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SUMMARY

Experimental investigations conducted with state-of-the-art bit synchronizer systems have shown that
variations in performance oxist between modes of operation within a system and between systems made by
different manufacturers. Generalized and limited performance specifications and instructions do not pro-
vide sufficient performance data to determine expected performance in the wide range of systems applica-
tions, The results of the investigation indicate a need for standardization of performance characteristics and
the mothods used to determine overall bit synchronizer system performance. The Telemetry Group of the
Range Commanders Council has published a set of Rit Synchronizer Test Procedures as a supplement to
Document 118,

Performance measurements were made using a 2047 bit psuedo random non-return-to-zero-level
(NRZ:L) pulse code modulation (PFCM) input signal at two bit rates and two loop bandwidth selections.
The two bit rates, 0.1 and 1.0 mogabits, were selected to determire responses in the low- and mid-range
data rate selections. The two loop bandwidths, 0.3 and 1.0 percent, were selected to determine responses
with narrow- and mid-range loop selections which were common to the bit synchronizers tested. The loop
bandwidth selections chosen for testing were the only two that were the same between systems. The input
signal was filtered at a cutof! frequency equivalent to 0.75 x bit rate selected and the signal-to-noise (SNR)
ratio was changed as required per the specific test requirement. Measurements were made to determine
characteristic responses relative to bit error probability (BEP), bit slippage probability (BSP), acquisition
(as a function of SNR and bit rate offset), and input bit jitter,

The results of the performance measurements reveal that the BEP response is similar to the BEP re-
sponse predicted by theory for filtered PCM data. The results also show that BEP is affected by data rate,
loop bandwidth selection, and input SNR. All BEP test results indicate that the 0.3% loop bandwidth
selection provides BEP responses which are better than or equal to those derived with the 1.0% loop band-
width selection,

The results of the BSP performance measurements show that BSP increases abruptly as the SNR of the
input signal is degraded. The data shows that BSP is affected by loop bandwidth and bit rate selections and
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that the bit synchronizers produced different results when tested under identical conditions. It is noted
that improved BSP performance occurs with the 0.3% loop bandwidth selection at both data rates.

The acquisition time measurements made as a function of SNR show that acquisition time increases
abruptly as the SNR of the input signal is degraded. The data also reveals that an acquisition time thresh-
old exists beyond which improvements in the SNR of the input signal do not cause significant changes in
the measured acquisition times. The data shown in the figures reveals that with input signal constraints
held constant the performance between the bit synchronizers is not uniform. However, the best acquisi-
tion time response at low SNR values was observed to occur when using the 0.3% loop bandwidth at both
bit rates.

Acquisition time measurements made as a function of offset input bit rates with the SNR held con-
stant show that acquisition time performance is affected by data rate and loop bandwidth selections. The
results show that acquisition time increases abruptly as the input data rate departs from the data rate
selected on the bit synchronizer. The minimum acquisition nmes measured were nearly constant when the
input data rate was varied through a range corresponding to ~ * 20% of the bit synchronizer system tracking
range. improved acquisition times were observed to occur with the 1.0% loop bandwidth selectlon rela-
tive to the 0.3% loop bandwidth when the input data rate was offset in a range corresponding to =~ *a0%
through = 100% of the system tracking range.

The results of the jitter performance measurements show the effects of adding sinusoidal, Af and fone
jitter components to the signal at the input of the bit synchronizer. The SNR of the input signal was held
constant for these tests. The measured results show that one bit synchronizer provides a constant relation-
ship between Af and loop bandwidth and the other bit synchronizer provides an increasing Af as the loop
bandwidth is made narrower. It is noted that the tracking range selected directly affects the Af jitter com-
ponent and therefore must be clearly defined to be used effectively in systems applications. An apparent
immunity to the effects of input jitter (high frequency) may be observed when using only BSP as the cri-
terion for performance; therefore, BEP measurements should be considered simultaneously with BSP when
making judgments concerning overall bit synchronizer system performance.

The results of the experimental investigations with state-of-the-art bit synchronizer systems have
shown that variations in performance characteristics exist. The results also indicate the need to establish
performance standards and test methods for bit synchronizer systems.

Publication UNCLASSIFIED.
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DEFINITION OF TERMS
The definitions used during the bit synchronizer performance evaluation are:

Bit error: A bit error has occurred when the expected level is not present; e.g., a “zero” level occur-
ring when a “one” level is expected or a “‘one™ level occurring when a “zero™ level is expected.

Reference clock. The reference clock is the 0%lock signal from the PCM generator/test set.

Delayed clock: The delayed clock is the reconstructed 0°lock signal from the bit synchronizer
system.

Bit slip: The equipment used to make performance measurements for this report determines bit
slippage by comparing the phase of the reference clock with the phase of the delayed clock. A bitslip is
defined to occur when the phases of the two clocks differ by more than *180°. Additional bit slips cannot
occur until the phase difference passes through 0°,

Acquisition time: Acquisition time is measured in bit periods and is defined as the number of bit
periods required by a bit synchronizer system to achieve clock synchronization (phase difference between
the reference clock and delayed clock signals remains less than 90°) with the input PCM signal.
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INTRODUCTION

An investigation to identify and measure the important performance characteristics of state-of-the-
art bit synchronizers was conducted under AIRTASK A6306302-054D-7WSL770000, Work Unit
A6302D-2, to provide technical support to the Telemetry Group of the Range Commanders Council. The
AIRTASK is a continuing program of test and evaluation that provides the Telemetry Group with informa-
tion to keep the publication of Telemetry Standards and Test Methods for Telemetry Systems and Sub-
systems updated and abreast of technological advances.

Missile test ranges and facilities involved in PCM data handling rely upon the characteristics of bit
synchronizers to provide uniform and expected performance in data recovery operations. The Telemetry
Group recognizes the need for maintaining close control of performance characteristics and therefore re-
quested the investigation. A primary purpose of the study and experimentation was to gather information
which may be used by the Telemetry Group to determine bit synchronizer performance standards.

A series of tests were conducted to measure the characteristic responses of bit synchronizers of state-
of-the-art design. The tests included measurements of bit error probability, bit slippage probability, acqui-
sition time, and the effects due to input bit jitter.

TEST METHODS

The objective of the study was to measure the important characteristic responses of state-of-the-art
bit synchronizers.

The important performance characteristics of the bit synchronizers were measured using the bit syn-
chronizer test procedures generated during the investigation. The test procedures require measurements of
bit error probability, bit slippage probability, acquisition time, and the effects due to input bit jitter. Varia-
tions in signal-to-noise ratio, bit rate offset, and sinusoidal jitter components were included with each test
procedure as required. The equipment arrangement for each test is included with the description of each
test. Many preliminary tests wer2 made to assure that test conditions were correct and the procedures gave

repeatable results. The test equipment and bit synchronizers were dedicated for the duration of the
investigation.

GENERAL TEST CONSIDERATIONS

Since the PCM test set is the central feature of the test setup, it was necessary to conduct numerous
tests to verify its performance characteristics. Tests were conducted to determine the dynamic range of
input/output electronics, spectral content of the output signals, accuracy of performance specifications,
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accuracy of calibration and signal-to-noise ratio attenuators, readout adequacy for signal detection in all
modes of operation, and system interface characteristics.

A very important requirement to measurement accuracy is that the input signal-to-noise ratio be
carefully established. Additive, white, gaussian noise was used during these tests to provide a base for
making performance comparisons, a common practice in the bit synchronizer industry. The signal-to-noise
ratio in these tests is based upon establishing the correct relationship between the signal energy per bit and
the noise power spectral density.

PERFORMANCE MEASUREMENTS AND TEST RESULTS

The test procedures used to characterize the performance of the bit synchronizers included measure-
ments to determine bit error probability, bit slippage probability, acquisition time, and the effects due to
input bit jitter. Each of the four test procedures requires a separate set of performance measurements to be
made while maintaining rigid control over the test conditions.

Performance measurements were made using a 2047 bit pseudo random NRZ-L PCM signal at 1.0- and
0.1-megabit rates, and with 1.0% and 0.3% loop bandwidth selections. The input signal was either filtered
or not filtered as per the specific test requirement. The purpose for each test and the results of the measure-
ments are described separately in the following sections. Each section is identified by title corresponding to
the test performed.

Data for each test are plotted to show response characteristics and trends. Data comparisons are made
to determine uniform and expected response and major differences between bit synchronizer systems.

Bit Error Probability Test

The purpose of the test is to determine the BEP characteristics of a bit synchronizer as a function of
input SNR. Measurements were made to determine the number of bit errors occurring in the reconstructed
bit stream at the output of the bit synchronizer. The bit errors measured at each SNR setting were con-
verted to BEP and plotted to show the effect of SNR on BEP for each bit synchronizer. BEP is defined as
the ratio of the number of bits in error to the number of bits transmitted during a given time interval.

Data characterizing the performance of the bit synchronizers were taken using a 2047 bit pseudo
random NRZ-L PCM input signal at 1.0- and 0.1-megabit rates with 1.0 and 0.3% loop bandwidth selec-
tions. The input signal was filtered when required with the cutoff frequency set at a value equivalent to
0.75 x bit rate. The SNR of the input signal was changed over a range of 0 through 12 dB with measure-
ments taken at 3-dB intervals. The results of the performance measurements for bit synchronizers A and B
are shown in figures 2 through 7. Measurement repeatability with the system used was held within %0548
during testing. The arrangement of test equipment is shown in figure 1.

The data plotted in figure 2 shows the response of bit synchronizer A to 1.0-megabit, 2047 bit pseudo
random, filtered NRZ-L PC} signal for input SNR settings of 0, 3, 6,9, and 12 dB, and loop bandwidth
selections of 1.0% and 0.3%. Figure 3 shows the results for bit synchronizer B with 1.0% and 0.3% loop
bandwidth selections.. It is noted that the general shape of the plotted data is similar to that predicted by
theory (refer to the appendix for methods used to derive theoretical BEP values).

The data plotted in figures 4 and S reveals the response of bit synchronizers A and B to a 2047 bit
pseudo random 100 kilobit, filtered NRZ-L PCM signal for input SNR settings of 0, 3, 6,9, and 12 dB, and
loop bandwidth selections of 1.0% and 0.3%.
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A summary of the differences in SNR for equivalent BEP performance between experimental and
theoretical results (filtered data) is presented in table | and figures 6 and 7. The differences between ex-
perimental data and the theoretically calculated values are plotted for each combination of loop bandwidth
and bit rate selection,

The data for bit synchronizer A, shown in figure 6, reveals that minimum departures from theoretical
values occur when using the 0.3% loop bandwidth setting. The maximum departure, occurring with the
1.0% loop bandwidth setting, is approximately 0.6 dB at the 1.0-megabit rate and 1.7 dB at the 100-kilobit
rate over the range of SNRs of 0 through +9 dB. Note that the BSP at the 1.7-dB departure is approxi-
mately 9 x 10°“; therefore the comparison to theoretical data at that point is not valid. However, when
using a range of SNRs of +3 through +9 dB, the maximum departure is approximately 0.6 dB.

The BEP response with bit synchronizer B as shown in figure 7 reveals that minimum departures from
theoretical values occur when using the 0.3% loop bandwidth selection. A maximum departure from
theoretical of approximately 0.5 dB occurs with the 1.0% loop bandwidth at 1.0-megabit and 100-kilobit
data rates over the range of SNRs of 0 through 9 dB. Except for the 1.7-dB departure occurring
with bit synchronizer A at the 100-kilobit data rate, both bit synchronizers reveal a maximum departure
from theoretical which is equivalent to or less than 0.6 dB. Measurement repeatability for these tests is
approximately equal to or less than +0.5 dB.

Bit Slippage Probability Test

The purpose of the test is to determine the BSP characteristics of a bit synchronizer as a function of
input SNR. Measurements were made to determine the bit slippages (clock slips) occurring in the recon-
structed bit stream at the output of the bit synchronizer. Bit slippages were measured at selected SNR
settings, converted to BSP, and plotted to show the effect of SNR on BSP for each bit synchronizer. Bit
slippage probability is defined as the ratio of the number of bits gained or lost (slipped) to the number of
bits transmitted during a given interval of time.

Measurements were made at 0.1- and 1.0-megabit rates, 1.0% and 0.3% loop bandwidths with varia-
tions in SNR of 0 through 9-dB in 3-dB intervals. The equipment arrangement for the BSP test is shown in
figure 8.

The results of the bit slippage measurements are shown in figures 9 through 12. The test results using
bit synchronizer A are shown in figures 9 and 11, and for bit synchronizer B in figures 10 and 12.
Measurement repeatability during the tests was within +0.5 dB.

Figure 9 shows the response of bit synchronizer A to a 2047 bit pseudo random 1-megabit filtered
NRZ-L PCM signal for input SNR settings of 0, 3, and 6 dB. The loop bandwidth selections of the bit
synchronizer were 1.0% and 0.3% during these tests. Figure 10 shows the test results for bit synchronizer
B using the same test conditions and loop bandwidth selections of 1.0 and 0.3%, respectively.

The data shown in figures 9 and 10 reveals that bit slippage probability (clock slippage) increases
rapidly as the input SNR is decreased. The increasing number of clock slips represents the inability of the
bit synchronizer to generate a stable system clock from the received PCM signal. The clock signal generated
by the bit synchronizer may be increasing or decreasing in rate relative to the rate of the received PCM
signal causing clock slippage. The SNR of the input signal must be increased by approximately 6 dB to
achieve equivalent BSP values between the 1.0% and 0.3% loop bandwidth selections for bit synchronizer
A at the 1-megabit data rate. Bit synchronizer B requires an increase in SNR of approximately 2 to 3 dB
to achieve equivalent BSP results between the two loop bandwidth selections.
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Table 1. SNR Differences for Equivalent BEP Results (E xperimental-Theoretical Results)

Difference SNR (dB) (Experimental-Theoretical)

Theoretieal
1-Mb Rate l 100-kb Rate
SNR
1.0% LBW*® (d8) | 0.3% LBW (dB) I 1.0% LBW (dB) | 0.3% LBW (dB)

Bit Synchronizer A
0 Q.6 o 1.7 0
3 a2 0 0.6 0.3
6 02 0 0 0,3
9 0.6 0.3 0.3 0

Bit Synchronizer B
L} 06 0.2 as (\}
3 04 02 0.2 0
6 03 0.2 0 0.2
9 a4 04 0 04

*Loop bandwidth,
13
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Figure 11 shows the response of bit synchronizer A to a pseudo random 100-kilobit PCM signal for
input SNR settings from 0 through 9 dB. Bit slippage measurements were made with bit synchronizer loop
bandwidth selections of 1.0% and 0.3%. Figure 12 shows the test results for bit synchronizer B using the
same test conditions and bit synchronizer loop bandwidth selections.

The data shown in figures 11 and 12 reveals a rapid increase in bit slippage probability as the input
SNR is decreased. Again, the rapid increase in the number of clock slips reveals the inability of the bit
synchronizer to generate a stable system clock from the input bit stream. The reconstructed clock from
the bit synchronizer may be increasing or decreasing in rate relative to the rate of the input signal causing
clock slippage. A comparison of the measurements made at an SNR of 0 dB reveals a difference in BSP
corresponding to an SNR difference of approximately 7 dB for bit synchronizer A and 4.4 dB for bit
synchronizer B when going from the 1.0% to the 0.3% loop bandwidth selection.

Acquisition Parformance Tests

Acquisition performance tests were conducted to determine the ability of the bit synchronizer to
acquire clock synchronization when the input signal contained additive white, gaussian noise and when the
input signal is offset in bit rate. One set of measurements was made to determine the number of bit periods
required to acquire clock synchronization when the bit rate of the input signal was set at the bit rate se-
lected on the bit synchronizer; but subjected to changes in SNR. A second set of measurements was made
using a specific SNR and changing the bit rate of the input signal to the bit synchronizer; the bit rate
selection on the bit synchronizer was not changed during this test. Data measurements are presented in
plots of acquisition time (bit periods) versus SNR and acquisition time versus bit rate offset. Acquisition,
measured in bit periods, is the interval between application of the input signal and bit acquisition.

Measurements of acquisition time, in bit periods, were made as a function of SNR and bit rate. The
test results are presented in two parts: part [ relates acquisition time as a function of different SNR
settings at a fixed bit rate, and part II relates acquisition time as a function of variations in the input bit
rate at a fixed SNR setting. The measurement results of part | for bit synchronizers A and B are presented
in figures 14 through 17 and of part Il in figures 18 through 21. The PCM test set used to measure the
acquisition time had &n upper measurement limit of 10,000 bit periods. A summary of the measured values
is presented in table 3.

Data characterizing the performance of the bit synchronizers were taken at 0.1- and 1.0-megabit rates
with variations in SNR of 0 through 21 dB and with bit rate offsets from 0 to a maximum of * 100-kilobits. .
Bit synchronizer loop bandwidth selections included 1.0% and 0.3%. The equipment arrangement for these :
tests is shown in figure 13. '

Part |: Acquisition Time as a Function of SNR

The number of bit periods required by bit synchronizers A and B to achieve clock synchronization
with the input bit stream were measured over a range of input SNRs of 0 through 21 dB. An additional
measurement was made with the additive noise signal disconnected, and is shown as *PCM only™ (a reference
data point only). The measurements were made using a 2047 bit pseudo random, premodulation filtered,
input NRZ-L PCM signal at 0.1- and 1.0-megabit rates, with bit synchronizer loop bandwidths of 1.0% and
0.3% respectively. The cutoff frequency of the premodulation filter was set at a vatue equivalent to 0.75 x
bit rate.

The results of the performance measurements for bit synchronizers A and B using 1.0-megabit rate
and the 1.0% and 0.3% loop bandwidth selections are shown in figures 14 and 15. Ths data taken with the
1.0% loop bandwidth reveals an abrupt change in acquisition time with SNR settings of 6 through 12 dB for

21
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Table 2. Acquisition Time as a Function of SNR by Bit Rate and Loop Bandwidth Selections

Acquisition Time (Bit Periods)
SMA 1-Mb Rate 100-kb Rate
1.0% LBW* 0.3% LBW 1.0% LBW 0.3% LBW
e T I T
Bit Synchronizer A
0 ¥ = =) i
3 - 4500 - T
6 8200 1200 6900 2000
‘ 9 1000 30 20 31
12 N 38 38 44
15 44 50 51 46
18 38 63 44 52
0 80 62 29 60
“PCM" 68 54 66 52
Bit Synchronizer B
¥ 0 8945 4770 - 5780
7 3 6730 197 9580 193
6 785 n 6478 51
9 8 18 330 19
12 7 14 5 22
15 20 20 (] 10
18 26 34 10 ri)
4 7 2 24 17 29
“PCcCm*” 29 26 15 l 18
*Loop bandwidth,
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Table 3. Acquisition Time for Offset Bit Rates by Bit Rate and L.oop Bandwidth Selections

Acquisition Time (Bit Periods)
Bit Rate Offset
(Percentage of 1Mb Rate 100-kb Rate
Tracking Rate)
1.0% LBW® 0.3% LBW 1.0% LBW 0.3% LBW
;i Percentage Bit Perlods 8it Periods Bit Periods Bit Periods _
; Bit Synchronizer A ]
; +100 416 1850 1610 5600 1
+80 280 1170 442 1300 i
: +60 157 680 197 78
? +40 89 292 9 262
+20 54 81 58 60
0 2 51 60 70
| -20 50 b4 57 51
f 40 64 110 78 140
r -60 98 380 116 450
« 80 160 760 156 859
100 233 1300 210 1460
; Bit Synchronizer B
+100 4256 o 2196 -
| +80 an - 430 9043
’ +60 128 3086 17 1943
+40 a8 782 6 a4
+20 20 106 6 38
0 10 18 7 1 3
20 14 61 5 53 :
40 38 943 5 619 1
80 147 . 107 3819 :
80 780 . 183 -
<100 - - 7065 ~
*Loop bandwidth,

23




1NdNI >

NI0TO TYNHILXI

FILTER
NOT USED
DURING OFF-

SET TEST)

PREMODULATION

‘ viva .

a3xaLNg

BIT SYNCHRONIZER
UNDER TEST

Figure 13. Acquisition Equipmert Setup.

COUNTER

FREQUENCY

aavalann | |




o o Y oy T T T T T .
o g
o 1
E DATA RATE: | MEGABIT ]
= \ 1.0% LOOP BANDWIDTH -
s — e e 0,3% LOOP BANDWIDTH -
| \ 1
1
x0? =
- -
S 4 3
- -
= -
g b -
« ~ -
9 1 9
5 :
. i
§ vao | .
L] 3 % b
3 - R
- e
- R
i 9
o' - -j
-
- R
o B
= B
- .
- 1
- by
E
1X10° L 1 A " L ks A A
0 3 [ ° 12 16 ) 2 PCM
ONLY
SIGNAL-TO-NOISE RATIO (d8)
Figure 14. Acquisition Time Versus Signak To-Noise Ratio tor Bit Synchronizer A (1-Megabit Rate). i




B |

xo*

OATA RATE: | MEGABIT
——— 1,0% LOOP BANDWIDTH
— v = 0,3% LOOP BANDWIDTH

1X10

ACQUISITION TIME (BIT PERIODS)

1x10%
=
E 3
= ~
B 9
pe =4
0 L A A Iy (s i L A
e e ° 2 15 1 2 rcM
SIGNAL-TO-NOISE RATIO (d8) ONLY

Figure 158 Acquisition Time Versus SignalTo-Noise Ratio for Bit Synchronizer B (1-Megebit Rete).




bit synchronizer A and 0 through 9 dB tor bit synchronizer B. Measured acquisition times are in a range of
8 through 8500 bit periods with SNRs of 0 through 21 dB. The spread in acquisition time measurements
decreased to 8 through 80 bit periods for both bit synchronizers when SNRs were set in the range of 9 dB
through 21 dB. The acquisition time measurement for “PCM only™ was within the 8 to 80 bit penod range.

The shape of the data plotted in figures 14 and 15 for the 0.3% loop bandwidth selection is similar to
that measured with the 1.0% loop bandwidth selection. However, the 0.3% loop bandwidth data show SNR
difterences of 2.7 to 3.8 dB with bit synchronizer A and 1.6 to 4.2 dB with bit synchronizer B to achieve
the same acquisition times. The acquisition time measurements for both bit synchronizers reveal a spread
of 15 to 60 bit periods with SNRs in a range of 9 dB to 21 dB. Again, the “PCM only™ measurement ap-
pears within the acquisition time spread resulting from SNRs of 9 to 21 dB.

Performance measurements made with a 100-kilobit rate, 2047 bit pseudo random, premodulation
filtered NRZ-L PCM input signal are shown in figures 16 and 17. Figures 16 and 17 show the measurement
results for bit synchronizers A and B when using a 1.0% and 0.3% loop bandwidth selection.

The performance measurements shown in these figures reveal similar tendencies as those measure-
ments taken at the 1.0-megabit rate. Abrupt changes in acquisition time are observed at low SNR settings.
The acquisition times measured as a function of changing the SNR from 6 dB to 9@ dB show a spread of
7000 to 20 bit periods, indicating the number of bit periods required to achieve clock synchronization with
the input signal. Measurements made at SNRs of 9 dB through 21 dB show acquisition times in a range of
20 to 685 bit periods. Again, the “PCM only™ measurement appears within this range of SNR settings. Com-
parison of the measurements made with the 1.0% and 0.3% loop bandwidth selections, shown in figure 16,
reveals a difference of approximately S000 bit periods at an SNR of 6 dB. However, with SNRs that are
greater than 6 dB the comparison reveals similar results between loop bandwidth selections.

The performance measurements for bit synchronizer B are shown in figure 17. The data shown are a
function of loop bandwidth selections of 1.0% and 0.3%, respectively. The data measurements show that
changes in SNR over a range of 3 dB to 12 dB decreases the number of bit periods for synchronization
acquisition from 9500 to 5. In addition, the range of bit periods required for acquisition with SNR settings
in the range of 12 dB to 21 dB is approximately S to 16: the “PCM only" data point appears within this
range of acquisition times. Comparing the 0.3% loop bandwidth data with the 1.0% loop bandwidth data,
figure 17, reveals that the SNR must be increased approximately 2 to 6 dB at the low SNR settings to
achieve similar acquisition times when using the 1.0% loop bandwidth selection. A comparison of the data
between the 100-kilobit and 1.0-megabit data rates reveals a relative improvement in SNR for a given
acquisition time of approximately 3 dB at the lower SNR settings when using the 1.0-megabit data rate and
the 1.0% loop bandwidth.

Table 2 contains acquisition time measurements in bit periods made as a function of different input
SNR settings. Data measurements are included for the 100-kilobit and 1.0-megabit data rates and 1.0% and
0.3% loop bandwidth selections.

Part I1: Acquisition Time as a Function of Bit Rate Offset

Performance tests were conducted to determine the acquisition time in bit periods of a bit svachro-
nizer when the input signal was offset in rate. Measurements were made using an unfiltered 2047 bit pseudo
random, NRZ-L-PCM input with an SNR of 15 dB. Data were taken for two bit rates, 0.1- and 1.0-megabit,
and for loop bandwidth selections of 1.0% and 0.3%. The bit rate setting on the bit synchronizers remained
unchanged as the input signal was offset in rate.
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The acquisition times shown in figures 18 through 21 are the result of bit rate offsets to *100, +50,
and +30-kilobits at the 1.0-megabit data rate and to +10, +5, and +3 kilobits at the 0.1-megabit (100-kilobit)
data rate. The bit rate offsets used are based upon the design relationships between the manually selectable
loop bandwidths and the automatically selected tracking ranges of the bit synchronizers. The manufacturer
of bit synchronizer A specified a tracking range in percentage of the selected bit rate equivalent to ten times
the selected loop bandwidth (%). The tracking range for bit synchronizer B was specified to be equivalent
to 5 percent of the selected bit rate for all loop bandwidths. The limit of acquisition time measurements by
the design of the PCM test set is 10,000 bit periods. A summary of the measured values is presented in
table 3.

The results of the performance measurements made with bit synchronizers A and B at the 1.0-megabit
data rate, with loop bandwidth selections of 1.0% and 0.3%, are shown in figures 18 and 19. The acquisition
time response measurements for bit synchronizer A shown in figure 18 reveal maximum acquisition time
increases of 191 and 374 bit periods for input data rates of 0.9 megabit and 1.1 megabit, respectively. Com-
parisons of the acquisition times shown in the figures reveals increased sensitivity to input bit rate offsets
when using the 0.3% loop bandwidth selection. The maximum increases in acquisition time with the 0.3%
loop bandwidth selection are 1249 and 1799 bit periods occurring at input data rates of 0.97-megabit and
1.03-megabit, respectively.

The results of the performance measurements made for bit synchronizer B are shown in figures 19 and
21. The data shown in figure 19 reveals maximum increases in acquisition time of 779 and 4246 bit periods
occurring with input data rates of 0.96 and 1.05 megabit, respectively. The minimum acquisition time is
shown as 10 bit periods and occurs at an input data rate which is equal to the bit synchronizer selected bit
rate. Comparing the data for the 0.3% loop bandwidth selection to the 1.0% loop bandwidth selection in
figure 19 reveals the increased sensitivity of acquisition time to input data rates which depart from the rate
selected on bit synchronizer B. Maximum increases in measured acquisition times of 925 bit periods and
3068 bit periods occurred when the bit rate was offset to 0.980 megabit and 1.030 megabit, respectively.
The minimum acquisition time was 18 bit periods which resulted when the input data rate was set equal to
the bit rate selected on the bit synchronizer, corresponding to a zero data rate offset. The test results at the
1.0-megabit data rate show that acquisition times increase whenever the input data rate is either less or
greater than the rate selected on the bit synchronizer.

The performance measurements made at the 100-kilobit data rate are shown in figures 20 and 21.
Again, data were taken with bit synchronizers A and B while using loop bandwidth selections of 1.0% and
0.3%. The data measurements shown in figure 20 reveal maximum acquisition time increases of 150 bit
periods and 1550 bit periods for input data rates of 90 kilobits and 110 kilobits, respectively. The selected
bit rate of the bit synchronizer was set at a 100 kilobit rate for all measurements. The minimum acquisition
time of approximately 60 bit periods occurred at the input data rate which was equal to the bit rate selected
on the bit synchronizer, corresponding to zero data rate offset. A comparison of the data in figure 20 by
loop bandwidth selection shows the increase in sensitivity to input data rate changes when using 0.3% loop
bandwidth. The maximum acquisition time measurements made with the 0.3% loop bandwidth are 1390
bit periods and 5530 bit periods for input data rates of 97 kilobits and 103 kilobits, respectively. The
minimum time of approximately 51 to 70 bit periods occurred when the input data rate was set at the se-
lected bit rate (+500 bits) of the bit synchronizer. The data measurements show that acquisition time
increases as the input data rate departs from the selected bit rate of the bit synchronizer.

Performance measurements made with bit synchronizer B at the 100-kilobit selected data rate are
shown in figure 21. Again, the data is taken with loop bandwidths of 1.0% and 0.3%. Maximum acquisition
time increases of 7048 bit periods and 2189 bit periods, shown in figure 21, occurred at input data rates of
95 Kilobits and 1085 kilobits, respectively. The bit rate selection of the bit synchronizer was 100-kilobits.
The minimum acquisition times measured were 5 to 7 bit periods occurring with input rates of 98 to 102
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kilobits, respectively. A comparison of the 0.3% loop bandwidth data to the 1.0% loop bandwidth data,
figure 21, reveals increased sensitivity of acquisition time to input data rate changes with the 0.3% loop
bandwidth selection. The data taken with the 0.3% loop bandwidth show that maximum acquisition time
increases of 3508 bit periods and 9032 bit periods occur at input data rates of 97 kilobits and 104 kilobits,
respectively. A minimum acquisition time of approximately 11 bit periods was measured when the input
data rate was set equal to the selected bit rate of the bit synchronizer, corresponding to a zero data rate
offset. The data measurements reveal that acquisition time increases as the input data rate departs from
the selacted bit rate of the bit synchronizer, but that the 1.0% loop bandwidth is less sensitive to changes
in the input data rate in the region near the selected bit rate.

Jitter

Performance tests were conducted to determine how well a bit synchronizer can maintain clock syn-
chronization when the input data rate is modulated with sinusoidal jitter components. Measurements were
made to determine the peak bit rate deviation (Af) and modulation frequency (f ‘) at which the bit syn-
chronizersscould produce an output signal having a bit slippage probability (BSP) in the range of 1 x 10
tolx 107,

Performance measurements were taken for two input data rates, with two loop bandwidth selections
and an input SNR of 15 dB. The input data rates and loop bandwidths used were 1.0 and 0.1 megabit and
1.0% and 0.3%, respectively. The equipment set up for these tests is shown in figure 22.

The results of the jitter performance measurements are shown in figures 23 through 26. The area
shown below the line connegting the measured data points represents bit slippage probability performance
which is better than 1 x 107,

Measured data are plotted in éhc figures to show the response of the bit synchronizers to At and
while maintaininga BSPof 1 x 10™ to 1 x 10™. The data shown in the figures reveals that bit synchroni-
zers A and B were able to maintain clock synchronization over a wide range of variations in the jitter com-
ponents. The measured responses exhibit similar tendencies in that the values of Af remain constant,
decrease, and then increase abruptly as the f  Component is progressively increased. Each measured data
point represents the maximum value of Af |xor a constant f = under which the bit synchronizer can produce
data with a BSP in the range of 1 x 10910 1x 107, A summary of the measured Af and f i, Values is pre-

sented in table 4.

Examination of the data listed in table 4 and shown in the figures reveals correlations between loop
bandwidth and the values of Af and fin The data for bit synchronizer A reveals a Af (peak jitter) for low
values of f . which is approximately equal to 10 to 11 times the loop bandwidth selected; this represents the
expected tracking range. This relationship appears to be the same for both bit rates and for both loop
bandwidth selections. The data for bit synchronizer B indicates the existence of a similar relationship be-
tween Af and loop bandwidth; but the results are not the same as those for bit synchronizer A. The data
taken for bit synchronizer B reveals the Af for low values of f_. to be in an order of § to 6 times the 1.0%
loop bandwidth and 32 times the 0.3% loop bandwidth. These measured Af values correlate to approxi-
mately 5% of the selected bit rate with the 1.0% loop bandwidth selection and to 10% of the selected bit
rate with the 0.3% loop bandwidth.

Continued examination of the data in the table and figures reveals a correlation between the i Value
appearing at minimum Af and the loop bandwidth selected. The data taken for bit synchronizer A reveals
a direct 1:1 relationship between the fiyy Value at minimum Af and the loop bandwidth selection. The data
for bit synchronizer B shows a similar relationship, but with more variations in the measured iy values.
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Table 4. Summery of Maximum Jitter Components

Bit Synchronizer
Selected
o s Minimum Af g
Maximum Af
At - LBwW
AorB
b kHz %XBR kHz %8R kHz %LBW %
1.0 110-120 112 125 1.26 10 1 1 A
0.1 10.9-11.8 10.9-11.8 1.1 1.1 1 1 1 A
1.0 30-32.5 30325 5 0.5 3 0.3 0.3 A
0.1 3033 3033 0.5 0.5 0.3 0.3 0.3 A
1 ]
1 8
0.3 -]
0.3 8
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The general shape of each BEP versus SNR plot is similar to that predicted by theory for ideal BEP
response. The results of the tests indicate that BEP is affected by data rate, loop bandwidth selection, and
input SNR. All of the BEP test results indicate that the 0.3% loop bandwidth selection provides BEP re-
sponses which are better than or equal to the responses measured with the 1.0% loop bandwidth.

Comparisons were made to show the differences between experimental measurements and theoretical
response of filtered data for each bit synchronizer. The comparison revealed that both bit synchronizers did

produce output signals having a BEP within 1 dB of theoretical. However, to evaluate overall system perform-

ance, it is also necessary to consider bit slippage probability as an important measure of response. Bit
errors occurring within the frame synchronization word, worst case, can result in loss of an entire frame of
data. However, bit slippage does indeed cause the loss of entire frames of data. It is therefore important
to consider both BEP and BSP when making judgments concerning overall systems performance.

Bit Slippage Probability

The data in figures 9 through 12 show that BSP increases abruptly as the SNR of the input signal is
degraded. The data also show that BSP is affected by loop bandwidth and bit rate selections and that the
two bit synchronizers do not produce the same results when tested under identical conditions.

The most apparent observation is that both bit synchronizers produced different BSP results with the
1.0% loop bandwidth selection at the 1.0- and 0.1-megabit data rates. The performance measurc 1ents made
with bit synchronizer A using the 1.0% loop bandwidth are different for each data rate. The slopc f the
data taken at the 100-kilobit data rate increases more rapidly than at the 1.0-megabit data rate. Improved
BSP performance occurs with the 0.3% loop bandwidth selection at both data rates.

The performance measurements made with bit synchronizer B using the 1.0% loop bandwidth are also
different for each data rate; however, the difference remains approximately constant over the range tested.
Again improved performance results when using the 0.3% loop bandwidth at both data rates.

In general, the bit synchronizer instructions and specifications defined synchronization in terms of
maintaining bit synchronization at specific threshold limits. Observations of the BSP results from the two
bit synchronizers reveal differences in performance characteristics. The differences in the basic definitions
for maintaining synchronization do not provide the expected compatibility required by users of PCM syn-
chronization systems, thus promoting the need for special testing to determine performance characteristics.
Since BSP performance is affected by loop bandwidth and data rate selections, an important requirement
would be to have knowledge of BSP performance over a range of input signal SNRs at various bit synchro-
nizer control settings.

Acquisition Time Versus SNR

Experimental test results show that the acquisition time, as measured in bit periods, of bit synchro-
nizers A and B is affected by the SNR of the input signal. The data measurements reveal abrupt changes in
acquisition times at low SNR settings. Measurements also reveal that an apparent SNR threshold exists be-
yond which insignificant changes in acquisition time occur with increasing SNR. The results obtained
during this investigation provide performance information that would be difficult to determine from speci-
fications given by equipment manufacturers.
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" The manufactures of bit synchronizers A and B provide performance specifications which cannot be
easily related to experimental performance evaluation. Manufacturer specifications indicate that synchro-
nization will occur within a specified acquisition time if the input signal has a transition density of 50% and .
if the input bit rate is within +2% of the selected rate. In addition, the specifications for bit synchronizer A
include a minimum SNR of greater than or equal to 15 dB at a loop bandwidth of 1.0%. The specifications
for bit synchronizer B do not include the SNR and loop bandwidth requirements. Performance measure-
ments indicate that bit synchronizer A does indeed meet its acquisition time specifications, but a degree of
uncertainty exists regarding the performance of bit synchronizer B due to the absence of signal and loop
bandwidth constraints. When the signal and bandwidth constraints given for bit synchronizer A are applied
to the test results, both bit synchronizers would provide acceptable acquisition time response.

Observations of performance were made to determine the sensitivity of acquisition time to loop
bandwidth selection and input data rate. The data shown in the figures reveal that bit synchronizer A and
bit synchronizer B do not provide the same response when subjected to identical test constraints. Bit syn-
chronizer B provided the most uniform and best acquisition time responses at both bit rates when using the
0.3% loop bandwidth selection. The acquisition times for bit synchronizer A at the two loop bandwidth
settings were nearly the same at the 100-kilobit rate. The acquisition time response of bit synchronizer A
with the 0.3% loop bandwidth selection was greater than for bit synchronizer B; however, the acquisition
times were approximately the same at both bit rates. The acquisition time response for bit synchronizer A
and the 1.0% loop bandwidth improved at the lower bit rate. Bit synchronizer B provided degraded response
times with the 1.0% loop bandwidth at the lower bit rate. Therefore, the data shown in the figures reveal
that with the same input signal conditions the results between the two bit synchronizer systems are not the
same.

Acquisition Time as a Function of input Bit Rate Offsets

Performance measurements made with bit synchronizers A and B show that acquisition time is a func-
tion of data rate, the difference between the input data rate and the data rate selected on the bit synchro-
nizer (bit rate offset), and the loop bandwidth selection. The results of the performance tests show the
measured acquisition times increasing abruptly as the input data rate departs from the selected bit rate of
the bit synchronizer. Minimum measured acquisition times for bit synchronizers A and B with either loop
bandwidth are in ranges of 42 through 70 bit periods and 7 through 18 bit periods, respectively, and occurred
with input data rates which were at or very near the selected bit rate of the bit synchronizers. The minimum
acquisition time response for both bit synchronizers appeared to be somewhat constant over a range of
input data rate changes corresponding to ¥20% of the system tracking range. Both bit synchronizers pro-
vided acquisition times which were equal to or less than 105 bit periods within the ¥20% input data range.

Improved acquisition time performance measurements occurred between the 1.0% and 0.3% loop
bandwidths when using the 1.0% loop bandwidth selection with input data rate offsets in the ranges
corresponding to ¥40% through *100% of the system tracking ranges. However, the improved acquisition
time response was more significant when using bit synchronizer B than when using bit synchronizer A. The
response differences measured during the tests would be difficult to determine from equipment specifica-
tions.

The manufacturer’s acquisition time specifications given as a function of input data rate offsets (bit
rate offset) for bit synchronizers A and B are limited in scope and definition. A few generalized examples
of limitations include performance specifications for one loop bandwidth when three selections are avail-
able, and acquisition time performance relative to two ranges of input data rate offset. Limitations in
definition include specification statements which do not include appropriate reference or signal condition




information. In general it becomes difficult to determine specified performance characteristics of bit syn-
chronizers without the references with which to make comparisons.

Jitter

The performance measurements show the characteristic responses of bit synchronizers A and B when
input data contains sinusoidal jitter components. The results of the measurements reveal the relationships
between loop bandwidth, tracking range, input data rate, and A f to f,;, components of jitter for an input
SNR of 15 dB.

The Af jitter component which may be combined with the input data when using bit synchronizer A
is approximately 10 to 11 times, at low f__ values, the loop bandwidth selected by both data rates and both
loop bandwidths. The data for bit synchronizer B show relationships which are different from bit synchro-
nizer A and also different for each loop bandwidth selected. The Af, when using bit synchronizer B,

‘ * appears in the order of approximately 5 to 6 times, at low f__ values, the loop bandwidth of 1.0% and
| approximately 32 times the loop bandwidth of 0.3%. The results show that bit synchronizer A provides a
fixed relationship between maximum Af and loop bandwidth and that bit synchronizer B provides an in-
‘ creasing Af as the loop bandwidth is narrowed (0.3%). Since the tracking range of the loop bandwidth
P selection determines the Af jitter component that can be tracked out at low jitter frequencies, it must be
[ clearly defined so that it can be used effectively in telemetry system applications.
L

Bit synchronizers A and B exhibited an apparent immunity to the effects of high frequency data
‘ jitter when BSP was used as the criterion for performance measurements. The phase-locked loop in the bit
| synchronizer does not respond to the high frequency jitter components; therefore, bit slips are detected
‘ only when the phase difference between the average clock frequency and the actual clock frequency ex-
ceeds ¥180°. The phase error is proportional to the product of the frequency deviation (Af) and the
amount of time (period) that a frequency difference exists. Since the period is inversely proportional to the
modulating frequency (f_ ), the phase error is proportional to the ratio of Af and f (Af/fm). Therefore,
as f _is increased the All?or a given phase error is also increased. The result is that"t‘\e phase-locked loop
does not track the changing bit rate; hence, the system cannot correctly determine the bit boundaries nec-
essary to establish sampling intervals. With this condition the BEP can increase significantly while the BSP
| remains constant. BEP is a very important measure of data quality and must be considered simultaneously
| with BSP when attempting to relate overall bit synchronizer system performance.

|
|
|
|
|
|




APPENDIX

THEORETICAL DERIVATION OF
BIT ERROR PROBABILITY

The purpose of this appendix is to outline the method used to calculate the theoretical bit error
probability (BEP). A table listing the BEP versus signal-to-noise ratio (SNR), values is included for the
case of a filtered PCM signal containing additive, white, gaussian noise . The block diagram model used
for the theoretical derivation is shown in figure 27.

.__°1f’_. H, & FILTER/SAMPLE BIT DETECTOR '
078 ¢ | [
3 ” s | |
s i H, (8) e (0 POINT |
, Z | ki G SAMPLE |
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Figure 27. Block Diagram Mode! for Theoreticel Derivation.




where

n(t)

%

°i(') -

H,(s):

Hoz(s) <

HJ(S) .

e (1) =

Random PCM/NRZ signal with peak amplitude of E volts (Vpplz in body of report).
Bit rate (bits per second).
6 pole Bessel low pass premodulation filter with the -3 dB bandwidth equal to 0.75 fB'

6 pole Bessel low pass filter with the -3 dB bandwidth equal to 0.50 fg. This filter is an
integral part of the filter/sample bit detector.

4 pole Butterworth low pass filter with the -3 dB bandwidth equal to 1.0 fg.  This filter
is used to determine the noise power spectral density N. All three filters are assumed to
have unity gain at zero frequency.

Signal voltage at the output of the H,(s) filter.

Noise voltage at the output of the Hz(s) filter.

Noise power spectral density of the broadband gaussian noise at the inputs to filters
H,(s) and Hs(s).

RMS noise voltage at the output of filter Hy(s).

RMS noise voltage at the output of filter Hs(s).

Laplace variable.

F A PCM/NRZ. signal can be represented by a sequence of step functions. For example, the sequence
‘ ..00010111... can be written

+1

(0

(1)is

| N —

e(t) = u(t) - u-T) + u(t-2T) n

0 0 0 1 0 1 1 1

L

where time begins at the leading edge of the first *“1”" bit and T is the bit period. The Laplace transform of

B =1 (1-e T+ 2Ty @

The Laplace transform of the output signal e (1) can now be expressed as

which combined with (2) becomes

Ej(s) = Hy(s) Hy(s) Ej(s) 3)
Eo(g) = Hl(l) Hz(l) Q1 _e‘Tl + °-2TS) @)
S
46
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The first term of (4) is seen to be the Laplace transform of the step response a(t) of the two filters
H,(s) and H2(s) in cascade. The second and third terms of (4) are seen to be the Laplace transforms
olj delayed versions of the step response. Thus the response of the two filters to the bit sequence
...000101 11... can be written. i

e () = a(t) - a(t-T) + a(t-2T) (5)

and it is clear that the response to any desired sequence can be easily written. Computer programs exist
for inverting high order Laplace transforms. Simple programs can be written for performing the sum-
mations involved in (§). For the conditions shown in figure 1 the calculated response to various bit
sequences showed that only the preceding and following bits significantly influenced the output amp-
litude at the time of sampling. Thus, concentrating on the amplitude of a **1™ bit, only the four bit
sequences 010, 011, 110, and 111 had to be examined. It was also found that the optimum sampling time
was delayed by 1.95 bit periods from the leading edge of the unfiltered bits. The amplitudes of the
central *“1" bit for these four sequences were found to be

eo10 = 0.75SE
¢gy) = 0.862E
¢110 = 0.893E @
e = 0.999E

The probability that the central *1™ bit is in error for each of these sequences can be expressed by
Poro = P In() >eqi0

"
Prig = P In() >epyp “

Prpp =P n@® >y

and these probabilities can be expressed in terms of the normal probability density function p(n).

Br example
Po10 = f”p(n)dn ®) :
bt ‘010 2 i
pn) =1, 20p° ©)

oV2 T

or (8) can be expressed in terms of the error function (often found in tables)

P0|0 - O.S‘QTfQOlO = erfc 0010 (lo)
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Equation (10) gives the probability that a bit error occurs given that the sequence 010 has occurred. Let
Pg) ¢ be the probability that a given *“1" bit is preceeded and followed by *‘0” bits. Since the signal and
noise are independent the probability that an arbitrary bit error is associated with the bit sequence 010
is Py; 0 Po10 2nd likewise for the other bit sequences.

Thus the expected bit error probability is

P =Po10 Po10* Po11 Po11 *P110 Pr1otPin1 Pin an
and since
Po10=Po11 =P110=Py11 = 1/4 (12)
(11) becomes
P, = 1/4(pg10* Po11* Pr1ot Pi11) (13)

If the SNR (signal-to-noise ratio) is defined as the ratio of the signal energy per bit to the noise power
per hertz then

SNR = E°T (14)

The power spectral density N (watts per hertz) is related to the mean square noise voltage 0 12 (watts
fora 1 § load) at the output of the H5(s) filter by

ot a2 g0 | HyGw) |2 dw (15)
2® o

which can be expressed in terms of the equivalent noise power bandwidth f, by
2 2 16

or since | H3(0) | =1as

2
al =N fes a7
and likewise
3 a
00 =N fe2 (l 8)
From (17) the noise power spectral density can be expressed in terms of 0 by
2
N= 9 (19)
e3
from which (14) can be expressed in terms of 0y
2
SNR = E° Tfg3 (20)
o




By dividing (18) by (17) 0, is also expressed in terms of ¢
0 |

0,2
9 =l
0'2 re_]
or :
09 5[2_ o
Iy |
el

From published tables for a 6 pole Bessel filter
fo = 1.0381 fy,4p
and for a 4 pole Butterworth filter

fe = 1.0262 r3d8

which permits (22) to be written with a numerical proportionality factor

00 = 0.7112 ol

(2n

(22

)

(24

(25)

The theoretical BEP values are listed as a function of SNR in table 5. The BEP values are plotted as a

function of SNR in figure 28.

Teble 5, Theoretical Bit Error P obabilities for a
Filtered NR2Z-L PCM Signai

":‘:";ﬁ;‘:,“' Theorstical Bit Error Probability
0 11x10"
3 45x107
6 89 x 103
9 6.4 x 104
12 38x 10
15 39x10'0
18 a2x10"'®
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