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B+ SynChro nizers

In digital Communication Systems, optimym est+imadtion

and detfection alﬁor—{Jrhms PQ?U[FQ that precise

Knowiedse, of +he bit +ransifion +me be Known

+o +he receiver bedore o bit-by- b6if detection
can be made,.

Bi+ Synchronizer

A device /circudt which recovers
or reconstructs +he wunderlying digital signal
+im\‘n5 «(—hereb)/ al{ow;n9 hn’gh— gua(?-‘y data bit
detections (/e. conversion o

“ones'' and zeros’
+0 be made.

0% Coarse for best performance, +fmm3 recovery
and dato. dedeckion shouid

be done n an
op+iMmal Mmannen

Th +he context+ of de:{»ak RF CoemmunicationS, # s
possible +o cons: der

synchronization J‘oin+ {)/

RF carrter phase and Symbol

(see 11, [4] )

We will only address baseband bi+ Synchreniza+ion

M o [inear additive white Gaussran

noise
Channel (AWGN> .



N

R\‘Sorous[y Spquinj) desu‘g}n and analysis of
h-‘gh per%rmon‘?& bit Synchronizers involves a.
number of disciplines:

o : . optimum  detection
o D\S«-\'al Communi cations Theary e’#{minﬁ ex draction
o Estimation Theory

D«‘SH’Q‘
o Phase- Locked Loops ‘ Tracking loop

Ana °3 be_hotuigr‘ with
o Stochastic Processes Stationary poor Signal- to-

notse ratio

Cyc/o stationory

P L b ) -‘. MarKeov Chawng Complex my th-mode
° roba by \\ Y FoKKer - Planck QCXUfS;‘_{_,‘OYI/
Renewal Theory behavicr

We will address only +he basics

ot bit Synchroni zer
des.‘gn /dnqusl‘s.



Note 1: T general, bi+ synchronizer Complexity
(s S#Y‘Oﬂgly drivent by +wo factors:

) Per formance deﬁrqdc&fon with respect
to  +heory

2) Doto rote

O+4her fLackors con alse drive Complexity 5ub5+an+n‘ql\y .

3) Rapid i dial Synchronizadion regufremer“n‘—

‘/) Large, dotoc

5)

rate anomolies

Sa\ana‘ le vel Chanﬁes) Qud\‘ncxl_ AG

intecactions

6) BER per ‘Corn\cxnce, Lloor ( Je, Pb as Ep »-aoo)
No
7) Non /deal

Chanrel aspects
e.g.

nonlinearities , or nNort- Gaussian
Nolse

Systemn Arode - affs  orxe

normally necessary.

A+ “low” doto rates, digital signal processing -‘-echn(iues

can be employed +o achieve nearly optimal
resu i4s.

A+  “ medivm’ 4o " high”" data rates, approaches necesSaril)/
+end 4owoard Qll*C\\’\.CL(OS n  nNature,
De signs with 4o ANy

*fweaks"' and QdJ'Us+men+ S
Con

produce. a manufctc‘%ur(nﬁ n\‘sh{'mar‘e’.



Note 2 MQ“‘/ d.‘pferer\-\- da+ta. Communicotion

Symbol Shapes are n vse, each (n general
Y‘egu(m‘n«j Separate bt Synchronizer des.‘gn
Consideration.

VE ! |__| [ NRZ LEVEL (OR NRZ CHANGE)
NRZ-L _‘L_j “ONE" IS REPRESENTED BY ONE LEVEL.
~E “ZERO" IS REPRESENTED BY THE OTHER LEVEL
VE {NRZ MARK (DIFFERENTIAL ENCODING)
NRZM “ONE" 1S REPRESENTED BY A GHANGE IN LEVEL
K b=t L “ZERQ" IS REPRESENTED BY A NG CHANGE IN LEVEL.

: NRZ SPACE (DIFFERENTIAL ENCODING)
NRZS ~E : L..J ‘ONE" IS REPRESENTED BY NO CHANGE IN LEVEL
- L"ZERC” IS REPRESENTED BY A CHANGE N LEVEL

+
Unipofar
RZ

o LN N
Poiar RZ 72 U{U-LJ FLFLU.JFL
WRTARREYARY

RZ
{ “ONE" IS REPRESENTED BY A HALF-BIT-WIDE PULSE.
“ZERQ" IS REPRESENTED BY NO PULSE CONDITION.

"ONES” AND “ZEROS" ARE REPRESENTED BY OPPOSITE
LEVEL POLAR PULSES THAT ARE ONE-HALF BIT WIDE

A TRANSITION OCCURS AT THE BEGINNING OF
EVERY BIT PERIOD

Bipolar | . *'ZERO” REPRESENTED BY NO SIGNAL, SUCCESSIVE
RZ - L "ONES” ARE REPIESENTED BY EQUAL AMPLITUDE
. + ‘ ALTERNATING PULSES.
Blot _ l | I I l _P —U—L_r—]__ BIPHASE LEVEL (OR SPLIT PHASE MANCHESTER 11 +
180°)
| "ONE” IS REPRESENTED BY A 10

ik : 'ZERO” iS REPRESENTED BY A 01
Bi-o-M i I 1 | UULJH_ BIPHASE MARK (OR MANCHESTER 1)

g L]

Do

“ONE" IS REPRESENTED BY A SECOND TRANSITION
ONE-HALF BiT PERIOD LATER.
“ZERO" IS REPRESENTED BY NO SECOND
TRANSITION.

BIPHASE SPACE
A TRANSITION OCCURS AT THE BEGINNING OF
EVERY BIT PERIOD
“ONE” 1S REPRESENTED BY NO SECOND
TRANSITION.

(.
{
{
f
L
[
{
|

Bi-0:S if_JH_J

TRANSITION HALF-BIT PERIOD LATER

DICODE NRZ
“ONE” TG0 "ZERQ™ OR "ZERU” TO “ONE” CHANGES
POLARITY; OTHERWISE A “ZERQ" IS SENT

0ICODE RZ

A“ONE”TO “ZERD” OR “ZERQ” TO "ONE” TRANSITION
PRODUCES A HALF-DURATION POLARITY CHANGE
CTHERWISE A “ZERD" IS SENT.

A ONE" IS REPRESENTED BY A TRANSITION AT THE
MIDPOINT OF THE BIT INTERVAL. A "ZER(Q" IS REPRE
SENTED BY A NO TRANSITION UNLESSIT IS FOLLOWED
BY ANOTHER ZERO; IN THIS CASE A TRANSITION 1S
PLACED AT THE END OF THE BIT PERIOD OF THE FIRST
ZERO

Dicode E [‘T
NRZ

o LML TLTLT

0 T, 27, 37,47 5f 67, 71, 81 9f1OT

Llj_ _ wEL‘_M 5_
=
C
EIL

P\llSQ SHQP;H\CJ me-theds are OWL\J&Y\ emP{oYed
{0 <Conserve banduw: d+h  etc. ( e.q. Nygu,‘s-t— )
or Obtamn  other desivable ?ua [i+ieS,



Sem Inar A pprooc h

*  Block Dlagram Level

¥
TIndicect Synchronizotion
Direc'{—* Synchr‘onizcﬂ—{om

%  Dota Detection
Optimal  Detection Assyming I deal Recoyered
Data  Clock
Effects of Adjacent+ Data Symbols ( Tntersymbol
Trider fevence >

Nyzu(s+ Pulses ( Rased - Cos(ne)
Effects of Stodic Tfh'»(nﬁ Error

* T.‘m(n3 Recovev/y
An Tndicect Approach  (Fillec- Sguore- f7lfer )
Divect Approoch
Phase - locked [oop  Origins
Phase Dedector Sefection

¥ Detrailed Examples

Minimom  Mean- Sgvore Error  Synchronizer

Modified Maximum - /,‘Ve/ihood Syncﬁron«'zer

¥ Other Considecotions.



S(mph‘f.‘ed Bi+ Synchrenizer Block Diagrams

¥

*
Tnahivec

7__,,._,_%;;;‘__ ., Da+a+ Decision
atche R
Basebond Fi H—cer e el A _L P N Sett BiYs
Data __I:_ i

* ~ >
No(se

Clock

BOF Aon- gpF | (;é j Proc.
Lin,

Ermpleys nenlinear processing of baseband Signal +o extract
dota. rade.

AdJ‘US“‘Me\’\*’S must be made n +he del’ay line. +o properfy

Center +4he Scxmp(n‘nj operation (n Hhe dato eye.
Sampling pownt (s (n general net Sel(f- CQV‘I"QC'HHS
- Tmpreper Selection of +he 4wo BPF's and nonlrneority
Can resui+ (n poor per?ormance due +o ho‘sh
self- nose [2]. Resulds from nose processes

be\'m} C,yc/o*s{-alrfonary‘ [3] rather +han
Stationary.

- Detailed analysis for optmal performance provided
i [s] S+rai3h+¥orword SymME4ry and bandwidth
(:‘)uidefine, apely 4o +he BPFSs.

See also [6,7].

¥ Discussed [(ater

*¥%X My own nptatien



Block Diagrams ( C0n+')

Direct
) Data Decision
3 Maitched /S o N A/D > . R
BCLSe band Filter L & Sokt Bits
PData +
Noise l I

~
C—-

@ . Clock

~er”

Y
7

The optimal Sampling point n +he dato eye
pattern S 4racked d\‘recﬂf(y,

- A condrol- [cop provides precise selection ot

VCO p\nase %Y‘ Proper 3omphnj

- No bondpass {ilders re?ufred. Cons:‘dermb(y

less

hordwoare “4han ndirect appreoch USUCX({Y.

Self - correch ng



Data. Detection ' Qptimal Detection ASSumfnS Tdeal

Recovered Clock

(Consider one data Symbol (P\JlSe) alone.
p(+)
—
Rx Filder
vit)

Assume that we Know +he precise +me at which
40 somple +4he filder output M order o
achieve +he maximum Sample 5.‘3nal- fo- nolise

voitio.

Question © How shall +he receive {ilder (Rx) be.
Selected for optimal PQ\"-Cormaﬂce,?

Tofal received Signal r(E) = ply) + ni(<)
] Addifrve widelband
’ Gavssran Moise
slSna\ pulse shape

S\)PPOSQ we Saﬁ'\ple, ‘HF)Q ?I(kv OU{—pU‘\L V('t) ot f=‘g

V(t) = pH) ® hiv)

1

Convolution

+ nE) @lnu)[ .
T

=t
L Filder 1mpulse

response

The Sfﬁrtu(~ fo- hoise ratic  (power) IS
“ -j2rfl t
. j P() e H) 44
Ps'ﬁ / oo

F _/l/ifa{umzdﬁ

~D®




From +the Cauvchy- Schwardz Ineftf‘l("'ﬂﬁ
ijmlzdnC j BGIRE:

Psfﬁ é - 0o - 00
Py No j {Hm}zd#
2
-0
I‘F-
where P+) <«=> plt)
#
Hi#)  &D  hH)
No 2-5ded norse power spectral

2

Psia <« 2 Ey
PN No

E, - fnerﬁy n received pvlse

Note 3 Fer  maximuom output St“gna\—-b- norse
rotio, Ry $ilder Should be +4he “matched
£ dec? Efua(riy (s Satisfied for +he
matched {ilHec /e

Psig = 2Ep
P o

The motched §iHer s mehcma—HcQ//)/ egual

40 +he Complex conjuga+@ of +he recerved
pulse Shape Ffourier +ransform,

densddy



/0

Note 4:

The matched filders &‘mpulsa response
5 <losely reloted fo -the /ncom.‘nj srgnal
pulse. Shape:

Hue (5) = P (4)

. —jerft
P(f) = f pit) e dt

o °° —J‘ 2o+

. 2wt TN ,
o P [ ple) & gt = | PCle  di
-~ HMF () = P(" f) <("<>u5cx{hty issues :‘3no red)

L Stgnal pulse reflected
abovt * =0

The -heoretica/ bit error rode per@rmancc
1S

Ro= er$c< /By )

2

Relative SNR (db)

N« 1-stage RC filter
,l \\
!
]

N
\

N Br
0 0.25 05 0.75 1.0 1.25 15 175

Peak SNR for various filters. compared with matched filter (rectangular-pulse input).
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Dato Dedection: Effects of Adjocent Data Symbols
(Tntersymbol Tniter ference )

Since +he receivers matched {ilter has “memory”
(/e impulse response exdends over Several
Symbol pem‘ods> the presence of adjacent
dota  Symbels con degro,dc per formance from
+heoretical

Censider e Caoaws of one NRZ data pulse wi+th
4wo  di fferent  receive §{iders.

VIEM

1. BuHerworth

9.8 X N= 2

i |

/ \ Symbol period =T sec.

-@.2

VIEMW
Chebyshev

N= 3 Y 0.8 /\

BT = o.35 @.6 | : \

ol d® ripple oa /

T;'rﬂﬁ' t//T



Gu‘ver\ &  data S‘lvearﬂ) +he ¥c>rego{n<3
output S hapes
random da+ta

assum 6&3 (dear/

awnd

pattern

Cloc K receove vy

Eye Pattern

1.2
L m—
— Ki
e N
@.8 /,-‘/ '3\‘
NN
» N N

angle-—pu‘S&
may be Superimposed assuming
ConStructed

Botterwor+th
N= 2

BT: o. 5

chrje opent €ye.

.2
N 577 4
@. :::&Eﬁ o
_'9-2
8.2 a @.2 8.4 .8 1
Eye Pattern
1.2
(Jﬁ:byshe\/
N=3 1.
BT =0.35
6.8
o.1 dB vipple
a.6
@.4
a.2
a.
-0.2
~0.2




Response

1.00

0.00

Tndecsymbel

eliminated

|'n {er Qev’en e

effects can be ideally

+hat pulse shapes Sa+[s£y1‘n3 the Nyg?uis—f

Critevio. are

Tn ter Sym bﬁf

The effects

(5 poessible. +o

K= ~o0

where,

of TIST

obtan «

with +he properiy
P (nT)
This goal (3 met

:i P,.('F*

Used.

Nyzun‘s{- Ceideria. for Polse Shaprs Havir\3 Zero

Tnterference

recejved pulse shape P

( n =0
o n#o
PrO\/l‘ded
K R y < ‘L

}F
Po(§) € p, (&)

13

(assum.‘ns ideal clock recovery ) provided

Can be Completely negated (f (F

()

Legend: — 3=0

Pulses with raised-cosine spectra.

- - =-p=025T

— —3=0.5/T Raised-cosine spectra.

One Lanns (7’ of polses Satis fy:‘nﬁ 4his criteria. (5 +he
raised cosine fam: {)/
|
' 3=0
— T ~ 1
~ AN 17 Note: Spectra are
~N \\;3‘47. two sided. Only
N right halt is
\ \ | shown,
= z N \
z \\
e \
E \
| ]\\\\\ :
~~~~~~ AN
NN
AN
J \ AN
| | 1 1 L J It \\ ~
2 1 0 ! : 30 1 3 !
T T a7 T

1 He



Toperfect Matched Filder Performance for /4

db from theory

No“Ri

0 " 4 4 " $ + " + 4 :
¥ + + + + + + —t +-

Sguare- Root+ Raised - Cosrne Pulses (/3: ‘/2_)

A A+ Ep - /0 dB

.3 4 N=3 Butterwor+th

w4 \ N=3 Bessel

3
t

+ 3>
v 7

-+
-+
+

o.y 042 o¥4 o4 o048 050 oas2 oS54 056 o058 o060

FiHer Bandwid+h Facitor, BT

* Although +he Butlexwor4+h fLiller (s  more
oern‘mul)/'-pLS folerance 4o BT deviatians j;rom

norminal (5 less +han {for +he Ressel.

LQ-#@(‘I we will See +hoat+ +he Bessel -ri [Her
allows  slightly be #er ClocK recovery Compared
4o +he RuHerwor-th,



Calcolation  of Tntersymbol Tnterference Effects
Upon B+ Error Rate (RBER) Per{prmance

A nomber of c<alculation mMmethods exisH.

We will consider only

T. Divect I ST Pa#tern Enumeration

X Aralytical Rpproach using Characteristic

Functions

L. Direct 15T Podlern Enuvmeration

Assome Jhot +he matched §ilder ouviput pulse Shape
for ome (nput pulse exdends only + M Symbol
periads 4o either side ( Beyond which
avaplitude (s “ﬂeg I.‘S/‘b[eﬂ )

YI1EM

"""”"'“‘)" Rx F; l'*e( > 8.6 ;I \
A { \
f

6.4 / \

R

/
\
-T/s T/a T4 e —
N H \\_/
rn pu+ pulSC_ Vn'z—qz. fo. L. J.‘l. 2. 3. a, l5 L 7.

Symba| Pei2d_

Then, Sor a given (314-/ we must <Consider +he effects
of Oﬂ\\/ +he Odjac‘erﬂ- t M pulses.

Fovr rondom b.‘PolQr (l"?- one /ZQ\’O> d0+0~. ) +here are
a dodal of 22" possiﬁle data  patieras and +here fore
2% {ifferent TST Cendributions at 4he bid

zUG_S-HOﬂ) all e]ucx([/ [ikely. and dederministic
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To+tal probabi(ily of bit error s

Pe = 22 P () PB( %’ ‘ patlern c')

(4
Al data
paterns

‘ Probabil wLy of Ssngle. error

Suven Pa ern

pvoBab‘.(i-(—y of pattern ¢

(_L> for  randem dato.
>t

Re call the rdeal matched -pi (-Le\" reSuH'

2
(SomP‘e Velue , no HO(Se.) — 2NEE
[

Noise Vavcance

Pb = 1 erfe ( Eb ) T heoretical
2 No

The presence of IsT mere/y adds +fo or Subtracts
fromn +he [ider oudpst Sample Valve.

Effective Eb with TsI paHern ¢ Present (s
° 2
[ Vs + Voag («) ] = _E;k )
2 MNoise Variance No | <§F ¢

Note +hot seme paderns will a'd +he Sn‘gna‘)
others will  dedvoc.

(g reme )= gt (B

(Vs {3 —H’tc, obSe‘-\jtd Peo.K mo.'(»CF':ed. ~|:\\H¢-Y' ou+pu+
for owne pulse, no Inoise



(g
T Analytical Approoch Using Characteristic Funefion$S

Think of a  data eye paHern with Gaussian Noise
and I ntersymbo) Tnderference (T sT) present

If TSI effects are considered over = M adjacent
Symbols as M9, 4he ITST Ccontribotion in
the <eye s a frandem variable (certainly
Nno+ Gaussfon> | ndependent of +he addive
Gaussian nofse.

Since the pdf of a sum of +wo randem
Ndependent Variables s & convoluton of
each respective pd+, we can use characferistic
Lonctions th  +he P?&é)uency demain 4o Obtan

o0 —_L O’z(,l)2
P = L - —l—j Sin [w h(to) ] ez Clw) duw
2 T W
where L
C(w)= "I Cos(whe )
e=-L
£ 0

he 5 +he output pulse Shape valve
Sampled €T seconds from +he
Pea Valve whieh oceurs at + =%
o Variance of output Gauvssian noise
Peom fildler = N, B, (where
B. s +he =<ffecfive FLiler noise
bandwid+h



db from <theory

|9

Compqr[Son of TSI Calevlations
Sjuaer Roo + Pm".Sed Cosinc pu Ise /3 = V2
( Tdeal Clock Recovery )

L N:3 BU-H'C,TUJQ"_{'\‘\

\" BT = 0.5"
— +———t—t t—t—t—r—>
0.} -0.08 =~0.0b -0.04 “~0.02 o 0.02 o.04 6,06 o.0p o.l0

- Stoatic T{mina Evrov, at fr S —

A TSI PaHern Enuvmeration Eo/Ne = /0 dB
B Characteristic Fynction Method EvM = 96 B

Note +hat +dhe one-polse resuld (5 a Jower

bound on per-Cc:\—mqnce, degrado.-#fon.
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Data Dekection: E{ffects of Statie _T—,‘ming Errovr

Tf +he recovered data clocK Cavses +he data
eye 4o be Sampled 4o late or early,
degradation tn per Lrmance results.

A
4
5
1.4 _E o/
)3 '
12
N
- 1.0
: 0.9
o <
f’ 08 |
¢ o7 BurTERWORTH
° ot N=3
“ 0.5
o
© 0.4
0.3 \ BT =05
o¢ 1}
o.1
° _;w v 'O‘-OB; -.'.ot‘ _:_,“ -o'.o?.' ; ’ ojoz ) ojo\l. ojcb ) o.of o.10
SHatic T.‘minj Ervof, A‘t/T
. “ « A N
Short of brule-force simulation , ascerdamment

of combined deﬁroxdah‘on dve 4 Matched

fider aspects ,8‘ -h‘m"n_g errors (s d"—(\ficul-(.
wWhen -hnm‘nﬁ (S fFecovered via. a phaSQ— ([ocked

bop, +he total per formance degradation can

be approximated by werghfing the above

curves with on assumsed pdf for fhe

-Hmtng evror ( Normally _r[Khonov) and

Ih#egra—\—u‘nj ( convert dB from theory” 4o BER $.r;+),
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Tim ng Re CaleXry

Optmal dato stream clockK re cavery IS manda+ory
for high performance bit Synchronizers.

C(ocK recovery QanYSIS/dESljn (s ofden Complicoted by
+he use of nonlineav S'gnal processing -fechn\jues

Optimal approaches are [frKked CIOSe.[y 4o MAP) MLl
MMSE , etc. esStimators of +he 4rue doto
clock .

The employed clocK- recovery -l-echm'jue, s highly
de pendent+ upon +he Uﬂder(y[nﬁ data Stream
pulse Shape

€.9. Manchester data guarantees +hat each
doto. symbol will have a mid- Symbo/
+rqns.‘-Hon w hieh moKes </ocK recovery

particolarly easy

Square - and- Piller fechnigves ( discussed next)
ave otten used n clock- recovery of NRZ
data byt are useless over (ideally ) infintte
bandwi d4h channelg

Many  Synchrenization techaigues exist — appropriate
use must be carefully assessed.
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Abstract

In digital communication systems, optimum estimation and detection
algorithms require that precise knowledge of the bit transition time be
known to the receiver before bit-by-bit detection can be made. This
paper presents the derivation of Bayes or maximum a posteriori esti-
mation algorithms for optimum estimation of bit timing. Performance
of the optimum system is evaluated and suboptimal realizations sug-
gested.
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I. Introduction

In digital communication systems, the theory of opti-
mum data detection requires that precise knowledge of the
bit transition time be known to the receiver before a bit-
by-bit detection can be implemented. The optimum re-
ceiver for a PSK modulated waveform embedded in addi-
tive Gaussian noise is the matched filter or the correlation
detector. This device is usually implemented by an inte-
grate and dump circuit which requires the bit timing of the
incoming sequence; this timing is supplied by the bit
synchronizer. Self-synchronization systems, systems which
acquire bit synchronization timing directly from the in-
coming modulated data sequence, are generally required
for most applications. The majority of the present-day
bit synchronizers are designed to operate on the noisy
baseband analog data. This may not be the best technique
for a completely dlgltahzed receiver since it requires that
the sampled IF or carrier data be used to estimate carrier
and/or subcarrier frequency and phase of the incoming
sequence. The resulting estimate is then used to convert
the received waveform to an analog baseband process.
Although the idea of converting from analog to digital
signals, estimating frequency and phase, then converting
back to an analog baseband process may not be too ap-
pealing from the digitized receiver viewpoint, it does place
the bit synchronization estimation problem within the
framework where a large amount of research has been
performed. Furthermore, this conversion to an analog
baseband process can probably be avoided while still us-
ing the available theory and digital implementation tech-
niques developed for the baseband model.

Two metrics are generally used to measure the perform-
ance of bit synchronizers, the rms jitter or timing mis-
alignment and bit slippage. Which of these is more im-
portant depends on the type of data being transmitted and
the type of modulation employed. Probably the most
widely used performance metric for digital communica-
tion systems is the bit error probability (BEP) versus the
average bit energy per noise density, E/N,. Degradation in
BEP performance can be directly related to the bit timing
misalignment. On the other hand, the effect of bit slippage
is not easily related to the BEP performance, and is usu-
ally related to how it effects the word synchronization.

Lindsey [1] has determined the effect of phase jitter on
BEP performance, the phase jitter being caused by the
noisy subcarrier which is acquired by phase-lock loop
techniques. Wintz and Hancock [2] determine the effect
on BEP performance caused by errors in arrival time of
exponential nonoverlapping pulses. Neither of these
techniques are directly applicable to the static timing
misalignment effect on the BEP performance. Wintz and
Hancock do not consider the effect of observing a bit in-
terval of time which overlaps two consecutive incoming
bit intervals. This overlapping is necessarily the case in
most PCM bi-level systems before bit synchronization has
been acquired. Lindsey’s work is mainly concerned with
phase error associated with subcarrier acquisition and its

MAY 1969 ¢ 525
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An__TIndirect Approach

Fil{er - 53 vavte - £ [fex

This approach

afplication.

Frovn [57]

PAM STGNAL

(s now fairly Classical having seen

EQUALTZATION

a4

much

PREFILTER

9(t)

SOUARER

Fig. 1.

Fig. 2. Oscillographic display of the tim:
o for details.

|

x(t)

DEMODULATED
SEQUENCE
SAWPLER .
cLocK
PULSE
GENERATOR
|
NARROWBAND
FILTER
p (t) q.(t)
‘r H(f) °’ - TIMING WAVE

y(t) z(t)

Signal path and timing path in a PAM receiver. In practice, the major portion of the equalization would

precede both paths.

ipg wave process. See text

Simple Symm c-l»v\/ Criter {o,
nove been derived for +the
pre-Silder and nNarrewband

fidex 4o achieve

optimol per formance .

Major  draw bacKs ‘wnclude
the nccessity of potentally
2  addidienal fiHers,

g reup deloy adps+ment, and

deﬁmdorh‘on for other +han

nomina! dato. vate.
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OQ(‘qsc‘onq”y performance rejm‘remenJ«s and sysfem
atributes fesuld (n particularly srmple Synchronization
Solotions [9]

Channel Constraints or (mplementation may also drcfate
the proper design approoch .

e.q- a digital Aransition {rocking approoch s
described in [(Ol An ail- dfgp‘-lol ‘mplementaton.

Dicect Appreachh (¢ MMSE)

The approeach(es)y I have Hdermed “direct" Seek. 4o Hrock
the optimal Sampling  peint in +he eye- pallern

direc+t f; .

These approaches deo not gSsume For Instance
o constant ime period between 4ransitons and
Samp‘\‘ng pont (n +he dato eye.
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The Miaimum mﬁan—S?ua\'e. Error cvriteria. Cavses
+he Synchronizer electronics 4o position +he
Sameling point within +he eye paHern Such
+hot 4he sample variance s minimized

"

Variance = [V(—E) - Q; Y; Je 5 1 Sa\mpl;mj position

Q. deta. Symbels , 1)

Eye Pattern

1.6
| s
— e
1.2 [ ——

l(__<|—a

Sjuoxc. - Roo+ Rarvsed Ceosine Pulses o= Vo
N= 3 BuHdecrworth BTr= 0.5

Heuwr i stically speaking to minimize “he variance,
e ™ e e e e

A

E[V(Q)—Q;V]\./(f) =0
(s desivred.

The (ilHerin /Smoo-{'hfnj leads 4o o natural irclusion
of phase ~locked /oops. Note * Use of PLL's for
Syn chronization (5 [inked 4o  Syb-optimal estimators

See [\:\, ["I—]l [2]



MMSE Exomple

The Precedfng heuvristic resuH describes -the

reju(‘red Structure for the MMSOE  phase detector,

Tn Synchronizers ewmeploying

of +the phase dedtecior
(hmpor-‘an“’

phase- locked /foopS, Selechon
s Fhe Srrrale.

mo st
Considecaton

which must be

made .
Seleehon resulis

Ty propes n

{

possible complete n aperation

high Self- norse [2]

Lalse /0¢K\h3 points

‘ﬁqdeiuc&c fo bustness fov noise, channel
distorton, rate jiHer et

pooxr pe\"\cormance,

[}

- (" geferal,

Sguvare - Poot Laised Cosine

Input Analog
! l Soft Data
> —_— Matched » S/H —>
P \" QS € Filter
Detectox

R)/Ses

MMSE

Decisions

o ABS( )

1 Sign( )

» d/dt

28
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MM SE Phase Detector. Tnternal Signals
Siuove- Root Raised Cosine Pulses
<= Y2
N= 3 BuHerwerth
8T=0.5
Eye Pattemrn
@9.16
. Di?(\ert\’\'\'ia-\-or OU'('p\)"l'
12 —

RT no pointin +he
8.e-go2 eye pottern (s +he
a.c-boz differentiater output

A alwoys Zervo.
e. ,
A
-4, et+002
-8.e+0082
-@.1
~-@.16¢ {
-@.2 Q a.2 @.4 9.8 1
Eye Pattern
1.2 Summer Qutput
0.8 As an =ven stnal)

11 alone is also
9.4 unsuvitable for the

phase detector function,
°. N

B8
-0.4
-9.8
-1.2
-8.2 a 0.2 8.4 8.8 1
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MMSE Phase Detector Output -
A" B' Gives Phoase Detector Characteristic ‘S‘ Cyrve

f Eye Pattern - j N .
8.15 : | } ‘ ; S Curve
a.1 : !
v : N=3 Butterworth
S.Q-Lﬂg .
y i BT =05
8. i
H i
-5.e+002 ! E
\ o
! o
-8.1 | ' ]
T ! !
l 1 | ;
( i | !
@.2 | ! I
2. .

Eye Pattern

(Y
— S Curv%

|

: Besse{ Moatched
j & e
|

- ﬂ(+fmou3 +he Besse| filler ressifs i o Jower- variance
S- Curve, +he Buterworth (s more optiMme| as a

matched §iHer appProximation.
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The +4rue phase detector S curve (s an average of
the siynal +rajectories pPossible at +he phase defector
ovtput acress T+ W rad.

Norma (zed

S' CU(UQ
5.8 A

_E_b —_—
\ / No
@.4

-0.2 Q. a.2 e.4 9.6 2.8 1.

T Track Poin‘\'

L

. /\ Phase Detector
5 ‘/ \ Output MNeise

f/’ \ \ariance. as a
L6 / \ Funchion of
1.2

f Samplina  Point
e.8 / \ ’ 3

. \\\ _M/ Nofe: Vaviance ¥ O
at Prquar
s . 8.2 e.4 0.6 @8 1. Samplfﬂﬁ poin'l-.

- Note +4hot norse vardance s o funcdion of -(-mchrzj
errov.



The phase detector S-curve
degrade marKedly a+ poer Ei No.
9.32 —
vl
8.e-002 \/\ /
9. \ //J \-——-——""—"
-8.1 \ /\/
-0.2 \/\/
z: /N
/ 1\
1.6 / \\
1.4 \
\ /
1. \ }—J
8.8 \\ //

—
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ond +rocKin3 Variance

S- Curve
Ev = 348
No

[N Mole the

appearance of
a D.C. 0ffset

Phase Detector
Output HNoise

Variance,

\ Track

Variance
Now Substandial
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Sge
The need for o /fow- Variance phase detecfor
output is primarily accute where maximum
phase- locKed foap bandwiddh s r‘ejufre.d e.g. for
fast aczu:'si-#/‘on and/or high -frejuency jiter

+oleravnce.

PLL Pacameters

Bovr(‘ng Comg licated Sys{em r‘ejufremerﬁsl +he des,‘gn
Mmay be <Completed as fo thhw s (I"ft Orde\-)

) The shpe of +he Computed S- curve s
+he  phase detfector garn, Voits/radian (Ki)

2) Fcomn +he motched {.‘cl{ex ana(ysl‘s o~p S+{otic
Jrrcch\‘ma error effects Upon BER, a peak
allpuwoble -\—racKan error (5 Selected, Opk | rad.

3) From +he S-curve Variance calculahons, +he
e ffechve phase defecfor ocutput power Spectral
density Is caleuloted (assomed Flot) Np , V/Hz

4) The moximuw pPermissible PLL notse bondwidth
(s calculated US.‘nﬁ Martins criteria [See Ga(d,nef]

Ao\ Ne Ba + @ { 6

Stress = PX
K4
~ T /oop Stress dve +o
I FHM, etc.
'a‘rocK\‘nB neoise

ConCidtnc:c. Qrf+erioj
Normally toxen as 3.
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The norse banduw; d+h (S?ng(Q-S(dtd) for o
Classic Type I PLL s

I
Bn _@g[ + L
S IR
Aetoal  cCircul  parameders are realized vie

Wn= Ka_Kv
T

v —‘2— Wn T2

Further considerations for  copture r‘qnse,e}o mus+

normally be given as well

Ss‘mv\a~\-f115 the Sysiem

Owing +o +he Synchrenizer Complexity, + 5 prudent +o
Confirm +he design by simylation prier o octvally
cons+rd c+.‘n3 hardware.

Stmv laben  Tips

- A State variable discription /approach ’s Yrecommenided,

- Be covtious of reuvrd-off ercors and insta biliies
intro duced by your selected method of ntegration.
Note +hat boacKward FEuler (n+e9ra-l—v‘on s mueh
pre fecred auer Hrward.

Tn gc‘nerq() implicit methods such os Adams- Movldon
give +the most accurate ¢ fas+ resu Hs.

- Be cCerdawm Hhot 4he \'n-‘-iﬂrocﬁon +ime step s much
Smallee +an any underly(nﬂ Sysdem dynamics
(clse experience rt‘ngrna" xnlqs robon w/+h
higher order Sormuyfas )



Corrc(rm —'r’he. Statisdics o‘f +he Selecded Ga UsSian
nocse mode/ Undersfond how +he Sam p',‘nj
Noture of +he simuleton  effects —+he ngs.

Before  drowiny conclusions , employ S+atistical
beounds  Such os +he Croamer- Rao beund
4v  ensure +he Con{idence crideria you are
+Tyfnf)+o meet (f‘-‘;)- for to0.25 dg accyraty
n Eb/y  assessment,  how many symbols
must+ be Simuloted ? )

Fov dl‘-?-C\‘CUH' Simulatien +asKs sych as very /ou)
BER (e.g. /0’9) aveid brute force -fethm‘jues
i Pavor of mixed appreaches

€.49. [w BER ossessment

The matched fildler output sameples arve o
mix4ure of Gaussdan nose, indersymbo!/
nierference , and clocking error effects.

The undev\\/c‘f\s pro babilily distributien fonetion
can  be Gund by occumv(u-\-inﬂ momen+s
of all +he sample vales ond Using
proper+ies of CharacteriS+ic fonctions,

Given +he pdf |, +the BER moy fbe Found,

38



Modified Maximoum- LiKelhood Synchronu,er

Sevious reoder referced to L[l

This method Seeks 4o Hind o Piter HF) which

produces a recoyered -h‘m.‘nﬁ wave with no
wier symbo/ nter ference.

Sc‘snﬁ\ +

N ~
eloe Dotol A

HMF Receonsdructer

N ----X

VY

\]f

loop
Fi b

L H®

P
>

W (+)

Y

By using me+hods of +he calculation of variatons, +he
recovered 4iming wave W(t) may be minimized
wrt. AWGN and ISI by selecting

. ~32rfTm
M (o)

AN

Where r(t) = ‘3-(1’:) ie. Pildered pulse Shape

39
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Eue Pattawrn

.15 _‘..-""'-_F_-_'_"'ﬂct:::‘

o BEESSLN

. e+882 e

T('minﬁ Fr Her Qutpvt

2 Taps
R _J'ZT('FMT
H($) = HMF(F) J?_—q—.{f - Z t_(_iﬂ_.) e
m=i Y‘(")
- -/
/ / only
—S A
N=3 Approximated with 1~ €
BuHerwerth

. f-(iT‘) +akKen as r‘ous\‘n}y ‘/2'
No Moise :
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Hl

Eye Pattern

2.
,.,—----_——---—.__.____,_‘_‘_I_‘m_“_N
1.5 P - — ]
e - |
1. :
f “‘a‘ﬁ — it
#@.5 ':"%«._\‘ ;:;E\‘ia_\"‘-\.
= =
a. I,r_ : ? -l .
-8.5 I Eﬁh@n. ,r»”“#::
gy T *%&h
/ =
-1, B S ——
T
__1 . 5 L —-—v—d-:'——'d-‘j_ x-hg‘_‘-'_& -
’_‘___J_:;:.:h—-—x:.: N J__'__r_,_,_;—r—'—"'—'{f ]
=l ::::ngfz:j
2. | R

3]
al

Ev/No =

10 dB

Matched Filler Eye Pallem
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Yo

Eue Pattern

.25
8.2
.-o-”"'—_'—"'—\_‘\h

8.15 ,4;-:{»‘«%_ .
8.1 %‘?% ﬂ

| _— "H-‘_.H:\::
5.a-d42 | -
Q.
-5.e1+@32
-@.1

s e

L xmu‘%“_‘—#gr_gﬂﬁkéﬁﬁpr “*Qxbh
-8.1% T ]

e
-@.2!
-@.2 a. 3. g.4 .8

Eb/No= /0 dB

T?m:‘ng Frldec Ouiput
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Eye Pattern

1.2e-882
8.e-883 P N
4.e-803
a.
-4.e1r0803
-8.e1883 e
-1.2¢-882 I
-8.2 Q. 8.4

Eb/yy = /5d8

rA . .
Timing FiHdec +hry X € psevdo- di ferentiater
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Close- Up

Phase Detfector S-Cyrve
VUIEMUW

N

\

\




H3

-~ PAnalysis of +he MML  appreach s greaHy Simp [ified
Compared to +Hhe MMSE approach becouse if s

much wmore  |inear 1in ature.

~ The MML  approach relies heauily upon +he employed
pulse shape

-~  For h\‘aher‘ dator  rafes, +the nCCESS{"('y of a /'7:‘3%51”66/
+apped deloy [ine  exelude s use ot present
N oan all- omolos implemenfadion.  (indec mediote
ra%es>

Tn conclusion o,
High performance b4 Synchronization ot fw Es/Mo
(s Hechnically difficolt and muH/- disci plined
maKing hasty QssessmentS (/[- advised.

The Same defailed anolysis m’\i_5+ permeate  fhe
a cedual hordware des{;n.

Be l-(een(y aware o-p -f%e virdues o‘p hybvid
designs which employ oo mixture of analog
and dc‘gf-l—cxl ﬁchm‘zues.
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