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ANALYSIS AND TEST RESULTS OF A HYBRID PCM/FM-
SUBCARRIER BASEBAND MULTIPLEX ON AN FM CARRIER

M. H. NICHOLS
Consultant

The Aerospace Corporation
El Segundo, California

Summary.   Engineering formulae have been developed for estimating the performance of
a telemetry system utilizing an NRZ PCM multiplex plus an FM/FM multiplex frequency
modulating a carrier. These formulae have been checked against a laboratory simulation
and the agreement is within 1 dB for the PCM and 1.8 dB for the FM/FM. About 1 dB of
the 1.8 dB is tentatively accounted for on the basis of lack of symmetry of the carrier
predetection (IF) filter used.

Introduction.   The purpose of this paper is to develop compact engineering formulae to
predict the performance of a hybrid telemetry system. The model used consists of an NRZ
PCM bit stream at the bottom of the baseband plus a single subcarrier at the upper end of
the baseband, as indicated schematically in Figure 1. The sum of the two signals
frequency-modulates a carrier.

Theory.   To get a preliminary feel for the problem, consider Figure 7. Figure 7a is an
oscillogram of the NRZ psuedo noise (PN) stream filtered from the output of the FM
carrier discriminator with no noise added to the carrier. Figure 7b is with noise such that
the predetection signal-to-noise ratio is 7 dB. Note that most of the time there is very little
noise on the bit stream but there are occasional large pulses, which cause the bit errors.
This phenomenon leads to the modeling, for the approximate analysis, of the noise in the
output of a FM discriminator as consisting of two components, one being smooth
(fluctuation) noise and the other being “pop” noise. The spectrum of these two
components is shown schematically in Figure 2. Since they are relatively short, the
spectrum of the pops is nearly flat. The spectrum of the fluctuation noise is parabolic. A
vector diagram illustrating the origin of the pop noise is given schematically in Figure 3, in
which it is assumed that most of the time the noise vector n(t) is small compared with the
predetection signal vector S(t). Occasionally, however, a large noise peak comes along
which carries the vector sum of signal plus noise around the origin. Evidently, the rate of
change of phase of the resultant is large in this situation. Since the FM discriminator can
be modeled as a phase differentiator, its output is large at this point; i.e., a pop is
produced. Since the PCM is at the bottom of the baseband, the fluctuation noise is small so



1 S. O. Rice, “Noise in FM Receivers, “ Chapter 25, Symposium on Time Series Analysis, John
Wiley and Sons, Inc. , New York, N. Y.; 1963.

that the pop noise is predominant. On the other hand, in the neighborhood of the 106 kHz
subcarrier, the fluctuation noise predominates.

This model of noise in the output of an FM discriminator has been analyzed by S. O.
Rice.1  In the range of interest of the predetection signal-to-noise ratio, the approximate
number of positive pops per second n+, when the carrier is frequency-modulated by a
sinusoid with peak deviation of A Hz is given approximately by

(1)

where D is the carrier predetection signal-to-noise ratio. Because of symmetry, the number
of negative pops per second is equal to the number of positive pops. Equation (1) is based
on equation (30) of reference 1. Note that in this approximate solution, the frequency of
the sine wave modulating the carrier does not appear--only the shape of the modulating
wave is important. Also, note that the predetection noise bandwidth does not appear
explicitly.

In order to use equation (1) for our purpose, consider Figure 4. This is an oscillogram of
the baseband signal consisting of the bit stream of Figure 7a to which is added the
subcarrier in accordance with Figure 1. Over the entire PN sequence this waveform.
spends about half as much time at maximum modulation than would a pure sine wave of
the same peak carrier deviation. (Note that Figure 4 shows only a small portion of the
entire PN sequence. ) Therefore, the expected number of positive pops per second can be
estimated from equation (1) divided by two. Also, the pops which cause error must be of
opposite polarity to the bit stream at any particular instant. Therefore, the expected number
of errors per second is the same as the expected number of positive pops (or negative
pops) assuming that the bit stream has about the same number of ones as zeros. We now
assume that each pop in the opposite polarity of the bit pulse results in an error. Since the
bit error probability Pe is the number of errors per second divided by the bit rate, the bit
error probability estimated from equation )1) is given by

(2)

where C is now the peak carrier deviation due to the PCM plus the subcarrier, fb is the bit
rate, and D is the signal-to-noise ratio in the carrier predetection channel--i.e., in the IF.

The signal-to-noise ratio in the subcarrier channel can be approximated simply by
assuming that, in the upper end of the baseband, the fluctuation noise predominates in the
range of D of interest. The result is



(3)

where
B =  noise bandwidth of IF
Bj =  noise bandwidth of subcarrier predetection filter
fj =  center frequency of subcarrier in Hz
fdj =  peak deviation of carrier due to subcarrier in Hz
D =  signal-to-noise ratio in IF

Test Setup, Parameters and Procedure.   In order to verify the accuracy of the
engineering formulae, equations (2) and (3), a test was run in the Aerospace Astralab.
Figure 5 is a block diagram of the test setup.

The parameters were as follows:
PCM bit rate = 62.5 kHz NRZ
PCM peak carrier deviation = 69 kHz
Frequency of subcarrier = 106 kHz
Peak carrier deviation by subcarrier = 90 kHz

The procedure was as follows:
1. Calibrate VCO.
2. Set modulation of the two services.
3. Set predetection signal-to-noise ratio.
4. Measure bit error probability Pe.
5. Measure output of BPF No. 2 with oscillator switched out. This is noise in BPF.
6. Switch oscillator back in and measure output of BPF No. 2. The ratio of (6) to

(5) is (S+N)/N in the FM/FM service.

Figure 7a shows a portion of the filtered PN test sequence. Figure 4 shows a portion of the
baseband test signal. Figure 6 is the spectrum of the carrier modulated by the baseband test
signal. The characteristics of the predetection filter in the EMR model 4142 discriminator
used to demodulate the carrier and the Kronheit model 3103R bandpass filter used to
recover the subcarrier were used to calculate, by numerical integration, the noise
bandwidths required in the application of equation (3). Graphical integration gave a noise
bandwidth of 980 kHz for the EMR and 66 kHz for the Kronheit.

Discussion of Test Results.   Figure 8 shows measured bit error probability compared
with the bit error probability calculated from equation (2). Note that agreement is good to
within 1 dB at 10-5 bit error probability.



Figure 9 shows measured (S/N)j in the subcarrier channel compared with equation (3).

Figure 9 needs some interpretation. Below 10 dB carrier predetection signal-to-noise ratio
(=D), the rapid rise is due to thresholding of the carrier discriminator. The flattening out
above 10 dB is due to intermodulation from the PCM signal. In order to interpret the
results in terms of equation (3), it is necessary to use that part of the curve tangent to the
line of unity slope (45E). The offset along the abscissa between this line and theory is the
error relative to theory. As it turned out, it would have been desirable, for purposes of
interpretation, to have made a run of (S/N)j versus D with the PCM removed to eliminate
intermodulation effects.

It was originally intended to operate the carrier at 600 kHz, tuning the EMR discriminator
to that frequency. However, with this setting, the pops were mostly in one direction. By
tuning the carrier frequency to 930 kHz, it was found that the pops were more or less
symmetric about the origin. This setting was used for the test data presented. It may be
noted that, in applications involving telemetry receivers, the IF characteristic will be more
or less symmetric, so this difficulty will probably not occur. The gain in the neighborhood
of 930 kHz is about 1.5 dB less than the gain in the lower frequency part of the band.
Thus, the average noise as represented by the noise bandwidth B in equation (3) is larger
by the better part of a dB than the actual noise in the neighborhood of the carrier, which
was set at 930 kHz. This would bring the agreement between test and theory in Figure 9 to
within a dB or less.

In order to illustrate the performance of the PCM alone, obtained by removing the
subcarrier from the baseband, Figure 10 shows the bit error probability in this condition.
Note that there is about 1 dB improvement in the test data compared with the test data in
Figure 8. The solid line is from the approximate theory for this case based on equation (71)
of reference 1. The resulting equation is

(4)

where
f0 = peak deviation of carrier by the PCM
fb = bit rate
D = carrier predetection signal-to-noise ratio

The fact that the test results are somewhat better than equation (4) may indicate that in the
absence of the subcarrier many of the pops are not sufficiently large to cause errors.
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Conclusion.   The test data show agreement with the simple engineering formulae,
equations (2) and (3), to within better than 1 dB. This is considered to be satisfactory for
practical use. It may be expected that the agreement will be as good or better when a
symmetric IF characteristic is used.
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Roland Rothnie of the Aerospace Corporation staff.
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Fig. 4 - Waveform of PN test sequence
plus subcarrier sine wave. This is the

baseband test signal. Same scope
parameters as Fig. 7 except time scale

= 50 µsec/cm.

Fig. 5 - Block diagram of test setup.
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Fig. 6 - Spectrum of carrier
which is frequency-modulated

by baseband test signal.

Horizontal scale = 100 kHz/crn.
Vertical scale = 10 dB/cm.

Fig. 7a - Waveform of PN
test sequence after low-pass

filtering.

Deflection sensitivity =
0.24 V/cm.

Time scale 100 µsec/cm.

Fig. 7b - Recovered bit
stream showing pop noise.

Carrier SN = 7 dB.



Fig. 8 - Measured and calculated Pe.

Fig. 10 - Measured and calculated
Pe for PCM only.

Fig. 9 - Measured and
calculated (S/N)j. 
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