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China Lake, CA 93555

ABSTRACT

Four-level PCM/FM is investigated for reduced spectrum occupancy relative to binary
PCM/FM. The spectrum occupancy can be reduced to 65% of binary PCM/FM at a carrier
power cost of 4dB, to 58% at a carrier power cost of 7.6dB and to 50% at a carrier power
cost of 10.2dB. This performance was achieved using a range type telemetry receiver.
Spectra, waveforms, circuit details and BER characteristics are given.

INTRODUCTION

Secure Telemetry requires PCM transmission. It is anticipated that bandwidth conservation
may be required in future secure telemetry missions especially those involving wide band
analog data. The purpose of the tests reported in this paper is to investigate four-level
PCM/FM for bandwidth conservation. To be effective in bandwidth conservation, it is
assumed that the spectrum occupancy of four-level PCM/FM should be about one-half that
of binary PCM/ FM or less. Spectrum occupancy can be reduced by reducing the peak
deviation. However, this requires greater received carrier power to preserve data quality.
The criteria for spectrum occupancy used in this paper is sixty dB down from the
unmodulated carrier as observed in a 3kHz bandwidth per IRIG Document 106-80.

The tests were made using a range type receiver and standard test equipment except for
the encoder to generate the four-level waveform from the serial binary input and the level
detector and decoder to convert to serial binary output as shown in the appendix.

A trade-off exists in four-level sample detection (also in binary level detection) between
noise suppression by narrow banding in the post-demodulation filter and the distortion
caused by the filter, as shown in Figure 1f. The optimum average sampling time was
obtained by adjustment for each filter combination to minimize BER usually carried out at
about 10-3 to 10-4 BER. It is evident that an analytical approach for predicting BER would
be difficult and approximate, at best. It is not attempted here.



In the interest of simplicity, there was no AGC in the level detection circuit described in
the Appendix. Therefore, the input amplitude was adjusted for each case to give minimum
BER.

By inspection, three carrier deviations with two premodulation filter combinations were
selected for BER tests.

SPECTRA AND WAVEFORMS

Figures 1a, 1b, and 1c show spectra of the 75 kilosymbol four-level PCM/FM with a serial
binary input of the IRIG Standard 2047 bit sequence with three peak-to-peak deviations
and two premodulation filters. Spectrum occupancy for the three cases is about 260kHz,
230kHz, and 200kHz, respectively. The unique compressed spectrum of optimized binary
PCM/FM, as shown in Figure 1d, (for 150 kb/s) does not occur. The corresponding
spectrum occupancy is 400kHz or 2.7 times the bit rate.

Figure 1e shows the waveform at the output of the premodulation filter set for 3 dB points
at 63kHz and 50kHz. Figure 1f shows the waveforms at the output of the post-
demodulation filter set at 40kHz using a carrier deviation of 103kHz P-P and an IF
bandwidth of 300kHz with premodulation filter at 63kHz and 50kHz, respectively.

EFFECT OF IF AND VIDEO BANDWIDTHS

Table I shows the BER versus IF bandwidth for a 12dB SNR in the 300kHz IF bandwidth.
It is seen that the optimum is around 300kHz. This may be interpreted as follows. At
100kHz the pulse distortion increases the error probability. At 500kHz, pop noise becomes
significant. This is because the ratio of the measured noise bandwidths of the 500kHz and
300kHz IF is 2.9dB so that the SNR in 500kHz is about 9.1dB. A rough estimate of the
BER due to pop noise in the 500kHz IF for a carrier deviation of 103kHz P-P is 3 x 10-4

(Reference 1). This is equivalent to noting that l2dB in 300kHz is effectively above
“threshold” and 9.1dB in 500kHz is not. From this it may be inferred that the BER, in the
region of interest for uncoded data transmission is mostly caused by fluctuation noise when
using the 300kHz IF. (or 100kHz IF). Thus it may be assumed that the optimum IF
bandwidth is about 2f b where f b = bit rate = 2 x symbol rate. Relative to post-
demodulation filtering, a test at a SNR of 10dB in 300kHz IF, with 103kHz P-P deviation
and 63kHz premodulation filter, gave BER of 7 x 10- 4 for the 40kHz LPF and 2.5 x 10-3

for the 50kHz LPF. Thus the optimum is near 40kHz which is about half the symbol rate.
The BER tests reported in the next paragraph were run with the 300kHz IF filter and
40kHz post-demodulation filter.



Table 1.  BER Versus IF Bandwidth

SNR in
300 kHz

Carrier Deviation
  kHz P-P

IF Bandwidth, kHz
100          300          500

Premodulation Filter
Filter Cut-Off

l2dB

12

12

103

80

63

8x10-4 6x10-5 6.4x10-4

2.7x10-3 1.5x10-4 4.6x10-4

3.8x10-3 2.7x10-3 3.8x10-3

63kHz

4

4

BER TEST RESULTS

Using the test setup described in the Appendix, BER versus Eb/No curves were run for the
three carrier deviations noted in Table 1. These are shown in Figures 2, 3, and 4. The
quantity Eb is the energy per bit and No is the one sided noise power per unit bandwidth.
The Eb/No are calculated as follows from the SNR as measured in the 300kHz IF which
has a measured noise bandwidth of 270kHz. The SNR in a bandwidth equal to the symbol
rate (75ks/s), which is Es/No , is obtained by adding 10 log (270/75) = 5.5dB to the SNR in
the 300kHz IF. The quantity Es is the energy per symbol. Since each symbol is worth
2 bits, the energy per bit is 1/2 Es . Therefore, in dB,

(1)

The BER versus Eb/No for optimized binary PCM/FM premodulation filtered at the bit
rate, taken from Reference (2), are plotted for reference for each of these figures.

DISCUSSION

As seen from Figures 2, 3, and 4, there is a rapid increase in required Eb/No, relative to that
for binary PCM/FM, in order to decrease the spectrum occupancy from 1.73fb to 1.33f b.
This is shown in Table II which is compiled for a BER of 10-5. Note from Figure 1d, that
the spectrum occupancy for optimum binary PCM/FM with premodulation filter at 0.7fb is
400/150 = 2.67f b. (The BER for a premodulation filter of fb is about the same in the region
of interest to that for a premodulation filter of 0.7fb). Thus, depending on the severity of
the spectrum occupancy requirements, it might be said that, for practical purposes, the
spectrum occupancy should not be reduced below about 1.7f b.

It should be noticed from Figures 1a and 1b that the 63kHz premodulation filter very
nearly meets the spectrum occupancy requirement of 60dB down from the unmodulated



carrier as measured in a 3kHz bandwidth. In Figure 1c, the 63kHz filter meets this
requirement.

It should be mentioned that the four-pole low-pass filter and clock in the DSI Model 7700
PCM it Synchronizer were tried for the four-level PCM/FM. Only a small modification
was required. The performance was about 1dB worse than with the six-pole filter at 40kHz
bandwidth, which was used for the final test results.

Table II. Additional Power Requirements and Spectrum Occupancy Relative to
Binary PCM/FM. Measured at a BER of 10-5

Deviation
kHz, P-P

              dB
63kHz LPF 50kHz LPF

Spectrum Occupancy
kHz

Spectrum Occupancy
Units of fb

103

80

63

4.0

7.6

10.2

5.6

10.2

13.2

260

230

200

1.73

1.53

1.33
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APPENDIX:   Description of Laboratory Set-Up and Equipment

INTRODUCTION

This section will describe the laboratory set-up and equipment used to acquire the results
of the performance analysis presented so far. During the planning stage for this work a
goal to utilize, as much as possible, standard range telemetry equipments was established
to provide some measure of feasibility for the range community. The test methods
described herein, are in part, a product of this concern.



THE END-TO-END LINK SIMULATION

The performance of the four-level PCM/FM was measured using a simulated telemetry
link which is diagramatically presented in Figure 1-A. All equipments are standard
telemetry ground station models as listed in Table I-A, except for the four-level encoder,
four-level decoder, and clock phase delay which were fabricated especially for these tests.
The following values were used for the test setup:

• Binary bit rate - 150 kb/s
• Four-level symbol rate - 75 ks/s (2 bits/symbol)
• Premodulation and postdetection filter type - 6-pole linear phase
• Nominal carrier frequency - 2219.5 MHz
• RF pre-amplifier gain - 30dB
• RF pre-amplifier noise fiqure - 5dB
• Receiver IF filters - 160, 300, and 500 kHz
• Receiver video filters - out (bypass @ 2 MHz)
• Bit synchronizer loop bandwidth setting - 0.1%

Since the main thrust of this work was to achieve spectrum conservation, heavy
premodulation filtering of the symbol stream to reduce sideband energy was necessary.
Further narrowbanding occurred in the postdemodulation filtering and sampling used for
symbol detection. Dependance of system performance on filter characteristics was
pronounced as four, six, and sevel pole linear phase filters were compared for evaluation.
It was determined that the six pole model performed the best for both premodulation and
postdemodulation filtering functions. The amplitude response in the frequency domain is
shown in Figure 2-A.

THE FOUR-LEVEL ENCODER

The generation of the four-level signal was done by an encoder built especially for this
test. The encoder performs conditioning and weighting functions on the input binary bit
stream and produces a four-level symbol stream output. The input bit stream is conditioned
two bits at a time yielding one of the four possible symbol outputs. Figure 3-A shows the
binary input states corresponding to four symbol values. Figure 4-A is a block diagram of
the four-level encoder which basically provides a two bit digital-to-analog conversion in
accordance with the conversion defined in Figure 3-A. The selection of the code sequence
was arbitrary, however, it is in a format which allows only one bit transition per symbol
transition. When performing symbol detection in a noisy environment the most common
error would occur when incorrectly detecting a symbol level which is adjacent to the
correct level, thus producing a single bit error.



THE FOUR-LEVEL DECODER

The four-level decoder provides the three functions of detection sampling, analog-to-digital
conversion, and parallel-to-serial conversion. The sampling function is used with the post-
demodulation filter for the filter-and-sample type symbol detection. Proper sampling strobe
timing is achieved by adjusting the clock phase delay shown in Figure 1-A. The signal is
digitized after sampling by an eight bit analog-to-digital converter clocked at the symbol
rate. The output of the converter is then run to a decoder which outputs the parallel A and
B bits. A final conversion made by the two bit parallel-to-serial converter outputs the
decoded bit stream to the bit error rate tester. A block diagram of the four-level decoder is
shown in Figure 5-A.

Table 1-A.           List of Test Equipments

Function Model Serial No.

PCM Simulator
Four-level Encoder
Premodulation Filter

Signal Generator
Coupler
Attenuators

Preamplifier
Telemetry Receiver

RF Tuner
IF Filters
Demodulator

Post-demodulation Filter

Bit Synchronizer
Four-Level Decoder
Clock Phase Delay
BERT
Power Meter

Sensor
Spectrum Analyzer

Systems Clock
True RMS Voltmeter

DSI 7121
NWC Special
Dynamics 6364A/LQ*
EMR 4190**
Microdyne 7100-SL(A)
Narda 3043B-30
HP 8494G
HP 8496G
WJ-780
Microdyne 1100-R(7)(A)

1115-T(A)
1132-I(A)
1143-D(A)

Dynamics 6364 A/LQ*
EMR 4142 (Modified)**DSI
7700
NWC Special
NWC Special
EMR 721
HP 436A
HP 8484A
HP 141 T

8552 B
8555 A
8556 A

ATO 860
Fluke 8920 A

00270-0022
- - - -
 3154
4
121
0701
- - - -
- - - -
129
046
047
018
038
3039
40
019
- - - -
- - - -
2
2101A09335
2046A06971
1615A13367
1736A12930
1724A07744
1634A03219
0378
2940033

*    6 Pole, Linear Phase
**  7 Pole, Linear Phase



FIGURE 1.  Frequency and Time Domain. For plates A through D, the vertical scale is 10dB/div, the horizontal scale is
50KHz/div, IF bandwidth is 3KHz, and the video bandwidth is 10Hz. Some spectra of four-level PCM/FM is shown on
plates A through C, each plate having four traces as follows: the top trace is without premodulation filtering; the second
trace is with 63KHz premodulation filtering; the third trace is with 50KHz premodulation filtering; the bottom trace is the
unmodulated carrier. For plates A through C the peak-to-peak deviations are 103, 80, and 63KHz, respectively. Plate D
shows the spectrum of binary PCM/FM with premodulation filtering at 0.7fb and the unmodulated carrier. Plate E shows
the four-level waveform at the premodulation filter output for cutoffs of 63KHz, top trace, and 50KHz, bottom trace. Plate F
shows the waveform, at the output of the post-demodulation filter of 40KHz with the premodulation filter at 63KHz, top
trace, and 50KHz, bottom trace.



FIGURE 2.   BER curves for deviation of FIGURE 3.   BER curves for deviation of FIGURE 4.   BER curves for deviation of

63 KHz peak-to-peak. 80 KHz peak-to-peak. 103 KHz peak-to-peak.



FIGURE 1A.   Block diagram of test set-up for four-level PCM/FM performance analysis.

FIGURE 2A.  Amplitude response curves for the six pole linear phase filter. Traces are
shown for 40KHz, 50KHz, and 63KHz cutoff frequencies along with the top trace sharing
the swept input signal. The horizontal scale is 10KHz/div and the vertical scale is 2dB/div.



FIGURE 3A.  Definition of the four symbol levels in terms of the two bit digital input.

FIGURE 4A.  Block diagram of four-level encoder.

FIGURE 5A.  Block diagram of four-level decoder.

 


