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PERFORMANCE OPTIMIZATION OF PCM/SCO TELEMETRY
SYSTEMS

Harold O. Jeske
Sandia National Laboratories, Albuquerque, NM 87185

ABSTRACT

These hybrid TM system design procedures indicate how PCM channel performance
comparable with that obtainable from an optimally designed PCM/FM transmission system
may be obtained even though numerous subcarrier channels are included in the system.
Optimal design goals are those that permit satisfactory telemetry system operation with a
minimum of transmitted power. By careful control of the transmitter modulation levels and
the use of predetection filtering during playback, a lowering of the PCM channel’s
threshold, equivalent to at least quadrupling the transmitter power over conventional
practices, is obtained. This report briefly discusses the design objectives of FM/FM and
PCM/FM systems followed by a more detailed discussion of hybrid systems using FM
subcarriers above the PCM signal on the baseband. A simplified, but comprehensive,
discussion of FM sidebands is presented in the appendices to aid in understanding the
limits and restrictions in this hybrid TM system design procedure.

SUMMARY

Normally FM/FM systems employ pre-emphasis to equalize or adjust the SNR of the
various subcarrier channels at the receiver output. In addition it is usually desirable to
modulate the transmitter such that the subcarrier channels have a good or usable input
SNR when the RF system reaches threshold or begins to become unusable. Optimum
parameters for PCM/FM systems are a peak-to-peak deviation of approximately 0.7 times
the NRZ bit rate and a transmission system bandwidth essentially equal to the bit rate.
These conditions provide usable transmission with the least transmitter power. Hybrid
systems designed by these procedures permit meeting the desired design requirements for
both FM/FM and PCM/FM systems.

The RF spectrum produced by the simultaneous modulation of an FM transmitter by
several subcarriers produces a rather complex set of sidebands. They include not only
sidebands equal to the modulation frequencies from the carrier (and multiples of the
modulation frequency) but also sum and difference frequencies of the modulation
frequencies from the carrier. The energy in these sidebands is effectively taken from the



unmodulated carrier power. Under the subcarrier modulation conditions in hybrid TM
systems, the transmitter carrier is reduced less than 2 dB (37 %), relative to the
unmodulated carrier. This remaining carrier power is effectively the power available for
the PCM channel. The addition of PCM to the subcarrier modulation spectrum effectively
causes the entire RF spectrum to be offset above or below its original position by one-half
the PCM peak-to-peak deviation.

By proper selection of system parameters, it is possible to remove the primary RF
sidebands produced by the subcarriers and the relatively wideband transmission system
noise from the vicinity of the desired PCM spectrum. This is accomplished during the
playback of predetection tapes.

Subcarrier data is recovered by conventional tape playback methods. PCM data may be
recovered in the same manner, under good received signal conditions or by the use of
additional predetection filtering. The PCM channel’s threshold may be enhanced by the
ratio of the receiver bandwidth to the PCM predetection filter bandwidth.

INTRODUCTION

Multiple channel data transmission by RF telemetry (TM) employs either time division or
frequency division multiplexing. Time division multiplexing, employing pulse code
modulation (PCM), provides high accuracy data transmission over a wide range of signal
strength conditions. Frequency division multiplexing, using FM subcarrier oscillators
(SCOs), is normally employed for the transmission of event and broadband data because of
its continuous data characteristics and greater transmission efficiency. For these and other
reasons, many TM systems employ a hybrid scheme of PCM and SCOs to satisfy a wide
variety of data requirements. These hybrid modulation systems provide excellent
performance where conditions permit sufficient received signal strength for the receivers to
operate above threshold. PCM/SCO systems may be configured in several ways. The
preferred way, under adverse RF propagation conditions, is to modulate the lower end of
the transmission systems’ baseband with the PCM spectrum and place the required
subcarriers in the upper portion of the baseband. This report describes the necessary
modulation and other conditions of PCM/SCO hybrid systems, whereby the threshold of
the PCM channel is typically lowered at least 6 dB relative to normal operating conditions.
This lowering of the PCM threshold is equivalent to an increase in the transmitter power
by a factor of 4 for the same PCM system performance.

This report not only discusses the optimization of hybrid systems but also includes, in the
appendices, a simplified but rather comprehensive discussion of the modulation sideband
structure of the systems under consideration.



BACKGROUND

Although no standard operating procedures are known to exist for FM/FM or PCM/FM,
certain guides have been developed from both theoretical and laboratory studies which are
in good agreement. In the optimal design of hybrid TM systems, it is desirable to apply
these guides, or good operating procedures, to the system design. Since the ultimate limit
of system performance is determined by the FM transmission system employed, a
summary of the salient characteristics of FM systems is presented as well as those of
FM/FM and PCM/FM systems.

FM System Characteristics

The threshold of an FM channel or system, as used in this report, is defined as the point or
region above which the output signal-to-noise ratio (SNR) of the receiver or subcarrier
channel is directly proportional to the input SNR of the demodulator or discriminator.
Above threshold, the noise on the demodulated output signal is symmetrical and the noise
density is proportional to frequency in the baseband out to the cut-off frequency of the
system as opposed to a uniform or white noise characteristic. This noise shape is
characteristic of FM system noise and is frequently referred to as triangular noise that
produces a parabolic power spectral density to the baseband cut-off frequency. Slightly
below threshold the receiver output noise is nonsymmetrical with noise spikes generally
occurring toward the center of the channel. This noise characteristic is frequently referred
to as unsymmetrical or pop noise.

The threshold in FM systems occurs in the SNR region of 9 to 14 dB in the IF amplifier or
discriminator channel selector, depending on the application or the severity of the pops
permissible. In multiplex systems each channel, that is, the RF, the PCM, and the SCO
channel, has a given threshold which is dependent on its individual SNR conditions. Noise
power in a given channel is normally directly proportional to its predetection bandwidth. It
is therefore frequently desirable to decrease a channel’s bandwidth to a practical minimum
value, consistent with the requirements for satisfactory data transmission, in order to
improve the performance under adverse transmission conditions. This decrease in width
makes possible the PCM threshold improvement using the techniques described in this
report.

Optimally Designed PCM Systems

Optimum system parameters for PCM transmission, by which satisfactory performance
with a minimum power on FM RF links (PCM/FM) is obtained, requires a modulation
level producing a peak-to-peak RF deviation of approximately 0.7 times the NRZ bit rate
and the use of a final predetection bandwidth equal to or slightly greater than the bit rate.



These are the approximate conditions that this hybrid system design attempts to meet. By
the use of predetection recording and the use of additional bandpass filters prior to
demodulation, PCM performance of the hybrid system can be made to approach that of a
pure PCM/FM system. Real time or nonrecorded performance improvements can also be
made with proper receiver station modifications.

Bandwidth, Noise, Modulation Levels, and Threshold Relationships

In any transmission system a certain amount of noise is added to the desired signal. The
major source of noise in FM telemetry systems is normally due to thermal noise and results
in a uniform noise power density near the frequencies of interest prior to the demodulation
or detection process. The noise power which is added to the signal is therefore a function
of the bandwidth of the noise permitted to pass through the channel. Receiver system
bandwidths are generally selected to be a compromise between sensitivity (using minimum
permissible bandwidths) and low distortion (using relatively wide receiver bandwidths and
increased modulation). Fortunately, PCM systems permit a moderate amount of noise and
distortion to be added to the signal without data quality degradation, because of the ability
to reconstruct the original bit train in the decommutation process.

Normally, FM transmission systems are considered desirable because of their noise and
distortion improvement characteristics when using frequency deviations and bandwidths
that are large compared to the modulation frequency. While these improvements are
obtained in wideband systems for received signal conditions above threshold, their
thresholds are higher than narrowband systems. This results effectively in a requirement
for a greater transmitter power to obtain the same threshold for a given RF propagation
condition. The effect of decreasing receiver bandwidth in an FM system in order to lower
the threshold is to increase distortion. For complex modulation signals, such as multiple
subcarriers, this produces numerous cross products of the various modulation frequencies.
These cross products are classified as intermodulation noise on the receiver’s demodulated
output. The amount of this noise is very difficult to predict in a practical case. Fortunately
predetection (pre-D) recording can be made relatively wideband and the ultimate system
bandwidth may be selected on playback.

In the technique to enhance the PCM threshold, actual receiver bandwidths must be
adequate to pass the highest subcarrier frequencies plus the PCM deviation. However, for
the recovery of the PCM under adverse propagation conditions the pre-D bandwidth is
reduced to a minimum for the PCM channel prior to demodulation, resulting in the removal
of the principal subcarrier components and much of the thermal noise present. In general,
however, secondary subcarrier sideband components are present in the PCM portion of the
spectrum due to the frequency modulation process as discussed in Appendix A. These
components can be kept to tolerable levels by control of the transmitter modulation levels



by the SCO channels. The PCM channel, in effect, is sandwiched between the first
sidebands produced by the subcarriers with some ambient pseudonoise always present in
the PCM channel when the difference frequency between any of the subcarriers is less
than one-half the PCM bit rate.

The use of premodulation filtering of the PCM signal is not considered beneficial in
improving the threshold of the PCM channel. If premodulation filtering is employed, it
should be done with moderation such that the major portion of the overall filtering may be
done in the pre-D filtering process.

Pre-Emphasis and Thresholding of Subcarrier and RF Channels

Because of the triangular noise characteristic of FM transmission systems, pre-emphasis is
normally employed in frequency division multiplexing telemetry systems. The goal of pre-
emphasis is usually to provide equal signal-to-noise conditions for each of the subcarrier
channels. For constant bandwidth channels, this is accomplished when the transmitter
deviation by the particular channel is made proportional to the center frequency of the
channel. When channels of mixed bandwidths are employed, the wideband channels are
required to deviate the transmitter by a greater amount to account for the increased noise in
their respective bandpass filters.

Thresholding occurs in the region where the noise peaks equal the peak level of the signal
on a particular channel’s bandpass filter output. Since noise has random characteristics,
threshold is actually a region as opposed to a given point. Thresholding is not a direct
function of the modulation index, the deviation ratio, or other modulation conditions
employed in the system, but is a function of the SNR of the channel prior to detection.

The amount of noise voltage on the output of a channel selector, used to separate
subcarriers (or PCM), is proportional to the square root of the upper channel frequency
limit cubed minus the lower channel frequency limit cubed.1 One of the first considerations
to be made in the hybrid system design is to determine the relative transmitter deviation
required by the various channels for equal SNR conditions. If they all have the same
signal-to-noise ratio, they should threshold simultaneously as the received signal
decreases.

Since the normal telemetry system using SCOs actually is a cascade of two systems,
overall system performance will rapidly degrade when either the RF system or the
subcarrier system falls below its threshold. Good system design dictates that the RF should
threshold before or simultaneously with the subcarrier channels. The condition for this to



* Ratio of the peak deviation of the transmitter produced by a subcarrier, divided by the subcarrier
frequency.

be true is that the modulation index (MI)* is equal to or greater than the square root of two
times the subcarrier bandwidth divided by the receiver bandwidth.1

HYBRID SYSTEM DESIGN CONSIDERATIONS

The ability to obtain PCM performance, in a hybrid system, approaching that of an
optimized PCM/FM system is dependent on the subcarrier frequencies and their
modulation depth on the transmitter. The PCM performance degradation by the presence
of the SCO channels effectively results in a reduction in transmitter power, the production
of adjacent channels, and the production of noise in the desired portion of the RF
spectrum. A detailed discussion of these effects are presented in Appendix A.

Effectively, the amount of carrier power available for the PCM channel is equal to the
transmitter power minus the carrier suppression produced by the subcarriers.2 This may be
found by taking the summation (in dB) of the J0 terms produced by each of the subcarriers
that are modulating the transmitter as discussed in Appendix A. The amount of carrier
suppression may normally be found by considering the subcarrier to be unmodulated and
located at center channel. However, with wideband subcarrier channels located at low
channel edge, the amount of carrier suppression may be significantly greater than at center
channel and should be taken into account.

The pseudonoise components CE and AG shown in Figure A-6 are effectively a product of
the first-order sidebands of the two modulation tones and are spaced from the carrier an
amount equal to the difference frequency of the tones. These two pseudonoise components
add coherently with the carrier to produce amplitude modulation (AM) on the carrier even
though they were produced by the FM process.

One of the limitations of hybrid system design is the difference frequency, or psuedo-
noise, components as shown at 165-112 = 53 kHz (positions CE and AG) from the carrier
in Figure A-6 (Appendix A) since this is the spectrum region that will be used to recover
the PCM data. In general, this region of the spectrum will contain many components that
are produced by the difference product of the first-order sidebands of the subcarriers.
Since these difference frequency sideband pairs are coherent with the carrier, the apparent
AM produced on the carrier is 6 dB greater than the individual sideband level indicated.

The number of difference frequency components produced on each side of the carrier by
the first-order sidebands of the subcarriers will be n(n-1)/2 where n is the number of
subcarriers employed. Position of these components from the carrier will range from the
smallest to the largest subcarrier frequency separation. For a group of n equally spaced



* On these two systems, the rms transmitter deviation by the wideband channel was still greater
than 85% of the total transmitter deviation.

constant bandwidth channels, n-1 products will fall in the vicinity of the adjacent channel
separation from the carrier, n-2 products at approximately twice the channel separation,
etc. If the maximum frequency separation exceeds the PCM bandpass filter’s limits, some
of the components may be removed by the filtering. However, the usual system would
probably permit the majority of the components to be present in the filtered PCM
spectrum. Since the subcarrier channel outputs are random, their interference effects on the
PCM channel are noiselike and best expressed in an rms manner.

In the process of bandpass filtering the desired portion of the RF spectrum, much of the
pseudonoise is effectively converted to phase modulation of the pre-D PCM signal by
removing only one of the sidebands. With one sideband removed the resulting phase
modulation of the carrier is equal to the ratio of the sideband amplitude to the carrier
amplitude. This is essentially the same as the MI for the small ratios encountered. The
product of this MI and the frequency difference between the carrier and the sideband
yields the spurious FM produced on the PCM signal.

Spurious AM is also present when one of the pseudonoise sidebands is removed. The
amount of AM in this case is equal to the sideband-to-carrier ratio instead of twice this
ratio, the amount that exists when both pseudonoise sidebands are present.

The use of wideband channels with their theoretical pre-emphasis dictates large transmitter
deviation by these channels. In the design of hybrid systems with wideband subcarrier
channels, the wideband channels tend to be detrimental in two ways. First, by the fact that
they require a larger MI that tends to suppress the carrier rapidly. Second, due to their
higher MI, the first sidebands are larger thus producing larger difference frequency
amplitudes.

In the design examples of systems 1 and 2 (Appendix C) the pre-emphasis for the
wideband channel was reduced somewhat because the data of interest on the channel was
expected during good signal conditions and so that the improved PCM channel
performance could be obtained.* The ideal hybrid system designs are those with
narrowband subcarriers of one given bandwidth. Under this condition the MIs required for
simultaneous thresholding are small and equal on all SCO channels resulting in low carrier
suppression and low PCM interference effects.

HYBRID SYSTEM PERFORMANCE

Hybrid systems 1, 2, and 3 described in Appendix C have experienced considerable field
use as well as lab testing under controlled conditions. In general, flight conditions for



systems 1 and 2 produce blackout of the telemetry signals during reentry. TM signals from
system 3 experience considerable flame attenuation during launch. In the playback of
range-recorded flight test tapes from these systems that use additional pre-D filtering, a
marked improvement in the PCM data quality has always been observed during adverse
signal propagation conditions.

The degree of threshold improvement should be equal to the ratio of the receiver IF
bandwidth to the pre-D filter bandwidth employed during PCM recovery minus the RF
carrier suppression. (The threshold degradation due to the pseudonoise is considered
insignificant.) Under these conditions the PCM threshold enhancement should be slightly
over 8 dB for the systems tested. Measured improvements indicated at least 7 dB in all
cases. Compared with a PCM/FM system of the same power and bit rate, the performance
of these systems should differ only by the carrier suppression which is less than 1.5 dB.

PCM channel performance of hybrid systems offers some practical advantages over a
PCM/FM system in that problems associated with proper receiver tuning, doppler shifts,
and bandwidth selection are made during tape playback instead of at the receiving station.
To obtain the potential PCM channel enhancement it is necessary that the signals be
maintained in the pre-D form until the additional filtering is done. The use of conventional
FM recorded signals, even though they are similar to pre-D signals, provides no possibility
of PCM threshold enhancement because the system threshold was established in the
receiver.

PCM data recovery is ordinarily done by the use of a conventional subcarrier
discriminator. The desired pre-D filtering may be readily obtained by selecting a subcarrier
channel with approximately the desired bandwidth. The pre-D tape playback signal is
down-converted to the input frequency of the discriminator. The output of the
discriminator is applied to the input of the decommutator and an oscilloscope. Proper
tuning of the pre-D signal to the discriminator is accomplished by tuning the local
oscillator of the down converter to remove any bias observed on the discriminator output.
This tuning capability is desirable not only to track doppler effects but also to tune out the
various transmission system frequency errors.

Because of the small transmitter deviation by the PCM channels, all sources of dynamic
frequency error to the pre-D recorded signal are considered important. Transmitter
incidental FM during conditions of high mechanical environment and tape machine speed
errors were originally considered most detrimental to successful system operation. If
difficulties have occurred from these causes, however, they have not been readily
apparent. Most system difficulties observed are believed to be due to operation of the
receivers without crystal control of the first local oscillators.



* Ratio of peak deviation to the modulating frequency

CONCLUSIONS

These procedures not only provide well-designed hybrid TM systems for conventional
playback methods but also permit the enhancing of the PCM channels threshold under
adverse signal propagation conditions.

With hybrid TM systems typically employed by Sandia National Laboratories,
Albuquerque, the PCM threshold enhancement possible appears to be in the order of 8 dB.
Practically the only system characteristic that may prevent attaining this optimum system
performance is transmitter and receiver incidental FM that becomes comparable with the
transmitter PCM deviation.

APPENDIX A

RF SPECTRUM OF FREQUENCY MODULATED SYSTEMS

To understand the operation and limitations of the optimum design of hybrid PCM/SCO
TM systems, knowledge of the characteristics of FM sidebands is considered necessary.
For this reason, a simplified discussion of modulation sidebands is presented beginning
with modulation by a single tone or modulation frequency, then with multiple tones, and
finally with the addition of PCM on the lower portion of the baseband of the RF system.

SINGLE TONE MODULATION

With a single modulating frequency, the carrier and the sideband levels are dependent
upon the MI* and follow the values of Bessel functions of the first kind for the J0, J1, J2,
etc, values for a given value of the argument (MI). Figure A-1 is a plot of Bessel functions
of the first eight orders for arguments of the function x up to 12. The J0 term represents the
amplitude of the carrier; the J1 term represents the amplitude of the first-order sideband
located fm (modulation frequency) above and below the carrier; J2 represents the amplitude
of the second-order sideband located at 2fm above and below the carrier; etc. For any MI,
except zero, there is theoretically an infinite number of equally spaced sidebands about the
carrier. For certain values of the MI, the carrier or certain sideband pairs may be zero in
amplitude. Practically speaking, the FM modulation spectrum is independent of the center
or unmodulated frequency of the source as long as the center frequency is much greater
than fm and the deviation, as it is in most cases. In pure FM systems, the average power is
constant; that is, the sum of the energy of the carrier and all of the sidebands is constant.



Since the MI is the ratio of peak deviation to fm, a change in either the modulation level
(deviation) or the modulation frequency will change the level of the sidebands with respect
to the carrier. If an MI of 2.405 exists, the carrier (J0) becomes essentially zero. This is the
condition normally used to calibrate the deviation sensitivity of FM transmitters or other
FM sources under dynamic modulation conditions. This may be done by observing the RF
spectrum on a spectrum analyzer to determine the first carrier null as the modulation level
is increased. Since the carrier level is dependent on fm (which can be accurately controlled
or measured), the dynamic deviation can be accurately determined. At the first carrier null,
the peak deviation is equal to 2.405 times the fm.

In Figure A-2 the Bessel functions are presented in a form more convenient for the
analyses of the spectrum of RF systems, such as those presented here.

MULTIPLE TONE MODULATION

Mathematically, the modulation spectrum of an FM system with multiple modulation tones
is considerably more complex than the single tone case because FM is a multiplication
process rather than an addition of two or more adulation spectrums.2

FM may be defined as the process whereby the instantaneous frequency of a carrier is
deviated from its nominal value in accordance with the instantaneous amplitude of the
modulating signal. To give a practical understanding of the modulation of a multiple tone
modulation system, consider the process taking place in the example of Figure A-3. Here
we have two sources capable of being independently frequency-modulated feeding a
multiplier or mixer. The output of the mixer will have the same characteristics (considering
the sum products) as an FM source being modulated by two tones simultaneously. This is
because the instantaneous output frequency deviation will be directly proportional to the
instantaneous sum of the two modulation signals which satisfies the FM definition.

Figures A-4 through A-6 illustrate the action of the upper mixer in Figure A-3 for two
simultaneous modulation frequencies. Figure A-4 is a representation of the output
spectrum of FM source 1 when modulated with a tone of 165 kHz and an MI of 0.62.
Figure A-5 is a representation of the output of FM source 2 being modulated with a tone of
112 kHz and an MI of 0.25. For simplicity, sidebands above the second- and first-order of
the FM sources 1 and 2 respectively have been omitted.

For convenience, each sideband in Figures A-4 and A-5 is lettered with its amplitude (with
respect to the amplitude of its unmodulated carrier) shown in parenthesis. Figure A-6 is the
sum frequencies of the mixer output. The carrier and the sidebands are shown with a
double letter notation to indicate which of the components of Figures A-4 and A-5
produced them.



It should be noted that all of the original components including the carrier of Figures A-4
and A-5 have been reduced in amplitude in Figure A-6. It should also be noted that eight
new sideband components have been introduced. These are effectively sidebands of one
modulation frequency above and below the sidebands produced by the other modulation
frequency. The amplitude, in dB, of each component of Figure A-6 is the sum of the
amplitudes producing that component. The effect of adding more modulation tones may be
deduced by adding the spectrum of each tone, one at a time, to the spectrum shown in
Figure A-6.

Of particular concern in this report is the carrier amplitude reduction (BF) and the two new
components CE and AG of Figure A-6 for they control the effective signal-to-pseudonoise
ratio (SPNR) of the PCM portion of the hybrid modulation system. These new components
are above and below the carrier by the difference frequency of the two modulation tones.
For systems employing more SCOs, an additional component (SCO difference frequency
from the carrier position) is produced for each combination of SCOs taken two at a time.

SPECTRUM MODIFICATION WITH BASEBAND PCM

To this point, PCM modulation has not been mentioned as far as the RF spectrum is
concerned. The addition of the PCM modulation is best visualized by considering that the
PCM modulation signal is applied to another FM source whose output is fed to an
additional mixer whose other input is being fed by the composite tone modulation
spectrum of Figure A-6. The output of this mixer will contain the composite modulation of
the subcarriers and the PCM. In doing this, it should be apparent that all components of
Figure A-6 will be one-half the peak-to-peak deviation of the PCM signal above or below
that shown depending upon whether a 0 or 1 is being transmitted.

Figures A-7 through A-9 are spectrum analyzer photos of a frequency modulated source
approximating the conditions described in Figures A-4 through A-6 respectively.

Figure A-10 is effectively an enlarged photo of the center portion of the spectrum shown in
Figure A-9. Figure A-11 is the modulation spectrum produced by a 2047-bit,
pseudorandom NRZ PCM wavetrain. Figure A-12 is the spectrum produced by the
simultaneous modulation of the FM source by the two tones and the PCM wavetrain. It
should be noted that the higher energy portion of the PCM modulation spectrum appears to
be present on each of the major sideband components of Figure A-10 as well as the carrier.

Modulation conditions for the spectrum analyzer photos of Figures A-10 through A-12 are
essentially those of system 2 described in Appendix C.



Figure A-13 is the same as A-9 except the lower of the two modulation frequencies is
being frequency modulated. Figure A-14 is a spectrum analyzer photo of the subcarrier
sideband structure (without PCM) of system 3 described in Appendix C.

APPENDIX B

PCM/FLSC COMPATIBILITY

The conditions which determine the compatibility of the lowest frequency subcarrier (FLSC)
with the PCM channel parameters are illustrated in Figure B-1. For simplicity, the
difference frequencies produced by the first-order sidebands of two or more subcarrier
channels as discussed in Appendix A, are not included.

In the discussion of the addition of PCM to the spectrum of subcarriers in Appendix A, it
was indicated that a convenient way to visualize this action was to consider that the carrier
and the subcarrier sidebands are moved either above or below their normal position by an
amount equal to one-half the peak-to-peak deviation produced by the PCM channel. With
this in mind, it should be apparent that the PCM signal reduces the guardband between the
first sideband of the lowest subcarrier and the cut-off of the PCM pre-D bandpass filter by
one-half the peak-to-peak deviation.

Figure B-1 shows that the effective guardband is equal to

where
FLSC = the lowest subcarrier frequency
)F  = the peak-to-peak transmitter deviation by the PCM channel
BW = the bandwidth of the bandpass filter employed to enhance the PCM channel’s

pre-D SNR

Using the deviation and bandwidth characteristics considered ideal for PCM transmission,
plus the typical out-of-band attenuation for subcarrier channel selectors, the minimum
subcarrier frequency should not be less than approximately 1.6 times the bit rate of the
PCM system employed.



APPENDIX C

HYBRID SYSTEM DESIGN EXAMPLES

To conveniently calculate the desired deviation levels of both the subcarriers and the PCM
channel of a hybrid TM system a program for calculating hybrid system parameters and
characteristics was written for an HP-97 calculator. The examples of Table C-1 are for
systems that have been designed for use by SNLA.



The HP-97 program computes the relative noise in the required SCO and PCM passband
segments of the receiver’s output. Based upon a transmitter deviation of 0.75 times the bit
rate (NRZ) for the PCM channel, the SCO’s deviations are computed to provide the same
input SNR for all data channels.

The amplitude of the first sidebands produced by the subcarriers are calculated to be equal
to MI/2. This approximation is less than 14 % in error for MIs up to 1 and less than 3.5 %
in error for the range of MIs employed. The relative PCM carrier power is calculated to be
equal to 1-2(MI/2)2, which is within 7% of the Bessel value under the worst case
conditions calculated. These errors in the calculations of the carrier and first sidebands are
in the conservative direction and are, in general, less than the effect produced by a
subcarrier being deviated from the channel center to the channel edge. Second and higher
order modulation sideband components are not considered relevant for the range of MIs
encountered.

Spurious FM is calculated as being equal to the product of the amplitude of the first
sidebands times the frequency difference between them for each pair of subcarriers
separated less than the PCM bit rate. This is an approximation of the AM to FM
conversion produced by the removal of one of the sidebands of the pseudonoise
components by the PCM pre-D filter.

Spurious AM is calculated as being the summation of the products of all first-order
sideband components whose difference frequency is less than one-half the bit rate.

It can be seen from Figures A-10 through A-12, and the associated discussion, that the
large majority of the RF energy is contained in a bandwidth equal to twice the highest
subcarrier frequency plus the PCM bit rate. The minimum receiver bandwidth (Bc)
indicated in the table adds an additional 20 % to this value in order to provide an estimated
practical bandwidth limit. By the use of pre-D recording the actual receiver bandwidth may
be made significantly wider without suffering detrimental effects.

K. Uglow’s factor is an expression of the relative ratio, in dB, of the SNR of the subcarrier
and PCM channels to the SNR of the receiving system using the minimum receiver
bandwidths indicated. The factor is equal to 20 log (Bc/2Bs)1/2 MI where Bs is the
deviation bandwidth of the SCO channel. With the values indicated, the RF system will
threshold before the data channels which should be the case in good system design. If all
data channels are adjusted to threshold simultaneously, the K. Uglow factor will be the
same for all data channels. In systems 1 and 2 a departure was made from the theoretical
pre-emphasis of the reference channels (see Table C-1 Note 1 for additional information).



The deviation of the transmitter by the PCM to 0.75 times the bit rate, instead of 0.7 was
initially considered desirable because of potential transmitter IFM and system tolerances.
Laboratory tests indicated possibly a 0.3-dB PCM threshold degradation by this increased
deviation.

System 3 of Table C-1 was originally configured with a PCM deviation of approximately
225 kHz peak-to-peak. Tests under this condition indicated that all subcarrier channels and
the PCM channel reached threshold simultaneously. The PCM deviation was then reduced
to approximately 35 kHz peak-to-peak and the threshold was again determined. After the
reduction, no measurable difference was found in the PCM threshold level when using
conventional playback methods. By bandpassing the desired PCM portion of the pre-D
spectrum with an EMR 410 discriminator, an improvement in the PCM threshold of
approximately 7 dB was found. PCM threshold was determined in all cases as the RF level
at which sync losses started for the PCM channel. Subcarrier threshold was the point
where spike or pop noise started on the subcarrier discriminators output. The RF output
level was incremented in 1-dB steps for these tests.
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Figure A-1  Bessel Functions for the First Eight Orders
(Carrier and Sideband Levels vs Modulation Index)

Figure A-2  FM Carrier and Sideband Levels vs Modulation Index



Figure A-3  Synthesis of Multiple Modulation FM Signal

Figure A-4  FM Modulation Spectrum for an MI
of 0.62 (first- and second-order sidebands only)

Figure A-5  FM Modulation Spectrum fo ran
MI of 0.25 (first-order sidebands only)

Figure A-6  Combined Modulation
Spectrums of Figures A-4 and A-5



Figure A-7 FM Spectrum Photo
for MI = 0.62

Figure A-8  FM Spectrum Photo
for MI = 0.25

Figure A-9 FM Spectrum Produced by the Simultaneous
Modulation Conditions of Figures A-7 and A-8

Figures A-7 through A-9
Horizontal - 100 kHz/div

Vertical - 10 dB/div
Ref - one division below top line



fSCO MI **f

165kHz 0.62 103 kHz Peak
112 kHz 0.25 28 kHz Peak

Figure A- 10 RF Spectrum as Shown in Figure A-9 With Sweep
Reduced to 50 kHz/div

BR = 54 KB/S
Peak-to-Peak Deviation
= 40.5 kHz
Figure A-11 Modulation Spectrum of
Psuedorandom NRZ PCM Code

Figure A-12 Modulation Spectrum Produced by the Addition of
the PCM Modulation of Figure A-11 to the Subcarrier
Modulation of Figure A-10

Figures A-10 through A-12
Horizontal - 50 kHz/div

Vertical - 10 dB/div
Ref - one division below top line



Figure A-13 FM Spectrum Produced as in Figure A-14 Modulation Spectrum of the
Figure A-9 Except the Lower SCO is 10 SCOs of System 3 Described in Appendix C
Frequency Modulated

Figure B-1 PCM/FLSC Compatibility

 


