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ABSTRACT

“Capture effect” is a phenomenon occurring in both a-m and f-m communi-
cation systems manifest in the depression of a ;?elatively weak desired signal by
a stronger interfering signal at or near the desired-signal frequency, the degree
of depression dependingon circuit design, absolute and relative input amplitudes
of the two signals, and on their frequency. location relative to predetector selec-
tivity. An analysis is presented which considers how and in what circuits of a
receiving system the effect occurs and the degree of capture to be encountered
under various conditions of receiver circuitry. Controlor reductionof the effect
is discussed.

Limiters, discriminators, detectors, thermionic-bias potentials, AVC sys-
teras, detuning, de-emphasis networks, AFC systems, noise-peak limiters, and
fluctuation- and impulse-noise are treated with regard to their influence on the
over-all capture effect. Theoretical analysis is supported by experimental data
wherever practicable. - .

It is found that difference indegree of capture between a-m and f-m systems
is due to action of limiter and discriminator circuits in FM and that the nearer
any circuit approaches the “ideal,” the greater the degree of capture experienced.
In a-m systems capture may be reduced by (1) use of square-law rectifiers as
final detectors and/or (2) operation without AVC; in f-m systems reduction is
accomplished by (1) use of square-law rectifiers following the discriminator ele-
ment, (2) increase in discriminator bandwidth, (3) reduction in effectiveness of
limiting, and/or (4) incorporation of discriminators with nonsymmetrical and/or
nonlinear characteristics.

PROBLEM STATUS

’

This report, together with a forthcoming NRLReport R-3460 “An investigation
of Nonlinear Circuits Under Two-8ignal Conditions,” Restricted, by W. E. W.
Howe, concludes work on this problem. Unless otherwise notified by the Bureau
of Ships, the Laboratory will consider this problem closed one month from the
mailing date of the latter report.

AUTHORIZATION

NRL Problem No. R01-18R
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INVESTIGATION AND ANALYSIS OF “CAPTURE EFFECT”
IN F-M AND A-M COMMUNICATION SYSTEMS

INTRODUCTION

“Capture”is the term commonly applied to a desired-signal output depression effect
which occurs in frequency-modulated reception. Theeffect is presentinamplitude-modulated
reception also but usually to a more limited degree than in frequency modulation. It is gen-
erally present whenever an interfering signal stronger than the desired signal is tuned to
or near the desired-signal frequency. The phenomenon manifests itself as a depression of
the weaker signal’s output by the stronger one, the degree of depression depending on the
design of the receiver circuits, the absolute and relative input amplitudes of the two signals,
and on their location in frequency relative to the predetector selectivity of the receiver.

This investigation of capture effect has been conducted to determine in what stages,
circuits, or elements of the receiving system capture occurs, and to what degree. Both
theoretical and experimental consideration have been given to such items as amplifier-,
detector-, and AVC action in a-m reception and limiter-, discriminator-, and detector
action in f-m reception. For the purposes of this report, the term “discriminator”® refers
to the means for converting frequency variations into amplitude variations for subsequent
detection purposes. The term “f-m detector” refers to the necessary combination of the
discriminator and rectifier circuits and elements.

The terms “capture” and “capture threshold” have been used rather freely in much of
the technical literature relating to this phenomenon. In speaking of capture, the words
“suppression” and “elimination” are frequently encountered and interchangeably used. For
purposes of discussion of the effect in this report, the following definitions have been devised.

(1) Capture - the suppression of the desired-signal output caused by the presence of
an undesired carrier at or near the desired-signal carrier frequency. o
(2) Capture Threshold - the undesired-to-desired input carrier level ratio at which
the desired-signal output is depressed 3 db below its interference-free value. This
usually occurs in the vicinity of undesired-to-desired-signal input carrier level ratios
of 1.

(3) Standard Depression Capture Ratio - the undesired-to-desired input carrier level
ratio at which the desired-signal output has been depressed to such a degree as essen-
tially to prevent transfer of intelligence. A depression or attenuation of the desired- .
'signal output of about 30 db is suggested as a satisfactory standard. This agrees fairly
well with telephone cross-talk standards. Unless otherwise stated, a 30-db depression
will bé used in this report for designation of Standard Depression Capture Ratio.

)

| o 1
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(4) Complete Capture Level - the desired-signal output level at which the desired
signal is apparently eliminated completely from the output of the receiver. This
would normally correspond to a depression of desired-signal output of at least 40 db.

_ Theoriginal directive'* under which this investigation has been conducted was a request
“to investigate and determine the practicability of f~-m receiver circuits designed to elim-
inate or minimize the capture effects of strong jamming carriers, modulated and unmodu-
lated, on f-m signals.” The directive made no mention of capture effect in a-m reception,
but since a-m and {-m receiver circuitry are closely related, and since the ultimate goal
as stated in the problem was to “evaluate the relative merits of a-m and f-m communi-
cation' systems,” it:was considered highly desirable and entirely within the scope of this
probiem to investigate capture effect in a-m reception as well.

It was also stated in the original directive that “capture has proved to be a strong
disadvantage, from a military standpoint, for f-m.® Definite information was ret;nested
- as to whether the capture effect can be minimized. Two references were given®”® which
supposedly contain suggestions for the reduction of this effect. NRL has, as yet, been
unable to obtain the first of these references” for investigation and analysis. The second®
a “back-bias” scheme for minimizing capture which, in effect, changes the thres-
hold of limiting. This system will be mentioned again later.

There are several other co-channel and adjacent-channel effects which can cause the
desired signal to be suppressed or completely jammed. For instance, there is the presence
of audible beat notes and/or cross-modulation products in the output which can make the
transfer of intelligence by the desired signal difficult or impossible to achieve. These
effects are sometimes confused with the capture effect, and in fact several writers haveused
the term “capture” to include any or all of the interference products appearing in the output
of a receiver. These interference products would better be termed “co-channel® or ®adjac
channel” interference effects, of which capture is one term. This report will be confined
~ mainly to the capture effect proper. Accompanying heterodyne and other effects can, howev.
exceed capture in importance under some circumstances. Many of these other two-signal
effects have been investigated as part of the problem and are discussed in a forthcoming

companion report.®

In any analysis of capture phenomenon, consideration must first be given to study of
the particular circuits or stages of the receiving system in which the effect can occur. In
an a-m receiver, the effect is localized mainly in the detector circuits and the AVC system,
with predetector amplifier saturation also appearing as a factor in the absence of effective
AVC. In an f-m receiver, the effect involves both the detector rectifiers and the limiter
circuits, as well as the discriminator (slope-filter) element which is not usually present in
the a-m system. It is generally possible to predict with reasonable accuracy the degree of
-capture possible in either an a-m or f-m system, provided the following receiver conditions
are known:

(1) Final Detector Rectifiers
A. Mode of rectifier operation
(2) Linear-Law
(b) Square-Law
(c) Intermediate

#Zee page 55 for references.
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B. Rectifier type
(a) Single-ended
(b) Balanced (symmetry known)
(¢) Crystal or Thermionic Diodes
(2) Limiters
. A. Type
(2) Grid-bias plate-saturation amplifier
(b) Shunt-diode (full or half-wave)
(c) Others (such as series-diode, etc.)
B. Operating conditions
(2) Threshold level (onset of limiting)
(b) Normal operation (well above threshold but below blocking level)
(c) Blocking level ’
C. Time constants
D. Loading effect of noise-limiter in a-m system

E. Presence and effectiveness of automatic-frequency-control (AFC) system -

(3) Discriminator _ N
A. Type ; y . )
(2) Single-slope filter (such as frequency-counter type)
(b) Dual-slope filters (such as phase-discriminator type)
B. Frequency-amplitude characteristic-
(a) Linear '
(b) Nonlinear
(c) Symmetrical
(d) Nonsymmetrical
.C. Centering
(a) Desired input signal centered
(b) Desired input signal off-center
D. Bandwidth '
'E. Deviation (Modulation)
(a) Deviation within discriminator band-limits
(b) Deviation exceeding discriminator band-limits.
It must be emphasized that the difference in degree of capture to be found between
the a-m and f-m systems is primarily a function of the effectiveness of the circuits pro-

vided for operation with the type of modulation employed. The f-m receiver differsfrom
the a-m recéiver mainly in that it requires additional elements for conversion of the

NAVAL RESEARCH LABORATORY ' % 3
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intelligence-carrying modulation from variations in frequency to variations in amplitude
for detection purposes. The necessary additional elements, consisting of a discriminator
(slope filters) and one or more predetection amplitude limiters, account for the major
differences in the degree of capture obtainéd between the two modulation types. Variations
in limiting and/or detector characteristics between two similar receivers can also cause
considerable variation in the relative degree of capture. Thiswmbediscussedhterln

greater detail.

THEORETICAL TREATMENT OF PROBLEM

The following analysis treats those elements or circuits of a receiving system which
contribute to capture, together with a discussion of their eombimnon into the over-all

capture effect.
Amplitude Detectors
/ The apparent demodulation of a weaker signal by a stronger one in an a-m detector
*th a linear-law detection characteristic is a well known effect. Many writers have men-
tioned this phenomenon, and several analyses of it have been Fven in technical litera-
ture.>*" The analysis of E. V. Appleton and D. Boohariwalla® is one of the better-known
theoretical treatments of this effect. The complete derivation, with certain changes in
nomenclature and clarifying statements added, will be found in Appendix A; the resuits,
briefly, are as follows.
If a desired carrier of amplitude D; and an undesired carrier, Uj, (differing in fre-
quency by a value outside the pass-band of the detector output circuits) appear in the same
channel (within the predetector pass-band of the receiver) and are demodulated in a linear-

law rectifier, the modulation output, D,, from the desired carrier is reduced by a value
proportional to the ratio of Dj to Uj,

Do =g, (@
provided that Uj is stronger than Dj by at least a factor of 2, or

Uy = 2D

where Dj is the input amplitude of the desired carrier (modulated), Uj is the input arapli-
tude of the undesired carrier (unmodulated), and Dy is the output resulting from the de-
sired modulated carrier in the presence of the undesired carrier.

In a similar manner, the effect of a weak undesired signal, U;, on a stronger desired

signal, Dy, is found to be
Dy=1- 1/«(.'.3.‘)' : (@
provided that Dy is stronger than Uj by at least a factor of 2, or
' Dy=2U;

mmummrmmgmmmmmummrmmmmeu

the undeslred carrier.
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Equation (1) shows that the depression of the desired-signal output by a -
desired carrier is quite pronounced, whereas equation (2) shows that the depression of
the desired-signal output by a weaker undesired carrier is slight. It should be notedthat

these signal depressions or capture effects may be obscured by heterodyne beats between =

D and U signals, unless the beats are filtered out or are outside the pass-band of the de-
tector. output system.

A more general treatment of the detector capture phenomenon will be found in Ap-
pendix B, in which (unlike the treatment in reference 9) the modulation factor is included
in the first mathematical statement of the problem. This treatment has been carried out
for the square-law detector as well as for the linear-law detector. The results in the

linear case are in agreement with those given in equation (3A) of the Appleton-Bochariwalla

treatment (Appendix A). The results in the square-law case are in agreement with state-
ments to be found scattered throughout the technical literature, although this writer has
not previously encountered a mathematical treatment giving the output-level equations

of the square-law detector in the presence of two signals. The sguare-law case will be
discussed again later.

A graph of equations (1) and (2) is shown as curve (A) in Figure 1, presented in the
general form used throughout to illustrate capture. It is evident from this curve that,
with ideal linear-law detection, the depression of the desired signal is 1 db per db of in-
crease in level of the undesired carrier whenever the undesired carrier exceeds theam-
plitudeu!thedeslredbzapproxlmately:!dburmore. Variation to this extent represents
. a *capture-slope” of 45°. The discontinuity of curve (A) in the region of signal equality

(dashedporthnbetweenﬂ/l)ntzdb)pmhably!scmsedbythefaﬂureoicertam

U = undesired unmodulated carrier (varied)

== — D = Gesired modulated carrl )
\I
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Fig. 1 - Depression of a constant desired signal by an updesired signal

of varying value in the output of a linear-law detector
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simplifying assumptions made in the derivation of equations (1) and (2). Curve (B) of
Figure 1, however, has been plotted from equation (3A) of Appendix A, which represents
a more exact solution carried out to 4 terms. The capture slope as shown by curve (B)
is still about 45° , but the absolute depressiv. of the desired signal (in the region where
the ratio U/D> 0 db) is slightly less than for curve (A), and the curve exhibits no discon-
iinuities at the threshold. The depression of D at the threshold as shown by this curve
is approximately 5.5 db.

a
5 . /
—~——__|ID} Y

u i

: N

4. N

5 AN
g / i

[

g /|

: |

3 r/

i, / P4y

E 2 /ul

=2 =

5.,3 / Note: Both sfgnals modulated 30%. Sy

carrier input level of D held 459
5 3t 50,000 microvol i
g -
- /
-20 -}s T - % [) 4 +& 12 +18 +20

%= GARRIER INPUT RATIO U/D-DB

Fig. 2 - Measured capture effect in a-m detector
at high input levels (linear-law rectification)

Experimental curves of the capture effect occurring with a linear-law detector appear
in the companion report® and are shown replotted in Figure 2 of this report. The measure--
ments were made by feeding two signals of slightly different medulation and carrier fre-
quencies into an r-f amplifier and linear a-m detector and filtering the desired modulation
tone from the detector output with a wave-analyzer. The resulting curves have a slope of
about 45°in the region where U/D >6 db, but the depression of D at the threshold
(U/D = 0 db) is only 3 db. The over-all depression or capture is then approximately 6 db
less than-that exhibited in curve (B) of Figuré 1 in the region where u/D > 6 db.
result is in very close agreement with the first term in equation (3A) of Appendix A, i.e.,

P (‘(_1:“_’7‘?)) ®
where 1 m

Curve (C) of Figure 1 shows a plot of the above term (equation 3) which, as can be seen
in Figure 2, is in almost exact agreement with the experimental results. The difference
between curves (A) and (B) of Figure 1 compared to curve (C) is not one of slope (each




M e T

DECLASSIFIED

_ mw.u.‘u:s:aucu LABORATORY e

about 45°) but rather one of depression at the threshold and above. This discrepancy will

bear further examination in some subsequent investigation but it will not be pursued
further in this report. Itshouldbemted,!wwever,tha.tsomedouuiscastastotheab-
solute attenuation of the desired-signal output at the threshold and beyond.

The theoretical equations for capture in a linear a-m detector do not consider the
“contact® or internal thermionic potential developed in the usual diode tube used as de-
tector. In crystal diodes, the internal thermal potential is generally negligible, but in the
thermionic type of diode tube usually employedasadetectortheintermlpotentialdevel-
oped is considerable. It is in the region of 1.2 volts for a type 6HS6, for example. This
potential makes the absolute amplitudes of the input signals U and D at the detector or
other nonlinear element important with respect to the degree of capture obtained. If the
input carriers are of such level that the resultant composite mean signal exceeds the
thermionic-bias voltage, a given depression of the desired signal will occur at a lower
ratio of U/D. However, if the input carriers are weak, so that the resultant composite
input-signal amplitude is below the value of diode bias, the threshold of capture would be
higher in terms of U/D ratio than that shown by curve (C) of Figure 1. The desired-signal
output in this case is shown in Figure 3 of this report, where the capture curve exhibits
1/2-db depression of D at U/D = 0 db and generally less capture over-all (slope < 45%)for
the low-input level values of the carriers employed. Further experimental verification
will be found in the companion report! The transition between square-law and linear-
law detector operation, as indicated by this experimental curve, is gradual. In effect,
the thermionic-bias potential constrains the weak input carriers to operate on a region
of the detector characteristic which is intermediate between square-law and linear-law.
With a perfect or ideal square-law detector, the output is proportional to the square of
the input-signal voltage. This logarithmic characteristic is'in opposition to the linear-
law capture effect described above and results in a theoretical capture slope of sero de-
grees for all input-carrier ratios (U/D). Thus such a detector would exhibit no capture

. characteristics of its own. This is verified by equation (1B) of Appendix B, where the
modulation output due to the D signal is seen to be independent of the interfering carrier,U.

8o
E-z o . \|""""-“--...
: —
)

: |
& ﬂ}\\.
:
e
8
g 2t
1
[
§n Note: Soth signals modulated S0%

carrier input level of D held
13 constant at 5,000 microvoits
E-,-

-20 -6 -12 -8 -4 ] *4 +8 vi2 +16 20

X=CARRIER INPUT RATIO U/D-DB

Fig. 8 - Measured capture effect in a-m detector at low input levels
(rectification intermediate between linear-law and square-law)
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It remains to determine whether the capture effect due to linear-law detection is the
same in an f-m receiver as in an a-m receiver. The usual f-m detector uses two balanced
half-wave rectifiers whose outputs are connected in voltage or current opposition, whereas
a single-ended half-wave rectifier is generally used for a-m detection. The frequency
variations of the f-m carrier are converted to amplitude variations in some form of dis-
criminator, the output of which is fed to an amplitude-detection system usually composed
of the above mentioned balanced diodes. Amplitude detectors inherently ignore frequency
variations, thus leaving for consideration only the amplitude variations present in the
output of the discriminator.

Assuming a discriminator composed of two linear and symmetrically opposed slope
filters, each feeding one of the two opposed rectifiers, then as the input signal varies in
phase or frequency about the mid-frequency of the discriminator, output-voltage vari -
ations are produced and passed on to the detectors. For the condition in which the input
irequency is at the exact center of the discriminator characteristic, the potentials ap-
plied to the two diodes are of equal magnitude, and there is no resultant output from the
detector. As the input frequency changes and deviates from the center of the discrimi-
nator characteristic, the voltage applied to one diode detector becomes larger and that
applied to the other diode smaller relative to the condition at center. The result, over
one complete cycle of the input-frequency variation, is a differential output voltage which
appears across the detector-output load. With linear slope filters, this voltage can be
made to vary almost linearly over 2 considerable range of frequencies. The fact that
the differential detector output is not perfectly linear can be explained by examining the
condition in which the instantaneous phase or frequency of the input carrier is at a maxi-
mum. :

At the peak.deviation (maximum frequency excursion) of the input signal on the dis-
criminator characteristic, one diode rectifier is receiving a high potential while theother
diode is receiving a considerably lower potential. The diode receiving the higher potential
is generally operating in a linear fashion, but the diode receiving the low potential may be
operating on the square or an intermediate law region of its characteristic. This isusually
true if the input potential to the latter diode is below its internal thermionic-bias potential.
Thus the differential output across the detector load in the region of the frequency peaks
of input signal may be not quite linear. Of course, the peaks represent a small fraction
of the total time of one complete cycle, and therefore the differential output across the
detector load can be very close to linear. With two f-m signals present, the capture or
depression of the desired signal by the undesired carrier should be essentially no differ-
ent than that experienced with a single-ended a-m detector insofar as the rectifier portion
of the f-m detector is concerned (1 db per db of increase in the ratio U/D in the region .
where U/D>1, when the rms signal-input level is well into the region which produces
linear-law detector operation).

Linear Discriminator Analysis (Vector Addition
of Input Signals in Absence of Limiting)

The effect of a linear discriminator on capture in an f-m system with no limiting
circuits prior to detection will now be considered. Assume that the two input carriers
U and D are of identical frequency and are introduced at the center or mid-frequency
point of the discriminator characteristic. These input carriers can be represented vec-
torially as shown in Figure 4 (a), where the vector D is shown stationary and in phase with
vector U. Now if the desired carrier, D, is frequency-modulated, it will rotate or wag in
first one direction and then the other about the terminus of the undesired carrier, U, as
shown in Figures 4 (b) and 4 (c). This rotation of D about U results in amplitude as well
as phase-angle variation of the resultant R of the two carriers. Both of these variations
affect the response in the output of the discriminator but will be considered separately, the

phase-angle variation being treated first.
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Consider the discriminator again to be
composed of a balanced pair of opposed slope
filters. Then, if the unmodulated-carrier

frequency (Figure 4(a)) coincides with the _

output from one slope filter relative to the -

other, and that represented by Figure 4(c)
will produce the higher voltage output from
e other slope filter. If the carrier vector
is “stopped” at an instant of time at which
is 90°, as shown in e 4(d), then by
varying the ratio x (x = U/D) by changing the
length of vector U, the variation in discrim-
inator j

QUE

Figure 5 shows that the depression of
resilting output below its maximum value is
6 db at signal equality (U/D =0db) with a
slope of about 45° inthe region where U/D > 2.
Thus the desired-signal output from the dis-
criminator, resulting from phase-angle vari-
ations only, is reduced 1 db per dbof increase
in the ratio U/D above U/D =2, « _
the vector D at any other instant of time in
its rotationabout U wouldresultin a similar
curve; the reference or maximum value of
¢ would merely be changed to another angle.
Also, stopping the vector D at an instant of
time when the resultant is producing the
higher voltage from the other slope filter,
as shown in Figure 4(e}, gives the same curve.

Actually an fdeal f-m detector ignores
amplifude variations and is responsive only
to the frequency varidtions of the resultant
of the two input carriers whose fregquency
excursions would be represented by the time
derivative of the phase-angle variations.
M. 8. Corrington'! has developed an expres-
sion for the instantaneous frequency of the
resultant based on the assumption of two

carriers of nearly the same frequency, which

are added together to produce a heterodyne
envelope resulting from the beating action
of the two carriers. This produces, as
previously mentioned, amplitude variations
aswell as variations in phase of the resultant
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Fig. 4 - Vector addition of two carriers
at input to linear discriminator
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X=CARRIER AMPLITUDE RATIO U/D AT INPUT TO LINEAR DISCRIMINATOR-DB

Fig. 5 - Depression of output due only to variation of ¢ at input

to linear discriminator. (Derived from vector addition of input

carriers U and D based on assumption of constant amplitude
for resultant R to facilitate ana.lysis)

the latter representing, in eﬁect, trequency modulation. This analysis will be found in
Appendix C. It is only necessary to mention here that, if we assume a =0 and cos 2 7 ut=1
in equation (6C) of this Appendix, then substitution of values for x in this maxima equation
leads essentially to the curve of Figure 5. This assumes, however, that the peaks of the
envelope are filtered. The minima equation, ('fC), of Appendix C becomes indeterminate

in the region wherex = U/D = 1.

The effect on discriminator output of the amplitude variations present in the composite
input wave will now be considered. The condition for which the angle @ is 90°, as shown in
Figure 4(d), will again be treated. I the U and D vectors are equal mlengthandinthe
phase relationship shown in Figure 4(d), the resultant R is 1.414 times or $ db greater than
the amplitude of vector D alone. This amplitude increase, in effect, opposes the 6 db depres-
sion due to the phase-angle variation only shown in Figure 5, resulting in an over-all
discriminator-output depression of 3 db at input-signal equality. When the undesired
signal-input level is one-tenth that of the desired, or U/D = - 20 db, the resultant amplitude
is approximately equal to that of the desired signal alone, and the output depression is about
as shown in Figure 5, i.e., depression of desired-signal output at U/D = - 20 db is about
-0.6 db. When the undesired signal-input level is ten times greater than the desired, or
U/D = + 20 db, the resultant is approximately ten times (20 db) greater than the desired
signal alone, and the resultant output from the discriminator is increased by about 20 db
over that shown in Figure 5. The resulting total over-all depression inthe output of a linear
diseriminator due to the vector addition of two input signals U and D is then as shown in
Figure 6. This curve indicates that, in the absence of amplitude-limiting in an f-m receiv-
ing system, the maximum over-all depression of a desired signal by an undesired one prior
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Fig. 6 - Total depression of resultant

in output of linear discriminator with no amplitude limiting (derived

from vector addition of amplitude and phase variations in input signals)

_ OUTPUT DEPRESSION OF OESIRED SIGNAL D-DB
L1

umummwmmmum -signal equality.
The over-all average depression of the desired signal for all ratios of U/D > listhan
about 8 to 4 db.

Tbenhovenalyaismhaudmamﬂmmvﬂuehrﬂwmenmlhw' ¥
the desired-signal vector, D, should swing through an angle greater than 90° relative to
the undesired vector, U, the over-all depression in the output of a linear discriminator in
the absence of amplitude-limiting would be somewhat greater than that shown for the 90°
case. This is evident from an examination of Figure 6, where the depressions for¢ = 135°
‘and 175°are also shown. Let us assume that the D vector swings through an’'angie 8 of
many thousands of degrees relative to the U vector before reversing direction. The re-
sultant total peak depression in the discriminator output would then be a mean of thecurves

of Figure 6 for all angles of 0 between 0 and 180°, the summation being taken over one com-

plete cycle. This would result in a total threshold depression somewhat greater than the

3 to 4 db specified above for the 90°case. The degree of depression or capture in the re-
gion where U/D > 1, however, would still be essentially constant, Le., the curve would be
depressed at U/D = 0 db, but would have close to a 0° slope for all input ratios of x> + 6 db.
It should be noted that in the regionof X =0 db, therehnbursto!wmembuua
m-wmwmwmamua 180°.

Cumulative Capture Effect in F-M System
in Absence of Amplitude-Limiting

In the absence of amplitude-limiting, ﬂtemr-nndswesslmorelptureeﬁectintha
detector output can be derived from the combined effect of the two input signals on discrim-
inator output added to the previously described detector-rectifier effects. If the rectifiers
have a square-law characteristic, the over-all capture curve will be as indicated by Figure
6. If the rectifiers are linear-law, however, the over-all capture would be as in Figure 7T,
which shows for = 90°. The curve of Figure 7 has a slope just slightly greater
than 45°, This mmmmnmwtnwu-mw in discriminator
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A= A CTE T
; —— el D = dasired modulated carrier (held ccnstant)
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Fig. 7 - Over-all depression of a desired signal in the
output of an f-m detector employing linear discriminator
and linear-law rectifiers - no amplitude limiting

output before rectification, as previously described and shown in Figure 6. Thus the de-
pression or capture effect in an f-m detector system with linear-law rectifters in the ab-
. sence of amplitude limiting is essentially the same as that previously obtained for the a-m
detector alone. If square-law detectors are employed, the f-m capture slope is less than
45°, approaching 0° in value, but is depressed by a substantially constant amount in the re-
gion above U/D = 1, as compared to the 0° slope and no-depression characteristic obtained
with an a-m square-law detector. The resuits of the above f-m detector analysis without
amplitude-limiting have been experimentally verified in the companion report." The curves
shown therein appear as Figure 8 of this report. These curves show an average capture
slope for the “D* (desired) signal of between 45 and 50° for a “strong® desired signal below
the limiting level (linear-law rectification) and a lesser slope (20° to 36°) for a weaker signal
providing rectification intermediate between linear-law and square-law.
Amplitude-Limiting

The effects of amplitude-limiting on capture in an f-m system have been previously dis-
cussed in the technical literature.!® The published analyses, however, appear to deal only
with the depression of the fundamental-frequency output component of the weaker input sig-
nal. It is well known from the law of “conservation of energy” that energy is never actually
lost but may be considered as expended in the sense that it has assumed a different form.
In the case of amplitude-limiting, some of the input energy is, in effect, redistributed in
amplitude and frequency (or phase) by a change of waveform in the output, while the rest of
it is dissipated in circuit elements other than the output load. The usual vector represen-
tation'®of the effects of amplitude-limiting upon capture are inadequate, for the simple
_ vector diagram does not show all the redistributed energy appearing in the limiter output.

‘- To show this energy distribution, the vector diagram would theoretically have to consist,

in many cases,of an infinite but diminishing series of elements having th: amplitude
and phase relationships. Suchadiagram, if constructed, would presenta ing over-all
physical pictureand would be extremely difficult to analyze properly.

—
b




HECLASSIFIED

FESEARCH LABORATORY 18

I
/
/i
i
:
£
i

lated carrier (held constant).

1 = undesired unmodulated carrier (varied). \ \

Input level 20,000 microvolts \

{linear-law rectification)

é_&'tﬁ'r_é.‘l&:
%
i
7.
Fd
/

LW
LR R

N

DETECTOR OUTPUT-DB BELOW INTERFERENCE-FREE VALUE OF D

-8 -2 -8 -4 o +4 +B8 +l2 +6 +20
XeINPUT RATIO U/D-DS

Fig. 8 - Measured capture effect in f-m detector in absence of amplitude limiting

Amplitude limiters can therefore be expected inherently to redistribute some of the
input energy of two or more simultaneous input signals in the form of “sideband® energy

8

" (complex spectra) in their output circuits. These output spectra can be showntheoretically

by a Fourier series, but the analysis to be used in this report is based on the actual .
measured energy distribution appearing in the output of an effective practical limiter, re-
stricted fo the components falling within the average discriminator’s useful band.

In Figures 8, 10, and 11 are shown the measured spectra within such aband in the
output of an effective one-stage limiter with two-signal input—TFigure 9 for equality of
input signals, Figure 10 for an input-signal ratio x of 10 (where x = U/D), and. Figure 11
for an input-signal ratio x of 0.1. The manner in which these spectrum measurements
were made is.described in detail in the companion report.* Components lower than about
60-db below the amplitude of the maximum component are not shown.

Assume that signal D is the desired frequency-modulated signal, and U the interfering
unmodulated carrier, with the further assumption that D and U are of exactly the same
frequency and phase when D is unmodulated. Then as D wags about the terminus of U (as
previously described in the discussion of Figure 4), the spectrum expands and collapses in
frequency about U at the modulation rate of D. Figures 9, 10, and 11 will be taken as rep-
resenting the situation at the maximum deviation of D below U frequency. The .
output-frequency separations between all the components shown are equal [ (U-D) = (20-D)
- U=(3U - 2D) - (2U - D) = D - (2D - U), etc.], the maximum value of the difference fre-
quency being derived from the maximum phase-angle displacement ¢ (for a given value of
the ratio x) of the resultant of the D and U signals.

It is evident from an examination of the input and output spectra of Figure 10 that the
fundamental output component of the desired signal D is depressed in amplitude when D is
the weaker at the input. At input-level equality (x = 0 db), both the desired and undesired
fundamental signal-output components are depressed equally. A plot of the D-simal
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fundamental output component depression is shown in the curve of Figure 12 and again in
the experimental curve of Figure 13. The depression at x = 0 db is roughly 5 db relative
to the D signal without interference, and the slope of the curve in the region where

x > 0 db is 45°, Figure 13 also shows a plot of the next strongest components appearing
in the limiter output, i.e., 2D - U and 2U - D. These have a much greater depression at
Xx= Odbmdaslopeofaboutw" Similar experimental curves will be found ih the com-
panion report. The 45°%capture slope of the fundamental component of D in the limiter
output, asmmﬁgunslzzndls,lsmagreemﬁuwﬂhthermltsalreadypubushed
in the technical literature'? and also with those previously discussed for the case of a '
linear-law detector. It must be remembered, however, that the discriminator i& receiving
aspectrumotenergy,notjustthefundammlmmpunentsofin;mtsimlsbandﬂap-
pearing in the limiter output.

The following analysis shows the resultant of the limiter-output components in the
output of an f-m detector. This detector will be assumed, as before, to consist of a
pair of linear slope filters, followed by 2 pair of square-law rectifiers, each filter con-
nected to its own rectifier, with the rectifier-output circuits connected in opposition. The
resultant discriminator characteristic is assumed to be a straight line. The output spec-
trum shown in Figure 10 will be considered first with the unmodulated U-signal component
centered on the discriminator cross-over or center-frequency. As previously mentioned,
the D component in Figure 10 is shown at maximum or peak deviation from its unmodulated
frequency, the latter being of the same frequency and phase as U. The U-signal component
produces identical rectified-current values in each slope filter and rectifier circuit, whereas
the D, 2U - D, 2D - U, etc. components produce a net rectified-current value which is higher
in one slope fﬂter and rectifier circuit than in the other. This is due to the unbalance of
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spectral energy appearing on the two sides of U signal, as shown in Figure 10. The fre- :
guency spacing and “direction” of deviation of each of these components relative to the

U signal (Figure 10) must be considered, as well as their relative amplitudes in comput-
ing the residual output.

The output from the slope filter and rectifier circuits due to components D and 2U - D
cancel, since they are of the same amplitude, are “spaced”in frequency symmetrically
[U - D = (2U -.D) - U)about U, and are moving in opposite “directions” in frequency

during modulation due to the build-up and collapse of thé spectrum during the modulation
cycle of the D signal. The amplitude of component 2D - U is less than that of 3U - 2D,
leaving a net amplitude differential due to 3U - 2D. This differential must be multiplied
by the factor 2 to find the resultant output, since both 2D - U and 3U - 2D are two fre-
quency units[2 (U - D) ] removed from the center-frequency U and generate twice as much
net rectified voltage in the discriminator output as components at one-unit spacing. Com-
ponent 4U - 3D appears alone on the “high” side of U in the spectrum shown. Actuallythere
is a component 3D - 2U, not shown, also at three frequency units removed but on the “low”
side of U. Its amplitude, however, is small and it can be ignored without introducing ap-
preciable error. Component 4U - 3D must therefore be multiplied by the factor 3, since
it is three frequency units removed from U. The total effective residual voltage is then

" equal to the differential of the net voltages derived as described above, This net residual
voltage appears in the combined output of the rectifiers. The relative phases and absolute
frequencies of the spectral components at the input to the rectifiers is unimportant, since
only the variations in rectified current generated by their change in frequency relative to
U appear in the output, modified by the variations in instantaneous amplitude corresponding
to the “beat” between the D and U signals.

As previously stated, the output spectrum shown in Figure 10 represents the signifi-
cant energy appearing in the output of the limiter under one condition (ratio x = + 20 db)
of two-signal input. Components 60-db or more below the maximum-component level and
harmonics of D and U (i.e., 2D, 2U, etc.) have been ignored. Each spectral component may
be thought of as being produced by a separate generator having zero impedance and feed-
ing the discriminator and its rectifiers through the effective plate resistance of thelimiter.
The principle of superposition then allows separate {reatment of the rectifier output due to
each generator, as shown above for the square-law rectifier case. For.this case, as pre-
viously shown with two signals, there is no depression of one signal by another due to.the
rectifiers themselves, and the various components can be combined directly with no cor-
rection for rectifier capture effect. ; :

The resulting computed over-all capture of signal D, as derived from the specira of
Figures 9, 10, and 11 for square-law rectification, is shown in Figure 14. The curve shows
5-db depression of desired-signal output at x = 0 db and a slope of roughly 58° in the region
where U is stronger than D. On the basis of a more exact Fourier-series analysis, the

" above capture slope would approach Tan12 or €3.5% The spectra (Figures 9, 10, and 11)
used in the construction of the 59° curve were obtained by measurement, and the low-
amplitude components existing considerably removed in frequency from the center-frequency
U were subject to appreciable measurement error and were therefore ignored. Thehar-
monics of D and U (2D, 20U, 3D, etc.) were alsc ignored as being entirely outside the dis-
criminator pass-band. ' -

The over-all capture in the output of an f-m detector employing linear-law rectifiers
in place of square-law rectifiers (assuming one stage of effective amplitude-limiting as
before) can be determined as follows, Since the capture slope for an f-m detector employ~
ing square-law rectifiers is in the region of 63.5°, the substitution of linear rectifiers which,
as previously discussed, themselves have a 45 ® capture slope results in a total over-all
slope of approximately Tan™" $or about 71.6°. This is plotted in Figure 15, where the

" e IElET
JECLASSIFIEL

A3TITCC¥TIOND




.-iq?_?f‘.

DEPRESSION OF D-BIGNAL OUTPUT PROM INTERFERENCE-FHEE VALUE-OR

=4
L

£ P
5 N\
H e
E N
-" Conditlons:
E m 28 ﬂ!tem‘l miter ’
f ; from Flgures 8, 10, and 11 \\
2
53 %
Sw 3
E " a 1
' ¢
g <6 -2 -8 -4 0 *4 48 HE M8 +p0 42¢

X=INPUT RATIO U/D-DB

Fig. 14 - Depression of desired-signal
output resulting from summation of all
significant spectrum components of (D)
signal in output of linear discriminator -
square-law rectifiers assumed

{1\

6 a8 2 @ -4 0 %448 ;2 e +20
R IRPUT RATIO U/D-pa

Fig. 15 - Depression of

(D) signal in output of
linear-law f-m detector

"NAVAL RESEARCH LABORATORY

depression at input-signal equality is again
5dbandthe:102pe in the region where U/D>

1 is roughly 70°. This capture slope should
approach 71.6°as a limit on the basis of more
exact spectral measurements.

Cascaded Limiters

The effect on capture of cascading limi-
ters can now be considered. The second
limiter will receive at its input the type of
output spectrum illustrated by Figures 9, 10,
and 11, instead of just the two original signals
appearing at the input to the first limiter.

The case in which x = U/D = 10 or + 20 db,as
shown in Figure 10, will be examined with
regard first to the utput spectrum from the
second limiter as produced by the D and U
components, then to the output spectrum pro-
duced by the 2U - D and U components, and
finally to that produced by the 2D - U and

3U - 2D components. The addition of these spec-,
tra results in 2 new over-all output spectrum
from the second limiter. The 4U - 3D com-~
ponent also produces a family of spectral lines
in the second limiter output, but these will be
ignored as negligible in calculating the depres-
sion of the output from the original signal D. -

Figure 16(a) shows the second limiter
ouiput spectrum produced by the D and Uout-
put components (spectrum of Figure 10).
Figure 16(b) shows the same thing for the
2U - D and U components of Figure 10. Figure
16(c) shows the resulting output spectrumfrom
the second limiter derived by addition of the
amplitudes of the components having the same
frequency in Figures 16(a) and 16(b). Similar
spectra are shown in Figures 17(a) and 17(b)
for input components 2D - U and 3U - 2D, with
Figure 17(c) again showing the resulting out-
put spectrum derived by addition, Figure 18
shows the over-all spectrum resulting from
all the components as it appears at the output

- of the second limiter (Figure 18{¢) + Figure

-17(c)). This spectrum, when impressed on a
discriminator centered at the U signal, followed
by linear-law rectifiers, gives an output atten-
vation of 72 db for x = 10, or a capture slope
of 73.5°. This represents an increase inslope
of only 3.5%cver that for one limiter stage
(Figure 15). In other words, increasing the
number of limiters in cascade does not greatly
increase the capture effect.
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It is evident that all limiting prior to de-
tection must be eliminated to insure minimum
capture in an {-m receiver. With limiting,
minimum capture will be obtained when the
greatest practicable bandwidth is provided
at the discriminator stage itself. Experimen-
tal verification of the effect of additional
1imiting will be found in the companion report,*
as well as in following pages of this report.

: I a single limiter stage provides poor limit-
—+& ing, however, then additional cascaded limit-
‘ing will be useful as a means for correcting
the deficiencies of the single limiter. But

it is generally possible to approach a prac-
tical ideal in f-m limiting with a single full-
wave shunt-connected limiter employing
crystal diodes which have inherently low
“contact” potential. This limiter should be
located just prior to the discriminator for
maximum effect.
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-Automatic Volume Control (A-M and F-M)
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4D-3U

As is well known, the purpose of automatic
volume control in an a-m receiver is to hold
X i v the average audio output constant when the
FREQUENCY input signal is “fading,” or otherwise varying
: 8 in level, and to prevent excessive average
Fig. 18 - Cutput from 2nd limiter audio-output level change when the receiver
due to addition of spectra is tuned from a weak signal to a strong one,
of Figures 16(c) and 17(c) or vice versa. The d-c component of the
rectified carrier is generally used to provide
the controlling voltage for the AVC system. This rectifier may be the signal detector itself
or a separate unit intended for AVC purposes only. The AVC rectifier usually controls only
the gain of the amplifiers preceding the final detector by means of a d-c feedback loop,
which regulates the control-grid or other electrode d-c potentials of the individual amplifier
stages. This gain-regulating process is well known and needs no further explanation here.
it remains, however, to determine how the AVC system affects the relative depression of
one signal by another in the audio output under conditions of two-signal input to the receiver.

VALUE OF OUTPUT GCOMPONENTS RELATIVE TO OUTPUT VALUE OF 8 s

D WITHOUT iNTERFERENGE.

8

The curves of Figure 19 show typical AVC characteristics. Curve (A) represents an
ideal condition, for the output is absolutely constant for all increases in signal-input level
beyond the AVC threshold value. Curves (B) and (C) represent less effective AVC action,
with the audio output increasing for increased signal-input level, although at a much slower -
rate than for the case of no-AVC as represented by curve (D). Curve (E) represents
voltage-delayed AVC action, i.e., the AVC control voltage is delayed in its application to
the d-c feedback network until a certain predetermined input-signal level is reached (higher
AVC threshold). Incidentally, curve (B) maybe made to approximate ideal curve (A) by the
application of some AVC voltage to the amplifiers following the final detector.

If the AVC characteristic is ideal, as exémplified by curve (A) of Figure 19, the input
to the final detector is restricted in level, therein resembling the limiting previously dis-
cussed for amplitude-limiters in an f-m system, but with a relatively long time-constant
‘and no intentional distortion of the amplitude-modulation envelope. The output depression
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Fig. 19 - 'l‘ypical AVC chhracterlsﬁcs -

of the weaker of two inputsigm.lsdue to AVC action alone will be aboutas shownin!'igure T
where the capture slope is 45°. With AVC characteristics as represented by curves (B)
and (C) of Figure 19, the capture slope due to AVC action becomes less than 45° until,
under the conditions of no-AVC shown by curve (D), the capture slope due to AVC action
alone is 0% With delayed AVC, represented by curve (E), the capture slope due to AVC
alone is 0 for the weaker input-signal levels up

to the threshold of AVC action and 45°for strong " -
input-signal levels above that threshold. The _ ‘*\
over-all capture inan a-m system abovethe AVC = 4 N
threshold resulting from the combination of ideal
AVC action and linear-law detection will be as
shown in Figure 20. This curvehas a 68.5° cap-
ture slope and represents the maximum capture
normally obtainable with low-output distortion
in an a-m receiving system.

L~

In an f-m system, the effect of AVC on cap~
ture is miinor when effective amplitude-limiters
are employed. It should be noted, however, that
voltage-delayed AVC should be used, so that the
limiting threshold is well exceeded before AVC
action begins. This is particularly important in -
the case of poor limiting, wherenondelayed AVC = . )y
may prevent limiter input amplitudes from reach- i 7»-
ing effectivelevels. In f-mreceivers whichhave e
excellent limiter design, properly designed AVC ‘. B0 <16 -i2 -8B -4 O +4 48 ¢If 6 +20
can be very useful by servingto maintainlimiter . - TN - -
and discriminator input at more nearly constant . -
levels, thereby insuring that the angle of con--  Fig. 20 - Maximurm capture in a-m
ductionof both limiter and rectifier tubes remains ~ Systemwithideal AVC characteristic
more nearly fixed. m can be an important  and lnear-law rectification
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element in minimizing detuning effects due to tube input impedance changes and in main-
taining the amplitude-rejection and downward-am characteristics of the receiver at de-
sirable values. If the AVC characteristic is ideal and the limiting is effective, the spectral
input to the discriminator should be essentially no different from that shown in Figures 8
through 18, provided that the input levels of the signals at the limiters are above the limiter
threshold. If the AVC characteristic is poor, limiter-input levels will vary more. Capture
effects may remain essentially the same but detuning effects due to tube input-impedanc:
changes will be greater. :

AFC Circuits and Noise-Peak Limiters

There are several other circuit arrangements used in a-m receiving systems which
may be termed capture or anti-capture devices, such as automatic-frequency-control (AFC)
networks and noise-peak limiters. AFC circuifs are normally used in a-m receivers in
which maintenance-of-tuning difficulties exist due to frequency drifts in the system. Such
receivers generally utilize a frequency-detector which develops & d-c voltage proportional
to the frequency difference between the signal frequency as actually applied to the frequency
discriminator and the center-frequency of the diScriminator characteristic. The resultant
d-c voltage usually controls a “reactance” tube, which in turn controls the heterodyne-
oscillator frequency in the case of superheterodyne receivers. The actual circuits used in
such AFC systems are well known and will not be shown here. In the presence of an unde-
. sired stronger signal off the desired-signal frequency, the AFC can cause the oscillator
wm-wueﬂ'mmmmmdmmunmq,wnemwmmmsm
may be substantially detuned. Thus the signal of the greater amplitude may capture the
receiver in frequency. This can be a very serious effect, depending on the frequency sep-
aration and the amplitude difference between the desired and undesired signals. The AFC
nyﬂmcmammemeﬁsﬂngupmreeﬁectduemmmm”mubymm-

the difference in amplitude between desired and undesired signals through the

medium of detuning.

Noise-peak limiters are anti-capture devices in that they can prevent noise pulses
or interfering signals of the impulse type from capturing a receiver through masking of
‘the desired signal in the receiver output. In this respect it would perhaps be better to
think of noise limiters as “amplitude-selective anti-capture devices,” i.e., amplitude-
selective in that they suppress only modulation peaks above a predetermined threshold
value, anti-capture in that they prevent impulse noise from masking or suppressing output
signals of the voice-modulation type. AFC can also be made “anti-capture” by inverting
its action to discriminate against the stronger signal.

Effect of Nonlinear and Nonsymmetrieal
Diseriminator Characteristics

The effects of ndnlinear and nonsymmetrical discriminator characteristics on the
over-all capture slope will now be considered. The output spectrum of Figure 10 will be
sssumed present at the input to the discriminator. In Figure 21(a) is shown a seriously
nonlinear discriminator characteristic. If component U of Figure 10 is at the center of
this characteristic, the amplitude differential between components 2D - U and 3U - 2D
must be multiplied by something less than the factor 2. Although these components are
wnm&mmymremveﬂfrummecmu,ﬂ;&eomumlomrdrecﬂy
proportional to the input-frequency differentinl between the individual components. Like-
wise,componentw-snmustbeeorrectedinmplmdeWammamrmnedbym
curvature of the diseriminator characteristic and considerably less than 3. The over-all
net desired-signal output from the discriminator, therefore, will be somewhat less than
that previously shown for the linear discriminator case. Thus the resultant depression
orcaptnreoithedea!redsmﬂ,t),mthedscrimwrumugrmrthnmsadb
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shown in Figure 14. With a curvature of the dis-
_criminator characteristic the reverse of that

shown in Figure 21(a), the over-all net output

would be somewhat more than that previously shown

for the linear discriminator. Thus the resultant

depression of the desired signal, D, inthediscrim-.
inator output would be less than the 33 db shown -
-in Figure 14.

If the spectrum of Figure 10 is off center on
a linear discriminator characteristic (U compo-
nent no longer at center), the residual amplitude
of all the output components due to modulated sig-
nal D at the input will still remain the same and
the over-all capture slope will be substantially
unchanged. Except for serious nonlinearity, this
can also be substantially true for the nonlinear
but symmetrical discriminator.

If the discriminator characteristic is non-
symmetrical, as shown in Figure 21(b), then, with
the input spectrum of Figure 10 centered at U

frequency, the components on the high-frequency -

side of U will produce a maximum voltage from
one slope filter and the components on the low-
frequency side of U will do likewise with the other
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slope filter, as previously explained. The ampli-

tude differential between the 2D - U and 3U - 2D
components, however, can no longer be multiplied
by a common amplitude correction factor as
before. Instead, eachcomponent amplitude on one
side of U must be multiplied by one factor before

Fig. 21 - Nonlinéarities and
nonsymmetries of discriminators

subtraction and each component on the other side of U by another factor, due to the non-
symmetry of the discriminator. The resulting capture will be dependent on the spectrum
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DETUNING-UNITS OF FRECUENGY

Fig. 22 - Computed effect on capture of detuning

the spectrum of Figure 10 ona nonsymmetrical

- discriminator characteristic (Figure 21(c)) -
U-frequency centered for zero detuning

composition and its location
(centered or noncentered) on
the discriminator character-
istic. In Figure 22 is shown
the computed effect on capture
of detuning the spectrum of
Figure 10 on the nonsymmet-
rical discriminator character-

" "istic illustrated in Figure 21(c),
|. assuming U frequency centered

. for zero detuning. It is evident
-that the minimum degree of cap- .

ture occurs with U signal cen-
tered (zero detuning) and that
the degree of capture increases
rapidly with relatively small
detuning until all the output-
‘spectrum components of Figure
10 fall onone slope of Figure21(c).
Thereafter the degree of capture
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remains constant for all further increments of detuning. Thus the greatest reduction in
capture obtainable with a seriously nonsymmetrical discriminator should occur with the
input spectrum centered at or near the center of the discriminator characteristic. With
relatively large detuning, the degree of capture should be essentially no different from
that experienced with a linear discriminator characteristic.

Combination of Effects Influencing Capture

The curves of Figure 23 show the resultant limits of capture for the specified con-
ditions of receiver circuitry, as derived from the considerations in the preceding sections
of this report. The curves, for the most part, are self-explanatory and summarize the
capture slopes to be obtained from purely theoretical considerations of receiver circuitry.
These slopes will be tabulated in greater detail in the final summary, along with experi-
mental verification as given in the following sections of this report.

I T T 1l | I I 1
0 14eal square-Jaw detector. (a0 AVC) AM.—|
Ideal square-law mmi(m uinmngil FM.
: Note: Bignals assumed centered on discriminator
s \ for all FM curyes.
: AN
@ \ 2
g 4 | Jdeal linear-law detector (no AVC) AM.
= -____l@ Square-law detector + ideal AVC AM.
ﬂ Ideal linear-law detector (no limiting) FM.
More than on€ ‘ V
5 stage of ideal
limiting + linear-
§ law detector - FM. h
- 7 Ideal AVC + linear-law detector - AM.
80 i — Jdeal H + law detector - FML
E One stage of ideal limiting + '
linear-law detecfor - FM: |
40 -30 -20 -0 O o 20 30 40

INPUT RATIO OF UNDESIRED /DESIRED SIGNALS-DB
Fig. 23 - Theoretical capture curves for f-m and a-m receivers
EXPERIMENTAL ANALYSIS

In substantiation of the preceding theoretical analysisf considerable experimental
data has been compiled and analyzed. For purposes of investigating capture due to the
{-m detector alone, a typical Foster-Seeley phase~discriminator was used, as shown in
24. The 6ACT driver tube was intended for purposes of preamplification . only
and not as a limiter. Since limiting was absent with input levels below the saturation thres-
holdotthlsstage,theeapﬁureeﬂectsohauvedcanbeamfbutedtodetectoracthnalonetor
such levels of input. .

For purposes of determining the f-m capture due to limiting, a Navy Model X-RDZ-2
. recelver was employed. This receiver uses a ratio-type detector, as shown in the circuit
diagram of Figure 25. In order to provide a more effective limiter in this circuit, a pair

1N35 germanium crystals were used as a full-wave shuint limiter. This limiter circuit
also shown in Figure 25. -
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Fig. 24 - Balanced f-m detector with driver
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Fig. 25 -Rat:b.detecﬁorwlthprlmary shunt limiter

In order to approach the no-limiting condition, the circuit of Figure 25 was altered
to that of Figure 26. This modification attempted to abrogate the half-wave shunt-limiting
inherent in the ratio detector, but some limiting action still remained, particularly for
frequencies above 1000 cps. For the purpose of analysis, however, this circuit has been
1abelled the “no-limiting® case. ,

A-m measurements were made on the same receiver as used for FM by replacing

the discriminator transformer of Figure 25 with the usual Model RDZ final i-f transformer

andmakingoneofthetwodetectordiodes moperative This modiﬁed eircnit is shown
in Figure 27.
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In order to determine the effects of the
degree of limiting onthe capture phenomenon,
it was decided to investigate first that“two®-

-signal operation condition in which only the
desired signal was injected from an external
source into the receiver, the undesired or
interfering signal being the fluctuation noise
contributed by the circuits preceding thefinal
detector. Capture would then be indicated by
the relative slopes of the output signal-to-noise
ratio curves for the various conditions of limit-

ing.

. The output measurements were made with
a Hewleti-Packard Wave~Analyzer and a
Ballantine Electronic Voltmeter (100 kc band-
width) connected in paralliel. Thisarrangement
was employed to enable more exactdetermi-
nation of output 8/N ratio at the low-input levels. The Ballantine meter read the true
signal -to-noise ratio only for output levels above about +10 db output S/N, whereas the
Wave-Analyzer could read the true output-signal level down to about -39 db S/N due toits
much narrower bandwidth (8 cycles) but wasnot suitable for output-noise measurements
because of that narrow bandwidth. A correction factor, based on the ratio of the two meter
readings atlow-inputlevels, has been applied to obtain the 8/N curves of this report. This
factor was computed in the following manner.
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Let E, = Ballantine Meter reading (which is rms)= V8*+ N° (4) :‘—
where 8 = rms signal output only and N = rms noise output only. ) -
Let E; = Wave-Analyzer reading = § (rms value of the signal only down to receiver k5
output 8/N value of -39 db). Then : ~
, : E? - 8% (from equation (4)) (5) w
and & _
8/N = 8

VEF"
Dtvldlngtopnndh:ﬂnmoftherightsldeofquﬁonﬁ)bysmes ,
BN st . (6)

. V (B/E,)-1

For the particular instruments used, the resultant 8/N ratio will be accurate to not
" better than about 0.5 db for receiver output S/N ratios of -40 db or greater. The true
8/N ratio can quickly be determined from the instrument readings with the aid of the curve

of Figure 28.
Analysis of Output Signal-to-Noise Characteristics

In Figure 29 are shown curves of the output 8/N ratios for various conditions of lim-
iting as the input level of the externally injected signal is increased. The input signal was
fed to the grid of the first detector stage of the X-RDZ-2 receiver from a Boonton Model
150A f-m signal generator externally modulated by a Hewlett-Packard Model 200B audio
-oscillator. The audio output was measured on a Model 300 Ballantine Electronic Voltmeter
and a Model S00A Hewlett-Packard Wave-Analyzer connected in parallel, as previously
discussed. All the f-m output S/N curves were taken with ¢ 7.5 kc deviation and 1000 cps
sine-wave modulation. The 6-db bandwidth of this particular X-RDZ-2 receiver used was
approximately 105 kc. The r-f gain control was held constant at maximum gain and the
a-f gain control was initially adjusted to give +20-db output 8/N ratio at 8-MW output (1.9
volts across the 600-ohm output load). For all of these measurements, the audio and i-f
selectivity controls were in the “narrow” position (audio 6-db nominal bandwidth = 350 to
3500 cps; i-f 6-db nominal bandwidth = 125 ke) with the AVC and noise-limiter off. All

, o!thecurveshaveheeneorrectadbynseotrigurezatopmvidetrueSmrsuosbelow
+10-db receiver output S/N ratio.

The primary shuat-limiter introduced an insertion loss of approximately 3 db (as
measured below the threshold of limiting). The addition of this limiter circuit across the
primary of the discriminator transformer a!aoresultedinashghtdetuniuofthatwlnding
Thismcorreetedbyadjuatmentnftheprlmarytumngslug.

nummmd&emo{mmmﬂEMﬁMM-
mary shunt-limiter results in an improved output 8/N ratio from the f-m receiver ascom- "
pared to the ratio detector only. This added limiter, while not a perfect limiter in the
strict sense of the term, nevertheless represents a single effective limiter stage which
approaches the ideal. It was found that the cascading of additional limiters of this general
type in progressive i-f amplifier stages prior to the final i-f amplifier resulted in no
measurable improvement in output S/N over that represented by the single added primary
limiter curve of Figure 29, It should be remembered that the ratio~detector itself is a half-wave
shunt-limiter, which is supplemented by the added full-wave shunt-limiter, and that the -
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i-f amplifier stages preceding the detector would saturate in turn as the input-signallevel
inereased. The main effect of the added primary-side limiter would then be to provide
full -wave limiting in the input region below the input value at which i-f amplifier saturation
becomes effective (about 50 microvolts), Since the internal thermal voltage of the full-wave
_ crystal limiter used is low (about 0.2 volt or less), this would mean that effective limiting,
approaching the theoretical zero-threshold ideal, would be obtained down to very low input
levels. The ratio-detector limiting threshold is determined by the thermionic-bias of its
diodes, about 2.5 volts as compared to about 0.2 volt for the crystal-diode pair.

The curves of Figure 29 show that between the extremes of limiting, as represented
by the “primary-limiter plus ratio-detector” and the “no-limiting® curves, there canbe va-
rious degrees of improvement in output §/N due to limiting action. One intermediate con-
dition is represented by the “ratio-detector only” curve. The half-wave shunt-limiting.
inherent in that type of detector represents a degree of limiting which is not completely
effective but which nevertheless is much better than no limiting at all.

The improvement in output S/N ratio of ¥M over AM at the higher input levels isalso
evident from these curves. The “ratio-detector only” curve crosses the “a-m” curve at
an output 8/N ratio of about +18 db. Above this point, f-m output 8/N ratios are better,
while below this point AM is superior. The ®primary-limiter” curve crosses the %a-m®
curve at an output S/N ratio of about +10 db. Thus the effect of adding a single effective
full-wave limiter circuit to the f-m receiver is to extend the f-m S/N ratio improvement
range to lower input levels.

The slopes of the “f-m no-limiting® curve and the “a-m” curve of Figure 20 measure
40°. The slope of the “ratio-detector only” curve is about 57°, while that of the
*primary-limiter plus ratio-detector” curve is roughly 70°. These slopes will later be
compared to the slopes-of other experimental capture curves. It should be noted that the
curves of Figure 29 are very similar to typical capture curves, with the U/D ratio decreas-
ing to the right instead of to the left and with the U signal held constant.

The §/N curves of Figure 30 were obtained in a manner similar to that used for the
curves of Figure 29 except that a higher deviation (30 kc) was employed in the f-m meas-
urements. The average slopes of these curves are nearly the same as those of Figure 29,
the main differences appearing in the higher output S/N ratios obtained at the medium- and
high-input levels due to higher deviation. ;

De-Emphasis
In Figure $1 are shown output S/N curves as taken with a de-emphasis filter connected

between the plate of the second detector and the grid of the first a-f amplifier for both the
a-m and the f-m cases. The time constant of this r-¢ de-emphasis network was chosen to -

AITITES¥IIND

produce output attenuation starting at 500 cps and reaching 6 db per octave above 2000 cps, ..

as shown in the audio-response curves of Figure 32. The addition of this network to the
receiving system results in a higher over-all output /N response for both AM and FM. = -
This can be seen by comparing the curves of Figure 31 with those of Figure 29 for corre-

conditions of limiting. Both of the f~-m curves at 2-microvolts signal input are
increased about 1 db in output /N ratio, while the a-m curve is improved by +3 db. At .
10-microvolts signal iinput, the “ratio-detector plus shunt-limiter® curve is improved by
+3 db, while the “ratio-detector only” and the “a-m” curves are improved by about +5 db.
Thus de-emphasis (which postulates transmitter pre-emphasis) improves the outputS/N
response of both systems, with the a-m receiver benefitting to a greater degree than the
f-m receiver. Thereisa slight but negligible increase in the slope of the output 8/Ncurves .
with the addition of de-emphasis. Thus the capture slope of the curves is essentially thesame
as that without the de-emphasis network. e :
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‘Detaning . " %

Figures 33-37 show the effects of carrier detuning on f-m receiver performance.
_mgemeasurememWeremadebyteedingalb.l-ucslgnﬂmodtﬂmdt?.smat1000
cps to the mixer grid of the receiver from a Boonton Model 150A signal generator. The
degree of detuning from the “resonint” or center-frequency input point was determined
nthesmenmehyfeedngthemmcmiermhomthemmﬁor
each point measured into a General Radio type LR-1 Heterodyne-Frequency-Meter and
Crystal-Calibrator. The output S + N/N ratio measurements were made with a Ballantine
Electronic Voltmeter (Model 300). Itismtmmﬂalthatthedetnﬂngmvesbegima
detailed analysis in this report. They will be discussed briefly, howver,sincegeneral
inferences as regards capture can be drawn from their examination.

mmmamumm,mmmmmoﬂmsmfn
ratio obtained at the lower input levels with more effective limiting, the deteriorations of
S + N/N ratio due to detuning are more severe at low-input levels with the ratio-detector
plus primary-limiter than with the ratio detector only. This can perhaps be seen more -
dwlyﬂomthemofﬁme“,where&abﬂput&+ﬂ/ﬂnﬂmhavebeenploued
on a relative-attenuation basis. It is evident from an examination of Figures 35 and 36,
which show the noise output and the signal output separately, that this effect is duepri-
marily to a greater increase in the noise output with detuning in the case of the ratio-
detector. plus primary-limiter than in the case of the ratio-detector only. Further
examination of the curves reveal that, at higher input lévels, the noise is substantially
constant across the pass-band of the receiver prior to final detection for both cases of

limiting, and that the output 8 + N/N ratio change with detuning at the higher (50-microvolt)

level is essentially the same for both cases to the limits of the pass-band. At the higher
input lével, the decrease in output S + N/N ratiowithdatnnhg!sduem.lglymalgnﬂ
output attenuation.

rigureﬂshomtbemectotdmmgontheoutputsim-to-mimraﬂooiactm
f-m receivers, as exemplified by the Model X-RDZ-2, compared to theoretical detuning
curves as computed on the basis of a rectangular selectivity characteristic. It can beseen
thattheredncﬁmhautpdﬂ/ﬂraﬁotorngimdegreeddduﬁnghumcuﬂerhgreater
for the “ratio-detector plus primary-limiter® curve than for the “ratio-detector only”
curve. This indicates that a receiver with a near-ideal limiter is susceptible to a greater
Mudmmmmmmmwﬁamwmmum
sented by the ratio-detector alone. In the latter case the signal is captured by noise.
mmwmmnumumwm levels where noise is low but an .
hteﬂmmﬂuisprmmd. - .

Capture Curves

Figure 38 shows the discriminator cmmm'WmMcmu r!gn’rex

The data for this curve was obtained by feeding an unmodulated carrier to the grid of the
driver stage from a Boonton Model 150A signal generator. The d-c output voltage of the .
discriminator-rectifiers was measured with an R.C.A. Volt-Ohmist Jr. Thediscﬂmimtnr
center-frequency was 5250 ke. Using the circuit of Figure 24, capture effects were meas -
ured such as shown in Figures 39 and 40. These measurements were made primarily to
determine the effect on capture of the f-m detector circuits alone. Since there wasnmo -
low-level limiter element in this network, any capture effect present should have beendue
mainly to linear detector action alone, as long as the driver-stage input levels were well
below the values at which that stage began to saturate, Signal U was provided from a -
Boonton Model 150A signal generator modulated externally by a Hewiett-Packard Model
200 audio oscillator at 2000 cps with the carrier-frequency setat 5250 ke. Signal D was
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Fig. 37 - Comparison of effects
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Fig, $9 - Measured capture effect Fig. 40 - Measured capture effect
in f-m detector alone - : in f-m detector alone -
22,5 ke deviation 1 50 ke deviation

obtained from a Boonton Model 155A signal generator modulated externally from a
Hewlett-Packard 200C audio oscillator at 2080 cps. Each audio-signal output was meas~
ured with a Hewlett-Packard Model 300A Harmonic-Wave Analyzer tuned in turn to the
fundamental audio frequency of each signal. Both carriers were maintained as close to
5250 kc as possible, each being modulated * 22.5 ke for one set of data (Figure (39)) and
1 50 ke for the other (Figure (40)).

For purposes of analyzing Figure 39, assume that signal D (2080-cps modulation) is
the desired signal and signal U (2000-cps modulation) is the undesired signal. The ratio
U/D represents the ratio of undesired to desired signal-input levels, It is seen that the
capture threshold (3-db depression of D) occurs at U/D =0 db. Beyond this threéshold
point, the slope of D reaches 45°. This experimental curve agrees with the previously
discussed theoretical results for the case of the linear detector alone with no limiter
present. Increased deviation should not appreciably change the capture slope, as is dem-
onstrated in Figure 40. '

Figure 41 shows over-all a-m and f-m capture curves as taken with an X-RDZ-2
receiver under two conditions of limiting for the f-m case. . An unmodulated carrier was
used as the undesired or interfering signal. The desired signal, D, was deviated ¥ 7.5 ke
for FM at 1000 cps, with 100 percent modulation at 1000 cps for the a-m case. The
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desired-signal input level was maintained constant at 5 microvolts, the input ratio U/D being
varied by the input level of the undesired unmodulated carrier U only. Bothsignals
were fedto thefirst detector grid ata carrierfrequency-of 15.1 Mc. The desired signal was
obtainedfrom a Boonton Model 150A signal generator, while the undesired signal was provided
from a Measurements Model 65B signal generator. Both the i-f and a-f selectivity controls
were in “narrow” position (105 ke and 350-3500 cps bandwidth respectively). The r-f gain
control was held constant, with the butput level of the desired signal (without interference)
being initially adjusted to 6 milliwatts with 5-microvolts input by means of the audio gain
control. The AVC was off for all f-m measurements. OQutput-signal level measurements
were made with a Model 300A Hewlett-Packard Wave-Analyzer. The output-noise measure-
ments (modulation off) were made with a Ballantine Model 300 Electronic Voltmeter.

The slope of the “a-m® curve with AVC off {(Figure 41) is about 45 to 50°, while with
AVC on (Figure 42) it is approximately 60°. These values are in close agreement with the
theoretically predicted slopes, (see Figure 23) when receiver saturation effects with AVC
off are considered. The “ratio-detector only”® curve of Figure 41 has a slope of about 75°,
while the “ratio-detector with primary-limiter® curve has a slope of about 78.5°. These

D = desired signal = + 7,5 kc deviation, modulated
at 1000 cps, 5 uv input constant,
U = undesired signal = unmodulated carrier.

Both D and U centered on discriminator.

D = desired signal = * 30 kc deviation, modulated
at 1000 cps, §_uv input constant.

U = undesired signal = unmodulated carrier.
Both D and U centered on discriminator.
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Fig. 42 - Comparison of measured a-m
and f-m co-channel capture effects
(desired signal depression and noise
variation) - desired signal -+ 30 ke
deviationfor FM, 100 percent modulation
with AVC on for AM - 6 pv input level
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slopes are also in close agreement with the theoretical curves of Figure 23, when the
additional limiting, provided by saturation effects in the amplifier stages preceding the
f-m detector, is taken into account. The *ratio-detector only” and “ratio-detector with
primary-limiter® curves of Figure 42 show slopes which are about the same as those of

~ Figure 41for the corresponding conditions of operation. The increased deviationused
with the f-m signal shows essentially no effect except for some increase in detuning effects.

As shown in Figures 41 and 42, the a-m receiver exhibits little change in output noise
with increase of interfering-carrier level, while the f-m receiver shows large noise
changes. The f-m noise maximum occurs in the vicinity of input-signal equality (U/D = 1).
This noise increase is due to abrupt phase shifts in the resultant of the two carriers, which
produces sharp bursts of energy in the output of the f-m detector (see discussion of Figure
6, pages 10 and 11). " _

NAVAL RESEARCH LABORATORY S

The capture curves of Figures 43 and 44 were obtained in a manner similar to that
for Figures 41 and 42 except that the input-signal level was increased from 5 to 50 micro-
volts. The “a-m® curye of Figure 43 (AVC off) has a slope of about 60°, This shows that
at high-input levels amplifier saturation preceding the a-m detector produces capture
effects similar to those obtained with AVC. The “a-m® curve of Figure 44 (AVC on) also

hhsacabtureslopaoial:mtw,mdieattngtha:tthemmmumeapt_ureslopepossi_ble‘man _
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and f-m co-channel capture effects
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variation) - desired signal %380 ke
deviationfor FM, 100 percent modulation
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a-m system is in the vicinity of 60° and that this results from the combination of linear
detector plus AVC (or amplifier saturation) as previously discussed and shown in Figure
20. The “f-m” curves of Figures 43 and 44 are very similar to those previously shown
in Figures 41 and 42. '

Impulse Noise

1In Figure 45 is shown the effect of impulse noise on the output S/N ratio of the
¥-RDZ-2 receiver used in previous tests for two conditions of limiting with FM. The
impulse-noise source was a Strobotac feeding pulses to the first-detector grid of the re-
ceiver at a rate of approximately 200 cps.

It can be seen that strong impulse noise seriously depresses the output 8/N ratio.

" It is also evident, however, that the improvement which the ratio-detector with primary-

limiter exhibits over the ratio-detector only on fluctuation noise is maintained guite
closely with impulse noise present. At the 5-microvolt input level, for instance, the dif-
ference in output S/N ratio between the two with fluctuation noise only is about 11 db, while

with impulse noise present it is about 9 db. The capture of the receiver by the desiredsig-

nal is much less effective with the noise pulses present, as shown by the change in slope
of the curves. For instance, the curve for the ratio-detector plus primary-limiter with
no external noise present is about 67°. With impulse noise present, it is about 45°. Sim-
ilar change occurs with the “ratio-detector only” curve. Better limiting results ina
greater capture slope whether the interfering signal is fluctuation noise or impulse noise.

é o . .
_2 receiver ser. 3239 —"RATIO DETEGTOR WITH
Kb e e g PRIMARY LIMITER-NO
3S5[— FM deviation £ 7.5 ke at 1000 cps. .r EXTERNAL NOISE —
/] RATIO DETECTOR ONLY-
30| Impulse noise from Strobotac at 200 eps. /) NOC EXTERNAL NOISE
- 3 AVC off - IF and AF selectivity narraw / i _—p L
a JP¥  RATIO DETEGTOR WITH
] Sig. gen. 150A ser. 264 d PRIMARY LIMITER-
o 20— IMPULSE NOI NT] |
Fa Ballantine ser. 2062 _
E H-D audio osc. 200B ser. 4683
L ETECTOR ONLY—
X IMPULSE NOISE PRESENT|
T
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‘Fig. 45 - Effect on the output S/N characteristics of an f-m receiver .

of impulse noise under two conditions of limiting
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SUMMARY

The “Capture Threshold,” as defined in the introduction and used in the discussion,
is the undesired-to-desired input carrier level ratio at which the desired-signal output
is depressed 8 db below its interference-free value. This has been found, in the experi-
mental data, to be generally in the vicinity of U/D = 1.

The “Standard Depression Capture Ratio,” as defined in the introduction, is the
undesired-to-desired input carrier level ratio at which the desired-signal output has been
depressed to such a degree (30 db) as essentially to prevent transfer of intelligence. The
input ratic U/D at which this value of depression is reached depends on the slope of the
capture curve and thus on the type of modulation and the circuit characteristics of the
particular receiver being examined. For example, in Figure 41, the Standard Depression
for the ratio-detector with primary limiter occurs at an input-ratio value of about +7 db,
for the ratio-detector only at about +11 db, and for AM with no AVC at about +25 db.

The “Complete Capture Level” is the desired-signal qut;mi level -at which the desired
signal is apparently eliminated completely from the output of the receiver. In general, this
level can be taken as approximately 45-50-db depression of the desired signal.

Table 1 summarizes the capture slopes which are obtained under the specified con-
ditions by the listed elements of a receiving system.

Table 2 summarizes the variations in capture slope which are obtained in an f-m
system with nonlinearities and nonsymmetries of the discriminator characteristic
(input spectrum centered and detuned).

GENERAL DISCUSSION

“Capture” is a desired-signal depression effect which occurs in both a-m and f-m
reception. It is generally present whenever an interfering signal stronger than the de-
sired signal is tunéd to or near the desired-signal frequency. The resulting depression
of the weaker signal by the stronger occurs to a degree which depends on the relative ¥
and absolute amplitudes of the two input signals and their frequency separation relative
to the limits of the predetector selectivity of the receiver. As defined and treated in
this report, the effect is divorced from beat-note and/or various other co-channel and
adjacent-channel effects (such as cross-modulation and “swish®) that may result inaudi-
tory masking in the output. In f-m reception, the effect is caused by the combination of
limiter, discriminator and rectifier (detector) action. In a-m reception, the effect is the
result of detector and AVC (or predetector saturation) action. The absolute amplitudes
of the input signals in conjunction with the thermionic-blas potentials in diodes used as
detectors and limiters affects the onset (or threshold) of capture. The degree of capture
in an f-m receiver is generally greater than that in a comparable a-m receiver. This
difference can be attributed primarily to the influence of the limiter and discriminator
circuits in the f-m receiver.

The susceptibility of a receiver to capture can be determined roughly from a plot '
of input-signal level vs. output signal-to-noise ratio with one-signal input, although not as
precisely as with a typical two-signal capture curve, The inherent fluctuation noise of
the receiver can be considered as equivalent to the second (undesired) carrier used in
the usual capture measurements with, however, the desired-signal input level being
varied instead of the undesired-signal input level. The result of improved limitingin a
properly alignedf-m receiver, carefully centered on a desired-signal carrier, isan in-
crease in the output S/N ratio, particularly at the medium and higher input levels, and a
tendency toward increased capture.

g,
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TABLE 1

Condition

Threshold

AM

Capture Slope
~ FM

Depression .
™

(1) AM and FM - ideal square-law
detector (no limiting)

(2) AM and FM - ideal linear-law
detector (no limiting)

" (3)AM and FM - ideal linear-law
detector and ideal AVC
(no limiting)

(4) FM - ideal square-law detector
and one-stage ideal limiter (linear
and symmetrical diseriminator)

(5) FM - ideal linear-law detector
and one-stage ideal limiter (linear
and symmetrical discriminator)

(6) FM - ideal linear-law detector and
two cascaded ideal limiters (linear
and symmetrical discriminator)

(7) FM - maximum possible capture
(theoretical)

(8) FM - typical condition (practical)

(9) AM - ideal square-law detector and
ideal AVC (no limiting)

(10) AM - maximum possible capture
{theoretical)

(11) AM - typical conditions (practical)

no predetector saturation
AVC on
AVC off

nll

45°

63.5°

45°

o
63.5

600
45°

00

45°
63.5°
63.5°
71.5°
76 °

approach-
ing 90°

70 to 80°

-

- ——

0 db

3to6db

3to6db

Sto 8 db

3to6db

2toddb

2to4db |

dto4db

3to 6db
3to6db
3to 6 db
Sto6db
3to 6 db

3to6db
2to4db

Note: Conditions (1) through (11) in intermediate form (ineffective limiter, detector
intermediate between linear-law and square-law, etc.) result in capture slopes gen-
erally less than those given for each of the listed conditions of the receiving system.
For example, if condition (2) above were to include a detector characteristic inter-
mediate between linear-law and square-law, the capture slope would be intermediate

between 0 and 45°
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TABLE 2
Discriminator Input Spectrum Variations in Capmre .
(1) Symmetrical Detuned from center No effect on capture as long as spectra.‘l
and linear components do not exceed discrlmiuator

‘Detuned from center

bandwidth,

generally less than that listed

n:?#ztngﬁMﬂ;

(2) Nonsymmetrical Capture _
and nonlinear for condition (4) of Table 1 but may ap-

proach it as 2 maximum as input spec-
trum is detuned off center. Nonlinearity -

to nonsymmetry depending on the curva-

may aid or oppose degree of capture due

ture of discriminator characteristic.

(3) Nonlinear but Centered Capture slopes
symmetrical - . condition (4) of Table 1, depending on
the degree and fbrm of nonlhaearity
(4) Nonlinear but Detuned from center Capturegenerallyama:dmm_with
symmetrical : - spectrum centered on characteristic,

greater or less than for -

increasing with detuning on either side. .
Capture slope may be more or less than

for linear discriminator characteristic,
dependiugmcurvatnreofdiacrimimtor- .

~ Capture slope_lesstbmf_or condition. -
(4) of Table 1, with actual degree of cap-
ture dependent on form of nonsymmetry.

Capture a minimum with spectrum in°
vicinity of center of discriminator char-
- acteristic, but increases with detuning
on either side of center. Capture never
-as great as for a symmetrical discrimi-
nator characteristic until entire spec-
trum is to one side of center. :

(5) Nonsymmetrical

Centered .
but linear '

(6) Nonsymmetrical| Detuned from center

but linear

The Insertion of a de-emphasis circuit after the final detector of either an 2-m or an
f-m receiver results in an over-all average output /N improvement of 1 to 5 db for the -
f-m system and about 3 to 5 db for the a-m system. These figures are for the particular
_conditions under which the experimental investigations were conducted. Other figures
may be obtained under other conditions of bandwidth, deviation, de-emphasis, and other
factors. Addition of de-emphasis has no direct influence on capture.
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The effects of detuning at medium- and low-input levels with one-signal input are
more severe with an ideal limiter than with a less effective one, i.e., the rate of output
8/N deterioration is greater with a nearly-perfect limiter for a given degree of detuning,
although the output S/N ratio when accurately centered on the desired-signal carrier is
also greater with the more ideal limiter as compared to the imperfect one. This effect

. is primarily due to unbalance of the noise components in the output of the detector recti-

fiers. It is interesting to note that a greater deterioration of output S/N ratio with de-
tuning is associated with circuitry which provides greater capture effect. At higher input
levels, the output noise is essentially constant with detuning across the selectivity band
for all degrees of limiting. Thus at the higher iriput levels, the detuning curves are vir-
tually independent of limiter characteristics. The effects of detuning on output 8/N ratio

- inan a-m system are negligible within the selectivity limits of the receiver, and capture

is likewise virtually unaffected. :

It is interesting to note that the so-called overload-selectivity characteristic of an
a-m receiver is, in effect, 2 measure of the frequency separation between desired and
undesired signals necessary to reach the capture threshold with various levels of inter-
fering signal. Such a characteristic is usually measured by determining the unmodulated
interfering-signal input level required to depress the desired modulated-signal output by
3 db (sometimes 8 db) at various frequency separations. This is, however, not a substi-
tute for a direct co-channel capture measurement.

Capture is an effect largely dependent on relative input-signal amplitudes and is not

_ directly frequency-dependent except insofar as the distribution of frequency selectivity

in a receiving system influences the signal amplitudes in the various stages of the receiver.

. Adjacent-channel capture will differ from co-channel capture mainly in the magnitude of

the interfering-signal input levels required to produce the depression effect. Other phe-

nomena, such as control-grid circuit rectification effects, in the early stages of arecelv-
ing system with strong interfering-signal input levels may, however, help to obscure the

basic capture phenomena in the case of adjacent-channel interference.

CONCLUSIONS
. It is concluded that

(2) Capture effects occur in both a-m and f-m receiving systems, differing, how-
" ever, in degree,

(b)Cdpture effects are generally greater in an f-m receiving system than in an
. a-m receiving system.

(c) The difference in degree of capture between a-m and f-m receiving systems
can be attributed to the action of the limiter and discriminator circuits inthe
f-m receiver, which circuits normally do not appear in the a-m receiver.

(d) The more closely the various circuits and stages of an f-m or a-m receiver
approach the ideal (ideal limiting, linear discriminator characteristic, and
linear-law detectors for FM; linear-law detector and ideal AVC system for
AM) the greater the degree of capture,

(€) The susceptibility of 2-m systems to capture may be reduced by

(1) The use of square-law rectifiers as final detectors. Such rectifiers are un-
desirable with double-sideband AM because of their output-distortion

i L o —
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properties but are desirable with single-sideband AM, where their use
can result in low output distortion. :

(2) Operation without AVC. This is useful only at signal-input levels at
which predetector amplifier saturation does not occur. Such saturation
can be prevented by careful receiver design and judicious use of manual
gain control of the predetector amplifiers, within, however, rather nar-.
row useful limits,

) mmepmmtyo:t-msystemsﬁcapture may be reduced by

(1) The use of sguare-law rectifiers as detectors following the discriminator

(slope-filter) element. The opposing or balanced rectifiers generallyem-
ployed in f-m detector circuits will tend to reduce the output distortion.

(2) Increase in discriminator bandwidth. This decreases the selectivity of
the discriminator element between the output of the final r-f (or i-f) am-
plifier and the detector rectifiers and also decreases detector sensitivity
in terms of output volts per cycle (or kilocycle) of deviation. Thedecrease
in selectivity, if important, can be compensated for in circuits preceding
the discriminator; and the decrease in detector sensitivity, which is
really only a change in transmission gain, can generally be compensated
for by an increase in.gain elsewhere in the receiver system.

(3) Reduction in effectiveness of limiting. This involves a loss in output
signal-to-noise ratio for input-signal levels above the very weak signal
region but has the advantage of reducing the S/N ratio loss which results -
from detuning. It can be accomplished most readily by use of half-wave
limiting detectors, such as the ratio-type, and the incorporation of suit-
able AVC systems which prevent predetector amplifier saturation effects.

{4) Incorporation of discriminators with nonsymmetrical and/or nonlinear
characteristics. This is not to be recommended, since these character-
isties, in order to be effective, mustbesuchaswﬂlresultinex&eme :

output distortion.
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APPENDIX A _ e
Depression of a Desired Signal by an Undesired Signal i
in an A-M Detector with a Linear-Law Detection Characteristic® 4 : ")

e

Let the undesired-signal carrier be Uj coswt and the desired-signal carrier be
D; cosw;t. Then the total carrier input to the detector is

E; = U;cosut + D, coswi
= Uicoswlt + Dicos (w, + p)t
where p = (w, - w,) and is assumed to be a supersonic angular frequency. Then,

Ei & Vi?i + 5’1 + EUiDi cospt cos (wt + ¢)
Disinpt
U

& Dicospt =

where ¢ =tan*
. i

We can express the properties of any rectifier in terms of the rectifier-circuit mean
current, i, and the peak amplitude, A, of a simple periodic emf (an unmodulated carrier).
applied to it. Then, if this relation has no discontinuities,

I=(@A+BA+ A +0 A 4 -~ ),

In a perfectly li.t;ear rectifier, i=aA.

Now let T =V'IJ’+ D" + 2U; D, cospt

where cos(w.t + ¢) = 1 for the peak condition of amplitude specified. Simplifying the ahove
expression gives,

i.'.:t:cs;;t W
T= VU’+5’ % St i
U2+D
and putting the above through a binomial expansion gives
U.D, cospt U2 + D? cos®pt
wEE [l x PRTP. N
U + D2 (U:+D?)®

The mean value (integrated over one complete cycle) of the above expression is
UiDp:

'-‘f=]r“[1‘i+DiE l-% ——--i—-;—-—-n----- ’

(U; + Df ¥

and since T=A,
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Let the desired signal be amplitude-modulated to D ¢ AD, Then to find the change
current, i, in the presence of the undesired signal, U, we must find Ai/AD from

of
equation (1A) above, Thus,

AT ( Dy 1 Dy
—_—=a = n
AD “ \U; (1+D; Y 2 U (1 + D;m;)

. s B 3, +--)- (24)
v (enym)* * v} (eopp)™

1]
Now let x--ﬁ! . Undesired carrier input amplitude )
i desired carrier input amplitude
" .
" and let y--}‘-=-“:-.

The desired-signal output in the presence of the undesired carrier is represented by
A1/AD, which we will designate D, . Substituting in equation (2A) gives

pel b X B 3 ¥ . 8 P ) (34)
3 ((lﬂ')’“ Taey® W™ T ep)®

H it is assumed that y°<<1, then I, = y/2, and thus the modulation of the desired modu-
mmmmmmamnimui,musmsmﬂm.

In a similar manner, the influence of the undesired carrier on the desired modulated
carrier in the region where y* >>1 may be found, I.etDc"sA'i/tDlntheregionwhere car-
rlorD!>>Ui. Then,

H

= "
! = —1’- --1-
D =g =2 4(0 )-

or the demodulation influence of the undesired signal on the desired signal is small when
the undesired signal is much smaller than the desired signal.

%@
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APPENDIX B
Depression of a Desired 8ignal by an Undesired Signal in an A-M Detector
with a Linear-Law and a Square-Law Detection Chmcteristic

Lettheequaﬁon
ei = U sin (ws+p) t+D(1 + m cos@t) sinwt
represent the total carrier input to the detector, where D represents the desired modu-

lated signal and U represents the undesired interference consisting of an unmodulated
carrier. Then,

e = Usin(w+p) t + Dsinwt+ m D cos_ﬂ_’t sinwt
= Usin (w+p) t + Dsinwt +.f"22 sin(ws 9) t + 5in (w-9) -t]

= Usin @w+p) t + Dsinwt +%Dsin(w+ﬂjt +-%Dsm (@-9) t.

The envelope of the above expression is given by the summationoﬂhesquareuftheam—
plitudes, plus two times the sum of the cross-products, times the cosine of the difference
in phase angles, or

2oy 2

+2DUcospt + mDU cos (p-Qt A

(env.)® = U*+ p’+

@ ; ; 2p 2 -
+mDUcos (p+@)t + mD® cosQt + mD*cosOt + mzl) cos 2 @t

: 8ol

=U’+D=+2mD’stt+m’D’cog’_pt_iz.D‘_
m*D? -

+ 3 +mDU 2cosptcosQ@t+ 2DU cos pt

=U%+D? (1+mcosQ@t)®: 2DU (1 .+ mcosQt) cos pt.

For 2 square-law detector,
e = K, (env.)® = K, [U’-l- D?(1+mcosQt)*+ 2DU (1 + mcosQt)cosp t]

= K, ['U% D* 2mD"cos@t + D’ m® cos™0t + 2DU cosp t
+m2 DU cos@t cos pt

: 5 ;
=K, I:U’+D’ +2mD"cosQt + —Q;-E—(li-cos 22t)
+ 2DUcospt+leJ. {cos(p+9)t+eos(p -,Q)t}] .

" RESTRICTED 5
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mmlﬂonqntpﬂisglmby
e =K_2mD"casQt g
°ia ) . (1B)
mdsmmhenbovemum(m)mmdqmdentofﬂ,umeeﬁectdoesmtbm.
For a linear-law detector,

€ =K (eav.) =K[U*+ D*(1+mcosQt)® +2DU (1+m cos@t) cos.pt]**
E.Onf 2 D ' L s
=KU [1""'1;}'*' (1 +mcoagQt) +z-? (1+,meoant)eoapt_]_. :
Kwe!et:--g-mdail+mms9i,then
e,=KU[1+¢" o® +2¢ca cos pt ] .

Expanding the above eguation in the binomial form gives

eo-xu[u_:-{es a® + 2¢@ cosp t) .,,(.15.) G%’_) w

€ () Hessemn

,,(__)()Gf) (D) 4;+==mw L

3 J
%-KU[!@%‘:-;“ @ eospt-% (e*a®+4e® a® cosp t +4€®*a” cos® p 1)
1

= (e® @®+6e® a®cosp t+12¢* @ cos®p t+8¢€® acos®p t)

: I'.-la (®a"+8ec" a"cosp t+24 ¢ a®cos’ p t+16¢€® a®cos’ p t

+l¢s‘a‘m‘pt)+---]

. 1 i :
e, & KU _[1,4.: @ cosp t+ --z—e’ o cos' p t] g
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Neglecﬂng terms containing e® where n> 2, since ¢ is a small numher (i.e., this appaies
for all cases where U/D>2),

e, TKU _[I-u- € (1 + mcos@t) cospt +-;: (1 + m cosgt)®

-J'z-(e’) (1 + mcosgt)® eos’th

2 F
¥KU [1 + ecospt + me cos@t cospt 442-(1 + 2 mcosQt + m® cos’Ot)

*-%:(1+2:t_|cosﬂt+ m® cos®Q t) u—"'—?"—*-nﬂ]

FTKU [l-t-eeospt +P££ cos(p -&9)t+% ‘(cosp -Q)t

+-§-+%¢- mcos9t+e m? [1_1-_____5)0;82_9_

2
-%—(1+2meos,9't+ m® cos® Qt + cos 2pt
+ 2mcosQtcos2p t + m® cos?Qt coaz,ot)]
o T KU [1+ecospt+n§i cos {p +Q)t +_n_§_g_ cos (p - Dt

+—* +e‘mcos.9t+-5:m: M —‘-

--——-meoa.Qt L 'Q—"'-z——! T-coszpt

-—-;-: 2m{eos(2p+9)t+cos (2p -Q)t
.__ez_’ > 1+ cos2 cos!pt]

KU [1 + €cospt +%£— cos (p+9)t+%5cos (p- Q)t +-‘!:

3.2 3
+e®meosQt + 2 +i-m-—.-;°—s—24‘!-t— --';---E-,‘,—'-mcosﬂt

-.-‘-%5-'-: _.E:ELSO_SAQL --‘41 cos 2pt -f;—meos (20 +Q)t
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-%IE cos(2p - Q)t -

coszpt- 16 cos(Zp 29)t- 16 cos(2p+2.9)t]

2 t 2 2
FRKU [1+~%—-+E;m -%— _g’am +eeospt+'nzl—€cos (p+2)t

me
2

2 2 2 2
(‘2“‘ ———-—‘sm ) cos 20t

1 5 cos (2p - 2)t

_(_ef_+ E;m’)coa 2pt -imcos(zp-t-ﬂ)t-eszm
l
16 cos(z,p 2Q)t- cos(2p+29)t]

3 2 2
e, =KU [1+-Z—+~:—e’m’+ecospt—%-(l+9;—,) cos 2pt

= %‘-—3 cos Ot 4—'1-!:1’ ¢* cos 20t + 3= cos (0 +Q)t + FE-cos (p - )t

2- ‘m cos (2p+£")t-—-—eos(2p-9)t- 16 cos 2p-20)t
‘ém cos (2p + 29}'{]
The modulation term in the preceding expression is

Wi ‘.”;“? cos @t . | (2B)

eolg

¥ the interfering signal, U, were not present, the modulation term would be

e°l§ = KmD cos2t. (3B)

The ratio of these two expressions is

e,
%, _ KmDcos@t (2) _ =T (4B)

eolg T KUmelcosQt Ue‘

For all cases where the ratio U/D > 2, reduetiondwtputsignallndb =8+ 20 logmn
dtwtom-esenceotﬂ.
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APPENDIX C |
Instantaneous Frequency Expression for Resultant, R, of Two Carriers!

The simplest case to treat is that of two unmodulated carriers of nearly the same
frequency which are added together to produce a heterodyne envelope, Thisheterodyne
results from the beating action of the two voltages producing a variation in the phase of
the resultant equivalent to frequency modulation, If the frequency of one carrier is now
varied sinusoidally with respect to the other carrier, and if the two carrier amplitudes
are kept constant, the result is common or adjacent-channel interference depending on
the frequency separation between the two carriers. f '

Let the desired carrier be represented by

and the undesired carrier by -
Usin (w+ 27 p)t (20)
where D = amplitude of the desired carrier,

U = amplitude of the undesired carrier,

w = angular frequency of desired carrier (radians/sec),
i = difference frequency (cycles/sec),

X= U/D = input ratio of undesiréd-to-desired carriers.

H thg al;:ve signals (equations (1C) and(2C)) are added together, the redultant

R E

:

(D*+ U+ 2DUcos 272 t)"® =in (wt + ¢)

=D (1+ X* + 2X cos 27 ut )" sin (wt + ¢) A (3C)

where tan ¢ = Xsin2zut e
1+Xcos27put

The part of equation (3C) contained in the radical represents the heterodyne envelope that
would be obtained if the resuitant signal was sent through a linear rectifier and the d-c
component filtered out. : .

The two carriers (equations (1C) and (2C)) can be represeﬂed vectorially as shoﬁ

in Figure 46. When t = 0, the two signals are in phase, but since the frequency of D is

. Fig. 46 - Vector B
representation of R JU v
two carriers
. \ R ,

&) -

2 g 120° 29p1390°  2gu1s180°  2wuts270°
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higher than the frequency of U, the vector representing D can be considered as rotating
with respect to that representing U. Thus, if U is rotating at w radians/sec, D will rotate
at w+ 27 u radians /sec., It is therefore chvicus that the phase angle, ¢, which the resul-
tant R of U and D makes at any given instant with vector U is varying. At tizmet=0,¢=0.
When 27t = 90°, tan ¢ = D/U=1/X.When 27 i1t = 180°, ¢ is again zero. This rotation of
D with respect to U gives the variations in ¢ as shown in Figure 47. The maximum value
of ¢ occurs when ¢ = sin™*1/X, as shown in Figure 48, As X approaches unity, ¢ changes
more abruptly at values of 27 p t near 180° When X = 1, ¢ increases in a linear fashion
from 0° to 90° as D turns through 180° relative to U, as shown in Figure 49. As Dapproaches
cancellation of U, ¢ approaches + 90°% but as D swings past cancellation, the direction of
the resultant R suddenlg reverses so that ¢ = - 90° In other words, there is aninstantan-
eous change in ¢ of 180°%

90°
60°L s
o :
307
fal
=l
% 2rut —e
<) I
<
a
-60°
-90°

Fig,. 48 - Change in ¢
g between limits of
O 27 ut =0and 180°
fortheratioX =1

Fig. 48 - Maximum
value of phase angle

The amplitude variations of R in Figure 46, produced by the rotation of D withrespect
to U, are assumed to be removed by a perfect amplitude limiter. The output resulting
from R after limiting and passage through an ideal phase discriminator is then proportional
to the slope of the curves of Figure 47, i.e., to the first derivative of ¢ with respect to
time. Actual discriminators such as employed in {~m receivers are linear with respect
to the frequency displacement or deviation of the resultant whose waveforms may be rep-
resented by the time derivatives of the curves of Figure 47. The instantaneous frequency
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of the resultant, R, is given by

1= -—2;-1-— d_dth (argument of sine furiction, equation (3C))
=5t 2 wteo
. g_m-lxmzwgt
27 *27 at 1+Xcos2aut
BB cos 2myut + X*
27 "H14iX* 4+ 2Xcos27ut
g g )
o =37 +(;'.gs 27ut +1/X | q (4C)
s 2zut+ X
where the second term (bracketed) represents the frequency deviation resulting from the
variation of ¢. ]
ST It can be seen from equation (4C) that,
S [T as the ratio, X, increases from some value
less than unity to values greater than unity,
=== there is an apparent change in the instantan-
F——p— eous frequency, fj of the resultant approach-
S| (I T ing u as a maximum, Figure 50 has been

QUTPUT=0C

PLOTTED FROM -4

cos2mpts V; =
s et
T

-..._[E
Fig, 50 - Wave-form inaudio output
for various values of the ratio X

RmsTRICTED

plotted from equation (4C) to show the wave
form in the audio output, for various values -
of X, from an f-m receiver with perfect
limiting and a balanced linear detector. As
X approaches one, the output becomes more
and more like an impulse until, at X = 1, the
output has a constant value of 1/2, except
that where 27 ut = 7 the output is infinite.
When X becomes greater than one, the curves
maintain the same relative shape, If the D
signal changes position from the high- to the
low-frequency side of U signal, then the po-
larity of the impulses shown in Figure 50
will be reversed.

If one of the two carriers is frequency-
modulated, then the beatnote produced in the
output of a receiver with a perfect limiter is
given by

" Dcos 27 put - Deos 2rut - a/27  (5C)

cos 8 + Iffz
cosf+X * _1
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where B=Tsin2aut-at-6.

b1
Here a is the difference angular frequency and @ isthe phase angle which the undesired car-

rier makes with the desired modulated signal. The two envelopes of maxima and minima
of the beat-note pattern are given by

g _D_ v, 2 (X
1+x00821rnt+ 27 +l) (6C)
and T2x cos2rut 45— (i-’f—l - (10)
respectively.
W % &
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