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EFFECT OF PCM ENCODING ON WIDE BAND
TELEMETRY DATA

T. F. Cox and M. H. Nichols
Naval Weapons Center

China Lake, California 93555

ABSTRACT

In order to comply with certain mission requirements, it is necessary to encode
telemetry data into pulse code modulation (PCM). For this reason, test data have been
obtained in order to determine the effects of quantization errors and bit errors with special
reference to wide band noise-like data signals involving data reduction by spectral
analysis. The use of notch noises tests for determining coder/decoder (CODEC)
performance has been evaluated. Test procedures and test results are given using CODEC
configurations of 4 to 12 bits per word. Parameters for encoding constant bandwidth
(CBW) and proportional bandwidth (PBW) subcarrier multiplexes for PCM transmission
are included.

1.  INTRODUCTiON

Certain mission requirements for wideband data have mandated the use of PCM. The
purpose of this paper is to present test data and approximate formulae to evaluate effects
of quantization noise and bit errors on the spectra of the data. Notch noise test data were
found to be useful in the investigation and the notch noise test is proposed for evaluating
CODEC dynamic peformance. Also test data are presented on PCM transmission of CBW
and PBW multiplexes.

2.  QUANTIZATION ERROR SPECTRA WITH SINUSOIDAL INPUT

In order to provide background, tests were first run using sinusoidal input with the
CODEC back-to-back. Figure 1 is a block diagram of the test set up. The peak-to-peak
range of the input to the coder is A = 5 volts (V). The number of bits per word is
selectable from 4 to 12 inclusive. When the sample clock , fs, and the input sinusoid of
frequency f were phase-locked, components of frequency nfs ±(2 m + 1)f, were generated
(see Reference 1). This is illustrated in Figure 2 using 4 bits/word with fs = 35 ks/s and
f = 10 kHz. The parameters of the spectrum analyzer are printed on the photograph. There
are two traces. The bottom trace is with the 10 kHz sine wave alone fully loading the



CODEC with the relative phase of the sine wave and the sample clock adjusted to produce
maximum amplitude of the 5 kHz component. The 5 kHz component is given by fs - 3f,
3fs - 11f, 5fs - 17f, etc., the 15 kHz component by fs - 5f, 3fs - 9f, 5 fs - 19f, etc., and the
20 kHz component by 2fs - 5f, 6fs - 19f, 10fs - 33f, etc. Note that if the sine wave were
recovered by an ideal low pass filter (LPF) of cut-off 35/2 = 17.5 kHz, the 5 kHz and
15 kHz would be aliased into the data band. The second trace in Figure 2 shows the effect
of an added frequency of 9.6 kHz, not phase locked, 30 dB down which “dithers” the
quantization tending toward randomizing the quantization error so that equation (A-2) can
be used to estimate the two-sided spectrum of the quantization error. Substituting M = 4
and fs = 35 ks/s into equation (A-2) gives SQQ(0) = 2.3 x 10-7 V2 /Hz. Since the noise
bandwidth for Figure 2 was 360 Hz, the corresponding quantization noise power was 2 x
360 x 2.3 x 10-7 = 1.7 x 10-44 V2, this is 43 dB down from CODEC input power. This
agrees fairly well with the second trace in Figure 2.

Another example is given in Figure 3 for two tones of 41 and 50 kHz with amplitude
sum = 2.5 V. The tones were not phase locked to each other or to the sample clock. The
sample rate fs = 240 ks/s with 6 bits/word. From equation (A-2), proceeding as above, the
ratio is 63 dB. Since the peak CODEC load corresponds to 23 dB down from the spectrum
analyzer reference (top line of gradicule) the agreement is good which indicates
randomization of the quantization error. It is evident that no visibly sinusoidal
intermodulation components are generated in the frequency band from zero to fs /2 Hz. It
should be noted that the input for Figure 3 was passed through a Marconi 60 kHz LPF to
remove the harmonics from the sine wave generators. in Figure 4, 8 bit words were utilized
with only the 50 kHz tone present. The spectrum analyzer noise floor is shown. According
to equation (A-2) the quantization noise spectral density drops 6 dB for each additional bit
per word. Thus, it is evident that the sinusoidal test for dynamic CODEC performance is
practical up to 8 bits/word when using the Hewlett-Packard 8566A spectrum analyzer.
Incidentally, the above spectra shows the aperture effect which goes to zero at f = fs. We
have been unable to explain the presence of the component at fs.

3.  QUANTIZATION OF THERMAL NOISE - THE NOTCH NOISE TEST

Figure 1 is a block diagram of the test setup. The sample clock rate was 240 ks/s. Two
60 kHz Marconi LPFs plus a 108 kHz LPF were used in series to sharply cut off the notch
noise test spectrum to avoid aliasing. Figure 5 shows the input notch noise test spectrum
with the 40 and 60 kHz notches in plus the LPFs. The bottom trace is the spectrum
analyzer noise floor. Figure 6 shows the spectrum at the CODEC output, subject to zero
bit errors, with 0.4 Vrms input to the CODEC using 10 bits/word and fs = 240 ks/s. Note
the aperture effect and the unexplained presence of the fs component. By varying the
loading of the CODEC with no bit errors, it was found that 0.6 Vrms input was about
optimum for maximum NPR, i.e., power ratio, notch out to notch in. Six to 8 dB



degradation occurred for 10 bit words at 0.8 Vrms input compared to 0.6 Vrms. At
8 bits/word, the corresponding degradation was about 3 dB.

Table 1 shows the noise power ratio (NPR) versus notch frequency for several different
bit error probabilities using the Marconi equipment with test signal level into the CODEC
of 0.6 Vrms. The calculations were made using equation (A-5).

When Pe is zero, only quantization noise is present. Note that with Pe = 0, the
agreement between test and calculations is good for 4, 6 and 8 bits/worl. For 10 bits/word
the NPR is 2 to 3 dB less than predicted and at 12 bits/word it is 14 dB less than predicted
showing a tendency of the CODEC to bottom out. The NPR of the sample and hold and
the output amplifier were checked and found to contribute negligible degradation of the
measured NPR for 10 and 12 bits/word. When Pe = 5 x 10-3 the agreement with
calculations is good. But for larger numbers of bits/word and smaller bit error
probabilities, the NPR data are larger than calculated. Measuring of NPR by means of the
Hewlett-Packard spectrum analyzer Models 141T/8556A and 8566A shows the same
tendency. Possibly the reason is that the processing does not produce a true average value
of noise due to infrequent bit errors.

Because the notch noise signal power is distributed over the test signal bandwidth, the
notch noise test is adequate for testing the dynamic performance of a CODEC with greater
numbers of bits per word than is the sinusoidal test in paragraph 2.

4.  PCM TRANSMISSION OF CBW AND PBW FM MULTIPLEXES

The ability to transmit a subcarrier multiplex on a PCM link is of some current practical
interest. Test were run with CBW and PBW multiplexes. The test setup is shown in
Figure 1. Seven bits per word were used together with hard wire synchronization. In
practice, an eighth bit can be used conveniently for word synchronization. A sample rate of
fs = 380 ks/s was used which produced a bit rate of fb 2.66 Mb/s. For the PCM, the carrier
was modulated 0.7 fb peak-to-peak. The IF bandwidth was 4 MHz. Since the notch noise
test results confirm that the quantization noise and bit error noise spectra are nearly flat
across the video band from zero to fs /4 Hz, a flat taper was used for CBW and a
3 dB/octave taper was used for the PBW. The subcarrier output signal-to-noise ratio
(SNR) was determined by measuring the output voltage, true rms, of a sine wave
modulating the subcarrier. The modulation was removed and the noise measured. The ratio
was assumed to be the SNR, i.e., it was assumed that the quantization noise and bit error
noise are additive to the data signal.



4.1  CBW Subcarriers

IRIG CBW subcarriers numbers 3B through 17B were used. The subcarriers were
modulated 3 kHz peak by two 400 Hz sine generators connected alternately to the
subcarrier modulation inputs. The subcarrier post-detection filters were set for cutoff at
2 kHz, i.e., for D = 2 by IRIG definition.

Table 2 summarizes the CBW output SNR versus Pe. The voltage into the CODEC was
0.8 Vrms which, as previously noted, somewhat overloads the CODEC but gives
improved performance against bit errors. Note that the subcarrier output SNR is nearly
constant across the multiplex.

Table 3 summarizes the results for the subcarrier multiplex operating in the FM/FM
mode. For this test the carrier was frequency modulated 100 kHz rms by the multiplex, the
IF bandwidth was 750 kHz, and a 6 dB/octave taper was used.

Table 4 gives the 750 kHz IF SNR in the FM/FM mode equivalent to the IF SNR in the
PCM/FM mode, with IF bandwidth equal to the bit rate, to produce the Pe values given.
Note that to within the parameters of the test, the same or a little less power in the PCM,
relative to the FM/FM, is required to produce an output SNR of 40 dB. If, with the PCM,
an output SNR greater than 44 dB is required it is necessary to go to 8 or 9 bits/word. An
additional bit theoretically increases the input SNR by 6 dB in the absence of bottoming.

4.2  PBW Subcarriers

The test was repeated using ±7.5% PBW subcarriers IRIG numbers 12, 13, 14, 16, 19,
20, and 21 with a 3 dB per octave taper. The input to the CODEC was 0.8 Vrms and 7 bits
per word were used. The subcarrier discriminator output bandwidth was set for D = 5. The
tests were run with the subcarriers unmodulated except for the one under test which was
modulated band edge-to-band edge with a sinusoid of frequency of one-half of “nominal
frequency response” (see Table 3-1, IRIG Document 106-80). Otherwise the procedure
was the same as in paragraph 4.1. The test results are given in Table 5. With reference to
Table 4, it is seen that roughly the same RF power is required to produce a subcarrier SNR
in the 50 dB range.

4.3  Discussion

Although the tests show that there is practically no difference in the RF power required
in the PCM/FM mode or in the FM/FM mode to produce subcarrier output SNR of around
40 to 50 dB, there is a difference in the nature of the output noise in the data channel.
When the FM/FM carrier is above about 12 dB, the carrier pop noise is infrequent and can



be neglected so that the subcarrier output noise is nearly Gaussian. In the PCM/FM the
noise due to most significant bit errors is very similar to pop noise in FM/FM (see for
example Reference 2 pg. 271). Figure 7 is an oscillogram showing the effect of bit errors
on the 32 kHz CBW channel. The top trace shows the word error pulses caused by bit
errors. The word error pulses produce ringing transients in the subcarrier selector filters.
These transients occur at random phase relative to the subcarrier thus causing amplitude
modulation of the subcarrier as shown in the center trace. If the transient amplitude
exceeds the subcarrier amplitude and is out of phase, the vector sum of signal plus noise
can encircle the origin thereby producing a “pop” in the subcarrier discriminator output
which goes to band edge as shown in the bottom trace. Figure 8 shows the effect of pops
on a modulated subcarrier. An obvious remedy is to reduce the bit error probability. For
example, an increase of 1 dB in a bandwidth equal to the bit rate in the neighborhood of
Pe = 5 x 10-6, see Table 4, reduces Pe by an order of magnitude. Direct serial recording on
instrumentation grade tape recorders can provide corresponding performance (see
Reference 3).

5.  NOTE ON SYNCHRONIZATION

When a single data channel is transmitted by PCM, only word sychronization is
required. This can be done conveniently by adding an additional bit to each data word
together with the use of up-down counters for detection. Instead of word synchronization,
suppose that frame synchronization is used in which n data words are deleted and the
frame bit pattern inserted. This substitution can be viewed as periodic word errors which
add an error spectrum to the data. This is illustrated in Figure 9 which shows a notch noise
test spectrum at the CODEC output using 8 bit words. Hard wire word synchronization
produced the bottom trace and frame synchronization with n = 2 produced the top trace.
Note the 10 dB degradation in the 40 Hz notch.

6.  DISCUSSION

6.1  Spurious Frequency Components

Figure 2 shows the generation of spurious frequency components in the data pass band
when the phase of a sine wave input to the CODEC is locked to the sample clock. It is
evident that, in the telemetry environment, spurious components could be generated over
some period of time if the phase of a periodic signal is drifting past the sample clock
phase. However, from Figure 2, spurious components would not be generated if
background signals or noise are present to randomize the quantization noise.



6.2  CBW/PCM and PBW/PCM

In the CBW and PBW tests, hardware limitations led to the use of eight and seven
subcarriers, respectively. If it is desired to expand the multiplex, the following
considerations apply.

1.  Increase the sample rate in proportion to increase in video bandwidth.

2.  Set the square root of one-half of the sum of the squares of the subcarrier amplitudes
to about one-sixth of the peak-to-peak input, A, to the CODEC, i.e., approximately a 3F
peak value. This can be accomplished by setting the gain of the mixer amplifier to produce
A/6 volts on a true rms meter.

3.  Select the number of bits per word to give the desired subcarrier predetection signal-
to-quantization noise ratio. For example, let Bi = bandwidth of ith subcarrier selector filter,
Ai = amplitude of ith subcarrier and SQQ (f) = quantization noise spectrum from equation
(A-2). Then

Subcarrier predetection SNR =     (1)

6.3  Dynamic Testing Of CODECs

As shown in paragraph 2, the sinusoid test for evaluating quantization noise is practical
to about 8 bits per word. The notch noise test in paragraph 3 is practical to 13 and possibly
14 bits/word. A limitation in the notch noise test is the low pass filter which defines the
high frequency cutoff of the notch noise test spectrum versus the available sample rate of
the CODEC. For example, in paragraph 3, two 60 kHz Marconi low pass filters were used
in series to limit aliasing so that sample rates as low as 180 ks/s could be used at
8 bits/word.
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Appendix A
SPECTRA

1.  QUANTIZATION ERROR SPECTRUM

In order to obtain an approximate result, it is assumed that the quantization noise
samples, xi, are independent and uniformly distributed between Q/2 and -Q/2 where
Q = 2-MA (see Reference 5). M is the number of bits per word and A is the peak-to-peak
input to the coder. Also uniform spacing of the quantum levels is assumed.

The output of the CODEC is a sample and hold waveform consisting of flat topped
steps. Therefore, the autocorrelation function can be written:

(A-1)

where

Ts = sample period = 1/fs

fs = sample clock rate



The two-sided power spectrum is the Fourier transform of equation (A-1).

(A-2)

Reference 6, page 341 can be consulted for background for the above equations.

Since it is assumed that quantization error is an additive error, the spectrum of equation
(A-2) is added to the data spectrum at the output of the CODEC. Since the data are also
sampled and held, the data spectrum is subject to the aperture effect which has the same
functional form as equation (A-2) (see Reference 4, page 241). When a correction for the
aperture effect is applied to the output of the CODEC, it also makes the quantization noise
spectrum uniform over the data pass band. In absence of the aperture effect correction,
Sxx (0) is uniform to within 1 dB from f = 0 to f = fs /4, for example.

2.  BIT ERROR SPECTRUM AT CODEC OUTPUT

Let yi by the error in the ith sample at the CODEC output due to bit errors in the ith

word. In order to obtain an approximate result, let the bit error probability, Pe , be
sufficiently small so that only one bit error per word needs to be considered. Then

(A-3)

Proceeding as above

(A-4)

for Pe << 1 as above. The spectrum SEE(f) is two-sided.

It is evident that as Pe gets smaller, the detection process in the measuring instruments
must provide longer averaging.

3.  NOTCH NOISE NPR

In the notch noise test, the noise power ratio, NPR, is defined as the ratio of the output
power with the notch out to the output power with the notch in. Since the quantization
error spectrum and the bit error spectrum are assumed to be additive, the NPR due these
effects in the jth notch is given by



(A-5)

where Sdd(fj) is the notch noise input test spectrum evaluated at fj, if the test spectrum is
uniform, over the band B, then

(A-6)

= 0 elsewhere

where V is the rms voltage of the notch noise input test signal.

LIST OF PRINCIPLE EQUIPMENT

Type Model

NPR Test Set TF2091B/4
(Marconi) TK2099AB

TF2092B/4

Spectrum Analyzer 141T
(Hewlett-Packard) 8556A

8552B
8566A

True RMS Voltmeter 8920A
(Fluke)

Bit Synchronizer 7700
(Decom System Inc.)

RF Signal Generator 7100-SL(A)
(Microdyne)

Sample and Hold Circuit SAH 912-S-B2.5
(Phoenix Data Inc.)

A/D Converter ADC 912
(Phoenix Data Inc.)



D/A Converter EDAC3212-05-ST-ST
(Phoenix Data Inc.)

TABLE 1.  Notch Noise Test Results Giving NPR in dB
Versus Number of Bits/Word and Bit Error

Probability with 0.6 Vrms Input to
CODEC

Number of
of bits

per word

Bit error
rate,
Pe 

NPR (in dB) for three notch frequencies

Measured Calculated

20 kHz 40 kHz 60 kHz 20, 40, and 60 kHz

4

6

8

10

      0
5 x 10-6

5 x 10-5

5 x 10-4

5 x 10-3

      0
5 x 10-6

5 x 10-5

5 x 10-4

5 x 10-3

      0
5 x 10-6

5 x 10-5

5 x 10-4

5 x 10-3

      0
5 x 10-6

5 x 10-5

5 x 10-4

5 x 10-3

20
20
20
19
13
32
32
31
23
13
44
43
37
26
13
54
52
39
25
14

20
20
20
18
12
32
31
30
23
13
44
43
36
25
13
54
52
39
25
14

19
18
18
17
11
31
30
29
22
12
42
42
35
24
12
53
51
38
24
12

20
20
19
18
13
32
31
29
22
13
44
40
32
22
13
56
42
32
22
13



TABLE 2.  CBW/PCM/FM Test Results Giving Output
SNR in dB Versus Bit Error Probability.

Subcarrier
frequency

Pe

5 x 10-3 5 x 10-4 5 x 10-5 5 x 10-6 0

32
96

144

17
15
18

28
28
29

38
37
39

43
43
44

44
44
44

TABLE 3.  CBW/FM/FM Comparison Test Giving Output SNR
in dB Versus Carrier SNR in dB.

Subcarrier
frequency

dB Carrier SNR in 750 kHz IF

6 9 12 15 20 25 35

32
80

144

11
20
25

26
29
30

32
33
33

36
36
36

40
40
40

42
44
45

44
48
49

TABLE 4.  Comparison of PCM Power and FM/FM Power
Giving SNR in 750 kHz Equivalent to SNR in

2.66 MHz (= bit rate) Versus Bit
Error Probability.

Pe

Carrier SNR in
f b = 2.66 MHz

Equivalent Carrier SNR in
750 kHz

dB dB

5 x 10-3

5 x 10-4

5 x 10-5

5 x 10-6

8.2
9.5

11.6
12.8

13.7
15.0
17.1
18.3

Note:  Equivalent SNR in 750 kHz = SNR in 2.66 MHz + 5.5 dB.



TABLE 5.  PBW Test Results

fi , kHz
Pe

5 x 10-3 5 x 10-4 5 x 10-5 5 x 10-6 0

With CODEC

22
40
93
165

38
39
37
37

48
48
47
47

56
55
55
54

58
58
57
56

58
59
58
57

FM/FM

fi , kHz Carrier SNR

9 12 15 20 25

22
40
93
165

34
37
39
38

45
45
43
43

48
48
46
46

52
51
50
51

53
54
53
54



 FIGURE 1.  Generalized Block Diagram for Setup Used to Evaluate Quantizer Performance.
 






