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‘1’his paper  compares  1})0 pc] follnallccs of

t \vo cliff clcnl t y p e s  of clala-dcl  ivcd Sj’mbo]
sjwc.hIo]li7crs, n a m e l y ,  l:iltcr  aIlci Squa  Ic (l; S) 811d

lli~,it:il I):IM I’ransition “J”racking  1  mop (1 )’1”’1’1,),  it]

the pIcscIIcc of unbalanced  data  s(rcams.  WIICII  tlIc
probab i l i t y  of t]ans~i~itting  a + 1 pulse, p, deviates

f]om 1 / 2 ,  tl]c d a t a  bccoIncs uIIbalanccd causil]p,

potential dcglaci:ition  to tile t;acking pcI  foIInancc of

tiIc  syIIlboi syllchlonimrs. ‘1’ilis ix\i>cI Iciatcs llIc

uIIhIiti Ilcc(i ciata st]calns with Iilc nlininlutn  Ilansition
cicllsitics  :ind fissc. ss thcil i m p a c t s  on ti)c [Iackillg
pcrfol  manccs of ti]c two  synlbo]  syl]cillonizc]s uIIticI
illvcstip,ation,  ‘1’ilc tl:ickin~,  pclfo Imanccs o f  tilcsc
two symbol  syllclllonizc]s  :ilc cllalactclizcd i)y (iIc
variamcs of lilt track inpl pi]ascjittc]s (o I sy]lliloi  s!IIc
jittels). ‘1’hc ]csuits sllolir the  symboi  sync  jittcl :is a
function  of symboi  Sip,na]-lo-Noise l<:itio (SNR),  looij
iml)(ilvicitii alICi Ii)c i~]obai>ility i).

L lN’1’l?(JIJIJC:’l’JC)N

i n  tl~c past, consi(ic]ai)]c  cffor  Is lM\’c bccll
Spent [ 1-1 i ] i)y I’arious au(llol  s  [0 S(lld)’  Illc

symbol  s}ncllloni~ci.pcrfoIm;incc of ‘;(iata-cic~ ivcd”  .
Most of thCSC :iUthOIS [1, 2, 6-8] h:i\’c :i&UlllCd  ~(]%

tl:illsition {icnsity,  i . e . ,  l)crfcctly baia IIccd data.

ScIcIai :iutilols  [3-4, 9-l 1] hrivc stuciic(i tlIc effects of’
tl:illsition d e n s i t y  on t h e  “(i:it:i-clcri\  ’c(i”  S.SIIIIJO1

sy]lclllonizc.r such as l>”l”I’1, . A paper by Simon  ct al.
[S] rIddIcsscd  the effects of the minin;um  transition

cicllsity  on t h e  t]ackillg l~crformancc  o f  tiIcsc  i)it
sylichronimrs. It [5] pointed out t}~at tllc ability of a
t)it syIlcllIcmizc~ to mainta in  i t s  iockcci  c o n d i t i o n
dcl~cn(is on the minimum transition density-ti]at is,
the minimum number of tltinsitions Icquilcd in any
syIIIbol scqucl]cc  o f  spcciflcd Icl]gth Rcccnt]y, [9-
i  1 ]  lIavc. inl’cstip,atc(i t h e  e f f e c t  o f  nliliin)uln
transition density on tllc iwrf’ormancc  of 1 )’1”1’1..

“IIIc puIposc of this ixipcI is to assess tllc
ilnpict o f  t h e  uI~balaIIccd  d a t a s t r e a m  OII tllc.
pcI folmal~cc  of 1(S symboi  syncl)Iollizcr aIIci comimIc

tlIc results with  lilosc  found  in [1 1-12] fol 1 )“1’’1’1..

II. }’s SYMBOIJ  SYNC11RON17JX

A typical l:S syInlml  syllcl]IollizcI  is siIowII
i]] F’ip,tilc 1. In tilis  p:iiwI tiIc bascb;in(i  lo}v l)ass
l~iltcl (1 ,}’F’) is assumcxi  10 IIC icical witi~ bandwidh fO
:in(i assoc. iatcd  tlansfc.  r function I](ro).  ‘1’IIc baseband
input  sign:il is cicsc. ribcci by

y(l) =Ad(t)  + n(l) (1)

\\ IIIc Ic A is ti~c sip,ml  ami~litucie,  (i(t) is ti)c base tvimi
NRZ  CiaM syIIIboi scqucIIcG !vitll cac.iI symboi  twing
slatis[ica]iy imiciwlicicnl  ofcacll oti ICr. Collsidcl  llO\\J

t i l e  ciata Ci(t) call  i)c Cxplcsse(i  a s

.

d(l)= ~ dkm(t-ll) (2)
k=-~.

v.lIc Ic dk is a I:i II CiOIII  ~rariai)]c takil]p, 011 V:Ii IIC j 1

\\itll iuobabiiity of lla~’ing + i is i) aII(i -1 is q and is
incicpcndc]lt  flom  saml)lc. to samijic, anti m(t) is the
Ni<Z symbol  iluisc  witil  ilcI ioci ‘1’. I:IOm [6], it can
bc si~o\\71 ti)a[, for aII icicfil 11’1:, tile :i\’eI:Igc wiluc  o f
liIc ciata at LiIc outilut  of tl)c square-la\v (icvic.c is

.
z!![do(t)]~ = ~ q ~(f-kl) (3)

K= -.,

WIICIC q(t) is ti)c flitc Icci symboi  wsivcform  and it is
gil’cn  by

q(?) ‘>: p(m)kf(w)dwo (4)
-m

\vl IcIc N4(61)  i s  liIc k’ooricr  tlansfoln~ of II](t).
CicaIiy, l;qII (3) i s  pclio(iic witi] colllJ)icx  l;oulicl
cocfflcicl~t  is p,il’cll I,y [6]



a 11(1

Cn=-iji92(olu=2nti T (5)

W]]CIC J“ denotes  l]IC ];ouricr tlansfolm o p e r a t i o n
IJvaluating llcp (5), wc obtain

\Yl)crc

s](x) ‘.jy%
o

a , =2 Trjo(t.+ -; )

(7)

(8)

‘1’hc noise ,  N(t ) ,  a t  the  output  of the squalc-law
dcvicc is given by [6]

N(t)  =2Ado(f)no(r)  “ [no(f)]2 (9)

Note that dO(t)  and I]O(t) aIc [lIC dtita aIIcl Imisc at tlIc

output  of t h e  I.1’}J. ‘1’hc l’owcr  SpcctIal  1  kmsity
(1’s1 )) of f ‘ nrl” fol the Second tC’1111 in lkp (9) call
bc slIo\wI to have the following folnl

llvaluatinp,  lkpl ( 1 0), wc g,ct

R=Jo7” (]?)

(13)

‘1’hc I’SIJ  of f = n~l’ for the fllst tern)  of llqh
(9) is given by

ivhclc  Solo(f) zincl  Sr, c(f) riIc tlIc 1’S1)s  fol the NRZ  dala

and  noise at the oulpul  of the 1,1)1:,  r e s p e c t i v e l y .
Sillcc  the l.1’1~ is iclcal :ind the  data  in uIIbalaIIccd,

liqll  (14) bccomc.s

~ (nfSWJI) =-2A  2NO(1 -  2p)2 & d

; -J% (15)

8 A  2N&(l  ‘~) ‘R Sitl(~/)12d,l
i -

n
J [-

14
n(n-K)

Note  th[lt thC fll St tCIlll  Of ];C]II (] ~) C.(lU:{]S 7CI0 W}lC1l

R < n, aIId it Imcomcs  2A2NO(l-2p)2  w h e n  R  > n.
l.ct 1), denote  Illc Ilansition pobabilily, lhcn  it is well
kllo\vll  tllal  1’, ‘ 2]Kl ‘ 2p( 1 -p).

Since the tone  is gcncr:ttcd tit f = n~J’,  n = 1,

2, 3>,.., and hc’ncc the l’hasc-],ockcd loop (1’1.1,) can
bc used to tlack this  tone al]d synchloni~c 10 t}w bit
stlcam. ]f \vc nc~,lcct  the self noise at 10IV  SNl<’S (<
10  d]]), lhc S} ’mlml syllcllrol}i~alic)l)  t i m i n g  crlor
val iancc call bc sllolw 10 bc [6]

WI)CJC Sr,o,,,o(n~l’),  S,,n,,o(I)/’l’),  and  I(hl a rc  g iven by
l~qns ( 1  1), (15)  and ( 6 ) ,  Icspcclivc]y. Substitulit)g
l{qns (1 1) and (15) itlto liqtl  (16), \\’c ob~aill

. .12 2rl*RJ’nf  ‘

\vllc Ic

I O, for Rn (18)
al’ (1-2p)2,  for IO-n

a2 =p(l -p) f [si’~~) ]2du (19)

- n(Rin)



(?0)

ril)d

(21)

N o t e  thrit 1{s cknoks t h e  sy]nhol  Sip,ll:il-to-Noiw
Ratio (SNR).

III. 1)”1”1’1,  SYhlIIOI/  SYNC111{ON17JCR

A typical 1> ’1”1’1. symbol  sy!lc}llolliz.cr i s
sllo\vn  in liig,urc 2. “1’hc pcI-folmancc  of the 1 )’1”1’1.
fo] perfect  data  s t ream,  i .e . ,  p  ~ 1 /?, has hccn
amily~cd  irl [1]. Wllilc  the l)clrOI1ll:iIlcc  of the IY1’’l’lr
fo] all ti1bitlfi17y t r a n s i t i o n  cicl~sity has  hccil
invcstig,atcd  in [9-1 1]. Rcfclcncc  [ 10] sho~i’s thal  lhc

. .
Val lal)cc  01 tllc  tlmll)g  CI101 1s ~>l\,c.n

0: }I(0)BJ 1’

‘P ‘ (2rr)2(2R#n(o))

wllclc g’,,(Cl) cicnotcs  tl]c dclivali\c
c.valuated at T z O and is gi\u by

&(o) =2 P,cr-j@,)

by

(22)

o f  lhc  S-crlI\rc.

(23)

and 1](0) dcnoics the nolmali?cd noise spcctl  um aIId

is [~,ivcn by

Notc that for high SNR h(0) rcdoccs to 21’, anti IIIC
tin~i]lg variance bccomcs incicpcndc]]l  of 1’, [ 1 1],

IV. NUh! FXICA1.  R}LSUI  ,’1’S

‘1’hc ampl i tude  of the. tone crcatcd by tllc
scluaring  opclation  can bc calculatcci  usinp, lkp ( 6 ) .
l~ip,urc 3 shows the plot  of the tone amplitude al)d
this figure s}Jo\\~s thrit the rimplitudc  of tl~c tone is
m a x i m u m  wllcn  n = 1 anti 1< = 1. Usillg  tl]csc  va lues
for n and  }{, t h e  plots  o f  t h e  noxmri]i~cd til~iil~g
valiallcc of the l;S synchrollizc.r  (l;qt) 17) fol }IL,’l’  ❑

0 . 0 1  arc siIo\vn in l:igurcs 4 and 5. l;igolc 4  p l o t s
the Normalized tinlinr,  \’ariancc  for p z 0.5 (pc]i’cct
(iata stream) for ~’a~ious I’aiucs  Of }{. 11 is cicar limt
f o r  R  ‘ 1, the l:S achicvcs i ts  best  pcrforlnancc.
l:ip,urc  5 show Ihc timing  val iancc  fo] various va]ucs
of p at 1{ = 1. It is shoum  that the timing  \mliancc of
l:S synchloni~.cr  is not Ycly sctlsiti\’c  to Ihc mbalancc
ciat:i st]cam for sy]nhol  SNR z 4,45. l;igurc  6 sho\vs
the plot of ILci]l (17),  the norlll:ilizcd  timing wiriancc
of 1) ’1 ’’1’1, Syl)clllonizcl, for 11,,’1”  = 0.01 and wirious
\’alucs  o f  p . ‘1’his  figlllc i]lciicatcs  Ihat t h e
l~crfoll]l:illcc  of t h e  1)”1”l’i. is indc}~cllciclll of p fo~
symbol  SNR z 4.54 d]],  an(i (hat the Iilnil)g  \’atiancc
is also not \’c Iy scnsiti\w to uni~alancc~i ciata sllcam
at lo\\I syn)bol  SNR,  i.e., symho]  SNR < 4 .45  till.

v]. CONCISJSIONS

‘J’l)is ixi]wr analyycs and c o m p a r e s  tllc
pcrrollnallcc  of I1)C Ks an(i 1 )  ’ 1  ’ ’ 1 ’ 1 ,  symbol
syllcilrolliz,crs  ullcicr \’alious  coliciitiol~s of unbalanccci
datrl St[canl. Ma(i]cl~~a~ical mo(icls  fol (1)c timing
jit[cr tl:ivc hccn  cicli\cci  t o  cl)a]actcrizc lhc
lwlfolllmllcc of Ii)c t\vo synctllolli~cls ut(cicr
ill\,cs{ip,atic~n, lt \\’as found  that  for sy[]~lml  SNI< z

4,45 d]), b o t h  l:S [ind IJ’l’’l’lz  sy~lchloni?crs  a]c 1101
scl]siti\~c to the uIlbala  Ilccd data stIca  In. 1 low’ever,

the pc.r foImancc of the 1 N“l’1. sjnchroni7cI is al~v:iys

bctlcI  than tl]at of IJS synchlolli~cr.
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l’igmc 5. Normalimd  “liming Variance of l:S
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