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Enhanced Signal Pt-ocessing with Short Spreading Codes 

prcad-spcctrum systctns haw a long history 
in militar-y and civilian wircless communica- 
tions [I.]. As origiiially coiicciwd, chcy did 
not itivolvc ciabwatc signal proccssing, tior 
w r c  they cnvisioncd 3s a WAY of arbitrating 

cliaii td rcsourccs ainniig indtiplc wet's. 'l'hc inerits of 
cpiwd-spcctrum mtdularion for niultiplcxing voice iiscrs 
(code divisioir rnultiplc acccss-CDiMh) arc iiow widcly 
accepted hI ccllnlal- applicatioiis [Zl. Sdll, existing 
CDMA spstciiis (likc IS-9s) iiicludc limited signal pru- 
cessing aiid imcrfercncc siipprcssion, iiatiicly, the sin- 
gle-user matclicd filter o r  1UKE receivcr, which trcats 
interi'crcnce from otlier IISC~S as noise. 'I'hc slatistic. 1 av- 
crngitig of out-of-ccll intcrfcrcncc and exploitation of si- 
leiice pcriorls iu voice cntivcrsatioiis madc possible in thc 
ClXvlA c iwi rotiiiir 11 t p r o d  c ti t i  iqu c he ncfits for cc 1111 la r 
appliurimia compaIcd with rival TWvI A/Pl>M h u p  
tions. For this msoii, most proposals cor-isidercd f i ~  
thi rd-gcneratinn wirclcss iictworks i nvolvc somc h u r  
of CUiMA 1.31. It il: cxpcctcd chat thc rcqiiircmcnts itn- 
poscd on third-gcncrntinn systeins in terms i,E capcity 
and Bcxibility will nccessitatc advaticcd sigiul processing 
sdutinm  ti^ iiitccrfcrcncc supprcssimi ancl joint decoding 
of 111 11 lriplc uscrs I 

It was observcd in tlic mid-1 980s rhnt joint, i)ptitnaI, 
inaximuin-likelihomd dccodiiig of all ~IYCI'S  h a s  significant 
pcrf&"ce bcrictits cnmpared with iiiatchcd filter alrcr- 
natives [4]. Unfortunately, thc solution also involtvs B 

joint Vitcrbi proccswr with cxpt)ncnrial coinplcxity in 
the numbcr of' uscrs. 'Tlic scminal work ai' [4] and thc 
promiscd gains of- tnultiuser dcrcction (MI)) Ikivc initi- 
arced much rcscarch i ti thc arca which conrinues unabated 
to this day. A numbcr ofC13MA l-eccivcrs haw bccn pro- 
posed that C O V C ~  the wIiolc spcct ru in  of pcifor- 
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The use of relatively small 
spreading factors combined with 
a proportionately smaller 
number of users reduces 
complexity and facilitates the use 
of advanced signal processing. 

mamc/complexity from the sinipk matched tiltcl. to tlic 
np ti m a  I vi tcrbi pt.occssnr, Ilciaptivc solut ions, in p a  rticii - 
lar, have tlic porc~itial nf providing t l ic  anticipated Ml l  
perforinancc gains with a complcsity that would bc iiiiin- 
age3 blc for tl ii i d  gciie rat ion s ys tciiis . 

Our goal, in this ai-tick, is to providc a i l  ovcrvicw r ) f  
rcccnr work in .MD with an ciiiphsis 011 adaptivc incth- 
ods. We s t m  with (suboptinial) linear rcccivers and dis- 
s u s s  t h e  da ta -a idcd  MMSI', rcccivcr.  Hlind 
(iiondata-aided) implcmcntatious i ~ r c  also rcvicwcd to- 
gcther with tcchriiqucs t h a t  can mirigatc possible 
multipath effects aiid chatincl dispersion. In anticipation 
of rhnse devclopiricnrs, appropriate discrctc-timc (chip 
ratc) CDMA iiiodcls arc rccviewcd, rvliicli iiicorporatc 
asynchronisrn aiic cliaiinel ciispcrsion. 

For systems with largc sprediiig factors, the coiivcr- 
gence and tracking properties of cunvetitionai adaptivc 
filrcrs may b e  itiadcquarc due to tlic iargc tiuinber nfcocf- 
ficients which must tie estimated. Iti this coiitcxt, rc- 
duced rank adayrivc filtcriiig is disciisscd. I n  rhis 
approach, the mimbcr of paraiiietcrs is rcduccd by rc- 
srricting the reccivcr rap w" tu belong to a carefully 
choscn subspacc. hi this way the nuinbcr of coefficients 
to be estiinatcd is significantly rerhccd with iiiiiiimal per- 
forinance loss. 

It is welt known in the cotitcxc of sitigle-user chaiiiicl 
equ&ation that: decision fccdback (131;) adapcivc 
sclieiiies car1 provide near-optimal pcrfhrinance with lit- 
tle added coinplclcxity. T h i s  i s  1r1ic also in the casc of 
muItiuser systcins; rIic dit'fereiicc hcrc is that iiiterfcrcnuc 
docs not only originatc finin past syriibols, but also froin 
current syrnbols of otlicr (interfering) w.crs. 'I'licrcfurc, 
tentacivc dccisbns for tlic inrcrfcring symbols arc iiccdcd 
to i~nplernenr such jntcrfercncc caiiccilntioii sclietncs pro- 
viding fiirthcr justiticatioii for thc me of h e a r  rcccivcrs 
(as x prcprocessiiig step). Both adaptivc scquciirial aiid 
paraIlcl dccisian-feedback strarcgics are possiblc as cx- 
plaincd latccr. These rcccivcrs are motivated by a bricfdis- 
ciiss io 11 of fiindamcntal I i ITI its on p c r h  i ~ n  n iicc (ca p c  it y ) 
wid1 error control coding. 

The reccivcr design is affcctcd by the type of sprcaditig 
srquenccs uscd. This articlc dcals with short sprcadi~ig 
codes which rcpcat every symbnl pcriod. Soinc sysrcins 
(like IS-95) employ long codes (with pcrioti iiiiicli loiigcr 
thaii tlic syiibd pcriod) which ca~rscs tlic interfcrciicc to 

t'ilry I-;intloinly from symbol to symbol Is]. Usually, 
systems which cinploy long corlcs also ciiiploy 1:irgc 
spimding f m x s  aiid ;i Ial-gc mimbcr nf usccs pcr CI>MA 
chaiiiiel, in ati cfhrt  to midoiiiizc thc intcrfccrcncc fiirthcr 
and justify h c  use ofthc iiiarclicd filtcr rcc~ivci-. An alccr- 
nativc appro:icli is to combinc slrott codcs with the adap- 
tive rccciw 1~ dir: c ii sscrl Ilc IT, w li icli cx p 10 it die s t r  ti c' til 1.c 
of tlic inrcrfcrcncc. Thc List nf rclativcly siiiall sprcding 
facms coinhincd with a proportionately sinallcr iiumber 
ofuscrs i~duces  cotuplcsity and ficilitatcs tlic use of ad- 
vaiiccd sigiial pr.occssiiig. Of wwsc siiiiiller sprcading 
fmors also inipIy sinallcr bandwidth cxpansion, so that 
rhc iminlicr ofuscrs accnmmodntcd pcr Hcrtz is not rc- 
duccd. 

A lincarly mndtrlatcd digital ct~miriunicarions signal is 
cycloscationary with period c t p l  tn rlic syiiibol pcrind. 
CLMA sigiials wirli short spreading scqiicirces fall into 
this category. Pur spsrcms with long cocics, rhc chip-satn- 
pled intci,fci-ciicc is stationary, iftlic codcs ntc unlowi i .  If 
rlic iiitcrfcl-crs'codcs nrc kiiowii, rhcn thc intcrfcrciicc ciiii 

bc iiindcled as ii tinic-varying, cycloscatioiiary proccss. In 
gcncral, lorig codcs complicate: ttir dcvclopiwxit of adap- 
rivc signal pi-occssiiig algoi-itlims for niultii~scr detcccion 
[6]-[11,1 nnd will iiot bc treated hcrc. 

CDMA Signal Model 
I n  C;l>MA systcnx all Iisci's traiisiiiit siiiiiilcat~cously iii 
thc Batiic Gcqiicixy h,ind. Thcrcforc if Kuscrs arc active, 
the rcccivcd, bnscband, continunus-timc signal is ii  super- 
~~usiicioii of al l  K signals 

whcrc n(t) is addirivc Gaussian iioisc and  anti cadi ~iscr's 
signal is  

a supcrpositim cjf sigtlature wawforms p k  ( t )  spiwcd by 
Iiiultiplcs nf tlic syitibol pcrind T5 aud Iiiicarly, inrxh- 
latcd by rhc iiifix"oii syiiiliol scyuciicc hi, jj] with a i m  
plitt1des A,, Ill rhc case nf aspldlroll~us systcrus, cach 
llscr may havc il dirfcrc11t dclay v, I 

Tt i s  dcsirabk to utilize diffcrcnt signatiirc waveforins 
for diffcrcnt Liscrs (with suficienr cxccss lxdwid th )  to 
ticilitatc signal scparatioIi at the rcccivcr. Cjftcn each 
iiscr's signarurc is gccneratcci hy modiilatiiig its low ~ t c  
symbol wiivcforiri with a high ratc cotic w a v c t h i i  (scc 
Fig. 1).  Wliilc tlic description of Fig. 1 is cnncept~idly 
simplc, it docs iiot Icnd itsclf'to tlic dcvclopiiicnt of ap- 
propriatc discrctc-timc basebatid modclr; irsctiil in rc- 
ceivcr design. T n  ail effort to dcrivc chip-ratc modcls for 
CDMA systcins, wc inay wrirc the si"'a~d-s~L)""r~iiii sig- 
imwc  as a succcssioii ofchip pulscs h( t )  
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IlIodulatcLl by t l l c  11scr codc c p  [ I ] ,  k =o,, , ,, N - I ,  whcrc 
N is the iiiirnbcr ( i f  chips pcr hit (or p r ~ " i n g  gain) 
am1 T, is tlrc chip pcrind. In thc case oi'ptopagacion in 
;1 dispcrsiivc cnvironmcnt, thc wlivcfntm h(t) reprc- 
sciits tlic ctmvoliitinii oftlie chip piilsc witli chc cliaii- 
iicl rcspniisc. If tlic rcccivctl is sai i ip lcd ;It a 
fractioii uE thc chip 1x1'-iod (l'samplcs pcr chi t i ) ,  then 
thc systciii is dcscribcd b y  thc fullowing miiltil-ntc 
convolution: 

(5) 

Minimum Mean Squared (MMSE) 
Linear Receivers 
Givcu thc rcccivcd vcc'tor ~Esa~iiplcs ;it tlic i,l~tptit of rhc 
chip irliitclicd filter fbr symhnl I ,  it liiicar iiiulciiiser dcrcc- 
tor forms rhc (soft) cstimatc 
- 

(7) 

whcrc W is a11 N x K matrix. (Hcrc wc n s w m c  thc filtcr 
spins n sin& symbol ititcwal.) Wc caii sclcct W to niini- 
iiiizc 111c;iii s q ~ i w x i  w o r  JMSH), dclincd a s  

b( i 1 = w I' r [ i ]  

~~ 

Bit Waveform 

sv) ~ 

- 

Modulated 
Signal 1 Chip Waveform 

I 

A 1 .  Spectra/ spreading: continuous-time /node/. 

1 ~.--------. .................. ., ,....... ...................... : I  

, I  

: Spectral Spreading j ~ Multipath Channel j ............................. , .............................. L: 
& 2. DS/SS  signal in mdtipnth: discrete-hime model. 
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all otlicr 1iscrs. That is, tlic lrtli column of W, which is 
used to dctcct iiscr k, is givcii by 

W, = K i p k  (101 

where R =  E{r[i]r [i]} is die itipuc covariancc matrix. In 
other words, linear niultiuscr dcccctiori can bc implc- 
meiited as a set of %ngle-iiser” iiitcrfcrcncc supprcssian 
filters, niid is hcrcforc rvcll suircd for tlic 13S-Cl)MA fnr- 
ward link (it1 addition to the rcversc link). 

Some imporcant properties of lincar MiMSE dctcctioii 
are: 
A Tlic tiltcr f i r  cacli user can he iiiipleinenrcd as an adap- 
rivc digital PIR filter, analogous to an adaptive cqualizcr 
for a single-user chnnoel. 
A M7l1ct~ implcmcimd as an adaptive filter, tlic liticar 
MMSE detector suppressss t u t d  intccrfcrcnce, iridcpend- 
enr ofnrigin. It thercforc siipprcsscs (srrong) othwcell in- 
tcrference, in additiun to intra-ccll intccrfcrcucc. 
A When implcmcnted as an  adaptive filter, tlic MMSE rc- 
ccive r req ti ires 1 ittl e si de i 11 fo r i m  tion. Sp ccifically , c ithc r 
a training scquericc is nccdcd at  the start ofench transrnis- 
sion or rhc rcccivcr must k i x w  the dcsircd tiscr’s sprcd- 
ing code, chaiincl, atid associated timing. Amplihidcs, 
phascs, and sprcadiiig cndes of iiiterfercrs arc iiot rc- 
quircd for adaptation. 
A In principlc, tlic filter can suppress N - 1 iuterfcrcrs for 
synchronous CDMA. For asynchronous CDMA, a digi- 
tal filter thar spans a single symbol intcwal can siipprcss 
L(N- I)/ 21  interferers. 13s increasing rhc obscrvation 
window, rlic filter can snppress up to N - 1 m x s  [ 141, 
[ 15 1; however, adaptation hecnines inox difficnlr. 
A TIic (coherentj MMSK sohitioii automatically coli>- 
bines all multipith within tlic window sparincd by the fil- 

~ T h c  performance nf thc linear MMSE rcccivcr dc- 
gradcs gracchlly with the number c i f  {cqual yuwcr) iiscrs 
(c.g., sec [ Ih]), although for very Iargc loads IC/ Id >> 1 
{K= number of strong ~ I S E ~ S ,  N= proccssing gain), the 
pciforriiance of the MMSE rcccivcr is closc M that of the 
niatched filter. 

ter. 

Blind Minimum Output Energy Methods 
MMSE solutioiis arc typically iniplemcnud with the aid 
of training scqucnccs. Evcri in thc abseiice of training 
data, however, (10) indicates that the solution is 
iinplcIricIicablc if tlic sigiiatiirc and timing of thc iiscr of 
intercsc is known. In panicular, the covariance matrix 
iiecdcd in (10) cat1 bc estiiiiatccl fruiii the data, vhilc (in 
rhc abscncc of ICI) the user’s signature caincidcs with 
thc sprcaditig code and may bc rcadilp available. Tliis 
p inbleiii is nna logous to bca tnficrni i iig p 1.0 0 Iciiib qt7 p ~ i r -  
irig in array prucrssing, in rvliicti tlic dircctioii of arrival 
and sigriaturc of tlic iiscr of interest arc known (c.g., 
[ 171). Adaptivc iniplctncntation of such reccivcr f i lms 
wliich explicitly rake into accoii t i t  the signatnre of tlic 

iiser of intcrcst ~ 3 1 i  be develnped wing constrained opti- 
mizarion appt-oxlics [ LX]. 

In rlic context of CDMA and in the absence of 
dispcrsivc chaiincls, an MMSII, rcccivg can be obtained 
by rnitiiinizirig the output cncrgy E{ 1 b, [z] l 2  1 (let user 1 
be thc iiscr ofinterest without loss ofgmcmliry) (1 91. To 
avoid rlic trivial snlution w, =0, tlic rcspnnse d t h c  re- 
ccivcr to tlie user of intcrcst is cnustrained to otic 
w p I = 1. ’I’his coosrraiiicd optimization problem has 
bccii studicii extcnsivclp in rlic coimxt cif array proccss- 
iiig and thc solution is termed miiiiniiim variaiice 
d istortionless bcamformcr (e.g., 1’ 1 71 ). Altcmativcly, the 
adaptivc f i lm cif11 bcdccomposcd as IV! =pI  +xl where 
x, is adaprcd hiit is always frirced to bc orthngoonal to the 
s i p t u r c  p1 [ 191. F,xtensions to longcr obscrvatioii in- 
tcrvals and scparate trcatnient ofrhc in-phase and quadra- 
ture siguals were prcsentcd in [20]. Siinilarapproaches in 
array prnccssi iig coinc iiiidcr gcncralized sidelobe 
caiicellers. ?‘he solution can bc slio~vn to he a scalar multi- 
ple ofthe MMSB solution a~ id  ttic iniiiiinnin output cii- 
ergy (MOE) is 

Unfortunately, it w a s  obscrvcd in [ 191, and i n  prim array 
proccssi ng 1 i tc rat U IT, tl iat those cons trai ncd n pi mi xation 
appi+oachcs are very scnsirivc to possi tie signature mis- 
match crcated hy multipath c&ts or timing errars. Ifthe 
actual IIscr sigilatiirc differs finiii t he  o~ic  assurncd ill tlic 
ricrivatinn of thc reccivcr, significant signal c;lncelladon 
can occiic rcsulring in poor perfomiancc. In 1211 and 
(221, the problem is mitigated by coristraiiiiiig the s o h  
tion to ttic sigual subspace, to rcducc signnl cauccllation. 
An adaptivc iinplcrncnration based on subspacc tracking 
was slinwn to irnprovc pcrlbriiiancc at thc cxpeiise of 
more coiiiputatiaiial cnm plexiry. 

The method of [ IS] was later extcndcd by adding 
iiiorc constrints [23]. In particular, a solution h r  rhc 
dispcrsivc charmcl care was attzmptcd in 1241 and latcr in 
[25] ,  by forciIigthe rcccivcl- rcsponsc ru dclaycd copies of 
thc sigiial of intcrcst to zero. Givw rhc structure nf the 
user’s sigiiatturc in multipath pi = T ( c l  jh ,  , thc rcccivcr 
vector is conscraiiicd to siitisfy w ,” 7(cl ) = [o,. . , J , ,  , .,o]. 
With these addirional constraints, minimum variancc 
techniques arc applicablc, but have inferior pcrformaiicc 
siticc rhcy treat parr of the useful signal as inccri‘crcricc. 

’l*lis obstacle w a s  ovcrcoinc by coristrainecl nptimixa- 
r i m  solutiaiis which coinbiiic all nniltipath components 
of the signal of intcrcst and jointly rniniiiiij.~ the interfer- 
ciicc, while iiiaxiiiiiziiig rhc sigrlal cnmponent at the re- 
ceiver’s outpm [Zt,], 1271. The idea is again borrriwcd 
from m a y  p~~nccssitig, ktiuwii by tlic tcriii Chpaii 
bcainfbrnicr I 28  1, I 171. If rhc user signaciirc is 
paraIneterixed by soinc n n k n o ~ v t ~  parametcrs, then the 
Capon solution selects EI~OSC paramckcr valucs which 
inaxiiiiiw rhc iniiiimuiii output ciicrgy. In array proccss- 
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A reduced-rank filter first 
projects the received signal onto 
a lower-dimensional subspace 
before processing. This type of 
dimension reduction can 
improve tracking and 
convergence in time-varying 
environments. 
iiig those paraaictcrs typic.illy rckcr to ditcctions of ar- 
rival, whilc ill CXIIMA to c h a i i n ~ l  tap whits. Hascd 011 

(1 l ) ,  rhc Capon rccciwr sclccrs 11, such that 

Reduced-Rank Approximations 
C; i vcii nn ad eqm'rc mi 111 b er of d ata s amplcs, thc dgoritli tiis 
presented iu the prcccd i ng sccrion si multancously slip- 
press lnulti plc awes s i tircrfere ~icc and pel form init Itiparh 
combining. Tracking a id  caiivcrgcncc may bc pi-oblcms, 
I I O ~ V C V C ~ ,  for sonic wirclcss spsteins ill which a large nmi- 
bcr of filtcr cociiicients miist be estimared. 1:nr cxample, a 
corivcntioi~lil it~iPl~iiiental.ion of a riinc-domaiti adaptivc 
filter which s p i s  three sy~nbols fnr proposed thii-d-gener- 
atinii widcbaud CDM A cclliilar systems can  liavc over 300 
coefkicnts. Iiitmdiicitig multiple Rntciiilas for additioiiat 
spacc- ti me itircrfcrciicc suppression caphility cr<iaterbatcs 
h i s  pi-oblcm. Adapting such a large iiuiribcr nffilrcr coefi- 
cicnts implics very slow responsc to ctianging i ntcrfcrencc 
atid chaiiticl cnuditiotx. 

A rediiccd-1-ank filtcr first pmjccts the rcceived signal 
onto a lo~vcr-dirnctisiorial subspacc bchrc pmccssing. 
This type of dimmsion rechiction can imprwe tracking 
and CO i i w  rgc 1 ice i ii ti 111 c -vn r y ing ciiviroii iiients . Rc - 
duced-rank liiieai: fltcring h a s  bcen stiidicd primarily for 
array proccssiiig aid radar applicatians (c.p., scc [171, 
11341); Iiowcvcr, recciitly it has bccn p.oposcd fhr intix- 
fircnnc sulyccssion in dircct-sequcncc (lX)-Cl>MA sys- 

h i  what foollows for simplicity wc assume a syncliro- 
nous CDiMh clliinncl without multipath. The gcncraliza- 
tion to aspncliroiiom CDMA i s  straightforward, whcrc 
che film may spau multiplc symbols. Although thcre tias 
beeii sniiic work in applying rcduccd-rank tecliniqiies to 
frrq"cii~y"s"c~'rivc clianricls 12 1.1, this is currently an ac- 
tive LlrCa of rcscarch. 

I x r  M 1 )  bc thc N x I) matrix with colriinii vectors 
which arc ati orthonormal basis for R I>-dimensional 

t tms [35]-J{?lXJ, [2l.,j. 

i Output SlNR versus Input SNR (Asynchronous Case) 

0 5 10 15 20 25 30 

Input SNR (d6) 

A 3. Pen'ormmce of blind algorithms for an asynchronous system. 
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subspace, whcrc D < N.  ‘Jhe projcctcd received vcctor 
corresporidiiig to sjmh(i1 i is tlicn given by 

The scquciicc of prcijectcd rcccivcd vectors {a[;]> is 
the  iiipiic to a tapped-delay liiic filter, represciitcd by the 
D-vcctor % [ a ]  for symbol i. The filter oiitput correqiond- 
irig to t he  it11 transmitted synibol is 244 = i C H  [i]T[i], iind 
the objectivc is to select iV to minimize the rediiccd-rank 
MSE 

wlicrc 

C, =M::c,. (17) 

In what follows we describc a fcw differcot rc- 
duccd-rank rcchniques which havc been considcrcd. 
O h c r  rclatcd ~~ediicrd-rank mctllods bavc bccn proposd 
in [as] and [38]-[40]. 

Methods Based on Eigen-Decomposition 
The reduccd-rank techiiiquc which has probably rcccived 
the niost attelltion is “principal compoiients (PC),” 
which is based an tlie followitig ei~eti-clccutnposition of 
~ h c  covariance matrix 

a = VAV” (18) 

rvlicre V is  the orrtionormal matrix of cigcnvectors of R 
and A is the diagonal matrix ofeigcimducs. Given this dc- 
composition, tlic rcceived vectoi- r is tllcu projected onto 
thc D-dinicnsioiial subspace which contailis t h e  must CII- 

crgy. Snpposc t h a t  the eigcnvalucs are ordcrcd as 
A ,  > k 2  > . - - > h , .  Par given subspace diinrnsioiiU, the 
pmjectiniiiiiatrix for PC: is  then tliccfirst 1)cnlumiis of V. 

1:or K < N ,  die eigciivvaliics h ,  ,. . . ,h,  are associated 
with thc signal subspacc, and thc rcniaining cigciivalues 
arc associatcd with rhc iioisc subspacc, i.e., h 1,, =02 for 
K < IT$ < N .  Consetluciidy, byyselectingD2 IC‘, Pc rc.craiiis 
fiill-rank MMSE pcrfornmance (c.g., see 1211 and [41]). 
Howcver, thc pcrforinaiice caii degrade qiiitc rapidly for 
11 < K ,  siiicc rhcre is riu giilirantee that the associatcd 
subspacc will retain most of tlie dcsircd signal eiicrgy, 
This is cspccially troublesome in a ncar-far scciiario, siiice 
hi. sriiall 11, chc subspace which cotitairis inosc of tlic en- 
crgy will l i l d y  correspond to rtic interferciicc, arid not the 
dcsircd signal. IVc rcriiark t lu t  in a licrivily luatlcd ccliulai’ 
system, the diincnsion of tlic signal subspacc may bc near, 
or wen excecd the number of dimcnsioos available, in 
which case 1’C docs not offcr much afnn adwiirage reln- 
tive to ctiiivcritioiial full-rank adaptive tcchniqucs. 

A n  altcriiative t o  1’C is t o  clioosc a sct of I> 
e ipvcctors  for thc projcction mmix  whicli ininimizcs 
thc MSE. Specifically, assuming that the wiriaiicc of tlic 
dar;~ synibnls is om, we can wi-iitc the full-rank MSE in 
terrns of’ projcctcd variables as 

The subspacc t l ix  minimizcs the  MSE has basis wccors 
which x c  the eipivccron of R associated with tlic 11 
largcsrcvahcr; oflvi‘c, / A , [ * ,  wlicrc v k  is the kthcoliirnri 
of V. (Now clic i i i r~c~~se weighting of Ihk12 in cantrast 
wirh 1’C) 

This tcchnique, callcd “cross-spcctral (CS)” rc- 
duced-rank filtcring, was pmpnsed in [42]. ‘l’his tech- 
niqiic can pertiwm wcll for I1 <IC siricc it takes into 
a ~ o i i  tit rhc cuergy in  tlic subspncc conrriliutcrl by the dc- 
sil-cd iiscr. Unlike I’C, tlic prnjcctinii subspace fix, CS I’C- 

qiiircs Icnmvkedge of rhc desircd iiscr’s spreadiiig codc E ,  , 

Of coiirsc, 3 disdvmtagc of cigt.n-dcsonipflsiticJllii tech- 
niqiics in general is tlic complexity associated with csti- 
mation of‘ thc signal subspacc. 

fadid Despreudhg 
In this method, proposcd in [43], tlic rcccivcd 
DS-CDMA sigilal is partially dcsprcad OVCI’ coriscciitivc 
scgrncnts of fiz chips, whcrc $82 is a parvamncrccr. The par- 
tially rlesprcad vcctot has dinicnsion I>= r N  / m1 aiid is 
rhc i u p t  ro tlic D-tap filter. Coiiscquently, = 1 corrc- 

~ ~~ 

A 4. Multistage Wiener filter. 
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The MMSE DFD has the attractive 
property that the feedfarward 
filter suppresses other-cell 
interference, while the feedback 
filter cancels intra-cell 
interference. 

S ~ I I ~ S  CO thc f~ill-~:a~d< M.MSE filter, >i11d m = AT CWK- 
spnnds to thc tlatched Lilter. ‘Thc colurnns ofM ,) in this 
casc arc iionoverlapping scgmenrs of E ,  , wherc cach scg- 
mcnt is of lcngth w. l h i s  allows tlic selection of p c t t k  
iiiiiiice hctwccu that of tlic inarclicd and full-raiik MMSE 
filtcrs by siiiiply adjusting die siumbct of idaptivc filter 
cockieuts.  

Murtlsfage Wiener FIIfer 
The multistage Wicner filccr (MSWP) was introduccd it1 
[44]. Figiirc 4 shows n block diagrain of a four-sragc 
MSWI;. Thc stngcs are associatcd with rlic scquciicc of 
Iicstcd iiltcrs w , ,.. .,w ,), whcrc L) i s  thc ordcr of the fil- 
tw. Thc inatriccs 13, ,. . .,B sliowii in the fig1it.c arc 
ldockiilg matrices, i.c., 

BIiw,, = O .  (20)  

licfcrring t(.) Ljig. 4, let [i] c h o t t  tlic outpiit OF thc 
filtcr w s,, aiiclr,,, [ildcmtc the nutput c.,ftlic blocking ma- 
trix R , j l .  Thcn tlic w + lsr  inultistage filtcr is dctcrmined 
by mrrclatitig thc outpiits ofthe prccditig stagc 

IV,,), 1 = fiV:,>’:,3:l~ (21) 

For WJ -4 wc linvc d,  [ij = 6, [;I (thc dcsircd iiipiit sym- 
hol), ro [i] = r[i], and w I is thc matclicrl filter w , , Thc fil- 
rcr oiitpit is ohtaiticd hy liiical-ly combiiiing thc outputs 
of the iilters w ,. . ., w 1 )  via the cvciglits w , ,.. .,n ~~. , . l’hc 
M W F  llas tlic f’oliowing propcrrics: 
A At cadi scagcn tlic filrcrgcimatcs A “dcsiwd”scc1ucncc 
{d,t Ti]) ancl a i l  L‘ihscrvatit)tl’’ scqucucc { r,, [ i ] } .  At atly 
stage a, i fw ,, is rcplnccd by tlic MMSE ijltcr fo r  cstiiiiat- 
iiigdg,_, [i] Roiii I*,,-, I:i], thcn rhc rcsulting f i l ~  (wirh tlic 
optiinal coinlining wcights) is thc iiill-rank MMSB filter. 
Each film w ,, can rlicrcforc be vicwcd as thc “iiiatchtd 
fjltcr” h r  tlic associarcd estimatinu prrhlcni. l ’hc MSW1; 
is construcrcd itcrativcly by rcpeatitig tlic si1lilC striictiirc, 
consisting of tlic riiatciicd filter and blocking matrix, at 
cnch stiigc. Continui~ig this proccdurc ibr N itcratic.ms 
gives thc fdI-~+a~ilc MMSE filter. Tcriiiinatiog aftcr L)  itcr- 
atinns gives a ranlr I) filtcr. 
A Computation of the MR,ISB iilta- cocfficieuts d o e s  not  
rqLiirc nuestiiilarc rif-thc signal subspaw, as dn thccigcn- 
ciccompositioii tcchniqucs. Succcssivc ftltcrs arc deter- 
mined by LC~-csiciual coidatioiis” ofsignals i n  thc prcccd- 

ing stagc. Adaptivc algorithiiis based oii this tcchiiiqiic 
wcrc prcsciitcd in [45]. 
A [t is sl.lclwn in [44] that the trailsfwined matrix fi, 
g i m i  by ( 16) is ~ - d k p i a l .  That is, it has milzcro clc- 
nicnts only along rhc main dingc~~ial i11Id thc adjacciir: di- 
~goiials. 
A The blacking niatris IS Ifl is not uniqiic. Althnugh any 
ratik N - PH matrix that satisfics (20) acliicvcs thc s a i i i ~  
performance (MMYH), this choicc can affcct the perlor+ 
iiiaiicc for a spccific data record. 111 particular, a poor 
choicc of blacking matrix can lcad to numcrical insra- 
bility. 

I t  wii bc shown chat thcD-dimcnsiunal subspace p i -  

crcircd hy tlic rnnk-L) M.SWF is tlic saim R S  tlic subspacc 
spatinecl by c1 l<cl ,RZcl  ,...,R”-’cI [46]. ’l’hcsc vcc- 
tors are nor o r t h p n a l ,  wlicrcas it call bc s ~ ~ n w n  that tIic 
hasis vcctors gcncrarcd hy thc MSW1: arc orthogonal. 

A largc systcm analysis of rcduccd-rank filteis, iticlud- 
iug thc MSWF, fix synchrniinus 11s-CDMA with ran- 
domly assigned spreading codcs is givcn in [46 ]. Large 
system aiialysis of 13s-CDMA with random spreading 
codes was ititroduccd in [47]-1:49]. Thc largc sysmn 
limit is dcfiiicd hy Icrting t l i c  niimbcr of iisers Katidpro- 
ccssing gain N tcnd PO infinity with fixcd load IC/ N .  Uy 
using rcsult.9 from the ir-iatheinatics litcratiirc on rhe dis- 
trilmtion o f  cigciivnlucs of largc raiidnin iiiatticcs 150 1 ,  
[ 5 11, it i s  possible tocoiiipitc tlic brgesysrciii limit ofthc 
output SINR for the iiill-rank MMSE filter [49]. It has 
been obscrvcd that this limit accuratcly prcdicts tlic prr- 
formance with modcratc K and N (cas., N=32) .  

In 1461, it is sIiow1i tliar the MSWF Iins thc iiiiportant 
property thw chc rank L3 nccdcd to achicvc a target per- 
forinancc I,c.g., outpiit SJNR docs wit scalc with tlic sys- 
tem sizc ( K  and N ) ] .  IC is ti)und that 1> =8 acliicvcs 
csscntially full-rank perfbniiaiicc ovcr a wide r~i igc c j f  

loads IC/ N .  ‘Iliis is in cntirrast to tlic utlicl.~~cducrd-r~nk 
iiicrhods discusscd, vybich rcqiiirc thatL> incrcasc in pr~u- 
pwtioii wit1iJC and N tu achicvc thc target performaiicc. 

L/’ I MSWF 

0 10 20 30 40 50 60 70 
Number of Dimensions 0 

A 5. Error rote versus number of dimensions for reduced-rank 
adaptive algorithms d e r  training with 200 symbols. 
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A 6. Spectrol effkienq versus load for multiitser receivers in synchronous CDMA with 
E b / N ,  =lOdS. . 

Petformante Comparison 
Fterc wc iiidicatc liwv thc ditfcrcnr rcduccci-rank rcch- 
niqucs inthc prcccding scction ycrl'orm wlicn uscd with :I 
fi nite-kiigdi training scqiiciicc, lktaiis oii tlic adaptive 
algorithms arc givcn i n  1361 and [45ll. hsscntially, statis- 
tical cxpectatiom wliicli O L C L I ~  i n  the MMSE rcprcscnta- 
tioiis arc replaced by sainplc wcrages, so chat wlien 
L3= N3 A I  algurithms rcdiac to ;I i'ull-rank Icasr s q u x c s  
algoritli 111, 

1;igtri-c 5 shows cci'oi- ratc vcrsus number of  dimen- 
sions for rcduccd-rank adiiptivc algorithms after traiiiing 
with 200 symbols. In this plot N = 128, K = 42, and the 
rcccivcd powcrs arc Iog-iic~r~nal with standa~-tl dcviation 6 
d U ,  which inrdcls reccived poivcr variations with loosc 
powu mitrol. Tlic baclcground SNR is 1 0  d R ,  Thc bit 
crcor  rat^!'^ is computed hy assuming that thc residual in- 
tcrfcrcncc plus noisc x tlic outpur ofthe filtcr is Gaussian. 
licsults arc avcqgxl over r~i idom slwadiiig codcs, de- 
lays, arid powcrs. Curves arc shnwn for the f~~ l l~rwi~ ig  al- 
gorithms: adaptivc MSWF, cross-sliccrral (CS), and thc 
matc~ieci tilccr ( ~ 1 ; ) .  III addition tli-cc ctirvcs arc s ~ w w n  
for partial dcspreading widi diffcrent xlaptivc csciination 
methtrcls for thc conihining cocflicicnt 
CllC (SG-PI'>), lcast sq11arcs (LS-P13), and Mh.IS1:. 
(MMSH-PDJ. Thc pi-incipal coiiiponcnts nlgoritlitn per- 
fiirms worse tliaii rtic cross-spccrrd mcthod and thc cor- 
rcsponcling tcsuln are oinittcd froin h i s  plot. 

E'igurc S shr>ws rliat rhe adaptivc rcduccd-rank rcch- 
iiicpcs gciicrally nchievc optiiiiuin pcrforiiiaiicc w~icn 
/ I  < .N. Namcly, wlicii 13 is large, insufticiciit ttaiiiiiig 
data is available to obtaiii accLii'atc cstimatcs of rhc filter 
mefficicnts, whcrcxs for smal l  D, clic tilrcr has insufti- 
cicnt dcgrecs of  frcctloin with which to siipprcss intcrfcr- 
PIKC. The miniinuiii ci-roi' ratc for thc MSWF algorichiii 

is nchicvcd with aiily cighr scagcs (di- 
incnsiniis), which is n w c h  sinallcr 
rhatl tlic imiiiimixiiig ordcr for thc 

tlicr- iiiorc, chis iiiiiiiiiitirri error raw 
for the MSW1: algoritliiii i s  slibsmn- 
tinlly lowcr t t ia i i  thc crrnr ratc for thc 
inatchcd filtcr reccivcr, and is iior 
very f;ir hiii thc hdl-raiik MMSE cr- 
i-{ )r rate . Adt Ii tiona I si 111 U I a tions wi tli 
only 100 training sariilks show that 
thc niiiiimum error r m  for the 
MSWL; algorithiri i s  aga in  acliicvcd 
with 13 =8, which is  consis~cnt: with 
thc Iatgc systcin analysis in C46 j incii- 
tioncd carlicr. 

othcr rcduccd-rilllk tcchniqucs. Fur- 

Adaptive Nonlinear 
Multiuser Detection 
For the i:cvcrsc liuk of a ccllular iict- 
work, tlic ohjccrive is to dcniodulate 
all LISCI-S in tlic cort.cspuiidiiig a l l  in 

thc prcscll"~ of otl~cr-ccIl illterfcrcncc, IlOiSC, alldchall1,el 
and rcccivcr impninncnts. i n  this scctioi i ,  wc discuss iinii- 
lincar decision-fccdback rcccivcrs for the rcvcrsc link 
which mnibinc nwltiuscr dctci-tion nf intra-ccII iiscrs 
with intcrfcrciice aapprcssiinn uf otlicr-ccll iiscrs. Thcsc 
tcchniqucs arc not appropriate fbr tlie forwarti IiiiIc of a 
cclliilar system, sincc tlic objcclivc tlicrc is to dciiiodulatc 
nsiu& wcr in t h e  p r e s c ~ c  orintcrfixncc due to simiilta- 
IICOLIS transmissions to ochcr i i scrs  (both inside atid om- 
sidc tlic cell of i i m r c s t ) ,  nnisc, anti oclicr impiiniicnts. 
Cnnscquciitly, for thc ibrward link, thc intc~rj%eme w p -  
p~cssimn tcchiiiq L ~ C S  p iwimisly discuss cd arc a p p r q x  i a CC, 

fac~icr tlian iii&iusa- ctctccrion. 

0 2 4 6 0 10 12 14 16 18 20 
EbINO (dB) 

A 7. Spectral efficiency versus E, / N o  for multiuser receivers in 
synchronous CDMA with bad K / N = I .  
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niqucs citablc a significant powcr Salhgs relativc tu linear 
cccliniq iics. 

MMS E Multiuser Decision -Feedback Detection 
Multiiiscr decision-fccdhack fnr DS-CDM A WAS iirst 
propused i n  1551 atid [56] and w i s  motirrarctl by earlicr 
work oil iiiiil tichatincl (mn~ilti~inpit~/~:/niuiri-oiitput) dcci- 
sinn-fccdbaclc cqiidizcrs [.57]-1'59:1. '1'0 sitiiplify tlic prc- 
senration, for now wc assiinic syiiclironnus CDMA with 
a n  idcnl (AWGN) chaiiticl, and dcfiir rhc cxteiision to 
asynchronr-iiis ClXMA with ~ n i i l t i t ~ d ~  until latw in h i s  
scctioii. Figure 8 shows a block diagrm of a multiuscr 
1X:D for S ~ I I C I I I ~ I ~ O ~ I S  CDMA. 'I'hc iiiptit to rhc clec.ision 
dcvicc at tirnc i is 

whcrc r[i I is t l i c  N x lrcccivcd vector ofchip n iphcd-f l -  
tcr outputs corrcspoiiciing to symbol i, at id  bli] is tlic 
IC x 1 vector nfdccisions at tlic r)utput of thc dccision dc- 
vicc. The fccclfnrward matrix P is N x K ,  aiid thc 
fc'ccdhack m;itrixB is K x K and is typically mristraitied t o  
1i.n~ xros alnng thc diagnual to avoid cancelling the  dc- 
sircd sy~nhols.  

l)ctclmiriatioiiof1.l~c iiiatikcs F and B ticlxnds on the 
cniietraints and cost critcrimii. Natnclg, a lorvcr diagoml 
matrix B corres ponds to succcssivc dccisiorz-fccrlh:l~, 
whcrcas ;I Cul l  n, e m p r  for rhc diagoiial, corrcspotids to 
piiralld dccisioii-feedback. In thc firiiier c : ~  (Succcs- 
sivc-, or S-DFD), thc users arc dciiiudLilatcdsucccssivcly, 
ideally i i ,  order of decrcasirig powcr. 111 this way for each 
LISCP, oiily iiitcrfcrciicc iiom srroilgcr iiscrs is cillIccllctl. 
l:nr rlic patallcl-tlccision fccdhack dctcccor (I'-l>Vl)), all 
decisions arc fcd lyck simultancciusly so rhlit thc initial 
t c i  itativc cs t i 111 a tcs b iniisr bc ( ibtnir i c d  without cniiccl la- 

Fesdfatward Estimate n 

Symbols W O  Filter 

Feedback 

B 
Filler - 

A a. Multiuser decision-feedbock detector for synchronous CDMA 

Estlmate 
Symbols 

Linear Error 
MMSE - lnads and  p o w r  constraints (A!, / N , , ) ,  

lincrir MMSL' dctccrion can acIiicvc most r(ri- Fllter ~nterpolatton 
of tlic ;~vailahlc gain duc to multiuscr dc- W Fllter L 

A 9. Multiuser decision-feedback detector with error whitening or inlerpobtion fi/ter. 
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.... 

Significant progress has been 
made during the past deeade in 
overcoming obstacles which 
have prevented the introduction 
of multiuser detection in 
commercial CDMA systems. 

tiori (e.g., fi.oii1 a linear- MMSI; rcccivcr). Ofcoursc, this 
p L ~ C C  du 1.c ca 12 bc i tc: rated. 

Subjjcct to tlic prcccding coiist~iiiits 011 B, the matriccs 
I! and B can bc selected m miiihnizc the MSE 

M = qlb12} (23 1 
~vlicrc b[i] is the vector of  transmitted symbols at tirnc i. 
Pcrlorming this uiiiiiinizatinn, assuming pcrfcct fcccd- 
back (b= b), gives tlic filter structurc shown in Fig. 9,  
Namely, the feedforward filter has chc fomi I? = Wrtll I,, 
wlicre W, i s  tlic liiicx MtMSE filter, atid L dcpcnds oti 
the constraints on B. Namcly, for thc S-DFD, L is an er- 
ror wliitciiing filtcr (SCC [60], [GI, SCC. 7-51), whereas for 
the P-l>Fll, clic columns ofL ciiii bc i t i t c p ~ t e d  as crror 
ii~tcrpcilation filters [62]. 

With pcrfccr fccdback it is easily shown that the 
MMSE CcccdbxcIc iiltcr pcri'cctly cancels intct-fcreixc from 
thc sssociaecd iiscrs. Coriscqucntly, tlic feedforward filtcr 
for user I L  ttiriis out to bc rhc liticar MMSE tilwcl- for that 
userwirh tllc'LcanccI1ccP usccs rcmovvcd. This implies that 

bank ofiilatclicd filccrs, atid B is tlic c1*~9~-c(~rrclati0n iiia- 

rrix. In othcr words, the LMMSF, l'-l>lil> for a n  isolated 
cell rcduccs to  chc convcntiaiial iiitcrkl-ciice ca~iccllcr 
pi-oposcd ancl amlyzcd in [63], 160 1, and 1641. Wc also 
rciriark tllat othcr cost criteria give ;1 striicriirc anafogo~is 
to char shown in&ig. 9. For cxainplc, tlic fcedfi)rward fil- 
tcr [or thc zcro-forcing, or tlccrjl-l-clating ljF13 cmiisists of 
thc zcro-forcing liticar filter (dectirrclator) fi)llowcd by a n  
crror whircniiig o r  error interpolation filter. Finally, 
other rclatcd DFD structurcs I inw bcen considcrcd in 
[651-[671. 

To sumiiiaii~x, thc MMSll LlPD has rlic attractive 
propcrty that thc fecdfnrward filter sirpprcsscc" other-ccll 
intcrfercnce, while the fccdbaclc filter C;iiccls intra-ccll iii- 
tcrfcrcncc. F~irtli~riiinrc, it docs not rcqiiirc rciiiodiilatioti 
for iiitel-fcrcnce caticcllation. Thc main drirwback of t lv  
1)FD is crror propaption, which can significaiitly COIII- 

proinisc pda i i i ancc  at  high error ratcs. 

for ati isolated CCII, P fur L l i ~  MMSE P-Tll;l) CoIIsistS O f a  

Adaptive De cision-Feedback De tectiom 
I II arialogy with liiicar intcrfcrcncc supprcssion, with 
short (rcpcatcd) sprcading codcS, the MMSE filtcrs P and 
11 ca11 bc cstiiiintcd giwn o n l y  a training scquc~icc. 

I<iio~vlccigc nf spreading codcs is riot rcquitzd. Adaptiw 
least squares a n d  stochastic gradicrit algmrithu~~s for ac- 
coiiiplishing this havc bcm prcscntcd in [68]-[70]. Ex- 
amples of coiivcrgcncc ciii-vcs, taken from 1701, arc 
shown in Fig. 10. Thc filccrs arc traiticd with the ii111iibcr 
ofbit?; sliown. Thc bit error rarc (REK) is theii incasurcd 
ovcr an additimial 15U bits, and clic rcsults are averaged 
ovcr many rims. Although tlic DFns require inore sam- 
ples tci train than clic liticar rcccivcr, the asyinptotic bit cr- 
ror rate is lower. Tlicsc rcsulrs rake into account cci'ur 
propagation and assume three-path liaylcigh fadiiig. In 
thc abscncc of errfir propagation, thc asymptotic pcrtor- 
iiiaiice fiir the P - D F l l  is tlic siiiglc-uscr bnund. 

Ifthc reccivei+has knowkdgc ofsprcading codes of-the 
intra-cell i L w s ,  as \.yould be cxpcctcd at the hasc station, 
then thc DPD filters can be  compntcd dircctly using this 
intormatinn. This appruash is coinbiricd with channel es- 
tinlatioil in 171 ] tn estimate S-DFD f i lms  it) ttic prcsciicc 
of multipath. An advantage of this approach, d a t i v e  to 
t l ic  training-hased approach, is that fcwer data may he 
riccded to obtain accuratc csrimatcs of tlic 111:l) filtcrs. A 
disadvantage is rhac othcr-ccll ititcrfereiice is treated as 
background iioisc and is thcrcfore not supprcsscd. In 
general, we obscrvc that any of the adaptive tcccliuiqucs 
discussed carlicr Cor the liricar receiver can also bc applied 
tu a DFD, wlicre ally necessary side informarion itimr bc 
providcd for nll uscrs tn be deinodulatcd. 

Asynchronous CDMA with Muitiputh 
A rcquircmciit of the 13FL) is t ha t  the obscrvation win- 
dow atid sampling times inlist he the saiiic [or all dcmod- 
ulatecl iistrs. This is in coiitrast with liiicar rcccivcrs in 
which rhc timing can be adjusted separarely ibr cadi wcr. 
Still, asyriclironous CDMA can bc accomrriodarcd by cx- 
panding t hc  window of cibservatioii to includc multiple 
rcccived syinbols, Of conrse, the rcccivcd i'cctor corrc- 
spoiiditig to cach desired usct must bc containcd witliin 
this inrcival. If the received signals arc chip-asynchmii- 
ous, then the difici-cnt tiiniiig offsets across iiscrs bc- 
cumcs a n  issue. Roivever, in principlc, rhis cgii bc solved 
with fractional chip sampling conibiricd with soine excess 
bandwidth (i.e., see 1721 and [73]). 

In analogy with thc lincar MMSH reccivct, the lMMSE 
DFD Gltcrs for asynclrrmnus CI>MAarc IIR, cvcti in thc 
absciicc of multipath. Consequently, wc in~ist' rcprcsciir 
tlic filters as I?(,) mdB(z), each of which has ;I niatrjx irn- 
pilsc 1-csporisc. For the general case wirh rtmlriparh, thc 
MMSE solution for P(z) and n(z) can bc itifcrrcd fiom 
thc rcsults in [SO]. Namely, the matrix trarisfcr futictions 
arc dctcrmincd by a spectral factorizatioii of thc cqniva- 
lcrit iiiulti-input/muIti-out~~~i~ chaiiticl rcsponsc. 

Fnr adaptive estiination it is coiivcniciit to approxi- 
mate P(z) and B(z) as FIR iiltcrs. In tIie absence of 
multipath, near MMSE performancc is gciicrally attain- 
able iftlie filters spati tlirccsprribol intervals. 'l'his remains 
true whcn multipath is prcscnt, providcd that tlic dclay 
spread is small rcbtivc to ttic symbol iiitcrval. Ofcnursc, 
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if tlic m ii  ki path s p i s  in u I t i p lc s y mbo I s, then 
inorc meiiiory is  rcqiiircd in the 13FD to 
eqiializc the multi.channc1 iiitcrsyinbol in- 
tcrhci icc. Tlic latrcr situatinn may arisc fur 
high d m  rate scrviccs, wliicli USE i1 relativciy 
siniill processing gain, 

A simple approach to cstimntiiig the HR. 
1>l:u fi1rci.l.s adaprivcly is  dcscribcd i i i  (701. I f  
the filtcrs spaii thrcc symliol intervals, rhcn 
thr rrccivcd vector T[i] is fciriiicd by stacking 
r[i- lj,r[i], aiid r[i+l]. Tlic scqmiicc of 
stackcd vectors {Fl i , l }  is then t l i e  input tfi ;in 
cmheddcd DF11, which h i i s  thc 3 N x 1C 
kcdforward matrix 5. Thc output of is 
sraclrcd in a similai: wayY, aiid is used rccimi- 
piiw the S K  x K tccdbiick inatrix B. Of 
cmirsc, inn-casing the dirricmion of tlic fil- 
ters itithis way tiicaiis that inany  mort coct'fi- 
cieiits miisr Iic cstimatcd. 
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A 10. Bit error rute versus number of training iterdoions for adaptive mtdtiuser 
DFDs. The processing gain N =8, there ate four osynchronous users, nod 
E ,, / N, = 6 dB. The choonel for eoch user consists of ihree Rayleigh fading 
piths (power profile 10 dE, -2 dB, -4 d8J. 

Coded Performance 
Thc rcsults i t i  Figs. 6 aiid 7 apply tu a cudcd 
systciri aiid awiiiics ~n S-lIFD wit11 FIICFE\- 

sivc dccorling 1521. Therc is rclarivzly litrlc worksn h o n  
rhe pcrfnrtr-iaiicc of MMSl! 13Flh with actual codcs, al- 
rhougli sonic results :irc prcsciitcd in 1,621, [ 701. 'L'hosc 
results indicatr that the S-1JlW c a n  offer a substantial 
gaiti in  pcrfortnancc i+c l~ ivc  ro a liticar rcceivcr provided 
rhat the users vary subsraurially iii powcr. l:nr cxiimple, i t i  
rhird-grrtci.iirion systciris, rcccivccl power i s  proportioixil 
tu ratc. Y'liis caiiscs a significant p o w x  jnib:ilancc which 
an S-DPl) can exploit. 

Conclusions 
Significant progrcsss has Ixml iiladc during thc pasc dc- 
cadc i i i  ovcrcomirig obstaclcs whicli I i ~ w  pi-cvcntcd so Lit- 

die iiitroductiori oi' miiltiuscr detection in comaicrcial 
CDMA systwns. Tlic iisc ofslinrt codcs, in p"rticul;tr, cii- 
ablcs adliptivc smlirtioiis rhat require littlc sidc ititiwina- 
tion. We have iiidii-atcd how thcsc solutions can Iic 
cxrcndcd to cxploit iiiultipatli divcrsity c w i  witlioiit 
training or cxplicit ctiaiincl 'cstimatcs. ~onvcrgcncc and 
trncliiiigstill remain issucs iii  thc prcsciicc ofbuwtg inru- 

mcthods tnay bciiscfiil in  thcsc siruations, ancl tliis obscr- 
vnrirm is stimulating work along these l incs.  l!indiy, wc 
llavc discusscd riiulriuscr decis ioi i -~~~aback tcchiiiqucs, 
wliich can also bc made adaptivc with sliot-t cudes and can 
ofkr signiticaat bcncfits rclaciw to  liiicar rcccivcn;. 

Of cixilsc, significant challciigcs still rciii:iiri> and 
mulciuscr detection coiitin~ics to I ~c  an acrive wc;i uF IC-  

scarch. 'I'hc topics discusscd in rhis iirtick rclvcscnt a S L I ~  

wt of ropics withiti inultiuscr dctccrion which arc 
citrtently bciiig stiidicd by many iiivcstigators. In pirticii- 
br, w c  liwc not discitsscci m;uny pracricnl issucs with 1-c- 
ccivcr dcsign atid Mi), Additional issucs, siicli ;is the rnlc 

fcreilcc a t d  1110tkra~ to hst  h d c  ratts. l<dlicctl-fii1ik 

M13 call play in tlic nipport of inrcgrateci scrviccs with 
ditferctit infurmation ratc and qidi ty  of servicc rcquirc- 
mcnts, arc just ciiicrging. 
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