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Abstract

The performance of binary coherent PSK modulation when
used for low speed signaliing on AM broadcast carriers is
evaluated. The analysis considers channel degradation
resulting from constant amplitude interference with additive
gaussian noise and with atmospheric noise. Phase devia-
tions of 90, +£57 and + 35 degrees are considered. Curves
of error rate performance versus carrier-to-noise (CNR) and
carrier-to-interference (CIR) ratios are presented. Approxima-
tions for extending the results to practical nighttime recep-
tion conditions with multiple interference sources are offered.

1.0 Introduction

The Federal Communications Commission has recently
authorized the use of AM broadcast channels for utility load
management signalling on a subsidiary, non-interfering basis
[1]. With no technical format set for the modulation scheme,
the potential user of the channel has a variety of conceivably
effective digital modulation techniques to consider, among
them phase shift keying (PSK), frequency shift keying (FSK),
subaudible tone, and spread spectrum techniques. Of these,
PSK and FSK of the main carrier signal appear most promis-
ing. This paper will deal with the performance of PSK.

Mediumwave broadcast channel quality is primarily
degraded by man-made and atmospheric noise during day-
time hours, and by cochanne! interference during nighttime
hours. Gaussian noise channel degradation in the receiver is
of secondary importance. However, the performance of PSK
with gaussian noise and interference will be evaluated first.
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FIGURE 1. PHASOR DIAGRAM OF SIGNAL, INTERFER-
ENCE AND NOISE AT SAMPLE TIME.

The results will then be extended to the atmospheric noise
case, which has statistical properties that are quite different
from gaussian noise.

The interference analysis will be done for a single, con-
stant amplitude interferer. In reality, the nighttime skywave in-
terference will consist of a number of interferers of slightly
offset frequencies, with differing mean amplitudes, and with
Rayleigh-distributed amplitudes and uniformly-distributed
phases which vary slowly with the time and season. A discus-
sion of extending the constant amplitude interference analy-
sis to a “worst case” for real multiple interference sources is
included.

PSK modulation is used extensively in modern digital com-
munication systems. The theoretical and experimental analy-
sis of PSK performance in a variety of circumstances, as

. reported in the literature, has been equally extensive. This

paper draws upon previously developed techniques to evalu-
ate PSK performance with phase deviations less than +90
degrees.

2.0 PSK Performance With Gaussian Noise and
Cochannel Interference

2.1 Probability Density of the Signal Phase

An ideal coherent phase detector is assumed which
compares the received signal phase with a noise-free,
interference-free carrier which serves as a phase reference.
The detector produces a voltage which is proportional to the
phase difference between the received signal and the refer-
ence at the sampling time.

Following the technigue of Rosenbaum [2], the probability
density of the received signal phase with varying degrees of
noise and interference is calculated. The area under the
phase probability density function is evaluated in the error
region to yield the error probability, P, for varying degrees of
signal phase deviation.

Figure 1 is a phasor diagram of the received signal show-
ing the transmitted carrier, interference, and noise compon-
ents, which are resolved into orthogonal components with
phase angles of 0 and 71/2 relative to the carrier, For the initial
analysis, the probability distribution of the noise amplitudes
is assumed to be gaussian. The interference is assumed to
have a constant amplitude, but with random, uniformly dis-
tributed phase relative to the carrier.

In an AM SCA receiver intended for low speed data signals
(less than 16 baud), the receiver passband will be very narrow.
The real noise amplitude in this narrow bandwidth will be cor-
respondingly small. The cochannel interferers, however, will
be other broadcast carriers which, by regulation, are within
+ 20 Hertz of the assigned channel frequency. When filtered
(averaged) in this narrow bandwidth, the amplitudes will not
exhibit any artifacts of their respective modulations, and will
appear constant for time periods much longer than a bit time
period.

Using the notation in Figure 1, the x,y coordinates of the
total signal consisting of carrier, interference, and noise will,
for a given ¢, be jointly gaussian with mean values:
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FIGURE 2A. PROBABILITY DENSITY FUNCTION OF PHASE.
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FIGURE 2C. PROBABILITY DENSITY FUNCTION OF PHASE.
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FIGURE 2B. PROBABILITY DENSITY FUNCTION OF PHASE.

7.2 T T T T T T T T r

(%) 3 CNR=20.0 DB

5.84

PROBABILITY DENSITY <1/RABIANSD

ac i "
~100 -80 80 4D -20 Q 20 40
PHASE ANCLE (DEGREES>

FIGURE 2D. PROBABILITY DENSITY FUNCTION OF PHASE.
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Since x and y are independent, the joint probability density,
conditioned on @, is:

(x> = b sine (y) =1+ bcose

@
1 exp [_—12;2[(x _bsine) + (y — (1 + bcos¢))’}

27%0?

f(xyi¢) =

Integrating from 0 to 27 to remove the ¢ condition yields

exp[ X2+ {y -1+ b’]jl
fixy) = -
(270)?

27 b
. expl-s;
o
£ = tan-'({y — 1)/x) is not a function of ¢.

Evaluating the integral directly yields

_1_ -1 2 — 132 2
2mzexp[zaz(x +(y 1)+b)]

IR+l = 7]

1
202 3

(x*+ (y~1)’)‘”coé(d>+pi}dd>

f(x,y) =

(4)

where |, is the zero order modified Bessel function of the first
kind. ’

This expression for the joint distribution of x and y can be
transformed into polar coordinates to give the joint distribu-
tion of the radius, r, and the phase,c.

Using the substitutionE
X =1 sina y = rcos« ®)

Equation (4) becomes

1 ex 1
2n0? PIZ

f(r,e) = (r+b2+1— 2[’0080:)]

. 202 (6)
: I°[sz(rz+1 —2rCOScx)’”] r

Integrating over all values of r wilt give the probability density
for a given angie,«.

1 oc,exp[ ! (r’+b2+1—2r005a)]
2ra? 0 —20?
b ™
.,u[

Hir+1- ZFCOSQ)"{I rdr

fla) =

This integral has been evaluated numerically for selected
combinations of carrier-to-noise (CNR) and carrier-to-
interference (CIR) ratios, where

CNR = —20 log (\/Z0)
CIR = —20 log (b)

Figures 2A through 2D show the resulting probability density
functions. Where the CIR is high, the function assumes the
shape of a gaussian noise probability density. Where the CIR
is low and the CNR is high, the function tends toward the
shape of the probability density for the amplitude of a
sinewave.
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For binary PSK, the transmitted phase can assume one of
two values. In transmission, each phase will suffer equal 1ok
degrees of degradation, resuliting in the same phase prob- £
ability densities. As illustrated in Figure 3, depending on the
transmitted phase deviation, Af, and degree and type of chan-
nel degradation, the density functions will overlap to some
extent at a phase angle in between them. If the transmitted E
binary ones and zeros corresponding to the two phases are Pt
equally probable, then the phase reference signal shouid be 107k
set so that the decision threshold is midway between the :
transmitted phases to achieve an optimum error rate.

DECISION THRESHOLD
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N FIGURE 4B. A = +57°. GAUSSIAN NOISE. SINGLE SINE-
ERROR REGION WAVE INTERFERENCE.

FIGURE 3. ERROR REGION FOR OVERLAPPING PROB-
ABILITY DENSITY FUNCTIONS.

The detector or decision device will produce an error
whenever a one is transmitted but a zero detected, and vice
versa. The probability of this error is the crosshatched area
under one density function which is on the opposite side of r
the detection threshold from its transmitted phase. By inte- 107
gration, this area can be calculated to directly yield the error E
rate.
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Since the density functions are identical
m -}
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- FIGURE 4C. A = +35° GAUSSIAN NOISE. SINGLE SINE-
WAVE INTERFERENCE.

With the previously computed density function values stored
in the computer, the error rate can be calculated by a sum-
mation of this data in the error region. This has been done for
various values of CIR, CNR, and the three phase deviations of
+90, £57 and =+ 35 degrees. The resulting error probability
curves are shown in Figures 4A through 4C. As expected, for
a given CIR and CNR the error rate is higher with smaller
transmitted phase deviations.
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FIGURE 4A. A § = +90°. GAUSSIAN NOISE. SINGLE SINE-
WAVE INTERFERENCE.
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