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.. the I nventicomox The present invention relates generally to mul ﬂ“mm&mgﬁlmg‘wwl
di gital conmunication systens. Mdre specifically) the inventio

a parallel interference cancellation receiver system and nethod fof*¥He

si mul t aneous reception of data fromnultiple users. Description of the

Rel ated Art A nultipl ePARGEEELIDITERFERENCE CANGELhATIONWS a plurality of
users to access the sanme comuni cation nediumto transmt or receive

| nformati on. ThepapdiaeRFORMUNTIGSER TETECAUN OF CDRA' SRiNarcebl e in a

| ocal area network or Tan a copper wire in the classic tel ephone system or
an air interface for wirel ess communication. A prior art mnultiple access
comuni cation systemis shown in FIG 1. The communication nedia is referred
“to as a communi cation channel . ni ' techni gues such as frequency
division nultiple access M@ﬁ&%@gwm& pl e access or TDMA,
carrier sense nultiple access or CSMA, code division multiple access or
CDVA andFwstdefithe kivemwnaccess to t he same communi cation nmedi um for nore than
one user. These techni ques can be nixed together creating hybrid varieties
of multiple aThepsacinedion reflznes generaly te muitipheacdéss digitalrcodmpinizatiar sy§temsnode
of the proposed third generation WCDVA standard is a conbi nati on of TDVA

and CDVAMY?e Speaifichlfy, RRMbeMidnQelarbtocpuraliel ifriferencecifideliifidnTesdi@ybystem fdG 2.
CDMA is a conmunication technique in which data is transmtted with a

br oadene ] FORAHAIL h. .tata to be

transm t?’éeg%\?mq?{ﬁggﬁglgﬁ%@-ﬁﬁ%éwgoar?gFQXThe de{?%lbg%é%ial to be transmtted may
have a bandwi dth of only a few thousand Hertz distributed over a frequency
band that may be several mllion Hertz. The conmmuni cati on channel is being
used sinul taneously by K independent subchannels. For each subchannel) all
ot her suE)éFFé’rﬁ’Hél‘yé'ﬁ@é&Feda%”i nterference. As shown, a single subchannel of
a given bandwi dth is mxed with a unique spreadi ng code which repeats a

pr edet er mi ned PpawttiwmacgmGpmmm;ﬂnéwadé“mhl@gw qf sisersito FroEsS dhe $IMe
sequence generator. These uni que user spreading codes are typically

pseudo- t téramoniaitidnenediveén tarahdneéror saseilve infratnatidre Toe media may copbpaise, Gor ekahpleen t he
spreading codes is close to zero. A data signal is nodulated with the pn

sequencea eadlorki dable tn 4lioBdl btk nEiMoRAEr [8R AT pENWare ditkle cladsiCRlephdile s§itaRadr | S
then nodul ated with the digital spread spectrumsignal and transmtted in

dependenggzaipmg}fgcpgort‘gimﬂtoﬁ.ﬁ&@,gm%gi um A receiver denodul ates the
transm ssion extracting the digital spread spectrumsignal. The transmtted

data is reproquced after correl ation with the t chi sequence. . \\hen

t he spreading 618&%11Q}JléxplgIafc}ﬁ)sd:égwg]um[cgnogn%stérp]ggﬂcgwm?ﬂg.fgl'@gf UBEHHE  can
be correlated with a particular user signal related to the particular

spr eadi nfedigdereianed te An2 casmmMyniGatien ¢leangl-cHom@rmCatioy teghniquessuelias frequeecy
particul ar spreading code is enhanced while the other signals for all other
users ar éivisadn ewhiphec eatessEarcFDMA, ueneoflivisios myhpladicness cwdEDMA, kaaoven sassea chi p
and has a chip rate that is the sane or faster than the data rate. The

rati o bemukiie dresschigSMAL eodendivisibremaltiblehossebr CBMA tid &thérs alid\e asqekeRdi Ng

factor. To extend the possible range of values of the data signal, a synbol
1's used R shRPE&AMMMication medium for more than one user. These techniques can be mixed together
creating hybrid vaneties of mulitiple access schemes. For example, time division duplex or TDD
mode of the proposed third generation W-CDMA standard is a combination of TDMA and CDMA.

An example CDMA prior art communication system is shown in FIG. 2. CDMA is a

communication technique in which data is transmitted with a broadened band (spread spectrum)



nore than two binary values Ternary and quaternary synbols take on three
and four val ues respectively. The concept of a synmbol allows for a greater

. degree of information since the bit content of each synbol dictates a

uni que pul se shape Dependi ng upon the nunber of synmbols used, an equal
nunber of uni que pul se or wave shapes exist The.information at the source

(s COMVGIILAIRLE ©aBqh%e WhiiShiRE SallPElplealiedo 0 dightl A dale lgddiowah the

subchannél ™ ion a e destination. The spreading codes in a

CDVA system are _chosen to m.nim.ze | At i
subchann&langmiedmay b‘t"ﬁé&’%@ﬁ@h&ﬁ ﬂ'g?' %E@hé@%‘?@?é?fﬁﬁﬁg?%‘?ﬁ g?@%‘ﬁgg%"aa%% to
denodul ating the desired subchannel has .been to treat all ather suQcEannel S
as i nt er fieat evayde sevenal Imillion Blertat & he errwAemcaling chanag)iis baingused gmuptagequity By
comuni cati on medi um Receivers designed far this process are single-user,
“mat ched fK indegendé sikimneRC Ebveach sutghanneki g phersubchagnelhanpean as interfergnesr f er e
w th each ot her sonmewhat, another approach is to denodul ate all subchannel s

at a recei ver.5skh6wh @GRigl@ibchahel dfa given bandaidth is fnixedevithaniue spreslinigdodag at
once by running a decoding algorithmfor each of themin parallel. This

| deol ogy \J}rﬁcr}%&}éﬁts%s LSS patedre Gehddited Wy la! ide Sand@ides tiseiccRiised(aYi de a
si gni ficant perfor ma%ce I rrprovgment over single-user receivers. Referring
to FIG 3, a system bl ack diagr -0f A i i

U1 ] us e eHERER TP GRSt ONG Lo refiity o ¢ bpfchfplcaREaRiach fne
receiver may include such functi OHS as ;]adl o ,freguenc ?/SQE: zrefr .g@é\ﬂasigr\al

conver si GROHEESusE thakthe eoes-¢qrTefalion R % SpaTaging § TaENT an

anal og-to-digital conversion or optical signhal denodul atiop for a specific
o ¢4t moslatsdiveh Mo sauetse POIOUERS 2 BRG] Pesad SEOCTpy SEEh o ek AERI
either analog or digital, containing the conbined spread signals of all
active subtheanpetiated With tadigiialispecad dpsctromsisnpland srapsitied ip depradendenpenthen and
outputs a plurality of signals corresponding to each active subchannel. All
or a smal¢8kmiyiehefedtin.t Reretéitarl demodiistes tie teankmiksiom exteacting theedipita cpeesdd.
Optimal nultiuser detectors are conputationally intensive devices

perform ng guuEr 9@%1_6?@{,%“5@4&&@15'@ 1@BEded tat e Sorpdldion it herridieting pn
difficult™to i rrpﬁ ment econom cal | y. T% m ni m ze expense, suboptim

mul tiuser_ detectgrs such as |i L j r

Cancel | atTeOHETGF Bren PEcerare P arfEaREYAl ) REaREs Hetket i garanse
conput ational conplexity as a .; C rom.se_appr, .. nating t

per f or martETetehptth AR yé%l’éfgg?hﬁlﬁﬁgg} t%gg?’rg’%‘fl%rrs "Tg%gg cefls syeh g ?[roe"Fl }gt ors,

m ni mum nmean square error or MVSE detectors, zerg-forcing .block |inear
equal i 2 erdesed BSer sl reiaved to e FArGAlar PP eRCE SRR e Fiancad WLE (I ARISERR Bl as
multistage iterative receivers and are soft-decision (SD) or hard-decision
(1-~) basadother users are not enhanced.

Each value of the spreading code is known as a chip and has a chip rate that is the same
or faster than the data rate. The ratio between the chip rate and the subchannel data rate is the
spreading factor.

To extend the possible range of values of the data signal, a symbol is used to represent
more than two binary values. Terary and quaternary symbols take on three and four values
respectively. The concept of a symbol allows for a greater degree of information since the bit
content of each symt;ol dictates a unique pulse shape. Depending upon the number of symbols

used, an equal number of unique pulse or wave shapes exist. The information at the source is



'A system bl ock diagramof a prior art linear nultiuser detector for
synchronous or asynchronous CDVA conmmunication is shown in FIG 4. Data
output fromthe comuni cation nedia specific receiver (as in FIG 3) is
coupled to a subchannel estimator which estimates the inpul se response of
each synbol transmtted in a respective subchannel. The |inear detector

uses the IGREERR MRSPONRS Ghfch BE fodalafddandd irkhsth, SeH HGPRCIhe Sub i
code to denodul ate each subchannel's data. The data is out pﬁt utg{agﬁegcfﬁgnnel

data proc i . respective users. To effect parallel detection
of K subcﬁdgﬁ{ﬁgﬁlaﬁérgéiéﬁ? %e%émﬁlﬁ)ﬁ/'si cal system |inear multiuser detector

net hods are exeguted as fixed g arrays, mcroprocessars,,. digital signal
processors or SPIEAYING FRECP r%&bﬁ&%‘%ﬁ ghasentodpimimize igtgitetspce hetwessra
system speed while m croprocessor driven systens of fer progranmm n

“f 1 exi bi | i tdpsired subehannehprdeatiothensubshannelnt Theseloredhosiandsrdappepac wdemgmlamer
detection perforns a sequence of mathematic operations. To describe the

f unct i ons,th¢ ldesifed| ubutiange! \has ibakd es ttegpialt aithey sdbdhamrelst ixcingdrfersnte)r smidrdeo
operation of a linear nmultiuser detector: K = the total nunber of

user sl t r anadiftdeRteSthat AinifEe iRELF in/ e icBmiiRicaitht Mediu~ Recdits BesEned & thishi ps
in a data bl ock. The nunber of chips is required since with varying

spr eadi ng fra&kOLs s Efeﬁxs&ufm hed Site? afERAKE G e&pEFON t0o all users For the case
of synchronous CDI ~4Y~ a &y oT fromthe user wth the |argest spreading

factor may constilt a block T r n, be reduced to be
equal to the I?r"ég‘gsgfeéﬁlrt "g’gﬁar?ag% ggfn %&ere %ig{cﬂgﬁf",’ y‘?‘ﬂ%ﬁﬁ%&?‘?‘&’ﬁ%w&ﬁﬁa

i mpul se response.length in chips This.is generally a predefined paraneter
of the sydf BW°§43‘QQES“BH@“%%%E&?CH§CW gb?%" 'Wcﬂgﬁre"ﬁ‘? %@%F@Mﬁ’g‘“mct or
is equal to the nunber of chips that are used to spread a synbol of uxr's

data. A sy&ersnbyieemng fdecading algpmtmieraash of them mnzsaliele Thisddedingy inlgtownessd t o

estimate themfromthe received data. - N tk~ = the nunber of synbols sent
by user k. muljigserdetecNeon. |M@tiuserdetactibh ¢an providea signifibant perfarinameiithprovefiens gvdrol s
sent. k=1 ar' "~ = the data (information) sent by user k. The data is

present ed singietdser feoiar9f a vector, where a vector is an array of data
i ndexed by a single index variable. For the purposes of vector and matri X

operations whi g.?fg;rﬁéé fWI@' ;LeaV%{eﬁfﬁoa{ Siagfaﬁxi &f‘ad?n@& ﬁpbgyﬂ% \rﬁg&fz&[ ﬁsiﬁgg .

rr'' "' el enent ISt synbol' transmtted
h~k~ = the_inpul response of the channel experienced by user k
pr esent ed r%ushq%e(/i%?%?r. '?%Fﬂvg’ E\ T Hzﬁé’éggs ?'lbreﬁ@% st?’f FEEef By ‘Pﬁ%der ®CBi ver .
The recei \ﬁ?r'.s esti mat es of thl% subchannel ingsgl se responses are referred
to as ht' MNCupRBasIpdipdicadensy o fhdoyR EMyFrsion.and P%atf@gktwmfy radpitequency
nunbers, which nodel both_ anplitude and phase variations that can be
i nt r oducedh¥ypelsheanglgpderdigifal copversign.: or— optigahesignal. demeduiatien cfodea ofpedifer K,
presented as a vec..or. For the purposes of linear nultiuser detection, it
i s usefi rlcommunivatidn roédias ebte@uspuc oftharenting is dyposmsedis@nalpéithehenakigree dibitay code
whi ch spreads a particular synbol. Therefore, the vector vt'~"f is defined
as the spremdining tRdebiMel SfteddSigasiost all ictive sudakhnhdle THehu&lﬁM'&te&%F‘%e he

or (n-

J~'"" user. Mathematically, it is defined as: v,t'~""= v, ~x~f ) ~kl +1

'Z | ie mz n?g 'rﬁuTtitﬁ@xddeQecfiigrq arﬂlohtpggsrl%furé-]ity mgﬁﬁs éonje§pornbiﬁg -tcn-g%cm/e s}{.lg&agrrxel. All
or a smaller number of the total number of subchannels may be processed.

Optimal multiuser detectors are computationally intensive devices performing numerous

complex mathematic operations and are therefore difficult to implement economically. To

minimize expense, suboptimal multiuser detectors such as linear detectors and parallel interference

cancellation or PIC receivers have been developed requiring less computational complexity as a



~k~ = a vector which represents user k's data, spread by the spreading
sequence vt" ~ and transmitted through that user's subchannel Irt'~~ The
vector rt'~ represents channel observations perforned during the period of
time when a block of data arrives The i'" elenent of the vector r<k~ can be
defined as: N, x~ w rck) ~dcz) ~hc~)vt~,~) r n ~r j+I ~ Equation 1 n=1
~_( _ Theombiidie Eﬁfe' ¥8GnPinet RBforMERIeVET optiffal Helesoa! | Liles rdet%ht%pﬂnélfj e
plus noise. Therefore, we can define the recei ved data vector r of | ows

KY =~

noi se i n?r od e&aé%g mini aﬁzﬂg%&‘uﬁrc cr-l%}eorvﬁﬁvtlﬁ’$ d ,—J,EQQQ.%_ V\5§m§ G ERr psent s

cation chan MPand
nmet hod of rior i nea det ect or ., The .est.i nat ed subcha,nnel
i mpul se F jasrs or ;gcéld.lfssaqu ﬁ@cg %ﬁ’&l“ﬁbﬂl@d’&@@‘@@mtﬁfa@e&@&v? 0
create a systemtransm ssion response matrix for each user k A matnx is a

" bl ock  of refaiveesrasd iareiwRedeclsiont($B) ophardidegisian (D) basedibl e. f he matrix is

arranged in a rectangular gr ."., with the first indexing variable being a
row i ndex andA Katexeblookl diagehexiofig prior iagtblireab eiultinser daéatomfor @ﬁ&xconeuwst em
transnission response matrix for user k is typically denoted as Ar'~). The

' "-rowemnous@bmo%{mhomsmmas Bata otitipuff#m ki AfinARIiGS: W -

~ h~k) V~kn) -~ +t ~ Equatlon 3 Each colum of the.matrix A~k~
correspo I by
ser KRR SSf%ﬂ%?DeefﬁaJ RS 3] SIBEAREIS PhibBuafll epitBl v&x*‘*%‘t‘maﬁee the
recei ved, dat a IS ed conbi,nat i on of user, spreadi ng codes
and subc ?—5’1 ’eﬁﬂ?ﬂiﬁ gagmgﬂgggomﬁﬁg}ngffgﬁpgmvﬁ‘w °k‘"€‘ﬁh tTQFH dqteclyruses ched
friter responses. The colums of Ark) are of the formn 0 O bct ~n 00O
wher e eadls imoise response-estimatesalangwith 2 subehpnyel|s spreading code to Bqmadilata each

-

subchanne!’s data. The data is output to subchannel data processing blocks for respective users.

To effect pafallel detection of K subcﬁannel users in a physical system, linear multiuser
detector methods are executed as fixed gate arrays, microprocessors, digital signal processors or
DSPs and the like. Fixed logic systems allow for greater system speed whil;e microprocessor
driven systems offer programming flexibility. Either implementation that is re;ponsible for the
multiuser detection performs a sequence of mathematic operations. To describe the functions, the

following variables typically define the structure and operation of a linear multiuser detector:
K = the total number of users/transmutters that are active in the system.

N, = the number of chips in a data block. The number of chips is required since
with varying spreading factors this number is a measure common to all users. For
the case of synchronous CDMA, a symbol from the user with the largest spreading
factor may cor;stitute a block of data. Therefore, N, can be reduced to be equal to

the largest spreading factor.



" Equation 5 and is offset fron. .e top of the matrix A~t'~~ by O'~~(n-1
). Equation 6 Since the spreading codes are not periodic over synbol tines;
b,t"~ * bt~ for i * j. The elenents of a vector which may be non-zero
values are referred to as the support of the vector. Therefore) b"tk~ is

t he support of A~t'~~. Once a systemtransm ssion matrix for each user is
created, a totg =St¥1§tﬁFrHuEﬁ:ﬁt’ib?ﬁti%hQﬂnfp@ﬁ@?%_@nﬁ%ﬁ%t%3in ¢RiQt erhiass A is
created by concatenating the systemtransm ssion natrices for all the users
as shown bel ow. Equati o l.n Lbh prior art nodul ation

t echni ques, th%e"éﬁ"gﬁﬁr?f%%‘feﬂtp@eg%%? e%Z%%rr% ex nunbers It then foll ows
that the non-zero el enents of A can be conpl ex nunbers. An exanpl e total
systemtransm ssion response matrix A for a prior art nultiuser detector
assenbl ed in accordance with Equations 4, 5, 6 and 7 is -s for two users

“(k = _,, havi n@“st tht epreadinig facsor of userdatTheisprsading fretoeis egyal toythe pumbent i npul se
response |length of four (W 4) and a spreading factor for the first user of
two (0~ ~ = 2) ofigipsathadre asidng shaad asymbol of keer'setatn dA sgeem dhowotle (O-=' =

4). In the resultant total systemtransm ssion response matrix A b,~ "'

denotes the ~" ol oRB ok ifd9adee Bl dbRShné visddDestiftitethanfioh thersaange for the
rt'' synbol of the K' user. The received data r is processed using the

- total systemtpg sm ssion response matrix A which represents a bank of

mat ched filter responses to create a vector of matebed-filter outputs which
is denoted asy. The matched filtering operation is defined as NY = ~ r'
"Equation 9 The matrix A~' represents the Hermtian (or conplex) transpose
of the matrix A The Hermitian transEose s Aefi Z%@S ~ = A~; where the
over-bar denot &5 Fitke mimbenef symbels senkRY HIfr & onrﬁ\g -of a conpl ex nunber.
The matched filter outputs are then multiplied by the inverse of an
objective matrix 0. The objective matrix O represents the processi ng which
differentiates each .

.
N= Z N™ = the total number of symbols sent.
k=1

d™® = the data (information) sent by user . The data is presented in the form of a
vector, where a vector is an array of data indexed by a single index variable. For
the purposes of vector and matrix operations which follow, all vectors are defined

as column vectors. The n** element of &* is the n* symbol transmitted by the &*

user.

0 = t};e impulse response of the subchannel experienced by user k presented as
a vector. This quantity needs to be estimated at the receiver. The receiver’s
estimates of the subchannel impulse responses are referred to as A%, The elements
of'the vector ;z“‘) are typically complex numbers, which model both amplitude and

phase variations that can be introduced by the subchannel.



type of linear receiver. It is derived fromthe systemtransm ssion matrix
A. The zero-forcing block |inear equalizer (ZF-BLE) receiver is a linear
receiver with an objective matrix specified as 0 = ANA The m ni nrum nmean
square error bl ock linear equalizer (MVSE-BLE) receiver is a linear
recei.ver with an objective matrix specified as O = AXA + 02l where o= 1is
t he vari ance oI the noi se present qn eachgdof t he syri_bol s of the received
data vector rVaFdhe he eadig Fade|ofUseryin BTAISUES 5P Y4t Foy theeRurposes oy i dentity
matrix is square and symretric with 1's on its main diagonal and zeros
ever ywher e el Emeafineltisser detedtionfitisuskfulitp thinkeftvestarsicontainingghe sectiersoft 0 make t he
addition operation valid according to the rules of linear algebra. For a
decorrel at or {ideprRadifs edde Michepeiadsar payticubat symbol Thereforepthe bécest Wy i gnor i ng
_the channel -10 responses hue, co. Jering only the spreadi ng codes and
tht. . cross- el fid shielMifid Lot Uichis BEQRADIHaE the A s Serf B R at 1 ON

matri x, commonly re R, is generally constructed far

decorrel at or }f'%l?ef-,r.ﬁggﬁiﬂf‘/ {C%He;[gle ﬁggadtarsj‘xxnﬁ_ﬁ{u)%Bﬁ_qp?_lﬂ-lgzgqg:ym%ssum ng

-that W-i and I'nitron of ‘A abov e channel

response of every subchannel .igs an, inpulse Then the cross correlation
matrix R is tR&TAYjoLke i, =wt*fa§*%9€é?&$?')ﬁé°&‘%r the ZF-BLE receiver. A

decorrel ator open serves as a sub-process of a nore conplex mnultiuser
detection receiver.. Once the objective matrix is created, 1-he nultiuser
detector will invert the matrix, denoted as O'. The inverse of the

obj ecti ve mat P x aivectohenichepreseptsiveet ks datan spreagitby thecspeeiadieg sequenmetv®vect or y to
produce estimates of the data vector d where d(estimate) = Oly. The
inversion of hkPralhRedd tHOusithat ¥sed'sisabchaneirp®eXTheaestor Hitrepresehisy i nt ensi ve
process. The nunber of operations required to performthis process

i ncreases as tfhe, %?:r&ftioﬁﬂ?erﬁhﬁ@d Qjﬁng{me }r;@q’bsviho; ﬁﬁe vﬁ{%ﬁ alRstk qrg¥fachr onous

CDMVA receivers, the size of 0 1s very |large i ch makes the process of
inversion inpracticablg.. T i i) i | gebra reduce the

conpl exity of AR n et'héle?‘%@gr?ghgwg?m{lﬁeengjeed(% ?ﬁ\rge&rratri Xx. However, these
techni ques nay be inpracticable for sone applications. Unlike |inear
receivers, PIC receivers do not i A%rt tHe objective matrix 0. Therefore,
PI C receivers offer an alterpd igengé(ﬂ’)gﬂ(égﬁkﬁbrrpl ex than |inear

nul tiuser detectors. FIG 6 dhows 4t Ypidal Jprivilart PI C recdaqueation The
recei ved data vector r is input td=h pluFlity of channel estimators which
i ndependently estinate each user's subchannel inpul se response. The
subchannel inpul se responses are output to a data estimtion and
interference cancellation processor which estimates the received data for
all users _ in parallel. The estimated received. d is output to subchanrrel
data prodéssieay rBrebadSt ths regeiiet H’é{”gffr%lc%‘sf‘ﬁ&ls ’%L@Wh“?‘FF-F refors, e 438 pri or
art data estimation and interference cancellation process used in PIC
recei ver gefirpthe Pic@vededned vastor peeA¥S t hat each subchannel consists of L
distinct signal paths froma given user's transmtter to a receiver due to
the transm ssion nedia For each p#&th L, the relative de._~ s, anplitudes
and phases are estimted a~ t{.he E i ®er, t he subchannel estinmation
processors shown in FIG 6. For of the L distinct paths @guedsin user K
‘present in the system the PIC réeéiver allocates a despreader matched to
the specific code of a respective user and the specific tinme delay of each
path. Therefore, a total of KL despreaders are allocated in the despreader
bank. Each despreader produces estimates of the received data fromits

respecti user. T L.data estimates for diff nt _paths of the sane

. user's sﬁ%&ﬁgﬁﬂre'f' '"g‘rﬁ%‘ag%'fé)feﬂreeaenttsonobsgélagoggC% bgotrﬁr{) TR ‘géaﬁnﬂm e of the
transmtted user's data. As shown in FIG 7, the common prior art conbining
met hod is maxifit S sheris@ SEEmAmAimsgog ol RRIoT @t iagar Se dstrcirgt Rorrstivgieds

exist in the prior art and can be used. The conbi ned data estimtes are

out put t culchsymebmipuize nespartsé vastqus Bt enbibe smbidote agdesaf bare ssedso crrateadystymbol
information which is output to the interference cancellation processor. The
spr eadi ngraaefligsiod Asp@BE Matiisdor diciatgr khew mediats ¥ Blodebhyamieed meard bewkl
paths are known by the interference cancellation processor. The information
is used to produce estimtes of the interference that each user's received
path (i.e., 1, 2, 3 ... L) contributes,to another user's L signal paths and
to the signals received on L-1 signal paths of the sane user. The
interference estimtes are subtracted fromthe despreader outputs which are
agai n passed to the conbining processor to produce revised data estimates.
The revised data estinates are again used to generate revised interference
estimates which are used to produce another set of revised data estimates.

T M S S ' T Y 1 o r T | T L



dedi cat ed subchannel data processors shown in FIG 6. This is shown in FIG
7 by placing a final output data synbol generator for generating the final
.receiver output and may be different fromthe internal data synbol
generation circuit. An inherent problemw th prior art PIC receivers
resides in the ncei ved signal nodel that is used. Prior art PIC receivers

assune that, each supchannel consists,of iscrete ths.that, the .

t r ansni tt@ge’g%ﬁ%ﬂaﬁﬁhdiﬂﬁgﬁgxﬂﬁ”ﬁp@e P A oG R ‘ﬁﬁht.he’?f‘f‘é’"gé’ﬁ% ¥q1aBl§ of

t he despreadi ng and channel matc¢hing (pe rjred by the conbini ng processor)
oper at i onBeing a FoNs indsx and t*@ﬁ%ﬁé"‘*&?%ﬁﬁ’i’{i emnga calimn Indexy ecej ver
constructed with this assunption can only correct for interference

resul ting fromArsystemtitahsmjssicr fesfosse matrix fs usas k isayfically denpadras 4, Tine iarow,
_commonly known as nmultiple access interference or MAI. It cannot con ect
for interjereRaReldtin'\Bienatbealis P and idefiredas:synbol s due to the tine
spreadi ng of these synbols during transm ssion in the conmmunication
channel. This form of signal corruption is nore comonly known as inter
synbol interference or ISI. ISJ) co i butes to a phenonmenon referred to as
"the fat finger effect."” THe {'at =f odgeh ¢ ﬁ‘écf)oc,curs when two_paths from
the sane user have such a shall rel@fwe/tine del by that the del"gya‘&i‘r?’not be
resol ved by the receiver as two di gtihct paths. The receiver fails to
estimate the data fromeither of the two paths thereby affeeting all users
resulting in poor receiver performance. Since all prior art PIC receivers
use the sinplifying assunption of L paths to separate the despreadi ng and
t he channel copgbi,ning o ations,,a Pl C receiver ng the accurate

recei ved si gnagg?f’o m’bgﬁéeﬂaﬁ’é‘a‘jrm ¢RMesRaRdEfo ﬂ@%‘é‘&@heggﬂm@? Gk PapicEian et
al., "Zero Forcinj and M ni num Mean- Squar e-Ei ror Equal i zation for Miltiuser
Det ect i onsymbabsent bpuser &-doringuie peqndeofppteresis Referingibeck to| FIGES the resaived dats on
Vehi cul ar -13 Technol ogy, vol. 45, no. 2) 1 May 1996, pp. 276-287,

di scl osesr jsahmthetiebacdontbinatios of alluser’s dpreadingicudsd avd g@hanhaiMinp@ls@responsay i ty
of CDVA data signals is passed through a whitening matched tilter. An

out put  of Thirefophi depdansMtxchachel inltbEresponisdt A FREb IR N “BarkB} hepbrao fil ter.
The whitened result is scal ed and passed through a feedback | oop to recover
data of the data signals.

Equation 4

where each vector 5, has a dimension of

Q¥+ W-1, Equation 5



The feedback | oop has a threshold detector and a feedback operator. EPO 767
S43 A2 discloses an interference cancelling systemused in a joint
detection receiver. Using received traini ng sequences, channel pul se
responses are estimated for transmtted data signals. Interference nodel ed
fromthe estimted channel pul se responses is subtracted fromthe received
si gnal ] O @ the data signals. Duel-Hallen, "A
Fam | a&?lsl\(}g?(ﬁlﬁll?sﬂergbggz?gﬁ%ﬁﬁweeﬂ'bgg Det ectors for Asynchronous
Code- D| vi sion Multipl e-Access %inqg " | EEE Transactions on .

Communi cations) vol. 43, no. 2 art 1, 1 February 1995, Hgyatiom6_ 434,

di scl oses a feedback | oop used in a nultiuser detection receiver. An output
of a feed forward filter is passed through decision devices. The decision
_devices determ ne received data for each data signal in order from highest
r ecei \Ginkesthe spkadirigraades d1e hot fetingdis bverBymbelsimesy @ o b for i ijg Mak elefetspassed
through a feedback filter. Each filtered data signal is subtracted fromthe
ori gi refla ve@eeiwhiel way Be ddnldeps vahits Ritireferrad fo d3itherslpport Bfthe v&zsreq*hérefo% t he

~deci sion devices conpleting the feedback | oop. -14 SUl vl ~I ARY OF

| NVENTY & iNpl spifof ds6 wi nterference cancel | ation receiver system and rret hod
is preSented t'Hat réduces inpul se response int erference u5| ng a nodel of

the receiv iml.ar to t.h allzers Bl ock
| i near equSE?Jl zé%gg%f‘rﬁp?@és‘ﬂ‘e@%t 3% %gnlg'ser’éscéﬁ?%ﬁ§ 5ry8‘° AFRGSiPRcei verss,
m ni mum nean s receivers and the |like. The invention conprises
| N EIPESIEE Qe B4 ' oot L TGRaBa S Y b B Smiseiop ariast fargll L ne

out put of a direct |nterference canceller. The miterative process renoves
i nt er 1tB$ Biess gsishown belewout put synb4] S of a matchedfilter. The PIC receiver
uses received signal nodels of the various block |inear equalizers that do
not assune that each subchannel consists of several distinct paths. The
receiver estinmates the inpul se response characteristic of each subchannel
as a whol e. Accordi ngly)[vé()ls afk)obj /a(g() f the present invention to
provide a system and A&t hdd s0f ce-l i ﬁnd decodi ng a pl UE?&dtfo}é -of
signals over a CDMA interface. i's anot her object of the present
invention to provide a PIC recel ver system and met hod havi ng greater
accuracy wi.th | ess required co tations. obj ect s, and advant ages of
t he systemlﬁﬁﬁoﬁ%ﬂﬁ%ﬁﬂwwr BEBATHLAton sephpiqpes; g’°t¢ﬁ6’§§“§ﬂ’(f)lcé%l b¢ porapiex ar t
after reading a detail ed description of the preferred enbodi nrent. BRI EF
DESCRIPTIPER g!j hen-fofbmaimt s npr-gero Elemenig of Aieph P¢ Perapli murkbeds. agr am of a pri or
art nultiple access comunication system FIG 2 is a sinplified block

di agr am of ‘e qxample tataltsyGBVXanomssioniresponse magixst fome phorGrt rBultissea detecpt | i ed

bl ock di agram of a prior an CDVA receiver with nultiuser detection FIG 4
i s a sswpbiddiieacdordanée WitnBa@ationd 4,8, pahdrisart mul tiuser detector. FIG ~ is
a block diagramof a prior art linear nultiuser detector. -15 FIG 6 is a
s, _.emblock diagramof a prior art PICrec~. . sr.



FIG 7 is a systemblock diagramof a prior art PIC data estimation and
interference cancellation processor. FIG 8 is a system bl ock diagram of a
.PIC receiver of the present invention FIG 9 is a system bl ock diagram of a
| i near soft-decision PIC receiver of the present invention. FIG 10 is a

system bl ock di agram of a hard-decision PIC receiver.of the present

i nventi on. i$_a ] I Jnoa- | Lnear, . sof.t - deci si on
PILCrecel oy PR 7 ETHE Brdef i cth BRI Rk (oo B0 4 BRRRR B onse

| NVENTI ON . The, epbodigents will he described.with refer e _to the draw ng
figures wighHgth pfipur W#éﬁﬂﬂ%ﬁgggg?ﬁmﬁ@@%f%wm&w ‘35%&%@%{%& n
FIG 8 is a parallel interference_cancellation receiver |17 ofthe present

i nvent i on facer festhesesand usesioffqur (@P )i dmthe sespitant ttalisystemn trersmissionaesponset i ng
over a common CDMA channel. The receiver 17 conprises an input 19 for

i nput t i ng ro|tiaAf bgthdahdtesthe Mselémdnt afitheicombitded systamcind charmie! riedpoase fof tHeirfe in
the formof an input vector r .containing the conbined data from each user's

subchannelsymBolcdfahy ¥ us@st i mati on processor 21 for deriving individual
i mpul se response estimtes h~x~ for each user and assenbling a total system

response matri Xl'}fg‘)re&i\/tj.@td?ta?% br3BLsk st dhd 1ot &}5%?&5@“@&%9 %ngse%?az@h

generating interference free user data rhx~ and an out put or outputting

user data dr'.~~ for . each,user e jved channgl data.r in the

f orm of ar?‘gr(h)ﬂ} rﬁa'fes??ésca%al"k Wgtcﬁ%dfr@%fmreﬁw?"ﬁ S§§?t%%ﬁcvémeéﬂ%@l‘tg@ﬁd?ﬁlm‘?°'&9H’[§ri ses
a plurality.qf. processors_havin ol ] ateral. ne whi ch perform vari ous
ve(F:)tor an I'I‘r‘gt‘lsi%i“%iﬁe?sd’t i@ﬁ@a}ﬂhg%ﬁwg%ﬁfﬁm’ﬁg%{’édﬁﬁy i mgl enent the

invention |7 using fixed date arrays and DSPs perform ng the functions of
t he various processors -16 The tS),t_.e_alAﬂlzber | sers h and the spreading
factor Qt~ for e~ , user (k =1, 27 3.41 h~ are known a priori %yatepn9
teaching transm ssion or by pre-loading into the PIC receiver 17. After
denodul ation, the received signal r is input 19 to the channel estinator

processor 21  The matrix A" represents the Hermitian (or complex) transpose of the matrix A. The
Hermitian transpose is defined as A:' = Aj,- where the over-bar denotes the operation of taking

a conjugate of a complex number. The matched filter outputs are then multiplied {Jy the inverse of
an objective matrix O. The objective matrix O represents the processing which differentiates each
type of linear receiver. It is derived from the system transmission matrix A.

The zero-forcing block linear equalizer (ZF-BLE) receivler 1s a linear receiver with an
objective matrix specified as O = A”4. The minimum mean square error block linear equalizer
(MMSE-BLE) receiver is 2 linear receiver with an objective matrix specified as O = 474 + o2/
where &” is the variance of the noise present on each of the symbols of the received data vector
r and the matrix / is kmown as an identity matrix. An identity matrix is square and symmetric with
I's on its main diagongl and zeros everywhere else. The size of the identit‘y matrix is chosen so
as to make the additi;n operation valid according to the rules of linear algebra.

For a decorrelator (decorrelating receiver), matrix 4 is simplified by ignoring the channel

-10-



wher e individual k subchannel inpulse response estimtes are nodel ed 27 as
vectors htt~ to correct inter-synbol interference or ISl caused by a
subchannel 's own synbols and MAI caused by synbols fi-om other user's
subchannel s for all received data signals. The individual k subchannel
i mpul se response estimates h~x~ are input to a first nenory 29 wheFe it is

conbi ned paiddRsdsi SBMBIURE oy BRIspAHIRY c6@dnd Eﬁc‘!.aéxjo%r-‘cﬁelaﬁgﬁﬁmie?%ra%ﬁe)

systentransm ssion responSe éestinmate natrix A'tt~ for that us

systemtr ].SSi pn_re e est|. i “t' ~~ i.s output to a second
menory 31pa"g 63'35‘ 59 Fr@tssé?&gﬁ/q%{o nﬁﬁ %tr ns??n‘"s@’%ﬂr?}% P?gé)%% TRy gonserugt | ed.
The total, system transm ssi gn response matrix A is conprjised of all system
transnis sqeﬁ‘gf" ¢latonnee "‘rcég’ﬁ‘ﬁngg‘sé‘?f‘i%fﬁnz’e FRRTuEISd byassuming that W47l and AfY=1 mhe
_total systemtransmi ssion response matrix A contains joint information
about althedefinitionnfidcabannéiesthe shansel rpsponseeof grary subchanaeldsdntimpuise)adtienthat ai ns
i nformati on about any possible cross-channel and inter-synbol interference
present ianosshmomnmelation neatrixd &Rt is tisd opjedtive maiiive Ot ast definad) fir ahe ZE-BLEBfessiva@n A
response nmatrix Ais output to the data detection and interference

cancel | erdedsrriihiof Brdiehes i saB-pRedeby BTlainfite dmpléamslfibdel 8&ledidh fechReC bR the
recei ved data vector r. The data detection processor 23 estinates

subchanngl, Q@}e&ivﬁm 8 c@a&dommg}xéusar deR&tdrial m;&q%%ﬁagggﬁgggazs A,

per - subchannél processing units ,, 33~, 333, .

interl eavers, Mit.erbi coders, t | i ke. .. The data estimation and

i nterference c%?é'é‘fefsé r°(El q%éecéheor\%v%%f‘ rx}sﬁﬁ?rdnulgp heFH;g Lg%:patcge&%@f PYRULNEGCES S OF
23 is co riseg of a matcff]ed-filter 3 “gglgtp mat ch-filters the input 19
dat a vec?Pol® Propresarstimatss f jiscdasp vestomd mhnisod(esimate) (X puddy invrsiandefcthe 37
for renoving feedback interference c -17 fromthe matched-tiller 35

out put 'y, oRjegtivematrixd israf comninxe cermpitatinallyaigtensiye procesyi Bhe numtienaf egerasions he
user data dt'~~, an iteration counter/switch 41, a feedback interference
pr ocessormrediBredrd parfsymtiid proyeessrisdreasesiss the cubesafthbkiza gf thy s Of rRuNmhdie
estimated user data dtt~ To obtain user data d~x~ for a specific user from

the conbisptthttiels OBV feceiléle, tHE Site 6F0 B veryNatgé whith friakdsRheptobis BBindersi
mat ched-filter 35 or the like. One know erggegbl einthis g})t recggrﬁfl(zmes

{ hat Cg@wg@gﬁgfgﬁbygggggé&eg Y RS AgebBIPARE treTBAPR: PO SbAFIA0SSe SHRIENT S

objective matrix. However, these techniques may be impracticable for some aiaplications.

Unlike linear receivers, PIC receivers do not invert the objective matrix 0. Therefore, PIC
receivers offer an alternative that is less complex than linear multiuser detectors. FIG. 6 shows
a typical prior-art PIC receiver. The received data vector r is input to a plurality of channel
estimators which independently estimate each user’s subchannel impulse response. The
subchannel im;_:ulse responses are output to a data estimation and interference cancellation
processor which estimates the received data for all users in parallel. The estimated received data
is output to subchanrmel data processing blocks for further processing.

Shownin FIG.7 is the prior art data estimation and interference cancellation process used

in PIC receivers. The PIC receiver presumes that each subchannel consists of L distinct signal

paths from a given user’s transmitter to a receiver due to the transmission media. For each path

-11-



of the conbination of the spread pul se shape and the user's subchannel
i npul se response to produce an output with a level representative of the
.signal prior to transmssion. Signals r input 19 to the filter 35 which do
not match with a given response characteristic produce a | ower output. The
mat ched-filter 35 is simlar to the matched-filtering operations perforned

by |inear | tiuser receivers, Th tc -fFilter 35 operatiaon is described
by Equat iloﬁy’g rﬂﬁ‘l“fek‘g“tfﬁem&‘gg‘fﬂﬂééﬂqe Rgaassspge}(rg%tﬂildé ecgf“ Firgyevar Ygéfr%ﬂﬁf@""&
interference cancellation receivers. The input user data r is matched to
the spr eaastimgtioroprecessors shaven in FEG st e saahaf thedslistingt paghs o pasch uparX-presestineach
particul ar subchannel k. Each el enent ofthe matched-filter 35 out put

vect ory ithe gystdni 3he PIQ@beitet tall Gaates adfepreadenmarehgiatodhegpesiiobede dfa rédpective
‘transmitted data vector d. The total systemtransm ssion response matrix A

provi des j«0eadsARPYNSTc HHRIRRY BF Lhparh, Merelofe IRENITU dekfrBidedPare EficlregOl um

of the systemresponse nmatri Is a vector which represents the response

char oot e hL fiPliod B | Fith UeeFUHProdlRE EERBIYSH HATANEPLER fork 5 PPUt

‘to the ma erel ed w every respo

characteristic fromthe total systemtransm Ssion response,matrjXx to
produce tTHPRYCHED- }'IJ'IP‘F Lef2td) ﬁTtB%/ﬁtes\/gé tdéﬁ?erv]'t pég’i ﬁ’? She TR, UssF s B‘EP(CB‘HW%& ory
corresponds to a prelimnary estinmate of a partjcular symbol transmtted b~
a gi ven wesabinetite praduesaepmplote data gstimata of the tiansmisted upes’sidati tAsishowmia FIG: ect
interference canceller 39 The -18 direct interference snceller 39

per f or ms A tipRsolrinitn priot £ éeititing meahodis makimhratipeombiningloVIRCh Otivertertisining i | t er
35 out put vectory. The operation may be a scaling operation or a nore

conpl ex | i i lartl a8 B4rf RUSE erHe BBt ' t as
dat a symqgﬁhgiél?%egs}?gqgén%&?éniﬂput to the feedbaﬁd#ﬁ%ﬁ%ﬁég}r‘i%& rtgdc’:lessor

43 throu |t erat. - A - feren

or ocessort Ttk el Bopeph iRttt idfhkambdl SRoh i CORHERe s
to arrive,at interference esti mates output as a vector ¢ that were not

pr evi ous| e PUFHESEENEE CRRFeaiONBTERP i nt er f er ence cancel | er 39. The
interference estinmates c are' subtracted fromthe matched-filter 35 output
vector y. The Fhesspreadingicadestfer eash eprsck #nd the Felaiiye delaybettyesn: the Ky nathssare he
subtracted interference estimates c. The iterative interference subtraction
process nEnpwebyrtbgiaserfecknce cancellation processor. The information is used to produce estimates

of the interference that each user’s received path (i.e., 1, 2, 3 ... L) contributes to another user’s
L signal paths and to the signals received on L-1 signal paths of the same user. The interference
estimates are subtracted from the despreader outputs which are again passed to the combining
processor to produce revised data estimates. The revised data estimates are again used to generate
revised interference estimates which are used to produce another set of revised data estimates.
In theory, the process can be repeated indefinitely. However, in practice, the process terminates
after two or three iterations.

The distinction between an SD-PIC and an HD-PIC lies in the symbol generation process.
For the SD-PIC, the _symbol generation process generates confidence information about the
decisions ma_de on the received symbols, for the HD-PIC, the symbol generation circuit does not

generate confidence information for the received symbols. The difference refers only to the



m times dependi ng upon the degree of desired signal correction. After m
iterations, the interferers are renoved fromthe matched-filter 35 outputy
and the iterationlcounter switch 41 is thrown 41 b outputting d-for final
out put synbol generation 45. The operation of the direct interference

Fane el | et 334 Gedhagkod (L 8L ELANAR BRPGARS Recitd: IRAPLDNSICH0ANKCRRL T O

represents an miteration receiver. For exarrpl e, if m

= 2, the PIC receiver 17 _has repeated th ancel | at i .twice. Wth
o(m) as B RPN R ettt el A bk MR P PEFRSnk ke
processor 43 and d(m as the synbol estimates vector out t& t he direct
i nt er f er eledicatedisubeldnne] A3, procsssorymowpin FlGy & Thifis SB?WE‘-E é) %H’Jé‘ﬁﬂlg a
Equation 10 ,c(m =Td(m.1) Equation 11 where the direct interference
cancel | erfin3foudgit tifta BFmisol geretitq forgenematingthe fihad receivehaupiftiand may beidifigrent 19
vector y by a matrix S and the feedback interference processor 43 perforns

a mul tipld cag ‘ igmbes d b trix T. The initial
Conditigg}ogx?{hh%xﬁ?&&%yﬁma%heﬁ&dd&b s y a matrix einitia

condi el s 0. "One skilled in this art recognizes that other
nitial condi bl oSG foBn R M PICGELeI VeI GRidds HARE fekeiddd siial fABad Bk
operation of the system The Gt put of the direct interference canceller 39
is the vector gﬁ%{p ger the | ast .iterafi e Do REcrk hatRefhd! he!
i nt er f er dhtgde é‘{tﬁ) (%Fegﬂv?réesgp{%ng eatcﬁ%dsbgou pllﬁéﬁslléstp%r ocesrseh tgy the final
out put synbol generator 45 whjich produces haclﬂ or soft ﬂ ci.sion.information
on the oUrPHRITEY AR UBLFRIRAITIL HREBEIRSIOR GoH (s SRyian o} g HERding afd
Dependi ng upon the nunber of iterations mperfornmed by the pr eseng )
i nvent i orchemiel maechingt (perforated: hyethg £OmbEERG PRRESSENT) QRTINS df thér Bl ot Sitel | er
d(m can be wittenas d (m _ (ST +1 )-1S8y + (-1 )m(ST ~mt~ (ST + 1 )-1
~ Equat i caasub@ptioher Howéver,sd emeliyers constuatess pisth hisj assumptiggscan ey coprectfprq ~ -
Equation 13 and the transient response is)

interference resulting from non-orthogonalities in the spreading sequences, more commonly

known as multiple access interference or MAL It cannot correct for interferences between one

user’s various symbols due to the time spreading of these symbols during transmission in the

communication channel. This form of signal corruption is more commonly known as inter-

symbol interference or ISL. ISIcontributes to a phenomenon referred to as “the fat finger effect.”

The fat finger effect occurs when two paths from the same user have such a small relative

time delay that the delay cannot be resolved by the receiver as two distinct paths. The receiver

fails to estimate the data from either of the two paths thereby affecting all users resulting in poor

receiver performance.

Since all prior art PIC receivers use the simplifying assumption of L paths to separate the
despreading and the channel combining operations, a PIC receiver using the accurate received
signal model of a linear multiuser detector is desired.

Klein et al., "Zero Forcing and Minimum Mean-Square-Error Equalization for Multiuser

Detection in Code-Division Multiple-Access Chanels," IEEE Transactions on Vehicular
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dt (m _ (-1)m(S-mt1 (ST'-f-1 ) 1 ~. Equation 14 The PIC receiver 17
converges to the steady-state response if the transient response approaches
.zero as the nunmber of Iterations increase. Wen this occurs, the receiver
17 converges to the steady-state response given in Equation 13. The

st eady- st FleenroREOVEIL4N noPRON Ma 11994, PBAZT6LBG ki iGh g
MVBE- BL. E and - ot hé‘?s and %ecot Iribgl ators’ ?‘gaé%ﬁﬁ@eg%néfﬁkﬁeﬁqﬁti on

15 where I, ] i i Iing back . to uations 13 and 15;
o cieeied M RAER sl M B s B bl Pt B
receiver }T defi ned bé ﬁﬁu t.ions 10 ang,ll,conven%es, it will converge to
the |ineafiitf%ec@P PUPuLRE fgSkhilspngHRatelist dUter iscPastadrthouah a whitening SitgebThe
requires. that in order to have (ST + n'1S = O', matrices S,- T, and O nust
sati sfy t Maitenediresplt irpcaledband pagsed thequghg faedbairenp to rechéer Ratrloéthetdamrsignalej ng t 0
invert the objective matrix O Equation 16 splits objective matrix Ointo
two di scr Fhefesgitack bop hasTa tudh@d 'detedvbrt anida fdeddadki opesatdrhe f eedback
interference processor 43. Matrix S (the Inverse of matnx.S' ') defines the
di rect interfeERDJ67 543188 diselose%n iMieferBiic afdelling\s9stbh @edlifi o SR AERSidne
Inversion of matrix O with an Inversion of another matrix (g") and a senes

of M1 Xre@ivdr Pl defived! faihidg JGRABAC endBOP putl) rABNAB! 3HCcAlmbdiE sl eSENt

invention 17 lles in the fact that "matrix S ftequires significantly |ess

I it ) { . i Qi i ti fri ) | e,
ot i s ot rhdferticc HciBled BRTIBE Lt En Bl Sl pulse respaeiI y on
onal tnx only involves the

he main dj . The | ' f.a di
| nver of on 5 SURLROP A 7 A e 1 1 Gearhond s Sdjonal - 21

Duel-Hallen, "A Family of Multiuser Decision-Feedback Detectors for Asynchronous

Code-Division Multiple-Access Channels," IEEE Transactions on Communications, vol. 43, no.
2/04, Part 1, 1 February 1995, pp. 421-434, discloses a feedback loop used in a multiuser
detection receiver. An output of a feed forward filter is passed through decision devices. The
decision deviccsr determine received data for each data signal in order froyﬁ highest received

signal strength to lowest. The estimated data signals are passed through a feedback filter. Each
filtered data signal is subtracted from the original feed forward filter output. This mixed signal

is fed into the decision devices completing the feedback loop.
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" T should contain all zeros. Conbining the two fornulations of matrices T
and S with Equation 16, a specific formfor a general PIC receiver is

. created. Gven a linear receiver with an objective matrix O matrix Sis
defined as S 1 = drag ~~ ~ Equation 17 where diag(X) defines a matrix
where the main diagonal entries are equal to the nmain diagonal entries of X
and all other elenents of t i o,zero. Using Equation 16
and solving for matrix T yim?b%még Si nce the direct
interference canceller 39 perforns the nultiplication of z(m by matrix S
(whi ch is theA pavalebintedferedcedigiadjijtiontrereivenyysiem aad methog és firesented thatredii¢asg

of . each individual elenent of the vector z(n). The matrix nmultiplication of
d(m Wi t fnpide redpohsdififetferefiticusing atedel ofttie seckivedsigial similarae tint assdsis block3
conputes the interference conponents. A receiver containing this

“archi tecnyéaﬁ If%’aférgr rﬁagcﬁ Ynds QuRBed! tShprisBRESPARRE CreANEE! 176 Bine

recei verw t Interference cancellation in the feedback or a PIGTT
receiver, For a systemthat r I era-fonrein i recei ver
ot vontRsEET; pbmu el jouhE e GEeeef Ll TR DI NENARL Rl BECS
invention 17 uses the ZF-BLE obj ective trix O = AHA. Therefore, nmatrices
S and T HEIETE SR 0n PO e IR SR O SE Al CBfpUL oA it eapfercReg Ly 1o

for receiving a plurality of communications transmtted in a wreless code
di vi si oncmsrzl?qrp |Tgxeact§gstyefmqm removegateriarers tRud syrehgls-ofracmatrhedd
communi cation is estimated (27), a systemresponsive matrix i s constructed
usi ng coditer. dfite PIGerecdinvennsds recepd sigeal moiels Ethe vamgus dlbck dinean vqualizérotimt ( 29)
an objective matrix i s produced using the systemresponse natrix, the

r ecei ved d6 aBTassim@iha0dash fBtigndresmiadf feveiabdistthct pathar THelfeteiderfektithidted tROUL
(35), the nethod characterized by: a. processing the first input with an

i nt er f er gpGeLRNCAL @hlefAlRldricichObdhaRblSe Whdle st set of symbol's of the
recei ved conmunications b. processing the first set of produced synbols

with a feedba i ferencea. i i - Or,

Mot erer enco (rayOBLRICRBIERRARE Hetind o BRioh ko pltidad o ah PREIBE br
interference.cancell ati on rix.equalin objective matri x; c.

subt ract f?‘?ﬁ“’f%“ﬁé‘éﬁ%ﬁ@l@ HIV%P’ ng'%%gseovﬁ %@Eﬁ} g’g{fﬁf&of t he_mat ched
filtering to produce a next input (37); and d, processing the next input
with the int elfiganogkes oigg @EIhE REGSEHH IyaHtiono P@W&%Bﬁ@ reggiver§ystesm arflimethody nbol s

of the received comunications (39). )
having greater accuracy with less required computations.

Other objects and advantages of the system and method will become apparent to those

skilled in the art after reading a detailed description of the preferred embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1is a simplified block diagram of a prior art multiple access communication system.
FIG. 2 is a simplified block diagram of a prior art CDMA communication system.
FIG. 3 is a sffnpliﬁed block diagram of a prior art CDMA receiver with multiuser
detection.
FIG. 4 is'a simplified block diagram of a prior art multiuser detector.

FIG. 5 is a block diagram of a prior art linear multiuser detector.
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2. The nethod of claim1 further characterized by iteratively repeating
steps (b), (c) and (d) with the next set of produced synbols acting as the
.first set of produced synbols. 3. The nethod of claim1 further
characterized by the interference cancellation matrix being a diagonal of
the objective matrix. 4.. The nethod of claim1l wherein the objective matrix
is AH A, wher j e. s e ; fipk 5. ,The method of claiml
wherein the o Edes'\cdtl?\?é"ﬁca ¥[§)E(k ??Sag HA +S‘§1120:F,§&v¢1%rreeu)&e[fs t he system response
matrix, a2 is_a nojse variance . and | is an id ity matrix. 6. The net hod
of claim 1 whEKei histh®siea black fiagam ?fg‘ H‘Eﬂ’ﬁ“pf Rte %ﬁ@“ﬁ”é‘@giaﬂ PIERGEMEs by a
conpl ex conjugate transpose of the systemresponse matri x. -23 7. A

r ecei vercaneeletiomprogessdnur al i ty of conmuni cations, the conmmunications are
transmitted in a wireless code division nultiple access format, a channel
estimator (27FIG i ARytém Blochdiagraln ofeRiCneciveoof theplesént e,

comuni cation, a systemresponse matrix i s constructed using codes and
channel resp f j i ; ;o i i iX 1S

bt oduced e, oG el AE HadRATRIALAILE WGpA NIC EE dGnBIGH,
filters the received communi cations, the receiver characterized by: a
direct i'fiYEFBrence cancel lor (39) having an input configured to receive an
output of the matched filter and_ an output of a subtractor and processing
its i nput wi tRIGnlQ is @ systame hlosk <hiagaam (0412 kard-deqsion PIG recevgn gt khe pressnter ence
conput ati on block (43) for processing an output of the direct interference
cancel | anvettioh. a f eedback construction matrix, the feedback matrix added to
an inverse of the interference cancellation matrix equaling the objective
matrix; and tjhR; 344 9abablotiddigrhRiof SatatiinesdsbfidedisioRPIC ket of theples@iback
interference conputation bl ock %rom an out put of the matched fi I?er. 8. The
recei ver; %nn% aim7 wherein the output of the direct interference cancell or
(39) proauces soft synbols of the received comruni cations. 9. The receiver
of claim8 further char i rd- deci si ol generation unit
(49) receiving the oumébtz[ﬁgs%gﬁﬁl(ﬂ:t gﬁﬁmégﬁcel lor (39) and

i nputing hard_synbols into_the feedgac, iPt erference conputation bl ock
(43). 10. TheTheewmbadupenss will bg desorited WiHeTeIEsss 40 they drawengofeurescwhese dike er ence
cancel lation matri x. being a diagonal of the objective matrix. 11. The

r ecei vernusherals a¢presgnniitke elemants Heoughpelet i ve matrix is AH A, where Ais the
systemresponse matrix. 12. The receiver of claim7 wherein-the objective
matrix i s AHASHovah FI@ &Sk £pdaliebinteferenyesdancallattmpereber Ibéftheopresaa: ihvenfloMoi Se
variance and | is an identity matrix. -24 . A

. Ahe. A. A AS? ANSR AA 24 st Yo U APHe AFO. A
e. A &Lihelird: £3 (f%%@}%@lm Fuld¥s thinshttin CRARAHLONIX ﬁ%@al] $He

Sl _Cd/ INv-1 xsnirr aJ cd] calcalcalcalJcalcalcalcalcalc cal ca] caj

cajcalc calcal calcal.cal.cyal.c .9 L0, 98 xI 1"

TR b RGP EREpAkE AR GO M IPLERE SR SRR G i Ok LM it b ibipes oo ca
U] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ¢ca] ca] cal.ca! """ #####HDISIS$IYs %z %0880 & (
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N oVl cler alal gl & SleAbaRM Ak Ao Rl el ARl Tha Ml te AWl 6?1 o2l ©
20 XL /g/[/C0] 0h001i 111111122, 313H33yt ni ¢Vl f] ] ca] ca] caV] ca] caV] ca]
caV] ca] caV% gpeeattingliuaference fpe aredae 4] ea Tt ador aviputting pees e ey cal cal
caV] ca] ca 34D4F404Z4e4i°4444445nb56t 66667, 777777P8889;
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where individual k subchannel impulse response estimates are modeled 27 as vectors A% to
correct inter-symbol interference or 1SI caused by a subchanne!’s own symbols and MAI caused
by symbols from other user’s subchannels for all received data signals. The individual &

subchannel impulse response estimates #® are input to a first memory 29 where it is combined

with the same user’s spreading code (Equation 3) creating a system transmission response estimate

matrix 4, ® for fhat user. Each system transmission response estimate matrix A,® is output to a
second memory 31 where a total system transmission response matrix A4 is assembled. The total
system transmission responsé matrix A is comprised of all system transmission impulse response
estimate mgtrices A,® (Equation 7). The total system transmission response matrix A contains
joint information about all of the subchannels in use by the active transmitters and contains
information about any possible cross-channel and inter-symbol interference present in the received
data signal r.

The total system transmission response matrix 4 is output to the data detection and
interference canceller 23 which performs an estimation of transmitted data based on the received
data vector r. The data detection processor 23 estimates subchannel data symbols and outputs a
received data -vector d® to per-subchannel processing units 33,, 33,, 33,, ... 33, such as

interleavers, Viterbi decoders, and the like.
The data estimation and interference canceller 23 is shown in FIG. 9. The data detection

processor 23 is compﬁsed of a matched-filter 35 which match-filters the input 19 data vector r

* producing a vector of matched-filter outputs y, an adder 37 for removing feedback interference ¢
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V.WX. . @eraﬁwﬁ@nmlmsmb%m(t%a esnmaﬁegesm&a'@

109B&' () - MLOYBS! () - ys109B&' ()- 10g
10g/ / C0] 0h0O 1awm_@ug@,%aw@&r(a)sp&m0@&' ffom the combined user data r, the user data r

must be filtered using a matched-filter 35 or the like.. One knowledgeable in this art recognizes
that a matched-filter 35 requires a response characteristic whose elements are complex conjugates
of the combination of the spread pulse shape and the user’s subchannel im;;l;lse response to
produce an output with a level representative of the signal prior to transmission. Signals r input
19 to the filter 35 which do not match with a given response characteristic produce a lower output.

The matched-filter 35 is similar to the matched-filtering operations performed by linear
multiuser receivers. The matched-filter 35 operation is described by Equation 9 unlike the
despreading operation of prior art parallel interference cancellation receivers. Ti\e input user data
ris matched to the spreading code v* and the subchannel impulse response k® for each particular
subchannel k. Each element of the matched-filter 35 output vectory is a first rou;_r.h estimate of the
corresponding symbol in the transmitted data vector d.

The total system transmission response matrix A provides the response characteristics to
the matched-filter 35. Each column of the system response matrix 4 is a vector which represents
the response characteristics of a particular symbol. The received data vector r is input to the
matched-filter 35 where it is matched with every response characteristic from the total system
transmission responsé matrix 4 to produce the matched-filter output vector y. Each element of
output vectory cbrres?;ponds to a preliminary estimate of a particular symbol transmitted by a given
user.

The matched-filter 35 output vector y is input to the direct interference canceller 39. The
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input to the feedback interfer:x?gg processor 43 through an iteration/counter switch 41a.

The feedback interference processor 43 uses the direct interference cancelier 39 output
estimates d to arrive at interference estimates output as a vector ¢ that were not previously
canceled by the direct interference canceller 39. The interference estimgtes ¢ arésubtracted from
the matched-filter 35 output vector y. The result zis the matched-filter 35 output vector y less the
subtracted interference estimates c. The iterative interference subtraction process may be repeated
m times depending upon the degree of desired signal correction. After miterations, the interferers
are removed from the matched-filter 35 output y and the iteration/counter switch 41 is thrown 41b
outputting d for final output symbol generation 45.

The operation of the direct interference canceller 39/feedback interference processor 43
negative feedback control loop shown in FIG. 9 represents an m iteration rcccivﬂer. For example,
if m = 2, the PIC receiver 17 has repeated the cancellation process twice. With c(m) as the
interference vector output by the feedback interference processor 43 and d(m) as the symbol

estimates vector output by the direct interference canceller 39, for the m™ iteration,

6-2; (lﬂ) =S (}—’ ~C (m)) and Equation 10

c(m)= Td (m=1) Equation 11

where the direct interference canceller 39 perfdrrns a multiplication of the matched filter output
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The output of the direct interference canceller 39 is the vector d(m) after the last iteration
m. Asin prior art parallel interference cancellation receivers, this output is prc;ccssed by the final
output symbol generator 45 which produces hard or soft-decision information on the output
symbol estimates depending on the system rgquiremcnts.

Depending upon the number of iterations m performed by the present invention 17, the

output of the data estimation and interference canceller d(m) can be written as
dm)= ST+ F+ED"SD™ST+DSF  squaiont2

where the steady-state response is, -

gss = (ST+ ! ).1 Sy B Equation 13

and the transient response is,

gt (m) = ("‘].)m(ST)"H-l (ST+ I)—l Sj)' Equation 14

The PIC receiver 17 converges to the steady-state response if the transient response
approaches zero as the number of iterations increase. When this occurs, the receiver 17
converges to the steady-state response given in Equation 13.

The steady-state response of prior art linear receivers such as ZF-BLE, MMSE-BLE and
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Equation 15
where O is the objective matx".i'x.;
Referring back to Equations 13 and 15; if matrices § and T are selected such that (ST +
DS = 0! and if the receiver 17 defined by Equations 10 and 11 converges, it will converge to
the linear receiver defined by the objective matrix 0. Linear algebra requires that in order to

have (ST + I)'S = O, matrices S, 7, and O must satisfy the following identity:
O=T+S™ i
- . Equation 16

Rather than having to invert the objective matrix O, Equation 16 splits objective matrix
O into two discrete matrices, T and §7. Matrix T defines the feedback intcrferen;:e processor 43.
Matrix S (the inverse of matrix S™) defines the direct interference canceller 39. The present
invention 17 replaces the inversion of matrix O with an inversion of another matrix (S™) and a
series of matrix multiplications in the feedback loop.

An ad‘vantage of the present invention 17 lies in the fact that matrix S requires
significantly less complexity to invert than the original objective matrix O. For example, matrix
S may be a diagonal matrix (a matrix with non-z.ero entries only on the main diagonal). The
inversion of a diagonal matrix only involves the inversion of each individual element lying on

the main diagonal.
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'S = diag(O) Equation 17

where diag(X) defines a matrix where the main diagonal entries are equal to the main diagonal
entries of X and all other elements of the matrix are equal to zero. Using Equation 16 and

solving for matrix T yields
T = 0 __S_l Equation 18

Since the direct interference canceller 39 performs the multiplication of z(rz1) by matrix -
§ (which is the inverse of diag(0)), the canceller 39 performs a scaling of -each individual
element of the vector z(m). The matrix multiplication of d(m) with matrix T performed in the
feedback interference processor 43 computes the interference components. A receiver containing
this architecture is referred to as a parallel interference cancellation receiver with full interference
cancellation in the feedback or a PIC-fI receiver.

For a system that requires a zero-forcing mechanism, the receiver must converge to the
ZF-BLE linear receiver. The ZF-PIC-] of the present invention 17 uses the ZF-BLE objective

matrix O = A”A. Therefore, matrices S and T are defined as

sl diag(AH A) and Equation 19
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e received communications (29), an objective matrix is produced using
the system response matrix, the received communications being matched
filtered to produce a first input (35), the method characterized by:

a.  processing the first input with an interference cancellation
matrix to produce a first set of symbols of the received commumcatlons
(39);

b.  processing the first set of produced symbols with a feedback
interference construction matrix to produce feedback interference (43),
the feedback matrix added to an inverse of the interference cancellation
matrix equaling the objective matrix;.

C. subtracting the feedback interference from a result of the
matched filtering to produce a next input (37); and

d.  processing the next input with the interference cancellation
matrix to a next set of produced symbols of the received commumcatlons
(39).

2. The method of claim 1 further characterized by iteratively
repeating steps (b), (c) and (d) with the next set of produced symbols
acting as the first set of produced symbols.

3. The method of claim 1 further characterized by the interference
cancellation matrix being a diagonal of the objective matrix.

4. The method of claim 1 wherein the objective matrix is AY A,
where A is the system response matrix.

5. The method of claim 1 wherein the objective matrix is A"A +
c’1, where A is the system response matrix, 6° is a noise variance and I is
an identity matrix.

6. The method of claim 1 wherein the match filtering multiplies the
received signals by a complex conjugate transpose of the system response

matrix.
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processing its input with an interference cancellation matrix;

a feedback interference computation block (43) for processing an
output of the direct interference cancellor with a feedback construction
matrix, the feedback matrix added to an inverse of the interference
cancellation matrix equaling the objective matrix; and

the subtractor (37) for subtracting an output of the feedback
interference computation block from an output of the matched filter.

8. The receiver of claim 7 wherein the output of the direct
interference cancellor (39) produces soft symbols of the received
communications.

9. The receiver of claim 8 further characterized by a hard-decision
symbol generation unit (49) receiving the output of the direct interference
cancellor (39) and inputing hard symbols into the feedback interference
computation block (43).

10. The receiver of claim 7 further characterized by the
interference cancellation matrix being a diagonal of the objective matrix.

11. The receiver of claim 7 wherein the objective matrix is A" A,
where A is the system response matrix.

12. The receiver of claim 7 wherein the objective matrix is A"A +

o’l, where A is the system response matrix, 6~ is a noise variance and I is
an identity matrix.
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