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‘, SUPPRESSION OF INTERCHANNEL INTERFERENCE IN FM RECEIVERS

Frank A. Cassara and Harry Schachter
Polytechnic Institute of New York
Route 110

Farmingdale, New York 11735

Abstract

In this work an FM detector capable of suppressing the degrada.don‘

in receiver performa.nc‘e due to the presence of an interfering signal is pre-
sented. Optimum receiver structures based on maximum-a-posteriori esti-

| mation procedures are first theoretically derived and then a practical de-
modulator based on the optimum .receivers is examined. The receiver consists
of two phase-locked loops (PLL) cross coupled in such a manner as to permit.
one PLL to lock on to and track the stronger received FM signal while the
other loop tracks the weaker of ‘the two received FM signals. The detector
has the capability of dernodulating both the desired received FM as well as
the interferer even for the case when both signals are co-channel. Experi-
mental results demonstrating such capability even in the presence of strong
input gaussian noise are presented along with a computer simulation study
examining the transient acquisition behavior of the cross coupled PLL receiver

structure.

.
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5 at the same ratio when the carrier

" to neise ratio of 12dB to lesa than 10
strength of the echo is only 30% of the dominant path signal. Similar degra-
~- - - dations were-experimentally obtained by Gutwein and Bland (%) as well as
-S;lfen-inﬁ bu;:combe.:(") . P’;nt?r ™M illl -shown how FM multipa;th phase
errors in an analog FM system can lead to significant:errors in range mea -

‘sarements.

-

Interfering signals can arise in the following general areas:

1. Co-channel Interferer:

(a) neighboring transmitters sharing the same frequency band.

An example of this is the mutual interference that exists between
communication satellites and terrestrial microwave communication
links.

(b} spurious signals such as an image channel in a snperhetarndyne
receiver.

(c) multipath echoes resulting from reflections off buildings or
other obstructions,

2. Adjacent Channel Interferer:

(a) 1nadequate selectivity in the receiver's IF filter.
(b) "crowding' in the radio frequency spectrum,

(c) spurious signals.

To date the most popular technique in suppressing interferers has been
steerable antenna null techniques. Such arrays establish spatial nulls in the
direction of the interferer(s) and have been successful in suppressing a variety

_of interferers. However, steerable antenna null techniques have experienced

a number of problems. Among these include:
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{1) when the sour~e of interference comes from the same direction
as the desired signal both the interferer and desired signal are
nulled. -

(2) when the interferer to desired signal carrier amplitude ratio

approaches unity the performance of the system dégrades severely. -

{3) military personnel have opposed the use of multiple antenna elements

in some applications.

(4) aéquiaition time for the antenna array to attack the jammer can be

rather long for some algorithms.
(5) wide bandwidth nulls have been difficuit to obtain.

In this paper a novel FM detector which has demonstrated capability in
suppressing the degradation in receiver performance due to the presence of
an interfering signal and not experience the difficulties enumerated for the
steerable antenna null techniques is presented. First the evolution of the detector
structure through maximum-a-posteriori (MAP) estimation procedures is de-
monstrated; an optimmum (though unrealizable) receiver structure is derived. Then,
experimental results on a detector designed by copying the topology of the optimum
Teceiver structure are presented along with a‘computer simulation study examining

the transient acquisition behavior of the cross coupled PLL receiver structure.



I. Maximum-A-Posteriori Optimum Receiver

Consider a received FM signal with the interchannel interference

and additive gaussian noise which may be represented mathematically as

v(t) = sl(t) + sz(t) +n(t), o<t<T
where
. t ~
cos (wlt + Jf m, (u) du)

sl(t) = A1

ot \
Sz(t) = A2 cos (wzt +J mz(u) du/

n{t) 'is white gaussian noise with zero mean and normalized two
sided power spectral density of 1 watt/Hz.
ml(t) is the desired signal modulation
m,(t) is the modulation on the interfering FM wave.
Al and Az are assumed constant
rnl(t) and mz(t) are assumed to be independent stationary gaussian
processes with zero mean and autocorrelation le('r) and an (t) .

We designate

t
xl(t) =J. ml(u)du

This converts the FM waves sl(t) and sz(t) into angle modulated waves

with xl(t) and xz(t) as modulating signals. It is seen that xl(t) and xz(t)

1)

(2)

(3)
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are also mutually independent zero mean gaussian random processes,
Let the autocorrelation functions of xl(t) and xz(t) be denoted by R, (r)

1
and Rx (7 .

\:e now derive a MAP receive: for the optimum recegtion of
ml(t). Van trees(a) has proved that a linear operation on the MAP
estimate of a continuous randcm process is equal to the MAP estimate
of the output of the linear operation performed on the random process.
Therefore MAP estimation of xl(t) and subsequent differentiation of
the estimate il(t) will give the MAP estimate r?xl(t) of ml(t). We
follow this procedure. We use abstract vector space methods

(9)

throughout as develcped by Schwartz We do not indicate the time-
dependence of variables in the interest of brevity unless where explicitly
necessary,

(9)

The controlling relation for MAP estimation of xl(t) is

3 (qlv) 4 (4)

!
where p(xl |v) is the conditional probability density function of x, given the
received signal v(t). Eq.(4) can be written in the following equivalent form

3 logp(x,|v) _
33? 1 =0 (5)

Using the reiation
P (x, [v) =p (v |x)) - p(x))lp (v)
&nd

dp(v)
X

=0

P . et & P rcemer. -~ - |
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we Obtain

The evaluation of the two parts of Eq. (6) are given in Appendix A. The
solution of Eq. (6) for xl(t) is the MAP estimate which we denote by :‘El(t) and

as shown in Appendix A is given by

N T d8, _
(1) = klfo Rxl(t. u) = (v - 3,)du (7)

where kl denotes a constant, Rxl(t. u) is the impulse response of a low Pa-ss

filter, and ?2 represents the minimum mean squar2 estimate of sz(t).
According to Eq. (7) the MAP estimate :‘El(t) can be obtained from the

phase-locked loop structure shown in Fig. 1 with ?z-ﬁfas an external input,

In a similar manner estimating xz(t) instead of xl(t) we obtain

R P 532 -
X, (t) = kzjo sz(t. u) = (v - s))du (8)

This is a receiver identical to Fig. 1 except that 32 is replaced by -s'l and

Rx (tyy) is replaced by R_ (t,u). If we assume ;l and -s'z are suitable estimates
1

of 31 and 32. respectively, i, e., the m. m.s. e. are approximately equal to
the MAP estimates, then the receiver of Fig. 1l and its equivalent for obtain-
ing ;Z(t) can be coupled to obtain a comprehensive receiver with no unknown 1
inputs. Recalling that in the case of FM, the modulation functions are
ml(t) = kl(t) and m,(t) = kz(t) and replacing the phase controlled voltage o
contr.lled oscillator (VCO) of Fig.!l by a frequency controlled VCO, such a

cross coupled FM receiver appears as in Fig. 2. It must be emphasized that

only when ;l(t) = -s'l(t) and sz(t) = ?z(t) will this receiver be optimum.

S i el G R e A X et Sy AL A oo e e At m 2 i+ e oAb e — i - -J




((1)'%+1

(1) + +'m) s00 'y =(4)'S

o)

S T P O AP PP S UURRIPTOP VS WP AU U

e~ L dS e

R R s

10}D||19SO P3}1044u0) 3sdyd :0Id

%
utg ly— = e —

00d

Tsp

A:-c—xm

A*V_X‘llk..lli
v .

et b A b

e bt

Fig. 1 Optimum Receiver for x,(t)

7




1
ST bt e ks e a»--j
L YV it e e it cars ok ik, . ‘IJ

of Interchannel Interference

Fig.2 Novel FM Detector for Suppression

) (np (ny) Nsm.\‘" (4% :.VNE .ﬂwm._ﬂ k
(np(m)Pu [+ msv,__mg_l.wwlm 02A
| . S
np (') Wy .Tf.: ly 0JA
. s- :
?Ei_mh\*.\.t._...av:_m _<|n__Wm | o L)'y A |

4d 1

ﬂn’?}l:?i.l.gn e ——.— ek L an




?
F
is

In order to conduct experimental evaluation a physical receiver struc-
ture based on the topology of Fig.2 was coustructed. In the physical receiver
h,(t, u) and h,(t, ) are replaced by realizable low nass filte~s of suitable banci-
widths as shown in F"ig. 3. The principle of operation can be described as follows:
assume the input signal consists of a frequency modulated carrier plus a fre-
quency modulated inter{srer. Phase-locked loop (PLL) #1 locks on to and tracks

(by the capture effect) the stronger of the two received IFM signals but its

voltage controlled oscillator output signal (VCO#1) lags by approximately

90° . An additional 90° phase shift is introduced by phase shifter #2 so

that the signal appearing at phase shifter #2's output is 180° out of pha‘se

with respect to the stronger received signal. By proper adjustment of p
the gain constants of summer #2 the stronger received §ignal is cancelled
leaving only the weaker of the two received FM signals at the input .'to PLL #2.
The instantaneous phase of VCO #2 output signal tracks the instantaneous
phase of the weaker signal but lags by 90° . An additional 90° phase shift

is introduced by phase shifter #1 producing a signal at the output of phase
shifter #1 which is 180° out of phase with respect to the weaker of the two
received'FM signals. The weaker signal can thus be cancelled at summer

#1 leaving only the stronger signal appearing at the input to PLL #1. Since
this novel detector has two separate outputs --namely the outputs of the
individual phase-locked loops it possesses the capability of demodulating

both the stronger and the weaker received signals even though they may be
co-channel and share the same frequency band. This is a task impossible

with any of the conventional FM detectors since they all obey the well known

capture effect.
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[II. Experimental Study

In this section we describe an extensive experimental study conducted on

the cross coupled PLL FM demodulator to determine its capabilities and limita~

tions in suppressing numerous types of interfering signala. Fig. 4 describes the

experimental zet-up used to evaluate the performance of the cross coupled PLL
system. The desired FM carrier and interferer were producesd by Clarke-Hess
function generators. The information signals were simulated by periodic wave-:
forms also obtained from function generators. For those experimental tests re-

quiring random noise a General Radio broadband gaussian noise generator was

amployed.

cal bandpass filter centered at the desired signal's carrier frequency and desigued

with a bandwidth equal to the desired signal's bandwidth. The FM test signal was
used to drive the limiter-discriminator and the novel FM detector simultaneously
so that a direct comparison between the two receivers could be made.
discriminator employed was the General Radio pulse count discriminator and the

p ost detection filters used were Krohn-Hite low pass filters with a 4 pole Butter-

worth design.

— -

INFORMATION m LOW PASS
SIGNAL GENERATOR UM-018C FILTER
. {(CLARKE-HESS) (6R) [-louu-mm
INFORMATION rm <
SIGNAL GENERATOR --G%)—. .
o2 (CLARKE ~HES Y
RECTANGULAR ass
J:;?m BAND PASS |_jNoveL 7w wn'n.m |
e FILTER oETECTOR [ i
{COLLINS) A NN~ ._

-Fig. 4" Biock Diagram of Experimental Set-up
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In the first experimental taat performed the cross coupled PLL receiver
was driven by a 2C0ki{z FM 3inusoidal carrier plus a co-channel 200kHz FM
interferer. No random noise was included in this initial test. The desired car~
rier was [requeiicy modulated by a 100Hz sinusoid while the interferer was fre-
quency modulated by a 200Hz triangle wave. The peak frequency deviation of both
carriers was 8kHz. The interferer to desired carrier amplitude ratio, denoted
by the symbol n, was set at 1/2. Each ouiput was filtered by identical 10kHz
bandwidth pust detection low pass filters which was less than the bandwidth of
either PLL, The oscillogram of Fig. 5 describes the response of the novel FM
detector and limiter discriminator when simultaneously driven by such a test
signal. The upper trace in this oscillogram describes the limiter-discriminator
output which, by the capture effect, desmodulates the stronger received signal
and hence has as its output the 10CHz sinusoid. In addition, it contains notice-
able distorvon due to the presence of the co-channel interferer. The second
trace describes the output of phase-locked loop #1 in the novel FM detector which
has been designed to track the stronger carrier and therefore it too has as its out-
put the 100Hz sinusoid. However, as you can see, the distortion due to the pres-
ence of the interferer is suppressed considerably. The lower trace describes the
output cf phase-locked loop #2 which is designed to track the weaker carrier and
hence has as its output the 200Hz triangle wave. The results of this figure re-
veal that the cross coupled PLL can demodulate both the stronger and weaker FM
carriers with considerable improvement over the limiter-discriminator even
though the received signals are co-channel and share the same frequency. Similar
results were obtained for the adjacent channel interferer problem where a sepa-

ration exists between the two carrier frequencies.

12
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Fig.5 Response of Lim-Disc. and Novel FM detector with n=10.5

In the next experimental test performed the desirsd FM carrier was corrupted

by additive narrowband gaussian noise in addition to the co-channel FM interferer.
Fig.6 describes the results of this test. The stronger received carrier-to-noise
ratio (CNR) measured at the input to each detector .vas 8.7 dB in this test, the
weaker CNR was 2.7dB, and the weaker to stronger carrier amplitude ratio, again
denoted by the symbol n, was set at 1/2. The results of this oscillogram reveal
that the novel detector can demodulate both the stronger and weaker received FM
signals despite the rather strong input noise(leg;rironm ent. The presence of noise

impulses commonly referred to as "clicks” in the detected output signals re-

veals that both receivers are operating below their FM threshold level.

Similar tests were performed by replacing the periodic information
signals with music signals derived from the outputa of two cassetts tape re=
corders. In this test the post detaction low pass filter outputs were used to
drive an audic power amplifier with a. speaker load. Subjective evaluation tests
were then performed comparing the limiter-discriminator and novel FM detector
cutputs. The novel detector succassfully separated and tracked the stronger and
weaker received carriers over the range 0.1 < n < 0.9 with noticeable improve~
ment over the limiter-discriminator even for the cass when the received carrier
to noise ratios fall below the FM threshold level.
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' —— LIM-DISC OUTPUT

‘~—PLL # | QUTPUT

~—PLL #2 OUTPUT

RESPONSE OF LIM-0ISC AND NOVEL FM DETECTOR
WITH INTERFERER AND NOISE

7=0.5 ; CNR= 8.7dB
TIME AX!S ZMSEC/ DIV

F:Lg 6 Performa.nce of the novel detector in the presenca of noise.

The next tast' performed‘ Telates to the mult:i.ple interferer pr_ob}_em,
i e., separating out and demodulating 1 of M co-chaunel signals. Experi-
- mental stud:.es thus fzr have spec:alized to the ca.se of M=3 uamg the re~ ... -

__C.%Y_ef..it?:!ﬂf,uzs.s_&qvn_;n_f‘ig-.‘.,-_The_tkee.;mt_g;gmls used in this tast_ ..

were 455 kHz co-chamel FM carriers. each with a peak frequency deviation of T
7 kHz, The strongest carrier s, was-a 19V peak-to-peak signal frequency modu-
lated by a 100 Hz sinuscid. The second strongest carrier s, was 13V peak-to-
peak in amplitude and frequency modulated by a 200 Hz triangle wave and the weak-
est of the three input signals s 3 was 3V peak-to-peak in amplitude and frequency
modulated by a2 400 Hz square wave. Each PLL ocutput was filtered by a 6 kiz

post detection low pass flter. As can be seen from the block diagram shown

the system employs two cross coupled PLL detectors and is designed to oper-

ate as follows: PLL #1 is designed to traci the strongest carrier s while

PLL #2 locks on to and tracks the resultant signal 3, +3;. The second novel

FM detector then separates s, and s,. Similar schemes could be designed for

| 14 |
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M larger than three by employing more novel FM detectors. The detected out-

o put signals observed are shown in Fix.8._As can he_seen successful demodu- .

lation of all three received co-channel signals was achieved. No random noise

"was included in this test. The distortion appearing in the detected outputs {(par-
ticularly the weakest channel) is due to the presence of the other co-channel
signals, .

summen ¥ § LOW PASS DEMODULATED
| "S}’ &2 FILTER . QUTPUT#
90° PHASE . PLL¥
SHIFTER
#*
RECEIVED SIGNAL: vco#|
 veo¥2
80° PHASE
SHIFTER PLL¥*2
*2
é _ LOW PASS  DEMOCULATED
' - FILTER OUTPUT#2
SUMMER ¥2
#
‘SU"MER 3 [LOW PASS _ DEMODULATED
FILTER QUTPUT#3
90° PHASE
SHIFTER pLL¥*3
#3
vco¥
| veo 2
90° PHASE
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~'FigsT  Receiver structure for detecting 3 co-channel FM signals
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Fig.8 Detected Outpuis for Multi-le Interferer Experiment

Cross Coupled PLL with Amplitude Control Loops

The basic cross coupled receiver structure can be modified as shown in
Fig. 9 to incorporate amplitude demodulators which estimate the instantaneous
amplitude of the two received signals while the phase locked loops simultaneously
estimate the instantaneovs Fhase of these input co-channel signals. Such a de-
tector pussesses the capability of suppressing a CW, AM, FM, or AM/FM inter-

ferer.
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‘ Fig. 9 Block diagram of cross coupled PLL with amplitude control loops
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Hardware was also designed and constructed for this cross coupled PLL
with amplitude ccutrol. A block diagram description is shown in Fig. 10. The
design incorporai.s Tektronix AM/FM function generators for the PLL voltage
controlled oscillators. A transistor switch was used for the phase detector and
was driven by the VCO constant amplitude square wave output terminal. The
quadrature AM/FM sine wave VCO ocutput provides the necessary cancellation
signal. Active OP-AMP filters were used for the loop low pass filter. Average
envelope detectors were employed for the amplitude control loops. Successful
separation and demodulation of the received co-channel signals were obtained for
the cases of CW, AM, FM, combination AM/FM, pulsed RF, and noise inter-
ferers, With the hardware designed CW interferers could be as much as 20dB
stronger than the desired signal while AM/FM interferers with 100% AM modu-
lation index could be accommodated with interferer signal strengths as much as
10dB stronger than the desired signal. Other types of interferers yielded inter-
mediate results between 10 and 20dB. ‘

AM/FM Interferer

An oscillogram revealing a typical result for the AM/FM interferer case
is illustrated in Fig. 11. The upper trace in the oscillogram describes the AM/FM
interferer frequency modulated by a 100Hz sinusoid with peak frequency devia-
tion of 8kHz and simultaneously amplitude modulated by a 50Hz sine wave. The
second trace represents the constant amplitude desired signal frequency modu-
lated by a 200Hz triangle wave also with a peak frequency deviation of 8kHz.
Both the interferer and desired carrier frequencies were 200kHz and thus the
two received signals were co-channel. The lower two traces describe the demodu-
lated outputs of PLL #1 and PLL #2, respectively, filtered by post detection
Krohn-Hite low pass filters of 2kHz bandwidth., The results reveal successful
separation and tracking of the input co-channel signals. Both PLLs were second
order loop designs.
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FILTER - oUTPUT
PLL # |
SQUARE vCco FM
: (AM/FM
SINE  FUNCTION GENERATOR) AM ¢
SINE vCO AM &
(AM/FM
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. PASS nPLL 2
FILTER QUTPUT

o _ AMPLITUDE
OEMOOULATOR

Fig. 10 Block diagram of hardware implementation of cross coupled PLL
with amplitude control.
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Fig. 1l Oscillogram of cross coupled PLL input and output signals for case
of secord order loops with AM/FM interferer.
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Pulsed RF Interferer

The response of the cross coupled PLL with amplitude control tu a pulse
RF Interferer is illustrated in Fig. 12. Here the desired signal was frequency
modulated by a 200Hz triangle wave. We note from Fig. 12 that during those time
intervals when the pulsed RF interval equals zero, PLL #1 output contains the
{zequency modulation of the received weaker desired FM signal. This occurs
because the cancellation of the weaker received signal at the input of PLL #1
is never perfect. Ths residue left over after cancellation is demodulated by
PLL #1 accounting for the PLL #1 output shown.

Noise Jammer

The response of the cross coupled PLL with amplitude control is shown
in the oscillogram of Fig.13. In this case random gaussian noise of 20kHz band-
width is used to frequency modulate a carrier. The response of the demodulator
demonstrates once again successful separation and demodulation of each received

co-channel F'M signal.

«—DPulsed RF Interferer
Lcarrier=200kHz; AM
modulation ra‘ = 50Hz)

<4~ Desired FM Signal [{ =
200kHz;Afe8kHz:f_=230Hz
triangle

<4 PLL#] output

\/‘\ o % ‘\\/'\/ '« PLL#2 output

Fig.12 Response to Pulsed RF Interferer
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'i Generation of Noise Jammer

:

i

‘ .

E— Low Pase M

: »Filter > {—> Noise Jammer
BW= 20kHz Modulator | -

|

:

E

i

; 10v/cm—p Noise Jammer [gaussian

3 noise frequency modulation, ;
BW=20kHz, AfRMS=4kHz RMS]
; 10v/cm —p & Desired FM[Af=8kHz pk;

f_' 200 Hz triangle]

[r 0.2v/cm- <« PLL #1 output

E 0.2v/cm» 4 PLL #2 output

F —3p 5 msec/cm

]

]

Fig. 13 Response of cross coupled PLL with amplitude control to FM
signal corrupted by a noise jammer
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IV. Computer Simulation Study -of Transient Acquisition Behavior of the
Cross Coupled PLL Receiver

In order to determine the PLL parsmeters which insure successful ac-
quisition and separation of the two received FM signals, a theoretical analysis

of the transient acquisition behavior of the cross~-coupled PLL systemn was con-
ducted. Such an analysis was carried out taking into account PLL order, rela-
tive bandwidths of the two PLLs, low pass loop filter parameters, amplitude

ratio of the two received FM carriers, frequency deviation, and FM modulation
index of the individual carriers.

The normalized defining coupled nonlinear differential equations for the
novel FM detector of Fig. 3'are derived in Appendix B and are given below:

dey . :
I = o [sin(d; - @) + msinly, - 9,)
(9)
-n sin(cpz - CDI)] * hLl(T)
4@, : :
I a,lsin(y, - 9,) + n sinly, - o))

(10)
- sin(p) - $,) )% hy,(7)

where

4‘1 and "“'2 denote the phase modulation of the stronger and weaker received FM
carriers respectively.

) and %, represent, respectively, the phase modulation of VCO #! and VCO #2.

“m1

a =5 where ©i denotes the equivalent first order loop static hold-in-range

N
of PLL #1 and

Wi denotes some selectable "normalization frequency".

G
o, = G'E a, where G, and G, are, respectively, the dc gains of the PLL low
1

pass filters.
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n denctes the ratio of the weaker to stronger carrier amplitudes and hLl(t)
and hLz(t) are the impulse responses of each PLL low pass loop filter.

Digital computer solutions of these equations were obtained for the cases of
(a) first order loops with a CW int;tferer. (b) first order loops with a frequency off-
set CW interferer, (c) second order loops with a frequency offset interferer, and (d)
second order loops with a frequency modulated interferer., In all of the above cases,
the desired signal was frequency modulated by a sinusoid. For each case mentioned
the range of loop parameters, i.e., the "stability region” over which the croas-
coupled PLL demodulator can successfully separate and demodulate the two received

co-channel signals was determined. Such stability regions provide useful design rules.

One example of the transient acquisition response of the crcss coupled PL
system is illustrated in rligs. 14(a) and 14(b) for the case of first order loops with a
constant f{requency offset CW interferer. Here the filtered outputs (y’il and y; ) for
each PLL obtained by solving Eqs. (9) and (10) on the PDP 11/60 digital computer
are plotted versus normalized time T = Wyt Each PLIL output cbl and b, is filtered
by a four pole Butterworth post detection low pass filter of normalized bandwidth 2.5
to produce yt and y;, respectively. The normalization frequency (uN) was selected
to be Woa This corresponds to the modulation rate of the weaker carrier, frequancy
modulated by a sinusoid with FM modulation index (g8) of 10 and peak frequency de-
viation (sz) of 10. The normalized frequency offset used for the CW interferer was
0.5 while its amplitude was twice as strong as the weaker carrier (n= 1/2). Fig.
14(a) reveals a set of-loop parameters (a1 = 8, e, = 60) which provides for success-
ful acquisition, separation, and demodulation of the two received co~channel signals.
Decreasing ., by less than 10 percent to @, = 7.5 reveals unsuccessful tracking.
Similar transient responses show that for a, = 60 unsuccessful tracking occurs for
any o, less than 7. 5. The coordinates (°‘1 28, a, = 60) represent, therefore, a
point on the boundary separating successful tracking and demodulation from an un-
successful result. A search was made for the complete boundary for several types
of interferers by varying the loop parameters one at a time in a systematic manner
and observing the transient responses similar to those of Figs. 14(a) and 14(b) on a

CRT interactive graphics terminal.

Fig. 15(a) reveals a typical result for a first order PLL design with a single
CW interferer located at the center of the IF frequency band, i.e., no frequency
offset. The weakar signal was again frequency modulated by a sinusoid with an FM
modulation index equal to 10, The PLL loop parameters 2 and &y shown in Fig.
15(a) were normalized to the modulation frequency of this sinusoid, i.e., Wy Was
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Fig. 14 Transient acquisition response for case of sinusoidally modulated FM

i
carrier corrupted by frequency offset CW interferer (Aw = 0. 5). Solid i
line = PLL #1 output. Dotted line = PLL #2 output. 3
(a) Loop constants ai =8

» Gy = 60 1
(b) Loop constants % = 7.5, a, = 60 o
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again salected to be W, o For successful separation and demodulation, PLL fZ'n
steady state bandwidth, na ,, must be designed to lie above the solid curves of

Fig.15(a), Since the hold-in-range or equivalently the bandwidth of PLL #2 is pro-

>portional to the received signal amplitude, the smaller the value of n the larger

must be the dc loop gain for PLL #2. In fact, the minimum value permitted for

PLL #2's hold-in-range, na,, must exceed the peak frequency deviation, dw, =
Bw 2> ©f the weaker =ignal.

Hence,

min

This agrees well with the values of ¢, with @, = 0 shown in Fig. 15(a). Experimental

results obtained oun an experimental model designed to accommodate sinusoidal car-
riers are also shown nn Fig. 15(a) for the case of n= 0.5 and reveal good agreement
with the theoretical result. The curves shown in Fig. 15(a) approximately coalesce

to one single curve if the vertical axis of Fig. 15(a) is changed to na, as in Fig. 15(b).

The slope of the linear portion of this curve is approximately 2 and its vertical axis
intersection corresponds to sz peak, the peak fraquency deviation of the dewvired
FM signal. Fig. 15(b) provides the iollowinug useful design rule: for successful
tracking of a desired FM signal corrupted by a stronger CW interferer, design the
first order PLL hnld-in-ranges such that na 2> Za.l - sz peak. The pLysical
insight offered by this theorstical result is that PLL #1's bandwidth, @, must be
designed to be narrow, relative to the bandwidth of PLL #2, so that VCO #1 may
reject 2 good portion of the signal energy of the received desired FM signal and
thus develop a good estimmate of the instantanevus phase of the CW interferer and
provide the necessary cancellation signal to summer #2 (see Fig.3). Fig.15{c)
describes similar results for the lst order loop and CW interferer with g as a

parameter.

Figs.16(a) and 16(b) describe the stability regions for the case when the
carrier frequency of the CW interferer is offset from the center of the IF band.
Fig. 16(a) reveals that for the first order loop design the stability regions are quite
narrow and not much frequency oifset can be allowed if successful separation and
demodulation of the two received signals is to be achieved. This result seems
plausible when we consider the fact that for a first order PLL design a steady state
phase error is present in the VCO output signal when the PLL input signal is fre-
quency offset from the VCO free running rest frequency thus making cancellation

of the interferer difficult.
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A second order loop with a low pass loop filter consisting of constant
plus integral control provides the necessary dc control voltage to allow PLL
#1's voltage controlled oscillator to re-center itself and phase lock to the offset
interferer with no phase error. This permits the second order loop design to ac-
commodate carrier frequeacy offsets as large as the peak frequency deviation of
the interferer as Fig. 16(b) reveals. In these stability region plots the Laplace
Transform transfer function of the PLL low pass loop filter takes on the form
Hi(s) =1+ K/s.

Figs. 17(a) and 17(b) describe the stability region locations for the case
of second order loops with sinusoidal modulation on both carriers. The parameters
m2’ Kln Kzn Blv an and» n and
represents a rather large list. Hence a complete set of cross sectional stability

present in this computer analysis include Q18,0 oW

region plots is virtually impossible to obtain. However, the results obtained for
first order loops and CW interferers where the effect of n and 8 were examined
(see Fig. 15(a) and 15(c)) are useful even here to obtain at least a qualitative feel
for where the parameters should be designed for those cases not covered by Figs.
17(a) and 17(b).

Transient Acquisition Behavior of Cross Coupled PLL with Amplitude Control

A computer simulation study examining the transient acquisition behavior
of the cross coupled PLL with amplitude control shown in Fig. 9 was also conducted,
The normalized defining coupled nonlinear differential equations for this system
were derived and are given below:

RECEIVED SIGNAL . A 3N [é.a,t +{, m] + 7A SIN [wof ,%m:l o
dy0, [BIN(9y=,) +7 I8 (- b -ra(m1sN (- )] 0 £y ()-

$o=0y Elﬁ(\p! ~¢ho )+ 7 SIN (%-4»2)- r; (r)SIN (b, -¢2)]¢ " 2 (7)

\

. . 2
|.'| (r) +Q‘ r| () '0| {I:COS wi +-qcos lpz‘?fzcos ¢2]z+ [SIN *| + n SIN lpz‘fa SIN ¢2] }

l”z{?"*%é"""’ qz{[cos *}mm% -1 ¢os¢|]z + [SIN ¥ +9SINYa-n 3|N¢']3}u2
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Here 4»1 and ""2 denote the instantaneous phases of the stronger and
weaker received sigaals. n denotes the weaker to stronger amplitude rato,

. &, and , the demodulated outputs of each PLL, o, and G, represent the equiva-- -

lent first order loop static hold-in-ranges, ) and r, denote the ocutput of the
amplittde demodulator, and a),a, are the 3dB bandwidths of the amplitude con-
trol loops. Both ths alphas and the a's are normalized to W 2e the modulation
frequency of the weaker FM carrier, h‘l..l and hLZ are the impulse responses
of each PLL low pass loop filter. »

Digitil éomputer solutions of these coupled differential equations were
obtained on the PDP 11/60 for numerous first and second order loop designs
and various input signal conditions. For each case the range of loop parameters,
i.e., the "stability region" over which the cross-coupled PLL demodulator can
successfully separate and demodulate the two received co-channel signals was
determined. Such stability regions provide useful design rules. The next group

of figures describe the techniques used to generate these stability regions.

Trmien't responses of the unfiltered PLL outputs are illustrated in
Fig. 18 for the case of an FM interfsrer.

&
E
i

SN HE of
.00 ° . output
T I SNNTh Ban . mEeee PLL£1
. 00 sirin o 2.00008
- 0.0 alin o ‘.“ ..... output of
‘ PLL#A2
L ] .
N
.t
o~ e
B N |
o0 2.9 5. 7.9 10.0 puge- 1.00000

Fig.18 Response of cross coupled PLL with a.mplit-.xdé control loops to two received

co-channel FM signals obtained from computer simulation study.
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Here we plot the demodulated output waveforms cbl and q;a versus normalized
time . The output of PLL #1 is represented by the solid line and the output
of PLL #2 is shown dotted. These results come.directly from the CRT inter-.
active graphics terminal. Here the weaker carrier was frequency modulated
by a 1 rad./sec.sinuscid whila'the stronger was frequency modulated by a

2 rad./sec. sinusocid. All the loop bandwidths, integrator constants, and time
axis v shown here are normalized to 'u‘mz, the modulation frequency of the
weaker carrier. "To go from normalized time r to real time t one must divide
the T axis by.w_,. Hence for a 1 krad./sec. modulation signal this 0 to 10
second interval indicated on the normalized time axis would actually be 0 to 10
msec in real time. Similarly the normalized loop hold-in~-range parameters
é‘l’ &, shown here as 70 and 30 must be multiplied by the normalization fre-
quency 5 and hence in this example would actually be 70 and 30 krad. /sec.
These transient waveforms reveal that this selection of loop parameters yields
successful separation and tracking of the two input FM signals. It is possible
that a change in loop parameters and/or a change in input signal conditions
will yield unsuccessful results, A Fourier transform of this waveform in its

steady state region was computed and is shown in Fig. 19,
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Fig.1? Fast Fourier Transform.of PLL cutputs (Solid line = PLL #1 output;
Dottled line = PLL 2 output)
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The solid line denotes the spectrum of PLL #1 output while the dotted cor-

responds to the spactrum of PLL #2 output. Here we see the 2 rad. /sec. : ,

component appearing at the output of PLL #1 which is tracking the stronger , .
! ~* " carrier and the ! rad./sec. component appearing at the output of PLL ¥2 which

is demodulating the weaker input FM signal. The remaining terms repressnt

diatortion over a 20 rad. /sec. baseband bandwidth. A computation of total

harmonic diatortion (THD) was made for each PLL output signal over thia

baseband bandwidth and the results are given by the numbers labeled THD 1 _

and 2 on thisfigure. This process was repeated for numerous loop parameters |

and several different input signal conditions. So-called "regions of stability",

i. e., regions where successful acquisition and tracking of the two received

signals is achieved were obtained. This "atability region" was defined as that

set of loop parameters which yields a THD < 20% on both PI.';D-Outputs. Ex-

amnples of such regions appear in the next group of figures.

Fig.20 reveals the stability region for the case of 2nd order loops

and an FM interferer, with the loop hold-in-ranges @.,Q, as variables.

CROSS COUPLED PLL WITH AMPLITUDE CONTROL
" FM INTERFERER -

A
so}-
0 \
so|-
: - sof 1 =08 -
; az ek - X, =30 , Ko =25 |
E 20 . g =2", 03 I
é B sTaBLEREGION - Ai*8 . wye2
20 . lea . wmz.' %
' i
o 1o} |
0 !

. - ” pry — .o — [ ] 1 | - L’
0O 10 20 30 40 80 60 70 80 90 100 110
Q,

Fig.20 Stability region of the cross coﬁpled PLL with loop hold-in-ranges
(ay,a,) as variables.
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.

;r All other loop parameters are fixed at the normalised values shown. The

low pass loop filter was selected to be a constant plus integral control. The
symbol K denotes the normalized integrator. constants. . a, and a, again denocte
the normalized 3dB bandwidths of the amplitude control loops, 9, and B, the
FM modulation indices of the input signals, w1 and w5 the normalized modu-
lation rates, and N denotes the weaker to stronger carrier amplitude ratio.

The bordar of the staﬁility region i-epreaents a rather charp boundary. Just
outside the border the THD is much greater than 20% and separation of the

two received signals is for all practical purposes not accomplished.

Fig. 21 reveals the sensitivity of the stability region with respect to low pass

loop filter integrator constants K1 and KZ‘

CROSS COUPLED PLL WITH AMPLITUDE CONTROL
FM INTERFERER

I\
5; sof ~
; n +0.8
| ' 40 a, *60 , Gy =40
i K or S‘i’ABLE REGION PR
i ’ 2 ao - : ¢ ﬁ' =5 ¢ wml =2
- Bpr8 , wyetl
10} _
o 1 . | 1 1 [] 1 1 1 1 1

0 10 20 30 40 50 80 70 80 90 100

Ky

Fig. 21 Stability regfdn of the cross coupled PLL with an.':plitfxde control loop
with low pass filter constants (Kl' K‘Z) as variables.
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Fig. 22 is the result when the normalized amplitude control loop bandwidths

a, az are selected as the variables.

CROSS COUPLED PLL WITH AMPLITUDE CONTROL
FM INTERFERER L

I .
s- .
4 n *98
.8 , ag =40
d, . L@ v Qg

2 3 K, =50 , Kg =20

£/ mmE A e

Y ',. ﬁ‘.‘ '”ll\ﬂ'l

] J_-

cl_Llj'lll
O I« 23 4 85 6 7 8 9

Fig. 22" ‘Stability of cross coupled PLL with amplitude control loop 3dB
bandwidths (11. az) as variables.

The large list of loop parameters - namely hold-in-ranges Ty &g
low pass loop filter integrator constants Kl' KZ' a.nd' amplitude control loop
bandwidths a1135; as well aa the large list of input signal parameters: ampli-
tude ratio n, FM modulation indices 8 By and FM modulation rates o1
LIPS makes it unfeasible to obtain complete cross sectional plots from this
computer simulation study. The specific cases discussed here should at
least provide a starting point for a successful design.

One of our future objectives includes seeking that set of loop parameters
which is insensitive, i. e., robust, with respect to input signal conditions. Such
a design would be useful in suppressing a variety of interfering signals without

the need to switch loop parameters.
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V. Theoretical Models

In this section theoretical models of the cross coupled PLL demodulator
are presented. Analysis is restricted here to the case of first order loops, con-
stant amplitude input FM signals, and pre-adjusted summer constants. For this
case the defining coupled nonlinear differential equations for the system of Fig. 3

reduce to:

bl = ﬂ-l[.in(q‘l = wl) +n Sin(q"z = Cpl) -n Sin(mz - COI)] (11)

-, = aylsin(y; - @) + nsin(y, - @,) - sin(e; - v,]

where q;l and 4"2 denote the instantaneous phases of each received FM signal,

Epl and Epz the PLL outputs, n represents the weaker to stronger received carrier
amplitude ratio, and Q) &y the hold-in-ranges (or equivalently 3dB closed loop
bandwidths) of the first order phase-locked loops.

The desired solutions of Eq. (11) would be a decoupling of the two differ-
ential equations, i.e., we would like cp-_, = sz and :;ol = »]Jl and the purpose of our
theoretical analysis here is to find out under what conditions this is possible or
approximately true. To accomplish this we rewrite Eq.(11) in terms of the loop

phase errors 8, and §, defined as follows:

(12)

Rearrangirg Eq. (11) in terms of Llul, 4"2' 91’ and ez and eliminating P and ®y

we obtain:

:l"l él + Q-l Sinel + T\al Sin(“pz - 4‘1 + 91) = 'ﬂa'l 31“(4‘2 - qu + 91 = az)

b, = éz +ne, sing, + a, sin(\pl -y, + 92) -a, sin(\\u1 -, - 8, + 92).
(13)
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An analysis of Eq. (13) shows that a complete decoupling is possible
only if °1 = ez = 0 which implies that the outputs Epl and cpz are zero which
is of course unacceptable. We see then that any scolution will involve a
coupling of the two phase-locked loops, i. e., both Epl and cpz must be func-
Fionu of Llll and ¢2 and we seek criteria which will minimize the influence of
Y, and o, and §; on c'pz (see Eq.(11)).

An acceptable solution is of course one in which 8, and 9, although not
zoro are very small. Under these conditions we can linearize Eq. (13) to ob-
tain:

4, =8, +a,8, +na 9, cosly, - ) 14(a)

§, =8, +na,8, +a,0, cosly, - ;) 14(b)

In deriving Eq. (14) we assumed sin 8, = 8y sin 8, = 92. cos 91 ~ 1, and
cos g, = 1. Eq.(14) represents two linear differential equations with time
vurying coefficients and :pl and b, whose exact solutions are not easy to find
analytically., We proceed by eliminating 8, to get a second order differential
equation in 91'

Diffcrentiating Eq. 14(a) yields:
replacing .32 from Eq. !4(b) above produces:

A .

Y, = 81 ta;8) +na cosly, - “‘1)‘1‘2 - “2“1“2 cos(y, - ¥y)e, -
ﬂalo.z COBZ(qu‘ 4‘2)91 - ﬂal(:l‘z - ‘1‘1) Sin(‘bz = 4‘1)92

Rearranging and replacing 8, from 14(a) we obtain

8; +8,la, +na, + (sz - ) )tan(y, - ¥)] + 8;lne;a, sinz(tbz = 4) +
a,l(st - t'bl)tan(\bz - \Pl)] = J‘l - ‘.’10.1:“2 CO!NJZ - "“1) +n az&‘l +

We note that the poles of Eq, (15) will vary with timme on the real axis and it can
readily be shown that they will wander into the right half plane for
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_ If we had rearranged terms in Eq.(14) and solved for 8, instead of 8; we
x would have the conditions that poles will lie in the right half plane when

@y < [(b, = 4))tan(y, - )| an

In such a case our assumption that 8, be small will not be valid and the solution 5

will be accompanied by large oscillations which can easily bring the system in
and out of lock.

As a first example let us assume the case of a CW interferer with no
frequency offset, i.e., "‘1 =z 0 and a sinusoidally frequency modulated desired

signal, i.e., ¥, = gcos Wt We further specialize to the case of small g, i.e.,
8 << n/2. For stability we require

2 k.
g w B w
na, > —z-—sinZwt = —— E
: and
, 2
? B v
‘s ¢ >z

i. e., the hold-in-range of both phase-lock loops should be larger than the
: largest frequency deviation between the two received signals, Under these {

conditions 81 of £q.(15) will be an oscillatory function whose fundamental fre-

; quency is w and whose amplitude can be shown to be approximately given by

4'na.15ﬁti ((4 + 3na,102(e/wm)z]2 + 16((:1.1 + 1—1('1.2)7 !

|91 =

16(a, + na.z)z - w;[-’r(mlaz(e/wm)z)z - Snalaz(e/wm)z - 16) !
{

(18)
A computer aided analysis of Eq. (15) for a number of other types of interferers
and desiraed signals is in preparation and will be reported shortly with more
quantitative criteria of design.

Another example which provides insight into system stability is the follow-
ing. Essentially we strive for a design which yields él = éz = 0 (see Eq. 12).
This implies 6, and 8, are constants, Substituting the condition §, = '92 =0
into Eq. (13) and defining 4 ® \hl - LPZ we obtain:
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Y=q si.ne1 - na, sing, +na, Sin(el - y) -
(19)

ﬂal ’in(al - ez -y) - a‘z sin(y + Bz) +Q2 sin(y - el + 92)

If for a given y this equality is satisfied we have such a solution.

As an example let us assume a frequency offset between the two received
carriers \P = Aw. Then such a solution will exist if the following equations are

satisfied simultaneously.

Aw = ay .'.i.nel - na, sinez (20)
",y ainel -y sin(el - ez) - a sin(—]2 ta, :’.i.n(e2 - el) =20 (21)
- ma, cosb, +na, cos(s, - 8,) -~ a, cosd, +a, cos(s, - 8) =0 (22)

which yields the upper bound condition on the frequency offset

Aw<ay +tne, .

A simple gsolution when 8, and 6, are small can readily be found in this example

by using sing, ~ 8,. sing, ~ 9,, cosg, ~ 1, and cosf, = |

For this restriction we have

@18, - N@,y8, = Aw (23)
- 08) + M8 =0 (24)
which, when solved simultaneously, yields
a Ae
8 * —— (25)
(Gl - 32)
and
c.zAw
82—, (26)
n(c.l - Q-z)

which is valid to within 10% if Iell and Iezl are each less than 0. 4 radians.
Given a fixed loop design (a,l. az). Eq. (25) and Eq. (26) yield the maximum dis-
placement of received carrier frequencies.

Additional analytical studies investigating theoretical models for higher order
loops and determining criteria for stable design are now in progress.
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V1. A Uniform Power Spectral Density Jamming Signal

It is often useful in electronic countermeasures to transmit high power

noise over some prescribed band of frequencies in an attemp: to interfere with

transmissions from an unfriendly source. Since we do not know with any certi-
tude the frequencies at which the source transmits and/or receives, it is de-
sirable to use a high power signal with a continuous uniform power spectral
density bandlimited over some frequency band for the noise jammer. In this 1
work a technique.is described for generating such a signal with flexibility in

: designing for its center frequency and bandwidth.

11
The technique employed utilizes Woodward's Theorem ( )which states

that the spectrum of an FM signal with la.;r.-ge modulation index (g) takes on the
same shape as the probability density function (pdf) of the amplitude of the
modulating waveform. As a practical rule of thumb, the rms modulation index,
Brms’ defined as the ratio of the rms frequency deviation of the FM modula-
tor's output to the rms frequency of the input m-:lulating waveform should ex-
ceed 10 for Woodward's Theorem to be valid. .slackman and McAlpine (11)

have shown, however, that for the special case of a gaussian modulating

signal, Brms
the output spectrum and the pdf of the input modulating waveform is still

I it S L

AT N O T TR

can be as low as one and reasonably good agreement between

achieved.

A block diagram of the system used to generate the noise jammer is

shown in Fig.23. As can be seen, a nonlinear network is used to transform
gaussian noise into a stochastic signal whose amplitude has a uniform pdf. N g
E The resultant signal is then used to frequency modulate a carrier with large 8.
F ' The spectrum of the transmitted signal will then be uniform and continuous ~en-
1 tered around the carrier frequency with bandwidth (BW) approximately equal to i
twice the peak frequency deviation (Carson's Rule). The power contained in ) 1:
the transmitted signal can be made large by "1sing a high power FM modulator ‘4
or by using efficient nonlinear RF power amplifiers following the modulator.

R e
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Gaussian Nonlinear
Noise x |Network y wmiform M
Source g(x) noise | Modulator

Fig.23 - Generation of a uniform powcr spectral density jammiug signal,

T

Nonlinear Network

The nonlinear network required in Fig.23 is readily determined using
the techniques relating to transformation of a random variable. If x (see

e P

Fig.23)is assumed to be a zero mean stationary gaussian random process
with variance az , and we desire y to be a. zero mean uniformly distributed
process over the normalized interval [ - 2- 2- ], then the lt;.‘-)amsfer function
of the nonlinear network can be shown to take on the form .

| glx) = Eyf.({;) - % | | (27) ;

et B

where the error function,

. 2 .
Erf (a" ) — fx/q" e % /2 44 (28) 1
x

is well tabulated. ¢}3)

In the laboratory a commercially available gaussizn noise generator
(GR1382) and an FM modulator (Wavecek 184) were nsed to implement the !
system described in Fig.23. Although a broadband nonlinear diode wave-
shaping network could be designed with transfer function proportional to
l_:;:l'(x/ O‘x). for simplicity the constant current biased bipolar junction transistor
differential pair configuration shown in Fig.24 was employed.
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Fig.24 Constant current biased bipolar junction transistor differential
pai.r conﬁgurauon.
The transfer characteristic relating the output voltage y and the ap-

plied input signal x is given bY(H) - )

y=E__ - 2% l_x + tanh (ﬁa)] (29)

whc;re -}-tz = 26mV at room temperature (T = 300°K) and o denotes the transistor
®alpha®. The shape of this characteristic is governed by the term
%[l + tanh(-gz-h) . The remaining terms in Eq.29) determine the magni-
tude (peak-to-peak swing) and dc level of the differential pair output voltage.
This transfer function has the same general form as the desired. error func-
tion characteristic as illustrated in Fig.25. Both agree at x= 0, X =w», and at

= ~», To determine that value of o-—which provides for a reasonable "matc!
up' of the two transfer functions over cther values of x, we equate Er{f (——-)
to Z»Ll + tanh (-sz—-v)] at points a and b on Fig.25. Carrying out thxa match-up
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process ¢_ is found to be 44mV. For this value the mean square error between
the Erf(x/ax) and its approximating curve is only 2. 35% over the range -4 < x < 4.
Although the location of points a and b on Fig. 25 may seem somewhat arbitrazy, - .-

T EeeTmT e

the reader can readily show that the numerical value of 9, is not very sensitive
to that choice of location.

R et L A

The differential pair dc output voltage, Ecc - quR/ 2 will shift the car-
rier frequency of the FM modulator. If desired, it can be eliminated by in- 1
serting a dc level shifter or coupling capacitor between the nonlinear network

TTRETRWRS I T LT e e

and FM modulator of Fig. 23, or it may be used as a control to adjust the center
frequency of the jammer sigrial generated by the FM modulator. 3

e Experimental Results

s The block diagram of the total experimental set-up used is shown
in Fig.26. The pdf machine was Polytechnic built and is described in Ref. (15).

To insure proper operation of the pdf machine, density measurements were

initially made with sinusoids, triangle waves, and square waves and compa.réd

e ekt i bashiaed i i Eaatia

: with known theoretical responses. The pdf of the GR noise generator was then

checked to insure it was gaussian and zero mean. The four pole maximally

flat design Krohn-Hite variable low pass filter following the gaussian noise

generator permits control of the rms modulation index of the FM modulator

1 —

‘output. o . e

E §i. =« the eiv uit of Fig.24 requires well matched transistors, the
3 LM30:~ iniegrated circuit transistor array designed for such configurations
was used ‘or the nonlinear network. To insure its proper operation the static

transfer characteristic was measured. Excellent agreement with the normal-

e e R el Aigaedectde, o

ized response shown in Fig.?.é was obtained. Typical responses of the pdf of

et

the nonlinear circuit output and the corresponding oscillogram of the output

spectrum are shown in Fig.Z%a and 27b. The pdf is uniform as expected, and

the output signal har 1 uni. n power spectral density, as Woodward's Theorem
- . predicts: -The experimerx:cal result of Fig._Z:lb reveals that the spectrum is cen-

tered around the carrier frequency of 200kHz, the free running frequency of the

FM generator, with a bandwidth of 237kHaz. Theoretically, the bandwidth ex-

pected is twice the peak frec  cy deviation which is given by the peak-to-peak

e e
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Fig.27b FM modulator output
spectrum (center
frequency = 200kHz;.
bandwidth 36237 kHz;

B = 29,6, sweep
speed = 5 sac/cm;
impulse at right of the
oscillogram denctas dc).

53kHzlom  G—————

- swm.g' wing of the diifarehﬁﬁ..p~£; lén.xf.l;\::\‘.‘—-'rbl‘t:-age: (IkR)muluphed by thé FM mo&u~

lator's sensitivity Kg(kHz/ volt). Using the experimental values I = 1.37ma,

" R = 2K ohm, K. = 100kHz/volt yields a theoretical BW of 274kHz. The 14%

discrepancy from the measured value can easily be accounted for by component
and measuremert tolerances and Carson's Rule approximations. Increasing
the value of R or Ik of Fig.2 will increase the peak-to-peak swing at the differ-
ential pair output, and hence increase the rms voltage at the FM modunlator in-
put and, subsequently, the bandwidth of the modulator's cutput spectrum. This
was verified experimentally in a quantitative manner as the nurnerical exampie
just presented. This feature provides a useful mechanism for electrunically
or manually controD.j.ng BW. In addition to varying the parameters R and Ik,
the FM modulation index was varied over the range 10 < arms < 50: by ad-
justing the bandwidth (fm) of the Krohn-Hite low pass filter of Fig.26. Rec=-
tangular output spectrums with Carson's Rule bandwidths were experimentally
obtained throughout this range.
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VI. Technological Applications

The demodulator possesses a number of important technological

applications. Among these include:

(1) electronic warfare applications as an anti-jamming receiver
to combat intenticnal interferers whether stronger or weaker
than the desired signal.

(2) electronic countermeasures: one could intentionally corrupt
a frequency modulated carrier with a stronger interferer.
A conventional receiver would by the "capture effect" de-
modulate the stronger FM carrier (perhaps modulated by
a decoy message) while the novel detector could easily be
designed tc detect the desired weaker FM carrier.

(3) as a communications receiver for analog or digital FM
signals to suppress the degradation in detected output signal-
to-noise ratio due to the presence of co-channel or adjacent

channel interferers.

(4) provide for "spectrum sharing" to relieve the ever increasing

crowding in the radio frequency spectrum.

(5) suppress the effects of multipath interference including

ghosts in TV reception.'

(6) supplement the techniques of steerable antenna nulling which
fail (a) when the received carrier amplitude ratio, n, is near

[

unity, and (b) when the source of interference comes from the

same direction (or mirror direction) as the desired signal.

The physical insight obtained in this study on the acquisition behavior i
of the novel demodulator will undoubtedly be useful in examining many of the
aforementioned applications in future research efforts.
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VIII. Future Research Objectives

Although numerous results have already been obtained, a number of

basic research probleams still remain unsolved. They are not simple exten-

sions of previous work performed but rather represent new and important

ideas yet to be explored,

Ai

The research sponsored on ARO Grant DAAG 29-77-G-0232 has led

to improved techniques for enabling the croas coupled PLL receiver
structure to suppress numerous types of interferers. Fig.28 describes

a block diagram of such a new system. This detector cross correlates

the in-phase and quadrature phase components of the PLL voltage controlled '
oscillator (VCO) output signals with the PLL inputs to provide for ar adap-
tive feedback closed loop system for estimating both the instantaneous phase
and amplitude of two received c.:~channel signals. It is expected sucha
scheme will experience significait improvement over the performance
capabilities of the cross coupled PLL receiver of Fig. 9 which utilizes an
open loop control for estimating the instantaneous amplitude of the re-

ceived signals.

We propose to undertake an analytical and experimental study of this new
demodulator. The system can be theoretically modeled by six coupled
nonlinear differential equations. Among our objectives include:

(1) Theoretically examine the transient acquisition behavior for the
demodulator described on the attached block diagram using com-~
puter aided analysis of the system's defining equations. From such
a study we expect to |a) determine the range of loop parameters
over which successful acquisition, separation, and detection of
the received co-channel signals can be achieved, and (b) deter-
mine that set of loop parameters which is relatively independent,

i. e., robust with respect to input signal conditions, Such a de-

sign would be usetul in suppressing a variety of interfarers with-
out the need to switch loop parameters. Among the interferers

to be included in the analytical study include CW, CW with fre-
quency offset, wideband FM, narrowband FM, AM, AM/FM,

pulsed RF, and noise jammers.
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(2) Repeat objective (1) above for the case when limiters are inserted
at each PLL input and make comparisons with the results obtained

above without limiters.

(3) Using comnputer aided analysis determine the effect of noise on the
acquisition performance of the cross coupled PLL structure when
driven by a desired FM aignal corrupted by a co=-channel interferer

pPlus narrowband gaussian noise.

(4) Theoretically examine the stability of the system by developing
phase plane portraits for each PLL and determine locations of any
possible unstable operating points and/or conditions which may

generate limit cycles.

(5) Desigr and construct experimental models to investigate the prac-
tical performance capabilities and limitations of this new system

in suppressing numerous tvpes of interferers,.

Studies (18) based on information theory have set upper bounds for the de~-
tected output signal to noigse ratio (SNR) performance of analog FM com-
munication systems. None of the conventional FM receivers (limiter-
discriminators) come close to approximating that bound. It is proposed

here to treat the demodulator's raceived noise signal as the co-channel
interferer (or include it with the interferer if one is present) and examine

the capabilities and limitations of the cross coupled PLL deamodulator in
suppressing the effects of the noise on the desired signal. One .of the specific
objectives will be to determine how close the detected desired output SNR

comes to the predicted theoretical upper bound established by information
theory. Another is to determine the capabilities and limitations of the cross
coupled PLL in suppressing narrowband gaussian noise jammers. This
represents another new and exciting basic research problem not previously

investigated under this program.
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C. Another objective of the proposed research is to theoretically and experi-

mentally determine the capabilities and limitations of the novel detector

in suppressing the degradation of receiver performance due to multipath.

Both specular and diffuse multipath cases will be considered. Multipath
interferers have characteristics significantly different and unique from
other interferers. Here the echo is not independent from the desired signal
but rather correlated to the dominant path transmission.

A simple two-ray model for specular multipath is illustrated in Fig. 29.
In this simplified model the receiver sees the direct path transmission

: sd(t) plus a reflection n sd(t-‘r) where n is a scalar constant and Tm
denotes the relative time delay between the direct path transmission and
the multipath "echo".

s 4(t)

Transmitter

R
Receiver i
i
1

T g

77777 | |

Fig.29 Multipath Channel Model

T fma g T ot T

The multipath reflection belhaves as a co~channel interferer since the
echo occupies the same frequency band as the desired path signal. In

an ¥M communication system ad(t) and nsd(t-fm) take the form

ld(t) = A cos[uot + #(t)]

]
neglt-r) = nA cosfw (t-1 ) + #(t-t_)] !
i
)
|
i
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where A denotes the carrier amplitude, w o the carrier frequency, and
"(t) the information signal bandlimited to £m which frequency modu-
lates the carrier. M r  is small then the interferer is highly corre-
lated to the drsired signal. Conversely, if T is large, the multi-

path echo appears as an uncorrelated interferer.

The effect of the correlation between the desired direct path trans-

mission and the reflected inultipath interferer oa the performance of

. the demodulator will be determined.

The output SNR versus the lleceived CNR will be evaluated for the
novel detector above and below its FM threshold level when detecting
analog FM signals in a multipath plus narrowband gaussian noise en-
vironment for several values of r, several FM modulation indices,
and different modulation signals. Probability. of making dacision
errors versus CNR will be determined for the novel detector when
demodulating binary FSK signals corrupted by multipath interferers

plus noise.

Whaerever appropriate, all results obtainad on the novel detector will

be compared to other receiver structures discussed in the literature.

Ghosts in TV receivers are just one example of multipath interferara;

_ Since the cross coupled PLL detector can in theory be designed to

sccommodate AM received signals (see Fig. 9 ), it has potential in
suppressing ghosts in TV reception. At this time its capabilities
and limitations in this area are unknown and remain as a topic of

future research.
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“D. The capture effect of a phase-locked loop will be theoretically and
experimentally examined. Much work has been reported @6-1m on

the capture effect of FM diacriminators such as the pulse count‘de-

tectors, Foster-Seely discriminators, and Ratio detectors. All studies

conclude that the finite capture effect exhibited by such FM demodulators _

is due to their finite bandwidth. No corresponding studies have been i
. performed for tracking demodulators such as the PLL. The capture

phenomenon plays a major role in the operation of the cross-coupled

PLL receiver and hence understanding how to design a PLL to enhance

o T T T e
i

its capture effect is fundamental to the overall design of the cross-

coupled PLL receiver.

.E. Physical insight obtained from the theoreticzl and experimental study

£ of ‘the cross-coupled PLL receiver will undoubtedly lead to alternate

i
receiver structures with potential for improved performance. One i
? . |

such structure is shown in Figure 30.

Sach a2 scheme is useful when the initial frequency difference between

the VCO free running rest frequency and PLL input is large. In such

cases the discriminator provides the necessary dc contiol volta-g-e to

T P

pull the VCO toward the direction of lock. After lock is achieved,

T

the narrowband PLL will provide a gond estimate of the instantaneous

b phase of its input signal.

i
H
¢
1
!
k
)
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Fig.30 Improved acquisition for the crnsa cougled PLL recciver
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F. Theoretically determine tha acquisition or 'pu}l-in" time for the cross-

coupled PLL receiver {0 acquire lock, successfully cancel the inter-

ferer, and demodulate the desired received signal, Rapid acquisition

i{s particularly important in high speed digital FM communication links
and fast frequency hopping spread spectrum communication systems.

Loop parameters which simultaneously provide for rapid acquisition

and goo _isrence and no'se suppression parameters will be scught.
This wor: should not be c.on;'lfused with the stability regions alx;ea.dy ob-
. tained from studying the acquisition behavior of the receiver. The

y time it takes to acquire lock is a new‘problem to be solved and not a

3 simple extension of work already performed.

e e,

G. Experimentally examine adaptive designs which utilize wideband first

order phase-locked loops during the initial lock-up transient interval

PIRIEPN

for rapid acquisition, and then, after lock is achieved, are electroni-

cally switched to narrowband second order tracking loops for good

§ i o [

signal-to-noise ratio performance.

H.' Theorctically and cxpcrimcntail')' éx:arhinc the behavior of the cross

|~ Zoupled PLL receiver with limitérs preceding each PLL as shown in
Fig.3l. As can be seen from Fig.15a small values of n require PLL #2
to be designed with large dc loop gain, i.e., large a, in order to insure i
successful separation and demodulation of the two received co-channel |

E " signals. This seems plausible since the hold-in-range of PLL #2 is i

proportional to na,. The curves shown in, Fig. 15a approximately coalesce :

into one curve if the vertical axis is changed from a, to na,. In most i
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applications n ia unknown and in some cases a function of time. To in-
sure successful separation of the interferer and demodulation of the
desired signal, a worse case designa, >> @, would L ; required, Such

wideband phase-locked loops may lead to impractical designs and/or

designs which are vulnerable to noise which is always present ia the
received signal. Limiters preceding each PLL can overcome this
problem by providing a constant ai‘nplitude signal to each PLL so that even
if n - small, PLL #2's ba;xdwidth need not be designed large. . :is new
receiver structure is described by a new system of co‘up].ed nonlinear
differential equations to take into account the addition of two non}ine?.r :
networks - namely the limiters. New computer aided solutions are re-

quired for this research problem.

Conceive and examine alternate designs for experimental modeis op-
erating in the 10-100MHz frequency range whi?h possess the capability
of incrgasing the depth of the cancellation null so that the deAtector can
suppress co-channel CW, AM, FM, AM/FM, or noise jammerinterferers

which are as much as 40dB stronger than the desired signal.
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IX. Scientific Personnel

A. ARO Supported

1-

Professor F., A. Cassara, principal investigator - directed the research

effort in both theoretical and experimental phases; performed analytical
studies related to the transient acquisition behavior of the cross coupled
PLL demodulator; conceived signal design of the uniform power spectral
density jamming signal.

Professor H. Schachter - directed effort relating to theoretical derivation
of the maximum a posteriori estimator for suppressing interchannel inter-
ference in FM along with the computer simulation study and interpretation
of the results. Also responsible for section on theoretical models.

B. Unsuggorted

1.

Tippure S. Sundresh, Ph. D. graduate student - responsible for the analyti-
cal derivation of the maximum a posteriori estimator {or suppressing inter-

channel interference in M.,

Gerald Simowitz, Ph, D. graduate student - assisted in design, construc-
tion, and experimental analysis of the cross-coupled PLL damodulator.

Edwin Muth - undergraduate student - responsible for experimental re-
sults relating to the design of a uniform power spectral density jamming

signal.

Dale Gettys - undergraduate student - same contribution as E. Muth.
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Aggendix A

The derivation of Eq.(7) follows from an evaluation of the two parts of

& Eq.(6). The first part is

lo (v|x) e
3_"ogpivin ] 3
LT3 1 UM -[_ pIvlx), x,)p (x,) dx,

l o= p(vll =7 a,acl I: plxg)ky exp {- 4 ((v-3,-5), R Nv-3,-0,)) }ex,

E (Al)
L
: where k1 is a constant and (a,b) denctes inner product of a and b
1 '
E given by
E
.T
(a,b) =J a(t) b(t) dt .
g 0
-1, . : (%)
\ The operator R ' in Eq{Al) is defined by
§ -1 T [
R “(v-sy-s5) = Jo R_"(tw) | v(u)-sy(u) -8,(u) jdu (A2)

or equivalently,

T
v-8,-s, = ‘[0 Rn(t.u ) [R;I (V(H)'SI(H)'SZ(“ )J du
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For white additive noise, R,(t,u) = 8(t-u) so that

T ———

R;l [v-sl-sz] = v-8,-8, (A3)

Substituting Eq. (A3) into Eq. (Al) .and carrying out the indicated differ-

entiation with respect to X produces

o i o g = e

log plv| ) K

: < = I (x,) p(v]x,, x )IT(v-s )3_3-1_ dt dx
; ' 3%, IGEN ‘.P 2'P 1'20 1'3% 2

k

1 ?s)

i - —m—’-‘-{)— I p(xz) p(lel. xz) J. 82 T)?i_ dt dxz (A4)
r;f -n 4]
, The first expression in Eq.(A4)is easily simplified by integrating
:
[ with respect to X5 In the second expression we note that, if X and
3 -
: x, are statistically independent, we have

pxp) (VX)) x5) |

P(lep— = P(xz v, xl) (A5)
] With this Eq.(A4)is reduced to
lo -(v\x

3 'OBP

5;-1 f (v—al)—-— dt - kl ‘f sz—— dt {A6)
Fr Where
i
] Sz(t) = I P(lev- "1)32 dxz (A7)

-9

is recognized as the conditional mean and hence the minimum rmean

square estimate of sz(t).
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Now following the second term in Eq. (6)

— et - e- - — -

oo ot = ien (g o - 3 (o )T - b ) -

Agaih making use of Eq.(A2)to simplify Eq.(A8) and adding the result to
Eq(A6) as per Eq. (6) we have after an inverse transformation
asl _ .
xl(t) = k1 J Rx (t, u) -a;-(v- 31'52) du (A9)
0 1 1

Solutions of Eq{A9) for xl(t) are the MAP estimates, we denote
these by ftl(t). Further in Eq.(A9) it is noted that the integral on R. H. S,
is a convolution integral in which the filter R (t,u) is low-pass,

. . 1

whereas the term s asllax1 involves double the carrier frequency terms

and hence would integrate to zero. Eq.(A9) therefore simpiifies to

. rT 3§ —
xl(t) = kl Jo Rxl {t, u) -3?1- . (v-sz) du (A10)

Eq. (A10) clearly shows a phase lock loop structure with -s-z(t) as an

external input as s™own in Fig. 1,

Following all steps from Eq. (Al) through Eq. (A10) but estimating

xz(t) instead of xl(t) we obtain

~

0s

%,it) = 2[ Ry, (60 2. (v-3)) du (A1)
*2

This is a receiver identical to that in Fig.1 except that -;Z is

replaced by '51 and Rxl(t, u) is replaced by sz(t. u).
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Appeﬁdix B

Cross-Coupled PLL FM Demodulator Defining Equations

F e By, (®
{ SUMMER ¥y
L | A 2 LOW PASS o~ DEMODULATED
E FILTER , outpuT #i = ¢,
‘ 90° PHASE IR
'z o SHIFTER L
d . # : .
: o *
f V, = RECEIVED SiGNALs | vﬁ'.':
| DESIRED SIGNAL + —o

INTERFERER pm
; _ , . ’/ yeo ¥z
~ A w2

' 90° PHASE

f . SHIFTER v ' pe ¥2 '
| #2 ) . '
% Vg
: L - LOW PASS .|  DEMODULATED
,t " -\ FILTER ouTPUT #¥2 = 3
g SUMMER T2 ' : *2
% hy 5 (t) -
i
‘ Theoretical Transient Acquisition Behavior
? :
: = A ai A " |
, V(0 Aau{wot + .,Jl(t)] +n Asinfo _t + tbz(t)] (B-1)

interferer desired signal

3
v A sin[wot + \Pl(t)] +nA sinfuot + npz(t)] -nA sin[wot, + szquj

2
, (B-2)
Vy= B cos [wot + Kyp cpl] (B-2)
, . _(AB .. _ nNAB . r, _
E 9) = {"2‘ sinfp) -Kyy 2,1 + =7~ sinlé,-Kyy 0] |
' -2 ’in(xvz“’z‘xvﬁ”ﬂ} *hy (0 (B-4)
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Ve= A sin[wot + 'J;l(t)'j + nA sin[wot + \bz(t)] - A sin[uot + KVIcpI]
_ (B-5)
Vg = B cos[wot + Kv.zwz] (B-6)
® = {"‘51‘3 sin(y) - Kyp9,] + 128 ainly, - Kypo,]
- A8 sinlk 9, - Kyp®,1}*h (0 (B-7)

Multiplying both sides of Eq. (4) by KVI and Eq.(7) by sz and defining
I R
Kv1°°1 =9 and szcp2 =% yields

. AB . AB . *
9} = {5% Ky, sinl;-o)] + 23= Ky, sinly, o))
AB . * *
- 1= Ky, sinley - “’1]} *hy (8 (B-8)
i AB . nAB .
cp; ={5 KVZ sm[tbl-q;g 1+ —>= sz sm[q;z-cog]

-8k, sin[;p’;-cp;]} #h_ (1 (B-9)

dropping the * notation in Eq.(8) and Eq. (9) and normalizing by letting

T= th vields,

do K
1 B vl . . : -
dr = AZ mN 1913(¢1‘@1) +n Sln(‘pz‘@l) -n 51n(¢z'®1)} *hLl(T)

(B=10)
de K )
2 V2 . . X
1‘1'_— = é.'Z'B —‘;-I-q‘-. {SlnN‘l‘:DZ) +n 31n(¢2‘¢2) - SIn(¢1'Cp2)} *hLZ(T)
(B-11)
AB AB
definin s . I TR TR . Xv2
Boy T gr ¢ P2 FT 1T Tog %2t o T Ky
produces
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Q{s cl[lin(llll‘Ql) +n 'in(q’z'Ql) -n Sin(wz‘cpl)}*hx_l(f) (B-12)

wj = ap{ sin(d, -0,) + n sig(ﬂ:z-sjz) - .ig(cp;-cpzj*hl‘_z(f) (_B-l 3)
Equations (12) and (13) are the defining nonlinear coupled differential equations
for the cross-coupled PLL FM demodulator with preadjusted summer constants.
These equations were solved on the PDP 11/60 digital computer using Iteractive
Graphics Language (IGL) for the case of first and second order loops.
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