a v e ,  t h e  s u r f a c e  
transverse wave (S'IW), has  been recognized since 1980 a s  
offering a number  of potential advantages for resonator  
application. I iut  i t  was not until 1987 tha t  this p r o ~ r ~ i s e  
wits realiscd with the publicatiol~ by ?'.I,. Ihgwel l  and  K.C. 
Bray of exper imenta l  resul ts  for a s e t  of indust r ia l ly-  
produced STW resonators. As predicted, these resonators 
were found to exhibit significantly higher power-handling 
ciipabil i t ies t h a n  S A W  r e s o n a t o r s  w i th  c o ~ n p a r a b l e  
pi~rtr~lieters,  :In important feature with regirtd to long tertti 
a ring. In addition, no evidence was found for the existence 
okhiLher order transverse modes in the  resonator gra t ings  
- a significant design constraint  in SAW resonators. These 
devices alsu had values for Q and phase noise level t h a t  a r e  
comparable to those of the  best SAW resotlators to date.  
Ily con t r a s t  w i th  Rayle igh su r f ace  waves ,  S'PW a r e  
polarized in t h e  hor izonta l  p l ane  a n d  ex i s t  o n l y  on 
corrugated surfiices. Consequently, the  chitracter of a n  
S'I'W depends not onlv on the  ~ r o o e r t i e s  of the  subs t ra te  
niateriar, but  also on i h e  d imeis ions  of the corrugations. 
'I'his fea ture  introduces addi t ional  des ign pa ran le t e r s  
which can be man ipu la t ed  to va ry ,  fo; e&mple ,  t h e  
penetration depth of the surface wave and  the  va r i a t i o~ i  of 
r p a g a t i o n  velocity with temperature.  Optimization of a n  

'I'W resonator des ign therefore  involves  Illany more  
ossibilities for trade-off than is  possible it1 t he  case of 8~ w resonators. 

'I'his paper reviews the basic concept and character of SI 'W 
and  the  elenlents of resonator design. Trade-offs used in  
the  design of temperature-compensated structures will be 
explained and illustrated. A survey of experiments will be 
given; and  outstanding problems, a s  well a s  new directions 
for research will be indicated. 

Introduction 

Surface elastic wave resonators a r e  now well-established 
;is control elements for high stabil i ty oscillators operating 
in the UIIF and low niicrowave frequency range,  where a 
bulk wave fundamental  thickness mode resonator i s  too 
thein to be fabricated a s  a self-supporting structure.  The  
o r ~ g i n a l  conception of a surface wave resonator and  i t s  
practical realizations were based on the  use of Surface  
Acoustic Waves (Rayleigh Waves).  Most surface wave 
reso~ia tors  now in service a r e  of th is  type. The  top line of 
Fig. 1 shows such a resonator in section view. In th is  
device the smooth center region between the two periodic 
a r r ays  of etched grooves i s  the s tanding wave resonance 
region. 'I'he two periodic grooved gratings a r e  designed to 
provide "niirrors" containing a Fabry-Perot surface wave 
resonance. 'I'his is  achieved by spacing the grooves a t o n e -  
Itirlf uri acoustic wavelength a t  the  operating frequency of 
the  resonator.  A t  th is  spacing there  i s  a constructive 
combination of the small  reflections from the  individual 
grooves (Bragg scattering), producing total reflection and  a 
s topband  in  t h e  propagat ion  character is t ics .  I n  t h e  
resonator region proper there may be a number of half- 
wavelengths in the  spacing of the mirrors, leading to the  
possibility of multiple resonances. But  just  one of these i s  
sc lcc ted  by des ign ing  t h e  mi r ro r s  to have  a n a r r o w  

re f l ec t ion  s t o p b a n d  s y n c h r u n o u s  w i t h  t h e  s e l e c t e d  
resonance ,  t he reby  ach iev ing  s ingle-mode ope ra t ion .  
Electrical coupling to the  resonator (in either one-port o r  
two-port operation) i s  realized by m e a n s  of one  o r  two 
interdigital  surface wave transducers placed e i ther  in the  
resonator region o r  just inside the mirror regions. Design 
of these SAW resonators requires a phenornenolo ical or 
ana ly t i ca l  nlodel for t h e  propagat ion  a n d  r e f e c t i o n  
c h a r a c t e r i s t i c s  pf n f i n i t e  l e n g t h  grooved g r a t i n g .  
I teference 1 revlews t h e  gene ra l  p rope r t i e s  of S A W  
resonators and details a commonly used approach to the  
 nodel ling proble~n. 

In the  late 1970's ano the r  type of p l a n a r  e las t ic  wave 
device ti ~)carecl on the scene - the surface skiniming bulk 
wave ( S ~ D W )  delay l ine2 I'ropagation in these delay l ines 
takes  place in a horizontally polarized bulk shea r  wave 
traveling a l ~ n o s t  parallel to the  surface of the substrate.  
'I'he SSIlW, or S13AW (Shallow bulk acoustic wave) delay 
l ines  use i n t e rd ig i t a l  t r ansduce r s  for exci ta t ion  a n d  
detection.  For cer ta in  or ienla t ions  of a rotated Y-cut 
quar tz  crystal, these horizontally polarized s h e a r  waves  
prqpagate a t  a n  unusually high velocity (=  5000 rills). 
'I'hrs type of device is tlierefore very suitable for operation 
nt  ~ti icrowave frequencies, because the wavelength  ( a n d  
therefure the  sp i~c ing  of the  interdigital lingers) i s  la rger  
t h a n  for SAW a t  t he  s a m e  frequency. Consequen t ly ,  
fabrication of microwave frequency devices  i s  
s i n ~ p l i f i e d  T e s l p e r a t u r e  compensa t ed  rotateB::z 
analogous to those used for quar tz  bulk thickness s h e a r  
resonators,  also exis t  for SSBW ro a ation.  F igu re  2 
compares ~ U I I C  wave resonance a n B s L C  p r o p a p a ~ n  in  
qua r t z  for two rotated cuts.  Because of t he  c h a n g e  i n  
propa ration direction SSBW propagation in A'I'-cut quar tz  
IS a n d o g o u s  to thickness resonance in B'1'-cut quartz,  a n d  a 
s imi lar  relationsliip exists between BT SSBW propagation 
and A'I' thickness resonance. I t  is  the  AT cut  t h a t  has  tire 
high SSBW propagation velocity nlentiotied above (Fig.31, 
but  the  1i1' cu t  h a s  a f lat ter  tettiperature conipensatlon 
curve. 

Because of the  high propagation velocity of SSUW on AT- 
c u t  quar tz ,  t h i s  type of propagation appea r s  to be a n  
attractive candidate for use in surface wave resonators a t  
niicrowave frequenciess. The  large wavelenglh of the  bulk 
shear  waves means  t h a t  t he  mirror gra t ings  have  larger 
per iod  a n d  c a n  t h e r e f o r e  be  f a b r i c a t e d  a t  h i g h e r  
fre uencies. Unfortunately,  SSBW propagation i s  no t  a 
sur(mce wave normal mode (as, for example, SAW), but  is  a 
narrow spectrum of radiated plane wavcs excited by the  
i n t e r d i g i t a l  t r a n s d u c e r .  C o n s e ( ~ u e n t l y ,  a n  S S U W  
resonat in  r between ~ n i r r o r s  h a s  s~gn i l ' i c an t  r ad i a t ion  
losses, ancftherefore a relatively low Q. Th i s  difficulty can 
be overcome by etchin a grooved gra t ing  on the surface of 
the  substrate.  As wi l lhe  seen in the  following analysis, t he  
presence of t he  gra t ing  creates u horizontall  polarized 
surface wave mode ( u  surface transverse n>ode,&N"W. As in  
the case of the  SAW grat ing  a t  the top of Fig. I ,  th is  gra t ing  
structure creates a stopband near  the  first  Bragg scattering 
frequency, where the gra t ing  period is  equal to one-half a n  
acoustic wavelength. A t  frequencies below the lower edge 
of the  slopband propagation i s  ossible, b u t  a t  a lower 
e h a s e  velocity t h a n  t h a t  of a {SBW. This pnssbsnd 

ehavior i s  illustrated by the  curve labelled SI'W resonator 
in Fig. 4. Note tha t  all points on this curve have a phase 
veloc~ty  ( the  r i~ t io  of w to fi) t h a t  is  lower tlian the SSBW, or 
bulk shea r  wave, velocity. 'I'tre surface wave nature  of Lhe 

EFTF 89 - Besanson 



solut ion  i n  t h i s  f r equency  r a n g e  can  be  e x p l a i n e d  
physically by analogy with optical refraction. When a l ight 
ray  is  incident on a niediutn with a h igher  velocity, a 
critical angle of incidence is  reached when the  refracted ray 
propagates parallel to the interface. For larger angles of 
i n c ~ d e n c e ,  a n d  slower effective veloci t ies  a l o n g  tlie 
interface, the l ight arnplitude decays exponentially a s  11 
function of penetration into the second mediurn. Analysis 
shows tha t  the surface wove nature of the S'I'W solutiori 
extends into the part  of Lhe stopband below the SSBW line 
in Fig. 4. 

'I'lie SAW resonator structure of Fig. 1 is modified for S'I'W 
operation by etching a propagation gra t ing  in the  central  
region between the mirrors. 'I'his resonator gra t in  may 
have the  same period A,,, a s  the  n i i r ron ,  but with d i k r e n t  
depth (Fi . 1). Reducing the groove depth decreases the  
individuaf reflections a n d  narrows the  stopband. 'l 'h~s 
permits, a t  a given frequency, operation in the stopband of 
Lhe niirrors and  in the pass band of the resonator,  An 
a l ternate  structure,  shown in the bottom line of Fig. 1: h a s  
a resonator gra t ing  with the  s ame  de  th  a s  the  rnlrror 
grating,  but, with a smaller period. As  sRown in Fig. 4 th is  
also permits operation in the sto band of the  mirrors and  
the passband of the  resonators. Eince there a r e  no depth 
variations in this case, fabrication requires only a single 
masking step. SAW resonators a r e  also constructed usin 
metal  str ips ratlier than grooved gratings.  The interdigitay 
transducers can then be incorporated In the mirrors in a 
single fabrication step, a s  shown in Fig. 5. 'I'o adapt  for 
S'IW operation a smaller period gra t ing  is added in the  
resonator region, and  the  resonator aga in  opera tes  a s  
shown in Fig. 4. 

Current-State-of-the-art 

Reference 4 reviews the  development  of t r ansve r se ly  
polarized gra t ing  waves, outlines the analysis of S'I'W and 
demonstrates experimentally t he  existence of t he  STW 
stopband. In a recent papers Bagwell and  Bray a t  lIewlett- 
l 'ackard reported the  first industrial  S'l'W resonator with 
performance con~parable  to a high quali ty SAW resonator. 
'I'ransducer analysis for th is  device was  carried o u t  by 
Flory and Baed;. 

F igure  G i l lus t ra tes  t h e  genera l  characterist ics of o n e  
Ilewlett-Packard resonator operating a t  500 MHz, with a n  
utiloaded Q of 11,000 and a n  insertion loss of 7 dB. In lhe  
experimental  frequency response curve of Pig. 6 ,  i t  is  lo  be 
noted  t h a t  t h e  t r a n s v e r s e  modes  obse rved  i n  S A W  
resonators do not appear. The physical reason for th is  is  
not y e t  understood. Figures 7 and  8 show the phase noise 
and  aging characteristics of another  S'IW resonator a t  632 
Mlla. Hy cornparison with SAW, STW have a substantially 
greater penetration depth. Th i s  feature led in the past  to 
predictions t h a t  such resonators would be less sensitve to 
surface effects a n d  could be operated a t  h igher  power 
levels. 'I'he results  shown for phase noise, burn-in,  a n d  
aging appear  to be consistent with these predictions. But  
tnore  r e s e a r c h  wi l l  be  r e q u i r e d  t o  u n d e r s t a n d  t h e  
phenomena in detail. Finally, Fig. 9 i l lustrates rtleasured 
tetnperature-frequency characeris~tics of a 500 MIlz STW. 

'I'ernperature Compensation 

111 a SAW resonator the tetnperature-frequency behavior is  
entirely controlled by the ternperature dependence of the  
elastic constants,  t he  density of tlie subs t ra te ,  a n d  t h e  
therrrial expansion of the resonator length. The  existence of 
a resonator  g ra t ing  in a S'TW resonator adds  a n o t h e r  
pa rame te r ,  t h e  ternpera ture  va r i a t i on  of t h e  g r a t i n g  
dirnensioris. Figure 10 il lustrates the role played by th is  
f a c t o r  i n  d e t e r m i n i n g  t h e  t u r n o v e r  p o i n t  o f  
thetemperature-frequency behavior for a grooved STW 
resonator7. The  s tar t ing  point is  the  temperature variation 
of the  SSBW velocity V,('I'), which is  deterniined by the  
properties of t he  substrate.  Other  parameters enter  into 
the  tenipera ture  var ia t ion  of t h e  s topband  wid th  Sw, 
including the  hei h t  and period of the  grating.  'I'his lat ter  
variation shifts tfte SIW dispersion curve relative to the  
SSBW dispersion curve, so t ha t  a particular point on the  

S'I'W curve remains  fixed, even though V,(T) varies with 
t e~npe ra tu re .  l 'he result  is  t ha t  the  turnover point on the  
teniperature curve is  shifted. F igure  11 i s  a theoretical  
prediction of tlic :itnount of this shift  for a resonator on 37"- 
cut  quarlz8. 

For rtietal str ip resonators the  tempera ture  behavior i s  
more cotnplicated because of t h e  d i f ferent ia l  t h e r m a l  
expansion of the str ips and the substrate.  ?'here is, a s  yet ,  
no :idequate tnodel for this effect. 

S'I'W PropagGiun Chatxrcteristics 

I'igurcs 12 arid 13 show in section view the rnirror a n d  
resonutor  r eg ions  of grooved a n d  m e t a l  s t r i p  S1'W 
reson;itors. 'I'he method of analysis follows the  procedure 
described in Iteference 1 for SAW resonators, except t h a t  in 
th is  case a n  analy+al fieid model is  used for propa ation 
under a grtiting. I he field model is  first devclo ecf for a 
gra t ing  ofinfinite length,  giving the dispersion reratioti for 
both the  passbnnd and  the  stopband. Yrotn th is  result  the  
reflection coefficient of a setrli-infinite g ra t ing  c a n  be 
obtained by the I<ogeliiik procedure, used in Iteference 1 
a n d  reviewed briefly in the  next section. 'She resonant  
f req~~er ic ies  a r e  then obtained by a standard Fabry-l'erot 
calculntion. 

A ~ r a l y s i s  of S'I'W propagat ion  i s  performed u s i n g  t h e  
l'loquet v c e d u r e .  For a n  inf in i te  g ra t ing  the  particle 
vclocity teld in the  substrate i s  expressed a s  a n  infinite 
series of space h:lrnion~cs. 

where tlie coordinates a r e  defined a s  in the  centr;il region 
of Fig. 12. Each sp11ce ha r t~ ion ic  propagates a long  the  
gra t ing ,  with a n  exponent ia l  decay in to  t h e  subs t ra te .  
l 'hese harmonics, wit11 a lnpl i tudes  a, , ,  a r e  assumed to 
s a t i s f y  t h e  acous t i c  w a v e  e q u a t i o n  for x -po la r i zed  
propagation on rokrted y-cut quartz. 

Th i s  allows each harmonic decay factor u,, to be expressed 
in b r m s  of the  corresponding propagation factor 11,, 

'I'he acoustic fields in the subslrate,  given by Eq. (I), a n d  
the  corresponding stresses mus t  then be matched to t h e  
acoustic fields in the gra t ing  teeth. For s l~a l low gra t ings  a 
per lurbat ior i  procedure i s  usedg. 'I'liis l e a d s  to two  
equations c o n t i ~ i t i ~ n g  sutnrnations over the  space hamionic  
aniplitudes a,,, one equation for tlie region under a tooth 
and  another  for the iidjacent groove8. By multiplying these 
equations by the cotiiplex conjugate of the z-dependent par t  
of the  wave function of a n  arbi t rary  space harrnon~c,  one 
obtains a n  infinite se t  of l inear algebraic equations for the  
s p a c e  ha r rnon ic  a n l p l i t u d e s .  'I'hese c a n  be  s o l v e d  

r n u r n e r i c a l l y  hy t r u n c a t i n g  t h e  s e t  a n d  s o l v i n g  for  
i nc reas ing  nurnhers  of ha rmon ics ,  un t i l  t h e  d e s i r e d  
nccuracy is  achieved. 

For t he  shallow gra t ings  typical of surface wave resonators 
i t  i s  u s u a l l y  s u f f i c i e n t  to  a p p l y  t h e  coup led  m o d e  
approximation, where only the  n = 0, -1 harmonics a r e  
retiiinedl. In this case the se t  ol'linear equations reduces 
to two, which can be solved analytically for the  dispersion 



relation between o and fi and for the relative amplitudes of 
the 0 and -1 space harmonics. The resulling dispersion 
relation is most conveniently expressed in terms of the 
relative fre uency and propagation factor variables defined 
in Fig. 14. %or a grooved grating the dispersion relation is 
given by the following formula, with M equal to 1. 

V, = SSBW velocity in the substrate 
V,,, = shear velocity in the metal (isotropic) 
p = density in the substrate 
o' = density in the metal 

For the metal strip gratin M has a value determined by 
the relative properties of d e  metal and the substrate. An 
alternative approach to the analysis o f ~ t ~ e t u l  strip gratings 
is given in Reference 9. 

It will be noticed that the rigllt-hand side of Eq. (4), the so- 
called mode coupling constant, is pro ortional lo tlie square 
of the gmting depth h. By contrast, L r  a SAW grating it  is 
linearly proportional to h. A eneral co~npariso~l of the two 
kinds of gratings is iven in Wefermce 4. As will be seen, 
one consequence o f  this difference is tha t  the mirror  
grating stopbands are narrower for S1'W applications that 
for SAW, arid this makes STW resonator design more 
delicate. 

Itcflection Coefficient of a Finite G r a t i n ~  

In Iteference 1 the analysis  proceecls from a pair of 
differential equations for the 0 and -1 space hitrnlonics. An 
al ternat ive approach i s  to  s t a r t  from positive- and 
negative-travel~ng solutions to the truncated Yloquet 
equations. I3y combinin these solutions and suitably 
nlatctiing rumbinations ofthe forward itnd backward spiice 
t~arrnonics to the incident, reflected and t r a ~ i s l ~ ~ i t t e d  waves 
a t  the terriiinals of the grating, one obtains an analogous 
expression for the reflection coefficient. A comparison 
between S'I'W and SAW gratings is given in Reference 4. 
For a semi-infinite STW grating the final result for the 
input reflection coefficient of the mirror is 

s ;.. I / , ,  ( - ti,',/ V* t till)lrL ', 

in terms of the variablesdefined in Fig. 14. 

Itesonnnt lzrequency Calculation 

Figure 15 is a schematic of the standing wave resonance in 
the central region of a n  S'I'W resonator, where t h e  
reflection coefficients are defined by Eq. ( 5 ) .  .The analysis 
assunies a standing wave in the resonator reglon, 

with boundary conditions 

/ j  J & ' . ~ ~ L  J*,,l 

X "  I , ,  , % = + I . / L  

a t  the mirrors. Solution of Eqs. (6) and (7 )  gives the 
frequency equation 

where N defines the order of the resonance (approximately 
the number of half-wavelengths in the standing wave 
pattern). 

For desi n calulations it is more convenient to cast Eq. ( A )  
into the form 

It then becornes easier to.graphically visualize the position 
of the resonant frequcncles. 'I'his is un important feature 
for S7'W resonator desi .n because, as  was noted above, the 
narrowness of the ~'l'b stopbands re uires a delicate 
treatment of the design. This point is filuslratrd by Fig. 
16, wharc the lowcr h:~lf ul' the mirror stopba~rd (where a 
surface wave exists) has a relative width less than one- 
third of a percent. 'l'he design problem is to choose a 
resonator length I,,. that is an integral multiple plus half'of 
the grating period, and a t  the snme time satisfy Eq. (9) 
inside the lower halfof the mirror stopband. 

Yigure 17 illustrates a raphic procedure, on an enlarged 
view of the mirror stopfand region in Fig. 10. The solid 
curve niarked SI'W defines fi iis a function of 80, the 
frequency displacement from the crossover of the straight 
dashed lines. At the right of the S'rW line is a curved 
dashed line, with the offset marked. Here, is the phase 
angle of the reflection a s  a function of So. To find the 
resonant frequencies, the right side of Eq. (9) is marked off 
along the horizontal axis and the frequencies are read from 
the vertical axis, For an arbitrary choice of parameters 
solutions a re  no1 always found within the required 
frequency range ( that  is, the lower half of the mirror 
stopband). Ciirrying out a design therefore requires a n  
empirical ndjustnlcnt of parameters, using a computer. 

A brief review has been given of the properties of SI'W 
surface wave resonators, giving a n  overview of basic 
concepts and the method of analysis. These resonators were 
predicted to have certain technological advantages, such as  
ease of fabrication, improved aging properties, and reduced 
phase noise. Results reported ill the recent literature have 
confirmed these expectations, but  the physics of th i s  
improved performance is not yet fully understood. A 
g v ~  ram of SI'W resonator fabrication is now under way a t  NBS LPMO, with the goal of researching in depth the 
noise and aging characteristics of th i s  new type of 
resonator. 
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Figure 7 Reduction of Phase Noise by Burn-in (After 
Reference 5) 
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Figure 12 Section View of a Grooved S I W  Resonator 

Figure 13 Section View of a Metal Strip S'I'W l iesonabr  

Figure 10 'I'e~nperature Compensatiorl Mechanisms in a 
Grooved S'IW Resonator 

Figure 11 Illustration of the Shift in 'I'urnover 
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Figure 14 Definition of the IZelative Frequency and 
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Mirror , Resonator , Mirror 

I I- Lr -1 

1 rm I I . . . .  . . .  I . . . . . . . . . . . . . . . . . . . .  1 , , 1,,, . . . . . . . . . . . . . . . . . . . .  ,,,,,,,,: , , 
...... -...,. 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Figure 1.5 Fabry-Perot Resonances in an S1W Resonator 

Coupuredu reronnreur ,," 

\ 8.' 

Courbe de disperrlon 
du resonateur 
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A b s t r a c t  

'l'lie influence of mechanical stresses on SAW devices may 
be described by stress-sensitivity coefficients which are  the 
tensorial equivalents of the first order static temperature 
coefficients. Crysta l  anisotropy is  used to find q u a r t z  
crystal cuts exhibiting zero-stress coefficient for p lanar  iso- 
tropic stresses. Among singly rotated quartz cuts (4 = O), 
two SAW quar t z  cuts exist  satisfy both condi t ions  of 
temperature -and p lana r  isotropic stress cornpensiltion. 
'I'hese cuts have been ex eri~xlentally tested with SAW 
delay lines built  on c imuLr  ua r t l  plater. Coniparison of 
both temperature and stress elfects is made with respect to 
the cliissical (S'I',X) cut  measured in  the same expc r i rne~~ tn l  
conditions. Potential applications involve new devices with 
low sensitivity to therlnoelastic effects. 

In t roduc t ion  

IIigh s tabi l i ty  SAW oscillator appl ica t ions  r equ i re  a 
careful design of the  device to nunimize the  frequency 
shirts due Lo the influence of external physical pa ra~ne te r s  
such a s  temperature, forces, accelerat~ons and vibrations. 
Static temperature effects may be avoided using crystal  
anisotropy by the choice of a temperature-compensated cu t  
l i k e  t h e  c l a s s i c a l  (S'I',X) c u t  of q u a r t z .  D y n a ~ n i c  
temperature effects occur in warm-up conditions or when 
external t e ~ n p e r a t i ~ r e  cycling is made with a characteristic 
l ime shorter than the thermal titne constant of the dev~ce .  
In t h a t  case, the substrate will be submitted to thermill 
gradients ,  inducing therrnoelastic stresses.  Addi t ional  
stresses may be transmitted into the plate from external 
forces applied to the n ~ o u n t  holders, or due to acceleration 
effects. 

A first method to minimize stress effects is  to use a classical 
temperature-compensated cut (like the ST,X) cut  a n d  to 
des ign  su i t ab le  p l a t e  s h a p e  a n d  f ixat ion conditions,  
yielding reduced stress sensitivity [1,2]. Another method 
which is presented here consists in usin crystal anisotropy 
to f ind  n e w  c u t s  e x h i b i t i n g  s i m u ~ t a n e o u s l y  ze ro -  
temperature  sensit ivity a n d  zero-stress sens i t i v i ty  to 
certain kinds of stresses [3,4]. 'l'he sensitivity of a SAW 
device built  on a thin late of quartz crystal may be defitied 
[5] according to the refatiotl 

In e . (I),  AVIV,, represents the relative velocity shifts of 
the ~ A W  induced by a quasi-staticmechanical bias Tlj. 

'I'he case of planar isotro ic stress compensation will be 
considered here. Th i s  con&uration appears for example in 
the case of a circular plate submitted to a syt~~metr ic : r l  
d is t r ibut ion of mechanical  or  therrnoelastic s t resses .  
Within these assumptions, i t  has  been shown [3,41 t h a t  
several SAW quar tz  cuts are  both temperature -and stress- 
compensated, defining for SAWS the equivalents of the SC- 
cuts of bulk waves [61. 

I )c termini l t io t~  of' tcrn era tut 'c  - a n d  s t r e s s -  c:onipeti- 
s e l c d  q u a r t z  cit ls  #' o r  p lanal -  i sot ropic  a t r c s ses  

S t r e s s  and  temperature  coefficients may  be calculated 
using the same formalisni developed by 'Yiersten 171 Ibr 
wave propagation in a prestraineti ~nediurtl. In the case of 
nti ho~nogeneous distribution of stresses and s t r a ins  a t  
constant temperature,  the relative velocity shi f ts  of t he  
SAW may be expressed using tile perturbation method by 
[7,8,91 

where 'I',,, are  the  corljponents of t he  uasi-static s t ress  
tensor andsrlpq the stress coefficients dezned a s  

where ti,/, is  the  Kronecker delta, 
Clakruv are  the 3rd order elastic constants, 
s,,,,l,,, are  the 2nd order compliance constants, 
Cp,,g, arc  the 2nd order stiffness constants 

and l J , , k ,  depends only on the propagation terrns of the 
SAW on the unperturbed crystal. 

In the cilse ol'a t11i11 plate of quartz crystal submitted to in. 
plane, isotropic stresses, eq. (2) takes the sinipler form 

where the indices (1,2,3) refer to a set  of axes (a , ,a .  , a , )  
taken with a ,  parallel to the SAW, a2  normal to the &ate 
and a,, pt~rallel  to the surface. T is  the only non zero stress 
co~nptinerlt : 7' = 'I1,, = 'I',:, ; (TI ,  = 0).  

'I'he s t ress  coefficient s u l l  + sa,, for p l ana r  isolropic 
strcsses has  been computed for quartz, in the non piezo- 
electric approxin~ation, a s  a function of the cut  angles (@,t)) 
a n d  p r o  n g a t i o n  d i r e c t i o n  Y c o r r e s p o n d i n g  t o  a 
( Y X W ~ ~ ) $ O I P  p l r r~e ,  1101 SAW propagat ion in  t h e  t- 
direction. 

'l'alting the angle qJ a s  a parameter ,  the  loci of stress- 
com ensated cuts are  defined in the ( H , 4 )  plane by t h e  
condlrtion 

These  loci a r e  represented in  solid l ines  on Fig.  1 for 
propagation di rect~ons  UJ = 30" (Fig. l i l ) ,  Y = 45" (Fig. I b). 
On the same graphs :ire represented in  dotted lines the loci 
of zero first-order temperature coefficients calculated using 
'l'iersten's formal isn~ of temperature derivatives of Sundn- 
tnental  elastic constants [11,12] in the non piezoelectric 
approximation. 
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Fig. 1 : 
- Solid lines : locus of quartz cuts compensnted for planar isotropic stresses effects 

- Dotted lines : locus of zero first order temperature coefficient 
Cut angles 8, Q, and propagation direction Y correspond to a (YYwft)Q,B plate, SAW propagating in the P-direction 

EXPERIMENTAL FREQUENCY-TEMPERATURE CURVES EXPERIMENTAL FREQUENCY-TEMPERATURE CURVES 
cut angles 9-0 -10<8<0 3 0 e C 3 3  b -0 

0 ~ 4 1 . 8  9-46.9 
(Theoretical STC-cut) 

8--5 $131.5 0-41.8 9-48.2 

Ipiy 3 : E ~ ~ e r i l ~ l e n t t ~ l  static temperature characteristics Fig. 2 : Experilnental static tempernlure churnchristics - fo; the cut  (+ = 0, ,, = 41.80, = 46.90) corres onding 
for the cuts 4 = 0, -10" < 0 < -2.!0,30" y < 33" 

Corllpurliison with the class~cal S'I',X cut to the theoretical values sf B.K. s inha  SI'C cut t131 
b - for the corrected cut (0 = 0 ,  t) = 41.a0, y = 48.2") close 

to the SSC-cut 

/ 
2 HZ/ 20 2 WZ/ 20 ppm - L o - "  

- 
pprn[/-- 

Rafsrencs ST,X cut 
(34x10 -'.K") 

' a 9 c a .  > 
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'I'he intersections between the two loci define quartz cuts 
satisfying both conditions of planar isotropic stress and 
temperature compensation. 

'I'tle cuts dclincd on Fig. 1 have been tested experinien- 
tally; they are the only solutions among singly rotated 
plates (@ = 0) for simultaneous tem erature and planar 
stress compet~sution. Singly r o t a t e l  plates have been 
preferred in this experimental study since the precision of 
a~tgultlr ttirrclri~~ing is better lhan for doubly rotated pltrtcs. 

It I I I U S ~  be pointed t)ut that the second cut ( oint P45 on 
Fig. Ib) is close to S.K. Sinhu's theoretical !TC cut (131 
(a = 0,0  = 41.8", 'IJ = 46.9'). 

Exper i~nenta l  results 

Experiments are performed on quartz delay lines buill on 
circular plates (diameter : 22 mrn, thickness : 1 mm or 
2 nim). 

The device is used in a n  oscillatoroperating a t  100 MIIz. 

Static temperature effects 
'I'anperatute compensation was checked by plotting the 
frequency vs temperature curve between -20°C and + 50°C. 
'I'he propagutii~n a n  rle Y was adjusted to keep the  
inversion point of tke frequencyltemperature curve 
between 20-25°C (Pig. 2 and 3). 

A discrepancy of about 1.3" on the angle Y was observed 
between B.K. Sillha's theoretical SI'C cut (Fig. 30) and the 
experimental temperature-compensated c ~ l t  (Fig. 38). 

As a reference, the theoruticul curve for the classical (S'I',X) 
cut is shown. i l  :nay be seen that the thermal behavior ol' 
the new cuts is very similar to the classical (SI',X) cut. 

In-plane stress effects 
A delay line satisfying the condition of teraperature 
c o ~ ~ i p e n s a t i o n  i s  tested with a mechanica l  sys tem 
represented on Fig. 4. 

?'he circular plate is submitted to a single o r  double 
diametral cotllpression obtained by two pairs of knife-edges 
acting a t  90" to each other.. 

'I'he plate may be rotated around its axis, and the force- 
frequency eSfect is measured for each azimuthal an le P 
between the propagation direction of the SAW a n b  the 
direction of the force (Fig. 5). 

The experimental procedure is a s  follows : 
'I'he knih-edge are  removed, and the plate is  held b a 
clamp until a new angular position is  set. The plate is  tKen 
submitted lo a diametral pre-compression of about IN. The 
clartip is  rernoved, so that the plate is submitted only to the 
compressive forces. An additional force between I N  and 
12N is set, and the frequency shifts are measured with 
respect w the pre-strained state. The azi~nuthal angle is 
measured without contact by optical means. 

'I'heoretical model of the force-freauencv effect in a n  
anisotmaic disk 
'I'he force-frequehcy effect in a circular disk may be derived 
from the stress sensitivity coefficients (5) and from the 
clnssicul theory of elasticity (141.In the case of a single 
diainettal cot11 ression, the relative frequency shifts in the 
isotropic tnoderare given by 

AE' 2 1' - = - - (('al, + 'ud + 2 ( ' t~, ,  + 'nu) msw - 2 'al, sin 211 
p,, 11 (11 

where P i s  the applied force along a diameter 
tl is the diameter and t the thickness of the disk 
Q,, Q,, .al,{ are  the in-plane coeflicients expres- 
se in t e ax i s  (a ,a,,) parallel to the SAW 
[I is the uzitlluthn\ uhgle bctweetl l l ~ c  SAW and the 
force (Fig. 5). 

l'he simple geo~netry of the circular disk allows an exact 
evaluation of the quasi-static niechanical bias  a t  the  
center, taking into account quartz anisotropy. 

Accorditig to Jan inud ' s  calculrrtion L151, t h e  s t ress  
distribution is  still a simple radial distribution and i ts  
expression a t  the center of the plate is  : 

7'; = 0 (9) 

where C is the azimuthal angle between the SAW and the 
orce (Pig. 5) 
Y is the propagirtion un le of the SA W 
(r, Z,, y, 6 a r e  the fofiowing cn~nbina t ions  of 
conipliance constants  expressed i n  t h e  a x e s  
(all', 5.p) 

c = 4 (Stt - Su) ( 1 0 )  

6 = 2 S, ,  4- S, + 3$, + 3S,, 

(IS) 

Coeflicients A and U are deter~riined numerically by the 
static equilibrium conditions for the plate. These coeffi- 
cients depend on crystal anisotropy and are computed for 
each set of cut angles (@,()I and propagation directlon'IJ. 

Final expression of the relative frc uency shifts for a single 
diametml compression of magnitu% P is 

In that  case, the "mean value" corresponding to a 4-point 
syn~metrical conipression of ma  rnitude P/2 is  no longer 
independent of the angles 0 and and is given by 

Experimental results for single and symnletrical dialnetral 
compression are given on Figs. 6 and 7. 

Fig. 6 shows a series of results obtained with the cuts 
(Q, = 0, -10" < U < -2.5",30 < \I;' < 32.5"). Stars represent 
the experimental values of sin le 2-point dinmetral  
cotnpression of ma nitude P a n t c i r c l e s  represent the  P: experimental value or a 4- oint symmetrical com ression 
of magnitude P/2. As a reirenee,  broken lines sgow the 
theoretical values given by the isotropic stress calculation. 



Fig. 4 : Experimental setu for single and symmetrical F diametral compression o a circular quartz delay line 
Fig. 5 : 

Definition of the azimuthal an le between the direction 
of SAW and the direction ofdiametral compression 

F=97.5 MHz 
AF (Hz/N) @=O a=-2.5 lI, =32.5 

t 

F=98 MHz 
AF (HT/N) 9=0 8=-7 Y=31 

F=97.6 MHz 
AF (Hz/N) 

t 

F=98.4 MHz 
A F  (Hz/N) @=o 8=-10 '4-30 

Fig. 6 : Experimental results of force-frequency effect on the cuts (+ = 0, -10' < 8 < -2.5', 30" < 'P < 32.5") 
* : experimental values of 2-point compression 
o : experimental values of 4-point compression 

broken lines show the theoretical values (isotropic stress calculntion) 



F=Yl.3 MHz (ST,X) c u t  F=95,6 MHz (close to t3.K Sinha's STC-cut) 
AF (HZ/N) + = O  8=42.75 9 =O AF (Hz/N) @=O B=41.8 LY=48.2 

F-98.4 MHz 
@a0 03-10 Y=30 

F=99.3 MHz 

AF (Hr/N) @=O 8'-13.0 Y =29. 

l oo /  

(plate thickness 2 mm) 

Fi . 7  : Expcri~nental results of force-fre uency effect on the cuts (41 = 0) and 
a )  B = 42.75 $ = o (ST, x cut) 8, u = 41.8 yJ = 48.2 (close to STC-cut) 
c) f f  = -10 Y = 30 d)B = -13 Y = 29 

Results a )  b) and c) are obtained with plate thickness = 1 mni, results d) with plate thickness = 2 nlm 
* : experimental values of 2-point compression 
o : experimental values of 4-point con~pression 

Solid lines show theoretical values with anisotropic stress cnlciilation, broken lines = isotropic stresscalculation 

Table I 
Comparison of plnnar isotropic stress-compensated cuts with the classical ( S T , X )  cut 

Singly rotated cuts 
@ = O  

coupling factor AVA' 

beam steering angle 

2nd order temperature 
coefficient 

sensitivity to planar 
isotropic stresses 

8 = -10" 
UJ = 30" 

4.9 x l o 4  

- 5.7" 

-30 9 ~ . 2  

< 12 ,,,2, 1 

H = 41.8" 
Y = 48.2" 

4 5 x 1 0 ' ~  

= 6" 

-30 x K'Z 

< 12 m2,N.~ 

S'I', 0 = 42.75' 
X 'P  = 0" 

5.8 x lo.4 

0 

-34 l o  * 

= 10.12 m2,N 1 

'I'heoretical 

values 

Experimental 

values 



T h e  experimental  values of the  2-point compr'ssion follow 
a sinusoldal shape ,  a l though a cer ta in  discrepancy i n  
nrnplitude and phase exist  between theory and  experiment. 
'I'o investigate the  possible origin of the  discrepancy, the  
following attemps were made : 

- using the anisotropicstress calculation 
- increasing plate thickness to check the influellce of 

parasitic bending forces. 

Coniparison between isotropic a n d  anisot ropic  s t r e s s  
calculation is  shown on Fig. 7 where solid l ines represent 
theoretical  viilues of t he  anisotropic s t ress  ~ a l c u l i i t i o l ~  
(broken l ines = isotropic calculation). 

'I'hc difference betwccrl t he  two models depends  on the  
crystal cut.  In the case of the  SI'-cut (Fig. 7a )  the aniso- 
tropic lnodel predicts a well-marked oscillation in tlle case 
of a 4-point conrpression. The  average value of the  oscil- 
la t ion  corresponds  to  a cons t an t  va lue  g iven by t h e  
isotropic stress calculation. 

T h e  difference between the two models is  also significative 
in the case of Fig. 7b  ((P = 0, H = 41.8, 11' = 48.2). In the  
case o f t h e  cuts (@ = 0, H - -loo,  Y = 30") the two models 
predict almost the same result ,  a n d  do no t  explairr t he  
discrepancy in amplitude and  phase between theory and  
experiment on Fig. 7c. Fig. 7d shows tlre investigation on a 
th icker  p l a t e  ( 2  m m  th i ck )  w i th  a be t t e r  a g r e e m e n t  
between theory and exper iment ;  this could be explained by 
a significalrt reduction of parasit ic bending forces wi th  
respect k) the  previous experinrents (1  mln thick). 

'I'able 1 summarizes the  experimental results obtained. 

Conc lus ion  

Experirnentnl tests were erforlrled on two series of cuts  J' (-13" < 0 < -2,5 ,29"  < UI < 33") 
(0 = 4 1 .8", Y = 48,Z") 

'I'emperature-colnpensntud cuts  were found in close vicinity 
of the tlieoretical predictions. S t r e s s  compensation was  
observed on these cuts in the  case of a 4-point symttretrical 
conrpression. 'l'he upper l imi t  of s ens i t i v i t y  to p l a n a r  
isotropic stresses was estimated experimentally four tillres 
lower for the cu t  ( 0  = - loo ,  Y = 30") than for the classical 
(S'I',X) cut .  For t he  c u t  t) = 41.8", \1' = 48.29,  s t r e s s  
sensitivity has  been experimentally found to be reduced by 
a factor 2 a t  least with respect to the ST cul. Different cuts 
in the  vicinity of (0 = 40°, UJ = 45") a r e  under test to check 
for a possible better stress-compensation, 

N e x t  s t e p  wi l l  be  a n  i n v e s t i g a t i o n  of d y n a m i c a l  
temperature effects in SAW devices built with tlre new cuts  
prcsentcd here.  Such devices should exhibi t  a reduced 
sens i t iv i ty  to thermoelas t ic  s t r e s se s  i n  t h e  case  of a 
symmetrical distribution of temperature gradients. 
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In order to obtain a new kind of device for military 
applications, UHF frequency source or sensor, we have 
developed an "all quartz" package for S.A.W. 
resonators, which allows considerable latitude in the 
choice of mounting and should reduce an oscillator's 
sensitivity to acceleration. This package is achieved 
by the use of a low temperature (400 to 500°C) firing 
glass to seal a quartz cover above the substrate, both 
cover and substrate coming from the same ST cut 
material. This concept was previously introduced by 
PARKER et al. [lj. 
We will first describe how we have built the final 
device, starting from a 320 MHz center frequency 
etched groove resonator which includes improved 
metallisation layer and ending with a device sealed 
under clean high vacuum. A second part will deal with 
acoustical measurement and will show quality factors 
up to 20000 obtained on the first devices made. Other 
results on temperature, short and long term stability 
will also be presented, including a mesurement of the 
accelerometric sensitivity of the device. 

1.- INTRODUCTION 

Today a new generation of aeronautical materials have 
become available with improved flying performances 
obtained by the fly-by-wires system vhicll allows high 
G factors on improved mechanical structures. 
These performances called for new RADAR materials 
which matched the flying capacity, this led to 
electronically scanned antennas, less sensitive to 
vibrational factors. They also asked for the detection 
of smaller targets at increasing range, which called 
for improved performances for the electronic system 
such as a lower vibration sensitivity and noise 
reduction. 

iil now most of the RADAR UHF frequency synthetizers 
used bulk acoustic wave resonators, these devices have 
an upper frequency limitation and the need for 
electronic frequency multiplication which increases 
the noise of the final output signal; however they 
benefit from improvements brought about through 50 
years of research and developement on this topic and 
they are still competitive. 

Surface acoustic wave resonators which allow higher 
fundamental operating frequency (greater than 600 MHz) 
and reduce frequency mutiplication by at least a 
factor of two with a corresponding reduction of the 
electronic flicker noise. They also exhibit at least a 
10 dB improvement in resonator noise floor because of 
the higher power which can be used in the oscillator 
loop. 
Until recent times this advantage was counteracted by 
other technological limitations such as a high 
sensitivity to environmental conditions: surface 
contamination by moisture or absorption of 
contaminants even with the use of hermetic sealing, 
difficulties in obtaining a stress free mounting of 
the device when a high level of acceleration is 

' *  This work was supported by D.R.E.T. 

present (typically a RADAR environment). Frequency 
trimming was also a problem until reactive ion etching 
technology become available to solve it. A selective 
etching of the quartz material was used to adjust the 
frequency of the devices, by increasing the mass 
loading affect of the electrodes 121. 

A solution to most of the environmental problems was 
probably brought out by PARKER et al.111, 131 at the 
end of a long study that led to the concept of an "all 
quartz" package for the resonator (see fig.1). In this 
stucture a quartz cover is sealed over the acoustic 
part of the surface acoustic wave resonator, by use of 
a low temperature firing glass, to achieve a 
hermetically sealed device. Both cover and substrate 
belong to the same quartz orientation to avoid 
expansion coefficient mismatch. The electrical 
connections from the outside to the transducers are 
made via conductor lines which extend out of the cover 
to the exposed part of the substrate. 

We began this study following the path of PARKER et 
al., with two main applications in mind, resonators 
for oscillators and accelerometric sensors. For the 
second application the advantages of the all quartz 
package becalue obvious as the resonator structure 
needed to be mounted in a complex mechanical fixture 
which is generally not well adapted to a clean 
environmental conditions. Of course the resonator 
structure was quite different from that used in simple 
oscillator applications as is shown in fig 2. The 
resonator is situated in the middle of a plate with 
the quartz cover right above the sensitive part of the 
device, the accelerometric mass is attached to one end 
of the plate vhile the other end is used for the 
electrical connections and mechanical support. 

2.- MANUFACTURING OF THE STRUCTURE 

Two main problems had to be solved for manufacture of 
an all quartz package structure: the choice of the 
sealing glass and the deposition method. 

Choice of a glass 

As cover and substrate belong to the same material the 
seal should avoid adding mechanical stress on the 
structure. Most of the stress will arise during the 
cooling phase from thermal gradients after the high 
temperature sealing. As the quartz has anisotropic 
thermal expansion coefficients we first investigated 
the values of the linear thermal expansion coefficient 
in the two principal directions i.e. parallel and 
perpendicular to the X axis for three values of the 
cut angle: 33, 36, 42 degrees from Y. The values are 
given in the table of fig. 3. The values fall between 
13.7 and 9.27 ppm/OC leading to an average value of 
11.6 ppm/$C. We limited our search to sealing glasses 
with a firing temperature ranging from 350 to 500 'C 
and with a linear expansion coefficient of 12 ppm/"C 
in the -50 to +500 OC temperature range. Such a 
material was hard to find since most of the materials 
available on the market are used for CERDIP packaging 
sealing and have linear expansion coefficients of 
about 6.7 ppm/OC. We eventually found two glasses 
which exhibit the required properties (see table 1). 
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The glasses are available in powdered form with a 
granulometry of 345 MESH. Next we had to choose a 
deposition method. 

Deposition mode 

After a few experiments and an analysis of the problem 
which took into account the geometries of the sealing 
shape we decided to use the screen-printing technique. 
We prepared the glass in a serigraphic paste, choosing 
a mixture of a resinoid compound, a Terpineol and 
glass according to the flow chart of fig 4. 

Hanufacturing of the wafers 

In a previous study [4] we have undertaken a research 
on resonator's aging using 320 MHz devices as a test 
vehicle, we decided to reuse the same device design 
for our first tests on "all quartz" packaging. We have 
processed a few wafers of 4Z0 rotated Y cut quartz 
posessing an intrinsic Q of 2x106. The final device 
dimensions were chosen for use as an accelerometric 
sensor (see 51) being physically longer than a 
standard resonator. 
The covers and resonator substrates were made in two 
parts according to the flow chart given in fig. 5. The 
final assembly of cover and substrate was made under 
high vacuum (lo-' Torr) in a specially designed 
apparatus which has the capability of allowing 
substrate and cover alignment under vacuum. 

Control of the hermeticity 

The first control, gross leak, was hade with a bubble 
tester which identified most of the defective devices. 
The second control, fine leak, was impossible to 
perform with a standard He leak tester. Because of the 
small size of the cavity under vacuum, the test must 
be performed by electrical measurement of the unloaded 
0 factor of the resonator which is very sensitive to 
the vacuum quality. The results will be presented in 
the next section. 

3 . -  ELECTRICAL UEASUREILENT 

Using the technology described above we have 
manufactured a group of devices. On each device we 
have performed three measurements : the unloaded and 
loaded Q values, the turn over temperature and aging 
over a period of 10 days. 

Transmission curves 

A typical transmission curve is shown on the fig. 6. 
Below the curve are the numerical values which were 
used for the 0 determination. We obtained an unloaded 
0 value (0,) of 19841. The measurement was made a few 
weeks after sealing. As the cavity is very small we 
conclude that the leaking rate was well below 

Torr.1.s-I, otherwise we would have reached 
atnlospheric pressure inside the cavity within this 
time resulting in a 0, "alue well below that obtained. 
The loaded 0 factor Ql was 7525 and the center 
frequency of the devices was 320.338 MHz, the 
insertion loss being in the 4 dB range. 

Turnover measurement 

Turnover temperature was measured for two devices by 
measuring the center frequency of each resonator at 
lo0 increments from -10 to +50 OC. A parabolic curve 
was then fitted to the data for each device and a turn 
over temperature calculated (see fig. 7). The turnover 
values of 16.35 and 14.86 O C  were obtained, well in 
accord with 42 degrees rotated Y cut quartz, the 
1.5 OC difference betwen the two devices being a 
result of the fabrication dispersion. 

Long term aging 

Measurements were also performed on two devices 
mounted in an oscillator situated in a temperature 
controled environment. Some difficulties were 
encoutered, as the turn over point was at a relatively 
low temperature resulting in the need for a low 
temperature thermostat. The curves shoving the 
frequency variation, in parts per million versus time 
(in weeks) are given in fig. 8. They show clearly a 
very slow drift with calculated slopes of 0.042 ppm 
and 0.0083 ppn~ per day. Wt~en we extrapolate these 
measurements we obtain 15.3 and 3.0 ppm per year. As 
these results refer only to the first 10 days of aging 
we may expect a stabilisation in the next few weeks 
and expect to obtain smaller rates in 1 or 2 months. 
In any case these first results were better than those 
we obtained in our previous experiments, they were 
probably due to the thermal step during the sealing 
procedure which resulted in a relaxation of mechanical 
stresses. 

4.- CONCLUSIONS 

Results on all quartz package resonators have been 
presented. Excellent l~errneticity and aging rates were 
obtained. The result was low insertion loss and high 
0 factors. 
The naxt stage of our resonator development will be 
the design and fabrication of devices for oscillator 
application. The new designs will additionally take 
account of the anisotropic expansion factors which 
will result in a reduction of the accelerometrc 
sensitivity of the resonator 151, and we can expect to 
obtain vibration sensitivity below per G in the 
direction perpendicular to the plane of the resonator 
in the 100 to 10000 Hz vibration frequency range. This 
will lead us to the realisation of all oscillator for 
RADAR applications. 

The authors wish to acknowledge in particular M. 
SANDOZ from Thomson B.C.S. for helpful discussions on 
all the technological problems. 
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F I G U R E  6: Transmission curve of the n03 resonator 
(ambient temperature) 
The unloaded O factor 0, is 19841 
The loaded O factor O1 is 7525 
Insertion loss is 4 dB 
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F I G U R E  8: Long term aging, comparision between two 
Itall quartz" packaged resonators and a 
standard hermetically packaged resonator from 
a previous experiment (data available for 1 
week duration) 
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AHS'TKACT 

A NEW TECIiNI()UE FOR THE 'CEMt'ERA'rUKE COMPENSATION O F  SAW 0SCILI.ATOKS 

M.P.Cracknel1, A.El.llarrison, D.J.Sharpe 

STC Co~npu~ients ,  Quartz  C r y s t a l  D i v i s i o n ,  E~iglicnd 

A new method f o r  t h e  compensation of Sur face  
Acntrst l c  Wave (SAW) o s c i l l a t o r s  is desc r ibed .  'Tt~is  
work I s  a  development of a  t echn ique  f i r s t  used f o r  
t h e  compensat ion of o s c i l l a t o r s  employing AT-cut 
hulk wave r e s o n a t o r s .  The b e n e f i t s  t h a t  r e s u l t  f o r  
SAW o s c i l l a t o r s  a r e  h igh  compensation p e r f o r m ~ n c e ,  
low power consumption, low complexi ty and r e l a t i v e l y  
h r n ~ l l  ~>hysfe i l l  s i z e .  Compensation i s  achieved hy 
t h e  a p p l i c a t i o n  of a  c o n t r o l  v o l t a g e  t o  t h e  
o s c i l l a t o r ,  such t h a t  t h e  o s c i l l a t o r s  frequency 
remains c o n s t a n t  f o r  v a r i a t i o n s  i n  temperature.  A 
ctrsto~n b i p o l a r  i n t e g r a t e d  c i r c u i t  has  been designed 
wt~ictc g e n e r a t e s  J power s e r i e s  r e p r e s e n t a t i o n  of t h e  
c o n t r o l  vo l t age .  P ro to type  o s c i l l a t o r s  have been 
c o n s t r u c t e d  a t  600 MHz and show a compensated 
performa~cce of +/- 3ppm over  a  120 deg.C o p e r a t i n g  
tcmperature rdnge. The p o t e n t i a l  t o  improve t h e  
~ e r l o r m a n c e  t o  b e t t e r  than  +/-2ppm e x i ~ t s .  

LNTKODUCTION 

In recen t  y e a r s  t h e r e  has  beer1 a  cleman(l For 
o s c i l l a t o r s  of inc reased  s t a b i l i t y ,  h i g l ~ e r  
frequency,  reduced s i z e ,  lower power cons~rmpt io~ i  and 
good phase no i se .  To meet t h e  demand f o r  h igher  
f r e q u e n c i e s ,  SAW r e s o n a t o r s  and d e l a y  l i n e s  have 
been used t o  produce o s c i l l a t o r s  t o  w e l l  over  I Gllz. 
The major drawback of SAW o s c i l l a t o r s  compared wi th  
lower frequency bulk wave d e v i c e s  is t h e  t empera tu re  
pecformance of t h e  o s c i l l a t o r .  I n  both c a s e s  t h e  
o v e r a l l  performance is dominated by t h e  temperature 
performance of t h e  resonant  element. A bulk wave 
r e s o n a t o r  can be op t imised  by s e l e c t i n g  t h e  
ang le  of c u t  used f o r  t h e  q u a r t z  blank t o  g i v e  all 
overband performance of +/-15ppm over  -40 deg.C 
t o  t 8 0  deg.C, a  s i m i l a r l y  op t imised  SAW d e v i c e  
w i l l  a c h i e v e  +/-60ppm a t  b e s t .  

Hulk wave oscLLLatocs have traditionally been given 
lml~roved s t a b i l i t y  by tlce use of t empera tu re  
cumpensat ion  o r  ovenLsat ion.  Compensation i s  
achieved by t h e  use of an o s c i l l a t o r  wllose frequency 
L ~ I I  he va r ied  by t h e  a p p l i c a t i o n  of a  d.c. v o l t a g e  
helng combined wi th  a  c i r c u i t  which g e n e r a t e s  a  
vo l tage  tlcilt v a r i e s  wi th  temperature ( t y p i c a l l y  a  
network of t l ~ e r m i s t o r s  and r e s i s t o r s ) .  Th i s  v o l t a g e  
v a r i e s  i n  such a  way a s  t o  main ta in  t h e  o s c i l l a t o r s  
t requency a t  a  near  c o n s t a n t  v a l t ~ e  t h r o u g l ~ o ~ r t  t l ~ c  
o p e r a t i n g  t empera tu re  range. 

SAW reson'ctors and d e l a y  l i n e s  a r e  used t o  [ ~ r o d u c e  
v ~ ~ l t a g e  c o ~ i t r o l i e d  o s c i l l a t o r s  wi th  l i n e a r  ~ ~ u l l i n y  
c h a r d c t e r i s t i c s .  Such dev ices  a r e  h i g h l y  s u i t e d  t o  
temperature compensation. Various schemes f o r  
compensation have been proposed and show t h a t  
colnpensation t o  b e t t e r  tlca~c +/-I0 ppln can he 
achieved over  d 100 deg.C tempera tu re  range. The 
s u b j e c t  of t h l s  paper i s  t h e  a p p l i c a t i o n  of IC 
der ived  compensat ion,  developed i n i t i a l l y  f o r  lower 
freiluency btrlk wave o s c i l l a t o r s ,  t o  a  SAW d e l a y  l i n e  
o s c i l l a t o r  a t  a  f requency of 600 MHz, t h e  o b j e c t i v e  
heing t o  lmprove on prevLously p resen ted  r e s u l t s .  

The major reasons  f o r  t h e  development of an IC based 
t empera tu re  co~npensa t ion  scheme f o r  bulk wave 
o s c i l l a t o r s ,  were t h a t  both improved compensation 
performance and a  s i g n i f i c a ~ i t  r e d u c t i o n  i n  o v e r a l l  
f i i ze  may he achieved when compared t o  t h e r m i s t o r  
based d e s i g n s .  

An i l l t a g r a t e d  c i  r c i ~ i t  has  been designed which 
g e n e r a t e s  a  s e r i e s  of t i v e  v o l t a g e s .  from one wtiicl~ 
i s  c o n s t a n t  with t empera tu re  through t o  one having a  
fourtlc o r d e r  v a r i . ~ t i o n  with Lemperatlrre. 'These a r e  
represen ted  g r a l ~ l ~ i c d l l y  i n  f i g . 1 .  These curves  a r e  
genera ted  i n  t h e  lorn1 O F  c l~rbychev  polynomials ,  tile 
e q u a t i o n s  of wl~ich ar t?:  

Fig.1 I C  VOLTAGES 

The d e s i r e d  co~npensa t ion  v o l t a g e  can be ob ta ined  by 
app ly ing  s u i t a b l e  welglielng c o e f f i c i e n t s .  

For a  bulk wave o s c i l l a t o r  u s i n g  AT-cut c r y s t a l s  tlce 
dominant term w i l l  be V3(t) .  With a  SAW dev ice  t h e  
dominant term w i l l  be V2(t) .  
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A block diagram i l l u s t r a t i n g  tlie va r ious  elements  of 
tlie IC i s  shown i n  f i g . 2 .  The c o n s t a n t  vo l tage  is 
genera ted  by a  v o l t a g e  s t a b i l i s e r  which i n c o r p o r a t e s  
a  bandgap r e f e r e n c e .  The l i n e a r  vo l tage  i s  
genera ted  us ing  tlie t empera tu re  c o e f f i c i e n t  of t h e  
base -emi t t e r  , junc t ion  v o l t a g e  of a  t r a n s i s t o r  t h a t  
i s  olieruted a t  c o n s t a n t  e m i t t e r  c u r r e n t .  
C o n v e ~ ~ t i o r ~ a l  analogue m u l t i p l i e r s  compris ing f o u r  
t r a n s i s t o r s  wi th  tlie c o l l e c t o r s  cross-coupled a r e  
used t o  g e n e r a t e  t h e  q u a d r a t i c ,  c i ~ b i c  and f o u r t h  
o r d e r  v o l t a g e  v a r i a t i o n s  w i t 1 1  temlierature. The 
suniming a m p l i f i e r  i s  a l s o  LncL~lded i n  tlie I C ,  a l o ~ i g  
with t h e  a c t i v e  dev ices  necessa ry  t u  f a b r i c a t e  a  
rudimentary low frequency bulk wave o s c i l l a t o r .  

b 
Comscaor Linear Qua.lr.cle Cuble Fourth  
Volt.'. Vo1c.g. Vo11.p. VoIIaac Order 

Volt.ge 

Fig.2. INTEGKATEI) CIKCUIT SCHEMATIC 

In o r d e r  t o  compensate an o s c i l l ~ t o r  us ing  t h i s  
method, tlic va lues  of s i x  r e s i s t o r s  hdve Lo be 
determined.  'Thefie r e s i s t o r s  s e t  t h e  va lue  of 
c o e f f i c i e n t s  aO t o  a4. A computer program is used 
t o  measure t h e  f i v e  ou tpu t  v o l t a g e s  from tlie IC, and 
t h e  compensation v o l t a g e  r e q u i r e d  t o  keep t h e  
o s c i l l a t o r  a t  t h e  c o r r e c t  f requency.  The 
measurements a r e  repea ted  a t  a  number of p o i n t s  
t l~ roughout  the  o p e r a t i n g  Lemperature range. The 
program then c a l c u l a t e s  t h e  va lues  of t h e  r e s i s t o r s  
requ i red .  Th is  program uses  t h e  exchange a l g o r i t h m  
t o  d e r i v e  the  minimax l i n e a r  approx i~na t ion  f o r  tlie 
s e t  of measurement p o i n t s .  The problem i s  s i m i l a r  
t o  t h a t  of s o l v i n g  a  s e t  of s i m u l ~ a n e o u s  e q u a l i o n s  
with 110 e x a c t  s o l u t i o n ;  t h e  c o e f f i c i e n t s  a r e  
d d j u s t e d  u n t i l  tlie e r r o r s  between t h e  syn t l l e s i sed  
compensation vo l tage  and tlie r equ i red  compensat ion 
vo l tage  a r e  of a  s p e c i f i e d  form. Th is  approximation 
minimises t h e  maxi~nu~n e r r o r  between t h e  syn t l i e s i sed  
compensation v o l t a g e  and t h e  d e s i r e d  compensation 
vo l tage .  Once t h e  r e s i s t o r s  a r e  f i t t e d  tlie 
performance of the  o s c i l l a t o r  is v e r i f i e d  by 
measirring Ll~e frequency v a r i a t i o n  of tlle u n i t  over  
tile operd t  ing temperdt u r e  range. 

A more d e t a i l e d  d e s c r i p t i o n  of t h e  c h i p  and i t s  
o p e r a t i o n  i s  g iven  by Wilson ( 2 ) .  

With t h i s  t echn ique ,  b e t t e r  than  +/-0.5ppm is being 
achieved over  m i l i t a r y  t empera tu re  bands f o r  bulk 
wave c r y s t a l  o s c i l l a t o r s .  A t y p i c a l  r e s u l t ,  
i n c l u d i n g  h y s t e r e s i s  is shown i n  f ig .3 .  

I ,  I I I I I + 

- 4 0  -20 0 20 4 0  60 80 
Temperalure (%) Overbrnd D.v. .23 ppm 

Fig.  3. COMPENSATED 5  MHz OSCILI.ATOK 

SAW VCO 

STC has developed a  range of SAW Voltage Control leci  
O s c i l l a t o r s  (VCO's) around 600 MHz wi th  a  frequency 
p u l l i n g  range of 111) t o  +/-35Oppm f o r  a  c o n t r o l  
v o l t a g e  range of 0 t o  12V. The overbdnd performance 
of t h e  o s c i l l a t o r  is shown i n  f ig .4 .  The t y p i c a l  
pa rdho l ic  c h n r d c t c r l s t i c s  o r  tlie SAW hdve bee11 
o f f s e t  s l i g l ~ t l y  by t h e  o s c i l l a t o r  c i r c u i t r y  t o  g i v e  
J. 150ppm maxi~~i~r~n  v d r i a t i o n  over  -40deg.C t o  
+bOdeg .C . 
A SAW d e l a y  l i n e  witli an i n s e r t i o n  l o s s  of 15 dB and 
a  Q of 550 has been used. The main ta in ing  a m p l i f i e r  
is a  Th ickf i lm hybr id  and t h e  b u f f e r  a m p l i f i e r  i s  a  
s i l i c o n  MMIC. The phase s h i f t i n g  network c o n s i s t s  
of t h r e e  v a r l a h l e  cnl iaci tance di txlcs  wi1.11 a s s o c i a t e d  
i n d u c t o r s  and c a p a c i t o r s .  'I'lie use of t h r e e  d i o d e s  
i n  t h i s  des ign  was necessa ry  t o  acl l ieve wide p u l l i n g  
i~rid t h e  h igh  1 i n e ; l r i t y  Llrat was r e q u i r e d  f o r  a n o t h e r  
a p l i l i c a t i o n .  In  a  VCO des igned  s p e c i f  i c s l l y  f o r  
t empera tu re  co~apetisat ion tlie p u l l i n g  range could be 
c o ~ i s i d e r a b l y  reduced,  l e a d i n g  t o  a s i m p l i f  i c a t  lon 
of t h e  c i r c u i t  d e s i g n  and y i e l d i n g  r e d u c t i o n  i n  
o v e r a l l  s i z e .  

The ou tpu t  frolo t i l t s  VCO is  a  sinewave Iiaving an 
ampl i tude  of O dU~n i n t o  a  50 ohm load .  The d e v i c e  
r e q u i r e s  a  c u r r e n t  of approx imate ly  55mA from a  12v 
supp ly .  

Fig.4. 600 Mllz SAW VCO TEHPEKATURE PEKFOKMANCE 



SAW OSCIL1,ATOR COMPENSATION 

The r e s u l t s  obtaLned from t h e  i n v e s t i g a t i o n  oE t l ~ e  4 - 
SAW VCO i n d i c a t e d  t h a t  i t  s h o t ~ l d  he p o s s i b l e  t o  
compensate t h i s  dev ice  t o  a c h i e v e  a  high degree  of  
s t , tbLl i ty .  Before c a r r y i n g  ou t  a  p r a c t i c a l  
experiment  however, t h e  c l ~ r r u c t e r t s t i c s  of t l ~ c  - 2- 

E 
o s c i l l a t o r  were combined with those  of a  t y p i c a l  1C a P 

dnd a thcoretLcaL r e s u l t  oh ta lned .  Th is  r e s u l t  i s  - 
2- 

5l1own in t i g . 5  and i n d i c a t e s  tlidt ,I f r e i l ~ ~ c n c y  f O' Li~Lerance of b e t t e r  than +/-2ppm may be . ~ c h i e v e d .  a 
u e 

-4 
-35 -15 5 25 45 65 85 

Temperature ( O C )  

Fig.  5. 600 MHz 0SCII.LATOK TIIEORETICAL COMPENSATION 

One of t h e  a v a i l a b l e  SAW o s c i l l a t o r s  was 
lncorpora ted  with an I C  i n  a  module and a  
compens;it ion  run c a r r i e d  o u t .  As p r e v i o u s l y  
exp la ined  t h i s  t empera tu re  run c h a r a c t e r i s c s  t h e  
whole c i r c u i t ,  de te rmines  t h e  r e s i s t o r  requ i rements  
and p r e d i c t s  t h e  b e s t  performance t h a t  can be 
achieved provided a l l  components f l t t e d  a r e  i d e a l .  
The r e s u l t  i s  shown i n  f i g . 6  g i v i n g  a  compensation 
s t a b i l i t y  p r e d i c t i o n  of j u s t  over  +/-2ppm. The 
r e s i s t o r s  were then  f i t t e d  and a  v e r L f i c a t i a n  rim 
c a r r i e d  ou t  r e s u l t i n g  i n  a  p rac t i c . l l  performance of 
+/-3ppm a s  shown i n  f i g . 7  I t  i s  expected t o  be a b l e  
t o  b r i n g  t l i i s  r e s u l t  n e a r e r  t o  t h e  compensation 
r e s u l t  by s l i g t ~ t  a l t e r a t i o n  t o  t h e  r e s i s t o r  v a l u e s .  
This  procedure is sometimes necessa ry  t o  compensate 
f o r  r e s i s t o r  t o l e r a n c e s  and t h e  l o a d i n g  e f f e c t s  of 
the  r e s i s t o r s  due t o  t h e  f i n i t e  iinpedance of t h e  
vo l tage  s o u r c e s .  Th is  t echn ique  i s  a l r e a d y  a p p l i e d  
t o  bulk wave d e v i c e s  when i t  i s  necessa ry  t o  meet 
very t l g t ~ t  t o l e r a n c e s .  

The phase n o i s e  performance of tile o s c i l l a t o r  has  
yet  t o  be e v a l u a t e d .  However, we b e l i e v e  t h a t  i f  
t h e  oscillator without  compensation were t o  be 
compared t o  tile same o s c i l l a t o r  wit11 t h e  a d d i t i o n  of 
temperature compensation c i r c u i t r y ,  no d e g r a d a t i o n  
of t h e  phase n o i s e  performance would be noted.  

Temperature ( O C )  

Pig.  6. 600 Mllz OSC ILI.ATOR COMPENSATION RESULT 

Temperature ( O C )  

IJig.7. 600 Mllz COMPENSATED OSCILLATOR; 

PRACTICAL RESULT 

I t  has  been shown t h a t  i t  is p o s s i b l e  t o  app ly  t t~ i s  
compensation t echn ique ,  developed f o r  bulk wave 
o s c i l l a t o r s ,  t o  much h ig l l r r  f requency SAW 
o s c i l l a t o r s .  

P ro to type  o s c i l l a t o r s  have been c o n s t r u c t e d  a t  
600 MHz and show a  cnmpensnted parformance o f  
+I-3ppm over  a 120 deg.C o p e r a t i n g  t empera tu re  
range. 

The o s c i l l a t o r  c i r c u i t  used was not  optimurn f o r  t h i s  
a p p l i c a t i o n  and itnprovemncnts can  he expected from a 
redes ign  t o  reduce t h e  p u l l i n g  s e n s i t i v i t y .  Th is  
w i l l  i n c r e a s e  t h e  i n h e r e n t  s t a b i l i t y  of t h e  d e v i c e  
and reduce t h e  s u s c e p t i b i l i t y  of t h e  d e v i c e  t o  
e r r o r s  i n  tile c o ~ n p e n s a t i o r ~  v o l t a g e  ~ ~ r o d u c e d  by t h e  
IC. 



FURTHER WORK KEFEKENCRS 

Based on t h i s  i n i t i a l  work STC i s  under tak ing  a 
development program t o  produce a range of 
t empera tu re  compensated SAW o s c i l l a t o r s  a t  va r ious  
f r e q u e n c i e s  between 400 MHz and 1 GHz. 

A p r o v i s i o n a l  s p e c i f i c a t i o n  €01 lows: 

Frequency Range 400 Mllz t o  1GHz 

'Temperatt~re Kange -35 dcg.C t o  85 deg.C 

S i z e  35 * 35 * 15mm 

Supply Voltage 12V +/- 5% 

Supply Current  (75 mA 

Frequency Adjustment >+/- 20ppm 

Frequency S t a b i l i t y  wi th :  

I .  Temperature <+/-3ppm 
2.  Supply Voltage <+/-0.Sppm 
3. Ageing <+/-5ppm i n  f i r s t  yea r  

<+I-2ppmlyear t h e r e a f t e r  

Output Power > +7 dBm i n t o  50 oh~ns 

Harmonics 

spur ious  

<-20 dBc 

<-70 d l c  
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Abstract 

At present, more and  more devices require a n  UI IF  source 
with good temporal a n d  spectral  characterist ics.  S A W  
quar tz  resonators a r e  very attractive for these low phase 
noise oscillators because the  excitation power applied,  
before nonlinear effects appear, can be much grea ter  t han  
for UAW resonators. Because the frequency stabil i ty of a n  
osc i l l a to r  i s  of t h e  g r e a t e s t  i f n p o r t n n c c  f o r  I l lany 
appl ica t ions  one  mus t  s tudy the  different phase  noise 
sources of each component in open loop before mak ing  a n  
oscillator. 

In the first part  of this paper a n  experirlnental method of 
characterizing S.A.W. r e sona to r s  i s  p re sen ted .  S u c h  
nnensurements must  be done carefully because the  results  
obtained vary strongly with the measu re~nen t  conditions. 
Next, phase noise and  gain compression nneasurcnnetnts on 
loop amplifiers ore  reported 3s  a function of i npu t  power 
lcvel. These results a r e  used to connpare vnrlous amplifiers 
and  to select the  best. From the  amplifier gain compression 
curve and the loss in each electronic component, i t  is  then 
possible to choose the  optimutrn excitation level in the  loop. 
Another difficulty in S.A.W. oscillalors is  odjuste~lnent of 
the  frequency. '1'0 address this proble~ll, several  w i ~ y s  of 
adjusting the oscillation frequency have been tesled, and 
the i r  influence on the  phase noise measured.  A number  of 
oscillators will be buil t  a n d  tested,  especially for t he i r  
frequency stability and phase noise a s  a function of power 
level in the loop, following the proceduresdescribed here. 

'I'he demand for Surftice Acoustic Wave (SAW) oscillators i s  
increasin rapidly because the i r  spectral purity is  better 
t han  for j u l k  Acoustic Wave (L1AW) oscillators. Iiowever, 
to satisfy certain s t r ingent  requirements,  the  short  te rm 
stiability and  aging of these oscillators mus t  be improved. 
Many studies have shown the manufacturing process and  
the  technology used in fabricating the  resonator  play a 
large par t  in determining oscillator stabil i ty [ 1, 51. In  this 
paper, the  effect of electronic components on the  oscillator 
characterist ics is  demonst ra ted  by inves t iga t ing  each  
separa te  par t  of the oscillator. Several  specific points, such 
a s  the  electrical nrodel of a SAW resonator, the power level 
in the loop, and frequency tr imming, have been studied. 

Chat - t~cter iz t l t ion  o f  t h e  SAW rosonntol.  

A c h a r a c t e r i z a t i o n  of t h e  S A W  r e s o n a t o r  m u s t  be  
performed because the frequency stlibility of the oscillator 
depends strongly on t h a t  of the SAW resonator. Moreover, 
to analyse the  oscillator, all the piirameters which 111odel 
t h e  S A W  resona to r  m u s t  be known .  'l'he e q u i v a l e n t  
electrical diagram of a SAW resonalor is  built on a series 
resonant circuit I t l ,  LI, CI which means  t h i ~ t  impedance i s  
rninirnal a t  the  resonance (Pig. 1). A capticitor C,, tlluvl be 
added to this resonant circuit ill pclrallel with the resonator 
i n p u t .  'l'his capaci tor  r ep re sen t s  t h e  capaci ty  of t h e  
interdigilal  electrode transducer. 
.---------------------.-- 
T h i s  work h a s  been suppor ted  by t h e  Direc t ion  d e s  
Itecherches Etudes et'l'echniques (DRET). 

SfiH RESONRTOR I 

Fig. 1 : T h e  electrical equivalent circuit of n SAW resonator 
( a )  is  a series resonant circuit i l l ,  1, , C,  and two in t c r -  

electrode capacitors dl, (b)  

Usually,  the  inter-electrode capacitor C, i s  smal l  a n d  i t s  
influence is  negligible near  t he  resonance frequency. Thus ,  
measu r ing  the  resonance f re  uency fo ,  t h e  r e sonance  
a t t enua t ion  S21(hJ) [61 a n d  tRe -3 d B  s ideband  P f  i s  
sufficient to c a l c ~ ~ l a t e  t he  motional components : 

where h', i s  the  characteristic impedance of the  system of 
measurement ,  and 

where 

Icor slnall  C,,, t he  phase  shi f t  i s  e q u a l  to zero a t  t h e  
resonance ; b u t  for m e a s u r c m e n l s  of 320 M i l z  SAW 
reson:itors, it negative phase shift  appears. In t h a t  case, Ihe 
transfcr chiirtlcteristic SzI  nus st be studied a s  a funct io~i  of 
the  inter-electrode capacitor C,, 

where  r, = R,,.C,,. 

EFTF 89 - Besanson 



When R1,  1.1, C I ,  C, a r e  known, tlie resonance frequency 
occurs when the  ~t iodulus  of the t r i~nsfer  function SxI is 
~ i i a x i ~ n u m .  Motional components R l ,  L l ,  C1 have been 
calculated for the SAW resonator, assumed to be perfect, 
and  resonance curves drawn for several values of the iriter- 
electrode capircitor C,,  (Pig. 2). 'l'hese curves confirm the 
negative phase difference observed expcri~rienti~lly a t  the 
resonance frequency. A small  increase in t he  resonance 
frequency, the loss and the  loaded quali ty factor have also 
been ot)servetl. I t  i s  possible to exp la in  t h e  l a s t  two 
obscrvntions.  Icirst, the  loss in the  resonator incr*ciise 
11ec;iuse tlic cilpacity of the interdigitill elertrodcs s h u n t  n 
p;irt ol' the energy. Second, these capacitors tiecrease ~ l i c  
load seen by the n~ot ional  circuit of the resonator atid the 
loaded quali ty facior increases. 'l'hese results confirm t h a t  
for high frequencies the capacity C ,  of t h e  in terdig i ta l  
electrodes in SAW resonators is  not negligible. 

Fig. 3 : Oscillator structure : 
- rescltiant cornponelit (B, (1)) 
- sus ta in ing aniplificr ( G I ,  (11) 
- decoul)l inga~ng~!ifier  (G,) 

W h e n  t h e  sus t a in ing  a ~ n p l i f i e r  h a s  a l a rge  b a n d ,  t h e  
osc i l la t ion  f requency i s  de t e rmined  by t h e  r e s o n a n t  
component because the amplifier does not produce a phase 
shift  a n d  h a s  the  sarrie ga in  in a large frequency beach 
around the oscillation frequency (Fig. 4). 

Since a n  oscillator i s  a frequency source,  a pa r t  of t h e  
s i g n a l  m u s t  be coupled o u t  w ~ t h o u t  d i s r u p t i n g  t h e  
oscillation conditions. 'I'o do this,  a decoupling amplifier Cz 
mus t  be placed a t  the osciIlatoroutput. 

F o r  h i g h  f r e q u e n c y  o s c i l l a t o r s ,  o t h e r  a d d i t i o n a l  
precautions m u s t  be taken since a l l  connections cause  

-10 -13 .20 - I 5  -18 -5 a 1 10 I S  2 0  2 5  30 
additio~li i l  losses and phase shifts  in tlie loop, and  a phase 
converter mus t  he placed in tlie c i rc i~i t .  'h hiive a rood 

I - 10 l i tHz1  
ou tpu t  insula t ion ,  i l l  these frequencies t he  decouAing 
iitii l l if ier  ttiust h a v e  a v e r y  srnirll i n v e r s e  t r a n s f e r  
coehc icn t  S , ,  More, with a directional coupler the  ou tpu t  

f a  - 319.668 MHZ sz1(f8) - -.?.JIE+BB d a  a i r@)  - r1.36~-BE decoupling is  irn roved and  i t  hecollies easier to optimize 
r ~ l ? . ~ ~ ? - ~ H ~ -  i s  3l9.6~9  HZ d f  - 42 KHZ IIie oscill:iLor r)erRi.lnnnce (Fig.  5). 

I*, 

. - -.r--]-~-\ IEn C o ~ n p a ~ . i s o t r  be tween  two atnpl i f ie r  t echno log ie s  

'I'wo lumped e l emen t  a m  lif ier  technologies have  been 
studled : the  same onip~iRer  has  been buil t  in a classic 

1 technology and  in a SMD technology (Fig.  6 ) .  Measure  
rnents of t he  trilnsfer characteristic show a 500 MIIz band- 
pass for the one In SML) technology and a 300 MIfz band- 

.'----. 
pass for the other (Fig.  7).  'I'he increase of the  bend-pass i n  

- -1 : I------ -- ---- - 9" the  first case i s  probably due  to partly reduction of t he  size 
of the components bu t  mainly to the d i~n inu t ion  of the  size 

1 1  1 1  \ I of the  burface of tile micro-strip conductors. Indeed, t h e  
i l l /  

_I L.2. i I 
- I O U  

micro - s t r i p  s t r u c t u r e  can  be-modeled  by a p a r a s i t i c  
.?I -,a -15 - ,a  5 1 s 10 s !a 2 s  ciipacitor per uni t  surface between the  line and  the  ground 

( F I ~ .  8). T h a t  i s  to s ay  the  micro-strip structure i s  a low- 

I 'ower level it1 the osci l la t ion  l o o p  

i - i a  I K H Z )  pa& filter in which the  cut-off frequency decreases when 

Fig. 2 : Resonance curves for a 320 Mllz  SAW resonator : 'I'he power level of the  signal in the loop is  a n  i ~ n p o r t a n t  
(a )  when the  resot ia~or  is perfect, t ha t  is  to say  when Co is parameter because i t  plays a n  important pa r t  on the  shor t  

negligible t e rm s tabi l i ty  a n d  o n  t h e  a g i n g  in osc i l la tors  17, 91. 
(b)  when Co = 2.5 F, DC measured value for the  actual  Yurthermore, the  output  level of a n  oscillator i s  usually 

resonator. 'l'lle pf)rase difference of the  resonance is  -28' fixed by the  systerrr specificalions. Consequerltly, once the  
power level is  known, i t  is  possible to design the decoupling 
a~iiplif ier  to operate in a l inear range.  I ts  ga in  is  equal  to 
the  ratio of the  output level to the loop level modulo the  
coupling of the  directional coupler. 

I cd 2 .30~-12  I ' 
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I t ea l i r a l i on  o f  a SAW osc i l l a to r  

t he  size of t he  connections increase. Since a SMD circuit 
h a s  smaller conductors t han  a classic circuit ,  t he  band-  
width can be larger. 

A n  oscillator is  niade u of a resonant co~nponent  for wliich 
~ I i e  IUSS is  u and  the pRase shift  i s  O ; plus a n  integr?te,(i 
feedback loop including a n  amplifier for which the  gain 1s 
C 1 and  the  phase shift IS 4, to compensate the loss (Fig. 3). 
'I'he oscillation conditions a r e  : 

= 2 k n  

/ i l  - 319.551 MHz f t  - 319.691 MHz d f  - 4 6  KHz 
I D )  

'I'he power level i n  the  loop is  clliefly detertnined by the  
losses in the  loop and occurs the  gain co~npression curve of 
the sustniri in~r amolifier. 'l'he oscillation occurs when tlie 
losses in the  z r c u i i  a r e  equal to t he  amplifier co~i~pressiorl  
galn ; so tha t  i t  is  sufficient Lo estiniate t he  losses a n d  
project tlle111 back onto the conipression curve to determine 
the  power level of the  sus ta in ing amplifier output  (Pig. 9). 
For  amplifiers wi th  weak compression,  t h e  m e a s u r e d  
oscillation level is  close to t he  theoretical value with errors 
probably due  to a n  incorrect estimate of losses because of 
the  impedance niatcliing. 



I I 

FREQUENCY FREQUENCY 

Fig. 4 : Determination of the oscillation frequency (a) for a wideband ntnplifier and (b) for a narrowband n~nplifier. In the 
second rase, the phase slope of the amplifier is added to the phase sllrpe of the resoniltor, thus the phase noise ut the 

oscillator is higher 

Fi 5 : UIIFSAW oscillator: 
- 8 : sustaining amplifier 
- SAW : SAW resonator 
- D, : directional coupler 
- A@ : phase converter 
- G, : decoupling amplifier 



Fig. 6 : 1,unlped crrmponent alnplifier used lo conlpare SM1) 
technology and classic technology 

Pig. 8 : A 11licro.strip condtlclor is modeled by a rapacitor 
per unit surface 

Fig. 7 : 'l'rtIIIsfer ~ ~ I Z ~ r ~ c t e r i s t i ~  of a SMI) unlpkifier ilnd a l,'iy, 9 : 'yo deterlllillate the oscill:ltor output level, the 
classic a~nplifier.  For the SMl3 technology, the gain-  losses in the loop #nust be equill to the al~lplifier giiin 

bandwidth product is irliproved by about 200 h1.111~ cor~rpl-ession, then the gain gives the ar~lplifieroutpul level. 
In this example, for 11 df3 losses, the output level 1s 8 dU111. 
'l'hc measured oulpilt level is a l w  represented on these 

curves 

A first n~easurement of the spectral density of phase noise 
of a 320 hllfz oscillator has shown that the flicker noise 
level increases with the power lcvel in the loop (Fig, 10). 
'l'his is  the behaviour of a n  oscillator i n  which t h e  I'r.equericy t r in i~ i~ i r ig  of SAW oscilliilors 
sustaining an~plifier is the principal phase nowe source 
[ l o ] .  Indeed, the flicker noise has a tendency to increase rrhe inter-electrode capacitor c,, ?fa  SAW resonulor nlakes with the compression gain [ l l ] .  i t  difficult to use the usual trirnrn~ng procedure and a phase 

converter is often used for the purpose [12]. 

?'he phase converter that was built is a s metrical lee filter 
made up by two coils of reduced impec!ance x, and by a 
variable capacitor of reduced impedance x, (Fig. 11). These 
i~npedances were chosen lo have values x ,  = 1 and x, = -1 
a t  the resonance frequency. When the capacitor varies 
between 7.7 and 2.0 pF, the phase of the transfer function 
clin be pulled by about '30" for a 320 hlHz SAW resonator 
(Fig. 12). But over this range, the attenuation can vary 
strongly. 

I I L 
Fig. 10 : hlensuremcnt of the phase noise spectrum for a 
320 MiIz oscillator when the output level is 13 dBm and Fig. 11 : Tee phnsc converter useci to pull the oscillaiion 

2 dun1 frequency 
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On one hand, the interdigital electrode ca acitor of SAW F resonator has been shown to huve a signi  cant effect for 
operating frequencies in the UHF range. To calculate the 
coriiponents of a SAW oscillator, this capacitor must be 
known to a good preclslon. 

N c.. 
Ln 

011 the other hand, it  is possible to lriri~ the oscilli~tion 
frequency with a variable capacitor ~iiounted in series with 
tlre SAW resonator providing there is a coil mounted across 
the resonator to compensale for the  inter-electrode 
capacitor. In the future when all-quartz package SAW 
resonators are to be built another way will be used to trim 
the resonance frequenc [13, 141. In these struclures i t  is 
ouible to adjust the r e  uenc by evaporating a nlatal 

Payer ontu the inside of ;be alfquartz package, using a 
laser beam. 

IrZI 

Fig. 12 : 'l'ransmitlance of the phase converter for x ,  = 1 
and x ,  varying from -.5 to 1.5. This is equivalent to a 
cnpacilor varying frorn 6.6 to 20 pF Tor a 320 ~ 1 1 ~  

frequency, with a characteristic impedance of 50 

'I'he big disadvantage of this system is that on the Bode 
diagram, the phase curve moves towards the amplitude 
curve (Fig. 13). Thus the oscillator can operate off the peak 
of the resonance curve, with non optimal characteristics. 

'I'he solution often used for a BAW oscillator has also been cs 
studied for SAW oscillulor. It  consists of putting a variable 
capacitor C in series with the resonator (Fig. 14). Obser- 
vation of the resonance frequency and the losses a t  
resonance show that  this method is not satisfactory either. 
'1'0 stay in a correct range of altenuotion (superior to -6 dl)), 
the frequency trimming mus t  be l imited to 8 klIz. 
Moreover, the phase shifts with increase of the variable 
capacitor, the same problem as with the phase converter. FREQUENCY 

'1'0 reduce losses in the capacitive divider CIC,), a coil L has Fig. 13 : Open loop translllittance fc)r a SAW oscillator with 
been placed across the interdigital electrode capacitor CO to a I)tlase collverter. Only the of the capacit,,r rovide a prirallel resonance close to the oscillation has changed between curves (a )  and (b) 

.ncy (Fig. 15). The quality factor of the coil must be FrequL 
negligible compared that of the active part Rl ,  L1, CI of the 
SAW resonator. Otherwise the hase noise of the oscillator P is increased. ?'he behaviour o the various performance 
parameters affected by the variable capacitor illustrate the 
effectivenes of this solution to the trimnling roblem : 
- larger range (15 LHZ) for trimming tRe oscillation 

frequency (Fig. l6a)  
- losses Lower than 6 dB (Fig. 16b) 
- small variations (2") of the phase shift (Fig. 16c) and the 

loaded qualily Ptctor (Fig. 16d). 

Fig. 14 : The utilieiition of a variable c;lpacilor C in series 
wit11 the SAW resonator allow lo adjust the resonulice 

frequency over a snlall range 



I'ig. 15 : 'l'o illiprovc lhe syslcni of frcquenc adjusttnent, a 
coil 1. 11.s been put in psrt111e1 with the HAW rcson;itur 

inpul  s i~cl i  Lhtrt I , C d  = 1 

-2 . . . . . .  ...... ................ 

-....... ....-.';., .:::::'":;~~:" '..".'... , . .  .,.. ..-.... -+-. . . . . . . . . . . . . . . . .  

....... ----. 

..,' 1'- 

--..-...- - .  -- - . . . . - . . -  

...................... 

..... ill 

. . .  

. I 2  --.-- & ..... __-__._--._L-_. 

C I p f J  
10 

lbl  
C I p f J  

. I d )  

Fig. 16 : Variation of ( a )  the resonance frequency, (b)  the resonance attenuation, (c) the phnse shift, and (d) the  quality 
factor a s  a function of the  variable rt~pacitor C for a 320 MlIz SAW resonator 

- ( I )  nocoil 
- (2)  a coil with a Q-factor of 30 
- (3) a coil with a Q-factor of 100 
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TIIE DESIGN OF VHF QUARTZ CRYSTAL OSCILLATORS 

FOR SEVERE VIBltATION ENVIRONMENTS 

M. K . Hobden 
Marconi Electronic Devices Ltd. 

Doddington Road - Lincoln LN6 OLF - U.K. 

Modern systems specifications place increasing demands on the reference oscillator designer. The use of 

radar in tracked vehicles and small fast boats has highlighted the problems of maintaining a coherent 

output where the master reference oscillator is subjected to very high levels of rancom and pseudo- 

periodic mechanical excitation. 

This paper addresses the problem of designing a vibration isolation system for such an  environment 

and details the design rules to be followed to ensure success with state of the a r t  quartz resonators. The 

acceleration sensitivity of existing TO5 enclosure quartz crystals is analysed and the limitations of 

existing mounting techniques is  shown. The design of a multi-pole anti-vibration mounting is 

presented, using modern materials to maximise inherent damping under large displacements and a 

non-linear model is developed to explain the advantages of the configuration used. The relative 

sensitivities of each section of the oscillator circuiting to vibration is  quantified with particular 

emphasis on upconverted acceleration induced sidebands via oscillator non-linearities. 

Finally, the measured results for an oscillator developed using the above criteria are presented showing 

that  i t  is possible to reach levels of 150 dBc/Hz a t  1 kHz from the carrier under conditions of a random 

excitation spectrum of 8.9 GRMS with superimposed swept sine components. 
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0SCILLATEURS"CNAUDS" 

Emrnanuel CII?ARDE'I' - Lo~ii  a UIDART 

RESIIME 
A p a r t i  r t l ' o sc i  1 I a t c ~ c r s  h a u t e  s t a b i  1 i  t.6 ut.aritiul.ds 

a c t u e l s  ( 5  e t  1 0  Mllz), I ' e t u d e  a p o r t 6  s u r  l e u r  adop- 

Les yalnlnes d e  t e m p e r a t u r e  g6n6ra l emen t  e x n l o i -  t a t i  on aci foric t i  o r lne~ t~en t  eri e r ~ v i  ronnemerlt  thermi  que  

tAes t.eride!ri t A s ' 6 l e v e r  v e r s  l e s  t e m p d r a t ~ i r e s  chaudeq. s e v e r e (  t en ipe ra tu re  d ' u t i l j s a t i o n  jusqcr '8  10O0C) ,  
e t  sur. 1 a aicslrre coil~pur;it.i ve  d e  I r u r s  p e r f o r m a n c e s .  

Si  , d;rr~s l a  p r a t i q u e  I ' on  r e n c o n t r e  p a r f o i s  d c s  
t e m p e r a t u r e s  d e  - 55°C e t  l e  p l u s  s o u v e n t  d e s  
t e m p i r a t u r e s  d e  - 40°C e t  de  - 20°C, l a  t endance  
rcoderne con t iu i t  B u t i l i s e r  l e  m a t d r i e l  au -de l5  tie 
t 8O0C e t  .]usqulB 95OC. 

S i  c e l a  rie p o s e  p a s  d e  g r o s  problSrnes p o u r  l a  
p l u p a r t  d e s  o s c i l l a t e u r s ,  en  r e v a n c h e  l a  r e a l i s a t i o n  
(ie m a t e r i e l s  h a u t e  s t a b i l i t 6  d o l t  f a i r e  f a c e  B tie 
rlouvel l e s  tii f f i c u l  t b s  c a r  i l  f a u d r a  the rmos ta t . e r  B 
d e s  t a m p d r u t u r e s  pouvan t  a t t e i n d r e  105°C. 

Nous p roposons  c c r t a i  ries s o l  u t  i  ons l f ixp8r i  mrnt.6 t!s 
scir d e s  o s c i  l l a t e u r s  d e  l a  c l a s s e  1.10- / j o u r  6 
5 Mtlz e t  1 0  Mtlz. 

1.  LES OSCILLATEUHS "CHAUDS" - APP1,ICATIONS - 
(:ONTRAINTES 

L.es o s c i  I  l  a t e u r s  tie h a u t e  s t a b i  1 i  t d  tro~ivt!ri t 
I c u r  ;q)pl i  c a t i o n  dons  l e s  domaines  d c  I e metro1 ogi  c 
( mesure  du temps,  r e f e r e n c e s ) ,  l e s  sys t&mes  d e  
l o c a l i s a t i o n ,  t e l4n le su res ,  sys t8mas  a s s e r v i s ,  e t c . . .  

Dans l a  p l u p a r t  d e s  c a s ,  l e s  c o n d i t o n s  d ' e n v i -  
ronr ien~ent  a s s o c i 8 e s  s o n t  du t y p e  " l a b o r a t o i r e "  : p a s  
ou peu d e  c o n t r a i n t e s  mecan iques ,  consornmation e t  
~$ncornbrernen t  peu c r i  t i  q u e s ,  p l a g e  d e  t e m p e r a t u r e  
d ' u t i  l i s a t i o n  1 imi tCe ,  f a i b l e  e r a d i e n t  t he rmique .  

La s t a b 1 1 1 t d  d e s  o s c i l l a t e u r s  u t ~ l i s e s  e s t  
r e c h e r r h b e  s u r  d e s  l n t e r v a l l e s  d e  temps l o n g s  ( f l u c -  
t u a t l o n s  j o u r n a l ~ & r e s ,  v i e i l l ~ s s e m e n t  mensue l ,  
annue l  ) a l n s ~  que s u r  d e s  p e r l o d e s  p l u s  r l d u l t e s  
( q u e l q u e s  m ~ n u t e s  8 q u e l q u e s  d i z a l n e s  d e  minutes). 
On d 6 f l n 1  t a l o r s  l a  s t a b l l i  tl c o u r t  t e rme  s u r  un 
temps d '  ~ n t e g r a t l  on donne ( que l  q u e s  rni 11 i s eco r ides  
3 q u e l q u e s  s e c o n d e s  ). 

Mais l e  b e s o i n  d e  s o u r c e s  h a u t e  s t a b i l i t e  s e  
r e t r o u v e  a u s s i  dans  l e  domaine d e  l a  1n6trologi .e  
embarclu0e ( a p p l i c a t i o n s  mi l i  t a i r e s ,  a v i o n i q u e s  ) . 
Les c r i t e r e s  d ' env i ronnemen t  d e v i e n n e n t  p r e p o r ~ d e r a n t s .  
Aux p e r t u r b a t i o n s  rnlcaniques ,  a c o u s t i q u e s ,  rnagnet iques  
s ' a j o u t e  une p l a g e  d e  t e m p e r a t u r e  d ' u t i l i s a t i o n  
s o u v e n t  t r E s  e t e n d u e ,  d e  - 40°C ou - 20°C B + 95°C 
v o i r e  t 100°C. ( : e t t e  e x i g e n c e  e s t  I  i d e  B l a  compaci Ld 
d c s  sys t&mcs  dbveloppSs oG une pseudo r 6 g u l a t i o n  
the rmique  n ' e s t  p a s  e r lv i sageab le  ( g r a d i e n t s  t h e r ~ n i -  
clues tr-op r a p i  d e s  , encombrement d i  spon i  b l  e r 6 d u i  t ,  
Q n e r g i e  mise  en  o e u v r e  t r o p  i m p o r t a n t e ) .  

C e t t e  cornparaison e s t  p a r t i c u l  i 6 r e m e n t  s i g n i  f i c u t i v e .  
En e f f e t ,  de  p a r  l e t r r  c o n s t i t u t i o n ,  i l  a Ct6 p o s s i b l a  
d e  c a r a c t e r i s e r  l e  mEme l o t  d ' o s c i l l a t e u r s  en  c o n f i -  
g u r a t i  on " s t a n d a r d "  e t  " h a u t e  t empera tu re" .  

Les e x t e n s i o n s  aux a u t r e s  c o n d i t i o n s  d ' e n v j r o n -  
nement ( v i b r a t i o n s  rn l can iques ,  acokr s t iques )  f o n t  
I ' o h j e t  d ' e s s a i s  e t  de  ddveloppement  p a r a l l e l e s  e n  
COUPS. 

2. CONCEPTION TECIINIQUE 

S u p p o r t  d e  I ' b t u d e ,  I  ' o s c i  I I a t c u r  ha l i t e  s t a b i  1 i tC 
"M0'1"' e s  t. con1;ii pour  d e s  purnlnes d e  telnpera t u r e  d '  ut.i I  i  - 
s a t i o n  d e  - 20 t 60°C 011 - 4 0  r 70°C. O s c i l l a t e u r  e t  
q t ~ a r t z  s o n t  t h e r m o s t a t e s  B urie t e m p e r a t u r e  d e  7 0  B 
U5OC. 

SCI~IS 111ocIi 1'ic:itt.i 011 tics C U I I ( : ( , L J ~ , ~  t > r ~ ,  1,: MO'I' ;I Ct.C 
adap  ti! B une u t  i I i  s o  l;i on en galllllle tie t.er11p01.u tcrru 
c'tentfue ( -40 i 95 t t t  + i0ljoC ) .  

Le c h o i x  du 1.6sonateur vo p e r m e t t r c ,  B r h g l a g e r  
B l e c t r i  ques  d e  I ' o s c i  11 a t e u r  r i goureuse rnen t  i  d e r ~ t i  q t rcs ,  
d e  c a r a c t d r i s e r  en  s t a b i l  i  tC un n~S~ne l o t  d e  MOT 
e n  c o n f i g u r a t i o n  " s t a n d a r d " ,  pu i  s " h a u t e  Le1rrp6rat11r.t~" 
e t  i  nversernent .  

2 .1 .  RESONATEUR 

a )  Ex igences  

Conpues pour  d q u i p e r  d e s  o s c i l l a t e u r s  d a n s  l a  
gamrne d e  f r l q i i e n c e  5 - 1 0  MHz, l e u  pe r fo rmances  d c  
s t a b i  I  i t 6  r e c h e r c h d e s  irnposent d e  p r e n d r e  en  compte 
l e s  c r i  t 6 r e s  s u i v a n t s  : 

. c o e f f i c i e n t  d e  s u r t e n s i o n  l e  p l u s  d l e v 6  
p o s s i b l e  ( s t a b i l i t C  c o u r t  t e rme ,  v i e i l l i s s a -  
ment)  . d e r i v e  d e  f r e q u e n c e  a u t o u r  d e  l a  t e m p 6 r a t u r e  
d e  r d g u l a t i o n  du t h e r m o s t a t  minimale  
( s t a b i l i t 8  d a n s  l a  gamma d e  t e m p k r a t u r e )  . c h o i x  d ' u n  b o i t i e r  c o m p a t i b l e  a v e c  l e u  
pe r fo rmances  d e  s t a b i l i t C  B l o n g  t e rme .  

REMARQUE : Le t h e r m o s t a t  e s t  " ca l6"  B un p o i n t  
d '  i  n v e r s i  orr de I a c n r a c t e r i  s t i  clue F r B t l ~ r c ~ ~ c e -  
te1np6ratul -c  du cluar*Lz. Ce p o i n t ,  do i  t 8Lre  s i  t.& 
atr mini~num IO0C au-drsscis  d e  1 a Len~pSraLura 
h a u t e  d e  I a go~iltne d '  ~ r t i  1 i s a t i o n  pour  a s s u r e r  
une r d p u l  a t i  on thernii  que c o r r e c t e .  

Ces e x i g e n c e s  f o n c t i  onnel  l e s  i ndu i  s e n t  d e  nou- 
veaux c r i t e r e s  l i e s  B l a  s t a b i l i t e ,  e n  p a r t i c u l i e r  
l e  temps de  mise  e n  o e u v r e ,  l a  v i t e s s e  d e  a t a b i l i s a -  
t ~ o n ,  l a  r e t r a c e .  
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* % e f f i c i e n t  d e  s u r t e n s i o n  

i.es rGsonati?urs de coupe AT ( s imple  r - o t a t i o r ~ )  
c t  SC: ( ciorible rot .a l . io~l)  p r d s e n t c n t  la:; coi:ff i ric,rll.s; 
d c  strr tensior l  s ~ i i v a n t s  : 

- -- - - - 
5 M I k  1 M I  1 A r  i i 1 ? , 7  - 2,s l O E G  I , ?  1 0 E f  

t . .- . .- . . - . .. . . . . . - . . . . . . - . . - -. - - -. . -. . . 
:;(: tJarl,it!l : I  / ; > , I  - 7 , 4  10L6 1 l , ? l O b X  

. - .. , . - 

A (:oul-L)es I"r6quence-temp6r.at.tlre -- 
. c:illlpc? A'I' 

La c a r a c t & r i s t i q u e  F(T) e s t  une courbe 1it1 
:$;:mu da(!r6 p r j s c n t a l ~ t  icn p o i n t  d ' i n f l e x i o n  s i t u l .  d 
25OC. 1.e p o i n t  d '  i n v e r s i o n  "haut"  des  coilrbes F('I') 
peu t  Evnl\ltar en f o n c t i o n  de I  ' a n g l e  de coupe,  de 
50°C 6 100°C ( l i m i  t e ) .  

40 60  80 100 OC 
Fig .  1  

. Coupe SC 
C e t t e  coupe e s t  c a r a c t C r ~ s f e  p a r  dr:ux 

rnoilcs de V I  br'a t  i  or): 

Mode b  parLic t~ l i6 ren1en t  s e n s i b l e  l a  
t empera tu re  ( v a r i a t i o n  r e l a t i v e  de 
f r i q u e n c e  de l ' o r d r e  de 30.10E-6/*C) 

F i g .  2 

Mode c  courbes F(T)  du 3E1ne o r d r e ,  dorit 
l e  poinL t i t i n f l e x i o n  e s t  s i t116  aux 
e r ~ v i  ron de 9O0C. 

Pour. dcs  gommcs de t e m p d r a t t ~ r e  st.an(larrl:i, 
on r 6 a l l s e r a  une r6gu ln t io r1  therlniclire ail poillt; 
d ' i n v e r s i o n  " f r o i d " ,  cornpris e n t r e  60°C e t  80°C s u i -  
van t  I c s  pa ramet res  de coupe . 

C e t t e  mOme f a m i l l e  de courbe p r g s e n t e  un 
p o i n t  d ' i  r,version "chaud", s i  tu6  e n t r e  90°C c t  l l S ° C  
s u s c e p t i b l e  d ' 8 t r e  e x p l o i t &  pour l a  r e a l  i s a t i o n  

d ' o s c i  I1 a t e u r s  "hatct,e temp6rat1lre". 

I3EMARQLIE : 011 n o t e r a  l a  f a i b l e  v a r i a t i o n  r e l a -  
t i v e  dc? Fr6quer1ce e n t r e  l e s  p o i n t s  d '  i n v e r s i o n  
"hauLW aL "bas" d ' i lne m61na courbe c a r a c t C r i s -  
L i ( ~ I J C .  :;(:. (iluel iliics 10-7 6 qt~t-1 qiies 10-0) 

F i g .  3 

. Caract,Crl st,iqtle des  p o i n t s  d '  i r ~ v e r c i o ~ ~  

1.a figirr-e 4 p resc r i t e  l e s  co~i r t res  Freqiience- 
tcr11p6rature con1ptir8es aux p o i n t s  d '  I nvel'sion. 

A v a r i a t i o n  de temperature i d e n t i  que aut.our 
ries p o i n t s  d ' i n v c r s i o n ,  I  u fr-bquence f v o l u e  envi i-OII  
cir~cl f o i s  n~oirrs repidement  dans l e  c a s  ( l ' u~ ,e  coupe :it: 

( P . 1 .  hiluts et. b a s )  que s u r  ulle coupc AT ( P . I .  huiiLs). 

TURN-OVER POINTS AT-SC CUTS 

-2 -1 0 1 2 oc 

F i g .  4 

Autres  p a r a n ~ & t r e s  

. Ani sochroni  sme 
Les c a r a c t C r i  s t i q u e s  61 c c t r i q u e s  d e s  r6so-  

n a t e u r s  se degraderlt l o r s q u e  l a  pu i ssance  d ' e x c i  t a t i o n  
ilugnien t e .  Le sctii  1 cst :  ni  ti16 t r 6 s  serlsi bl enlent, y l c ~ s  
haut. dans l e  cos  de coupe SC. 

, Sonsi hi I  i  t e  acci.ll.rornBtr-i ilue 
Facteur. i l l tportar~t dans I a  c a s  (ie niatcri t:l 

soumi s 3. d e s  c o n t r ~ i  nLes da v i b r a t i o n s  1r16carli qllcs. 
I,& encore ,  I  c s  roei 11 e u r s  r6siil  1al.s sol i t  obt.enus sui' 
cies r.@sonatettrs lie coupe 3:. 

Con~p t e  t.ctnc de I ' enscnibl e de cus  perforrlcances, 
l e u  rCsona teurs  SC 5 e t  10 Mllz s o n t  u L i l i s C s  dans l e  
developpement des  o s c i l l a t e u r s  h a u t e  t empera tu re .  

Un s o i n  t o u t  p a r t i c u l i e r  e s t  apportC B l a  
f a b r i c a t i o n  des  rEeona teurs  e t  B l a  f e rmeturc  des  



boitiers verre (type HC 27/U ) ( cycles thermiques 
de stabilisation), de rnaniere B garantir les 
performances optimales de stabilite B long terme. 

L'oscillateur developpe autour des quartz 5 
et 10 MHz (SC partiel 3) est du type Clapp (Fig. 5). 
Le point de fonctionnement de l'oscillateur est 
determine de maniere B affecter le moins possible 
le focteur de qualite du resonateur ( coefficient 
de surtension en charge ) .  

La puissance d'exci tation du quartz peut 
@tre reglee de quefques dizaines d e p W  B plusieurs 
centaines de PW. 

Comme indiqu6 preckdemment ( 5  2.1., Fig.2 ) 
l'bcart relatif de frequence entre les deux points 
d'inversion est faible. Ainsi, B rsglage oscillateur 
identiques, il est possible de choisir la temperature 
de fonctionnement de l'oscillateur B l'un de ces 
deux points. 

Oscillateur et amplificnteur de sortie 
sont realis6s en technologie hybride ( encombrement, 
rendement de la boucle de chauffage). Seuls les 
Plements sdrie Quartz (reglage) et le sous ensemble 
regulatron de tension font appel B des composants 
dl screts. 

Les gammes de temperature d'utilisation 
des elements constitutifs, les temperature de jonc- 
tion des composants actifs ( regulateur de tension) 
permettent l'emploi de cet oscillateur B des 
temperatures de fonctionnement supCrieures B celles 
de la gamme vis6e. 

Fig. 6 

Fig. 7 

MOT OSCILLATOR QKP 
De la m&me maniere que pour l'oscillateur, les 

elements contitutifs sont cholsls dans des Iistes 
compatibles avec I 'uti I isation B haute temperature. 

"-5"l.l I r"lr"l Le transistor de puissance est defini de maniere 
B ce que la temperature de jonction en fonctionnement 
extrgme ( dgmarrage B basse temperature) reste en d e ~ B  
des limites admissibles ( calcul de sCcurit6 ) .  

Fig. 5 

2.3. THERMOSTAT 

Ce thermostat de structure tr&s simple est utilise 
sur tous les oscillateurs de type MOT. I1 pr6sente un 
rapport mise en oeuvre/performances interessant. 

b) Caracterisation 

* Mesures thermographiques 

a) Description Le disposi tif est consti tu6 d'une camera 
infra-rouge et d'un systsme d'analyse et tralternent 

Afin d'atteindre les caracteristiques 
numerique de l'image. Sa mise en oeuvre a permls deux 

optimales de stabilite de frequence en fonction de types d'analyse : 

la tempbrature, le r&sonateur, mais aussi l'oscil- 
lateur et 1'Ctage regulateur de tension seront ther- - verification B posteriori sur les Blements 

mostates B temperature fixe ( point d'inversion du actifs, transistor de puissance, des temperatures de 

quartz ) .  
jonction maximales atteintes dans les conditions d'uti- 
lisation extrsmes ( demarrage - regimes stabilises) 

Ces 616ments sont montes dans un boitier 
metallique dlun volume d'environ 15 cm3. - topographie du gradient de temperature 3 

I'exterieur de l'enceinte chauff6e. en regime 6tabli. - 
IJn transistor de puissance assure le chauf- 

Cet essai est effectue pour diverses orientations 

fage du boltier par 18interm6diaire d'un thermostat 
geom&triques de l'oscillateur, et pour differentes 

de type proportionnel ( Fig. 6 et 7 ) .  
temp6ratures de consigne. Mdlgrb la totale asymetr~e 
de chauffage, la repartition de tem~erature exter~eure 
atteint une homog~nei tb satisfaisante. 



Les documents exploitCs sont du type de celui 
present6 figure 8. 

1.R THERMAL MEASUREMENTS MOT 5-10 MHz 

WARM UP TIME (20°C) 
AT°C 

.4 

Fig. 8 

* RCgulation thermique au niveau du quartz 

La connaiasance du gradient thermique i 
1 'exterieur du boi tier ne suffi t pas. 

La stabilite en tempCrature de l'oscillateur 
est essentiellement fonction de la variation de 
temperature rCsiduelle au coeur de la lame de quartz. 
I1 n'est, bien scr, pas possible de placer un capteur 
B ce nlveau. 

Par contre, les resonateurs de coupe SC 
pr6sentent la caractdristique de possider un mode 
de vibration tres sensible B la temperature (5 2.1., 
Fig. 2 ) .  

L'oscillateur est reg16 ds maniere i ce que 
le rCsonateur fonctionne sur ce mode. 

Le thermostat Btant operationnel, la mesure 
de la frCquence de sortie de l'oscillateur en 
fonction de la temperature exterieure permet de 
caracteriser I a qua1 i td de I a regulation thermi que 
au point le plus sensible, c'est B dire au niveau 
du resonateur lui-mtme. 

Les mesures sont effectudes pour differentes 
orientations gCom6triques de l'oscillateur dans la 
totalit6 des gammes de temperature d'utilisation. 

Le coefficient de quali tC de la regulation 
thermique est de l'ordre de 100. 

Temperature 
exterieure 

- 20 + 70°C 

- 40 +llO°C 

A partir du m&me principe de base de thermo- 
stat, il est possible d'atteindre, pour des produits 
repondant B des cahiers des charges differents, un 
coefficient de qualit6 de l'ordre de 300. 

* Temps de stabi l i sati on thermi que 

Temperature 
de consigne 

85 C 

115 O C 

La mesure de ce parametre est effectuke en 
utilisant le mtme principe ( mode b ) .  On compare 
alors la durCe d16tablissement de I'equilibre ther- 
miquedans le cas d'une configuration "standard" 
(temperature du four 85OC) et " haute tempCraturel' 
( 115OC). 

Variation au 
niveau du quartz 

1°C 

,( 1,2 OC 

Fig. 9 

3. MESURES - COMPARATIF 

3.1. ECHANTILLONNAGE 

Les essais sont realisks sur un lot de plus de 30 
oscillateurs d6composC comme suit : 

10 MHz 10 oscillateurs 
5 MHz 20 oscillateurs 

Certaines pisces sont caracterisees successivement 
pour deux conditions de fonctionnement ( voir 5 2.1, 
2.2.) 

Standard 65OC (0< 75OC 

Haute temperature / H.T. I 100°C <a< 110°C I 
Le chronogramme d'essais suivant est Ctabli : 

3.2. MESURES 

Frequence 

10 MHz 

5 MHz 

Certaines caracterl stiques Blectriques sont 1nd8- 
pendantes du mode de fonctlonnement de I'osclllateur 
(HT ou BT) ; c'est le cas des caractiristiques dr 
senslbllit6 B In charge ou B la tension d'irl~~nc~~tdtlon. 
Bruit de phase et stab11 i tC court terme ( t ~3 s ) 
sont Cgal ement constants. 

Les valeurs typiques sont presentees figure 10 
(stabilite court terme ) et figure 11 ( bruit de phase. 

no] ot 

1 

2 

3 

4 

5 

QtB 

5~ 

5~ 

5P 

5~ 

lop 

Type de fonctior~nement 

HT \ BT 
BT f HT- 

i * 
HT I BT 
BT / HT 

-HT-- 



STABILIZATION TIME oven 1150C 

Fig.  10 Fig .  12-2 

3.2.2. S t a b i l i t C  lono  terme 

Les courbeti typ iques  de v l e i  11 lssernent 
d e s  o s c i l l a t e u r s  des  lots(1) ,(FJ e t  ( 5 )  s o o t  prCsarit6es 
f i g u r e s  13, 14, 15. Les s t a b i l i  tCs soKt c a l c u l C r s  
B p a r t i r  d e  p e n t e s  moyennes dc v i e i l l i s s e m e n t  s u r  l e s  
de rn i  e r s  j o u r s  . 

Dans t o u s  l e s  c a s ,  l e s  rCsul  t a t s  nles1ir6s 
s o n t  ob tenus  a p r s s  d e s  durCes de fonct ionnerne~it  r a l a -  
t ivomer~ t  c o u r t e s  ( quel  ques semainex)  . 

Une premibre cornparaison r e l a t i v e  e n t r e  
o s c i  11 a t e u r s  de I  o t s  d i  f  f 6 r e n t s ,  aprEs une pCri ode 
i  d e n t i  que de fonct  i  onnement, e s t  p o s s i b l e .  

Les performances a b s o l u e s  s o n t  donnfes B 
t i  t r e  iridi c a t i  C. Notlrrel 1 ement ,ces  ch i  f f r e s  s 'arnfl lo- 
r e l i t  apl.Es une p6r.i ode de sLubi l  i  s a t  i  ori strpdl-I ellre 
(inesilres en c o u r s ) .  

F ig .  11 

L 'csse r i t i c l  d e s  e s s n j s  a  p o r t 6  s u r  l e s  mesurcs 
s u s c e p t i b l c ~ s  d ' 6 v o l u e r  en t 'onct ion dus  r6pimes dc 
fonc t i  onclamen t . 

I 1  u ' agi t en p<t r t i cu l  i  e r  d e s  masures de  : 

- tenkps de demarrage - vi  t e s s r  do s t n b i  1  isat,iorr 
aging per day 
MOT 10 MHz - v i c I l l i  sscmet, t 1 ong terlne 

- re t r -ace  

3.2.1. OCn~arrage (F ig .  17) 
5 w-* 

ovenlW 
A t en~pCra tu re  de fonct ionnement  c o n s t a n t e ,  

oven 7(P 

temps d e  demarmge e t  v i t e s s e  d e  s t a b l l i a a t ~ o n  &pen- t .. 
d e n t  essen t !  e l  l ement du couplage thermi que Q u a r t z /  
Source de chauf fage  e t  du t y p e  de the rmos ta t  ( 5  2 .3)  
I.es c a r a c t C r l s t i q u e s  mesurdes rCpondent j. l a  ~ n a j o r i  tC 

I !! m 

dcss conditions d ' u t i l i s a t i o n .  

Si  r10cessa i re ,  on pour ra  f a i r e  appel  B d e s  
F i g .  13 

the rmos ta t s  6 chauf fage  r a p i d e  ( 5 4 - Extens ions  1. 

STABILIZATION TIME oven 85oC 

a K = o . ~ e r t r . n t ~ u s  aging per day 
I P  dF,T<t 5.-04) 

9 1 MOT 10 MHz 

Fig.  12-1 



Les oscillateurs du lot 5 (lop) ont CtC mesu- 
r6s en retrace (Fig. 15). L'influence du type de 
stockage n'induit pas de difference sensible au niveau 
des resultats. - h.K h?:ue~w~t~mr,,clL+e aging per day- retrace 

10 d T , , T ! . S e - U $ r  

9 T MOT 5MHz oven119 

Fig. 15 

La synthbse des resultats actuels est indi- 
quee dans le tableau suivant : 

INTERPRETATION 

En regime basse temperature les oscillateurs 
MOT 5 et 10 MHz atteignent tres rapidement et dans une 
grand? proportion une stabilitC de quelques IOE-lO/jour 
puis 1.1OE-lO/jour aprss un mois de fonctionnement 
conti nu. 

En regime haute temperature, les performan- 
ces de stabilite different en fonction de la frequence. 

A la fr6quence de 10 MHz, un vieillissernent 
moyen de 1.5.10E-9/jour est obtenu aprk une quinzaine 
de jours de fonctionnement. 

A duree identique, les oscillateurs 5 Mtiz 
prbsentent une stabi 1 i td moyenne de 5. IOE-lO/jour. 
Ces deux ctliffres s'ameliorent sensiblernerlt sur dps 
durees d'observation plus ~mportantes. 

3.2.3. Retrace 

Les caracterlstiques de retrace prennent 
toute leur importance dans le cas d'utilisations 
lnterron~pues de references haute stabillte. 

Apr6s une periode de fonctionnement suffi- 
sarnrnerl t I orit:ue pour perrnettre de connaitre 1 a pen te 
de vieillissement par jour de I 'oscillateur, le 
fonctionnement de celui-ci est interron~pu pendant une 
dur6e de 48 tfeures. 

Pendant cette pbriode, l'oscillateur peut 
Gtre stock6 dans deux types de conditions : 

- stockage B temperature arnbiante (25OC) 
- cyclage thermique (8 cycles -40 + 85OC) 

4. SYNTHESE - EXTENSIONS 

Les essais r6alisbs autour des osc~llateurs de type 
MOT permettent de caracteriser de manisre significatl- 
ve l'evolution des performances dans le cas d'une 
extension vers l'utilisatjon haute temperature. 

L'elevation de la gamme de temperature d'utilisa- 
tion ne prgsentent pas de difficultes technolog~ques 
partlculi&res et ne remet pas en cause la flabilite 
du materiel. 

Dans ces conditions, les meilleures performances 
cle stabllite ont 6t6 mesurees sur des oscillateurs 
5 MHz; les resultats B 10 MHz restent d'un bon nlveau. 

Le mesures Blectr~ques sont rCa11sees sur des lots 
cons6quents. Les rdsultats presentent une falble dls- 
persion B l'intbrieur de chaque lot et une trbs bonne 
reproductibilit6. Les essais se poursuivent actuelle- 
ment, en partlculier en ce qui concerne la stab111tC 
B long terme. 

Ces essal s sont essent~ell ement 116s I 1 '8vol utl on 
des performances face aux contralntes d'envlronnerr~ent 
thermlque. En ce qul concerne d'autres aspects d'envl- 
ronnement durcl 116s B une ut~llsatlon embarquee 
( vlbratlons rnecanlques, acoustlques, 6lectromagne- 
tlques), plus~eurs 6tudes sont menEes actuellement 
B QKP. Elles condu~ront en partlculler au developpe- 
ment d'une famllle d'osc~llateurs haute stablllte 
embarques ( MOT.EM )(Figure 16). 

Fig. 16 

La reprise en frequence aprss coupLire 
(ou retrace) est compar6e B la frequence inltinle 
de l'oscillateur avant coupure ( vieillissernent pris 
en compte 1 .  



INFLUENCE DES SENSIBILITES ACCELEROMETRIQUES ET ACOUSTIQUES stin LE URUIT DE PHASE 
DES 0SCILI.ATEURS PIEZOELECTRONIQUES 

MM. Patrick RENOULT - Emmanuel GIRARDET - LOUIS RIDART 

Parml les diffgrentes cond~tions d'exploita- 
tton, le fonctlonnement en presence dc vibrations et 
de brult phonique retlendra notre attention car les 
pr6caut1ons B prendre ~nterv~ennent dbs la conception 
du produl L .  

L'Electronique moderne doit faire face B des 

Dans les annEes 6coul6es, i l  a Bt6 largdmrnt 
ddbattu tie I ' l~nportonce do la sensibi l i t8 acc6lkromi.- 
tri que des resonate~rrs pi 6~061 ec tronl ques et des 

;;:I4.-*, 
mesures B prendre pour an1611orer ce paranl&tre, rnain ,ss-- 

11 faut desormais tenir compte conjointement de la ~II 

senslbll it.& acoustique d'une source tie frequence sou- -- fm k t  
t O  10 11. 100 th  a h  l#h 3.h 

mlse B un brult phon~que. 

contraintes de plus eri plus s6vbres g6n6r6es par uri 
envirorinernent hostile d'une grande complexi t6. Le 
materiel doit conserver toutes ses caracteristiques, II 

A tout moment, en d6pl t des fluctuations cl imatiques 
ou mi5cani ques. IOI 

I1 est Cvident qu'un matdrlel dlectronique 
Criulpant une fus6e ou un avion de combat doit suppor- 
t~ r c~t ~n&n~u tctnps des vi brations el, un br111 t .icoiist.l- 
(11~c dldatol res rlir~ ~nflilent sur le bruit dc phnsc 

,oaOb/ha 

d' un osci 1 lateur pi6zo6lectrique. ..I \ t o ~ h .  

'e d6veloppement des oscillateurs pi6zo6lec- 
triques est ax6 sur l'obtention d'un bruit de phase 
minlnum B la fois pres et loin de la frequence por- 

s r.ne(llril) 1.1We 
Chore n01rr dullng random 
ribr.llonr 

ODZpj'ha $loZ000hI 
tcusc et B tin stnde industriel de I 2i 200 MHz. "'I I \ 

11) 
Soumis B des vibrations, un oscillateur verra 

son brult de phase se degrader prbs de la porteuse 120 

tant que s'exercera la sensibilit6 acc616rorn&tr1que 
du r6sonateur, cependant que sous l'act~on conjointe 1.1 

ou s6par6e d'un bruit phonique, le palier de bruit 
sera perturbb. ISO 

SENSIFJILITE ACCELEROME'rRIQUE ET BRUIT DE PHASE 

, 

cu1.0 2 

Si donc Iron veut conserver une qualit6 181 

spectrale obterlue avec heaucoup de mal, il faut trou- 

Pour conserver un bruit de phase diirant les 
vibrations 11 faut soit r6duire la scnsibilitd acc8lf- 
rombtrique du resonateur employb, SOIL la neutraliser. 
Prenons un spectre de vibration de 0,02 g2/~z de 
0 B 2000 Hz. Ceci est une valeur exp6rimentale. En 
r6oll t6, itn spectre reel est beaucoup plus chaoti que. 

IS0 

Soit, par ailleurs, un oscillateur ayant un 
bruit de phase b 10 Mtlz suivant la courbe nO1. 

var des solutions. I0 a0 I a m  1k ah 1.1 ark 

Si le r6sonateur de cet oscillateyr posvede 
tine sensi bi li te acc616rom&trique de I .lo-'/p i I 
induiro url brui t; de phase durant les vibrations xelon 
la courbe n02. 

De mOme pour 1.10-l~/~, on aura en vibrations 
la courbe n03. 

1 0  

I.. , I l m  hr 

I. as 180 aw or, ah I irk 

EFTF 89 - Besanfon 



On p e u t  e q u i p e r  l e  sys t&me d ' u n  ensemble  
d ' a m o r t i  s s a l l r s  ag i  s s e n t  comme un f i  I  t r e  mdcani que 
a y a n t  une courbe  d e  rdponse  s u i v a n t  l a  cou rbe  n 0 4 .  

08 

REPONSE 

- --- - M E C A N I C A L  

ABSOflQERS 
A0 

Dans c e s  c o n d i t i o n s ,  un o s c i l l a t e u r  B q u a r t z  
comprenant  un r d s o n  t e u r  a v c c  une s e n s i b l l i t . 4  accL'l6- 
r o m & t r ~ q u e  d e  1 .lo- / g  e t  d e s  a m o r t l s s e u r s  mdcanlques  
a u r a  un b r u ~ t  d e  phase  d t ~ r a n t  l e s  v i b r a t i o n s  s u l v a n t  
l a  c o u r b e  n 0 5 .  

IOMhr  

e r~n~blv~ly 110-~ 
Phae* nolea brlns random 
v ~ b ~ ~ t l o ~ s  
MZs'/hr 6to2000hr 
w11h abl0lb. l I  

L'examen d e  c e t t e  c o u r b e  montre  q u ' e n t r e  
1 e t  30 Hz, l e  b r u i t  de  p h a s e  depend uniquement  d e  
l a  s e n s i b i l i t . 4  acc .41 .4 rom~t r ique .  Apres  3 0  Hz, l e  b r u i t  
d e  phase  e s t  l a  r d s u l t a n t e  d e s  e f f e t s  con juguds  de l a  
s e n s i b i l i t 6  acc6 lCrom&tr ique  e t  du f i l t r a g e  mhcanlque. 
Ce n ' e s t  q u ' 8  600  Hz d e  l a  p o r t e u s e  que l e  b r u i t  d e  
phase  en  i n e r t e  e t  e n  v i b r a t i o n  s e r a  e q u i v a l e n t .  

Le meme r a i s o n n e m e n t - ~ 8 p l i q u . 4  B une s e n s l b i -  
l i t 6  a c c d l 6 r o m & t r i q u e  d e  1 .10  / g  d o ~ e r a  l a  c o u r b e  
n06 .  

t O M h l  

erneitivi~y 110"~ 
Phale now8 durihg random 
vlbrat~bne 
002.Yh1 5102000hl 

Si ma in tenan t  I  ' on  c o n s i d e r e  l e  b r u i t  d e  phase  en  
i n e r t e ,  s u i v a n t  l a  cou rbe  n 0 7  pour  un o s c i  l  l a t e u r  a 
q u a r t z  B I 0 0  MHz, on a u r a  en  v i b r a t i o n  une a l t d r a t i o n  
d u e  B une s e n s j  b i  1 i  t.4 acc616rom&tr ique  f i g u r e e  en  
c o u r b e  n 0 8 .  L ' ensemble  d t a n t  suspendu  p a r  d e s  a m o r t i s -  
s e u r s  a y a n t  t o u j o u r s  l a  rhponse  d e  l a  c o u r b e  n 0 4 ,  
on o b t i e n d r a  l e  b r u i t  d e  p h a s e  d e  l a  c o u r b e  n o 9  en  
v i b r a t i o n s .  On a u r a  e n c o r e  en  d e s s o u s  d e  3 0  Hz une pop- 
t i  on d e  c o u r b e  ddpenclant ~ l n i  quement d e  l a  s e n s i  b i  I  i  td 
a c c 6 l d r o m l . t r i q ~ 1 c ,  ml d e l a  une p a r t i e  t r a n s i  t o i r e  
f i g u r a n t  I  ' a c t i o n  c:or~Jup~~t:.e t lus illnot,ti s s e u r s  et. i par-  
t i r  dc  I'o t 170  11z une d q u i v a l e n c e  e n t r e  l e  b r u i t  d,? 
phase  e n  v i b r a t i o r ~ s  e t  en  i n e r t e .  

8 0  ~ O O M H Z  BT $*OVERTONE 
PHASE NOISE I N E R T  

lo* 

110 

(I* 

11. 

111 

C U R V E  1 

110 

1,e 
6 I I 

Im h r  
I 0  20 10# 200 ,k ah 1.k 31k 

t o o ~ ~ i z  BT $"OVERTONE 

PltASE NOISE Oll l l lNG 

HANOOM VIlII4AT IONS 
o.oas:'ttz s TO 1000~2  
0 S C N S ~ ~ I V I ~ ~ ~ ~ ~ ' ~  

CIJRVE 8 

~ O O M H Z  BT J ~ ~ O V E R T O N E  

PHASE NOISE D U R I N G  
RANDOM VIIRATIONS 
O D Z S ~ H Z  S T O  ZOOOHZ 
G S E N S I T I V I T Y ~ . ~ ~ ~ ~ ~  

W I T H  ABSO&IBEHS 



g sensilivily IdWF / g) table 10 

-doubly rotated cut 

RANDOM VIBRATIONS VCXO 20Mtlz 
s TOZOMPHZ ODSG%Z Ll lo3 

- . . - - -- - 

- 
Alns~ on peut voir qu'un filtrage mecanique 

aura attCnu6 les effets nefastes de la senslbillte 
acc616rometrique des resonateurs. La6fficacit6 du 
proced8 est d'autarit plus grande si l'on considEre 
(lire les norrnes de vibrations tendent B s'6Laler non 
plus scirlc~~irnt tit: 0 h 2000 IIz inais de 0 jusclu'i 1000117: 
d;~ris uri avenl r proche. 

Chaque fois que llutilisateur du materiel n'aura 
d'lntkrst que pour un bruit de phase relativement 
6lolgn.5 de la porteuse ( B partir de plusieurs centai- 
nes de ll~) cas de I 'avlonique, il sera interessanl. de 
11miter les efforts de s$lection sur la se1,-1glbilit6 
acc6lCrom6trique ( I .I0 plutat que 1.10- et de 
se tourner vers l'emploi d'amortisseurs appropries. 

A l'inverse, prks de la porteuse la tenue en 
vibration dependra toujours de la qualit6 de la sensi- 
bilite acc6l6rombtrique. , 

Le tableau 10, sans Btre exhaustif, donne un 
ensemble des valeurs v6rifldes pour la sensibilite 
accdl6rometrique B differentes frequences pour des 
coupes et des matkr~aux divers. 

On notera la d6gradation des performances 
pour les resonateurs usines ioniquement tant en 
quartz qu'en Tantalate de lithium. 

Les mesures de sensibilitd acc616rorn6trique 
ont 6tb rCaljs6es sur des resonateurs d1apr8s le 
synoptique du tableau nOll figurant en annexe. La 
f~gure n012 montre le comportement d'un oscillateur 
thermostat6 h 50 MHz avec la deterioration du bruit 
de phase en vibration. 

La f'lgure n"13 reprdsente le comportement 
en vl bratlon ~l'ur~ osci 1 lateur command6 en frerluence 
ut~lisant un resonateur en tantalate de Lithium et 
sans amort~sseur. L'effet de la sensibilite accel6- 
rometr~que est clairement exprime. On peut voir aussi 
que dans ce cas le bruit de phase est conserve apr2.s 
2000 Hz, ce qui laisse pr6sager que le Tantalate de 
1.1thium reste insensible au bruit phon~que. 

SENSIBILTTE ACOUSTIQIJE ET BRUIT DE PHASE 

On peut constater que 1 es sensi b~ 1 it6s acc816r~o- 
niBtri qucs et acoi1st.i ques uppara1 sserlt ti 1 eur maxi nlulll 
pour des sol 1 i ci tati ons st11 vant des axes di rfkrerits. 
I1 s'ensuit que les rnoyens mis en oeuvre pour limlter 
leurs effets dans une configuration donn6e s'exercer~t, 
souvent en sens contraire. 

Une protection exterieure contre le bruit phoni- 
que dtant en princlpe malais6e, on cherchera en prio- 
rite I'amClioration de la rnicrophon~e du r6sonateur. 

Dlvers paralnetres influent sur le comportement 
d'un r6sonateur soumis B un bruit acoustique intense, 
entre autres : 

- le mat6riau pi6zo6lectrique 
- la coupe 
- 1'8tat de surface et la m6tallisat1on 
- le nombre et ]'importance des flxatlons. 
Le quartz presente une sensibilit6 acoustique 

croissante avec la frequence comme on peut 1e voir 
sur les figures n014 et no 15. 

En premiere approximation, on peut affirmer qur 
tout r6sonateur h quartz ayant une 6pai sscur i nfkri eu- 
re h 50 microris dbr~~olitrc~ra urie grande sensibi 1 i t6 
acousti yue ce tlui loisscriri t penser que les rdsor~eteur,s 
usj nOs i oni que!nt:nt: ou chi mi quenierit serai ent A proscr'i - 
re. 
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A l'inverse et paradoxalement, le Tantalate de 
1 i thium d6montre une parfai te insensibili t C  au bruit 
phonique : voir courbes nD16 et n017. On en d6duira 
immkdjatement que dans le cas du Tantalate de Lithium 
seule l'am6lioration ou la neutralisation de la sensi- 
srbilit6 acc616rom8trique reste un: pr6occupation. 
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Les differentes coupes ernploy6es pour la reali- 
setion des r6sonateurs B quartz ont un comportement 
variable en fonction du bruit phonique mais cela doit 
beaucoup B la conception de l'oscillateur. 

lat6tat de surface et l a  qualit6 de la ~nbtallisa- 
tion peuvent augmenter considbrablement la sensibili- 
t6 acoustique comme en t6moigne la courbe n018 oh la 
perturbaLion enregistrde est en grande partfe imputa- 
ble P une mauvaise tenue des Blectrodos. 

Enfin, la m6thode la plus efficace pour r6duire 
la sensibili te acotrstique tient dens l a  conception et 
la real isation des fixations du r6sonateur. Mais 
comme la sensibilit6 acc616romhtrique depend elle 
aussi largement de ces mzmes fixations, i l  faudra 
arbitrer entre deux solutions pouvant dor~ner des 
resul tats contradi c toi res, 

ACOIlST lC NOISE O O W A  

L 
CURVE I8 fm -* 

Toutes les Incsures ont it6 fajtes d'aprks le 
synoptiqtre de la figure 11. I1 ne s'agit encore, pour 
l'instant, que d'une m6thode plus qualitative que 
quarrtitative. I1 reste encore B codifier, sinon B 
normaliser le processus. 

Enfin, aprks avoir fai t appel aux nl6caniciens 
pour pal 1 i er I a sensi bi l i ti. acc616rom8 tri qire par un 
systl.me dlanlort.i ssnll-u , on pourra i nterpel 1 cr ovec 
profi I. lc?s chrmislos pour. la lni se au poi n L  (l'absol'- 
barlLs acouot i cltrcs. 

Les courbes no19 et n020 montrent des r6s11ltaLs 
obtenus en bruit acoirstique par I 'e~nploi d'6lastom8rcs 
ct1arg6s, simplernent coll6s autour de la partie sensi- 
ble de I 'oscil Iateur. 
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La courbe n021 montre le comportement en vibration 

clu ~nsrne oscillateur. Les photos 22 et 23 sont des 
exemplcs de real isat~on. 
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CONCLUSION 

Apr&s de longues expdrimentations, nous sommes 
arrivds B un certain nombre de conclusions. 

La recherche d'une sensibilitd accdldrombtr~que 
sans cesse amdlior6e est une qutte longue et onbreusc. 

I1 est prdfdrable, B partir d'un dtat de l'art 
acceptable industriellement, de sauvegarder le bruit 
de phase en vibration par I'emploi de structures 
rnCcaniques agissant comme un fjltre. 

Pour obtenir des rdsultats du mEme ordre sans 
amortisseurs, i l  faudrait atteind des sensibjl~tds 
accEldrom&tri ques d r  quel ques I CJ-''/~. 

Cependant, tres pr&s de la porteuse ( 10 Hz ) ,  le 
bruit de phase en vibration continuera B dependre de 
la sensibil~te accdldrom.3trique du rdsonateur. 

Tout cec~ est valable pour le quartz et le 
Tantalate de 11 th~um. 

La recherche devra~t s'or~enter malntenant vers 
l'amdl~orat~on de la s e n s ~ b ~  1 1t6 acoustlque des reso- 
nateurs B quartz B I'lnverse des rdsonateurs au Tanta- 
late de Lithium pour lesquels les rdsultats apparals- 
sent naturellement acquis. 

ANNEXES 

MESURE DE LA SENSIBILITE ACCELEROMETRIQUE DES 
RESONATEURS. 

Moyens ut11isCs : 

Excitation . Gdndrateur s~nusoidal . Ampliflcateur de pu~ssance 
. Pot v~brant . Acc6ldrorn6tre - arnpl~f~cateur de 
charge 

Moyens de rnesure : 

. Analyseur de spectre 
( dynarni que 120 dBc ) 

Le rksonateur monte sur un osc~llateur cst 
sournls B une excltatlorl v~brato~re de fri.qi~ence connlie 
et d'acc616rat1on donnee. Le calcul de la senslbll116 
acc6ldrom8tr1que est effectue B part~r de la rnesure 
des rales de rnodulat~on sur le spectre de I 'oscl llateur. 



Connaissant 1 'ampli tude des rai es de modulati on 
nous en dBterminerons I 'indice m et le PFc. 
Excitation par des vibrations sinusoTdales. 

S : &= Sensibili t6 du resonateur par g 
Fo ( acc616ration ) 

6 E AccClkration ( nombre de g ) 

Fo = FrBquence de 1 'osci I I ateur 

fm = Prequence de vibrations 

Ces formules sor~t B utiliser pour des indices de 
modulation : rn _C 0,Ol. 

Pour des indices de modulation 5 0,01 i I falit 
utiliser les fonctions de Bessel. 

Excitation par des vibrations aleatoires 

L1accB16ration exprimee en g2 /Hz B calculer en 
grms dans Lme bande de 1 11z - - 

MESURE DE LA SENSIBILITE ACOUSTIQUE 

Moyens utilisCs : 

Excitation . CBnerateur de bruit 
Bande de frequence 20 Hz B 20 KHz 

. Amplificateur de puissance 

. Chambre an6choTque 

, Microphone - amplificateur 
Moyens de mesure : 

. Banc de mesure de bruit de phase 
des oscillateurs. 

Les moyens mecaniques ( pots vibrants) suivant 
leur taille peuvent Stre utilisCs B des frequences 
maximum de 2000 B 10.000 Hz. A accCl6ration constante, 
l'ampl~tude ou le deplacement diminuant en fonction 
ciu carri. de la fr6quence ( % W , O  0%.  #'.d ) 
cartaines limites sont atteintes ( assarvissement 
avec precision ) ,  enrichissement du spectre d'excita- 
ti on, resonances des structures mecani ques. 
Pour une accPlBration de 10 g, de frequence 10 000 tlz, 
le deplacernent C 2 C est de 0,05 yni. 

La mgthode d'excitation acoustique nous permet 
d'obtenir un spectre rkgulier en bruit blanc d'une 
puissance de 90 dB(A) B + 3 dB dans une bande de fre- 
quence de 20 Hz B 20.000 Hz. 

Une petite chambre an6choTque nous permet de 
tester les r6sonateur-s en i.aboratoi re. 

La reproducti bi l i t6 des pectres d'exci tat] on 
permet de caracteriscr les stn~ct~~res m6caniques dc? 
la tenue de la Ias~t? dii rdsonateur et de connaftre 
I ' i nf I uence de ces resonances mecani ques sur l e 
spectre de phase de I'oscillateur. 
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A bs t rnc t  

An UHF Dielectric Resonator Oscil!ator (IIRO) us ing a 
reclanguiar partly metallized Dielectric Resonator (DR) is  
presented .  I n  t h i s  pape r  a r e  s tud ied  t h e  osc i l la t . io~l  
characteristics a s  a function of the  circuit paranleters, with 
special  a t t en t ion  to  t h e  effect. of t e m p e r a t u r e  on t h e  
frequency stability. One ifiteresting characteristic of t he  
device i s  l he  tempera ture  var ia t ion  of l h e  osc i l la t ion  
frequency wilh t he  bias voltage of t h e  aniplifier. 'l'his 
t e~npc ra tu re  characteristic shows a cotn~non lurning point 
for the  particular resonator positions. 

Introduction 

Oscillators represent  tile basic e n e r g y  sources  for ;ill 
microwave cornmunicalion systems such a s  radar ,  radita- 
b l ephone  and future land mobile sulellite cornrrluniciltion 
sys t en~s .  For these applications, a local oscillator i s  a n  
essential device which must  operate a t  constant rre uency, 
generate a s  little noise a s  possible and  be conrpatib?e with 
t h e  minia tur iza t ion  of Microwave In t eg ra t ed  C i r cu i t s  
(MIC) in which waveguides, coaxial lines and cavities a r e  
replaced by ~nicros l r ip l i~ ies  and dielectric resonators. 

Stabilized microwave oscillators using dielectric resonaturs 
in the  4-25 CHz  frequency band have  been reported in the  
l i terature by lliany authors  [1,2,3,4]. 

Size reduction of electronic circuits is  now realist~d with the  
d e v e l o p m e n t  of r e c e n t  s emiconduc to r  t e c h n o l o ~ i e s .  
lfowever in syslenis operating in the  800 MHz bang  the  
dielectric resonator is  not small  enough. In the  proposed 
osc i l la tor ,  a size reduct ion  of d ie lec t r ic  r e sona to r  i s  
achieved by using a quar ter  wave dielectric rectangular 
resonator with three metallized faces 151. l 'he  dieleclric 
!%r,Sn) 'l'iOj offers a n  adjuslable teniperature coefficient 
IGJ, low loss and  high dielectric constunt(36 tu 38). 

ISxperiments were performed to i nves t iga t e  t h e  Dl lO 
behnvior with respect to several paranieters such a s  the P)R 
resynant frequency, t he  d-c bias voltage and teniperature 
v u r ~ a  tions. 

111tO circuil 

'l'!?e.diclect~.ic resonator,  which is Lhe frequency deter .  
in1119ng clement in the  DHO configuration, 1s used in Lhe 
feedback circuit .  'She aznplifier s tage  is  a broad band  
~nonolithic,  cascadable amplifier (21 dB gain,  noise figure : 
5,5  dl], 50 R inputloutput impedance). 

Fig. 1 shows two oscillator configurations, filbricatcd on a 
dielectric substrate (R'r Iluroid 6010). 'She configuration of 
Fig: l b  was  used to build both DRO and voltage-controlled 
osctllators (VCO's). A buffer amplifier  i s  in te  rrated to 
provide a bolter load isolation and to minizaire the  effects 
of frequency pulling. 

Fig. 1 : ConfiguraLionsof dielectric resonator oscilliibr 
a : Two-port DR b : Four-port Dli  

?'he DR nlagnet ica l ly  coupled to two rn icros t r ip l ines  
operates a s  a band-transmission filter in the  configuration 
of Fig. l a  ; in t he  conligralion of Fig. I b the  Dli  operates 
both a s  a band-rejection filter between the  ports 1 and  2 
and  a s  il t ransniissio~l filter between the purls 1 a n d  3 ur 
between the  ports 1 and 4.  

'I'lie ~~eson i ln t  frequencies of the two dielectric rectangular 
resonutol .~  tested (dimensions : 1 8  X 10 X 10 I ~ I I I )  a n d  
(18 X 6 X 6 mln) are  873 MIIz and 935 Mtlz  respectiveiy, 
the  temperature range for ex eriments is between + 10°C 
to +SOUC and  the  rt lnximu~n g c .  bias volragc of the DRO i s  
11.5 V ,  corresponding to an  output  power of 17 di3n1. A 
pushing figure of -575 k1IdV i s  obtained for bias voltage 
ranging from 8 V to 11.5 V. 



' I 'emperature dependence o f  frequency oscillation 

'I'he relative itriportance of all  factors affectin t h e  
resunant frequency stability must be considered w i m  a 
high stability is required, especially in a local oscillator 
application 171. 'l'he temperature dependence of. the 
frequency /;. of electromagnetic s tanding waves In a 
d ie lec l r~c  resonalor is expressed by the temperature 
coefficient rr,, which is a function of the thermal expansion 
coefficient c,, and of the temperature coefficient r,, for the 
permittivity c,. A low r/, can be obtained if t11e quantities 
LI and I,, cornpensale one another [8]. 

'I'he unlounl of cou l ing between lhe  I)lt a n d  t h e  
~~iicrostripline has a greet effect upon output power and 
frequency skbility, as  well as  resonant frequency. In the 
1)12 oscillator circuits the thermal expansion coefficient of 
the microslrip line and the contribution from the other 
components in tile circuit must be compensuted by the 
c o n t r i b u t i o ~ ~  from the resonator. Metallic sh ie ld ing  
required to minimized the radiation losses affects the 
frequency also. With a suitable desi n the effect of the 
shieldin packow can be made smolf compared with the 
effect of the active element and the resonator. T h e  
coefficient ry,. of the resonator can be made ujustable 
between -10 ppmIo$ and $10 p mIoC by ~ n e a n s  of a 
dielectric spacing e" between tRe resonator r n d  the  
substrate. 

'I'he parameters controlling the oscillating characteristics 
are : 

reson;itor dinlensions 
distance k between the center position of LheDR and a 
reference plane 
distanced between the ~nicrostri edge and the DR edge 
gllp e brlween the DR and the supstrate 
bias voltage of the amplifier. 

'I'hc princi al DItO frequency drift with the tcmprature is 
the phase %viation between the Dl1 and Lhe active circuit. 
'I'he ternperature coefficient of the oscillator 'I;, can be 
expressed as  : 

where F(P) is function of the coupling factor P of the Dl1 
wilh the nlicrostripline and the position of the 1111 along 
the transmission line, und @d the argument associated with 
the input impedance of the active element. 

Measurements of oscillation frequency vnriat ions 

When the temperature is changed, the metallic shielding 
and the electronic circuit respond rapidly to temperature 
changes and reach thermal equilibriun~ sooner than the 
dielectric resonator. When making measurements a s  a 
function of ternperillure, the time interval between succes- 
sive tenlperuture ste s must therefore exceed the ther~nal  
time constant of the Jelectric resonator oscillator. 

F re~uency  variations with time 
Fig. 2 shows a typical plot of the oscillation frequency as  a 
function of time a t  a fixed temperature ; a fractional 
frequency change below to 3.6 ppnl is observed during 
12 days. 

Ilias dependence 
The posilion of the DK along the transmission line is varied 
experi~nentally until the resonator achieves the pro e r  
phase angle to support oscillations. The oscillation i r e -  
quency characteristics of the two-port oscillator are shown 
in Fig. 3, as a funclion of the bias voltage V I ~  for two [)H 
p~si t ions with tile temperature 'F ( O C )  taken as parameter. 
'I'hese f igures  show a common o i n t  of oscillation 
frequency, corresponding to a bias vortage V , = 10.35 V  for 
one DR position (Fig. 33) and Vp = 10.6 k for anolher 
position (Fig. 3b). 

Fig. 2 : Oscilltilion frequency as  a function of time 

I-.. I ..... 0 . 1. 1 . 1 .--I---'-. y,cvoIl, 
10 (0.1 "11 10-6 I0,O I I 

Fig. 3 : Oscillation frequency a s  a function of the bias 
voltage for two DR positions 



As the temperature increases, the oscillation frequency 
increases for the volta es superior to Vp and decreases for 
these inferior to V,,. %herefore, i t  is expected tha t  the 
frequency stability is improved a t  this bias voltage. 

For an other DR of differene dimensions ( 1  8 X 10 X 10 inn>), 
disposed in lhc same cnviron~nent, the charncteristic is 
linear and does not present a common point of oscillation 
frequency. 

'I 'em~eri~ture dependence ofoscillation frequency 
Iq'ig. 4 shows change of the oscillation frequency versus 
temperature 'I' ranging from + 10°C to + 60°C with biirs 
voltage a s  a parameter. 

A frequency variation of less than -13 k H z  over the 
temperature range from 10°C to 50°C is obtained a t  the 
bias voltage of 10.6 V. 

'I'he ~neasure~nents  show the effect of Lhe environnlent 
hunlidily for temperature inferior to 15°C ; water vapor is 
liquefied on any part of the device and affects the DKO 
stability. For stability improvement a t  a temperature 
inferior to 15"C, precautions  nus st be taken. 

1 , ! , ,  . T & )  

0 I 0  30 5 0  

Shor t  lertn s l i~bi l i ty  

Oscillalor stabilit hits been measured in the tilne domain 
by evaluat ing tKe fractional frequency f luctuut iuns 
< o ~ ( L ) >  versus the averaging titne T and expressed a s  
Allan's variatwc. Fig. 5 shows !he s l~or t  tertn stability of 
the two-port 1)R oscillator : an ~lnprovement fur I, > 1 s i s  
obtained for bias voltage V I $  = 10.6 V. 

Fig. 5 : Short term frequency stability 

1 ) ie lec t r ic  r e s o n a l o r s  h i ~ v e  b r o u g h t  s i g n i f i c a n t  
itnprovement to the design of microwave oscillatcars. In the 
range of UHF frequencies, below 1 Cl lz ,  the large size of 
the  final oscillator is de te r~nined  by the size of the 
dielectric resonator. Compactness, light weight, tern1)e- 
rature stability and relatlve low costs are achieved wit11 
partly metallized A14 dielectric resonators. 

'l'he factors affecting t h e  frequency s tab i l i ty  w i t h  
tcnlperature have been investigated. I t  is shown that the 
circuit parameters and the resonator position contribute 
considerabl to the stability. As a result i t  is found that  the 
oscillation frequency-voltage characteristics with tempe. 
rature Laken a s  parameter exhibit a common oint of 
oscillii t ion frequency for a b i a s  vo l tage  QI,. T h e  
tenlperature stability and short term stability in the range 
of 1 s to 100 s are itnproved ; a fractional frequency change 
of -0.35 pplnIoC is o11t:rined. 

Fig. 4 : oscillation frequency and frequency deviation a s  a 
function of temperature 
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ACCURATE DELAY CALIBRATION OF SATELLITE GROUND STATIONS FOR 
TWO-WAY TIME TRANSPER 

Summary. 

G. de Jong 
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The present state-of-the-art intercomparison of 
International Atomic Time Scales using the US Global 
Positioning System (GPS) is limited to about 30 ns 
systematic uncertainty and 10 ns statistical 
uncertainty. A recently proposed two way method using 
Phase Modulation with Pseudo Random Noise signals 
(Mitrex) dnd small satellite ground stations that were 
located at the sites of the participating 
laboratories, has demonstrated a statistical 
uncertainty (precision) of less than 1 ns; however, 
the determination of the absolute uncertainty 
(accuracy) could not be performed due to unknown 
asymmetry in the ground station delays. These delays 
should become known to an uncertainty of 5 ns or 
less. 

The calibration method described in this paper is 
focussed towards the separate measurement of the delay 
In the ground station from the 11 GHz antenna to the 
70 MHz IF input of the receiver/correlator, and from 
the 70 MHz IF transmitter output to the 14 GHz 
antenna; both including the antenna feeds, the 
upconverter, cables, amplifiers and downconverter. The 
measurements are performed by using the 70 MHz 
transmit/receive unit (modem) itself. A simulator of 
the satellite transponder is placed in front of the 
antenna. First the combined receive delay and transmit 
delay of the ground station is measured. Then by using 
a calibrated cable to the satellite simulator the 
total receive delay is measured. Finally the transmit 
delay is calculated by subtracting the receive delay 
from the combined delay. Both delays are thus 
determined to an absolute uncertainty in the order of 
I ns. Also a measurement and calculation to 
determine the internal delay of the IF transmjtter and 
the IF receiver is reported. 

Introduction. 

Clocks are providing the time of the day. The most 
accurate clocks are using cesium beam frequency 
standards as their source of accuracy. International 
agreement in the CGPM has established the definition 
of the duration of the second based on the physical 
property of cesium 133 atoms, and the atomic time 
scale TAI is made of these SI seconds by adopting a 
definition of the origin. To have a practical time 
scale close to the astronomic time, UTC has been 
introduced, which is equal to TAI, but kept in close 
agreement with solar time by addition or subtraction 
of so-called leap seconds. UTC and TAI are computed by 
the BIPM from the time comparison data of laboratory 
and commercial cesium clocks. The accuracy of 
comparing clocks all over the world has been improved 
recently by the use of the GPS common view method. 
This is a one way method capable of precision around 8 
ns and accuracies of about 30 ns. 
A further improvement can be realized by using two way 
methods, as demonstrated by experiments using ground 
stations at each clock site capable of reception and 
transmission. This paper i s  addressing the 
calibration of the ground stations to achieve a high 
accuracy in such two way time comparisons. 

General principle of time comparison. 

To measure the difference of the time scales of two 
clocks a time interval counter is used. One clock 
output is connected to the start of the counter, and 
the other clock output (I pps) to the stop input. 
State of the art counters measure the difference with 
a resolution of 20 ps, and an accuracy of 100 ps or 
0.1 ns. 
If the clocks are not close to each other a cable can 
be used to transport the output signal of the second 
clock to the stop input of the time interval counter. 
However, the time interval reading is not correct 
because af the propagation delay of the 1 pps signs1 
in the cable. This delay is to be measured and 
corrected for. A 50 iY coaxial cable has typically a 
delay of about 5 ns/m. 
If the cable is relative long then distortion of the 
pulse occurs which gives an extra delay. In a csble 
the higher frequencies are more attenuated than the 
lower frequencies, and the cable acts as a low pass 
filter. To avoid such a group velocity distortion, 
modulation of the 1 pps signal on a carrier frequency 
can be done. So the additional delay from distortion 
can be minimized. 

In stead of using a cable for transportation of such a 
modulated carrier the space can be used by means of 
transmitters and receivers with the appropriate 
antennas. This is done with low frequency transmitters 
for time signals such as DCF77 at 77.5 kHz, MSF60 at 
60 kHz, IIBG at 75 kHz; also Loran-C and HF standard 
frequency and time transmitters. The maximum reception 
distance is several thousands of kilometers. 
A problem for accuracy is the determination of the 
distance from transmitter to receiver and to correct 
for propagation properties of the medium: troposphere, 
ionosphere, (barometric pressure, humidity, degree of 
ionization). 

Satellites are now being used. One problem is the very 
long distance and the accuracy of the determination of 
this distance. Another problem is the ionospheric 
delay; the latter however is diminished by the square 
of carrier frequency and is less than 1 ns at 1 2  GHz. 
The two-way method using satellites eliminates the 
need to determine separately the exact distance from 
each station to the satellite, as is shown in the next 
chapter. 

Two way time comparison. 

From fig 1 we can see that the difference of the 
clocks at station I and 2 can be determined. 

TA(k) is the time scale at station k 
TI(k) is time interval reading 
TT(k) is transmitter delay 
TR(k) is receiver delay 
TU(k) is uplink delay 
TD(k) is downlink delay 
T S ( ~ )  is satellite delay 
TC(k) is correction for relativistic effects 



The difference TA(1)-TA(2) is to be determined. The 
reading at station 1 is: 
TI(I) - TA(I) - TA(2) + TT(2) + TU(2) + TS(2) + TD(1) 
+ TR(L) + TC(1). 
The reading at station 2 is: 
TI(2) = TA(2) - TA(1) + TT(1) + TU(I) + TS(I) + TD(1) 
+ TR(2) + TC(2). 
The difference gives: 
TI(1) - TI(2) - 2(TA(I) - TA(2)) + TT(2) - TT(1) + 
TU(2) - TU(1) + TS(2) - TS(1) + TD(1) - TD(2) + TR(1) 
- TR(2) + TC(1) - TC(2) 
or: 
TA(1) - TA(2) - % ( TI(1) - TI(2) + TT(I) - T T ( ~ )  + 
TU(1) - TU(2) + TS(1) - TS(2) + TD(2) - TD(1) + TR(2) 
- TR(1) + TC(2) - TL(1)I. 
If the same transponder in the satellite is used, and 
the transmit antenna and the receive antenna are on 
the line of symmetry between station 1 and 2, then: 
TS(1) - TS(2) 
If the satellite is not moving too fast then : 
TU(1) .TD(I) TU(2) - TD(2), and their delays 
cancel. 
The TC(1) en TC(2) can be calculatad accurate enough 
from the station coordinates and the satellite 
position. 

The remaining terms are now: 
TA(~) - TA(2) = H[TI(I) - TI(2) + TT(I) - ~ ~ ( 2 1  + 
TH(2) - TR(1) + C) 

If the transmit delays TT and the receive delays TR at 
both stations were equal, then they would cancel. But 
that can only be proved by measuring tha difference by 
locating two ground stations close enough together, 
which is not a simple action. Even then the sum of tire 
transmit difference and the receive differenca is 
determinad, not their values separately. 
Therefore here a method to determine the absolute 
value of the transmit- and receive-delays separately 
will be proposed. 

The time transfer modem. 

The MITREX modem (fig 2) has a modulator section in 
which the 1 pps signal is impressed on a bi-phase 
modulatad carrier. The PRN generator is clocked at a 
2,s MHz rate and every 4 ms a bit sequence is 
ganarated. As soon as the 1 pps signal appears, then 
one sequence of 4 ms is inverted. The sequence is re- 
clocked together with t,he 1 pps transmitter pulse and 
then phase modulates a 70 MHz carrier frequency. The 
signal is band pass filtered and is fed as IF signal 
to the upconverter and is transmitted. 

The demodulator section receives the 70 MHz 
downconvertad signal and provides a 1 pps received 
pulse as soon as it detects the 4 ms inverted PRN 
sequence. 

The sum of the internal dalays in the modem can be 
measured by connecting the 70 MHz output with the 70 
MHz Input and connecting the 1 pps transmitted output 
to the start input of a time interval counter and tha 
1 pps received output to the stop input. The dalay of 
any external cable can be measured by connecting the 
cable also between modem output and input. The cable 
delay is found by subtracting the internal modem 
delay. 

The calibration of the ground station delays. 

A typical earth station is shown in fig. 3. The delay 
batween the reference plane at the time interval 
countar and the plane at the antenna is to be 
determined. First the dalay between the antenna and 
the modem reference plane will be maasured. For this 
purpose a passive satallite transponder simulator is 
constructed. It is consisting of two double balanced 
mixers connected in series between two SMA to wave 
guide transitions acting as antennas. The mixers 
convert the transmit frequency (14 GHz) to the receiva 

frequency (11 GHz). So one local oscillator is tuned 
to 2.93 GHz and the other is at 70 MHz. 
The modem is used to measure the sum (TT + TR) of the 
transmit delay TT and the receive delay TR through the 
satellite simulator at the modem raference plane. 
This is similar to the test loop translator which in 
some ground stations is installed betwaen the output 
of the upconverter and the downconverter input, but 
now the delay in the dntenna feeds is also included. 
The internal delay of the satellite simulator is 
estimated 2 ns: the cable length betwaen input and 
output is 0.27 m and the mixers are very wide band (2 
- 18 GHz). 

In order to determine the values of the transmit and 
receive delay separately, the 70 MHz cable C S  to the . . . . 
satellite simulator is usod. The delay of this cable 
C S  is measured first. It is disconnected from the 
simulator and so are the 70 MHz cables C T  and CD to 
the up- and the downconvarter respectively. 
First cable CT is interconnected to cabla CD at the 
far end and the sum delay (CT + CD) is measured. 
Then cable C S  is substituted for C T  and the sum delay 
(CS + CD) is measured. 
Finally (CS + CT) is measured. From the obtained 3 
measurements the dalay of cable CS is calculated: 
C S  = %((cs + CD) + (CS + CT) - (CT + CD)). 
Also the other cable dalays can be calculated. 

The calibrated cable CS is reconnected to the 
satellite simulator and the other cables are also 
reconnected. The next step is to connact cable C T  to 
the 70 MHz continuous carrier and cable CS to the 
modulated 70 MHz modem output. Now tha CW carrier of 
14 GHz is PRN modulated in the satellite simulator. 
The sum of C S  and the receive delay TR from simulator 
to modem input is measured: (CS + TR). 
The delay C S  is known , so TR can be calculated. The 
sum (TT + TR) of transmit delay TT and TR was already 
measured, so TT can also be calculated. 

It should be emphasized that T T  and TR are maasured to 
the reference plane at the modem 70 MHz in- and 
ouLput. Still undetermined is the intarnal transmit 
delay Tt with respect to the 1 pps received output. 
Let us look again at the modem in Fig. 2. The 
transmit part is the simpler, after the re-clocking a 
wide-band mixer is used (delay estimated < 2  ns) 
followed by a band-pass filter. Filters exhibit always 
dalays, increasing as the band-width decraasas. Also 
the receiver has a band-pass filter at its input. So 
the transmit filter was takan out of the circuit and 
then the total internal delay was measured again. The 
difference betwaen filter in and out is the delay of 
the filler. Further transmit delays are calculated 
from the maasured cable lengths from the wide-band 
mixer to the 70 MHz output connector. Onca the total 
internal transmit delay Tt being determined, the 
internal receiva delay Tr is calculated by subtracting 
the transmit delay Tt from the total internal delay. 
Now the internal delays can be added to tha external 
ground station delays to find the total receive delay 
as wall as the total transmit delay from the antenna 
reference plane to the time intarval counter reference 
plane. 

From Fig. 3 it is clear that the antenna reference 
plane is not coinciding with the intersection of tha 
axis of rotation, the latter being the station 
coordinates; the distance between them can be measured 
and a correction using the speed of light should be 
applied. 

The systematic uncertainty appearing from estimation 
of the internal delays of the mixer in the modulator 
and in the satellite simulator is estimated to be less 
the 2 ns. The statistical uncertainty, or precision is 
of the order of 1 ns but is depending upon tha 
averaging time. 

At VSL the antenna is connected with IF cables of 
about 120 m to the modem. The values found at VSL 
were: CS - 628.7 ns, and TT - 669.2 ns, TR - 648.6 na, 



Tt - 319.3 nsj Tr m 845.3 ns; so the total transmit 
delay is 988.5 ns and the receive delay 1493.9 ns. So 
an asymmetry of 505.4 ns exists. 

Conclusion. 

In this paper it has baen shown that with the 
described calibration method using a satellite 
simulator all transmit and receive delays can be 
determined to the nanosecond level accuracy. It is 
important to know the total transmit and receive 
delays at each earth station for two-way time 
comparison, symmetry should not be assumed at the 
nanosecond accuracy level. 
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Abstract 

A time synchronization experiment between the time 
scales of the Istituto Elettrotecnico Nazionale G. 
Ferraris (IEN) in Torino and of the Institute of 
Hadioengineering and Electronics (IREE) in Prague, 
based on the use of the telecommunication satellite 
ECS, started in July 1988 and is in progress at 
present. 

The aim of this experiment, based on the use of the 
well known television passive method applied to the 
signals broadcasted by the satellite, is to establish 
a system allowing high precision clock comparisons at 
moderate cost over Europe. 

An evaluation of the precision obtained in the 
first months of comparisons between IEN, IREE and 
other European laboratories is presented. 

The improvements obtainable taking into account the 
elements of the satellite orbit are also evaluated 

1 - Introduction 

The synchronization of time scales by the 
television method 111 using the ground TV network has 
been experienced, in the course of time, by most of 
the laboratories contri,buting to the definition of 
UTC. It is known that, within the view of a common TV 
transmitter, this simple and inexpensive method can 
yield a timing precision of about 10 ns rms. The 
precision limits are affected primarily by the 
interference with the waves reflected from surrounding 
objects, particularly in urban areas, and by the 
propagation delay changes due to weather conditions. 
An obvious disadvantage of this method stems from the 
common view requirement which, for the wave propagated 
above the ground, restricts the time comparisons 
within relatively small areas. When extended to larger 
areas, i.e. when different transmitters interconnected 
by microwave links must be used, the timing precision 
drops by about one order 121 due to path delay 
instabilities of the microwave links, TV signal 
remodulations, different and unstable parameters of TV 
transmitters. 
Thus the ground TV time comparisons are being grad- 
ually subst;ituted by CPS, at least in those labo- 
ratories where the CPS instrumentation is available. 

Nowadays there seems to be a new opportunity for 
the TV method in connection with the geostationary 
communication satellites which cover large territories 
with different national TV programs. The idea of using 
the geostationary satellite television signal (CSTS) 
for the synchronization Of time scales is not new 

13,4,5,6,71,  however no attempt has been made to 
elaborate the method, both technically and 
organizationally, to such a degree that it could serve 
on a routine basis to various users. 

The purpose of this paper is to inform the time and 
frequency community about a joint experiment which 
started in July, 1988, and which is carried out in 
collaboration between the IEN, Torino, the IREE, 
Prague, and the ASMW*, Berlin, later joined by the 
AOS*, Borowiec and the TUG*, Craz. The final aim of 
the experiment is to establish a system based on the 
GSTS method which would allow for high precision tlme 
comparisons at moderate costs all over Europe. 

2 - Estimation of Timing Accuracy 
The GSTS method possesses the advantage of signal 

source common view for all of the observers who can 
be, in contradiction to the ground TV, set apart over 
large territories. Advantageous properties of the 
signal coming from the satellite at 11 CHz are also 
evident: negligible overall propagation delay changes, 
no reflections and resulting interference. 
Actually, system analysis of the CSTS timing 
potentials hints that there are no serious system 
drawbacks in comparison with the currently used timing 
via the GPS. 

The key question of the GS'I'S method is how to 
determine the satellite instantaeous position in order 
to evaluate the differential delay with sufficient 
accuracy. Evidently, the differential delay error will 
be equal to the timing error. The problem is that the 
satellite in the geostationary orbit is not fixed with 
respect to its observers. Due to the natural forces it 
is in a permanent motion maintained within a so called 
"parking box" by occasional corrective manoeuvres 
initiated by the control tracking center on the Eartti. 
Generally the satellite position may not deviate by 
more than O.1° from its nominal position, both in 
longitude and latitude (71. Though small the deviation 
seems, it may still cause unacceptable changes of the 
differential delay depending, for a given satellite, 
on the position of the observers. 

* ASMW - Amt fur Standardisierung, Messwesen und 
Warenprufung, Berlin, DRC. 
AGS - Astronomical Latitude Observatory, Borowiec, 
Poland. 
TUG - Technische Universitkit Craz, Austria. 

EFTF 89 - Beeansoil 



2.1 - Time error distribution due to the satellite 
movement 

The geostationary satellites chosen for this 
synchronization experiment belong to the family of 
European Communication Satellites (ECS) of the 
European Space Agency (ESA). In the followings we will 
deal in particular with ECS 5 satellite, that is 
positioned at 10 degrees East of Greenwich, to 
estimate the time synchronization error that one can 
expect over the European continent if the satellite 
coordinates are affected by unpredictable var'iations. 
The zone covered by the ECS satellites is shown in 
Pig. 1 where is outlined also the area served by the 
spotbeam west that has been used in our experiment. 

Let us consider two receiving sites A and 1i and a 
geostationary satellite S, whose positions relative to 
a rotating equatorial geocentric reference frame can 
be expressed with the following vectors: 

6 = 5 ( % , ~ ~ , r h )  

where: Bi is the geodetic latitude 
hi is the longitude referred to Greenwich 
r is the distance from the center of the 
i 

Earth 
The differential propagation delay of the signals 

transmitted by the satellite and received at stations 
A arid I I ,  can be expressed as: 

where and 3 B  are the distances of the receiving 
stations from the satellite and c is the mean value of 
the speed of light along the propagation path. 

To compute the variations of the differential 
propagation delay t between the two stations that 
affect the synchronieation results, we have considered 
the satellite movements both in longitude A), and 
latitude A S  neglecting any change in its range This 
assumption ?s justified as a first approximation 
because in our case the variation in range is nearly 
one fifth compared with the variations in latitude and 
longitude. 2 2 

Differentiating the' term ( 9  A - 9 B) versus A% 
and M s ,  assuming that the variations of ( Q  
due to the satellite motion are negligible with 
respect to those of the term ( - 9 ) and, being 
the latitude of the satellite 0- very cqose to zero, 
we can write the approximate expFession: 

2Sr 

Solving this equation for different "B" sites in 
Europe after having fixed station A at IEN - Torino, 
several values of A t  = - 9 )/c have been 
found assuming the wopst case of 0 . 1 ~  of variation 
both in latitude ( A % )  and longitude ( A X  ) of ECS 5. 
In Fig. 2 are reportel the contours of theStime errors 
that can affect the synchronization values as obtained 
from equation (3). 

2.2 - Satellite position and timing accuracy 
evaluation 

In what follows an analysis is made of the 
hypothetical configuration of 3 participating 
laboratories (station 1 = IEN, station 2 = I R E E ,  

station 3 =  ASMW) and the ECS 5 satellite as shown in 
Fig. 3. 

Consider a geostationary satellite, bearing a TV 
transmitter and orbiting in a near circular orbit 
around the Earth; the inclination of the orbit to the 
equator is supposed to be very small. Then, if the 
small perturbations of the orbit due to the oblateness 
of the Earth and the attraction of the Moon and the 
Sun are neglected for the moment, the rectangular 
coordinates of the satellite in a non-rotitting 
geocentric coordinate system (xy-plane coincidir~g with 
the Earth's equator, x-axis poiting towards a fixed 
equinox and z-axis coinciding with the rotational axis 
of the Earth) can be simply approximated as 

x = alcos L - 3k/2 + (k/2)cos 21, + (h/2)sin 2 ~ 1  
y = alsinL-3h/2- (h/2)cos2L+ (k/2)sin2~I ( 4 )  
z = 2a (q sin L - p cos L), 

in which the higher-order terms have been neglected. 
Here a denotes the semi-major axis of the orbit, k = a 
-cos(~J +a), h = e sin (W +A), q = sin (i/2) COG p = 
sin (i/2) sin fi are the constant elements of the 
orbit, depending on the classical Kepler's elements e 
(eccentricity), LU (argument of perigee), i 
(inclination to the equator) and n (right ascension 
of the ascending node). The only time-dependent 
element is the satellite's mean right ascension L : 
LU +A+ M, where M denotes the mean anomaly of the 
satellite, which is a linear function of time. 

Further consider station 1, which determines the 
distance to the satellite by measuring the time 
interval elapsed from the transmission of a 
synchronisation pulse to the satellite and reception 
of the same pulse coming back to the station. Let the 
coordinates of this station in the rotating equatorial 
coordinate system (with X-axis pointing towards 
Greenwich meridian) be X Y1, Z . Stations 2 (with 
coordinates X Y Z ) and 3 (wlith coordinates X 

2' 2' , 2 3' 
Y Z ) compare their clocks by measuring the time 
3' 3 difference of recepLion of a TV synchronisation pulse 
transmitted fro111 the satellite to both stations. The 
distance q i  between the i-th station and the 
satellite can be calculated from the formula 

where S is the Greenwich sidereal time (i.e. the angle 
between the equinox and Greenwich meridian). Assuming 
that the elements of the satellite's orbit are not 
known with sufficient accuracy, the value g i  is a 
function of the unknown corrections to these elements. 
Consequently, the measured time interval at 
itation 1 is also a function of these unknowfst! The 
same holds for the measured time interval 
stations 2 and 3, which depends also on the difference 
between the two compared time scales. 

The corresponding partial derivatives of 9 . with 
respect to these orbital elements are approxiiately 
equal to 

+/>a 1 + 3 n t ~  /23 
ap/&~ r - aYs/9 
>9/3k 2 - a cos L 
>9/3h - a sin L ( 6 )  

'as/& 3 - 2(Za/y) sin L 
%/3p a 2(Za/y) cos L, 

where Y denotes the distance of the station from the 
plane Zontaining the satellite and Z-axis (i.e. 
approximately a constant for a given station and 



satellite), n is the mean angular velocity of the 
satellite in the non-rotating system (approximately 
equal to 6.300 radians per day) and t is the time in 
days elapsed from an arbitrarily chosen epoch. The 
linear dependence of %/ a k  and as/ a p  on the one hand 
and Jg/ah and 3p/aq on the other hand is obvious; it 
is clear that these unknowns can be estimated 
independently only if the satellite is observed from 
stations sufficiently separated in the north-south 
direction. A similar situation holds for 3'3/2a and 
39/2~ because >Y/>L is a constant and 33/aa changes 
with time only very slowly. 

We try to estimate simultaneously, from a set of 
the measured time intervals A t  A t  , the orbital 
elements of' the satellite and &e di??erence of the 
compared time scales at stations 2 and 3, using the 
method of least squares. The observation equations for 
the residuals v (whose sum of squares is to be 
minimized) generally read 

for the measurements A t  at station 1 and 
1 

for the measurements A t  at stations 2 and 3. Here c 
29 denotes the speed of light, E. stands for the i-th 

orbital element and AT 23. ,A'?; are the searched for 
time scale comparison and its rate, respectively. The 
solved-for parameters are A E i, A T23 and A ? ~ ~ .  We 
already saw that there are some dependences between 
certain partial derivatives JQ/ 3~ that can lead to 
dangerous singularlties in normal equations. These 
suspicions have been confirmed by numerical models 
based on Eqs (7) and (8) and simulated observations of 
the European TV satellites, from stations 1, 2, and 3. 
The conclusions drawn from these modelled situations 
are the following: 
1) It is impossible to mutually separate the unknowns 

k and p as well as h and q ;  the correlations 
between them are close to unity (always between 
0.95 and 1.00). The measured time intervals are 
influenced far less by p and q than by k and h. The 
elements p and q must therefore be treated as known 
orbital elements rather than solved-for parameters. 

2)It is almost impossible to separate the 
determination of the semi-major axis from the 
longitude of the satellite within a reasonably long 
period of observations (which can be by no means 
longer than the time between two successive 
manoeuvres of the satellite, i.e. approximately one 
month. The coefficient of correlation is less than 
0.9 only if the satellite is more than 15" in 
longitude apart from the stations. It is therefore 
recommendable to fix the value of semi-major axis 
to its geostationary value and to solve only for 
the longitude of the satellite. 

3) It is necessary to make measurements at least twice 
a day, but preferably three or four times a day, in 
order to avoid further correlations. 

4 )  It is better to use measurements covering a longer 
time interval (at least several days) in a single 
adjustment, in order to strengthen the solution. 

5) It is preferable if station 1 (i.e. the one 
providing pseudo-ranging) is distant from stations 
2 and 3 (the ones comparing their clocks). 
Otherwise relatively strong correlation between 
 AT^^ and L occurs. 

6) A better solution is obtained if the satellite's 
longitude differs substantially from the longitudes 
of the stations. From this point of view, the 
observation of ECS 5 from middle-European stations 
does not yield the best solution. 
As a typical demonstration of solution let us show 

the results for a set of simulated TV receptions of 
ECS 5 (longitude 10°E) at three stations (IEN, IREE, 
ASMW) made every six hours during six consecutive days 
(25 measurements). Only three orbital elements (k, h 
and L) have been included as the solved-for 
parameters, together with cloclc difference ( &T, ) and 
its rate ( A ?  . )  between the i-th and j-th shtion. 
The matrix okJcorrelation coefficients is shown in 
Tab. 1. It is clear that the correlations are rather 
weak with the exception of L and Tqo which is however 
not dangerous. Assuming the standisd deviation of a 
single time measurement equal to 100 ns (comprising 
not only the errors of time measurements themselves 
but also all the neglected perturbations of the orbit) 
the model gives the precisions of adjusted unknowns as 
displayed in Tab. 2. The worse value obtained for 
AT reflects the fact that this parameter is 
corbglated with L, if one of the stations compared is 
identical with (or near to) the one used for 
pseudo-ranging. 

Table 1. Correlation coefficients 

I Parameter I Precision I 

Table 2. Precision of the estimated parameters based 
on the assumed precision of a single mea- 
surement + 100 ns. 

3 - Description of the experiment 

To test the potentiality of a synchronization 
system based on a geostationary satellite using the 
pessive television method, on July 1988 four European 
laboratories began an experiment that is still going 
on. As will be explained in the followings, at this 
first stage, no station performed range measurement as 
was hypothesized in the prevjous paragraph. 

The family of ECS satellites of Eutelsat and, in 
particular, since mid-October 1988, ECS 5, placed in a 
geostationary orbit at lo0 east longitude, have been 
used. 

Among the television channels, available from this 

satellite, was chosen the RAI UNO program transmitted 



at 11.009 GHz in horizontal polarization by a 20 W 
transponder. 

The participating laboratories have been the 
following ones: 
- Astronomical Latitude Observatory (AOS) - Poland 
- Amt fbr Standardisierung, Messwesen und WarenprUfung 

(ASMW) - Dem. Rep. of Germany 
- Istituto E:lettrotecnico Nazionale (IEN) - Italy 
- Institute of Radio Engineering and Electronics 

(IREE) - Czechoslovakia 
In the course of the experiment, two other 

laboratories joined this group, the Technische 
Universitat (TUG) - Austria and the Van Swinden 
Laboratorium (VSL) - Netherlands. 

At each site was arranged a measurement setup of 
the kind shown in Fig. 4. Some technical details about 
the receiving stations are reported in Table 3 
together with the evaluated antennas coordinates. 

I LABORATORY I 
I 

Parameter 
I 

I I AOS I ASMW 1 IEN I IREE I TUG I VSL I 
I 1 .  
I Latitude )5~~16'37.0~~ N I  52°2711411 N 145°00'53.6" NI 50'07'53" N 147°04'01.5" N I  51°59'58.9" N I  
I Longitu(1e 117°04+23.7" E I  13°37'01u E 107°381%0.1" El 14°27'09" E 115°29'35.5" ~104~22'50.7" i.:I 

I tieight 1 129 m 1 50 m ( 297 m I 300 m 1 534 m 1 60 m I 
I Antenna diameter 1 - 1 0.9m 1 3 m  1 3 m  1 3 m  1 3rn 1 
I LNA - Noise figure I - 1 1.4 dl3 1 1.9 d~ 1 2 dB 1 1.4 d~ 1 4.5 40 I 
I IF Bandwidth 1 - 1 30 Mllz 1 40 Mllz I - 1 30 Mtlz ( 40 MHz I 
I Stationtimereference I UTC(A0S) I UTC(ASMW) ( UTC(IEN) I UTC('I.P) I UTC(TUG) I UTC(VSL) I 

'I'abla 3. Ground stations specifications 

Every day two sets of 20 time interval measurements 
between the local 1 PPS reference and the trailing 
edge of the first field synchronizing pulse of the I1AI 
(IN0 video signal were measured starting at 08:15:01 
UTC and 20:15:01 UTC in each laboratory. 

The measurement results were exchanged weekly in a 
concise form by telex or by General Electric - Mark 
I11 with files named TVXXX* updated each 'Tuesday. The 
complete set of measured data were sent monthly to the 
coordinating laboratory (IEN) by mail. Fig. 5 shows on 
a monthly base the percentage of synchronization data 
available for each laboratory. 

In two sites, namely IEN and TUG, time differences 
between the local 1 PPS and the satellite TV signal 
were also measured every ten minutes from November 
1988 to March 1909 to get information about the 
satellite movement. Moreover, at IEN has also been 
measured the time difference between the terrestrial 
television signal received from the Turin-RAI 
transmitter and the satellite signal. 

All the participating laboratories collaborate to 
the international atomic time scale and are linked to 
BlPM using either the GPS time link (IEN, TUG, VSI.) or 
the television link (AOS, ASMW, TP). 

Satellite position data for November and December 
1388 have been supplied by the ESA satellite control 
sLatiorl at Itedu (~el~ium) that is charged of ECS 
satellites tracking. These data have been used to 
investigate the satellite movement and to correct the 
synchronization data. 

4 - Measurement results 

The evaluation of the results obtained in the ECS 
synchronization experiment, has been focused on the 
period November-December 1988 for which ESA-Hedu 
orbital elements data were available. From these data, 
the variations of ECS 5 in latitude, longitude and 
range from the origin of the rotating reference frame 
have been computed and reported in Figure 6 where it 
can be seen that the variations around their mean 
values are within 2 16 km (range), ~ 0 . 0 7 ~  (long.), 
+0.08°(lat.). Some discontinuities due LO orbital - 
manoeuvres can also be observed. 

The results of the measurements performed every ten 
minutes at IEN between the terrestrial television 
signals and the sjgnirls coming from ECS 5 relative to 
the beginning of November 1988 are reported in Fig. 7 
where the diurnal variations due to the satellite 
movement are shown. Each point of Fig. 7 represents, 
in microseconds, with a constant value substracted, 
the sum of the distances of the satellite from 
Telespazio-Fucino station and from IEN-Torino, versus 
time. The interruptions in the curves are due to the 
lack of TV transmissions. For all the computations 
performed on the measured data whose results are 
reported in all the next graphs, the linear regression 
parameters, computed at every laboratory for each 
series of 20 time interval readings, have been used. 

This solution was chosen to reduce the amount of 
information to be exchanged among the laboratories. 

Together with the linear fit parameters, ttie 
standard deviation of the residuals was computed after 
the rejection of the outliers by means of a 
statistical filter. 

In fig. 8 have been reported the time differences 
between UTC(1EN) and UTC(TP) obtained from ECS 4 and 
ECS 5( * ) syllchronization measurements from 
mid-September 1988 up to February 1989. Two curves 
have been traced to distinguish the two daily sets of 
measurements (08: 15 slid 20: 15 UTC) . The peak-to-peak 
variation of each curve, if the mean rate between the 
two time scales is removed, is of the order of 4 
microseconds that is well within the time error 
estimated previously and reported in Fig. 2. 

The results of the time comparisons performed 
between IEN and the other metrological laboratories 
(AOS, ASMW, TP-TREE) by means of ECS 5 in 
November-December 13tW together with those corrected 
for the ESA satellite position data and the BIPM data, 
from Circular-T, have been plotted in Fig. 9. 

( '1 The following ECS satellites were used in the 
course of this experiment: 
ECS 1 from July 88 to mid-Sep. 88 (13OE) 
ECS 4 from mid-Sep. 88 to mid-Oct. 88 (lOOE) 
ECS 5 from mid-Oct. 88 onward (lOOE) 



From these graphs it can be seen that the 
peak-to-peak time excursions are reduced to some 
hundreds of nanoseconds, if one corrects for the 
differential propagation delay variations, and that 
the mean rates of the time scales compared are in good 
agreement with those obtained from DIPM data. As 
regards the uncertainty of these comparisons, 
worst-case residuals at the microsecond level have 
heen found. 

This is mainly due to the following fuctorys: the 
uncortclinty in the satellite position determination 
:~nd i r ~  the receiving antennas coordinates and the 
differential delays of the receiving stations, which 
have not been accounted for. Corrections for the 
ionospheric and tropospheric propagation delays and 
for the relativistic effect must also be applied to 
the synchronization data to improve the results. 

In the casu of the time comparisons between IEN and 
TOG, reported in Fig. 10, the curves obtained from ECS 
5 (corrected for the satellite position) and the DIPM 
data are in closer agreement because the antenna 
coordinates are expressed in the same reference system 
:in4 I)ecnuse the differential delay of the receiving 
equipmt?nt has been partially evaluated. 'The 
differential propagation delays corrections, about 1 
ris in the case of the ionosphere and about 5 ns in 
that of the troposphere, have been neglected. 
Viceversa the relativistic correction due to Earth 
rotation (Sagnac effect), amounting to about 30 ns, 
has been applied to the IEN/TUG results. 

In fig. 11 are plotted the residuals of 
IJ'~C(IEN)-IJ'L'C(TUG) obtained subtracting the ECS 
synchronization data from the GPS ones. The Allan 
variance computed on these residuals is reported in 
I;ig. 12. 

5 - Conclusions 

The results obtained in the first months of the 
synchronization experiment between some European 
laboratories, based on the television signals received 
from ECS 5 geostationary satellite, have shown that an 
uncertainty ranging from some hundreds of nanoseconds 
up to one rnlcrosecond is achievable over a very large 
area, provided that the measurements are corrected for 
the satellite position parameters as determined by an 
ESA tracking statlon. 

To establish an independent synchronization system 
relylng only on the timing laboratories measurernents, 
lt 1s necessary nevertheless to perform also range 
measurements at the telecommunication ground station, 
where the television signals are broadcasted to the 
satellite, and this approach will be tested in the 
incoming months. 

The possibility to determine the position of ECS 5 
with four stations performing both CPS and ECS 
measurements by means of the time differences between 
clocks provided by the CPS link, will also be checked. 
This opportunity will be realized in the near future 
since a fourth station, ISPT in Itome (Italy), equipped 
with GPS is going to join this experiment. 

A major problem affecting the uncertainty of this 
kind of time coniparisons is the measurement of the 
receiving stations delay wliich could be performed by 
lneans of a cai i bral.ion equil)~rret~t. visiting all the 
part.icipoLing latmra tor-ic?s. 

The authors would like to thank Mr. R .  Demelenne of 
ESA, Redu station, Dr. n. Kirchner of TUG, Dr. F. 
Kalau of ASMW, Dr. P. Fraczylc of AOS and Ing. C. I)e 
Jong of VSL for their indispensable cooperation. 
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Fig. 1 - ECS satellites coverages. 
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Fig. 2 - MP of the time error contours (in microseconds) 



Fig. 3 - Schematic view of the experimental configuration 
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Fig. 4 - Measurement setup 
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Fig. 5 - Data supplied by participating laboratories 
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Fig. 6 - ECS 5 position from ESA-Redu data 



Fig. 7 - Ten-minutes time differences measured a t  IEN between the t erres t r ia l  and the ECS TV s ignal  

F i g .  8 - Time differences between IEN and IREE from ECS 5 s a t e l l i t e  
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Fig. 9 - Time scales comparisons b y  means of ECS 5 satellite and BIPM circulars T November-December 1988 
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Fig. 10 - UTC(1EN) vs. UTC(TUG) from ECS 5 and BIPM circular T with TUG time scale step compensated 
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Fig. 11 - Residuals of UTC(IEN) - UTC(TUC) via CPS and ECS 5 - Novcmber-December 1988 

Fig. 12 - Allw Variance of the residuals obtained from CPS and ECS 5 data 
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ABSTRACT 2 . 0  DRS OVERVIEW 

The Data Relay System (DRS) is based on 2 
geostationary satellites that  shall provide 
data-relay services between the client Low 
Earth Orbiting (LEO) satellites and the ground sta- 
tlons. In addition to the data-relay services, 
the DRS will provide a LEO localization ser- 
vice using the DRS as a ranging-relay. Thus 
the reference quartz oscillator on board the 
DRS must generate a signal with both an  
excellent frequency stability, for ranging 
purposes, and a n  excellent spectral purity 
for the generation of various carriers a t  
microwave frequencies. This paper describes 
a preliminary work on several basic issues 
relevant to the DRS design from the point of 
view of frequency stability and spectral pu- 
rity 

1.0 INTRODUCTION 

The purpose of ESA's Data Relay System 
(DRS) 1s to provide the communication, 
telemetry and tracking links, necessary for 
mission control, between Earth terminals 
and Low Earth Orbit (LEO) spacecrafts using 
only two geostationary Data Relay Satellites 
(DRSS) Instead of the large number of Earth 
tracking stations presently required. Each 
DRSS will carry  a reference oscillator em- 
bedded Into a Frequency Generation Unit 
(FGU) which purpose is to generate the car- 
riers required by the different frequency 
trans-lations performed inside the up-link 
and down-link channels. The frequency sta- 
b111ty of the reference oscillator determines 
the accuracy of the tracking operations per- 
formed through the DRS while its spectral 
purlty determines the signal to noise ratio in 

the communication channels. This paper 
reports preliminary work that  covers several 
fundamental aspects of the frequency stabil- 
~ t y  and spectral purity issues involved in the 
DRS . 

The DRSS are  planned to be located a t  59' E 
and 44" W.  The corresponding Earth cover- 
age is illustrated on figure 1. A LEO space- 
craft,  defined as having a n  altitude lower 
than 1000 km, is in view of a single Earth 
station a t  most 10% of the time. On the 
other hand, the same LEO spacecraft is in 
view of one of the two DRSS more than 85% 
of the t ~ m e .  Another advantage of the DRS 
is that  a complete Earth coverage is possible 
with all ground stations located in Europe 
instead of being scattered all other the 
world The part of the up and down links 
tha t  goes between the LEO and the DRSS is 
called the Inter Orbit Link (LEO) and uses 
either the k or the s band. The part that 
goes between a ground station and a DRSS is 
called the feeder link and uses only the k 
band because of the atmospheric interface. 
This is ~llustrated on figure 2 .  

Fig. 1 Planned Earth Coverage 
with 2 DRSS 
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F i g .  2 Definition of Feeder and 
Inter-Orbit l i n k s  

3 . 0  DRS MAIN SERVICES 

The DRS w~l l  provide forward and return 
communicat~on llnks between User Earth 
Terminals (UET) located on ground and User 
Space Terminals (UST) located on LEO or 
ball~stic vehicles These vehicles will include 
scient~fic and Earth observation satellites as 
well as sub-orbital spacecrafts such as Her- 
mes and Ariane. Communication data will 
~ r~c lude  telecommand, telemetry, payload 

data,  votce and video The DRS will also 
prov~de a localization service to the client 
satellites Moreover TT&C Earth stations will 
provide services ~nternal  to the DRS such as 
telemetry, telecommand and ranging 

4 . 0  FREQUENCY STABILITY REQUIREMENTS 

The DRS w~ll  use a FDM access scheme. Thus 
timing is not a critical issue. The frequency 
stability of the reference oscillators will in- 
fluence mainly the precision of range and 
range rate measurements required for both 
internal and user localization services. 

Range measurements a r e  made by measur- 
ing the delay of a two-way transmission 
between the source and the target. The 
precision is limited by the integrated random 
phase fluctuations of the reference oscillator 
that  limits ~ t s  use as a clock over the time 
interval of the two-way transmission. The 
range uncertainty Ax is given by 

where c is the speed of light and TIE(-c) the 
Time Interval Error i .  e .  the time error ac- 
cumulated during the two-way transmission 
interval T .  Assuming tha t  the initial fre- 
quency offset is zero, which is t rue  by defi- 
nition since the reference oscillator is com- 
pared against itself, the TIE can be shown to 
be given by [I] 

where uy(r) is the square root of the  Allan 
variance. Thus if the frequency stability 
contribution to the range measurement un- 
certainty is required to be less than 5 [m] 
then the maximum acceptable TIE is 33 [ns] 
and the required frequency stability is uy(-r) 
= 5E-8 over the T = 0 . 4  [s] two-way inter- 
val, i f  the DRSS reference oscillator is free 
running with respect to the ground station 
reference then the total uncertainty is ob- 
tained by adding, in the mean squares 
sense, the individual uncertainties. The re- 
quired performance is easily achieved in a 
quartz oscillator. 

Range rate measurements are obtained by 
measuring the Doppler shift between the 
source and target. They reduce to a fre- 
quency difference measurement after a two- 
way transmission and their precision is lim- 
ited by the variation of the reference fre- 
quency over the two-way transmission in- 
terval. The range rate error Av is given by 

where c is the speed of light and y ( t )  the 
normalized reference frequency. 

defines the first increment operator, in this 
case the frequency difference over the two- 
way interval T while 



defines the moving average operator which 
descr~bes the averaging process that  takes 
place inside the frequency counter. 

Thus the range rate measurement uncer- 
talnty (3) may be interpreted as the result 
of the random difference between the refer- 
ence frequency evaluated over the averaging 
interval T before and after the two-way 
transmission Interval T .  I f  we choose to av- 
erage the frequency over an  averaging 
interval equal to the two-way transmission 
Interval then we have T I T and the range 
rate uncertainty becomes 

since the Allan variance may  be defined as 

Thus if the frequency stability contribution 
to the range-rate uncertainty is required to 
be less than 5 [mm/s] then the  required 
frequency stability is ay(T) = 1.7E-11 over T 
= 0 . 4  [s]. This performance is achievable in 
a quartz oscillator. 

4 . 3  (Z9nceffatlon of the DRS- resldtral 
Cloppler shlyt , 

If the reference oscillator on the  DRSS if free 
running with respect to the reference oscil- 
lator on ground, then a beacon signal trans- 
mitted from the DRSS to ground is needed in 

order to cancel the unknown DRSS reference 
frequency in the range-rate receiver. 

However, a single beacon signal does not 
cancel out the Doppler shift produced by the 
residual range-rate of the geostationary 
DRSS with respect to ground. If  the maxi- 
mum value of this residual range-rate is 
negligible w ~ t h  respect to the required range- 
rate uncertainty, then further Doppler can- 
cellatlon is not necessary. If it is not negli- 
g~ble, then two beacon signals must be used; 
a direct beacon transmitted from the DRSS 
to ground and an indirect beacon transmit- 
ted from the DRSS to the LEO and then back 
to the ground through the DRSS. 

Figure 3 shows the signal path between the 
UET, the DRSS and the UST. On the base of 
this diagram the return frequency f 2  can be 
computed as a function of the transmitted 
frequency f l  as follows: 

where TI is the transmission delay between 
Earth and the DRSS while ~2 is the delay 
between the DRSS and the LEO vehicle. Both 
delays are about the same thus the total 

two-way delay is approximately 4 times a 
single Earth-DRSS delay i .  e .  2 0 . 4  [s]. Vsr 
is the range-rate of the LEO vehicle with 
respect to the DRSS while Ver is the range- 
rate of the DRSS with respect to Earth. L 
and M are  the multiplication factors for the 
frequency translations in the up and down 
links, x/y is the coherent repeater factor in 
the UST and fo is the frequency of the DRSS 
reference oscillator. 

USER 
EARTH 
TERM. TERM 1 

i 
EARTH r, DRSS T2 LEO 

Pig. 3 DRS Signal Path 



Equation (8) shows that  the information 
about the range-rates is distributed into 3 
terms Only the first term contains the 
wanted Doppler shifts with respect to the 
up-link frequency fl.  The two other terms, 
however, contain Doppler shifts with respect 
to the unknown DRSS reference frequency f o  
and must be removed in order to resolve the 
range-rate of the DRSS with respect to 
Earth It appears that a d~rec t  beacon is 
sufficient to cancel out the second term but 
that the indirect beacon defined above is 
necessary in order to cancel out the third 
term 

Figure 4 illustrates the phase noise analysis 
of the carrier generation in the k band. 
Assuming the phase noise specification shown 
on the figure and that the carrier-to-noise 
ratio of an  hypothetical up-link pilot is 60 
dB, it appears that  it is not possible to im- 
prove the spectral purity of the DRSS refer- 
ence oscillator by phase locking it to a n  up- 
link pilot generated on ground. Therefore the 
DRSS reference quartz oscillator must  have 
by itself a spectral purity sufficient for the 
local synthesis of all the carriers required in 

the satellite operation. The choice of the 
quartz oscillator nominal frequency, which is 
also the synthesis start  frequency, is a 
compromise between the close-in phase 
noise, whlch is likely to be best if the nomi- 
nal quartz frequency is chosen in the ranve 
of a few MHz, and the white phase noise 
floor which can be improved by increasing 
as  much as possible the synthesis start  fre- 
quency. 

On the other hand, the spectral purity re- 
qulrements are likely to be much more dif- 
ficult to realize and rely entirely on the 
DRSS reference quartz oscillator for Fourier 
frequencies smaller than the PLL bandwidth 
of the Tunable Frequency Converters (TFC) 
used inside the FGU. For higher Fourier 
frequencies, on the other hand, the spectral 
purity will be determined by the phase noise 
of the VCOs used In the TFCs. 

The decision about the use of one or more 
beacons, finally, depends upon the range- 
rate resolution that  is to be specified. if the 
residual range-rate of the DRSS with respect 
to ground is negligible as  compared to the 
wanted resolution, then it makes sense to 

leave the reference oscillator free running 
and to transmit its frequency to ground us- 
ing a single beacon. If, on the other hand, 
the residual DRSS Doppler is to be removed, 
then it is probably much better to lock the 
DRSS reference oscillator to the up-link 
frequency rather than to transmit two dif- 
ferent beacons. 

~ , ( f )  [ d ~ ]  REP I [ r a d 2 / ~ z ]  

t 
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6 . 0  CONCLUSION \ 100 MHz /VCXO 

The DRS system parameters are  not fully 
specified yet .  The purpose of this paper was 
to explain the basic design issues relevant to 
the point of view of frequency stability. The 
main conclusion is that the frequency stabil- 
ity requirements for the DRSS reference 
generator, relevant to the range and range 
rate measurements, are not very difficult to 
realize. 

10 100 1E3 f [Hz] 
Pig. 4 Phase Noise A n a l y s i s  in t h e  k Band 
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'I'he LASSO experiment is an  attempt to explore the capabilities and the operational problems of a new 

time comparison method that  is based on the bouncing of optical pulses from a spacecraft, suitably 

fitted with retroreflectors. 

The host satellite, the ESA Meteosat-2 meteorological satellite, was succesfully launched on June 1989, 

and after a period devoted to the placement of the satellite to its station and the commissioning 

procedures, the experiment was started with the first operations of laser ranging, needed in order to 

obtain the precise orbit needed for the subsequent timing tests. 

After a summary of the technical characteristics of the experiment, some news are given about the first 

ranging results and the relevant accuracies, as  obtained with the Lunar Laser ranging stat ion of 

CEKGA. 





Dans les plaques rectangulaires pour lesquelles 
le rapport longueur/largeur n'est pas trap important 
( (  5), apparaissent des modes dits "de contour". Ces 
modes sent caracterises par des deformations dans le 
plan de la plaque entrainant une deformation du contour 
de celle-ci. Ces modes, ne s'accompagnant pas de 
variation locale de volume, ont un coefficient de 
qualite intrinsbque eleve. Ces modes de contour ne sont 
en general pas calculables analytiquement et diverses 
methodes sont utilisees ici pour leur determination : 
des calculs par elements finis (code Astronef de 
1'ONERA) et la methode de Rayleigh-Ritz (principe 
variationnel) (figure 3). 

Fig. 3 - Modes de contour d'une plaque carree. 
Frequence: 

f d U Y ,  = analytique (mode de Lame uniquement) 
I , , - -  = m6thode variationnelle 

MODES SYMETRIQUES 

.a8 

f d P l l ,  = calcul par Blements flnis 
S e X p  - mesure experimentale 

MODES ANTISYMETRIQUES 

Dans le cas d'un resonateur carre 011 

rectangulaire avec L/e entier, il existe une solution 
analytique exacte satisfaisant l'equation de 
propagation et les conditions aux limites : c'est le 
mode invent4 par le physicien Lame en 1852 (figure 4). 
I1 s'est aver6 particulibrement bien adapt4 aux 
resonateurs non piezo&lectriques pour 5 raisor~s 
essentielles : 

- son coefficient de qualite intrinsbque eleve, 
- sa configuration nodale permettant une fixation aisee 

(les 5 noeuds de vibration sont las 4 sonllnets de la 
plaqud et son centre), 

- sa facilite d'excitation par methode capacitive, 
- sa parfalte connaissance analytique, 
- la simplicit6 geombtrique du resonateur (plaque 

carree ou rectangulaire). 

Fig. 4 - Mode de Lamb dans une plaque carree. 

Coefficient de aualitb et Dertes dans les resonateurs 

Les pertes dans les resonateurs A ondes 
acoustiques ont trois origines distinctes : 

- les pertes par la surface, dues par exemple h des 
i~npuretbs ou h des defauts superficiels, a la 
metallisation indispensable pour les materiaux non 
conducteurs ou h la transmission d'energie dans le 
gaz environna~lt. Le coefficient de surtension qui 
correspor~d a ces pertes sera note, Qs. 

- les pertes dans le volume, dues b dos dissipations 
intrinseques au matkriau : Q,. 

- les pertes par les fixations : Q,. 

Le coefficient de qualit4 global du resonateur 
est alors donne par la relation : 

Les pertes par la surface deviennent 
nCgligeables d&s que la metallisation Bventuelle est 
limitbe a une surface minimale, que le resonateur subit 
un traitement chimique approprih et qu'il est place 
dans une enceinte sous un bon vide secondaire. 

Les pertes intrinseques peuvent etre miliimisees 
en selectionnant un materiau de bonne qualite soumis b 
un traitement thermique spbcifique. 

La limitation principale du coefficient de 
qualite du resonateur est alors due A son montage. Les 
fixations transmettent de 1'Bnergie vibratoire au 
support et cet effet est d'autant plus important que le 
coefficient de qualite intrinseque est eleve : il est 
donc primordial d'btudier leur influence et de 
minimiser les pertes qu'ellos induisent. Les calculs 
par elements finis ont At6 largement utilises pour 
cette partie de l'ktude. 

Fixat ions 

Diverses configurations de supports ont Bte 
Gtudiees pour un resonateur carre en mode de Lame, les 
sommets du resonateur 6tant utilises comme points de 
fixation (figure 5). 

Pour les configurations 1 et 2, la masse du 
support est plus importante que celle du resonateur ; 
c'est l'inverse pour la configuration 3. 

Pour la configuration 1, il existe un mode de 
vibration du support proche du mode de Lame 

- = 4 % : il y a couplage entre ces modes (figure $ ' I  
6). Pour la configuration 2, l'ecart relatif de 
frequemce est pass6 a 6 % et le couplage rst moins 
important que dans le cas precedent. 

Pour auymenter cet Bcart de frbquence, le 
support est choisi 3 fois plus leger que le resonateur 
(configuration 3 )  : l'kcart relatif de frkquence est 
alors de 24 % ~nalyrk un couplage aussi important que 
dans la configuration 1. 

I1 existe donc un couplage dynamique entre le 
mode do Lame tt las modes drs pattes da fixation. Ces 
dernikres jouent le r61e de filtre mbcanique et il ast 
donc impkratif de veiller h ce que la frequence du 
resonateur soit suffisar~~ment dloignee des frkquences de 
la patte de fixation pour qu'il n'y ait pas d? 
couplage. 

Les deformees obtenues par le calcul par 
elements finis montrent que les pattes de fixation sont 
sollicitees en flexion avec pour conditions aux limites 
un encastrement du cat6 support et une articulation du 



c 6 t 2  rhsona teur .  Pour que l a  f requencr  d r  Lame s o i t  
~ a f 6 r i e u r e  A l a  f requence  de f l e x i o n  de l a  p a t t e ,  l a  
c o ~ r d i t i o n  B r e s p e c t e r  e s t  : 

Szule  uric p a r t i =  da l a  s t r u c t u r e  e s t  mod&lis&c 
~ U I I I  l c  c a l c u l  

Mode d e  support ( f  = 152 kHz) 

Mode d e  Lamb (f  = 159 kHz) 
avec deformation fortement 
amplifibe du contour du support 

Fig. 6 - Couplage inode de Lan16 - Mode de suppor t  

!!ode de s u l ) l ~ o r (  ( f  = 152 kHz) 

Mode de Lam& ( f  = 159 kHz) avrc  d e f o r m a t ~ o n  
f o r t e ~ n r n t  air1111 i f  l 6 e  du con tour  du suppor t  



011 ~nontre d'autre part, que pour minimiser las 
efforts transmis au support, il faut rJd11iri. 
l'opdisseur c des pattes dc fixation. Pour qu'il ~r'y 
ait pas de couplaga dynamique, il est nbcessairr dr 
diminuer l'bpaisseur drs pattes (en tenant comptc des 
1 ~lrri tdt ions technologiquds) a t  dc calcul~r la lrrr~guc~lr 
PI drs pdttvs par la formule ci-dcssus (figurc 7). 

Fig. 7 - Mod* dc Lam4 
Cor~f igurat ion opt iii,.isie 

Lds ~ ~ S O ~ ~ ~ C U L S  calcu~is dans ces ~011dlt10i\s 
purs r&al~s&s et essjy6s ant toils rlo11118 rirc 
satlsfact~on ell ce q u ~  concerne luur comporteaicc~t 
dynamlquc ( f  ~ y u r e  8 ) .  

Etude exubrimentale 

Dcs risonrtc~~r:, v i L ~  ant sur It inode da Ldn16 out 
btt' rhalisbs en alli<lge 2017 (appellation officielle do 
1'AU 4G CIJIIILU 6galcn~1it sous la noln Je Duralunin) rt en 
si1ik.c kitreuse S i D 2 .  

I,'$Cudc I d  141~1s (:o~opl&te a Otb lnalrba sur les 
rbsonateurs c.11 2017. Ce ~i~at:r isti prssente l'avantaga 
d 'itre tacilemtr~t. ~isii~ilLle ~)rrl des 1nOyr11S classiques, 
et d'itrr a&talliq~~e uu qui permet l'axcitation directe 
par a~oye~r cai~iic:~t i f  s;r~is Jlrctrodss. Uii d~rposi t if 
cryogt'niquc a ell ijutri pcrs~is l'btudd das rbsonateurs 
antre la Li.ini,bi 4Lurc d~obiant~ c t  cli~~lqr~es d e g ~ i s  
Kelvin. 

Les rbso~rateurs (2017 (111 SiOp) s s ~ ~ t  mls err 
vibration forc8e par une force capacitive extbrieurr et 
l'effet de Celt* force e s l  aasur6 par un circuit 
dktrcteur sBl>arC. On mesure la frequencr dr r2sonancr 
en faisant coincidtr, pat balayage, la frdql~cncr do lir 
Lrnsion d'excitatioa et la fr&quer~ci propre de 
r&sonatc.ur : la tension d6tectOe est alors uaxi~ale. 

E,c facteur de q11alit4 est obtvnu partir de la 
dicroissancr da l'amplitudr des vibrativns aprhs 
COIIJIII~L' de 1 'LXI:~ t i011. 

Sur las fig111.c.s 9 et 10, sorit rrprhsuntbs dQune 
pa;t, lc schema dc disposition des blrctrodrs, d'autrt 
hart, Is montage uxp4rin1eatal r8alise pour 1:ette Otudr. 

/ -  Fixation 

Fig. 9 - Disposition des electrodes. 

$ lva R(*j"r 

"d 

Ampli 

Electrodes 

Synthbtireur 
1 de frequence tracante - 

Oscillo 1 - -  

Fig. 10 - Montage exptrimental pour la luesurc dc-5 
caractJristiqucs des rbsonateurs. 

Rbsultats exoerimentaux 

1,us tnod,s du   o on tour, dkcrits dans Its 
paragraplies prdckdcnts, ont ~ I I  Btre iuis rn &vid=~c.: 
dans nrla p1.aqua carrbe en 2017 da 49 mm dr c 6 t e .  
f r Lq~iences I i s  c t  oxphrime~~tal~s sirrrt ell 
excel lc11t accord. 

U n  rbsonat~ur, .~ibra~rt b 160 kHz sut. le mode du 
Lain;, et grdsrntant 111) coefficient dr  qualit6 de 



400 000 a p r a s  t r a i t e ~ n e n t s  clilmiqur, t l larn~lque o t  ~ n l b t  

sous v lda  s=cor ida l r r ,  a  e t b  e t u d i b  an t rmpbra tn re .  La 
pldge de mesure s ' h t e n d  de 4 K (helium pompe) a 400 K.  

La variation de I d  f requence  ell Eonctlon d r  l a  
t empera tu re  e s t  r e p r e s e n t b e  s u ~  l a  f i y u ~ e  11. E n t l ~  70 
e t  400 K,  l a  p e n t r  c s t  c o n s t a n t e ,  o t  en-dessouh d r  
20 K ,  l a  yen te  yeul i t t t .  c o n s ~ d d r ~ r ;  ell prtiniGre 
approxlmatlon commc n u l l e .  

Lrs  i'dusus de l a  v a r i a t i o l i  dc l a  f r6quanca cn 
f o n c t i o a  de l a  tempbrature s o n t  d 'une  pa1 t ,  l a  
variation d t s  d l t n e n s ~ o n s  d u  t  b s o n a t e ~ i r  sous  l ' e f  f e t  des  
d l l a t a t l o a s  thermiques,  d ' a u t r c  p a r t ,  l a  v a r l a t l ~ l i r  du 
~nudula ~ ~ ' Y I J U I I Y .  On p ru t  B t a b l i r  I d  r e l a t i o n  : 

Le c o e f f i c i e n t  dc d i l a t a t i o n  l i n ~ i a i r c . ,  q u i  
AL 

r c l i e  - i l a  v a r i a t i u n  de t empera tu re ,  *st. quasirncnt 
L 

CL 
c o n s t a n t  dc 50 A 400 K. Le torme en - e s t  i n f b r i e u r  de 

L 
Of 

2 o r d r e s  dc. grandeur : il rst donc p o s s i b l e  
I 

d ' a c c e d r r  .AU module d'Yousg par  i n t e g r a t i o n  nua8riquu 
( f i g u r e  11). 

Module d'Young 
(1010~lm2) 

I 

F ly .  11  - R & s u l t d t s  obtenus pour 1 ' ~ l l i a y z  3017 ( A U  4G) 

La f i g u r e  1 2  r e p r d s e n t e  l a  v a r i a t i o n  du 
c o e f f i c i e n t  de q u a l i t 6  a v t c  l a  t empera tu re .  La v a l e u r  
maxirnale d e  5 4 l o b  e s t  a t t e i n t e  pour 40 K e t  on 
observe  l ' a p p a r i t i o n  d 'und  s b r i e  de p i c s  de p e r t e s  pour 
dos te lnperatures  i i ~ f h r i e u r e s .  Pour 1  ' a l l i a g e  2017, c e s  
p i c s  son t  a t t r i b u a s  A l a  r e l a x a t i o n  des  impure tes .  11s 
son t  c a r a c t ~ r i s t i q u c s  dc. c e s  impuretes  b t  d r  l a u r  
l o c a l i s a t i o n .  

F ig .  12 - R ; s ~ ~ l t a l s  obtc-nus pour l ' a l l i a y e  2017 ( A U  4G) 

V a r i a t i o n s  ~ I I  c o e f f i c i e n t  de q u a l i t 4  en 
f o n c t i o n  d e  l a  t e ~ n p b r a t u r e  pour l e  t8sona teur  
a 160 kHz. 

Un b l o c  p a r a l l e l e p i p e d i q u e  de 50 x 50 K 5 ~ u r u ,  
suspendu par  dds f i l s  de nylon,  a  e t 6  mis en resonance 
s u r  l e  Inode d e  Lain6 a 53,5 kHz A t e l n p k ~ a t u r a  a ~ n b i a n t e  
e t  un c o e f f ~ c ' i u ~ ~ t  dc q u a l i t b  de 10' a  $18 intsure.  

111.1 resondtet i r  LII  s i l i c e ,  i d e n t i q u e  du po in t  de 
v i i ~  ycic..,eC.triqiir 1 .6sonatcui  en a l l i a g e  2017 p r e s e ~ l t k  
daus 1e p a r a g r h l ~ l ~ i .  y rbc&dent ,  a  f a i t  l ' o b j e l  d 'ul i r  
6 tude  an tcmp8r;lture. Lr c o e f f i c i e n t  d r  q u a l i t 6  du 
rc5sonateur B l a  t r ~ e l ) & ~ . d t u r a  ainlrianle e s t  de 4 A lo6. 

Lr c o a f f l c l u ~ i t  de dilatation de l a  s l l l c e  t s t  
encore  beaucoup p l u s  fa lL1e  quo c e l u l  de l ' a l l l a g e  
2017, parmrt tai i t  dc t e l l e l  d l r e c t r m r r ~ t  f r e q u t n c e  t t  
inodu la d  ' Yo~rng. 

La f r b q u e ~ ~ u e  a  e t e  c a l c u l e e  b p a r t l r  du uodule 
d ' loung  donnb d a ~ ~ s  l a  l i t t 6 r a t u r e  e t ,  A p a r t i r  de l a  
f r b q u e ~ i r e  e x p d r ~ ~ n e ~ i t a l r ,  l r  modula d'Young e x p e r ~ m e n t a l  
a  4 t e  determlnb par  l a  procedure I n v e r s e  : l e s  
t ' e su l t a t s  s o n t  p r e s t n t e s  s u r  l a  f i g u r e  1 3 .  

La f ~ q u r e  14 regrotrye I e s  v a r l a t l o n s  the rmiqurs  
exp8r imenta les  du module d'Young de l ' a l l ~ a g e  2017 e t  
d e  l a  s i l l c e  v i t r e u s e .  

courbr  f rbquence- te~npera tu re  pour UII  

r:sonatr.ur 160 kHz. Vst l a t i o i l s  du a o d ~ i l r  
d'young en f o ~ ~ c t i o n  de l a  t e spkra l i l r e  lJurlt cc. 

r t s o n a t e u r .  



Conclusion 

F i , j .  13 - R k s u l t a t s  ob l rnus  pour l a  s i l i c e  v i t r e n s e  
(Si 0 ; )  
Coi~rbe frkqllrnce-t~.u~pbrat\~ra pciur Iln 
resona taur  a 193 kHz : comparaison e n t r e  l r s  
v a r i a t i o n s  thbor iques  ( t r a i l  p l c i n )  ~ ? t  
exy t r i rnen ta les  ( t r a i t  p o i n t i l l & ) .  

Tout d ' a b o r d ,  c e t l e  e t u d e  a  perinis d e  dernontrrr 
l a  f a i s a b i l i t k  dc r b s o n a t a u r s  a ondes e l a s t i q u r s  de 
vol~lrne u t i l i s a l l t  d r s  a ia t i r i aux  al~lurphis ,  adap tes  h 
l ' e x c i t a t i o n  c a p a c i t i v e .  CCS r e s o n a t e u r s  v i b r c n t  s u r  un 
mode de contour  p a r t i c u l i e r  d i t  "mode da Lame". 1 . e ~  
p e r t e s  p a l  couplays a v t c  l e  suppor t  a n t  ptl e t r r  
niilliniis&bs par  o p t i l ~ i i s a t  i o n  d r s  f i x a t i o n s .  

Des r8so11a teu l s  en a l l i a g e  2017 ont  permls do 
111ebilrtr U I I U  ~ I I I  ~ L I I S I U I I  d ' e n v l r o n  400 000 a t t m p b r a t u r r  
arnbiante, k t  dd 5 A 10' A basse  t empera tu re  (40 K). 
pottr l a  s i l l c e  v i t r e u s e ,  une f o r t e  s u l t e l ~ s l u t ~  d r  
4 A l o b  a  k t 8  rnesul4c A t empera tu re  amblan t r .  

La I ~ I I & ~ I . I ~ &  d~ l a  r r l a t l o l ~  fr8quence-tenlp6- 
r a t u r c  dans U I I ~  l a r g e  gamme d r  t r lny0rat11rr  peut  
p e r m e t t r r  l ' e ~ n p l o l  dc: c e s  r e s o l ~ a t r u r s  colris~ k l $ e r n t s  
s e n s l b l r s  de  c a p l e f ~ t s  dc. tempbrature.  

Par  a i l l r u r s ,  l ' e x c o l l e n t e  concordance e n t r e  
l r s  v a l r u r s  du inodulz d'Young d e d u i t e s  d e  l ' e x p 4 r i r l l c a  
e t  c e l l e s  d t  l a  1 i t t A r a t u r t  montre l ' i n t k r b t  d a  c e t t e  
mLthodr conlrne o r ~ t i l  d ' i l i v e s t i g a t i o n  d e s  p r o p r i 6 t 8 s  
~ i&c .an iqurs  d r s  mat8riatlx. En o u t r e ,  c e t t r  mkthodr 
bL112f i c i e  dl: l a  1 t i so lu t ion  t r k s  =lavAe d e s  ulrsures d r  
f rAqueacr .  I1 eat  p o s s i b l e  d ' u t i l i s e r  d ' a u t r e s  
m a t ~ r i a u x ,  GI)  p r r l i c u l i e r  l e  s i l i c i u a  mociocris tal l i i i  
qu i  p r u t  p e r a r t t r e  l ' o b t r n t i o l r  de s u r t r n s i o ~ ~ s  e l e v 6 r s  
e t  l ' i n t 6 g r r t i o n  d r  r i s o n a t r u t s  de f a i b l ~  cuilt p a r  I r s  
metllodrs d r  1.1 lnicl.o-:i~c.t roliiil~~c.. 

F i g .  14 - Colaparaison des  v a r i a t i o n s  du nlodule d ' loung  
de l ' a l l i a g e  2017 e t  d e  l a  s i l i c e  v i t r e u s r  an 
f o n c t i o n  d e  l a  t empera tu re .  



DETERMINATION OF THE CUT-OFF FREQUENCY OF UNELECTRODED PLATES AND 
E F F E n S  OF LOCAL TIIICKNESS MODIFICATIONS IN WANE RESONATORS 

The cut-OM' Ircqucncy of thc unclcctrodcd flat platc, thc clcctrical 
frcqucncy lowering, b c  miss loading arul thc clcctladc gcomctry arc thc 
most important parmeters ol' thc planc rcsonators. Thcy dclcrminc tllc 
niodcs and thc clcctrical rcspunsc of thc rcsonators. The cxact knowledge 
ol' the first qui~iitity is of prime impnancc  for t l ~ c  niodclizalion anti lo 
o y l i n ~ i z  scvcral slcps (3f Ihc clabOration of Ihc rcsoniIIors. An 
approximate dcncrmination of this quantity is usually made by an air gap 
frcqucncy mcasurcmcnt of the unclcctrodcd plates. To obtain a gmaLcr 
precision for il~csc mcuurcnic!lts, clcctmdcs of size niucli s~iialler i l ~ i ~ n  
~ h c  plate diameter arc generally uscd, sincc they lead to a simpler 
I'rccluency rcsponsc characicaistic ol' a truppcd modc. The frcclucncy so 
obtained differs I'rom Lhc cut-01'1' i'rcqucncy by a quantity that can bc quiac 
important and is o function o l  thc gap, of tllc clcctmdcs dilncnsiol~s arid 
of Lhc coupling cocficicnt ol' the ~natcsial, in thc first purl of this 
conirnunicalio~l we prcscnl a mcthod to cxlract t l~c  cul-on' frcquci~ccy 
from such air gap mcasurcmcnls with a modcl ol' the corrcsponding 
resonators. 
111 a sccond part. wc corisidcr the intcrcst of modifici~tions of lhc cut-off 
frcqucncics 01" sclcctcd rcgions o l e  planc resonator.. This ciln bc achicvcd 
by local thickncss modificalions, and pcrmiis to obtain ncw dcgrccs of 
freedom in thc dcsign of rcsonators. Thc intcrcsl of this possibility has 
already bccn dcmonstratcd in one casc by Luki~szck who Iias proix)scd 
the use of rcsonators with clcctmdcs clnbcddcd ill 111s pli~tc to gnin a 
bcttcr control of the unwantcd rcsponsc arid of thc i~npcdancc lcvcl of 
V.tl.F. resonator. A thcory of thc corrcsponding rcsonillors is prcscnicd 
und thc possibility givcn by this dcsign cxplarcd. If thrcc regions ol' I11c 
rebollator arc allowed to havc dil'fcrcnt thickncsscs, new possibilities itrc 
gained, such as to climini~tc r sclcclcd unwantcd a~ihi~rnio~iic lnodc or lo 
obtain a lister dccrcasc of the principal modc ucioss the plate. A thcory 
of such resonator with 3 rc 'ions is prcscntcd, it is bascd on thc 
approximate cquation of the tiickncss vibrations of piczoclcctric plalc 
cstablishcd by t1.F. Ticrstcri itnd coworkcrs. 

Morc and more modcrn Tclccommunication systcms make usc of very 
high frcqucncy piczoclcctric dcviccs for liltcring or for frcclucncy 
generation. 'This will bc tlic casc for the ncw Pan-Europcan numcrical 
ratliotclcptionc system, now in a dcvclopmcr~t ph;~sc, to bc operational in 
t l~c  early ninctics. It will nitkc usc of a vcry largc numbcr of V.ti.P 
dcviccs (Antcnna filters, intcnncdiatc frcqucncy filtcrs ctc..).ln thc coursc 
of a study conccming bulk wave versions of thc laltcr filtcrs, we hilvc 
obsc~vcd that significative conccpiual and technical ndvanccs wcrc 
nccdcd to establish designs for thcsc liltcn th;il pcrlilils to obti~in thc 
wimtcd characteristics togcthcr with the possibility ol' a largc volurnc 
production at a cost comp~tible with the objcctivcs of a vcry large 
diffusion of the niobilc and portablc stations. 

l'hc Jirst point observed was tlii~t a vcry tiglrt control and n vcry high 
rcproductibility of clcctriciil paramctcrs of thc piczoclcclric componcnls 
of the liltcr wcrc rcquircd at a high frcclucncy (near 70 Milz). Sir~cc the 
clccirical pariunctcrs (ctluivalent schcmc, unwantcd rcsponscs) ol'a plilnc 
rcsonator arc mostly dcpcnditnt on thrcc paramctcrs (ilic thickncss [or thc 
cut-off frcqucncy of thc unclcctrodc platcl, llic clcctrodcs gcomctry and 
1111: platc back) ; I I I ~  sincc the two liittcr ones pnr;lmclcrs can bc ;rcul;ilcly 
controlcd using thc modcrn tcctinology (masquing tcchniclucs and ~)rccisc 
quanz thin film thickncss monitoring), it was dcduccd that a criliciil aslac1 
will bc to achicvc a vcry prccisc control of thc plntc cl~ickncss (ill tlic 
ordcr of 20 micmn for the bcrlinitc vcrsion ol' ttic liltcr). A nlctliod, based 
upon the thcory of tlic thickncss vibrations of t l~c  piczoclcctric pl;rlcs 
(1)(2)(3), pcrmitiing to obtain vcry xcuriilc mcas~rrcnicnls of tlic cut-Off 
frcqucncy of  vcry high frcqucncy platcs was ilivcstig;~tcd. This ~ n c ~ h o d  
will bc dcscrikd in thc first part of this ptipcr. 

In ordcr lo obtikin a bciicr control of the anli;tnnonic spctrum of rhc high 
frcqucncy rcsonators (11s rcjcclion of thc anhannon~c modcs has to bc 
vcry high for this applic:~tion) wc have thcorctically invcstigatcd, a 
mctliod origilu~lly proposed par L u k w c k  (4), which consists in 
depositing ttic clcctrodcs in a previously etchcd rcgion of the plate. This 
dcsign allows also to obtain a much lowcr impcdaricc lcvcl for the 
rcsonators. Tlic cor~csponding lhcory and results will be givcn in 
paragraph 111. 

Otllcr local modifications of ~ l t c  pl;ttc rliickncss can allow to minimkc 
tile I;llcral d imc~~sions  of Ihc dcviccs or to inlegrats scvcral rcw~iaiors on 
u single platc. 'Ib invchtigatc this point a thcorctical modcl of resonalors 
having Ihrcc rcgiotls with dil'fcrcnt thickness was cstablishcd, it will bc 
ctcscribcd in prriigraph IV. 

All llicsc irbvestigatio~is arc b;~scd upon thc tlicoly cstablishcd by H.F. 
l'icrslcn illid coworkers of the tl~ickncss vibration o r  thc pic/.oclcctric 
pliltcs. 'l'licy cxtcnd prcvious works concerning the modclization of plane 
rcsoliiltors with clccirodcs of arbitrary gcomctry (5) m d  of corrugated 
rcsonators (6) .  

11.1 - Air yep irieusirreralunts and the ct~l -of f  freclucrbcy 

'I'his quantity (f,,) which is ihc antircsonnncc frcqucncy of an infinite plaic 
hiiv~i~g a zero mass pcrfcclly conductive clcctrodc is, as shown by tlic 
theory, with ihc mitss loading and nlic clcctrodc gcoliictry, a fundamental 
pi1r;iineler of [tic thickncss mode planc rcsonators. It is the paratnctcr tlut 
includc thc thickness cffcct iind most of tlic ma~crial propcriics of the 
rcs(>nator. 

In praclicc, the cxact knowlcdgc of this quantity is rcquircd for I I IC  
nitulclizalion of the rcson;ltor and illso to makc rc.mnators at tlic wal~tcd 
frcclucncy with a prccisc mass loading. Errors on thcsc quantit~cs ciin 
havc dctrimcntal clfccts on thc ccluiv.~!cnt schcmc and on 111s parasitic 
rcsponsc of the rcsonator. 

The frcclucncy directly nicasurcd from air giip mcasuilzmcnls dilfcrs from 
by a quantity which is, in rclativc valuc, of the ordcr of 4 k4$(  2,6 

%o for AT quartz and 4 %O for AT Bc~linitc). This crmr which is vcry 
dcpcndcnt o l  several cxpcrimcntnl paramctcrs (gap, clccirodc dimcnsio~l) 
is an important fraction of thc mass loading uscd for high frcqucncy 
rcsonalors (about 0,25 to 1 %) SO that this frcqucncy cannot bc uscd 
dirccdy when a prccisc control of thc mass loading is required. 

To obtain from air gap mcasurcmcnts a quite cxact valuc of f4 it is 
ricccssay lo usc a tlicorc1,ical moclcl of thc corresponding cxpcrimcnrill 
sct up. 1 of cxncntncnti~l iirc of -. 111 ttic l inl 
one ilic platc is situiitcd betwccn two plalcs having thc samc di~nensions 
al ilic platc (Jgrtre I) and thc quantity rneasurcd is cithcr tlic anti 
rcsonancc frcqucncy at zcm gap or tlic rcsonancc frcclucncy with a largc 
gap. id can bc dctcrmincd by a rhcory of thc vibrition of unclcctrodcd 
squaw or circular plntcs made by H.P. Ticntcn (7). tlowcvcr, with Illis 
cxpcrinicnlal set up. tlic clcctrical rcsponsc is very often complicated by 
pli~lcs modcs coupled at the edge i~nd is pcrlurbatcd (antilrso~~ancc 
~nc;isurcmcn&) by the parisitic cip;!cituncc. 

I A I R  GAP M E A S U R E M E N T  I 
I (large e lect rode)  I 
&,LIE 1 : Air gap mcnswrcmcnts with a large eelctrodc 



Thc sccond cxpcrimcntal scl up is rcprcscnlcd in Eguc.2, it uscs an 
clcctrodc with a diamctcr much lowcr than the latcrul dirncnsions of thc 
pl;~tc. A small gap is gcncrally uscd and trans~nission mcasurcnlcnls of 
ttic resonance I'rcqucncy most gcncri~lly crnploycd. 

OPTICAL FLAT 

2 : Air gap mcasurcmcnts wilh a s~nal l  clcctrodc 

With this sct up thc clcctrical frcqucncy lowcring in thc rc ,ion undcr thc 
clcclnKfcs is  gc~~cr i l l y  sufficient to inducc thc trapping o f thc  vit)ri~lion 
tnodc at thc ccntcr of the plate so that "clciui" I'rcqucncy rcsponscs with 
low losscs arc obtairicd. 'This pcrmits to n~akc  prccisc frcqtlc~icy 
nic&surcnicnts. A typical cxcn~plc of tho obt:lincd rcsponsc is givcr~ iri 
w. It conccnis a 20 MH4 AT qllanL platc, tlic clcctrodc divnctcr 
w&s 2,000 mm w d  thc gap varicd from 10 pm to 130 lmi with 10 
incremcnw. On it is possiblc to o b s c ~ c  tllirt thc iuitircson;uicc 
Ircqucncy varics with tlic gap. This can bc cxplaincd by thc cquivalcnl 
sc l rmc of w. Thc variation of tlic Cp ci~piciti~nce of thc gap 
produces thc variations of thc antircsonancc i'rcclucncy. 

3 : Exarnplc of the frcclucr~cy rcsponscs obli~i~icd with ;I vari;~blc 
gill1 

If a zero gap condition is realized, wilhout applying any strcsscs on the 
pl;lte, tlicn, tlic rcsonancc frcquc~icy is tliat of  a resonator having perfectly 
conductive clcctrodcs wilh ;i ~ c r o  mass. Thin ciln bc accuratclly simulatcd 
by tlic mathcniatica~ ~~ll;l[)Oliltioll of Ihc rcsollaliccs ircqucncics 
mcasurcd with dil'fcrc~it gaps. 
11.2 - Modelizition of a resonator where llie energy trapping results 
ortly of l l ~ e  eleclricnl l o w c r i ~ ~ g  
As a basis ol'this rnodcl, we usc thc scalar cqua~ion govcniing thc lateral 
dcpcndancc of lhc anhilnnoriics iri the vicini~y of one ovcnonc ( n u m k r  
n) of a givcn thickness modc. 'This cquation was first cstablishcd for 
 lorlo lo clinic plakx (2) ~ l r o i  Ibr plates of an arbitrary oricntatior~ (3). lo 
illis casc tlic cqui~tion has, in n coordi~ii~tc systcm with x, nonnal to thc 
tl~ickticss ilntl xi x, choosc~i lo cli111in;ltc tlic niixcd derivative (3) the 
following fonn : 

In this cqualion, ri , (x, ,x, ,t)  is the lalcri~l dcpclidancc of 
ri;(x1,x1,x,,~) = U'; sin(tl~x~I211). 

If, ariscs from a tr;~nsI'or~n;~tion of tlic usual cotnponcni of thc 
displaccmcnl u, imd of 0 tlic potential , madc to rcplacc the 
inliomogcncous boundary conditions $I = f V#"2alx2 = f l i  by the 
ho~nogcncous co~nlilions 6 = 0, Tllc inhornogcncous telm of tlic cquatio~i 
~'csulls l'roni Lliis tm~lsli)r~~ialiolt. 

u, = xu; 

c* is citlicr ?'" for tlic unclcctrodcd part of tlic rcsonalor orCO) lor {tic 
clcctrodcd part. F"' is the stiffcncd elastic constant rclativc to thc 
corresponding onc dimcnsion;rl rnodc (Eigcn-valuc of thc Clirislofl'cl 
M;~trix). 

f") is ii const;inl tIti11 includcs tltc clcctrical cl'fcct ol' thc n~clallization. 
3k"'2/ri2 2 is ;~pproxi~iii~tivcIy t~ i c  rciittive frcclucncy l o ~ c r i n g  due lo tIic 
clcctricnl cl'l'ccl of the rnct;~lliz;~tio~tc'" = ?"'(I - k(")'.is a pseudo ordinary 
cli~stic constant, k"' is the coupling cocl'licic~~t ol' tlie cor~.cspo(~idi~ig olic 
tlimcnsional ~notlc. M , I' arc ililricatc functions ol' the mi~tcrial constililts 
illid of  tlte pl;ltc oricnti~tiol~ III;II ciln Ix obtainctl I'roln tllc nictliod 
tlcscrilxd i r ~  rcfcrcncc (3) or in rcl'crcncc ( 8 ) .  

. .  . ' ( .  ' ' . : Tlic traction ircc coi~ditions on 
d i ~ l i i c k n c s s  arc autornriciilly vcrilled 
as a conscqucncc of llic mcthod uscd to cstablish thc dispcrsio~i relation. 
On tlic surfaccs limiting tllc clcctrodcd m d  the unclcctrodcd regions o f  
tlic resonator wc Iiirvc to spccil'y the contitiuily o l  u, m d  of its nonnal 
derivative. 
111 tlris p;lpcr wc suppose th;~t tlic a~nplitudc of the vibration motlc near 
tlic cdgcs of tllc platc iuc ricgligiblc so rhilt no boundary condition at the 
~ ) l a ~ c  cdgc ;Ire taker1 in ;rcount. It was previously shown illat, in this casc. 
tlicy inducc a ~icgligiblc modilicatiori of thc rcsonaliccs licqucncics 
1 1  1121. 
Eiecnmodc : I'hc cigc~i ~iiodcs ol' tlic rcson:ltor can bc obtaincd 
following thc simul~ancous solution of tlic cquadons for tlic clcctrodcd 
and unclcctrodcd region laking inlo account tllc conlinuity conditions a1 
thc clcclrodc cdgc. At V=0 the homogeneous fonn of thc approximate 
cqui~tio~i for the two regions rcduccs 10 : 

for thc clcctmdcd rcgiori. 

or: 

for the unclcctrodcd region. 

l'hc coordinatc trans formi~tio~is : 



XI = rcost  11.4 - Experimental and  computed results 

c' = 6'11 (clcctrodcd region) 

L.. = C(II (unclcctrodcd rcgion) 

l c d s  to ttic equation : 

tllat can bc scp;lratcd ;IS u,(r, t )  = R(r).T(t) in : 

For the clcclmded region the symetrical solution bounded at r = O can 
bc cxprcsscd as (6) : 

with m = v cvcn inlcgcr 

For the unclcctrodcd rcgion the symetrical solution boundcd at r =- is 
(sincc A is thcn negative) 

wrth: m = u cvcn intcgcr arid A '  = -A 

Jm and Km arc rcspcctivcly the Bcsscl function of first kind and Ihc 
rnodilicd Bcsscl function of sccond kind, of order m. 

At all points of thc clcctrodc cdgc wc 1i;lvc to spccify the continuity ol' 
u, and of its nonnal derivative. As prcviously discussed ((>)(I 1)(12)(13), 
this can bc i~pproximatcd by the cxprcssion of tltcsc conditions iit only ;I 
discrcte ~iumbcr q ,  of points (fiyurc 4). It the solutions for dic two rcgions 
arc : 

at the point ~(x:x[x:) we have : 

I P P P  I1 P P P  
u1(x,,&,x3 ) = u l  (xl,x2,X3 ) 

II' wc choose to cxprcss thcsc conditions at q points at thc clcctrode cdgc, 
wc obtain 2q lincar relations bctwccn thc coefficients A,, A,. A,,,, ..., B,, 
B,, B,,,, to obtain a solution we havc to truncalc thc scrics to q terms so 
tliat thc 2q rcl;itions constitute an homogcncous lincitr system in tltc 2q 
cocl'licicrits. Ttic determinant ol' this systcm has to vanish to havc a non 
lrivial (0) solution in thc cocfficicnts. This condition constilutcs a 
lrcqucncy equation that is solved numerically for thc cigcn l'rcqucncics. 
For each cigcn frcqucncy thc cocrficicnts of the cigcn nlodcs arc found 
as ttic solution of the homogcncous lincar systcm. Thc I'orccd modes ciin 
thcn bc obuincd as dcscribcd in rcfcrcncc 161. 

11.3 - Application of  the   nod el to delerniine f,, 

As prcviously indic;ltcd. the airgitp frcqucncics itre mc;lsu~cd ;IS a functiori 
01' tltc gap and thcn numcric:~lly cxtrapolatcd to a zcro gap. 'She zcro g:~p 
frcqucncy is considcrcd as rcsonancc frequency of a resonator having a 
scro mass clcctrodc ol'diamctcr d = 2r. By an ilcri~tivc proccss an appilrcnl 
( or corrected) thickness of the rcsonator is numerically searched, using 
thc dcscribcd model, so that the computed rcsonancc frcqucncy 
corresponds to thc cxpcrimcnti~l one. The fw, and 1;) frcqucncy arc then 
dctcnnincd. 

Since the rcsonators arc designed using similar modcls making usc ol'thc 
f,, and fc, l'rcqucncics (dctcrmination of thc clcctrodc radius and ol' the 
mirss loading to havc a spurious frcc m s p n s c  i~nd given value of 
inductance), this global proccss climinatcs a 1;lrgc part ofthc modclization 
approximations and of cxpcrimcntal unccnitudcs. 

Tliis method was ;tpplicd to quaW and bcrlinite platcs with thickncss 
mnging from about 2(X) to 20 microns that were obtaincd by conventional 
polishing techniques. 

'Tlic cxpcritncnt;~l sct-up is rcprcscntcd on-. An,HP 8753 nctwork 
aniilyscr is usccl for the clcctricitl mcitsurcmcnts o n b l i r e  h irntl 7 arc 
rcprcscntcd thc rclativc variations ol'thc rcsonancc l'rcclucncics mcasurcd 
as a [unction of Jic gap for a 51 MHz and a 71 MHs rcsonaior ; the 
corresponding zcro gap l'rcqucncics arc given on the ligurcs. 

:! : Photography of the cxpcrimcntol set up 

h : RRativc vitriations of the air g:tp frcqucncy wilt1 1 (? rnln 
prohc ; 2 h ## 87,s p) 

1 

IW") 
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Fimrrc f& : Rclativc variations of the nir g i ~ p  f'rcqucncy w i ~ h  1 (2 mni 
prohc, 2 h = 32 p) 
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C o r  

: Relative varialions of the air gap frequency with 1 (1,5 mm 
probe, 2 h = 22,Spm) 

12' w ) - ~ ( o )  (.104) d. l.5mm - t(0) 

10- 
QUARTZ AT 

1(0)=155453330Hz (P.3) 
8- 

a : Relative variation of the air gap frequency with 1 (13  mm 
probe, 2 h = 22.5 pm) 

The frequency response of a 71 MHz resonator measured with a probe 
having a diameter of 2.000 mm and a gap of a few micron is given on m. It can be obselved in this case that with this large elcctrode the 
trap ing is not sufficient to have no unwanted modes. In&mQ is given 
the Frequency response of the same plate with a probc having a diamcter 
of 1.50 mm ; we have now a "clean" response. This illustrate the 
importance of the choice of the probe diameter that must be such that the 
vibration mode have a negligible amplitude at the edge of the plate. 

CENTER 73.736 250 M H z  S P A N  .4Clc-> L 1 : t . m  t.',!., 

5 : Response of a 73 MHz resonator with a 2 mm probe 

EiLrure 9 : Rcsponse of the same resonator with a 1.5 mm probe 

With this experimental set up it was possible to make measurements at 
much higher frequencies, the 3rd overtone of a 71 MHz plate is displayed 
in feure 8. Due to the very small value of the reactance of the static 
capacitance at clevated frequency reflection measurements (S,,) are to be 
prcfered above say 200 MHz. The S,, frequency response of the fifth 
overtone of a 71 MHz plate is given on-. 

J.Q : Air gap response of the 5' harmonic of a 51 MHz plate (Sl 
measurcmcnt) 

U : Air gap rcsponsc of the 5' harmonic of a 71 MHz plate 61, 
measurcmcnt) 



Typical cxemplcs of application of this method arc displayed in table I 
and 2 wcrc arc givcn thc thickncss of thc platc mcasurcd by a 
conventional method, the zerogap frcqucncies ilnd thc cxtnctcd valucs 
off,,, f,, and of thc cornpuled "apparent" nhickncss (rclativc to thc valucs 
of the material constanl used in Ihc compulalion). 

TAELEli81BW 
RESULTS OBTAINED FROM MEASUREMENTS WITH r = 1 mm 

AT QUARTZ EXEPT SAMPLE N' 5 (Y+3' BERLINITE) 

W 2 ; A l R C A E -  . . . . 
RESULTS OBTAINED FROM MEASUREMENTS WITH r = 0,75 

mm 

'I'o avo~d thc citlcula~ior~ process made to cxtnct dr valucs off,, uld f, 
in thc c a x s  whcrc only a modcratc precision is rcquircd. abaci giving in 
rcduccd coolulinalcs ~ h c  dcpendancc of thc x m  gap rcsonancc frcqucncy 
to thc electrudc diamctcr wcrc calculatcd. From the rcduccd frcqucncy 
f22=(f,!-ff.,~f,,for a givcn 2 f lh  ratio, thc f,, frcqucncy can bc 
calculated from thc mc;tsured valuc f, ; thc f, frcqucncy can then bc 
dciermincd knowing the valuc of k"'. They arc given or1 12 (AT 
cut of quanz) and on fiP\LtE (AT cut of Bcrlinitc). 

To iUustratc the dcpendancc upon thc clcctmdc dimension of the 
rcsonancc air gap frequency in a simpler manner wc havc plottcd on 
li&u 14 $c zero gap frcqucncies for a plalc of AT quartz. 0.1 mm thick 
as a luncuon of the clcctmdc diamctcr. 

: Correction diagram for air gap mcasurcmcnls (Y-35'15' 
Quitm) 

This typc of resolvator was proposcd by L u k i ~ . ~ c k  (4) to corltrol lhc 
unwu~tcd responses ilnd the impcdancc lcvcl of VHF rcsonators for filtcr 
applications. As shown in U ~ h c  clcctmdcs arc dcpositcd in iln 
ctchcd rcgion of thc plalc. l'hcsc rcsonators arc of the cncrgy trapping 
type if the cut-off frequency of the clcctmdcd ccnlri~l rcgion (f,,) is lower 
than f,. Thcsc frcqucncies differ by a quilntity that dcpcnds on Ihc 
clcctrodc ttiickncss, thc dcpth of thc grooved region and on thc clcclrici~l 
frcqucncy lowcri~lg. If wc dclinc a ncw apparent mass loading f?' by : 

U : Corrcction diagram for airgi~p mcasurcmcnls (Y-33-18, 
Bcrlinitc) 

14 : Rcsonat~cc frcqucncy (1=0) o r  ;ul AT Quarw. (2h = 0.100 
mm) 

11, h', h", I),, h, arc dcfincd on w. p, and p, arc the densities 
of clcclmdcs and quanz. 

Thc tlicory of paragraph I1 can bc rpplicd lo these rcsonztors if 
(-$+k)is r U lo cnsum that ihc irapping of the energy w c u n  with this 

new valuc off,,). 

--- 

GROOVED ELECTRODES 

El&w U : Resonator with cmbcddcd elcclrodcs 



Scvcral calcuiations were madc for the casc of 72 Mliz rcsonators using 
quartz and bcrlinitc (thc thickness is about 23 ILrn for AT quartz and 20 
Fm for AT Bcrlinite). We havc assumcd Ihai the inlcrcsting valucs of J?' 
wcrc bclwccn - 1.10'' and 8.10". For e toval thickncss of aluminium 
elcctrodcs of about 2 x 1OOO A, this corresponds 60 an etching ranging 
from about 2 x 1100 A to ncarly 2 x 200 A. Thc rcsults arc givcn in ilic 
fonn o f a  diagram giving for AT Quaru, thc rcduccd rcsonancc frcqucncy 
(1 as a runciion of 2rRh. On this diagram wc can obscrvc (&I& Ih) 
that, for a givcn valuc of R ' ,  thc trappcd modcs can exist bciwccn (2  = 0 
and a lin~it Q.,, which is a fonction of d'. 

'She principal cffcct of rcducing f i '  is to rcducc thc liu~nbcr of ~nodcs 
that c;m cxist, so that it is possiblc to obtain rcsonators with no 
anharmonics for much largcr valucs of 2 r n h  than with convcnlional 
valucs of the mass loading. 

R'8% SYMETRIC MODES 015 . ? - . . O . .  . ... - . - -  - . -  . ..-- 
\ higher modes 

\ . \ omitted I 

Thc effcct on thc computcd vulucs of thc induclancc (6 )  is displaycd on 
Eleun: and in 9. For this compulation a thickncss of 23,015 p 
w u  used and thc valucs of the clcctrodc diamclcr wcrc chooscn to obtain 
round values of 2rRh. Two important Tacls can bc obscrvcd. First, as 
cxpcctcd, thc induccancc dccrcascs whcn 2r  is incrcascd, but, not, in 
following a linear low. l'hc sccond fact is rclativc to thc inllucricc of f i ' .  
lor l l ~ c  low valucs of 2rRh, the inductances dccrc;lscs strongly when fi' 
is increased, whcrcas, for thc highcr valucs of 2rnI1, thc inductiulcc is 
quasi indcpcndanl of d'. The combination fi ilLlP U guh 
to find a solution to thc prublcni of designing iillcr rcsonators with no 
anharmonics and a low value o i  the induclitncc. Howcvcr, in practice. 
thc possibility of using small valucs of d'  is limited by an cvciitual lack 
of parallelism o r  Ihc platcs ; so that this paralnctcr must be also tllkcn in 
account. 

Another important paramctcr lo consider, sincc it dctcnnincs thc rcquircd 
Iatcral dimensions of thc platc, is tllc Iatcral cxtcnsion of ihc modc. This 
parinctcr is closcly rcl;itcd to thc valuc of thc inductencc sincc this 
quantity is proponional to thc intcgral of u on thc surfacc of thc rcsonator 
dividcd by thc squarc of thc intcgral of u, on the clcctodcd surricc. For 
a givcn - 2 r/2h ratio, thc valuc of L indicates roughly thc fraction of 
t l~c  cncrgy which is not conlincd undcr the clcctrodcs, but it is alwikys 
morc accuratc lo compute the vibration modc u (x,, x,). 

Exmplcs  of modcs computed for AT Dcrlinitc rcsonaiors near 70 MHz 
are givcn an U. On Egy& J& wc havc thc modc of a convcntional 
rcsonator with b' = 1 8 dcsign to thavc ncarly thc minimum inductiincc 
togcthcr with no anharmonics (this has conducted to usc an clcctrodc 
diiunctcr of 0.40 mm). On thc valuc ol' I?' was chooscn lo bc 
0,25 %, so that it is now possiblc 60 havc an clcctrodc diamctcr of 0,70 
mm wiL1~)ut any anharmonic modc. On a valuc of /?' = 0 is 
chooscn, it is now possiblc lo usc an clcc~rodc diametcr of 0,')s mm. 

. 

J-Z : Inductances of 23 pm AT Quartz plalc as a function of fi' 
and 2 rnh  

DESIGN DIAGRAM FOR AT-QUARTZ - 2, 
2h 

3 ; DDUCT- 
COMPUTED VALUES OF L for 72 MHz AT QUARTZ 

2 h = 23,01524 pn - Vducs in ~ n t l  

'6 io io 50 40 5'0 60 7'0 80 

w u  : Diagram for !he design ol' rcsonators with cnibcddcd 
clcctrodcs , 

(*) monomodc rcsponsc 
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With thc same valuc of d' it is still possihlc 60 havc a lowcr inducti~ncc 
( a grcatcr clcctrodc surfacc) using an othcr gcomctry. This is 
dcmonstnltcd in J& whcrc an c1liptic;il clcctrotlc pcr~nits to hiivc 
an clcctrodcd surfacc cqual to that givcn by ;I I lnln clcctrodc witliout 
any anharmonics (6). 
A carcful examination ol'the valuc of CJCl in thc diffcrcnl cascs would 
have also ~cvcirlcd Illat tlic use of cmtrddcd clcctrodcs ~wrnrils iilso to 
have nlorc favourahlc valucs o r  this ratio, togcthcr with a rcsporlsc I'rcc 
ol'bpurious modcs. This indicates that this type of rcsonators is also vcry 
interesting for VCXO appliculions. 

- .  < . . . . I ,  I * ,  

' ' ' 1  ' we considcr a resotlalor tlrat have 3 
rcgions with diffcrcnt thickncss. thc ccntral rcgion notcd 1 k i n g  
ctcctrodcd. 

3 ZONES RESONATOR 

: Resonator with 3 rcgions of diffcrcnt thickncss 

111 cacli rcgion 111c Iiitcnl dc[rndancc of u, is govcnlcd by the irppn)xin~;~tc 
equ;rtion iurd at cach boundary scparaiing 2 rcgions wc havc to cxprcss 
the continuity of thc displaccmcnt uid of its nonni~l dcrivalivc wc also 
hupposc that thc Intcral dimension of rcgion 111 iirc such t11i1t thc trilppcd 
mode considcrcd has a ncgligiblc unplitudc at thc cdgc o r  thc platc. Wc 
supposc that t l ~ c  diffcrcncc of thickncss k twccn  two rcgions is small so 
that no bountlary conditions arc to bc cxprcsscd on ill(: small stcp cxisting 
there. 

f & ~ m  Analvsis : For cach rcgion wc havc lo soivc thc homogcncous 
tlclmoltr. cquation 121. In cach rcgion thc quanlity A* wliicli carry thc 
frcqucncy dcpcndancc has a dil'fcrcnt cxprcssion 

f k i n g  cithcr f-,. I,,, f ,,,, 
Ttssc  cut-off frcqucncics k i n g  defined in rcgions 1 ,2  and 3 by the s m c  
fon~lula as I,, and f, in paragraph 2, in function of the thickncss, mass 
loading, the elcctricd lowering, and the appropriate conslant C*. T o  havc 
trappcd modcs wc havc also to supposc that f,, has lhc highcst valuc 
arnong (f,,,, f,,, f,,). Thc samc method of rc.wlution by scpardtion givcn 
in grdph 11 is uscd Lhcn for ,hc thrcc Hclmoltz cqualion. 

wlicrc% and %'arc cithcr J, and Y, or I, and K, dcpcnding on thc sign 
01' A. J,, Y,, I,, K, k i n g  thc Bcsscl functions or modificd Bcsscl 
functions of ordcr m. 

Thc continuity conditions rclativc to ~ h c  continuity for u, and of ils nonnal 
dcrivativc at ~ l i c  boundary of regions 1 and 2 and of ~rgions  2 and 3 arc, 
as in paragraph 2, cxprcsscd at a discrcte numbcr of points (p). Again 
this conduct to truncalc the scrics to p tcnnr so thiit wc hnvc 4 p linci~r 
rclations between the coefficients A,, B,, C, iu~d Dl in thc fonn : 

a : A, R. C, D arc vcctors contsining cach the p cocflicicnts of tllc 
' tuncetcd scrics ; a,fl,y, ....,ti' arc p x p  matrix con~airiing thc valucs o f  
thc # functio~ls at t l~c  points of tllc houndarics. 

1:ronl thcsc r c l i~ t io~~s  i l  is 1x)ssiblc lo obl;iin tlic ho~noycricous system 

Tlic dctcni~inant of this syslcni must viinish to havc a solulion in [tic A 
luld D cocficicnls. This cor~dition constitute a frcquency qual ion which 
is solvcd numcricully to obtain thc cigcn frcqucncics. For cach of the 
cigcn frcc~ucncics,lhc corrcsponding cigcn mode is obtained as ~ h c  
solution of thc homogcncous lincar systcm which givcs tlic A and D 
coel'licicnts. Thc B and C cocflicicnts arc obtaincd by back substitulion 
in one of thc following rclations: 

Thc forccd rnodcs arc thcn obtained as a lincar combination of thc eigcn 
niodc in il miuincr dcscrihed in rcfcrcvicc (6). 

y1 - <IONCI,IJSION 

A mcthod is propnscd to obtain prccisc mcasurcmcna of the cut-off 
frcqucncics of unclccirodcd platcs. I'lrcsc clulultitics can then k uscd in 
a ~nodcl,  si~iiilar to thosc wliicl~ has jxr~niitcd tllc cxtncrioi~ of t l~c  cut-off 
frcqucncy, to dctcrminc the otlmr p;ir;imctcrs of tllc resonator (clcctlade 
gcomctry and tilass loading). 'I'llis pcrtr~iis lo obtain prccisc valucs of tlic 
cquivalcni scllc~nc and, if ncccssary, a rcsponsc frcc from arihannonic 
modcs, cvcn for V.tI.F resoniltors. A modcl~zntion of thc rcsonnto1.s with 
cmbcddcd clcctrodcs prolwscd, by Lukaszck h u  h e n  mudc, and, Ihc 
propertics of this type ol' resonators con~putcd. 11 appcars thal thcy arc 
an cfficicnt solu~ion to obtain filter or VCXO rcsonators with morc 
hvourablc valucs of tllc cquivalcnl schcmc. 
A ~nodclization of rcsonntors having 3 rcgions with diffcrcnt thickncsscs 
was madc iuld is now k i n g  uscd to lind dcsigns that pcrnrit to havc the 
advantages of Ihc rcsonalors with groovcd elcctrodcs togcthcr with a 
much rcduccd sensitivity ot tlm dcfccts of paralcllism of the plates and 
thc possibility of  rcducing the latcral dimensions of thc rcsonators. Wc 
expect that Lhc dcsign found using thc modcl of thc grooved resonator 
or of the 3 rcgions rcsonators will pcrmit to havc niuch bcttcr solutions 
for the intcrmbdiatc frcqucncy fil~cr of the ncw numerical radiotblfphonc 
systcm. 

Ak- : Thc authors whish to acknowledge M. H. C a m  for 
many indications givcn during thc coursc of this work and R. LeRvrc 
Ibr kindly Icnding thc i~irgap apparatus of ligurc 5 .  Thcy arc indcbtcd to 
MM. Chcncbault, Douis and Mrs Danicl for the elaboration of the many 
samplcs uscd during tlris study, thcy thank particularly M n  M.P. Louis 
iuid P. Durand for tlic preparation of this manuscript. 
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ABSTRACT FREQUENCY - TBHPERATURE DEPENDBNCB 
This paper describes a quartz resonator for wrist- 
watch applications which oscillates at 524 kHz and is 
thermally compensated up to the second coefficient. 

This compensation is achieved by the mechanical coup- 
ling of two low-frequency contour modes of a hollowed- 
out structure, namely a flexure-type and an extension- 
al mode. 

Such resonators have an inactive area where stresses 
and movements are evanescent, so that they can be 
glued with epoxy onto a tiny pedestal. They could be 
mass-produced by using photolithography and chemical 
etching. 

The frequency of a resonator at a given temperature 
can be expressed as 

where T = temperature 
To = reference temperature 
F, = frequency at To 
a = first-order temperature coefficient 
B = second-order temperature coefficient 
y = third-order temperature coefficient 

COUPLING FACTOR 

The coupling is controlled by the shape of the reso- Elastic cross-constant (Poisson's ratio or mutual con- 
nator rather than by the angles of cut. The structure stants) or inertial forces allow energy exchanges 
has been devised so as to minimize the sensitivity to between modes. The modes are coupled. The frequency of 
under-cutting. one mode as well as its thermal properties depend on 

the proximity of the other. 
These resonators are also characterised by a good 
shock resistance and a quality factor typically in the In a first approximation the coupling effect on one 
range of 0.5 x lo6. mode can be expressed as 

In piezoelectric resonators, electromechanical coup- 
ling makes it possible to excite elastic modes. Host 
of them are characterized by isolated classes of re- 
sonance modes such as thickness shear, surface shear, 
flexural and extensional modes. One mode is usually 
desired and all the others are unwanted. 

In some cases two modes are deliberately elastic- 
coupled in order to achieve a particular property, 
most often the frequency-temperature dependence of the 
resonator. 

In the GT or ZT resonators e 5 )  two extensional 
contour modes of a rectangular plate are coupled to- 
gether through an elastic cross-constant (Poisson's 
ratio). The resulting frequency has a very small 
change over a wide temperature range. In the tuning- 
fork the flexural mode can be coupled with a torsional 
mode of the arms 1 4 ' .  

This paper concerns a thermally compensated resonator 
for wrist-watch applications which can be clamped and 
vhich oscillates at a low frequency in order to mini- 
mize oscillator power consumption. This compensation 
is achieved by the coupling of an extensional mass- 
loaded mode with a flexure-type mode as shown in Fig. 
1. They belong to the same family of dilatation 
contour modes 6 , 1  ) .  

The structure is such that the elastic part of the 
coupling can be balanced with an inertial one for any 
crystallographic orientation of the plate. The coup- 
ling factor vanishes, but not its thermal derivatives. 
Thus its influence is limited only to the temperature 

where F = frequency of the mode with coupling 
F, = frequency of the mode without coupling 
F, - frequency of the compensation moZe 
A, = ( F, - F, )/F, 

a, B, yo = frequency-temperature 
coefficient without coupling 

K = K, - K, = coupling factor 
K~ = elastic coupling 
Ki = coupling with inertial forces 

K1 K" K'" = thermal derivatives of 
coupling factor K. 

K is negative if Ki > K,. 

The elastic coupling K, depends mainly on the cut 
angles of the resonator. The inertial coupling Ki 
basically depends on the shape and the boundary 
conditions. Thus the thermal derivatives of Ki depend 
on the thermal expansion and are much smaller then 
those of K,, which depend on the elastic constantes. 

K will be chosen as small as possible in order to 
minimize the sensitivity of the first thermal coef- 
ficient a (i.e. the ZT cut). On the other hand, the 
second thermal coefficient 0 of an uncoupled mode is 
generally negative if a = 0 That means that the 
frequency of the compensated mode must be greater then 
that of the compensation mode. 

derivatives of the frequency. It is suggested- that 
this resonator be designated FXT, to stress the fact 
that it uses a Flexure-eXTensiona1 coupling. 

EFTF 89 - Besancon 



RESONATOR EXTENT 

The resonator extent can be defined as 

where F I frequency 
L = maximum dimension 
V, = longitudinal wave velocity ( -  5500 m/s) 

In a CT or ZT rectangular plate E = 1. 

FLEXURE-EXTENSIONAL COUPLING 

In the FXT structure (Fig 1) the flexure-extensional 
coupling allows lov-frequency modes and minimizes the 
consumption of the oscillator. 

The coupling factor K can be adjusted by the distance 
between the external arms, or by the width ratio of 
the external arms to the central arm. K can be nega- 
tive if these two parameters decrease. 

These two parameters can at the same time minimize the 
coupling factor K and the sensitivity due to under- 
cutting during chemical etching. 

K is little sensitive to the ratio of arms length to 
total length, as well as the frequency of the exten- 
sional mode, if this ratio is about 1/3. This para-. 
meter is used to adjust the frequency of the flexure- 
type mode in order to optimize the thermal dependence 
of the extensional mode. 

The cut of the FXT resonator is such that the first 
temperature coefficient a is close to zero without 
coupling in order to minimize its sensitivity to the 
dimensions. 

The ZT cut allows a piezoelectric coupling with a 
perpendicular field (Fig. 3).The lateral faces are 
tilted through chemical etching. Thus the contour 
modes are strongly coupled with unwanted out of plane 
modes. 

The +2O X cut is well adapted to chemical etching. The 
piezoelectric coupling is obtained vith an in-plane 
field (Fig. 4). The two rectangular plates are shifted 
by 10 pm in the X direction in order to compensate the 
effect of the Poisson's ratio u12 on the movement of 
the clamping zone. 

The FXT structure has been analyzed with a contour 
mode computer program"'. The unwanted out-of-plane 
modes have been analysed with a finite-element pro- 
gram' ) . 

IU(PERIUBNTAL RESULTS 

Cut +2O X 
Frequency 524 kHz 
Length 3.7 mm 
Width 2.75 mm 
Thickness 0.1 to 0.2 mm 
Extent < 0.7 
Quality factor > 450'000 
B < 10*10-9/~c~ 

The thermal properties of the described resonator are 
at least 4 times better then those of the flexural 
tuning-fork. 

The structure with 3 arms minimizes the sensitivity of 
the chemical etching process. 

1. MASON, W.P.: A New Quartz-Crystal Plate, Designat- 
ed the GT. Proc. IRE 1940, 220-223. 

2. HERMANN, J. 6 BOURGEOIS, C.1 A New Quartz Crystal 
Cut for Contour Mode Resonators. Proc. 33th Annual 
Frequency Control Symp. 1979, 255-262. 

3. KAWASHIMA, H. et al.: New Frequency 
Characteristics of Miniaturized GT-Cut Quartz Re- 
sonators. Proc. 34th Annual Frequency Control 
SYmP 1980, 131-135. 

4. KOGURE, S. et el.: New Type Twin Mode Resonator. 
Proc. 34th Annual Frequency Control Symp. 1980, 
160-166. 

5. HERHANN. J.: A Novel Miniature ZT-Cut Resonator, 
Proc. 39th Annual Frequency Control Symp. 1985, 
375-380. 

6. HOLLAND, R. 6 EERNISSE, E.P.: Contour Extensional 
Resonant Properties Rectangular Piezoelectric 
Plates. IEEE Trans. Sonics and ultrasonics, SU-15, 
1968, 97-105. 

7. BOURGEOIS, C.: Decoupled Families of Contour modes 
of Planar Thin Plates. Proc. 34th Annual Frequency 
Control Symp. 1980, 419-425. 

8. GERBER, E.A. 6 BALLATO, A.: Precision Frequency 
Control. Acadeniic Press, Inc. 1985. 

9. TRUHPY, K.: Calcul de Perturbation avec elements 
Finis AplliquC aux Resonateurs a Quartz. 1" 
European Time and Frequency Forum. 1987, 17-124. 

Figure la: Flexure-type mode 

Figure lb: Exten~ional-type mode 



Figure 2: Arms length dependance 

Figure 4: Electrode configuration vith in-plane field 

Figure 5: Outline of the +ZOX cut 

Figure 3: Electrode configuration with perpendicular 
field 



INFLUENCE DES CONTRAINTES MECANIQUES INTERNES 
SUR L'HYSTERESIS THERHIQUE ET LE VIEILLISSEMENT DES RESONATEURS A QUARTZ 

J. Beaussier 
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RESUME 

La premiere partie de l'expose regroupe des 
resultats experimentaux obtenus 8 1'ONERA sur des 
rbsonateurs de structure differente. Ces resultats 
concernent en particulier la sensibilitb et 
l'hysteresis thermique ainsi que le coefficient de 
surtension et le vieillissement. Le but de cette 
presentation est d'obtenir des relations qui, pour un 
mCme resonateur ou une m&me catbgorie de rbsonateurs, 
apporteraient quelques precisions sur les phenomenes 
physiques mis en cause dans les derives typiquement non 
reversibles que sont l'hysterbsis thermique et le 
vieillissement. Les difficultes rencontrees pour ce 
travail montrent la complexit4 et la multiplicite de 
ces phdnom8nes. 

La seconde partie tente de justifier cette 
complexite par le rble des contraintes mecaniques 
internes au quartz, tel qu'il resulte des connaissances 
acquises actuellement dans ce domaine. Ces contraintes 
geuvent htre soit d'origine exterieure au quartz, soit 
d'origine interne. Dans le premier cas, elles sont 
crbees par deb forces de surface transmises par les 
electrodes et les supports. Dans le second cas, elles 
sont crbbes par des forces de volume. Quelle que soit 
leur nature, les contraintes internes evoluent en 
fonction du temps selon un processus classique de 
relaxation qui contribue au vieillissement. Elles 
evoluent en fonction de la temperature selon un 
processus plus complexe lie principalement aux 
dilatations et aux variations des coefficients 
elastiques. Ces deux effets modifient l'etat de 
contrainte interne du quartz et provoquent des derives 
irreversibles dues i des phenomenes d1elasticit8 non 
lineaire. 

1 - INTRODUCTION 
La presente communication traite de l'etat 

actual des etudes effectuees A 1'ONERA sur l'hyst6resis 
thermique de resonateurs A quartz destines h des 
oscillateurs de hautes performances. Elle constitue la 
suite d'un premier expose fait sur le meme sujet au 
precedent Forum 88 [I]. 

La mesure de l'hysteresis thermique, qui doit 
Ctre dissociee d'autres causes de derives, necessite 
l'utilisation de programmes complexes d'acquisition et 
de traitement de donnees. Un certain nombre de 
resultats ainsi obtenus en 1988 concernent des 
rbsonateurs de coupe SC, soit BVA miniatures du LCEP, 
soit QAS de la CEPE. A partir d'une interpretation de 
ces resultats, une modelisation des phbnom&nes 
d'hystbresis thernique a et6 effectuee. 

susceptibles de provoquer l'hyst6resis sur la 
frequence, en particulier pour les premieres et lea 
troisidmes. L'importance respective de ces m4canismes 
peut htre bvaluee pour les divers types de resonateurs 
etudies. Un certain nombre de possibilites existent 
pour rbduire le ph6nombne. Elles concernent la 
selection du quartz, des pr6cautions d'assemblage et 
des traitements thermiques appropries. 

2 - RESULTATS EXPERIMENTAUX 
2.1 - node operatoire 

Le mode operatoire et les difficultes liees h 
la mesure de l'hystbrbsis thermique ayant d6jA 6te expo- 
sbs en [I], seuls quelques points essentiels sont 
rappeles : 

le balayage thermique est effectue symetriquement 
autour du point d'inversion avec des amplitudes 26T 
variant de f 2 h + 10'C ; 

r ce balayage est suffisamment lent (0,5'C/heure) pour 
bliminer l'effet des sensibilites thermiques 
dynamiques ; dans ces conditions, une correction des 
derives de vieillissement est necessaire : 

la connaissance precise de la temperature est 
imperative et implique, en particulier, la prise eb 
compte des constantes de temps thermiques 
boitier-quartz ; 

lorsque toutes ces precautions sont prises, la courbe 
d'hystbr~sis obtenue par plusieurs balayages se 
prbsente sous la forme d'un cycle limite et 
l'amplitude relative maximale de l'hyster6sis, notbe 
FF,/F,, est obtenue et mesuree au point d'inversion 
T, (Fig. 1). 

Le comportement thermique des contraintes 
mecaniques internes au quartz apparait comme la cause Figure 1 - Cycle limite d'hysteresis. 
privilegiee d'hysteresis thermique. Une triple origine 
caracterise ces contraiates. Elles peuvent en effet Dans ces conditions, des logiciels complexes 
Btre soit liees aux defauts du materiau, soit dues aux d'acquisition et de traitement de donnees ont 6t6 mis 
electrodes lorsque celles-ci sont adhbrentes, soit au point pour la mesure precise de la sensibilite et de 
transmises par les fixations. Une etude physique de ces l'hystbresis thermique. Des approches polynomiales de 
contraintes permet de dbfinir les mbcanismes degre 2 ou 3 ont 6tB utilisbs et ces logiciels 

258 
EFTF 89 - Besanfon 



effectuent les operations suivantes. 

Uesure de AT et de 6F,/F, - La valeur maximale 6F,/F, 
apparait proportionnelle au carre de l'amplitude AT 
du cycle. Le logiciel definit par consequent un 
coefficient KM tel que 6F, /F, = K,, AT' et calcule les 
valeurs de Ky . 
Identification des coefficients a, b, c du polynome 
du troisieme ordre representatif de la sensibilite 
statique et tel que: 

AFIF = a(T-TI) + b(T-TI 1 '  + c(T-T, ) = .  

Cette identification est faite, par consequent A 
T = Ti pour des cycles thermiques d'amplitude 
T - T, = AT. Les coefficients c, de l'ordre de 

quelques 10-"/'C3 ne varient pas et les coefficients 
lineaires sont negligeables au voisinage du point 
d'inversion. Dans ces conditions, seul le coefficient 
quadratique b est different dans les cycles 
thermiques aller-retour et l'ecart Sb, considerb 
comme reprbsentatif de l'hyst4resis thermique, est 
aussi calculb par le logiciel. On rappelle que b est 
defini par l'expression : 

Y = 1, 

2.2 - Resultats obtenus 
Les mesures d"ystbr6sis thermique effectuees 

A 1'ONERA en 1988 et utilisbes dans la presente 
communication concernent huit rbsonateurs dits "BVA 
miniatures", en coupe SC, rdalisbs par le LCEP et un 
rbsonateur QAS realis4 en mime coupe par la CEPE. Le 
tableau I regroupe, pour ces neuf rbsonateurs, les 
rbsultats d'hystbresis thermique completes par trois 
caracteristiques supplenentaires : constante de temps 
boftier quartz r, coefficient de sensibilite dynamique 

a" et coefficient de surtension, calcules simultankment. 
Les rbsonateurs BVA ont Btb classes par ordre de 
decroissance du coefficient KI qui varie de 

3,4.10-'O/'Ca A 0,104.10-'~/l'~~, ces deux valeurs 
constituant les extrimes pour l'ensemble des 
resonateurs dvalues en 1988. Pour la majorit4 des 
rbsonateurs, KM est compris entre 0,35 et 0,75.10-lo et 
ces valeurs montrent une amelioration d'un facteur 2 
environ par rapport aux mesures effectubes en 1987 sur 
le mime type de resonateur. Le resonateur QAS type RPI 
de la CEPE bien que de conception tres differente 
prbsente une valeur de K, = 0,64, par consequent trbs 
coherente avec les EVA. I1 faut aussi souligner que la 
plus faible valeur de K, pour le BVA n' 8 correspond 
aussi aux valeurs optimales de Q, a, T ainsi qu'h la 

valeur la plus elevee de T, et la plus faible de b et 
que ce resonateur est fabrique avec un cristal de 
quartz different de celui utilise pour les autres 
rbsonateurs. D'une maniere genbrale, le coefficient de 
surtension croit lorsque K,, deeroft. On notera aussi 
les valeurs dispersbes et peu significatives du 

coefficient u". 

Un point trbs intbressant de ce tableau 
concerne les bcarts constatbs entre Ky et 6b. Ces 
&carts ont et6 calcules en valeur relative et changent 
de signe en dessous de Xu = 0,7. La difference Ky - 6 b  
est susceptible de renseigner sur l'hysterbsis 
thermique. Elle fait l'objet des paragraphes suivants. 

2.3 - Premiere interpretation graphiaue des 
resultats -- 

Avec l'indice A pour le cycle thermique aller 
et R pour le cycle retour et en introduisant les varia- 
tions 6F1/F, de la frequence d'inversion et 6 b  du 
coefficient b autour de la temperature T,, une 
expression generale de l'hystbrbsis thermique entre T, 
et T, t AT est donnee par : 

Des considerations de symetrie permettent de sinplifier 
cette expression genbrale dont l'utilite est ptincipale- 
ment experimentale. La symetrie par rapport A l'axe der 
frbquences est la consequence du fait que seul le terms 
quadratique est pris en compte dans la caractbristique 
frbquence-temperature et cette propriete permet de ne 
considbrer que la moitie AT de l'excursion thermique to- 
tale. Une autre symbtrie peut itre introduite par rap- 
port A la caractbristique nominale frbquence- 
temperature. Elle consiste A bcrire que : 

] A = - F] 8 

et 
(6b)& = - Ub), 

de sorte que l'hystkrbsis totale est : 

I1 n'y a pas discontinuit4 due l'hystbr6sis 
aux points d'inversion T, f AT du cycle thermique si : 

Tableau I 
Rbsultats d14valuation de huit resonateurs BVA miniatures SC et un rbsonateur QAS (CEPE). 



Autrement dit, les deux caracteristiques ther- 
miques aller-retour se coupent aux points d'inversion n 
et H' du cycle (Fig. 1). C'est dans ce cas seulement 
qu'il est possible de definir un coefficient Ky tel 
qua : 

~ F , / F ~  = 6b (AT)' = K~ (AT)' avec K~ = 8b . 
Hais, le tableau I montre que la condition K,, = 8b 
n'est en general pas satisfaite et que les variations 
relatives (K, - 6b / K,, se situent entre + 0 ,47  et 
- 0,63 pour les resonateurs consideres. 

I1 est facile de montrer que cette difference 
implique une valeur non nulle de l'hyster6si.s aux 
points d'inversion du cycle thermique, c'estlh-dire une 
discontinuite des deux caracteristiques frequence- 
temperature en ces points. Soit en effet (8F/F)n, cette 
discontinuite au point H'h la temperature T,, = TI + AT, 
le calcul de Kp est tel qua : 

Selon le signe de (8F/F), par rapport B celui de 6b. K, 
peut &re supbrieur ou inferieur h 6b, en concordance 
avec les resultats expbrimentaux. Les figures 2a et 2b 
schematisent ces deux cas. 

Figure 2 
Discontinuit68 aux points d'inversion 

du cycle thermique. 

Pour simplifier le diagramme et conformement 
A la relation prbcedente, le cycle "aller" est suppose 
confondu avec la caracteristique nominale : 

af = b AT¶ 
F 

et l'hystbrbsis thermique se situe sur le cycle retour. 

La suite de l'exposb a Pour but de donner une 
realit6 physique cette discontinuite (8PIF)". I1 appa- 
rait que cette realit6 peut se trouver dans l'action 
sur la frequence des contraintes mecaniques internes au 
quartz. 

3 - CONTRAINTES MECANIQUES INTERNES AU QUARTZ 

3.1 - Definition des cont~aintes et effets sur la 
f rkquence 

Dans des conditions dites de reference pour 
la temperature To, trois types de contraintes initiales 
sont h considerer (Fig. 3). 

Figure 3 - Contraintes rnecaniques internes. 

a) Lee contraintes d'origine du quartz dues B la 
synthbse et notamment aux defauts cr64s par la 
croissance ainsi que par les operations ultbrieures 
de coupe, usinage, surfagage du quartz. Les 
dislocations jouent un r6le essentiel dans ces 
contraintes, notees U Q ,  et qui sont par consequent 
creees dans le volume du quartz. 

b) Les contraintes dues aux electrodes n'existent qua 
dans les resonateurs electrodes adhkrentes. Ce 
sont des contraintes creees en surface. Elles sont 
notees 4. 

C) Les contraintes transmises par les fixations du 
cristal resultent soit d'un effet ressort au 
montage du rbsonateur, soit des deformations dues A 
la mise sous vide du boltier, soit de l'orientation 
de la pesanteur par rapport aux axes de reference 
du rbsonateur. Ces contraintes sont crebes en 
surface et leur distribution depend beaucoup du 
type de fixation. Elles sont notees 4. 

Pour chacune des six composaqtes usuelles des 
contraintes en modile tridimensionnel ou des trois 
composantes du modble bidimensionnel, la contrainte 
initiale sera la somme : 

et la frequence de reference Fo depend de cet &tat ini- 
tial de contrainte. 

En dehors de cet &tat initial, il y a 
evolution des contraintes internes et cette evolution 
est une des causes majeures des derives de frequence 
des resonateurs. La presente communication montre de 
quelles manibres ces contraintes et leurs bvolutions 
interviennent dans les derives irreversibles que sont 
l'hyster8sis thermique et le vieillissement. Trois 
mecanismes d'6volution des contraintes initiales sont B 
considerer : 

les contraintes d'origine du quartz ainsi que celles 
dues h la metallisation et A la fixation du cristal 
sont normalement affectbes par un processus de relaxa- 
tion temporelle dQ au fait que tout systbme physique 
tend B minimiser son energie potentielle ; ce proces- 
sus, partiellement responsable dea derives de 



vieillissement, est active thermiquement ; 

8 les variations de contraintes dues 8 la pression exte- 
rieure Po et 8 l'orientation 8 du resonateur par rap- 
port 8 la pesanteur ou, d'une manibre generale, par 
rapport aux accelerations appliqu6es, provoquent des 
variations de frequence par les effets bien connus 
des coefficients blastiques non lineaires ; 

8 les variations de temperature entrainent 
principalement des dilatations et des variations des 
coefficients elastiques. I1 en resulte des 
deformations du cristal et une evolution des 
contraintes internes qui reagissent sur la frequence 
par les mBmes effets que prbc.6demment. 

Si duo designe les variations des contraintes 
initiales dues aux diverses sollicitations qui viennent 
d'Btre 6voquees, on rappelle que les variations 
resultantes de frbquence sont lineaires en fonction de 

AF 
Mo : - = Z XI A uo, i varie de 1 8 6 dans le cas 

genbral'et il existe par consequent six coefficients K, 
qui dependent beaucoup de la coupe du quartz. En 
cisaillement d'epaisseur il suffit, pour appliquer 
cette relation, de considerer les seules contraintes au 
centre du quartz. 

L'hysteresis thermique, mesuree dans les 
conditions definies au paragraphe precedent, represente 
la part d'irreversibilit6 de ces dbrives. Elle n'est 
par consequent pas prise en compte par cette relation 
linbaire. On montre dans les paragraphes suivants 
comment l'hyster4sis peut s'introduire 8 partir de 
l'evolution thermique des contraintes internes. 

3.2 - Contraintes mecaniaues dues aux fixations 

La figure 4 schematise la disposition en sup- 
port couronne avec ponts de liaison qui particularise 
le quartz utilise 8 la fois pour les resonateurs BVA 8 
electrodes non adherentee et pour les resonateurs QAS 8 
electrodes adhbrentes. Les QAS sont realises par la 
CEPE et les BVA par le LCPE de Besanqon qui est 8 
l'origine de cette disposition. 

Figure 4 - Forces appliquees par les fixations 
dans les rBsonateurs BVA et QAS 

Pour les resonateurs QAS, la fixation du 
quartz est assuree en deux points diametraux par deux 
lamelles support. Tant pour 1'6tat initial du quartz 
que pour les variations de pression ou d'acceleration, 
les seules forces 8 considerer en A et B sont celles de 
compression ou d'extension diametrale [3]. Cellos-ci 
provoquent, en chaque point C et D d'encastrement des 
ponts, deux composantes dont la premiere est elle-aBme 
diambtrale, la seconde une force de cisaillement 
dirigee selon la tangente. Une premiere phase 
d'optimisation consiste 8 ameliorer la conception des 
lamelles de suspension par un certain nombre 
d'artifices destines 8 attenuer les forces diam6trales 
en A et B (parall6logramme, Huguet, etc ... 1. Une 
seconde phase consiste 8 positionner les ponts C et D 
en dex points qui representent le meilleur conpromis 
entre le zero de sensibilite de la frequence aux forces 
diametrales (Ratajski) et le zero de sensibilite aux 
forces de cisaillement, ces deux points Btant en 
general distincts. Dans ces conditions, la sensibilite 
accd18rom~trique est surtout due h la conposante axiale 
" 

Pour les resonateurs BVA, l'optimisation des 
fixations se presente de maniere diffbrente 14,  5 3 .  La 
distance quartz electrodes doit Btre maintenue rigoureu- 
sement constante et la fixation des electrodes ne perit 
Btre dissociee de celle du cristal. La solution consi- 
deree comme optimale est la fixation par deux 
demi-coques en quartz compl6tee par des ressorts et des 
brides assurant un encastrement pbripherique rigide. 
Dans ces conditions, on montre que, si comme 
precedemment l'effet de la composante axiale f'% de 
l'accblbration appliquee est prepondbrant, celui-ci 
doit etre attribue 8 un flbchissement de la pastille de 
quartz selon une surface spherique avec une amplitude 
maximale et un axe de symdtrie au centre. 

Dans les deux cas, les contraintes prepondb- 
rantes A considerer pour les variations de frequence 
sont les contraintes 5 et ua dans le plan du disque. 
On Bcrit par consequent : 

Pour une coupe SC, les coefficients Kl et K, sont de 

l'ordre de 10-lZ N - I  mZ. 

Dans les resonateurs QAS, les contraintes q 
et u3 sont constantes dans 1'6paisseur de la plaque de 
quartz. Par contrg, dans les resonateurs BVA et conpte 
tenu du flbchissement de la plaque, ces mBmes 
contraintes sont nulles au centre du disque et 
maximales et de signe oppose 8 la periphdrie. 

Dans tous les cas, les relations entre les 
contraintes U, et U3 et les forces appliquees sont 
lineaires et s'exprinent en fonction de seuls 
parametres g6ometriques. Une meilleure connaissance des 
contraintes est actuellement obtenue par l'utilisation 
de nethodes d'elements finis. 

3.3 - Contraintes mecaniaues dues aux electrodes 
Quelle que soit la procedure de mitallisation 

utilisbe, celle-ci laisse subsister des contraintes 
necaniques dans le plan de la surface de separation 
metal substrat. Une partie de ces contraintes, due 8 la 
difference des coefficients de dilatation 
electrodes-quartz est bien definie et prbvisible. nais 
les contraintes reellas sont trds superieures 4 celles 
qui rbsultent de cat effet. Elles doivent Btre 
attribubes 8 des phenomdnes de nucleation ou 
d'interfaqage de gains pendant la croissance des 
electrodes et les cycles thermiques associks. La 
contrainte resultante est la superposition de celles 
crbbes par chaque electrode. Zlle est aussi dirigbe 



dans le plan de la plaque. Hais cette contrainte n'est 
& prendre en consideration que pour les resonateurs QAS 
realisCs en coupe AT, la coupe SC ayant et6 calculee 
pour minimiser cet effet. Elles ne seront pas 
considerees dans la suite de l'expose. 

3.4 - Defauts lineaires et contraintes internes 
associees 

Les dislocations sont des anomalies du reseau 
cristallin du quartz dont les dimensions sont de 
l'ordre des distances interatomiques. Elles sont creees 
soit dans l'elaboration par synthbse hydrothermale, 
soit dans les deformations nbcaniques ulterieures que 
le materiau peut subir. Elles constituent le defaut 
linbaire le plus repandu et le plus difficile & 
maitriser. Une particularite essentielle des 
dislocations est leur mobilite sous action mbcanique ou 
thermique. Ce ddplacement s'effectue le long de plans 
appeles plans de glissement avec une resistance de type 
frottement sec. 

Dans tous les cas, les dislocations sont asso- 
ciees A des contraintes internes. Un cristal sans dislo- 
cation serait parfaitement elastique et A contrainte in- 
terne nulle. Cette dualit6 dislocationlcontrainte est 
conforme h la notion de conpatibilite dans les milieux 
continua. Dans un tel milieu, il ne peut, en effet, y 
avoir deformation sans contrainte et ce mkme milieu ne 
peut supporter sans perdre sa conpacite n'importe quel 
champ de deformation. Les deformations totales doivent 
en effet deriver d'un champ de deplacement et obeir aux 
equations de compatibilite dites de Saint-Venant. Pour 
qu'il en soit ainsi, le milieu crbe des dbformations 
elastiques additionnelles. 

I1 n'est evidemment pas possible de raisonner 
sur une dislocation irolee. I1 faut aussi tenir compte 
des interactions Blastiques 8 distance entre 
dislocations et des interactions entre dislocations et 
defauts ponctuels. Ce problbme global s'aborde par 
l'bnergie emmagasinbe dans le cristal par la presence 
de dislocation et cette energie fait que le cristal se 
trouve &art6 de son &tat d'dquilibre d'energie 
minimale. Les m4canismes qui lui permettraient d'y 
revenir par restauration ou recristallisation le 
conduiraient passer momentanement par des &tats 
encore plus &cartes de l'equilibre et qui constituent 
des barridres de potentiel. En l'absence de toute 
activation nhcanique ou thermique, le cristal reste 
alors dans un etat stable bien que hors d-quilibre. 

I1 n'en est pas de meme aprds un cycle thermi- 
que fern8 de quelques degres 8 quelques dizaines de 
degres qui provoque une evolution de cet etat stable. 
Sous l'effet d'une elevation de temperature et des dila- 
tations qui en rbsultent, il s'instaure un nouvel &tat 
d'energie et de contrainte dans des conditions suscepti- 
bles de provoquer un glissement des dislocations. Un 
certain nombre d'obstacles 4 ce glissement, dus par 
exemple aux interactions, peuvent en effet Ctre 
franchis par activation thermique. Le deplacement 
r'effectue & volume constant, sans transport de 
matibre, avec une amplitude au moins egale P la periode 
du reseau cristallin, dans des conditions dissipatives 
assimilables P un frottement sec. Aprbs retour de la 
temperature b sa valeur initiale, la non revervibilite 
des phenombnes energetiques lies au franchissement 
d'obstacles provoque l'hystbrbsis intrinsbque du quartz 
nesurable si la resolution du dispositif charge de la 
mesure est suffisante. Le paragraphe suivant montre 
comment ces phenombnes peuvent stintegret dans une 
etude plus globale des effets thermiques. 

4 - EFFETS THERUIQUES STATIQUES DANS LES RESONATEURS 

Une elevation lente de temperature appliquee 
au quartz provoque deux rortes de phenom8nes. 

evidence par la relation genbrale : 

E Btant le module d'loung et p: le coefficient de 
dilatation du quartz dans la direction r .  On remar- 
que que le produit EaL represente la contrainte me- 
canique qui produirait un effet identique & une va- 
riation thermique de 1'C. Avec E = 7,8.1010~lmz et 
aL = 13,7.10-~/'C, 4 z IOb~/mz. Lorsque les ac- 
tions mecaniques et thermiques sont s6parbes. cette 
relation s'intbgre pour les dilations en 
€ = ALIL = q (Tn - T I )  = aL AT. 

b) Une variation des coefficients blastiaues - En adop- 
tant pour ccs coefficients la notation tensorielle 
CI telle que : 

la variation des coefficients elastiquea avec la 
temperature sera limitbe pour la presente applica- 
tion A un developpement lineaire : 

'IJ 

C, (T) = Co + - AT avec AT = Tn - Ti. 
dT 

On definit aussi un coefficient de variation 
relative : 

Cette caracterisation concerne en realit6 deux ty- 
pes d'effets thermiques difficiles h dissocier. Les 
coefficients C I J  sont en effet la somme d'un coef- 
ficient fondamental, lib au seul materiau sans db- 
faut et parfaitement Blastique, et d'un terme dit 
non lineaire qui introduit une variation du coeffi- 

--- 
cient elastique avec les deformations statiques e l .  

- 
De manibre trbs approchee : CIJ N cIJ + C I J k  el OU, 
avec les coefficients de souplesse s :  

C1 = ctj + CI,, sJr a& a& &ant le coefficient de 
dilatation lineaire dans la direction k. Le coeffi- 
cient de variation relative a_ s'obtiendrait en 

L~~ 

divisant les deux nombres de cette relation par Ci,. 

11 est facile de montrer que les contrain- 
tes qui permettent d'obtenir des derivees thermi- 
ques de coefficient elastiques constantes et 
surtout independantes de la temperature sont celles 
qui varient lineairement en fonction de T : 

du du 
u(T) = uo + - AT avec - = c". 

dT dT 

Toutes les contraintes thermiques dues aux dila- 
tations rentrent en general dans ce nodele. 

La variation de frbauence en fonction de la 
temperature resulte des variations des trois parametres 
e, p ,  CiJ qui interviennent au premier degre dans l'ex- 
pression generale de la frequence : 

a) Une dilatation therniaue statiaue dont la 
similitude avec la dilatation mbcanique est mise en 



Les variations de C,, incluant h la fois les effets 

thermiques intrinseques dus A c:, et ceux lies aux 
contraintes ou deformations agissant par la presence du 
terme non linbaire CIjk. Pour une excursion thermique 
de part et d'autre du point d'inversion ne depassant 
pas 2 AT = 10'C et dans un systbme d'axes centre en ce 
point, la sensibilite thermique de la frbquence se mo- 
dblise par la relation quadratique dejh utilisee au 
5 2.3 : 

Le coefficient b, independant de la temp6rature, est 
fonction des coefficients de dilatation et des coeffi- 
cients thermiques des coefficients elastique?. En par- 

L 

ticulier ac intervient dans b par le terme - d . 
6 6 4 ' 6 6  

Lorsque la temperature provoque des varia- 
tions de contrainte 6u, et, par consequent, des varia- 
tions de coefficient blastique qui n'entrent pas dans 
celles incluses dans b, ces variations doivent Btre 
traitbes comme des contraintes parasites usuolles. Dans 
ces conditions, une expression plus gbnerale de la sen- 
sibilitb thermique statique est donnee par : 

5 - HYSTERESIS THERIIOU4 
L'hystbresis se definit comme une difference 

aller-retour dans la variation de frequence provoqube 
par un cycle thermique fern4 du type T,iT,LT,. On 
ecrira : 

Les indices A et E designent les variations de 
frbquence en cycle aller et retour. 

A partir des etudes precedentes [I] et de cel- 
les des variations thermiques des contraintes exposees 
en C 3, deux causes majeures d'hysterbsis doivent Ctre 
dissociees et introduites dans cette relation. 

La premiere, interne au quartz, est due au 
coefficient elastique dont les caract6ristiques 
thermiques pour un cycle fern6 (Fig. 5) montrent : 

une discontinuit4 C; - C; au point de retour du 
cycle, 

dC 
une variation de pente - entre les trajets aller et 

dT 
retour. 

Dans ces conditions, l'hyst6resis totale h T = TI sur 
le coefficient elastique est : 

C,, representant la tangente au diagramme contrainte- 
d6f ormation pour une temp4rature T, une discontinuite 
sur C, , correspond h un point de rebroussement du dia- 
gramme contrainte-d6formation. 

Figure 5 - Hysteresis du coefficient Blastique. 
La seconde, exterieure au quartz, est aussi 

une discontinuite au point de retour du cycle mais qui 
intervient cette fois sur les contraintes d'origine ex- 
terieure transmise par les supports. On note 64 cette 
discontinuite (Fig. 6 ) .  Elle peut etre attribube A des 
phenomenes de plasticit6 dans les assemblages quartz- 
boftier qui utilisent des collages ou des contacts avec 
frottements secs. Par contra, la pente de la caracte- 
ristique linbaire, soit dU/dT est suppos4e inchangee 
dans les trajets aller et retour. 

Figure 6 
Hysteresis des contraintes d'origine exterieure. 

L'hysteresis thermique sur la frbquence se d8- 
duit directement de l'hyst&r4sis sur lee coefficients 
elastiques et sur les contraintes ext6rieurer au 
quartz, ces parametres etant introduits dans l'expres- 
sion ghndrale de la sensibilite thermique statique eta- 
blie au paragraphe precedent. La discontinuit6 C; - C: 
serait en effet equivalente h une variation de con- 
trainte Sup telle que : 

Dans la direction. i, la variatian totale de 
contrainte interne est : 

[[d:l~)e - provoque Les variations sa = - - 
C I J  

1 
sur le coefficient thermique b une variation Sb = - a 6. .  

2 

Dans ces conditions, la valeur de 11hyst6r6- 
sis thermique h la temperature T = TI aprds retour d'un 
cycle thermique AT est (Fig. 7 )  : 



Figure 7 - Hystbrbsis thermique sur la frbquence. 
La discontinuitb Z K, S p  = 2 K, (SU,, + 6 U L F )  reprbsen- 
te par consequent l'hystbrbsis Tn = TI + AT. Cette 
discontinuitb peut 6tre nulle soit si 64, et S UiF 
sont simultanbment nuls, soit si ces deux parametres 
sont bgaux et de signe contraire. Dans ces deux cas 
seulement : 

Les caractbristiques thermiques aller-retour se coupent 
alors 8 T = T, + AT. 

S'il en est autrement, il existe une diffb- 
rence S b  - Ky telle que : 

I1 n'est pas possible de prbjuger a priori du 
signe de la sommation selon les regles du calcul tenso- 
riel. Pour les contraintes uF il a btb montrb ( #  3.2) 

que les valeurs i = 1 et i = 3 sont b considbrer. Pour 
les contraintes u, cette determination est plus comple- 
xe et une information globale sur le signe de 2 K, 6 4 
ne peut Btre obtenue que par les rbsultats expbrimen- 
taux. I1 en est de mBme d'une relation entre Sb et 
6 u,,, les mCmes phbnomenes physiques lies aux dbtauts 
du quartz btant 8 l'origine de ces deux types d'bcarts. 
Les etudes sur l'hystbrbsis thermique se poursuivent 
actuellement dans cette direction. Bien qua des progres 
significatifs aient btb faits dans la connaissance du 
phbnomdne, il est encore difficile d'obtenir des rbsul- 
tats fiables sur l'importance relative des deux types 
d'hystbrbsis en fonction du rbsonateur ou du matbriau. 
Les bcarts importants entre Km et Sb, constatbs sur lrs 
rbsonateurs BVA, pourraient hire attribubs A une origi- 
ne extbrieure compte tenu de la complexitb d'assemblage 
de ces rbsonateurs. Wais l'hystbrbsis globale sur les 
BVA est du mCme ordre que celle constatbe sur les au- 
tres types de rbsonateurs. 
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Abstract  

In this paper it  will be shown that  a frequency reference 
stahle a t  both short and long term can be built around a 
cesium standard and a quartz oscillator. The state of the 
a r t  in frequency stability research show that  improved 
quartz osc~llator characteristics in the short term domain, 
associated with good results in the long term domain of a 
cesium standard, can give a unique reference for short and 
long term stability measurements. This apparatus uses a 
digital servoloop, with a large time constant, to lock a 
quartz oscillator to the output frequency of a cesium 
standard. A servoloop with a large time constant hns a very 
slnall locking range. This difliculty is removed by using a 
sequentially variable time constant - i.e, a t  the start of the 
operation the apparatus uses a small time constant (a few 
seconds) and, when the locking is  effective, th i s  time 
constant is ~lutomatically doubled, and so on, up to a 
selected constant.'l'his servoloop is a phase lock loop which 
n l a i n t a i ~ l s  the signal coming from the  oscillator in  
quadrature phase with respect to the mean phase of the 
signal coming fro111 the cesium standard over a time r. The 
time constant r. of the servoloop mus t  be choose11 to 
conserve the good short-term characteristics of the quartz 
oscillator and to transfer the long tern] stability of the 
cesium. With an oscillator exhibitin a flicker noise floor of 
I X 10 I J, this time constant depenfs on the quality of the 
cesium used. It ranges fro111 about 200 seconds a t  best to 
1 600 seconds a t  worst. Stability better than 5 X 10 13 can 
be obtained in  the 1 to 1 000 second range, depending on 
the flicker noise of the quartz that is used, while keeping 
the stability of the cesium for larger time intervals. 

l'he characterisation of the frequency stability of a n  
oscillator is very important because the ultimate resolution 
of many instruments depends on the frequency stability of 
the reference oscillators. 

A cesium beam standard exhibits poor relative frequency 
stability over an integration time In the 1 - 1 000 seconds 
range compared to good Xtal oscillators, but the latter have 
a long term agin characteristic inferior to that  of the 
cesium beam stanfard. 

Short tern1 measurements must be made with a good Xtol 
oscillator as reference, while long term measurements 
require the cesiuln as  reference. 

'l'he purpose of this paper is to realize an unique reference 
which exhibits both the short terrn stability of the quartz 
oscillator and the long term stability of the cesium. 

State of the a r t  

At the present time there is no available reference which 
exhibits both the best short  term stabi l i ty  over a n  
integration time in the 10'" 1 000 s a n d  the best long term 
(over 1000 s) stability. 

?'he state of the a r t  for commercial units is reviewed on 
Fig. 1, which gives the short term reference characteristics 
obtained with the best 5 MIIz Xtal oscillator available on 
the market and the long term reference characteristics for 
cesium standards of different manufacturers (CS1, CS2, 
CS3). 

Fig. 1 : State of the art 

As part  of the DORIS* project, the Centre  National 
dlEtudes Spatiales (CNES) needed a reference signal, used 
a s  master clock for orbitography measurements, with two 
requirernents, first : a relative stabilit better than 10" 
over a 10 s integration time ; second : t i e  long term stabi- 
lity of the cesium to date the events. Not even the best of 
the cesium standards satisfies the first requirement. 

However, a Xtal oscillator phase locked to the output 
signal of a cesium reference, of even the worst quality can 
satisfy the two requirements. 

'I'he better reference is obtained with a time constant of the 
servoloop corresponding to the intersection of the two 
curves in Fig. 1 giving the stabilities of both the quort.~ 
oscillator and the cesiums. This time constant is in the 
range of 300 s for the better cesiums and 2 000 s for the 
worst. 

A corresponding tirne constant of 2 000 s is realizable, but 
is not usable. A nu~r~er ic  locking system solves the probleln. 
A difficulty arises because the locking frequency range of 
the servoloop is inversely proportional to its linle constunt. 
'I'o give an example, fur a tirne constant of 1 000 s the 
relative frequency locking range is in order of few I0  ", 
which makes locking ilnpossible. 

'I'his difficulty is avoided by using a sequentially variable 
tirne constant i.e. the apparatus starts with an initial time 
constant of few seconds to increase the capture range and 
when the locking is effective th i s  t ime cons tan t  i s  
automatically doubled and so on, up to a selected value. 
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'I'he servoloop 

'I'he servoloop contains a particular phase comparator 
which measures the integrated phase shift  between the 
5 MIlz cesium signal and the Xtal oscillator signal to be 
locked, during a tirne constant 'l'. After each measurement 
the contenls of the integrator is transfered via a teinporary 
tr~emory to a DAC, the output of which is applied to the 
electronic tuning of the oscillator. 

1 ,  
PHASEMETER -: MEMORY 

I 

Fig. 2 : Block diagram of the servoloop 

'I'he required resolution of the digital phasemeter is  
determined by the need for a measurement stability of 10.'" 
on an integration tirne of 10 S. 

I'hasemeter resolution = 10'" X 5 X 10" X 2n X I 0  
= 3 X lW5radian 

?'he clock frequency needs to detect a variation of 3 X 10 
radian. 'I'hat is 

'I'his clock frequency is not realizable in practice and to 
reduce the clock frequency an heterodyne phasemeter is 
constructed with a local oscillator. The two signals coming 
fro111 the cesium and the oscillator are down converted by 
n~ix ing  with this local oscillator (Fig. 9). 

Fig. 3 : Principle of the heterodyne phasemeter 

I n  this case the total phase difference between the two H F  
signals ( e ~ y ( t ) ,  e,,(t)) 1s transfered to the LY signals (el(t),  
e2(t)). 

'I'he lnaxirnal frequency of the beat ( fcs  - fol,) of the e l ( t )  
and cz(t) LY signals is set by the resolution obtained wlth n 
5 M I l z  us clock frequency : 

f h . 1  "lnr 
= 3 X I O - ~ X  5 X 10'~1211 = 23112 

'I'herefore the local oscillator must be have a frequency 
given by : 

5 MIIz - 23 l l z  < C',& < 5 MIlz + 23 Ilr 

This local oscillator frequency is obtained by a synthesis 
which satisfies the relation : 

'I'he schc~natic synthesis or the local oscillutor is shown in 
Fig. 4. 

filter 0 
50000 10 

Fig. 4 : Synthesis of the local oscillator 

The phasemeter principle is  based on time durat ion 
measurements over N periods of the signals el(t) and ez( t ) .  

In each path, Dl and UP in Fig. 5, a flip-flop is activated a t  
the s h r t  of the count nnd relnains in the one state during 
the N periods of the signal counted. 

An integrator is constructed around a up-down counter, 
where the counls arc conditio~~ed by the state of the U l  and 
132 flip-flops. 

COUNTER 

DOWN 

1 Electronic 
Tuning 

MEMORY L! 
Fig. 5a : Schematic of the servoloop 

Fig. 5b : Time diagram of the state of B 1  and B2 flip-flops 



in  reality the up down counter is u , ~  during time 1'3 and 
down durin time 'r4. When l ' 3  = 4 the contents of the 
integrator bb not change and the Xtal oscillator has the 
same mean frequency than the cesium during a time r.  

This  servoloop is  a frequency lock loop. In fact the  
conditions 'PI = '112 imposed T.j = 1'4 but does not imposed 
'l'3 = T4 = cste, a phase shift can be nllowed. 

'So o b t a i n  a phase lock loop, a h a s e  difference 
corresponding b~ the time 'fi between tRe two flip-flops fil 
iind 1i2 signals must be inlposed : the quadrature has been 
chosen. For  th i s  operation two different  clocks a t  
frequencies I'I and f2 are needed b r  the down count and the 
up count. 'l'he reference phase is  introduced for each 
measurement h prepositionning the up down counter with 
extra counts of iequencies ft* and f2/4 respectively during 
one period 'l',, of the el(t) signal, which is equivalent to up 
and down count of frequencies fl and f.L during ti quarter of 
the'l',, corresponding to the quadrature. 

'I'he lock is effective when the contents of the integrator do 
not change. Therefore : 

Only one stable solution existu : 

# 9 

?' " 
1 ,  = 7' = - 

J J 4  

When the lock is effective a logic command aulornatically 
doubles the value of the integration time of the phaserneter 
by changin the N ratio of the divider to 2N, and so on, up 
to a selecteBpower of 2 chosen by the user. 

'I'hc t ransfer t  function of the servoloop 

This  servoloop is a Sam ling servoloop with a digital 
phasemeter, a sample-anlhold memory, and a digihl-to- 
analog converter (Pig. 6). 

Memory 
40 

Fig. 6 : Block diagram of the digital servoloop 

'I'he theory of the sam led system uses the I,  lransforrn 
IL,21. Let +~s (s )  be the 8equency fluctuation of the cesiu~n, 
+,(s) the frequency fluctuation of the oscillator, where 
s = jw : the error signal takes the form 

'I'he transfert function of the sampling phasemeler which is 
an integrabr of the error signal is given by the transform 
by 

x 
111%) = K - 

' Z - I  

where Z = es'r, T the sampling period and Ki the integrator 
coefficient. 

ilere, es'l' = (1 + ~'1'12) 1 1 - sT12), in the Pade's approxi- 
~xlation [2]. 'I'his P ( Z )  function can be expressed In s terms 
as  : 

l + s7'/2 
IJLs) = K, - 

a?'~ 

?'he sample-and-hold memory is equivale~l t  to a circuit 
with a transfert function : 121 

'I'he open loop gain is 

( ; ( a )  = I' (s) .hf(s) K,, K, ,  

where K I )  is the converting coefficient of the I )AC and h'v 
the sensitivity of the elcclronic tuningof Lhe oscillaltrr. 

In n digital servoloop the "continous gain" G,, cannot have n 
large value, in annlogic servoloop. In faclC,, = 0.4. 

For the closed loop the frequency fluctuations ofthe locking 
oscillator can be expressed in terms of the frequency 
Iluctuations of the cesiu~ll signal +t:s(O and the frequency 
fluctuations of the free oscillator I$,, fit.,. by the relation : 

In spectral density terms : 

Let l l c s ( f )  be the transfert function for the cesium 
frequency fluctuations and )Io fi,,,(O the transfert function 
for the free oscillator frequency fluctuations. These two 
quantities have the limiting values in Table I for 211fl' > 1 
and 211fr < 1. 

Tableau I 

The transfert function of the servoloop transforms the 
white frequency noise of the cesium to a random walk 
frequency noise for frequencies higher than the cutoff 
frequency corresponding to the time constant T (Fig. 7). 

Fig. 7 : Filtering ofthe white frequency noise of the cesium 
by the servoloop 



In time domain, the slope of the Allan variance exhibits a 
rl'%ehavior for integration times smaller than T(Fig. 8). 

Fig. 8 : Allan variance of the locked oscillator for different 
time constant T 

'I'his system h a s  been tested a t  the Centre National 
d'Etudes Spatiales versus a hydrogen maser. The measured 
frequency stability (Fig. 9) shows that the signal issued 
from this apparatus can be used a s  both a short and a long 
Lertn reference. 

1 Hour 1 day 

Fig. 9 : Allan variance of the locked oscillator 
versus a hydrogen maser 

Conclusion 

This system solves the problem of the unique reference in 
stability measurements. 

'I'his unit used as  a complementary apparatus to the cesium 
beam standard cleans up the poor performance of this 
latter in the short terms domain. 

When making aging measurements of a lot of a large 
number of oscillators with lhis system it  is not necessary to 
use a 1ar.e measurement time on the counter to have a 
good resottion. Conseruantly, a larger number of oscilln- 
torscan be tested in the same time, wlth a better resolution 
than when usingonly the cesium as reference. 

Itcferences 

111 J.C. Radix, "Introduction a u  filtrage num6riqueU, 
Eyrolles. 

[ I L ]  1Iansruedi Buhler, "R4glages Cchantillonnes", vol. 1, 
'I'raitement par  la t ransformation en Z. Presses  
I'olytechniques romandes. 



COMPARATEUR DE PHASE ULTRA FAIBLE BRUIT 
POUR LES FUTURS ETALONS DE FREQUENCE 

R. BARILLET 

Laboratoire de 1'Horloge Atomique 
Unite Propre de Recherche du CNHS associCe B llUniversite Paris-Sud 

Bit. 221 - Universite Paris-Sud 
91405 ORSAY Cedex - France 

I I 

RESUME - peu bruyant, dans le domaine flicker en particulier 

Les etalons de frdquence de nouvelle generation se- S (f) .! + i 10-1510 rad2.~z-' 
ront bases sur des dispositifs atomiques refroidis. (1) 

soit directement par cryoginie, soit -encore par irra- 
diation laser. La mesure de la stabilite de frequence 
de tels Btalons necessitera des bancs de mesure am6lio- 
res, qui n'existent pas actuellement. 

Nous presontons les limites ultimes des systimes a 
deux melangeurs fonctionnant A tempirature ambiante et 
21 5 MHz, ainsi que les resultats experimentaux corres- 
pondants. 

Nous montrons la possibilit6 d'ameliorer leur plan- 
cher de mesure, sans refroidissement mais avec diver- 
ses precautions. Des stabilites relatives de frequence 
voisines de 5. 10-16 ( T = 1 s), 8. 10-l8 ( T  = 100 s) 
et 10-18 (atr-dela de 1000 s) seront alors mestrrables 
a 100 MHz. 

ABSTRACT 

Future frequency standards will be based on atomic 
systenis that will be cooled, either by cryogeny or by 
laser-cooling. The measurernnt of their frequency sta- 
bility will need improved measurement systems, which 
do not exist presently. 

We pointout the ultimate limits of the "dual mixer" 
systems operating at ambiant temperature and 5 MHz. 
Experimental results are presented. 

We indicate the possibility of improving their niea- 
surement floor without cooling but with several cau- 
tions. In such conditions, it will be possible to mea- 
sure frequemy stabilities of the order of 5. 10-16 
( T = 1 s), 8. 10-l0 {T .= 100 8) and 10-18 or better 
( T > 1000 s) at 100 MHz. 

INTRODUCTION 

Le systime 2 melangeurs avec oscillatour d ~ c a l ~ ( 1 )  
est un banc de mesure tris commode lorsqu'on souhaite 
mesurer la stabilite de frequence d'horloges quasi- 
synchrones. Toutefois, les performances usuelles de ce 
type de banc de mesure se situent au mieux B quelques 
10-14 T -1 en court terme pour une bande passante de 
l'ordre de 10 Hz, lorsqu'on effectue la comparaison 
entre 2 signaux a la frequence "Standard" 5 MHz. 

L'apparition de quelques masers cryogeniques depuis 
1986 et l'efficacite prouvee du refroidissement d'ato- 
mes et d'ions par laser devraient bient6t conduire B des 
besoins de l'ordre de 1 0 - l ~  en plancher de mesure de la 
stabilite relative de fr6quence. Nous prdsentons ci- 
apres le niveau de performances que l'on peut mesurer 
a temperature ambiante et 1 5 MHz, puis les conditior~s 
complementaires qui permettront d'atteindre des plan- 
chers de stabilite de l'ordre de 10-la. Siiw~ltan6rnent, 
ce dispositif pourra Qtre utilisC pour mesurer avec une 
precision exceptionnelle l'ecart de phase entre deux 
etalons de frequence. 

I. POSSIRL1I.ITES UI.TJMES A 5 MHz ET A TEMPERATURE 
AMBIANTE 

Ces composantes de bruit vont iriduire une limitation 
absolue de la stabilite de frequence a court terme. Les 
termes "blanc de phase" et "flicker de phase" donileront 
les stabilites respectivesoy2 (T ) et a yl( T ) ci- 
dessous : 

avec les notations liabituelles de la metrologie des 
frequences (2). Dane le cas 06 fc = 10 Hz, et avec les 
valeurs de h2 et hi correspondant a la densite s ec- 
trale (1) A 5 MHz, on obtient a (T) = 2,2. 10-lgT - 1  
et aY,( T ) g 3,5. 10-15 T-len Y2court terme. On cons- 
tate que la composa~ite flicker de phase est lourdement 
pdnalisante par rapport au bruit blanc de pkiase. Ceci 
est lib i la faible bande passante consideree (10 Hz), 
dans laquelle la composante flicker est tris nettement 
prepondirante . 

Fin.. ScIlBnw de principe du systi~~m ds mrsure i deux klangeurs. 

1.2. Lilnites liees au banc de mesure 

Ce banc represente sur la figure 1, comporte plusieurs 
elements susceptibles d'introduire des bruits additifs, 
donc de limiter le plancher de bruit du systhme. 
1.2.1. 

On montre (1)(3) aue la contribution de bruit de 
1.1. Limites likes aux amolificateurs d'isolement 1'O.D. est notablement rejectee sous reserve que ?e 

Nous supposons qua les amplificateurs d'isolement 
temps bt, separant les fronts (montants par example) 

possedent la densite spectrale de phase Sp donnee par 
des 2 battements, soit tres petit par rapport B la pd- 

la formule (I), ce qui correspond a un amplificateur 
riode TB de ces battements. La verification experimell- 
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1.2-3. Est!ma_tion-s!r?~!e,d_a~!a~d$~r?41'~io!~a~e?rtde~ea1' 
le bruit large bande existant 1 l'entree du - - - - - - - - - - - -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
sor?e_tei?r 

La figure 3 represente de facon assez gdnerale la 
chaine Blectronique de traitement du signal delivre par 
un melangeur . 

OL I priarnp. Fillre Mire en forrne 

I 
Signal d* triquence 

I 
Signal de pcnle p 

Vg eJ de pent. p s 
E 

r-1Jk2. Traitement du signal BP ddlivrd par le dlangeur. 
On simplifie le raisonnement en considerant uniquement 
les bruit BF blancs de tension, et en supposant que 
l'erreur de trigger du compteur est negligeable. Soient 
$ la densite spectrale de bruit blanc, en sortie de 
melangeur, due B la supesposition des effets residuels 
iles signaux (OL, RF) et des bruits du melangeur et de 
l'amplificateur de tste, b$ la densite spectrale de 
bruit du filtre, G1 et G2 les gains respectifs du pr6- 
amplificateur et du disposi if de mise en forme, fc la 
hande passante de mesure, bAs la densite spectrale de 
bruit propre do la mise en forme B son entree eL BMF la 
bar~de passante de la mise en forme. La figure 4 montre 
schematiquement le signal d'attaque du compteur, de 
pente ps = G1G2pE oG pEdfsigne la pente du signal de 
battement. 

soit encore : 

- 

Dans l'hypothese oG fc -c 10 Hz, bf= 1 3 n ~ / m  
I+., + 2 ~ v I  J, bMF - 3,s nV/ m e t  8 a 2 k ~ z ,  
on constate une degradation thiorique de 2gPd5 ( 1 )  par 
rapport B l'effet du bruit blanc "normal" . La limite 
theorique de la stabili.6 devient alors a:? T = 
3,8 10-14 T - 1  au lieu de 1,4., 10-l5 T - I .  

Si l'on utilise une preamplification de gain G 
avant le filtre, le terme correctif chute de &Pa30 

soit 3 dB, ce qui est tout B fait acceptable. Au 
niveau experimental, l'rm~lioration est tres nette, 
mais moins spectaculairs (cf. 11.2) en raison d'autres 
limitations (bruit flicker, residue1 50 Hz.. . ) .  

La configuration "idealo" d'un filtrage judicieuse- 
ment associ6 B la mise en forme permet de conserver 
seulement la bande fc pour toutes les contributions de 
bruit (BMF = fc), ralnenant alors le terme correctif 
tres sensiblement 1 1. Cette amelioration passera tota- 
lement inaper~ue car, pour une faible bande fc, le bruit 
blanc n'est pas le processus limitatif. Nous ne l'avons 
donc pas experimentde. 

11. HESULTATS EXPERIMENTAUX A 5 MHz 

Les limites theoriques mentionnees precedemment lais- 
sent entrevoir des planchers de mesure de l'ordre de 
quelques 10-l5 T en court terme P 5 MHz, avec une 
bande passante de l'ordre de 10 Hz. Ceci est sensible- 
ment tneilleur que les planchers de stabilit.6 mentionnes 
dans la litt'ra ure, B 5 MHz ou mOme plus haut en 
friquence Nous avons tent4 de verifier dans 
quelle mesure l'experience procurait des planchers de 
mesure du mtme ordre, par utilisation d'un systeme a 
2 melangeurs B 5 MHz. Afin de comprendre les mecanis- 
mes liinitatifs et de verifier les idees developpees 
dans la lkre partie de cette communication, nous nous 
sommes places dans des circonstances difavorables (pas 
de preamplification avant filtxage) puis favorables 
(preamplification avant filtrage). Les resultats sont 
les suivants : 

9 TENSION 

11.1. Ranc de mesure sans prCamplificateur avant le 
filtre ( f c )  

w. Signal d'attaque du colnpteur au voi-sinage de "zlro". 
La zone hachuree correspond au bruit quadratique moyen. 
La pente est reliee aux fluctuations (RMS) de tension 
de sortie et d'instant de passage B zero par : 

ce qui permet d'expliciter At,, lequel contient les 
fluctuations des instants de passage a z6r0, donc la 
limitation du systeme de mesure 

Le dispositif de test du plancher de mesure est re- 
present6 sur la figure 5. Pour ce test, les deux hor- 
loges sont remplacees par urr mOme oscillateur Q1, et 
l'oscillateur Q2 (gdneralement appele oscillateur com- 
mun ou decale, dans la litterature) est decale de 1 Hz 
pour permettre l'obtention des 2 battements. Q1 et Q2 
sont des oscillateurs OSA sodele 8600 variete 2), dont 5 . '  la stabilite est de l'ordre de 6. 10-1 sut 1 s et 10 s 
aprbs deux semaines de fonctionnement continu. 
lere configuration de mesure : melangeurs SRA 1, avec - - - - - - - - - -  - - - - - - - - - - - - - - - - -  
t 7 dBln en O.L. et + 1 dBm en RF ( -t K = 0,3 Vlrad), 
pas de preamplification avant filtrage, amplificateurs 
operationnels OP 27 pour la mise en forme (bruit blanc: 
3,5 n v l m ) .  L'ecart 6t entre les fronts montants des 
2 signaux de battement est ajuste B 1 ms environ, et 
cet ordre de grandeur de 6t sera conserve dans toutes 
les mesures qui suivent. Pour T = 1 s, on obtient le 
plancher de stabilite oy( T = 1 s) Sf; 5,8 (100 
points) pour fc = 50 Hz. 
?e-~?g0figur$rgfi : idem, mais les amplificateurs ope- 
rationnels sont des LT 1028 (bruit blanc a 0,9 nV/ JHz).  
Pour T 1 s, on obtient o (T = 1 S) =#= 6,2. 
(100 points) pour fc = 10 HJ et pour fc = SO HZ. 
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COMPTEUR + CALCULATEUR * 
u. Test du plancher de meure saw prdamplificateur avant ie 

filtre fc. 

Conclusion surprenante : avec un amplificateur qui est 
rlotablemer~t moi~rs bruyanl, on trouve UII resultat tres 
iegercmerlt mains boll, v fc I En fait, ceci est. par- 
faitement comprehensible si l'on considere la bande 
passante des 2 amplificateurs operationnels et la puis- 
sance totale de bruit qui en rdsulte dons les deux 
configurations (cf. 1.2.2.) avec la gain de la mise en 
forme (2500 environ), la bande passante est 2 kllz avec 
I'OP 27 et 30 kHz avec le LT 1028, d'oh une puissance 
(totale) dc bruit voisine pour les amplificateursOP27 
ot LT 1028. Ceci esL parfaitement compatible avec le 
rdsu1:at de la mesure. 

Les niveallx d'attaque dtaient + 7 dBm sur les entrees 
0.L.. i 1 dBm sur les entrees RF, procurant un gain 
K = 0,3 ~.rad-l aux mklangeurs. E'Qcart bt dtait $h, 
(TB = 1 s). 

Dans ces conditions, on constate une amelioration du 
plancher de mesure, mais le montage realis6 est sensi- 
ble aux perturbations exterieures I voisinage d'un fer 
a souder thermostat6 Weller en fonctionnement, acous- 
tique, vibrations mecaniques.. . Les liaisons HP doivellt 
i~nperativement Btre realides en cablo semi rigide et 
connecteurs visses de type SMA (RIM) par exemple. Mal- 
grd cette dcrniere prdcaution, le dispositif reste re- 
lat ivemer~t micropllonique et mocit re une dispersion de 
mesure sensiblement plus forte que darls les configura- 
tions precedentes (11.1.). I,es prdamplificateurs  sot^^ 
des LT 1028. 
lere configuration : fc = 16 Hz, 6t 1 ms - - - - - - - - - -  ------- 
Sur dix enregistrements de SO points, le meilleur 
donne un plancher de stabilitd 1 1,62. 10-l4 (1 = 1 s), 
tandis que le plus mauvais se situe a 2,35 10-l4 
(T = 1 s) : cette dispersion, P la limite des barres 
d'erreor usuelles, traduit en fait la sensibilite du 
dispositif aux perturbations exterieures. 
?~-f?pfjgufat!pn : fc = 72 Hz 
Sur dix enregistrenients de 50 points ( T =  1 s), le meil- 
leur se situe 2,03. 10-l4 et 1s plus mauvais 
3,36. 10-14, ce qui lndiq~re toujours une sensibilitd 
a l'environnement. 
?e-a@frua:_ion : f F  = 90 Hz, montage stabilise deptris 
30 mn et atnbiance tres calme. 
Sur 200 points, on obtient un plancller 0 ( 7  * Is) = 
1.81. 10-14. Ceci confirrne la necessite 8e travailler 
en environne~nent physique calme. 

Dans cette dernicre configuration, avec 90 Hz de 
bande, le plancher theorique de stabilite (incluant les 
resistances de 100 $l sur les entrees + et - ) se situe 
B 6,s. pour le bruit blanc. 
4e configuration : idem, sauf niveaux d'attaque des 
z~ian&%ri'Srii-i (+  7 d81n stir toutes entrees) + pas 
d'an16lioration. 

Du point cie vue ordre de grandeur, la liniite thdo- 
Les valeurs mesurees dans ces 2 dernieres configura- 

tions restont plus elevees que la valeur tllkorique due rique calculee erl tenant compte du bruit large bande au bruit blanc, ce qui indique l'existence probable 
(' kHz) de I'OP 2 7 *  pour fc Hz O" pour fc = 10 HZ# dlull bruit * t f  licker ,ie (rrlativement) fort des 
s'etablit B : melangeurs. Nous avons donc esaaye ensuite 1es melan- 

geurs HP 10514 connus pour leur haute performance en 
bruit flicker ( 4 ) .  

8 V T  
ff "1n'10'14 h ~ ~ ~ f ! ~ u f ? f ~ ~ ~  : m61angeurs HP 10114 A ,  avec + 7 dBm 

sur chaque entree. Ces melangeurs sont malheureusement 
Cette valeur est tout fait compatible avec le r6sul- equipes de connecteurs BNC, ce qui a impose l'utilisa- 
tat de mesure obtenu pour T = 1 s, soit 5,s 10-14. tion de transitio~ls BNC-SMA pour permettre un c9blage 

semi-rigide. La configuration optimale consistera i 
11.2. Banc de mesure avec ortiam~lificateur avant 10 utiliser des melangeurs HP 10514 B dans la version de- 

filtre fc -- finitive du bar~c de mesure. 
Dans ce dispositif reprdsentd sur la figure 6, les 

premieres mesures ont ete effectueeo avec des melan- 
geurs MCL SHA 1. 

OSA 

7- 1 

Les mesures effectuees donnant un "plancher" satis- 
faisant a 5 MHz, mais les resulLats sont assez disper- 
ses, pour diverses raisorls : 

- tout d'abord la presence des corrnecteurs BNC et 
des transitions BNC-SMA donnent urle microphonie tres 
nette A ce montage 

- la presence dventuelle de composantes (parasites) 
a 50 Hz (et multiples) est un element tres limitatif 
vis a vis du plancher de mesure : un signal (50 Hz) a 
- 120 dBc sur le battement limite la stabilitd mesu- 
rable P environ 10-12 sur T = 1 s, donc l'obtention de 
10-l4 sur 1 s necessite un niveau de signal parasite a 
50 Hz plus faible que - 160 dUc sur les signaux de bat- 
tement . 
Avec le banc de mesure represent6 sur la figure 6, 

ut.ilisant des mdlangeurs HP 10514 A attaques par des 
signaux 5 MHz (t 7 dBm en O.L. et en RF), les resul- 
tats obtenus dans les conditions les plus favorables, 
sans thermostat du banc de mesure sont represent63 
dans le tableau ci-apres, pourune bande passante de . 
lnosttre fc = 10 llz ct un   chant ill on de 100 points. 

compceur ec 

u. Tsfk du plancher de mesure avec pr6amplificateur avant 10 
i re PC. 



Sur la figure 7 qui represente ces resultats, on 
constate qu'a 1 000 s, la pente du plancher de stabilite 
cst notablenient perturbee, cet effet etont fortemet~t (:or- 
rcle aux fluctuations thermiques ambiantes. 

L'uL i Lisat ion d'tlne bande passante ~,lus elevee (80 Hz) 
procure, sur T = 1 000 s un plancher de stabilite legere- 
rnent n~eilleur (4,78.10-lj), ce qui confirme UII effeL 
thcrmicl~le differentiel entre les filtru(fc) des 2 voies, 
et La necessite de thermostater le banc. La stabilite a 
moyen terme pourrait alors correspondre i la courbe en 
pointilles qui prolonge la partie rectiligne (5 MHz). 

k ' i e . .  Plarlcliar de stabilite mesurd & 5 MHA e t  @slim6 100 Nllz. 

D'autres perturbations peuvent Bgalement intervenir 
dans cette degradation : microphonie du montage (+sauts 
de phase de l'ordre de piriode, ce qui correspond 
a 13 fois la stabilite sur 1 s), bruit d'amplitude en 
tres basse frequence (variation des offsets des melan- 
geurs) pour les oscillateurs 5 MHz, interferences elec- 
tromagnetiques diverses... 

Globalement, on constate donc que. dans le domaine 
du court terme, le plancher de rtnbilitk est actuelle- 
ment limit6 aux alentours de 7.10-l5 a ?=1 s, (fc 5 

10 Hz), en raison principalement du bruit flicker des 
melangeurs et de perturbations ambiantes "rapides" 
(vibrations , parasites 50 Hz ou R.F.. . . ). En moyen et 
long terme, l'amelioration des performauces necessite 
imperativement un thermostat. 

111. POSSIBILITE D'AMELIORATION DES PERFORMANCES PAR 
UTILISATION DE FREQUENCES PLUS ELEVEES 

Par contre, l'utilisation d'une frequence de signal 

vo plus elevge va reduire d'autant la contribution du 
banc au plancher de stabiliti. En effet dans ces condi- 

, tions, la perturbation de phase Bquivalente au bruit du 
banc ramene A la frequence vo (via le gain K du melan- 
geur) donnera une densite spectrale relative de phase 

La formule qui permet de calculer le plancher de me- 
sure en variance dlAllan s'icrit pour le systeme B 2 
~nelangeurs : 

oh Tn est la pdriode de battement, T (=nTB) le temps 
la frequence des oscillateurs sous test 

< A  (6t) > la valeur R.M.S. des differences secorrdes 
sur 6t. Cette formule peut prendre la forme (9)  : 

r ? ,  

oir vB est la frequence du battement. 

inversement proportionnelle vb, ce qui correspblld B 
11t1e amelioration du "plancher de stabilite" proportion- 
nelle a l/vo : Ceci est vrai i condition que les para- 
metres caracterisliques du banc soient mairltenus CVIIS- 
tants lorsqu'on variev,,. C'est le cas pour les ampli- 
ficateurs B.P., ~~iais pas pour les melangeurs, dont la 
pente K (an ~.rad-l)ne se maintient pas lorsque vo 
passe par exemple de 5 MHz a 100 MHz : dans les condi- 
tions de charge representees sur les figures 5 et 6, les 
lselangeurs (MCL corlune I lP)  procureut ua battement dont 
la forn~e d'onde (a 1 Hz) est trapezoidale pour v = 5  MHz 
et triangulaire pourvo = 100 MHz. Dans ce cas, fe gain 
K est approximativenlent reduit dans le rapport 1,s. Dans 
les m6langeurs, il n'est pas certain non plus que la 
composante "flicker" reste constante au sens de Sg (f), 
ce qui peut egalement limiter l'am6lioration attendue. 
Enfin, les caracteristiques des amplificateurs de dis- 
tribution (6ventuellement) lntercales devront rester 
constantes au sens de Sp (f), ce qui n'est pas totale- 
ment certain. 

Par ailleurs, l'utilisation operationnelle d'un tel 
banc de mesure necessite de reduire au minimum l'effet 
de nombreuses perturbations, ce qui impose : 

- la reduction de la nlicrophonie par des clblages en 
semi rigide et des conrlecteurs de type SMA, associes a 
une electronique tres compacte 

- la conception d'un ensemble electronique conforme 
aux regles de la compatibilitk eleetromagnBtique 
(E.M.C.) : boitiers etanches aux signaux R.F., filtrcs 
d'alimentation bien adaptes, suppression des signaux 
"hors bande" sur les elements actifs, equipotentialite 
opt imwn de 1 'ensemble du montage. . . 

- l'ntilisatio~i evelltuelle d'autres melangeurs mieux 
adaptes i des freqtlences elevees et la deter~njnation 
des conditions opti~nales de charge des melangeurs 

- l'utilisation d'un termostat de gain convenable 
(10 1 100 ? )  pour stabiliser en temperature l'oscil- 
lation decale et l'electronique de traitement des si- 
gnaux de batteme~it 

- l'asservissement de l'oscillateur decale sur l'une 
des horloges testees, afin de maintenir co~~stante la 
periode de battement et de reduire l'effet du bruit de 
l'oscillateur decale - l'utilisation eventuelle d'une alimentation par 
(batteries + regulateurs) pour reduire le "50 Hz" resi- 
duel. 

Dans ces conditions les performances prdvisibles pour 
le plancher de mesure entre signaux 100 MHz se situent 
dans la bande hachuree representee sur la figure 7, 
c k s t  t dire sensiblement 4 B 8. sur T = 1 s, 
5. 10-17 i 1 ,  10'16 sur T = 10 S, 8. 10-la a 1.6 10-l7 
sur 1 = 100 s, quelques 10-18 sur ? a 1000 s et pro- 
bablement mieux au-deli d e ~ =  1000 s. 

CONCLUSION 

Le systhme de mesure B deux melangeurs permettra sans 
aucun doute, par ses performances elevees, la mesure 
de stabilites de frequence de l'ordre 5. sur 
1 s, 10-16 sur 10 s, quelques 10-18 sur 1000 s. La lirni- 
tation eventuelle risque dlt";tre lice aux amplificateurs 
de distribution, qui devrone conserver, 100 MHz, la 
densite spectrale S T  qu'ils sont capables de procurer 
1 5 MHz, en particulier pour le bruit "flicker de phase". 
Rien ne se~nble s'y opposer thdoriquement. Les futurs 
etalons de frciquence pourrorit donc itre evalues a 100 
MHz par les bancs de mesure B 2 melangeurs fonctionnant 
a temperature ambiante. 

On montre aisdment que l'utilisation d'une frequence 
de battement v plus faible ne modifie absolument pas 
la contribution du banc de mesure au plancher de stabi- 
lite, contrairement B ce qu'un raisonnement hit.if, mais 
errone, pourrait laisser croire. 
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A bstrnct 

The recent and rapid improvement of oscillator frequency 
noise or of passive system phase noise has led to more 
stringent requirements for phase and frequency measure- 
ment systems. The minimum detectable phase or frequency 
noise performance of a measurement system should be 
measured with precision. A reference signal must be used 
to drive the system under test, and the noise of this signal 
should be eliminated : this can be done using a perfectly 
balanced measurement system. In  fact, we observe a 
rejection of this noise which is often no more than 20 dB. 
This can set a limit to the measured performance of the 
measurement system. We have analyzed the rejection 
factor for different phase and frequenc measurement 
systems, both passive and active, in the ~ d l a n d  microwave 
domains. We show the influence of the unbalance and of 
the phase-frequency relationships for different subsysten~s, 
and especially for a phase shifter, which is a fundamental 
element in an active phase noise measurement system. 

Introduction 

The noise characteristics of an oscillator can be described, 
in the spectral domain, in terms of the phase or frequency 
noise spectra, l'he phase fluctuations of the oscillator must 
be detected and amplified before analysis. These operations 
are usually made using either a passive or active measu- 
rement system. 

The minimurn detectable phase noise performance of these 
measurement systems must be measured with precision. 
At the present time, a system noise floor a s  low as  -160 dB 
can be obtained. Performance is measured with a reference 
oscillator which drives the system under test. fp most of the 
papers published, we find this statement : taking into 
account the s mmetry of the system, the noise of the 
reference osc id tor  is eliminated" i l l .  

As a consequence, one could suppose tha t  any kind of 
oscillutor ciln be used as  a reference oscillator : this is not 
quite true. 'l'he rejection of the noise of tlle oscillator is, in 
fact, limited. 

Spme comments concerning this rejection problenl a r e  
glven. 

Measurement  technique 

A httse or frequency noise measuremenl system uses a 
re i rence  to detect the phase or frequency fluctuations of 
the oscillator under test. 

We will consider first a passive measurement system, that  
is, a system which uses a passive resonator a s  a reference, 
and then an active system with a n  oscillator as  a reference. 

I'assive system 
The resonator is a discriminator, having a phase-frequency 
relationship represented by KJ. We have then a classical 
phase detector of sensibility p, and an amplification of the 
detected signal with gain g(Fig. 1). 

fig. Id 

Phare 
Shbfter 

Fig. 1 : l a  - Passive measurement system 
l b  - Measurement of the rejection factor 

'I'he spectral density SV of the detected signal V(1) contains 
a cotnponent due to the noise in the system, that is Sy,.  

The phase fluctuations of the oscillator under test is related 
to Sy by the relation : 

The noise contribution SV,, to Sy gives the minimum 
detectable phase noise (Sb)lllil) of the measl~rement system 

The measurement of Sy,, uses a symmetrical system. It  j~ 
important to note that a phase shifter must be used jn this 
system Lo adjust in ~ h a s e  quadrature the two slgnals  
arriving a t  the phase etector. 
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If the hypothesis of complete rejection of the noise of the 
oscillator is not respected, a par t  of the noise volta e 
spectrum, ISv is due to the frequency fluctuations of tge 
reference osc i~~a tor ,  and this is interpreted as  a minimum 
detectable phase noise (S*,,,,,),, 

'I'his quantity is easily measured with o modulation 
applied to the reference oscillator (Pig. lb).'l'he modulation 
s ~ g n u l  can be either a sinusoidol si nal or white noise, i ts 
am litude being high enough that  t f e  ourput, noise voltage 
of tge system can be neglected. 

We can thus define and measure a rejection factor of the 
oscillator 

Active system 
A rejection factor can also be defined for a n  act ive 
measurement system. One uses two oscillators maintained 
in phase quadrature by a hase lock loop, and a phase 
detector qves, after ampli&ation, a detected signal SV 
which istinearly proportional to the phase fluctuation of 
the oscillator under test (Fig. 2a) 

Sv s = -  * &,Yp2 

'Phis relation is  correct for frequencies outs ide t h e  
bandwidth of the phase lock loop. Inside the bandwidth, the 
system is  sensitive to the frequenc fluctuations of the 
oscilhtor, but a correction can be apP%ed to the signal with 
a pseudo integrator. We then obtain the same relation us 
before. 

Oxtllator 
under test 

t Phase lock loop , 

f1g. 2a 

Phase 
Shiher 

Fig. 2 
2a : Active measurement system 

2b : Measurement of the rejectlon factor 

V = V m t V n  
Svm >Svn 

The minimum detectable phase noise spectrum S+l,l, is 
related to the output noise voltage spectrum ; and the 
contribution of the noise of the oscillator, when not 
complelely rejected, is again described by a rejection factor 
R, which IS now given by the formula (Fig. 2b) 

llejeclion factor  mcasurenrent 

'l'he origin of the finite rdection factor may be the phase 
shifter which must be introduced in one of the two arms of 
the measurement system to obtain the phase-quadrature. 
A phase shift is always more or less frequency sensitive, 
and we introduce a coefficient a to caracterize the phase- 
frequency relationship of the phase shifter. 

We can easily relate Ru and R ,  to u 

The a factor is  easily determined for different phase 
shifters. If we measure the phase variation around 90" due 
to fre uenc variations, we obtain an u of the order of 
to l o 8 r a d d z  a t  a frequency of 70 MHz and far less (10") 
in the microwave domain (Fig. 3). 

Fig. 3 : a factor measurement 

As a consequence, the rejection factor of the reference 
oscillator for a passive measurement system is of the order 
of 30 to 40 dB. It  can reach 180 dB for an active system a t  
1 Hz from the carrier, decreasing to 60 dB a t  a Fourier 
frequency of 1 MHz. 

In the microwave domain, an active phase noise n~easu-  
rement system may use a preliminary mixing of the  
oscillator under test with a reference oscillator, and the 
phase detection is performed in the R.F. domain (Pig. 4). In 
this case, the minimum detectable phase noise is measured 
with a symmetrical system : two identical microwave 
mixers and preamplifiers are used. The transfer functions 
of the reamplifiers are, however, usually different. In this 
case tRe rejection of the oscillator can be enhanced by 
adjusting the I.P. frequency. A rejection of 170 dB has been 
obtained a t  1 Hz of the carrier. However, the minimurn 
detectable phase noise of the measurement system must be 
measured with a Gunn oscillator whose noise spectrum has 
been reduced through a phase locking to a high Q cavity 
(Fig. 5). 



M~crowawe phase nolsc mersursmenl system 
wth I F lrequency 

? 
I 
I 
I 
I 
J 

Fig. 4 : Microwave hase noise measurement with I% frequency 

a) Phase natse spectrum of a free Gunn 0%1llator(246 GHz) 
b) Cavtty phase lockec Gunn 05cillator 

$1 relrcled phase notw of the ow~llatorr 

CI Mtnlmum detectable phase nolse of the meaturement system, 
measured w ~ t h  b 

fag 5 

Fig. 5 : Microwave measurement. Rejection of the oscillator 

Itejection problem in rcsonaior  noise moasurcmcnt  

'I'here is  also a problem of oscillator noise rejection when 
one measures the frequency fluctuations of a passive device 
such a s  a resonator. A symmetrical system is required, and 
the symmetr of the resonators, with regard to their Q- 
factors and t l e  resonance frequencies, has to be carefully 
adjusted (Fig. 6a). 

If 1(,j is the common phase-frequency factor of the two 
resonators, we obtain the frequency spectrum of the  
resonator 

where g, p carackrise the phase detection, and SAV is the 
output voltage spectrum. 

One part of the o~rtput  spectrum, that is (SAV),, is due to the 
frequency noise (SA~),, of the reference oscillator. This can 
be ntLribuLcd to n d i l f e r c n c e  A K j  b e t w e e n  t h e  
characteristics K,! of the two resonators 

Here, (SAV)(, is interpreted a s  a frequency noise of the 
resonator 

The rejection factor of the oscillator R, can be again defined 
ns the ratio of (SA~.),,,~,, l (SAP),, 

A rejection of 33 dl3 has been obtained for a measurement 
of the noise of dielectric resonators [2j. 

'I'he spectral purity of a 9 GNz dielectric cavity oscillator 
has been tested with an active measurement system and 
this oscillator has been hase-locked Lo a n  harmonic of a 
I CHI quartz uscillutor b], providing a low noise micro- 
wave reference signal for measurement of the noise of 
dielectric resonators. I t  can be shown (Fig. 6b) that  the 
rejection factor R ,  is too low to permit the use of itn 
unstabilized dielectric cavity oscillirtor a s  a reference For 
the measureri~ent of the resonator noise. 

Phase hlUer 

fig. 6b 

Fie. 6 
6a : Resonator noisekeaaurement system 

6b: Noise measurement of resonators and rejection problem 



Conclusion 

The measurement of the minimum detectable phase or 
frequency noise performances of a phase noise measu- 
rement system has been analyzed. The frequency noise of 
the reference oscillator used, must be re'ected. A rejection 
Factor has been defined and measured. ~ k i s  rejection factor 
can be a s  high a s  150 dB, especially when one measures the 
minimum detectable phase noise of a n  active measurement 
system in the vicinity of the carrier. 

Nevertheless, some care must be taken in the choice of the 
reference oscillator when one workti in the R.F. domain, 
and when a passive reference system is used. 

The rejection of am litude modulation is  a roblem which 
has not been consiiered here. But, enera!y, the am li 
tude noise of a high quality osciylator is  negligi!l; 
compared b the frequency noise. 
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Coherent frequency synthesis up to 3.7 THz 
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We report the absolute frequency measurement of 
the 81.5 pm rotational transition and of the 263.4 pm 
j$version transition in the v2 vibrational state of 
NH3. 

14 
The 81.5 pm emission line of the NH laser is 

useful in frequency measurements up to th3e infrared 
because its 8th harmonic is in good coincidence with 
the CO laser line lOR(30) which is useful for the 

2 
connection with P(7) CH transition: a simple fie- 

4 
quency synthesis chain results in this case, being 
possible to reach directly the above NH line with a 
Schottky diode harmonic mixer driven %y a 70 Gllz 
klystron. 

The klystron is phase-locked, through a very low 
phase-noise frequency multiplication chain, to a high 
spectral purity quartz oscillator h ving a one-sided 

-18 2 
phase spectral density S+ = 2x10 rad /Hz in its 
white part. 

The beat note between the laser line and the cor- 
responding harmonic of the klystron is observed on 
the spectrum analyzer: the spectrum turns out to be 
suitable for frequency measurements with resolut.ion 
higher than the reproducibility of the laser itself. 

The values of the signal-to-thermal noise and of 
the signal-to-phase noise ratios are in good agree- 
ment with other measurements and are the first data 
concerning a phase-coherent frequency synthesis from 
a 5 Mtiz quartz oscillator to the terahertz region. 

Both signal-to-noise ratios may be further in- 
creased in order to allow precise frequency counting 
as required in the multiplication chains connecting 
microwaves with the infrared. 

Work in the field of phase-coherent frequency syn- 
thesis is in progress, with the aim of realizing a 
phase-coherent link between the available frequency 
standards and the optical lasers. 

Direct frequency measurements up to the infrared 
appear to be possible since synthesis chains have 
been realized, which allow to maintain the phase co- 
herence of the signal up to 30 TtIz [ I ] .  

A new step has recently been done in this direc- 
tion, with the absolute frequency measurement of the 
81.5 pm emission line of the ammonia FIR laser (at 
3.7 THz) [2] which yields the first data of phase-co- 
herent frequency synthesis from 5 MHz to the tera- 
hertz region. 

The above line is directly reached by the Slst 
harmonic of a 70 GHz klystron, produced by a Schottky 
diode harmonic mixer. 

Furthermore, the ammonia FIR laser tuned on this 

line can be used as an intermediate transfer oscilla- 
tor in a rather simple chain reaching the P(7) CH 

4 line at 88 THz. 

2.- MULTIPLICATION CHAIN 

In order to discuss the RF spectrum of the syn- 
thesized signal at 3.7 THz it is useful to remind 
some basic concepts arid formulas concerning the phase 
noise multiplication and the design criteria for the 
realization of a real FIR synthesizer. 

The signal-to-phase noise ratio of a mult~plier 
output is known to decrease according to the formula 

C11 : 

where: 

n = multiplication order; 

Bw r filter bandwidth of the spectrum analyzer; 
sW(u ) = white phase part of the phase noise spectral 
0 0 

density of the quartz oscillator; 
u = high frequency roll-off exponent of S (f,v) + 
and : 

corresponds to the total phase noise power in the 
pedestal. 

The collapse frequency for which the normalized 
carrier power is reduced to e is given by: 

coll = [-a. B . sW(u -8. v 

4 0 3 O 
(3) 

where B is the high frequency cut-off of S (f,v), 
that is the noise bandwidth of the chain. + 

B has to b much smaller than B. 
cof 1 

FZr v > v the carrier collapses and the noise 
pedestal width increases as: 

From these formulas strict conditions follow on 
the starting oscillator and on the n;L?? bandwidth B 
in order to have a high value of v and a good 
spectral purity multiplier output signal. 

Fo a qu rtz crystal oscillator at 5 MHz with S; = 1 
2x10-" rad /Hz and a chain noise bandwidth of 20 kHz 
i t  is in principle possible to reach a collapse fre- 
quency vC = 33 TI~Z [I] . 

The plot of (S/N)$ versus synthesized frequency in 



this case is shown in Fig. 1: the experimental points 
up to 10 CHz correspond to previous measurements in 
different points of the multiplication chain [I]. 

The synthesizer section from X-band to the FIR is 
shown in Fig. 2: a harmonic mixer M produces the 
beat note between the signal of an 4-band kZystron 
and the n-th harmonic of the X-band signal. This beat 
note 1s then used to phase lock the klystron whlch in 
turn is also the local oscillator for the harmonic 
rnlxer M to obtain a beat with the I;IR signal from 

2 
Lhe laser. 

3.- MEASUREMENT OF AMMONIA 81.5 pm AND 263.4 )rm LINES 

The 81.5 urn (rotational transitlon) and the 
2633.4 pm lnverslon transition of NII [3] (Flg. 3), 

3 
have been measured by means of heterodyne technique. 

The radiation is em~tted by a NH optically pumped 
3 

FIR laser with dielectric waveguide resonator [2] 
glvlng 20 niW at 81.5 pm and 1 mW at 263.4 pm on 3 W 
from the pump laser. 

A p-slze Schottky barrier po~nt contact diode 1s 
used as detector and mixer, havingl$.2 F capaci- -5 
tance, ' 15 8 resistance and 1.5~10 cm epilayer 
dop 1 ng . 

The junctlon 1s coupled to the laser f~eld by a 
tungsten whlsker placed In the focal spot of an f/5 
TPX lens at the optimum antenna angle. 

S~mllarly, the radlatlon of a 70 Giiz klystron, 
representing the local oscillator, is dlrectly Ir- 
radiated from the open end of a waveguide close to 
the antenna. 

The klystron 1s phase-locked to a 72 CHz slgnal 
synthesized from the chain described above. 

The beat slpnal generated by the Schottky diode 1s 
ampllfled and observed at the spectrum analyzer (F1g. 
4): the harmonlc mlxing number 1s 51 for the 81.5 pm 
llne [4] and 16 for the 263.4 pm llne. 

The frequency values obta~ned are respectively 

u = 113R211.0 + 0.5 MHz and v = 3679502.4 + 0.5 Mliz 
1 2 

where the conservative uncertainty of 0.5 MHz takes 
~ n t o  account the observed reproducibility of the FIR 
laser output, which is about 2 0.1 MHz. 

The frequency of the 81.5pm line differs from the 
value previously reported in the literature [ 5 }  by 
about 1 Gliz. 

4.- RIE SPECTRUM OBSERVED AT 3.7 THZ 

The RF spectrum of a randomly phase modulated car- 
rier at frequency v can be approximately described 
by: 

For a beat note between two oscillators 1 and 2 
one has [el, [I] : 

-(@P1+0p2) 
beat 
SRF (ubeat,f )=e (a(f)+s, I (f)+s9 2 (f)] (6) 

Assumlng that both S+ and 9 for the FIR laser are 

much smaller than for the multfplied signal, the ana- 
lyzed beat note can be considered reproducing the 
spectrum of the synthesized signal, at least in the 
whlte phase-noise region. 

The data obtained for the carrier to noise pedes- 
tal ratio and for the pedestal width can then be com- 
pared to the predicted theoret~cal limits for the RF 
spectrum of a synthesized signal [I] reported in Sec- 

tion I1 (Fig. 1). 
Fig. 4 shows the beat note between the 81.5 

laser line and the 51st harmonic of the klystron as 
observed at the spectrum analyzer with 10 kHz obser- 
vation bandwidth. Due to the laser fast linewidth of 
about 20 kliz the observed signal is reduced by at 
least 3 tlB by the spectrum analyzer bandwidth: this 
fact is taken into account In Table I. 

The values found for (S/N)+ are  compared to the 
theoretical prediction ( 1 )  in Fig. I for both Nii 
lines. 3 

The loss of 7t10 dU in the (S/N)* value with re- 
spect to the theoretical predicted value may be due 
to a not controlled noise source in the klystron 
phase-lock loop as well as the unexpected noise ped- 
estal width of 400 kHz. 

On the other hand the values of the signal-to- 
noise floor (S/N) (normalized to 10 rnW fir power and 
100 kHz B ) fit well the previous experimental re- 
sults repzrted in [7] (Fig. 5). 

Both S/N ratios may be further increased in order 
to allow precise frequency counting. 

Table I 

5.- FREQUENCY SYNTHESIS TO HIGHER FREQUENCIES 

The 3.7 THz em~sslon llne of the FIR laser 
is lnterestlng In designing a frequent; synthesls 
chain project because ~ t s  eighth harmonlc from the 
measured value turns out to be in co~nc~dence, wlthln 
6 CHz, w ~ t h  the lOR(30) CO laser line. 

2 
The CO lOR(30) line In turn 1s useful for the 

2 
connection wlth the P(7) CH transitlon. 

4 
Thls fact, together with the poss~billty demon- 

strated above of reachlng directly the 3.7 THz llne 
from the klystron radiation by means of its 51st 
harmonic produced by a Schottky d~ode allows a very 
simple frequency synthesls cha~n, whose project IS 
shown In Fig. 6. 
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CAPTIONS TO FIGURES AM) TABLE 

Fig. 1: (S/N)+ in I tlz bandwidth as a function of the 
synthesized frequency v .  

Experimental points Q: Ref. [ I ] ,  this work. 

Pig. 2: 1Sxprrimentel sct-up iinc(1 for ll~e hetcrodync 
detection of the FIR radiation. 

Fig. 3: Relevant energy level pattern for the 81.5 pm 
and the 263.4 Irm ammonia lines. 

Fig. 4: lleat signal t)ctwecn Llic 51sL harinonic of tho 
72.155 GHz n~illimeter wave anti the 81.5 pm 
NH line. 

3 .  Vertical scale: 2 dB/div; 
Horizontal scale: 100 kHz/div; 
IF-filter width: 10 kHz; 
video filter: 10 Hz. 

Fig. 5: S/N ratio verslls froqtrency ant1 Iinrmonjr: 
nt~rnbers . 
B = l O O k H z , W  = 1 0 m W .  

FIR 
~lperimental polnts 9: Ref. [7], this work. 

Fig. 6: Frequency synthesis chain employ ine ttic 
81.5 pm NH3 line. 

Table I: Harmonic mixing number, signal-to-thcrmal 
noise and signal-Lo-phase r~oiuc I . ; I ! . ~ I I : ;  ;il,ti 

measured frequencies v of Llrr NII lusel. 
0 3 

263.4 lm and 81.5 um lines. 
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THE MANIPULATION OF ATOMIC BEAMS BY LASER LIGHT PRESSURE 

nccring tlra l a s t  few y e a r s  t h e r e  ware  s e v e r a l  
m a j o r  e x l ~ e r i m t + r ~ t i l l  d e v r ~ l o p i n e n t s i  whi.(:h p r o -  
l)dbl.y wi l  i i n f  i 1.1ence t h e  f ~ ! ' ~ t r e  d e s i g r i  o f  
new o r  i rnproverj f r e q u e n c y  s t  anclarl?s.  An~ong 
t h e s e  I a a a r  c o o l i r ~ g  of  i o n s  o r  n e l i t r a l  atonis 
haranre nrost. p r o n i i n a n t .  Tn t h i s  p a p e r  we w i l l  
d i s c u s s  t h e  t e c h n i q u e s  f o r  i a s e c  c o o l i n g  and  
n~ani l>i l l i t  t  i or1 n f  n r r , t r a l  a tonis  (at:oms beams)  
arid t h e  r a s r ~ l  t . jny h a n e f i . t  f o r  a t o m i c  bearn 
f r e q u e n c y  s t n n c i a r d s .  

1. I n t r o d u c t i o n  

n u r i n g  t h e  l a s t  few y e n r s  t h t ? r r  ware  th rew 
rlrajor. axpt i r i rnant :a l  d e v e 1 o ~ ~ r 1 i e 1 ~ t . s  whi c:h c c ) r ~ i ~ l  
i n f1 .uence  t.hi! f u t u r e  d e s i g n  rrf novel  dnrl/or. 
improved fr:!~l~-lsncy s t a n d a r d s :  1) t r a p p i n g  o f  
l a s e r  c o o l e d  i o n s  [ i ] ,  2 )  f r e g i l e n c y  s t a b i -  
1  i t y  and a c c i i r a c y  o f  l a s e r s  [2], ancl 3 )  
I  a s r r  c o o l i n g  an6  m a n i p u l a t i o r ~  o f  n e u t r a l  
4 t.oms . 
Tn t h i s  p a p e r  we w i l l  f o c u s  on t h e  t e c h -  
n iq r l e s  o f  l a s e r  p r r p a r a t : i o r ,  of  a t o m i c  b e r r ~ ~ ~ s  
and  i t s  p o s s i  h i l i  t i e s  f o r  t h e  development '  o f  
f u t u r e  f r e q u a n c y  s t a n d a r d s .  The l a s e r  p r e p a -  
r a t ;  on may i n f l ~ l e n c e  t h e  atorii ic i n n e r  f i e -  
g r e e s  o f  f r eedom i31 a s  w e l l  a s  t.he p h a s e  
s p a c e  Aer l s i ty  of  a t o m i c  beanis and pa r t . i c l i -  
I a r l y  i t s  mean v e i o c i  t y .  The main b e n e f i t s  
w i l l  b e  a s t . r o n g l y  enhanced  s i g n a l - t o - n o i s e  
r a t i o ,  a much h i g h e r  Q-va lue  f o r  t h e  f r a -  
qirency d i s c r i m i  t ?a t ' i i~g  t r a n s i t i o n ,  t h e  
c r u c i a l  r e d u c t i o n  o f  t h e  q u a d r a t i c  D o p p l e r  
a f f e c t . ,  arid a  d e c r e a s e d  inf1i:eor:r  of t h e  1 s t  
o r d e r  i l o p p l e r  e f f e c t  (bec (~ l i : i ng  a v i d e r ~ t  e .g. 
ils p h a s e  s h i f t s  i n  a t o m i c  heam s t n l ~ r l a r ~ i ) .  

2 .  C o o l i n g  of Atomic  Beams 

The h i g h  s p e c t r a l  d e n s i t y  o f  r e s o n a n t  l a s e r  
l i g h t .  c r e a t . e s  l . i g h t  f o r c e s  s i l t €  i c i . e n t  t.o 
m a n i p u l a t e  t.he v e l o c i  t y  a n d  p o s i t i o n  o f  f r e e  
a tonis  o v e r  l a r g e  r a n g e s  [ 4 ] .  T h e s e  f o r c e s  
niay a l s o  dan!? t h e  r e l a t i v e  m o t i o n  betweeri  
f r e e  a t o m s ,  c o o l i n g  them down inl.0 t.he ) ~ k -  
r e g i o n  and below i51. I n  arirlf t i .on i t  is 
p o s s i b l e  - t o  t r a p  f r e e  a toms  a t  o n e  p o s i t i o n  
o f  s p a c e  Ly r a d i a t i o n  p r e s s u r e  or i ly  o r  w i t h  
t h s  a i d  of m a g n e t i c  f i e l d s .  
Depend ing  on t h e  e x p e r i m e n t a l  s i  t u a t i o n  orie 
111ay s r l a r - t  o r  e n h a n c e  o n e  of  f o \ l r  main  con-  
t r i b u t i o n s  t o  t h e  1 , j g h t  f o r c e :  s c a t t e r i n g  
f o r c e ,  s:>ontanaorls f o r c e ,  d i p o l e  f o r c e  i n  a 
r u n n i n g  wave ( g r a d i e n t  f o r c e ) ,  and f o r c e s  
p r o d u c e d  i n  s u p e r i m p o s e d  l a s e r  f i e l d s  ( e . ~ . ,  
s t a n d i n g  w a v e s ) ,  t h e  i n t e n s i t y  a n d / o r  
p o l a r i s a t i o n  o f  wh ich  i s  s t r o n g l y  p o s i t i o n  
d e p e n d e n t  161. I n  t h i s  p a p e r  we w i l l  r e -  
s t r i c t  t .hr  d i s c i r s s i o n  m a i n l y  ori t h e  a p p l i c a -  
t i o n  o f  t h e  s c a t t e r i n g  f o r c e ;  i t  s h o u l d  be 
ment ione t i ,  however ,  t h a t  t.he o t h e r  l i g h t  
p r e s s u r e  f o r c e s  o r  t h e i r  c o n l b i n a t i o ? ~  nray 
improve : a s e r  c o o l i n g  and  m a n i p u l a t i o n  con-  

s i d e r a b l  y  [7] . 
When t:he l a s e r  i s  1:ttrled i n t o  r e s o n a n c e  w i t h  
a n  a t o m i c  t r a n s i t i o n ,  t h e  atonis a b s o r b  
r)hot;ons anti reeni i  t s p o n t a n e o u s l y  ~ ~ l r o t o n s .  
T h e s e  p roces ' s c s  a r e  a c c o n ~ p a n i e d  t)y t \ : ~ e  
t r a n s f e r  o f  ptlot on c?nergy f~wl  ( w ~  : f r e q u e n -  
cy  o f  t:he l a s e r  p h o t o n s  i n  t h e  l a b o r a t o r y  
f r a m e )  and  fluu ( ( . I ~  : F r e q ~ ~ e n c y  of  t h e  s p o n -  
t a n e o i ~ s l y  a n i ; t t e ?  p h o t o n  i n  t h e  nioving 
a to rn ic  f r a m e )  iis %?t;11,-9s by  t h e  t r a n s f e r  o f  
p h o t o n  n~onierlt~~nl f)kl ik! : -y i rvavactor  of  t h e  
l a r ; e r  pho t .ons )  itrid flri ( k ;  witvt!v+ctor of 
t h e  s p o n t a n e c i ~ : ~ ;  y  rmi t t e d  p h o t o n s )  . 
nt+car~st t  of  t h a  random cii r e c t : i o ~ ~  o f  e n r i  ssi t j r ~  

t ;'~e nlon~anturll r e c o i  l by t h e  spor i t  a n e o i ~ s l  y 
r i~ri  t t  r d  p h o t o n s  a v e r a g e s  t o  z e r o  w h e r e a s  t 11,. 
~ t c ~ n i i  I: lnn~nen t i ~ m  ch i l r~gc  by t h e  a b s o ~ ' p t - i o r ~  o f  
p h o t o n s  a d d s  tip c o n s t r u c t i v e l y  t o  n . f , k l  ( n  = 
i i~~rnba r  o f  n b s o r ' i ~ t i o n - e m i s s i o l l  c y c l e s )  . Tlrti 
r e s u l  t i n g  me*n v r l o c i  t y  c h a n g e  r e a d s  n .  6x7 / M  
(M = at:ornic m a s s ) .  T h j s  c o r r e s p o n d s  t o  t h e  
s c a t  t a r ?  ng for.<:(:' 7.7,. (a t :o i i~ic  nionient tan1 c*~tdiige 
:I-r t.jrfiv?): 

-, - > 0 k I s 
f b C  = -- i i  1 

T 1 + 2 s  

.r d e n o t e s  t h e  n a t u r a l  l i f e t i m e  of  t h e  ex -  
c ' i . ted a t o m i c  s t a t e  and s d e n o t e s  t h e  s a t u r a -  
t i . o n  o f  t h e  t r d n s i t i o n .  
The s a t ~ i r a t  i o n  >; i . s  a  f u n c t i o n  o f  t:he 
s a t u r a t i o n  in t t r s l s i  t  y ,  t h e  d e t r ~ n i n g  be tween  
t h e  D o p p l e r  s h i f t e d  a b s o r p t i o n  f  r e q u a q c y  o f  
t h e  at()::\ ~ n d  t h e  l a s e r  f r e q u e n c y ,  t h e  
i  a s e r  h s a n ~  i n t . e n s i  t y  and  i r i t e n s i l  y  d:i s t r i b l l -  
t i o n ,  and c + x p l i c i . t e l y  a f u n c t j o n  of t i m e ,  i f  
t h e  l a s e r  f r e q u e n c y  i s  t i m e  d e p e n d e n t .  
The e x p r e s s i o n  r ( l + 2 s )  /s i n  e q u .  ( 1  ) g i v e s  
t h e  c y c l e  t i m e .  
The s c a t t e r i n g  f o r c e  s a t u r a t e s  w i t h  i n -  
c r e a s i n g  sa t . t l i . i l t j  on o f  t h e  t , r a n s i  t i o n  t o  i t : s  
ninxincrlm va11.ia 

-A 

-5 f>k 1 

f : = - (2) 
2 ,r 

D i v i d i n g  t h e  f o r c e s  g i v e n  i n  e q u .  ( 1 )  and  
cclu. (2) by M g j  vem t h e  c o r r e s p o n d i n g  a c c e l r -  
r a t i o n s  o r  d e c e l e r a t i o n s .  
The m a g n i t u d e  o f  t h e  s c a t t e r i n g  f o r c e  d e -  
p e n d s  s t r o n g 1  y  on  t h e  r e s o n a n c e  c o n d l  t ~ o o  
( o t h r r w i s L -  t h e  c y c l  u t i n ~ r  t)econit?s t o  l o n g )  . 
T h i s  c a u s e s  two p r o b l e m s :  
1.  A s  thi! d t  oms r h a n g n  t h e ~ r  v e l o c i t y  

u n d e r  t h e  i nf l ~ i r n c e  o f  t h e  s c a t t e r i n g  
f o r c e ,  t h e  c*l>dncj?ng Dopp le r  s h l f  t movrs  
them o u t  of  r e s o n a n c e .  

2 .  Tf t h e  e x c i t e t 3  s t a t e  d r ~ c a y s  t o  a  non 
r e s o n a n t  i e v e i ,  g  a n o t h e r  f i n e  
s t r u c t r u e  o r  hyp~!rf i r i t ,  s t r i l c . l i i r e  ? e v e 1  
t h a n  t h e  i n i t i a l  o n e ,  t h e  s c a t t e r i n g  
f o r c e  w i l l  t ~ s u a l  ly v a n i s h .  

D u r i n g  t h e  r e c e n t  p a s t  s e v e r a l  e x p e r i m e n t a i  
sol11t i o n s  t o  t h e s e  two b a s i c  p r o b l e m s  were  
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discussed 181 and have been realized [9,10], 
mainly by laser cooling of sodium. 
Whereas optical pumping (2.) is a basic 
problem when using radiation pressure for 
cooling or manipulation of free atoms the 
influence of the changing Doppler shift (1.) 
depends on the experimental sitllation and is 
most severe in the case of deceleration or 
acceleration of atomic beams (s.below). 
The basic scheme of atomic beam cooling con- 
sists of an atomic beam and a counter-propa- 
gating laser beam. When t.he atoms are de- 
celerated by the successive absorptions of 
photon mon~entllln from the counVerpropagat ing 
laser beam, their Doppler shift changes very 
fast and thus the at.oms run out of resonance 
after the accumulated shift of a few homo- 
geneous line widths. On the other hand the 
stopping process needs very many photons 
(e.g. -20.000, if sodium atoms shall be 
stopped from an initial velocity of about 
600 m/s, using the Na-D-line) and thus opti- 
cal pumping has to be totally avoided or 
counteracted. 

In the first successful cooling experiments, 
which produced really a slow atomic sodium 
beam 191, a longitudinal magnetic field with 
a decreasing field strength along the beam 
axis solved both problems. The absorption 
frequency of atoms entering this magnetic 
field is Zeeman tuned to higher frequencies 
compensating the red shift of the atoms 
counterpropagating to the laser beam. If the 
magnetic field strength changes along the 
beam axis in the same manner as the Doppler 
shift does by the deceleration, the atoais 
will stay in resonance. 
Assuming a constant deceleration a" within 
the magnet the velocity v(z) will chdnge 
(starting with ve at z=0) like: 

The corresponding change of the magnetic 
field strength B ( z )  to compensate the z- 
dependent Doppler shift by the changing 
Zeeman shift reads then (for details see, 
e.g. [9]): 

B(z) = B.(1-2asz/vo2) + B b  

B b  : bias field ( 4 )  

The difference between the magnetic field 
strength at both ends of the solenoid de- 
fines the magnitude of the velocity inter- 
val, which will be slowed down and the laser 
detuning defines the final velocity of the 
decelerated atoms. All atoms outside this 
velocity interval will not be affected. As 
each location z within the field corre- 
sponds, as given in equ. ( 3 1 ,  to a resonant 
velocity, every atom within the affected 
velocity interval will find its resonant 
~ o i n t  z and stay in resonance till the exit 
of the field. All atoms of the decelerated 
interval will thus have nearly the same 
velocity at the exit of the magnet. 
Therefore the resulting velocity distribu- 
tion is highly compressed (cooled) to some 
m/s (mK). The final average velocity may be 
chosen over a broad range including zero. 
The magnetic field in combination with the 
circular polarisation of the cooling beam 
avoids optical pumping too. The bias field 
(s.equ.(4) ) helps to prevent optical pum- 
ping [ g l .  
In successful experiments using this tech- 
nique for deceleration the velocity distri- 
bution of a thermal atomic sodium beam could 
be compressed to an interval of alOm/s cor- 
responding to a temperature below 100 mK [9] 
with a final mean velocity ranging from a 

few hundred m/s down to velocity reversal. 
The saturation dependent deceleration a(s) 
reads (s=cons t . ) 

The correponding stopping distance zs (s) 
reads 

with ao=-vl. /I' . The stopping timr ts (s) 
reads 

The random nat tire of the numerous sponta- 
neous processes necessary for deceleration 
will heat the beam. This affects especially 
the transverse velocity, as the longitudinal 
velocity is controlled by the velocity de- 
pendent scattering force 1111. 
The resultir~g transverse heating reads [ $ I  

with n for the number of resonance cycles. 
The final longitudinal velocity width Avr 
reads 1111 

The second general cooling scheme uses fast 
frequency modulation techniques to conipen- 
sate optical pumping and to keep the reso- 
nance condition (without magnetic fields) 
1101. 
In alkali spectra (e.g. Na) the transition 
'Si 1 2  (F=2) * 2P3 / a (F=3) does not provide a 
completely ideal two-level system in zero 
magnetic field; because of the relatively 
small hyperfine splitting of the upper level 
and the limited perfection of the circular 
polarization of the laser light, the atoms 
can also make the transition ~ S I  / 2 (F=2) a 
' P ? / z  (F=2) and the upper level can decay to 
the level SI a (F=l.) which is out of reso- 
nance. To compensate for this optical 
pumping a second frequency in the cooling 
laser beam inducing the transition 2St/z- 
(F=l) * 'P3/2 (F=2) can repump the atoms into 
the level 'SI a (Fs2) via the t.ransition 
ZPs/z (F=2) * 1 2  (F=2). 
This second frequency can be provided as one 
of two sidebands of a frequency-modulated 
laser beam; in the case of the sodium Dz 
line the difference frequency would be 1712 
MHz. For this purpose the laser beam is, for 
example, sent through an electro-optic phase 
modulator [lo] that is driven at half the 
desired difference frequency. In case of a 
sufficient modulation index about 35% of the 
incoming intensity can be transferred to the 
first-order sidebands. 
The problem of maintaining the resonance 
condition for the decelerating atoms is 
solved in this scheme by a fast tuning of 
the laser frequency synchronously with the 
rapidly changing Doppler shift. This again 
can be achieved by electro-optic modulation 
techniques, if the laser beam with the two 
frequencies is sent through a second elec- 
tro-optic niodulator, the driving frequency 
of which is chirped in the right way - in 
the sodiuln experiment, for example, from 5 
MHz to 1000 MHz within about 1.5 ms. This 
will produce a pair of sidebands which stays 
in resonance with the decelerating stoms in 
both hyperfine sublevels of the ground 
stat.e, if the carrier frequency is chosen 
correctly 1101. 
In the scan method the deceleration a has to 



match the scan speed VL of the laser fre- 
quency; assuming constant deceleration the 
scan speed is almost constant, 

and the frequency varies linearly in time, 
starting periodically red shifted at the 
laser frequency vs : 

This frequency Us is in resonance with fast 
atoms vs at the beginning of each cooling 
cycle. While the sideband is swept over a 
frequency interval AVL these fast atoms stay 
in resonance and slower atoms will get into 
resonance. Thus at the end of each cooling 
cycle the corresponding velocity interval Av 
= Avr/h is compressed into a narrow velocity 
distribution (s. below) at the final velo- 
city V, -Av. 
In our Na-experiments the scan interval was 
limited by our microwave equipment to nlGHz 
corresponding to a velocity interval of a600 
m/s. After each cooling scan, which takes 
about 1 ms, the swept sideband moves very 
fast within s200 ps back into the starting 
position beginning the next cooling cycle. 

During this time fresh incoming, uncooled 
atoms fly only 21 m before they get into 
resonance in the next cooling cycle. ~ h u s  
all atoms slower than the starting velocity 
vl and within Av may be cooled. 
In the first experiments with this second 
scherr~e [lo] the resulting temperature within 
the cooled ~tomjc beam was below 50mK with a 
density of lob atoms per cm" As the slow 
atoms move only a short distance durirlg the 
cooling cycles, the resulting pile-up of 
slow atoms forms a nearly constant flow of 
cold aton~s as in the previous scheme. Fig.1 
shows a typical experimental result. 

3. Larer Manipulation of Atomic Beams 

The total atomic beam is not yet mono- 
energetic, because it still contains the un- 
affected high velocity wing of the Maxwell- 
Bo'tzmann distribution and it is superim- 
posed by the strong cooling laser light. 
Furthermore the t.ransverse beam temperature 
of the laser cooled atoms is enlarged by 
diffusion processes during deceleration. 
Therefore the separation of the laser cooled 
atoms from the residual atomic beam by an 
improved laser deflection technique provides 
the right tool to generate a really mnno- 
energetic, slow atomic beam undisturbed by 
strong laser light [12]. As a by-product it 
offers transverse cooling in the plane of 
deflection too. 

z 

atomic beam 

deflecting 
laser beam 

Fig.2: Laser deflection of a slow atomic 
beam 

Fig.2 shows the experimental scheme with the 
transverse deflecting laser field, formed by 
a cylindrical lense. If all experiment22 
parameters are chosen correctly, the k- 

'L , . i . ,  
vector of the deflecting laser field stays 

. ,1111 

I; 

perpendicularly to the atomic orbit of pro- 
pagation balancing the centrifugal force. 

jh* 
Therefore the angle of deflection a is given 
by the angle of divergence of the deflecting 
light field which may reach more than 4 0 °  

.. .----. with one lense. 
t 1000 V (m/r) The radially damped motion is balanced only 

for a limited initial velocity interval of 
the atomic beam; thus the laser decelerated, 

Fig.1 : Evolution of the velocity distribu- cold part of the atomic beam can be chosen 
t.ion during the frequency sweep for deflection selectively forming a well 

separated monoenergetic beam undisturbed by 



cooling laser light [12]. The chirp-method 
is particularly convenient for this type of 
experiment, as one can use a single dye 
laser for cooling 8911 deflecting, optimizing 
the laser frequency for the deflection pro- 
cess. As in the case of atomic beam cooling 
opt,ical pumping has to be avoided or has to 
be compensated for. 
In the first Na-experiment [I21 the deflec- 

ting laser beam was split off the cooling 
beam behind EOM-1, providing the necessary 
repumping sideband. Fig.3 shows the experi- 
mental results for the deflection of a laser 
cooled sodium beam with an angle of 30-3!jY 
[12]. It demonstrates the 100% efficiency of 
the deflection mechanism. 

cooling laser o f f  
1 1 ~ ~ 1 ~ ~ , " " ' " ' ~ l 1 ' " ~ 1 1 '  

1 0 200 400 600 BOO 1000 1200 
v. i7.1.11 

Fig.3: Cooled velocity distributions 
of the deflected and the undeflected beam 

For a further improvement of the beam quali- 
ty, a one-dimensional "optical molasses" 
[I31 (formed by two counterpropagating laser 
beams, tuned about half a linewidth below 
resonance) could be implemented, which 
collimates the transverse velocity com- 
ponents perpendicular to the plane of de- 
flection too. 
A more drastic increase in density can be 
expected from the application of a focussing 
scheme analog to the 3D trap scheme in [I41 
: A 2-dimensional optical molasses setup 
consisting of pairs of o * - o -  light beams 
within a superimposed transverse magnetic 
field from a linear quadrupole [IS]. This 

provides a restoring force to the beam axis. 
The refocusing and subsequent collimation 
should yield an atomic beam radius down to 
the pm region. 
Such a dense, monoenergetic atomic beam with 
a "quantum-limited" divergence (in the case 
of sodium typically a few mrad for vo=100 
m/s), enables a lot of proniisuing improve- 
ments for "conventional" atomic beam stan- 
dards as well as for new e.g. optical fre- 
quency standards. 

4. Discussion o f  some example8 

There are three main groups of elements 
which offer a level scheme suited for laser 
cooling and manipulation: alkalines, alka- 
line earths and noble gases (in their meta- 
stable states). 
Some candidate atoms for frequency standard 
research using laser cooling techniques are 
discussed e.g. in [I61 ; the improvement of 
future frequency standards by the methods 
presented here are discussed to some extent 
in C171. 
The most promising element is certainly 
hydrogen (or antihydrogen) with its lss2s 
two-photon transition. But this investiga- 
tion presupposes the solution of the severe 
technical problem generated by the wave- 
length of the lsa2p 121.5nm cooling tran- 
sition [IRI. 
Therefore we suppose that in the near future 
laser prepared beams of magnesium or calcium 
will be investigated in regard to their 
possibilities as microwave or optical fre- 
quency star~dards. In the following we will 
discuss magnesium for demonstration in more 
detail: 
M g  provides the So P O I  cooling transition 
at 285nm as a purr two level system: the 
285nm radiation Can be generated by frequen- 
cy doubling of 570nm dye laser radiation. 
Because of the "heavy" UV-photons and the 
short live time of the upper cooling level 
LP41 (=2ns) the deceleration distance for a 
velocity interval from e.g. 1200m/s to SOm/s 
is rather short, about 10-15cm, depending on 
the saturation chosen. This simplifies the 
experiment by the possibility to use a well 
tailored short solid magnet (s. eq.(4)) and 
circular polarized light for the down 
slowlng of the atomic beam [19]. The slow 
and cold part of the beam (e.g. 50m/s) will 
be separated (deflected) and collimated to 
the Doppler limit by a second 285nm laser 
beam to form a precision atomic beam (trans- 
versa velocity spread Qvr=lm/s and longitu- 
dinal Av~elm/s). With the aid of the inter- 
combination line ' SO a3P0 I (457 nm) this 
spreading may be reduced even below the 
recoil limit Qv=Vr z4cm/s [19,20] . 
Mg offers two interesting clock transtions 
[16]: the optical clock at the 457 nm inter- 
combination line and the microwave transi- 
tion 601 GHz between the metastable states 
3 P ~ a 3 P ~  [21]. Because of the long nat. life- 
time for 3 Pi (z4.6ms [22]) the width of the 
transitions is about 35Hz (FWHM) giving the 
very good Q-values of Q(457nm)=1013 and 
Q(601GH~)=101~. In case of a thermal Mg-beam 
(v=850m/s) the second order Dopplereffect 
(-vz) produces a relative shift buuo/v of 
a~~~/u=-4.10-1' and a relative broadening 
Aunu/~ of Quzo/u = 7.10-12. In case of the 
laser prepared beam these values are reduced 
to 6 u 2 ~  /~z-1.5.10-~ +5.10-1 and 
AUZ D /uslo- 1 "or v=50f lm/s 
( 8 u ~ o / u = - 1 . 4 ~ 1 0 - ~ ~ f 4 ~ 1 0 - ~ 7  for v=50msf0.04 
m/s) . 
To reduce the tlme of flight broadening it 
is necessary to apply separated fields 



(Ramsey-type measurements) interacting with 
the atomic beam (assuming two fields in the 
following for simplicity). In order to limit 
this broadening to the natural linewidth 
Aun (3P1 , the separation has to be larger 
than A1, Al=v/(2Au~). For a thermal beam 
this asks for the totally unrealistic value 
Is12 m. In case of the laser prepared beam 
(v=50m/s) a separation of 1=70 cm would he 
necessary. This is a realistic value for the 
m~crowave transition and within a factor of 
2-3 for the optical transition. ~ l s o  the 
magnetic field influence as well as other 
systematic effects (see e.g.[23]) may he 
reduced (controlled) below the 10-lfi level. 
Tunable laser sources with a spectral width 
of about 1 Hz (=10-)fi u) have been demon- 
strated recently [24]. 
The techniques of laser preparation, as de- 
scribed hare, will allow the "old dream" of 
a fountain clock [251: A slow and cold 
atomic beam may be bent optically as de- 
scribed above (or magnetically) into a ver- 
tical direction. If this beam has an average 
velocity of about 5 m/s, it will rise in the 
gravitational field 1.25 m and fall down 
again, reaching the "starting point" about 
1s later. When the interrogating field is 
located at this starting point, the atoms 
walk twice through the same field, forming a 
"fountain Ramsay-fringe geometry". This can- 
cels cavity phase-shift effects and in- 
creases the Q-value. 
A microwave cavity as well as a laser beam 
should be used for an optical "fountain 
Ramsey-fringe geometry", offering a Q-value 
of the order of 1015 for suited transitions. 

[I] D.J.Wineland, W.M.Itano, R.S.VanDyvk 
Jr.: Adv.At.MoL.Phys.l_S. 136 (1983) 

[2] Ch.Salomon, D.Hils, J.L.Hal1, JOSA B5 
1576 (1988) 

[3] G.Avila, V.Giordano, V.Candelier, E.de 
Clercq, G.Theobald, and P.Cbrez, Phys. 
Rev.Aj6 (1987) 3719 

[4] V.S.Letokhov and V.G.Minogin, 
Phys.Rep.73 (1981) 1 

[5] D.  inela el and, W. Itano, Phys.Rev. A20, 
1521 (1979) 

161 J.Dalihard et.al., 11th Conf.on Atomic 
Physics, Paris, July 1988, to be pub- 
lished (Wiley 1989) 

[7] D.E.Pritchard, E.L.Raab, V.Bagnato, 
C.E.Wieman and R.N.Watts, 
Phys.Rev.Lett. 57 (1986) 310 

[8] See, e . g .  Laser-Cooled and Trapped 
Atoms, Proc. of the Workshop on Spectr. 
Applications of Slow Atomic Beams, 
1983, ed. W.D.Phillips, Natl.Bur.Stand. 
(U.S.) Spec.Publ.653 

[9] J.V.Prodan, A.Migdal1, W.D.Phillips, 
I.So., H.Metcalf, J.Dalibard, Phys.Rev. 
Lett. 54 (1985) 992; 
A.Migdal1, J.V. Prodan, W.D.Phillips, 
T.H.Bergeman, H.J.Metcalf, 
Phys.Rev.Lett. 54 (1985) 2596 

[lo] W.Ertmer, R.Blatt, J.L.Hal1, M.Zhu, 
Phys.Rev.Lett.5Q, 996 (1985); 
S.Chu, L.Hollberg, J.E.Bjorkholm, 
#,.Cable, A.Ashkin, Phys.Rev.Lett.55 
(1985) 48 

[ll] H.Wallis and W.Ertmer, J.Phys.Ba1, 2999 
(1988) 

[I23 J.Nellessen, J.H.MCller, K.Sengstock, 
W.Ertmer, 1989, submitted to JOSA B 

[I31 see e.g. S.Chu et.al. in Laser Spectro- 
scopy VIII ed. W.Persson, S.Svanberg 

[I41 E.L.Raab et.al., Phys.Rev.Lett.59, 2631 
(1987) 

[I51 J.Nellessen, J.Werner, W.Ertmer, to be 
published 

1161 W.Ertmer, R.Blatt, J.L.Hal1, 
Prog.Quant..Electr.B, 249 (1984) 

[17] W.Ertmer, S.Penselin, Metrologia 32,195 
(1986) 

[I81 W.Ertmer, H.Wallis, Hyperfine Inter- 
actions 44,319 (1988) 

[I91 G.Hennig, n.Herrendorfer, P.Helds- 
dorfer, J.H.Muller, K.Sengstock, W.Ert- 
mer, to he published 

[20] H.Wallis and W.Ertmer, subn~. to JOSA B 
[211 E.Bava, A.Godone, G.Gi~~sfrrdi. C.Novrro 

IEEE J.Quantum Electronics QE-23,455 
(1987) 

[22] H.S.Kwong, P.Ir.Smith, W.H.Parkinson 
Phys.Rev.A25, 2629 (1982) 

[23] F.Strumia, Metrologia 8, 85 (1972) 
[21 ]  R.Kallenbach, C.Zimmermann, D.H.Mc- 

Intyre, T.W.Hansch, R.G.Devoe, Opt. 
Comm. 70,56 (1989) 

1251 J.R.Zacharias, Phys.Rev.24,751 (1954) 



SHORT-TERM STABILITY OF A COI.1MERCIAL OPTICALLY PUMPED CS TUBE 

P. Thomann - F. Hadorn 

OSCILLOQUARTZ SA - NEUCHATEL 

INTRODUCTION : --- 
T h i s  progress r e p o r t  on t h e  development o f  a co~nlnerc ia l  
- s i z e  o p t i c a l l y  pumped Cesium i s  d i v i d e d  i n  two p a r t s .  
I n  t h e  f i r s t  p a r t ,  devoted t o  o p t i c a l  pumping e f f i -  
c i e n c y  c a l c u l a t i o n s  u s i n g  r a t e  equat ions,  we show how 
the  r e s u l t s  f o r  p u ~ ~ t p i n g  w i t h  a - p o l a r i s e d  l i q h t  can be 
d e r i v e d  f rom t h e  more s t r a i g h t f o r w a r d  r e s u l t s  f o r  q- - 
p o l a r i s e d  l i g h t  through s imp le  synulletry cons idera t ions .  
These c o n s i d e r a t i o n s  a r e  r e l e v a n t  t o  t h e  case o f  pula- 
p i n g  i n  a weak magnetic f i e l d .  I n  t h e  second p a r t  we 
r e p o r t  on improvements i n  t h e  s igna l - to -no is ( :  r a t i o  o f  
the  Ra~nsey s i g n a l  ob ta ined  w i t h  t h e  4-4 CT t r a n s i t i o n .  
The r e d u c t i o n  o f  s t r a y  l i g h t  and i t s  assoc ia ted  no ise  
b r i n g s  the  s i g n a l - t o - n o i s e  r a t i o  t o  2500 a the  
c a l c u l a t e d  s h o r t - t e r m  s t a b i l i t y  t o  2 . 5 . 1 0 - 7 f z  , 

I OPTICAL PUMPING EFFICIENCY WITH a AND K POLARISATION. 

Var ious c a l c u l a t i o n s  o f  o p t i c a l  pumping e f f i c i e n c i e s  
have been pub l i shed  i n  connec t ion  w i t h  s t a t e - s e l e c t i o n  
o f  Cs atoms [ I -51 .  The b a s i c  approach t o  t h i s  c a l c u l a -  
t i o n  i s  t o  s o l v e  f o r  the  complete d e n s i t y  n a t r i x  o f  the 
problem, i n c l u d i n g  o p t i c a l ,  h y p e r f i n e  and Zeeman cohe- 
rences [2,41. 
Th is  approach i s  p a r t i c u l a r l y  a p p r o p r i a t e  when t h e  pum- 
p i n g  l a s e r  1 i g h t  i s  h i g h l y  monochromatic ( i  .e. t h e  
c o r r e l a t i o n  t ime o f  t h e  l a s e r  l i g h t  i s  l o n g e r  than  t h e  
d u r a t i o n  o f  an o p t i c a l  pu~l lp ing c y c l e )  because i n  t h i s  
case t h e  o p t i c a l  coherences and t h e  h y p e r f i n e  coheren- 
ces - i n  t h e  case o f  two- laser  pumping - must be taken 
i n t o  account. 
We cons ider  here t h e  case o f  o p t i c a l  pumping w i t h  one 
broadband l a s e r  tuned t o  any o f  t h e  s i x  p o s s i b l e  hyper- 
f i n e  t r a n s i t i o n s .  
The "broadband l a s e r "  assumption means t h a t  t h e  l i n e -  
w i d t h  o f  t h e  l a s e r  i s  assumed t o  be l a r g e r  than  t h e  
powerbroadened a b s o r p t i o n  p r o f i l e  o f  t h e  atomic beam. 
Conunercial ly a v a i l a b l e  l a s e r s  have a l i n e w i d t h  o f  
40 MHz, which i s  much l a r g e r  than t h e  5 I4Hz l i n e w i d t t i  
o f  t h e  6 2 ~  l e v e l  o f  Cs. I n  a d d i t i o n  t h e  s p e c t r a l  
power dens?($ r e q u i r e d  j o  reach o p t i c a l  s a t u r a t i o n  i s  
a t  l e a s t  0.44 mW/MHz cm , depending on t h e  s p e c i f i c  
h y p e r f i n e  t r a n s i t i o n .  I t  can e a s i l y  be seen t h a t  power 
broadening cannot be reached i n  a r e a l i s t i c  beam 
diameter  w i t h  t h e  t y p i c a l  10 mW o f  t o t a l  a v a i l a b l e  
l a s e r  power. As a consequence t h e  "broadband l a s e r "  
assumption i s  j u s t i f i e d  and t h e  o p t i c a l  coherences 
can be comple te ly  neglected.  Another assumption 
c o n s t s t s  i n  n e g l e c t i n g  h y p e r f i n e  coherences,which i s  
j u s t i f i e d  i n  t h e  case o f  one- laser  pumping. 
F i n a l l y  t h e  Zeeman coherences must be considered.  Two 

. , 
where p , = pop;lation o f  g round-s ta te  IF,&> 

Fm 
qF,-= p o p u l a t i o n o f  e x c i t e d  s t a t e  1 F:m) 
.. >.'. 

nr = s a t u r a t i o n  parameter o f  t h e  pumping l i g h t  

Ftm'= nornia l ised value o f  t h e  d i p o l e  m a t r i x  
7F;rn e l  elltent squared 

7 -1 \d = spontaneous decay r a t e  = 3,3.10 s 

= d e r i v a t i v e  w i t h  r e s p e c t  t o  the  dintension- 
l e s s  paralt leter It. 

The nuntber o f  l e v e l s  t o  be i n c l u d e d  i n  t h e  d i f f e r e n t i a l  
systelil above depends on t h e  t r a n s i t i o n  chosen f o r  l a s e r  
e x c i t a t i o n .  I n  two cases, naltiely F-F' = 3-2 and 4-5, 
t h e r e  a r e  o n l y  two l e v e l s  t o  be i n c l u d e d  i n  t h e  c a l c u -  
l a t i o n  ( c y c l i n g  t r a n s i t i o n s ) ;  i n  a l l  o t h e r  cases t h r e e  
l e v e l s  lltust be i n c l u d e d  : t h e  two ground l e v e l s  and 
t h e  e x c i t e d  l e v e l  coupled by t h e  pumping l i g h t .  
Because t h e  l i g h t  i s  T i  - p o l a r i s e d ,  t h e  equa t ions  f o r  
s t a t e s  o f  opposed m-values a r e  i d e n t i c a l .  S ince t h e  
i n i t i a l  popu la t ions  o f  such p a i r s  o f  s t a t e s  a r e  a l s o  
equal ,  t h e  equat ions w i t h  n e g a t i v e  values o f  n~ can be 
dropped which leads  t o  a cons iderab le  s i m p l i f i c a t i o n  o f  
t h e  d i f f e r e n t i a l  system. 
S t a r t i n g  w i t h  a beant o f  Cesium atoms w i t h  a l l  ground 
s t a t e s  e q u a l l y  populated,  t h e  d i f f e r e n t i a l  system can 
be n u l ~ ~ e r i c a l l y  i n t e g r a t e d  f o r  each o f  t h e  p o s s i b l e  
puniping schemes.The f i n a l  i n v e r s i o n  gr= p4,0 - p3,0 o f  

t h e  c l o c k  s t a t e s  i s  then  deduced f rom the  e q u i l i b r i u m  
popu la t ions .  
Resu l t s  a r e  shown i n  Table I, co lu l~ in  1-3. 

b )  a - p o l a r i s e d  puntping 1 i g h t .  Zeeman coherences a r e  
c rea ted  by t h e  pumping process.  They w i l l  be n e g l i g i b l e  
o n l y  i f  t h e  s t a t i c  magnetic f i e l d  B ( " c - f i e l d " )  i s  
s t r o n g  enough, i . e .  i f  t h e  Larnior f requency i s  much 
g r e a t e r  than the i n v e r s e  o f  t h e  p u ~ t ~ p i n g  d u r a t i o n  T 

cases a r e  o f  p a r t i c u l a r  i n t e r e s t  : 
a )  T i  - p o l a r i s e d  pumping l i g h t  : i n  t h i s  case Zeeman 

With g = 1/4 ; pB = 20-.1,4MHz / Gauss and a 

coherences a r e  never  produced by t h e  o p t i c a l  pumping. 
t y p i c a t  i n t e r a c t i o n  t ime T = 3 p s ,  t h e  magnetic f i e l d  
r e q u i r e d  i s  

Since they a r e  absent i n  t h e  i s o t r o p i c  i n i t i a l  cond i -  
t i o n ,  they can be l e f t  o u t  o f  t h e  c a l c u l a t i o n .  The 8 >> 150olGauss 
d e n s i t y  m a t r i x  e v o l u t i o n  i s  then comole te ly  descr ibed  
by a s e t  o f  r a t e  equat ions f o r  t h e  p o p u l a t i o n s :  

I n  a dev ice  wherethe C - f i e l d  i s  honlogeneous over  t h e  
whole atomic beam, t h i s  c o n d i t i o n  i s  ve ry  l i k e l y  n o t  t o  
be s a t i s f i e d  and Zeeman coherences should be taken i n t o  
account. 
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The case o f  C-pumping  i n  low C - f i e l d  i s ,  on c l o s e r  
examinat ion,  e s s e n t i a l l y  i d e n t i c a l  t o  Tf-pumping, as 
i l l u s t r a t e d  i n  f i g . 1 .  Since t h e  magnetic f i e l d  i s  
n e g l i g i b l e ,  t h e  o n l y  a n i s o t r o p y  i n  the  system i s  
i n t r o d u c e d  by t h e  pumping l i g h t  so t h a t  we can, by a  
s u i t a b l e  r o t a t i o n  o f  coord ina tes ,  b r i n g  t h e  q u a n t i s a t i o n  
a x i s  i n t o  co inc idence  w i t h  t h e  p o l a r i s a t i o n  v e c t o r  o f  
t h e  incoming l i g h t ,  pe r fo rm t h e  c a l c u l a t i o n  as above 
s i n c e  the  p o l a r i s a t i o n  i s  now T ,  then  r o t a t e  back t o  
t h e  o r i g i n a l  re fe rence  frame t o  o b t a i n  the  r e s u l t .  Such 
a  procedure invo lves  o n l y  r o t a t i o n  mat r i ces  R  f o r  t h e  
F = 3  and F = 4  m u l t i p l i c i t i e s ,  which a re  r e a d i l y  
eva lua ted  f o r  a  T / 2  r o t a t i o n .  The advantage o f  t h i s  
procedure i s  t h a t  t h e  e f f e c t  o f  Zeen~an coherences i s  
taken i n t o  account  w i t h o u t  any m o d i f i c a t i o n  t o  t h e  r a t e  
equat ions ( I ) ,  ( 2 ) .  The s p e c i f i c  r o t a t i o n  must be  
chosen so as t o  b r i n g  t l ie  q u a n t i s a t i o n  a x i s  p a r a l l e l  t o  
t h e  p o l a r i s a t i o n  v e c t o r :  I n  f ig.! ,  t h e  p o l a r i s a t i o n  
v e c t o r  i s  i n  t h e  Oy d i r e c t i o n  and t h e  r o t a t i o n  i s  
around t h e  Ox a x i s .  
For  each m u l t i p l i c i t y  F  = 3  and F  = 4, t h e  d e n s i t y  
m a t r i x  o f  t h e  cr-pumped atoms i s  expressed by 

F -I F pc = RF Y T  R F  
where RF = e x p ( - i : ~ ; - ' ~ ~ )  

and F  i s  t h e  x  conlponent o f  t h e  s p i n  F  opera to r .  
usingXeq. ( 4 )  , we can express t h e  d iagonal  elements 
p,, ,(a) o f  as l i n e a r  combinat ions o f  t h e  

p o p u l a t ~ o n s  ( " T u  P F, 01 

from which t h e  c l o c k - s t a t e  i n v e r s i o n  
SO= p4,0( O- ) - o- ) can be r e a d i l y  evaluated.  

The e q u i l i b r i u m  i n v e r s i o n  i n  l o w - f i e l d  6-pun~ping i s  
l i s t e d  i n  t a b l e  1 f o r  a l l  s i x  o p t i c a l  t r a n s i t i o n s  
(column 6 ) .  For  comparison, t h e  co r respond ing  values o f  
the  i n v e r s i o n s  c a l c u l a t e d  w i t h o u t  Zeeman coherences, 
which a r e  v a l i d  i n  h i g h  f i e l d , a r e  l i s t e d  i n  co lun~n  7 
( f r o m  r e f  [2 ] ) .  The values o f  g, o b t a i n e d  here  froni T- 
- p o l a r i s a t i o n  r e s u l t s  agree w i t h  r e s u l t s  o f  s tandard  
c a l c u l a t i o n s  i n c l u d i n q  Zeenlan coherences i n  low f i e l d  
C51. 
The method o u t l i n e d  above e s t a b l i s h e s  a  s imp le  connec- 
t i o n  between the  s t a t e - s e l e c t i o n  processes w i t h  6- 
and U p o l a r i s a t i o n  and shows t h e  importance o f  Zee~nan 
coherences i n  s p u m p i n g  i n  a weak C - f i e l d .  
Th is  method can a l s o  be a p p l i e d  t o  e v a l u a t e  t h e  
s e n s i t i v i t y  o f  t h e  e q u i l i b r i u m  popu la t ions  t o  n ~ i s a l i -  
gnment between o p t i c a l  and s t a t i c  magnetic f i e l d s ,  
s i n c e  r o t a t i o n  mat r i ces  can r e a d i l y  be approxiniated f o r  
smal l  r o t a t i o n  angles. I n  t h e  d e f i n i t i o n  ( 5 )  o f  t h e  
r o t a t i o n  m a t r i x  RF we r e p l a c e  t h e  r o t a t i o n  ang le  T I 2  
by a  sinal l  a n g l e d  and t h e  power s e r i e s  approxin iat ion 
o f  t h e  exponen t ia l  i s  used, t o  second o r d e r  i n  o < ,  t o  
eva lua te  & as f u n c t i o n  o f  9, as i n  eq.(4). 
For  one- laser  r ~ u ~ ~ ~ p i n g ,  s e n s i t i v i t y  t o  i i ~ i s a l  ignment 
between l a s e r  and C - f i e l d  i s  f a i r l y  low, t h e  two 1110st 
s e n s i t i v e  cases be ing  t h e  3-3(~. ) and 4 - 4 ( ~  ) t r a n s i -  
t i o n s ,  f o r  which t h e  i n v e r s i o n  decreases by 12% and 
46%, r e s p e c t i v e l y ,  f o r 4 = 0 . 1  rad ian .  A h i g h e r  s e n s i t i -  
' v i t y  f o r  these two s p e c i f i c  t r a n s i t i o n s  i s  p robab ly  
' l i n k e d  t o  t h e  zero o p t i c a l  t r a n s i t i o n  p r o b a b i l i t i e s  
, q G , a n d  q$8which have an Lmportant  e f f e c t  on t h e  
,cumping e f  i c l e n c y  o n l y  i fo(=O. S e n s i t i v i t y  o f  t h e  
, i n v e r s i o n  i n  t h e  case o f  a pumping can be e v a l y a t  d  i n  a  s l s n y a r  

fashion. The r e l a t i v e  change of  i n v e r s i o n  i s  l e s s  than  
3% ( f o r N  = . I )  f o r  a l l  6 t r a n s i t i o n s .  

I I EXPERIMENTAL STATUS. 

The exper imenta l  apparatus represen ted  schen ia t i ca l l y  i n  
f i g  2. A s i n g l e  l a s e r  i s  used f o r  pumping and d e t e c t i o n .  
A r o t a t a b l e  hal fwave p l a t e  p laced between t h e  l a s e r  and 
a  p o l a r i s i n g  beam s p l i t t e r  a l l o w s  t o  va ry  t h e  r e l a t i v e  
amount o f  power i n c i d e n t  i n  t h e  two reg ions  o f  i n te l -ac -  
t i o n  w i t h  t h e  atoleic bealli. The p o l a r i s a t i o n  o f  b o t h  t h e  
pump and probe bea~ns i s  independent ly  c o n t r o l l e d  by 
two a d d i t i o n a l  ha l f -wave  p l a t e s .  The Ra~~isey c a v i t y  i s  
made o f  an E-bend waveguide s e c t i o n ;  t h e  l e n g t h  o f  
t h e  c a v i t y  i s  13 CIII. The t o t a l  l e n g t h  o f  t h e  atomic 
beani i s  30 c~i i .  A h o t  w i r e  f i l a ~ ~ i e n t  i s  used t o  c a l i b r a t e  
t h e  a t o ~ ~ ~ i c  beani f l u x .  The c o l l e c t i n g  o p t i c s  i s  made o f  
two concave m i r r o r s ,  one e l l i p t i c a l  and one s p h e r i c a l ,  
f a c i n g  each o t h e r  t o  form a  "c losed"  c a v i t y .  The 
i n t e r a c t i o n  r e g i o n  i s  cen te red  a t  one focus o f  t h e  
e l l i p t i c a l  m i r r o r  w h i l e  a  h o l e  i n  t h e  s p h e r i c a l  m i r r o r  
and t h e  magnet ic  s h i e l d  a r e  a t  the  second focus.  The 
d e t e c t o r  i s  p laced  as near  t o  t h e  h o l e  as p o s s i b l e .  
Taking i l l t o  account  t h e  h o l e s  i n  t h e  n l i r r o r s  f o r  t h e  
l a s e r  beam and atomic beams, t h e  r e f l e c t i v i t y  o f  t h e  
m i r r o r s ( 6 0 % )  and the  non op t ima l  p o s i t i o n  o f  t h e  
d e t e c t o r ,  t h e  o v e r a l l  c o l l e c t i o n  e f f i c i e n c y  i s  
es t imated  t o  be 25,%. I n  a  p rev ious  s tage  o f  t l i e  e x p e r i -  
ment [6,7] we found t h a t  t h e  s i g n a l - t o - n o i s e  r a t i o  o f  
t h e  Ra~ilsey s i g n a l  was 1  i n l i t e d  by i n t e n s i t y  f l u c t u a t i o n s  
o f  t h e  background l i g h t  s c a t t e r e d  towards t h e  d e t e c t o r  
by in ipe r fec t ions  o f  t h e  o p t i c a l  system. The a d d i t i o n  
of  l i q h t  b a f f l e s  a lonq  t h e  l a s e r  beam i n  f r o n t  o f  t h e  
t h e  i n t e r a c t i o n  r e g i o n  p reven ts  1  i g h t  d i f f r a c t e d  o u t  
o f  t h e  p a r a l l e l  beam f rom reach ing  t h e  d e t e c t o r .  An 
e f f i c i e n t  l i q h t  t r a p  which uses a  r e f l e c t i n g  s u r f a c e  
i n s t e a d  o f  a  d i f f u s i n g  sur face  as a  f i r s t  absorb ing  
medium [a] a l s o  g r e a t l y  reduces t h e  a n ~ o u n t ~ o f  s c a t t e r e d  
l i g h t .  The backgrotrnd l e v e l  amounts t o  10 o f  t h e  
i n c i d e n t  l a s e r  power, and i s  co~nparable t o  t h e  
f l u o r e s c e n t  s i g n a l .  Thus i n t e n s i t y  f l u c t u a t i o n s  f rom 
background l i g h t  a r e  a  n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  
t o t a l  n o i s e  ( f i g  4) .  \ J i t h  t h i s  iniprovenient, t h e  s i g n a l -  
t o - n o i s e  r a t i o  i n  a  1Hz bandwi th i s  now 2500. From t h i s  
va lue  and f rom t h e  measured l i n e w i d t h  o f  950tlz o f  t h e  
Ra~nsey s i g n a l  ( f i  3 )  c a l c u l a t e  a  shor t - tern1 s t a -  
b i l i t y  o f  2.5.10-q1 'lY5. 
The & t i n  c o n t r i b u t i o n  t o  t h e  t o t a l  n o i s e  i s  assoc ia ted  
w i t h  t h e  f luo rescence  s i g n a l .  Other  c o n t r i b u t i o n s .  
which can be independent l y  measured (such as t h e  
i n t e n s i t y  n o i s e  f rom background l i g h t  and d e t e c t o r  
n o i s e )  o r  d e r i v e d  f roni  measured parameters (such as 
sho t  n o i s e  f ro in background and s i g n a l  ) , aalount t o g e t h e r  
t o  a  va lue  which i s  4 t imes sn ia l le r  than  t h e  measured 
f luo rescence  n o i s e  ( f i g  4 ) .  Th is  suggests l a s e r  
frequency n o i s e  as t h e  most p robab le  cause f o r  t h e  
observed f luo rescence  no ise .  We have indeed measured a  
cons iderab le  amount o f  excess f requency n o i s e  i n  t h e  
d iode l a s e r  used i n  these exper iments : The lower c u r v e  
i n  f i g  5  i s  t h e  l a s e r  f requency n o i s e  one would expect  
f rom t h e  measured i n j e c t i o n  c u r r e n t  n o i s e  conver ted  
i n t o  f requency n o i s e  (3GHz/mA). The upper c u r v e  shows 
the ~neasured f requency no ise ,  u s i n g  a  Cs a b s o r p t i o n  
t e l l  as a  frequency d i s c r i m i n a t o r .  A t  t h e  F o u r i e r  f r e -  
quency f = 137Hz used f o r  t h e  q u a r t z  o s c i l l a t o r  f r e -  
-1uency s$lrvo, t h e  weasured n o i s e  excedes the w h i t e  nOi-  
5e by a  f a c t o r  o f  5. 

:4s a  conc lus ion  we n o t e  t h a t  i n  the  p resen t  s t a t e ,  an 
, ~ p t i c a l l y - p u m p e d  Cs tube o f  conuilercial s i z e  shows a  
combined S/N r a t i o  and 1  i n e w i d t h  l e a d i n g  t o  t h e  same 
s h o r t - t e r m  s t a b i l i t y  as e x i s t i n g  a ~ a g n e t i c - d e f l e c t i o n  
tubes. Considerable iinprovenient i s  p o s s i b l e  i n  p a r t i c u -  
through a  b e t t e r  c o n t r o l  o f  t h e  f l uo rescence  no ise .  
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F i g u r e  1. R o t a t i o n  o f  coord ina tes  showing t h e  
correspondance between r a n d  O- pumping 
i n  a weak magnetic f i e l d ;  Z'= p o l a r i s a t i o n  
v e c t o r  o f  l a s e r  Z f i e l d .  

( 1 )  c y c l i n g  t r a n s i t i o n s  

(2 )  f rom r e f  [2] (no Zeeman coherenccs) 
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TABLE 1 

E q u i l i b r i u l a  p o p u l a t i o n s  o f  c l o c k  s t a t e s  and c l o c k  i n v e r s i o n s  
a f t e r  o p t i c a l  pulnping o f  t h e  qround l e v e l s  o f  cesiunl by one 
broadband l a s e r  

(D2 l i n e ;  = 852.1 nln) 
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Pump P r o b e  
I 

Ov : Cs oven Probe : probe l a s e r  beam (B) WP : waveplate 
Pump : pump l a s e r  veam ( A )  DA, DB : pho tode tec to rs  PP : p o l i r i z i n g  p r i s m  

BRF : microwave i n t e r a c t i o n  r e g i o n s  e  A,B : p o s s i b l e  p o l a r i z a t i o n  o f  l a s e r  beans M : m i r r o r  

W 
C  : c o l l i m a t i n g  o p t i c s  

BC : C - f i e l d  : windows i n  vacuum envelope LD : Laser d iode 

FIGURE 2 

Schematic d iagram o f  o p t i c a l l y  pun~ped Cs tube (one l a s e r )  

FIGURE 3 - 
Ramsey s i g n a l  ( 4 - 4 a t r a n s i t i o n  
f o r  pumplng and d e t e c t i o n ) .  
Background l e v e l  i s  1.6nA 



FIGURE 4.  Graphical representat ion a t  the cont r ibut ions  
to S/N r a t i o ,  present and projected.  

FIGURE 5. Laser frequency noise vs Four ier  frequency 
lower curve : ca lcu la ted  from experimental i n j e c t i o n  

current  noise 
upper curve : n~easurelnent 
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ARSTRA(:'I tions ~ncountered ill operating aachinc?~ i11Lo (Fig. 1)  : 
(a) 9 along the atomic axis (9*10) 

In an optically pumped cesium beam resonator, the (b) 9 along the laser beam axis (6) 
clock signal-to-noise ratio depends on the collection (c) B along the axis of the collection set-up(2,4~5,7, 
efficiency of the detecting set-up. When the optical 11). 
set-up defines a limited collectibn solid angle, aniso- 
tropy properties of the fluorescence emission may be 
revealed. Conseq~iently the collection efficiency de- 
pends on the direction of the magnetic field with res- 
pect to the axis of synunetry of the collection set-up 
and on the excitalion characteristics such as the op- 
tical transitions and laser polarizations. 

r observation 

I 
z observation I axis axis 

I. INTRODUCTION 

Since an optically pumped cesium beam requency 
standard using laser diodes was proposed [I), a lot of 
basic experiments on this new method have been carried 
out. They confirm the great capability of optical pum- loser 
ping methods to in1 rove the frequency performances of beo~u beo~~t 
cesium clocks (2-77. 

In all the reported experiments, the clock signal- a) b) 6 )  

to-noise ratio is limited by several noise sources 
w11ic:h are : 

( I )  the detector noise and the current converter wl. Schenwtic col lectio~~ col~figurations eneou~,tered in operrtlt~g 
r~oise ~uocl~ines. 

( 2 )  the fluorescence noise linked to the laser fre- 
quency noise ( 318 )  

In the present state of the art, the highest clock 
signal-to-noise ratio was obtained ill a basic exprri- 
ment using a single laser diode for pun~ping and delec- 
tion purposes tur~ed to the 3 -* 3 transition and a po- 
larized. The reported value is lo4 and ttie signal-to- 
noise ratio is limited. by the fluorescence noise (9). 
Generally, the signal-to-noise ratio is critically re- 
lated to the photon collection efficiency y , which 
represents the proportion of fluorescence photons ef- 
fectively collected to the number of photons emitted in 
the whole space. Wheny is rather low, typically of the 
order of 10 X with a collection optics using aspherical 
lenses, its value depends not only on geometrical para- 
meters such as the solid angle accepted by the collec- 
tion set.-up but also on the excitation scheme characte- 
rized by the atomic transition and laser polarization. 
?'he latter dependence is due to anisotropy properties 
of the fluoresconce emission and we have investigated 
the influence of the anisotropy on the signal available 
in an optically pumped cesium beam resonator. 

In this paper we first present the different confi- 
yuratio~ls for ttie optical detection ot the clock signal. 
'I'her~ we describe how the anisotropy could modify the 
collection efficiency. Finally, we poi11L out the par- 
t icular situations wl~ere some excitatiot~ scl~anies taka 
allvantage of anisutropy. 

11. CONE'IGlJffA'I'IONS FOR THE DETEC'PION OF TIIE CLOCK SIGNAI, 

I n  an optically pumped cesium beam tube, three privi- 
legied direction may be defined as : - the laser beam axis Ox - the atomic beam axis Oy - the axis of symmetry of the optical collection set- 

up Oz. 

Tl~e y value results from Lhe tecl~nique used to col- 
lect the photo~ls. When large mirrors are used (4*9,10), 
y can reach values as high as 50 X. Although the use 
of lenses provides lower y values ( 5 * 7 ) ,  this techl~o- 
logy offers the advantage of reducing appreciably tile 
laser stray 1igl1L. 

An anisotropic contribution to the emitted fluores- 
cence arises due to the existence of a preferred di- 
rection for the laser excitation. It is found that the 
anisotropic part is cancelled when the fluorescence is 
observed in the whole space. Such is almost the case of 
a collection achieved by n~irrors with a large efficien- 
cy. However, when collection is made inside a restric- 
ted portion of the space, anisotropic features of the 
fluorescence may be revealed. It is therefore of inte- 
rest to study their influence on the detection of tllc 
clock signal. 

111. ANISOTROPY OP THE F1,UORESCENCE 1.1GHT. GENERAI. 
CONSIDERA'SIONS 

The laser excitation transfers cesium aton~s on tl~c 
excited state. Subsequent spontaneous decay is observed. 
Due to the laser excitation, the spontaneous fluores- 
cence emission exhibits anisotropy features resultillg 
from the creatior~ of l i  nlnent or quadrupolar mornuntum 
in the excited state $ 1 ~ 7 .  
Let us dof ine I ( a '  , dR) the nun~ber of pliotons of any 

~~0.1arizaLio11 e111it.ted by one atom and collected in unit 
time by an optical sot-up defining a small solid augle 
dR centered about: the 2'-axis (Fig. 2). In presence of 
alignment, 1 ( z ' ,  dR ) is no more proportio~ial to the 
~~u~sber of atoms trans erred in the excited state. 11 
can be written as ( 1 3 5  : 

The static magnetic field 3 which fixes the quantiza- 
tion axis may be directed along one of t.hese three axes. 
Consequently we can classify the collection configura- 
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Z 

direction 

Fin.. Axis and angles definitions for fluorescence emission. 

I (i n/4n is the fluorescence yield collected in unit 
tYme when the emission is assumed isotropic. The se- 
cond term into brackets is the anisotropic correction 
factor ; it is the product of two terms. The first one 
is a geometrical factor related to the polar angle 
9 = (B, Oz ) (Fig. 2). The second one W2 is called the 
depolarization coefficient. It is usually introduced to 
account for the excitation anisotropy. W2 is a function 
of the atomic parameters in the excited state, namely 
the populations and the longitudinal alignment. It is 
important to notice that relation (1) is only valid 
when Zeeman coherences are assumed negligible. 

A general expression for WZ relative to the emis- 
sion from a ~nultiplet Fe in the excited state is de- 
rived as (l3) : 

P -l 

The term into brackets represents the alignment contri- 
bution due to population imbalance between the Zeemau 
sublevels in ttie excited state. It depends on excita- 
tion characteristics, namely the chosen transiti011,the 
laser polarization and intensity, by means of the po- 
pulation p~ of the Zeeman sublevel I Fe, M>. Ke is a 
constant depending only on the desexcitation proper- 
ties of the Fe nlultiplet state. Its value is tabulated 
in Table 1 for the dipolar electric transitions of ce- 
sium D2 line at 852 nm. 

u 
Table. Ke values for each rmlriplet Fe of the cesium D2-line. 

The weak value of Ke can be compensated by an impor- 
tarit population imbalance to give a non negligible depo- 
larizatiorl coefficient and therefore, a noticeable 
anisotropy correction in Eq. ( I ) .  

It sliould be riotetl that Ke f 0 for the cesiuni Dl 
line at 894 rim. Corlsequerltly there is no anisotropy 
effect in the fluorescence signal for this excitation 
line which looks promising for optical pumping arid de- 
tection in a cesium beam resonator. Indeed, in a single 
laser basic configuration, the 4 '3 n scheme of the Dl 
line has been predicted to give slynal performances 
comparable to the ones obtained with the 3 + 3 o 
scheme of the D2 line (I4). 

IV. APPLICATION TO A PARTICULAR SITUATION 

The situation corresponding to Fig. LC is depicted 
on Fig. 3. Optical detection is achieved by two asphe- 
rical lenses which focus the light onto a large area 
silicon photodiode. This set-up collects fluorescence 
photons inside a solid angle no defined by a Elo= 22 .5 '  
aperture angle about the quantizatioti axis. A spherical 
mirror allows to double ttie collection yield. 

splierlcal lenses 

spl~etlcal niir~or 

Fie.. Typical arrangument tor the liplit-atom interaction regioll. 

Integration of Eq. (1) over the angle (P between 0 and 
2n and over the angle 0 between 0 and go gives the 
fluorescence yield 1 0  collected in unit time inside 
the solid angle Zlo = 2'7 ( 1  - cos 8, J : 

The factor 2 takas illto account the mirror contribu- 
tion to I D  . 

" 9  As the light-atom interaction time is T, the t.otal 
number of available photons is L go which is given by : 

J 0 
L has been numerically calculated for the six opti- 

cafo transitions of the cesium D2 line under the fol- 
lowing conditions : the broadband laser intensity is 
3 mW cm-2 and the interaction time T = 20 us. L 9 
values are reported in Tgple 2 and compared to th8 
fluorescence yield L calculated when the plloto~l 
emission is considered gs isotropic. 

ab e 2.Fluorescence yield f r excitaLion schemes of the cesiw D2 
i-l-line. L and L o  (07 correspond t o  the anisotropic and 



Table 2 shows quite clearly that the 4 -* 5 and 3+3 
transitions are strongly affected by anisotropy whereas 
the other excitation schemes do not give rise to signi- 
ficant changes in fluorescence. When the fluorescence 
emission is assumed isotropic the collection efficiency 
is the same for a11 the excitation schemes. Taking into 
account anisotropy features it may be seen from Table 2 
that the collection efficiency depends on the involved 
transition and laser polarization. Compared to the iso- 
tropic case, its value increases by an amount of 31 i! 
and 8 X when 4 -* 5 o and 3 -r 3 o schemes are respec- 
tively considered. 

111 order to compare theoretical predictions with the 
experiment, we have st.udied the variation of the fluo- 
rescence as a fur~ction of Lhe laser polarizatio~i in the 
case of the 4+ 5 transition. This gives a good verifi- 
cation of the anisotropy contribution to the photon 
emission. Let us define 6 . the angle between the laser 
polarization and the magnetic field. The predicted evo- 
lution of the fluorescerice signal L as a function 
of 6 is reported on Fig. 4a for twoeo laser intensi- 
ties. The dashed line represents (o). Fig. 4b shows 
the experimental variation of L L!~rsus 6 when the 
laser intensity is 1 mW typAally. The theoretical 
ratio L e  ( 6  = POo)/ L e  ( 6 = 0') is found to be 1.5 
and agreesoquite well wit8 the experinlental one, 1.45. 
We have also verified that the measured collectio~~ ef- 
ficiency is larger for the 4 + 5 o scheme than for 
the 4 -. 5 n one. 

Fin.. Fluorescence yield for the 4 + 5 transition as a function 
of the laser polariration : 
a) predicted evolution tor two laser intensities 

i )  3 M cm-2 
i i)  1 t z ~  cm-2 

The dashed li~ie represents the isotropic casa 
b) Experimental var~ation for a 1 mW cm" laser intensity. 

V. CONCLUSION 

We have presented a study of the anisotropic charac- 
ter of the Fluorescence of cesium atoms resulting from 
the creation of alignment in the exciLed state under 
the action of a linearly polarized laser light tuned 
to the D2 line. 

The modifications brought to the collected fluores- 
cence depends strongly on the choice of the involved 
transition and laser polarization when the collection 
efficiency y is low, for instance in a collection 
set-up with lenses. We have more specifically conside- 
red the situation where the collecting set-up has a 
cylindrical symmetry about the magnetic field axis. It 
is noteworthy that in this case, the (4 -+ 5 o ) and 
(3 + 3 o ) schemes take advantage of tile anisotropy. 
This conclusion is of evident interest because the two 
mentioned excitation schemes appear as the most effi- 
cient For detection purposes in optically pumped cesium 
beam resonators operating in a transverse magnetic field. 
For exam le, in the basic experiment with a single la- 
ser (5*18) , the (3 - 3 o ) scheme leads to the best 
short term frequency stability. In more sophisticated 
resonators, detection with the (4 + 5 o) scheme has 
been proposed to improve the clock signal detection(3* 
is), The present study confirms the great interest of 
using these two transitions in resonators when the 
detection of the clock signal i s  performed along the 

direction of the magnetic field. 

One additional point to recall is that anisotropy 
effects are smeared out when the collection efficiency 
reaches values larger than 30 X. This is the case where 
the collectio~l optics is designed with two mirrors fa- 
cing each other. 
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ABSTRACT 

We !lave previously shown that coherent populat ion 
trapping may occur in the two optical interaction re- 
gions of the resonator at low static magnetic field. 
'This effect, which induces a decrease of the clock si.- 
gnal amplitude, can be cancelled by the use of a larger 
magnetic field (3 x Tesla) in the optical inter- 
action regions. We have thus designed a resonator having 
3 magnetic field regions in which the field structure 
is longitudinal for sake of easier realization.We pre- 
sent this resonator and the preliminary results obtai- 
ned from such a machine. 
I NTRODIICTION 

111 ortler to improve the long term frequency perfor- 
tlldnces of atomic beam frequency standards, the micro- 
wave interrogation of the atoms must take place in a 
low magnetic field amplitude region. Actually, the 
frequency fluctuation df related to a given C-field 
fluctuation dB is proportional to the C-field value B .  
We have : 

= 855 x 1 0 ~ 6 ~  , 
w!iere the frequency is expressed in Hertz and tile ma- 
gnetic induction in Tesla. 

However, in conventional Cs beam tubes using magnet 
state selectors, the asymmetrical population of Zeenlan 
sublevels (mp =b 0) forces to seL the Ciield to a Lypi- 
cal value of 6 x T in order to minimize the Rabi- 
pulling effect. 

In optically pumped Cs beam resonators, optical ptlm- 
ping performed with strictly linearly polarized light 
leads to a symmetrical microwave spectrum, which thus 
eliminates the Rabi pulling frequency shift. In such 
a machine it is possible to reduce drastically the C- 
field amplitude. 

Unfortunat 1 drawback arises due to the non linear 
Hanle effect fly: It reduces the efficiency of optical 
pumping in weak magnetic fields so we had to design a 
new cesium beam tube with three magnetic field regions. 

In Section I ,  we recall the consequences of non li- 
near Hanle effect on the clock signal features and sug- 
gest a proper i~~agnetic field structure for an efficient 
optically pumped Cs beam resonator. 

In Section 11 ,  the experimental set-up Cs I11 is des- 
cribed. Finally, results and short term stability ob- 1 

tained from this new machine are given in Section 111. 

I. CONSEQUENCES OF THE HANLE EFFECT ON THE DESTGN OF 
A CESIUM BEAM TUBE 

When applying optical pumping techniques to the Cs 
beam frequency standard, we are mainly interested in 
two physical quantities which determine the clock si- 
gnal features i.e. : its amplitude and the background 
noise. Those quantities are : - the fractional population difference between the 
mF = 0 ground state hyperfine sublevels obtained after 
the optical preparation : 

- the number L of fluorescence photons emitted by the 
cesium beam under the action of the laser. These fluo- 
rescence photons are collected in the detection region 
Lo provide the clock signal. 

It has been shown ( 2 )  that the transition 3 -t 3, 
polarized light is the most interesting one. It maxi- 
mizes the product A no, x L. But, when operating in 
weak magnetic field i.e. B < 3 x 10-5 T (300 mG), suc- 
cessive absorption and stimulated emission of photons 
create A mF = ?. 2 Zeeman coherences in the ground state 
of Cs atoms. Since Amp = ?: 2 coherences are coupled 
by the laser to the population of the excited state, 
it results in a decrease of Anoo and L when the C- 
field value goes to zero ( 3 ) .  Co~isecluently, the peak to 
valley amplitude of the clock signal decreases, whereas 
the continuous background noise due to the unpumped 
atoms increases. Figures la and lb report predicted 
A no, and L values versus static magnetic i~iduction am- 
plitude B for the 4 Cs pi~nlping transitions. 'The atonl- 
light interaction time and laser intensity were assunled 
equal Lo 1 2  us and 2 mW cme2, respectively. 

Fip. Population d i f f erence  ( a )  and f luoresce~ lce  y i e l d  (b) versus 
the amplitude of luaynatic induction. 

One can see that for the 3 + 3 o transition, the va- 
lue of B should be kept above 3 x 1 0 ' ~  T in order to 
retain full pumping and fluorescence efficiency. 

To take advantage of the best of the optical pumping 
technique, i.e. large signal to noise ratio and small 
C-field value, we have designed a new experimental Cs 
beam resonator with the following magnetic structure. 

where n is the total population of cesium atoms. 
m a n e t i c  f i e l d  p r o f i l e  along t h e  atomic beam a x i s .  
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11. EXPERIMENTAL SET-UP 

Beside the original magnetic field configuration, 
other features have been improved : the cavity feeding 
and the light collecting device. 

a) Ma~netic field 
Ln Lhis machine tile magnetic field is directed nlona 

the atomic beam. The advantages of such a configuration 
are the following : - easier practical realization 

- as seen below, i t  leads to a narrower Rabi pedes- 
!.a I irl th! mi C C O W ~ V ~  spectrum. 

Tire C-field B, in the RI interaction region is gene- 
rated by a solenold which surrounds the Ramsey cavity. 
The stronger ~nagrietic Field needed in the optical pwn- 
ping and detection regions is produced by scts of twin 
flat coils. 

Elagnetic field generation in Cs 111. 

Each region is magnetically insulated from the other by 
a mu-metal partition wall. Furthermore, to improve the 
uniformity of the magnetic induction in the RF inter- 
action region, two compensation coils are placed at 
both entls of the solenoid. They generate two weak ma- 
gnetic i~~ducLions 8'1 and B'2 that cancel the influence 
of the stronger Field in the adjacent regions. Figure 
4 shows an example of static magnetic induction pattern 
along the atomic beam path. 

t lrlG 

Experimntal megnetic induction profile in Cs 111. 

b) Microwave cavity 
Our cavity shown in figure 5 is home-machined and is 

n~acle of hard aluminium alloy 6061. 'This solr~tion has 
been retained in order to get a better dinrensional pre- 
cision on the arms length. Due to the longitudinal ma- 
gnetic field, the cavity is bent in the H-plane. lt 
operates on the TE 0 ,  1, 13 mode. The dimensions have 
been choosen to remain compatible with an i~~dustrial 
realization. The inner drift distance is 21 cm ; this 
yields aline width of 500 Hz. 

In order to eliminate the usual hole in the magne- 
tic shielding and to avoid a field perturbation along 
the beam path, we have developed a coaxial feeding of 
the cavity. For the same purpose, the coupling arm is 
enclosed in the evacuated tube placed on the side of 
the main U-shaped wave guide to avoid stopping. the beam. 
Creat care has been taken to accurately tune the cavity 

since once it is in the tube no further frequency ad- 
justement can be made. The loaded Q of our cavity is 
about 800 whiclr requires an increased excitation power 
but minimizesthe cavity pulling effect. 

Ramsey cavity design. 

c) The optical collectina device 

Our photon collecting system is made of two aluminium 
mirrors which surround the light-interaction region. 
The geometric collection efficiency has been measured 
and reaches 48 X for a 100 nun2 detector area. A set of 
diaphragms has been placed along the laser beam path in 
order to minimize the stray light. This stray light 
comes mainly from the laser incident power. It induces 
a continuous background and a spurious which decreases 
the detection signal to noise ratio. It is mainly due 
to the poor geometric quality of the laser light beam 
delivered bv conventional laser diodes, and to scat- 
tered light-from the windows. We have also designed an 
amplification electronic device which displays a dark 
current noise of 2 x 10-14 A x ~ z - 1 1 ~ .  It converts the 
photon flux into a proportional voltage. 

111. EXPERIMENTAL RESULTS 

We have investigated the properties of our new ato- 
rsic cesium beam resonator Cs 111. We shall presrrll I113re 
(.he rnost distinctive results. 111 the following experi- 
nients, a single laser diode is used for optical pumping 
and optical detection. It is tuned to the 3 + 3 0 
Lransition. 
a) Pumoina efficiency 
Wit11 a three independent magnetic field regions 

Cs I11 is well suited to investigate the beam prepa- 
ration efficiency versus the magnetic field amplitude. 
We have recorded the variation of the fluorescence si- 
gnal $ in the detection region versus B1, i.e. magne- 
tic induction in the pumping region. This signal comes 
from ur~pumped atoms in this region. ~ e t  go the fluores- 
cence of the beam when no pumping occurs in the prepa- 
ration region. Figure 6 shows the ratio $ /Po, which 
accounts directly for the percentage of unpumped atoms. 
We see that when B1 is very small,F/Fo is about 8 Z 
and that complete preparation is only achieved when B1 
is increased above 3 x T (300 mG). In this expe- 
riment Bo and B2 are set respectively to 4 x l ~ - ~  T 
and 5 x T. 

Percentage of uipumpad atoms versus B1. 



Furthermore the uncomplete atomic beam preparation 
induces a dramatic enhancement of the noise level with 
the fluorescence signal b , as can be seen on figure 7. 
This effect can be explained by noting that when the 
pumping is no longer complete, the fluorescence yield 
of the atomic beam depends on the laser frequency fluc- 

Fia. Photocurrent fluctuations spectrum for several B1 values. 
b) Microwave spectrum 
In the Pollowinn results optical ~um~inrz and detec- . . - 

tion are performed-within a magnetic induction of 
5 x 10-5 T (500 mC) to achieve full efficiency of the 
two processes. Figure 8 shows the microwave spectrum 
of our Cs beam resonator Cs 111 when the value of the 
magnetic induction Bo is set to 4 x T (40 mG). 
We note first that the Ramsey patterns of all the 
frequency dependent transitions are very well resolved. 
Secondly, they are well centered on their Rabi pedestal. 
This accounts directly for the magnetic field uniformity 
along the beam path in the whole RF interaction region. 
This has been made possible by adjusting the field 
amplitude with the compensation coils. 

m. Microwave spectrum Bo : 4 x T (,ko nG). 

c) Central Ramsey pattern 
Figure 9 shows the Ramsey pattern obtained for the 

F = 4 ,  mp = 0,  F 3, mF = 0 transition. The central 
fringe is 500 Hz wide. Ib represents the background of 
stray light, which is very small. The amplitude signal 
to noise ratio is defined as the peak to valley current 
difference divided by the standard deviation of the 
peak current. It reaches 11.000 in a 1 Hz noise band- 
width. 

We have obtained this signal to noise ratio with an 
oven temperature of about 115' C. The effective oven 
emissive area is about 5 mrn2. It is of interest to note 
that the Habi pedestal is narrower than with conven- 
tional E-plane cavities. It accounts for the larger 
interaction time in each arm. Furthermore, the smoother 
variation of the microwave field along the beam path 
reduces the amplitude of the aisles of the Rabi pedes- 
tal, which is favorable to a decrease of the Rabi pul- 

ling, if the latter exists. 

,Pip.. IF = 4, mp = 0 > +  I F = 3 ,  mF = 0 > renowice pattern. 

d) Verv low magnetic induction 
Thanks to the three separatefields configuration, it 

is possible to set the longitudinal magnetic induction 
in the RF interaction region to very small values while 
keeping the magni tude of the induction at 5 x T 
(500 mG) in the optical interaction regions. Tho two 
compensation coils are used to correct the field near 
each end of the solenoid. As a results, the magnetic 
induction Bo can have a mean value adjusted closely 
equal to zero, while its deviation can be made very 
small. 111 such conditions there is no Zeeman splittirng 
any longer. All tile atoms of the beam undergo the hy- 
perfine transition. As show on figure 10, we thus see 
that the obtained Ramsey pattern is about 6 times higher 
with a slightly increased width. The usual fringe is 
displayed for comparison purpose. 

Pin.. Rmsey patter!! at 4 x T ( a )  and st very low magnetic 
induction (b ) .  

e) Stability measurements 
The frequency stability of the frequency controlled 

10 MHz quartz oscillator has been measured with respect 
to a hydrogen maser The result is 
o ( T )  = 2.1 x 10-l i  T - ~ / ~  for 1 s < T <  50 s. It is 
srmilar t the frequency stability obtained in the Cs I1 
device ( 4 7 ,  but the presently reported result. has been 
achieved with a beam intensity approximately 4 times 
smaller. 

CONCLUSION 

We have designed a new optically pumped cesium beam 
resonator which allows to optimize the three inter- 
action processes. We have confirmed experimentally, with 
the simplest possible sot-up using a single laser, that 
optical pumping methods can improve the short term fre- 
quency stability of Cs beam frequency standards. 

Furthermore, we have demonstrated that they can be 
efficiently implemented in the presence of a weak ma- 
gnetic field in the RF interaction region, a condition 
favorable to long term frequency stability. 
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In a cesium beam frequency standard, it is very important to get a large 
difference of population between the two clock-levels in order to obtain after 
the microwave resonance a large signal and consequently a good short-term 
stability. Optical pumping with the different possible transitions allows us 
numerous ways to create this population difference. This has been already 
studied both theoretically and experimentally [ I ]  for broadband lasers and a 
sufficiently high magnetic field. However it has been shown that in other cases 
coherence effects can occur preventing a perfect pumping [2, 3, 41. So, we have 
undertaken a numerical calculation of the atomic evolution during optical 
pumping process with monochromatic lasers and low magnetic field. Here we 
describe first our theoretical model, then we give some results for the one 
laser pumping scheme and finally for the two lasers pumping scheme. 

II - THEORETICAI MODEL 

I )  Theoretical Model 

We consider an atomic beam propagating along Ox. The atoms 
are irradiated by one or two lasers beams of pulsation o l  and 0 2  propagating 
along Oy and having a linear polarization el and e2. A static magnetic field 5 is 
applied in the Oz direction (See Fig. 1). Each polarization vector ei (i = 1 or 2) 
make an angle 8i with Oz. If 8i = 0" the polarization is called x polarization, if 8i 
= 90' it is called o.  In this work circular polarizations are not considered. Of 
course, our results are also valid if the magnetic field 5 is applied along the 
atomic beam since, in fact, our model do not take into account the relative 
directions of the atomic beam and of the magnetic field. 

Fig. 2 shows the first energy levels of the cesium atom. Each laser can be 
tuned on a transition between a hyperfine level of the ground state and a 
hyperfine level of the 62P3/2 state (D2 line) or a hyperfine level of the 6*PlI2 
state (Dl line). The Larmor frequency is indicated beside each level. 

We use a semi-classical model in which the laser fields are classically 
written and the atomic system is quantum mechanically treated. We use the 
density matrix formalism [5]. Let p the density matrix representing the 

28 1 
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ensemble of atoms in the illuminated zone of the atomic beam. The time 
evolution of p is given by the Liouville equation : 

d p = l / i R [ H ,  p] + R (1) 
d t  

where we have added the R term to describe the effect of spontaneous 
emission. H is the total hamiltonian of the system, we can write : 

where Ho is the unperturbed hamiltonian, Hz is the Zeeman hamiltonian and V is 
the interaction term with the electromagnetic field 

where yl is the magnetic dipole moment of the atom. The interaction term is : 

with D the electric dipole moment and E the total electric field : E P: El + E2. 
Laser beams are described as monochromatic plane waves, then : 

For each density matrix element pij, equation (1) yields : 

dldt pij =-i(COij + wZi j )~ i j+ l l i ,H  Z (vik Pkj-Pik Vkj) + R i j  (6) 
k 

with o i j  = (Ei-Ej)I,H, El is the energy of level i ; Uzij = oz i -az j  and o z i  is 

the Larmor pulsation for the level i. If we put p = o eei@ijt and using the 
rotating wave approximation, we obtain : ij ij 

dldt Oij = - iozij o i j  

where Awikll = wik - w l  if oik > 0 and oik + or if wjkc 0, the same for AOik.2 
I f  i and j are two levels of the excited states 



z is the lifetime of the excited state, z = 32 ns. If i is a level of the excited 
states and j a level of the ground state, or the reverse, ( ~ i j  is an optical 
coherence) : Rij= -1121 oij (9) 

- 
If i and j belong to the ground state : 

where e and e' are excited levels and the coefficients aei(aelj) are linked to 
Clebsch-Gordan coefficients and are defined in [23. 

If we assume that initially the 16 Zeeman sub-levels of the ground state 
are equally populated and that all the other matrix elements are null, so we can 
calculate the evolution of the density matrix. 

2) Numerical Calculation 

48 Zeeman sub-levels are involved in the D2 line which lead to a density 
matrix of dimension 48 x 48 or a set of 2304 coupled linear differential 
equations. Using hermiticy of the density matrix we can reduce this number to 
1176. We use then a Runge-Kutta method to compute the time evolution of the 
matrix elements. The calculation is performed with a variable step At. If the 
off-resonance hyperfine levels are taken into account in the calculation 
oscillating terms appear in the equations and we have to use a very little At 
step leading to a very long computation time. Then we have not taken into 
account off-resonance levels in our calculation. This approximation is 
justified when the number of absorbed photons is not too long. With these 
conditions, the calculation of the density matrix evolution during 5 1 s  needs 
about 1 hour of CPU time on a Micro-Vax II computer. 

We have calculated the population of each magnetic sublevel as a function 
of time. This has been done for all possible transitions with o or R polarization. 
In an atomic clock we are especially interested by the difference of population 
between the two clock-levels : (F = 4, m = 0) and (F = 3, m = 0) of the ground 
state. We define the fractional population difference An as : 



where rt is the total population (= 1 in our case). We have calculated An after an 
interaction time T equal to 5 ps, with a laser intensity I = 3 mwicm* and for 
three values of the magnetic field : B - to 0, B = 0.1 G and B = 1G. The results 
are shown in Table 1 for one laser tuned to a transition of the Dl line and in 
Table 2 for one laser tuned to a transition of the Q2 line. 

Table 1 : Population difference An obtained for one laser pumping 
with the Dl line 

An in percent, T = 5 ps, 1 = 3 mwlcmz, the symbol - means unchanged. 

Transition B - O G  B = 0,lG B = 1 6  

We can see on table I and ll that : (i) for o transitions An changes with 
increasing magnetic field, (ii) for a sufficiently high magnetic field our results 
are in good agreement with a standard rate equations model [I]. 

The behaviour in weak magnetic field can be explained by Zeeman coherences 
effects 15, 61. In a weak magnetic field, a first interaction with the o polarized 
laser removes the atom from a ground state IF, m~ > (absorption process) and 
puts it in a coherent superposition of a n ~  - 1 and m~ + 1 sublevels of the excited 
level. A second interaction with the laser (stimulated emission process) brings 
back the atom to the ground state in a coherent superposition of m~ - 2, m~ and 
m~ + 2 states creating so Am = f 2 and Am = .:f 4 coherences. After a few cycles, 
we obtain coherences between Zeeman sublevels with /Am I = 2, 4, 6 or when it 
is possible 8. This prevents further absorption processes and the atomic 
system becomes transparent. The Zeeman coherences decrease with increasing 
values of B due to the Larmor precession and the detuning of the components of 
the optical line with respect to the laser frequency. The populations of the 
Zeeman sublevels as the coherences will exhibit a resonant behaviour near B = 
0. This effect is known as stimulated level crossing [7], saturation resonance 
[5, 61 or non-linear Hanle effect [8]. 



The histograms of Figure 3 shows the populations of the Zeeman sublevels of 
the ground state in two cases : after a 4-4 o pumping and after a 3-3 o pumping. ' 

In these two cases the effect of coherences is clearly visible on the 
populations distribution. 

Table 2 : Population difference An obtained for one laser pumping 
with the D2 line. 
An in percent, T = 5 ps, I - 3 mw/cm2, the symbol - means unchanged. 

Results of ref [I] are calculated with a different model 
Transition B - oG B = 0,lG B=1G Ref [ I  ]** 

* For these transitions, there is still an important fraction of the population in the excited level at 
t = 5 p s  

* Results of ref. 1 are calculated with slightly different parameters (T-3 ps, I = 10 mwlcm2). It is 
not important if the steady-state is reached. 

Figure 4a shows the shape of the resonance of An for different interaction 
times for a 4-4 o pumping. As soon as B is not null the steady state is reached 
when the F = 4 level is empty. Lower is the magnetic field and longer is the 
time needed to reach this state. So the resonance width decreases with 
increasing interaction time. Figure 4b shows the same resonance with different 
laser intensities. The decrease at high intensity can be explained by stimulated 
emission effects. 

Of course, the same resonances can be observed on the fluorescence light as 
in ref [3]. 



EigA., Population of Zeeman sublevels in zero magnetic field at steady 
state, a) 4-4 a pumping, b) 3-3 a pumping. The two transitions are 
Dp line transitions, T 3: 5 ps, I = 3rn~/crn2. 

Fia. Fractional population difference versus the magnetic field. One 
laser pumping with the 4-4 a transiaion of the D2 line : a) for 
different interaction times, I = 3mwlcm2 ; b) for different laser 
intensities, T = 5 ps. 



Schemes using two lasers in the optical pumping region should transfer all 
the atoms on a single clock-level [9]. In these schemes a laser emptys a ground- 
state hyperfine level and the other laser, which must be tuned to a F-F x 
polarized transition, depletes all the sublevels of the other hyperfine level 
exept the F, m~ = 0 sublevel. So after a few cycles all the atoms should be 
trapped in a single F, m~ = 0 sublevel. However, in a low magnetic field if one 
laser is o polarized, it will induce Non-Linear Hanle Effect as seen above 
preventing a perfect pumping. We can use also two x polarized lasers since a 
transitions do not create Zeeman coherences. In Cesium there are only two 
possibilities : (i) a laser is tuned on the 3-3 a transition and the other on the 
4-4 n transitions. The two F = 3, m = 0 and F = 4, m = 0 sublevels are then 
trapping levels and the population difference is far from 100%. (ii) the two 
transitions share the same excited level : 3-4 a and 4-4 x or 3-3 a and 4-3 x .  
Unfortunately in these schemes the atom is put in a coherent superposition of F 
= 4, m~ and F = 3, m~ ground state sublevels (hyperfine coherence) which 
prevents further absorption processes [ l o ]  and the population difference 
remains rather low [2]. 

Table 3 shows the population differences obtained with an optical pumping 
using two lasers tuned on D2 line transitions. The results are given for three 
values of the magnetic field. Table 4 is the same as Table 3 for the D l  line. 

Table 3 : Population differenceAn obtained for two laser pumping. 
The lasers are tuned on the D2 line. An in percent, T = 20 ps, 
I = 3 mWlcm2 for each laser, the symbol - means unchanged. The 
transitions are listed by order of efficiency in null magnetic field. 

Transition B - o G  B = 0,lG B=1G 



Table 4 : Population difference An obtained for two laser pumping. 
The lasers are tuned on the Dq line. Same conditions and same 
remarks as in table 3. 

Transition 6 - 0  B = l G  

As for the one laser pumping case, the coherences effect decreases with 
increasing values of the magnetic field due to the different values taken by 
the Larmor frequencies. This is true also for hyperfine coherences as we can 
see with the 3-4 n, 4-4 a transition. In this scheme we get no Zeeman 
coherences because the two polarizations are a, so it is a very good example 
to study the hyperfine coherences behaviour. The fractional population 
difference versus one laser detuning in a zero magnetic field is shown in 
Figure 5 for two pumping schemes : 3-4 n:, 4-4 n and 3-3 n, 4-4 o for 
comparison purpose. in the first case as soon as a laser is detuned the 
excitation of hyperfine coherences is no more resonant and An increases 
rapidly. In the second case, on the contrary An decreases with increasing 
detuning because An is limited by Zeeman coherences and no by hyperfine 
coherences and the laser detuning has no effect on Zeeman coherences. Of 
course, An decreases when the detuning becomes larger than the natural 
width. 

Another way to avoid creation of hyperfine coherences is the use of one 
laser tuned to the D2 line while the other laser is tuned to the Dq line. Figure 
6 shows the time evolution of the fractional population difference An for 
different pumping schemes : (1) the most efficient schemes using two lasers 
tuned on the same line, 3-3 n, 4-4 o with the D2 line and 3-3 a, 4-4 n: with 
the D l  line. An does not reach 60%. (2) the 3-4 a, 4-4 s scheme with the two 
lasers tuned to the Dp line or to the D l  line. An reaches 14%. (3) the same 
scheme 3-4 n, 4-4 n but with one laser tuned to the D2 line and the other 
tuned to the D l  line. An reaches 100%, all the atoms are in a single clock- 



Ej&L, Fractional populat ion 
difference An versus one laser 
detuning in zero magnetic field. The 
two lasers are tuned to the D2 line : 
a) 3-4 x, 4-4 x scheme ; the 3-4 
x laser is detuned ; 
b) 3-3 R, 4-4 a scheme, the 3-3x 
laser is detuned. T = 20 ps, I = 3 

A V  (MHz) m w/cm2. 
w 

5 10 15 

Fla..6. Time evolution of the fractional population difference An for a 
few two-lasers pumping schemes in a zero magnetic field. (I = 3 
mW/cm2 for each laser). 



levei. These two last schemes are the most efficient in zero magnetic field 
and are the only-ones preventing coherences creation. 

We have shown that optical pumping process can be partially inhibited in 
weak magnetic field by coherences effect : Zeeman coherences (Non-Linear 
Hanle Effect) with o polarized transitions or hyperfine coherences (black 
lines [ I Q ] )  with two ?t polarized transition. In the one laser scheme the 
Zeeman coherences build-up can be avoided by use of a strong magnetic field 
(6 > 0,5G) in the optical interaction region or by using a 7c polarized 
transition although the population difference obtained is not the largest 
possible. In order to achieve a complete pumping with a two-lasers scheme 
we can also use a strong magnetic field or two 7c polarized transitions with 
two broad-band uncorrelated lasers [2]. However in this case the noise and the 
pumping time are greatly enhanced. Another interesting possibility is to 
detune one laser frequency. The simplest way use the Doppler effect due to 
divergence of the atomic beam and of the laser beams with two counter 
propagating laser beams. Finally, the best way to achieve a complete pumping 
in weak magnetic field seems to make use of two 7c polarized beams resonant 
with the Dl and D2 lines. It is worth noting that i f  Zeeman or hyperfine 
coherences are created by optical pumping they could modify the microwave 
interaction or the optical interaction in the detection region. This point must 
be carefully investigated in order to prevent new error sources in an optically 
pumped cesium clock. 
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MINIATURE RESONATOR W I'FH OITICAL 
INPUT AND OUTPUT 

Electrical connections render piezoelectric resonators vulnerable 
to electromagnetic disturbances. A way of overcoming this 
vulnerability is to excite the resonator by photothermal effect i.e. by 
a light beam whose intensity is modulated, and to detect its vibration 
optically. These optical methods of excitation and detection have the 
additional advantage of requiring no mechanical contact. 

The object of our experiments is a miniature resonator. It 
consists of a thin plate of quartz 0,25 x 0,70 x 5 mm3 vibrating in a 
flexural mode at 60 ktlz and constitutes an essential part of a 
pressure sensor. The optical source is a laser diode (20 mW) with an 
optical fiber. Several techniques of detection have been tested: 
homodyne interferometer, knife wedge, rotation of polarization. The 
last one has been found the most attractive. It is very stable and the 
tolerance for positioning the probe with respect lo thc resonator is 
quite acceptable. 

I - INTRODUCTION. 

L'inttrCt d'exciter et de dttecter les vibrations de rtsonateurs 
mtcaniques par des moyens optiques tient B plusieurs raisons: 

-i) les mattriaux, douts de pitzotlectricitt et aptes, par leurs 
dimensions, coupes, coefficients de qualitt, ..., B constituer des 
rtsonateurs sont rares, en dehors du quartz (Si 02 )  et du tantalate de 
lithium (Li Ta 0,). 11 est donc utile d'ttudier dautns  matbriaux, 
posskdant des qu&lts mkaniques comparables B celles de ces deux 
cristaux, comme Ie corindon (monocristal d'alumine: AI2O3) ou le 
grenat d'yttrium et d'alumin'ium (YAG). Or un moyen relativement 
simple d'exciter des rtsonateurs taillts dans des cristaux non 
pitzdlectriques est I'effet phototherrnique: gtntration pkriodiqur de 
dtformations par chauffage local B I'aide d'un faisceau lumineux 
dont I'intensitt est modulte [ 1-61. 

-ii) L'excitation par effet pitzdlectrique ne prtsente pas que des 
avantages. D'une part, la soudure fil - cristal charge mtcaniqueme~lt 
Ie rtsonateur; d'autre part, la boucle source tlectrique - fils - cristal 
rend le rtsonateur sensible aux perturbations tlectromagnttiques. 
L'excitation et la detection optiques qui n'exigent aucun contact 
mtcanique ne pdsentent pas ces inconvtnients. 

L'objet de cet article est de dkrire une exptrience relative 21 un 
rtsonateur qui est I'tltment essentiel d'un capteur de pression 
Crouzet. Ce rtsonateur en quartz, normalement excitt, dans les 
dispositifs dtveloppks jusqu'i present, par une tension tlectrique, 
est,ici, mis en vibrations par un faisceau lumineux. Trois mkthodes 
de dblection ont tte essnytes. La meilleure est cellc de la rotation dc 
polarisation. Avant de proctder B ces essais, nous avons relev6 la 
dbformte et la rtponse frdquentielle du rtsonateur, en fonction- 
nement normal, B I'aide d'une sonde optique interfdrombtrique. 

2 - STRUCTURE DU CAPTEUR DE PRESSION. 

Le principe de fonctionnement de ce capteur [7) est i l lusd par la 
figure 1. Le rtsonateur, assimilable A une poutre encastrte 21 ses 
deux extrtmitts, vibre sur un mode de flexion. La pression B 
mesurer engendre par ltinterm6diaire du soufflet et du fltau urle 
force, suivant I'axe du barreau, qui modifie la frtquence de 
rtsonance. La basse pression (vide primaire), dans I'enceinte, 

diminue I'amortissement db B l'air el sert de rtftrence. Les pertes 
d'tnergie vers le support sont rtduites grace B deux masselottes 
mobiles en rotation. Masselottes et lames Clastiques forment un 
systbme dont les caracttristiques sont calculks pour annula I'effort 
tranchant dans les tltments de liaison avec les supports. Les 
dimensions du rtsonateur en quartz (de coupe Z, I'axe du barreau 
est parallble & I'axe cristallographique X)  sont indiqutes sur la 
figure 1. 

FLE AU RFSONAWUR 
ENCEINTE A VIDE 

3,2 

Fig. 1 .  Cupteur dc pressinn Crouzer (type 51). La friquence 
du rksonareur qui vibre en Jlaion (ILpend UI lu force 
etgglgetdrie, slrivunr son me,  par lo prcssioti h n r  le souffler. 

3 - RELEVE ORIQUE DE LA DEFOIZMEE ET DE LA 
REPONSE FREQUENTIELLE DU RESONATEUR. 

En vue de connaitre I'ordre de grandeur drs dtplacemcnts en 
fonctionnement nornlal et de comparer leur distribution thhrique el 
rtelle, nous avons relevt la dtformte du rtsonateur lorsqu'il est 
excitt pitzotlectriquement. Ce relevt a C t t  effectut it l'aide de la 
sonde interftromttrique [8,9] ,  de rCsolution lo4 A/=, mise au 
point au laboratoire (figure 2). Le quartz etait collt sur un support de 
capteur (dtpourvu de souiflet) plact B I'inttrieur d'une enceinte B 
vide primaire ~nunie de hublots. 

RESONATEUR 

ANAI.YSfiUH 

RESONATEUR 

Fig. 2. Sonde optique hirkrodytic utilist!e pour relever 
la dijornde du risonareur er su rkponse friquentielle. 

Les points exptrimentaux portes sur la figure 3 sont t d s  proches 
de la courbe prtvue analytiquement [lo].  L'amplitude du 
dbplacement au centre est 120 Angstrom. Les deux noeuds dr  
vibration se situent aux poirits prtvus. 

EFTF 89 - Besanson 



SONDE 

Fig. 3. Dqormie du risotuteur relevke pur so~tde 
interfe'rotrdtriq~ce he'tbrodyne. L.e &placement 
mkcaniqrie au centre est: I20 A. 
La figure 4 reprtsente la rtponse frkquentielle du rtsonateur. 

L'amplitudc et la phase de la vibration ont ttk mesurkes au centre de 
la l a m .  La Wquence de resonance (59 345 Hz) dimre peu de celle 
prtvue (59 320 112). Le coefficient de qualid (Q) dtduit de cette 
rtponse est 15 000. Les expkriences mentes avec trois autres 
rksonateurs montrent que la valeur de ce coefficient dtpend deb 
conditions de collage sur le support (15 000 < Q c 60 000). 

.XI?-- Y I,  - I'IIASE 

Fig. 4. Atnplitude (a )  cr phase (b) de la rtponsefid~/uentielle 
du risotrateur excitk piesotlectriquement 0; = 59 34.5 Hz) 
sous vide primuire (p = I P2 Torr). 

4 - EXCITATION PHOTOTHERMIQUE 

Un rtsonateur de coefficient de qualitt environ 60 000 el de 
frtquence 49 330 Hz a kt6 excile par une diode laser (810 nm, 
puissance maximale: 50 mW) munie d'une fibre optique B modes 
multiples (0: 100 pm), suivant le schtma de la figure 5. Le faisceatl, 
B la sortie dc la fibre, est focalise, P I'aide d'une lentille, soit au 
centle (point A) soit I'extrtmitC (point B) du rksonateur. Pour une 
puissance lumineuse moyenne en sortie de fibre d'environ 20 mW 
I'amplitude de la vibration cst 450 A si la lame est chauffke en A et 
730 A si la lame est chauffte en B. Le rapport de ces amplitudes est 
tgal B celui des moments flkchissants en ces deux points [lo]. 

Fig. 5 .  Excitation par diode h e r  etjihre optiqrie. Le 
clk/~lucemcnt, mesuri pur la sort& ittter)irondtriqnc & 
lu fisure 2, est maximal lorsque le point d'impac~ esr B. 

5 - DETECTION OPTIQUE 

La sonde hkt6rodyne, utilis6e pour rnesurer les dkplacements, est 
un instrument de laboratoire, difficilement miniaturisable ti l'tchelle 
d'un rksonateur. Aussi avons nous essay6 d'autres moyens de 
dktection: interfkrom8tie homodyne, technique du couteau, interac- 
tion icousto-optique (rotation de polarisation). 

Deux interftromhtres homodynes ont kt6 dalists. b u r s  schkmas 
sont reprksentks sur les figures 6 et 7. Dans le premier, le faisceau 
incident, polarisk horizontalement, est divist en deux parties par un 
prisme de Wollaston I I l l .  La premiere partie (R) est focaliske sur 
I'extrtmitk du rdsonateur (noeud de vibration), la deuxihme partie 
(S) sur le centre. Ler polarisations de ces deux faisccaux sont 
ixrpendiculaires. Chacune est dkcalte de rr14 par rapport B celle du 
faisceau incident. Apres rkflcxion sur la lame, Ies faisceaux se 
recombinent dans le prisme dr  Wollaston en gardant leur 
polarisation respective et interfkrent sur la photodiode. 

PHOTODIODE RESONATEUR 

Fig. 6 .  Dttection de la vibration par interjZrontitrie d~~krentielle 
entre le faisceau cle rtzfrcncc R et le faisceau sonde S. A est un 
prismc Je Wollaston. B est rut cube s6parareur de polurisatiot~. 

Dms le deuxibme interftromttre, le faisceau laser source est 
introduit dans une des fibres monomodes du coupleur (121. La partie 
de la puissance optique rkflkchie I'autre extrtmitt de la fibre fait 
office de dfkrence; la partie dflkchie par I'objet dans la fibre subit 
une modulation dc phase. Comlne prkckdcmment, I'in~erfkrc~lce des 
deux faisceaux sur la photodiode transforme la modulation de pllnse 
en modulation d'i1llc11sitk. 

LASER 
COUPLEUR 

- 1,5mW k; I 

Fig. 7. Detectiot~ du d~plucem~t~t  par ittterfe'rondtre ci fibres 
opriclues. 

La vibration du rksonateur, excilt par diode laser, a 61.4 dktectke 
avec les deux intelfkromhtres mais le signal est trks instable et d'une 
sensibilitk excessive aux parasites. 

La techtiique du couteari n'impose aucune contrainte sur I'ttat de 
la surface de la lame, contrairement aux mkthodes interftromktri- 
ques. Elle fournit pour des dkplace~nents de plusieurs centaines 
d'Angstri5m un signal d'amplitude satisfaisante (rksistance de charge 
de la diode IkR -+ 0,2 mV avec un rapport signal / bruit de 30 dB) 
mais td s  vile dklkriork par les moindres perturbations mkcaniques. 

La mdthode consistant A tirer profit de la birefritlgettce p6riodirlue 
engendrte par les contraintes au cours de la vibration (figure 8) s'est 
rCvCl6e la meilleure: le rksonateur est p la~k entre un analyseur et un 
polaliseur croisds de fac;on qu'au repos la photodiode ne rqoive 
aucune lumikre. Lorsque le rksonateur vibre, les contraintes 
induisent une birtfringence qui fait tourner la polansation du 
faisceau lumineux; la photodiode est kclairke p6riodiquement. La 
rotation est maximale lorsque le faisceau traverse la zone b 
contraintes klcvkes, prts d'une masselotte. 



CONCLUSION 

Ces exptriences, portant sur des rtsonateurs miniatures, vibrant 
sur un mode de flexion, B une frtquence comprise entre 40 et 60 
kHz, montrent I'inttet des techniques optiques dans le domaine des 

He-Ne 
Polarise 

Fig. 8 .  Dktecrion de la vibrationpar rotation de 
polarisation du faisceau sonde. 

La figure 9 reprksente le signal foumi p la photodiode pour une 
amplitude de vibration de l'ordre de 1W f Ce signal est en phase 
ou en opposition de phase, par rapport B la tension de commande de 
la diode laser, suivant que Ie faisceau sonde traverse la lame d'un 
cote ou de l'autre de la fibre moyenne. I1 est Ws stable, quasiment 
insensible aux chocs et vibrations exttrieures. 

Fig. 9. Signal d la sortie de la photodiode, produitpar la rotation 
de polarisation du faisceau sonde.f=58 186 H z ,  gain 300, b a d e  
passante 10 kHz. 

La comparaison, sur la figure 9, des signaux fournis par cette 
technique et celle du couteau est instructive. La deuxitme requiert 
une prtcision de I'ordre de 10 pm quant B la position relative de la 
tache focale par rapport B l'adte de la lame. La dttection par rotation 
de polarisation est cinq fois moins exigeante (E 50 pm). 

Fig. 10. Variation de I'amplitude du signal en fonction de la 
position relative du point de focalisation du faisceau sonde. 
( a )  mdthode du couteau, (b) rotation dc polarisndon. 

rtsonateurs. 
La dtformte d'un rtsonateur a Ctt relevte 21 l'aide d'une sonde 

optique, sensible et stable. La distribution r6elle des dkplacements a 
ainsi t t t  comparke avec la distribution prtvue, le r61e & masselottes 
de ddecouplage a t t t  vtrifit. 

Plusieurs rksonateurs ont ttt excitts par un faisceau lumineux 
guidt par une fibre optique avec des amplitudes de vibration du 
meme ordre de grandeur que celles obtenues en fonctionnement 
pitzo4lectrique. 

La vibration a Ctd dttectte par trois mtthodes. La meilleure est 
baste sur la rotation de polarisation d'un faisceau qui traverse ia 
lame de quartz. Elle est stable, la tolkrance de positionnement du 
faisceau par rapport au cristal est tout B fait acceptable. 

Ces techniques utilishs ici avec un rtsonateur en quartz, tltment 
d'un capteur de pression, s'appliquent naturellement B des 
rtsonateurs tailMs dans d'autres mattriaux 1131. 
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Space applications require piezoelectric 
resonators with excel lent stabi l i  ty under 
environmental conditions which usually cause frequency 
perturbations, 

For improved long term drift and short term 
stabilities under accelerations and external pressure 
variations a EVA SC cut 10 MHz 3rd overtone specially 
mounted crystal is proposed. 

Several parameters of quartz fixation including 
number and location of quartz bridges need a 
theoretical study whfch has already been done in the 
AT cut case. We now present a stress sensitiveness 
coefficient calculation which connect frequency 
variations to effective stresses in an SC cut crystal. 

The supporting structure $between quart.2 
resonator and case also needs special care and study. 
A rigid peripheral structure associated to elastic 
fixation is used. Computer aided design is used to 
turn theoretical results into pratical realization. 

Measurements and tests on four resonators are 
performed. Results are presented. 

RESUME 

Pour les applications spatiales, i l  est 
necessaire a'utiliser des resongreurs pi6zoelectriques 
ayant les meilleures stabilites ; les condjtions 
d'environnement sont la cause des perturbations de 
frequence. 

Pour obtenir des stabilites long terme ainsi 
que des stabilites B court terme dans le domaine de 
l'acceleration ou des variations de pression 
exterieure, nous proposons de combiner 1 'uti lisation 
d'un cristal de coupe SC, 10 MHz P3, monte en B.V.A. 
avec une structure peripherique specifique. 

Le choix du nombre de ponts reliant la plaque 
vibrante a Id couronne de quartz et leur position 
relative au repere cristal lographique est lie aux 
resultats de l'etude theorique systematique des 
actions appliquees 13 un cristal de coupe SC. De la 
mbme maniere que pour la coupe AT, nous definissons a 
present, pour un cristal de coupe SC, le coefficient 
de sensibilite deduit de loetude de la variation de 
frequence fonction des differentes contraintes 
effectivement appliqu6es. 

Le support reliant l'empilage de quartz au 
boitier a necessite une etude speciale : une structure 

peripherique rigide associee a des fixations 
elastiques est utilisee. L'optimisation des resultats 
de cette recherche, avec l'aide de la conception 
assistee par ordinateur, permet la realisation 
pratique de cette structure. 

Des mesures et des tests sont obtenus sur les 
quatre premiers resonateurs de ce type ; les resultats 
sont presentes. 

Under environmental conditions a quartz B.V.A. 
resonator ( 1 )  undergoes a change of frequency. This 
change is linked to effects whdch are directly 
applicable to quartz crystal plate and which function 
according to the type of disturbance, the type of 
support, the number of connecting points between the 
crystal and tile support and also according to their 
position in relationship to quartz crystallographic 
reference. 

At the level of the connecting points to the 
thin disk of crystal, the resulting effects correspond 
to : radial compression, a shearing at the edge and a 
uniformed bending of the plate. 

First of all one can study the influence of 
these effects in the case of the self-suspended (2) SC 
cut quartz crystal with three or four connecting 
bridges symmetrically distributed. 

Following this, from these results and the 
knowledge from work already done in this field ( 3 ) ( 4 ) ,  
it is possible to deduce the outline structure of a 
new resonator with weak simultaneous sensitivity. 

In order to verify the theoretical results that 
have been found it is necessary to make and assemble 
the first resonators of this new generation, so that 
they can be tested. 

INFLUENCE OF EFFECTS DIRECTLY APPLICABLE TO 2 -  -----.------.-----.-...-.-------. 
CRYSTAL ---- 

2.1/ The crystal shearing 

Experiments have been carried out to interfer 
with the static shearing of resonant quartz in the 
conventional resonators (5). 

In the case of the suspending quartz resonators 
of type 0.A.S. secured by two bridges and with 
supports ( 6 ) ( 7 ) ,  the consequence of a diametrical 
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compression of t h e  r i n g  i s  t h e  appearance o f  s t r e s s  a t  
t h e  l e v e l  o f  t h e  c r y s t a l ,  which i s  a  f u n c t i o n  o f  t h e  
ang le  formed by t h e  a x i s  o f  compression and t h e  a x i s  
o f  t h e  two b r i g e s .  

I n  c e r t a i n  p a r t i c u l a r  cases o r  f o r  c e r t a i n  
a p p l i c a t i o n s ,  i t  i s  p o s s i b l e  t o  determine t h e  s p e c i f i c  
s o l u t i o n s  f o r  reduc ing  - o r  c a n c e l l i n g  - t h e  i n f l u e n c e  
o f  t h e  shear ing.  

I n  o r d e r  t o  determine t h e  general  manner o f  t h e  
way i n  which t h e  c r y s t a l  shear ing  d i s t u r b s  i t s  
frequency one l i m i t s  onesel f  t o  t h e  study o f  t h e  t h i n  
d i s k s  o f  q u a r t z  which have t h e  v i b r a t i o n  o f  t h e  
th i ckness  of t h e  shear ing.  N e g l e c t i n g  t h e  
compressi b i  1  i t y  o f  t h e  c r y s t a l ,  t h e  frequency change 
due t o  t h e  s t r e s s  d i s t r i b u t i o n  can be g iven  by t h e  
equa t ion  ( 8 ) ( 9 )  : 

2.2/ Compression of t h e  c r y s t a l  

Prev ious s t u d i e s  have shown t h e  advantages and 
disadvantages of systems w i t h  c r y s t a l s  ma in ta ined  by 
two equal and oppos i te  forces a c t i n g  a long  a  d iamete r  
(10) (11) ,  o r  by 2a angu la r -sec to rs  (8) o r  by i n t e g r a l  
p e r i p h e r a l  bonding (12)(13) .  

I n  t h e  case of a  sel f -suspended q u a r t z  c r y s t a l  
i n  a  B.V.A. system, u t i l i s i n g  t h r e e  o r  f o u r  connec t ion  
p o i n t s  d i s t r i b u t e d  symmet r i ca l l y  and i n d u c i n g  a  
compression of a  c r y s t a l  by t h e  a p p l i c a t i o n  o f  f o r c e s  
on t h e  edges, t h e  s t resses  a t  t h e  c e n t r e  o f  t h e  
c r y s t a l  a r e  equal and can be w r i t t e n  i n  t h e  fo rm : 

where T  i s  a  f u n c t i o n  o f  ho h a l f  t h e  t h i c k n e s s  o f  t h e  
c r y s t a l ,  R i t s  r a d i u s  and F t h e  i n t e n s i t y  o f  t h e  
f o r c e s  app l ied .  

where t h e  bar red  symbol i s  r e l a t i v e  t o  t h e  f i n a l  
s t a t e ,  c  i s  t h e  e l a s t i c  c o e f f i c i e n t  corresponding t o  
t h e  v i b r $ f i o n ,  t h e  T i ,  t h e  s t a t i c  s t resses  and k .  
a r e  f u n c t i o n s  o f  s t ~ f f n e s s  and compliance f o r  !.A2 
second and t h i r d  o r d e r  o f  a  g i v e n  c u t  c r y s t a l .  

I n  case o f  t h e  SC c u t ,  a l l  c o e f f i c i e n t s  ki a r e  
no t  n u l l .  F o r  AT c u t  o n l y  k and k  a re  n u l l .  5 6 

When a  c r y s t a l  q u a r t z  i s  u n i q u e l y  sub jec ted  t o  
t h e  moments on t h e  l a t e r a l  faces o r  i n  t h e  p l a n  o f  t h e  
p l a t e ,  t h e  s t a t i c  s t resses  of t h e  shear ing  a r e  
d i s t r i b u t e d  around t h e  c r y s t a l .  These s t resses  a r e  n o t  
n u l l  i n  t h e  c e n t r a l  p a r t .  The r e l a t i v e  change o f  
f requency can be w r i t t e n  thus  : 

I n  o r d e r  t o  c h a r a c t e r i z e  t h e  i n f l u e n c e  o f  these 
phenomena o f  t h e  shear ing  on t h e  f requency o f  t h e  
c r y s t a l  resona to r ,a  shear ing  s e n s i t i v i t y  c o e f f i c i e n t  
"9," may be in t roduced  b y  t h e  f o l l o w i n g  d e f i n i t i o n .  
The shear ing  s t resses  a r e  d i r e c t l y  l i n k e d ,  f o r  each 
s t r e s s  component, t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  
support  of t h e  c r y s t a l  ; t h e  c o e f f i c i e n t  Q takes t h e  
general  fo rm o f  t h e  equa t ion  : C 

where t o .  i s  a  c o e f f i c i e n t  f u n c t i o n  o f  t h e  
c h a r a c t e r i l s t i c s  o f  t h e  support  and o f  t h e  t ype  o f  
connec t ion  t o  t h e  c r y s t a l .  

I n  o rder  t o  e l i m i n a t e  t h e  in f luence  o f  t h e  
shear ing on t h e  f requency o f  t h e  resonator ,  i t  i s  
necessary t o  cancel  o u t  t h e  c o e f f i c i e n t  o f  s e n s i b i l i t y  
Q . One s o l u t i o n  c o n s i s t s  i n  making n u l l  t h e  values 
t h a t  t h e  c o e f f i c i e n t  t l i  can take.  To do t h i s ,  i t  i s  
s u f f i c i e n t  t o  b i n d  t h e  v i b r a t i o n  p l a t e  t o  i t s  
environment by means o f  a  non e l a s t i c  connec t ion  which 
cannot  t r a n s m i t  t o  i t  any moments. I n  t h e  case o f  t h e  
c r y s t a l ,  bound by t h r e e  o r  f o u r  q u a r t z  b r i d g e s  of 
s h o r t  l e n g t h  and a  r i g i d  support ,  i t  i s  l i k e  a  
m o n o l i t h i c  b lock .  

From equa t ion  ( 1 )  t h e  f requency change due t o  
t h e  s t r e s s  d i s t r i b u t i o n  p r e v i o u s l y  s t u d i e d  i s  ob ta ined  
f rom t h e  e q u a t i o n  : 

I n  o rder  t o  c h a r a c t e r i s e  t h e  i n f l u e n c e  o f  t h e  
phenomena o f  compression on t h e  frequency o f  t h e  
c r y s t a l  resona to r ,  one can i n t r o d u c e  a  s e n s i t i v i t y  
c o e f f i c i e n t  of compression " q  " such t h a t  : F 

T h i s  c o e f f i c i e n t  i s  independent o f  t h e  azimuth 
of t h e  a p p l i e d  f o r c e s  and u n i q u e l y  dependent on t h e  
c o e f f i c i e n t s  o f  s t i f f n e s s  and compl iance f o r  t h e  
second and t h i r d  o rder  o f  t h e  c r y s t a l  c u t  u t i l i z e d .  

A t  a  temperature of 25"C. one o b t a i n s  0, = 
- t 

( 0 . 8 5 ) . 1 0 - ~ ~  ~- ' rn '  f o r  a  SC c u t  c r y s t a l  s u s t a i n i n g  
symmetrical conlpression i n  t h r e e  o r  f o u r  p o i n t s .  

2.3/ F l e x i o n  o f  t h e  c r y s t a l  

Assuming t h a t  t h e  c r y s t a l  resona to r  i s  bound t o  
i t s  environment by a  non e l a s t i c  connec t ion  and t h a t  
i t  has t h e  fo rm o f  a  p l a t e  w i t h  c i r c u l a r  p lanes,  i t  
bends when i t  i s  sub jec ted  t o  an a x i a l  a c c e l e r a t i o n .  

I n  t h e  case o f  one maintened by t h r e e  o r  f o u r  
symmet r i ca l l y  p o s i t i o n e d  b r idges ,  t h e  lnaximum s t r e s s e s  
o f  f l e x i o n  i n  t h e  c e n t r a l  p a r t  o f  t h e  d ~ s k  may be 
expressed by t h e  equa t ion  : 

App ly ing  a x i a l  a c c e l e r a t i o n  r one o b t a i n s  t h e  
2' 

f l e x i o n  o f  t h e  c r i s t a l  p l a t e .  The s t resses  a r e  t h e  
f u n c t i o n  o f  a x i a l  a c c e l e r a t i o n  such t h a t  ( 9 )  ; 

Th is  p r i n c i p l e  i s  a l s o  r e t a i n e d  i n  t h e  s tudy  of 
t h e  f l e x i o n  o f  t h e  c r y s t a l  as w e l l  as f o r  research  
i n t o  a  new p e r i p h e r a l  s t r u c t u r e  o f  t h e  resona to r .  



where P i s  t h e  volumique mass o f  quar tz  and t i  a n o t  
n u l l  c o e f f i c i e n t  dependent on t h e  type  o f  connec t ion  
( t i  = 3.95 w i t h  t h r e e  b r i d g e s  and ti = 3 w i t h  f o u r  
b r i d g e s ) .  

Taking equa t ion  ( 1 )  t o g e t h e r  w i t h  t h e  hypo thes is  
of  p r o p o r t i o n a l i t y  ( 9 )  i n  t h e  change o f  f requency i n  
f u n c t i o n  o f  t h e  s t resses  which a r e  n o t  n u l l  T, and T3, 
one ob ta ines  the  equa t ion  : - 

I n  o r d e r  t o  c h a r a c t e r i s e  i n f l u e n c e  on t h e  
sel f -suspended SC c u t  q u a r t z  c r y s t a l ,  i f  i s  convenient  
t o  i n t r o d u c e  a s e n s i t i v i t y  c o e f f i c i e n t  o f  f l e x i o n  "Qa0' 
de f ined  as : 

The f requency change i s  p r o p o r t i o n a l  t o  t h e  
a c c e l e r a t i o n  a p p l i e d  as w e l l  as t h e  s e n s i t i v i t y  
c o e f f i c i e n t  Qa ; t h e  l a t t e r  cannot cancel  i t s e l f  and 
remains cons tan t ,  hav ing  a p o s i t i o n  r e l a t i v e  t o  t h e  
connec t ing  b r idges .  The c o e f f i c i e n t  Q i s  f u n c t i o n  of 
c o e f f i c i e n t s  o f  s t i f f n e s s  and c o m ~ l i a n c e  o f  t h e  
c r y s t a l  c u t  u t i l i z e d .  

A t  t h e  temperature o f  2 5 O C .  t h e  c o e f f i c i e n t  Qa 

o f  SC c u t  takes t h e  va lue  (34) .10-"  i f  t h e  
-1 1 

c r y s t a l  i s  maintened by t h r e e  b r i d g e s  and (25.51.10 
-1 2 

N m i f  i t  i s  maintened by f o u r  b r idges .  

The r e l a t i v e  change of f requency corresponding 
t o  1 g  a x i a l  a c c e l e r a t i o n  i s  r e s p e c t i v e l y  

( 3 . 1 ) . 1 0 - ~ ~ / 9  f o r  t h r e e  b r i d g e s  and ( 2 . 4 ) . 1 0 - ~ ~ / ~  f o r  
f o u r  b r idges .  These values correspond t o  t h e  l i m i t i n g  
values below wich, w i t h  t h i s  t ype  o f  c o n f i g u r a t i o n ,  i t  
i s  n o t  p o s s i b l e  t o  go. Only t h e  compensation a f f e c t s  
a t  t h e  l e v e l  o f  t h e  c r y s t a l  can be envisaged i n  o rder  
t o  reduce again t h e  a x i a l  a c c e l e r a t i o n  s e n s i t i v i t y  of  
t h e  resona to rs  ; t h i s  s o l u t i o n  show, never the less ,  how 
ex t reme ly  i t  i s  t o  make i t  work. 

q u a r t z  i s  ma in ta ined  on t h e  p e r i p l l e r y  w i t h  an 
assoc ia ted  clamped a x i a l .  

A t  t h e  t i n e  of a v a r i a t i o n  of temperature o r  of 
e x t e r n a l  p ressure  o r  of an a p p l i c a t i o n  of 
acce le ra t ion ,  t h e  r e s u l t i n g  d i s t o r t i o n  o f  t h e  
p e r i p h e r a l  s t r u c t u r e  i s  de f ined  by o n l y  one 
t ransmiss ion  of weak v a r i a t i o n  of s t r e s s  on t h e  
clamped a x i a l ,  necessary f o r  m a i n t a i n i n g  t h e  r i n g  i n  
p o s i t i o n .  The r a d i a l  compression s t r e s s ,  which 
r e s u l t s ,  i s  reduced by t h e  s l i g h t  c o n v e x i t y  o f  t h e  
c r y s t a l ,  b u t  i t  i s  t r a n s m i t t e d  d i r e c t l y  t o  t h e  l e v e l  
o f  t h e  f o u r  q u a r t z  b r idges .  These b r i d g e s  b e i n g  
p o s i t i o n n e d  so as t o  o b t a i n  a n u l l  s e n s i t i v i t y  a t  t h e  
t i m e  o f  compression ; t h e  f requency w i l l  t hen  remain 
s t a b l e .  

Th is  r e s u l t  i s  admissable even f o r  a n u l l  d e f e c t  
o f  p o s i t i o n  a t  t h e  t i m e  when t h e  b r i d g e s  come i n t o  
e f f e c t ,  i n  r e l a t i o n s h i p  w i t h  t h e  symmetry and q u a r t z  
c r y s t a l l o g r a p h i c  re fe rence .  I n  p r a c t i c e ,  a t o l e r a n c e  
e x i s t s  and t h e  i n f l u e n c e  a f  which has a l ready  been 
shown ( 1 5 )  ; t h e  sel f -suspended q u a r t z  system l i m i t s  
t h i s  d e f e c t  and i t s  i n f l u e n c e  i n  comparaison t o  t h e  
conven t iona l  resona to r  model. 

The p e r i p h e r a l  s t r u c t u r e  i s  composed o f  two 
r i g i d  q u a r t z  h a l f - s u p p o r t s  and f o u r  r i g i d  n i p p e r s  
assoc ia ted  t o  a s y m e t r i c a l  suspension w i t h  e i g h t  
spr ings,  which have t h r e e  degree o f  l i b e r t y  i n  
t r a n s l a t i o n  w i t h  equal  s t i f f n e s s .  A r i n g  i s  f i l l e d  
i n t o  t h e  t i p  o f  t h e  hood t o  remove a l l  c o n t a c t  fro111 
t h e  suspension o f  t h e  d i s t o r t e d  p a r t  o f  t h e  h o l d e r .  
The i n f l u e n c e  o f  t h e  o u t s i d e  p ressure  i s  stopped w i t h  
t h e  c h o i c e  o f  t h e  s t r a p - r i n g  connec t ion  i n  t h e  median 
p l a n  o f  t h e  resona to r .  

A l l  these elements o f  t h e  resona to r  a re  mounted 
i n  an improved ageing h o l d e r  (16)  w i t h  a co ld -we ld  
enc losure  and chimney t o  o b t a i n  a l o n g  te rm s t a b i l i t y .  
Computer a ided des ign  i s  used t o  t u r n  t h e o r e t i c a l  
r e s u l t s  i n t o  p r a c t i c e  ( F i g u r e  1 ) .  

Coupe 

3 - CONCEPTION AND PUTTING INTO PRACTICE A RESONATOR 
WITH WEAK SIMULTANEOUS S E N S I T I V E  --- 

I f  one decides t o  cancel  o u t  t h e  p o s s i b i l i t i e s  
o f  t h e  c r y s t a l  shear ing  phenomena by choosing a r i g i d  
support ,  t h e  s e n s i t i v i t y  o f  t h e  c r y s t a l  resona to r  i s  
no longer  p a r t  o f  connec t ion  b u t  o n l y  q u a n t i f i e d  by 
t h e  compression and f l e x i o n  phenomena o f  t h e  c r y s t a l .  

On t h e  case o f  B.V.A. resona to r  system (1  ) ( I41  
equiped w i t h  a SC c u t  q u a r t z  c r y s t a l ,  t h e  t h e o r e t i c a l  
s tudy has shown t h a t  t h e  q u a r t z  se l f - suspens ion  made 
w i t h  f o u r  symmet r i ca l l y  p o s i t i o n n e d  connec t ing  p o i n t s  
i s  p r e f e r e n t i a l .  Th is  r e a l i s a t i o n  w i l l  g i v e  a reduced 
s imul taneous s e n s i t i v i t y ,  f o r  a q u a r t z  c r y s t a l  w i t h  a 
v i b r a t i o n  f requency o f  t h e  t h i c k n e s s  o f  t h e  shear ing,  
when t h e  e f f e c t s  o f  compression a r e  d i r e c t l y  a p p l i e d  
and when a l l  t h e  q u a r t z  p l a t e  i s  amenable t o  bending. 

The way t o  o b t a i n  a r a d i a l  compression r e s u l t  
which i s  l i m i t e d  and uni formed a t  t h e  l e v e l  o f  t h e  
connec t ion  b r i d g e s  w i t h  t h e  c r y s t a l ,  t h e  r i n g  o f  t h e  

D e t a i l  o f  symmetric i n t e r n a l  s t r u c t u r e  o f  m i n i a t u r i z e d  
p i e z o e l e c t r i c  h i g h  s t a b i l i t y  resona to r  : t h e  plan-con- 
vexe c r i s t a l  w i t h  two non adherent  e lec t rodes ,  t h e  pe- 
r i p h e r a l  s t r u c t u r e  w i t h  two r i g i d  q u a r t z  ha l f - suppor ts ,  
f o u r  r i g i d  n ippers ,  a s y m e t r i c a l  s p r i n g  and a r i n g  moun- 
t e d  i n  a cold-weld enclosure w i t h  chimney. 

F i g u r e  1 



Measurements and t e s t s  have been per formed on 
t h e  f i r s t  f o u r  resona to rs .  Dur ing  t h r e e  the  
l o n g  t e l ~  s t a b i l i t y  i s  con ta ined  between (1 ) .10  and 
( 2 ) . 1 0  . For  t h e  q u a l i t y  c o e f f i c i e n t ,  t h e  minimum 

va lue  i s  (1.15).106 and t h e  maximum v a l u e  i s  

Mechanical s e n s i t i v i t i e s  of p ressure  and 
a c c e l e r a t i o n  have been measured f o r  two bars  and two g  
o f  v a r i a t i o n  i n  t h e  a e r o s p a t i a l  agency : O f f i c e  
N a t i o n a l  d 'Etudes e t  de Recherches Aerospa t ia les .  Fo r  
t h e  i n f l u e n c e  o f  e x t e r n a l  p ressure  t h e  lowes t  

s e n s i t i v i t y  i s  (11 .10 - l1  f o r  1  b a r  v a r i a t i o n .  Fo r  t h e  
a c c e l e r a t i o n  f requency v a r i a t i o n ,  t h e  minimum 

-1 1  
s e n s i t i v i t y  i s  ( 1 )  . l o  f o r  an a x i a l  a c c e l e r a t i o n  o f  

1  g  and ( 3 1 . 1 0 - l 1  f o r  a  r a d i a l  a c c e l e r a t i o n  o f  1 g i n  
t h e  c r y s t a l  p lane.  

T h i s  s p e c i f i c  s t r u c t u r e ,  which has r e c e n t l y  been 
p r o t e c t e d  by a  p a t e n t  (161, has t h e  advantage of b e i n g  
a b l e  t o  be used i n  any t y p e  o f  c r y s t a l  resona to r .  The 
proposal  he re  i s  t o  make w i t h i n  t h i s  frame work a  
B.V.A. system w i t h  a  se l f -suspended c r y s t a l  ( 2 )  and 
two non-adherent e l e c t r o d e s  ( 1 7 ) .  

The photograph presented,  shows two ve rs ions  o f  
t h e  i n t e r n a l  s t r u c t u r e  w i t h  q u a r t z  c r y s t a l  and 
e l e c t r o - p l a t e s  : t h e  usual  v e r s i o n  resona to r  and  lie 
m i n i a t u r i z e d  v e r s i o n  r e s o n a t o r .  

4 - CONCLUSION 
The i n f l u e n c e  o f  e f f e c t s  d i r e c t l y  a p p l i c a b l e  t o  

a  c r y s t a l  r e s o n a t o r  have been demonstrated. The s tudy  
has been concerned w i t h  t h e  phenomena r e l a t i n g  t o  
compression, t o  f l e x i o n  and t o  a  shear ing  f r o m  a  
v i b r a t i n g  p l a t e  of q u a r t z  c r y s t a l .  Thus, t h e  
a n i s o t r o p y  o f  t h e  q u a r t z  i s  taken  i n t o  account  i n  
o r d e r  t o  determine t h e  t h r e e  s e n s i t i v i t y  c o e f f i c i e n t s  
a p p l i c a b l e  t o  a  se l f -suspended SC c u t  q u a r t z  c r y s t a l .  

Tu rn ing  t o  t h e  p o s s i b i l i t y  of t h e  c r y s t a l  
shear ing,  one s o l u t i o n  which has been g i v e n  i s  no 
longer  t o  generate them when e x t e r n a l  d i s tu rbances  a re  
a p p l i e d  t o  t h e  r e s o n a t o r .  

F o r  t h e  phenomena o f  f l e x i o n  and compression 
p a r t i c u l a r  s o l u t i o n s  a r e  p u t  f o r w a r d  t o  o b t a i n  b e t t e r  
s t a b i l i t i e s .  Thus, i t  i s  p o s s i b l e  t o  have a  c r y s t a l  
- resona to r  w i t h  reduced s e n s i t i v i t y  whatever t h e  
env i ronmenta l  c o n d i t i o n s .  

S t a r t i n g  f rom c o n f i g u r a t i o n  o f  t h e  c r y s t a l  which 

has been g i v e n  a  m i n i a t u r i z e d  p e r i p h e r a l  s t r u c t u r e  t o  
reduce o b s t r u c t i o n  i s  determined i n  o r d e r  t o  l i m i t  t o  
a  maximum i t s  i n f l u e n c e  and t h e  t r a n s m i s s i o n  of 
s t resses  t o  t h e  v i b r a t i n g  q u a r t z  d i s k .  

Th is  paper shows t h e  i n t e r e s t  i n  making work t h e  
necessary research  f o r  t h e  concep t ion  of a  new 
p roduc t .  The genera l  s tudy  of m i n i a t u r i z e d  
p i e z o e l e c t r i c  h i g h  s t a b i l i t y  resona to rs  c o n s i s t s  i n  
p u t t i n g  fo rward  t h e  ev idence f o r  d i f f e r e n t  phenomena 
i n  a  way t h a t  w i l l  c h a r a c t e r i s e  and i n  t h e  end g i v e  a  
f u l l  concep t ion  o f  a  new system w i t h  b e t t e r  
performance. 

The t e s t s  on p r o t o t y p e s  c o n f i r m  t h e  i n t e r e s t  o f  
such proceeding.  
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A b s t r a c t  

AT-cut quartz r e s o n a t o r s  c o n t a i n i n g  
dislocations or channels have been studied by the 
s t r o b o s c o p i c  X-ray topography using the 
synchrotron radiation (LURE, Orsay, F r a n c e ) .  
Contrasts obtained on topographs of vibrating 
resonators in presence of dislocations show that the 
acoustic wave is perturbed in the vicinity of 

dislocations. Si~nulated images are presented in 
order to show the existence of the interaction 
between the acoustic wave and dislocations. The 
comparison between the experimental images and 
simulated ones indicates that non-linear terms have 
to be considered to describe the acoustic 
deformation field in the vicinity of dislocations. 
Similar experimental contrasts have also b e e n  
obtained in vibrat ing resona tors  con ta in ing  
channels. These contrasts suggest that the influence 
of channels may be more important than that of 
dislocations. 

Introduction 

Time resolved (Ins) X-ray topography has been 
performed to observe the acoustic vibrational states in 
quartz resonators. The principles of the experiments 
(Fig.1) consists on the exact synchronization between the 
acoustic vibration and the synchrotron radiation [1,21. 
Results already obtained have shown that this technique 
is very performant lo determine low vibration amplitudes 
(0-7A) through the interference fringes 12,31. The 
proposal here is to clarify whether the dislocation (and 
channel) effects on acoustic waves can be characterized 
by X-ray topography. 

Topography on dislocations 

When an acoustic wave and a dislocation a re  
both present in a crystal, the displacement field can 
be written in a general form as following: 

u ( r , t )  = ua(r,t)  + ud(r)  + ui(r,t)  
where u p ( r , t )  is the acoustic displacement without 
dislocittion, u d ( r )  the static dislocation displacenrent 
witl~o~rt i~cotistic w:ive and ui(r.1) the dis!~lacenicnt 
rcsi~lted of the interaction between the a c o u s t i c  
wave and n dislocation. For linear piezoelectricity 
theory, no inter;~ction is predicted and u i ( r , t )  is 
equal to zero. 

To clarify the existence or not of the 
interaction tern1 ~ i ( r , t ) ,  a dislocation was selected 

"'" '! X-ray radletion synchronized signal 

Quartz 
resonator I 

x - r a y  /'* .ha- jjf 
shif ter  

X-ray pulses 
u 

S ~ C Y  sz 
shaping multiplier amplif ier  

Synchrotron 
radiation 

Fig.1 Priticiples of stroboscopic X-roy  topography. 
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from a synthetic AT-cut quartz resonator operating 
on fifth overtone thickness-shear mode (Fig.2). 

Fig.2 A traverse ropograph of a quartz resonator 
containing dislocations. The dislocation studied by 

section ropographs is indicated by an arrow. 

The Burgers vector b of the d i s l o c a t i o n  w a s  

identified by X-ray section topographs, b=[100] for 

the present case. It i s  an almost edge dislocation. 
Stroboscopic X-ray section topographs were taken 

with the reflection vector g = 2 i 0  which is parallel to 

the dislocation Burgers vector b=[100] and to the 

acoustic displacement vector u a ( r , t ) .  The Bragg 
angle 0~ used is 8.3406' which corresponds to a 

seclected X-ray wavelength h of 0.7127A. The X-ray 

extinction distance A.  is equal to 96.396pm. 

Figure 3a represents a section topograph of 
the dislocation without acoust ic  vibration. T w o  
arrows indicate roughly the zone over which the 
dislocation displacement u d ( r )  (more precisely the 
induced misorientation of the reflecting planes) c a n  

be seen by the X-ray beam. T h e  co r re spond ing  

simulated image is represented in figure 3b where 

the dislocation displacement u d ( r )  was calculated 

from the linear anisotropic elastic theory [4]. It is 

noticed that most characteristical contrasts of the 

d is locat ion image can be s imulated.  S o m  e 
differences, namely near the dislocation core image, 

ex i s t  and th i s  i s  p robab ly  d u e  to  t h e  

polychromarism of the X-ray incident beam [ 5 , 6 ]  

and other experimental conditions not taken into 
account in the calculation. When an acoustic wave is 

excited in the resonator, the s t roboscopic  sect ion 

topograph (Fig. 3d) shows two types of contrasts: a) 

on the upper part of the image far f rom the  
dislocation, interference fringes due to the acoustic 
wave can be seen and they seem to be not altered 
by the presence of the dislocation; b) near the 
dislocation on the lower part, a drastical change i s  
recorded in comparison with figure 3a and f r i n g e s  

dues to the acoustic wave are completly destroyed. 
In order to analyse this image, two simulations 
were performed. The first simulated image (Fig. 3c) 

corresponds to the case where only the acoustic 
wave is considered. This case permits to know the 

zone where the acoustic wave is not affected by the 
presence of the dislocation. The interesting point is 

that, in comparison with the dislocation alone c a s e  
(Figure 3a),  the dislocation influence zone i s  

enlarged (indicated by arrows in figure 3d). The 

acoustic displacement ua ( r , t )  used in the calculation 
was from the linear piezoelectricity theory [7,8]. It 

can be seen that this acoustic deformation model is  

a very good approximation far from the dislocation. 

The second simulated image (Fig. 3e) took into 

account both the dislocation displacement u d ( r )  and 

the acoustic displacement u a ( r , t )  used preceedingly. 

This calculation allows to know whether a s i m p l e  

l inear addition u ( r , t )  = u , ( r , t )  + u d ( r )  of two 

displacements permits or  not to reproduce most 
features of the experimental image. It can be easily 
seen that this image i s  very different of the 

experimental one over all the zone in the vicinity of 

the dislocation. It means that the interaction term 
u i ( r , t )  must be considered near the dislocation and 
linear theories are not suffisant for the present case .  

This point i s  important because i t  indicates a 

different behaviour of the acoustic wave around the 

dislocation and i t  suggests the existence of a 
dislocation associated vibration component in t h e  

resonator. An exact calculation of u i ( r , t )  should be 

difficult and its action range around the dislocation 
can be roughly estimated to be 9 0 p  m for  the 

present case. In a general case, u i ( r , t )  should  
depend a lot on the dislocation geometry also. 

T o p o g r a p h y  on  channels 

Stroboscopic experiments were also p e r f o r m e d  
on synthetic AT-cut quar tz  resonators containing 

channels  and operat ing on the third overtone 

th i ckness - shea r  mode .  The  X-ray r e f l ec t ion  
parameters  0 B ,  h and A ,  taken were similar to 

previously and the electrical  excitation w e r e  

increased progressively. Figures 4a-f show a series 
of stroboscopic X-ray section topographs on a 

channel in function of the vibration amplitudes. For 
the case  of low amplitude acoustic vibrations 
( u , l  lo&, interference fringes due to the acoustic 

wave can be seen (Fig. 4b-d) and they are  strongly 
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Fig.3 Experimental and simulated stroboscopic X-ray secrion ropographs of a dislocarion. 

a. Experimental image of the dislocation wirliout acoustic vihraiiorr; 

b. Simulated image of the dislocation wirlrout acoustic vibration; 

c. Simulated image of the acoustic vibration wirholli the dislocrrrion where rhe 

vibrarion amplitude uo for x2 = O.Omm is 2.11R; 

d. Experimenial image of the dislocation and the acou~t ic  wave where the vibrarintl 

amplitude uo is estimated to be 2.41A; 
e. Simulated image by adding the dislocation displacement :~nd  rite aco~rsric one rc~ilere 

the vibration amplitude u ,  is 2.41R. 

deformed in the vicinity of the channel. T h e  channel  

influence zones  a re  indicated by arrows and it can 

be seen that these zones a re  enlarged in function of 

vibration amplitudes. This  means that an i n t e r a c t i o n  

between the acoustic wave and the channel  should 

exist arid the range of this interaction term Gar1 be 
roughly est imated to be 8 0 0 ~ m  around the c h a n n e l  

for  the present  case. This  value i s  a p p r o x i m a t e  
because of  the existence of  many different  channel  

types and the ranges of the channel  influence may 

vary more largely than for  the case of dislocations. 

the existence of an interaction between the acoust ic  

wilve and the cryhtitl defects. It suggests t h ~ t  a non- 

l inear  t reatment should be carried out to describe a 

m o r e  exac t  acous t ic  behaviour  in the vicini ty of 
defects .  The  approximate  ranges  of  this  zone a re  
estimated to be BOpni for a dislocation and 8 0 i ) p m  

for a channel for  the present  cases.  This  treatlncnt 

will be useful to get local  acoust ic  c t ia rac t ;~ is t ics  
s u c h  a s  the devia t ion  of  t h e  a c o u s t i c  \ r a v e  

propagation and global acoustic charac te r i s t ics  auch 

a s  energy dissipation through cryslal defects .  
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Experimental stroboscopic X-ray section topographs of a channel in function of vibration 

amplitudes.  

a. Image of the channel without acoustic vibration; 

b-d .  Images of the channel with acoustic vibrations of low amplitude. 

e-f .  Images of the channel with acoustic vibrations of high amplitude. 

(France) through the contract no. 87 34 13 80 04 70 75 141 HIRTH,J. and LOTHEJ. (1968). Theo~j~~disfocaubn$ 
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ABSTRACT 

A c o n s i s t e n t  d e s c r i p t i o n  of i n f i n i t e s i m a l  
v i b r a t i o n s  o f  homogeneously heated p i e z o e l e c t r i c  
p l a t e s  i s  presented as an a p p l i c a t i o n  o f  a macroscopic 
model p r e v i o u s l y  proposed b y  T i e r s t e n  f o r  
t h e r m o e l e c t r o e l a s t i c  i n t e r a c t i o n s .  S t a r t i n g  f rom t h e  
n a t u r a l  e q u i l i b r i u m  s t a t e  a t  some a r b i t r a r y  r e f e r e n c e  
temperature,  t h e  subsequent slow v a r i a t i o n s  o f  
temperature determine a b i a s i n g  s t a t e ,  t h e  a c t i o n  o f  
wh ich  on t h e  a c t u a l  f requency i s  e a s i l y  desc r ibed  
s i n c e  t h i s  b i a s  i s  homogeneous. The f i e l d  v a r i a b l e s *  
a r e  t h e  coord ina tes  o f  t h e  body i n  t h e  n a t u r a l  s t a t e ,  
thus e a s i l y  a l l o w i n g  t o  t a k e  i n t o  account t h e  
resona to r  geometry i n  a manner u n a f f e c t e d  by 
temperature v a r i a t i o n s ,  The a c t u a l  f requency i s  
governed by t h e  e f f e c t i v e  m a t e r i a l  constants,  c l o s e l y  
r e l a t e d  t o  t h e  second o r d e r  p a r t i a l  d e r i v a t i v e s  o f  a 
s c a l a r  s t a t e  f u n c t i o n  w i t h  r e s p e c t  t o  t h e  de fo rmat ion  
and the  r o t a t i o n n a l y  i n v a r i a n t  e l e c t r i c  v e c t o r .  The 
temperature d e r i v a t i v e s  o f  t h e  m a t e r i a l  e l a s t i c  
cons tan ts  o f  q u a r t z  a r e  computed up t o  t h e  t h i r d  
order ,  f rom t h e  most w i d e l y  recognized s e t  o f  
exper imenta l  r e s u l t s .  The ob ta ined  values a re  used f o r  
t h e  computat ion o f  t h e  s t a t i c  thermal  behav io r  o f  some 
quas i - th i ckness  modes i n  contoured q u a r t z  resona to rs .  

I - INTRODUCTION 

The most commonnly quoted values o f  temperature 
d e r i v a t i v e s  o f  q u a r t z  e l a s t i c  modul i  (1)  were 
determined from a complete s e t  o f  measurements 
performed on t h i n  p l a t e s  v i b r a t i n g  i n  h i g h  f requency 
th ickness  modes. The t rea tment  of  t h e  d a t a  was made i n  
the  framework o f  a l i n e a r  theory  and assuming t h e  
p l a t e  v i b r a t i o n s  were pure t h i c k n e s s  modes. S ince  t h e  
t ime of t h i s  e a r l y  ana lys is ,  i t  has become more and 
more c u r r e n t  t o  use non l i n e a r  a n a l y s i s  t o  descr ibe  
va r ious  e f f e c t s  such as t h e  f o r c e  f requency e f f e c t ,  
t h e  amp l i tude  f requency e f f e c t ,  o r  t h e  thermal  
t r a n s i e n t  behav io r  o f  q u a r t z  resona to rs .  D e r i v i n g  f r o m  
t h e  macroscopic model proposed by T i e r s t e n  t o  d e s c r i b e  
t h e r n o e l e c t r o e l a s t i c  i n t e r a c t i o n s  (21, a s tudy  of a 
p o s s i b l y  l a r g e  quasi  s t a t i c  b i a s i n g  s t a t e  a c t i n g  on 
i n f i n i t e s i m a l  h i g h  f requency v i b r a t i o n s  ( 3 )  rdnks 
among those non l i n e a r  a n a l y s i s .  Whenever t h e  b i a s  i s  
n o t  homogeneous, i t  has been shown t h a t  a p e r t u r b a t i o n  
method s a t i s f a c t o r i l y  p r e d i c t s  t h e  induced frequency 
s h i f t  ( 4 ) .  The s u b j e c t  o f  t h i s  paper i s  t o  p resen t  an 
a n a l y s i s  o f  i n i f i n i t e s i m a l  v i b r a t i o n s  o f  homogeneously 
heated p i e z o e l e c t r i c  p l a t e s .  I n  such a case, t h e  - 
thermal  b i a s  i s  homogeneous and t h e  wave p ropaga t ion  
equat ions and t h e i r  assoc ia ted  boundary c o n d i t i o n s  may 
be w r i t t e n  i n  terms o f  f i e l d  v a r i a b l e s  t h a t  can be 
e i t h e r  t h e  m a t e r i a l  coord ina tes  o f  t h e  c r y s t a l  a t  t h e  
c u r r e n t  temperature o r  i t s  m a t e r i a l  coord ina tes  a t  

some f i x e d  re fe rence  temperature.  The i n i t i a l  work i n  
( 1  1 imp1 i c i t e l y  used m a t e r i a l  coord ina tes  a t  t h e  
c u r r e n t  temperature, w h i l e  t h i s  work uses f i e l d  
v a r i a b l e s  t h a t  a r e  t h e  m a t e r i a l  c o o r d i n a t e s  o f  t h e  
c r y s t a l  a t  t h e  f i x e d  re fe rence  temperature (25'C). 
Such a c h o i c e  a l l o w s  a temperature- independent  
d e f i n i t i o n  o f  t h e  geometry o f  t h e  r e s o n a t o r  and i t s  
o r i e n t a t i o n  w l t h  r e s p e c t  t o  t h e  c r y s t a l l o g r a p h i c  axes 
: u s i n g  t h e  m a t e r i a l  c o o r d i n a t e s  a t  t h e  c u r r e n t  
temperature would impose an e v a l u a t i o n  o f  t h e  
o r i e n t a t i o n  s h i f t  r e s u l t i n g  f rom a n i s o t r o p y  o f  thermal  
expansion (5. 6 ) .  Th is  s h i f t  i s  g e n e r a l l y  omi t ted ,  
a1 though i t s  i n f l u e n c e  on t h e  f requency- temperature 
response may n o t  be n e g l i g i b l e  f o r  c e r t a i n  c r y s t a l  
c u t s .  I t s  e x i s t e n c e  i s  one o f  t h e  l i m i t a t i o n s  t o  which 
t h e  approach fo l lowed by Bechmann, B a l l a t o  and 
Lukaszek was bound. Other  l i m i t a t i o n s  a r i s e  f rom t h e  
v i b r a t i o n  model they  used and f r o m  t h e  l i n e a r  theory  
which i s  n o t  comp le te ly  c o n s i s t e n t  w i t h  respec t  t o  t h e  
more general  theory  of thermoelectroelasticity.  
E s p e c i a l l y ,  t h e  m a t e r i a l  c o e f f i c i e n t s  used i n  t h e  
l i n e a r  d e s c r i p t i o n  a r e  n o t  d e r i v e d  f rom a p roper  
s c a l a r  s t a t e  f u n c t i o n  : such a f u n c t i o n  should be 
expanded i n  terms of t h e  t o t a l  de fo rmat ions  and o f  a 
r o t a t i o n n a l l y  i n v a r i a n t  e l e c t r i c  v e c t o r  w h i l e  energy 
f u n c t i o n s  of t h e  l i n e a r  a n a l y s i s  a re  j u s t  expanded i n  
terms of t h e  dynamic deformat ions f rom t h e  i n i t i a l  
s t a t e  ( c u r r e n t  temperature,  no v i b r a t i o n s )  and o f  t h e  
e l e c t r i c  f i e l d ,  t h e  m a t e r i a l  cons tan ts  b e i n g  a 

posteriori d e r i v e d  w i t h  respec t  t o  temperature.  I n  a 
p u r e l y  t h e r m o e l a s t i c  case, a p rev ious  s tudy  ( 7 )  
computed t h e  c o n s i s t e n t  temperature d e r i v a t i v e s  o f  t h e  
fundamental e l a s t i c  cons tan ts ,  i . e .  t h e  cons tan ts  t h a t  
appear i n  t h e  expansion o f  t h e  s c a l a r  s t a t e  f u n c t i o n  
versus t h e  t o t a l  s t r a i n  tensor ,  f rom t h e  n a t u r a l  s t a t e  
t o  t h e  a c t u a l  one. Those d e r i v a t i v e s  may be used f o r  
t h e  d e s c r i p t i o n  o f  non homogeneous thermal  b i a s ,  b u t  
an expansion t o  h i g h  o r d e r  i n  terms o f  temperature i s  
f a r  o u t  o f  reach because n e i t h e r  t h e  thermal  
s e n s i t i v i t i e s  o f  t h e  non l i n e a r  e l a s t i c  modul i  CIJK 
n o r  t h e  f o u r t h  o r d e r  e l a s t i c  modulu C JKL a r e  
p r e s e n t l y  known. F o r  t h i s  reason, we pre?erred t o  
b u i l d  t h e  p resen t  d e s c r i p t i o n  on t h e  use o f  t h e  
e f f e c t i v e  m a t e r i a l  cons tan ts  which a r e  t h e  
c o e f f i c i e n t s  o f  t h e  expansion o f  t h e  dynamic p a r t  of 
P i o l a - K i r c h h o f f  s t r e s s  tensor  versus t h e  dynamic p a r t  
o f  t h e  t o t a l  s t r a i n  and o f  t h e  r o t a t i o n n a l l y  i n v a r i a n t  
e l e c t r i c  v e c t o r .  Th is  approach f o r b i d s  any use o f  t h e  
here-presented r e s u l t s  t o  descr ibe  problems i n  which 
t h e  b i a s  i s  n o t  homogeneous, b u t  i t  r e v e r s e l y  a l l o w s  a 
h i g h  o rder  expansion i n  terms o f  temperature.  Tlle 
e f f e c t i v e  m a t e r i a l  cons tan ts  a re  c l o s e l y  r e l a t e d  t o  
t h e  second o r d e r  p a r t i a l  d e r i v a t i v e s  o f  t h e  s c a l a r  
s t a t e  f u n c t i o n  w i t h  r e s p e c t  t o  t h e  independent 
v a r i a b l e s ,  those d e r i v a t i v e s  b e i n g  eva lua ted  

w o u n d  t h e  i n i t i a l  s t a t e .  The numer ica l  va lues a r e  
ob ta ined  f rom t h e  s e t  o f  exper imenta l  d a t a  o f  (11, and 



they  a re  used f o r  t h e  d e s c r i p t i o n  o f  t h e  s t a t i c  
thermal behav io r  o f  some quas i - th i ckness  modes i n  
contoured q u a r t z  resona to rs .  I t  should be noted t h a t  
t h e  a n a l y s i s  m igh t  e a s i l y  t a k e  i n t o  account t h e  
thermal  s e n s i t i v i t i e s  o f  p i e z o e l e c t r i c  and d i e l e c t r i c  
m a t e r i a l  constants.  

I i  - BASIC EQUATIONS -- ---- .--- 

I n  t h i s  paper yk(XL, t )  denotes a s p a t i a l  
c o o r d i n a t e  of a m a t e r i a l  p o i n t  r e f e r r e d  t o  by i t s  
m a t e r i a l  coord ina tes  X i n  a s e l e c t e d  re fe rence  s t a t e .  
A p a r t i a l  d i f f e r e n t i a l t i o n  w i t h  respec t  t o  a space 
c o o r d i n a t e  i s  denoted by a comma f o l  lowed by t h e  index 
o f  t h i s  c o o r d i n a t e  : 

Only c a r t e s i a n  c o o r d i n a t e s  system a r e  assumed i n  t h i s  
paper where t h e  t e n s o r  n o t a t i o n  o f  summing over  t h e  
repeated indexes i s  s y s t e m a t i c a l l y  used. 

A r o t a t i o n n a l y  i n v a r i a n t  t h e o r y  (8, 2 )  ensues 
f rom t h e  statement  o f  a thermodynan~ic p o t e n t i a l  X 
namely e l e c t r i c  G i b b s  f u n c t i o n ,  dependent on t h e  
e l a s t i c  s t r a i n  tensor  on t h e  r o t a t i o n n a l y  
i n v a r i a n t  e l e c t r i c  v e c t o F L ~  and on t h e  abso lu te  
temperature : 

where : 

M E be ing  a component o f  Maxwell  e l e c t r i c  f i e l d .  The 
k 

c o n s t i t u t i v e  r e l a t i o n s  express t h e  dependent 
v a r i a b l e s ,  i . e .  t h e  mechanical s t r e s s  T ., t h e  
e l e c t r i c  d isp lacement  0 and t h e  en t ropy  pb! mass 
u n i t  11 i n  terms o f  p a r t i a l  d e r i v a t i v e s  o f  X w i t h  
respec t  t o  t h e  independent v a r i a b l e s  E , W and O 
( 2 ) .  The s t r e s s  equa t ion  o f  mot ion  a# t h h  charge 
equa t ion  o f  e l e c t r o s t a t i c s  may be w r i t t e n  i n  t h e  usua l  
fo rm : 

where T~ i s  t h e  e l e c t r o s t a t i c  Maxwell  tensor  
i j 

and P denotes t h e  mass d e n s i t y  i n  t h e  a c t u a l  deformed 
s t a t e .  Since a11 q u a n t i t i e s  i n  ( 4 )  a re  f u n c t i o n s  o f  
t h e  s p a t i a l  coord ina tes  yk, t h e  boundary c o n d i t i o n s  
must e x p l i c i t e l y  be s t a t e d  a t  t h e  a c t u a l  (unknown) 
p o s i t i o n  o f  t h e  m a t e r i a l  su r face .  As exp la ined  i n  a 
p rev ious  paper (b),  i t  i s  l a r g e l y  more convenient ,  and 
even necessary, t o  express t h e  boundary c o n d i t i o n s  a t  
t h e  m a t e r i a l  su r face  i n  i t s  r e f e r e n c e  (known) 
p o s i t i o n .  To do t h i s ,  i t  becomes necessary t o  r e p l a c e  
t h e  above-mentionned dependent v a r i a b l e s  by 
corresponding others,  which must be f u n c t i o n s  o f  t h e  
known m a t e r i a l  coord ina tes  X, . Thus, we use t h e  f i r s t  
P i o l a - K i r c h h o f f  t e n s o r  K ~ ~ ( x ; )  which may be expressed 
by : 

where J = d e t  jy i  i/ = Po/ 0 , p 0  deno t ing  t h e  mass 
d e n s i t y  i n  t h e  ref 'erence c o n f i g u r a t i o n .  

S u b s t i t u t i n g  t h e  proper  c o n s t i t u t i v e  r e l a t i o n  
f o r  s t r e s s  (2, 3 )  and u s i n g  t h e  c h a i n  r u l e  of 
d i f f e r e n c i a t i o n  XLSi Y ~ , ~  - - g L M  (91, a general  

express ion  o f  K may e a s i l y  be o b t a i n e d  (10)  : 
L j 

A m a t e r i a l  e l e c t r i c  d isp lacement  v e c t o r  a may 
be d e f i n e d  i n  t h e  same manner : 

The general  express ion  o f &  i s  t h e  f o l l o w i n g  : 

ax 
PL - cOJXL,iXll,iW~ - Po-- (9) 

a w l  
With  t h e  new q u a n t i t i e s  de f ined  by (6) and (8). t h e  
s t r e s s  equa t fon  of mot ion  and charge equa t ion  o f  
e l e c t r o s t a t i c s  may be w r i t t e n  : 

w h i l e  t h e  boundary c o n d i t i o n s  a t  t h e  i n t e r f a c e  between 
t h e  s t u d i e d  p i e z o e l e c t r i c  m a t e r i a l  and a p e r f e c t l y  
conduc t i ve  c o a t i n g  a r e  (11 1: 

where S i s  t h e  m a t e r i a l  s u r f a c e  i n  t h e  r e f e r e n c e  
s t a t e ,  RL denotes a component of t h e  u n i t  normal, 
ou tward ly  o r i e n t e d  f rom t h e  p i e z o e l e c t r i c  m a t e r i a l ,  Po 
i s  t h e  charge d e n s i t y  a t  t h e  i n t e r f a c e ,  mapped on t h e  
X coord ina tes  and K '  t h e  P i o l a - K i r c l t h o f f  tensor  f o r  

L j t h e  conductor  c o a t i n g .  

1 I I - HOMOGENEOUSLY HEATED BODY 

T h i s  s e c t i o n  d e a l s  w i t h  t h e  p ropaga t ion  o f  an 
e l a s t i c  wave i n  a p i e z o e l e c t r i c  medium s u b j e c t  t o  a 
s t a t i c  de fo rmat ion  a r i s i n g  f rom an u n i f o r m  temperature 
change. As usual  i n  t h i s  k i n d  o f  problem, we 
d i s t i n g u i s h  t h r e e  s t a t e s  : a n a t u r a l  s t a t e  o r  
r e f e r e n c e  s t a t e  a t  a f i x e d  temperature o o ,  an 
i n t e r m e d i a t e  s t a t e ,  w i t h o u t  v i b r a t i o n  and a t  a c u r r e n t  
temperature 0 ,  t h i s  s t a t e  be ing  g e n e r a l l y  c a l l e d  
i n i t i a l  s t a t e ,  a l though  t h i s  i s  a r a t h e r  c o n f u s i n g  
name, and a f i n a l  s t a t e  which i s  t h e  a c t u a l  s t a t e  of 
t h e  resona to r ,  wlien an a d i a b a t i c  h i g h  f requency 
v i b r a t i o n  i s  superimposed t o  t h e  i n i t i a l  s t a t e .  We use 
t h e  conven t ion  appear ing i n  (31, and deno t ing  t h e  
n a t u r a l  coord ina tes  by uppercase l a t i n  indexes,  w h i l e  
greek indexes s tand  f o r  i n t e r m e d i a t e  c o o r d i n a t e s  and 



lowercase l a t i n  indexes stand f o r  f i n a l  coord ina tes  : 
f o r  i n s t a n c e  XM, 5 a and y ,  a r e  r e s p e c t i v e l y  some 
m a t e r i a l  coord ina tes  i n  t h e  n d t u r a l ,  i n i t i a l  and f i n a l  
s t a t e .  

The mechanical d isp lacement  u, ( 5, , t )  a r i s i n g  
f rom t h e  v i b r a t i o n  i s  d e f i n e d  by : 

where t h e  Kronecker t r a n s l a t o r  8, i s  i n t roduced  t o  
manage t h e  indexes correspondencei  f rom one s t a t e  t o  
another. The t o t a l  deformat ion d e f i n e d  i n  [q. ( 3 )  may 
be separated i n t o  a s ta tAc  de fo rmat ion  ELM p l u s  a  
dynamic s t r a i n  increment  E L M  ' 

Eq (13-c)  has been ob ta ined  u s i n g  t h e  cha in  r u l e  o f  
d i f f e r e n t i a t i o n  : 

The dynamic P i o l a - K i r c h h o f f  tensor  i s  s i m l  l a r l y  
de f ined  by ( 3  ) : L j 

where K IS t n e  s t a t i c  P i o l a - K i r c h h o f f  tensor  and 
L j i s  t h e  inc rease  o f  t h e  e l e c t r i c  v e c t o r  f rom t h e  

i n i t i a l  t o  t h e  f i n a l  s t a t e .  I f  t h e  e l e c t r i c  f i e l d  i s  
zero and t h e  temperature f i e d  u n i f o r m  i n  t h e  i n i t i a l  
s t a t e ,  i f  t h e  m a t e r i a l  i s  n o t  p y r o e l e c t r i c  and i f  t h e  
thermal  expansion may occur  w i t h o u t  e x t e r n a l  
c o n s t r a i n t ,  we have : 

I n  a d d i t i o n ,  s i n c e  we a r e  o n l y  i n t e r e s t e d  w i t h  
i n f i n i t e s i m a l  dynamic f i e l d s ,  we may use t h e  f o l l o w i n g  
T a y l o r ' s  expansions o f  t h e  p a r t i a l  d e r i v a t i v e s  o f  x : 

where a  s u b s c r i p t  1  ne ighbour ing  a  b racke t  i n d i c a t e s  
t h a t  t h e  p a r t i a l  d e r i v a t i v e  i s  eva lua ted  i n  t h e  
i n i t i a l  s t a t e .  

S u b s t i t u t i n g  Eqs (17-a) ,  ( 1 4 )  and (13-a )  i n t o  
( 7 ) ,  and u s i n g  t h e  c h a i n  r u l e  o f  d i f f e r e n t i a t i o n  i n  
t h e  reverse  way, i .e .  : 

x - x  c - X - u + . . . .  ) (18) 
1.1 M.. a.1 n,a( 'ia a,c '6,i 

we o b t a i n  t h e  f o l l o w i n g  express ion  f o r ?  where o n l y  
l i n e a r  terms i n  dynamic q u a n t i t i e s  have bJLn r e t a i n e d  

Because t h e  i n i t i a l  s t a t e  i s  comp le te ly  s t r e s s  f r e e  
and according t o  Eqs ( 1 6 )  and ( 7 1 ,  t h e  p a r t i a l  
d e r i v a t i v e s  axlaE ) i d e n t i c a l l y  van ish  and, w i t h  

L M  1 h e l p  o f  Eq (13-c ) ,  t h e  l i n e a r i z e d  express ion  f o r  t h e  
dynamic P i o l a  tensor  e v e n t u a l l y  becomes : 

F i r s t  de f inLng  t h e  dynamic m a t e r i a l  e l e c t r i c  
d isp lacement  = aL - SL, t h e r e a f e t e r  s u b s t i t u t i n g  
(17-b)  i n t o  (9 1, u s l n g  08) and (13-c ) ,  t h e  
corresponding l i n e a r i z e d  express ion  f o r  3 i s  
ob ta ined  : 

where = d e t  15, 1 . T h i s  equa t ion  i s  s l i g h t l y  more 
general  than ( 2 0 ) ' s i n c e  i t  does n o t  n e c e s s a r i l y  assume 
t h e  b i a s  be ing  homogeneous and no  use o f  Eqs ( 1 6 )  has 
been made on o b t a i n i n g  it. We a r e  now a b l e  t o  w r i t e  
Eqs (20 and (21 i n  t h e  more conc ise  fo rm : 

The c o e f f i c i e n t s  appear ing i n  these r e l a t i o n s  a r e  
e f f e c t i v e  m a t e r i a l  cons tan ts  which a r e  e x p l i c i t e l y  
dependent on t h e  second o r d e r  p a r t i a l  d e r i v a t i v e s  of 
t h e  s c a l a r  s t a t e  f u n c t i o n x  w i t h  respec t  t o  t h e  s t r a i n  
tensor  and t h e  r o t a t i o n n a l y  i n v a r i a n t  e l e c t r i c  vec to r .  
We l a b e l  these d e r i v a t i v e s  i n  t h e  f o l l o w i n g  manner : 



Thus, t h e  e f f e c t i v e  e l a s t i c  c o e f f i c i e n t s  G 
Y K '  e f f e c t i v e  p i e z o e l e c t r i c  cons tan ts  and e f k e c t ~ v e  

p e r m i t t i v i t i e s  RLM a r e  g i v e n  by : 

The s t r e s s  equa t ion  of mot ion  and t h e  charge equa t ion  
o f  e l e c t r o s t a t i c s  t a k e  t h e  f o l l o w i n g  forms : 

When t h e  s t u d i e d  p i e z o e l e c t r i c  m a t e r i a l  i s  coated w i t h  
conduc t i ve  m a t e r i a l ,  t h e  boundary c o n d i t i o n s  a t  t h e  
separa t ion  su r face  t a k e  t h e  fo rm : 

where i s  t h e  dynamic increment  o f  t h e  s u r f a c e  
charge t e n s i t y  mapped on So. When t h e  Car tes ian  
coord ina tes  system c o i n c i d e s  w i t h  t h e  c r y s t a l l o g r a p h i c  
axes, and when t h e  s t a t i c  s t r a i n  a r i s e s  f rom t h e  
s t r e s s  f r e e  thermal  expansion, t h e  d e r i v a t i v e s  5 ~ , ~  
appear ing i n  r e l a t i o n s  (24)  a r e  over  t h e  e n t i r e  boay 
and they  a r e  g i v e n  by : 

( n  i n  which a K K  i s  t h e  n - t h  o r d e r  thermal  expansion 
c o e f f i c i e n t .  

I V  - THERMAL DERIVATIV'S OF EFFECTIVE STJFFNESSES OF 
d = @ , T z  ---- 

I n  t h e  f o l l o w i n g s ,  t h e  n - t h  o rder  thermal  
c o e f f i c i e n t  o f  any q u a n t i t y  Q i s  d e f i n e d  by : 

Since t h e  purpose o f  t h i s  paper i s  n o t  a 
d e t e r m i n a t i o n  o f  m a t e r i a l  cons tan ts  f rom s p e c i f i c  new 
measurements, we r e s t r i c t  t h e  use o f  t h e  
above-presented fo rma l i sm t o  t h e  t rea tment  of t h e  ve ry  
w e l l  known s e t  o f  exper imenta l  da ta  ob ta ined  by 
Bechmann, B a l l a t o  and Lukaszek (1 ) .  We assume t h a t  
those da ta  may c o r r e c t l y  be descr ibed  by t h e  i f i n i t e  
p l a t e  un id imens ina l  model. To compute t h e  T 

c n7 

G ~ ~ n ~ f  
f rom t h e  temperature c o e f f  i c i e n t s  o f  f requency T 
p u b l i s h e d  i n  ( I ) ,  we n e g l e c t  any thermal  dependency of  
t h e  p i e z o e l e c t r i c  c o e f f i c i e n t s  R H a y L  and p e r m i t t i v i t y  

c o e f f i c i e n t s  R , such a dependency rema in ing  w i t h i n  
t h e  accuracy olfM t h e  measurements and, above a1 1, t h e  
v i b r a t i o n  model. Never theless,  i t  should be p o i n t e d  
o u t  t h a t  t h i s  r e s t r i c t i o n  does n o t  a r i s e  f rom t h e  
here-presented fo rma l  ism i t s e l f .  

The d i f f e r e n c e  between t h e  p resen t  t rea tment  and 
t h e  i n i t i a l  one i n  ( 1 )  l i e s  i n  t h e  n a t u r e  o f  t h e  
determined c o e f f i c i e n t s ,  b u t  t h e  c a l c u l a t i o n  techn ique  
i s  a l t o g e t h e r  t h e  same : f i r s t  u s i n g  t h e  r e s u l t s  
p rov ided  by X, Y ,  AT  and BT c u t s  t o  d i r e c t l y  g e t  t h e  
thermal  d e r i v a t i v e s  o f  f o u r  independent c o e f f i c i e n t s ,  
t h e r e a f t e r  de te rmin ing  t h e  remainder  o f  them by a 
l e a s t  squares f i t  o f  a l a r g e  s e t  o f  d a t a  p r o v i d e d  b y  
doubly r o t a t e d  cu ts .  Such a method was a l s o  p r e v i o u s l y  
used b y  T i e r s t e n  and Sinha ( 7 )  t o  compute t h e  thermal  
d e r i v a t i v e s  o f  t h e  fundamental e l a s t i c  cons tan ts  i . e .  
those appear ing i n  t h e  expansion o f  t h e  s c a l a r  s t a t e  
f u n c t i o n  versus t h e  components o f  t h e  t o t a l  s t r a i n  
tensor .  The e f f e c t i v e  m a t e r i a l  cons tan ts  o f  ou r  
i n t e r e s t  a r e  j u s t  t h e  c o e f f i c i e n t s  o f  expansion o f ?  
i n  terms of t h e  dynamic f i e l d s  uq and q. I t  shoutd 
be observed t h a t ,  d e s p i t e  of  t h e i F  d i f f e r e n t  meaning, 
b o t h  s e t s  o f  cons tan ts  a r e  c l o s e l y  dependent, th rough  
t h e  thermal  expansion c o e f f i c i e n t s  and h i g h  o r d e r  
e l a s t i c  cons tan ts .  However t h e  co r respond ing  
dependence r e l a t i o n s  o f  thermal  d e r i v a t i v e s  cannot be 
n u m e r i c a l l y  ob ta ined  beyond t h e  f i r s t  o rder  i n  terms 
o f  temperature,  because those  r e l a t i o n s  i n v o l v e  t h e  
f o u r t h  o rder  e l a s t i c  modul i  C and t h e  thermal  

IJ L s e n s i t i v i t i e s  o f  t h e  t h i r d - o r d e r  e r a s t i c  modul i  CIJK, 
t h e  values o f  which a r e  n o t  p r e s e n t l y  known. 

I t  should a l s o  be  c l e a r  t h a t  choosing GLyMr as 
unknown, i n s t e a d  o f  X seems r a t h e r  a r b i t r a r y .  A 
p r a c t i c a l  advantage ofKkk'!s c h o i c e  l i e s  i n  t h e  f a c t  i t  
f a c i l i t a t e s  t h e  comparison w i t h  p r e v i o u s l y  ob ta ined  
r e s u l t s  o f  Ref (61,  where t h e  i n f l u e n c e  o f  
p i e z o e l e c t r i c i t y  was comple te ly  ignored,  
thermal  d e r i v a t i v e s  o f  e f f e c t i v e  t i f f n e s s e s  T 

t n )  were d i r e c t l y  ob ta ined  f rom t h e  T Cijkt p rov ideby% 

Ref ( 1 ) .  The c l io i ce  o f  t h e  G r a t t i e r  than  xKLMN 
i n t r o d u c e  a smal l  compl icationL! Tecause  of an i  s o t r o p y  
o f  thermal  expansion, t h e  G c o e f f i c i e n t s  f o r  t h e  
c r y s t a l l i n e  c l a s s  32 o f  a -quar tz ,  t a k e  t e n  d i s t i n c t  
va lues,  pay ing  no a t t e n t i o n  t o  t h e  s ign ,  when t h e  
temperature d i f f e r s  f rom t h e  r e f e r e n c e  temperature 
(25°C i n  t h i s  paper) ,  whereas t h e  7C c o e f f i c i e n t s  keep 
o n l y  seven d i s t i n c t  va lues a t  any va lue  o f  
temperature.  Hence, we need t o  e l i m i n a t e  t h e  dependent 
c o e f f i c i e n t s  i n  terms o f  t h e  undependent ones. To 
reduce t h e  number o f  s u b s c r i p t s ,  we use t h e  c l a s s i c a l  
correspondence 1 aw : 

Then, we have chosen Gll, G13, G14, Gg3, G44 as 

independent c o e f f i c i e n t s ,  c o n s i d e r i n g  t h a t  G17 depends 

on G14, and Gd7 and G55 depend on G44. The dependence 

r e l a t i o n s  a re  g i v e n  i n  appendix. The complete 
s t r u c t u r e  o f  t h e  G m a t r i x  i n  t h e  c r y s t a l l o g r a p h i c  axes 
i s  shown on t a b l e  I. Since t h e  G c o e f f i c i e n t s  d i r e c t l y  
appear i n  t h e  wave p ropaga t ion  equat ions and t h e i r  
assoc ia ted  boundary c o n d i t i o n s ,  u s i n g  them remove from 
t h e  user  any h a n d l i n g  o f  thermal  expansion, w h i l e  
u s i n g  t h e  d e r i v a t i v e s  o f  x would keep t h i s  c a r e  on t h e  
user  (12).  



Since t h e  thermal  s e n s i t i v i t y  o f  t h e  
p i e z o e l e c t r i c  R 

L.  .YM 
and d i e l e c t r i c  R m a t e r i a l  

e f f e c t i v e  c o e f f l c ~ e n t s  i s  ignored i n  #e present  
a n a l y s i s ,  we use t h e  c l a s s i c a l  conven t iona l  n o t a t i o n s  
eiJ and E ( lower  case 1 t o  3, uppercase 1 t o  6 )  : i '  
t h e i r  va luds a t  t h e  re fe rence  temperature a re  indeed 
t h e  corresponding values i n  t h e  l i n e a r  theory  o f  
p i e z o e l e c t r i c i t y .  I n  t h i s  way t h e  secu la r  equa t ion  f o r  
pure th i ckness  modes takes t h e  f o l l o w i n g  shape, 
expressed i n  t h e  doubly r o t a t e d  reference c o o r d i n a t e  
axes of  t h e  t h i n  p l a t e ,  i n  any o r i e n t a t i o n  : 

where V, i s  t h e  c e l e r i t y  o f  t h e  a - t h  mode (A, B o r  C ) .  
Since t h e  G c o e f f i c i e n t s  a l l o w  t h e  use of t h e  m a t e r i a l  
coord ina tes  a t  t h e  reference temperature t o  descr ibe  
t h e  wave p ropaga t ion  problem and i t s  assoc ia ted  
boundary c o n d i t i o n s ,  we do n o t  have t o  i n c l u d e  t h e  
temperature d e r i v a t i v e s  o f  p i n  t h i s  equat ion,  and, 
because o f  t h e  above mentionned assumption, o n l y  t h e  G 
c o e f f i c i e n t s  a re  temperature dependent, thus  governing 
the  thermal  s e n s i t i v i t y  o f  C h r i s t o f f e l ' s  v e l o c i t i e s  Y, 
and e i g e n s o l u t i o n s  ufl. I n  a d d i t i o n ,  s i n c e  t h e  
o r i e n t a t i o n  angles o f  t h e  p l a t e  a re  d e f i n e d  a t  t h e  
f_i?ix r e f e r e n c e  temperature, u s i n g  t h e  here descr ibed  
formalism avoids any h a n d l i n g  of t h e  o r i e n t a t i o n  
change o f  t h e  p l a t e  normal i n  t h e  c r y s t a l l o g r a p h i c  
axes, which r e s u l t s  f rom a n i s o t r o p i c  thermal  
expansion. T h i s  advantage of t h e  use o f  t h e  re fe rence  
coord ina tes  has been p r e v i o u s l y  exp la ined  a t  Ref (51,  
where t h e  authors use t h e  temperature d e r i v a t i v e s  o f  
t h e  fundamental cons tan ts .  An e v a l u a t i o n  o f  t h e  e f f e c t  
o f  t h e  g e n e r a l l y  ignored  thermal  s h i f t  of t h e  p l a t e  
normal on t h e  r e s u l t s  p rov ided  by u s i n g  t h e  f i n a l  
coord ina tes  has been g i v e n  a t  Ref (6 ) .  I n  t h a t  paper, 
the  use o f  t h e  m a t e r i a l  e f f e c t i v e  cons tan ts  and t h e i r  
thermal  d e r i v a t i v e s  was a l ready  suggested, a1 though i n  
a p u r e l y  the rmoe las t i c  case (see a l s o  Ref (13) ) .  I f  
t h e  over tone  number n, t h e  p l a t e  th i ckness  to, t h e  
e l e c t r o d e  p l a t i n g  th i ckness  t '  and mass d e n s i t y  p '  

0 0 
a t  t h e  f i x e d  re fe rence  temperature a r e  known, a ve ry  
accura te  express ion  f o r  t h e  f requency of an i n f i n i t e  
p l d t e  i s  g i v e n  by : 

Since we do n o t  know t h e  a c t u a l  va lue  o f  a f o r  
t h e  exper imenta l  da ta  of (1). we have t o  n e g l e c t  t h e  
corresponding c o r r e c t i v e  te rm i n  ( 3 1 ) .  I t  i s  t h e n  
r e a s o n y l e  t o  a l s o  i g n o r e  t h e  c o r r e c t i v e  t e r m  a r i s i n g  
f rom k, , a l though  Bechmann, B a l l a t o  and Lukaszek 
exp la ined  i n  ( 1 )  t h a t  they  used o n l y  fundamental 
th i ckness  modes, thus  a l l o w i n g  us t o  p r orm t h e  

2 9 s  c o r r e c t i o n  p r o v i d e d  by t h e  term 1 - 8 k / n  n : t h i s  
c o r r e c t i o n  would be o f  l i t t l e  e f fec t ,  r e g a r d i n g  t h e  
poor  accuracy o f  t h e  pure  t h i c k n e s s  modes model. Then 
a l l  we d i d  i s  c o n s i s t e n t  w i t h  t h e  use of t h e  ve ry  
s imp le  fo rmu la  : 

f o r  t h e  n - t h  over tone  o f  t h e n - t h  mode. 
Al though t h i s  fo rmu la  looks  ve ry  l i k e  t h e  usual  one, 
i t  i n v o l v e s  some major  d i f f e r e n c e s  : 

- t o  i s  t h e  t h i c k n e s s  a t  t h e  f i x e d  r e f e r e n c e  
temperature. So, one has n o t  t o  a d j u s t  i t  when t h e  
temperature i s  va ry ing .  The same remark h o l d s  f o r  t h e  
mass d e n s i t y  p and f o r  t h e  c o e f f i c i e n t s  of t h e  t e n s o r  
r o t a t i o n  f rom ?he c r y s t a l l o g r a p h i c  axes t o  t h e  doubly 
r o t a t e d  axes, 

- accord ing  t o  Eq  ( 241, t h e  GIJ c o e f f i c i e n t s  a r e  
de f ined  a t  cons tan t  m a t e r i a l  e l e c t r i c  v e c t o r  3. A t  t h e  
re fe rence  temperature,  they  c o i n c i d e  w i t h  t h e  C 1  o f  
l i n e a r  P i e z o e l e c t r i c i t y ,  l a r g e l y  used i n  v ib ra$ ion  
models, whereas t h e  t a b u l a t e d  va lues  o f  Ref ( 1 )  must 
be understood f o r  e l a s t i c  s t i f f n e s s e s  a t  cons tan t  
normal e l e c t r i c  d isp lacement .  

The exper imenta l  va lues of t h e  temperature 
c o e f f i c i e n t s  o f  f requency used i n  t h e  p resen t  paper, 
ob ta ined  f rom (11, a r e  reproduced a t  t a b l e  11. To g e t  
t h e  f GIJ , we n u m e r i c a l l y  computed t h e  f o l l o w i n g  
q u a n t i t i e s  f o r  each pure  mode o f  t h i s  t a b l e  : 

w i t h o u t  sum on t h e  repea ted  couples o f  indexes. 

The p a r t i a l  d e r i v a t i v e s  a re  computed w i t h  h e l p  
o f  a t h r e e  p o i n t s  i n t e r p o l a t i o n .  The-  G increment  
f o r  t h i s  i n t e r p o l a t i o n  was s e t  t o  10 5xdi6 a t  25°C. 
According t o  t h e  r e l a t i v e l y  l i n e a r  behav lo r  o f  t h e  
s o l u t i o n  o f  C h r i s t o f f e l ' s  problem, we d i d  n o t  judge 
necessary t o  g e t  t h e  c ross  d e r i v a t i v e s  up t o  t h e  t h i r d  
o rder .  Then, t h e  temperatu e c o e f f i c i e n t s  o f  t h e  
f requency a r e  r e l a t e d  t o  T rnlGIJ by t h e  f o l l o w i n g  
equat ions : 

where t h e  repeated couples o f  indexes f o r  t h e  
undependent c o e f f i c i e n t s ,  i .e . ,  (111, (13) ,  (141, 
(33) ,  (441, ( 6 6 )  a r e  summed. The c a l c u l a t i o n  o f  M and 



N f o r  each mode takes a much longer  t ime  than  t h e  
s o l u t i o n  o f  t h e  l i n e a r  systems i t s e l f .  As above 

n 
mentionned i n  t h i s  sec t ion ,  t h e  T Gj3 and T ~ G  were 
computed by a l e a s t  square f i t , a f t e r  t h e  obten#on o f  
t h e  o t h e r  undependent c o e f f i c i e n t s  f rom t h e  p a r t i c u l a r  
c u t s  X, Y ,  AT, BT. We p r o v i d e  a t  Table I 1  

I n ) i h e  ob ta ined  values f o r  t h e  T ~ G  G J .  The T , Z  
c o e f f i c i e n t s  may be e a s i l y  deduced f rom : 

From here-presented values, t h e  f o l l o w i n g  s e t s  o f  
temperature d e r i v a t i v e s  may be ob ta ined  : 

- t h e  f i r s t  o r d e r  d e r i v a t i v e s  of t h e  fundamental 
e l a s t i c  cons tan ts ,  accord ing  t o  Eqs ( 2 - 2 ) ( 2 - 3 )  o f  (71,  

- a l l  t h e  d e r i v a t i v e s  of t h e  XKLMN c o e f f i c i e n t s ,  
accord ing t o  Eqs ( 2 4 )  and (27)  o f  t h i s  paper, 

- a l l  t h e  d e r i v a t i v e s  o f  t h e  e f f e c t i v e  cons tan ts  
r e f e r r e d  t o  t h e  coord ina tes  of  t h e  i n t e r m e d i a t e  s t a t e ,  
accord ing t o  Eq (28)  o f  (61, i n  which A .  .kQ ho lds  f o r  
an e f f e c t i v e  c o e f f i c i e n t  r e f e r r e d  t o  t h i  coord ina tes  
of the  n a t u r a l  s t a t e ,  w h i l e  BijkR i s  r e f e r r e d  t o  t h e  
c o o r d i n a t e  o f  t h e  i n i t i a l  s t a t e .  

The l a s t  s e t  o f  c o e f f i c i e n t s  i s  a l t o g e t h e r  
i d e n t i c a l  t o  t h e  usual  ones used i n  l i n e a r - o n l y  
ana lys is ,  p rov ided  t h e  o r i e n t a t i o n  change due t o  
a n i s o t r o p y  o f  thermal  expansion i s  c o r r e c t l y  taken  
i n t o  account. The e f f e c t i v e  c o e f f i c i e n t s  r e f e r r e d  t o  
t h e  coord ina tes  o f  t h e  i n i t i a l  s t a t e  a l s o  appear i n  Eq 
(77)  o f  ( 3 ) .  I n  t h e  case s t u d i e d  i n  t h e  p resen t  paper, 
those c o e f f i c i e n t s  reduce t o  : 

Using those c o e f f i c i e n t s  should n o t  be recommended 
s i n c e  t o  keep a s a t i s f a c t o r y  agreement w i t h  t h e  
general  laws o f  thermoelectroelasticity,  they  i n v o l v e  
a ve ry  cumbersome h a n d l i n g  o f  thermal  expansion i n  t h e  
wave mot ion equat ions and t h e  assoc ia ted  boundary 
c o n d i t i o n s .  Fur thermore,  t h i s  h a n d l i n g  becomes a r e a l  
problem i n  case of . r e s o n a t o r s  e x h i b i t i n g  a non 
p a r a l l e l e p i p e d i c  form, l i k e  contoured resona to rs .  

V - STATIC THERMAL BEHAVIOR OF CONTOURED RESONATORS 

The t rapped modes i n  contoured resona to rs  have 
been s a t i s f a c t o r i l y  p r e d i c t e d  i n  an asymptot ic  model 
due t o  T i e r s t e n  and Stevens (14) .  T h i s  model g i v e s  an 
a n a l y t i c a l  express ion  o f  t h e  e igen f requenc ies  : - - 

where wn, t and n have been d e f i n e d  i n  t h e  p rev ious  
s e c t i o n  o f  h i s  paper, C, i s  t h e  a - t h  e i g e n s o l u t i o n  of 
C h r i s t o f f e l ' s  problem, m u l t i p l i e d  by t h e  
c o r r e c t i v e  f a c t o r  I I - sk? /(X)' - 2 fi) o f  ~q (31 -a) ,  
H denotes t h e  r a d i u s  o f  con tour  o f  t h e  p l a t e  a t  t h e  
rg fe rence  temperature (25OC), m and p a r e  i n t e g e r  
numbers coun t ing  t h e  number o f  nodal l i n e s  i n  two 
o r thogona l  d i r e c t i o n s  o f  t h e  p lane  of t h e  p l a t e  : they  
a re  ze ro  f o r  t h e  s o - c a l l e d  m e t r o l o g i c  modes used f o r  
h i g h  q u a l i t y  and s t a b i l i t y  a p p l i c a t i o n s .  M '  and PIn 
a r e  c l o s e l y  r e l a t e d  t o  t h e  c u r v a t u r e s  o f  t%e p roper  
branches o f  t h e  d i s p e r s i o n  curves a t  smal l  p l a t e  
wavenumbers. MI and P In  express i n  terms o f  s p e c i a l  

n  

e l a s t i c  c o e f f i c i e n t s  c : ~ ~ ~  through Eqs (74)  and (100)  
o f  (14 ) .  To keep cons is tency  w i t h  t h e  p resen t  
ana lys is ,  those c o e f f i c i e n t s  may be d e r i v e d  f r o m  t h e  
G c o e f f i c i e n t s  i n  t h e  r o t a t e d  p l a t e  axes th rough  
thJMFol lowing l i n e a r  t rans fo rmat ion  : 

cT - 
LPN4 Q ~ j  Q R ~  GL7Mc6j76y r 

Q - 6  
ij r o U j  

where fl. i s  a norma l i zed  e i g e n s o l u t i o n  o f  e igenproblem 
o f  Eq ( 4 0 ) .  The l i n e a r  t r a n s f o r m a t i o n  law i s  d i f f e r e n t  
f rom Eq (23)  of Ref (141, because t h e  G c o e f f i c i e n t s  
have l e s s  symmetry p r o p e r t i e s  than  t h e  usual  C 
r e f e r r e d  t o  i n  Ref (14) .  

F i g s  ( 1 )  and ( 2 )  p resen t  some f requency 
temperature curves computed w i t h  t h e  r e s u l t s  o f  t h e  
above presented ana lys is ,  and r e s p e c t i v e l y  
corresponding t o  C modes i n  contoured AT and SC c u t s .  
The curves have been o b t a i n e d  f o r  t h e  l i m i t  case o f  an 
e l e c t r o d e  p l a t i n g  i n v o l v i n g  no e f f e c t  on t h e  frequency 
(R = 0 ) .  Th is  case i s  t h e  same as t h e  one o f  a 
resona to r  w i t h  non adherent  e l e c t r o d e s  when t h e  a i r  
gap tends t o  zero. From our  exper ience on a c t u a l  E V A  
resona to rs ,  t h e  h e r e - p r e s e n t e d  f requency temperature 
curves c o r r e c t l y  p r e d i c t  t h e  tu rn -over  p o i n t s  p r o v i d e d  
a c o r r e c t i o n  o f  a few minutes should been made on t h e  
0 o r i e n t a t i o n  angle.  However, t h e  p r e d i c t e d  f requency 
d i f f e r e n c e  between t h e  upper and t h e  lower t u r n - o v e r  
p o i n t s  may be s l i g h t l y  exaggerated. Other  p r e d i c t e d  
r e s u l t s  u s i n g  t h e  v i b r a t i o n  rnodel o f  Ref (151, and n o t  
a v a i l a b l e  on t ime f o r  t h i s  p r i n t i n g ,  a r e  expected t o  
c  n i r m  t h i s  l i m i t a t i o n  of accuracy f o r  here  o b t a i n e d  
TPnfGIJ values.  i c i d e n t l y ,  t h e  1 r g e  s tandard  e r r o r s  

)  and Tlnq p r e d i c t  t h i s  ob ta ined  f o r  T til3 
1 i m i t a t i o n  o f  accuracy. Thy?) expected new 
measurements f o l l o w e d  by a t rea tment  c o n s i s t e n t  w i t h  
t h e r m o e l e c t r o e l a s t i c i t y  equa t ions  and s y s t e m a t i c a l l y  
u s i n g  a more accura te  v i b r a t i o n  model than  t h e  
unid imensionnal  model seem t o  be t h e  o b l i g e d  b u t  
f r u i t f u l  way t o  improve t h e  d e s c r i p t i o n  accuracy of  
t h e  s t a t i c  thermal  behav io r  o f  h i g h  f requency q u a r t z  
resona to r .  

Appendix 

We g i v e  here  t h e  dependence r e l a t i o n s  of 

T ( ~ ) G ~ ~ ,  T ( ~ ) c ~ ~  and 'versus T ( ~ ) G ~ ~  and 

T ( ~ ) G ~ ~ ,  i n  t h e  c r y s t a l l o g r a p h i c  axes : 



T ( ~ ) G ~ ~  - T ( ~ ) ~ ~ ~  + a ( 1 ) T ( 2 )  ( O T ( 2 )  
11 '14 - "33 G17 RL unaf fected by temperature does l e a d  t o  o t h e r  

varues f o r  T ( ~ )  G L,M~ than  assuming 
u n a f f e c t e d  by temperature.  XKL and X ~ L M  

+ a i : ) ~ ( ~ ) ~ ~ ~  - a i : ) ~ ( l ) ~ ~ ~  + a;;) - a;;) 
(13) B. DULMET, F. FICHET : "Coupl ings o f  t h i c k n e s s  

v i b r a t i o n s  i n  Contoured Resonators and t h e i r  
T ( ' ) G h 7  - T ( ~ ) ~ ~ ~  + a ( l ) T ( Z )  ( 1 l T < 2 )  Ef fec t  on f requency Spectrum and frequency 

11 G44 - "33 G4, T e l n ~ e r a t u r e  Behavior"  U l t r a s o n i c s  

~ymbosium, IEEE, p 388 ( 1  984). 
+ ~ I : ) T ( ~ ) G & ~  - + . 

(14) D.S. STEVENS. H.F. TIERSTEN : "An A n a l y s i s  of 
doubly r o t a t e d  q u a r t z  resona to rs  u t i l i z i n g  
e s s e n t i a l l y  t h i c k n e s s  modes w i t h  t r a n s v e r s e  

T ( ~ ) G ~ ~  - T ( ~ ) C ~ ~  + - 2 a i j ) ~ ( ~ ) ~ ~ ~  v a r i a t i o n " ,  J. Ac. Soc. Am. 79 (61, p 1811 
(1986).  

[ 2a : : ) - (a ( l )  11 ) 2 I T  ( 1 )  G44 - [ 2 9 . i : ' - ( o l ~ : ) ) 2 ] ~ ( 0 ~ 5 5  
(15)  B. DULMET : " A p p l i c a t i o n  d'une methode de 

p e r t u r b a t i o n  B 1'Btude de resona teurs  B q u a r t z  
+ 2[ai:)-aji) + a;:)a;;) - p resen tan t  des modes d 'epa isseur  B energ ie  

(A-3) 
piegee", Rev. Phys. Appl .  19 (1984) p 839. 
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TABLE _1: 

(f mode T l f  T2f ~~f  
10-6 10-9 10-12 

P====iD=====P===IIP===P1==a==PP===icP==~iPP5=== 

30 .0  00 .00  A -20.50 -53.20 -36.60 
30.0 10 .00  A -29.30 -67.00 -58.30 
30.0 20 .00  A -42.00 -86.00 -92.70 
30 .0  30.00 A -54.80 -105.0 -119.0 
00.0 -49.2166 B 0 .00  -40.00 -128.0 
05 .0  -47.00 B -0 .90 -41.10 -118.0 
05.0 -48.00 B -1.50 -43.10 -122.6 
10 .0  -38.00 B 1 . 1 0  -39.00 -91.30 
10.0 -40.00 B -2.40 -41.90 -115.4 
15 .0  -34.50 B -7.40 -28.10 -39.70 
1 5 . 0  -35.00 B -7 .45 -33.50 -58.80 
30 .0  20 .00  B -9.30 -21.80 -34.40 
30.0 30.00 B -19.10 -24.50 -28.90 
00.0 00.00 C 92.50 57.50 5 . 8 0  
00 .0  35 .25  C 0 .00  0 .40  109.50 
1 0 . 0  -32.00 C 0.26 -9.80 -32.40 
1 0 . 0  -33.00 C -0.87 -7 .81  -21.50 
1 2 . 5  -33.00 C 0 . 8 0  -7.60 -19.60 
1 2 . 5  -33.50 C -0.40 -7.40 -14.00 
1 5 . 0  -34.50 C 1 .30  -7.30 -6.60 
1 5 . 0  -35.00 C -0.20 -7.02 -2.60 
20.0 34.3333 C -0.06 -8.90 52.00 
30.0 34 .00  C 0 .75 -12.96 17 .40  
30 .0  36.00 C -4.55 -14.30 20.60 

TABLE I1 
(12)  Bu t  i t  should be known t h a t  assuming RL.IM and 
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Abstract 
The Loran-C system is still in use for time scales comparison and continuous 

frequency monitoring. Some improvements seems to be achieved by increasing the 
knowledge of the internal delay of the receiving equipments and its behaviour in 
various situations. 

In this paper a synthesizer, designed for timing applications, is presented. The 
main feature is the high time stability, obtained with digital techniques. The complete 
pattern of a chain can be simulated setting time of arrival and amplitude individually 
for each station. 

Criteria of design, bloch diagrams and some experimental results are given. 

1 Introduction frequency measurements. The main feature 
is the high time stability, that is obtained 
with broad band circuitry, whose total delay 

Despite of the growing importance of the 
is intrinsically small, 

GPS system, Loran-C is still in use for This instrument is a tool of investigation 
time scales comparison and continuous mon- in some experimental activities, such as: 
i toring. Loran-C offers some advantages 
for its higher availability as compared with 
other long range systems; an off-air period 
of a few hours per year can be assumed 
[1,2,3]. Moreover, continuous monitoring can 
be performed without switching the reference 
source, as happens using nonstationary satel- 
lites, like the GPS ones. The Loran-C sys- 
tem can be also used as a frequency reference 
driving a time scale [4]. 

Finally, in the hypothesis of of a full dif- 
fusion of satellite-based methods, Loran-C 
could be the best backup system. 

The goal of this paper is to present a 
Loran-C synthesizer designed for time and 

e test of metrological and navigation re- 
ceivers, 

measurement of the internal delay - and 
its stability - of metrological receivers, 

e measurement of the effects of coherent 
interferences; in this case the simulator 
is to be used in conjunction with a con- 
tinuous wave synthesizer, driven by the 
same frequency standard, 

metrological use of navigation receivers, 
using a self-calibration approach 151. 

EFTF 89 - Besan~on 



The instrument has the capability of generat- 
ing the complete pattern of a chain, handling 
amplitude and delay separately for each sta- 
tion. In order to get a quite realistic situation 
when testing navigation receivers, noise can 
be added and the time delays can be swept, 
simulating a moving installation of the equip- 
ment. 

A good description of the Loran-C system, 
covering many aspects and recent develop- 
ments, can be found in [6]. All the details 
concerning the transmitted signal are widely 
described in [?I. 

2 Synthesis of the Loran- 
C pulse 

The approach followed consists in generat- 
ing the whole Loran-C pulse, comprehend- 
ing both envelope and carrier, with a digital- 
to-analog converter; the instantaneous am- 
plitude are mapped in a look-up table (read 
only memory) scanned at the sampling fre- 
quency. This method is adequate for gener- 
ating high accuracy Loran-C pulses for the 
following reasons: first, independent synthe- 
sis of carrier and envelope, as done in some 
commercial or laboratory equipments, such 
as [8], does not allow to control their phase 
relationship as well as can be done with si- 
nlultaneous synthesis; second, if the instru- 
mental delay is small enough, variations or 
drifts are proportionally small, and csnse- 
quently high phase stability can be easily 
achieved. The meaning of this concept will 
be more clear in the following sections. 

If time and amplitude resolutions of the 
sampling performed by the converter are suf- 
ficient, there is no need of filtering the output 
of the pulse generator; only the suppression 
of the high frequency disturbances is useful. 
The final cleaning of the signal will be per- 
formed inside the receiver, always equipped 
with a filter, whose bandwidth is in the range 

from 20 to 40 kHz. 
Fast digitd-to-analog converters (DAC) 

are commercially available in a wide spread 
of accuracy and settling time in the range 
from 8 to 12 bits and 20 to 200 ns. Con- 
sequently a sampling frequency of 10 MHz 
seems to be a convenient practical value: the 
resolution of 100 ns is immediately achiev- 
able; being the sampling frequency two order 
of 1nagnitud.e higher of the signal one, the 
quantization noise is negligible in the Loran- 
C band. 

These considerations lead directly to the 
block diagram of the pulse generator, shown 
in fig. 1. 

The normalized Loran-C pulse is described 

by 

zt = (k  1)2 e--2(kt-1) sin w t  for t 2 O (1) 

where w = 2x18' rad/s and 1/k = 65ps; 
the corresponding waveform is shown in fig. 
2. The time measurements, according to [7], 
should be performed on the zero crossing be- 
tween the 3-th and 4-th cycle of the carrier, 
at t = 30ps. The accuracy of the envelope 
shape, during the rising edge, is very im- 
portant because it allows the cycle selection 
performed by the automatic receivers. The 
falling edge of the envelope is not used by 
the receivers because contamination of iono- 
spheric wave is possible, with unpredictable 
results. In the transmitting stations the 
falling edge is damped with a time-law not 
defined; the duration of the whole pulse is 
usually 200-300 ps. 

In order to find the rninimum resolution 
N of the converter, expressed in bit, consider 
that the peak-to-peak values of (1) are in 
the f 1 interval; the maxinlurn excursion is 
a, = 2. The first hdf-cycle (t = 2 . 5 ~ s )  is the 
smallest in the rising edge of the envelope; 
denoting its peak amplitude with al 0.01, 
the minimum N, including the sign bit, is 
expressed by: 

N = T log, - ( 
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Figure 1: block diagram of the pulse generator. 
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The approach 1 and 2 shows some differences 
if a poor resolution - around 8 bit - is used; 
with an higher resolution the sampled values 
are the same. The approach 3 causes higher 
noise level, due to the presence of harmonics 
below the sampling frequency. 

In order to keep the duration within 300 
ps, a linear function is subtracted from the 

sompllng point 

u - 
envelope of the formula 1 since t = 250,~s. 

Figure 2: waveform of the Loran-C pulse 

-vv~y 
where T(.) means the integer greater or 
equal to its argument. In order to get the 
highest accuracy also in the first part of the 
pulse, a 12 bit converter is used. 

An amplitude resolution of less than 8 bit 
could produce a distortion of the envelope, 
or the first half-cycle is skipped at all, de- 
pending on the algorithm of approximation; 
various criteria can be followed in this last 
function: 

~ ~ ~ ~ r v v u u v v  

1. the nearest integer 

2. the integer m with the nearest energy 

lmI2 

Description the in- 
st rurnent 

The whole instrument is built around the 
pulse generator, following the block diagram 
of fig 3. 

The kernel of the timing system is the 
main counter (at the center of the diagram) 
working at 10 MHz. The comparator, tak- 
ing the inputs from the main counter and 
the time register, provides a coincidence sig- 
nal with a resolution of 100 ns, used in many 
ways, depending on the content of the con- 
trol register: 

3. a resolution increasing obtained keeping start of a Loran-C pulse, 



clear of the main counter, when GRI is 
completed, 

r activation of auxiliary TTL outputs, 
such as a pulse per Loran-C pulse, a 
pulse per GRI etc. 

The coincidence signal sends also a service 
request to the microprocessor, with the high- 
est priority. During the service response, 
the processor sets all the parameters of the 
next pulse to be generated: time, amplitude, 
phase and auxiliary signals. 

Counting the service requests, the proces- 
sor updates a time scale used for the auto- 
matic modification of the time differences, 
when the simulation of the speed is activated. 
When above mentioned services are not ac- 
tive, the processor provides all the functions 
of keyboard and display management. 

The programmable amplifier includes a 
large bandwidth (500 kHz) two real poles fil- 
ter for the suppression of the highest noise 
frequencies. 

4 Considerations about 
the stability 

In order to understand the meaning of the 
stability of the instrument, let us consider 
an ideal Loran-C signal driven by the same 
frequency reference. The signal available at 
the analog output is phase shifted, with re- 
spect to the ideal signal, of some amount of 
time due to the internal circuitry of the pulse 
generator (fig. 1). But the ideal signal is not 
available; when testing a receiver, the aux- 
iliary signals, such as the TTL pulse corre- 
sponding to each Loran-C pulse, should be 
used as reference in all the measurements. A 
phase shift of these signals is another source 
of errors and instabilities, coming from the 
timing and control logic (fig 3). The con- 
siderations that follow involve both stability 
and accuracy. 

All the timing and control logic is built 
with synchronous counters and D-type reg- 
isters, and consequently the signals are syn- 
chronized to the frequency reference. All in- 
ternal delays are obtained as a sum of an 
integer number of clock periods, plus the de- 
lay from clock to output of the last counter 
or register along the path considered. 

The number of circuitry levels from the 
main frequency reference - internal quartz 
oscillator or external input - is kept mini- 
mum. From experiences and the data sheet 
of the electronic parts (TTL Schottky) typ- 
i cd  switching times are about 3-5 ns; in 
laboratory conditions the stability is guaran- 
teed within a small fraction of one nanosec- 
ond, that is almost meaningless dealing with 
Loran-C signals. 

The delay D from the start signal of the 
pulse generator to the analog output of the 
synthesizer is the most critical parameter 
concerning accuracy and stability. It can be 
written as a sum: 

where: 
Dl is a fixed value determined by the stan- 

dard frequency, 
D2 represents the equivalent phase shift from 
the digital input to the analog output of the 
converter; for this applications it can not be 
directly derived from the characteristics of 
the component. What is known for the con- 
verter adopted (DAC 812) is that the whole 
delay is in the range 30-55 ns, depending on 
the amplitude of the difference from the pre- 
vious value, and the temperature, 
D3 is the delay of the wide band filter, in- 
cluding the programmable amplifier and the 
phase inverter. In order to prevent possible 
variations, all the analog parts are low ther- 
mal sensitivity ones, 
and the last term, n . lops, has an obvious 
meaning: it depends on the n-th zero cross- 
ing involved in the measurement; n is integer 
or half-integer. 



D I S P L A Y  
1 T I M E  1 4 

I* GENERATOR 1 
STANDARD 

GENERATOR 

phase I 1 1 7  control  , 10lrH~J A U X I L I A R Y  OUTPUTS 

COUNTER > ppe 

PPP 
t r i g .  each Loran-C pulse 

progr . 
user defined 

G R I  
t r i g  each G R I  

TOC 
second P G R I  

Figure 3: block diagram of the whole instrument 

Heating the pulse generator from the room 
temperature to 60 "C, in the rising edge of 
the envelope, but excluding the first cycle, no 
variation can be detected within a zero un- 
certainty of 2 ns; the same value is expected 
in the falling edge. 

In the same conditions, the variations of 
peak amplitudes can not be detected within 
2 less-significant-bit of the converter. 

h e a t e r  

Figure 4: test of the pulse generator 
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5 Final remarks 
The variations of the pulse generator were 

tested in the conditions showed in fig. 4. The 
digitizer (Tektronix 7612 used at a sampling 
frequency of 20 MHz) has a resolution of 8 
bit, but the amplitude resolution has been 
set about equal to the DAC one by overload- 
ing the y input; when the peak amplitudes 
where under test, a dc bias was added in or- 
der to keep the signal in the range of the 
instrument. 

start - - 

The stability obtained is a consequence of the 
method of synthesis. 

The digital synthesis is flexible and the 
pulse shape can be easily modified; substi- 
tuting the look-up rom with a random access 
memory dynamically downloaded by the mi- 
croprocessor, it is possible the simulation of 
some other effects, such as the envelope-to- 
cycle distortion, useful in testing navigation 
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out  

Y 
t r i g  , 

2 
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receivers. 
The method is also suitable for a more 

simple practical realization. This was done, 
combining the pulse generator of fig. 1 with 
a subset of the control logic, in a very small 
(one eurocard) equipment for the simulation 
of a single Loran-C transmitter. In this sec- 
ond instrument, used in conjunction with a 
navigation receiver for the continuous moni- 
toring of some transmitters, the signal is gen- 
erated by an 8 bit converter working at 2.5 
MHz, without any filtering; consequently, de- 
spite of the use of very low cost parts, the 
stability is just a little bit better than in the 
other one. 

An improvement of the method is under 
study: an higher time resolution, a fraction 
of the sampling period, can be achieved by 
switching the memory mapped shape. The 
ultimate resolution for the Loran-C wave- 
form is not well known, but, with a pure si- 
nusoidal signal, a value of less than 0.001 rad 
was obtained. 
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DIGITAL FREQUENCY SYNCHRONISATSON WITH LF TRANSMITTERS 

Peter SCHUMACI.IER 

Obscrvatoirc Cantonal d e  Neuchatel, Switzerland 

SUMMARY 

There are several LF time signal trans- 

mitters in Europe with frequencies at 7 5  

kHz, 77.5 kHz, 60 kHz and 50 kHz. The 

frequencies of these transmitters are 

stabilized by Cesium beam atomic frequency 

standards with a long term stability of 

better than 1.10~'~. For short time periods 

( 1  to PO seconds) the frequency stability of 

the received carrier is limited to about 

1.10-' to 1 * 1 0 - ~  due to variations in the 

propagation delay of the LF radiowaves. 

In this paper we present a new receiver, 

developed at the Observatory of Neuchitel, 

which contains a BVA X-tal oscillator 

phaselocked to the received carrier. The 

phaselock loop is non-linear and digital, 

with a time constant which varies typically 

between lo2 and lo6 seconds. The digital 

loop has been realized with a single chip 

processor and a simple DA and AD conversion 

technique. 

The receiver construction is described and 

the principle characteristics of the digital 

phaselock loop are discussed. 

1. INTRODUCTION 

In Europe there are several time signal 

transmitters that are synchronized by 

Cesium beam frequency standards: 

Te4lc..J.~ Time signal transmitters in Europe 

HBG 75 kHz Switzerland 

DC F 77.5 ktlz Germany 

MSF 60 kllz England 

OMA 50 kHz Tschekoslowakia 

FJ 162 kHz France 

The carrier frequencies of these 

transmitters are very stable and can be used 

to synchronize local quartz crystal 

oscillators at distances of up to 1000 km 

from the transmitter. For short measurement 

time periods the variation8 of the 

propagation characteristics are causing some 

frequency fluctuations at the receiving 

site. The frequency stability of these 

transmitters has been published in the 

literature 111, [ 2 1  and ia represented in 

Fig. 1. 

-2 Frcquency stability o ( r l  no a functlon of raasurcment tim: 
- 1.F tronsmlttur 
----- HVA X-la1 OlCl llal0r 

Fig. 1 shows that the frequency stability at 

the receiving site is improving with the 

averaging time 7 ,  from a value of lo-' for 

r = 1 sec to a value of 10-l2 for 7 = 1 day. 

However a measurement of the last value is 

quite extraordinary. The presented values 

are for a distance of 100 km from the 

transmitter. 

EFTF 89 - Besanfon 



The dashed line in Fig. 1 represents the 

frequency stability of a BVA X-tal oscil- 

lator. For short time periods the values are 

from the specification sheet of the 

manufacturer; for time periods longer than 

1000 sec we consider frequency fluctuations 

associated to temperature fluctuations of 

2'C in a normal environment ( 3 1 .  BVA X-tal 

oscillators having better short term 

etability performance are also available. 

With a radio frequency receiver the crystal 

oscillator can be phaselocked to the 

incoming standard frequency signal. For 

periods shorter than the phaselock loop time 

constant, the output frequency is 

determined by the quality of the X-tal 

oscillator. For periods longer than the loop 

time constant, the frequency is following 

the transmitted signal characteristics. 

There is an optimum time constant at the 

crossover point of the 2 lines in Fig. 1 .  

Its value is about l o4  seconds. Phaselock 

loops with so slow time constants can only 

be done with digital components. We present 

therefore in this paper the design of a 

digital control loop with long time 

constants. 

2. LINEAR PIIASELOCK LOOP 

The linear phaselock loop is physically and 

mathematically well known [ 4 1 ,  [ 5 1 .  The 

basic elements of the loop are a phase 

detector, a loop filter and a voltage 

controlled (crystal) oscillator (Fig. 2). 

y'";"t>F]2-[vyi Detector 

Ei&,.-z: Schomstic of phaselock loop. 

For a second order loop with a firat order 

active filter, we get the following 

equations: 

where on is the natural frequency of the 

loop and 5 is the damping factor; C is 

dimensionless. KO is the oscillator constant 

(I/Volt), KD is the phase detector constant 

(Volt/Psec) . 
The lock-in range of the loop is defined by 

the product of on and C : 

The behaviour of a linear phaselock loop can 

be determined by the response of the error 

transfer function HE(S), if an input 

frequency step is applied to the input 

signal. The result is a set of functions, 

that is typical for a second order 

differential equation. 

A graph of these functions is represented in 

Fig. 4 .  

A+ , phase error 

Y i y , - 4 :  Loop rcEyonso to an input ErCquonCy s t v p  -.. 
Atu (llnear loopl. 

Fig, 9: Active filter 



We distinguish the typical solutions for 

damped oscillations ( 5  < 1 )  and critical 

damping (C = 1). The time constant of the 

loop TL is the inverse of the lock-in range 

TLis one half of the value of the decay time 

in the exponential term e-OnCt.~ote that for 

a first order loop, decay time and loop time 

constant are equal. 

For the nonlinear loop that we are 

considering here, phase and frequency steps 

are great; we have therefore a loop where 

the step width is essential. The basic 

hardware schematic is shown in Fig. 6. 

I.... / ~~~i J itnlctc 

3. DIOITAL NONLINEAR PHASELOCK LOOP 

E M :  llardwore o f  n o n l i n e a r  l o o p .  

Practical phaselock loops are always 

nonlinear: Phase detectors have only a 

limited linear range, typically within half 

a cycle of the input frequency; active 

filters have a limited voltage output level; 

the oscillator control voltage has a limited 

range and within that range the variation of 

the oscillator constant KO is nonlinear up 

to a factor of 2 or 3. Howaver, one can 

suppose that the loop is linear, as long as 

the phase and frequency deviations from the 

locked condition are small. 

A linear digital phaselock loop is similar 

to its analog equivalent (Fig. 5). 

Fig. 5: Schematic of digital phaselock loop. 

It includes essentially an analog-digital 

converter (AD), a digital processor and 

filter, a digital-analog converter (DA), as 

well as a phase detector and a voltage 

controlled oscillator. Compared with an 

analog loop, the loop filter is replaced 

with a loop filter algorithm. An integration 

constant is done by repeated additions, an 

analog amplification factor is done by 

digital multiplication. If the resolution of 

the converters is sufficiently high, for 

instance: 8 bit for the AD-converter and 16 

bit for the DA-converter, then the loop 

design follows the same rules as in the 

analog loop, since the phase and frequency 

steps in the loop are quasi-continuous. 

The phase detector and the AD-converter 

consist simply of a D-type flipflop. Another 

D-type flipflop detects the amplitude of the 

signal. The DA-converter is a RC-time 

constant (1  sea) which is filtering the 

phase-modulated output signal of the single 

chip processor. The VCXO is a EVA crystal 

oscillator. Everything else is done by 

software. 

Our nonlinear phaselock loop has therefore 

the following features: It is a simple loop 

with very few hardware components. For the 

filter algorithm we have chosen the most 

simple algorithm possible that is equivalent 

to a second order loop. The phaselock loop 

is very well working in practice and it is 

interesting from a mathematical point of 

view, 

The digital processing is schematically 

represented in Fig. 7. 

1----. Yrcquency Contro l  
E t t c g i B t c r  .k--. I 
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The output of the D-type flipflop phase 

detector is read with a rate of 64 Hz. The 

acceleration rate factor (af) that varies in 

steps of 1 to lo5 is multiplied with the 

sign of the input phase value (positive or 

negative). The result is added to the 

frequency control register (FC). The 

unsigned acceleration factor is added to the 

phase integral register (PJ). Both registers 

have a length of 32 bits. If there has been 

a phase transition compared with the 

previous phase sample in the ( 0 ,  A)-memory 
and if the amplitude detection is positive, 

then the PJ register is divided by 2, 

multiplied with the inverse sign of the 

transition, added to the FC-register and 

cleared. This is called a halfstep 

operation. 

The first 16 bits of the FC register are 

transferred to the voltage output register 

(VO). With the aid of a control loop of the 

internal timer signal (1 Psec - steps) a 

phasemodulated 64 Hz signal is created, 

where the duty cycle i a  proportional to the 

value of the VO-register. The real time 

operation of the loop is graphically 

represented in Fig. 8. 

r_le.-J: Phase, frcqucncy and occflcraLion 1 1 1  f u ~ , c l i o a  ol 

Lime (nonlincdr loop) .  

We suppose that the loop is initially 

locked. At the time 0 we apply a frequency 

step Af at the input. The pha~e error A+ 

gets positive and consequently the frequency 

is downstepping with a rate a: a is the 

frequency acceleration rate (Af/f/eec) , 
which is equivalent to the gainfactor in a 

linear loop. The phase error A 4  in function 
of time is parabolic. 

At the time T the original frequency step 

has been downcounted to 0 and the phase has 

attained its peak value A$max. At the time 

2T the phase has come back to 0 and the 

original frequency error Af has changed the 

sign. Since the parabola is symmetric to 

the initial condition at the time 0, the 

loop would oscillate with another parabolic 

segment, However, if we introduce at this 

moment a halfstep operation, then the loop 

returns immediately back to its initial 

condition before time 0, that is A$ = 0 ,  Af 

= 0. This is similar to the case 5 = 1 in 

the linear loop. 

The mathematics of the loop ia contained in 

the following equations: 

1 )  A# P Af.t - 1/2 a.t (A# in seconds) 

2) Af = sat (A f dimensionless 1 .  

The acceleration rate is equal to the 

complete frequency control domain of the 

crystal oscillator (2'10-~/5 Volt), 

multiplied by the acceleration rate factor 

1 to lo5), the FC register factor 

) and the addition rate (64 Hz). 

The time constant of a nonlinear loop can 

be defined by the time required to cancel an 

initial phase or frequency perturbation (see 

Fig. 8). Its value can easily be derived 

from equations I), 2). 

T ~ +  
= q I for = A 4  

for A41NIT = 0 

A f~~~~ = Af 



This result shows that the phase time 

constant TAf is proportional to the root of 

the phase step and the inverse root of the 

acceleration, where the frequency time 

constant is proportional to the frequency 

step. Thia is very different from a linear 

phaselock loop, where the time constant is 

independent of the input phase or frequency 

deviations. If one defines the loop 

bandwidth BA4 as the inverse of TAf: 

then one gets the concept of a phasenoise 

dependent loop bandwidth, as it is found 

also under high noise conditions in linear 

phaselock loops. 

Another interesting quantity is the maximal 

phase devietion +max for an initial step Af 

and the maximal frequency deviation Aimax 

for an initial step A(: 

4. MEASUREMENTS 

A complete phaselock system has been 

realized and implemehted on two electronic 

boards. The schematic is presented in Fig. 

9. 

Comparator utmndard 

t i c r i p t  C h a r t  S c r i p t  C h a r t  

Rooordfr  

UsL._&: PJ~aselock loop w i t h  mossurcaont t e s t  s e t .  

Numerical values of the time constants have 

been calculated for different values of a 

and are represented in Table 2. 

I-: Numurlorl valuer o l  nonlln..r loop limo consranto 
lor  an i t b i l l e l  l,baso step o l  0.6 Pros  and ma l ~ ~ l t i u l  
truqurncy utuy of 1 . 1 0 - ' ~ .  

We distinguish a phaselock receiver (RET), a 

phaselock tracking loop (I'TL), a BVA X-tal 

oscillator and a power supply with 

NiCd-backup. 

The RET phaselock receiver is a new 

receiver, that is very similar to the 

receiver, that has been designed some years 

ago [ 6 1 .  The specifications are: 

Antenna: 10 cm-ferrite, 75 kHz 

Input sensitivity: better than 1 pV 

Loop time constant: 1 secand 

Output signals: carrier amplitude, 

coherent 100 kHz signal 

Dimensions: 100 x 160 mm 



The PTL phaselock tracking unit hns the 

following specifications: 

Reference input: 5 MHz or lo0 kffz 

Receiver input: 100 kHz, square wave; 

carrier amplitude 

Output: 100 kHz, 1 MHz, 10 MHz synchronous 

with the receiver input 

Time constant: (0.5 P s  phase step) 

12 position switch with steps 

from 1 to 3 . 1 0 ~  seconds 

Frequency stability: better than 1 ' 1 0 - ~ ~  

for 7 < lo4 seconds 

better than 1.10- 11 

5 for T < 10 seconds 

If the system is equiped with a BVA X-tal 

oscillator, it can be considered as a 

receiver frequency standard with a very 

precise output frequency. It can be used for 

calibrations of other crystal oscillators, 

frequency and time interval counters, or as 

a basic low cost frequency standard. 

Different test measurements hnve been 

performed. The basic measurement setup is 

represented in Fig. 9. It consists of two 

phase comparators and two script chart 

recorders. The phase output of the 

comparators is registered for the input and 

output signals of the PTL phase tracking 

loop; both signals are compared with a 

Cesium beam frequency standard. A typical 

record is represented in Fig. 10. It is easy 

to see that the output signal of the PTL has 

much smaller variations than the filtered 

output signal. Fast ionospheric perturba- 

tions, visible on Fig. 10, have disappeared. 

All perturbations are smaller than 10-lo and 

for a 1 day average the values arc better 

than 10-lP. This is for a time constant of 

second8 at a distance of 80 km from the 

transmitter. This record shows a qualitative 

and quantitative agreement with the 

o(T)-plot of Fig. 1. 

In another measurement setup the BVA X-tal 

oscillator has been replaced by a low coat 
temperature controlled oscillator in a dual 

in line case. The output is registered in 

Fig. 11. Note the difference of ionospheric 

variations between daytime and night-time. 

3t is easy to see thnt during daytime the 

oscillator performance is visible. At night 

time the oscillator and the receiver have 

approximately the same noise. Note also a 

parabolic peak at the hour 12:45. The time 

constant is approximately 300 seconds. 



The total varicap domain of the 2 

oscillatora is a factor of 1000 different: 

( 2*10-'and 2 '  10-5respectively). This changes 

automatically the loop time constant 

accordingly to the. calculations in Table 2. 

For a linear loop, it would have been 

necessary to adapt also the c-factor which 

depends on the oscillator constant. For our 

nonlinear loop, however, this is not 

necessary; the loop ie selfadapting to 

different oscillator constants. 

Another test that has been performed was the 

replacement of the receiver output signal 

by a 100 kHz signal that has been derived 

from the Cesium beam standard. The optimal 

time constant can easily be Pound by 

measuring the output with different 

acceleration rate factors. For time 

constants below the optimum, the oscillator 

is tracking exactly the input signal. For 

time constants above the optimum, thermal 

and other fluctuations become apparent (see 

Fig. 1 0 ) .  This is in agreement with the 

introductory discussion of Fig. 1. 

5. CONCLUSION 

In this paper we have demonstrated a 

practical application of a digital nonlinear 

phaselock loop. The nonlinear case has been 

compared as far as possible with the linear 

one. A receiver-frequency standard based on 

the presented mathematical calculations has 

been realized. The meaeurements are in 

agreement with the expected performance. 
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Service quality of a long distance telecommunication 
network in distributing timing signals (frequency) 

Tapio Kulmala, lic.tech. 

P & T Tciccorn Rcscarch Cc11li.c 
Finland 

Abstract b) digital synchronization network. 

I k e  long term timing quality of a long distance trans- 
mission network is investigated by comparing the phase 2. Transmission network and measurement 
of a 300 ktIz test signal with that of a Cesium frequellcy 
sta~~dard.  ~nonitond bv a Lorin-C-receiver, 'Ilme trans- methods 
nlission k i t e ,  ~lelsinkri-sodanky ( 1  100 km), co~lsists 
of coaxial cable systems ( 7 ~  tm) and nlicrowave Ndio The trallsmission route under study is prese~lted in 

figure 1. The broadband network consists of coaxial 
links km)' The show strong systenls (,~elsinki-Muhos, 700 knl) and 
vi~riations, typically within 0.4 ps, thus demonstrating 
the ducting effect of microwaves in tropospheric inver- wave radio links (Muhos-Socliulkyll, 400 km). 'l'lle "test 

sion layers. 'lhe slow annual delay variation is within 4 sigl~al" of this study is a 300 kHz sinusoidal "pilot" 

ps, and can be explained by earth temperature varia- which was originally intended to co~ltrol "manually" the 
Ille Of the trullk in frequencies of local carrier oscillators of FDM-trans- 

tmssferril,g precise liming signals by lllode.,l nlissioi~ systems. '!he source of the pilot frequmcy is a 

digital networks is predicted. Cesium-oscillator in Ilelsinki. 

I .  Introduction 

In telecomn~unications, incorporatiilg both the convea- 
tio~lal FDM and modem digital transmission systems, 
the local oscillators must be synchronized to produce a 
correct frequency within a given uncertainty. The fre- 
quency accuracy requirement is most stringe~lt at the 
highest hierarchical level of the national digital net- 
works, where the long term accuracy of I x I O - ~ ~  is re- 
quired for reference clocks, according to CCITT Ke- 
commendation G.811. However, in syilchronizing the 
network, in accordance with a certain scheme 0, the 
frequency accuracy will be degraded due to the tempo- 
ral variatio~ls of delay between the network nodes. The 
slow delay variation is sometimes called "wander" 111. 

The meteorological background of the delay variations 
of cable and n~icrowave radio links is reasonably well- 
understood 12, 3, 41, bul only a limited number of expe- 
rimental results concerning the long term wander of 
real long distance telecommunication networks are a- 
vailable at the present 151. In order to facilitate the eva- 
luatio~i of the timing accuracy perfortnance of future 
digital networks, P & 'I' of Finlaud started an experi- 
mental study in 1984. This report presents essential rc- 
suits and preliminary conclusions of the study whiclr is 
still in progress. I h e  results are applied to two types of 
liming networks: 

a) general purpose reference frequency tlistribulion 
network and 

* -. .-- - -. 
1) Hierarchical Master-Slave synchroniwtion scheme is 
used in Finland. 

The pilot passes the 2700 speech channel cable syslelils 
without any n~ociu lation or denlodulation processes, on- 
ly the bandpass filtering is needed to separate the 300 
kllz signal from the transmission band. In the case of 
the 1800 and 900 speech channel radio links conven- 
tional FM-techniques and 6-8 Gtlz microwave bantls 
are used, The FDM-cable network Helsinki-Muhos in- 
cludes 12 teleco1nmunicatio11 stations (nodes) and 132 
repeater amplifiers. The FM-radio network Muhos-SO- 
dankyll consists of 8 radio hops which means 5 ter- 
minal stations and 4 repeater stations. The average dis- 
tance of one radio hop is about 50 km. 

The delay variation between Helsinki and Sodankyll is 
nleasured by con~pari~lg the phase of the received 300 
kHz pilot LO that of a Cesium-oscillator (Cs2, in figure 
1.). The Cs2-oscillator is a property of EISCAT-pro- 
ject. The distance between the Cs2-oscillator and the te- 
lecomn~unication station is about 7 kni. Hence, it is ne- 
cessary to transmit 111e Cs-frequency (10 kllz) to the 
phase comparator (p2 via a symmetrical pair of an o- 
verhead cable. Two other pairs and a phase comparator 
9 3  are used to eliminilte the effect of tlle cable delay 
variation caused by temperature changes (Al'). In fact, 
the phase comparator (p3 will act as an alnlosplleric 
temperature intiicator. '1'0 accon~plish a reliable long 
terrn phase reference for pilot measurements the Cc- 
sium-oscillators Csl and Cs2 are monitored by using 
Loran-@-receivers 1.  and 2. In order to indicate the in- 
terruptions 011 the pilot frequency distribution the vol- 
tage level of the pilot is registered by a multi-channel 
chart recorder together with the phase con~parison re- 
sults. 

For investigating the short term frequency instability of 
the pilot a cotinter based Allan-variance measurement 
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system is utilized. For relating the observed delay va- 
riations to the relevant weather data te~nperature and The annual delay variation is within 4 ps, from peak to 
humidity values at different altitudes. collected hy ra- peak. Also shorter tenn seasonal variations are obser- 
diosondes of the Meteorological Institute, are worth- vable. The total transmission delay seems to be at miili- 
while, mum in wintertime. Similar results have bee11 obtained 

from the period 1984-1 986. 

3. Results 

In considering delay variations of transn~ission net- 
works, three different types of varietion may be dis- 
tinguished 131: 

A. diurnal 
13. seasonal (including annual) and 
C .  random (sometimes called "short teml") variation. 

A. Diurnal delay variations 

In this case the observed diurnal delay variatiorls could 
be divided into the following categories a-d: 

a) periodic day-night -variation, which correlates clear- 
ly with the atmospheric temperature variation: 
- the delay is shortest in the daytime, while the tempe- 
rature is at maximum 
- typical from March to October, most common in 
summertime 
- the magnitude of the diurnal delay variation typically 
.: 0.4 ps, from peak to peak - 
- example: figure 2. 

b) nonperiodic diurnal delay variation, which cloeso't 
correlate clearly with temperature: 
- quite rapid delay changes may occur, especially early 
in the morning (from 7.00 to 9.00 am) or, sometimes, 
late in the evening (from 9.00 to 12.00 p n ~ )  
- irregularly from November to February; i.e, typical 
wintertime phenomenon 
- the observed maximum rate of delay change is about 
-0.5 ps/2 h; the quite rapid decrease in delay is nor~nal- 
ly followed by a slow increase 
- example: figure 3. 

C) constant delay and temperature, or only neglible va- 
riations 
- this sort of "quiet" periods with the duration of a few 
of days or, sometimes, a couple of weeks may occur 
throughout the year. 

d) no measurable or only very small delay variations 
with noticeable diurnal temperature variations. 
- periods with the duration of a few of days may occur 
at times throughout the year. 

IS. Seasonal delay variations 

An example of a very long term delay variation is prc- 
sented in figure 4. where the results of the period from 
November 1986 to November 1987 are shown. T t ~ e  de- 
lay variation ("pilot-Csl") has been calculated from the 
observed phase differences between the 300 kHz pilot 
and the Cs2-oscillator by correcting for the effect of 
the mutual phase drift of the oscillators Csl  and Cs2. 
This phase drift correction was made by using the Lo- 
ran-C-system as a common phase reference and the 
sample interval of one week. 

C. Random delay variations 

The Allan-variance of fractional frequency fluctua- 
tions (y=Af/f) is a practical statistical measure for the 
short term instability of the pilot phase and frequency 
161. The square roots of the variance (0,) at sample in- 
tervals T= 10-3 ... 105 s are shown in figure 5. It seems 
that the short term instability of the received pilot is 
noticeably contributed by white phase noise. At long 
sample intervals ~ 1 0 4  s the instability of the pilot fre- 
quency approaches that of the con~mercial Cesium-0s- 
cillators (Csl, Cs2). I11 order to avoid the influence of 
diurnal delay variations on the observed a,-values 
( ~ > 1 0 3  s) the measurements were carried out during a 
"quiet" period, i.e. diun~ai variations were negsible in 
that period. 

D. Availability of pilot 

During the period of 1984-1987 the experimenls sufl'e- 
red from a number of unexpected interruptions. Most 
of the interruptions of long duration (days ... months) 
were caused by the network development work or fai- 
lures in the nleasurement system. The rest of the iuter- 
ruptions results in the pilot avalability of 0.94 (94 96) 
and "MTBF" of three days, which are quite pessin~isiic 
values.for a present-clay transmission network. 'l'he 
poor availability is certainly influe~lced by [he mainte- 
nance work alor~g the network and by the fact lltal thc 
pilot is distributed over the fixed route wi~hout any ac- 
tive redundancy. 

l 'he phase comparison results of the pilot contain small 
temporary phase jumps (< 0.1 ps), at most a few of tens 
per year. These phase jumps are most probably due to 
the switch-over -operation involved with the diversity 
reception techniques of the radio links. 

4. Interpretation of results 

This chapter discusses the possible causes of the obser- 
ved delay variations. 7lle emphasis is on the diurnal a~ id  
seasonal variations and the meterological factors res- 
ponsible for these variations. 

' l l ~ e  subterranean coaxial cable systems are well-shiel- 
ded against atn~ospheric temperature changes. Ileace, 
only very slow cable and equipment temperature chan- 
ges, of the order of 0,IljC per day, are possible. At 111c 
nornlal cable installation depth of 0.5-0.8 nl the annual 
earth temperature variation in Finland is within lSuC, 
including the stabilizing effect of the snow cover 171. 
One can conclude that only negligible diurnal delay va- 
riations are expected due to the coaxial cable systems. 
The results of the preliminary measurements (Oulu, 
1982) support this conclusion. On the other hand, the 
an~lual delay variation can be noticeable, as show11 in f i -  
gure 4. 



The radio refractivity 2) (N) of the troposphere and its 
height dependence or "profile" (N(h)) can vary consi- 
derably in a day 121, A special weather condition that 
can result in an anomalous propagation of radio waves 
is the occurrence of so-called inversion layers. The in- 
version means that a relatively cold and inoist air layer 
is situated below a warm and dry air mass. Within this 
kind of tropospheric structure the vertical refractivity 
gradient (dN1tlh) can obtain very large negative viilucs 
conipared to the sta~idard atmospheric co~itlitions, 
where dN/dh = -40 N units/km. I11 this coiltext the 
concept of duct is often used, especially when dN/dh < 
-157 N units/ltm within the inversion layer. 

Under those superrefractive conditions the ducting of 
radio waves may occur, especially at microwave fre- 
quencies. llence, an inversion layer or duct can act as a 
waveguide with relatively low loss for appropriate pro- 
pagation modes 181. In Finland, and in countries with 
the similar climate, two types of tropospheric itlversioil 
layers are common: 

a) nocturnal radiation inversion (summertime) 
- is developed as a result of heat and moisture exchange 
between the ground and the lower troposphere at night, 
when air is calm and the sky is clear 
- a typical ground based inversion layer or duct with a 
height of at most a few of hundreds of meters 
- especially in summer, the solar heating or surface 
wind will destroy the inversion layer in the moniing. 

b) subsidence inversion (wintertime) 
- in high-pressure areas the dry air coming fro111 ;I high 
level il l  the atnlosplicre is healed by i~tli:rbatic corn- 
pression 
- produces stable inversion layers of relatively warm 
air above a cooler, moist air mass 
- may form a so-called elevated duct; at night the lower 
boundary of the inversion may reach the earth's surface 
as a result of accompanying nocturnal radiation (a) 
- in wintertime the inversion can stay, at least partly, 
for many days. 

The propagation delay of the radio path can be pre- 
sented by formulas 

where the integral (L) is the electrical path length of 
the radio ray propagating over the geometrical path S ,  
ii is the averange of n over path S and c is the velocity 
of light in vacuum. 

2) Refractivity N = (11-l)lOh, where n is refractive in- 
dex (n 1.0003 near the surface of the earth) 

N = 77.6 p f l +  3.73x105eF2 

where p is total atmospheric pressure (mb), T is tempe- 
rature (K)  and e is partial pressure of water vapor 
(mb). 
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7'he diurnal variation AR/fi is estimated to be less than 
3.10-5121. 011 the other hand, the observed diurnal delay 
variation ATIT may be of the order of 3.10-1. Thus, one 
can conclude that about 90 % of the maxitni~m diunial 
delay variation is due to the variation in tlie geonletricul 
path length ASIS. 'l'his is very interestit~g result, be- 
cause in many reports 14, 51 discussi~ig delay variations 
on ~nicrowave line-of-sight radio links the major cause 
of the tlelay variation Inas been assumecl to be the va- 
riation in In, a~itl heoce in the velocity of the plane wave 
(v=c/fi).'l'he diurnal variation in geometrical pal11 
length may be about 15 111 per 50 kni of radio hop. ' h i s  
exceptional large variation can't be explained by the 
convelitiorral tropospheric refraction 121. 'I'he author's 
conclusion is that microwaves will be trapped in ducts 
forriled by the inversion layers described above. This 
result is in agreement with a number of field strength 
measurements carried out in investigating the so-called 
beyond the horizon propagation at VHF-, UI-IP- and 
nlicrowave bands 12, 91. 

5 .  AppIication of results to timing networks 

Two types of timing networks are discussed briefly in 
this chapter: 

a) general purpose reference frequency distributio~a 
networks for calibrating (remote) frequency measure- 
ment equipment, comparing frequency standards and 
disseminating time 

b) synchronizatiol~ networks for digital tratismission, as 
~rtentionctl ill iiitrotluction (chapter I) .  

A. Ccneral  purposc  reference frequency net-  
works  

111 the case of the example network under study the un- 
certainty of distributed frequency due to the diurnal 
and seasonal delay variations is shown in figure 6. 

Tllese "worst case" uncertainty values have been ob- 
tained by time derivation of phase comparison records. 
As a reference, rt typical frequency uncertainty (two 
sigma) of Loran-C receptions is presented 131. The 
short tern] or random uncertainties are shown in figure 
5. The overall frequency accuracy of the pilot network 
is acceptable, however, the limiting effect due to the 
strong diurnal delay variations is noticeable. 

0. Digital synchranizatian networks 

The long term delay variations observed on analog 
PDM-networks are present also on digital networks 
utilizing the sanie transmission media. 'l'he timing accu- 
racy degradation caused by delay variations or "wan- 
der" can be evaluatetl as a function of observation time 
by using figure 6 .  It is interesting to compare the re- 
sults with the frequency accuracy requiren~etlt 3) for the 

3) The frequency accuracy requirement has been de- 
rived directly from the permissible time interval error 
(TIE) by assuming a constant frequency error in a gi- 
ven observation time. 



national reference clocks. '!he comparison reveals that 
in our experinlent the safety margin betwcen CCI'I"I' 
Kccommendation (3.81 1 and the timing accuracy limit 
set by the network is less than decade. 

6.  Conclusion 

?he  results obtained for the cable-radio network com- 
bination show strong diur~lal delay variations, typically 
within 0.4 ps. 111 summertime these day-night -vari- 
ations are quite periodic and seem to correlate rea- 
sonably well with the atmospheric temperature. In win- 
tertime the variation is more anomalous and at tinies, 
especially early in the morning, the delay lnay decrease 
quite rapidly, even at the rate of 0.5 ps/2 h. The au- 
thor's conclusion is that the strong diurnal delay va- 
riations can be explained by the ducting of microwaves 
in tropospheric inversion layers. Anyway, the major 
part ( 90%) of the variation in delay is due to the va- 
riation in the geometrical path length. 

This result is interesting, because in many previous re- 
ports the delay variation has been assunied to be nlainly 
due to the variation in the average refractive index (ii) 
integrated over the propagation path. Thus, the mea- 
sured diurnal delay variation is about one decade larger 
than was expected. The slow annual delay variation is 
within 4 ps  and can be explained by the a~lnual earth 
temperature variation of the order of 1511C. The fre- 
quency uncertainty caused by the diurnal and seasonal 
delay variations will be + 7x10.ll ...+ 1x10-12, when the 

observation time is 15 rninutes ... one month or 
n~ore.One important application of the results obtainetl 
is to predict the capability of the finnish trunk network 
in transferring precise timing sigt~ais needed by the di- 
gital network synchronization. The tra~~snlission net- 
work under study fulfils the tinling ~ I C C U ~ U C Y  re- 
quirement for international digital links according to 
C C I l T  Recommendation G.811 for reference clocks. 
I.lowever, diurnal delay variations caused by very long 
microwave radio links can restrict the "worst case" t i -  
ming accuracy to the level corresponding about + 10 1" 

uncertainty in frequency. 

The analysis of the radiosonde data is still in progress 
and the results might give more detailed information of 
the role of inversion layers on the ducting of micro- 
waves. Also statistical distributions of diurnal delay va- 
riation magnitudes will be studied more thoroughly 
thul in this "summarized" report. 
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Figure 2: An example of diurnal delay and temperature variation: a period of one week, 16-22 April 1987. A slow 
seasonal delay variation is also observable. Frequency uncertainties are evaluated at different observation 
times (2).  
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Figure 5: Random or short term delay variation: Square root of Allan variance, 6y(7). Typical values of commercial 
Cesium-oscillators and Loran-C -receptions are presented as a reference. 
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Figure 6: Estimated frequency uncertainties as a function of observation time: network under sady ("pilot), Loran- 
C and C C I n  G.811 "reference clock" (recommendation). 
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I. INTRODUCTION 

L'asservissement de frequence d'accord de la cavite 
d'un maser a hydrogene et l'asservissement d'un pilote 
a quartz sur la transition atomique du cesium tiecessi- 
tent tous deux de pointer avec la meilleure recision 
possible le sommet d'une raie de rlsonance (y,~). Reso- 
nance a une frequence voisine de 1420 MHz avec une bande 
passante de l'ordre de 20 KHz pour la cavite du maser 

hydrogene et a une frequence voisine de 9192 MHz avec 
une bande passante de l'ordre de 500 Hz pour l'horloge 
A cesium. 

D'un point de vue purement e?ectronique les deux as- 
servissements relevent du mBme principe : exciter la 
rdsunance avec UII signal d'interrogation module en fre- 
quence de facon a dlaborer un signal d'erreur permet- 
tant de corriger l'element a asservir. 

Nuus alluns dans la suite presenter une facon de ge- 
nerer nwneriquement les signaux d'interrogation neces- 
saires et discuter de leurs caracteristiques. 

La synthese directe de ces signaux n'est pas reali- 
sable dans les g a m e s  de frdquences mises en jeu. I1 
cst 1t8cossaire d10p8rer par transposi t ion. Iktis la  cas 
du maser nuus avons choisi d'effectuer la synttlese sur 
un signal de frequence moyenne &ale a 405 750 lin et do 
transposer cette frequence par melange avec un signal 
da frequence 1420 MHz obtenu par multiplication de fre- 
quence partir du pilote a 5 MHz. Dans le cas de 1' 
tiorloge a cesium la synthese est effectuee autour de la 
frequerice 131 770 Hz. La transposition sera ensuite ef- 
fectuee par etapes successives B l'aide de frequences 
cldrivees du pilote 5 MHz. La chaine de synthese esL 
sch6matisee sur la figure 1. 

Oscillolor 

-- 

Fig. 1 
L'etude de la generation du signal d'interrogation 

se scinde donc en trois parties qui vont 6tre abordees 
successivement : 

a) La synthese numerique dans le domaine des basses 
frequences de la frequence moyenne, ou porteuse, du si- 
gnal d'interrogation. 

b) La modulation carr4e de frequence de cette fre- 
quence porteuse. 

c) La transposition du signal basse frequence obtenu 
dans le domaine des hautes frequences. 

Le principe dl1 synthetiseur a accumulation de phase 
est represente sur la figure 2. I1 se compose essentiel- 
lement d'r~n registre memoire de R bits connecte a la sur- 
tie d'un additiotlneur binaire de R bits Cgalement. L'ad- 
ditionneur effectue la s o m e  d'une constante K, expri- 
mee en base 2, choisie par l'utilisateur avec la valeur 
binaire de sortie du registre memoire. Le registre Y - moire est actualise a chaque periode d'horloge Tc =r. 
La valeur contenue dans le registre stincr61nente do112 
de la constante K a chaque inlpulsion d'horloge. L'ope- 
ration effectuee est decrite par la relation de recur- 
rence : 

R S = S + K (module 2 ) n n-1 ( 1 )  

09 Si represente le contenu de l'accumulation apris la 
ieme impulsion d'horloge. 

Fig. 2 
Le bit de poids fort du registre initialement zero, 

revient periodicluement a zero a chaque debordement du 
registre. Le signal rectangulaire obtenu sur ce bit 
constitue le signal utile de sortie du synthetiseur. A 
titre d'exemple la figure 3 montre le contenu A du re- 
gistre accwnulatetlr en fonction du temps et le signal 
S(t) obtenu sur le bit de poids fort, dans le cas par- 
ticulierement si~nple oh R = 4 et k = 5. 

Fig. 3 
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11. 1. ANAI,YSE DU FONCTIONNEMENT 1)U SYNTHETISEUR_ 

I,e registre accumulateur est constitue de R bits 
reperks par leurs poids respectifs variant de 2O i 2R-1. 
Le premier bit de poids faible non nu1 de la constante 
K definit la taille effective du registre accumulaLeur. 
I?rl effet Ies zeros Qventuels de poids faibles n' inter- 
vicnrient pas dans le processus d'accumulation et 
tustariL a zero. La constante K est donc par principe 
toujours i~npaire. La figure 4a represente le registte 
accumulateur lorsque, apres le premier coup d'horlogc, 
i I  conf ient la valeur K. La figure 4h repr&scnte ce 
t.1611lrt regtst re aptes 2R pdriotles d'horloge. 

L- . . " -. -J 

b Constant ~ x 2 ~  

IFictif Register t 

Fig. 4 
Initialement le registre accumulateur est a zero. La 

constante K soy ajoute i chaque front d'horloge. Apres 
2H pdr i odes d'liorloge, 1 ' accumulateur rev ient a 1'QtaL 
irlltial ct un cycle identique reconmience. Le contonu de 
I ' accumulateur est donc une fonct ior~ p(tr iodique du tnlups 
cie periode : 

+rM = 2' T~ ( 2 )  

et donc de frequence : 

I I. 2.1 Eti~di? temporelle 
, H 

I1 est clair qu'il faut en moyenne pariodes d'tior- 
K 

loge pour remplir l'accumi~lateur et l'amener au debor- 
dement. Ida frequence fondamentale moyenne dl1 sig~lal do 
sortie est dong: donnee par : 

Dans les cas particuliers' oir la quantite 5 est entiere 
cette expression donne effectivement la frequencc ins- 
tantanee du fondamental du signal de sortie. Dans le 
cas general la quantite 2 n'est pas entiere et l'cx- 

K 
pression n'est valable qu'en moyenne sur une pertode 
'r~ = z~T,. Dans les deux cas la resolution de frequence 
e s ~  donndu par une variation de K de plus ou moins uiie 
unite. Elle est Bgale : 

Le signal de sortie n'est donc pas dans le cas gene- 
ral un signal carre. On peut considerer qu'il est la 
sornme d'un signal carre dont la frequerlce fondamentale 
est donnee par ( 4 )  et d'un signal impulsiollnel pertur- 
bi~t.eur respor~sable du "jitter" de phase. La figure 3 
nlontre sur le cas particulier deja considere oil R = 4 
et K = 5 que lo signal de sortie S(t) ost la sonune du 
signal carre So(t) du freque~ice F = PII x 5 et du si- 

16 
grial impulsionnel perturbateur c (L). Les ~mpulsions 
perturbatrices du signal E (t) ont toujours une lar- 
geur inferieure i une periode d'horloge. Lour influence 
est donc faible si la frequence d'horloge est grande 
vis a vis de la frequence F du signal de sortie. 

tie desirde. I1 n'est donc pas possible de calculer 
son spectre dans le cas general. I1 est cependa~it pos- 
sible de preciser ses caracteristiques essentiellas. 

Le signal perturbateur est periodique de periode 
TM = 2R'TC. Sa frequence fontlamentale est @gale a 3 

2H 
eL lus raies do so11 spec1 re sont r6gulikrcsie1it espar8es 
do la mGme quantite. 1.a frequence har~uonique d'ordre 
K correspond ii la fricluenco clu signal utile do sortie. 

I,e signal perturhatec~r est cortutitc~P d'i~~pc~lsions tle 
largeur r variable! el11 re 0 et 'PC, regulieren~e~lt r e -  
parties sur une periode 'TM, la dui~xikme de~ni perioliu 
de ~ ~ 1 2  a 'I'M se decluisant de la premiere par une trans- 
latiorr d'irne duree &gale a Tn/2 et par u~l cl~a~ige~ne~it 
de sigr~e. Les cornposa~ltes de Yourier CI1 du spcct.re 
d'une paire d' i~spi~ls io~ls periodiques de largeur 7 ,  
d'an~plitude h, de signes opposes et cer~Lrees airx ins- 
tants to et t, + TM/2 sont donnees par l'expression : 

siirnn -I- 11 n 
T~ - j5- 

Cn = 2h - x sin x e 
1 (6) 

T~ n n -  
T~ 

Cette expression montre que les coniposantes spectrales 
correspondant aux valeurs paires de n sont nulles et 
que le spectre est tres dtendu. La premiere valeur de 
n pour laquelle la premiere composarite spectrale im- 
paire est egale zero est donnee par : * 

' r ~  n - -  
0 1 'rM 

( 7 )  
H 

I'uisque T < Tc et - = 2 il vient : no > 2'. Come 'r 
2' >> K, la valeur 8u sinus cardinal do la relation ( 6 )  
est. tres voisine do I dans une large plage de frequer~ce 
autour de la frequer~ce de sortie desirde. 

Chaque raie du spectre du signal perturbateur est 
donc const i tuec par la sommc voctorir l le d'i~n grand 110111- 
brc clc ron1posal1tes dl? ~st)dulc nroyen do I 'ordre de 

2'- l 

el. clu phases equif.al~leme~~t. reparties sur 1' intervallo 0, 
211 . L'amplitude tle la raie resultante est dar~s le cas 
yenerale tres infkrietrre a h . 

2R- 1 

14'inter6t d'avoir H grand ot done d'utiliser une fre- 
qt~or~ce % aussi granilu clue possible apparait claire~nont 
ici. 

11. 3. REALISA'CION 

Nous avons realise une maquette comportant un erl- 
somble rcgistre additionneur sur 32 bits. Notre choix 
s'est fixe sur la technologie MECL 10 KH de Motorola 
qui offre un bon compromis rapidite-sollplesse d'emploi. 
L'additionneur comporte 8 circuits type MC 10 H 181 as- 
socies a deux generateurs de retenue anticipee du type 
MC 10 H 179. I1 perniet d'effectuer une operatiot~ d'ad- 
dition sur 32 bits ell moins de 20 ns ce qui autorise 
une frequence d'l~orloge de 50 MHz. Le registre memoire 
est realise l'aide Je bascules type D integrees par 
6 dans le circuit. MC 10 H 186. 

La constante K est appliquce a l'additionneur a 
l'aide de rngistres adresses par un microprocesseur THS 
70 C 82 qui sere un ensenible clavier afficheurs LCD et 
qui assure diverses functions de contrales et de coni- 
mandes sur l'liorluge iiOe ail synt~reLiseur. 1.c sclle~na 
do principe de la realisatio~r est represente srlr la fi- 
gure 5 .  

11.2.2 Etude frequentielle 

Le spectre du signal s(t) est constitue par la super- 
position du spectre du signal carre desire et du spectre 
du signal perturbateur. Le signal perturbateur depend 
de la constante K choisie donc de la frequence de sor- 
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11.3. 1 Performances 

La figure 6 montre un spectre caracteristique du si- 
gnal obtenu en sortie du synthetiseur pour des frequen- 
ces voisines de 405 KHz. On remarque que le signal est 
toujours i plus de 70 dB au-dessus du plancher de bruit, 
ce qui est convenable pour les applications envisagees. 
Cette figure montre que pour certaines frequences, il 
peut exister quelques raies parasites a plus 60 dB sous 
le signal. Ces raies generalement Bloignees de la fr6- 
quence desiree peuvent 8tre eliminees sans trop de dif- 
f icultes. 

L'ensemble du circuit est cPble sur une carte 10 x 
16 cm environ. La consommation relativemer~t &levee, 
puisqu'il s'agit de circuits rapides, ne ddpasse cepen- 
dant pas 10 W. 

Fig. 6 

111. GENERATION NliMERIQUE DU SIGNAL D'INTERROGATION 
MODULE 

111.1. PRINCIPE 

Considerons (figure 7) un signal s(t) periodique de 
petiode T, constitue par nl periodes d'un signal sinus- 
oidal de frequence F1 suivies d'un signal silnilaire de 
n2 periodes de frequence F2. 

Les deux demi-periodes etant de valeurs egales, nous 
avons : 

La frequence moyenne du signal est Qgale a : 

F1 + F2 F =-  
0 2 

AF Qtant l'excursion de frequence de part et d'autre de 
la porteuse F . 
I1 est clair que le signal s(t) est un signal madule 

en frequence par un signal carre tel que celui que nous 
desirons pour interroger la resonance. L'indice de mo- 
dulation m est egal B : 

Les relations liant nl et n2 aux parametres caracteris- 
tiques du signal s(t) sont donc : 

n1 - n2 = m 

Ces relations permettent de determiner facilement les 
nombres de periodes nl et n2 en fonction des caracte- 
ristiques du signal s(t) desire. 

Pour generer le signal s(t), il suffit de l'echantil- 
lonner sur une periode T, de placer les N dchantillons 
successifs dans une table inscrite en memoire PROM, et 
de lire cette table de facon siquentielle a l'aide d'un 
compteur command6 par un signal de frequence F, = 
Fo x . Les Qchantillons ainsi obtenus sont appli- 

n1+n2 
ques a un convertisseur digital-analogique qui restitue 
le signal sk(t) correspondant au signal s(t) echantil- 
lonne bloque. 

111.2. CARACTERISTIQUES SU SIGNAL OBTENU 

Le signal obtenu s*(t) ne reproduit pas exactemrnt le 
signal s(t) desire a cause de la quantification operer 
sur la valeur de chaque echantillon pour la mise en me- 
moire. L'effet de quantification est de superposer au 
signal original s(t) un signal d'erreur ~ ( t )  de telle 
sorte que 

La figure 8 represente ces trois signaux dans le cas 
d'une quantification par arrondi sur 8 niveaux (3 bits). 

Fig. 8 

Fig. 7 



Le signal ~ ( t )  est comme le signal s(t), periodique 
de T. Son spectre est donc un spectre de raies distan- 
tes entre elles de Af = 4 et d'amplitudes proportion- 

* 
nelles au pas de quantification. I1 est bien evident 
que ces raies vont se superposer aux raies du spectre 
du signal s(t). Leur contribution est cependant trks 
faible si le pas de quantification est petit et si la 
frequence d'echantillonnage Fe est grande devant la fre- 
quence fo. En effet, l'examen du signal ~ ( t )  ~nontre 
sans ambiguit6 possible que la majeure partie de l'ener- 
g i e  clu signal r(t) se trouve au voisinage de la fre- 
quence Fe. 

111.3. REALISATION PRATIQUE 

LC schema de principe de la maquette realis6e est 
represent6 figure 9. La maquette comporte une memoire 
PROM de 256 mots de 16 bits, composee de deux boitiers 
63 S 281, pour le signal d'interrogation de la cavite 
du maser a hydrogene, ou une memoire PROM de 4096 mots 
de 16 bits, composee de deux boitiers 63 S 3281, pour le 
signal d'interrogation de la resonance du cesium. 

CLOCK COUNTERS 74393 

f'" SELECT OF 'm. 

0 
0 , l p F  our 

TO OUTPUT FILTER 

Fig. 9 

Cette memoire est adressee par deux compteurs binaires 
8 bits type 74393. Les bits de poids faibles de la md- 
moire sont connectes aux bits de poids faibles du comp- 
teur. Le bit de poids fort est commutable sur une des 
huit bascules du compteur poids fort de fason B pou- 
voir choisir l'indice de modulation "m" suivant les 
puissances de deux. Les donnees de sortie des PROM sont 
verrouillees dans un ensemble de deux circuits 74 LS 
374. Les compteurs sont actualises sur les fronts mon- 
tants de l'horloge alors que les circuits de verrouil- 
lage sont actualises sur les fronts descendants. On 
dispose de cette maniere d'une demi-periode d'horloge 
pour rendre les donnees valides a la sortie des me- 
moires avant de les prendre en compte. Le convertis- 
seur digital analogique est cdble 5 la sortie des cir- 
cuits de verrouillage. 

Les performances globales du systeme dependent beau- 
coup des qualites du circuit convertisseur C.D.A. uti- 
lise. Les spectres represent& figure 10 montrent le 
resultat obtenu pour une frequence de sortie de 405 KHz 
environ, un indice de modulation Bgal a 2 et une excur- 
sion de frequence de l'ordre de 37 KHz, avec un C.D.A. 
de 12 bits type AD 565 de la firme Analog Devices. La 
figure 10a montre le spectre obtenu sur une plage re- 
lativement large et la figure lob detaille la partie 
centrale du mBme spectre. On remarque que le plancher 
de bruit est B environ 75 dB sous le niveau des raies 
principales et qu'il existe quelques raies parasites, 
dont le niveau est inferieur B - 60 dB, relativement 
ecartees de la frequence centrale. La raie centrale, si 
elle existe, est noyee dans le plancher de bruit et en 
tous cas inferieure B - 65 dB. 

b 

Fig. 10 
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A b s t r a c t  

P rev ious  d0rk t o  i d e n t i f y ,  c h a r a c t e r i z e  and reduce 
e t c h  channels  i n  s i n y l e  c r y s t a l  c u l t u r e d  q u a r t z  i s  
rev iewed.  Exper iments are revievred c o n f i r m i n g  t h a t  
e t c h  channels  r e s u l t  f rom s e l e c t i v e  e t c h i n g  near edge 
d i s l o c a t i o n s .  The dominant source o f  t h e  d i s l o c a t i o n s  
i n  t h e  grown c r y s t a l  i s  determined t o  be i n c l u s i o n s  
a t  t h e  seed c r y s t a l  i n t e r f a c e .  Us ing  x - r a y  
topography, o p t i c a l  and scanning e l e c t r o n  microscopy,  
t h e  co ,npos i t i on  o f  t n e  i n t e r f a c e  i s  seen t o  c o n s i s t  
o f  severa l  i n c l u s i o n  species which  nay c o e x i s t  w i t h  
bands o f  d i s l o c a t i o n s  i d e n t i f i e d  as i n i s f i  t d i s l o c a -  
t i o n s  by Burgers vec to r  i n v i s i b i l i t y  c r i t e r i a .  The 
a n a l y s i s  o f  c r y s t a l s  grown i n  a  h i g h  p u r i t y  
env i ronment  on s p e c i a l l y  s e l e c t e d  seeds i s  
d iscussed.  

I n t r o d u c t i o n  

Device Cons ide ra t ions  

A p p l i e d  as a  f requency  c o n t r o l  o r  t i ~ n i n y  device,  
coinponents f a b r i c a t e d  f rom s i n g l e  c r y s t a l  c u l t u r e d  
q u a r t z  are w i d e l y  used i n  m i l i t a r y ,  i n d u s t r i a l  and 
consumer e l e c t r o n i c  equipment. New designs 
c o n t i n u a l l y  o f f e r  h i g h e r  per for~nance,  m i n i a t u r i z a t i o n  
and lower cos ts .  To answer t h e  need f o r  d e v i c e  
i~nprovements , q u a r t z  component ,nanuf a c t u r e r s  
implemented processes r e q u i r i n g  t h e  exposure o f  
q u a r t z  t o  s t r o n g  e tchan ts .  I n  sorne cases, t h i s  was 
an e f f o r t  t o  adapt the  ba tcn  p h o t o l i t h o g r a p h i c  
techn iques  o f  t h e  semiconductor i n d u s t r y  t o  q u a r t z  
r e s o n a t o r  p roduc t ion ,  o f f e r i n g  lower c o s t s  and 
r e a l i z a t i o n  o f  i n n o v a t i v e  des igns .  I n  o t h e r  
i ns tances ,  t h e  des ign  makers were t r y i n g  t o  reduce 
t h e  subsur face  damage caused b y  p r e v i o u s  l a p p i n g  
opera t  i o n s  t o  improve performance. On s t i  11 o t h e r  
occasions,  t h e  f a b r i c a t o r s  were t r y i n g  t o  achieve 
v e r y  t h i n  s e c t i o n s  f o r  h i g h  f requency  o p e r a t i o n .  
Each o f  these  e f f o r t s  was c o n s t r a i n e d  b y  t h e  
f o r m a t i o n  o f  m ic ron  s i z e d  ho les  ( o f t e n  r e f e r r e d  t o  as 
e tc t i  channels)  i n  c u l t u r e d  s u o s t r a t e s  on exposure to  
e t c h a n t s .  

F i g u r e  1 i s  t y p i c a l  o f  t h e  s u r f a c e  c o n d i t i o n  
f o l l o w i n g  p ro longed  e t c h i n g  i n  a(ninoniua b i f l u o r i d e  
(ABF). 

Note t h e  appearance o f  p i t s  w i t h  w e l l  d e f i n e d  
i n v e r t e d  apices which someti~nes se rve  as t h e  s t a r t i n g  
p o i n t  f o r  l o n g  narrow channels .  H igher  m a g n i f i c a t i o n  
b y  scanning e l e c t r o n  microscopy (SElq) i s  shown i n  
F i g u r e s  2 and 3 .  

FIGURE 2 FIGURE 3 

E tch  channels  l i l n i t  d e v i c e  ~nakers  by: 

1. C r e a t i n g  e l e c t r i c a l  f a u l t s  upon a p p l i c a t i o n  o f  
c o n d u c t i v e  e l e c t r o d e s .  

2. A c t i n g  as s t r e s s  c o n c e n t r a t o r s  t o  r r d u c r  t h e  
u l t i m a t e  s t r e n g t h  o f  t h e  dev ice .  

3. T rapp ing  c o n t a m i n a t i o n  r e s u l t i n g  i n  i nc reased  
aging.  

The f i r s t  widespread a p p l i c a t i o n  o f  p h o t o l i t h o g r a p h i c  
p r o c e s s i n q  techniques occur rdd  i n  t h e  i n a n u f a c t ~ i r e  o f  
t u n i n g  f o r k  r e s o n a t o r s .  An exainple o f  a  d e v i c e  w i t h  
s i z e  about 1 liim x 5 5noi i s  shown i n  F i g u r e  4. 

FIGURE 4 

T h i c k s t e n  (1983) ca ta logued  v a r i o u s  e t c h  r e l a t e d  
d e f e c t s  encountered i n  f a b r i c a t i n g  t u n i n g  f o r k s .  
F i g u r e  5 i l l u s t r a t e s  t h e  presence o f  e t c h  p i t s  and 
c l lannels  i n  p t r o t o l i t h o g r a p h i c  processed p a r t s .  

EFTF 89 - Resan~on 

FIGURE 1 F I G U R E  5 



I n  some cases, e l e c t r i c a l  d i s c o n t i n u i t i e s  are caused 
b y  vo ids  i n  t h e  ~ n e t a l i z a t i o n  a t t r i b u t a b l e  t o  e tch  
d e f e c t s .  A d d i t i o n a l l y ,  t h e  shock r e s i s t a n c e  o f  t h e  
d e v i c e  i s  s e v e r e l y  impai red by  t h e  presence o f  s t r e s s  
c o n c e n t r a t o r s .  As dev ices  undergo f u r t h e r  ~ n i n i a t u r i -  
z a t i o n  and more complex shapes are r e q u i r e d ,  the  need 
t o  reduce t h e  c o n c e n t r a t i o n s  of p i t s  and channels  
i nc reases .  

The d i r e c t  e f f e c t  on component perforinance o f  
d i s l o c a t i o n s  w i t h o u t  an assoc ia ted  channel i s  n o t  
we1 l docu~nented. However, Zhenq ( t o  be p u b l i s h e d  i n  
1989) p r o v i d e s  exper imenta l  ev idence o f  some e f f e c t  
i n  d i s c u s s i o n  o f  uncon f ined  v i b r a t i o n a l   nodes around 
d i s l o c a t i o n s ,  observed w i t h  s t roboscop ic  x - r a y  
d i f f r a c t i o n  ~nethods.  

De fec t  C h a r a c t e r i z a t i o n  and O r i g i n  

The w e l l  known ve thod  o f  e t c h i n g  t o  d e t e c t  the  
presence o f  d i s l o c a t i o n s  i n  n e t a l s  and c r y s t a l s  was 
a p p l i e d  t o  c u l t u r e d  q u a r t z  e a r l y  i n  i t s  developrnetit 
and remains a  s tandard  c h a r a c t e r i z a t i o n  technique.  
The f o r m a t i o n  o f  e t c h  p i t s  i n  t h e  presence o f  
d i s l o c a t i o n s  i s  p r e d i c t e d  by  f r e e  energy cons ide ra -  
t i o n s .  Cabrera, Lev ine  and P l a s k e t t  (1954) d e s c r i b e  
t h e  c o n d i t i o n s  necessary t o  open a  d i s l o c a t i o n  i n t o  
an e t c h  p i t  dhen t h e  c r y s t a l  i s  p laced  i n  an under- 
s a t u r a t e d  medium. The b a s i c  c o n s i d e r a t i o n  i s  an 
energy balance between t h e  d i s s o l u t i o n  o f  a  vo lu i ie  o f  
c r y s t a l  i n t o  t h e  undersa tu ra ted  medium and t h e  
r e l e a s e  o f  p o t e n t i a l  energy s t o r e d  as s t r a i n  near t h e  
d i s l o c a t i o n  balanced aga ins t  f o r i n a t i o n  o f  a d d i t i o n a l  
s u r f a c e  area f r e e  energy. Two o f  these terms are 
n e a r l y  the  sane throughout  t h e  b u l k  o f  t h e  c r y s t a l .  
However, the  inc reased  s t r a i n  energy near t h e  
d i s l o c a t i o n  r e s u l t s  i n  much h i g h e r  e t c h  r a t e s  i n  
those  areas. 

The qua1 i t a t i v e  s i m i l a r i t y  between p a t t e r n s  fo rded  by  
Lang topographs and e t c h i n g  i s  r e a d i l y  seen i n  F i q u r e  

A) X-RAY TOPOGRAPH U) PHOTOGRAPH AFTER AKF ETCHING 

FIGURE 6  

However, i n  q u a r t z  i t  was n o t i c e d  t h a t  i n  a d d i t i o n  t o  
t h e  e t c h  p i t s  which e x i s t e d  i n  o t h e r  m a t e r i a l s ,  smal l  
areas, beg inn ing  a t  the  ap ices  o f  some o f  t h e  p i t s ,  
e tched  milch f a s t e r  than  t h e  su r face ,  c r e a t i n g  
channels  ex tend ing  w e l l  be low t h e  su r face .  A r n o l d  
(1957)  observed t h a t  v e r y  l a r g e  ( o v e r  250 m ic rons )  
i n c l u s i o n s  r e l a t e d  t o  the  f o r ~ ~ l a t i o n  o f  e t c h  channels .  
A t  about the  sacne t i m e  August ine (1957) and 
Auqust ine,  Hale and B e r r y  (1957)  were conduc t ing  
s i m i l a r  e t c h i n g  exper iments and r e p o r t i n g  s i m i l a r  
observa t ions .  

The co inpos i t i on  o f  channels  i n  n a t u r a l  and c u l t u r e d  
q u a r t z  was i n v e s t i g a t e d  i n  Buerger  (1954) and Cohen 
(1960) .  The p o s s i b i l i t y  o f  s t u f f i n g  q u a r t z  w i t h  
b e t a - e u c r y p t i t e  and beta-  spodumene t o  e x p l a i n  t h e  
presence o f  l a r q e  q u a n t i t i e s  o f  c e r t a i n  i m p u r i t i e s  
was mentioned. 

N i e l s e n  and F o s t e r  (1960) conducted f u r t h e r  e t c h i n g  
exper iments w i t h  s i m i l a r  r e s u l t s .  They noted t h e  
presence o f  f l u i d  i n c l u s i o n s  spanning the  t h i c k n e s s  
[0003] o f  t h e  seed p l a t e  and a  one- to-one correspon-  
dence between these i n c l u s i o n s  and e t c h  channels  i n  
t h e  grown c r y s t a l .  They f u r t h e r  d i scussed  p o s s i b l e  
causes o f  these  channels ,  ~ n e n t i o n i n g  d i s l o c a t i o n s ,  
nonun i fo rm i n c o r p o r a t i o n  o f  i m p u r i t i e s  and a  
comb ina t ion  o f  these  two p o s s i b i l i t i e s .  They 
u l t i m a t e l y  dec ided t h a t  t h e y  c o u l d  come t o  no 
conc lus ion .  

F u r t h e r  i ~ n p o r t a r l t  e t c t ~ i n g  s t u d i e s  were c a r r i e d  ou t  by 
T s i n z e r l i n g  and Mieonua (1963) and Hanyu (1964) .  
T h i s  work concluded t h a t  t h e  faces  o f  t h e  s u r f a c e  
p i t s  inatched n a t u r a l l y  o c c u r r i n g  faces o f  quar tz  and 
a t t r i b u t e d  t h e  p i t s  t o  s u r f a c e  i n t e r c e p t s  o f  
d i s l o c a t i o n s .  

Spencer and t i a r u t a  (1966) a p p l i e d  t h e  t r a n s ~ n i s s i o n  
x - r a y  d i f f r a c t i o n  topograph ic  methods developed by 
Lang t o  s i n g l e  c r y s t a l  c u l t u r e d  quar tz .  T h i s  s tudy  
e s t a b l i s h e d  t h a t  these  1  i n e a r  d e f e c t s  had some 
c h a r a c t e r i s t i c s  o f  d i s l o c a t i o n s  and i f  t h e y  were 
d i s l o c a t i o n s ,  t h e y  were most l i k e l y  screw o r  mixed 
t y p e s .  

L i n e  drawings i l l u s t r a t i n q  t h e  genera l  i d e a  o f  screw 
and edge d i s l o c a t i o n s  are shown i n  F i g u r e s  7 and 8. 

FIGURE 7 SCREW DISLOCATION FIGURE 8 EDGE U1SLOCATII)N 

On a  u n i t  c e l l  sca le,  t h e  screw d i s l o c a t i o n  appears 
as an o f f s e t  c r e a t i n g  a  s p i r a l  s t a i r c a s e  e f f e c t .  An 
edge d i s l o c a t i o n  i s  v i s u a l i z e d  as an e x t r a  p lane  o f  
atoms. The Burgers v e c t o r  i s  l a b e l e d  b. 

I f  g  i s  t h e  r e c i p r o c a l  l a t t i c e  v e c t o r  o f  a  se t  o f  
p lanes  and b  i s  t h e  Burgers v e c t o r  o f  t h e  d i s l o c a -  
t i o n ,  t h e  c o n t r a s t  e f f e c t  o f  a  d i s l o c a t i o n  image w i l l  
d isappear  dhen g a b  = 0. Conversely ,  t h e  c o n t r a s t  
e f f e c t  w i l l  ~nax i in i ze  when g a b  = 1. T h i s  i m p l i e s  
t h a t  t h e  image a t  d i s l o c a t i o n  l i n e s  e x h i b i t s  t h e  
maximum when t h e  r e f l e c t i n g  p lanes  a r e  o r i e n t e d  
p e r p e n d i c u l a r  t o  the  Burgers v e c t o r  and van ish  when 
t h e y  are p a r a l l e l  t o  b. I n  t h e  case o f  a  pu re  edge 
d i s l o c a t i o n ,  b  and t h e  d i s l o c a t i o n  l i n e  b o t h  l i e  i n  
t h e  same plane, t h e  a x i s  o f  t h e  edge i s  o b t a i n e d  f rom 
t h e  c r i t e r i a  t h a t  gxL = 0, where L  i s  t h e  d i r e c t i o n  
o f  the  d i s l o c a t i o n  l i n e .  

An e x t e n s i v e  s t u d y  o f  d i s l o c a t i o n s  b y  Lang and 
Miuscov (1967) c o n f i r ~ n e d  t h e  l i n k  betdeen e t c h  p i t s  
and d i s l o c a t i o n s .  S p e c i f i c a l l y ,  t h e y  concluded t h a t  
w i t h  r a r e  excep t ion ,  p i t s  fo r~ned  a t  d i s l o c a t i o n s  and 
t h a t  no p i t s  occur red  n o t  a t  d i s l o c a t i o n s .  They 
f u r t h e r  dec ided t h a t  based on c o n t r a s t  e f f e c t s  froin 
v a r i o u s  p lanes t h a t  o n l y  about 15% had C  a x i s  
component [0003] assoc ia ted  w i t h  screw d i s l o c a t i o n s .  
Presumably t h e  re ina in ing  85% e x h i b i t e d  s t r o n g  edge 
d i s l o c a t i o n  c h a r a c t e r i s t i c s .  

Lang and Miuscov f u r t h e r  observe t h a t  d i s l o c a t i o n s  
a re  randomly o r i e n t e d  e a r l y  i n  t h e  growth c y c l e ,  b u t  
t h a t  d i s l o c a t i o n s  soon o r g a n i z e  i n t o  a  po lygona l  c e l l  
boundary network ( F i g u r e  6  i l l u s t r a t e s ) ,  t h e  f i n a l  
s t a g e  o f  which appears as growth h i l l o c k s  on t h e  
rough f i n a l  s u r f a c e  w i t h  o r i e n t a t i o n  a p p r o x i ~ n a t e l y  
(0001) .  F a u l t  su r faces  were ooserved i n  t h e  
topographs which were i n t e r p r e t e d  as i n d i c a t i v e  of 
i m p u r i t y  segrega t ion  i n  t h e  c e l l  w a l l s .  



F u r t h e r  c o n f i r m a t i o n  o f  the  r e l a t i o n s h i p  between e t c h  
p i t s ,  e tch  channels and d i s l o c a t i o n s  was presented b y  
McLaren, Osborne and Saunders (1971).  Once again i t  
was concluded t h a t  inost o f  t h e  d i s l o c a t i o n s  are o f  
t h e  edqe v a r i e t y ,  some rnixed and r a r e 1  y f i n d i n g  a  
pure  screw d i s l o c a t i o n .  As i n  o t h e r  s tud ies ,  the  
d i s l o c a t i o r l s  were con f ined  t o  a  narrow (10'-25') 
cone, cen te red  about [0003]. The topoc~raptis produced 
i l l u s t r a t e d  d i s l o c a t i o n s  o r i g i n a t i n g  i n  t h e  seed o r  
f rom t h e  seed surface, p ropaga t inq  i n  t h e  general  
d i r e c t i o n  o f  growth. A suygested tnodel f o r  a  pure 
edge d i s l o c a t i o r l  i s  presented i n  F i g u r e  9, 

Saha, Anna~nalai and 3andyopadh.yay (1979) conclude 
t h a t  about 80 t o  85% o f  t n e  d i c l o s a t i o n s  i n  c ~ r l t u r e d  
q u a r t z  a re  pure  edge d i s l o c a t i o n s  c o n s t r a i n e d  t o  a  
cone o f  about 25' around t h e  C ax is .  These 
d i s l o c a t i o n s  congregate a long c e l l  vral l  boundar ies 
which are a l s o  a  r e g i o n  o f  h i g h  i ~ n p u r i t y  segrega t ion .  
A d d i t i o n a l l y ,  t h e  reinainder o f  t h e  d i s l o c a t i o n s  a re  
p redo in inan t l y  o f  screw c h a r a c t e r ,  each o f  t l i e~n  
assoc ia ted  w i t h  a  s i ~ ~ g l e  t e r r a c e d  cobb le  apex. 

The v a r i o u s  r e l a t i o r ~ s h i p s  shown b y  t h e  cun iu la t i ve  
work i s  b r i e f l y  i l l u s t r a t e d  i n  F i g u r e  10. 

FIGURE 9 

An impor tan t  f e a t u r e  o f  t h i s  inodel i s  a  h o l l o w  core  
w i t h  a  s e r i e s  o f  unbonded oxyqens. I t was 
hypothesized t h a t  t h i s  was an obvious p lace  f o r  t h e  
q n t h e r i n g  o f  i ~ n p ~ r r i  t i e s ,  $ s p e c i a l l y  hydrogen arid 
s u l ~ s t i t u t i o n a l  aluminu~n ( ~ 1 '  ) .  

Iwasaki  (1977) draws t h e  same a s s o c i a t i o n  betvreeri 
edge d i s l o c a t i o n s ,  e t c h  p i t s  and e t c h  tunne ls  as 
p r e v i o u s  researchers .  Another s t r u c t u r a l  rnodel i s  
proposed w i t h  t h e  key f e a t u r e  o f  unbonded oxygen 
sur round iny  a  h o l l o w  c o r e  as presented by McLaren e t  
a l .  (1971).  However, t h e  probleln o f  t r a n s p o r t i n g  
etchar l t  t o  t h e  r e a c t i o n  i n t e r f a c e  down t h e  111icron 
s i z e d  ctlanrlel i s  discussed. The ~nc.chanis!n posed i s  
t o  assume vapor e t c h i n g  b y  t t i e  ou tgass ing  o f  an a c i d  
w i t h  h i g h e r  [ n o b i l i t y  a long t h e  channel than  i n  t t i e  
case o f  1  i q u i d .  

Barns e t  a l .  (1378) p r o v i d e d  a d d i t i o n a l  conf  i r rna t ion  
t h a t  e t c h  channels and p i t s  a re  r e l a t e d  t o  
d i s l o c a t i o n s .  They a1 so observed c e r t a i n  sha l low 
f l a t  bottoia p i t s  which t h e y  assoc ia ted  w i t h  f l aws  
c rea ted  d u r i n g  g r i n d i n g  o r  lapp ing .  However, t h e  
m a j o r i t y  o f  t n e i r  r e p o r t  concern ing  p i t s  descr ibed 
s h a r p l y  d e f i n e d  apices and e t c h  channels; t h e  same ds 
mentioned by e a r l i e r  observers.  T h i s  researc l l  f a i l e d  
t o  u n i q u e l y  determine the  Burgers v e c t o r ,  th t ls  
l e a v i n y  open t h e  ques t ion  o f  t h e  c h a r a c t e r  o f  t i le  
d i s l o c a t i o n .  

E t c h  channels were separated i n t o  two c a t e g o r i e s :  

1. Those p ropaga t inq  from f l u i d  i n c l u s i o n s  i n  t i l e  
seed and 

2 .  Those e~nanat ing from p a r t i c u l a t e  i n c l u s i o n s  near 
t h e  seed. 

Holn~na and I w a t a  (1973 )  p r o v i d e d  another l i n k  arnonq 
observa t ions  ~ i t h  e tc l i i ng ,  Lang topography and 
po lygona l  c e l l  s t r u c t u r e .  They a l s o  a p p l i e d  i o n  
probe rnethods t o  samples taken w i t h i n  te l ls  o f  ~ n i c r o n s  
o f  t h e  as-grown 2-sur face and de tec ted  a  l a r g e  
c o n c e r i t r a t i o n  o f  aluminuin and i r o n  iii a  13 in i c ron  
area o f  h i g h  d i s l o c a t i o n  d e n s i t y  between c e l  1 w a l l s .  
The boundary o f  h i g h  d i s l o c a t i o n  d e n s i t y  o l~served  by 
Lang and Miuscov (1967) was no t  seen i n  t h i s  work. 
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E f f o r t s  t o  Reduce D i s l o c a t i o n s  - 
The main t n r u s t  of  t h e  Barns e t  a l .  (1973) work was 
t o  develop a  r e ~ r o i l u c i b l e  tec l in iy i re f o r  t h e  . j l .~wttt  o f  
low d i s l o c a t i o n  d e n s i t y  c u l t t i r e d  q u a r t z .  Based oil 
t h e i r  a ~ i a l y s i s  o f  i n c l u s i o n s ,  sliowinq t n a t  i r o n  wds a 
c r i t i c a l  co~noonerlt i n  I n c l u s i o n s  which c r e a t e d  
d i s l o c a t i o n s ,  coinbined w i t t i  krlljrrletlyt3 t h a t  
d i s l o c a t i o n s  present  i n  t h e  seed would oropayate,  
t h e y  found t h e i r  best  r e s ~ ~ l t s  u s l n g  l o *  d i s l o c a t i o ~ l  
seeds i n  a  noble ,11ata1 l i n e r  t o  i s o l a t e  t l i e  growtt l  or' 
t l i e  c r y s t a l s  f r o n  s t e e l  autoc laves.  Standard 
B r a z i l i a n  n u t r i e n t  was employed as were t y p i c a l  
growing c o n d i t i o n s .  A n a l y s i s  i n d i c a t e d  t h a t  a1 1  
d i s l o c a t i o n s  formed e t c h  p i t s .  Tnouyli no a n a l y s i s  
was repor ted ,  they  i n d i c a t e d  t h e  d i s l o c a t i o n s  
decorated w i t h  i r o n  for,ned channels.  

They r e p o r t e d  low d i s l o c a t i o n  ~ n a t e r i a l  and conclut led 
t h a t  i t  was p o s s i b l e  t o  c r e a t e  d i s l o c a t i o n  f r e e  
l i i a t e r i a l  under nor.na1 j r o w t h  c o n d i t i o n s  i n  nob le  
r ~ ~ e t a l  l i n e d  vesse ls  i f  n e a r l y  p e r f e c t  seeds are used. 
They f u r t h e r  s t a t e d  t h a t  across a  broad growth r d t e  
v a r i a t i o n  t h e r e  *as no r e l a t i o c s t > i p  t o  d i s l o c a t i o ~ i  
d e n s i t y .  C r y s t a l s  qrown dn (0111) seed p l a t e s  were 
f i lund [nore prone t o  d i s l o c a t i o n s  than those grown OII 

(0001) seed p l a t e s  i~i t h i s  s tudy.  

The p r o b l e ~ n  of o l ) ta in inc l  s u i t a b l e  seeds was ad~lressed 
l)y Zarka, L i n  and 13uisso1i (1981) .  P rev ious  research  
consis tent1.y i l l u s t r a t e d  p ropaga t ion  o f  d i s l o c a t i o r l s  
n e a r l y  ~ a r a l l e l  t o  t i l e  d i r e c t i o n  of yrowtt i .  Zarka e t  
d l .  chose seeds f r o ~ n  the  g r e a t e r  X-regior i  w i t h  yrowtt i  
d i r e c t i o n  [2 i i0 ]  t o  i n i n i ~ n i z e  d i s l o c a t i o r l s  ill t t ie  
[0003] d i r e c t  i on  of  in tended gt-owtli. Th is  lowerdd 
t h e  d i s l o c a t  ioris prooayat  ing  f r a ~ ~ i  t i le  seed, a1 tnoucj i~ 
t h e  topograptls show t n a t  cons i d e r a b l e  O i s l o c a t  ioris 
nuc lea ted  froin i n c l u s i o n s  i n  c l o s e  p r ~ x i l ~ t i t , y  t o  t t ie 
seed. 



I n  a  s e r i e s  o f  r e p o r t s  prepared by  Arininqton e t  a l .  
(1981, 1982, 1984, 19t35, and 1986)  t h e  t o p i c s  o f  
l o w e r i n g  i ~ n p u r i  t i e s ,  especi  a1 l y  aluminu~n, and 
r e d u c t i o n  i n  d i s l o c a t i o n  d e n s i t y  a re  s i m u l t a n e o u s l y  
addressed. The summary o f  t h e  r e s u l t  o f  t h i s  
a c t i v i t y  i s  shown below i n  F i g u r e  11. 

Experimental V a r i a b l e  E f f e c t  on D i s l o c a t i o n s  

Growth Envi ron~nent  
Noble l i n e r  
Un l ined  
M inera l  i zer  

none 

Seed Source s t r o n y  
Low de fec t  n s t u r a l  
Grea te r  X c u l t u r e d  
"Normal" c u l t u r e d  
Low s t r a i n  

Supply Source 
Hiyh p u r i t y  c u l t u r e d  
H iyh  p u r i t y  g lass  
Hiyh p u r i t y  sand 

Seed Preparat i ,on 
Acid e t c h  
Hydrothermal e tch  
Swept 

none* 

Another techn ique  r e p o r t e d  by  Bernot  (1985)  concerns 
t h e  a d d i t i o n  o f  v a r i o u s  f l u o r i d e  s a l t s  t o  t h e  
no r ,na l l y  used a c i d  e tchan ts .  T h i s  work showed t h a t  
t h e  a d d i t i o n  o f  KF a long w i t h  unnalned secondary 
a d d i t i v e s  t o  e i t h e r  HF a c i d  o r  ABF g r e a t l y  reduced 
t h e  occurance o f  e tch  p i t s  and e t c h  channels .  Both 
o f  these r e s u l t s  were r e p o r t e d  u s i n g  unswept 
c o ~ r m e r c i a l l y  a v a i l a b l e  quar tz .  

The m o t i v a t i o n  f o r  deve lop ing  these  f u r t h e r  s teps  was 
t h e  d e s i r e  t o  f a b i r c a t e  a  p r e c i s e  a l t i m e t e r  r e q u i r i n g  
an e t c h  channel f r e e  a c t i v e  area and a  c h e ~ n i c a l l y  
p o l i s h e d  su r face .  T h i s  co lnbinat ion i s  a  severe 
requ i rement  f o r  p r e s e n t l y  a v a i l a b l e  m a t e r i a l  and 
r e q u i r e s  swept h i g h  qua1 i t y  m a t e r i  a1 and spec i  a1 
e t c h a n t  t o  achieve success fu l  f a b r i c a t i o n .  T h i s  
d e v i c e  i s  shown i n  F i g u r e  12 (U.S. p a t e n t  
4.479.070). 

Growth Rate none* 

none 

FIGURE 12 

*Showed s t r o n g  e f f e c t  on aluminurn uptake. 

FIGURE 11 

I n  c o n t r a s t  t o  p r i o r  i n v e s t i q a t i o n s ,  t h e  1985 r e p o r t  
indicated t h a t  nost d i s l o c a t i o n s  o r i g i n a t e d  w i t h i n  
seeds supplemented by a  smal l  number n u c l e a t i n g  a t  
i n c l u s i o n s .  The 1986 r e p o r t  i n d i c a t e d  t h a t  y p i c a l  
e t c h  channel d e n s i t i e s  o f  under 50 c n  were 
p o s s i b l e  u s i n q  g r e a t e r  X seeds and pure  Z c u l t u r e d  
q u a r t z  n u t r i e n t .  S u i t a b l e  r e s u l t s  were r e a l i z e d  
across a  v a r i e t y  of vessel  s u r f a c e  m a t e r i a l s ,  
m i n e r a l i z e r s ,  qrowth r a t e s ,  and seed p r e p a r a t i o n  
methods. 

C r o x a l l  e t  a l .  (1982) c r e e t e d  q u a r t z  w i t h  d i s l o c a t i o n  
d e n s i t y  o f  under 10 cm- . The method was based 
on employ ing a  nob le  meta l  vessel  su r face ,  h i g h  
p u r i t y  n u t r i e n t  and growtn s o l u t i o n ,  low d i s l o c a t i o n  
seeds, and s tandard  growing c o n d i t i o n s  a p p r o p r i a t e  t o  
sodium hydrox ide .  They r e p o r t e d  t h e  appearance o f  
d i s l o c a t i o n s  i n  t h e  seed c r y s t a l  i n t e r f a c e ,  b u t  
r e p o r t e d  no d i s l o c a t i o n  y e n e r a t i o n  a t  i n c l u s i o n s .  

Post  C u l t u r i n g  Process inq  

A l though  t h e  complete e l  i n i n a t i o n  o f  d i s l o c a t i o n s  i s  
d e s i r a b l e ,    no st dev ices  can t o 1  r a t e  - y e  presence o f  
d ~ s l o c a t i o n  d e n s i t i e s  o f  109 cin o r  g r e a t e r  
and ?any p h o t o l ' t h o y r a p h i c  uses a re  f e a s i b l e  w i t h  
d e n s i t i e s  o f  l o h  d2. However, i n  t h e  case o f  
c e r t a i n  dev ices  w i t h  r e l a t i v e l y  l a r g e  d i~nens ions  and 
a  low t o l e r a n c e  f o r  d i s l o c a t i o n s  ( e s p e c i a l l y  e t c h  
channe ls ) ,  processes designed t o  reduce t h e  fo r ina t ion  
o f  e t c h   its and channels i n  t h e  presence o f  
d i s l o c a t i o n s  have been developed. E l e c t r o l y t i c  
sweeping as a  method t o  i n h i b i t  e t c h  channel 
f o r ~ n a t i o n  has been r e p o r t e d  by  V i g  e t  a l .  (1977) ,  
M a r t i n  e t  a l .  (1983) ,  G a u l t i e r i  (1985) ,  and Arrnington 
and Bal a s c i o  (1985). La rqe  r e d u c t  i ons  are 
c o n s i s t e n t l y  r e p o r t e d  w i t h  B a l a s c i o  and Arinington 
(1986)  f e p o r t i n g  a  de rease  i n  mated h a l f  bars f rom 5 329 cm' t o  36 cm- . They f u r t n e r  r e - y r t e d  
an i cidence o f  a  r e d u c t i o n  frotn 24 c ~ n  t o  
1 cm-f i n  c r y s t a l  grown on a  g r e a t e r  X seed. 

I d e n t i f y  and Cata loque D i s l o c a t i o n  Species 

L a t t i c e  de fec ts  i n  Y and Z c u t  c u l t u r e d  q u a r t z  
c r y s t a l s  were i n v e s t i g a t e d  by  x - r a y  topography.  
Burgers  v e c t o r  was d e t e r ~ n i n e d  and s t r u c t u r a l  
i n f e r e n c e s  were (made b y  examination o f  t h e  c o n t r a s t  
e f f e c t  viewed i n  topograph ic  images r e f l e c t e d  f rom a  
v a r i e t y  of p lanes .  

Topographs on a  Y c u t  c r y s t a l  g r o  n  a t  an average 
q rowth  r a t e  of about 0.4 mm dayqr under  s tandard  
co~ l lmerc ia l  g rowth  c o n d i t i o n s  f o r  t h e  sodium carbona te  
process de re  prepared.  The r e s u l t s ,  u s i n g  severa l  
va lues  o f  g, are shown i n  F i g u r e s  13 t o  19. 

FIGURE 15 f0003J FIGURE 16  [i~ll] 

FIGURE 18 [l0I21 
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FIGURE 19 [1OiOl 

E x a ~ n i n i n y  t h e  f i g u r e s ,  i t  i s  seen t h a t  t h e  ~naxilnum 
c o n t r a s t  vras ob ta ined  f o r  [1270] and the minimum f o r  
[lOTu]. Consequent ly  b  o f  t h e  d i s l o c a t i o n  was 
[ r2f0] .  C a r r y i n g  ou t  g x l  shows t h a t  t h e  d i r e c t i o n  i s  
[0003], p a r a l l e l  t o  t h e  C-ax is .  I n s p e c t i o n  o f  the  
topographs shows t h a t  lnost o f  t h e  d i s l o c a t i o n  l i n e s  
f o l l o w  t h i s  course w i t h i n  a  cone of about 10'. The 
topographs f u r t h e r  r e v e a l  t h a t  t h e  d i s l o c a t i o n  1  i n e s  
e i t h e r  beg in  i n  t h e  seed o r  a t  t h e  seed c r y s t a l  
i n t e r f a c e .  The i n t e r f a c e s  were c o n s i s t e n t l y  
c h a r a c t e r i z e d  b y  dark l i n e s  p a r a l l e l  t o  t h e  X a x i s  
[ I O ~ O ] .  The d i s l o c a t i o n  d e n s i t y  a t  t n e  i n t e r f a c e s  
was h i g h  and i n d i v i d u a l  r e s o l u t i o n  was no t  p o s s i b l e .  
The n a t u r e  o f  t h e  d i s l o c a t i o n  s t r u c t u r e  emerged, 
however, when t h e  r e f l e c t  i o n s  approached t h e  [loTo] 
d i r e c t i o n  which m in im ized  t h e  c o n t r a s t  o f  most o f  t h e  
edge d i s l o c a t i o n s .  F i g u r e s  17 and 1 8  e x h i b i t  s t r o n g  
c o n t r a s t s ,  i n d i c a t i n g  a  dense d i s l o c a t i o n  s t r u c t u r e  
which remains i n  h i g h  c o n t r a s t  a t  a l l  r e f l e c t i o n s  
w i t h o u t  d e f i n i t e  Burgers v e c t o r .  Presumably m i s f i t  
d i s l o c a t i o n s  b r i d g e  any l a t t i c e  m i s o r i e n t a t i o n  o r  
mismatch between the  seed and c r y s t a l .  Consequently, 
t h e  d i r e c t i o n  o f  Burgers v e c t o r  v a r i e s  depending on 
l o c a l  c o n d i t i o n s .  I t  i s  l i k e l y  t h i s  i s  a  h i q h l y  
s t r a i n e d  r e g i o n ,  p o t e n t i a l 1  y decorated by  i m p u r i t y  
atoms. 

The d i s l o c a t i o n  c e l l  s t r u c t u r e  d iscussed by Lang and 
Miuscov (1967) was a lso  observed i n  t h i s  s tudy.  The 
observed d i f f r a c t i o n  c o n t r a s t  e f f e c t s  assoc ia ted  w i t h  
t h e  w a l l  s t r u c t u r e  suggested t h a t  t h e  c e l l  w a l l s  are 
d e p o s i t o r y  s i t e s  f o r  i m p u r i t i e s .  

Another o b s e r v a t i o n  o f  t h i s  s tudy,  i n d i c a t i n g  a  
s t r o n g  p o s s i b i l i t y  o f  t h e  i m p u r i t y  segrega t ion  a t  t h e  
c e l l  w a l l s ,  concerns t h e  presence_ o f  f a u l t  su r faces .  
F i g u r e  20 i s  a  Z c u t  w i t h  g  = [1012]. 

~ 1 0 1 2 1  
FIGURE 20 

These d i f f r a c t i o n  e f f e c t s  revea l  l a r g e  l o c a l  s t r a i n  
accumulat ion.  Tne comb ina t ion  o f  i n t e r n a l  su r faces  
and l o c a l  s t r a i n  i n t e n s i f i c a t i o n  a re  f a c t o r s  
conduc ive  t o  i m p u r i t y  segreqa t io l i .  

Shadowgraph iinages are an a l t e r n a t i v e  method f o r  
d e t e c t i n y  l i n e  d e f e c t s  i n  q u a r t z .  T h i s  i s  a  coiliinon 
techn ique  i n  t h e  o p t i c s  f i e l d  t o  c o n t r a s t  s l i g h t  
v a r i a t i o n s  i n  t h e  r e f r a c t i v e  index o f  t r a n s p a r e n t  
m a t e r i a l s .  Tne low c o s t  and convenience are an 
a t t r a c t i v e  a l t e r n a t i v e  t o  t h e  c o s t l y  (arid 
d e s t r u c t i v e )  e t c h i n g  and x - r a y  topograph ic  t e s t s .  
However, t h e  r e s u l t s  are qua1 i t a t i v e ,  w h i l e  t h e  o t t i e r  
methods can y i e l d  q u a n t i t a t i v e  de te r ln i l i a t i ons ,  
F i g u r e  21 i l l u s t r a t e s  t h e  exper i inenta l  setup.  F i g u r e  
22 shows t y p i c a l  r e s u l t s .  
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FIGURE 21 

FIGURE 22 

Bu lk  I n c l u s i o n  Study -- 
In 1906, exper iments were conducted under fund ing  o f  
t h e  Vat i o n a l  Sc ience Foundat i o n  t o  de te rm ine  t h e  
r e l a t i o n s h i p ,  i f  any, between d i s l o c a t i o n s  and 
~ n c l u s ~ o n s  (Johnson and I r v i n e ,  1987).  The f i r s t  
s t e p  bqas t o  c o r r e l a t e  b u l k  i n c l u s i o n  d e n s i t i e s  w i t h  
e t c h  chal ine ls .  F i g u r e  23 shows t n e  r e s u l t s  o f  the  
i n i t i a l  $ l o t  generated f r o m  a  d a t a  base o f  s i m i l a r  
r u n  t ypes  grown under t i o~n ina l  p roduc t  i o n  cond i  t  i ons .  
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FIGURE 23 

I d e n t i f y  and Cat logue I n c l u s i o n  Species 

S ince  l i t t l e  e f f e c t  was a t t r i b u t a b l e  t o  b u l k  
i n c l u s i o n s ,  a  ~ n i c r o s c o p i c  s tudy  o f  i n c l u s i o n s  was 
i n i t i a t e d ,  w i t h  s p e c i a l  emphasis on t h e  seed c r y s t a l  
i n t e r f a c e .  

F IGU4E 3 1  P I N  C:.ISr<Il)N P [ ( ; I I ~ E  3$ v , : .  5EY 

Obvserva t ions  were made s t a r t i n g  a t  t h e  c e n t e r l i n e  o f  
t h e  seed (between t h e  Z faces )  and work ing  outward i n  
t h e  d i r e c t i o n  o f  growth. F i g u r e  24 sum~narizes t h e  
r e s ~ ~ l  t s .  

SPECIES LOCATION S I Z E  (UM) FREQUENCY 

UUUHLE 

PLATE 

BOX 

UIHT 

P I N  CUSrfIUh 

CLUMP 

PATCH 

L U h  JAH 

SEED 

BbUNOARY 1 5 - 3 0  X 1 ( 2 )  H I G H  

BOUNDARY 3 X 5 X 8 H I G I i  

BOUNDARY-BULK < 3 HIGH 

BOUNDARY-BULK 2 5 0 - 7 5 0  LOU 

BULK 2 0 - 2 5 0  <1U c%n-2 

BULK 2 0 - 2 5 U  LOW 

BULK 5 0 - 1 9 0  LOU 

FIGURE 24 

F i g u r e s  25 t h rough  36 i l l u s t r a t e  t h e  v a r i o u s  
i n c l u s i o n  species. 

FIGURE 26 PLATE 

The s c a l e  which f o r ~ n s  on t h e  i n t e r i o r  s u r f a c e  o f  t h e  
s t e e l  au toc lave  w a l l  was examined. The r e s u l t s  o f  an 
SEM photograph are shown i n  F i g u r e  37. 

F I G U R E  37 

T h i s  has long  been suspected as a  source of 
i n c l u s i o n s  i n  c u l t u r e d  q u a r t z .  However, as a  r e s u l t  
o f  t h i s  i n v e s t i g a t i o n ,  i t  i s  concluded t h a t  based on 
d i s s i m i l a r  lnorphologies,  w a l l  s c a l e  i s  no t  an 
i m p o r t a n t  source o f  i n c l u s i o n s  i n  c u l t u r e d  quar tz .  

I n c l u s i o n  S t r u c t u r e  and Composi t ion 

The   no st colnlnon i n c l u s i o n  species are t h e  p l a t e ,  box 
and clump. For  t h e  purposes o f  compos i t i on  a n a l y s i s ,  
t h e  p l a t e  and box are r e f e r r e d  t o  as boundary 
i n c l u s i o n s  and t h e  clump as b u l k  i n c l u s i o n s .  



A  sample o f  a  norinal c r y s t a l  was p u l v e r i z e d  and a  
d e n s i t y  separa t ion  performed t o  segragate t h e  Illore 
dense i n c l u s i o n  p a r t i c l e s .  l l s ing  o p t i c a l  inicroscopy, 
i t  was determined the  q r a i n s  were b i a x i a l ,  
r e c t a n g u l a r  w i t h  l a r g e  l e n g t h  t o  w i d t h  r a t i o ,  
e x h i b i t e d  s u b p a r a l l e l  e x t i n c t i o n  and showed cleavage 
p a r a l l e l  t o  the long  ax is .  These observa t ions  are 
c o n s i s t e n t  w i t h  t h e  co,nmon s i l i c a t e  m inera l  
s t r u c t u r e s  a~nphiobole and pyroxene. 

SEM-EUAX a n a l y s i s  c o n s i s t e n t 1  y  revea led  s t o i c h i o i n e t r y  
c o n s i s t e n t  w i t h  acinite (NaFe(SiO?),) f o r  b u l k  .. - 
i n c l u s i o n s .  I n  t h e  case o f  boundary i n c l u s i o n s ,  the  

elements o r  i o n i c  species va r ied .  For  example bIgt2, 

~ l ' ~  and ~ e ' ~  (as  opposed t o  the o f  t h e  b u l k  
i n c l u s i o n s )  were detected.  However, the  bas ic  model 
o f  acmite, o r  a  s i m i l a r  pyroxene, f i t  t h e  da ta .  
I m p o r t a n t l y ,  t h e  r a t i o  o f  S i  t o  the o t h e r  ele,nents i s  
c o n s i s t e n t  w i t h  pyroxene composi t ions (B ran t ley ,  
1989). It i s  proposed t h a t  i n c l u s i o n s  i n  c u l t u r e d  
q u a r t z  are aclnite o r  s i m i l a r  pyroxenes formed by a  
r e a c t i o n  of elements present  i n  t h e  growth s o l u t i o n .  

Recent E f f o r t s  t o  Reduce D i s l o c a t i o n s  

FIGURE 39 Under fund ing  o f  the  Departinent o f  Defense and t h e  
N a t i o n a l  Sc ience Foundation, v a r i o u s  exper iments were 
under taken t o  reduce the  d i s l o c a t i o n  d e n s i t y .  The 
process was ,nod i f i ed  through two s e r i e s  o f  changes. 
The f i r s t  i n v o l v e d  i n i t i a l  e f f o r t s  t o  decrease 
d i s s o l v e d  and p a r t i c u l a t e  i m p u r i t i e s  i n  t h e  growth 
s o l u t i o n .  The second stage added f u r t h e r  p a r t i c u l a t e  To lower t h e  constituents o f  acinite i n  t h e  system, a  
f i l t r a t i o n .  p ressure  balanced s i l v e r  l i n e r  &as used t o  e l i m i n a t e  

i n t e r a c t i o n  of t h e  s o l u t i o n  w i t h  t h e  s t e e l  au toc lave  
The res111t.s were compared w i t h  an i n i t i a l  d a t a  base and i t s  aclnite p a s s i v a t i o n  l a y e r .  F i g u r e  40 shows 
o f  66 r u n s  o f  a  s tandard c r y s t a l  t ype  grown t o  an t h i s  l i n e r .  
average Z-dimension o f  26 1n1n on a  Z - p l a t e  seed w i t h  X 
o f  37 mm a t  a  qrowth r a t e  o f  about 0.35 mmlday under 
c o n d i t i o n s  appropr ia te  f o r  carbonate growth The seed 
p o p u l a t i o n  was from norinal p roduc t ion .  The r e s u l t s  
a re  shown i n  F i g u r e  38. 

NSF Phase I SBIR 
600 , Etch Cnonnrla vs. Process Changes 

P ~ o C e 8 8  Changes 

FIGURE 38 

Se lec ted  seeds can y i e l d  d r a i n a t i c a l l y  lower  e tch  
channel d e n s i t i e s  ( o f t e n  fewer than  100 cln -2 and 
so~ne t i~nes  under 50 ~ m - ~ ) ,  though on average, t h e  
r e s u l t s  are n o t  much d i f f e r e n t  than  shown i n  t h e  
above f i g u r e .  I n  those c r y s t a l s  w i t h  abnormal ly  low 
d i s l o c a t i o n  d e n s i t i e s ,  t h e  seed v e i l  i s  d imin ished.  
T h i s  leads t o  t h e  conc lus ion  t h a t  f o r  now t i l e  
boundary i n c l u s i o n s  are t h e  dominat inq source of 
d i s l o c a t i o n s .  

F i g u r e  39 shows t h e  r e s u l t  o f  us ing  a  greater-X seed 
coupled w i t h  few boundary i n c l u s i o n s .  Note a l s o  t h e  
n u c l e a t i o n  o f  d i s l o c a t i o n  l i n e s  froin a  b u l k  
i n c l u s i o n .  Wi th  o t h e r  sources suppressed, t h i s  
phenomenon i s  observed. 

FIGURE 40 



A  photomicrograph o f  the  seed boundary froin a  c r y s t a l  
produced i n  t h e  s i l v e r  l i n e r  i s  shown i n  F i q u r e  41. 

FIGURE 41 

The i n c l u s i o n s  on t h e  seed a re  o f  d i f f e r e n t  
,norphology than i n  u n l i n e d  au toc lave  batches.  Also, 
t h e y  were i n d i s t i n g u i s h a b l e  f rom the surrounding 
q u a r t z  d u r i n g  SEM ana lys i s .  Thus, they  may be quar tz  
i n c l u s i o n s  which spontaneously nuc lea ted  on t h e  seed 
su r face  p r i o r  t o  the  onset o f  c o n t r o l l e d  qrowth. 

A  t y p i c a l  i n c l u s i o n  observed i n  t h e  b u l k  o f  t h e  
c r y s t a l  i s  seen i n  F i g u r e  42. S i m i l a r  t o  c r y s t a l s  
grown i n  u n l i n e d  autoc laves,  t h e  b u l k  i n c l u s i o n s  are 
clumps o f  sma l le r  i n c l u s i o n  species, though t h e  
morpohlogy d i f f e r e d  cons ide rab ly  f rom c r y s t a l s  grown 

F i g u r e  43 i s  an x- ray topograph o f  a  sample from the  
s i l v e r  run .  The most i n t e r e s t i n g  observa t ions  are: 

1. The d i s l o c a t i o n  d e n s i t y  o f  t h e  seed i s  low. 
2. The d i s l o c a t i o n  d e n s i t y  o f  the  c r y s t a l  i s  n o t  

1  ow. 
3. No band o f  ~ n i s f i t  d i s l o c a t i o n s  i s  seen. 

D iscuss ion  

Completed researct i  i n d i c a t e s  t h a t  s u b s t a n t i a l  
i inproveinents are p o s s i b l e  i n  reduc ing  d i s l o c a t i o n s  l n  
c u l t u r e d  quar tz .  A l though hydrogen con ten t ,  growtn 
r a t e ,  growth c o n d i t i o n s ,  presence o f  p o i n t  de fec ts ,  
e t c .  must c o n t r i b u t e  t o  t h e  fo rmat ion  and p ropaga t ion  
o f  edge d i s l o c a t i o n s  r e s u l t i n g  i n  e tch  p i t s  and 
channels  d u r i n q  e tch ing ,  p resen t  evidence suggests 
t h a t  these are n o t  the inost c r i t i c a l  i ssues .  The tnio 
most impor tan t  f a c t o r s  i n  producing commerci a1 
q u a n t i t i e s  o f  low d i s l o c a t i o n  i n a t e r i a l  are t h e  
a v a i l a b i l i t y  o f  low d i s l o c a t i o n  seeds and an improved 
understanding lead inq  t o  eventual  c o n t r o l  o f  t n e  seed 
c r y s t a l  i n t e r f a c e ,  e s p e c i a l l y  t h e  e f f e c t  o f  
i n c l u s i o n s  i n  t h a t  area. 

These i n c l u s i o n s  seeln t o  he acmi te o r  s i m i l a r  
pyroxenes forined i n  t h e  growth s o l u t i o n .  They are 
o f t e n ,  b u t  no t  always, associated w i t h  a  band o f  
i n i s f i t  l o c a t i o n s .  Froin t h i s  study, i n c l u s i o n s  i n  t h e  
seed c r y s t a l  i n t e r f a c e  appear t o  be the  l e a d i n g  cause 
o f  bu lk  d i s l o c a t i o n s .  

I n  the  event  t h i s  i s  c o r r e c t ,  it becomes necessary t o  
b r i n g  t h e  f o r m a t i o n  o f  these i n c l u s i o n s  under 
improved c o n t r o l .  Past  e f f o r t s  have focused on 
o v e r a l l  process p u r i t y ,  i n c l u d i n g  growth i n  nob le  
meta l  l i n e d  vessels .  Our research  i n d i c a t e s ,  
however, t h a t  even i n  these h i g h  p u r i t y  systelns, 
i n c l u s i o n  species can form. The complex chemis t ry  o f  
t h e  system, coupled w i t h  t h e  wide range o f  
temperature and pressures through which t h e  sys te~n  
passes, i n d i c a t e s  t h a t  a  1  arge v a r i e t y  o f  compounds 
c o u l d  nuc lea te  and remain s t a b l e .  Con t inu ing  e f f o r t s  
a re  focused on r e d u c t i o n  o f  i n c l u s i o n s ,  e s p e c i a l l y  a t  
t h e  seed c r y s t a l  i n t e r f a c e .  

CONCLUSIONS 

1. D i s l o c a t i o n s  i n  t h e  Z - reg ion  o f  c u l t u r e d  q u a r t z  
assoc ia ted  w i t h  p i t s  and channels  formed d u r i n g  
e t c h i n g  are o f  t h e  edge t ype  d i r e c t e d  approx i i na te l y  
p a r a l l e l  t o  t)e_ d i r e c t i o n  o f  growth w i t h  Burgers 
v e c t o r  [#%%%I .IIZLO] 
2.  The doill inant sources o f  d i s l o c a t i o n s  i n  c u l t u r e d  
q u a r t z  are i n c l u s i o n s  a t  t h e  seed boundary arid l a t e n t  
seed d e f e c t s .  Other observa t ions  about t h e  seed/ 
c r y s t a l  i n t e r f a c e  are: 

A. Bubbles form d u r i n g  the  onset o f  growth a t  
s u r f a c e  t e r m i n a t i o n s  o f  seed d i s l o c a t i o n s  
and t y p i c a l l y  nuc lea te  a  s i n g l e  d i s l o c a t i o n  
l i n e .  

B. A  co lnbinat ion o f  p l a t e s ,  d i r t  and boxes 
forins a  d e b r i s  p lane  a t  t h e  onset  of 
growth. M u l t i p l e  d i s l o c a t i o n s  n u c l e a t e  
f rom these p a r t i c l e s .  

C.  A band o f  m i s f i t  d i s l o c a t i o n s  ,nay c o e x i s t  
w i t h  t h e  d e b r i s  p lane.  The presence of 
m i s f i t  d i s l o c a t i o n s  does no t  c o n t r i b u t e  t o  
t h e  fo r ina t ion  o f  edge d i s l o c a t i o n s  i n  t h e  
grown c r y s t a l .  

3. Acmite and r e l a t e d  pyroxenes are t h e  lnost 
impor tan t  i n c l u s i o n  forins and c o n p o s i t i o n s  i n  
c u l t u r e d  quar tz .  The doininant source o f  i n c l u s i o n s  
i s  r e a c t i o n  o f  c o n s t i t u e n t s  o f  t h e  system. 

FIGURE 43 
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ABSTRACT 

The a n i s o t r o p i c  e t c h i n g  o f  q u a r t z  c r y s t a l s  i s  
exp la ined  i n  terms o f  an o r ien ta t ion -dependent  
d i s s o l u t i o r ~  slowness v e c t o r  f. (cb, 9 ) .  The magnitude, 
L (  &, 0 ) o f  t h e  slowness v e c t o r  i s  founded t o  be 
expressed i n  terms o f  d i s s o l u t i o n  tensors .  The number 
o f  d i s s o l u t i o n  cons tan ts  i s  reduced by c o n s i d e r i n g  t h e  
degree o f  symmetry o f  q u a r t z  c r y s t a l s .  The 
c a l c u l a t i o n s  per formed up t o  t h e  tensor  o f  rank 6 
a l l o w  us t o  propose a  g e n e r a i i z e d  equa t ion  f o r  t h e  
r e p r e s e n t a t i v e  sur face of  t h e  d i s s o l u t i o n  slowness. 
Once t h i s  equa t ion  i s  e s t a b l i s h e d  we can d e r i v e  t l i e  
d i s s o l u t i o n  shapes f i r s t l y ,  o f  an i n i t i a l l y  c i r c u l a r  
s e c t i o n  and secondly o f  a  sur face p r o f i l e .  To 
i l l u s t r a t e  t h e  f i r s t  p o s s i b i l i t y  t h e  successive 
d i s s o l u t i o n  shapes o f  a  s t a r t i n g  c i r c u l a r  s e c t i o n  a r e  
presented i n  t h e  s p e c i a l  case o f  an asymmetric p o l a r  
path.  Then f o r  s i n g l y  r o t a t e d  q u a r t z  p l a t e s  t h e  
unknown c o e f f i c i e n t s  appear ing i n  t h e  equat ion,  
L y Z (  t) 1 ,  o f  t h e  p o l a r  p a t h  a r e  determined f rom 
exper iments on t h e  e t c h  r a t e .  We observe a  ve ry  
s a t i s f a c t o r y  agreement between t h e  t h e o r e t i c a l  shapes 
o f  d i s s o l u t i o n  p r o f i l e s  as g i v e n  by a  numer ica l  
s i m u l a t i o n  and the  exper imenta l  2 '  t r a c e s  ob ta ined  
a f t e r  repeated e tch ings .  

1. INTRODUCTION ---- 
The mechanical l a p p i n g  o f  q u a r t z  c r y s t a l s  has 

the  d isavantage t o  c r e a t e  a  d i s t u r b e d  sur face  l a y e r  
(1 -3 )  then  some au thors  ( 1 ,  4-9) have suggested t h a t  
t h e  chemical e t c h i n g  can c o n s t i t u t e  an a l t e r n a t i v e  
procedure t o  prepare q u a r t z  p l a t e s  w i t h  c l e a n  and 
smooth su r faces .  Some exper iments on AT-cut p l a t e s  ( 4 ,  
8. 10)  have shown t h a t  i t  i s  e f f e c t i v e l y  p o s s i b l e  t o  
o b t a i n  q u a r t z  p l a t e s  w i t h  s a t i s f a c t o r y  su r face  
f e a t u r e s .  However a  l o t  of r e c e n t  exper iments (10-18) 
on t h e  c t ~ e m l c a l  e t c h i n g  o f  d i f f e r e n t l y  o r i e n t e d  q u a r t z  
p l a t e s  have g i v e n  ev idence f o r  an a n i s o t r o p i c  e t c h i n g  
governed by t h e  c r y s t a l  o r i e n t a t i o n .  I n  p a r t i c u l a r  
smal l  v a r i a t i o n s  i n  t h e  angles o f  c u t  can induce 
marked changes i n  t h e  shape o f  t h e  d i s s o l u t i o n  f i g u r e s  
which develop on etched q u a r t z  su r faces  as observed 
f o r  example f o r  t h e  c u t s  c l o s e  t o  t h e  AT-cut (12) .  

F o r  an o r ien ta t ion -dependent  d i s s o l u t i o n  process 
i t  i s  convenient  t o  i n t e r p r e t  t h e  changes i n  t h e  
d i s s o l u t i o n  shapes w i t h  o r i e n t a t i o n  i n  terms o f  t h e  
k inemat i c  theory  o f  e t c h i n g  (19, 20, 21) o r i g i n a l l y  
g i v e n  by L i g h t h i l l  and Whitman (221 and f u r t h e r  
extended by Frank (23) .  Thus T e l l i e r  and a1 (24)  have 
r e c e n t l y  proposed a  v e c t o r i a l  a n a l y s i s  o f  t h e  
d i s s o l u t i o n  based on t h e  Frank model where i n  two 
dimensions we can a s s o c i a t e  t o  a  su r face  p r o f i l e  
element o f  g i v e n  o r i e n t a t i o n  0 a d i s s o l u t i o n  slowness 

+ + 
v e c t o r  L ( 0 ) .  The p ropaga t ion  v e c t o r  P which i s  
d i r e c t l y  connected w i t h  t h e  movement o f  t h e  p r o f i l e  
element can be eva lua ted  f rom t h e  p o l a r  pat11 L ( 0  1. 
T h i s  paper con t inues  a long  t h i s  l i n e  and p resen ts  a  
t h r e e  d imensional  model i n  whi+ch t l i e  magni tude o f  t h e  
d i s s o l u t i o n  slowness v e c t o r  L  i s  determined f rom a  
t e n s o r i a l  a n a l y s i s  o f  t h e  d i s s o l u t i o n .  

2.1/ The k i n e m a t i c  "10_deL_in two diwens10_"~ 

I n  two dimensions a  su r face  p r o f i l e  i s  supposed 
t o  be coinposed by a  succession of l i n e a r  s u r f a c e  
p r o f i l e  elements A r ( d  ( F i g u r e  1 )  and a  moving s u r f a c e  
p r o f i l e  i s  a  f u n c t i o n  o f  two independent v a r i a b l e s  t h e  
c o o r d i n a t e  x  and t h e  e t c h i n g  t i m e  t. 2 

It i s  usual  t o  dea l  wit11 a  v e l o c i t y ,  v  = (ax / 3 
2 t lX , measured i n  t h e  d i r e c t i o n  o f  t h e  normal, ::, 

2 
t o  t h e  r e f e r e n c e  sur face .  I f  t h e  v e l o c i t y  v3 depends 
o n l y  on t h e  o r i e n t a t i o n  a o f  t h e  s u r f a c e  p r o f i l e  
element, an assuntption which f o r  q u a r t z  c r y s t a l s  i s  
sus ta ined  by a  g r e a t  number o f  exper imenta l  d a t a  
(10-181, t h e  moving p r o f i l e  element propagates i n t o  
t h e  bu lk  c r y s t a l  a long  a  l i n e a r  t r a j e c t o r y  c a l l e d  a  
" c h a r a c t e r i s t i c " .  Then a f t e r  an e t c h i n g  o f  d u r a t i o n  d t  
t h e  p o i n t  M i s  l o c a t e d  a t  M '  ( F i g u r e  2 ) .  A t  t h i h p o i n t  
i t  i s  convenient  t o  deFine a  p ropaga t ion  v e c t o r  P w i t h  
$ar tes ian  conlponents (dx2,  dx ) which corresponds t o  3 
M M ' .  Then when we t r a c k  t h e  moven~ent o f  She s u r f a c e  
p r o f i l e  element we have j u s t  t o  e v a l u a t e  P .  T h i s  may 
be done by c o n s i d e r i n g  a  new vec to r ,  f ,  c a l l e d  t h e  
d i s s o l u t i o n  slowness v e c t o r  (241, whose j i r e c t i o n  
co7ncides w i t h  t h a t  o f  t h e  inward  normal n  t o  t h e  
o r o f i l e  element, A  r, ( F i g u r e  2 )  and whose magnitude, 
L, i s  equal t o  t h e  rec~procal of r a t e  VN ( 1 .e .  t h e  
normal v e l o c i t y )  (24 ) .  When t h e  o r i e n t a t i o n  a o f  the 
p r o f i l e  element v a r i e s  t h e  e x t r e m i t y  o f  t h e  vec to r ,  L, 
moves a long a  p o l a r  p a t h  ( F i g u r e  3 ) .  

A f t e r  some geomet r i ca l  and mathemat ica l  
man ipu la t ions  (24)  we can show t h a t  t h e  v e c t o r  {w t i i ch  
i s  t h e  d e r i v a t i v e  o f  t h e  r o t a t i n g  v e c t o r  L  wit11 
respec t  t o  t h e  po la r ,ang le  l i e s  perpend icu la r  t o  t h e  
p ropaga t ion  v e c t o r  P (Figur: 3) .  S ince accord ing  t o  
t h e  p o l a r  r e p r e s e n t a t i o n  o f  L  t h e  c a r t e s i a n  components 
o f  t h e  slowness v e c t o r  a r e  expressed as 

L2 = f (B ) cos 0  

L = f ( @ )  s i n 6  
w i t h  

3  

i . = ( f i 0 1 ) ~  

EFTF 89 - Besanson 



we obta in  a f t e r  some ca l cu la t i ons  

where A(B) and B ( B ) ,  the car tes ian components o f  the 
tangent vector 8 , are expressed i n  terms i nvo l v i ng  
f (B) and a f ( O)/ a B . Thus we see tha t  we need t o  know 
the equation fo r  the po lar  path i .e; the equation f o r  
L t o  der ive  the propagation vector P. 

-.-.-.-.-.-.- Ref. (7.801 

X2 

Figure  1 : Representation of a surface p ro f i l e .  -- 

+ + 
F igure  2 : D e f i n i t i o n  o f  t he  vectors P and L. 

+ 
Figure  3 : The po lar  graph of L. 

Figure  4 : The representa t ive  surface o f  L. 

2.2/The representa t ive  surface o f  t h e  
d i s s o l u t i o n  slwne'ss -- 

I n  space ( x  x  ) the d i sso lu t i on  slowness 
vector i s  assoc!a'te?;i t?~ a surface element ds whose 
o r i en ta t i on  i s  defined e i t h e r  by the $ngles of cu t  (4 
, g )  or  by means of i t s  inward normal n  w i t h  Cartesian 
components n  n., n  (Figure 4). As the o r i e n t a t i o n  
o f  the surface ejement var ies both the magnitude and 
the d i r e c t i o n  o f  L are modif ied and i t  i s  easy t o  see 
t h a t  i n  three dimensions the d i s s o l u t i o n  slowness 
vector t moves along a  representa t ive  surface c a l l e d  
f o r  convenience the slowness surface (25).  

The problem i s  now t o  f i n d  the equation f o r  t h i s  
slowness surface, i . e .  the equation expressing the 
magnitude, L, of the slowness vector i n  terms o f  the 
o r i en ta t i on  ( 9  , 6) o f  a  surface element. A  r igorous 
so lu t i on  seems a t  the f i r s t  s i gh t  untractable,  but  
some s imp l i f i ca t i ons  can be made. F i r s t l y  we can 
remark t h a t  the components n.  of the inward normal 
are func t ions  of the  angles o t  cu t  ( 9 ,  8 ) so we have 
f i n a l l y  t o  de r i ve  an equation i n  the form 

Secondly i t  i s  always poss ib le  t o  replace the 
exact f unc t i on  L(nl, n  , n3) by a  polynomial 
representat ion i n  wtlich t l f e e  var iab les  n,, n2 and n 
are involved. I n  a  compact form we can thus w r l t e  3  

n n n n  Dijkanninjnkn fn  + .. . (5 

where the c o e f f i c i e n t s  Do, Di, Dij, Di .k, ., . are 
components o f  tensors o f  rank 0, 1, 2, 9, . . . which 
are designated as d i sso lu t i on  tensors. 

I t should be pointed out t h a t  from the 
d e f i n i t i o n  o f  the  d i sso lu t i on  tensors a l l  the 
subscr ipts can be interchanged tha t  i s  t o  say, f o r  
example 

To determine the independent d i sso lu t i on  
constants we consider the  degree o f  symmetry o f  the  
quartz c r ys ta l .  Thus we are concerned w i t h  two 
transformations from axes (xl, x2, x t o  primed axes 
( x ' ~ '  x a 2 ,  x o 3 )  : 

3 

@ The transformat ion i nvo l v i ng  the twofold ax is  
x1 (c rys ta l lograph ic  X ax i s )  i n  which the primed 
components o f  the inward normal are given by : ' 

@ The transformat ion fo l l ow ing  the th ree fo ld  
symmetry o f  the  x  ax is  ( c r y s t a l l o g r a p t ~ i c  Z ax i s )  
which i s  spec i f ied  s y  the t ransformat ion mat r ix  

-- 

w i t h  C = cos (120°) and S = s i n  (120°). Here we apply 
the usual t ransformat ion r u l e  which fo r  a  6th-order 
tensor i s  w r i t t e n  as 



- a a a a a a D  
D ' i j k ~ m n  - i o  j p  kq er ms n t  opqrst  (9) 6th-order are ra ther  labor ious and g i ve  several 

re1 at ions between the independent constants which are 

The ca lcu la t ions  which are performed up t o  the l i s t e d  i n  t ab le  1. 

-- -- - 
I I I 
I Rank N I Relat ions between the d i sso lu t i on  constants and independent constants 1 

I I 

I I O 
I 1  I A l l  the constants are equal t o  zero 
I I 
1 2  1 D 1 1 = D 2 2 ; D 3 3  
1 I 
1 3  1 Dl, l=-D122 
I 1 
I I Dl 11 1  = '2222 ' 3 D ~  122 ; D1133 ° D2233 ; '1 123 = - '2223 ; '3333 I I 
I I D~llli ' - 5D11122 
I I - (5'3)'~2222 ; D12233 = - D11133 

I I D l l i ~ i l ' D 2 2 2 2 2 2 ' 5 D 1 ~ 2 2 2 2 = D 1 i 1 1 2 2  
I I 
I I D111123 = 3D112223 = - (3/5) D222223 
I I 
I I 11 133 ' D222233 ' 3 D ~  12233 ; 12333 

= - 
I I '222333 

Table 1 t I d e n t i f i c a t i o n  o f  the  independent dissolution constants o f  a  d i s s o l u t i o n  tensor o f  rank N. -- 
Then we f i n a l l y  obta in  L ( n  n2, n3) i n  the 3. DETERMINATION OF DISSOLUTION SIIAPES - . - - - .. - - - . -- . - - . - . - . - - - - . -- . . -- . - - - - - - - 

form (25).  

Since the car tes ian components o f  6 are 
expressed as 

n, = s in+cosB , n2 = - cos+cos8 , n3 = - s i n  0  
(11) 

some manipulations o f  Equation (10) al low us t o  
propose a  general ized equation f o r  the representa t ive  
slowness surface : 

L ( + ,  0) = L t~ A .  cos2'8 t f~~ cos 2k+10 s i n  3 b  
O J J  

t Z C cos2"' 0 s i n 6  cos 3  0  
L a (12) 

3.1 / lIil~_ol~i~~~s_h_ap.e_~ - eff i - n ~ t _ i - a l  ~ i r - ~ $ l a r -  
sect ions --- 

Here some attempts are made t o  determine 
t h e o r e t i c a l l y  the  d i s s o l u t i o n  shapes o f  an i n i t i a l l y  
spher ical  c r y s t a l .  Then t o  a  po in t  M located on the 
sphere we associate a  planar surface element whose 
o r i en ta t i on  ( rb , 0 ) coi'ncide w i t h  t h a t  o f  a  plane 
tangent t o  the  sphere at+ the po in t  M so t h a t  (Figure 
5 )  the slowness vector L ( + , 9 J re la ted  t o  t h i s  
surface element l i e s  p a r a l l e l  t o  MO. The successive 
d i sso lu t i on  shapes o f  the c r y s t a l  sphere can be 
der ived from the three dimensional ana lys is  o f  the 
d i sso lu t i on  as soon as f o r  a  c r ys ta l  o f  g iven symmetry 
we are able t o  determine the unknown c o e f f i c i e n t s  
appearing i n  the  corresponding general ized equation o f  
the slowness surface. 

which involves on ly  the angles o f  cu t  0 and 0  and the 
J 

x x1 
unknown c o e f f i c i e n t s  Lo, Aj, Bk and C a . 

F igure  5 : The geometry f o r  an i n i t i a l l y  c i r c u l a r  sec- 
t ion .  



A f t e r  prolonged etching spher ical  c r ys ta l s  are 
usual Fy reduced t o  a  l i m i t i n g  form which resu l t s  from 
d iverg ing and converging t r a j e c t o r i e s  (21, 26, 27). 
E f f e c t i v e l y  when several d i sso lu t i on  t r a j e c t o r i e s  
corresponding t o  or ien ta t ions  l y i n g  i n  the range [ (@ 

1 '  8  ), (9 , 0 2 )  1 in te rsec t  a  c r y s t a l  edge i s  produced 2  ( j i g u r e  6 ) .  More la rge i s  the o r i en ta t i on  range more 
sharp becomes the c r y s t a l  edge. Conversely d iverg ing 
t r a j e c t o r i e s  lead t o  the format ion o f  rounded 
surfaces. 

To i l l u s t r a t e  b r i e f l y  t h i s  s i t u a t i o n  we s t a r t  
here w i t h  a  c y l i n d r i c a l  c r y s t a l  specimen and we track 
the changes i n  shape o f  the i n i t i a l l y  c i r c u l a r  cross 
section. Then the knowledge o f  a  po lar  graph i s  on ly  
required fo r  t h i s  app l ica t ion .  Furthermore another 
paper i s  devoted t o  d i sso lu t i on  shapes o f  d i f f e r e n t l y  
or iented c i r c u l a r  sect ions o f  quartz c r ys ta l  thus f o r  
an example we consider here the asymmetrical po lar  
path o f  f i g u r e  7. The d i sso lu t i on  shapes are der ived 
from a  spec i f i c  numeriCal and graphical  s imulat ion 
which al lows us t o  deal w i t h  elements whose 
o r i en ta t i on  var ies from O0 t o  360" and t o  undertake 
su i t ab le  t es t s  t o  d i s t i ngu i sh  d iverg ing and converging 
t ra jec to r i es .  Figure 8 shows the successive l i m f t i n g  
forms o f  the cross sec t ion  o f  an i n i t i a l l y  c y l i n d r i c a l  
c r ys ta l  whereas the complementary d i sso lu t i on  shapes 
o f  f i g u r e  9 r e s u l t  from repeated etchings o f  an 
i n i t i a l l y  c y l i n d r i c a l  hollow. 

-.t 

&polar path of L 

Figure  6 : Formation of a  c r y s t a l  edge. 
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Figure  8  : D isso lu t i on  of a  c y l i n d r l c a l  c r y s t a l .  - 
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Figure  9 : D isso lu t i on  o f  a  c y l i n d r i c a l  hollow. 

As the shape of a  sec t ion  element changes from 
convex t o  concave when we s t a r t  respect ive ly  w i t h  a  
c y l i n d r i c a l  c r y s t a l  and a  c y l i n d r i c a l  hol low we 
observe that  according t o  the r e c i p r o c i t y  c r i t e r i o n  
prev ious ly  proposed by Frank (28, 29) the elements a t  
a  r e l a t i v e  maximum of d i sso lu t i on  slowness p e r s i s t  i n  
the d i sso lu t i on  shapes o f  f i g u r e  8 wh i le  the  converse 
i s  t r ue  f o r  the d i sso lu t i on  shapes of f i g u r e  9. 

3.2/ The Z' d i s s o l u t i o n  p r o f i l e s  o f  s i ng l y  
ro ta ted  quar tz  pla te s  

A second app l i ca t i on  o f  the t enso r i a l  ana lys is  
cons is ts  of p red i c t i ng  the  theo re t i ca l  shapes o f  
etched surface p ro f i l es .  Here again we are concerned 
w i t h  a  two-dimensional analysis and we decide f o r  
example t o  consider the  case o f  the  2 '  p r o f i l e s  o f  
s i ng l y  ro ta ted quartz p la tes .  Since f o r  d i f f e r e n t l y  
or ien ted quartz p la tes  the  slowness vectors associated 
w i t h  elements o f  the Z' p r o f i l e s  belong a l l  t o  the 
(x2, x3) plane ( i . e .  t o  the (Y, Z) plane) the 
treatment i s  reduced t o  the determinat ion o f  the po lar  
path, L y Z ( B ) ,  which i s  expressed by 

L ( 0 )  = L + E A .  cos2 jo  + z c cos2e+1e s i n  8  (13) 
YZ 0 j J  k 

P r a c t i c a l l y  the unknown constants A  and C Q  are 
j numerical ly evaluated using experimental measurements 

on the d i sso lu t i on  r a t e  o f  various s ing l y  ro ta ted  
quartz p la tes  (26) .  The evaluat ion i s  accomplished up 
t o  the 16th order by c o l l e c t i n g  data on a t  30 
d i f f e r e n t  cuts.  The r e s u l t  f o r  8 i n  the range ( -  60", 
60") i s  i l l u s t r a t e d  i n  F igure  10 where f o r  convenience 
we have p l o t t e d  LZy (8 )  vs  the  angle o f  cu t ,  8 . 

F igure  7  : An aspmet r i ca l  path f o r  the d isso lu t i on  
slowness vector. 
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Figure  10 : LZy(8 1 vs the  angle o f  cut .  8 . 
Figure  18 : The d i s s o l u t i o n  slowness vs o r i e n t a t i o n  -- 

With the help o f  a graphical  s imulat ion whose f o r  a reference surface o f  o r i e n t a t i o n  go 

program has been presented elsewhere (19, 20. 24) we = 3 9 O .  

can invest iga te  how the o r i en ta t i on  o f  the reference 
surface ( i  .e. o f  the c u t )  inf luences the f i n a l  shape 
o f  the etched Z '  p r o f i l e .  For example, l e t  us consider 
the AT-33, AT-39, AT-44 and AT-49 p la tes  corresponding 
t o  a reference surface o f  o r i e n t a t i o n  8 o f  33", 3g0, 
44" and 49" respect tve ly .  The t h e o r e t i c 8  evo lu t ion  o f  
the etched Z' p r o f i l e s  are f o r  the various cuts 
i l l u s t r a t e d  i n  f i gu res  11 t o  14 s t a r t i n g  from a 
t r i angu la r  surface p r o f i l e  w i t h  slopes equal t o  tan  (t 
12" )  whereas f i gu res  15 and 16 g i ve  r e s u l t s  when an 
i n i t i a l  randomized surface p r o f i l e  i s  etched. We can 
observe tha t  the f i n a l  shape o f  the d i sso lu t i on  
p r o f i l e s  does not depend on the i n i t i a l  p r o f i  l e .  
Moreover these theo re t i ca l  f i n a l  shapes mer i t  some 
comments. 
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1 When the l oca l  d i sso lu t i on  slowness i s  f a s t e r  
than 9 t e slowness o f  the reference surface a quasi 
convex sect ion  i s  formed ( f i g u r e s  14 and 17). 
Conversely when the l o c a l  d i sso lu t i on  slowness i s  
slower than that related to the cut a concave - F igure  19 : The d i s s o l u t i o n  slowness vs o r i e n t a t i o n  

background r e s u l t s  as approximately observed f o r  the f o r  a reference surface o f  o r i e n t a t i o n  Bo 

AT-39 cut  ( f i gu res  12, 16 and 18). = 44". 

When the d i sso lu t i on  slowness o f  the 
reference surface l i e s  midway from a r e l a t i v e  maximum 
and a r e l a t i v e  minimum o f  the slowness ( f i gu res  11, 
13, 15 and 19) the etching causes the development o f  a 
surface p r r j f i l e  w i t h  an a l t e rna te  convex-concave or  
concave-convex shape. A s i t u a t i o n  which occurs i n  the 
case o f  AT-33 and AT-44 quartz p la tes .  
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To g ive  some usefu l  informat ions on the 
consistency o f  the method we have studied the changes 
i n  shape o f  Z '  p r o f i l e s  w i t h  the  depth o f  etch, AdS, 
o f  the various AT-Bo p la tes .  As usual the p la tes  we re  
etched a t  constant temperatures i n  a concentrated 
NH F.HF so lu t ion .  A f t e r  each isothermal e tch ing 

4 
p ro f i l ome t r y  t races were made along the Z '  d i r e c t i o n  
using a microprocessor based pro f i lometer  (30) ( f i g u r e  
20) .  To assess the v a l i d i t y  o f  the model 
magnif icat ions o f  the  f i n a l  Z' p r o f i l e s  are displayed 
i n  f i g u r e  21. I n  add i t i on  the f i n a l  S.E.M. micrographs 
o f  the etched surfaces are a lso  shown i n  f i gu res  22 t o  

" 
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Figure  17 : The d i sso lu t i on  slowness vs o r i e n t a t i o n  -- 
f o r  o o  = 49'. 
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Fjc~u~eJ : Development of Z '  surface profiles star- 
ting from a triangular profile : The case 
of an AT-33 plate (eo = 33"). 
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Figure 14 : Development of Z' surface profiles for an - - - - -- - . --- 
AT-49 plate (Bo = 4g0). 
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Figure 12 : Development of Z 0  surface profile for an Figure 15 : Development of Z' surface profiles star- 
AT-39 plate' (Bo = 39"). ting from a randomized profile : The case 

of an AT-33 plate. 
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Figure 13 : Development of 2 '  surface profiles for an Figure 16 : Development of 2 '  surface profiles for an 
AT-44 plate (Bo = 44"). AT-39 plate. 



Figure  20 : Changes i n  t h e  2 '  pro f i l ome t r y  t races w i t h  
the  depth o f  e t ch  of an AT-49 p la te .  

We observe a very sa t i s fac to ry  agreement between 
the theo re t i ca l  and the experimental shapes of the 
etched Z' p r o f i l e s  since 

@ quasi-concave and convex background 
s t ruc tures  develop on the AT-39 and AT-49 
p la tes  respect ive ly  

@ f i n a l  Z' p r o f i l e s  o f  a l t e rna te  shape are 
formed on the AT-33 and AT-44 p la tes .  

4. CONCLUSION 

We have shown t h a t  a t  once the equation L (  4 , 0  ) 
o f  the slowness surface corresponding t o  a c r y s t a l  o f  
given symmetry i s  der ived and t h a t  the unknown 
coe f f i c i en t s  appearing i n  t h i s  equation are evaluated 
from data we can t rack  the changes i n  shape w i t h  
etchings o f  e i t he r  a cross sec t ion  o f  a spher ical  
c r ys ta l  o r  a surface p r o f i l e .  The equation L(  @ , 0 ) 
r e l a ted  t o  the quartz c r y s t a l  i s  obtained by a 
t enso r i a l  method and the ca l cu la t i ons  are performed up 
t o  d i sso lu t i on  tensors o f  rank 6 i n  order t o  propose a 
generalized L( @,  8 ) equation. The unknown coef f ic ien ts  
are then p a r t i a l l y  evaluated from data on s ing l y  
ro ta ted quartz p la tes .  From a compariSon o f  the 
t heo re t i ca l  d i sso lu t i on  p r o f i l e s  as given by a 
numerical s imula t ion  w i t h  the experimental Z' 
p ro f i l ome t r y  t races o f  var ious s ing l y  ro ta ted quartz 
p la tes  w e  can conclude t h a t  the experimental 
determinat ion o f  the unknown c o e f f i c i e n t s  i s  ra ther  
accurate. This confirms the great  i n t e r e s t  of t h i s  
t enso r i a l  approach o f  the d i sso lu t i on .  
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Figure 21a : The magnified Z' profilometry trace of an AT-33 plate. 
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Figure 21c : The magnified 2 '  profilometry trace of an AT-44 plate. 
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Figure 21b : The magnified Z' profilolnetry trace of an AT-39 plate. 
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Figure 21d : The magnified Z* profilolnetry trace of an AT-49 plate. 
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Summary 

Determination of the quality of a quartz used 
in a resonator may be obtained by I.K. spectrometry. 
In this paper we present a direct determination of 
the chemical impurities in a quartz crystal. By an 
ICP method we measure the concentration of Al, Fe, 
Ti, Co, Ca, Na, Li, K, B, Ba, Sc, Ge atoms with an 
accuracy of 0.1 ppm if the mass of the dissolved 
quartz in 10g. 

In order to avoid unexpected contaminations we 
use a very severe method. All the chemicals and water 
we use arc of very high purity. The quartz is not 
crushed but is split with a thermic shock. In order 
to reduce the amount of hydrofluoric acid the attack 
of the quartz is made using a reflux method. We add 
10 ppm of Scandium in the solution as internal 
standard. This element is not known in quartz and 
there is no wavelength interference with the elements 
normally found in this crystal. During the attack, 
Boron and Silicon are lost because they give off 
volatile compounds with the fluorine atoms. Fortuna- 
tely, we can obtain a very strong Boron complex with 
manitol, a sugar not destroyed in hydrofluoric acid. 
Uy this addition we are also able to know the Boron 
content of the quartz. 

Analysis results of natural and cultured quartz 
are given. Inside a cultured quartz bar we can 
distinguish the X, Y, 2, S growth zones by the impu- 
rities they have trapped. 

Introduction 

Many works have been undertaken to understand 
the behaviour of quartz resonators several phenomenons 
are used for this knowledge and the impruvement of 
the resonator characteristics : sweeping and irra- 
diation. 

By IR spectroscopy we may observe their effects 
and determine the resonator quality using only a IR 
spectrum. 

In this paper we present a new step in the des- 
cription of Quartz crystals using a direct chemical 
analysis. 

Choice of the analytical method 

The quartz formula is Si02. This crystal is 

considered, for common utilisations, as one of the 
purest among the natural materials. Unfortunately, 
experiments show that resonator quality may be 
linked to chemical impurities. So we must be able 
to measure the foreign atoms in this crystal even 
if impurities are as small as trace elements. 

Several methods are useful for determining 
trace contaminations in a material. Some of them 
permit a surface chemical analysis on the sample. 
Such methods are very sensitive to the local impurity 
concentrations. 

The others more chemical permit a bulk analysis 
because the crystal is dissolved in a solution. These 
n~eihods give an average value of the element concen- 
tration. On the reverse they add, during the sample 
preparation, the risk of an unknown contamination. 

In spite of the difficulties linked to the 
solution preparation we have chosen the Argon plasma 
emission spectrometry called ICP. The plasma tempe- 
rature which in about 6 to 10 000 Kelvin gives a 
complete ionisation. Then we have the possibility to 
measure a great number of elements at the same time. 

Preparation and measurement 

The quartz crystal is dissolved in a hydrofluo- 
rliydric solution. Silicon atoms give with fluorine 
a gazeaous componant leaving tlie solution during tlie 
attack. Other atoms, except Boron, remain in the 
solution so wa can measure them. 

The quartz we want to study are quartz of a very 
high purity, so wa have tried to avoid all causes of 
contaminatio~~ : 

those associated with the grinding, 
those associated witht the chemical compounds. 

Preliminary results have shown that with the 
quartz we have foreign atoms coming from Ltie bowl 
used for grinding t.he crystal before the chcmical 
attack. Then instead of a grinding we produce a ther- 
mal shock which splits the crystal before the attack. 
The attack is made using a reflux method avoidirlg as 
much as possible all the contaminations. 

Notice tho boron determination needs a special 
preparation. This element gives as silicon a volatile 
compound with fluorine. Therefore boron is lost during 
the attack except if it makes a stong chemical complex 
with manitol. On the spectrometer the measure is made 
by comparison with standard solutions. With each 
element we use two or Lhree emission bands. 

To be able to compare results obtained with dif- 
ferent samples we add the same amount of scandium 
atoms in the solution. We can do it becaitse the 
presence of this element is not known in quartz. 

Results 

After controling the efficiency of the analytical 
method we started analysis on different natural or 
cultured quartz. 

Among natural quartz we have chosen quartz of 
a very low quality and some others we corlsider as 
good quality quarts because of tlie quality of the 
blocks and their transparency. 

With wultured quartz we also have two kind of 
samples : those with which we only have a precut 
block cut in a 2 growth zone, and those we have cut 
in blocks as grown from the autoclave. 

With the last one we have been able to analyse 
the main growth zones : those are the both 2, -X, +S 
and S growth zones. So we have been able to comparethe 
results of samples with the same make up. 
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As this study concerns only the quality of quartz 
crystals and not the comparison between the quartz 
manufacterers our results are anonymously presented. 

In order to compare results, we present those 
with which the same analysis are made. The comrnun 
elements are Al, Ca, Na, K, Li, Ti, Fe, Co with an 
exception with boron. This element is not measured 
on every sample because its importance was not under- 
stood at the beginning of this study. 

Results are expressed by the number of actual 
atoms of a given element versus 1 000 000 silicon 
atoms. We also add a number equal to the sum of all 
the foreign atoms. This number permits a quick compa- 
rison of the impurity containt of a quartz. This 
number is not an absolute criterium of the crystal 
purity because iL is linked to Lhe number of the 
measured elements. 

We have 68 results : 15 on natural quartz and 53 
on cultured quartz. Therefore, we have a great amount 
of values. Before a discussion we need an introduction 
of the values we may find in this work. 

A first indication is given table 1 with the 
average values of the eight analysed elements calcula- 
ted from the followings samples : 

4 samples of low quality natural quartz 
1 1  samples of a higher quality natural quartz 
33 samples of cultured quartz coming from 7 

blanks we have cut in blocks as grown from the auto- 
clave. With these samples we distinguish the Z. -X, 
t X  and S growth zones. The analytical results are 
presented in the appendix. 

'Pable 1 : Avmage v d u e  o t  €he e i g l t t  & e m e l m  611 

11~4wla.t qulVLtz a11d i i t  t h e  Jowl g ~ o t u t l ~  
z o ~ ~ e n  o b t a i n e d  i n  Y cub. 

-- 

A1 
Ca 
Na 
K 
1.i 
Ti 
Fe 
Co 
B 

The quartz we call low quality quartz are smoked 
or pink or amethyst quartz. Their impurity containt 
is very high compared to the others we have called 
pure quartz. 

With the cultured quartz we find the expected 
results. The average content of foreign atoms is the 
lowest with the Z growth zones. Then we have the tX, 
- X  and S zones. We can find the same classification 
if we compare the IR spectra of these growth zones. 

Now consider the first two elements : aluminium 
and calcium. They have a very different behaviour. 
The Z growth zones have less aluminium then the 
others. With the calcium atoms we can find a more 
regular distribution between the growth zones. 

Comparison of the Z ~rowth zones of a same quartz 

In table 2 we present a comparison of the foreign 
atom content of the both Z growth zones coming from 
the same quartz block. Seven differents quartz are 
presented. 

Natural Quartz 
L--. --- .-.- 
Common Clear 

Table 2 : L'll&cd C O I I I ~ O ~ ~ ~ ~ O I I  06 both  g~otuf l t  zolled 
one *eve11 Y cut. 

Cultured Quartz -_-- - _  __ - -.--- 
Z zone +X zone -X  zone S zone 

260 
10 
59 
6 

199 
0.9 
13 
0.02 
3 

550.9 

There is a very important difference between the 
two Z growth zones of a same cultured quartz. There is 
a ratio close to 2/3 between the total foreign atom 
content. If we consider this effect on each element 
there are no correlation between the observed varia- 
tions. But a difference is visible between the two 
zones. This effect is not associated to a low quality 
quartz. Normaly a quartz with a containt of 3 or 2 
aluminum atom versus 1 000 000 silicon atom is consi- 
dered as a good quartz (samples B and G). 

This result is a confirmation of our previous 
observations made with IR spectra. Iiowever such a dif- 
ference between the Z growth zones is inexpected. 
Figure 1 we have both Z growth zones of the E sample 
spectra when the observation is made at the nitrogen 
temperature. 

15 
8.2 
12 
2.7 
4.8 
0.1 
1.7 
0.04 
4.4 

49.04 

33 
3.1 
3.71 
0.9 
16 
1.3 
1.6 
0.09 
0.06 

59.75 

150.5 
7.12 
74.6 
2.5 
01.08 
0.3 
1.08 
0.03 
0 

327.29 

46.2 
8.8 
26.6 
3.6 

23.3 
0.19 
2.3 
0.02 
0.1 

110.51 

63.02 
11.8 
24.1 
4.19 
22.2 
0.17 
2.49 
0.03 
0 

128 



Figure 3 : IR npectha 06 ten  pcutn cut  i n  a Y cut  whehe the Z ghowtlz zones 
m e  btaekened by gamma h a c t i a t i o n .  

Table 3 : I'ltemicd ancdgnh 04 tlze t o ~  pc~& p t e ~ e ~ t t e d  &igm~. 3 .  



Figure 1 : IR .)pec,ha 06 both Z ghowth zoiled, nanlple E .  

Electrical equilibrium 

The electrical equilibrium inside the quartz may 
be evaluated. Remember that if we have substitution of 
a tetravalent silicon atom by a trivalent aluminum 
atom we must have in the nekborough of the aluminum 
atom a positive electrical charge. 

Let us take two characteristic examples. In the 
first one we have almost as many aluminum atoms as 
alcaline atoms figure 2.a. In the second one we have 
nearly the same equilibrium but (figure 2.b) the 
silicon atom substitution is made by both aluminum 
and boron atoms (boron as aluminum is a trivalent 
atom). If we calculate precisely this electrical equi- 
librium or if we consider other examples we may obser- 
ve that this equi 1 i brim is not exact. We must not 
forget that the number of foreign atoms concerned is 
very small in comparison with those of silicon. In 
the presented examples there are respectively 77 and 
20 atoms versus 1 000 000 silicon atoms. That only 
indicates that the actual equilibrium is obtained 
by several other ways as hydrogen atoms, not seen by 
I C P  analysis, or electron holes. 

The chemical analysis also presents some unexpec- 
ted behaviour. We have a very important amount of boron 
atoms. The strange result is that we can believe that 
some parts of the quartz are good if we only take into 
account the observed aluminum content. 

Observation of precut Z growth zones 

Again the presented samples come from different 
manufacturers. The results table 4 indicate that we 
may find some very good quartz with a very low ahrmi- 
niun c:ontent. We observe again boron and calcium atoms 
Lhcir presence is also nnusual. Hut we are unable Lo 
observe the previous result saying both Z zones ere 
different. 

Table 4 : Chemicd a i ta ly6h 06 nolne paec1i.t block4 ill 
the 2 fiko~uth zone. Sample H - X Sample H Z2A 

Observation of natural quartz 

Figure 2 : Cltenicd coniponitiob~ ( i l l  r~umbeh 04 a t o w )  
06 .&JO cltnttacLemhtic qi imtz.  

Sl.udy of a quartz showing colot.at:ion 
in tile Z growth zone 

The chemical analysis on the sample we have 
considered as good quality quartz are presented table 
5. The aluminum content of these quartz is high if 
we compare to the previous results concerning cultured 
quartz. The calcit~n~ conl.ent in reverse seems t o  be 
small. 

Normally when a quartz is irradiated, the 2 
growth zones are not colored. With the sample called 
H we have observed a blackening in some parts of tile 
Z zones. The sample has been cut in ten parts corres- 
ponding to the normal growth zones and to the abnor- 
mally colored zones in the Z zones, Figure 3. 

Results of IR spectrometry at the liquid nitrogen 
temperature and ICP analysis are a180 presented table 
3. 
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Table 5 : Ckenricd a l t d y d d  06 tlatwld quahtz 06 
"good c j l t ~ y " .  

Conclusion 

All these chemical analysises we have presented 
indicate that quartz is a very strange material. 

Two main results may be considered : 

First in a cultured quartz the both Z zones are 
not equivalent. It is possible to distinguish them. 
This is important if we need the best quartz we may 
have. 

Second in a quartz we may have many unexpected 
atoms as calcium and boron. 

Calcium is principally found in cultured quartz. 
Perhaps it is possible to avoid such a contamination 
during the preparation of the autoclave. If we have 
calcium atoms in quartz, the calcium may be associa- 
ted to aluminum atoms giving locally an association 
close to the plagiaoclase CaA12Si20g. 

The presence of some boron atoms in quartz seems 
to be quite natural. This atom is as aluminum a tri- 
valent atom it may enter in the quartz structure 
replacing a silicon atom. 

We do not know the consequences of boron atoms 
on the behaviour of a quartz resonator, but is we 
have boron atoms we have less aluminum atoms and 
the quartz seems less contaminated. 

All theses results are preliminary results we 
must analyse more quartz samples and correlate their 
properties as resonator with their impurity content. 

We would like to express our thanks to the D.R.E.T 
(Direction des Recherches Etudes et Techniques) of 
the Ministry of Defense who sponsored this research. 

Appendix 

Chemical analysis of seven samples cut in Y cuts. 
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ABSTRACT 

I o n  Beam M i l l i n g  i s  a technology commonly used 
t o  manufacture ve ry  t h i n  q u a r t z  p l a t e s ,  so t h a t  t h e  ' 

f i n a l  f requency ob ta ined  exceeds severa l  hundred MHz 
i n  fundamental mode w i t h  AT-cut. 

The t r a d i t i o n a l  chemical  su r face  damage occur ing  
d u r i n g  chemical removal i s  no longer  observed w i t h  
t h i s  process. Never theless,  c e r t a i n  t y p i c a l  
i m p e r f e c t i o n s  such as h i l l o c k s  and p i t s  rema in ing  a r e  
incompat ib le  w i t h  t h e  p r o p e r t i e s  r e q u i r e d  f o r  UHF and 
VHF resona to rs .  So, i t  i s  impor tan t  t o  understand 
t h e i r  o r i g i n  t o  overcolne t h i s  major  drawback. 

I n  t h i s  paper, a few exper iments a r e  r e p o r t e d  t o  
show t h e  i n f l u e n c e  of t h e  i n i t i a l  su r face  f i n i s h  on 
t h e  f i n a l  topography of t h e  q u a r t z  p l a t e .  Futhermore, 
Scanning E l e c t r o n i c  Microscopy (SEMI i s  used t o  p o i n t  
o u t  t h e  connec t ion  between t h e  d e f e c t s  in t roduced  by 
mechanical l app ing  and p o l i s h i n g  and t h e  sur face  
damage r e s u l t i n g  f rom i o n  beam e t c h i n g .  

A p r e p a r a t i o n  of t h e  q u a r t z  p l a t e s  i s  proposed 
t o  achieve a smooth su r face  d e s p i t e  t h e  h i g h  r a t e  o f  
m a t e r i a l  removed. Moreover, we w i l l  show t h a t  t h i s  
technology does n o t  generate i m p e r f e c t i o n s .  On t h e  
c o n t r a r y ,  i t  may p o l i s h  t h e  su r face  i n  some p a r t i c u l a r  
cases. I n  conc lus ion ,  Transmiss ion E l e c t r o n i c  
Microscopy (TEM) i s  a p p l i e d  t o  prove t h a t  these 
i m p e r f e c t i o n s  a r e  n o t  connected w i t h  a 
c r y s t a l l o g r a p h i c  problem. A g raph ic  model i s  proposed 
t o  e x p l a i n  t h e  appearance and t h e  e v o l u t i o n  of these  
t y p i c a l  i o n  beam p i t s .  

INTRODUCTION 

La f a b r i c a t i o n  de resona teurs  8 q u a r t z  i m p l i q u e  
l a  connaissance e t  l a  m a i t r i s e  des techno log ies  
s p e c i f i q u e s  de son usinage. Les methodes mecaniques 
h a b i t u e l l e s ,  rodage e t  po l i ssage ,  s u f f i s e n t  a l a  
r e a l i s a t i o n  de s t r u c t u r e s  s imples,  pour des lames 
"p lan-p lan"  ou "plan-convexe" par  exemple. Mais des 
c o n f i g u r a t i o n s  p l u s  complexes son t  conGues a p a r t i  r 
d ' a u t r e s  procedes comme l ' u s i n a g e  u l t r a - s o n o r e ,  
l ' u s i n a g e  i o n i q u e  e t  l ' u s i n a g e  chimique. 

La d i s s o l u t i o n  chimique dans un b a i n  de 
b i f l u o r u r e  d'ammoniurn e s t  t r i b u t a i r e  de son c a r a c t e r e  
ani  sot rope q u i  d e t e r i o r e ,  p l u s  ou moins rapidement 
se lon  l ' a n g l e  de coupe du mater iau,  1 ' e t a t  de sur face 
des lames (1-3). Or 1 l o b t e n t i o n ,  p a r  proceda d c a n i q u e  
d 'abord  p u i s  l a  conserva t ion  du p o l i  op t ique  s ' i l  
i n t e r v i e n t  d ' a u t r e s  us inages u l t f i r i eu rement ,  e s t  une 
g a r a n t i e  d ' u n  bon fonct ionnement  e t  d ' u n  bon 

c o e f f i c i e n t  de q u a l i t e  Q du  resona teur .  

Les methodes c l a s s i q u e s  de rodage e t  de 
p o l i s s a g e  ne permet ten t ,  quant a e l l e s ,  que 
l ' o b t e n t i o n  de f requences beaucoup p l u s  basses : 50 
MHz en coupe AT:35, s o i t  une Cpaisseur  f i n a l e  de 35 
microns pour  l e s  lames. 

L 'us inage  i o n i q u e  a permis de r e a l i s e r  des 
resona teurs  m a t e r i  a1 i ses par  des 1 ames extrCmement 
f i n e s ,  pouvant f o u r n i r  des frequences de l ' o r d r e  de 
p l u s i e u r s  cen ta ines  de Megahertz en coupe AT (4-91, 
v o i r e  du G igaher tz  (10) .  C ' e s t  ce  q u i  a permis son 
developpement dans l e  mi  1 i e u  i n d u s t r i e l ,  notamment 
pour r e a l i s e r  l ' aminc issement  c e n t r a l  des lames. 

11 - OBSERVATIONS DES OEFAUTS -.------- --  .--. -------  

La s t r u c t u r e  "MESA i n v e r s e "  ( c f .  F i g u r e  1 )  avec 
des coupes AT:35 e s t  au c e n t r e  de n o t r e  Ctude. 

F i g u r e  1 : S t r u c t u r e  "MESA i n v e r s e "  -- 

Un i r i s  masque l e  pour tour  de l a  lame e t  
l ' a rn inc issen~ent  extreme se f a i t  uniquement au c e n t r e ,  
au n iveau  de l a  zone v i b r a n t e  03 seron t  dCposees l e s  
e lec t rodes .  

Nous pouvons donc observer  a l a  f o i s  l a  surface, 
us inee ioniquement (zone 1 ) e t  l a  s u r f a c e  d ' o r i g i n e  
(zone 2 ) pour  comparaison. 

Nous avons concen t re  n o t r e  recherche sur  l e s  
m o t i f s  apparus dans l a  zone 1 . 11s son t  
c a r a c t e r i s t i q u e s  mais peuvent G t r e  t r P s  d i f f e r e n t s  : 
c e  peu t  i t r e  des bosses ( c f .  F i g u r e  21 ,  des c reux  e t  
des canes ( c f .  F i g u r e  3 ) .  

EFTF 89 - Besan$on 



m a t i e r e  evaporee, nous pouvons c l a s s i f i e r  ces @ t a t s  de 
s u r f a c e  en deux c a t e g o r i e s  : ceux q u i  possedent des 
s t r u c t u r e s  en c r e t e s ,  e t  ceux q u i  r e v e l e n t  des 
s t r u c t u r e s  chniaues.  

Ceci donne l i e u  a une a p p l i c a t i o n  p r a t i q u e ,  en 
a n g l a i s  sous l e  nom " i o n  beam t e x t u r i n g "  (12 )  oir 1  ' o n  
c o n s t a t e  en e f f e t  l a  g e n e r a t i o n  de c6nes en f o r t e  
d e n s i t e .  Cependant, nos e s s a i s  l a i s s a i e n t  supposer 
q u ' u n  a u t r e  pl~CnomPne p o u v a i t  k t r e  d l ' o r i g i n e  de ces 
d e f a u t s .  

111 - LES ESSAIS - - - -- -- - . . - 

Un grand nombre de lames q u i  e t a i e n t  s o i t  
d i rec tement  e x t r a i t e s  d ' u n e  p r o d u c t i o n  i n d u s t r i e l l e ,  
s o i t  preparees specia lement  B p a r t i r  de c e l l e - c i ,  o n t  
f a i t  l ' o b j e t  de deux p r 6 p a r a t i o n s  d ' e t a t  de su r face .  
Neanmoins, pour  t e n t e r  de de te rm iner  exactement ce q u i  
d o n n a i t  na issance  aux i m p e r f e c t i o n s  i n c r i m i n e e s ,  nous 
avons f a i t  j o u e r  l e s  parametres s u i v a n t s  : 

F i g u r e  2  : Bosses r e v e l e e s  p a r  us inage  i o n i q u e .  - Q u a l i t 6  du m a t e r i a u  : standard,  "premium Q", 
swept. 

- O r i g i n e  du m a t e r i a u  : de d i f f e r e n t s  
f o u r n i s s e u r s .  

- P r e p a r a t i o n  de l a  s u r f a c e  avan t  l ' u s i n a g e  
i o n i q u e  : p o l i s s a g e  mecanique t r a d i t i o n n e l ,  
p o l i s s a g e  mecano-chimique. 

Les phases de p r e p a r a t i o n  @ t a n t  d 'une  ext reme 
impor tance,  il e s t  n e c e s s l i r e  de l e s  d e c r i r e  avec 
p r e c i s i o n .  Dans l e  souci  de comparer l e s  r e s u l t a t s ,  
nous avons t r a v a i l l e  su r  des lames i n i t i a l e m e n t  a 21 
MHz 179,5 microns d ' e p a i s s e u r ) ,  e t  q u i  son t  p o r t e e s  
j u s q u ' b  30 MHz ( 5 6  mic rons )  p a r  rodage p u i s  p o l i s s a g e .  
L ' u s i n a g e  i o n i q u e  l e s  amene e n f i n  aux a l e n t o u r s  de 115 
MHz (14,5 m i c r o n s ) .  

Apres un prerodage s u i v a n t  d i r e c t e m e n t  l e  
sc iage  des lames de q u a r t z ,  s ' e n s u i t  un rodage e t  un 
p o l i s s a g e  lnecanique avec des a b r a s i f s  adaptes, dont  l a  

Figure : Cuvettes et c6nes par usinage t a i l l e  des g r a i n s  d iminue r e g u l i e r e m e n t  a f i n  d ' a b o u t i r  

i o n i q u e .  8 un e t a t  de s u r f a c e  q u a l i f i e  de " p o l i  o p t i q u e " .  Mais, 
une o b s e r v a t i o n  s o i  qneuse des 1  ames en ml c r o s c o p i  e  
o p t i q u e  d ' a b o r d  p u ~ s  e l e c t r o n i q u e  8 balayage,  a  permis 
de remarquer que t o u s  l e s  de fau ts  q u i  appara issen t  
avec l ' u s i n a g e  i o n i q u e  e t a i e n t  en e t r o i t e  r e l d t i o n  . 
avec l e  nombre de p e r t u r b a t i o n s  r 6 s 1 d u e l l e s  ( r a y u r e s ,  
creux,  e c l a t s ,  ... ) apres l e s  etapes mecaniques de 

Toutes ces f o r m a t i o n s  possedent un axe de p r e p a r a t ~ o n .  Notons soigneusement q u ' a  ce n i veau ,  
symet r ie  B cause de l a  r o t a t i o n  du p l a t e a u  suppor tan t  aucun des d e f a u t s  que nous avons pu observe r ,  
l e s  lames au cours  de l ' u s i n a g e .  n l @ t a i e n t  p r o t u b e r a n t s .  

L ' u s ~ n a g e  i o n i q u e  a r rache  l e s  atomes de l a  c i b l e  
exposee au bornbardement e t  donc, 11 e s t  e t r o i t e m e n t  
r a t t a c h e  au ph6nomPne de p u l v e r i s a t i o n  de l a  n ia t i e re .  
C ' e s t  a i n s i  que l a  p l u p a r t  des au teurs  q u i  o n t  e t u d i e  
l e  probleme des s t r u c t u r e s  apparues apres un us inage 
i o n i q u e ,  notamment l a  f o r m a t i o n  des cBnes sur  l a  
q u a r t z  (11-14) ou d ' u n e  f a c o n  p l u s  genera le  su r  l e s  
mate r iaux  a f o r t  t aux  de p u l v e r i s a t i o n ,  a t t r i b u e  ce 
probleme 8 un phenomene de masquage l o c a l  de l a  
s u r f a c e  exposee. 

En f o n c t i o n  de l a  n a t u r e  de l a  c i b l e  e t  de l a  

Eous avons donc developpe une methode de 
p r e p a r a t i o n  extr6111ement so ignee pour  e l i m i n e r  au rnieux 
t o c ~ t e s  ces i n ~ p e r f e c t i o n s ,  non seulement c e l l e s  
v i s i b l e s ,  mais auss i  c e l l e s  even tue l lement  cachees 
( 1 5 ) .  Entendons par  18 que l a  couche amorptie q u i  
r e s u l t e  du p o l i s s a g e  mecanique ne d o i t  en aucun cas 
d i s s i m u l e r  des d e f a u t s  sous un aspec t  " m i r o i r "  
uniquement s u p e r f i c i e l .  C e l u i - c i  r e s u l t e  de ce que 
nous p o u r r i o n s  a s s i m i l e r  p a r  a n a l o g i e  a un ec rou issage  



ou encore a un glacage. Nous proposons en consequence 
une preparaLion mecano-chimique des sur faces,  i n c l u a n t  
des trempages dans l e  b i f l u o r u r e  d'ammonium, pour 
S l i m i n e r  t o u t e  amorphisat ion au f u r  e t  B mesure du 
p o l i s s a g e  e t  e v i t e r  son e f f e t  d i s s i m u l a t e u r .  

3 - 3 1  L 'us inage  i o n i q u e  des lames 

Les lames sont  c o l l e e s  sur  l e  p l a t e a u  
tournan t ,  i n c l i n e  a 35" par  r a p p o r t  au f a i s c e a u  
i n c i d e n t ,  avec une g r a i s s e  au S i l i c o n e .  La r o t a t i o n  du 
support  e l i m i n e  l e s  e f f e t s  d ' h e t e r o g e n e i t e  d 'us inage  
e t  amPne a i n s i  une q u a l i t e  d 'exper ience  par fa i tement  
cons tan te  pour l e s  d i f f e r e n t e s  lames. C e l l e s - c i  son t  
p lacees su ivan t  une d i s p o s i t i o n  "camembert" (C f .  
F i g u r e  4 ) .  L ' impac t  i o n i q u e  perd  sensiblement de son 
i n t e n s i t e  quant on s ' e l o i g n e  du c e n t r e  e t  nous 
obtenons a i n s i  d i f f e r e n t e s  profondeurs us inees q u i  
i n t e r v i e n n e n t  dans l a  t a i l l e  des m o t i f s  apparus. Par 
a i l l e u r s ,  on pour ra  es t imer  que tous  l e s  specimens 
p laces sur  un c e r c l e  de m6me rayon  auron t  subi  une 
meme a t taque  e t  en consequence, pour ces L c h a n t i l l o n s ,  F i g u r e  5 : Sur face  i n i t i a l e  "pol ir&canique". 
s i  des d i f f e r e n c e s  de t e x t u r e  apparaissent ,  e l l e s  
se ron t  dues essen t ie l l ement  a l a  n a t u r e  des lames. 
Cer ta ines  d ' e n t r e  e l l e s  o n t  e t e  r e t i r e e s  a l o r s  
q u ' e l l e s  ava ien t  a t t e i n t  l a  f requence de 70 MHz, l e s  
au t res  110 MHz. Les observa t ions  o n t  e t e  f a i t e s  en 
microscopie e l e c t r o n i q u e  B balayage. 

PQ. mtoanique PQ, mecnno-chirnique 

standard rnkuarliqur / \ 
standard, mtcnno-chirniquc 

F i g u r e  4  : Essa i  en d i s p o s i t i o n  "camentbert" 

DBs l ' i n s p e c t i o n  en mic roscop ie  opt ique,  nous 
avons pu c o n s t a t e r  que l e s  lames ayant  subi  l a  
p r e p a r a t i o n  mecano-chimique a v a i e n t  un taux  t r B s  bas, 
v o i r e  n u l ,  de de fau ts ,  con t ra i rement  aux a u t r e s  lames 
du p la teau .  

I V  - RESULTATS ET INTERPRETATION 

4.1/ R e s u l t a t s  des e s s a i s  

L ' o b s e r v a t i o n  en rn icroscopie e l e c t r o n i q u e  
a balayage a  f o u r n i  des c l i c h e s  t r e s  s i g n i f i c a t i f s  
( c f .  f i g u r e s  5, 6, 7 ,  8 ) .  

F i g u r e  6 : Sur face  " p o l i  m6caniqueU apres us inage 
i o n i q u e .  

F i g u r e  7 : Sur face  i n i t i a l e  " p o l i  dcano-ch im ique" .  



Figure 8 : Surface "poli dcano-chimique" apres 
usinage ionique. 

Nous remarquons nettement que l'apparition 
des cbnes est en lien etroit avec la presence de 
defauts residuels sur la surface, essentiellement des 
crew!!, et nous pouvons dire des a present que : 

L'etat de surface final obtenue apres un 
usinage ionique depend principalement de l'etat de 
surface initial de la lame de quartz. 

Nous constatons en effet sur ce cliche que 
toutes les rayures presentes initialement n'ont pas 
et6 translatees par l'usinage ionique. La profondeur 
de la perturbation et 1 'inclinaison de ses flancs par 
rapport au plan de refgrence interviennent. Nous 
alloris donc developper une hypothese sur l'evolution 
de ces defauts que nous avons appelee "l'effet 
d'ombrage". En effet, une analyse par spectroscopie 
rayons X n'a decele aucun element chimique residuel, 
susceptible d'avoir proteqe localement la surface. 
D'autre part, une etude en microscopic electronique a 
transmission n'a revel@ auctrne perturbation 
cristallographique interne sur les sites des defauts. 

4.2/  Effet d'ombrage - - - - - - - . - -- - 
C'est celui qui est a priori a l'origine 

des defauts que nous avons observes lors de nos 
essais. 

Apres un polissage imparfait, i l  subsiste 
generalement 2 certains endroits, des petits creux que 
nous representerons en coupe par deux flancs (figure 
10). Sous une incidence non verticale par rapport ii la 
surface de quartz, les bords de ces trous peuvent 
proteger le fond du bornbardement ionique. Cela se 
produira si la pente de ces flancs, mesuree par 
rapport d la surface de refkrence, est super~eure a 
l'angle d'incidence du faisceau, soit d'apres le 
dessin ci-dessous, si Y > . C1est ce que nous 
avons appele le ph@nom@ne d'ombrage. 

L'explication par masquage local est 
exclue du fait de la disposition "camembert". Suivant 
les secteurs, nous pouvions observer soit un fort taux 
de defauts (cdnes ou autres), soit quasiment aucun, 
respectivement pour une prgparation mecanique ou 
mecano-chimique de la surface initiale. Toutefois, le 
defaut initial lui-mGme doit gtre consid6r6, comme le 
montre la figure 9. 

Fiaure 10 : Effet d'ombraae. 

Dans notre etude, nous avons pris en 
coinpte 1 'effet de 1 'angle de coupe du ~nateriau au 
niveau de l'apparition des defauts de l'usinage 
ionique, en exploitant une courbe experimentale. Cette 
courbe @tablie pour une coupe AT:35 inclut : 

- 1 'effet microscopique du degl-6 
d'orientation du faisceau d'ions, 

- la variation de la densite du faisceau 
lie a l'orientation de 1'6chantillon. 

Le developpement des c6nes peut donc 
s'envisager suivant le processus decri t ci - al"'e5 
(figure 11). 

Figure 9 : Defauts de rayures. -- 



Figure  11 : Pr inc ipe de croissance des canes par 
1 ' e f f e t  d'olbrage. 

Nous en deduisons deux consequences. La 
premiere es t  que l e s  cBnes peuvent avo i r  d i f f e ren tes  
hauteurs correspondant a l eu r  temps de croissance au 
centre de l a  cuvette. La seconde consequence es t  que 
l e  f lanc  des cdnes posshde des pentes l i e e s  I l ' ang le  
d ' incidence du faisceau d' ions.  Les travaux de 
cer ta ins  auteurs (16) conf i rment c e t t e  dependance 
"angle du cdne - angle d ' incidence) a t ravers  l eu rs  
observations. 

En f a i t ,  s i  1 l ' o r i g i n e  l ' a n g l e  
d ' incidence du faisceau es t  de a , 1 'angle d ' incidence 
maximum qui  f rappera l e  f l a n c  du cBne l o r s  d'une 
revo lu t i on  du plateau tournant sera de 20 ( f i gu re  12). 

. Figure  12 : Dependance 'angle du cBne - angle 
d '  incidencen. 

Pour un cdne donne, toutes ces 
generatr ices seront frappees par l e  fa isceau sous une 
incidence var ian t  de 0" a 2a ( f i gu re  13).  

F igure  13 : Evolu t ion  de l ' ang le  d ' incidence sur l e  - 
cane. 

Nous pouvons donc penser que l ' a t t aque  du 
f l anc  des canes sera maximale, e t  donc ent ra inera  l e u r  
diminution, vo i re  l eu r  d i s p a r i t i o n  t o ta le ,  s i  pour une 
r o t a t i o n  du plateau de support des lames, ces f lancs  
subissent un us inate  maximal, donc s i  : 

es t  maximale. 

V es t  l a  v i tesse d'usinage du quartz en I 
fonc t ion  de l ' a n g l e  d ' incidence du faisceau ionique. A 
p a r t i r  de l a  courbe experimentale de c e t t e  v i tesse 
( c f .  f i g u r e  141, nous avons t race l a  courbe I = f ( o ) ,  
e t  nous constatons que pour un maximum d'usinage 1 
1 'angle d ' incidence a = 50°. 1 e s t  maximale pour 

= 33O ( c f .  f i g u r e  15) .  
a I M X  

Les observations experimentales confirment ce 
r e s u l t a t  (4. 8, 17) : on ernploie couranunent un angle 
= 35" environ, pour justement minimiser au maximum 
l ' a o o a r i t i o n  des defauts ioniques. 

ugle 
Flgure  14 : Courbe VI (N) 



F i g u r e  15 : Courbe I = f ( d ) .  

V - MISE EN EVIDENCE DU "POLISSAGE" IONIQUE 

Maintenant  q u ' i l  e s t  p o s s i b l e  d ' o b t e n i r  des 
lames usinees par  v o i e  i o n i q u e  possedant un bon e t a t  
tle sur face,  rlous avons ten te ,  su r  un c e r t a i n  nombre 
d ' ~ c l ~ a n t i l l o n s ,  une d i s s o l u t i o n  chimique.  

A i n s i ,  l a  d i s s o l u t i o n  dans l e  b i f l t r o r u r e  
d'amn~onium s ' e f f e c t u e  simultanement su r  l a  su r face  
p o l i e  tnecano-chimique~aent ( s u r f a c e  i n i t i a l e )  e t  su r  l a  
sur face " i o n i q u e "  d 'une  meme lante. Nous pouvons 
comparer l a  d e n s i t e  des m o t i f s  c t ~ i m i q u e s  r d v e l e s  
( f i g u r e s  16 e t  17) su r  chacune. 

F i g u r e  16 : Surface i n i t i a l e  aprss d i s s o l u t i o n  
chimique. 

F i g u r e  17 : Surface " ion ique"  apres  d i s s o l u t i o n  
chirnique. 

Nous cons ta tons  que l a  d e n s i t e  des ~ i ~ o t i f s  e s t  
nettentent superieul-e su r  l a  s u r f a c e  l n l t i a l e  
"rnecano-cllim~ que". Corrupe ces m o t i f s  o n t  tendance A 
a p p a r a i t r e  su r  l e s  p e k t u r b a t i o n s  ae l a  sur face au 
cours de sa d i s s o l u t i o n  (21,  nOus pouvons donc p a r l e r  
d ' u n  r e e l  p o l i s s a g e  i o n i q u e .  En f a i t ,  11 ne sera 
e f f i c a c e  q u ' a  p a r c i r  d 'une  sur face  i n i t i a l e  d e j a  
soignee, e t  en sera d ' a u t a n t  p l u s  p e r c e p t i b l e .  

V I  - CONCLUSIONS --- 
Ces i n t e r p r 6 t a t i o n s  su r  l l appar i : i on  de d e f a u t s  

ion iques  son; t o u t e s  deux basees sur  des c o n s t a t a t i o n s  
exper imenta les.  E l l e s  on t  foul -n i  une a i d e  a l a  
comprehension de l e u r  o r i y i n e ,  ombrage ou Inasquaye, e t  
pe rmet ten t  donc d 'env isager  des s o l u t i o n s  concrPtes.  
Pour 1 ' e f f e t  d i t  d'o~lrbrage, l a  r i ~ ~ t t t o d e  du p o l  i ssage  
reecano-chirl~ique a f o u r n i  oes r e s u l t a t s  s a t i s f  a i s a n t s .  
Pour @ v i  t e r  l e  inasquage, des s o l u t i o n s  tect in iques 
comme l ' u s i n a g e  i o n i q u e  r e a c t i f  on t  St6 developpees 
(18) .  Le c o n t r b l e  des e t a t s  de s u r f a c e  en us inage 
i o n i q u e  e s t  c a p i t a l .  Tout d 'abord ,  il permet l a  
f a b r i c a t i o n  de resona teurs  VHF e t  UHF possedant un bon 
c o e f f i c i e n t  de qua1 i t d ,  mais il ouvre egale~nent  
d ' a u t r e s  hor i zons  au n iveau  de l ' u s i n a g e  chimique.  
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SAV VOLTACE CONTROLLED OSCILLATOR USING HYBRID TBCENOLOGY 

ABSTRACT 

L. PENAVAIRE and 8. GAVTIER 

THOHSON-SINTRA-ASM/DTAS 
399, route des crCtes - Parc de Sophia-Antipolis 

06561 Valbonne Cedex - France 

A delay line oscillator is in principle 
multi-freauency, the various freauencies beinn 1/t 
apart. ~d achieve single frequel;cy operation, one 

Surface Acoustic Wave (SAW) technology allovs building makes use of the ba~~dpass filter characteristic of the 
of medium to high 0 oscillators which operate in the delay line : the 6-dB bandvidth vill be chosen approx. 
VaF and UHF frequency range and which are very equal to 1 / ~  (see Fig. 2). Finally, the phase shifter 
comPact. The new family of VCOs described here employs vill allov the freauencv of oscillation to be varied 
a SAW delay line as the stabilizing element and makes provided the loop 'gain*margin remains positive. The 
use of hybrid techniques to limit the overall size of frequency deviation is 
the component and exhibit high reliability. 
Custom -design of the acoustic delay line- controls the 
center frequency, chosen betveen 150 and 450 MHz, and 
the tuneability range, below 0.6%. Very good linearity 
(10X) together vith low phase noise floor (-140 
dBc/Hz) are obtained. The source is housed in a flat 
16-pin package and HTBF over 300,000 hours is 
predicted at 60°C. 
This line of product is qualified for airborne and 
ground environment. Hajor applications are presented. 

Surface Acoustic Wave (SAW) technology allows the 
building of two classes of high quality oscillators : 
very lov-noise sources vhich make use of resonators, 
and medium stability fixed or variable oscillators 
vhich employ a delay line as the stabilizing element 
(Fig. 1). 
We wish here to deal vith the latter class and to 
present a nev family of voltage controlled oscillators 
(VCOs) vhere hybrid technology is used to reduce the 
overall size, achieve very high reliability and allov 
for a full qualification of the product. 

1. - DESIGN 

The nev product family bears the name SLC5000. The 
major design goals are summarized in Table 1. 

Center frequency 150 to 450 MHz 
Freq. control range 0.1 to 0.7 % 
Freq. control linearity < 10% 
Output pover level > 10 dBm 
Phase noise floor < -130 dBc/Hz 
Temperature range -55 to +85OC 

Bias and control voltage inputs 
Flat Package vith thickness < 5 mm 

TABLE 1 - Design goals of SLC5000 

The general architecture of the oscillator is that 
schematically represented in Fig. 1 : the oscillating 
loop consists of a wideband amplifier in series vith a 
SAW delay line and an electronic phase shifter. The 
delay line operates as the stabilizing element and the 
equivalent 0-factor of the loop is given by 

vhere t is the acoustic delay. 

AF = AO,,, / 2nt 

vhere PO,,,, is the ntaximum phase shift. 

To obtain a good to n~ediunl stability source, the 
~~inimum 0-factor is set at 200. 111 addition the 
maximum practical phase shitt is around 140 deg. The 
resulting maximum relative frequency deviation of the 
VCO is therefore li~nited to approximately 0.6%. 
The minimum frequency deviation relates to frequency 
stability : temperature, initial setting and ageing 
effects amount to approximately 400 ppm and the 
practical lover lirnit of the frequency deviation is 
around 0.1%. 

CNTRL 

Fig.1 - Block diagram of a SAW delay line oscillator 

Filter bandwidth 
--> selection of oscillation frequency 
--> tunability 

Fig.2 - Role of the delay line in a SAW oscillator. 
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The oscillator is made of three sub-assemblies : the 
delay line and its tuning circuits, the loop and 
output electronics, the phase shifter (see Fig. 3). 

The delay line is built on quartz, according to the 
basic principles presented above. The crystal cut 
chosen corresponds to a very high turn-over 
temperature close to 90°C. The high linear temperature 
coefficient of the electronic circuitry will make the 
final overall turnover point go down to near 0°C. 
Input and output tuning inductances built on alumina 
are added. 

The loop electronic circuits and the output buffer 
amplifier are designed and built using hybrid 
technology. Thick film resistors and thin film 
inductances are integrated on the alumina substrate ; 
chip capacitors, transistors and one silicon IC are 
added after. 

The phase shifter makes use of a coupled microstrip 
hybrid junction loaded by individually packaged 
varicaps. The external "bias" voltage is directly 
applied to the varicaps, however the "control" voltage 
is first amplified using an operational amplifier 
before being fed to the other side of the varicaps. In 
addition to greater flexibility in the choice of the 
voltage control range, this allows the frequency vs 
voltage response of the VCO to be adjusted. This 
operation is done through laser trimming of resistors 
prior to sealing. 

The complete circuit is housed in either a 16-pin 
single-in-line flat-pack case as shown in Fig. 3 or in 
a 32-pin dual-in-line plug-in type case with the 
identical overall size (42.9 x 19.6 x 4.4 mm). 
Hermetic sealing under dry N, is required to guarantee 
stable characteristics. 

3. - PERFORMANCES 

Various oscillator models have been built. They 
operate between 195 MHz and 305 MHz and the frequency 
control range varies from 0.24% to 0.64%. 

The response of a representative delay line is given 
in Fig. 4 : frequency is 303 MHz, equivalent Q is 175 
and loss is below 30 dB. This line is use in 
oscillator model SLC5103 where the maximum fteqi~enc~ 
deviation is 750 kHz. The frequency control 
characteristic is show11 in Fig. 5 together with the 
10% linearity template. The same characteristic is 
given in Fig. 6 for a wider band oscillator covering 
the range 195.55 + 0.63 MHz. 

Careful design of the electronics and acoustics 
ensures that temperature variations have almost no 
effect on control linearity (see Fig. 7 ) but center 
frequency is shifted in accordance to the quaitz 
parabolic coefficient of 3.10-8 (OC)-= . The turnover 
temperature is generally below 0°C due to the large 
linear temperature coefficient of some of the 
electronic components. 

The phase noise power density of a free running 
oscillator is plotted in Fig. 8 as a function of 
frequency offset from carrier. A classical 1/F2 curve 
is measured from a few kHz onward. The noise floor is 
reached at F/2Q which corrsponds to a few hundred kHz 
and the floor level is -140 dBc/Hz. 

A full qualification test program has been conducted 
following MIL-STD-883C. This included solderability, 
electrostatic discharge sensitivity, steady state 
life, temperature cycling, acceleration, vibration, 
shocks, moisture and salt tests. Conformity to overall 
level B is guaranteed. 

Mean Time Between Failure (MTBF) has been computed 
following MIL-HDBK-217D under AIF (Airborne Inhabited 
Fighter) envionment conditions. MTBF over 300,000 
hours was found at 60°C and 80,000 hours at 100°C. 

Performances are summarized in Table 2 

Fig.3 - Photograph of the assembled VCO. 

Center frequency 180 to 400 MHz 
Freq. setting accuracy 2 20 ppm 
Temperature stability 3.10-~(8 - @,=O~C 
Output power level 8 to 12 dBm 
Frequency control : 
- frequency range 0.1 to 0.7 X 
- voltage range 0 - 5 V  
- control linearity (10% 
- control bandwidth DC-200kHz 

Harmonic ratio - 20 dBc 
Phase noise floor < -140 dBc/Hz 
Power supply +12V/80mA -12V/lOmA 
Temperature range -55 to +85OC 
MTSF ( at 60°C ) 300,000 hours 
Package SIL-16 

TABLE 2 - PERFORMANCES OF SLC5000 SAW VCO SERIES 

I - 2  

293 Frequency 303 (MHz1 313 

Fig.4 - Measured transfer function of a 180 ns SAW 
delay line centered at 303 MHz. 



Fig.5 - Frequency control characteristic at 30°C of a 
narrowband VCO (P - 303.3 MHz, hP s 730 kHz). 

Fig.6 - Frequency control characteristic of a wideband 
VCO (F = 195.5 MHz, AP = 1250 kHz) at 30°C. 

F-IWI 

Fig.8 - Phase noise characteristics of VCO centered at 
210 MHz with nominal OF - 700 kHz. 

DEMOD. - L i D  CUT 

Fig.9 - Major applications of the compact SAW VCO 
. ,  . .  - - .  

Fig.7 - Frequency control characteristics of a 
narrowband VCO (F = 303.3 MHz, AF - 730 k ~ z )  
at -55OC and +8S°C. 

4. - APPLICATIONS 
These good electrical performances and the small size 
of the SAW VCO series SLC5000 make it well suited for 
ground, niobile and airborne applications under medium 
to severe environment. 

Examples of actual implementations are schematized in 
Fig. 9. The oscillator is used in a phase-locked loop 
to benefit from its VCO capability. 

(a) Locking the VCO on a low frequency pilot allows 
compact and high quality clocks to be built. The VCO 
bandwidth is chosen to exceed the sum of all 
instability causes. 
(b) Frequency (or phase) demodulation of narrowband 
signals is simply performed through phase-locking of a 
VCO and reading of the control voltage signal. This 
application often requires large control bandwidth and 
values of 1-2 MHz are not uncommon. 
( c )  The last example relates to 70 MHz carrier 
recovery in a digital communication system employing 
4-phase and 2-phase PSK modulation. A VCO operating 
around 210 MHz was developed and i t  now equips many 
n~odems in the French telecom network. 

CONCLUSIONS 

A family of Voltage Controlled Oscillators has been 
built using hybrid and SAW technologies. They operate 
in the VHF range and they offer low phase noise, good 
control linearity, together with small size and 
ruggedness. Present state-of-the-art in SAW design 
techniques and high frequency hybrid circuitry 
will allow the frequency range to be extended to 2.5 
GHx. For higher frequency of operation, it is likely 
that the existing YIG and dielectric resonator 
technologies will continue to meet most requirements. 

The authors wish to thank their colleague J. Elziere 
for his helpful collaboration in the definition of the 
custonl hybrid circuits. 



FILTRE F I  FAIBLES PERTES A ONDE OE SURFACE 

JP. MICHEL 

C.E.P.E. 44 avenue de la Glacihre 95100 ARGENTEUIL 

La rgalisation de Eiltres entre 30 et 
12U iCIz avec des bancles passantes voisines 
cle 300 K11z (bandes relatives aux alentours 
cle 0 , s  % )  pose des r>roblsries aux 
coaccpteurs car ils ont le choix entre deux 
tochno1o;:ies : 1 1  les filtres d onde de 
volume 21 les filtres d onde cle surface. 

Les deux technologies sous leurs formes 
traditionnelles sont distinctes, mais la 
progression de l'une et de l'autre les 
amenent b se recouper dans le donaine 
consid6re. Zllle presentent chacune leurs 
avanta~es et leurs inconvgnients : 

1 1  Les filtres d onde de volume : ils sont 
traditionnellement limitds d cles fr6quences 
infgrieureo B 35 LiIlz par des bandes 
~assantes < 0 , 5  %. 
11s sont constitu6s autour de r6sonateurs d 
quartz usings niGcaniquement coupl6s entre 
eu:c d l'aide dc capacit6s et de selfs. 
Les limites sont re?ouss6es g r k e  d des 
technologies spccifiques : a) l'emploi de 
natCriaux a coefzicient de couplage 
piQzo6lectrique sup6rieur au quartz permet 
d'klarzir les bandes passantes. Ainsi, la 
berlinite autorise des bandes passantes 
voisines de 1 'b et le tantalate de lithium 
s'adresse 2 des bandes de quelques 
pourcents. b )  la frbquence centrale des 
r6sonateurs peut Stre 6lev6e au deli de 35 
LlHz ?n prolonzeant 1 ' amincis sement 
dcanique des lames de rgsonateurs par un 
usinage ionique ou un usinage chimique. On 
parvient ainsi 2 comniercialiser des filtres 
B frgquence superieure B 200 C.111~. 

21 Les filtres 2 onde de surface : ils sont 
adaptgs au domaine de frequence et de bande 
passante, nais prgsentent traditionnelle- 
ment une perte d'insertion &lev&. Les 
techniques propos6es dans la litthrature 
pour surmonter cet inconvenient sont 
dksornais nombreuses. 

La n6cessitk cle r6pondre d des demandes 
de filtres accrues dans le domaine 
frgquence s bande passante considgrh et en 
particulier les demandes de filtres FI pour 
le radiot616phone numgrique cellulaire 
pnneuropken nous ont conduit b d6velopper 
une technologie faible perte pour nos 
filtres 5 ondc d~ surface afin de permettre 
unc corynraison equitable de performances 
avec les filtres 2 onde de volume. 

Les caracteristiques objectives nue 
nous nous soiunes fixEes sont lcs suivnntcs 

- frequence centrale 20 5 120  !l;:z 
- bande passante 330 iC:z 
- variation du temps dc zroupe < 300 ns 
- raideur Euuivalente : 4 nbles .- ~ - 

- r6jection : 60 dB 
- oerte d'insertion < 6 dB sur 50 ohms 
- encombrement : minii.la1 
- quantitg : > 100 .000  piGces par an 

I/ Choix d'une technologie faible perte 

LES technologies faibles pertes pour 
les filtres d onde dc surface peuvent Gtre 
classges en 3 cat6eories 1 1  les transduc- 
teurs d reflectcurs repartis 21 les filtres 
b transducteurs d1entr6e et de sortie 
imbriqugs 3 /  les transducteurs triphas6s. 

Ces trois principes ont 6t6 discutgs 
selon les critsres suivants 11 performances 
de pertes Eaibles dCmontr6es 21 coiits de 
fabrication rgduits compatibles avec des 
s6ries de 100 .000  filtres 31 dgveloppement 
rgduit pour permettre une rgponse rapide au 
march6. 

a )  Les transducteurs 5 rgflecteurs 
imbriclu5s 

11s se prgsentent sous deux formes : 1 1  
le transducteur est compos6 de blocs de 
doigts shpargs par des es aces occup6s par 
des rgflecteurs partiels 711. 21 le 
transducteur est continu et composg de 
doigts dgdoubl6s. Un des deux doigts 
juneaulc est surcharg6 par une m6tallisation 
lourde donnant h ce doi t un pouvpir 
rgflecteur supgrieur 127. 

Dans les deux cas, l'effet unidirec- 
tionnel est obtenu par un d6calage de A 1 8  
cntre le barycentre des &missions et le 
baryccntre des r6fle:rions. Cette 
disposition donne en thgorie la perte 
faible d'un rgsonateur associge a la 
laryeur de bande du transducteur. 
L'avantage majeur de cette technologie est 
l'absence cle rEseau de dhphasage pour 
a1 iiaerlter le transducteur . I!ais la 
tccl~nologie semble d6licate : les deux 
niveaux de masquazes doivent 6tre r6alishs 
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avec une ~rancle prkcision de superposition 
et la performance du produit dipend de 
1'6paisscur de la surchage sur le 
rgflecteur, diffici.le maitriser en 
pr" t ir!ue . 
b )  Les filtres 2 transducteurs d'entrQe et 

de sortie imbriqugs 

Cette technique a CtC proposie par 
plusieurs auteurs ; la prbsentation la plus 
6laborQe a QtQ faite par Hitachi [ 3 ] .  
Cette technique semble tr6s prometteuse 
tant par les performances annoncges que par 
la facilitC de fabrication : pas de rQseaux , 
cl? d6phasage et un seul niveau de masquage. 

Cependant, les Qtudes de base ne nous 
ont pas semblQ encore.assez avancies pour 
pernettre une mise en fabrication compati- 
ble avec le dr5lai que nous prgvoyons. 

c) Les transducteurs triphasCs 
I 

Ce principe est le plus traditionnel 
des principes faibles pertes. I1 se 
prisente sous deux formes : 11 les doigts 
des transducteurs sont alternativement 
riligs & trois phases espacges de 120' ou 
de 90". Dans ce cas, les pistes doivent se 
chevaucher ce qui impose une technologie i 
plusieurs niveaux de masquage [&I. 2 1  les 
transducteurs sont formis d'une succession 
de blocs alimentis alternativement entre 
une phase et la masse puis entre l'autre 
phase et la masse 151. Pour iviter les 
croisements de pistes, la piste de masse 
prcsente alors un track en forme de 
grecque. I1 n'y a plus qu'un niveau de 
masquage, mais la piriodiciti des blocs 
apporte des rgponses indksirables hors 
bande . 

Les deux dispositions prgsentent en 
outre l'inconvknient de nkcessiter des 
riseaux de dgphasage. Cependant les 
performances en perte d'insertion sont 
bonnes, la synthese est rialisable et les 
principes sont bien maitrisCs autorisant 
une mise en oeuvre industrielle rapide. 

C'est donc cette dernidre technologie 
que nous avons retenue. 

Dans l'optique d'une minimisation des 
codts de fabrication, la technologie 6 
plusieurs niveaux de masquage nous est 
apparue comme une lourdeur. Nous avons donc 
opt& pour la technologie des transducteurs 
5 blocs. 

111 Optimisation du transducteur faibles 
pertes 

:rnnsc!uctcur n'est ~ondkrk. Les rkponses 
obtenues sont sur la courbe 1.11 ost apparu 
-ce qui 6tnit pr6visible- fcus 2Pfauts 
~jeurs vis n vis c:c l1o';ijectiX : 11 la 
p6riodicit6 des J ~ O C S  ap?orte de sQrieuses 
rkponses parasites hors bande. 2 1  la 
grecque de masse, conducteur lonq et 6troit 
6tait trop rgsistive ; il a fallu faire Les 
rn2pels de riasse par bondinzs en de 
nombreux points pour obtenir une bonne 
perfor:liance en perte d'insertion. 

SPAN 100.000 000 MHz 

COURBE 1 : Filtre unidirectionnel 5 104,8 
PiHz 

I1 est donc apparu nkessaire d'itablir 
un certain nombre de rdgles de conception 
visant d minimiser ces inconvinients. 

a) Analyse simplifike du transducteur 

Le transducteur H blocs peut Btre 
reprEsenti dans le domaine temps par la 
combinaison de 3 fonctions : 11 la fonction 
trame t(t) 21 la fonction bloc b(t) 31 la 
fonction enveloppe e(t) 

La description du transducteur est la 
suivante : il comporte 2cx blocs constituis 
chacun de N sources espackes de To12 
(fig.1). 

Un premier filtre a it6 rkalisii 104,8 
ilHz. Chaque transducteur comportait 16 
blocs de 3 2  doigts. L'alimentation en masse 
itait rkalisie par une grecque . Aucun 



q 1 et q 2  sont les 2 alimentations 
Clectriques d phases dCcalCes. 

FIGURE 1 : Description du transducteur 
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La fonction de transfert du 
transducteur h(t) s'hcrit alors : 
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* est le symbole du produit de convolution. 
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Les trois fonctions sont dgcrites dans 
le tableau 1. 

TABLEAU 1 

Remarque : 

- s est le symbole de la fonction de Dirac 
- e(t) d6pend de la rCponse en frequence 
d6sirCe. Dans le cas prssent, noue 
supposons la rCponse obtenue sans 
pondCration 

Ces fonctions se tranforment dans le 
domaine frgquence selon le tableau 2 



TABLEAU 2 

La riponse globale en friquence s'icrit 

La fonction T(f).B(f) dite fonction de 
structure, donne les diffirentes riponses 
cle la structure. On convient d'appeler 
riponse parasite dlindice k les riponses 
pour lesquelles k # 0 et riponse princi- 
pale celle pour k = 0. 

On constate que la structure ilimine 
les riponses parasites d'ordre pair 
(coincidence d'un ziro de B(f) et d'un pic 
de T(f)) et ne concerne que les rhponses 
parasites d'ordre impair d'amplitude 
decroissant en llk. 

Par l c  biais On la convolution, la 
r6ponse c!'envalappe ::( ir') se  ~ianifeste sur 
ci~aqua r6ponoc Jo- la structure sclon la 
fizurc 2 

FIGURE 2 

Cette allure de riponse est bien 
v6rifiie sur la courbe r6elle (courbe 1). 

Les r6ponses supplimentaires obtenues 
pour f > Fo sont des riponses dlonde de 
volume facilement iliminables. 

b )  Optimisation de la dimension des blocs 

La prisence des r6ponses parasites 
itant due H la piriodiciti de la structure, 
une premiere hypothese consiste H,dBtruire 
cette p6riodiciti. Des simulations ont 6th 
effectuees en donnant aux blocs des 
longueurs non plus constantes mais 
algatoires : l'amilioration est effective 
mais insuffisante. 

Dans la suite, les blocs sont.2 nouveau 
supposis de longueur constante. On examine 
l'influence de la longueur du bloc. Plus 
les blocs sont petits, plus la premiere 
rgponse parasite est Qloignke de la riponse 
principale. A priori, cette situation est 
favorable pour le filtre. Une analyse plus 
fine a montrg le contraire, par suite de la 
prise en compte du n6cessaire espacement 
entre les blocs. 

Soit la structure s(t) d6finie par le 
schQma de la figure 3. 



La figure 4 prgsente le lieu des zgros 1 

de B1(f) pour t variant de 0 sa valeur I 
rnaximale possibie TI2 (en posant 
t2 = 0) 

FIGURE 3 

Cette structure comporte une succession 
infinie de blocs identiques @spaces 
alternativement de 2tl et 2t2. 

avec : 

t'(t) = 

La reponse de la structure ,'6crit : 

On recherche t et t pour lesquels un 
nombre maximum de bics dg T' (f se trouve 
annul6 par des zgros de B'(f). 

En trait plein: lieu des zeros de Ei (fl  
En pointilles: lieu des pics de Eb(f) 

FIGURE 4 

On constate que plus tl augmente, moins 
les annulations de pics de trame sont 
fr6quentes. L'optimum est pour tl = 0. 

Le trace des courbes comparables pour 
une valeur non nulle de t ne modifie ni 
l'allure g6n6rale des cougbes, ni la 
conclusion. 

L'optimum est donc obtenu pour tl/T et 
t21T voisins de zhro. 

En pratique, il faut donc que 
l'espacement entre les blocs soit nul, ou 
que les blocs soient trss grands devant 
l'espacement. 

C) Dessin du transducteur 

Pour obtenir l'effet d'unidirectionna- 
lit&, il est n6cessaire que le barycentre 
des blocs alimentis par la phase 1 et le 
barycentre des blocs alimentes par la phase 
2 soient d6phases dans le temps d'un angle 
oppose B l'angle de dephasage des 
alimentations (en pratique 90'). 

Le n6cessaire dgcalage entre les blocs 
en resultant empEche par suite de 
oonsid8ration.s g6ornCtriques l'annulation de 



c1 n t  r,,. I1 est toutefois possible de les 
nlninisfr : 11 en supprimant la grecque de 
ilasse, dont les trajets vcrticaux entre les 
blocs sont causes d'accroissement de tl et 
t2 21  en adoptant une disposition des 
doiyts qui nininise t et t . Cette 
disnosition est dbcrifie en 4i:ure 5 : 

BLOC J BLOC J+ 1 
b 
I 

- 4 -- 
I 

3 
I 

FIGURE 5 

Elles est telle que 2t2 = 314To et 2tl 
= 114 To 

On a v6rifib que 112 (2t - 2tl) = To14 
apporte bFen le d6phasagG 
souhait6 de 90'. 

d) Analyse d6taill6e du transducteur 

La rggle de dessin d6finie pour le 
transducteur amsne une nouvelle analyse du 
transducteur donn6e par : 

oG la fonction p(t) est la fonction de 
d6phasage des blocs. 

La rkponse fr6quentielle est alors : 

H(f) = (T'(f).B"(f).P(f)) * E (f) 

Elle est dgcrite par le haut du tableau 3 

avec les schgmas suivants : 



TABLEAU 3 

On constate : I /  que les ri!ponses 
dlindices pairs de T1(f) ne sont plus 
exactement annulees par DM($). Cependant, 
si N est grand (ie les blocs sont longs), 
les pics resteront dans des zones de fort 
affaiblissement de Bn(f). Toutefois, on 
peut privoir que le pic d'ordre 2, le moins 
attenui de tous, restera encore apparent. 
2 /  les ziros apportis par P(f) sont trgs 
rap pro chi!^ des pics impairs de Tt(f).On 
peut prevoir qulils apporteront une 
attkuation pas parfaite mais tout de mEme 
trds bonne des pics impairs de T1(f). Le 
pic 1 en particulier, le moins atthug de 
tous les impairs, sera certainement plus 
attenue que le pic 2 

e) Analyse globale du filtre 

Le filtre est composi! de 2 
transducteurs. Chaque transducteur a une 
riponse H (f) et H (f). Le .transducteur 1 
est non phnd~r&. L$ transducteur 2 est 

pondCt-6. La rbgonsc totalc cst : 

On ci~oisit la pCriorlicitd c:es blocs I!<? 
;! ( £ 1  afin d'obtenir lr! situation ('6crita 
pir llcnsci:il,lc ricr tnl,lcn:-1 3. 

On rclnnrouc quc ?our 1c ~ ~ Z I I I S L ~ L I C ~ C L I ~  ?. , 
les blocs sont nlua patits cc :lone lc! 
rni'port es!>nccr.~c~~t srlr bloc ast plus .:ronrl. 
L1snnulation c!cs pics pairs c;e 'T2 ( f  ) pr.r 
12s z6ros dc :;," ( 5 )  esC nlors crcs 
i~Qtliocrc . ,.'or.~~'rc.~,~bc!icr . h e  '14Eo1.1t , L C S  
pics d c  'i' '(f) oi7t '5th ;)is cn 
corrzs?onannce ovfc Lcs z6ros <in L P )  . 
Ainsi tolls les pics cle ';.'p' (i) s o i ~ t .  
p,z-riaitei:~cnt nnnu16s. 

l)onc, sur Ltensc;nble c!u Eiltt-2 LC SCUL 
pic restnnt n6diocreitlent nnnalf c z t  Ic ?ic 
2 cle "tub d 2ZoIii 

La 7rer.iiSre application i:c llcnvclo:~;~.? 
est de Eo~irnir la r6por1se c?ric?r,?onclani I[: 
zabarit cte fil tra:;? socliaits. L,-, t:CljZi~~itio:: 
de llenveloppc e s t  nlorn o:,tci~i~c? :,nr i l n s  
rnbt!~oclcs dc. syntll&scs clsssi?ur.s. 

Dans le cns <u trnnsduct~i~r 
unidircctionncl n blocs, il est intdressn,.~; 
cl'irnposer une condition s!1n?l6.icntnir*t 5 ~ ; : :  

la bande attbnul?e vfsant 5 ncccnt~i?r c'!?cor:! 
llatt&nnation ~ E S  ;>LCS 13,1r;;nit~s, r'o;:::o';?!cc 
1es pits 1 ~t 2 :le TIT(f) 

sin nI2 (kiN - FIFO) 
llll(f) = 2 B1"(Foklh.) PI(Fok/H) ------ --------------- 

k. 7112 (kit: - ~ I F O !  

,\fin dlannuler 1'75 oics cic Tll(E), on 
inpose I l l 1  ( f )  z ,'our 



Les solutions n = 2 CLN (oc = entier) 
satisfait cette 6quation pour toutes les 
vnleurs de m. 

1111 Application 

L16tude d6crite a defini un dessin du 
transrlucteur et induit les rsgles suivantes 

En outre : 

est born6 sup6rieurement par le fait 
que le nombre de blocs par transducteur 
doit stre suffisant pour assure 
11unidirectionn?lit6. Ce nombre a Gt6 fix6 
arbitrairement a  4. 

nl et n2 sont definis 2 quelques unit6s 
orss par l a  synthsse du filtre. 

La dbfinitton finale de a &tC 
obtenuc ::race a une optimisation par 
simulation. 

Les voleurs les plus satisfaisantes ont 
6t6 : 

La r6ponse du filtre realis6 est donne 
p a r  l c s  courbes 2 et 3. 

COURBE 2 

COURBE 3 



On v E r i f i e  bicrr urrc honrlr: r f j e c t i o n  
(tie l ' o r c l r c  d c  40 dI$) d e  t o u t c s  l c s  r n i c s  
p a r a s i t e s .  C e l l e  q u i  r c s t c  mnlgrf  t o u t  l a  
p l u s  mnrqube e s t  l a  rnLc 2 d c  T l '  ( f )  s i t u 6 c  
a 2Fo/lll  n  3 ,5  :11lz. 

1 V I  C o n c l u s i o n  
'c) 

L16t l ldc  mcnhc n  cu  pour  l ~ i ~ t  tlc 
r e c h e r c h e r  l c s  p c r f o r n i n ~ ~ c c s  r.in:tic~~nlcs pour  
d e s  f i l t r e s  i onde de  s u r f n c c  f n 1 l ) l e s  
p e r t e s  n p p l i c a b l e s  a u  f i l t r a ~ c  1.1 dnys l c  
r a d i o t d l 6 p h o n e  nurn6rique pnn- europeen .  

Le c h o i x  du dcsip,n n btC o r i e n t 6  v e r s  
de technolop , ies  r n p i d c s  h m c t t r c  c n  o c u v r c  
e t  mlnirnnles c n  noml,rc c l ' o p f r n t i o n s  de  
f a b r i c a t i o n  a f i n  d ' z t r c  conipntSble e n  t l d l n i  
e t  e n  c o f t  a v e c  l ' o b j e c t i f  v i s e .  

En f o n c t i o n  de c c s  c r i t f i r c s ,  I n  
d i s p o s i t i o n  B t r a n s d u c t e u r  t r i p l ~ n s f  c t  un 
s e u l  n i v e a u  d e  mnsqungc a 6 t 6  r c t c n u c .  

Les t r a v a u x  men6s o n t  mon t r 6  qu 'une 
o  t i m i s a t i o n  d e  c e t t e  t e c l l n o l o z i c  pcrmet <e 
r g d u i r o  l o s  r h p o n s e r  p g r n s l t r s  n ~ n o c i 6 c s  n  

- c e t t e  d i s p o s i t i o n  c t  c1'ol)tcriir clcs nivcnu:: 
d e  r 6 j e c t i o n  s u p 6 r i e u r s  d 4 0  t l C .  

L ' o p t i m i s a t i o n  clc In  f o n c t i o n  
t l ' cnve loppe  du  t r . ~ n . s c l u c t ~ r r r  no11 pondkr6 c t  
l ' d t i ~ d e  de l ~ l o c s  f r n c t i o n n 6 s  [ > c r m c t t r a l e n t  
t l ' n m 8 l i o r e r  e n c o r e  c e  r E s r l l t n t  clans 
1 ' n v e n i r .  
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Two Surface Acoustic Wave (SAW) filters have been 
developed for both the front end and the IF sections 
of the future European digital cellular mobile 
telephone system. 

The first one operates at 71 MHz with 200 kHz 
bandvidth; it exhibits insertion loss as low as 2.6 
dB, 45 dB close-in rejection and 70 dB far-out 
rejection. This filter provides both channel filtering 
and blocking signal rejection. 

The second one operates in the transmit or receive 
band (about 900 MHz). Very high performances were 
achieved : -1 dB bandwidth greater than 25 MHz with 
less than 0.5 dB and 20 ns peak to peak in-band 
ripple, close-in and far-out rejection greater than 
50 dB, shape factor better than 3:l and insertion loss 
as low as 7 dB. 

Theoretical predictions for both filters and other 
results are also presented, showing the capability of 
the SAW technology to achieve high performance low 
loss RF and IF filters. 

For technological reasons the single IP scheme is the 
most intensively investigated, with a probable IF 
close to 71 MHz. The IF section processes a 270 kBit 
TDMA channel (containing 8 time-multiplexed voice 
channels) with a 90 dB sidelobe GMSK modulation. The 
corresponding bandwidth is 200 kHz allowing 1000 voice 
channels to be allocated. 

The aim of the IF filter is to protect the IF section 
against both blocking signals and adjacent TDMA 
channels. Since channels n*l and n*2 are not used 
while channel n is used, the ultimate rejection 
requirement is specified from IP i 800 kHz (channel 
ni3) to IF * 25 MHz (limit of the receiving band). Low 
insertion loss is also required for both power 
consumption, circuit size and cost considerations. 

Surface Acoustic Wave (SAW) filters are known for 
miniaturization, mass production capability and high 
reproducibility. These points make the SAW technology 
a very attractive solution for both RF and IF 
filtering in mobile telephone systems. 

This paper presents a 71 MHz and a 900 Mflz SAW filter 
which were developed for digital radio applications. 

INTRODUCrION LOW LOSS TECUNIQUES FOR SAW TECIlNOLOCY 

Great efforts are being made all over Europe to Generally conventional SAW filters show fairly large 
develop a Pan-European mobile communication system. insertion loss (IL), typically 20 dB, which restrict 
Many countries are involved in this ambitious project, their applications. Front end or first IF stage 
such as the Scandinavian countries, Germany, U.K, applications require lower losses, below 10 dB and 
Italy and France. even 5 dB. 

The architecture of this future cellular mobile radio 
system is rather different from the present 400 MHz 
and 900 MHz all-analog systems. Digital processing 
provides better S/N ratio (about 13 dB) and the TDMA 
technique allows for time separation of transmitted 
and received signals with the following consequences : 

* suppression of the duplexer which was one of 
the largest circuits in the system 

* the RF filter specifications can be relaxed 
However such a complex mobile radio system requires 
various high performance technologies regarding both 
active and passive elements. 

CIRCUIT ARCEITBCTURE 

A possible architecture of the RF and IF sections of 
both mobile and base station systems could be 
represented by the block diagram presented in fig. 1. 
The transmit and receive bands for the mobile are 
respectively 890 - 915 MHz and 935 - 960 MHz. Pour RF 
filters can be identified, two in each section 
(transmission and reception). Insertion loss must be 
less than 2.5 dB for the two receive filters, as low 
as 1.5 dB for the transmit front end filter, and less 
than 8 dB for the transmit preamplifier filter. 

This work was partially rponrored by D.A.1.I (France) 

Power - - - - - - - - - - - - - 
Antenna Amplifier I 

I 

! ~ o g i c  Section ! 
I 

x - - - - - - - - - - -  A 

preamplifier BW - 200 kHz 
FIGURE 1 : Possible block diagram for Pan-European 

mobile communication system. 
Receive band : 935 - 960 MHz 
Transmit band : 890 - 915 MHz 



FIGURE 2 r Measured frequency response of the 71 MHz 
IF filter. Amplitude reference is 2.7 dB. Plot 
center at 100 MHz. Plot scales are 20 MHz/div 
horizontal and 10 dB/div vertical. 

FREQUENCY (MHz) 

? r l?O 2?0  

Numerous low loss filter structures have been 
developed during the past 15 years, such as 3-phase 
unidirectional transducers (3PUDT) [1,2], single phase 
unidirectional transducers (SPUDT), including both 
internal reflection transducers (3) and folded 
multlstrip couplers transducers 14!), repetition 
structures [5,6] or track coupling via lmage impedance 
transducers 16-81, 

. . 

-20 

For lover frequency applications the 3-phase technique 
is the most accurate for controlling in-band shaping 
and ripple. However air gap cross-over technology and 
minimum linevidth restrict the use of this technique 
to below 300 MHz. 

5P 
MHz 

FIGURE 3 : Measured frequency response of the 71 MHz 
IF filter. Amplitude reference is 2.7 dB. Plot 
center at 71 MHz. Plot scales are 1 MHz/div 
horizontal and 10 dB/div vertical. 

m 
2 

High frequency applications require simple tuning, 
single phase and single layer technologies. These 
requirements are achievable at 1 GHz with a standard 
1 vm lithography process by using a filter structure 
[B] derived from the repetition structure proposed by 
Hikita et a1 [6,7j. 

71 HBz IF FILTER 

The center frequency of the IF filter was chosen to be 
71 MHz. This choice represents a good compromise 
between the system requirements and the possibilities 
of the SAW technology. 

Because of the narrow bandvidth requirement, quartz 
was chosen as the substrate material because of its 
high thermal stability (3.5 lo-' ppm/'Ca) and its lov 
coupling efficiency (ka = 0.116 X). 

The filter was designed and built using the 3-phase 
technology for easy in-band shaping and ripple control 
and for possibility of spurious signals compensation. 
In order to minimize insertion loss and diffraction 
distortion, withdrawal weighting was used. 

The niinimuln cavity size required for this filter is 
4.5 mm by 4 cm with a height of only 2 mm. 

Figs. 2 to 4 give the measured frequency response of 
the filter. The insertion loss is only 2.7 dB, the 
close-in rejection is better than 45 dB and the 
far-out sidelobe level exceeds 70 dB from 0 to 200 
MHz. Spurious bands occur at 115, 130 and 142 HHz with 
levels greater than 40, 30 and 20 dB from the main 
signal corresponding to SSBW (Surface Skimming Bulk 
Wave) radiation at 1.6 and 1.8 times fo and the 2"d 
harmonic of the SAW. 
~ i g s .  3 to 4 can be compared with the analysis given 
in figs. 5 to 6. We can notice that, the agreement 
between experimental measurements and theoretical 
calculations is very good for both in-band and 
stop-band responses. 

Group delay variation in the passband of the filter is 
parabolic in shape and is the result of the tuning. 
Such a shape is predicted by our simulations and can 
be approximated by a very simple relation, which is 
valid for many 3-phase filters : 

FREQUENCY 1 MHz ) 

FIGURE 5 r Theoretical frequency response of the 
71 MHz IF filter. Amplitude reference is 2.7 dB. 
Plot center at 71 MHa. Plot scales are 1 HHz/div 
horizontal and 10 dB/div vertical. 



FREQUENCY (MHz) FREQUENCY (MHz) 
70.8  70 .9  71 .0  7 1 . 1  71 .2  

'IGmE ' Measured of the 71 MHz FIGmE 6 : Theoretical frequency response of the 
IF filter. Amplitude reference is 2.7 dB. plot 
center at 71 MHz. Plot scales are 50 Idlz/div 

71 MHz IF filter. Amplitude reference is 2.7 d ~ .  

horizontal and 0.5 dB/div, 2 deg/div and 500 
Plot center at 71 MHz. Plot scales are 50 k~z/div 

ns/div vertical. horizontal and 0.5 dB/div, 2 deg~div and 500 
ns/div ,vertical. 

This variation can be compensated for and reduced to 
2 100 ns in the 3 dB band as shovn in the simulation 
of fig. 7. 

FIGURE 8 : 900 MHz RP filter configuration. 

FREQUENCY ( HHz ) 

FIGURE 7 : Theoretical frequency response of the 
71 MHz IF filter after phase error compensation. 
Amplitude reference is 2.7 dB. Plot center at 71 
MHz. Plot scales are 50 kHz/div horizontal and 0.5 
dB/div, 2 deg/div and 500 ns/div vertical. 

We have already reported [ 8 ]  an improved structure for 
low loss, sharp cutoff, high rejection filters vhich 
can operate up to 1.5 GHz with standard optical 
processing techniques. This structure, derived from 
the repetition structure proposed by Hikita et a1 
[6,7], combines several low loss techniques to achieve 
a single phase, single layer and simple tuning lov 
loss filter. 

The basic configuration for this structure is shovn in 
fig. 8. It consists of a pair of unidirectional 
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882 897 9 1 2  
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FIGURE 9 : Theoretical frequency response of the FIGURE 11 : Measured frequency response of the 900 MHz 
900 MHz RF filter. Amplitude and group delay RP filter. Amplitude and group delay reference are 
reference are 6.5 dB and 235 ns. Plot center at 7 dB and 235 ns. Plot center at 897 MHz. Plot 
897 MHz. Plot scales are 3 MHz/div horizontal and scales are 3 MHz/div horizontal and 1 dB/div and 
1 dB/div and 20 ns/div vertical. 20 ns/div vertical. 

FREQUENCY (MHz) FREQUENCY (MHz) 

500 700 900  1100 1300 

FIGURE 10 : Theoretical frequency response of the 
900 MHz RF filter. Amplitude reference is 6.5 dB. FIGURE 12 : Measured frequency response of the 900 MHz 
Plot center at 900 MHz. Plot scales are 10 dB/div RF filter. Amplitude reference is 7 dB. Plot 
vertical and 100 MHz/div horizontal. center at 900 MHz. Plot scales are 100 MHZ/div 

horizontal and 10 dB/div vertical. 

transducers (UDT) for both electrical input and 
output. These transducers are comprised of a 
bidirectional transducer inside a 3 dB multistrip 
coupler (MSC) which is folded in the form of a 0 
(OMSC-UDT structure). Input and output are 
acoustically coupled via a pair of electrically 
coupled bidirectional transducers (TCs). Lossless 
coupling and passband shaping are obtained by a proper 
image impedance connection of the TCs as explained in 
reference 161. Standard withdrawal weighting on the TCSI 
is sufficient to obtain 50 dB rejection with the 
input/output transducer responses included as shown on 
figs. 9 and 10. 

High performances are obtained since the achieved 
insertion loss is 7 dB with a 0.5 dB and 20 ns fast 
peak to peak amplitude and group delay in-band ripple. 
Both close-in and far-out rejection are greater than 
50 dB over a 1 GHz bandwidth for a shape factor better 
than 3:l. 

Chip size is only 2.2 x 2.2 mm2 which allows mounting 
in a TO-5 can. Flat pack packaging affords improved 
electromagnetic feedthrough rejection and chip carrier 
mounting has also been investigated (fig. 13) for 
surface mount applications. 

OTHERS LOW LOSS RESULTS 
The filter was manufactured on 36O YX-LiTaO, because 
of its low temperature coefficient (35 ppm/OC) and The "image impedance" technique described above and 
high coupling coefficient (> 5.6 %). Figs. 11 and 12 explained ih reference (61, allows an achievable 
show the measurement of its frequency response which fractional bandwidths close to 0.67 times k2. Using an 
appears to be in good agreement with the theoretical improved transducer design technique we can vary both 
predictions shown in figs. 9 and 10. effective coupling and stopband width in order to 

extend the domain of achievable relative bandwidths on 
a given material. 



FREQUENCY (MHz) 

FIGURE 13 : Photograph of the 900 MHz RF filter 
mounted in a 9 x 9 mm2 chip carrier. 

With such a technique we were able to design a narrow 
band filter having a relative 3 dB bandwidth of 1.7 X ,  
operating at 950 MHz. Fig.14 shows the measured 
frequency response of this filter. The in-band and 
stop-band characteristics are very similar to those of 
the 900 MHz filter, except for the 10 dB isertion loss 
caused by a strong diffraction alid propagation 
attenuation. 

An improved weighting technique described in ref. [ 6 j  
vas used to design a 2 MHz bandwidth filter operating 
at 72 MHz with only 3 dB insertion loss (flg. 15 and 
16). Proper design of the input/output transducers 
combined to the weighting technique results in both 
70 dB far-out rejection (50 dB close-in with a shape 
factor of 3:l) and simple tuning (one inductor on each 
side of the filter). In addition the chip size is only 
8.5 x 8.5 mm2. 

I 
7 1 72 7 3 

FREQUENCY (MHz) 

FIGURE 14 : Measured frequency response of the 950 MHz 
narrow band filter. Amplitude reference is 0 dB. 
Plot center at 950 MHz. Plot scales are 10 dB/div 
vertical and 10 MHz/div horizontal. 

CONCLUSION 

Two high performance low loss SAW filters operating at 
71 MHz (IF) and 900 MHz (RF) have been developed for 
the future Pan-European digital cellular radio system. 

Theoretical predictions for both filters are in 
perfect agreement with the experimental measurements. 

Ttie main specifications of the mobile radio system are 
satisfied. The results presented in this paper shov 
the capability of the SAW technology to achieve high 
performance low loss RF and IF filters. 

Future efforts are toward even lower losses and higher 
frequencies (up to 1.5 GHz). 

FREQUENCY (MHz) 

FIGURE 15 :,Measured frequency response of the 72 MHz FIGURE 16 : Measured frequency response of the 72 MHz 
filter. Amplitude reference is 0 dB. Plot center filter. An~pliti~de reference is 0 dB. Plot center 
at 72 MHz. Plot scales are 200 kHz/div horizontal at 72 MHz. Plot scales are 10 MHz/div horizontal 
and 1 dB/div vertical. and 10 dB/div vertical. 
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A STRATEGY FOR A LOW COST I F  FILTER FOR DIGITAL RADIOTELEPHONE 

JP AUBRY, JP MICHEL, JL LE CORRE, D BLONDE & P de la FOURNIERE 

SUMMARY 

C.E.P.E. 44 avenue de ,la Glacibre 95100 ARGENTEUIL 

The next generation of digital 
radiotelephone which is expected to cover 
the entire EUROPE asks for many up to date 
technologies. 

A n  intermediate IF filter will be 
required with the following basic 
specification : 

- high center frequency (between 40 and 
75 MHz) 

- wide band (from 160 to 300 KHz) 
- phase linearity < 5' 
- low insertion loss (c6 dB) 
- high out of band rejection 
- low shape factor 
- low ripple 
- small size 

The competition between SAW and BAW 
devices is still opened, even if SAW will 
have some inherent problems with rejection, 
size and cost. 

AAW will be able to compete, but they 
'have to overcome some limitation : 

- high frequency fundamental 
- piezoelectric substrate not in quartz 
- small size 
- low cost 
The proposed strategy is based on four 

major points 

- four poles on a single blank 
- berlinite or lithium tantalate 
piezoelectric substrate 

- automatique global filter adjustement - low profile package 
Two preliminary 4 poles designs have 

been fabricated and tested either with 
discrete or coupled resonators on a single 
wafer. Results meeting the specification 
are presented. 

This is probably the first time that 4 
poles single wafer are shown on LiTa03 or 
AlPO , and this is a very promising 
techfiology . 

CLASSICAL TECHNOLOGY 

Even if cost and size considerations 
are neglected, the IF filter for cellular 
digital radiotelephone is not an easy 
filter for most of crystal filters 
manufacturers. 

The reasons are requirements for 11 a 
wide relative bandwith 21 a high center 
frequency 31 a high out of band rejection 
41 a very good phase linearity. 

11 A wide relative bandwidth : Depending 
on the various system speeitications, the 
required relative bandwidth 4s 0.25 to 
0.7 %. This range of bandwidth is theore- 
tically feasible with quartz resonators. 
But, practically, it will be a complicated 
structure involving such techniques as 
Jaumann design with two or mote resonators 
per arm. This design needs complex 
transformers, is very hard to tune and has 
a poor rejection for a given number of 
resonators. In addition, the iterative 
impedance of the filter remains at a high 
level and matching the output of the IF 
mixer requires high quality factor and 
consequently large and costly inductors. 

For wide bandwidth filters (above 0.3%) 
lithium tantalate is a well fitted 
piezoelectric crystal. Its high 
piezoelectric coupling coefficient makes 
possible a decrease of the iterative 
impedance compared to quartz (approximati- 
ve ratio : 60). 

So the required shape of the filter 
can be met with a very simple design like 
scales with serial only resonators. So it 
is a very promising material for the 
present filter. Nevertheless, for the 
lower bound of the bandwidth range there 
will be some limitations due to a slightly 
high insertion loss _( - 7. dB1 caused-by the 
limited Q factor of that material. 



41 A good phase linearity : To get a good 
phase linearity is not properly speaking a 
great difficulty for crystal filters 
manufacturers. It acts more on the 
sensibility of the filter and it needs a 
more accurate trimming. 

FIG. 1 : a 71 MHz - 100 KHz wide berlinite 
monolithic cell response 

In order to cover the lower bound of 
the bandwith range we decided to 
investigate berlinite [1,2]. Berlinite is 
nn aluminum phosphate with the same 
crystallographic structure as quartz (ie 
32). Dut the piezoelectric coupling 
coefficient is approximately twice as 
cornonred to quartz and'consequently 
?c;~ievable iterative impedances for filters 
?re only half that of quartz. In addition 
-.i~nolit!lic cells up to 75 MHz proved to be 
f3asible in the part (Fig.1). This makes 
possil)le n monolithic cells filter which is 
I very sirnple dasien (fig. 2). 

So our choice has been lithium 
tsntalate for the upper part of the 
I~st~dvith range and berlinite for the lower 
part. 

21 A hi h center frequenc : Either 40 MHz 
nr 70 ~ 1 1 ~  are too high inyfrequencY to make 
crystals by conventional mechanical 
etching. The current state of the art at 
CEPE would let them made by ionic etching. 
Iiut we thouzht it is not convenient for 
mass procluction. CJe will see that there are 
other solutions. 

31 A high out of band rejection : The IF 
filter shall reject at a - 60 dB level. The 
shape factor required corresponds 
approximately to a four poles filter. But 
crystal resonators generally exhibit 
important spurious responses which 
comnromise the high level of rejection. The 
clabsical mean to-prevent this 
inconvenience is to increase the number of 
resonators and to achieve a higher order 
filter 

FIG. 2 : 4 poles berlinite filter at 
70 MHz 
a1 simulated response 
bl design 



DEDICATED TECHNOLOGY FOR IF FILTER FOR 
DIGITAL RADIOTELEPHONE 

Illlnn making filters this 1.7ay with no 
spc.cial care ns rcp,ar(ls to spurious 
s~tl~p~-cssion, we got - what was cxpccterl - 
stroll: cnou;;h sl7urious responses whose 

The IF filter for radiotelephone will rc jectio~l were only 30 dl;. (fie. 4) 
have to overcome the above difficulties. In 
addition it will need to be low cost and 
low volume. In order to achieve this, we 
made the following design choices : 

11 four poles design 
2 1  all the resonators on a single blank 
31 a maximally low iterative impedance 
41 a low profile package 

11 Four oles : As above stated, 6 poles 
wou&er for spurii rejection. But 
the manufacturing costs for a filter are 
always more or less increasing with an 
increasing number of poles. Especially the 
curve tuning cost versus number of poles 
gets a strong upward bend around five 
poles. So it appeared necessary to limit at 
four (may be five) the number of poles. 
Fittins the required shape with only four 
poles however requires in certain cases a 
slightly bridged structure in order to 
produce attenuation maximum for a 
convenient closed rejection (fig.3). 

FIG.3 : Normal versus brigded filter design 

FIG. 4 : LiTa03 filter without spurii 
suppressor 

To overcome this inconvenience we have 
studied resonators with special electrodes 
shape. On the resonator, the different 
n~echanicnl modes of vibration are 
responsible for the main reponse and for 
the spurious ones too. One of them exhibits 
a stronp, coupling coefficient : it is the 
main and the useful one. Another 
specificity is the displacement figure 
caused by each different mode in the blanlc. 
These figures exhibit nodes ant1 maxima in 
well defined places of the blank. A common 
method to avoid spurio~ls is to place 
ncousticnl absorbant on the maxima 01 
spurious modes provided they are not at the 



same p l a c e  a s  n  main mocle ni:~xirnum. IZesultr; 
a r c  f:ood enou",~ f o r  105.1 p i e z o e l e c t r i c  
c o t ~ p l i r ~ y .  m a t e r i a l s  such  an q u a r t z  o r  
I , c r i i n i t c .  I\trt even f o r  t h e s e  m a t e r i a l s ,  
and f o r  i l l a t e r i a l s  wirll l l i z h e r  couplinp,  
c o e f f i c i e n t s ,  i t  c a n  l)e improvetl l)y 
i -eplncinr ,  t i le n c o u s t i c n l  n l~sor l ,nn t  by a n  
appro ,nr in  t c  m e t a l l i c  lonrl.  The nl)sorl~in,y 
c r f c c f :  o f  s p i ~ r i o t ~ s  ir; ::ot f r o n ~  illnsn lontlln:: 
ntlclcd t o  n  p i e z o e l e c t r i c  c f  f e c t  , e s p e c i a l l y  
s t r o n z  f o r  hir,h coup1 in?; c o e f f i c i c t l t  
n i a t e r i a l s .  Good r e s ~ t l t s  l ~ n v e  been o b t a i n e d  
w i t 1 1  r e j e c t i o n  up t o  G O  dl1 on s p u r i i ( s r ? c  
Zi.q.10). Ease o f  implementa t ion  i s  a l s o  
v e r y  coed, because t h e  m e t a l . l i c  l o a d s  a r e  
tlepositecl i n  t h e  same operation a s  main 
c l e c t r o d c s  . 
2 1  t;le r e s o n a t o r s  on a  s i n g l e  b l a n k  : 
C r y s t a l  c o s t s  a r e  t h e  main c o n t r i b u t i o n  of  
t h c  c o s t  o f  a  c r v s t a l  f i l t e r .  So i t  i s  a  
q r e a t  den1 t o  r e h u c e  t h e  c o s t  o f  a 
r e s o n a t o r .  

M u l t i p o l c s  r e s o n a t o r s  have a l r e a d y  been 
shown [ 3 1. 

The f l o w  c h a r t  f o r  a  r e s o n a t o r ' s  
manufac ture  i s  g i v e n  on Eigure  5.  1Je made 
t h e  followin:: a n a l y s i s  : t h e r e  a r e  o n l y  two 
o p e r a t i o n s  needinp, a n  indiviclr ia l  a c t i o n  : 

E t c h i n g  

1- Tuning : a s  r e g a r d  t o  a c h i e v a b l e  
i~ tnn t l fac t~r r in l :  p r o c e s s ,  one cnnnot  hope 
t h a t  t h e  r e s o n a t o r  may r e a c h  t h e  r c q u l r e d  
p r e c i s i o n  w i t h o u t  any i n t l i v i d u a l  t u n i n g .  

2- C o n t r o l  : e a c h  r e s o n a t o r  i s  i n c l i v i d u a l l y  
lncnsrirotl. 

A l  1 ot l re r  operations may f i n d  a  
?elution i n  a  c o l l e c t i v e  o r  s e r n i - c o l l e c t i v e  
p r o d u c t i o n .  

So  t h e  b e s t  s t ~ o u l d  be done t o  
L n t l i v i d u a l l y  p r o c e s s  o n l y  f o r  above b o t h  
o p c r n t i  ons  nntl t o  :~voicl i n t l i v i d ~ ~ n l  
~ i r n t ~ ~ ~ f : l c t u r i ~  f o r  a l l  of  t h e  o t h e r s .  One 
s o l u t i o n  f o r  t h a t  l a s t  p o i n t  was t o  s t u d y  a 
clevice w i t h  a l l  o f  t h e  r e s o n a t o r s  on a  same 
p l a t e .  

T h i s  c l i sposa l  a c t r l a l l y  a l l o w s  (1 

col  l e c t i v e  p r o c e s s i n g  on most o f  t h e  
nlnnufacturinp, o p e r a t i o n s .  I n  a d d i t i o n ,  i t  
i s  c o s t  s a v i n g  on  m a t e r i a l s  : o b v i o u s l y  on 
rnec i~anics ,  b u t  a l s o  on c r y s t a l  : t h e  
reduced  needed q u a n t i t y  o r  c r y s t a l  m a t e r i a l  
i s  a  v e r y  i n t e r e s t i n g  p o i n t  f o r  l i t h i u m  
t n n t a l a t e  r e s o n a t o r s ,  because  t h i s  m a t e r i a l  
i s  v e r y  dependant  o f  t h e  t a n t a l u m  oxyde 
c o s t  . 

For  l i t h i u m  t a n t a l a t e  f i l t e r s  t h e  
d e s i g n  we have s t u d i e d  i s  a  d e s i g n  w i t h  
f o u r  r e s o n a t o r s  on  a  same p l a t e .  The 
d i a m e t e r  o f  t h e  p l a t e  i s  a p p r o x i m a t l y  5 mm. 
The r e s o n a t o r s  a r e  p l a c e d  a t  a  g i v e n  
d i s t a n c e  o f  each  o t h e r  i n  o r d e r  t o  a v o i d  
any  unw:intecl c o u p l i n g  e f f e c t s  on  t h e  main 
r e s p o n s e  a s  w e l l  a s  on s p u r i i .  R e s u l t s  a r e  
v e r y  prornizinz.  

For  b r r l i n i t e ,  we a r e  s t u d y i n g  a  d e s i g n  
basetl on n d o u b l e  m o n o l i t h i c  c e l l .  The 
f r e q u e n c y  o f  t h e  f i l t e r  i s  > 60 MHz, t h e  
t h i c k n e s s  o f  t h e  p l a t e  i s  < 20 urn. The two 
c e l l s  a r e  p l a c e d  i n  a  d e p r e s s i o n  made by 
i o n  e t c h i n g  i n  o r d e r  t o  a c h i e v e  t h e  
r e q u i r e d  t h i c k n e s s  ( s e e  f i e u r e  6 ) .  

Tuning 

Enc lose  

F i n a l  checlc 

FIG. 5 : Flow c h a r t  f o r  a  c r y s t a l  r e s o n a t o r  



c o n t ~ : i b u t i o n  t o  the! kihole s i z e  i s  o n l y  one 
f o ~ ~ r t : h  o f  t h e  rlsunl. s i z e .  Secontl ly ,  t h e  
111n:tim:lL 1 y low i t e r a t i v e  impctlnnce [or  ~ 1 1 ~  

Ei.l.tcr l c n t l r ;  t o  n  s m a l l  s i x c  f o r  t h e  c o i l s ,  
(It lo t o  tile l i n ~ i t c t l  Q v n l u c  r e q u i r c t l .  
T l ~ i r t l l y ,  t h e  desi::n - e i t h e r  i n  t h e  s c n l e ,  

~9 e i t h c r  i n  t h c  m o n o l i t h i c  form - avoit ls  the 
ncetl f o r  sirch s i z e  consumin:: components a s  
t r a n s  f o r ~ n c r .  

1:ut even s o ,  t h e  f i l t e r  r e r l u i r e s  R 
s l ~ c i n l  i n t e r n a l  r lcsion t o  a l l o w  a n  e a s y  
t 1 1 n i . n ~ .  'I'his i s  y e t  uncler s t u d y .  
I ' l evnr t !~c less ,  I ~ e n c l ~ e s  rnotlels have y e t  been 
protlucctl. 

FIG. 6 : l ~ l o n o l i t h i c  two c e l l s  f i l t e r  

3 1  A maximally low i t e r a t i v e  impedance : A 
h i g h  impedance f i l t e r  may be a  d i s a d v a n t a f i e  
f o g  t h e ' m a n u f a c t u r e  o f  t h e  f i l t e r  b u t  a l s o  
f o r  t h e  u s e r  : t h e  u s e r  g e n e r a l l y  necds  a n  
impedance v a l u e  o f  50 t o  200 ohms. I F  t h e  
f i l t e r  e x l l i b i t s  a  much h i g h e r  impedance,  
match ing  components between f i l t e r  and u s e r  
need t o  be h i g h  (2. The p r a c t i c a l  l i m i t a t i o n  
f o p  low c o s t  low s i z e  i n d u c t o r s  a r e  Q = 30. 
T h ~ s ,  we choose  t o  u s e  m a t e r i a l s  f o r  
c r y ~ 7 t a l  l e a d i n g  t o  t h e  l o w e s t  Impedance. 
The o t h e r  end o f  t h e  compromise i s  g i v e n  by 
t h e  f i l t e r  i n s e r t i o n  l o s s  which s h a l l  n o t  
exceed  6 dB. 

41 A low p r o f i l e  package : The 
r a d i o t e l e ~ > h o n e  w i l l  be a  b or table d e v i c e  
and e v e n  a p o r t n t i v e  one . '  S i z e  w i l l  be a  
c r i t i c a l  p a r a m e t e r .  The v o l u n e  f o r  a  
c l a s s i c a l  f i l t e r  mee t ing  t h e  r e q u i r e d  shape  
i s  a p p r o x i m a t e l y  35 x 1 2  x 10 mm. Our 
o b j e c t i v e  f o r  t h i s  worlc was t o  reduce  t h e  
volume i n  o r d e r  t o  reaclr s m a l l  imens ions .  
T h i s  aim i s  f u l l y  c o n s i s t a n t  w i t h  o u r  
p r e v i o u s l y  d e s c r i b e d  c h o i c e s .  F i r s t l y ,  
p l a c i n ~  t h e  f o u r  r e s o n a t o r s  on t h e  same 
c r y s t a l  b l a n k  i s  a  g r e a t  a d v a n t a g e  a s  
r e g a r d  t o  s i z e  r e d u c t i o n .  The r e s o n a t o r s  

For  t h e  benches  models we choose  t o  use 
n  T O O  pacltage . N e v e r t h e l e s s ,  t h e  technolop,y 
we dcvc lopped  may be e a s i l y  a r r a n g e d  i n  a  
SE.71) pnclcngc . 

Some r e s p o n s e  c u r v e s  f o r  e n c a p s u l a t e d  
f i l t e r s  a r e  shown on f i g u r e  7 t o  10.  They 
a r e  v e r y  c l o s e d  t o  o u r  t a r g e t s p e c i f i c a -  
t i o n s .  The pass-band i s  conform f o r  
a m p l i t u d e  a s  w e l l  a s  f o r  g r o u p  d e l a y .  

B/R 100 MAO da /  REF - e . i ~ i  a a  1: o ae 

CENTER 4 4 . 8 2 2  SO0 MHz SPAN , 5 0 0  0 0 0  MHz 

FIG. 7 : Pass  band r e s p o n s e  f o r  a  l i t h i u m  
t a n t a l a t e  f i l t e r 1  4 p o l e s  p e r  
p l a t e s  



FIG.8 : Phase response for a lithium 
tantalate filter 4 poles per plate 

The - 60dE shape factor is good. Compared 
to the specification qenerally required by 
custoners, the response is still slightly 
too broad at - 20 dB and - 30 dB. This will 
be i~inroved by a better filter synthesis. 

Rejection is - 60 dB. This is a good 
result because one may fear that the 
reduced distance between resonators or 
between resonators and components due to 
the small volume inside the package may 
have lead to a poor ultimate rejection. 

START ,300 000 MHz STOP 100.000 000 MHz 

FIG.10 : Out of band rejection for a 
lithium tantalate filter / 4 poles 
plate 

Spurious responses have been 
drastically reduced in amplitude as well as 
in number. Only one response remains at a 
level of - 45 dB at a distance of 20 MHz 
frome the center frequency. This response 
corresponds to a longitudinal propagation 
mode which is well known on lithium 
tantalate. We continue studies to reduce 
this response by modifying the physical 
arrangement of the resonators on the 
crystal blank. Compares the resulting 
filter to a classical equivalent filter. 

CENTER 4 4  922 500 MHz SPAN 2.000 000 MHz 

FIG 9 : Closed to band rejection for a 
lithium tantalate filter - 4 poles 
per plate 



FIG. 11 : Compared dimension c l a s s i c a l  
f i l t e r  v e r s u s  new f i l t e r  

IJe have shown t h a t  numerous c h o i c e s  
have been  made i n  o r d e r  to make t h e  f i l t e r  
e a s i t y  p r o d u c e a b l e  a t  a  low c o s t  w i t h o u t  
j e o p a r d i z i n g  t h e  smal l  o v e r a l l  s i z e .  We a r e  
a l s o  d o i n g  worlc on  t h e  mnnufac tur ing  
p r o c e s s  i n  o r d e r  t o  l e a d  t o  reduced  
m a n u f a c t u r i n g  c o s t s .  

The main l i n e s  f o r  t h a t  work a r e  : 

1- m a t e r i a l s  s a v i n g ,  e s p e c i a l l y  c r y s t a l  
s a v i n z  by improved row m a t e r i a l  process in^ 

2 -  e t c h i n g  a u t o m a t i c  c o n t r o l  

b. i n t e r n a l  assembly design and 
mounting technology  

A -  a u t o m a t i c  m e t a l l i z a t i o n  o f  t h e  
r e s o n a t o r s  and turiing o f  t h e  f l l t e r  

Package i s  n o t  y e t  concerned  by t h i s  
work because  we d o n ' t  Itnow i f  cus tomers  
will rec!trire a  StII) package o r  a  p l u g - i n  
paclcagc, 

\Je have been l e d  t o  t h e  c o n c l u s i o n  t h a t  
c r y s t a l  f l l t c r  i s  n w e l l  f i t t e d  t e c h n o l o g y  
f o r  tlre d i g i t a l  r a d i o t e l e p h o n e  I F  f i l t e r .  
Cut we neeclccl b e f o r e  t o  c o n f i r m  t h i s  
o p i n i o n  I)y loo!cin:: a t  p o t e n t i a l  competi-  
t o r s ,  f o r  cxamj~le  SAIJ f i l t e r .  I n  o r d e r  t o  
msl:c up ollr ~ilind we have made a  low l o s s  
!;/\!I f i l t c r  witll such  a  clss ign we have 
contlitlcri?d as  c o s t  s a v i n g .  T h i s  r e a l i z a t i o n  
has  beell t l e sc r ibed  i n  a  p r e v i o u s  paper  
d y i n g  t t l i s  c o n f c r e n c c  
r .  

The r e s u l t s  a r e  q u i t e  i n t e r e s t i n g  : 
i n s e r t i o n  l o s s  i s  low enough,  a m p l i t u d e  attd 
:,roup d e l a y  i n  t h e  p a s s  band a r e  v e r y  gootl. 
l . l cver the less  i t  seems t h a t  r e j e c t i o n  w i l l  
l r a rd ly  r e e c h  l o v e r  v a l u e s  t h a n  50 dB which 
i s ,  nccorcling t o  to-day cus tomer  
s p e c i f i c a t i o n s ,  n o t  y e t  enough. Another  
main i n c o n v e n i e n t  i s  s i z e ,  which i s  a b o u t  
30 mm l o n g .  

Eianufacturing c o s t  i s  , q u i t e  t h e  same a s  
f o r  c r y s t a l  f i l t e r s  main ly  due t o  t h e  need 
of  a  l a r g e  s u b s t r a t e  and o f  a  3 phases  
s i g n a l  g e n e r a t i o n  t o  a c h i e v e  a  low l o s s  
c i f fec t  i n  t i l e  !;A'.J f i l t c r .  

CONCLUSION 

A f t e r  Irilvitig compared t h e  two main 
t e c h n o l o ~ i e s  s e e n  t o  meet t h e  s p e c i f i c a t i o n  
f o r  a n  I F  f i l t e r  f o r  d i g i t a l  
r a t l i o t e l e p h o n e ,  we made o u r  mind t h a t  
c r y s t a l  f i l t e r  was a  w e l l  f i t t e d  
technology .  For  t h a t  purpose  we have made 
t h o i c c s  t o  improve c o s t  and s i z e  f o r  t h e  
f i l t c r  and t o  r e d u c e  m a n u f a c t u r i n g  c o s t s .  

The r e s u l t s  a r e  benches  models which 
o r e  v e r y  c l o s e d  t o  t h e  r e q u i r e d  e l e c t r i c a l  
s p e c i f i c a t i o n  and t a r g e t  s i z e .  

Glorlc i s  c o n t i n u i n g  t o  d e v e l o p  t h e  
o p t i o n s  above doscr ibe t l  i n  o r d e r  t o  improve 
manufac tur ing  p r o c e s s .  

[ I ]  - A new Approach t o  B e r l i n i t e  C r y s t a l  
Growth 
E: PIIIL.IPPOT and A 1  
2nd BYTF 1988 - P. 843 

[ 2 ]  - E v a l u a t i o n  and A p p l i c a t i o n  o f  high 
p u r i t y  C e r l i n i t e  C r y s t a l s  
-1. I)ETAIt4T and A 1  
211d IlFTF 1908 - P. 873 

[ 3 ]  - AII LCC Elonol i th ic  c r y s t a l  f i l t e r  
It. C S~IYTIII: 
2nd EFTF 1988 - P. 637 

[ 4 ]  - F i l t r c  IIF f a i b l e s  p e r t e s  B onde? 
k l a s t i q u e s  de  s u r f a c e  
J P .  I~IIC!IISL 
These Proceed ings  
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Abstract 

Solitons can be roughly thou rht a s  stable propagating 
wave packets resulting from a i a l a n c e  between nonlinear 
distortion and dispersive spreadin . 'I'hey have been 
observed recently in numerous fieldseke hydrodynanlics, 
electrical transmission lines, plasma physics and optical 
fibers, but until now attempt to excite solitons in solid state 
acoustics have failed. In a revious work we showed that 
the bulk acoustic wave r a j a t i o n  from interdigital trans- 
ducers de osited on a uartz crystal is angularly focused 
and that tRe direction o?emission is scanned by the applied 
excitation frequency 111. Using pulse excitation, it  is found 
t h a t  wave packets propagate dispersively under the 
transducer lattice. On the other hand it is shown that the 
wave propagation i s  also highly nonl inear .  P u l s e  
instability; pulse narrowing, pulse splitting and dispersion 
compensation are demonstrated for 1 to 15 V amplitude 
and25  ns to 200 nsduration pulses from a transduckr with 
a 17.2 pm spatial period on a Y cut - Z propagation quarbz 
substrate. Main features of experiments are interpreted b 
establishing the nonlinear Schrddinger equation whicK 
governs the pulse envelope function for the mechanical 
displacement. A reasonable agreement with experiments is 
found. 

Introduction 

Most physical phenomena in solid state electronics can be 
explained within the frame of a linear wave propagiltion 
theory. Nonlinear effects a r e  generally introduced to 
explain the sensitivity of devices to temperature, ressure, 
acceleration, humidity ... Nonlinear effects are a& intro- 
duced to explain propagation of harmonics of the muin 
signal, amplitude-frequenc effect in resonators and 
intermodulation products in t i e  bandwidth uf filters. In all 
cases nonlinearities a re  small and the problem can be 
satisfactory solved by a perturbation approach [I].  

In this paper we will study a novel effect which cannot be 
explained with the perturbation approach because involved 
nonlinearities are strong : this is the process of nonlinear 
dispersion and of solitons. Solitons can be roughly thought 
a s  s table  propagating wavepackets resulting from a 
balance between the broadening due to dispersion and the 
distortion due to nonlinearities. They have been nlrendy 
introduced in numerous fields like hydrodynamics [21, 
electrical transmission lines [3,41, plasma physics [51 and 
optical wave guides [6,7] to explain the observed space- 
time structures. Our goal is  to show t h a t  nonlinear 
dispersion should be the key concept to ex lain space-titne 
in stabilities in acousto-electronics as  wefi. In this paper 
observation of modulational instabi l i ty  and  soliton 
propagation of shear horizontal waves in quartz is rcported 
for the first time. 

First remarks on the experimental se tup  

A schematic of the experimental setup is shown on Fig. 1. 
We used a Y-cut quartz substrate (10 X 9 mm2 and 
thickness 1 mm). The bottom was un olished and two 
interdigital transducers were depositec! on the top nor- 
mall to Z-axis. Each transducer had 100 periods, a 
wid& a spatial periodicity hJ2 = 1'7.2 prr~ and 800 !!l!i% 
aluminum. 

Fig. 1 : Scher~~at ic  of the experimental setup 

Fig. 2 : Slowness curve for singly rotated Y-cuts of quartz 

In the linear regitne such a cut  supports only shear  
horizontal motior~. Its slowness curve is shown on Fig. 2. 

Since the exeihtion transducer is very lona, propagation 
lakes place with the wavenumber k along t e direction of 
constructive interference 0, given by the relation 

k L  = 2111 A,, = k n)a(l, I I )  

111 other words Lhe ~)ropagntion angle 0, can be scanned by 
the applied frequency f according to the relation 

'I'he angle H,, for the propagation of ener y is normal to the 
slowness curve (Pig. 2) and cunsequengy there will be a 
cut-off in the device response when 0, = 0. This  angle 
corresponds to the pro a ation of the so-called surface 
skimming bulk wave ( 8 ~ 8 ~ ) .  In our device this happens 
for C1, = 24.2" and the corresponding cut-off frequency is 
fu = 126 MHz. 

394 
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'I'he radiation efficiency for the shear wave in a Y-Z cut 
quartz half space was computed a t  the my approxi~nation 
181 (Pig. 3). At the cut-off frequency the rnuin lobe is broad 
and parallel to the surface ; with increasing applied 
frequency the lobe rotates and gets thinner. 

'I'he lobe broadening due lo the finite length A!, of the 
transducer can be estimated froin the uncertainty relation 

Ak Al.  r. 211 (3)  

111 our device, this leads to un uncertainty A/' = V,lAI, in 
frequency of the order 1 Mlla. Broadening and secondary 
lobes due to the finite length of transducer ore then b be 
expected for tinies larger Lhan At = 1lAf = 1 pa. 

'1'0 avoid such modulations we will perforni pulse experi- 
tilents in a riinge of time scales between 10 n s  and 100 nu. 
'Phis rneuns thut these input pulses will propagi~te untler ii 
transducer which can be assumed to be infinite. 'l'o explain 
experinlentti both dispersion due to the strip lattice (trnns 
ducer) i ~ n d  nonlinearlly have to be taken into account. 

POWER DENSITY(w1m:) 

Fig. 3 : I'ower distribution for a 50-electrode-pair ID'L'on a 
Y-cut Z-propagation quartz crystal 

f, = 126 187 MHz, input voltage +,, = 1 V 

1)erivulion of dispersion relat ion a n d  of t h e  l i n e a r  
propugulioll equat ion for. t h e  pulse 

We start with the equation for the slowness curve : 

cC, k ;  + C, k:. + 2C,  k , ,  k ,  14) 

with C j j  = 4 X 10IU N/m2 ; C55 = 5.8 X 10'" Nlm2 and 
C45 = -1.8 X 10IU NImVor the Y-Z cut substrate. 

Here kz = 2n/A,, can be considered constant in the range of 
time scales we will experiment, i.e. At G 1 ps. Introducing 
the wavenunlber k = (ky" ky"'" along the ropagation 
direction r (Fig. I ) ,  the dispersion relation w = k k i  is:  

It is plotted on Fig. 4. Note that the dispersion is nlliximu~li 
tit the SSBW fre uency (zero group velocity) and decreases 
gradually when %e frequency is increased. 

For a modulated input pulse centered on the wavenumber 
k,,, corresponding to the frequency w,, = W(k,,) (Fig. 61, we 
curl expand the frequency in'l'aylor series 191 

1 2 8  M H z  

t'ig. 4 : Dispersion curve for waves under a very long 
transducer on a Y-Z cul quartz substrate 

where a',, and w",, are the group velocity and the~oncavi ty  
of the dispersion curve evaluated a t  the ctlrrler wave- 
number k,,. 

'I'he waveform Y(r , t )  is obtained by adding a11 mono- 
chromatic waves of wavenumber k and frequency w =  W(k) 
with the integral : 

Extracting the cnrricr, wc obtain from (6)-(7) : 

Ill (r,l) = +(rat) ~ S / J  ( i  (kur - I~,,O) ( 8 )  

where 4(r,t) is the envelope of the pulse : 

?'he interesting oint of the analysis is that the envelope 
function obeys a !khrbdinger type equation : 

It1 the frame of the pulse eq. (10) is the conventionitl 
Schrijdinger equation : 

I 
i J l l  + 2 w':,+,~ = O where r = r - w',; ( 11 )  

Solut ions of Eq. (11)  a r e  well known i n  q u a n t i i ~ n  
mechanics. During the propagittion the ulse will be 
broadened and its frequency will be modufated. This  is 
illustrated on Fig. 5. 

Fig. 5 : Propagation ofa dispersion pulse 



N o n l i n e a r  cf fcc ts  arid p u l s e  e n v e l o p e  f o r  no t i l i t i e a r  
w a v e  p r o p a g a l i o n  

An estimate of nonl inear  propagation effects h a s  been 
obta ined fro111 ampl i tude  f requency t i leasureli lents i n  
resonators. For a travelling plane wave of atllplitude a ,  the  
frequency shift  is  found to be [ I ]  

where (,'(zl and C(4) a r e  t he  effective sccoritl order iind 
I'ourth orti? c!asLic constanls.  In o u r  device the  wave 
propagutcs 111 slngly rokatcd orientutiotis (rotation aruund 
X-axis) i ~ n d  third order constants vanishes by syrtl~netry.  
'I'he nonlinear cocfficicntC = Ccil) / 12C(z) is  known to have 
a11 order of titagtiitude C - 10 and  is  < 0 for AT cuts and  
;. o for WS cuts 11, 101. Referring to Pig. 2 i t  can be seen 
t h i ~ t  orientitlions around the 13'1' cut  will be explored arid 
then C i s  negative. 

From the  new dispersion relation 

o = W ( k )  - q (I" (13) 

we can derive the  pulse envelope for n o n l i n e a r  wave  
propagation a s  follows L91: 

Solving Eq. (14) is  a considerable task [ l l ,  121 and  only the  
nature  of nlodulations predicted by Eq. (14) will be studied. 

First  case : q o",, < 0 
According to Witham's modulation theory [9], there  a r e  
two real  characteristics in this case. The system remains  
hyperbolic but the input  pulse spli ts  into two stable a r t s  of 
two different gruup velocilies. First  experinienta Lr th is  
case were obtained recently in fiber optics by D. Krokel 
[ 131.11 has  been shown tha t  a n  input  short  pulse spli ls  in to  
two dark  pulses (Fig. 6 ~ ) .  

Second case : q o",, > O 
'Yllere a r e  two cotiiplex characteristics in t h i s  case. ']'he 
systeni becomes elliptic and  modulations a r e  unstable. An 
in  u t  pulse gener;llly spli ts  in tliany stable pa r t s  called 
WEtons nnd on oscillatory dispersive tai l  (Fig,  6b). Such 
behavior l i i~ s  bcen predicted in hydrodynamics a s  soon a s  
1965 by S i r  J. Lightllill [I41 a n d  since then  h a s  been 
observed for w a t e r  waves  L21, e lec t r ica l  pu l se s  [3,4],  
plnstnas [6]  and optical f i l~crs  [ti,7]. 

Fur ~r~i lses i in  cluiirlz lY1'cuts, we have q > 0 a s  just  sllown 
and  w",, > O froill Fig. 4 ; then we will be restricted to th is  
cc .ibe. ' 

An i t i s l ;~ l~ i l i i y  p i \ l . i ~ t t l ~ ~ l c r  iintl t h e  futlda111c11i;rl so l i t on  

I'or practical purposes two sitilple quanti tat ive cotlcepts ~o 
study the  instability of s y s t o n s  ruled by the  nonltt lear 
Schrodinger equiltitrn can bc settled. 

F i rs t  the moduliitional ins tabi l i ty  m a y  be analyzed by 
a s suming  a so lu t ion  wit11 a uni form s p a t i a l  s t a t e  of 
ampl i tude  a p lus  a n  inf in i tes imal  propagat ing  e r t u r  
bation uf frequency i2 and  wavenumber  K 1151. 8ubs t i -  
t u t i n g  th i s  for111 for t h e  solu t ion  i n t o  (14 )  y i e ld s  t h e  
following dispersion relation : 

For cloWl, u' > ow ,, K'/4 > 0 the  frequency I2 will become 
iniaginary and  the perturbation in the  arllplitude will grow 
exponentially in tinie. 

T h e  ri~aximutll  growth r a t e  occurs when K = K,,,,,  = 
[2y CLV ao",,J"' with the  value R = Q,,,,, .= yu2. Assunling 
t h a t  the  wavepacket propagates approximately wi th  t he  
l i nea r  group velocity of, t h i s  al lows to i n t roduce  t h e  
d is tance  x,,e for niaxitnuni ins tabi l i ty  a n d  t h e  corres-  
ponding ~nodulnt ing  frequency fl,, a t  which the  growth ra te  
i s  tiiaxitnum [15]. We obtain : 

A second glance to the  modulational ins tabi l i ty  can  be 
given by observing t h a t  ICq. (14 )  a d m i t s  n fanii l  of 
localized solutions (called fundiltncntal solitons) o f the  l?jrnr 
16,91 

d a r k  p u l s e s  s o l i l o n s  

Fig. 6 :Schematic of solutions of the  nonlinear 

Schrbdinger equation 

where t,, is the  ulse half width, r and s a re  wavenurriber 
and  frequency spirts, uj = o',, + o",, r i s  the  pulse velocity 
and  41 is  the  pulse amplitude given by 

A schematic of the  shape of funclatrientel soliton (17)  is  
shown on Fig. 7. 

Yig. 7 : Shape of the fundamental  soliton 



Other effects due to modulational instabilitv 
A whole description of physical effects related to the 
nonlinear Schrodinger equation cannot be ven here. We 
choosed Lo illustrate them by two e x a m p t s  borowed to 
recent experiments. 

First, a perspective plot of the tem oral pulse shape a t  
various points along an optical fiber i r  the A = 3 soliton is 
shown on Fig. 8 [6,16]. The input  soliton pulse first 
narrows, then splits and recurs a s  a function of propagation 
distance, as  observed. 

Second, the modulutional instabilit  in  a n  electrical 
transmission line is shown on Pig. 9 [or different values 
I2/w,, between the envelope soliton frequency and the input 
Ltequency [l71. 

l.'iy. 8 : Perspective plot of the temporal pulse shape a t  
various points along a fiber for the A = 3 soliton. The 
intensity variable is defined a s  IV(z,t)/A(2. The parameters 

z,, and t,, are the spatial and tern oral soliton periods 
(from Stolen, Mollenauer a n f ~ o m ~ i n s o n  [16]) 

Fig. 9 : Observation of envelope solitons a t  a fixed point on 
the line. 7'he ratio Illw,, is the ratio envelope soliton 

frequencylinput frequency. 
(frorn Yagi and Noguchi 1171) 

Modulational instability a n d  acoust ic  solitons in the 
Y-% c u t  quar tz  plate 

Theoretical expectations 
The previous theory was used to estimate the possibility of 
observing nonlinear dispersion effects in Y-7, cut quartz 
plates. 

Linear group velocity w' and concavity of dispersion curves 
w" are sltown on Ipig. 10. In our setup the distance of 
n ~ e x i m u m  instability x, ,e  and the amplitude of funda 
mental soliton are Sound from(l2), (16) and (18) 

.v = ,,,*,,/ la,,, ic; ,I2 ; 4; = l,,*s,,l (:,,I,, 1s; 1:- ,; rrr 

l'hese para~t lekrs  have been plotted versus the carrier 
wavenumber k,, for a n  input pulse amplitude a = 100 
and a n  input pulse width c,, = 100 ns (Fig. 1 1  ). 

In our device, since w",, > 0 and (1 > O then wU,,rl > 0 and 
nlodulations are unstable. Experit~lents will be performed 
in the range of carrier wave numbers between k1 = 2r1/h, 
and 3k1,  corresponding to frequencies between 100 and 300 
MlIz.  At 126 MHz, x, ,e  vnnishos and strung nli)dulation:~l 
instability should be observed. At higher frequencies, x,,e 
indreases, then decreases again towards approximate1 
5 nun a t  about 300 MIIz. At this frequency, 4, = 100 K 
(Fig. 11 ), which is in the range of applied excit;itions. 

tising these estirnutions we can expect to observe soliton 
behavior a t  high frequencies ( - 300 MIlz), on the second or 
third bounce (corresponding to sufficient n~odulational 
instability) and a t  sufficiently high input  lengths and 
arnpl i t~~des (I,, = LOO ns  and (8 = 100 A). 

Fig. 10 : 1,inciir group velocity and concncity 

ofitlr dispersion c~irve of Fig. 4 
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Fig. 12 : Modulational instability 

observed closed to the cut-off frequency 

Fig. 11 : Distance of maximum instability x n t  

and amplitude of the fundtimental soliton 

Experitrients 
In a first set of experiments, rectangular pulses of 75 n s  
length and 2V amplitude were applied to the Y-Z cut device 
described a t  the beginning of this paper ( 8  2). The applied 
nlodulational frequency 133 MHz was chosen to correspond 
to a strong instability (approximate zero group velocity). 
'l'he output wavepacket (Fig. 12a) is observed to be very 
unstable (see the delayed time base) and extents over a 3 ps 
t ime window. The  center  wave packet  de lay  1 .5  p s  
correspond to the velocity 4000 m/s of SSHW and the large 
time window reflects the finite length of the transducers. 

In Fig. 12a the oscilloscope trace has been synchronized on 
the electromagnetic response of the delay line. An enlarged 
view of this response reveals a nonlinear structure which is 
correlated to the presence of the  acoustic s ignal  ( th i s  
phenomenon will be analyzed in a future work). 

In a second set  of experiments i n p u t  pulses of 50 n s  
durat ion and 7 V amplitude where fed into the  inpu t  
t ransducer  a t  increasing frequencies.  At t h e  cut-off 
frequency 126 MHz)  the response is broad and unstable a s  
bcfi)re (Fig. 13). At 150 MIiz (Fig. 13b), the response has  
esscnti:~lly split into two pulses corresponding to the two 
bounces illustrated on Fig. I. At 200 MIIz five bounces are  
observed. The time delay of each bounce decreases and then 
t h e i r  a p p a r e n t  velocity inc reases  w i t h  increasing 
frequency. Also the width of each bounce decreases with 
increasing velocity. I t  should be remarked that  the notion 
of bounce has not to be used too far  because there is not 
propagation in the conventional (hy erbolic) sense since 
the system is elliptic. On the other {and the amplitude 
dependence of bounce velocity and width is characteristic of 
nonlinear dispersive waves. The  bounce propagation is 
reminiscent of that of a fundamental soliton. To confirm 
the hypothesis new experiments were performed. 



Fig. 1 3  : Inlpulse response of the quartz plate versus carrier 
frequency. Input pulse length : 50 ns, input  amplitude : 7 V 

Fig. 1 5  : Irllpulse response of the quartz plate corresponding 
to the  second bounce versus input  amplitude. 

Carr ier  frequency : 280 MHz, input  length : 10 n s  

111 Fig. 14 and 1 5  incident pulses with fixed frequency 
280 M I l z  and  var iable  length  r and  a ~ n p l i t u d e  u were  
considered. 'Yo innke the  oscilloscope record easier a 45 dl3 
nlagnification of the output  signal was used end all  records 
were taken from the second bounce. In Fig. 14  the  incident 
pulse had 13  V niaxi~xlu~n amplitude. At 25 ns  input  length 
(Fig. 14a )  the  wave packet i s  very dispersive and  t h e  
rriodulated frequency extents  fro111 300 to 220 Mllz.  A t  
50 n s  i n t ~ u t  lenuth ( I ~ ~ L I .  14b) the wave oi~cket  hns s ~ l i l  inlo 
Lllree s t a t i ~ n n ; ; ; . ~  p;i& isof frequenCiesL280 hl l lz ,  256 M l l z  
und 225 Mllz.  1)ispcrsion is present only a t  the e d ~ e s  of the 
~ n a i r l  s ignal .  'l'llcrl a t  100' ns inpu t  -length (Fyg. 14c) ,  
rnodul;~tior~ul instttbility of the envelope is 'lent.ly seen and  
the  frequency 280 Mllz of the major par t  of the  packet is  
t ha t  of the incident pulse. In Fig. 15, the incident pulse llad 
40 n s  inpu t  length and  var iable  a ~ n p l i t u d c .  A t  2 .5  V 
(Fig. 15n) input  unlplitude the wavepacket is  widely s rend 
and is d i s~e r s ive .  At 7.5 V (Pic.  15b) inout  nlxlo~itui'e the  
wavepacket  has  spl i t  in to  two p a r t s  bit11 f;equcncies 

[gig. 14 : Inlpulse response of the quartz plate corresponding 280 M& and 2.14 MI[z. ~t 1 5  V input  anlplitude (Fig. 1 5 ~ )  
to the  second bounce versus input  length. the  wave packet hns spli t  into three parts with frequencies 

Carrier frequency : 280 MIIz,  illput amplitude : 13 V 280 MIIz, 243 MI1z and  225 Mllz. Moreover an  a p p r c ~ x ~  
mate  50 8 narrowing has  occured for each packet. 



In this paper we have shown that  bulk acoustic wave 
radiation from very long interdigital transducers is  
dispersive and nonlinear. At the SSBW cut-off frequency 
theory revcirled n linear zero group velocity corres onding 
LO ;I s t ru~lg ~nodulntional instability. 'l'his instabifity was 
uhserved together  wi th  a n o n l i n e a r  s h a p e  of t h e  
elcctror~lagrlctic breakthrough. 

At higher frequencies, pulse nt~rrowing, pulse splitting and 
1nodulutio11;rl instability corrohor;rted by the existence of 
solito~rs was observed in rougl~ agreetilent with q u a ~ i t i .  
Littivc cstirrrate. 

Applications of solitons shoudl be r~iainly toward the field 
c~f coding and decoding (soliton correl~rhr).  'I'he instability 
concept encountered in rionlinerir dispersion should also be 
:I vuluuble tool to explain llf frequency instabilities in 
resonators. Lastly characterization of materials by solitons 
should be useful for basic physics. 
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Fig.5 - Frequency control characteristic at 30°C of a 
narrowband VCO (P = 303.3 HHz, AP - 730 kHz). 

Fig.6 - Frequency control characteristic of a wideband 
VCO (F = 195.5 MHz, hP - 1250 kHz) at 30°C. 
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tw 
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Fig.8 - Phase noise characteristics of VCO centered at 
210 MHz with nominal AP = 700 kHz. 
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Pig.9 - Major applications of the compact SAW VCO . .  . .  - - .  

Fig.7 - Frequency control characteristics of a 
narrowband VCO (F = 303.3 MHz, bE = 730 Wfz) 
at -55OC and t85OC. 

4- - APPLICATIONS 
These good electrical performances and the small size 
of the SAW VCO series SLC5000 make it well suited for 
ground, mobile and airborne applications under medium 
to severe environment. 

Examples of actual implementations are schematized in 
Fig. 9. The oscillator is used in a phase-locked loop 
to benefit from its VCO capability. 

(a) Locking the VCO on a lov frequency pilot allows 
compact and high quality clocks to be built. The VCO 
bandwidth is chosen to exceed the sum of all 
instability causes. 
(b) Frequency (or phase) demodulation of narrowband 
signals is simply performed through phase-locking of a 
VCO and reading of the control voltage signal. This 
application often requires large control bandwidth and 
values of 1-2 MHz are not uncommon. 
(c) The last example relates to 70 MHz carrier 
recovery in a digital communication system employing 
&phase and 2-phase PSK modulation. A VCO operating 
around 210 MHz was developed and it now equips many 
modems in the French telecom network. 

CONCLUSIONS 

A family of Voltage Controlled Oscillators has been 
built using hybrid and SAW technologies. They operate 
in the VHF range and they offer lov phase noise, good 
control linearity, together with small size and 
ruggedness. Present state-of-the-art in SAW design 
techniques and high frequency hybrid circuitry 
vill allow the frequency range to be extended to 2.5 
GHz. For higher frequency of operation, it is likely 
that the existing YIG and dielectric resonator 
technologies will continue to meet most requirements. 

The authors wish to thank their colleague J .  ElziPre 
for his helpful collaboration in the definition of the 
custonl hybrid circuits. 



F I L T R E  F I  F A I B L E S  PERTES A ONOE DE SURFACE 

J P .  MICHEL 

C.E.P.E. 44 avenue de la Glacikre 95100 ARGENTEUIL 

La realisation de filtres entre 30 et 
12U il;iz avec des oandes passantes voisines 
de 300 K;!z (bandes relatives aux alentours 
cle 0,5 P )  pose des ~roblBnes aux 
conccpteurs car ils ont le choix entre deux 
tnchno1o:ies : 11 les filtres d onde de 
volume 21 lzs filtres 5 onde cle surface. 

Les deux technologies sous leurs formes 
traditionnelles sont distinctes, mais la 
pr?.;ression de l'une et de l'autre les 
amenent d se recouper dans le domaine 
considgrg. Clles prgsentent chacune leurs 
avantazes et leurs inconvgnients : 

11 Les filtres 5 onde de volume : iis sont 
traaitionnellement limites 5 des frequences 
infgrieures 2 35 :;iIz Dar des bandes 
passantes < 0 , 5  %. 
11s sont constituks autour de rgsonateurs d 
quartz usinCs ndcaniquement couplks entre 
eu:: 2 l'aide dc capacitks et de selfs. 
Les limites sont re?oussges grke d des 
technoloqies spbcifiques : a) l'emploi de 
natgriaux n coefficient de couplage 
7i6zo6lectrique sup6rieur au quartz permet 
d'glar~ir les bandes passantes. Ainsi, la 
berlinite autorise des bandes passantes 
voisines de 1 % et le tantalate de lithium 
s'adresse 5 des bandes de quelques 
pourcents. b) la frQquence centrale des 
r6sonateurs perlt dtre &levee au deli de 35 
14Iiz En prolonzeant l'amincissement 
mkcanique des lames de rgsonateurs par un 
usinnge ionique ou un usinage chimique. On 
parvient ainsi 2 co~nniercialiser des filtres 
a frgquence supkrieure 1 200 bltlz. 

21 Les filtres d onde de surface : ils sont 
ada~tgs au domaine de trkouence et de bande 
pas;ante, mais prksentent 'traditionnelle- 
ment une perte d'insertion elevge. Les 
techniques proposges dans la littkrature 
pour surmonter cet inconvhient sont 
dksornais nombreuses. 

Lo nQcessit6 cle r6pondre 5 des demandes 
de filtres accrues dans le domaine 
Ergquence x bande passante consider6 et en 
pnrticulier les denandes de filtres FI pour 
le radiot616phone nunkrique cellulaire 
psneurop6en nous ont conduit a d6velopper 
une technologie faible perte pour nos 
filtres 2 onde de surface afin de permettre 
unc com?araison Qquitable de performances 
avec les filtres 6 onde de volume. 

Les caractkristiques objectives nue 
nous nous soinnes fix6es sont lcs suivantcs 

- frgquence centrale 30 5 120 !l::z 
- bande passante N 330 iKlz 
- variation du tengs dc yroupe < 300 ns 
- raideur 6q~livalente : 4 p6les 
- r6jection : 60 dB 
- 7erte d'insertion < 6 dB sur 50 ohms 
- encombreliient : minin~al 
- cpantitQ : > 100.000 pigces par an 

I/ Choix d'une technologie faible perte 

LES technologies faibles pertes pour 
les filtres d onde de surface peuvent Stre 
class&es en 3 catQgories 11 les transduc' 
teurs 5 rkflecteurs repartis 21 les filtres 
5 transducteurs d1entr6e et de sortie 
imbriquks 31 les transducteurs triphasks. 

Ces trois principes ont kt6 discut6s 
selon les criteres suivants 11 performances 
de pertes faibles d&montr&es 21 cocts de 
fabrication rQduits compatibles avec des 
shries de 100.000 filtres 31 d6veloppement 
rkduit pour permettre une rgponse rapide au 
rnarchk. 

a) Les transclucteurs 6 rkflecteurs 
imbricyu5s 

11s se prksentent sous deux formes : 11 
le transducteur est composk de blocs de 
doigts s6parks par des es aces occupks par 
des r6flecteurs partiels 711. 21 le 
transducteur est continu et compos6 de 
doizts d8doublbs. Un des deux doigts 
juneau:: est surchargi! par une m&tallisation 
lourde donnant a ce doivt un pouvgir 
r&f lecteur superieur [27. 

Dans les deux cas, l'effet unidirec- 
tionnel est obtenu par un dkcalage de h18 
cntre le barycentre des 6missions et le 
Saryccntre des rgflexions. Cette 
disposition donne en thkorie la perte 
fnihle d'un rgsonateur associ6e a la 
larzeur de bande du transducteur. 
L'avantage rnajeur de cette technologie est 
l'absence dc r6seau de dhphasage pour 
alirnenter le transducteur. !lais la 
technologie semble dklicate : les deux 
niveaux de aasqua,yes doivent Etre r6alis6s 



avec une ~rancle pr6cision de superposition 
et la performance du produit dipend de 
l'bpaisseur cle la surchage sur le 
rGflecteur, diffici-le d maitriser en 
pra t i rlue . 
b) Les filtres d transducteurs dlentr&e et 

de sortie imbriques 

Cette technique a &ti! proposi!e par 
plusieurs auteurs ; la presentation la plus 
ClaborGe a 6t6 faite par Hitachi [ 3 ] .  
Cette technique semble tr6s prometteuse 
tant par les performances annoncees que par 
la facilitg de fabrication : pas de reseaux 
do dgphasage et un seul niveau de masquage. 

Cependant, les etudes de base ne nous 
ont pas sembl6 encore assez avancees pour 
pernettre une mise en fabrication compati- 
ble avec le dilai que nous pr6voyons. 

C) Les transducteurs triphasgs 

Ce principe est le plus traditionnel 
des principes faibles pertes. I1 se 
prgsente sous deux formes : 11 les doigts 
des transducteurs sont alternativement 
r6lii!s d trois phases espacCes de 120" ou 
de 90'. Dans ce cas, les pistes doivent se 
cl~evaucher ce qui impose une technologie 5 
plusieurs niveaux de masquage [ 4 ] .  21 les 
transducteurs sont form& d'une succession 
de blocs alimentBs alternativement entre 
une phase et la masse puis entre llautre 
phase et la masse [5]. Pour Bviter les 
croisements de pistes, la piste de masse 
pr6sente alors un traci! en forme de 
grecque. I1 n'y a plus qu'un niveau de 
masquage, mais la pBriodicit6 des blocs 
apporte des r6ponses ind6sirables hors 
bande . 

Les deux dispositions pr6sentent en 
outre l'inconv6nient de n6cessiter des 
riseaux de dephasage. Cependant les 
performances en perte d'insertion sont 
bonnes, la synthese est Galisable et les 
principes sont bien maitris6s autorisant 
une mise en oeuvre industrielle rapide. 

C'est donc cette dernisre technologie 
que nous avons retenue. 

Dans l'optique d'une minimisation des 
cofits de fabrication, la technologie 1 
plusieurs niveaux de masquage nous est 
apparue comme une lourdeur. Nous avons donc 
opt6 pour la technologie des transducteurs 
B blocs. 

111 Optimisaticm du transducteur faibles 
pertes 

transductcur n'est ?ondbri. Les r6ponscs 
obtenues sont sur la courbe 1.11 cst apparu 
-ce qui gtait previsible- ?cus 66fauts 

-ieurs vis ?I vis c:e l'objectif : 11 la 
p$;iodicit6 dcs blocs apporte de sbrieuses 
reponses parasites hors bande. 21 la 
grecque de masse, conducteur lonq et Gtroit 
6tait trop rdsistive ; il n fallu faire Les 
rn?pels de nasse par bondings en de 
nombreux points pour obtenir une bonne 
perforniance en perte d'insertion. 

COURBE 1 : Filtre unidirectionnel h 104,8 
ElHz 

I1 est donc apparu ngcessaire d'htablir 
un certain nombre de rsgles de conception 
visant B minimiser ces inconv6nients. 

a) Analyse simplifi6e du transducteur 

Le transducteur B blocs peut 5tre 
reprBsent6 dans le domaine temps par la 
combinaison de 3 fonctions : 11 la fonction 
trame t(t) 21 la fonction bloc b(t) 31 la 
fonction enveloppe e(t) 

La description du transducteur est la 
suivante : il comporte 2qc blocs sonstitu6s 
chacun de N sources espaches de To12 
(fig.1). 

Un premier filtre a 6th realis6 B 104,8 
1IHz. Chaque transducteur comportait 16 
blocs de 32 doigts. L'alimentation en masse 
6tait rBalis6e par une grecque . Aucun 
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q 1 et 92 sont les 2 alimentations 
klectriques d phases dkcalkes. 

FIGURE 1 : Description du transducteur 

La fonction de transfert du 
transducteur h(t) s'6crit alors : 

h(t) = ( t(t) * b(t)).e(t) 

+: est le symbole du produit de convolution. 

Les trois fonctions sont dkcrites dans 
le tableau 1. 

TABLEAU 1 

Remarque : 

- est le symbole de la fonction de Dirac 
- e(t) dkpend de la rkponse en fr6quence 
dksirke. Dans le cas prksent, noue 
supposons la rkponse obtenue sans 
pondkation 

Ces fonctions se tranforment dans le 
domaine frkquence selon le tableau 2 



TABLEAU 2 

Par lc biais (1s la convolution, la 
r6ponse d'envcloppe :':( ir') sa  lianifeste sur 
ci~aqua r6ponsa LIE la structure sclon la 
fiyurc 2 

FIGURE 2 

Cette allure de riponse est bien 
virifiie sur la courbe rielle (courbe 1). 

Les riponses supplimentaires obtenues 
pour f > Fo sont des rgponses d'onde de 
volume facilement iliminables. 

La riponse globale en friquence slBcrit 

b) Optimisation de la dimension des blocs 
t i ( £ )  = ( T(f).ll(f)) * E(f) 

La prisence des riponses parasites 
itant due i la piriodiciti de la structure, 

La Eonction T(f).B(f) dite fonction de une premisre hypothzse consiste B,ditruire 
structure, donne les diffirentes riponses cette piriodiciti. Des simulation's ont it6 
cle In structure. On convient d'appeler effectuies en donnant aux blocs des 
riponse parasite d'indice k les rgponses longueurs non plus constantes mais 
pour lesquelles k # 0 et riponse princi- aliatoires : l'amilioration est effective 
pale celle pour k = 0. mais insuffisante. 

On constate que la structure ilimine Dans la suite, les blocs sont Q nouveau 
les r6ponses parasites d'ordre pair supposis de longueur constante. On examine 
(coincidence d'un ziro de B(£) et d'un pic l'influence de la longueur du bloc. Plus 
de T(E)) et ne concerne que les riponses les blocs sont petits, plus la prdmizre 
parasites d'ordre impair d'amplitude riponse parasite est iloignie de la riponse 
dicroissant en llk. principale. A priori, cette situation est 

favorable pour le filtre. Une analyse plus 
fine a nontri le contraire, par suite de la 
prise en compte du n6cessaire espacement 
entre Lcs blocs. 

Soit la structure s(t) dhfinie par le 
schima de la figure 3. 
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FIGURE 3 

Cette structure comporte une s u ~ ~ e s s i ~ n  
infinie de blocs identiques espacis 
alternativement de 2tl et 2t2. 

avec : +& 

t'(t) = 

La rkponse de la structure 41icrit : 

On recherche t et t pour lesquels un 
nombre maximum de bics dg Tt(f) se trouve 
annul6 par des z6ros de B1(f). 

La figure 4 prgsente le lieu des z6ros 1 

de B1(f) pour t variant de 0 i sa valeur 
maximale possib$e TI2 (en posant 
t2 = 0 )  

En trait plein: lieu des zeros de El ( f l  
En pointilles: lieu des pics de E i ( f )  

FIGURE 4 

On constate que plus tl augmente, moins 
les annulations de pics de trame sont 
friquentes. L'optimum est pour tl = 0. 

Le track des courbes cornparables pour 
une valeur non nulle de t ne modifie ni 
llallure gknkrale des cou?bes, ni la 
conclusion. 

L1optimum est donc obtenu pour tl/T et 
t2/T voisins de zkro. 

En pratique, il faut donc que 
l'espacement entre les blocs soit null ou 
que les blocs soient tr6s grands devant 
1 'espacement. 

C) Dessin du transducteur 

Pour obtenir lleffet d'unidirectionna- 
lit&, il est nkcessaire que le barycentre 
des blocs alimentks par la phase 1 et le 
barycentre des blocs alimentks par la phase 
2 soient dkphasks dans le temps dl,un angle 
opposi B llangle de dkphasage des 
alimentations (en pratique 90'). 

Le nkcessaire dicalage entre les blocs 
en rksultant empgche par suite de 
considkrations giomktriques llannulation de 



c1 ~t t2. I1 cst toutefois possible de les 
n~n~,.iiser : 11 en supprimant la grecque de 
iiasse, dont les trajets vcrticaux entre les 
blocs sont causes dtaccroissement de tl et 
t2 21 en acloptant une disposition des 
Loiyts qui nininise t et t . Cette 
disnosition est d~crike en 4iZure 5 : 

BLOC J BLOC J+ 1 
b -- 
I I I 

FIGURE 5 

Elles est telle que 2t2 = 314To et 2tl 
= 114 To 

On a vbrifib que 112 (2t - 2tl) = To14 
apporte bien le dbphasagg 
souhaitb de 90". 

d) Analyse dbtaillbe du transducteur 

La r6gle de dessin d6finie pour le 
transducteur amdne une nouvelle analyse du 
transducteur donnbe par : 

avec les schbmas suivants : 

03 la fonction p(t) est la fonction de 
dCphasage des blocs. 

La rCponse frgquentielle est alors : 

H ( f )  = (Tt(f).B"(f).P(f)) * E (f) 

Elle est dCcrite par le haut du tableau 3 



pondCr6. La ragonsc totalc c s t  : 

On ciioisit la pdriorlicitr? c:es blocs c!<: 
;! ( £ 1  afiri d'obtenir la situation i'fcritc? 
pHr I lcnscr:,:,lc +u tn3lcau 3 .  

On rainnrquc que ?our LC tra~~s~luctciir 2 ,  
les blocs sont nlus patits cl: clone lc. 
rn!?poL-t: es!?ncc!.lci]i: sur bloc :?st :,lun .:ranil. 
L'snntjlntion d o s  nits p3i1-s ::e 'I' ' ( E )  p,?r 
los zcron ilc :;,ll ( 2 )  r?si-.nlors i:i?-~r. 
itbcliocrc. .'our-r,si,16c'icr n ce ~lr?f21.1t, L C O  
pics dc 'is,,' ( C )  o.17t t5t6 ;iil; CI, 
correspondance avcc les .zeros i!.. i:ll'(f). 
Ainsi tolls Ics pic: d e  ';.'2' ( C )  so11:1 
p?^riaitei:~ent nnnulcs. 

:)one, sur l 'enscxble clu Ti1 1 n qf.111 

TABLEAU 3 

On constate : 11 ue les rBponses 
d'indices pairs de TI?£) ne sont plus 
exactement annulees par B 1 ' ( f ) .  Cependant, 
si N est grand (ie les blocs sont longs), 
les pics resteront dans des zones de fort 
affaiblissement de Bn(f). Toutefois, on 
peut privoir que le pic dlordre 2, le moins 
att6nuB de tous, restera encore apparent. 
21 les ziros apportis par P(f) sont tr6s 
rapprochds des pics impairs de T1(f).On 
peut privoir qu'ils apporteront une 
attgnuatfon pas parfaite mais tout de mEme 
tris bonne des pics impairs de TI(£). Le 
pic 1 en particulier, le moins att6nu6 de 
tous les impairs, sera certainement plus 
attinui que le pic 2 

e) Analyse globale du filtre 

Le filtre est compos6 de 2 
transducteurs. Chaque transducteur a une 
r6ponse H (f) et H ( f ) .  Le transducteur 1 
est non pAndhr6. LZ transducteur 2 est 

La ?renli&re application de 1 ' cnv~lo:-~;?.: 
est de fournir la rBporisc corrcr,?onc1ni7i 11: 
zabarit tle filtra:;? socllnitb. Ln (:62initio:: 
de 1 enveloppc es t nlorn o';>t(>i~ll~ ;>;1r ties 
rndt!lodes dc. sy~~tlidsrs classi~ues. 

Dans le cas <u trnnsductcur 
uniclircctionncl. n blocs, il est int6rnssn:1~ 
cl'irnposer une coildition s!ip;>li?.~cntnir,? ~ u ? :  
la bandc att6nu6e visant d ncccntilzr ::i?cor:! 

..#,, 8 - .  1 IattCn~~ation dcs :?its pnrnr,itcr,, i - ,ot-- . .>~~il  
les pics 1 at 2 dc TI1 ( f  ) 

Cette optirnisntion n ]  ::, ~bouti rut! w!r 
le transrluctcllr non ,>oudcrc : 

sin 1112 ( k i N  - FIFO)  
i l l r ( f l  ; 2 B l n ( F o L / h . )  P1(Fok/H) ..................... 

b. q i 2  (ki!: - f I F o 1  

,\fin d'annuler 1 . n  nics cic 'il'(E), on 
iinpose 1 1 1 1  ( P )  - 70ur 

f = inPo 1; ;  rn = 1 , 2 , .  .. 



Les solutions n = 2 o c N  (oc = entier) 
satisfait cette &quation pour toutes les 
vnleurs de m. 

1111 Application 

L16tude d6crite a d6fini un dessin du 
transducteur e t  induit les rd;.,les suivantes 

I:n outre : 

est born6 sup6rieurement par le fait 
que le nornbre de blocs par transducteur 
Joit Gtre suffisant pour assure 
11unidirectionnalit6. Ce nombre a Ct6 fix6 
arbitrairement d 4. 

nl et n2 sont d6finis d quelques unit& 
prBs par la synthsse du filtre. 

La dhfinition finale de P a 6t6 
obtenuc :;r8ce 6 une optimisation par 
simulation. 

Les voleurs les plus satisfaisantes ont 
6t6 : 

La rCnonse du filtre r6alis6 est donnC 
par lcs courbes 2 et 3. 

COURBE 2 

COURBE 3 



On v E r i E i e  bier1 unc honr~c: r 6 j e c t i o n  
(cle l ' o r c l r e  d c  hO dI i )  d e  t o u t c s  I c s  r n i c r .  
p a r a s i t e s .  C e l l e  q u i  r c s t c  mnlgr6 t o u t  Ln 
r l u s  merqyEe e s t  I n  r n t c  2 d c  TI' ( f )  s t t u 6 a  
a ZFo/lil n 3 ' 5  :1112. 

I V I  C o n c l u s i o n  
CC) 

~ ' Q t ~ l d e  men& n  cu  pour  I ~ r l t  tlc 
r e c h e r c h e r  l c s  pcrfornrauccs r . i a : i i~~~nlcs  pour  
d e s  f i l t r e s  i onde de  s u r f n c c  f n i h l e s  
p e r t e s  n p p l i c a b l e s  a u  f i l t r a ~ e  1.1 dn?s l c  
r a d i  otdl i?phone nurnkriqclc pan- el l ropeen.  

Le c h o i x  du  clcsisn a .E t6  o r i c n t 6  v e r s  
d e  t e c h n o l o ~ i e s  r n p i d c s  n  m c t t r c  c n  oectvrc 
e t  min imales  c n  noml~rc cl 'op6rntLons d e  
f a b r i c a t i o n  s f i n  d 1 6 t r e  con tpn t ib le  e n  t l6 ln i  
e t  en c o d t  a v e c  l l o b j e c t i f  v i s e .  

En f o n c t i o n  d e  c c s  c r i t 6 r c s ,  l a  
d i s p o s i t i o n  d t r a n s c l u c t e r ~ r  t r i p l t n s c  e t  Ltn 
s e u l  n i v e a u  d e  masqunp,e n B t B  r c t c n t t c .  

Les t r a v a u x  nenks  o n t  1nontr6 qu 'une  
o  t i m i s a t i o n  d e  c e t t e  t ec l ino lo ,? ic  pcrmet < e  
r g d u i t o  I c s  r b p o n s e s  p g m s l t c +  nnnociEcs n 

- c e t t e  d i s p o s i t i o n  e t  t1 'o l ) t cn i r  clcs n ivcnux  
de  r C j e c t t o n  s u p E r i e u r s  8? 40  t l C .  

L ' o p t i r t i s a t i o n  cfe In  ! 'onction 
t l ' cnve loppe  du t r n n s d u c t p r i r  noti ponddrf c t  
t ' Q t u r l c  rle b l o c s  f r n c t i o n n i . 5  p c r m c t t r n t e n t  
t l 'arnt i l iorer  e n c o r e  c e  r k s r l l t n t  (Inns 
1 ' n v e n i r .  
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SAW FILTERS 
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ABSTRACT 

Tvo Surface Acoustic Wave (SAW) filters have been 
developed for both the front end and the IF sections 
of the future European digital cellular mobile 
telephone system. 

The first one operates at 71 MHz vith 200 kHz 
bandwidth; it exhibits insertion loss as lov as 2.6 
dB, 45 dB close-in rejection and 70 dB far-out 
rejection. This filter provides both channel filtering 
and blocking signal rejection. 

The second one operates in the transmit or receive 
band (about 900 MHz). Very high performances were 
achieved : -1 dB bandwidth greater than 25 MHz vith 
less than 0.5 dB and 20 ns peak to peak in-band 
ripple, close-in and far-out rejection greater than 
50 dB, shape factor better than 3:l and insertion loss 
as low as 7 dB. 

Theoretical predictions for both filters and other 
results are also presented, shoving the capability of 
the SAW technology to achieve high performance low 
loss RF and IF filters. 

For technological reasons the single IF scheme is the 
most intensively investigated, vith a probable IF 
close to 71 MHz. The IF section processes a 270 kBit 
TDMA channel (containing 8 time-multiplexed voice 
channels) vith a 90 dB sidelobe GttSK modulation. The 
corresponding bandwidth is 200 kHz alloving 1000 voice 
channels to be allocated. 

The aim of the IF filter is to protect the IF section 
against both blocking signals and adjacent TDMA 
channels. Since channels nil and nt2 are not used 
while channel n is used, the ultimate rejection 
requirement is specified from IF t 800 kHz (channel 
ni3) to IF t 25 MHz (limit of the receiving band). Low 
insertion loss is also required for both pover 
consumption, circuit size and cost considerations. 

Surface Acoustic Wave (SAW) filters are knovn for 
miniaturization, mass production capability and high 
reproducibility. These points make the SAW technology 
a very attractive solution for both RF and IF 
filtering in mobile telephone systems. 

This paper presents a 71 MHz and a 900 MHz SAW filter 
vhich were developed for digital radio applicatioas. 

INTRODUCTION LOW LOSS TBCUNIOUES FOR SAW TECUNOLOGY 

Great efforts are being made all over Europe to Generally conventional SAW filters shov fairly large 
develop a Pan-European mobile communication system. insertion loss {IL), typically 20 dB, which restrict 
Many countries are involved in this ambitious project, their applications. Front end or first IF stage 
such as the Scandinavian countries, Germany, U.K, applications require lover losses, below 10 dB and 
Italy and France. even 5 dB. 

The architecture of this future cellular mobile radio 
system is rather different from the present 400 MHz 
and 900 MHz all-analog systems. Digital processing 
provides better S/N ratio (about 13 dB) and the TDMA 
technique allows for time separation of transmitted Power C- - -  - - - -  - - - - -  - 
and received signals with the following consequences : Antenna Amplifier I I 

\ I /  //1 I, I Modulator ! 
* suppression of the duplexer which was one of 

the largest circuits in the system 

* the RF filter specifications can be relaxed 
Hovever such a complex mobile radio system requires 
various high performance technologies regarding both 
active and passive elements. 

CIRCUIT ARCBITBCTURE 

A possible architecture of the RF and IF sections of 
both mobile and base station systems could be 
represented by the block diagram presented in fig. 1. 
The transmit and receive bands for the mobile ere 
respectively 890 - 915 MHz and 935 - 960 MHz. Four RF 
filters can be identified, two in each section 
(transmission and reception). Insertion loss must be 
less than 2.5 dB for the tvo receive filters, as low 
as 1.5 dB for the transmit front end filter, and less 
than 8 dB for the transmit preamplifier filter. 

---q'-pJ+; in + 1 

, ~ o g i c  section ! 
IL < B dB:- 1 

f -  - - - ; - -. - - -  A 

IL < 1.5 dB - - - - - - - - - - - - - , 
I 

r - -  - - - - - -  A - -  : Demodulator : j Synthesizer ~ + I 

-. J , Logic Section 
8 

4 - - - - - - '  

ereamplifier BW - 200 kHz 
FIGURE 1 : Possible block diagram for Pan-European 

mobile communication system. 
Receive band : 935 - 960 MHz 
Transmit band : 890 - 915 MHz 

* This work was partially sponsored by D.A.I.1 (France) 

38 1 
EFTF 89 - Beean~on 



FREQUENCY (MHz) 

0 100 200 

FIGURE 2 : Measured frequency response of the 71 MHz 
IF filter. Amplitude reference is 2.7 dB. Plot 
center at 100 MHz. Plot scales are 20 MHz/div 
horizontal and 10 dB/div vertical. 

Numerous low loss filter structures have been 
developed during the past 15 years, such as 3-phase 
unidirectional transducers (3PUDT) [1,21, single phase 
unidirectional transducers (SPUDT), including both 
internal reflection transducers 131 and folded 
multistrip couplers transducers [4]), repetition 
structures [5,6] or track coupling via image impedance 
transducers 16-01. 

For lower frequency applications the 3-phase technique 
is the most accurate for controlling in-band shaping 
and ripple. However air gap cross-over technology and 
minimum linewidth restrict the use of this technique 
to below 300 MHz. 

FREQUENCY (MHz) 

FIGURE 3 : Measured frequency response of the 71 MHz 
IF filter, Amplitude reference is 2.7 dB. Plot 
center at 71 MHz. Plot rcales are 1 MHz/div 
horizontal and 10 dB/div vertical. 

High frequency applications require simple tuning, 
single phase and single layer technologies. These 
requirements are achievable at 1 GHz with a standard 
1 Um lithography process by using a filter structure 
[ e l  derived from the repetition structure proposed by 
Hikita et a1 [6,7J. 

The center frequency of the IF filter was chosen to be 
71 MHz. This choice represents a good compromise 
between the system requirements and the possibilities 
of the SAW technology. 

Because of the narrow bandwidth requirement, quartz 
was chosen as the substrate material because of its 
high thermal stability (3.5 lo-' ppm/'C2) and its lov 
coupling efficiency (kz = 0.116 X ) .  

The filter was designed and built using the 3-phase 
technology for easy in-band shaping and ripple control 
and for possibility of spurious signals compensation. 
In order to minimize insertion loss and diffraction 
distortion, withdrawal weighting was used. 

The n~inimurn cavity size required for this filter is 
4.5 mm by 4 cm with a height of only 2 mm. 

Figs. 2 to 4 give the measured frequency response of 
the filter. The insertion loss is only 2.7 dB, the 
close-in rejection is better than 45 dB and the 
far-out sidelobe level exceeds 70 dB from 0 to 200 
MHz. Spurious bands occur at 115, 130 and 142 MHz with 
levels greater than 40, 30 and 20 dB from the main 
signal corresponding to SSBW (Surface Skimming Bulk 
Wave) radiation at 1.6 and 1.8 times fo and the Znd 
harmonic of the SAW. 
~ i g s .  3 to 4 can be compared with the analysis given 
in figs. 5 to 6. We can notice that, the agreement 
betweeti experimental measurements and theoretical 
calculations is very good for both in-band and 
stop-band responses. 

Group delay variation in the passband of the filter is 
parabolic in shape and is the result of the tuning. 
Such a shape is predicted by our simulations and can 
be approximated by a very simple relation, which is 
valid for many 3-phase filters : 

FIGURE 5 : Theoretical frequency response of the 
71 MHe IF filter. Amplitude reference is 2.7 dB. 
Plot center at 71 MHz. Plot scales are 1 nHa/div 
horizontal and 10 dB/div vertical. 



FREQUENCY (MHz ) FREQUENCY (MHz) 

FIGURE 4 : Measured frequency response of the 71 MHz FIGURE 6 : Theoretical frequency response of the 
IF filter. Amplitude reference is 2.7 dB. Plot 71 MHz IF filter. Amplitude reference is 2.7 dB. 
center at 71 MHz. Plot scales are 50 kHz/div Plot center at 71 MHz. Plot scales are 50 kHz/div 
horizontal and 0.5 dB/div, 2 deg/div and 500 horizontal and 0.5 dB/div, 2 deg/div and 500 
ns/div vertical. ns/div vertical. 

2 FREQUENCY (MHz) 

b T * B - 3 = i  [ ' 0  ] 
10 0.5 B-3 

This variation can be compensated for and reduced to 
i 100 ns in the 3 dB band as shovn in the simulation 
of fig. 7. 

- 

FIGURE 7 : Theoretical frequency response of the 
71 MHz IF filter after phase error compensation. 
Amplitude reference is 2.7 dB. Plot center at 71 
MHz. Plot scales are 50 kHz/div horizontal and 0.5 
dB/div, 2 degldiv and 500 ns/div vertical. 

902 naz RF FILTER 

We have already reported [8] an improved structure for 
low loss, sharp cutoff, high rejection filters which 
can operate up to 1.5 GHz with standard optical 
processing techniques. This structure, derived from 
the repetition structure proposed by Hikita et a1 
[6,7], combines several low loss techniques to achieve 
a single phase, single layer and simple tuning low 
loss filter. 

FIGURE 8 : 900 MHz RF filter configuration. The basic configuration for this structure is shown in 
fig. 8. It consists of a pair of unidirectional 
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FREQUENCY (HHz) 

882 897 9 1 2  

FREQUENCY (MHz) 

FIGURE 9 : Theoretical frequency response of the FIGURE 11 : Measured frequency response of the 900 MHz 
900 MHz RF filter. Amplitude and group delay RF filter. Amplitude and group delay reference are 
reference are 6.5 dB and 235 ns. Plot center at 7 dB and 235 ns. Plot center at 897 MHz. Plot 
897 MHz. Plot scales are 3 MHz/div horizontal and scales are 3 MHz/div horizontal and 1 dB/div and 
1 dB/div and 20 ns/div vertical. 20 ns/div vertical. 
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FIGURE 10 : Theoretical frequency response of the 
900 MHz RF filter, Amplitude reference is 6.5 dB. FIGURE 12 : Measured frequency response of the 900 MHz 
Plot center at 900 MHz. Plot scales are 10 dB/div RF filter. Amplitude reference is 7 dB. Plot 
vertical and 100 MHz/div horizontal. center at 900 MHz. Plot scales are 100 HHa/div 

horizontal and 10 dB/div vertical. 

transducers (UDT) for both electrical input and 
output. These transducers are comprised of a 
bidirectional transducer inside a 3 dB multistrip 
coupler (MSC) which is folded in the form of a 0 
(OMSC-UDT structure). Input and output are 
acoustically coupled via a pair of electrically 
coupled bidirectional transducers (TCs). Lossless 
coupling and passband shaping are obtained by a proper 
image impedance connection of the TCs as explained in 
reference (dl. Standard withdrawal weighting on the TCsi 
is sufficient to obtain 50 dB rejection with the 
input/output transducer responses included as shown on 
figs. 9 and 10. 

The filter was manufactured on 36O YX-LiTaO, because 
of its low temperature coefficient (35 ppm/OC) and 
high coupling coefficient (> 5.6 X ) .  Figs. 11 and 12 
show the measurement of its frequency response which 
appears to be in good agreement with the theoretical 
predictions shown in figs. 9 and 10. 

High performances are obtained since the achieved 
insertion loss is 7 dB with a 0.5 dB and 20 ns fast 
peak to peak amplitude and group delay in-band ripple. 
Both close-in and far-out rejection are greater than 
50 dB over a 1 GHz bandwidth for a shape factor better 
than 3:l. 

Chip size is only 2.2 x 2.2 mm2 which allows mounting 
in a TO-5 can. Flat pack packaging affords improved 
electromagnetic feedthrough rejection and chip carrier 
mounting has also been investigated (fig. 13) for 
surface mount applications. 

OTHERS LOV LOSS RESULTS 

The "image impedance" technique described above and 
explained in reference 161, allows an achievable 
fractional bandwidths close to 0.67 times k*. Using an 
improved transducer design technique we can vary both 
effective coupling and stopband width in order to 
extend the domain of achievable relative bandwidths on 
a given material. 



FREQUENCY (MHz) 

FIGURE 13 : Photograph of the 900 MHz RF filter 
mounted in a 9 x 9 mm2 chip carrier. 

With such a technique we were able to design a narrow 
band filter having a relative 3 dB bandwidth of 1 . 7  X ,  
operating at 950 MHz. Fig.14 shows the measured 
frequency response of this filter. The in-band and 
stop-band characteristics are very similar to those of 
the 900 MHz filter, except for the 10 dB isertion loss 
caused by a strong diffraction a~id propagation 
attenuation. 

An improved weighting technique described in ref. 161 
was used to design a 2 MHz bandwidth filter operating 
at 72 MHz with only 3 dB insertion loss (flg. 15 and 
16). Proper design of the input/output transducers 
combined to the weighting technique results in both 
70 dB far-out rejection (50 dB close-in with a shape 
factor of 3 : l )  and simple tuning (one inductor on each 
side of the filter). In addition the chip size is only 
8.5 x 8.5 mmz. 

FREQUENCY (MHz) 

FIGURE 15 : Measured frequency response of the 72 MHz 
filter. Amplitude reference is 0 dB. Plot center 
at 72 MHz. Plot scales are 200 kHz/div horizontal 
and 1 dB/div vertical. 

FIGURE 14 : Measured frequency response of the 950 MHz 
narrow band filter. Amplitude reference is 0 dB. 
Plot center at 950 MHz. Plot scales are 10 dB/div 
vertical and 10 MHz/div horizontal, 

CONCLUSION 

Two high performance low loss SAW filters operating at 
71 HHz (IF) and 900 MHz (RF) have been developed for 
the future Pan-European digital cellular radio system. 

Theoretical predictions for both filters are in 
perfect agreement with the experimental measurements. 

Tlie main specifications of the mobile radio system are 
satisfied. The results presented in this paper show 
the capability of the SAW technology to achieve high 
performance low loss RF and IF filters. 

Future efforts are toward even lower losses and higher 
frequencies (up to 1 . 5  GHz). 

FREQUENCY (MHz) 

FIGURE 16 : Measured frequency response of the 72 MHz 
filter. Amplitude reference is 0 dB. Plot center 
at 72 MHz. Plot scales are 10 MHz/div horizontal 
and 10 dB/div vertical. 
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A STRATEGY FOR A LOW COST IF FILTER FOR DIGITAL RADIOTELEPHONE 

JP AUBRY, JP MICHEL, JC LE CORRE, D BLONDE h P de la FOURNIERE 

SUMMARY 

C.E.P.E. 44 avenue de la Glacihre 95100 ARGENTEUIL 

The next generation of digital 
radiotelephone which is expected to cover 
the entire EUROPE asks for many up to date 
technologies. 

An intermediate IF filter will be 
required with the following basic 
specification : 

- high center frequency (between 40 and 
75 MHz) 

- wide band (from 160 to 300 KHz) 
- phase linearity < 5' 
- low insertion loss (<6 dB) 
- high out of band rejection 
- low shape factor 
- low ripple 
- small size 

The competition between SAW and BAW 
devices is still opened, even if SAW will 
have some inherent problems with rejection, 
size and cost. 

RAW will be able to compete, but they 
have to overcome some limitation : 

- high frequency fundamental 
- piezoelectric substrate not in quartz 
- small size 
- low cost 
The proposed strategy is based on four 

major points 

- four poles on a single blank 
- berlinite or lithium tantalate 
piezoelectric substrate 

- automatique global filter adjustement 
- low profile package 

Two preliminary 4 poles designs have 
been fabricated and tested either with 
discrete or coupled resonators on a single 
wafer. Results meeting the specification 
are presented. 

CLASSICAL TECHNOLOGY 

Even if cost and size considerations 
are neglected, the IF filter for cellular 
digital radiotelephone is not an easy 
filter for most of crystal filters 
manufacturers. 

The reasons are requirements for 11 a 
wide relative bandwith 2 1  a high center 
frequency 31 a high out of band rejection 
41 a very good phase linearity. 

11 A wide relative bandwidth : Depending 
on the various system soeeifications. the 
required relative bandwidth is 0.25 to 
0.7 %. This range of bandwidth is theore- 
tically feasible with quartz resonators. 
But, practically, it will be a complicated 
structure involving such techniques as 
Jaumann design with two or mote resonators 
per arm. This design needs complex 
transformers, is very hard to tune and has 
a poor rejection for a given number of 
resonators. In addition, the iterative 
impedance of the filter remains at a high 
level and matching the output of the IF 
mixer requires high quality factor and 
consequently large and costly inductors. 

For wide bandwidth filters (above 0.3%) 
lithium tantalate is a well fitted 
piezoelectric crystal. Its high 
piezoelectric coupling coefficient makes 
possible a decrease of the iterative 
impedance compared to quartz (approximati- 
ve ratio : 60). 

So the required shape of the filter 
can be met with a very simple design like 
scales with serial only resonators. So it 
is a very promising material for the 
present filter. Nevertheless, for the 
lower bound of the bandwidth range there 
will be some limitations due to a slightly 
high insertion loss _ ( -  7.dB) caused-by the 
limited Q factor of that material. 

This is ptobably the first time that 4 
poles single wafer are shown on LiTa03 or 
AlPO , and this is a very promising 
tech$ology. 



FIG. 1 : a 71 MHz - 100 KHz wide berlinite 
monolithic cell response 

In order to cover the lower bound of 
the bandwith range we decided to 
investigate berlinite [1,2]. Berlinite is 
nn aluminum phosphate with the same 
crystallo~raphic structure as quartz (ie 
32). fiut the piezoelectric coupling 
~oefficient is approximately twice as 
cornoared to quartz and'consequently 
3chinvable iterative impedances for filters 
?rc only half that of quartz. In addition 
-.i?nolit!~ic cells up to 75 MHz proved to be 
f2asible in the part (Fig.1). This makes 
possible n monolithic cells filter which is 
I very sirnple design (fig. 2 ) .  

So our choice has been lithium 
tantalate for the upper part of the 
!,n~~dwi:h ranze and berlinite for the lower 
pert. 

21 A high center frequenc : Either 40 MHz 
or 7 3  i>tl-Iz are too high inyfrequency to make 
crystals by conventional mechanical 
etching. The current state of the art at 
CCPE would let them made by ionic etching. 
I<ut we thought it is not convenient for 
mass production. We will see that there are 
other solutions. 

31 A high out of band rejection : The IF 
filter shall reject at a - 60 dB level.. The 
sha~e factor reouired corres~onds 

41 A good phase linearity : To get a good 
phase linearity is not properly speaking a 
great difficulty for crystal filters 
manufacturers. It acts more on the 
sensibility of the filter and it needs a 
more accurate trimming. 

app;oximately td a four filter. But 
crystal resonators generally exhibit 
important spurious responses which 
compromise the high level of rejection. The FIG. 2 : 4 poles berlinite filter at 
classical mean to prevent this 70 MHz 
inconvenience is to increase the number of a1 simulated response 
resonators and to achieve a higher order bl design 
filter 



DEDICATED TECHNOLOGY FOR IF FILTER FOR 
DIGITAL RADIOTELEPHONE 

The IF filter for radiotelephone will 
have to overcome the above difficulties. In 
addition it will need to be low cost and 
low volume. In order to achieve this, we 
made the following design choices : 

11 four poles design 
2 1  all the resonators on a single blank 
31 a maximally low iterative impedance 
41 a low profile package 

1 1  Four oles : As above stated, 6 poles 
w o u h e r  for spurii rejection. But 
the manufacturing costs for a filter are 
always more or less increasing with an 
increasing number of poles. Especially the 
curve tuning cost versus number of poles 
gets a strong upward bend around five 
poles. So it appeared necessary to limit at 
four (may be five) the number of poles. 
Fitting the required shape with only four 
poles however requires in certain cases a 
slightly bridged structure in order to 
produce attenuation maximum for a 
convenient closed rejection (fig.3). 

\il~~n makin): filters this way with no 
spc.cial cnrc ns rcgargls to spurious 
sllpprcssion, we got - what was cxpcctcd - 
s tron: enou;;h spurior~s responses whose 
rejection were only 30 dI;.(fig. 4 )  

FIG. 4 : LiTa03 filter without spurii 
suppressor 

To overcome this inconvenience we have 
studied resonators with special electrodes 
shape. On the resonator, the different 
mechanicnl modes of vibration are 
responsible for the main reponse and for 
tile spurious ones too. One of them exhibits 
a stronp; coupling coefficient : it is tile 
main and the useful one. Another 
specificity is the displacement figure 
caused by each different mode in the blank. 
These figures exhibit nodes and maximn in 
well defined places of the blank. A common 
mcthod to avoid sp~rrious is to place 

FIG.3 : Normal versus brigded filter design ncousticnl absorbant on the maxima of 
spurious modes provided they are not at the 



s a n e  p l a c e  a s  n  main mocle n~;ixir~lum. R e s u l t s  
n r e  ::ootl enou",~ f o r  low p i e z o e l e c t r i c  
c o ~ t p l i n y ,  m a t e r i a l s  such a s  q u a r t z  o r  
h c r i i n i t ~ .  I\[IL even f o r  t h ~ s e  m a t e r i a l s ,  
and f o r  ~ i ~ n t e r i a l s  wit11 11i:hcr c o u p l i n g  
c o e f f i c i e n t s ,  i t  c a n  I ) P  improvetl I)y 
i - o p l n c i n ~  t h e  a c o u s t i c a l  aI~sor1)nnt  by a n  
~ p p r o n r i n  t c  r n ~ t n l l i c  l o n d .  The al>sorl,in,y 
c l f c c t .  o C  s p ~ ~ r i o r ~ s  i ?  ::ot T~-oril Illass l n n t l l n ~ :  
ndtlatl t o  n p i c z o c l e c l r i c  c f r e c t ,  e s p e c i a l l y  
s t r o n ?  f o r  Llir,h couplinr: c o e f f i c i e n t  
m a t e r i a l s .  Good r c s l r l t s  lravc been o l ~ t a i n e d  
w i t 1 1  rejection i ~ p  t o  60 dJ: on s p u r i i ( s r ? c  
E i y . 3 0 ) .  Case 01 implementa t ion  i s  a l s o  
v e r y  qood,  becausc  tile m e t a l l i c  l o a d s  a r c  
clepositccl i n  t h e  snilie operation a s  rnain 
c l o c t r o d c s .  

2 1  111. tile r e s o n a t o r s  on n s i n g l e  blnnlc : 
C r v s t a l  c o s t s  a r e  t h e  main c o n t r i b u t i o n  o f  
t h e  c o s t  o f  a  c r y s t a l  f i l t e r .  So i t  i s  a  
q r e a t  clcnl t o  reduce  t h e  c o s t  o f  n  
r e s o n a t o r .  

1 - lu l t ipo lcs  r e s o n a t o r s  have a l r e a d y  been 
shown [ 3 ] . 

The f low c h a r t  f o r  a  r e s o n a t o r ' s  
m a n u f a c t ~ l r e  i s  ,o,iven on f i z u r e  5 .  1Je tnatle 
t h e  f o l l o w i n g  a n a l y s i s  : t i l e r e  a r e  o n l y  two 
o p e r a t i o n s  n e e d i n g  a n  i n d i v i d r ~ a l  a c t i o n  : 

E l a t e r i a l s  

Sawing 

E t c h i n g  

ETountinp, 

Tuning 

Enc lose  

F i n a l  checlc 

1- Tuning  : a s  r e g a r d  t o  a c h i e v a b l e  
i~innr~f:~ct i rr iny,  p r o c e s s ,  one c a n n o t  hope 
t h a t  t h e  r e s o n a t o r  may r e a c h  t h e  r e q u i r e d  
p r e c i s i o n  w i t h o u t  any i n t l i v i d u a l  t u n i n g ,  

2- C o n t r o l  : e a c h  r e s o n a t o r  i s  i n c l i v i d u n l l y  
incnsi~rotl.  

A11  o t h e r  o p e r a t i o n s  may f i n d  a  
s o l u t i o n  i n  a  c o l l e c t i v e  o r  s e m i - c o l l e c t i v e  
p r o d u c t i o n .  

So  t h e  b e s t  s h o u l d  be tione t o  
i n t l i v i c l u a l l y  p r o c e s s  o n l y  f o r  above b o t h  
o p e r a t i o n s  nntl t o  ;~voicl  i n t l i v i d ~ t a l  
i l innr~f : ic tu r in~ ,  f o r  a11 01 t h e  o t h e r s .  One 
s o l u t i o n  f o r  t h a t  l a s t  p o i n t  was t o  s t u d y  a 
clevicc w i t h  a l l  o f  t h e  r e s o n a t o r s  on a  same 
p l a t e .  

T h i s  d i s p o s a l  a c t r ~ a l l y  a l l o w s  a  
co1 . lec t ive  p r o c e s s i n f i  on most o f  t h e  
r ~ i a n u f a c t u r i n g  o p e r a t i o n s .  I n  a d d i t i o n ,  i t  
i s  c o s t  s a v i n g  on m a t e r i a l s  : o b v i o u s l y  on  
rncchanics ,  b u t  a l s o  on  c r y s t a l  : t h e  
reduced  needed q u a n t i t y  o f  c r y s t a l  m a t e r i a l  
i s  a  v e r y  i n t e r e s t i n g  p o i n t  f o r  l i t h i u m  
t a n t a l a t e  r e s o n a t o r s ,  because  t h i s  m a t e r i a l  
i s  v e r y  dependant  of  t h e  t a n t a l u m  oxytle 
c o s t .  

For  l i t h i u m  t a n t a l a t e  f i l t e r s  t h e  
d e s i g n  we have s t u d i e d  i s  a  d e s i g n  w i t h  
f o u r  r e s o n a t o r s  on  a  same p l a t e .  The 
d i a m e t e r  o f  t h e  p l a t e  i s  approxi rna t ly  5 mrn. 
The r e s o n a t o r s  a r e  p l a c e d  a t  n g i v e n  
d i s t n n c e  o f  e a c h  o t h e r  i n  o r d e r  t o  a v o i d  
any un\lnntcd c o u p l i n g  e f f e c t s  on t h e  main 
r e s p o n s e  a s  w e l l  a s  on s p u r i i .  R e s u l t s  a re  
v e r y  promizin;. 

For  b e r l i n i t e ,  we a r e  s t u d y i n g  a  clesign 
bnsetl on o d o u b l e  m o n o l i t h i c  c e l l .  The 
f r e q u e n c y  o f  t h e  f i l t e r  i s  > 60 MHz, t h e  
th ic lcness  o f  t h e  p l a t e  i s  < 20 urn. The two 
c e l l s  a r e  p l a c e d  i n  a  d e p r e s s i o n  made by 
i o n  e t c h i n g  i n  o r d e r  t o  a c h i e v e  t h e  
r e q u i r e d  t h i c k n e s s  ( s e e  f i g u r e  6 ) .  

FIG. 5 : Flow c h a r t  f o r  a  c r y s t a l  r e s o n a t o r  
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FIG.8 : Phase response for a lithium 
tantalate filter 4 poles per plate 

The - 60dE s!lape factor is good. Compared 
to the specification qenerally required by 
custoners, the response is still slightly 
too Sroa6 at - 20 dl3 and - 30 dB. This will 
be  iiqnroved by a better filter synthesis. 

FIG.10 : Out of band rejection for a 
lithium tantalate filter I 4 poles 
plate 

Spurious responses have been 
drastically reduced in amplitude as well as 
in number. Only one response remains at a 
level of - 45 dB at a distance of 20 MHz 
frome the center frequency. This response 
corresponds to a longitudinal propagation 
mode which is well known on lithium 
tantalate. We continue studies to reduce 
this response by modifying the physical 
arrangement of the resonators on the 
crystal blank. Compares the resulting 
filter to a classical equivalent filter. 

Rejection is - 60 dB. This is a good 
result because one may fear that the 
reduced distance between resonators or 
between resonators and components due to 
the small volume inside the package may 
have lead to a poor ultimate rejection. 

FIG 9 : Closed to band rejection for a 
lithium tantalate filter - 4 poles 
per plate 



FIG. 11 : Compared dimension c l a s s i c a l  
f i l t e r  v e r s u s  new f i l t e r  

INDUSTRIALISATION 

IJe have shorm t h a t  numerous c h o i c e s  
have been made i n  o r d e r  to make t h e  f i l t e r  
e a s i l y  p r o d u c e a b l e  a t  n low c o s t  w i t h o u t  
j e o p a r d i z i n g  t h e  smal l  o v e r a l l  s i z e .  We a r e  
a l s o  d o i n g  worl: on t h e  m a n u f a c t u r i n g  
p r o c e s s  i n  o r d e r  t o  l e a d  t o  reduced  
m a n u f a c t u r i n g  c o s t s .  

The main l i n e s  f o r  t h a t  work a r e  : 

1- m a t e r i a l s  s a v i n g ,  e s p e c i a l l y  c r y s t a l  
s a v i n g  by improved row m a t e r i a l  process in^ 

2 -  e t c h i n g  a u t o m a t i c  c o n t r o l  

5. i n t e r n a l  assembly clcsigri and 
mountinz technology  

4 -  a u t o m a t i c  m e t a l l i z a t i o n  of  t h e  
r e s o n a t o r s  and  t u n i n g  o f  t h e  f i l t e r  

I'acka:,e i s  n o t  y e t  concerned  by t h i s  
work because  we d o n ' t  Icnow i f  custnrners  
t r i l l  r e q u i r e  a  Skill package o r  a  p l u g - i n  
package.  

COEIPETITIVE TECIINOLOGIES 

\Je have been l e d  t o  t h e  c o n c l u s i o n  t h a t  
c r y s t a l  f i l t e r  i s  a  w e l l  f i t t e d  technology  
f o r  t h e  c l i g i t n l  r a d i o t e l e p h o n e  I F  f i l t e r .  
Cut we needed b e f o r e  t o  c o n f i r m  t h i s  
o p i i ~ i o n  by loo!cin:: a t  p o t e n t i a l  competi-  
t o r s ,  f o r  cxclrnl,le SA\J f i l t e r .  I n  o r d e r  t o  
rnnl:~ up  ollr ~n ind  we lrave made a  low l o s s  
:;All f i l t e r  ~ ~ i t h  such  a  d s s i g n  we have 
contlitlcri!tl a s  c o s t  s a v i n g .  T h i s  r e a l i z a t i o n  
has been t l esc r ibcd  i n  a  p r e v i o u s  paper  
d u r i n g  t t i i s  c o n f c r e n c c  
[ ' b ] .  

The r e s u l t s  a r e  q u i t e  i n t e r e s t i n g  : 
i n s e r t i o n  l o s s  i s  low enough,  a m p l i t u d e  a,id 
,o;roup d e l a y  i n  t h e  p a s s  band a r e  v e r y  good. 
l l c v e r t h e l e s s  i t  seems t h a t  r e j e c t i o n  w i l l  
h a r d l y  r e a c h  lower  v a l u e s  t h a n  50 dB which 
i s ,  nccorcling t o  to-day cus tomer  
s p e c i f i c a t i o n s ,  n o t  y e t  enough. Another  
main i n c o n v e n i e n t  i s  s i z e ,  which i s  a b o u t  
30 mm l o n g .  

I fanufacturinp,  c o s t  i s  q u i t e  t h e  same a s  
f o r  c r y s t a l  f i l t e r s  mainly'  due t o  t h e  need 
o f  a  l a r g e  s u b s t r a t e  and o f  a  3 p h a s e s  
s i g n a l  g e n e r a t i o n  t o  a c h i e v e  a low l o s s  
o f f e c t  i n  t h e  !;All f i  l t c r .  

CONCLUSION 

A f t e r  I\avinp, compared t h e  two main 
t e c h n o l o g i e s  s e e n  t o  meet t h e  s p e c i f i c a t i o n  
f o r  a n  I F  f i l t e r  f o r  d i g i t a l  
r a t l i o t e l e p h o n e ,  we made o u r  mind t h a t  
c r y s t a l  f i l t e r  was a  w e l l  f i t t e d  
t e c h n o l o g y .  For  t h a t  purpose  we have made 
$hoiccs  t o  improve c o s t  and s i z e  f o r  t h e  
f i l t e r  and t o  r e d u c e  m a n u f a c t u r i n ~ :  c o s t s .  

The r e s u l t s  a r e  henches  models which 
a r e  v e r y  c l o s e d  t o  t h e  r e q u i r e d  e l e c t r i c n l  
s p e c i f i c a t i o n  and t a r g e t  s i z e .  

Worlc i s  c o n t i n u i n g  t o  d e v e l o p  t h e  
o p t i o n s  above descr ibec l  i n  o r d e r  t o  improve 
manufacturiny,  p r o c e s s .  
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Abstract  

Solitons can be roughly thou rht a s  stable propa et ing 
wave packets resulting from a kalance between no3inear  
distortion and dispersive spreadin r. 'l'hey have been 
observed recently in numerous fields Pike hydrodynanlics, 
electrical transmission lines, plasma physics and optical 
fibers, but until now attempt to excite solitons in solid state 
acoustics have failed. In a revious work we showed that 
the bulk acoustic wave rn&ation from interdigital tmns- 
ducers de osited on a uartz crystal is an rularly focused 
and that tRe direction o?emission is scannek by the applied 
excitation frequency [I]. Using pulse excitation, it  is found 
t h a t  wave packets propagate dispersively under the 
transducer lattice. On the other hand it is shown that the J (.I 

wave propagation is also highly nonl inear .  P u l s e  r 4 
ins~ebility, pulse narrowing, pulse splitting and dispersion 
comoensalion are demonstrated for 1 to 15 V amolitude 
and35  ns to 200 ns duration pulses from a t r a n ~ d u ~ r  with 
a 17.2 pm spatial period on a Y cut - Z propagation quartz 
substrate. Main features of exoeriments are interoreted bv 
establishing the nonlinear ~ 'chrodinger  equation which 
governs the ~ u l s e  envelope function for the mechanical 
diuplacerneni. A reasonnbie agreement with experiments is 
found. 

Introduction 

Most physical phenomena in solid state electronics con be 
explained within the frame of a linear wave pro agation 
theory. Nonlinear effects a r e  generally introguced to 
explain the sensitivity of devices to temperature, pressure, 
acceleration, humidity ... Nonlinear effects are also intro- 
duced to explain propagation of harmonics of the main 
signal,  amplitude-frequenc effect in resonators and 
intermodulation products in t l e  bandwidth of filters. In all 
cases nonlinearities are small and the problem can be 
satisfactory solved by a perturbation approach [I].  

In this paper we will study a novel effect which cannot be 
explained with the perturbation approach because involved 
nonlinearities are strong : this is the process of nonlinear 
dispersion and of solitons. Solitons can be roughly thought 
a s  s table  propagating wavepackets resulting from a 
balance between the broadening due to dispersion und the 
distortion due to nonlinearities. 'I'hey have been already 
introduced in numerous fields like hydrodynamics [21, 
electrical transmission lines [3,4], plasma physics [5] and 
optical wave guides [6,71 to explain the observed space- 
time structures. O u r  goal is  to show t h a t  nonl inear  
dispersion should be the key concept to ex lain space-time 
in stnbilitics in acousta-electronics as  weyl. In this paper 
observation of modulational instabi l i ty  and soliton 
propagation of shear horizontal waves in quartz is reported 
for the first time. 

First remarks  on the  experimental sc tup  

A schematic of the experimental setup is shown on Fig. 1. 
We used a Y-cut qunrtz substrate (10 X 9 mm2 and  
thickness 1 mm). The bottom was un olished and two 
interdigital transducers were depositeB on the top nor- 
mall to Z-axis. Each transducer had 100 periods, a 5 lnln 
widtl,  a spatial periodicity hJ2 = 1'7.2 plrl and 800 1 thick 
aluminum. 

Fig. 1 : Scheniatic of the experimental setup 

Fig. 2 : Slowness curve for singly rotated Y-cuts of quarrz 

In the linear regime such a cut  supports only shear  
horizontal motion. Its slowness curve is shown on Fig. 2. 

Since the excitation transducer is very Ion , propagation 
takes place wit11 tlie wavenumber k along t f e  direction of 
constructive iilterferencc (1, given by the relation 

111 other words the 1)ropagation angle 0, con bc scuntled by 
the applied frequency f according to the relation 

?'he angle H,, fur the propagation of ener y is normal to the 
sIowness curve (Pig. 2 )  and consequendy there will be a 
cut-off in the device response when 0, = 0. 'I'his angle 
corresponds to the pro n ation of the so-called surface 8 8 skimming bulk wave ( S W). In our device this happens 
for Hc = 24.2" and the corresponding cut-off frequency 1s 
fo = 126 MHz. 
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'I'he radiation emciency for the shear wave in a Y-Z cut 
q u a r k  half space was computed a t  the ray approximation 
[ 8 ]  (Fig. 3). At the cut-off frequency the lnuin lobe is broad 
and parallel to the surface ; with increasing applied 
frequency the lobe rotates and gets thinner. 

'I'he lobe bro:~dcning due to the finite Icngth A1, of the 
transducer can be estimated fr0111 the uncertainty relation 

111 our device, this leads to an uncertainty A/' = V,/AI. in 
frequency of the order 1 Mllz. Broadening and secondary 
lobcs due to the finite lcngth of transducer are  then be 
expected for tinles larger than At = 1/Af = 1 ps. 

'1'0 avoid such rnodulntions we will perfornl pulse experi- 
rllcnts in a range of lime scales between 10 n s  and 100 nu. 
'I'his lneuns that these input pulses will propagilte under a 
trilnsducer which can be assumed to be infinite. l'o explain 
experiments both dispersion due to the strip lattice ( t r i~ns-  
ducer) and nonlinear~ty have to be taken into account. 

POWER DENSlTY[wlrn') 

Fig. 3 : I'ower distribution for a 50-electrode-pair ID'I'on a 
Y -cut Z-propagation quartz crystal 

f, = 126 187 MHz, inputvoltage @,, = 1 V 

I)cr ivat iot~ of dispersion relat ion a n d  o f  the  l i n e a r  
propugatioti equat ion fut. the pulse 

We star t  with the equation for the slowness curve : 

PwS= C, k i  + C, k ;  1 2(:, k,, k ,  (4) 

with C44 = 4 X l o t 0  NIrn2 ; C55 = 5.8 X 101° NIm2 and 
C.15 = -1.8 X 10'" N/rnVor the Y-Z cut substrate. 

Ifere kx = 2n/A,, can be considered constant in the range of 
time scales we will experiment, i.e. At 4 1 us. Introducing 
the wavenun~ber k = (kyQ kY2)lrd along the propagation 
direction r (Fig. l ) ,  the dispersion relation w = W(k) is : 

plJ = C, b l  .t. C,,(C< t ec, kx(k" I I ~ ~ J " ~  ($1  

It is plotted on Fig. 4. Note that Ihe dispersion is n ~ a x i ~ n u n ~  
nt the SSBW fre uency (zero group velocity) and decreases 
gradually when h e  frequency is increased. 

For a modulated input pulse centered on the wavenutnber 
k, , ,  corresponding to the frequency w,, = W(k,,) (Fig. 81, we 
cun expand the frequency in'l'uylor series 191 

Fig. 4 : L)ispersion curve for waves under a very long 
trunsducur on a Y-Z cul quartz, substrate 

1 2 8  M H z  

where w',, and w",, are the group velocity and the,concavity 
of the dispersion curve evaluated a t  the carrler wave- 
number k,,. 

.I):/=. ,( /' 
- - - - -  9 

'I'he waveform Y(r,f) is obtained by adding al l  mono- 
chro~natic waves uf wavenunlber k und frequency w = W(k) 
with the integral : 

K 

I 3 k ~  

1~:xtr.acting the carrier, we obtain frorn (6)-(7) : 

!I1 tr,fJ = +(r,t) (ixjj (i (kur - id,!)] ( 8 )  

where @(r,t)  is the envelope of the pulse : 

'I'he interesting oint of the analysis is that  the envelope 
function obeys a bchrijdirger lype equation : 

111 the franle of the pulse eq. (10) is the conventionr~l 
Schriidinger equation : 

I 
+ 2 W",,+,,~ = U where r = r - ( 1 1 )  

Solut ions of Eq.  (111 a r e  well known i n  q u a n t i r ~ n  
mechanics. During the propngt~tion the ulse will be 
broadened and its frequency will be rnoduyated, This  is  
illustrated on Fig. 5. 

Fig. 8 : Propngation of a dispersion pulse 



N o n l i n e a r  cf fcc ts  a n d  pu l se  e n v e l o p e  f o r  n o n l i n e a r  
w a v e  p r o p a g a l i o n  

An estimate of nonl inear  ropagation effects h a s  been 
obta ined fro111 ampl i tude  f r equency  ~ ~ i e a s u r e o i e n t s  i n  
resonators. I7or a travell ing plane wave of a11:plitude 3,  t he  
frequency shift  is found to be [ 11 

where C(2) n r ~ d  C[d) a r e  t he  effective sccontl order i ~ n d  
I'ourth ortier e!astic constanls.  In o u r  device tlie wave 
prupi~gatcs it1 singly rotated or ienta t io~is  (roliitiot: around 
X-axis) and Lhird order constants vanishes by synitnetry. 
'I'tic nonlinear coefficient C = C['l)/ 12C(2) is  known to have 
a n  order of tnagnitude C = 10 and  is  < 0 for A'r cuts i:nd 
=. 0 for K1' cuts  11, 101. Referring to Fi r .  2 i t  can be seen 
t h a t  or ient i~t ionr  around the Kl. cut  wit1 be explored and  
then C i s  negative. 

From the  new dispersion relation 

w = W ( k )  - qci 2 (13) 

we can der ive  the  pulse envelope for n o n l i n e a r  w a v e  
propagation a s  follows [91: 

Solving Eq. (14) is  a considerable task 111,121 and  only the  
nature  o f r~~odu la t ions  predicted by Eq. (14) will be studied.  

First  case : q a",, < 0 

According to Witham's modulation theory [9], there  a r e  
two real  characteristics i n  th is  case. The  system remains  
hyperbolic but the input  pulse spli ts  into two stable a r t so f  
two different gruup velocities. First  experiments k r  this 
case were obtained recently in fiber optics by D. Krokel 
1131. I t  ha s  been shown tha t  a n  input  short  pulse splils in to  
lwo da rk  pulses (Fig. 64 .  

I o u t p u t  

d a r k  p u l s e s  s o l i t o n s  

Fig. 6 : Schematic ofsolutions of the  nonlinear 

Second case : q o",, > O 
'l'llere a r e  two co~riplex chsracterist ics in t h i s  case. 'l'he 
system beconles elliptic and  modulations a r e  unstable. An 
in u t  pulse generally spli ts  in many stnble pa r t s  called 
s o l t o n s  ilnd i:n nscillalory dispersive tail (Fig. 6b). Such 
behavior hiis been predicted it1 hydrodynamics a s  soon a s  
1965 by S i r  J .  Lighthi l l  (141 a n d  since then h a s  been 
ohserved for w a t e r  w i ~ v c s  [2], elec t r ica l  pu l se s  [3,4], 
plastr:as [5] and oplical f i l~ers [(i,71. 

Fur p\ilses in ( lu~r ld l ) ' l '  cuts, we I ~ a v c  > 0 a s  jus t  sliown 
linrl w",, > O Ia'ig. 4 ; Lhen we w i l l l e  restricted to th is  
case. 

loor practical purposes two s i ~ n p l e  quanti tat ive concepts Lo 
s tudy the instability of s y s t e ~ ~ i s  ruled by the  non l inea r  
Schrodinger equation can he settled. 

F i rs t  the modulittional ins tabi l i ty  may  be analyzed by 
a s suming  a so lu t ion  witl: a uni form s p a t i a l  s t a t e  of 
ampl i tude  a p lus  a n  inf in i tes imal  propagat ing  e r t u r  
bation of frequency R and  wavenumber  K 1151. 8ubs t i -  
t u t i n g  th is  fort11 for tlie so lu t ion  i n t o  (14 )  y i e ld s  t h e  
following dispersion relation : 

For clo"O u2 > w " ~ , ~  K1/4 > O the  frequency IZ will become 
imaginary  and  the  perturbation in the  alnpli tude will grow 
exponentially in time. 

'I'he rllaxiniutn growth r a t e  occurs when K = K,,,,, = 
[2y a'/ o",,JW with the  value R = 52,,,,, = yu2. Assunling 
t h a t  the  wavepacket propagates approximately wi th  t he  
l i nea r  group velocity o',) t h i s  al lows to i n t roduce  t h e  
d is tance  x,,e for max imum ins tabi l i ty  a n d  t h e  corres-  
ponding tnodulating frequency f,,, a t  which the  growth ra te  
is  ~riaxitiium [ 151. We obtain : 

(J: uI4u ( I (i) 

A second glance Lo the  tnodulatiotlal ins tabi l i ty  can  be 
given b observing t h n t  Eq .  (14 )  a d m i t s  3 fanii l  of 
IocalixcXsolutions (called fundi~tnental  solilonsl of Ihe ljrll: 
16,9J 

where L,, is  the  pulse half width, r and s a r e  wi~venurllber 
a n d  frequency shifts, v; = a'(, + a",, r i s  the  pulse velocity 
and  41 i s  the pulse amplitude given by 

A schematic of the  shape  of fundtt~mienti~l soliton (17 )  is  
shown on Fig. 7. 

Schrbdinger equation 

Fig. 7 : Shape of the fundamental  soliton 



Other effects due to modulational instability 
A whole description of physical effects related to t h e  
nonlinear Schrodinger equation cannot be given here. We 
choosed to illustrate them by two examples borowed to 
recent experiments. 

First, a perspective plot of the tern oral pulse shape a t  
various points along an optical fiber f!r tho A = 3 soliton is 
shown on Fig. 8 [6,161. The input  soliton pulse first 
narrows, then splits and recurs as  a function of propagation 
distance, a s  observed. 

Second, the modulational instabi l i t  in  a n  electrical 
trnnsmission line is shown on Fig. 9 for different values 
Illw,, between the envelope soliton frequency and the input 
frequency ll71. 

1:ig. 8 : Perspective plot of the ten~poral pulse shape a t  
various points along a fiber for the A = 3 soliton, The 
intensity variable is defined a s  IV(z,t)lAla. The parameters 

q, and t,, are the spatial and tem oral soliton periods 
(from Stolen, ~ o l l e n a u e r  anboml inson  1161) 

Moduletional illstability a n d  acoust ic  solitons ill the  
Y-% cu t  quar tz  plale  

Theoretical expect:itions 
The previous theory was used to estimate the possibility of 
observing nonlinear dispersion effects in Y-7, cut q u a r k  
plates. 

l i n e a r  group velocity o' and concavity of dispersion curves 
w" are s l~own on Fig. 10. In our setup the distance of 
n~aximum instal~ility x , ,e  and the amplitude of funda 
mental soliton are found from (12),(16) and (18) 

l'hese pnraltleters have been plotted versus the carrier 
wavenumber k,, for an input pulse amplitude n = 100 
and an input pulse width r,, = 100 ns (Fig. 11 ). 

In our device, since a",, > 0 and (1 > 0 then wU,,rl > 0 and 
modulations are unstable. Experiments will be performed 
in tile range of carrier wave numbers between k I = 2r1/A, 
and 3 k l ,  corresponding to frequencies between 100 and 300 
MIIz. At 126 MHz, x,,e variishcs and strong n~odulation:ll 
ins~ability should be observed. At higher frequencies, xr ,e  
indreases, then decreases again towards approximate1 
5 mm a t  about 300 MEIz. At this frequency, 9 ,  = 100 K 
(Fig. 11 ), which is in the range of applied excit;lti,)ns. 

llsing these estimotior~s we run expect to observe soliton 
behavior a t  high f'requencies ( = 300 MHz) ,  on the setund ur 
third bounce (corresponding lo sufficient r~~odula t ions l  
instability) and a t  sufficiently high input  lengths and 
amplitudes (T,, = 100 11s and n = 100 A).  

I'ig. 9 : Observation of envelope solitons a t  a fixed point on 
the line. ?'he ratio Ww,, is  the ratio envelope soliton 

frequencylinpu t frequency. 
(from Yagi and Noguchi 1171) 

Fig. 10 : Id incar  group veloc*itg a n d  concncity 

of tht,dispersion curve of Fig. 4 



Fig. 12 : Modulational instability 

observed closed to the  cut-off frequency 

Fig. 11  : Distance of maximum instability x n t  

and amplitude of the f ~ ~ n d a r n e n t n l  soliton 

fora  = 1 0 0 A a n d r  = l o o n s  

tSxperiments 
In a first set  of experiments, rectangular pulses of 75 n s  
length and 2V amplitude were applied to the Y-Z cut  device 
described a t  the beginning of this paper ( 8  2). The applied 
modulational frequency 133 MHz was  chosen to correspond 
to a strong instability (approximate zero group velocity). 
'l'he output wavepacket (Fig. 12a) is  observed to be very 
unstable (see the delayed time base) and extents over a 3 ys  
t ime window. T h e  center  wave packe t  d e l a y  1 .5  y s  
correspond to the velocity 4000 mls of SSHW and the large 
t ime window reflects the  finite length of the transducers. 

In Fig. 12a the oscilloscope trace has  been synchronized on 
the electromagnetic response of the  delay line. An enlarged 
view of this response reveals a nonlinear structure which is  
correlated to the  presence of the  acoustic s igna l  ( t h i s  
phenomenon will be analyzed in  a future work). 

In  a second se t  of exper iments  i n p u t  pulses  of 50  n s  
durat ion and 7 V amplitude where fed into the  i n p u t  
t r ansduce r  tit i nc reas ing  frequencies.  A t  t h e  cut-off 
frequency 126 MHz) the response is broad and unstable a s  
before (Fig. 13). At 150 MIfz (Fig. 13b), the response has  
essenti:~lly split into two pulses corresponding Lo the two 
bounces illustrated on Fig. 1. At 200 MIIz five bounces a rc  
observed. 'l'he time delay of each bounce decreases and then 
t h e i r  a p p a r e n t  veloci ty  i n c r e a s e s  w i t h  i n c r e a s i n g  
frequency. Also the  width of each bounce decreases with 
increasing velocity. I t  should be remarked tha t  the  notion 
of bounce has  not to be used too far  because there is  not 
propagation in the conventional (hyperbolic) sense since 
the  system is elliptic. On the other hand the  ampl i tude 
dependence of bounce velocity and width is  characteristic of 
nonlinear dispersive waves. The bounce propagation is 
reminiscent of t h a t  of a fundamental soliton. 'ro confirm 
the hypothesis new experiments were performed. 



Fig. 13 : Inlpulse response of the quartz plate versus carrier 
frequency. Input  pulse length : 50 ns,  input  amplitude : 7 V 

Fig. 1 5  :Impulse response of the  quar tz  plate corresponding 
to t he  second bounce versus input  amplitude.  

Carr ier  frequency : 280 MHz, i npu t  length : 40 n s  

E'ig. 14 : Irrlpulse response of the  quar tz  plate correspunding 
to the second bounce versus input  length. 

Cnrricr frequency : 280 MIIz,  input  amplitude : 13 V 

In  Fig. 1 4  a n d  1 5  incident pulses with fixed f requency 
280 MHz a n d  var iable  length  r a n d  a tn  l i tude  u were  
considered. To make  the oscilloscope recorfeas ier  a 45  dl3 
n~agnif ica t ion  of the output  signal was used i ~ n d  all  records 
were taken from the  second bounce. In Fig. 1 4  the  incident 
pulse had  1 3  V maximum alnplitude. A t  25  n s  i npu t  length 
(Fig. 1 4 a )  t h e  wave packet  i s  very dispersive and  t h e  
~nodu la t ed  frequency ex ten t s  fro111 300 to 220 MIiz. A t  
5 0  n s  i npu t  length (1:ig. 14b) the wave piicket has  spli t  intu 
three s ta t ionni~ry  p:lrts of frequencies 280 hlllz, 256 Mllz 
a n d  225 Mllz. 1)iapersion is  present only a t  the edges of the  
~llniri  s ignal .  'l'lle~i at 100 n s  i n p u t  l e n g ~ h  ( F i g .  14c ) ,  
~nodulatiorial  institbility o f the  envelope is  seen and  
the  frequency 280 hll lz of the major par t  of the packet i s  
t h a t  of the  incident pulse. In Fig. 15, the  incident pulse had 
40  n s  i n p u t  length  a n d  var iable  a l~ lp l i t ude .  A t  2.5 V 
(Fig. 15q) input  anlpli lude the  wavepacket is  widely spread 
and is  d~spers ive .  At  7.5 V (Fig.  15b) i npu t  amplitude the  
wavepacket  h a s  sp l i t  in to  two p a r t s  w i t h  f rc  uenc ie s  
280 MHz and 244 MlIz. A t  15  V input  anipli tude &ig. 15c) 
t h e  wave packet has  spli t  into three par ts  with frequencies 
280 MHz, 244 Mliz  and  225 MJlz. Moreover a n  npproxl 
ma te  5 0  '70 narrowing hasoccured for each packet. 



Conclusion 

In this paper we have shown tha t  bulk acoustic wave 
radiation from very long interdigital transducers is  
dispersive and nonlinear. A1 the SSBW cut-off frequency 
theory revealed a linear zero group velocity corres onding 
11) ir strung modul~tiunal instability. 'l'his instahiily was 
observed togelher  with a n o n l i n e a r  s h a p e  of  Llic 
elcctro~~iug~ictic breakthrough. 

At higlicr I'rcquencies, pulse narrowing, pulse splittirig and 
t~iodulatio~ii~l instability corrohor;rled by the existence of 
aolitons wi~s  observed in rough ogreenlent with q u a ~ i l i  
tiitivc cstitiiate. 

Applications of solitons shoudl be ~nainly toward the field 
of'coditlg and decoding (soliton correl;~k)r). The instability 
ctrticel)t encountered in rronlinettr dispersion should also be 
a virluable tool to explain l/f frequency instabilities in 
resonators. Lastly characterization of n~aterials by solitons 
should be useful for basic physics. 
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