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Summary.  Approximate engineering design formulae are presented. These are based on
Rice’s model of pop plus fluctuation noise in FM receivers. Several design examples are
given. One hybrid system contains a baseband acoustic signal plus a PCM/FM subcarrier
and another system contains a baseband PCM signal plus two PCM/FM subcarriers.
Depending on carrier modulation parameters, the design formulae show that either pop
noise or fluctuation noise in the carrier discriminator output may predominate in
determining the bit error probability in the baseband and/or subcarrier services. Examples
of each are given.

The hybrid systems mentioned above were simulated in the laboratory. Test results are
presented and show satisfactory agreement with the design formulae.

Introduction.  The purpose of this paper is to present, test, and illustrate the use of
approximate engineering formulae for the design of hybrid telemetry systems using an FM
carrier. A hybrid telemetry system contains more than one type of multiplexing in the
baseband. An example is an acoustic signal occupying the low end of the baseband plus
subcarriers frequency modulated by PCM signals. Another is a PCM signal at the low end
of the baseband plus two PCM/FM subcarriers. The provisions for accommodating the
various data signals will be called services.

The distribution of the services in the RF link baseband depends on bandwidths, minimum
error rates, etc. required of each service and on available filters at the transmitting and
receiving ends. There is always a trade-off between quality and frequency location of
available filters and required received signal power. For example, if, because of filter
characteristics, it is necessary to increase the frequency separation between services, a
larger basebandwidth is required. This in turn, requires greater received carrier power
because of the parabolic fluctuation noise power spectrum in the carrier discriminator
output and because of the wider IF bandwidth required. There are also other technical
implications. For example, if carrier predetection recording is required, the maximum



practical IF bandwidth, using the IRIG Standard 900 kHz carrier, is about 1.5 MHz. If
wider IF bandwidths are required to accommodate the requirements, postdetection
recording is required. If the baseband exceeds 2 MHz, then baseband separation is
required prior to recording etc.

In the following, the units of frequency are Hertz and the amplitudes are in terms of carrier
deviation in Hertz.

Effects of “Pop” Noise in an FM Receiver.  In the range of carrier predetection signal-
to-noise ratios of interest, an FM discriminator introduces pulses called “pops” into the
output, reference 1. The pops can be of considerable importance in both analogue and
PCM services. For purposes of analysis, the pops are assumed to be delta functions of
strength (area) unity. Actually, depending on the ratio of IF bandwidth to video bandwidth,
the spectrum of the pops rolls off somewhat at the high end of the baseband.

In a hybrid system, the service at the low end of the baseband is filtered from the other
services by a low-pass filter. Since the pops are assumed to be delta functions of strength
unity, the output, L (t), from the low-pass filter due to the pops is the weighting function
(unit impulse response) of the filter. For purposes of analysis, we assume an ideal filter
with cut-off at fc Hz so that the maximum value of L (t) is

(1)

Similarly, for a bandpass service, the maximum output of the ideal predetection bandpass
filter of width )F due to pops is:

(2)

By using only the dominant terms in Rice’s formula (reference 1) for the expected number
of pops per second, simplified formulae for estimating performance are obtained. Let D=
predetection carrier signal-to-noise ratio. Then:

a) Constant deviation, f0 Hz

(3)

(4)

b) For sinusoidal modulation of amplitude A Hz-

(5)



c) For gaussian modulation of rms value F Hz:

(6)

Equations (5) and (6) can be obtained from equations (3) and (4) by averaging over the
probability density function involved. Similarly, if the hybrid telemetry baseband consists
of an acoustic signal (assumed to be gaussian) plus an FM subcarrier (assumed to be
sinusoidal) the probability density function of the sum is the convolution of the two density
functions. In the range of interest for such a telemetry system, the density function of the
sum may be approximated by a uniform density f (x) = 1/3.4 . for x < 1.7 . where . = rms
value in Hz. When averaged over equations (3) and (4) this gives

(7)

For use as approximate design formulae, equations (5), (6), and (7) give essentially the
same result. Laboratory test results, to be presented later, demonstrate the validity and
usefulness of these results.

The two sided baseband noise spectrum Sbb (f) can be modelled as the sum of the pop
noise spectrum and the fluctuation noise spectrum, reference 1, to give, assuming on the
average N+ = N-

(8)

where B = IF bandwidth.

In addition to the effects of IF thermal noise, intermodulation between the services must be
taken into account. The intermodulation is a result of non-linearity of the transmitter
modulator and the receiver demodulator and phase non-linearity in the receiver
predetection pass bands plus non-linear effects in the recording medium. The latter will
depend on whether predetection or postdetection recording is used. Intermodulation data in
terms of the notch noise loading test as a function of amount of carrier modulation, IF
bandwidth, and modulation bandwidth are available from the ranges. These data plus the
mission data requirement serve as inputs to the design of the hybrid system.

The spectrum overlap of the services must be considered in laying out the baseband. The
amount of overlap power permitted depends, of course, on precision requirements of
analogue data, bit error probability of PCM data, etc., data reduction methods and quality
and frequency of separation filters used. A rule of thumb, for starting the design, is to
separate the services by at least one half of the 3 dB spectral bandwidth of the wider band



service. This assumes that the services are operating at about the same power level. For
example, in Figure 1, the acoustic service is separated from the PCM service by about half
the 3 dB bandwidth of the spectrum of the PCM service. In Figure 1 the PCM service
sidebands are suppressed by premodulation filtering with a seven pole constant delay low-
pass filter with 3 dB point at half the bit rate. In some cases, it may be desireable to use
IRIG Standard subcarrier frequencies and bandwidths. Generally, this requires a greater
basebandwidth than the minimum possible. As stated in the introduction, this implies a
penalty on required received carrier power and IF bandwidths. In some cases, this may be
acceptable because of the advantage of using IRIG Standard subcarriers. If the services are
closely spaced in the baseband, it is usually necessary to test the telemetry system with the
filters and baseband spectrum as in the following section.

Laboratory Verification of the Design Formulae-Test #1.  The baseband for these tests
consisted of an acoustic service, simulated by lowpass filtered thermal noise, situated at
the low end of the baseband and a NRZ PCM service frequency modulating a subcarrier
with each service shown separately in Figure 1. The 3 dB bandwidth of the thermal noise
was 50 kHz and the bit rate was fb = 100 kb/s. The peak-to-peak deviation of the PCM
subcarrier was 0.7 fb = 70 kHz. Figure 1 shows three degrees of PCM premodulation
filtering by a seven pole constant delay filter with 3 dB points at 0.5 fb, 0.7 fb and fb. (The
shift in frequency was apparently due to small changes in the DC component in the output
of the filter. ) The output of the FM signal generator was fed into the 10 MHz IF of the FM
receiver. A block diagram of the test set up is given in Figure 2.

Using the baseband configuration of Figure 1 with premodulation filter at 0.5 fb, the test
data shown in Figures 3 and 4 were obtained. For this test, the rms carrier modulation was
150 kHz with 130 kHz rms due to the 150 kHz PCM service and 75 kHz rms in the
simulated acoustic service. The 1 MHz IF bandwidth was used. The IRIG Standard PN
sequence of 2047 bits was used for the PCM input. Figure 3 shows the bit error probability
versus S/N in the IF with and without the acoustic signal. Figure 4 shows the NPR (noise
power ratio) at 34 kHz in the acoustic channel, measured in a narrow frequency slot by the
notch noise test equipment, with and without the PCM service. Figures 5 and 6 are the
same as Figures 3 and 4, respectively, except the modulation due to the PCM subcarrier
and the simulated acoustic signal was 106 kHz rms each, giving a total of 150 kHz rms.

To show the effects of reduced carrier modulation on the PCM service a test was run with
the baseband configuration of Figure 1 but with 56 kHz rms carrier modulation. The carrier
modulation due to the PCM subcarrier was 51 kHz rms and that due to the simulated
acoustic signal was 25 kHz rms. The 750 kHz IF bandwidth was used. Figure 7 shows the
results for the PCM service.



Test #2.  The baseband for this test contained three PCM services, consisting fo 77 kb/s
NRZ directly on the baseband plus two 12.8 kb/s NRZ services frequency modulated onto
an 80 kHz subcarrier and a 112 kHz subcarrier, respectively. All services were pre-
modulation filtered at one half the bit rate with the EMR #4190 low pass filter with
constant delay. The frequency modulation of the subcarriers was 9 kHz p-p which is 0.7 of
the bit rate. The spectrum is shown in Figure 8. The carrier modulation due to the 77 kb/s
service was 27 kHz peak. The carrier modulation due to the subcarriers was 80 kHz peak
for the 80 kHz subcarrier and 112 kHz peak for the 112 kHz subcarrier. The predetection
bandwidths of the EMR #4142 subcarrier discriminators were ±15% and ±7.5
respectively. The 500 kHz IF bandwidth was used. Figure 9 shows the measured bit error
probability for each of the services as a function of IF signal-to-noise ratio, D in dB.

Discussion of Test Results-Test #1.  The predetection noise bandwidth of the subcarrier
discriminator in Figure 2 is approximately 125 kHz. Equation 2 predicts the maximum
response to the pops for this value of )F to be 250 kHz. This is larger than the carrier
modulation due to the subcarrier in Figures 3, 5, and 7. Assuming that pop noise
predominates over fluctuation noise in determining the bit error probability, Pe,
Equation (7) can be used to estimate Pe. If it is assumed that, on the average, a positive
pop has a 50% chance of destructive interference with the subcarrier and likewise for a
negative pop then Pe can be estimated by Equation (9). The results are plotted as ) points
in Figures 3, 5, and 7.

(9)

If fluctuation noise predominates, the Pe can be estimated by using the second term on the
right of Equation (8) to determine the subcarrier predetection S/N expressed in a
bandwidth equal to the bit rate, fb, and using the standard NRZ-PCM/FM error probability
curves. Th results are plotted as ~ points in Figures 3, 5, and 7. Note that pop noise
predominates in Figures 3 and 5 and fluctuation noise predominates in Figure 7. The
agreement between calculated and observed data points is satisfactory.

Equation (8), corrected for overlapping sidebands, was used to calculate the S/N in the
34 kHz notch of the Marconi notch noise loading test set. The results are plotted as )
points in Figures 4 and 6. The agreement between calculated and observed data points is
satisfactory.

As a test of Equation (5) the waveform out of a low-pass filter with only the PCM service
on was photographed and the pops per second, plus and minus, counted for D = 3 and 5
and 51 kHz rms carrier modulation. From equation (5) the predicted numbers were 2140
and 340, respectively. The observed numbers were 2300 and 260 approximately. To test



Equation (1), a calibration sinewave of 150 kHz peak was superimposed on the pops as
shown in Figure 10. The low-pass filter was set for constant amplitude with 7 poles and
the 3 dB point was at 50 kHz. Equation (1) predicts peaks of 100 kHz assuming ideal low-
pass filter with vertical cut-off at 50 kHz. The overall agreement appears to be satisfactory.

Test #2.  The 77 kb/s service was filtered from the received baseband by an EMR #4190
low pass filter with 3 dB point at 38.5 kHz. Equation (1) predicts a pop height of 77 kHz
which is more than twice the peak carrier deviation of 27 kHz. Thus, it is expected that
every pop of opposite polarity of the bit pulse causes an error so that equation (9) can be
used to estimate the error probability. The nominal predetection bandwidth of the 80 kHz
discriminator was 24 kHz and of the 112 kH discriminator was 17 kHz. Equation (2)
predicts pop heights in these bandwidths of 48 and 34 kHz respectively. Since the
respective peak carrier modulation was 80 and 112 kHz, it takes a superimposed effect of
at least two pops to exceed the carrier modulation of 80 kHz and of at least three pops to
exceed the 112 kHz carrier modulation. From equation (8), neglecting intermodulation and
spectrum overlap, the predetection subcarrier SNR due to fluctuation noise is
approximately 21D for the 80 kHz subcarrier and 29D for the 112 kHz subcarrier, where D
is the IF SNR. Thus, fluctuation noise is insignificant compared to pop noise. Figure 11
consists of oscillograms showing the effect of pop noise on the 80 kHz subcarrier for D =
1.6 (2 dB) with only the 80 kHz subcarrier modulating the carrier at 80 kHz peak. The top
trace in each case is the predetection 80 kHz waveform. The center trace is the output of
the lowpass filter used to recover the 77 kb/s service (service not present) and the bottom
trace is the output of the 80 kHz discriminator with the 12.8 kb/s service present for 11a
and absent for 11lb. The pops produced in the carrier discriminator output, shown in the
center trace, cause the 80 kHz predetection filter to ring causing interference with the
80 kHz subcarrier as shown. The resulting erratic phase causes pops in the subcarrier
output. Since the superimposed effect of at least two pops is required to produce a pop in
the subcarrier discriminator, the number of pops in the subcarrier discriminator output is
much less than in the carrier discriminator output.

In order to develop approximate formulae, we first assume that occurrence of the pops in
the carrier discriminator is not correlated and that, for the 80 kHz subcarrier, at least two
pops must occur within a time ( equal to the reciprocal of the subcarrier predetection
passband. With these assumptions the approximate result is

(10)

where (b = bit period and ( = expected number of pops per second = N+ + N- . A factor of
1/2 occurs because the subcarrier discriminator pop must be of polarity opposite to the bit
pulse to cause an error. In order to test this assumption, free from overlap of the spectra of



the other services, Pe was measured using the 80 kHz subcarrier alone and is plotted in
Figure 12. In this case, the estimated number of pops, 8, per second produced by the
carrier discriminator is given by equation (5) with A=80 kHz. The nominal predetection
bandwidth of the 80 kHz subcarrier was ±15% or 24 kHz. Therefore, for this case, (–(b/2,
and equation (10) becomes

(11)

These are plotted as ) points on Figure 12. Note that the fit is fairly good for the high Pe

end but diverges on the low side for low Pe.

To obtain equation (10), it was assumed that the pops were uncorrelated. This leads to an
under estimation of errors for larger SNR as seen. Correlation can be taken into account as
follows. In the derivation of the approximate equations (3) and (4), it is assumed that the
condition for the occurrence of a pop is that the envelope of the noise exceeds the
amplitude of the carrier. When the carrier is frequency modulated by a sinusoid, pops are
most likely to occur at the extrema of the sinusoid and of opposite sign. This explains why
in Figure 11 there appears to be more destructive than constructive interference in the
subcarrier pre-detection channel (top trace). Suppose that at time t, the noise envelope has
value and at time t + ( it has value R2. The joint probability density function of R1 and R2

is given by equation 3. 7 - 13 of reference 2. The correlation for an ideal bandpass IF filter
is given on the same page. The probability that a pop can occur at t and at t + ( is the
integral of the joint density function from R1,2 =Ae to R1,2= 4. This was done using
asymptotic approximations for theBessell function Io(x) and for the erfc (x) so that the
results are valid for D>6 (8 dB or so. Assuming an IF bandwidth of 5 x 105 Hz and setting
(=6.25 x 10-6 sec, which is the half period of the 80 kHz subcarrier, the normalized
correlation coefficient is approximately 0.05. The calculated bit error probability is,
approximately

(12)

where A=peak carrier deviation of the 80 kHz subcarrier = 80 kHz and fb = bit rate
= 12.8 kb/s. With these values

(13)



The results are shown in Figure 12. The estimated Pe curve is obtained by using equation
(11) for large Pe and the “Rice” results for low Pe. The agreement is satisfactory.

The situation in the 112 kHz subcarrier is similar except that the superimposed effects of at
least three pops are required to cause a high probability of a bit error. Figure 13 is a plot of
Pe for this subcarrier alone. The nominal predetection bandwidth is ±7.5%. Under the
assumption that the pops are uncorrelated the approximate result is

(14)

This shows a tendency to diverge on the high side for large Pe. Even so, the agreement is
within 1 dB over the range of interest.

In order to estimate the bit error probabilities when all three service are present, the total
baseband signal can be modelled roughly as a gaussian in which case equation (6) can be
used to estimate the pop rate in the output of the carrier discriminator. The rms value of the
carrier modulation, F, in this case is approximately 100 kHz. Thus, the estimate of the bit
error probability for the 77 kb/s service is

(15)

the estimate of Pe for the 80 kHz subcarrier service based on independence of pop
occurrence is

(16)

and when correlation is taken into account

(17)

The estimate of Pe for the 112 kHz subcarrier service based on independence of pop
occurrence is

(18)

These results are plotted on Figures 9a and 9b. The agreement with the data appears to be
satisfactory for design purposes. The excess bit error probability, particularly for the
80 kHz channel, over the estimated value is due to overlapping side band power from the
other services. This is verified by comparing Figure 9b with Figures 12 and 13.



Conclusion.  In spite of the rough approximations made, the design formula developed in
this paper appear to be adequate to explain the test results. They also appear to be
sufficiently accurate for design purposes.
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Figure 1. Spectra of the Simulated Acoustic
Service and the PCM Service. The three traces of
the PCM service represent premodulation filtering
with break points at 0.5 fb, 0.7 fb and fb where
fb = bit rate. The Horizontal Scale is 50 kHz/div
and the Vertical Scale is 10 dB/div.



Figure 2.  Block Diagram of Test Setup

Figure 3.  Bit Error Probability versus Carrier S/N



Figure 4.  S/N in the 34 kHz
Figure 5.  Bit Error Probability

Notch versus Carrier S/N versus Carrier S/N

Figure 6.  S/N in the 34 kHz Figure 7.  Bit Error Probability
Notch versus Carrier S/N versus Carrier S/N



Figure 8.  Baseband Spectrum
Horizontal: 20 kHz/DIV
Vertical: 10 dB/DIV
Video Filter: 100 Hz
IF Bandwidth: i kHz

Figure 9 (a).  Baseband Figure 9 (b).  80 kHz and 112
(77 kb/s) Service Bit Error kHz PCM Services Bit Error
Probability versus Carrier S/N Probabilities versus Carrier S/N



Figure 10.  Oscilloscope photograph showing
superposition of pops and a calibration sine

wave. The sine wave represents a carrier
modulation of 150 kHz peak.

(a)  0. 2 ms per division sweep, (b) 2 ms per division sweep, 
= 2 dB. The 12.8 kb/s service = 3 dB. The 12.8 kb/ s service 
is present. is not present.

Figure 11.  Oscillograms for the 80 kHz subcarrier alone. The top trace is the
predetection wave form. The middle trace is the output of the low pass filter used to
receive the 77 kb/s service (not present) and the bottom trace is the output of the 80
kHz subcarrier discriminator.



Figure 12.  Measured and Estimated Figure 13.  Measured and Estimated 
Results for 80 kHz Service Alone Results for 112 kHz Service Alone


