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tested. The loop bandwidth selections chosen for testing were the only two that were the same
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selected and the signal-to-noise ratio (SNRI wes changed as required per the specific test requirement.

• Measurements were made to determine characteristic responses relative to bit error probability (SEP).
bit slippage probability (BSP). acquisition (as a function of SNR and bit rate offset) , and input bit
jitter.

The results of the experimental investigations with state-of-the-art bit synchronizer,systems
have shown that variations in performance characterist ics exist . The results also indicate the need to

• establish performance standards and test methoda for bit synchronizer systems, ~~~.-
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BIT SYNCHRON I ZER SYSTEM
PERFORMANCE EVALUATION STUDY

(AIRTASK A8306302-054D-7WSL770000, WORK UNIT
A6302D-2)

By
I~,T. KIM B ALL and fl.R. ULIST

SUMMARY

~~p e r n ental rnvesttga t ions condut-ted with st ate.ot’-the-art hit synchronizer systems have show n th at
va t iations in performance e\lsI between modes of operation with in a system and bet ween systems made by
~hUetent manufacture rs. Generalized and limited pert’oriuance specltIcathmns and inst ruc t ions do not pro-
vtde sufficient performance data to determine expected pertormance in the wide range of systems applica-
tIons. The results of the In vestigation Indicate a need foi standardization of performance characteristics and
the methods used to determine overaLl hit synchronizer system performance. The Telemetry Group of the
Ran~ (‘ontmand.rs Council has published a set of Hit Synchronizer Test Procedures as a supplement to
floc umcnt 118.

Psrt’ormance measurements were made using a 2041 hit psuedo random non-return-to.zero.kvel
LNR I-L ~ pulse code modulation (PCM~ input signal at two bit rates and two loop bandwidth selections.
The two bit rate s, 0.1 and 1.0 niegahits, wete selected to determine responses In the low- and mid-range
data rat e selections. The two ioop bandwidths, 03 and 1 .0 percent. were selected to determine responses
w ith narrow- and mid-range loop selections which were common to the bit sy nchronizers tested . The loop
bandwidth selections chosen for test ing were the only two that were the same between systems. The Input
signal was filtered at a cutoff frequency equivalent to 0. ‘S ~ hit rat e selected and the signal-to-noise (SNR~rau~s was changed as required per the specific test r cqrntemen t. Measurements were made to determine
chara ct er istic responses relat ive to hit erior probabil ity (BEP~. bit slippage probabil ity (US?). acquisition
(as a funct ion ot’ SNR and bit rate otl’set). and input hit j i t t ei

The results of the per forma nce ineasuiements reveal that the HF? response is similar to the HIP re-
sponse predicted by theor~ ttsr filtered Pt~’M dat4 , The result s also show th at BEP ~s a ffected by data rate .
loop bauid w idth selection , and Input SNR. All LIL ’I~ test results indicate tha t the 0.3% loop bandw idth
selection provide s REP responses which are better than or equal to those derived with the 1.0% 1oop band-

• width selection .

I’he results of the US? performance measurerswnts show that US? increases abrupt ly as the SNR of the
input signal is degraded. The data shows that LISP is affected by 1oop bandwidth and hit rate selections and

Approved tee puöbe relesss~ thutributlon unikailed.
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that the bit synchr onizers produced different results when tested under identical conditions. It is noted
that improved BSP performanc e occurs with the 0.3% loop bandwidth selection at both data rates.

The rcquisltion time measurements made as a function of SNR show that acquisition time increases
abruptly as the SNR of the input signal is degraded. Tire 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
t he measured acquisition times. The data shown in t h e  tlgurcs reveal s that with input signal constr aints
held constant the performance between the bit synchronizers is not uniform. Howeve r , the best acquisi-
t1~rn time response at low SNR values was observed to occur when using the 0.3% loop bandwidth at both
bit rates.

Acquisition time m easurements made as a function of offse t input bit rates with the SNR held con-
sta nt show that acquisition t im e perfornrance is affected by data rate and loop bandwidth selections. The
results show tha t acquisition time increases abruptly as the input data rate departs from the data rate
selected on the bit synchronizer. The minimum acquisition times measured were nearly constan t when the
input data rate was varied through a range corresponding to ~ 20% of (he bit synchronizer system tracking
ra nge . improved acquisition times were observed to occur with the L0% loop bandwidth selection rela-
the to the 0.3% loop ba ndwidth when the input data rate was offset in a range corresponding to 40%
through ~ 100% of the system tracking range .

The results ot the jitter performance measurements show the effects of adding sinusoidal , ~~f and
jitter ~omponents 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 tha t ~ne bit synchronizer provides a constant relation-
ship between ~ f and ioop bandwidth and the othe r bit synchronizer provides an increasing ~~f as the loop
bandwidth is made narrower. It is noted that the tracking range selected directly affects the ~ f jitter com-
ponent and therefore must be dearly defined to be used effectively in systems applications. An apparent
i mmun ity to the effects of input jitter (high freq uency) may be observed when using only BSP as the cii-
tenon for performan ce; therefore , BE? measurements should be considered simultaneously with US? when
making judgments concerning overall bit synchronizer system performance.

The results o the experimental investiption s with state-of-the-ar t bit synchronizer systems have
shown that vari ations 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 :

em)r A bit CT TOT has occurred when the expected level is not present ; e.g.. a “zero ” leve l occur-
ring when a “one” level is expected or a “one” leve l occurring when a “zero ” level is expected.

Reference cio k. The reference dock is the 0°clock signal from the PCM generator/test set.

Delayed dock .’ l’he delayed dock is the reconstructed 0°clock signal from the hit synchronizer
system.

• Bit slip: The equipment used to make performance measurements for this report determines bit
slippage by comparing the r~hase of’ the reference clock with the phase of the delayed clock. A hit slip is
tie (‘tntd to oc*~ur when the phases of the two clocks differ by more than + ~~~0 Additional bit s.hps cannot
occur un til the phase difference passes through O~.

.4rquisition timi-. Acquisition time is measured in hit periods and is det~,red as the irumb er of bit
periods required by a bit synchronizer system to achieve clock synchronization tphase difference be t ween
the reference clock and delayed dock signals remains less than Q0°) with the input PCM signal.
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INTRODUCTION

An in vestigation to identif y and measure the inip or t ant per formance 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 publicatio n of Teleme t ry Standards and Test Methods for Telemetry Systems and Sub-
systems u pdated and abreast of technological advances.

Missile test ranges and facilities involved in PCM data handling rel y upon tire characteristics of bit
synchron izers to provide uniform and expected performa nce in data recovery operations. The Telemetry
Grou p recognizes the need for maintaining close control of performance characteristics and therefore re-
quested the investi gation. A primary purpose of the study and experimentation was to gather information
which may be used by the Telemetry Group to determine bit synchronizer perforn rance standards.

A series of tests were conducted to measure the characteristic responses of bit synchronizer s of state-
of-the-ar t design. The tests included measurements of bit error probability, bit slippage probability, acqui-
sition time , and the effects due to i nput hit jitter.

TEST METHODS

The objective of the study was to measure the important characteristic response s of state-of- the- a r t
bit synchronizers.

The importan t 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 l i t ter .  Varia-
tions in signal-to-noise ratio , bit rate offse t , and sinusoidal j i t ter 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 wer~ 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 PUM test set ~s the central feature of the test setup, it was necessary to conduct nunr er ous
tests to verify its per formance characteristi cs. Tests were conducted to determine the dynanr ic range of
input/ou tput electronics , spectral content of tire output signals, accuracy of perf ormance specifications .
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a~~uracy of calibration and signal-to-noise ratio attenuators. rea dout 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
care fully established. Additive , white , ga ussiair noise was used during these tests to provide a base for
making performance comparisons , a common practice in the bit synchronize r industry. The signal-to-noise
r atio in these tests is based upon establishing the correct relat ionship between the signal energy per bit and
the noise powe r spectral density.

PERFOR MANCE MEASUREMENTS AND TEST RESULTS

The test procedures used to characterize the per formance 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 o 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 204 7 bit pseudo random NRZ -L PCM signal at 1 .0- and
0. 1 -megabit rates , and with I .0% and 0,3% loop bandwidth selections. The input signal was either filtered
or not tittered 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 nrajor di ffereirce s between bit synchronize r 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 hit synchro nizer. 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 er ror to the number of bits transmi t ted during a given time interval .

Data characteri zing the performance of the bit synchronizers were taken using a 2047 bit pseudo
random N RZ-L PCM input signal at 1 .0- and 0. 1 -megabit rates with 1 .0 and 0.3% loop bandwidth selec-
lio ns. 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 d B with measure-
ments taken at 3-dB intervals. The resul ts of the performance measurements for bit synchronizers A and B
are shown in fi gures 2 through 7. Measurement repeatab ility with the system used was held within ±0.5 dB
during testing. The arrang ement of test equipment is slrown in figure 1 -

The data plotted in figure 2 shows the response of bit synchronize r A to 1 0-megabit , 2047 bit pseudo
random, filtered NRZ-L P0.1 signal for input SNR settings of 0, 3, fi, Q . and 12 dB. and loop ba ndwidth
selections of 1 .0% and 0,3%. Figure 3 shows the results for bit synchronize r B with L0% and 0.3% krop
bandwidth selections.. It is noted that the general shape of the plotted dat a is similar to that predicted by
theory (refer to the appendix for methods used to derive tlr eoretica l BEP values).

The data plotted in fi gures 4 and 5 reveals the response of bit synchronizers A and B to a 2047 bit
pseudo rando m 100 kilobit , filtered NRZ-L PCM signal for input SNR settings of 0, 3. 6,9, and 12 dB. and
loop ba ndwidth selections of I .0% and 03%.
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A summary of the differences in SNR for equivalent BhP performance between experimental and
theoretical results (filtered data) is preseirted iir table I and figures 6 and 7. The differences between ex~
perinrenta l data and the theoretically calculated values are plotted for cacti combination of loop bandwidth
and bit rate selection.

The data for bit synchronizer A, shown h r  figure 6, reveals that irrininrum departures from theoretical
values occur when using the 0.3% loop bandwidt tr set ting. The maximum departure , occurring with the
1.0% loop bandwidttr set ting, is approximately 0.6 dB at the 1 .0-megabit rate and 1.7 dB at the l OO-kilobit
rate over the range of SNRs of 0 through +9 dB. Note that the BSP at tire I .7-dB departure is approxi -
mately 9 x l0~~; therefore the comparison to theoretical data at that point is not valid. Howeve r , wheir
using a range of SNRs of +3 through +9 dil, the maximum departure is approx imately 0.6 dB.

The BFP response with bit synchronizer B as shown in fi gure 7 reveals that nrin imum departu res from
theoretical values occur when using the 0.3% loop bandwidth selection. A maximum departur e from
theoretical of approximately 0.5 dB occurs with the L0% loop bandwidth at 1.0-megabit and 100-kilobit
data rates over the range of SNRs of 0 throug h 9 dB. Except for the I .7-dil departure occurring
with bit synchronize r A at the 100-kilobit data Tate , both bit synchronizers reveal a maximum departure
from theoretical which is equivalent to or less than 0.6 dB. Measur ement repeatabi lity for these tests is
approx inrately 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 hit synchronizer as a function of
• input SNR. Measurements were irr ade to determine tire bit sli ppages (clock slips) occurring in tire recon-

structed bit stream at tire output of the bit synclrronizer. Bit slippages were irreasured at selected SNR
setting s ,  converted to BSP, and plotted to show the effect of SNR on liSP for each hit synchronizer . Bit

• slippage probability is defined as the ratio of the number of bits gaiired or lost (slipped) to the numbe r of
bits transnutt e d during a given interval of time.

Measurements were made at 0.1- and 1 .0-megabit rates , 1 .0% aird 0.3% loop bandwidths with varia-
tions in SNR of 0 through 9-dB in 3-dB intervals. The equipn retrt arrangenre irt t’or the BSP test is shown in
figure 8.

The results of tire hit slippage ir r easur cinents are shown iir fi gures 9 th roug h 12. The test results using
bit synchronizer A are shown in fi gures 9 and I I , and for bit synchronizer B in figures 10 and 12.
Measurenrent repeatability during the tests was within ±0.5 dli.

Figure 9 shows the response of bit synchronizer A to a 2047 bit pseudo raird orn I -megabit filter ed
NRZ-L PCM signal for input SNR settings of 0, 3, and 6 dli. Tire loop bandwidth selections of tire bit
synchronizer were 1.0% and 0.3% dur ing these tests. Figure t O shows tire test results for bit synchronize r
B using the sanre 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
rap idly as the Input SNR is decreased. TIre increasing irumber ot’ clock sli ps represents the iirahi l i ty of the
bit synchronizer to generate a stable syste lrr clock from the receive d PCM signal. The clock signal generated
by the bit synclrr onizer may be increasing or decreasing ti r rat e relative to tire rate of tire received i~ ’M
signal causing clock slippage . The SNR of the input signal must be increased by approximat ely 6 dli to
achieve equivalent DSP values betweeir tire 1 .0% and 0.3% loop bandwidt h selectio n s for hit sy ir chroiri i .cr
A at the I-megabit data rate. Bit synchronizer B requires air increase in SNR ot’appro x imatc ly 2 to 3dB
to achieve equivalent DSP results be t ween tire two loop ban dwidth selections.

12
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Dltfersa.. SNR (dPi (Expsdisantal.Thso,.ttseIi
Th~~~~~~~ 

--

I—Mb Rats 100.tnb Rats
$NR 

1.0% LSW (dPi 0.3% 11W 1dB) 1.0% 11W (dl) 0.3% 11W (dl)

Itt Synctirontssr A

0 0.6 0,1 1.7 0

3 0.2 0 0.6 .0,3

6 0,2 0 0 .0,3

9 0.6 0.3 0.3 0

Itt $yndironizse B

0 0.6 0.? 0.6 0

3 0.4 0.2 0.2 0

6 0.3 0,2 0 .0,2

$ 0.4 0,4 .0,1 .0.4

•Loop bundvMth.
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Figure I I slrows the response of bit synchron izer A to a pseudo i andom I O0~kilob ,t P(’M signal fo:
input SNR settings fr o nr 0 thr ouglr 9 dB. Bit sli ppage nrea sur cnre nt s were t ira de witi r bit sync lrr oi r i ,cr loop
bandwidth selections of 1 .0% and 0,3%. Figure 12 shows the test results for bit syirchron i’ct B using tire
snore test conditions and bit synchrontz .er loop bandwidth select ions.

The data shown in fi gures I I  and I 2 reveals a rapid increase In bit sli ppage probability as the input
SNR is decreased. Again , the rapid Increase in the numbe r of chock slips revea ls the inabi lity of the bit
synchroniz er to generate a stable system clock froirr the input bit stream. Tire reconstructed clock fro irr
the bit synchronizer nr ay be increasirrg or decreasing in rate relat ive to tire rate of t ire input si gnal causurg
clock slippage. A comparison of tire ineasurenrents made at an SNR ot’O dli reveals a difference in BSI’
corresponding to an SNR difference olapproxinrately 7 dB for bit sync)rroni ier A and 4.4 dli for hit
synchronize r B when going from the 1 .0% to the 0.3% loop bandw idth selection.

Acquisition P,rformanc. Tests

• Acquisition performance tests were conducted to determine ti re ability of the bit synchroni zer to
acq uire clock synchronizat ion when the input signal contained additive white , gaussian iroise and wlrcrr tire
input signal is offset in bit rate. One set of measurements was ur ra d e to determine the number of hit periods
required to acquire clock synchronizatio n when the bit rate of tire input signal was set at tire hit r ate se-
lected on tire bit synchronizer ; but subjected to changes in SNR. A second set of irr casur enre nts was made
usIng a specific SNR and changing the bit rate of the input signal to lir e bit syn ch roni zer; th c bit rate
selection on the hit synchronize r was not chairge d during this test. l)ata measurenrents are presented in
plots of acquisition time (bit periods) versus SNR and acqui sit iotr time versus bi t rate offset. Acquisition .
measured m r  bit perIods , is the interva l between applic. at iotr ol tire input signal aird hit acquisition.

Measurement s of acquisiti onr t inre , In hit periods , were irrade usa t’uirc Oon of SNR and hit rate. l’lre
test results are pre sented in two parts: part I relates acquisition time as a tun ction of different SNR
setti ngs at a fixed bit rate , and part II relates acquisitio n ti n r e as a function of variations ill tile I nput hit
rate at a tixed SNR setting. The measurement results tsf part I for bit synchronizers A and B are presented
in fi gures 14 throug h 17 atrd of part II in fi gures I S throug h 2 1 - Tire P(’M test set used to  nreus ur e tire
acq uisit loir time had an uppe r measurement limit of 10 ,000 bit periods. A summary of tire measured valu es
is presented in table 3.

l~~ta characteri zing tire pcrformaircc of tire hit synchr onri zcr s were taken at 0 .1- and I .0-nrregabit rates
with variations in SNR of 0 through 2 1 dli aird with hit rate ofisets froir i 0 to a m a xi nnr u ni r  ut ± I 00-ki lohits .
Bit synchronizer loop bandwidth selections included 1.0% and 0.3%. The equi pment arrangement for  tircse
tests is shown In fi gure 13.

Part I: Acquisition Time as a Function of SNR

The number of bit periods requ ire d by bit syn chiroir izer s A and B to ach ieve cluck sync irr onri zat ion
with the Input bit strea ,rr wer e measure d over a range of input SNRs of ’ 0 t lrr o ugh 2 1 dli. An additional
rneasur enrent was made with the additive noise signs) disconnected , aird is shown as “Ik’M onr l v ” (a ret crence
data poi nt only). The nreasurcn lents were made using a 2047 hit pseudo random , pr en rodulatnon r t i l t e r ed ,
Input NRZ.L h~ ’M signal at 0.1- and I .O—nr cgablt rates, wi t i r  hit synchr oni i .ci loop han r dw idl I n s of I .0 ~

- and
0.3% respectively. The cutoff frequency of tI r e pr emu dulati on (liter was set at a V~P I I e equivalent to 07 5  ~bit rate.

Tire results of the per forur riu nc e nneasii r cunellts (‘or hi t sy n rc lrnu n i t e r s  A and Ii using I .0 -ni r eg ah it r a te
• and the 1 .0% and 0.3% 1oop bandwidth selections are shown hr fi gures 14 ari d I S . Ii ’ data taken wh ir  tire

1 .0% 1oop bandwidth reveals air abrupt change In acquisit ion t inre with SNR settings of (~ thr ough 12 dli for
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TabI. 2. AcquisItion Tim. Ms  Function of SNR by BIt Rat and Loop Bandwidth Sstsctlon.

AcquisItion Tim. (Bit Pstlodi)

SNR I’Mb Rats 100-kb R.te

1.0% LBW 0.3% 18W 1.0% LBW 0.3% 18W

Bit Syncitronlasi A

0 — — — —

3 — 

— 

4500 —

6 8200 1200 6900 2000

9 1000 30 20 31

12 31 38 38 44

15 44 50 51 46

18 38 53 44 52

21 80 62 29 60

MPCM 68 U 66 52

Bit Syndlronlzsi B

0 8945 4770 - 5780

3 6730 197 9590 193

6 785 
- 

71 6478 51

9 8 18 330 19

12 7 14 5 22

15 20 20 6 10

18 26 34 10 21

21 25 24 17 29

PCM” 29 26 15 18

Loop b.ndvddth,
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TaM. 3. AcquisitIon rims I or Offset BIt Rates by alt Rat, and Loop Bandwidth Bal.ctlons

Acquisition Ti m. tHltPvIod.I
81* Rat. Offset —--- -- —---- - -

(Peiosnts,s of I -Mb Rate fl t OO-kb Rat.
Tr ckln R.t.I ______—-— ------- —

1.O%LBW 0.3% L8W jj 1.0%L8W 0.3% LBW

Psrc.ntcqs Bit Psilod. Bit Periods Bit P.rlods Bit Periods

Bit Syncitronlass A

+100 416 1850 1610 5600

+80 280 1170 44? 1300

.60 157 680 197 715

+40 89 292 96 262

+20 64 81 58 60

o 42 SI 60 70

-20 50 54 57 51

-40 (14 110 78 140

‘60 98 390 115 460

-80 160 760 155 659

-100 233 1300 210 1460

Bit Synclrronlw B

+101) 
• 

4266 • 2196 
- —  

-

+80 471 430 9043

+60 128 3086 11 1943

+40 48 782 6 4 14

~2O 
• 

20 *06 6 38

0 10 IS 7 I I

-20 14 61 5 53

-40 38 943 5 619

-60 147 — 107 3519

-80 780 — 183 -

-100 • - 7055 —

‘Loop bsndriddth.
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bit synchronii~er A and 0 thr ougir 9 dli for bit svirc luorr ii er B. Measure d acq un si tnui r limes ar e or a rai r ge of
S through 8500 bit period s with SNRs of 0 through 2 1 dB. Tire spread hr acquisition time mea sure nrent s
decreased to S througir 80 bit per iods tor both bit syncir iouiters when SNRs were set h r  the ran ge ut 9 dli
through II dli. The acquisition time measurenrent for “l~’M only ” was within tire S to 80 hit period range .

The shape of the data plotted in figures 14 and 1 5 for the 0.3’t’ loop h arr dwr dti r selectroir is similar to
that measured with tire 1 .0% ioop bandwidth selection . However , tire 0. 3’t iuop bandw idth data show SNR
differences of 1.7 to 3.8 dli with bit syncirr oniier A and l .tr to 4.2 dli with hit s~ ncl rr onniet H t o achieve
the same acquisition times. Tire acquis it loir time oreasu renients for bot h hit svTrc hr on iz crs reveal a s;IICad

• of IS to ci0 bit periods with SNRs iii a range 01 9 dii to 21 dli. Agaiir , the “PCM only ” measu iement ap-
pears within the acquisition time spread r esultin g from SNRs of ~ to II  dli.

Performance ruc asur-enrent s nrade with a 100-kilobit rate , 2047 hi t pseudo rand om. pren iodula t ron
tiltered NRZ-L.. PCM input signal are shown m r  tlgures Iti and 17. Figures I t i  and 17 show tire measun eirre nt
results for bit synchronizers A and B when using a 1 .0% and 0 3’l- loop ban dwidth selection .

The performance measurcmerrts shown in these figures reveal similar tendcrrcws as those nr easnnte -
merrt s taken at tire 1 .0-megabit rate. Abrupt change s in acquisition time are observed at low SNR sett lrr gs .
lire acquisition tu n es measured as a function of ch angirrg tire SNR from 6 dli to 9 dii show a spread of
7000 to 20 bit periods, indica ting tire numbe r of hit periods required to achieve clock syir ~hroiniza t nor r  witir
the Input signal. Measurements tirade at SNRs ot’ 9 dli through 21 dli show acquisition t inres in a ran ge of
20 to 65 bIt periods. Again , tire “PCM only” measurerr ient appears wit lrin this range of SNR settings . (‘urn-
parison of the measurements made with the I .0% and 0.3% loop bandwidt h selections. slrowrr iii tlguic lb .
reveals a difference of approxinrrate iy 5000 bit periods at an SNR 01’ 6 dli. h owever . wit ir SNR s that are
greater than 6 dB tire comparison reveals similar results between loop batrdw idtir selections.

The performance rrrea surenren s for bit syrrchroni zer II are shown in figure I 7 . Tire data sirowrr are *
function of loop bandwidtlr selections of 1.0 % arid 03% . respectively . The data measurements show t h at
changes In SNR over a ran ge of 3 dli to 12 dli decreases the number of hit periods for syr r chrtrni iati on
acqwsltion from 9500 to 5. In addition, tire range ot’hit periods require d (‘or acquisitiorr wr t i r  SNR settings

• in the range of 12 dB to II dB is approximately 5 to I ~~; tire “N ’M onr ly data poin t appears wr th ir r t i n s
ran ge of acquis itiorr times, (‘onrparlng the 0.3% loop h airdwi dth data witir tire I .0% loop banrd w idt lr data .
tlgure 17 . reveals that  tire SNR nrust he increase d approximatel y I t o  6 dli at tire low SNR set lu ngs to
achieve sinrilar acquisition t inre s wirenr using tIre 1 .0% loop ban dwidt h sclectr orr . A oonrr p ari surr ot ’ tire data
bet ween tire l OO-kilobit ar nd I .0-megabit data rates reveals a relative inr iprov enrent in SNR for a gnverr
acquisition time of approximately 3 dli at the lower SNR settings when using the I .0-megabit data rate and
the 1 .0% loop ban dwidth.

Table 2 contains acquisition time trr ea surenn r errt s irr bit periods nrade as a t ’urr ctio nr ot dit ’t’er enrt input
SNR settings. Data nreasurerrren ts are included for the I (X)-kilobit arr d 1 .0-megabit data rates and I .0’ ’ arid
0.3% loop barrdwidt h selections.

P*-t II: Acquisition Tim as a Functi on of Bit Rati, Off se t

Perfornrance tests were corr ductcd to dctcr nrni r w tire acqu isitio n t u n e  in hit per i~ds of a i ’rt s~ rrci n t o -
nize r wlrern tire u np nr t  signal was ot’t’set iii rate. Mea surenr ents were made usi ng air ur rtI lreretl ~04 ‘ h u t pseudo
rarrdon r , NRZ .I -~~’M input with air SNR of I S dli. 1’)ata were taken to n two hit rates. 0.1 - arid I .0-megabrt.
and for loop bandwidth selections of 1.0% and 0.3%. Tire hit rate se t tnr r g  on the h ut  svi r dr ror rntcrs n -ennnaiined
unchange d as the input signal was offset m r  rat e .
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The acquisitionr tinies shown in fi gures 18 through 2 1 are the resul t  oh bit r a te  offsets to ~ lO0 , ±50,
and ±30-kilobits an the 1 .0-megabit data rate and to ± 10, ±5 , arid ±3 kilobit s at the 0. l -inr egabrt (lOO-k i lobrt )
data rate. The bit rate oft’sets used are based upon the designr relationsh ips between tire nu an rually selectable
loop bandwidths aird the automatica lly selected tr ack iirg ranges of’ the bit synchron izers. The manuf acturer
of bit synchronizer A specified a tracking range in per cerr iage of tire selected bit rate equivalent to ten times
the selected loop bandwidth (%). The tracking range t’or bit synchronizer B was specified to be eqwvalent
to 5 percent of ’ the selected bit rate for all loop bandwidths. The limit of acquisition tinre nnrea suremcnts by
the design of the PCM test set is 10,000 bit periods. A suri nmary of the rnr easured values is presented in
table 3.

Tire results of the per fornran ce measurement s rniade with hit synchronizers A and li at the 1.0-megabit
data rate , with loop bandwidt ir selections of 1 .0% and 0.3%, are shown in figures 18 and 19 . The acquisition
time response nreasurem ents for bit synchronize r A shown in fi gure 18 reveal maxim um acquisition time
increases of 191 and 374 bit periods for Input data rates of 0.9 nrregabit and 1.1 inrega bit , respectively. (‘om-
parisons of the acquisition times shown in the fi gures reveals increased sensitivity to Input bit rate offsets
when using the 0.3% loop ban dwidth selection. The max inui u r n increases in acquisition time wit h the 0.3%
loop bandwidth selection are 1 249 and 1 799 bit periods occurring at input data rates of 0.97-megabit and
I .03-inregabit . respectively.

The results of the perf ornna rrce rnrea sure nr rents urade for bit synchr orn izer B are shown in fi gures 19 and
21. The data shown in fi gure 19 reveals maxi m um inncrea se s in acquisitiomr tinre of 779 and 4246 bit periods

• occurring with inrput data rates of 0.96 and 1 .05 megabit , respectively. The m inni nrurr i acquisitiorr trifle is
shown as 10 hit periods arid occurs at an im ~~ut data rate which is equal to the bit synchronizer selected bit
rate. Connpar ing the data for the 0.3% loop ban dwidth selection to the I .0% loop bandwidth selectiomr in
tigure 19 reveals tire increased sensitivity of acquisition t ime to input data rates which depart from the rate
selected on bit synchronizer B. Maxinnnn 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 nninnin ru nn acquisition t in rr e was 18 bit periods which resulted when the input data rate was set equal to
the bit rate selected on the bit symr chro mniz er , correspond ing to a zero data rate offset. Tire test results at the
1 .0-megabit data rate show that acquisition tinnes increase whenever the input data rate is either less or
greater tha n the rate selected on the bit synchronizer.

The p erfor mnna mrce nrne asur ements nrrade at the 100-kilobit data rate are shown in fi gures 20 and 2 1.
Agai n , data were taken with bit s’ynchroniters A and B while using loop bandwidth selections of 1 .0% arid
0.3%. The data nreasurenire nts shown in figure 20 reveal nnnaxi nnum acquisition time increases of 150 bit
periods and 1550 bit periods for input data rates of 90 kilobits arrd 110 kilobits , respectively. The selected
bit rate of the bit synchronizer was set at a 100 kilobit rate for all measurements. The rr r rnin rum acquisition
time of approximately 60 bit periods occurred at the input data rate which was equal to the bit rate selected
on the bit synchron izer , corresponding to zero data rate offset . A conirparison of the data in figure 20 by
loop bandwidth selection shows the increase in sensitivity to input data rate changes whern using 0.3% loop
bandwidth. The maximum acquisitiorr tin ’r e measurements made with the 0.3% hoop bandwidth are 1390
bit periods and S~ 30 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 rat e was set at the se-
lected but rate (+500 hits ) of the bit synchr onizer . The data rni easurements show that acquisition time
incre ases as the rnput data rate departs from tire selected hit rate of the bit synchro ir izer.

Performance mn r ea sure mnnc rrts tirade with bit synchroni zer H at the 100-kilobit selected data rate are
showrr rn figure 2 I .  Again , the data is taken with ioop bandwidths of I .0% anrd 0.3%. Maxi nnum acquisition
time increases of 7048 but perrod s and 2 189 bit periods, shown in figure 2 1 , occurred at input data rate s of

• 95 kilobit s and lOS kilobits , respectively. l’he bit rate selection of the bit synchrorn iier was I QO-kilobits.
The nn rin nn n r unr acquisition tinres nr easrr red were 5 to 7 hut periods occurrin g with input rates of 98 to 102
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kilobits , respectively. A cumpar isorr ot’ tire 0.3% loop ba irdw idt ir data to the I .0% loop b andwidth dai a .
fi gure 2 1 , reveals increase d sensitivity of acquisition I inre to inrput data rat e ch anges with the 0.3% loop
bandwidth selection. The data taken with the 0.3% loop bandwidth ShOW that nrrax imu mni acquisition t u n e
increases of 3508 bit periods and 9032 b ir periods occur at input data rates of 97 kilobits and 104 k ilobit s,
respectivel y. A minimum acquisition t lrrr e tn t approx inrate ly I I  bit periods was measured when the input
data rate was set equal to the selected bit rate of the bit synchronnize i . corresp oirding to a zero data rate
offset. The data nre asu rcnnn ents reveal th at acquis ition time increases as tire input data rate departs fronr
tire sel’~cted b it rate of the bit synchronizer , but that tire I .0% loop bandw idtir is less sensitive to changes
in the input data rate in the region near the selected bit rate.

J ittir

Performance tests were conducted to determine irow well a bit synchronizer carr inn alm nta nu clock syn-
chronization when the input data rate Is modulated with sinusoidal j i t ter  components. Measurements were
nra de to determine the peak bit rate deviation (~~f) an d modula t ion frequency (f ~1) a t  which the bit ~yrr-
chronizers could produce an output signal having a bit slippage probability (lISP) in tire range of I x lO~
to 1 x lO s.

Performance measurements were taken for two imrput data rates , with two 1oop b a iu dwrdth selccmionrs
and an input SNR of 15 dB. Tine input data rates and ioop handwldt irs used were 1.0 and 0.1 megabit and
1.0% and 0.3%, respectively. The equipment set up for these tests is sirown in fi gure 22.

The results of the jitte r pcrfornrance measure m ents arc shown in fi gures 23 throug h 26. The area
shown below the line conne~ting the measured data po lmrts represents bit slippage pr obability pcr fornn amr ce
which is better than I x lO~’.

Measured data are plotted In~ he fi gures to sirow tire respo irse of tire bit symnc irr onn i iers to ~~t’ and
wiri le maintaining a BSP of’ I x 10- to I x lO s. The data sirowir in tire figures reveals t irat bit syncirrotnr -
i.crs A and B were able to maintain clock synchronizatio n over a wide range of variations u n  t h e  j i t ter  com-
ponents. Tire nreasured responses exhibit sinnil ar tenideircies Inn tha t the values of ~ I’ rcnrr amn r con st am nt .
decrease , and then increase abruptly as the f 1~ compon cin t Is progressive ly imncr eased. Eacir measured data
point represents the maximum value of~~ f ~or a constant under which the bit synchronizer cain produce
data with a BSP In tine range of I x I O~’ to I x IO~~. A summary of ti ne measured ~ I and 1nr values is ore-
sented inn table 4.

Examination of the data listed in table 4 and shrow mr in the figures reveals correlations hetwee mn loop
bandwidth and the values of Af and f’in~ 

Tine data for bit symn clnron iz er A reveals a At ’ (peak u t t e r )  for low
values of f’nn which is approxinrate ly equal to 10 to I I  t inres tIr e loop bandwidth selected ; this represents tire
expected tracking range. TIn s relationship appears to be the samm y for hotir hit  rates arid for both loop
bandwidth selections. The data for bit synchronize r B indicates tire existence of~ slmnni lar relatio n sh ip be-
tween Al and loop bandwidth ; but tire results are not the same as tinose for bit synrc lnr onizcr A. ‘I’he data

• 
‘ taken for bit synchronizer B reveals tire Af for low values of to be hr an order oh ’ 5 to 6 times tire 1 .0%

loop ban dwldtir and 32 tImes tire 0.3% loop bandw ldtln. Tirese nrr ea sur cd At
. values correlate to approxi-

mately 5% of the selected bit rate with the 1 .0% loop handwidtin selection arrd to 10% of tire selected h it
rate with the 0.3% loop hann dwidt h n.

Continued examination of the data in tire table and fi gures revcais a correla il orn h ctw eemn tire I’m valu e
appearing at ,nninin 1um Af and tire ioop bandwidt lr selected. Tire data taken m i  hi t sy nncl rr on nizc r A rev eals
a direct 1: 1 relationsi nip between the value at mrn irrimu nn r A I amid the loop b at nd wr dt hr sekct iomr . Tine data
for bit synchronizer B shows a sinnilar re latlonrsl r ip, hut wit h inro re variatio n s in n tire measured i n n values.
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TibIa 4. Summary ~ Mrndmum Jit*ui Components

JtttSf Bit Synchronizer
4 A Ssttla

MNnlmum ~af

~~ MaxImum A.
A. 1,~ 

LBW
_________  Aor B

kHs SIR kHz SIR kHz SLIW S

1.0 110- 120 11-12 12.5 1.25 10 1 1 A

0 1 10,9-11.8 l09-11.8 1.1 1.1 1 1 1 A

1.0 30.32.5 30-325 5 0,5 3 0.3 0,3 A

0. 1 3.0.33 30-33 O.b 0.5 0.3 0.3 0.3 A

1.0 62 6.2 9.8 0.98 7 0.7 I B

0.1 6,15 5.15 1 1 1 1 1 8

1.0 95 9.5 5 0.5 3 0.3 0.3 B

0.1 9.7 9.7 0,55 0.55 0.4 0.4 0.3 B
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CONCLUSIONS

Bit Error Probability

The general shape of each BEP versus SNR plot is similar to tinat predicted by theory for ideal BEP
response. The results of the tests indicate that SEP is affected by data rat e , loop bandwidth selection , arid
input SNR. All of the REP test results indicate that the 0.3% loop bandwidth seleetioin provides SEP re-
sponses which are better thair or equal to the respoirses measured with the 1.0% loop bandwidth.

Comparisomrs were made to show the difference s between experimental rrreas uren r errt s and theoretica l
response of filtered data for each bit synchronizer. The comparison revealed that both bit synchronizers did
produce output signals having a REP with in I dB of theoretical. However , to evaluate overall system perfornn-
since , it is also necessa ry to consider bit slippage probability as an inrportant nnnea sur e of response. Bit
errors occurring within the frame synchronization word , worst case , can result in loss of ann entire frame of
data. However , bit slippage does indeed cause the loss of entire frames of data. It is therefore inrpo r ta r rt
to consider both REP and BSP when making judgments concerning overall systems perfornn ance.

Bit Slippage Probability

The data in figures 9 through 12 show that BSP increases abruptl y as the SNR of the input signal us
degraded. The data also show that BSP is affected by loop bandwidt in and bit rate selections and that the
two bit synchronizers do not produce the same results whern tested under identical conditiorns.

The nnost apparent observation is that bot in bit synchron izers produce d ditfercnt BSP results with tine - •

1.0% loop bandwidth selection at the 1.0- and 0.1 -imnegabit data rates. The pen fornnance nnca sur rents made
with bit syn chronizer A using the 1.0% loop bandwidth are different for each data rate. The slop ‘f tire
data tiken at the UX)-kitobit data iate increases more rapirfly thair at the 1 .0—megabit data rate. improved

• RSP performance occurs with the 0.3% loop bandwidth selection at both data rates. •

The perfornnrance measurennents niade with hit synchronizer B using the I .0% loop bandwidth are also
• different for each data rate; h owever, the difference renirains approximately constant over tire range tested.

Again improved performance results winen using the 0.3% loop bandwidth at both data rates.

In general , the bit synchronizer instruction s and specitications dctlned synchronization in terms of
nna innta inir~g bit synchronization at specific threshold limits. Observations of the BSP results from the two
bit syrnchronizers reveal differerrce s in performan ce chnaract eristi cs. The difference s in the basic definitions
for maintaining syn chronization do not provide the expected com patibility require d by users of PCM syir-
chronization system s, thus promoting the need for special testing to dcternninre perfornuince characteristics .
Since L3SP perform ’nnance is affected by loop bandwidth and data rate selections, air inrportant requIrement
would be to have knowledge of I3SP performan ce over a range of input signal SNRs at various bit syncirro-
nizer corrtr ol settings.

Acquisition Time Versus SNR

Experimental test results show that the acquisition tinr e , as mnn ezisur ed inn bit periods , of l int syncirro-
mnr t cr s A and B is affected by the SNR ot ’ tine input signal. The data mcasurennents reveal abrupt changes in
acquisition times at low SNR settiirgs . Mc asurenn emnts also reveal that  air appar emrt SNR threshold exists be-
yond which insignificant changes in acqursit ion tu nic occur with increasing SNR. The resul t s obtained
during this invest igationr provide performance infornn at ion that would be difficult to determ ine from speci-
fIcations given by equipment rnnanmifactur’e rs.
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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 witlnin a specified acquisition time if the input signal h a s  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 bandwid th requirements. Performanrce measure-
nrents indicate that bit synchronizer A does indeed nreet Its acquisiti on time specifications , but a degree of
uncertainty exists regarding tine performance of bit synchronizer B due to tire absence of signal and loop
bandwidth constraints. When tIne signal and bandwidtir constraints give n for bit syncirronizer A are app lied
to the test results, both bit synchronizers would provide acceptable acquisition time response.

Observations of perform ance 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 synchronize r A at the two loop band width
settings were nearly tire same at the 100-kilobit rate. The acquisition time response of bit synchronizer A
with the 0.3% loop ban rdwidth selection was greater than for bit synchronize r 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 improve d at the lower bit rate. Bit synchronizer B provided degraded response
times with the 1.0% loop bandwidth at the lower bit rate. Therefore , th e data shown in the figures reveal
that with the same input signal conditions the results between the two bit synchronize r systems are not the
same.

Acquisition Time as; Function ol 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-
nize r (bit rate offset), and the loop bandwidth selection. The results of tire perfornua nce tests show the
measured acquisition times increasing abruptly as the input data rate departs from the selected bit rate of
the bit synchronizer. Minimum m easured 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 period s, respectively, annd occurred
with input data rates which were at or very near the selected bit rate of the bit synchronizers. The minrmum
acquisition time response for both bit synchronizers appeared to be sornnewhat constant over a range of
input data rate changes corresponding to ±20% of the system tracking range. Botin bit synchronizers pro-
vided acquisition times which were equal to or less than 105 bit periods within the ±20% input data range.

Im proved acquisition time performance measurements occurred betweenn tire 1 .0% and 0.3% loop
bandwidths when using the 1 .0% loop bandwidth selection with input data rate oft’sets in the ra nges
corresponding to ±40% through ±100% of the system tracking ranges. However , the improv ed 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 fronr equipment specifica-
tions.

The manufacturer ’s acquisition time specilIcatiomrs givemn as a function of input data rate offsets (bit
rat e offset) for bit synchronizers A and B are limited in scope and def initio n . A t’ew gen rera lized examp les
of limitations include performance specifications for one loop bandwidth when three selections are avail-
able , and acquisition time performance relative to two range s of input data rate offset. Limitations in
definition include specification statements which do not include appropriate reference or signal condition
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iutormat iosr . In general it becomnre s difficul t to determine specified per form ance characteristics of bit syn-
chronizers without the references with which to make connparisons.

Jitter

The performance measurem ents show the characteristic responses of bit synchronizers A and B when
input data contains sinusoidal jitte r components. The results of the nne asurenr ents reveal the relationships
between ioop bandwidth , tracking range , input data rate , and ~ Ito 1m components of j itter for an input
SN R oI 15d B.

The ~ f jitter compone nt which m a y  be combined with the input data when using bit sy nchronize r A
• ra approxi mately 10 to I I  times, at low values , the loop bandwidth selected by both data rates and both

loop bandwidths. The data for bit synnchronize r B show relationships which are different from bit synchro-
nizer A and also different for each loop bandwidth selected. The ~ f , when using bit synchronizer B,
appears in the order of approximately 5 to 6 times, at low 1m values , the loop bandwidth of 1.0% and
approximately 32 times the loop bandwidth of 0.3%. The results show that bit synchronize r A provides a
fixed relationship between nna xinrum ~ f and loop bandwidth and that bit synchronizer B provides an in-
creasing ~ f as the loop bandwidth is narrowe d (0.3%). Since the track inng range of the loop bandwidth
selection deternunes the ~ f jitter conrpo nent that can be tracked out at low jitter frequencies , it must be
clearly defined so tha t it can be used effectively in telemetry systenn applications.

Bit synchronizers A amid B exhibited an apparent immunity to the effects of high frequency data
jitter when BSP was used as the criteriomn for performance measuremmnents. 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 amnd the actual clock frequency ex-
ceeds ± 1800 The phase error is proportional to the product of the frequency deviation (sf) 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 ~ f and f (~Af/t’nr )

~ Therefore ,
as 1m is increased the ~

ñ1or a given phase error is also increased. The result is that ’Ptne 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 tire SEP can increase signnificaint ly while the BSP
remains constant. BEP Is a very important measure of data quality and must be considered simultaneously
with BSP when attemptin g to relate overall bit synchronizer systenn performance.
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APPENDIX

THEORETICA L DERIVATION OF
BITERROR PROBABILITY

The purpose of this appendix Is to outline the method used to calculate the theoretical bit error
probability (BE!’). A table listing the BE!’ 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.
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where

e1(t) = R.andoin PCM/NRZ signal with peak amplitude of E volts (VN,/2 in body of report).

Bit rate (bits per second).

H1(s) : 6 poie Bessel low pass premodulation filter with the -3 dB bandwidth equal to 0.75 f~.

H2(s) : 6 pole Bessel low pass filter with the -3 dB bandwidth equal to O.SO fB- This filter Is an
integral part of the filter/sample bit detector.

H1(s) : 4 pole Butterworth low pass fIlter with the -3 dB bandwidth equal to 1.0 1B This filter
is used to determine the noise power spectral density N. All three filters are assumed to
have unity gain at zero frequency.

e0(t) Signal voltage at the output of the H2(s) filter.

n(t) Noise voltage at the outpu t of the 112(s) fil ter.

N = Noise power spectral density of the broadband gaussian noise at the inputs to filters
112(5) and 113(5).

= RMS noise voltage at the output of filter H2(s).

01 = RMS noise voltage at the output of filter H3(s).

a = Laplace variable.

4 PCM/NRZ signal can be represented by a sequence of ste p functions. For example , the sequence
...000lOlll . . .  can be written

e1(t) = u(t) - u(t - 1) + u(t - 2T) ( I )

0 0 0 1 0  1 1 1

where time begins at the leading edge of the first “I” bit and T is the bit period. The Laplace transform of
(I )  rs

E1(s) 3 (1 - ~ 
-Is 

+ e 2T
~) (2)

The Laplace transform of the output signal e0(t ) can now be expressed as

E0(s) H 1 (s) H 2(s) E1(s) (3)

which combined with (2) becomes

E0(s) = 111(s) H2(s) (I - e T
~ + e’2T

~) (4)

4.
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The first term of (4) is seen to be the Laplace transforinn of the step response a(1) of the two filters
H1(s) and in cascade. The second and third terms of (4) are seen to be the Laplace transforms

~~delayed versions of the step response. Thus the response of the two filters to the bit sequence
...000lOlll... can be written.

e0(t ) — a(t) a( t -T) + a(t - 2T1 (5)

and it Is clear that the response to any desired sequence can be easily written. Compute r programs exist
for Inverting high order Laplace transfornns. Simple programs cam be written for performing the sum-
mations involved in (5). For the conditions shown in figure I the calculated response to various bit
sequences showed that only the preceding and following bits significantly influenced the output annp-

• titude at the time of sampling. Thus, concentra ting on the amplitude of a “1” bit, only the four bit
sequences 010, 011. 110, and I l l  had to be examined. It was also found that the optimum sampling time
was delayed by I .Q5 bit periods from the leading edge of the unfiltered bits. The amplitudes of the
central “I” bit for these four sequences were found to be

0010 0.755E

°Oll  • 0.862E

e110 0.893E (6)

OY9QE

The probability that the central “1” bit is in error for each of these sequences can be expressed by

P010 P I n(t) >e010 I
p011 P 1 n(t) ~~~~ I
p110 P 1n(t) >e 110 1 (7)

p111 - P fn(t ) >e 111

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

p010 f°°p(n)dn (8)
e01 0

where
-n
‘20I e

00\/Tlr

or (8) can be expressed in terrrns of the error function (often foun d in tab les)

p010 0.5 - erf e010 erIc 0010
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Equation (10) gives the probabili ty that a bit error occur s given that the sequence 010 has occurred. Let
be the probabili ty tha t 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
IsP010 i 010 and likewise for the other bit sequences.

Thus the expected bit error probability is

~~~~~~~~ 
p010 +P 011 p011 + P 110 p 110 + P 1 1 1  p 1 1 1  ( I l )

an d since

(12)

( I I )  becomes

= l/4 (p010 + j~011 + [) 110 + P i l l )  (13)

If the SNR (signal-to-noise r.i tio) is define d as the ratio of the signal energy per bit to the noise power
per hertz then

SNR =~~~I 
(14)

N

The power spectral density N (watts per hertz) is related to the mean square noise voltage 0 1
2 (watts

for a I f2 load) at the output of the H3(s) filter by

o~
2 _ N f B  H~(jw) 1

2 dw (I S)
2~~~o

which can be expressed in terms of the equivalent noise power bandwidth 
~e by

o~
2 = N 113(0) 

~e3 
(16)

or sin ce I 113(0) I = i as

c~
2 N 

~e3 (1 7)

and likewise

oo
2 = N f 2 (18)

From (17) the noise power spectral density can be expressed in terms of 01 by

N =  01 (19)

from which (14) can be expressed in terms of 01

SNR = Tf~3 (20)
0

1

2
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By dIviding (18) by (I?) O() i~ also expressed in terms of 0 1

0 2 (21)
0i 2 f

or 
oo~[!~i2 01 

(22)

From pub lished tables for a 6 pole Bessel filter

— 1 .0381 
~3dB 

(23)

and for a 4 pole Butterworth filter

— 1 .0262 
~ dB 

(24)

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

00 0.7 112 01 
(25)

The theoretical BEP values are listed as a function of SNR In table 5. The BEP values are plotted ass
function of SNR In figure 28.

Table 5. TheoretIcal Bit Error P ~bibllItI.s fo re
Filtered NRZ.L PCM Signal

°
~~~~

“ TheoretIcal Bit Error Probability

0 1.1 * l0~

3 e l 0 ~

6 8,9~~~ 1O~~

9 5.4~~1O~

12 3,B~~10~

15 3.9 * 10
10

18 6? io.18
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