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ABSTRACT

A PCM/FM+FM/FM system combines the bit sequence with the modulated
subcarriers at baseband and the resultant modulates the carrier. This paper concerns
the design of this composite system. Such a system combines the spectral efficiency
of the analog system with the accuracy of a PCM system when needed for specific
sensors and allows the direct transmission of binary computer words if necessary. The
impact of the subcarriers on the bit error rate of the bit sequence is determined.
Equations are given which allow the degradation of the FM/FM channels by the bit
sequence to be determined. Further, it is shown in this work that as the IF bandwidth
is increased above twice the bit rate, the peak deviation of the carrier by the bit
sequence is no longer .35 times the bit rate. An optimum value for IF bandwidths is
determined. The developed design equations allow the design of the composite system
with a specified bit error rate and a specified signal to noise ratio in the subcarrier
channels.

INTRODUCTION

Computer models and mathematical representations of the telemetry system are
developed and used to simulate the end-to-end system and establish bit error rates in
terms of system parameters. Models are also developed for a single receiver to
demodulate and separate the bit sequence and subcarriers. The impact of the
premodulation filter and predetection filter on the bit error rate is determined. Then
the subcarriers are added and the impact of the subcarriers on the bit error rate in
terms of the bit power to subcarrier power interference ratio is given. It was found that
the impact of the subcarrier can be controlled by proper design of the overall



spectrum. A design procedure is developed in terms of the system parameters that
establishes the best bit error rate for a particular PCM/FM+FM/FM telemetering
system. The design procedure includes various tradeoffs,

PCM/FM+FM/FM SYSTEM

PCM/FM+FM/FM modulation is the result of adding a filtered PCM data stream and
frequency modulated subcarriers at baseband prior to frequency modulation of the
carrier. A Block diagram of the system is shown below.

Figure 1. PCM/FM+FM/FM MULTIPLEX SYSTEM

The system uses one receiver, where the bandwidth of the IF filter is determined using
Carson's Rule of bandwidth and set wide enough to pass both the subcarriers and the
PCM data signals.

A PCM/FM receiver is composed of a IF filter, limiter, discriminator, integrate and
dump filter. The composite system receiver has the predetection LP filter before the
integrate and dump block to reduce the interference of the subcarriers.



Figure 2. PCM/FM+FM/FM RECEIVER

OPTIMUM FILTER BANDWIDTHS

PREMODULATION FILTER SPECIFICATION
A typically premodulation filter for the PCM data of a PCM/FM system is a 1st order
Bessel filter with 3 dB bandwidth=0.5R -0.8R . For a composite system theb b

premodulation filter is usually a 6-pole Bessel filter with 3 dB bandwidth=0.5R -b

0.7R . A higher order filter is used not only to limit the RF spectrum, but also tob

reduce the interference of the bit stream in the subcarrier channel.

Simulations showed that for a wide IF bandwidth, changing the premodulation filter
order from 1 to 6 and varying it's 3 dB bandwidth from 0.5R to R , does not haveb b

appreciable effect on the bit error rate [1].

PREDETECTION FILTER SPECIFICATION
A predetection filter is used to reduce the interference of the subcarrier on the bit
stream. Simulations showed that using 1st or 2nd order Bessel filters as predetection
filters and setting the 3 dB bandwidth=0.5R to R does not change the BERb b

significantly [1].

OPTIMUM VALUE OF PCM DATA DEVIATION FOR A GIVEN IF
BANDWIDTH

An optimum value for the deviation of the carrier by the bit sequence, )f, is found to
be 0.35R to 0.4R for a IF bandwidth equal to R [1]. In going from a PCM/FMb b b

system to a PCM/FM+FM/FM system, the IF bandwidth must be increased
substantially in order to pass the subcarriers. When the IF bandwidth is widened
beyond 2R , 0.35R to 0.4R is not the optimum value for )f. In a PCM/FM system anb b b

estimate of the bandwidth is

B = 2()f + R ). 1if b

However if B is specified, then )f may be solved for from equation 1,if

)f= B /2 -R . 2if b



It has been found that the BER improves as )f is increased until the equality of
equation 2 occurs. Therefore, in a PCM/FM system with a bandwidth in excess of 2R ,b

)f should be made as large as the equality of equation 2 will allow for the best BER.
However, for a PCM/FM+FM/FM system both the deviation of the carrier by the bit
sequence and the deviation of the carrier by the subcarriers will determine the required
bandwidth. Further, the magnitude of )f has a direct relationship with the degradation
in the FM/FM subcarrier channels by the bit sequence and hence may not be increased
indefinitely.

IMPACT OF THE CONSTANT BANDWIDTH SUBCARRIERS ON THE BIT
STREAM

It was found that the ratio of bit power to subcarrier interference power, P /P had abit i

substantial impact on the bit error rate. That is, let P be the power per bit,bit

P =E /T , 3bit b b

where E is the bit energy.b

After carrier demodulation and predetection filtering, integration of the spectrum of
the bit sequence gives the bit power

where )f = deviation of the carrier by the bit sequence,
K = FM discriminator constant, unit volts/hertz,d

Hpm(f) is the transfer function of the premodulation filter,
Hpd(f) is the transfer function of the predetection filter.

Model for One Subcarrier

The interference, P , by the by the lowest frequency subcarrier is given by1

4

where f is the deviation of the carrier by the lowest frequency subcarrier f . WhendL sL

only the lowest frequency subcarrier is present, P = P and the ratio of P /P isi 1 bit i

5



Model for N Subcarriers

For N subcarriers the interference power is given by

P = P +P +P + + + P 6i l 2 3 N

Because the preemphasis taper for constant bandwidth subcarriers is 6dB/octive and
the attenuation of the first order the predetection filter is 6dB/octive the two
approximately cancel. Hence after the predetection filter the amplitude of each
subcarrier is the same and equation 6 written for N subcarriers can be approximated
by

P =NP 7i 1

Equation 4 becomes

8

SIMULATION RESULTS

The Block Oriented System Simulator, BOSS, by ComDisco software is utilized to
simulate the system.

5 Subcarriers

The bit rate, R is 45.5 kbps and the subcarriers are 56, 64, 72, 80, 88 khz which areb

normalized by deviding by 45.5 kHz for baseband simulation. The spectrum at the
input to the modulator is shown in figure 3.

Figure 3 Composite signal spectrum (5 subcarriers)



 (deviation of the carrier by the ith subcarrier) for the subcarriers are17.065,
19.503, 21.941, 24.379, 26.817 khz, when scaled down they are 0.375, 0.429, 0.482,
0.536, 0.589 hz respectively. The IF bandwidth of the composite system is calculated
using the following equation [2],

B is approximately taken equal to 7 hz.IF

A 6th order Bessel filter is used as the premodulation filter for the bit stream with 3
dB bandwidth equal to 0.7 hz and a 1st order Bessel filter is used as predetection filter
with 3 dB bandwidth equal to 0.7 hz. For )f =0.7 hz the simulation results [3] are
plotted in figure 4. The measured value of 10Log(P /P ) is 6.4 dB. For comparison thebit i

BER of the system with no subcarriers but having the same system parameters is also
plotted. From plots we see that only 0.7 dB more CNR in the IF bandwidth is needed
in order to achieve a BER of 10 when P /P > 6dB.-4

bit i

10 Subcarriers

Five more IRIG constant bandwidth subcarriers at 96, 104,112, 120, and 128 kHz are
added to the system with carrier deviations of 29 31, 34, 36, and 39 kHz. The results
are shown in figure 5 and the results show that about 1.7 more power is needed for a
BER of 10 than when there are no subcarriers and if 10log(P /P )> 7dB.-4

bit i

DESIGN EQUATIONS

Although equation 8 is complex, it may be evaluated using numerical integration
techniques. It may be used in designing the system to keep

10LOG(P /P ) $ 7dB 10bit i

In a PCM/FM+FM/FM system the ratio, R, of bit sequence interference to the power
of lowest frequency subcarrier out of the bandpass filter separating the subcarrier is of
concern and is given by [2]



Figure 4 BER of PCM/FM+FM/FM System with 5 subcarrier

R = 10 Log(P /P )I L

11

In order to avoid undue interference of the bit sequence in the lowest frequency
subcarrier channel, a requirement on R is

R < -35 dB 12



Figure 5

The preemphesis schedule should be designed first and modified such that the
required bandwidth,B is 10% below the specified bandwidth [4]. Set )f equal toif

0.5R to R . Use equation 9 to determine the new B . Because the IF bandwidth isb b ifc

primarily determined by the deviations of the higher frequency subcarriers, )f will
usually have a small effect on B . Since there is a conflicting requirement on )f in theifc

two channels, the next step is to use equations 8, 11 and 12 to determine if the value
chosen for )f will satisfy the inequalities of these equations limiting the interference
in the subcarrier channel and the degradation of the BER in the bit sequence channel.
R may be modified substantially by changing parameters other than )f, [2].



SUMMARY

The impact of a wide IF bandwidth on the PCM/FM BER was determined. The design
procedure should insure that the ratio of P to the interference P should be greaterbit i

than 7 dB in order that the subcarrier have a negligible impact on the BER. For IF
bandwidths larger than 2R , )f should be as large as the design equations allow. Bothb

the interference of the bit sequence on the subcarrier channels and the impact of the
subcarriers on the BER must be addressed in the design of PCM/FM+FM/FM systems
using the design equations.
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