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Summary    As PCM increases In -use as a method of transmitting data, it is of greater
importance to know exactly the probability with which each bit may be received
accurately. While most engineers in the field are aware of the basic probability curve for
PCM signals, very few are aware of what to expect under the many varied conditions of
noise bandwidth, data bandwidth, code type, method of data regeneration and DC offset.
These effects are clearly handled in this discussion. The effect of phase jitter, always
present in any data regenerating device, is ignored in this presentation, and will
ultimately add another element of degradation, particularly at the higher noise levels.

Definition of PCM Codes    The codes considered at this time are only those codes
listed in IRIG 106-66 under PCM Codes. They are shown on Figure 1 and the definitions
follow.

1. NRZ-L (NRZ-Level or NRZ-Change)
“One” is represented by one level
“Zero”’ is represented by the other level

2. NRZ-M (NRZ-Mark)
“One” is represented by a change in level
“Zero” is represented by no change in level

3. NRZ-S,(NRZ-Space)
“One” is represented by no change in level



“Zero” is represented by a change in level
4. RZ

“One” is represented a half-bit wide pulse
“Zero” is represented by no pulse

5. Bi-Phase-Level (Split Phase or Manchester II)
“One” is represented by a 10
“Zero” is represented by a 01

6. Bi-Phase-Mark (Manchester I)
A transition occurs at the beginning of every bit period. “One” is represented by a
second transition 1/2 bit period later. “Zero” is represented by no second
transition. This code is NRZ-:S converted into Bi-Phase-Level.

7. Bi-Phase-Space
A transition occurs at the beginning of every bit period. “One” is represented by
no second transition. “Zero” is represented by a second transition 1/2 bit period
later. This code s NRZ-M converted into Bi-Phase-Level.

Definition of Terms    The following are terms and expressions used in the text with
their definitions.

1. SNR - This is Signal to Noise Ratio, always expressed as zero-to-peak (1/2 peak-
to-peak) signal divided by the RMS noise voltage. Note that on rectangular data
the RMS signal voltage is identical to the zero-to-peak signal amplitude but that
on data which is bandwidth limited, the zero-to-peak is larger in value. The signal
to noise ratio is a voltage ratio and is usually expressed in db.

2. r - This is Correction Ratio, usually expressed as a db correction on the error rate
curve due to the degree of noise filtering occurring in the data regenerator.

3. Noise Bandwidth - Usually expressed as a bandwidth from DC to some ratio of the
bit rate. For example, a noise bandwidth of twice the bit rate means noise is
present in a spectrum from DC to twice the bit rate.

4. BR - Abbreviation for bit rate.
5. BW - Abbreviation for bandwidth.
6. 100% Integration - A method of data regeneration where an integrator is reset to a

reference voltage and permitted to accumulate the input signal (data + noise) for
one, full bit time. At the end of a bit time the integrator output is compared to the
reference voltage, and a decision of “one” or “zero” is determined by the
comparator.

7. 50% Integration - A method of data regeneration where an integrator is reset to a
reference voltage and permitted to accumulate the input signal beginning at the
25% point and continuing to the 75% point of a bit period. A comparator
determines the decision of a “one” or a “zero”.

8. Sample - A method of data regeneration where a strobe pulse, usually in the center
of a bit period, samples the input signal and determines whether the instantaneous



signal voltage is above or below a center reference voltage, thus determining
whether the bit is a “one” or a “zero”. This method is often preceded by a linear
phase, low pass filter.

9. PE - Probability of a bit error.

Basic Error Rate Curve    Many authors, some of which are referenced at the end of the
text, have established the basic error rate curve for a serial, binary pulse train, assuming
Gaussian noise distribution. This is expressed as

Eq 1

where x = SNR

Much confusion has surrounded the use of this curve due to the fact that, as written
above, it is not corrected for the effects of a specific method of data regeneration, noise
bandwidth and data bandwidth. Thus, the proper SNR for a given situation must be
applied before the error rate can be determined. The next sections present corrections due
to code type, data regeneration method, and data bandwidth.

Correction Due to Code Type    All of the IRIG codes follow the probability integral
given in Equation 1, assuming Gaussian noise. This curve is plotted on Figure 2 for a
wide range of SNR, and is called the Basic Error Rate Curve. Four of the codes however,
have a unique characteristic which causes the final error rate, after decoding, to be
different from the actual bit error rate. It can be easily observed that for every isolated bit
error in a “mark” or “space” code, there will be two wrong bits in the decoded signal.
Also, for every N errors in a row, there will only be two bit errors in the decoded output.
Thus, for low error rates, (below 10-1) the actual decoded bit errors is approximately
twice the bit error rate. The actual equation for “mark” and “space” codes (MS) is as
follows.

Eq 2

This curve is also plotted on Figure 2.

Correction Due to Noise Bandwidth and Data Regeneration Method    When a 100%
integrator is used for data regeneration of an NRZ code, both noise and data are
integrated. Noise which has frequency components above 1/2 the bit rate tend to end up
with very little residue after a full bit of integration. Thus, the integrator appears to be a
near-perfect filter, removing all noise above 1/2 the bit rate. For calculation purposes,
then, it would seem that on NRZ codes one can simply reference the noise to only that



power from DC to 1/2 the bit rate. This is a good rule of thumb, commonly used, and
shown by the “Classical Curve” on Figure 3.

However, when the noise has been bandlimited to a point near the bit rate, it is subject to
considerable error. By calculating the exact effect that a reset integrator has on Gaussian
noise, a precise curve can be drawn.

The correction of RMS noise voltage for any noise bandwidth is given by

Eq 3

Where TB= 2BfB

fB= Noise Bandwidth
T = Bit Period
fBT = Ratio of Noise Bandwidth to Bit Rate

This curve is plotted on Figure 3, and is asymptotic to the classical curve. Notice,
however, that for a noise bandwidth of 1/2 the bit rate, the difference is 1.1 db. This
curve shows the amount of correction required (r) on the Basic Error Curve for any noise
bandwidth when using a 100% Integrator for data regeneration. The full derivation of
this curve is given in Appendix I.

For RZ codes or for 50% integration of NRZ, the same curve applies except the T is now
1/2 the bit period. Thus, the curve shown on Figure 3 is identical to the NRZ curve, but
breaks at a ratio of 1.

A common method of data regeneration for Bi-Phase codes is that of synchronous
rectification and then 100% integration, as In NRZ. Essentially, this amounts to
integrating a bit for the first 50% of the bit period, and then inverting the signal and
continuing with the integration. As can be visualized, this converts Bi-Phase signals into
NRZ signals. Appendix II gives the deviation of the correction curve for this of
integration on Gaussian noise. The result is as follows.



This curve is plotted on Figure 3 and has several interesting points. First, for wideband
noise, it is identical with the NRZ curve. However, the synchronous rectification tends to
cancel low frequency noise, and thus the rapid slope below a frequency of 1/2 the bit
rate. Note also that for all noise bandwidths, the amount of improvement in performance
exceeds the NRZ curve.

Since the significant data bandwidth of Bi-Phase is between 1/2 the bit rate and the bit
rate, it is possible to filter out most of the noise that lies between DC and 1/2 the bit rate.
Assuming that this is done on an ideal basis, and all noise is removed in the band below
1/2 the bit rate with no degradation to the signal, Appendix III shows the calculations of
the correction factor.

where TB= 2BfB

fB = Upper noise bandwidth edge
TA = 2BfA

fA = Lower noise bandwidth edge

This equation is plotted on Figure 3 for a lower noise bandwidth edge of 1/2 the bit rate.
While, in general, this curve appears to be worse than the Bi-Phase curve with the low
frequency noise, keep in mind that it must be corrected for the missing noise power. For
instance, if the original noise bandwidth at the input was DC to the bit rate, and prior to
synchronous rectification and integration the low frequency (DC to 1/2 BR) noise was
totally filtered out, then the noise at the input to the integrator would be down 3 db!
Thus, at a noise bandwidth of DC to the bit rate, prefiltering the low noise yields an
improvement of about one db over not filtering.

An interesting method of considering the curves on Figure 3 is that they represent the
locus of all Signal-to-Noise Ratios yielding a constant error rate! A vertical line drawn at 



any desired bandwidth shows the relative performance of each code and regeneration
method (after allowing for the missing low frequency noise on the one curve).

The circles on Figure 3 show data taken on the Vector Bit Synchronizer and Signal
Conditioner, verifying the curves. The method used to obtain the data was to synchronize
the unit on an external clock to remove any phase jitter at the severe noise levels. The
bandwidth of applied noise was carefully controlled with six pole filters and the data was
then measured with a bit by bit comparator and accumulator.

Correction Due to Data Bandwidth    As data is bandlimited, and rise and fall times
become increasingly slow, the output of a 100% integrator falls off causing increasing
error rates. If the filtering is severe enough, then the height of the pulse at midpoint may
be reduced, causing increasing error rates for the sample method of data regeneration.

Additionally, the pattern also affects the results, since an isolated “one” or “zero” will be
maximumly affected by filtering, while the center bit of several “one’s” in a row will be
totally unaffected (for NRZ).

Following is a chart showing the calculated results of passing random data through a six
pole linear phase filter for different 3 db cut-off frequencies. In random data, an isolated
“one” or “zero” occurs 25% of the time, and a “one” or “zero” bracketed by identical bits
occurs 25% of the time. A bit bracketed by a “one” and a “zero” occurs 50% of the time.
The following chart shows a tabulation for the two conditions where degradation
occurs’. Results are tabulated for the effect on center bit amplitude, 100% area, and
center 50% area. All values are relative to unfiltered results, and the db degradation
given. The 50% area calculations have been normalized to the full bit cell. Note that the
area under a rectangular bit cell is B.

EFFECT OF LOW PASS FILTER ON DATA SIGNAL for NRZ
6-POLE LINEAR PHASE



In order to calculate an error on bandlimited data, the appropriate db shift to each
percentage of applicable bit pattern must be applied, and the numbers summed. As an
example to calculate the actual error rate on a random NRZ signal, with noise and data
bandlimited to 1/2 the bit rate by a six pole, linear phase filter, and using 100%
integration as the method of data regeneration, proceed as follows. Select a desired,
relative, SNR, such as +10 db. Using the basic error rate curve of Figure 2, calculate the
required PE’s. From the previous chart it is found that 25% of the bits will be at a
relative SNR of -5 db (pattern 010), 50% at a relative SNR of -3 db (pattern 011) and
25% at a relative SNR of 0 db (pattern 111). Thus, the required relative PE at +10 db is
as follows:

PE+10 db = 0.25 PE+5 db + 0.50 PE+7 db + 0.25 PE+10 db.

Finding these points on Figure 2 yields the following:

PE+10 db = 0.25 x 3.6 x 10-2 + 0.5 x 1.2 x 10-2 + 0.25 x 6 x 10-4

PE+10 db = 1.5 x 10-2

This allows for the correction due to bandlimited data. Now the proper correction for
bandlimited noise and method of data regeneration must be applied. For this, observe
Figure 3, and note that 100% integration is used, with the noise bandlimited to 1/2 the bit
rate, on NRZ data. The NRZ curve shows an adjustment (r) of -1.1 db must be made.

Thus, the above calculated error rate applies to (+10 db -1.1 db) or +8.9 db actual SNR.
This point is plotted on Figure 4, on the curve labeled “Data BW = 0.5 BR, 100% Int.”

When using the sample method of data regeneration, there is no SNR adjustment
required. Simply the net noise power into the sampler (after filtering, if used) is used in
the SNR.



Performance Curves    Figures 4 through 7 show the results of calculations performed
using the above method on NRZ codes. Each graph is for a specific noise bandwidth and
also shows a scale referenced to the amount of noise power contained in the bandwidth
of DC to 0.5 BR. This permits cross checking various degrees of filtering. Various
conclusions will be drawn from the curves at the conclusion of the text. All curves have
been verified with data taken on the Vector Model 972 PCM Bit Synchronizer and
Signal Conditioner, shown on Figure 11.

Figures 8 and 9 show two families of curves which apply to Bi-Phase codes for noise
bandwidth of the Bit Rate and twice the Bit Rate.

Correction Due to DC Offset    When Synchronous Rectification and Integration is
used on Bi-Phase Codes, DC offset is fully cancelled out so long as the integrator
continues to be linear. On NRZ and RZ codes, however, uncorrected DC offset has a
dramatic effect. If the data is random in nature (50% “one’s” and 50% “zero’s”) the
effect is one of increasing signal amplitude on one-half of the data and decreasing the
signal amplitude on the other half. Meanwhile, noise content is unaffected. The
following chart shows the db change in signal amplitude for each half of the data. DC
offset is percentage of the peak-to-peak signal.

The effect of this shift on the Basic Error Rate Curve is shown on Figure 10, along with
data points from the Vector Bit Synchronizer. The data was obtained by disconnecting
the automatic DC offset correction built into the unit.

Conclusion

1.  If NRZ data has been severely bandlimited below the bit rate by either pre-
transmission filtering or by the transmission system itself, but the noise is wideband in
nature, then the best performance in data regeneration is obtained by matching the
equivalent filter bandwidth of the received data and sampling the data.

2.  If the received NRZ data and noise are both the same bandwidth due to th inherent
limitation of the transmission system (IF bandwidth, etc.) then no further filtering is
recommended, and sample if the bandwidth is below the bit rate, and 100% integrate if
the bandwidth is at or above the bit rate.



3.  In order to remove the question as to what cut-off frequency to use in filtering, note
that for data bandwidths below the bit rate, 50% integration is never more than a fraction
of a db poorer than the best method, and for data bandwidths at or above the bit rate,
100% integration is always the best.

4.  Except for special considerations, such as tape recorder electronics, certain ambiguity
problems, etc., avoid the mark and space codes if possible. The use of RZ should also be
questioned unless certain considerations unique with the problem are involved.

5.  Bi-Phase stands to always give the best performance, particularly when the bandwidth
is about equal or a little greater than the bit rate. However, do not discount the phase
ambiguity in clock regeneration which was ignored for this discussion. At high noise
levels the advantage of Bi-Phase disappears.

6.  On NRZ and RZ signals, DC offset, if uncompensated for, will cause serious
degradation in performance. This problem is eliminated in Bi-Phase Codes where 100%
integration is used.

APPENDIX I

The input integrator-filter, we can assume, is a bandlimited, smoothing function, which
forms an average

Since this function is continuous, and equals the convolution of f (t) with a rectangular
pulse, the fourier transform of f̄  (t) becomes

From Parseval’s formula, the energy is expressed

The integrator-filter output energy thus becomes



Where N = Unfiltered White Noise Power
BW = fb-fa

fb = Upper Frequency Limit
fa = Lower Frequency Limit

The output noise energy equation then becomes (Assume fa = 0; DC)

The noise energy transfer ratio is then

The noise energy transfer ratio can thus be expressed as a noise RMS transfer ratio

Solving the integral, the noise RMS transfer ratio becomes

The probability function is therefore expressed as

where

NOTE: r # 1, ALWAYS



APPENDIX II

With split phase signals, we set the integrator positive for one-half the bit period, T, and
negative for the second half.

The smoothing function becomes

This function is continuous, and equals the convolution of f (t) with a rectangular
pulse, the fourier transform of f (t)

The output energy is expressed

The integrator-filter output energy thus becomes

From the definition of filtered white Gaussian noise, the noise power is given as
N/(2 BW).

The output noise energy equation then becomes

The noise energy transfer ratio is then



The noise energy transfer ratio can thus be expressed as a noise RMS transfer ratio

 The noise RMS transfer ratio thus becomes

The probability function is therefore expressed as

where

NOTE: r < 1, ALWAYS



APPENDIX III

If the noise were filtered through a network whose upper frequency were fb and lower
frequency were fa … 0.

The output noise energy transfer ratio becomes

The output RMS noise transfer, r,
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Fig. 1 - IRIG Standard PCM Codes



Fig. 2 - Basic Error Rate Curve



Fig. 3 - SNR Adjustment Curve for Noise Bandwidth and Data Integrator



Fig. 4 - Theoretical Performance
Noise Bandwidth = 0.5 BR, NRZ Code



Fig. 5 - Theoretical Performance
Noise Bandwidth = 0.75 BR NRZ Code



Fig. 6 - Theoretical Performance
Noise Bandwidth = BR, NRZ Code



Fig. 7 - Theoretical Performance
Noise Bandwidth = 2 BR, NRZ Code



Fig. 8 - Theoretical Performance
Noise Bandwidth = BR, Bi-Phase Code



Fig. 9 - Theoretical Performance
Noise Bandwidth = 2 BR. Bi-Phase Code



Fig. 10 - Basic Error Rate Curve with DC Offset on NRZ Code
(Offset = % of Peak-to-Peak)

Fig. 11 - Vector Model 972 PCM Bit Synchronizer and Signal Conditioner




