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AIIS'I'RAC'I' 

A high performancc Uiiivcrsnl Motlcm ASIC 11i;ii supports SCY-  
era1 iiiotlulation typcs ancl burst iiiode lr:uiie l i )r inah i s  iiticlcr 

devclopmciit. t'owcrrul ;mil gcncric cIat;i-aidcd (UA) pnmiiielcr 
cslimalors a m  necessary IO accornniotlatc iiiiiny moilcs. 111 this 
paper wc prcscnt an npproxitiiatcd i i inxirrim likelihorid (ML) 
carrier frequeiicy trkct estiriiator, M L  joint cnrrier pliasc i l l id  

timing offsets est i inawr arid their s ys~ol  ic V LS I i iiiplemeiita- 
t ions l'w PSK burst ~ni)rlcms. 'Ihe pcrfnlwtliccs i~rt: clclsc to 
the Cramcr-Rno lower bouiirls (CRER) at low SNIZs. Coin- 
pared with thcorctical solutions thc csliirintois prqiiisctl here 
iirc inuch sirnplcr iuild casicr to iiiiylcniciit by the ciiimit Vl.31 
technrilogy. The CR1 ,R Ibr I)A cslitiiatioiis is iliscusscd iii 
soine dcplh, sotile issucs oti traiiiiiig sequcncc dcsigii is nlso 
nrltlressed in this work. 

1. INI'HODUCTION 

A high pcr~otmnnce ASIC supporting Auglics Nctwork Sys- 
tem's Univcrsiil Moilerii producl hic i s  I I I I ~ C ~  rlcvchpincnt. 
This ASIC siippocls n variety of b i l  ratcs, riiodulatiuns (UPSIC, 
QL'SK, XPSK. OQPSK), h w n r d  crr[~i ' coinxtioti, :iiid f r m c  
formiits. In order to satisfy thc stringent ripcciiling coliditions 
such as largc carrier frcq~icncy ofl'set (up to 13% syiribol me), 
low SNK (R:b/& nrouiid OtlU) nntl niul~iplc ol)cIaling ~iiotles, 
powerful iiiid gcncric estimators arc rieccssary to T C C L ) V ~ I '  Ihe 
burst parmeters. Miixiinu 111 I i kcl i huorl (MI,) estimitors IS] 
2u-c optitnal estiinators. We present il good :ii~i~ri)xiIii~itioii of 
DA ML carrier filrqocncy olTset estiiiiiilor, i i  joint c;irricr phasc 
niid timing offsets estimator and tlicir corresponding syslolic 
VLSI i mplcincnta[ioris. 

Several crirrier kcqueiicy offset cslirnetioii inc\liorls nrc (lis- 
cusscd in [3]. Ttlc ciplirrinl ML rrcqwttcy estitiiator is well 
ktiowti to hc given by tlic locnlioii of thc  peak o l  n perindoglain 
[XI. Howcvcr Ilte coitiputatirin rcqiiii'etiicnls iriiikc iliis approach 
prohibitive cvcn w i tii II ti I :I ;I' i 1 1111 I ciue 11 tat io 11. '1 ' Iici'c 1oi.c si I II - 

pler zipproxiinntion methods ;ire desired. We prcsen t n DA cnl: 
rier freipicncy ofket estiiixtloi. ha t  is bascd on ;iulocorrcl;rtioii 
and the algoritluri dcrivcd by Kay [Z]. 
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pled at rate of l,Wg, typically II' = IWT,, with Ad 311 intcgcr. 
The si~mplcd signal is filtcrcd by a matched shaping filter with 
rcsponsc g(- t )  and timing offset €3'. The outpiit is then deci- 
mated dowti to n rate of l/Z' to obtain onc samplc pcr symhol 
sigrial z(nT f ET), Thc dcmotlulator COrrcCts tlic phasc offsct 
B and timing oCfscls of x(nT +ET)  pririr to making symhol dc- 
cisions and recovcring the transmitted syrnbol n*,, I z(nY + ET') 
is givcii by: 

3Q 

z(nT +ET) = c y ( k T x ) C - j @ ~ f ~ ~ ~ )  !IMI.'(1LT + 
k ; - m  

ET - U,) (21 

2.1. Carrier Freqiiency Offsct Estim n t' ion 

Initially suppose we IiaveN z(n1'-+ ET)  ( T L  = 0, . . , N - 1) 
symbols without frequeiwy rotation and a_ = [ug,+-d  , u ~ - l ]  
is know11 in DA c:isc. In orrlcr 10 siii~plify thc prcscntation, let 
us sssninepci.rec1 timing (fi*eqiicncy csliination pcrformancc in 
the presence of randoin timing offset is shown through simuln- 
tion), utiil-cticrgy pdsc ( g ( t }  g(-t)),  Ihus z(nT -I- ET) Ci l l l  

be simplified ns ~ ( n ,  f), which can bc expressed as: 

(31 

wherc -y7, is additive Gnwsinn tioisc. Cotrelation method is 
ntloptctl to rcmove data nioddatioii nit, Ic t  

x ( n ,  f) = a,, expl j (2 .nfQ i- @)I + Y~~ 

It is easy to show tlint the notocorrelntiai of the exponential 
wave is still anexponential wave fit high SNR (simulation sliows 
that high SNR condition is not necessary), Le., 

= E," 0 x p [ j ( 2 ~ f m T ) ]  -I- rioisc(nr) (5) 

whcrc 111 = 1,. - . , L ( L  < N - 1). McngaIi [4] propnscd 
it frequency cstimator bnscd on modeling noisc(m) and the 
work done by Kay [2 ] .  From sin~ilation we iinrl that for N 
large enough noise(ni) can be approxiinatcd i i s  wliitc Gaus- 
sian noise. The sequence (R(m))  caii he trciitcd ;is ;I cnntin- 
tious wave (witti frequency f) which is passed through a noise 
winova1 proccss. At high SNR, ninny good frequency eslimn- 
tion mctliods havc been derived. Kay [2] presented R frequency 
estimation inethod based on weiglitcd slim of phnsc difference. 
His frequency cstimator is ML at high SNR, Let us define thc 
following proccss: 

6(m)=arg[lz(rn)], n t = l , . ~ ~ , L  (6)  

iilld 

ow- 

ana - 
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We borrow from K:IY'S ftcq[tency cstiinatol; that is the weighted 
slim of phmc dilrereucc. Uccausc R(m1) i s  calculated based 
on rniirc data tIli1ll I l (m2) when nil < r n 2 ,  aricr somc with- 
inctic wc derived the following carrier rrcqucncy offset cstiiiw 
tor: 

whcrc 
3((2L -t 1 ) 2  - ( Z m  1- 1 ) Z )  

((2L f 1 ) Y  - 1))(2L - 1 -  I) ' ?I& = I 7 n  = 0,. . . , L - 1 (9) 

The weighting fiiiicdon is shown in Figure 2. It is c:isy tu scc 
that the weight wGl decreases ns increases. That i s  bccaasc 
ns rn gets larger and larger, the numbcr of tcrins used to coni- 
puce Rim) reduces and thus niakcs A, lcss and lcss accurate. 
Comparcd wilh Mcngnli's algoIitliin, our estiiiiator adopts dif- 
ferent wcighling function, L cnii be lcss than N/Z (e.g. when 
N = 06, L = 32 can achieve thc CRLU at OtIB). 

2.2. Jniiit Carricr Phase and Timing Offsets Estimator 

Assuming zero €requency offsct estimation crror, there are I.c 
(IC = M N )  obscrvtttions of z (kT8 $. ET) (X: = 0,  f . If - 1) 
available for estiinating F arid 8, E E [-0.5,0.5). According to 
the work done in [l], the maxiinizatioii object function of ML 
joint phase and tinling offsets cstiinntion in AWGN channel is 

whcrc C is *1 positive constant and a_ = [an ~ - - , n ~ - l ]  which 
is [he data pattern and is known to the estimator. Let tis define 
Cl(€) as: 

N - 1  

p ( E )  = c n;,z(nz' + ET) (1 1) 
? G O  
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The above cxprcssioii also assunics that raised cosine slial?ing 
is adoptcil witti cy dcrio~iiig tlw rolIoIT factor. N,, is the snniplcd 
veisiori O j ' l ~ ( t ) ,  Gussiiiin noisc, sftct being Iiltercti by g ~ 1 7 ( t ) .  

Arriving at a solulioii to Eq. (12) is a difficult task nntl the 
resulting 1mrdwar.c structure prescinted in [ I ]  i s  quite compli- 
catcd. It is wdl  known that n qiiatlmtic forin call bc uscd to 
approximate the ceriirnl scgiocnl or a cmvcx Euiiction atonntl 
its peak. The location of !tic pcak of a sccond order polynoruial 
is casy to ctmiputc l'rnm its coeflicients. The exprcssiun Ih r  
I ~ ( E ) I  can he apprt>ximnted by i i  qiiadrniic eqtiation :is shown 
below. If E -} 0, the ir~tei~-syi~~boI-in~cr~ci~encc (TSI) and noisc 
N, can be igiiored niid wc cnn si~nl~IiI'y Ip(c)I :IS 

N - 1  

l p ( ~ ) I  w JEi la,,l'~(R') = IV&T(EI~') (15) 

where ( u , ~ ( ~  = I (n = 0,. . , N  - 1). Fur~iicnnorr: hy Ictting 
t = ET aiid using 'Ihylnr series approxiinations for sine ilnd 
cosine functions nnd after soiiie simplilicntion, wc nrcivc at 

l a d  

From Eq. (16) wc can LISC a scctind d e r  pcdynniniril to ill)l>rt>x- 

iinatc thc rclatir~iiship hctwccn stinqdiiig tiiiic anti tlic rttngni- 
tilde of correlntinri \ /~(1)1 given that these sturipling points are 
close enoiigli to thc irlcril snnipling point (i.e. t is close enouglt 
to 0). Using :I general ronn or ihc sccond orrlcr polynoiiiial 

suggests that a juiiit phese and tiniing cstiniator can be derived 
bnscil 011 thrce nrl*iaccnt samplcs of /p( t )  I. 'These samples are 
thc closcst ones to the ideal sainplit~g point ns shown in Figure 
3. In ordcr to tncct tlic c.oiiilitioii that t is closc cnnugh tn 0, two 
mensui.cs arc ntlopicd: onc is tliirt thc samplitig txtc A4 (siitnples 
pcr symbol) is largc cnough (siniulation shnws that M = 4 

~ 

ciiii nchicvc good pcrfoi.rnnncc):sccoritl i s  locating thc largest 
availalilc inagnitiitlc rlirough pcak search. L.ct LIS define the 
s;inipling time of X I  as nninind 0 [xi time axis. TliereCore tlie 
s;inipling titrics UT 210 :incl x2 are -7; and T,, rcspcctivcly. A 
h G i n n g c  intcrpol:iting poIynoiuial can bc adopted based on 
tl lC VillUCS 0T:ca ( k  = 0, 1, 2): 

using thc fact that to = -T3, t l  .- 0, t 2  = T3, wc can gct 

Thc ML tinning offqet estiiiintor (12) i s  the P wliich Inrlxirnizes 
I&)I. It  is ciisy tn computc tlic sniiipling time of the peak of 
Ip(t)I froin it sccoiiri orrlcr polynomial, i.c. 

rhcrcforc, the MI, esliinalc of E is 

'Thc ph:tse estirnntor is shown in Eq. (13), Interpolation tech- 
niques cnti be applied to currcct the tiinitig offset before pliasc 
cstimirtioii. This however inlrorliiccs a n  ndditionnl delay in the 
rlcmotlolatim process. Simii!atioiis show that wing the time 
for thc non ideal sample or 5 1  is sufficient for meeting the 
CKLU (si~inplitlg time o rx l  is t l ) .  'rhis le& to 

Tn ortlcr to locntc the lnrgest available vduc x1 cnsily, n highly 
correlated data pattcrn is selected. [6] clisciisscs this problcrn 
in depth. Here iiiiiq~ic wrirrl (UW) nnd nltei~natii~g (one zero) 
data petlcnis are invcstigated. 
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Figiirc 4: Systolic VLSI Structare of Carrier I'reqiiency Oi'hct 
Estiinator 

3. VLSI 1MPLISMINl"TIONS 

Fur the Frequency cstiiiiatar, tlic calcolation of n(7n) (Eq. (5)) 
is a linrdwarc intensive task thal requires ( 2 N  - 1; - l ) L / 2  
cotriplex niultipiicntion arid (2 i v  - L - 3 ) L / 2  additions. In  
order to make ftiH use of each iiipiit darn nnrl exploit coiiciir- 
rency. we propose the systolic V I S I  implcineritntioti as shrlwn 
it1 Figui'c 4. I[ highcr speed clock is avail:~ble, ihe coiiiplcx 
rnuhiplicrs can be sharctl on time divisinn basis. { H ( m ) }  will 
bc nvailtlblc nn fhc clock cycle following the oiic Intchiihg the 
Nth dnta syiiibol into the estimator. Frequency offsct can then 
bc ~ d ~ ~ l ~ t ~ t l  via Eq, (8). Otic advalitagc of this struchrc is 
that it is scalable. If we want to increase E to get n bctter per- 
forniance, inore elciiicnls can be addctl n l  the right liand side 
shown in Figure 4. 

Ttie liartlware block diagram for thc joiiit phase and timing 
estimator is shown in Figure 5 .  Ttic inidti-sample cnrrclator 
gcricriitcs ou(puts at ii higher ratc t l i i in  one satnple pcr symbol. 
A systolic VLSI implcmei~tatioi~ of thc corrclntor is shown iii  

Figure 6, wticre : c i j  dciiotcs Iheith symbol (i = 0, - - , N - I). 
j t h  samplc (j = 0, * . ,3) of the output frotii the rlliitchcd SIMP- 
ing iilter. In QPSK case, aT1 = fl =k j ,  only adders are ncces- 
snry thercforc [he cotnputntianal cnmplcxity is relatively sinnll 
cspecially whcii using the correlntor iis soft-decision UW t le-  
tcctor. Ttirougli peak search module, we can locate X O ,  z1 iIIid 
z2. An A,e!an Lookup tnblc (LUT) is uscd when estiiniiting 
the PllSlSC offsct, 

4. PEHP'ORMANCE UOUNDS AND SIMU1,A'L'ION 
RESULTS 

The variniice of mi unbiased estiination is lower I~ountlcrl by the 
CRLB. Tlic CRLB~JA for DA frequency cstiinntion is givcn by 

Figurc 6: Multi-Sample Corrclatnr 

[ t i l  i lS Pollows: 

Ttie cRLl3u~ ror join1 carrier phase atid timing offsets is givcn 
by [63. Tf'& is choscri popcrly (e.g. U_ is 13PSK typc data or real) 
the C l t L B ~ n s  ir i  joiut estimation NC ttic same ;IS those in thc 
sinylc parnmcter cstiinstioii willi the kiiowlcdgc of the oilier 
par;tiiictcr. The CRLDDA fix pliasc esiitnntion i s  giveti tiy 

(26) 

that is intlepetidcnt of tmining seqoencc if Nyquist shnpe is 
adopteri. Moencclncy proposed thc CIiLD for DA liming es- 
tiination with the assumption lhnt traitiiiig scqucncc n_ is zero 
mean and i,i.(l. in [7 ] .  Tlic bourid for thc ciisc whcre the sain- 
pliiig rntc 1/T8 2 2 0  ( B  is Ihe bandwidth of ~ ( t ) )  and N large 
enough is giveti hy 

with R ( j )  tbc Fourier irnrisrorni of r ( l ) .  Ji:iiig has proposed 
{lie following cxpmsion for CRLBDA with ncbiirnry training 
seqtiencc in (61: 

whcrc A[k] is the kth clcmciit of N-poitit discrctcl~oiouricrtrens- 
rortn (DIT) of a, i.c. All;] = ~~~~ Accord- 
ing LO Eq. (2X), CRLRrl,l has different vnlucs Fortlifkrent dntti 
pattcrns. 

Eq. (28) gives US insight on Iriiirhirig sequcticc dcsign iin- 
mctliatcly i f  estimation vnriance is choscri iis pcrforinnnce cri- 
teria. A scqiicihce is optiinal i f  i I  miiiiiiiizes the CRLI~DA rar 
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Figum 7: l'hc CR.LBnh for Tinling Estitrintion w i t h  UW Piit- 
tern 
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liming cstinintioti under S O I ~ C  colisrrainis. Thc rd lawing pre- 
scnmion shows ;I simple cxmple 011 ttainiiig seqiience design 
uiirtcr ciicgy coiisk:iint, i.c., 

with the condition ttint 

Bccausc ( 2 ~ k / 1 i ) ~ R ( k / N T )  i s  noli-ncgalive cR.( f )  is nssiiiuctl 
to be non-negative, e.g., i.nisctl-cusiiic shapc, o~hcrwisc lY( j ) l  
is ndcrplcrl iri  Eq. (2&)) ,  I~i[k]l~ is also non-negative, Ict k,,, bc 

(33) 
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Figiirc 10: Timing Offsct Estiinntion Ibrforimnnce (one zero 
pattern vs. UW pattern, ct = 0.5) 

perfortnancc dcgrarlntion causcd by titning error is wry  small. 
Figure 9 sliows die saw tooth characteristics of Eq, (23) untlcr 
no noise conditions with rn~idoiii pliasc. Froiii simulations we 
can see lhnt Eq. (23) is nti iitibiascil cwimate of E .  I’cak scnrch 
(i.e. locntiiig xl) rcsolves the m/4 (vi = + l ,  k2) nmbigiii\y. 

For phasc niid timing cstimation, tliffercnt rollall factors 
for the r a i d  cosine shaping fiinction were  SO tested. Siinu- 
latioii shows that the KMS liini tig estiinatioil ccror tncets thc 
C l t I d l n ~  of timing estimiitio~i for all ns and dah  patterns. 
Simulnlioris also support Illat lor the IIIIC-~cro pattern the RMS 
timing error is indcpciident of 01, whilc for the UW pattcrii i l  de- 
creases ns cy increases. This is i t1  agrecmciilwith the cv:iluatian 
of the CltLBnn. Figurc 10 shows the timing offset estiimitioii 
pcrrorinancc with ct = 0.5, where OIIC-zcco pattern snd UW 
pnttern of QPSK are ill~istriit~d. Figiirc I I shows the phtise cs- 
timation performancc The RMS phase estimatioii error‘ meets 
tlic CRLUuh for phase estimation. 

Thc RMS estimation errors of our algorithms that have tnodcr- 
ate complexities tiicct the CRT,Unn at low SNR, tlicrdore they 
nre eficieriz. The tcdiniqoes prqmicd here can bc iisetl in high 
performancc PSK burst modems working nnder largc carrier 
frequency olkset nitd low SNR conditions. A training sequence 
design method for titiiing acquisition is also illustrated in (his 
paper, 

[I1 
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