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PERFORMANCE OF PCM/FM DURING
FREQUENCY SELECTIVE FADING

Eugene L. Law
543200E NAWCWPNS
Point Mugu, CA 93042

ABSTRACT

This paper will discuss the performance of pulse code modulation (PCM)/frequency
modulation (FM) during frequency selective fading. Frequency selective fading occurs
when the attenuation in part of the frequency band of interest is much greater than in
the rest of the band of interest. The frequency selective fading model used in this
paper assumes that two paths with different delays exist between the transmitter and
receiver (multipath). The two-path model was simulated in the laboratory and the
effects of frequency selective fading on the radio frequency (RF) spectrum and on the
waveforms at the output of the FM demodulator were measured. A mathematical
model was also used to predict the effects of frequency selective fading. The predicted
waveshapes are compared with the laboratory data. A simple demodulator which
alleviates the effects of frequency selective fading on PCM/FM at moderate
signal-to-noise ratios (SNRs) will be described. This demodulator is created by
detuning the telemetry receiver by a frequency equal to approximately one-half of the
intermediate frequency (IF) bandwidth and using the receiver’s amplitude modulation
(AM) detector output rather than the FM detector output. The performance of this
offset AM demodulator will be compared with the performance of an FM
demodulator. Frequency selective fades measured in real-world environments will be
also presented.
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Figure 1. Multipath diagram.

Figure 2. Frequency selective fading test setup.

Figure 3.  RF spectrum with null.

INTRODUCTION

Figure 1 shows a diagram of the multipath
environment. The upper right hand
drawing shows the transmitted RF
spectrum. The upper left hand drawing
shows the received RF spectrum with
frequency selective fading caused by
multipath. Note the null near the center of
the spectrum.

LABORATORY SIMULATION OF FREQUENCY SELECTIVE FADING

Static frequency selective fading was
simulated by splitting the RF signal into
two paths and summing them after
delaying one signal by approximately 9 ns
(6 feet of cable) as shown in figure 2. The
RF signal was frequency modulated by a
2.4 Mb/s non-return-to-zero (NRZ)
waveform. The carrier frequency and the
gains of the two signal paths were adjusted
until the null was in the signal passband
and the attenuation change across the
passband was approximately 20 dB. The
resulting RF spectrum shown in figure 3 is
very similar to the spectrum in the upper
left hand corner of figure 1. This signal
was then connected to a telemetry receiver.
Figure 4 shows the output of the FM
demodulator for this multipath null. This
output was connected to a PCM bit
synchronizer and a bit error detector. The
bit error detector could not achieve
synchronization with this signal. The receiver was detuned by 1.5 MHz, the 2.4 MHz
IF bandwidth was selected, and the AM detector output was connected to the bit
synchronizer input. Figure 5 shows the output of the offset AM demodulator for this
multipath null. The output of the offset AM demodulator was error free. This offset
AM demodulator will be described in more detail in a later section.
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Figure 4. Output of FM demodulator. Figure 5. Output of offset AM demodulator.

Figure 6. Simulated multipath nulls.

Figure 7. Multipath vector diagram.

DESCRIPTION OF FREQUENCY SELECTIVE FADING SIGNAL

The frequency selective fading signal will
be described using a model with one direct
path and one indirect path and no relative
motion between the transmitter and the
receiver. The indirect path is delayed with
respect to the direct path as depicted in
figure 1. The actual environment in the
real-world is typically more complicated
than this model but the same basic
principles apply. Figure 6 shows the RF
power versus frequency for a path
difference of 9 feet and an indirect signal
amplitude equal to 0.99 times the
amplitude of the direct signal. The direct signal power is !60 dBm. A path difference
of 9 feet is equivalent to a delay of 9.16 ns (light travels nearly 1 foot in 1 ns).

A vector diagram depicting the effect of
multipath is shown in figure 7. The vector
labeled A represents the direct signal, the
vectors labeled B represent the indirect
signal, and the vectors labeled C represent
the resultant vector. The phase difference
(2) between the A and B vectors is equal
to the product of the frequency and the
time delay. Therefore, a frequency of
2238 MHz and a delay of 9.16 ns would
produce a phase shift of 20.5 cycles (the
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Figure 8. PCM waveform with multipath.

middle null in figure 6). One of the B vectors represents the signal at the frequency of
a “zero” and the other represents the signal at the frequency of a “one”. The signal
moves between these two positions on every bit transition from a “zero” to a “one”
and vice versa. The phase swing of B relative to A is equal to the product of the delay
and the frequency change (peak-to-peak frequency deviation) . For example, if the1

peak-to-peak deviation were 2 MHz the phase swing would be approximately 6.6
degrees (9.16 ns × 2 MHz = 0.0183 cycles or 6.6 degrees). The minimum amplitude of
the resultant vector occurs when the A vector and the B vector are 180 degrees
out-of-phase. The output of an FM demodulator is proportional to the time rate of
change of the phase of the input signal (vector C). The equation for calculating the
dN/dt term caused by the multipath environment for the vector diagram of figure 7 is :1

Assuming that the bit transition shape is a
one-half sine wave results in the plot of
dN/dt shown in figure 8. Figure 8 shows
spikes similar to the spikes in figure 4.
These spikes occur when the A vector and
the B vector differ in phase by 180
degrees plus an integer number of cycles.
These spikes occasionally cause the bit
synchronizer to make mistakes in deciding
whether a bit is a “one” or a “zero”.
Frequency selective fading causes
problems in the FM demodulator output
when the phase between the direct and
indirect vector is 180 degrees and the amplitudes of the direct and indirect signals are
nearly equal.

DESCRIPTION OF OFFSET AM DEMODULATOR

The offset AM demodulator is a simple frequency shift key (FSK) demodulator which
is less susceptible to rapid changes in dN/dt than a typical FM demodulator. This
demodulator is formed by offsetting the center frequency of the receiver and using the
output of an AM demodulator to drive the bit synchronizer. This demodulator is
similar to a Foster-Seely demodulator without a limiter. The output is larger in one
state than in the other state because the IF filter attenuates one state of the signal.
Figure 9 illustrates this difference in attenuation by overlaying the frequencies of a
“zero” and a “one” for 2.4 Mb/s PCM/FM with a 4 MHz IF bandwidth filter which



Figure 9. Offset IF filter.

has been offset by 2 MHz. The “one” state
would have a positive amplitude and the
“zero” state would have a negative
amplitude for the setup shown in Figure 9.
If the null is near the upper edge of the
frequency band occupied by the signal, the
receiver should be tuned to a frequency
lower than the signal center frequency. The
output for the “one” state will now be
negative and the output for the “zero” state
will now be positive. Two receivers (one
tuned high and one tuned low) and a
diversity combiner could be used as a best
source selector (the output of the receiver that is tuned low must be inverted).

This demodulator was tested in the laboratory and appears to work very well for
frequency selective fading with moderate to strong signal strengths. With no
frequency selective fading, the offset AM demodulator requires approximately 6 dB
more signal power to achieve the same bit error probability as a conventional FM
demodulator.

FREQUENCY SELECTIVE FADING IN A MISSILE CANISTER

Missile launches from sealed canisters have been canceled because the telemetry
ground station could not obtain pre-launch frame synchronization on the telemetry
signal even though the received power was relatively high. The photo in the upper left
hand corner of figure 1 is an example of the received signal spectrum during one of
these problem events. The telemetry receiver also indicates excessive peak frequency
deviation when this problem occurs. The canisters are a sealed electromagnetic
enclosure, therefore a pickup antenna must be used to transfer the telemetry signal to
the world outside of the canister. However, multiple paths exist between the telemetry
transmit antenna on the missile and the pickup antenna. Tests were conducted with an
inert missile in a canister to quantify this problem. The frequencies of the nulls were
determined by applying a sweep generator (part of network analyzer) to the transmit
antenna and connecting the pickup antenna to the receiver portion of the network
analyzer.

An RF signal generator was then tuned to each of the major nulls. The generator was
frequency modulated by a pseudo-random NRZ data stream at a bit rate of 2.4, 4.8, or
9.6 Mb/s. The output of the canister pickup antenna was connected to an RF spectrum
analyzer and a telemetry receiver. The first test was conducted with a center frequency



Figure 10. RF spectrum in canister (2.4 Mb/s).

Figure 11. Transmitted RF spectrum (2.4 Mb/s).

Figure 12. FM demodulator output. Figure 13. Offset AM demodulator output.

of 2207.5 MHz. Figure 10 presents the
spectrum with a bit rate of 2.4 Mb/s. The
null at 2207.2 MHz is caused by
frequency selective fading. The spectrum
should look like
figure 11. Figure 12 shows the waveform
at the output of the FM demodulator (IF
bandwidth of 4 MHz). The bit error
detector could not achieve
synchronization with this signal. The
large spikes are caused by the rapid phase
change as the direct and indirect signals
go through the anti-parallel position. The
peak-to-peak voltage of the spikes is three
times as large as the peak-to-peak voltage
of the desired data. The receiver deviation
indicator also displayed a value three
times the normal value because this
indicator is proportional to the
peak-to-peak voltage at the output of the
FM demodulator. Figure 13 presents the
output of the receiver’s AM detector with
the receiver’s center frequency tuned to
2209.5 MHz. The offset AM demodulator
output was error free.

Figure 14 presents the RF spectrum with a center frequency of 2310.5 MHz and a bit
rate of 4.8 Mb/s. The bit error detector could not achieve synchronization with the FM
demodulator output. The offset AM demodulator output was error free. The receiver



Figure 14.  RF spectral null (4.8 Mb/s).

Figure 15. Frequency selective fade.

was tuned to 2306.5 MHz for the offset
AM demodulator test (6 MHz IF
bandwidth). The AM demodulator
output data was inverted because the
low frequency signal (“zero”
transmitted) had a larger amplitude than
the high frequency signal. The inverted
option was selected on the bit
synchronizer to compensate for the
inversion in the demodulator. The offset
AM demodulator output was error free
for all of the nulls tested for bit rates of
2.4 and 4.8 Mb/s. The FM demodulator
output was error free for all nulls with depths less than 12 dB.

The offset AM demodulator’s bandwidth was marginal for the 9.6 Mb/s bit rate and
bit errors were observed for this bit rate. However, the FM demodulator had many
more errors than the offset AM demodulator at a bit rate of 9.6 Mb/s. The bandwidth
of the offset AM demodulator is a function of the bandwidth of the AM detector and
the slope of the IF filter. The bandwidth of the offset AM demodulator is typically
narrower than the FM demodulator bandwidth.

References 2, 3, 4, and 5 discuss the performance of several digital modulation
methods during multipath fading. Several of these papers also discuss methods for
decreasing the bit error probability during frequency selective fading. However, none
of these papers propose an offset AM demodulator.

FREQUENCY SELECTIVE FADING DURING MISSILE FLIGHT

Figure 15 shows a power spectral density
versus time plot of a predetection
telemetry signal. This signal was recorded
during a frequency selective fading event
which occurred during a missile flight. The
telemetry signal consisted of a complex
low frequency signal plus a 450 kHz
voltage controlled oscillator which was
frequency modulated by a PCM waveform.
The horizontal axis is time
(0.4 ms/division), the vertical axis is
frequency (256 kHz/division, lowest



frequency at top), and the intensity represents the power at each frequency at each
time. A vertical slice of this display is equivalent to the spectrum shown in figure 14.
The light gray diagonal running through the figure is the null of the fade. The
changing geometry between the transmitter and receiver causes the frequency of the
null to shift with time. Note that the lower sideband becomes significantly darker
when the carrier is nulled. The darkening is caused by a combination of the
differential attenuation across the band and the automatic gain control (AGC) system
trying to keep the signal level at the intermediate frequency (IF) output constant.

CONCLUSIONS

Frequency selective fading can severely degrade the quality of the data at the output of
a normal FM demodulator even when the received power level is high. One solution to
this problem is the use of an offset AM demodulator.
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