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EFFECTS OF MULTIPATH-INDUCED DELAY DISTORTION ON
PCM/FM FOR ENCANISTERED MISSILES

Roger M. Vines
Naval Surface Warfare Center Dahlgren Division

ABSTRACT

Coupling a distortion-free telemetry signal from an encanistered missile by using a
pickup antenna inside the canister can be difficult, because the RF energy leaving the
missile antenna travels through the canister and is reflected and absorbed in a complex
manner before being received by the pickup antenna. In this paper the distortion incurred
by a PCM/FM signal is described and used to predict the resulting distortion on the video
after demodulation. Effects on bit error rate are presented as a function of delay distortion
and bit rate. A demonstrated method of receiving a relatively undistorted telemetry signal
using a pickup antenna is described.
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INTRODUCTION

One method of collecting prelaunch telemetry from an encanistered missile is to transmit
the telemetry RF signal from the missile antenna and receive it with a pickup antenna
located inside the canister. A problem with this method is that the canister acts as a
cavity, resulting in a distorted signal being received by the pickup antenna.1 Sometimes
the distortion can be severe enough to cause bit errors, even though the amplitude of the
signal is large enough to result in a high signal-to-noise ratio (SNR) at the receiver.
Techniques are being developed to improve the fidelity of the received signal and tested
to verify performance in light of past performance of existing techniques and proposed
telemetry systems with higher data rates.2 This paper expands on work previously
performed at NAWCWD/PM on the subject.3,4

MULTIPATH DELAY DISTORTION

For the case where there are two paths from the source to the pickup antenna, the
received RF consists of two signals: one signal with an amplitude that can be normalized
to 1 and one signal (the echo) with delay ∆t  with respect to the first signal and amplitude



α normalized to the first signal. Thus, the resulting received signal is filtered by the
multipath channel function 1+αe-jω∆t. This results in amplitude distortion of
√[(1+αcos(ω∆t))2 + α2sin2(ω∆t)] and phase distortion of tan-1[αsin(ω∆t)/
(1+αcos(ω∆t))]. A laboratory network was constructed using power dividers, attenuators,
cables, and phase shifters to produce this channel function while allowing α and ∆t to be
varied. Plots of the magnitude and phase of this channel over 100 MHz are shown in
Figures 1 and 2 for α=0.75 and ∆t ≅27 ns. Group delay is an alternate indicator of phase
distortion and is defined as the negative of the derivative of the phase with respect to
frequency. The group delay of the channel is shown in Figure 3.

Using the mapping z=ejω∆t, the channel function becomes 1+αz–1 which maps to a pole
and zero in the Z Plane as shown in Figure 4. The deepest null of the amplitude function
and the greatest slope of the phase function occur when the evaluation point on the unit
circle is closest to the zero. The closer the zero is to the unit circle, the deeper will be the
amplitude null and the steeper will be the phase slope. While the two-path signal model
does not completely describe the coupling observed in canisters over the 100 MHz
telemetry S-band, it does match observation near the location of the amplitude nulls.

DISTORTION EFFECTS ON PCM/FM

Amplitude distortion of the RF signal alone will not normally affect demodulation of the
PCM data because the signal is limited before going to the demodulator, and the
demodulator is insensitive to amplitude changes. The exception would be if the signal-to-
noise ratio is low so that an amplitude null would lower the signal close to approaching
theoretical bit error rate curves, i.e. SNR<15 dB.

To discuss delay distortion, it is helpful to write the received modulated RF signal as:

S(t) = cos[ωot + ∫∆ω(t)dt + θ]   (1)

where  ωo = carrier frequency
∆ω(t) = frequency change due to modulation
θ = phase due to the channel function

In passing through the channel there may be significant phase distortion incurred because
of the multiple paths of the signal. This phase, θ, is a function of frequency and is added
to the phase of the modulated RF signal. The instantaneous frequency can then be written
as:

d [ωot +∫∆ω(t)dt + θ]/dt = ωo  + ∆ω(t) + dθ/dt   (2)



By writing the instantaneous frequency resulting from the additional phase as:

dθ/dt=dθ/df∗df/dt  (3)

 it is seen that the additional frequency changes are a product of two terms. dθ/df is –
1∗group delay of the channel and can be measured using a modern vector network
analyzer. If the group delay is constant, then distortionless transmission will result. The
group delay should be as flat as possible over the frequency excursion of the RF signal in
order to minimize the distortion of the PCM signal. df/dt is the derivative of frequency
with respect to time, and depends on the PCM bit rate and the premodulation (lowpass)
filtering. The frequency change with respect to time of the transmitter output is the same
as the transmitter modulation input signal, i.e. a PCM stream which has been lowpass
filtered.

Equipment was used to construct a telemetry transmitting and receiving setup, and a 2.4
Mbps PCM stream was generated. Normally the transmitter frequency deviation is
0.35∗(bit rate), and df/dt is almost infinite for the unfiltered stream and approximately
(bit rate)2 for the filtered stream. Figure 5 is the RF spectrum of the FM transmitter
output when modulated by the filtered PCM stream, and Figure 6 is the receiver video.

When the transmitter output is fed through the multipath channel with α=0.95, the
spectrum shown in Figure 7 results. In this case the amplitude null (and group delay
peak) of the multipath channel is larger than for α=0.75 and has been centered within the
telemetry signal RF spectrum. This causes a large positive instantaneous frequency spike
on the receiver video when the PCM signal has a rising edge as seen in Figure 8. When
the PCM signal has a falling edge, it causes a large negative spike on the receiver video,
also seen in Figure 8. Moving the amplitude null (and group delay peak) higher in
frequency by changing ∆t causes the two spikes on either side of a bit representing a
positive frequency shift to shift in time toward the center of the bit, and to decrease in
amplitude.

Increasing the slope of the modulating signal edges by either increasing the bit rate,
increasing the deviation, or eliminating the premod filtering will cause the amplitude of
the spikes to increase. Moving α closer to 1 or increasing ∆t will also increase the
magnitude of the group delay which results in an increase in the spike amplitude. At the
receiver, narrowing the IF and video filtering has some limited effect in decreasing the
spike amplitude.

If α is increased beyond 1, the zero moves outside the unit circle in the Z Plane resulting
in the video spike reversing polarity from the case where α < 1. This is shown in Figure 9
where it is seen that positive-going edges cause negative spikes and negative-going edges
cause positive spikes.



Since the video spike amplitude is proportional to group delay and (bit rate)2 but the
deviation is nominally 0.35∗(bit rate), the spike amplitude normalized to deviation is
proportional to bit rate. This is a good indication of distortion effects for demodulation
and predicts that, for a given multipath channel, an increase in bit rate results in lower
performance, i.e. higher number of bit errors.

LABORATORY BIT ERROR MEASUREMENTS

In a laboratory setup, the one-echo multipath channel was used to measure performance
of PCM/FM as a function of  α, ∆t, and bit rate, which could be varied independently
over a limited range. In general, more bit errors were observed when the amplitude null
(and group delay peak) was near the center of the RF spectrum as noted above. Deeper
nulls (and higher group delay peaks) resulted in more distorted video which lead to
higher bit error rates. Using bit rate as the independent variable resulted in the conclusion
that higher bit rates for a given channel yield higher bit error rates.

Figure 10 shows the points at which the bit error rate climbs above 10-6 as a function of α
and ∆t for two bit rates: 2.4 and 5.3 Mbps. By connecting the points one can construct a
boundary between good and poor telemetry reception; the area to the lower left of the
boundary would result in bit error rate less than 10-6. The group delay spike amplitudes
for the points were approximately 270 ns and 150 ns for bit rates of 2.4 and 5.3 Mbps,
respectively, indicating that group delay is a good indicator of performance at a given bit
rate.

METHOD OF RECEIVING UNDISTORTED TELEMETRY

The current method used to couple the telemetry signal out of the canister is a bent
monopole antenna placed some distance from the missile antenna. This results in
coupling in which multipath causes substantial distortion as shown in the amplitude and
group delay plots in Figure 11.

Other techniques have been tested to see if improving the fidelity of the coupled signal
can be achieved, the most promising of which are the ones which place a somewhat
directional and polarization matched antenna close to and staring at the missile antenna.
This tight coupling results in low delay distortion and good signal amplitude.
Measurements of such methods of coupling indicate that using the proper pickup antenna
in the correct location can yield a high fidelity signal over the signal bandwidth within
the 2200-2300 MHz band. Figure 12 is a plot of amplitude and group delay generated by
using a microstrip patch antenna close to the missile antenna.



CONCLUSION

It has been shown that a method of receiving missile telemetry inside its canister can be
accomplished using an antenna to effect a tightly coupled channel which can be verified
by measurement of the group delay. For a given channel, performance will degrade with
increasing bit rate. The effects of multiple reflections on bit synchronization and
detection at high bit rates would be an area of investigation should an application for this
arise.
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Figure 1.  Magnitude of the Channel Function



Figure 2. Phase of the Channel Function

Figure 3. Group Delay of the Channel Function



Figure 4.  Channel Function in the Z Plane

Figure 5.  RF Spectrum of  a PCM/FM Signal



Figure 6.  Receiver Video

Figure 7.  RF Spectrum of a PCM/FM Signal Passed Through the Channel



Figure 8.  Receiver Video for αα=0.95

Figure 9.  Receiver Video for αα=1.05



Figure 10.  Bit Error Rate Boundaries for 2.4 and 5.3 Mbps

Figure 11.  Magnitude and Group Delay of an Existing Design



Figure 12.  Magnitude and Group Delay of a Proposed Design


