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EVALUATION OF AN EXPANDED FM/FM BASEBAND
STRUCTURE

E. B. CAMPBELL and W. R. HERBERT
Electro-Mechanical Research, Inc.

Sarasota, Florida

Summary    An experimental evaluation program was undertaken to investigate the
feasibility of expanding the IRIG (Inter-Range Instrumentation Group) FM/FM
baseband. The results of the evaluation indicate that with typical field equipment, three
higher-frequency proportional-bandwidth channels can be added to the baseband while
maintaining adequate system performance.

Introduction    The White Sands Missile Range (WSMR) recognized the need to expand
the FM/FM baseband structure described in IRIG Document No. 106-60, June 1962
revision, to include a larger number of channels, choice of constant- or proportional-
bandwidth subcarrier channels, and greater flexibility in operating parameters. This
paper describes the progress to date of a program sponsored by the IRIG Telemetry
Working Group (TWG) and funded by the Electronic Systems Division of the USAF and
WSMR. The program was undertaken by Electro-Mechanical Research, Inc. on 17 June
1964 under contract DA-29-040-AMC-746(R) to investigate the expansion of the
FM/FM baseband. In essence, the program consists of an evaluation of equipment, a
study to determine a feasible baseband expansion, and an experimental evaluation
program to verify the expansion and provide recommendations for its application.

Telemetry equipment representative of that widely used in the field was obtained and
evaluated to determine those parameters which contribute to total system error.
Parameters such as receiver IF-envelope delay variation, transmitter dynamic linearity,
tape-recorder harmonic distortion, etc., were measured. Where possible, similar units
from different manufacturers were evaluated.

In order to determine the feasibility of an expanded baseband, an IRIG-baseband
telemeter was experimentally evaluated and compared with the expanded-baseband
telemeter. In addition to the use of the IRIG-baseband telemeter as a reference system, its
operation at deviation ratios of 2 and 1 was evaluated.

Evaluation of Equipment    One of the objects of this baseband evaluation program is
to determine if typical field equipment performance characteristics will prevent



expansion of the standard baseband and maintenance of suitable overall accuracy. To
this end, an equipment evaluation was undertaken to ascertain those characteristics
which would contribute significant errors to system operation with an expanded
baseband. Where possible, similar units were obtained from different manufacturers.

Tele-Dynamics Model 1270A, Vector Model TS-41, and EMR Model 307A Voltage-
Controlled Oscillators were evaluated for modulation feed-through, linearity, harmonic
distortion, and crosstalk. It was determined that no significant characteristics of any of
these units would prevent their use in an expanded-baseband system, and all were used
in the experimental evaluation.

The intermodulation and frequency response of the Sonex Model TEX-3210 Mixer
Amplifier were evaluated and found to present no limitation to expansion of the
baseband.

EMR Model 121D and Leach Model FM-200 Telemetry Transmitters were evaluated for
total harmonic distortion and deviation sensitivity. Harmonic distortion of both units was
checked at peak deviations from ±25 kc to ±200 kc and at modulating frequencies from
3 kc to 225 kc. The Leach transmitter exhibited less than 0.5% total harmonic distortion
(THD) at ±25-kc peak deviation, increasing linearly with deviation to less than 2.5%
THD at ±200-kc peak deviation; its THD was found to be independent of modulation
frequency over the complete range tested. For modulation frequencies up to 70 kc, the
EMR Model 121D was found to exhibit THD equivalent or superior to the Leach unit,
but its performance deteriorated at higher modulation frequencies. As a result, the Leach
Model FM-200 was selected for use in the evaluation system. Note: The deviation
sensitivity of both transmitters decreased similarly for modulation frequencies above
70 kc, an effect which must be compensated for when setting preemphasis in the
expanded-baseband channels.

DEI Model TMR-ZA and Vitro (Nems-Clarke) Model 1455A Telemetry Receivers with
500-kc IF amplifiers were selected for equipment evaluation. Their IF amplitude
response, IF time-delay variation, total harmonic distortion, intermodulation distortion,
and output-noise spectral density were measured. No characteristics which would limit
the use of either receiver for expanded-baseband operation were detected. The Vitro unit
was selected for use in the system evaluation because of its earlier availability.

EMR Model 210 Discriminators were used in the system evaluation program without
separate testing since extensive in-house data and experience with the unit left no doubt
of its capability to operate with the expanded-baseband channels.

Mincom Model G-107 and Ampex Model FR-1400 Tape Recorders were evaluated for
use with the expanded baseband. Frequency response, intermodulation, and signal-to-



noise performance were tested at a speed of 60 inches per second. The characteristics of
both machines make feasible their use with the expanded baseband, but the Mincom unit
was used in the experimental system because of its availability for a longer period.

System Description    The laboratory telemeter used for the evaluation of each baseband
is shown in Figure 1. Each VCO is normally deviated full bandwidth with a sine wave at
a frequency equal to the nominal channel cutoff for a deviation ratio of 5. For
preemphasis adjustments, the output level control of each affected VCO is used; the gain
control on the mixer amplifier is used for adjustment of the total multiplex level. The
variable attenuator at the transmitter output allows the carrier to be adjusted to the
desired carrier-to-noise ratio. The receiver is operated with a 500-kc IF and a 1200-kc
video filter. During signal-to-noise measurements, the receiver AGC is externally held at
a constant voltage.

The channel allocations for the four basebands evaluated are shown in Table 1. The
center frequencies of the new high-frequency channels are determined in a manner
similar to those of the IRIG-baseband (1.33 times the previous upper channel). The
number of channels to be added to the IRIG-baseband was based on the criteria that the
receiver and the subcarrier discriminators should threshold at approximately the same
carrier-to-noise ratio while otherwise maintaining adequate performance.

For system operation with postdetection recording, the receiver output was
deemphasized and a reference tone from the EMR Model 226A Reference Oscillator was
added to the multiplex. The reference discriminator and the delay line were used for
tape-speed compensation.

A number of configurations for adding wideband channels to the baseband are possible;
however, only the configuration with a wideband channel in the highest frequency
position was evaluated.

Preemphasis    For each baseband considered, the preemphasis was optimized to
provide each channel in the multiplex with equal signal-to-noise performance when the
receiver was operated at threshold. In addition, the multiplex levels were adjusted to
deviate the transmitter such that the radiated spectrum did not exceed a specified limit.

In optimizing the preemphasis, the receiver was operated at an IF carrier-to-noise ratio of
9 db, which is approximately the receiver threshold. Next, the individual unmodulated
VCO outputs were adjusted to produce identical subcarrier-to-noise ratios as measured at
the output of the band-pass input filter of the subcarrier discriminator. Ideally, when
optimizing a preemphasis schedule the signal-to-noise ratio is measured at the
discriminator output; however, this measurement is difficult to make, expecially on the
low-frequency channels when the system is operating near threshold. Therefore, it is



assumed that if all the subcarrier discriminators have identical input signal-to-noise
ratios, their output signal-to-noise ratios will be identical.

Although transmitter incidental FM was not a problem under the laboratory conditions of
this evaluation, a minimum peak transmitter deviation of approximately 3 kc for each
channel was nevertheless used. This minimum allowable deviation of the lower-
frequency channels provides an increased subcarrier-to-noise ratio to minimize the effect
of incidental FM or other low-frequency noise present. Increased low-frequency channel
deviation costs very little for- a typically preemphasized multiplex since the rms
transmitter deviation is essentially determined by the four or five highest-frequency
channels, which are operated at high amplitude.

The experimental preemphasis for the IRIG-standard 18-channel baseband and the
expanded 21 -channel baseband as well as the individual channel signal-to-noise ratios
are shown in Figures 2 and 3, respectively. A significant characteristic of the
preemphasis schedules is the absence of the theoretical 3/2-power taper (9 db per
octave). The observed tapers are approximately linear, (6 db per octave) to 70 kc;
however, for the higher frequency channels in the expanded baseband, the reduction in
transmitter deviation sensitivity plus increased noise density cause the slope to approach
the 3/2-power taper. Above threshold the receiver output-noise density is triangular; as
the receiver approaches threshold, the noise density loses its triangular shape until it
becomes approximately flat with the carrier entirely removed. (1) Figure 4 shows the
receiver noise density as a function of carrier-to-noise ratio.

The optimum preemphasis schedule for the two basebands, with the highest-frequency
channel in each operating wideband (±15%), requires that the level of the wideband
VCO be increased approximately 3 db. In order to maintain the required rms multiplex
level, the total preemphasis --including that of those channels operating with minimum
allowable transmitter deviation--must be readjusted.

The technique described thus far for setting system preemphasis has only established the
relative levels of the individual channels. The absolute level (i.e., the actual transmitter
deviation allotted to each channel) depends upon the total allowable transmitter
deviation.

In the past, the total transmitter deviation has been limited to ±125-kc peak deviation;
however, for this evaluation the transmitter radiated spectrum was fixed at a specified
level. Limiting the radiated spectrum has the effect of limiting the total rms multiplex
level and thereby establishes the allowable transmitter deviation allotted to each channel.
Further discussion of the radiated spectrum is contained in the next section, The total
optimization procedure is thus one of adjusting individual VCO levels while maintaining
a constant total rms multiplex level. Fortunately, the four or five highest-frequency



channels dominate the total rms level, and the optimization procedure converges fairly
rapidly.

Radiated Spectrum    The transmitter output spectrum for each baseband multiplex was
measured and the total multiplex level adjusted to provide a power spectral density, as
measured in a 1000-cps bandwidth, that was less than -50 db relative to the unmodulated
carrier level outside a ±294-kc bandwidth. This limit allows the transmitter to be
deviated 75 kc rms for the IRIG 18-channel multiplex and 56 kc rms for the expanded
21-channel multiplex.

During the course of the evaluation program, the radiated-spectrum specification has
undergone an evolutionary change because o pro ems of clarity, measuring technique,
and unanticipated results. The initial specification was:

The 40-db bandwidth of the modulated carrier, referenced to the
unmodulated carrier, shall not exceed ±320 kc. Carrier components
appearing outside a ±500-kc bandwidth shall not exceed -25 dbm.

Initially, a Polarad spectrum analyzer was used to measure the radiated spectrum to the
above specification, with allowance included for 0. 01% transmitter drift. Since the
spectrum was found to be continuous with no discrete lines, a quantitative measurement
using the analyzer was impossible. Major difficulties with this type of device were:
uncalibrated bandwidth, uncalibrated sweep rates, nonlinear amplitude display, and the
necessity for averaging the continuous random spectra by eye.

A spectrum-translation technique was devised to overcome the shortcomings of the
spectrum analyzer and to make possible quantitative spectral measurements: By
heterodyning the transmitter output with a local oscillator operating 1 Mc above or
below the unmodulated transmitter frequency, the radiated spectrum can be measured
with a frequency selective voltmeter such as the Hewlett-Packard Model 310A Wave
Analyzer. This instrument’s narrow, calibrated bandwidth allows the average value of
the energy to be measured accurately and the power spectral density of the transmitter to
be plotted. Figure 5 shows the measured power spectral density for the IRIG-standard
18-channel baseband with a total rms transmitter deviation of 75 kc. The shape of the
spectrum was found to fit the Gaussian (normal probability) density within ±2 db out to
five standard deviation, 5F. This shape has been theoretically predicted by Abramson,(2)

who relates the rms modulating wave directly to the rms bandwidth (standard deviation)
of the output spectra. The correlation is extremely close. As measured, the ±3.5F
bandwidth was 560 kc, giving a standard deviation or rms bandwidth of 80 kc.



The results of the radiated-spectrum test on the IRIG-standard 18-channel baseband led
to a revision of the radiated-spectrum specification. A more meaningful specification
which specified the rms bandwidth seemed warranted, so the radiated-spectrum
specification was changed to specify the 3. 5u- bandwidth at ±320 kc; the “-25 dbm”
specification (±500 kc) was not changed. This revised specification places 99.93% of the
transmitter energy within the assigned bandwidth of ±320 kc.

With expansion of the baseband to include channels at 93, 124, and 165 kc, the orderly
Gaussian spectrum was deteriorated by peaks rising in the continuous spectrum at the
frequencies of the first and second sidebands of the new channels. Apparently the
modulation index for the expanded baseband is insufficient for the Gaussian
approximation to be valid. These peaks on the measured radiated spectrum, as shown in
Figure 5, are not discrete lines but are actually continuous spectra. In the second group of
peaks, the peak at ±290 kc from the carrier is the sum frequency of 165 kc and 124 kc.
The relative levels among the peaks correspond closely to the relative levels that would
occur with single-tone modulation at the same modulation index.

The revised radiated-spectrum specification is not precisely applicable to the transmitter
spectrum with the expanded-baseband multiplex. A more thorough study of transmitter
radiated spectra is needed in order to determine radiated-spectrum specification adequate
to include the expanded-baseband case. The program, however, was continued by
applying the same specification to the expanded-baseband spectrum as had been used
with the Gaussian spectrum of the IRIG baseband. With the Gaussian spectrum, the
specified 3.5F bandwidth of ±294 kc, allowing for 0.01% transmitter drift, occurred at
-50.5 db referenced to the unmodulated carrier level. The application of these same
criteria, -50.5 db and ±294 kc, to the spectrum for the expanded baseband necessitated a
reduction in the transmitter drive level and produced 56-kc rms deviation instead of the
75-kc rms deviation used with the IRIG multiplex.

Similar measurements were made on the two basebands with the highest-frequency
channel in each operating wideband (±15%). The results indicate a maximum deviation
of 75 kc rms for the IRIG baseband and 47 kc rms for the expanded baseband. Thus, in
an IRIG-baseband multiplex, the effect of operating the highest channel wideband is
negligible but if the expanded baseband is operated in this manner, the total multiplex
level must be reduced to meet the requirements of the radiated-spectrum specification.

Intermodulation    No significant differences in the subcarrier-discriminator output
noise due to intermodulation products were observed between system operation with the
18-channel IRIG system and the 21-channel expanded system. Each baseband was
changed to include a wideband (±15%) channel in the highest frequency position, and a
decrease in output noise due to intermodulation was observed. Changing the operation of



the IRIG system from deviation ratio of 5 operation to operation at deviation ratios of 2
and 1, however, caused a marked increase in intermodulation noise. Table 2 is a
summary of the results obtained.

Output noise due to intermodulation products was measured on each system with all
channels except the channel under investigation (search channel) deviating full
bandwidth at a rate either one-tenth their respective deviation ratio of 5 nominal cutoff
frequency or 5 cps, whichever is larger.

The search channel VCO was deviated slowly from bandedge to bandedge while the
peak-to-peak intermodulation noise level at the subcarrier-discriminator output was
measured by photographing an oscilloscope display. To ensure synchronization of the
discriminator output and calibration accuracy, the horizontal sweep voltage of the
oscilloscope was used to deviate the search channel VCO. The sweep speed used was
5 sec/cm, or 40 seconds for full-bandwidth deviation.

Signal-To-Noise    Signal-to-noise results obtained for the IRIG baseband are presented
in Figure 6. With the radiated spectrum specification and the 500 kc receiver IF
bandwidth applicable for the evaluation program, performance of the IRIG baseband was
exceptionally high. A generally used, conservative criteria for acceptable telemetry
system performance requires that the receiver and the subcarrier discriminator threshold
at the same carrier-to-noise ratio. With reference to Figure 6, at a carrier-to-noise ratio of
9 db, receiver threshold, the IRIG baseband output signal-to-noise ratio is 40 db, 12 db
above the discriminator threshold level. The carrier-to-noise ratio must be decreased to
below 4 db before the discriminators threshold. The additional 12 db of channel
performance at and above receiver threshold is considered unnecessary for most
applications and is due directly to the larger transmitter deviation and higher VCO levels
allowed by the radiated spectrum specification used in the evaluation program. Identical
results were obtained with a wideband ±15% channel in the highest frequency position
of the IRIG multiplex.

With expansion of the IRIG baseband to include three additional channels, the radiated
spectrum specification required a reduction in the rms transmitter deviation. The receiver
and the subcarrier discriminator now threshold at the same carrier-to-noise ratio, 9 db.
This system’s output signal-to-noise ratio at threshold is 28 db in the preemphasized
channels and higher in the low frequency channels where the 3.0 kc minimum peak
deviation criteria (discussed in the section on preemphasis) applies.

Additional reduction in transmitter rms deviation with the addition of the wideband
(±15%) channel in the highest frequency position of the expanded baseband caused the
preemphasized channels to suffer a 3 db performance degradation. Because of the 3.0 kc
minimum peak deviation previously mentioned, those channels below 22.0 kc are



unaffected and exhibit output signal-to-noise performance of approximately 35 db at
receiver threshold.

In summary, due to the radiated spectrum specification and IF bandwidth used, the IRIG
baseband allows exceptional performance even with one wideband channel included.
The expanded 21 -channel baseband provides receiver and the subcarrier discriminator
threshold at the same carrier-to-noise ratio with a small performance degradation upon
addition of a wideband channel.

System Error    The total system error with either of the basebands was found to be
equal to or less than 2% of full bandwidth for system operation at a carrier-to-noise ratio
of 39 db. Operating the system with a wideband (±15%) channel in the highest frequency
position in each baseband also gave similar results. Reducing the deviation ratio on the
IRIG baseband to 2 and 1 produced system errors equal to or less than 2% and 5% of full
bandwidth, respectively. The major contribution to system error was found to be
amplitude rolloff caused by filters within the system.

In essence, the system error test measures the difference between the system input and
output using a null technique. For each of the basebands the 3.0-kc channel and the
highest frequency channel were tested for system error. The test was conducted at a
carrier-to-noise ratio of 39 db with all channels except the channel under test deviated
full bandwith at their maximum rate. The search channel’s input and output were
compared at three positions in the data channel: 0.3, 0.5, and 1.0 times the nominal
cutoff frequency of the channel. In each case, the maximum error was found at cutoff
frequency and is attributed to amplitude rolloff in the subcarrier discriminator low-pass
output filter. In all cases this output filter is a constant-amplitude, 18 db per octave type.
If an amplitude correction is allowed, the system error reduces to less than 0.5% of full
bandwidth for the basebands operated with a deviation ratio of 5. For the IRIG baseband
operated at deviation ratios of 2 and 1, the error reduces to less than 0.7% and 1.8% of
full bandwidth, respectively, with the amplitude correction.

By deleting all channels except the channel under test from the multiplex, the
contribution of intermodulation products to system error was removed. On the high-
frequency channels the intermodulation was found to be neglibible; however, on the low
channels approximately half the system error was found to be due to intermodulation
when the error due to amplitude error is also removed. For the case of deviation ratios
less than 5, the system error with amplitude error removed was found to be
predominately due to intermodulation.

Tape Recorder    The effect of postdetection tape recording on system output noise was
determined for each of the baseband configurations. In each case, the inclusion of a tape
recorder was found to increase the average system noise by approximately 5 db for each



of the basebands. Since a tape-speed-compensated high-quality recorder was used, the
amount of wow and flutter found was comparatively small. The improvement due to
tape-speed compensation was found to be 10 to 12 db in the low-frequency channels and
as little as 3 db in the high-frequency channels. The effect of the tape recorder was also
determined for the IRIG-baseband multiplex operating at deviation ratios of I and Z, in
which case the normal output noise was much greater than the noise caused by the tape
recorder.

For the tape recorder tests, a reference tone was added to the deemphasized receiver
output and the composite signal was recorded at normal record level. A 100-kc reference
tone was used for the IRIG-baseband test and a 250-kc tone for the expanded-baseband
test. The level of the reference tone was two times the level of the highest channel in the
multiplex.

On playback, the subcarrier discriminator output noise on several channels was
compared with the output noise observed when the tape recorder was bypassed. In each
case, the difference in output noise was measured with the discriminator at center
frequency and at bandedge. The other channels in the multiplex were deviated full
bandwidth at their maximum rate.

Pulse Modulation    To determine the system fidelity for pulse-type transmission, each
of the basebands containing a wideband (±15%) channel in the highest frequency
position was evaluated using PAM, PDM and PCM signals. The IRIG baseband 70 kc
±15% channel was modulated with 900 samples per second for PAM and PDM and with
21,000 bits per second for PCM. The expanded baseband 165 kc ±15% channel was
modulated with 2100 samples per second for PAM and PDM with 49,500 bits per second
for PCM. Both channels exhibited errors of less than 1% of full scale on PAM and less
than 0.5% of full scale on PDM. The PCM bit error probability for each baseband was
measured and is shown in Figure 7.

In the PAM case, the test determined how accurately the individual pulses reached their
full scale value for 40%, 50%, and 70% duty cycles; in the PDM case, the test measured
changes in pulse duration through the system. For both the PAM and PDM tests the
receiver carrier-tonoise ratio was 39 db and all the channels in the multiplex were
deviated full bandwidth at their maximum rate. The subcarrier discriminator output filter
in each case was a constant-delay 18 db per octave type. The cutoff frequency for the
PAM test was 2100 cps in the 70 kc channel and 4950 cps in the 165 kc channel; for the
PDM test it was five times the repetition rate. The zero and full scale pulse durations
were 100 and 700 microseconds, respectively, for the IRIG baseband and 50 and 300
microseconds for the expanded baseband.



For the PCM/FM/FM test, the bit rate was set equal to the bandwidth of the channel and
the channel was deviated 70% of full bandwidth. This modulation condition has been
shown to the opirnum for pCM/FM(3,4); however, further study, beyond the scope of
this program, is needed to ascertain that the condition is optimum for PCM/FM/FM.

An EMR Model 219 PCM Signal Conditioner was used to reconstruct the PCM output
of the wideband subcarrier discriminator. The discriminator low-pass output filter
(LPOF) was bypassed and the PCM output signal fed directly into the signal conditioner.
(Normally the LPOF should be operated at several times the bit rate; however, one was
not immediately available. ) The signal conditioner was operated in the filter sample
mode, i.e., a constant-delay type input filter followed by an instantaneous sampling
detector. The reconstructed PCM waveform from the signal conditioner and the input
PCM wave train are then compared in a bit error detector. The bit errors are accumulated
in a digital counter and the bit error probability calculated.

The effect of pulse modulation on intermodulation products in the adjacent channel was
measured and no significant differences between basebands were found. The increase in
adjacent channel intermodulation due to zero scale PDM modulation was found to be
less than 0. 4% of full bandwidth for ±7.5% deviation and less than 0.9% of full
bandwidth for ±15% deviation. The effect of the PCM on the adjacent channel
intermodulation products was measured and found to be negligible for the IRIG
baseband; however, for the expanded baseband, the output noise of the adjacent channel
increased from 1% to 1.5% of full bandwidth.

Conclusion    Experimental evaluation of a typical telemeter has demonstrated the
feasibility of adding three proportional bandwidth channels to the standard IRIG
baseband at center frequencies of 93 kc, 124 kc, and 165 kc. With the exception of
signal-to-noise performance, no significant degradation of system accuracy was found
when the expanded baseband was used. Although the expanded baseband signal-to-noise
performance is reduced 12 db compared with that of the standard baseband, the reduced
performance should not be considered a penalty; rather, the superior performance of the
IRIG baseband should be considered a luxury. A conservative design criteria requires
transmitter deviation sufficient only to cause the receiver and the subcarrier
discriminators to threshold at the same carrier-to-noise ratio. The system parameters used
in the evaluation are generous for the IRIG baseband and allow the subcarrier
discriminators to threshold at a carrier-to-noise ratio 5 db below the receiver threshold
level, whereas the system operating with the expanded baseband provides receiver and
subcarrier threshold at the same carrierto-noise ratio.

The revised transmitter radiated-spectrum specification used in this program as applied
to the IRIG baseband provides both a precise constraint on transmitter power within the
assigned bandwidth and a simple straightforward means of determining the maximum



rms multiplex level to be used. Applying the specification to the expanded baseband
does not provide this same precise constraint because of the nonmonotonic nature of the
transmitter spectrum. Further investigation beyond the scope of this program is
recommended in this area.

Since operation of the IRIG baseband with a deviation ratio of 1 suffers from extreme
intermodulation noise, this mode of operation is not recommended. Operation with a
deviation ratio of 2 appears to be adequate for applications requiring accuracies no
greater than 5% of full bandwidth.
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TABLE 1. -BASEBAND CHANNEL ALLOCATIONS



TABLE 2. -INTERMODULATION SUMMARY



FIGURE 1. -EXPERIMENTAL SYSTEM BLOCK DIAGRAM



FIGURE 2. -IRIG 18-CHANNEL BASEBAND PREEMPHASIS

FIGURE 3. -EXPANDED 21 -CHANNEL BASEBAND PREEMPHASIS



FIGURE 4. -RECEIVER NOISE DENSITY (NEMS-CLARKE/VITRO
MODEL 1455A)



FIGURE 5. -TRANSMITTER RADIATED SPECTRUM



FIGURE 6. -SYSTEM SIGNAL-TO-NOISE PERFORMANCE



FIGURE 7. -PCM BIT ERROR PROBABILITY


