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THE SIGNAL-TO-NOISE RATIO ESTIMATION TECHNIQUES
FOR PCM SIGNALS

JOHN Y. SOS
NASA, Goddard Space Flight Center

Information Processing Division
Greenbelt, Maryland

Summary    Reliable estimation of signal-to-noise (S/N) ratio in a demodulated PCM
telemetry signal can be useful in evaluating the performance of the complete telemetry
link, including its signal detection and data processing portions.

This paper describes three potentially practical methods developed at Goddard Space
Flight Center for estimating the S/N ratio in a PCM signal. One method referred to as
“spectral null” method uses spectral characteristics of PCM’ signals to estimate the S/N
ratio, the other two use statistical properties of the signal, i.e., its mean value and
variance. These two methods are known as “variance estimations and “null zone.”

The implementation of each method is discussed. The spectral null method takes the
least amount of equipment, but is more difficult to calibrate and operate over a wide
range of bit rates, than the other two systems. All three approaches, however, are
uncomplicated enough to be included into almost any existing PCM data handling
system.

An analysis of the performance characteristics of each system is made. It is shown that
the variance estimation method is the most versatile. It can reliably estimate the  S/N
ratio to within 1.5 db over a range of  S/N ratios from 0 db to +10 db. (The  S/N ratio is
defined as the ratio of signal energy per bit/noise power density.) Under certain
conditions all three methods can provide estimates to within 1 db, especially over a  S/N
ratio range from +3 db to +10 db.

I.   Introduction    The output of a demodulator is the last point in which a serial PCM
signal is still in an analog form. Analysis of this signal can contribute much to the
determination of performance of the complete link. The techniques that are now being
widely used for determining link performance are (a) analysis of receiver automatic gain
control (AGC) signals, and (b) determination of bit error rate from the evaluation of
errors in the frame synchronization pattern. In many applications both of these methods
leave a lot to be desired as signal quality estimators. The AGC voltage, of course, is the



1 Suggested and implemented by Mr. W. P. Barnes of Goddard Space Flight Center

measure of the signal level only and carries no information on the noise power spectral
density. In addition, there are problems with linearity and calibration of present-day
AGC signals. The second widely used method of  S/N ratio determination consists of
counting the errors in the frame synchronization pattern over a predetermined number of
frames and based on this predicting the  S/N ratio at the input to the PCM signal
conditioner. The main disadvantage of this approach is the requirement to accumulate a
large number of samples before a statistically meaningful measurement can be made.
Since the frame synchronization pattern typically constitutes only three percent of the
total bits in a frame, and the bit error rate is low, the method becomes impracticable
except when the  S/N ratio remains constant over a sample consisting of millions of bits.

A satisfactory  S/N estimation method should possess the combination of at least the
following capabilities: (a) 1 db measurement accuracy, (b) measurement sample sizes in
the range of 103 - 104 bits, and (c) operation in the range, of  S/N ratios from 0 db to at
least +10 db. an this paper the  S/N ratio is defined as the ratio of signal energy per bit to
noise power density.) the above range is of interest in data quality control and link
performance evaluation because the link exhibits a drastic change in its performance. For
example, probability of bit errors at +10 db is approximately 4 x 10-6 whereas at 0 db it
increases to 8 x 10-2, making the data unusable in many applications. In addition, many
PCM bit synchronizers exhibit at least bit slippage in the 0 to +3 db range, if not
complete loss of synchronization.

Since no known technique suitable for application in a space telemetry channel
encountered at the Goddard Space Flight Center was available, alternate methods of  S/N
ratio estimation were developed and investigated. The implementation and preliminary
performance of three of the most promising methods are the subject of this paper.

II.  Spectral Null Method    This method1 uses spectral characteristics of baseband PCM
signals to estimate the  S/N ratio. The power spectral density of a random NRZ signal
(Ref. 1) is in the form of:

(1)

where: K = average signal power in watts
T = signal bit period in seconds
f = normalized frequency (bit rate - 1 Hz)

and that of a split-phase PCM signal:



(2)

Equations (1) and (2) will yield zero when the normalized frequency is equal to the bit
rate in the first case and to twice the bit rate in the second case. The power spectral
density of a split phase signal is plotted in Figure 1. It should be added that the presence
of a null at 2f is independent of data content.

Assuming that the noise density is uniform over the data frequency range, a measurement
of noise power density in the spectral null region is made by placing a narrow band-pass
filter with bandwidth B2 centered at the null frequency and measuring the power of the
output of the filter (PN). A low pass filter of wide enough bandwidth B1 to encompass
most of the signal energy, again followed by a power measurement device, is indicative
of signal-plus-noise power P S+N ). Through proper scaling to compensate for the
difference in the equivalent noise bandwidth (Ref. 2) between the two filters, the  S/N
ratio is calculated as follows:

(3)

The implementation of such a system is shown in Figure 2. In one implementation two
rms voltmeters were used for measuring the mean square voltage. Analog squaring
modules, however, were found to be more suitable for a wide range of bit rates. Typical
performance of this measurement technique is shown in Figure 3.

The spectral null method is most suitable for applications where one is dealing with few
different bit rates and the bit rates are relatively stable. Bit rate changes require a
recalibration of the system and bit rate instabilities shift the null point and therefore
cause measurement errors. The method is not suitable for use with tape recorded data
unless the spectrum of the data is contained well within the frequency response range of
the rape recorder and tape speed errors can be kept at a minimum.

III.  The Variance Estimation Method    In many telemetry channels, particularly the
deep space channel, Gaussian-type noise predominates. In the method described below
the statistical properties of a PCM signal disturbed by such noise are utilized for
estimation of the  S/N ratio. The  S/N ratio is expressed as: x̄2/F2 , where x̄ is the signal
mean and F2 is the variance. A convenient method of computing these parameters in
described below.



An “integrate-and-dump” circuit, integrating over one data bit period, serves as the
central element in the system. The integrator outputs are samples of a Gaussia disturbed
random variable, whose mean x̄ and variance F2 are directly proportional to the signal
strength and noise power of the signal. The polarity of the mean is positive or negative
depending on whether the input represents a one or a zero. The relationship between the 
S/N ratio at the input to the integrator to the  S/N ratio at the output of the integrator is
developed in Ref. 3. The results indicate that the integrator enhances the  S/N ratio by
3 db without changing the noise statistics.

The following expression is used to obtain an estimate of the mean:

(4)

where: xj = “integrate-dump” voltage at end of each sample (bit)
n  = number of samples in a measurement

It should be noted that this expression differs from the commonly used form since it
involves an absolute magnitude of individual integrator samples xj. In reality, one deals
with a situation where samples xj belong to a Gaussian distribution with a mean of either
+       (a “1” bit, for example), or -       (for a “0” bit). Without a priori knowledge about
the polarity of the individual transmitted bits, it is, of course, impossible to determine
whether a given sample xj belongs to the distribution with the +       or -      mean,
respectively. As long as the bit error rate in the signal is low, i.e., when the variance of
the signal is small in respect to the true mean, the above expression represents the true
mean. It becomes more of an approximation as the  S/N ratio decreases. For example, at
an input SNR of 0 db, the estimate is in error by 0.4 db (Ref. 4). In a case where the SNR
is above 3 db, however, the error is neglibibly small. Since the region of interest in all of
these techniques is when the SNR is above 0 db, this method of mean estimation is
considered acceptable.

The variance F2 is expressed as:

(5)

A more convenient form of the above expression, from the standpoint of system
implementation is given in this expression:

(6)



This form allows one to perform the computation of      and         a concurrently, without
having to obtain the estimate of the mean previously.

A block diagram of a typical implementation of the variance estimation method is shown
in Figure 4. A standard PCM signal conditioner provides the bit rate clock, which in turn
furnishesthe system timing pulses. It was necessary to furnish a separate integrator, since
the intrate-and-dump circuit in most bit synchronizers was found to contain
nonlinearities that could not be tolerated in this system. The output of the integrate and
dump circuit is routed through an “absolute magnitude detector” (a full-wave rectifier) to
a voltage-to-frequency (v-f) converter and to an analog squaring circuit where squares of
the samples are obtained. This signal, in turn, is also converted to frequency. The outputs
of the v-f converters are gated on into two counters during the hold portion of the
integrator cycle. At the end of a given measurement interval, i.e., after a given number of
bit intervals, the counters contain a count proportional to the mean and mean square of
the signal. The expression of Equation 6 then is used to estimate the variance, and thus
the  S/N ratio.

Many variations in the implementation of the system can be envisioned. For example, in
place of the voltage-to-frequency converters one can use analog-to-digital converters, or
perform the summing function of the counters in the analog domain. Typical
performance of this method is shown in Figure 6. Theoretical curves were obtained from
Reference 4. The experimental results show that an estimate of  S/N ratio to within 1 db,
over a range from 0 db to +10 db can be obtained. In addition, this technique is not
sensitive to long term variations of signal mean, and is easily adaptable to a wide range
of bit rates.

IV.  The Null Zone Method    A variation of the variance estimation method is one
referred to as “null zone” method. It takes advantage of the amplitude distribution
characteristics of a PCM signal disturbed by noise. An amplitude distribution plot of a
PCM signal (at the output of the integrator), having a constant mean of either +     or -   
is shown in Figure 7. Two different  S/N ratios are depicted. If one now establishes a null
zone extending from k(-x̄) to k(+x̄), where k < 1, the events falling into this zone would
be directly related to the input  S/N ratio. For example, for      = 1 volt, k = 0.75, the null
zone would extend from -0.75 v to +0.75 v and all integrator output samples x. in this
voltage range would fall in the null zone. An implementation of this technique is shown
in Figure 8. The integrate-hold-dump circuit, the timing generator, and the PCM signal
conditioner are carryovers from the previous method. Counting of null zone events is
accomplished by dual voltage comparators and null zone logic. At the end of each bit
period, the voltage at the output of the integrator is compared against the null zone
limits. If it falls within the null zone, a count is added to the null zone event counter. At
the end of the measurement interval, the number in the counter is directly proportional to
the  S/N ratio. Figure 9 shows typical results obtained in cases where the sample size was



105 bit samples of data. Similar results were obtained in cases where the sample size was
104 bits. The null zone setting of 0.66 x̄ (extending from +0.66 to -0.66 volts for a ±1
volt signal mean value, for example) is linear over a large portion of the  S/N ratios of
interest.

Since this technique requires a constant value of the signal mean, only long-term signal
amplitude variations can be tolerated, thus an automatic gain control circuit is shown in
the diagram in Figure 8.

V.  Conclusions    Each of the 3  S/N ratio estimation methods discussed in this paper
offers advantages as well as disadvantages in performance and ease of implementation.
The spectral null method requires the minimum of equipment to implement, but it cannot
be easily adapted to a wide variety of bit rates and to signals originating in a tape
reproducer, The variance estimation method has a potential of being most accurate over a
wide range of bit rates and signal amplitudes. The null zone method can most likely find
applications where automatic sorting of signals into classes falling below or above a
certain  S/N ratio is required, since the output of the system is in the form of a count
proportional to the  S/N ratio.

Actual performance of all 3 approaches is comparable in the range of  S/N ratios from
+3 db to +10 db. In this range the  S/N ratio can be reliably estimated to within 1 db. In
the region below 3 db, the spectral null method offers best performance.

Even though these methods are useful primarily in channels where the noise can be
characterized as “white, Gaussian,” a characteristic applicable only to deep space
channels, they can aid in development of signal disturbance classification techniques in
cases where the disturbances are of a more complex nature.

It is hoped that the methods of  S/N ratio estimation presented in this paper will find
applications in the important area of telemetry data quality control.
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Fig. 1  Spectrum of Random Split-Phase PCM Signal

Fig. 2  Implementation of Spectral Null S/N Ratio Estimation Method



Fig. 3  Typical Performance of Spectral Null Method

Fig. 4  Implementation of Variance Estimation Method



Fig. 5  Timing Diagram, Variance Estimation Method

Fig. 6  Performance of Variance Estimation Method



Fig. 7  Amplitude Distribution of Noisy pCM Signal at Output
of Integrate-Dump Circuit

Fig. 8 Implementation of Null Zone Method



Fig. 9  Typical Performance of Null Zone Method




