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Introduction
There is a requirement to digitize certain wide-band analog signals in telemetry
applications. Typically, an analog-to-digital converter (ADC) with eight or more bits
of resolution is used. The resulting signal requires a much larger transmission
bandwidth than the original analog signal. The frequency domain information is of
primary interest for many applications. In these cases, there are several methods for
minimizing the transmitted bandwidth. One method is to perform fast fourier
transforms (FFTs) on the signals and only transmit information about the largest
signals. The disadvantages of this approach include: relatively long time delay before
transmission, resolution bandwidth fixed when FFT performed (unless phase
information is also transmitted), and extra complexity in the telemeter. This paper will
discuss some effects of minimizing the transmitted bandwidth by quantizing to a small
number of bits. The performance will also be compared with analog frequency
modulation (FM). Measured performance will be presented for four different input
signals and one-, three-, and eight-bit quantization. These signals are amplitude
modulation, angle modulation, sum of sine waves, and frequency sweep. The test
setup is shown in figure 1. The analyses presented in this paper were performed using
either fast fourier transforms (FFTs) or a Kay DSP Sonagraph. The FFT length was
1024 points and a Hann (cosine) window was used. The analysis hardware used for
these tests has an analog input, therefore, all digitized signals were converted to
analog signals before analysis. The signals were low pass filtered before analysis to
minimize aliasing in the analysis and display process.

Sampling and Quantization

Sampling and quantization can create several undesired effects. Two of these effects
are the creation of signals which were not present at the input to the telemeter and the
modification of signals that were present at the input to the telemeter. One-bit
quantization does not preserve amplitude variations in the input signal. However, one-
bit quantization does preserve the approximate locations of the zero crossings. Three-



bit quantization preserves coarse amplitude variation information and also provides a
better estimate of zero crossing locations than one-bit quantization. Eight-bit
quantization preserves both amplitude variation and zero crossing information with
reasonable accuracy.

The performance of an ADC is frequently specified by signal-to-noise and distortion
ratio (SINAD) or effective number of bits. If the quantization errors are assumed to be
uniform, the rms value of the quantization noise can be shown to be 0.2887q where q
is the quantization step voltage (often presented as variance = q /12) . The maximum2 1

rms signal amplitude for a single sine wave is 0.7071×2 q where n is the number ofn-1

bits in the ADC output. Therefore, the maximum rms signal-to-noise ratio  (SNR)2

expressed in decibels is 20 × {log(2 ) + log(.7071/.2887)} = 6.02(n-1) + 7.78 orn-1

6.02n + 1.76 dB. The maximum SINAD for a three-bit ADC is therefore 6.02×3 +
1.76 = 19.82 dB. The noise plus distortion term is the sum of all the noise and
distortion components between DC and the Nyquist frequency. The nominal power in
the individual noise components will be reduced by 3 dB each time the transform
length is doubled. Spurious spectral components caused by distortion will not decrease
in amplitude with larger FFTs. Therefore, low level signals can be recognized more
easily when the number of points in the FFT is larger and the ADC is not saturated .1

However, using large FFTs or averaging several FFTs will not work well when the
signal frequencies are changing rapidly.

Sum of Sine Waves
This test signal consisted of the sum of five sine waves. The relative amplitudes were
(lowest to highest frequency): -40 dB, -30 dB, 0 dB, -10 dB, and -20 dB. Figure 2
shows that this signal has variations in both the envelope and the location of zero
crossings. Figure 3 shows the spectrum with eight-bit quantization. All extraneous
signals are nearly 60 dB below the amplitude of the largest signal. The effective
resolution of the ADC was slightly greater than 7 bits. Figure 4 illustrates the effects
of one-bit quantization. The “*”s indicate the frequencies and relative amplitudes of
the input signal. One-bit quantization of a signal with one dominant sinusoidal results
in conversion of the lower amplitude signals to signals with the characteristics of
angle modulation (constant amplitude with information in the location of the zero
crossings). The effective modulation index is equal to the arcsin (in radians) of the
ratio of the amplitude of the small signal to the amplitude of the main signal. The
reconstructed output was applied to a frequency modulation discriminator. The
measured effective modulation index of the -10 dB signal was approximately 0.3. This
result agrees well with the calculated value of 0.32. The effective modulation index of
the -20 dB signal was only one-third of the calculated value. This reduction occurs
because one-bit quantization suppresses the smaller signals. The conversion to angle
modulation resulted in sidebands on each side of the main signal. The amplitude of



each sideband was 6 dB lower than the amplitude of the original small signal. The
large high frequency signals are the carrier and sidebands resulting from the third and
fifth harmonics of the input signal. The modulation index of the third harmonic is
three times the modulation index of the fundamental and the modulation index of the
fifth harmonic is five times the modulation index of the fundamental. The fifth
harmonic is aliased because the sampling rate is less than twice the frequency of the
fifth harmonic.

Figure 5 shows the result of averaging two FFTs with three-bit quantization. Three-bit
quantization preserved the relative amplitudes of the -10 dB, -20 dB, and -30 dB
signals fairly accurately. All spurious signals were below -30 dB. The effective
number of bits was approximately 2.5 (SINAD of slightly greater than 17 dB). This
value is the expected value because the signal level was set to give an input amplitude
to the ADC that is less than full scale. This setting allows for moderate peak to
amplitude ratios before clipping occurs. Figure 6 shows the variation in noise levels
between two FFTs. Figure 7 shows the result of averaging eight 4096-point FFTs. The
-30 dB component is now easily recognizable. Signals with relative amplitudes of -40
dB have been detected with sufficient averaging and a linear 3-bit ADC.

Figure 8 shows the FFT of the same signal transmitted using analog FM techniques.
The receiver carrier-to-noise ratio was 12 dB. The peak deviation and receiver
intermediate frequency bandwidth were similar to values used in current telemeters.
The “FM THEORY” line is the calculated average noise spectrum with no low pass
filtering. The analog FM signal has less noise than the 3-bit ADC signal at low
frequencies but more noise than the 3-bit ADC signal at high frequencies. The relative
amplitudes of the noise components will decrease by one dB for each one dB increase
in the carrier-to-noise ratio. Optimum pulse code modulation/FM systems have a bit
error rate of 10  for a carrier-to-noise ratio of 12 dB. Therefore, 31 out of 32 FFTs-5

would be error free at a 12 dB carrier-to-noise ratio with a three-bit ADC and 1024-
point FFTs.

A similar test was performed with two equal amplitude signals summed with signals
at -10, -20 and -40 dB. The amplitudes of the four largest signals were preserved
within ±2 dB for both one- and three-bit quantization. The amplitudes of the third
order intermodulation products were approximately -12 dB for one-bit quantization
and -24 dB for three-bit quantization. The higher peak/average ratio of this signal
caused saturation of the 3-bit ADC. The lower level signals were not converted to
angle modulation signals with this input signal.



Angle Modulation
This test signal consisted of a sine wave carrier frequency modulated by a single sine
wave. This test signal is more accurately called an angle modulated signal because
frequency and phase modulation are identical with a single sine wave as the
modulation signal. The modulation index of this test signal was .0.62. Therefore, the
amplitudes of the first three sideband pairs are approximately -10 dB, -26 dB, and -46
dB with respect to the modulated carrier amplitude. Figure 9 shows that this signal has
a constant peak amplitude with variable spacing between zero crossings. Figure 10
presents the spectrum with eight-bit quantization. The extraneous signals are again
nearly 60 dB below the amplitude of the largest spectral component. Figure 11 shows
the results of one-bit quantization. The relative amplitudes of the first sideband pair
are accurately preserved. The relative amplitudes of the second sideband pair are
within 3 dB of the correct values. The large high frequency signals are the spectral
components of the third and fifth harmonic of the input. The large low frequency
signals are the spectral components of the seventh harmonic of the input signal. The
largest mid-band signals are the first sidebands of the ninth harmonic of the input
signal. Figure 12 shows the results of three-bit quantization. The amplitudes of the
first sideband pair are preserved very accurately. The amplitudes of the second
sideband pair are preserved to within 3 dB. All spurious signals are at least 29 dB
below the amplitude of the main signal.

Amplitude Modulation
This test signal consisted of a sine wave which was amplitude modulated by the sum
of three sine waves. Analysis of figure 13 shows that the peak amplitude varies from
cycle to cycle but the distance between zero crossings is constant. The relative
amplitudes of the spectral components with eight-bit quantization is illustrated in
figure 14. The largest spurious signal is approximately 55 dB below the amplitude of
the carrier. Figure 15 shows the results of one-bit quantization. The spectral
components due to amplitude modulation have been essentially eliminated. The large
spectral components are the third, fifth, seventh, etc. harmonics of the input carrier. If
the input also contained noise or other signals, the zero crossings would be perturbed
to some extent and some indication of the amplitude modulation may appear in the
frequency spectrum of the output. However, the relative amplitudes of the spectral
components due to amplitude modulation would be decreased relative to the
amplitudes at the telemeter input. Figure 16 shows the results of three-bit
quantization. Much of the amplitude modulation information is preserved. All
spurious components are at least 26 dB below the amplitude of the main signal.



Frequency Sweep
This test signal consisted of a slow sweep between two frequencies. This signal was
only analyzed using the Kay DSP Sonagraph because one or two FFTs would not
show the “big” picture. The spectral variation with eight-bit quantization is shown in
figure 17. The effect of one-bit quantization is illustrated in figure 18. The lines
crisscrossing the graph are aliased versions of the harmonics of the input signal. The
slope is proportional to the harmonic number. The relative amplitude of any harmonic
is just one over the harmonic number. Therefore, the ninety-ninth harmonic is only 40
dB below the fundamental. The dynamic range of the display exceeds 40 dB,
therefore, many harmonics are displayed. Figure 19 presents the effect of three-bit
quantization. The number and intensity of harmonics is greatly reduced when
compared with one-bit quantization.

Conclusions
The effective dynamic ranges of one- and three-bit quantization are a function of the
characteristics of the input signal. One- and three-bit quantization perform best for
angle modulated signals and worst for amplitude modulated signals.
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