PARALLEL | NTERFERENCE CANCELLATI ON RECEI VER FOR MULTI USER DETECTI ON OF CDVA
SI GNALS BACKGROUND OF THE | NVENTION Field of the Invention The present
invention relates generally to nultiple access digital communication

_ systens. More specifically, the invention relates to a parallel

interference cancellation receiver systemand nethod for the sinultaneous
reception of data fromnultiple users. C Description of the Related Art A
mul ti pl e-access comruni cation systemallows a plurality of users to access

the same communi cati OPARAHLEMINGERFEREMNGE CANCEIEAHONf or mati on. The nedi a
may conprise, for exanple, a network cable in a |local area network or |an

a copper wre i ngtSenERFORMUETEUSERDETECHON OF COMABIGNALS! f ace for
Wi rel ess conmuni cation. A prior art nmul ti p| e access conmmuni catl on syst emils

shown in FIG 1. The conmunication nedia is referred to as a conmmuni cation
channel . Communi cati on techni ques such as frequency division multiple

“access or FDMA, tine division bm @/A carrier sense

mul ti pl e access or CSMA, M‘gﬁ ﬁFﬁgﬁfw ss or CDVA and ot hers
all ow access to the sane comruni cati on medium for nore than one user. These
t echni quErldoafithdmventioad t oget her creating hybrid varieties of nultiple

access schenes. For exanple, tinme division duplex or TDD npbde of the

proposed t hi r ghgge@nfihiétioNYetidyesdralydamiltiphe acess digitalabimmriunivhiieiysnd. CDVA.
An exanpl e CDVA prior an conmunication systemis shown in FIG 2. CDVAis a

cormmuni CRfj0 Eb&%hﬁé/&gggieﬁud’fﬂkﬁﬂs fAd fardlis] ihteABe it daREk M d Teckivdy SRBRNERH band

(spread spectru ulating th..tata to be transmtted with a
pseudo- n%ea'x%d%rgtrﬁg lsi'muiwrﬁeog? xte%epﬂog %?hata ﬁ'oyﬁnultiple users.

C
Description of the Related Art

A multiple-access communication system allows a plurality of users to access the same
communication medium to transmit or receive information. The media may comprise, for example,
a network cable in a local area network or lan, a copper wire in the classic telephone system, or

an air interface for wireless communication.
A prior art multiple access communication systemis shown in FIG. 1. The communication
media is referred to as a communication channel. Communication techniques such as frequency
C division multiple access or FDMA, time division multiple access or TDMA, carrier sense
| multiple access or CSMA, code division multiple access or CDMA and others allow access to
the same communication medium for more than one user. These techniques canbe mixed together
creating hybrid varieties of multiple access schemes. For example, time division duplex or TDD
mode of the proposed tgrd generation W-CDMA standard is a combination of TDMA and CDMA.
An example CDMA prior arnt communication system is shown in FIG. 2. CDMA is a

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



.transmtted may have a bandwi dth of only a few thousand Hertz distributed
over a frequency band that nmay be several mllion Hertz. The communi cation
channel is being used sinultaneously by K independent subchannels. For each

. subchannel, all other subchannels appear as interference. As shown, a single
subchannel of a given bandw dth is m xed with a uni que spreadi ng code which
repeats a predeterm ned pattern generated by a w de bandw dth, pseudo-noise
(pn) Sewﬁseulgﬁﬁytefmt Dha toTHE B8 SURiH 3eTserior Rt sighal OURS dath Qigh¥IPioCwd | Y
pseudo- ortthogonal To one another such that the cross-correlati on between
the spreadi ng.codes .i s cl . Fed iRt Ad Hef? Bistribufed I | t he
pn seque?]téaé’sg’?tg%d@yr%v%fbcﬁ% éﬁdg&@g‘fﬁgaﬁ spectr ur% si gnal . %’érﬂfclhg% |%3Ar§al IS
t hen nodul ated with the_diqital read spectrum signal and transmitted in
dependencibal panbe seyeral Mfﬁ‘%il"é& 0 er‘FBH‘i"l‘l‘chaW“rc ?E\el/ig e’&%r‘l‘ﬁ%tﬁ"ﬁ‘?]@?e‘f%@eby
transm ssion extracting the digital spread spectrumsignal. The transmitted
data i s rEmdegendedt subchennalnrFasleact whchanegl, allipthersubchannglspnpeas agjintgstesenciyhen
t he spreadi ng codes are orthogonal to one another, the received signal can

be correl at edavkHownda #ilé dubtHannel bfegivenibgmdwidthéd mikediwitha tiiquespreating tade
spreadi ng code such that only the desired user signal related to the

particul ag,3p r,gﬁ%ggﬁng ggaggggﬁes rma%egenmudébyt Dvigd BaidwidD BleadbAbise Tph) Ot her

users are not e val ue of the spreading code 1s known as a chip

and has a_chip rate th is the : e
ratio bet %Bﬁy?ﬁgneéﬁobahbef%m{'agucf Lﬁ?ﬁéﬁ@éﬁgﬁﬁe@ g:ﬂly ;? % 'S E hog%agfoorae;{aldi ng
factor. To extend the possible range of values of the data signal, a synbol
is used t#&othgssechdhat ther?fﬁsé'cf’ﬁgﬁ"q t”b‘?ﬂﬂ’ﬁ”\?ﬁ%@@“ﬂéf‘ﬂﬁ‘? z%fﬁdg@ﬂgtsﬁnﬁlar y
synbol s take on three and four values respectively. The concept of_ a synbol
aj1 ows f ois eodplaged with thegneequshicd predicing & daital spread spsetryn signdoidy eamiersignalach
sgnbol di ctates a uni que pul se shape. Dependi ng upon the nunber of synbols
used, an ReksdmdduEaTwitH theldigizal epread spectoum signabardhmpsmsitted instepentdeace upbotieat i on
at the source is

transmission medium. A receiver demodulates the transmission extracting the digital spread

spectrum signal. The transmitted data is reproduced after correlation with the matching pn
sequence. When the spreading codes are orthogonal to one another, the received signal can be
correlated with a particular user signal related to the particular spreading code such that only the
desired user signal related to the particular spreading code is enhanced while the other signals for
all other 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. Temnary 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 syml;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



~converted into bols which are nodul ated and transm,, ed through the
subchannel for denodul ation at the destination. The spreading codes in a
CDVA system are chosen to mnimze interference between a desired

. Subchannel and all other subchannels. Therefore, the standard approach to
denodul ati ng the desired subchannel has been to treat all other subchannel s
as interference, simlar to interference that manifests itself in the
comuni cat canvenetlinton. Resleivkivhs ardagodyael hod ttahink. e tROBSS thr QubShdrgblefodSer ,
mat ched filter and RAKE receivers. Since different subchannels do interfere

W th each @dhsfulsiBeRetesuantynher approach is to denodul ate all subchannels
at a receiver. The receiver can listen to all of the users transmtting at

once by running decadi ng.al-gord themin.pagrallel. This

i deol ogy is knowm 5&8%|°??ﬁ§’g?E?@fq‘g]éi(s?%"r‘n.g‘%ﬂ?%ﬁ szt e fegnes HYSEDEi de a
significant performance i nprovenment over single-user receivers. Referring
to FIG 3, 5%§Pf§§/ ghanpel gadalnthgysubrhapnels. {Sh?reflpfeaﬂle stapfigad apaseach & demadylptiag

mul tiuser detector is shown. As one skilled in this art realizes, the

recei ver nig descedisibcbanptl hadsubreni tongeat 2llr olierosubckanndsn @y imerféréncdpsimilar to
conversion and associated filtering for radio frequency channels,

anal 0g- t o- ftegferdikce GRNWRARTEsANIRI 0 Pid GMmEi@rion ndeind UR &kiver deSibnel ©PeE fi C
comuni cation nedia. .The out put of the receiver is a processed signal,

ei ther ana)QdeRm i fid cRlb @ikt R9 RIAKE b ed spread signals ofall
active sub%:ha%néaf s.r@fi%eﬁur?at(?luser d%t ect-or perfrorms mul ti user detection and
outputs a plurakity.ofsignals corres iR ch active subchannel . All
or a snaller nut¥ d_‘@?re?t 2 ‘i"&?‘%%f-‘* d;?dﬂ’g'g?rg(‘)"f‘ &s%%c%etgﬂr?&@w ehPRRIRADAY.
Optimal nultjaser detectors are copputational I%ni.nt ensi ve devices perform ng
NKMer ous @cd?moéklam{l sbehannels Bt Pestvien e Z5rgIVaT N fiften orall pEthg psers transmitting

i ggrerrent econom cally. To mnimze expense, suboptimal nultiuser detectors
such as | i #«mce betuaning r decodingaigosithmefor pachof themamparallel. This ideology is known as

multiuser detection. Multiuser detection can providea significant performance improvement over
single-user receivers.

Referring to FIG. 3, a system block diagram of a prior art CDMA receiver using a
multiuser detector is shown. As one skilled in this art realizes, the receiver may include such
functions as radio frequency or rf down conversion and associated filtering for radio frequency
channels, analog-to-digital conversion or optical signal demodulation for a specific
communication media. The output of the receiver is a processed signal, either analog or digital,
containing the combined spread signals of all active subchannels. The multiuser detector performs
multiuser detection and outputs a plurality of signals corresponding to each active subchannel. All
or a smaller number qf the total number of subchannels may be processed.

Optimal multigser detectors are computationally intensive devices performing numerous
complex mathematic operations and are therefore difficult to implement economically. To
minimize expense, sut;optimal multiuser detectors such as linear detectors and parallel interference

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



.cancellation or PIC receivers have been devel oped requiring |ess

conput ational conplexity as a conprom se appr, mating the perfornmance of
opti mal detectors. Linear detectors include decorrelators, mninmum nmean
.square error or MVBE detectors, zero-forcing block |inear equalizers or
ZF-BLEs and the like. PIC receivers are usually designed as nultistage
iterative receivers and are soft-decision (SD) or hard-decision (ID) based.

A syst em bbmplontlicagipam.ohtify thei perfommnandei ofeaptinaili deictts sl Diake deRctordInclude
synchronous or asynchronous CDVA commruni cation is showmn in FIG 4. Data

out put fr QR drfiar SR THMHNGAL infdh sqBAY SréPECMNISE dRfeBiore" zér@-%licﬂlgl'_ﬂl&k fiheal S

coupl ed to a subchannel estinmator which estimtes the 1 npuls& response of

each synbql t.ransmtt in r egiA . negl .. The linear detect.or uses
Tho i moul SREERhZE 86 Frefut PBFCRlY IRrRH SRR nebeved 4 RBlreR s Eute 1o
denodul ate each subchannel's data. The, data i s output to subchannel data
processi ngeasIveEsiand agy sofiedgsision; (FP) Géb%rgtde‘?’é‘%@t\l’asﬁgr all el detection of K
subchannel users in a physical system linear nultiuser detector methods

are executed as\ fyskend bipak aliagramaw€ a priar rasphineze swidtisser detgétoafor simphednous or
processors or DSPs and the like. Fixed |ogic systens allow for greater

syst em spagfichdnb® CHMARInRRRHEREbN isEhd WeiA FIGS § DBtaQltdi frEm ek dMHuskation
flexibility. Either inplementation that is responsible for the nmultiuser

det ecti f | o] . Jo d i.be th
Funct i ons MepiseBerR ReSFtdE0Rngs, Pk Rk & £ BRL R AN imd S FRSE Fpsife
operation._of a linear nmultiuser detector: K =_the total nunber of

user s/ t r aHePHIse resnonsepfieach smhektyapsmitted inarespectivesubatannel. Fhe lingardetector useni ps

in a data block. The nunber of chips is required since wth varying

spr eadi ng thediotpulss resposserastimates alongwith asubehapuetisopreading icbdetoatesmodilate eatie
case of synchronous CDMA, a synbol fromthe user with the | argest spreading
factor rmayutehagiel’s dite Thobaeis oofputiatsabchbhns! dite procedtiNg Gtk Hfor Fegslefifh e be

equal to the largest spreading factor. _
To effect parallel detection of K subchannel users in a physical system, linear multiuser
detector methods are executed as fixed gate arrays, microprocessors, digital signal processors or
DSPs and the like. Fb_ced logic systems allow for greater system speed while MICroprocessor
driven systems offer programming flexibility. Either implementation that is responsible 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/transmitters 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 2 measure common to all users. For
the case of synchronous CDMA, a symbol from the user with the largest spreading
factor may cor;stitute ablock of data. Therefore, N, canbe reduced to be equal to

the largeét spreading factor.



.-4 W= the ..., munication channel inpulse response length in chips. This is
generally a predefined paraneter of the system Q't = the spreading factor
of user k. The spreading factor is equal to the nunber of chips that are

- used to spread a synbol of user's data. A system knows the spreading
factors in advance and does not need to estimate themfromthe received
data. N, tt = the nunber of synbols sent by user k. N, t't = NN X N, = N- =
the total nunbé¥ =othesyJnimbricasiomtchannil immlilse)responkee edlgthain (dhipsor THE i19N) sent by
user k. The data is presented in the formof a vector, where a vector is an

array of data igpglexgth ft¥defindd piFhrRetbd Gioke YAfelabl €. For  the purposes of
vector and matri x operations which follow all vectors are defined as

colum vectors. The n' elenent of at') is the n" synbol transmitted by the
["*" C. user. h(') = the inpulse response of the subchannel experienced by
user k presented . as a vector. This quantity needs to be estimted at the
recei ver. The (Etathespreadingfacionnfissr b Thespreading fastonds equalothsaumbenonses ar e
referred to as ht'). The elenments of the vector Pl are typically conplex
nunbers, whi ch ofiohips thoirk userploi spordd acsyuhbolpdfaser’s/data. ati systemtimatvs elen be
introduced by the subchannel. -5

spreading factors in advance and does not need to estimate them from the received

data. --

( N® = the number of symbols sent by user k. N®¥ =N,/ o%,

K .
N'= Z N® = the total number of symbols sent.
k=]

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 7* element of @ is the #* symbol transmitted by the *

user.

H*® = the 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 . The elements
of the vector Ii‘" are typically complex numbers, which model both amplitude and

phase variations that can be introduced by the subchannel.



d > = the readi ng code of user k, presented as a vector. For the purposes of
linear multiuser detection, it is useful to think of vectors containing the
section of the spreadi ng code which spreads a particul ar synbol. Therefore,
the vector V") is defined as the spreading code which is used to spread
the nh synbol sent by the /' user. Mathematically, it is defined as: v, ("=
v, 7kt for (n-1)Qk4i s i s n@kt and O for all other i, where i is the
i ndex of vector elenments. r.(k) = a vector which represents user k's data,
spread by the ¥Hrahelingadingredn©f usar 4 presgited asagnswiort Edr therpormises éfat  user' s
subchannel JP. The vector rtki represents channel observations perforned
during the perlinesr miltibiengetsdnion, ivis biefilko tinkdefivectomicontdintng tHdWRction & enent  of
the vector ,-4k) can be defined as: Ntk) wr(k) d(k)'h(k)v(k,n) nY ' j+
Fquation | = nhe kprdadifoodh 0iRh siresslaiflicitr bbol oiftfefSre thifddifianal | user
signals rt' plus nois€. erefore, can define the recelived data vector r
as follows: KurzYr~~+n., Equation,2 .kgl The vector n,in Equatjon 2
represents noi’ég"é‘ﬁf’?ﬁﬁ“ﬁé‘g’&“ ?H%W%Mﬁf‘gtgﬁ%gﬁlﬁé’ﬁﬁi@?‘?ﬁﬁ yg‘eshows A
system and nethod of a prior art |inear MI ti(yser detector. The estimated
subchannel i user. Mathematigally ot s dpaned aR Y ancy: t ies (s pXEatE s1g< o0fandvi k) are
used to create a system

0 for all other i, where i is the index of vector elements.

=3 vector which represents user ks data, spread by the spreading sequence v
( and transmitted through that user’s subchannel A%, The vector * represents
channel observations performed during the period of time when a block of data

arrives. The / element of the vector ¥ can be defined as:

R 4
(k) _ (k) k), ,(km)
= Zldn Zhj vi-J'+1 : Equation 1
n= J=

The signal received at the receiver includes all user signals 7% plus noise. Therefore, we can

define the received data vector r as follows:

r=>» r%+n,

K
‘ Equation 2

v =1

The vector n in Equation 2 represents noise introduced by the communication channel.
FIG. 5 shows a system and method of a prior art linear multiuser detector. The estimated
subchannel impulse response vectors 4%’ and the spreading codes V™ are used to create a system

transmission response matrix for each user k. A matrix is a block of numbers indexed by two

-6-



.transm ssion response matrix for each user k. A matrix is a block of nunbers
i ndexed by two -6 indexing variable, the matrix is arranged in a

rectangular gi..., with the first indexing variable being a row index and
.the second indexing variable being a colum index. A systemtransm ssion
response matrix for user k is typically denoted as A(k). The i'-row,
n?-col-um elenent is denoted as A jk) and is defined as: W A d) _

h(k) v(k.n) s - J..+ i Equation 3 i=t Each colum of the. matrix an

cor r espondidexgs yaiable h dhe matgls aragse Hb‘b’eFﬁPg"g” Bhet Wit the first dnderiag vamable by

user k during the period of interest. Referring back to FIG 5, the received
data r i beingachwdndes and thetsecandiindexipg vamable hemg'azolpmaadtixng codes and
subchannel inpul se responses. Therefore, A(k) contains N, () matched filter

responses. The AgkteninfanerthisAbkdesgonse mitrik fisr userki t9picdlly dénoted 43 A©. EHeatirop 4 O
L O where each vector b"(k) has a dinension of O(‘{ + W- 1, Equation 5 -7

r*-column element is denoted as 4,,* and is defined as:

i-j+1 - Equation 3

W
() _ (k), (k,n)
A, = Z h,- v
j=1

( Each column of the matrix A% corresponds to a matched filter response for a particular
symbol sent by user k during the period of interest. Referring back to FIG. 5, the received data
r is matched to a.combination of all user’s spreading codes and subchannel impulse responses.

Therefore, A* contains N,® matched filter responses. The columns of A® are of the form

0
0
A (k) _ b (k)
§ " Equation 4
C : ‘*
10
where each vector b,:"" has a dimension of

0¥+ W-1, Equation 5

.7-



and is offset fron. e top of the matrix A.'*) by Ott(n-1). Equation 6
Since the spreadi ng codes are not periodic over synbol tinmes; b!'"'h * bf')
for i *j. The elenents of a vector which rmay be non-zero val ues are
referred to as the support of the vector. Therefore, b,(k) is the support
of A (*). Once a systemtransm ssion matrix for each user is created, a
total systenttransm ssion response matrix, denoted as A is created by
concat SY. n matrices for all the users as shown
bel o %H@[ e{ﬁ%ﬁ éﬁ&ﬁ%rﬁﬁj&ﬁﬁiéhua ion 7 In accordance with prior art
nDduIatlon techni ques, the ele éﬁ of h' can be conplex nupbers. It then
follows that the non-zero ele t QfA can be conpl ex nunber@@mﬂﬁ"éxanple
total systemtransm ssion response matrix A for a prior art multiuser
detector assenbled in accordance with Equations 4, 5, 6 and 7is _g b;;) O
00000O0MDb;;) OO0 b, 00O0000O0Db;, 2) 0 00 VIL.3 b2(1) ; 00 0O
0 0 bi Sia}e theQpRRadihg cdites &'emoﬂp&xoﬁldbv,ebiyﬂ)bom:ﬁesﬁb B.4p %P fbrzils) j. OTHE elé?ﬁén)s b5 b; 0
0000DbL50bb3200000O0Db;2) bz? 00 b2,5 b3,3 b; 0 0 b(2) b=

__) 0 0 4 a]veZtoQ whidh ma?»be Roz&o Valulk 4 feFerfdQo 85 tﬂe support of the vector. Therefore,
5,8 is the support of 4,%. |

Once a system transmission matrix for each user is created, a total system_transmission

response matrix, denoted as 4 is created by concatenating the system transmission matrices for all

( the users as shown below:

'Az[A(l),. ..,/I(k),usAU{)].

Equation 7

In accordance with prior art modulation techniques, the elements of 4% can be complex
numbers. It then follows that the non-zero elements of 4 can be complex numbers.
An example total system transmission response matrix 4 for a prior art multiuser detector

assembled in accordance with Equations 4, 5, 6 and 7 is
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H Y =AT. Equation 9 The matrix AH represents the Hermtian (or conpl ex)
transpose of the matrix A. The Hermtian transpose is defined as 4 = Aw
where the over-bar denotes the operation of taking a conjugate of a conpl ex
nunber. The matched filter outputs are then nultiplied by the inverse of an
objective matrix 0. The objective matrix O represents the processing which
differenti ates each type of linear receiver. It is derived fromthe system

transm S%rqu,ol“qgg,l’s ar =2, A nIRE. g8 élﬂfs% E'Gat?'b%ié( -NRAT 2 QAR irﬁ;ﬁ]{lse(régo%ca

receiver is a ecelver wth an o jectlve mat ri x speC| ied as 0 =

Fece vor WSO i - AL 401 errgrﬂﬂ?%ﬁ%”éf%é 0 TR P T T -

+ 011 where o is the variance of the_n esegt on each of the synbol s
of the rdzsonforthgsecond userof four (AT Dndn f?SP f tqt %%Hafb?gusé’rﬁ’“lfﬁféﬁﬁety
matrix. An identity matrix is square and symmetric with |'s on its main

di agonal nratdx 2ebgY dencesyth & etensins of th¥ kembinedsystemtand chahagltresppnseefbr the ris
chosen so as to make the addition operation valid according to the rul es of
li near aggﬁg&qfﬂﬁgplgmdecorrelator (decorrelating receiver), matrix Ais
-sinmplifie y tgnoring the channel ]0 responses h'', co. Jering only the

spreading codeg and kR, S A8Sc LA Isklohd Of Q}M&g&&{?&%ﬁ}m BiQRGkHk 85 A

cross-correla y rererre tO as IS gen

constructed for decoyr tor typne receivers. construct ed
by . i atesehita B3Rl o maiched e FeSpanseSTR Eioaias BrRop PGB obP e
channel response of every subchannel is an ippulse). Then the cross
corr el at ivarichiatdenotedas s Theanatahied Sltering opratpnisdefined@ef i ned for the ZF- BLE
receiver. A decorreiator often serves as a sub-process of a nore conpl ex

| tiuser detection receiver. Once thfﬂobjectlve matrix is created, the
ul tiuser detector will invert thé £: denoted as O"'. Emmnon9

The matrix A” represents the Hermitian (or complex) transpose of the matrix A. The
Hermitian transpose is defined as /i‘,H 1; where the over-bar denotes the operation of taking

a conjugate of a complex number. The matched fiiter outputs are then multiplied by 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 4.

The zero-forcing block linear equalizer (ZF-BLE) receiver is a linear receiver with an
objective matrix specified as O = 4¥4. The minimum mean square error block linear equalizer
(MMSE-BLE) receiver is a linear receiver with an objective matrix specified as O = A4 + &°1
where ¢ is the variance of the noise present on each of the symbols of the received data vector
r and the matrix 7 is kaown as an identity matrix. An identity matrix is square and symmetric with
I's on its main diagonal and zeros everywhere else. The size of the identity 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
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The inverse of the objective matrix is then multiplied by the matched filter
-out put vector y to produce estimates of the data vector d where d(estinate)
= 4y. The inversion of the objective matrix 0 is a conpl ex,
conputational ly intensive process. The nunber of operations required to
-performthis process increases as the cube of the size of the matrix 0. For
most asynchronous CDMA receivers, the size of 0 is very large which nakes
the process of inversion inpracticable. Techniques using |inear algebra

reduce t herespampdsehd, tep. oferingkdnhgthichspreadivig cadesaind the, crobs-etelayion Midrexence)
However, these techni ques nmay be inpracticable for sone applications. Unlike

| i near rec&%y%{iés_ Llbfost-86541 YIS mAlfix @mmhdhKEreferted %o %R%E%én\é&ugg%}rg%&g for

Ther ef or e, receivers offer an alternative that I's Fess

i near nul ti r, detectors. G _6.sho i,cal prior:art PlIC rgcejver.
The recei v%&gﬁgl?tgrsé’gfﬁgw?rsi 5‘15 ‘%E'x fac')’\,ggcﬁ M"F?’%%&W&f‘l t}’r(ﬁ_ﬁlc Brs
which i ndegendent_l y estimate each user's subchannel inpul se response. The
subchannel the AgRnitQn of dahone Gie- thechanpelgatpopss of every subchannebis ardmpulse). Then the

interference cancellation processor which estinmates the received data for
al | users drosspanreeldtioh . mative Reis tthevabjedive enatioy Gdasddefined for theiZBBLE feceivéichannel
data processing bl ocks for further processing. Shown in FIG 7 is the prior

art data eddcbfelaiod Bii@¥drvedifd fublROcess cfaicet tathplefmiNinses dstetvR Peceiver. FMEE

receivers. The PIC receiver presunmes that each subchannel consists of

o T B A, RIS R SRR O 1O

the transmssion ne : tr the re
coti mat i on pr oo eGPyt s g By o marche T APk of
each user K present in the system the PIC receiver allocates a despreader
tched t @ thErogdpesestimates sidhé fata vegsnd wheteed(estimate)sm @ 'wh dhe paversiorcot thee
del-ay of each path. Therefore, a total of KL despreaders are allocated in
]E Pgmdie f gr ersbgilmiyb amatrix Easchcabesoe eaniputagmalivinensies piavedse The furhliee of epethtiad dat a
required to perform this process increases as the cube of the size of the matrix O. For. most
asynchronous CDMA receivers, the size of O is very large which makes the process of inversion
impracticable. Techniques using linear algebra reduce the complexity of taking the inverse of the
objective matrix. However, these techniques may be impracticable for some applications.
Unlike linear receivers, PIC receivers do not invert the objective matrix O. 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 7 is input to a plurality of channel
estimators which independently estimate each user’s subchannel! impulse response. The
subchannel impulse 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 subchannel 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
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_respective user. The L data estimates for different paths of the sanme user's
subchannel are conbined to produce a conplete data estimte of the
transmtted user's data. As shown in FIG 7, the conmon prior art conbi ning
.method is maximal ratio conbining or MRC. Ot her conbining nethodol ogies
exist in the prior art and can be used. The conbined data estinmates are
output to a synbol generation processor which generates estinmated synbol
information which is output to the interference cancellation processor. The
spr eadi ngLe dfeesiative deacth ampbitudes andophasks areFsiimaied « dhexgeseiven byetbe sebisbanqel pat hs
are known by the interference cancellation processor. The information is
used to pestihatngsddessareshowain FI@ 61 fbeeackofthe £ distindt peths bf dasieisesK prs&it ved
path (i.e., 1, 2, 3 ... L) contributes to another user's L signal paths and

to the si ngsnfeﬂﬁiPI@Qe&WeFﬂﬂocﬁEQi‘@éspF&H&ﬁnﬁéheH I?@ﬂﬁ%gg%ﬁetfﬂde of Dfesp

. 1ve
I nterference I mates are subtracted fromthe despr out puts Ich are

again passed to the ¢ I ni race t ro e vi sed ,data esti nptes.
The revi sé’aer&ﬁﬁéheesgf?ﬁg&@%dg%eo% ‘FF%?Q&“%@%%%@%@ de3RIgagders aTeri’?lgﬁ‘t ence
estimates which are used tq produce another setf of revised data estinates.
Ln theory In theedgsprsades bapkn Heeh despessdergproducssissimates, of thsvkecaived data froackts ce,
the process termnates after two or three iterations. The distinction

bet ween amesgestiie@sem dTizn. IdBraRis@miates for diffetest pathhof thgsame asértsrsupctmomd are  For
the SD-PIC, the synbol generation process generates confidence information

about t he cofBined tprodirRd@oRPletd tatd &fiRhie@E heYfiRghitted §RFstRE. KPR in FIG.

synbol generation circuit does not generate confidence information for the

received syphaols. The difference r _ o the. -12 internal processing
e he: dat e S Rmat Piar sl Bedflbitar Solbfing o M€ otB ar i sy o
capabl e of producing soft and hard deci si on_synbol. estimates for further
ptocessi ngngodolngies geig ia theemos b anLo3n BF utedt 4 heraselired slata estimales Ang OFIRGE to6
This is shown in FIG 7 by placing a final

a symbol generation processor which generates estimated symbol information which is output to

the interference cancellation processor.

The spreading codes for each user X and the relative delays between the XL paths are
known by the interference 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

Q 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 distinctio';; 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 made 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



out put data synbol generator for generating the final receiver output and
"maybe different fromthe internal data synbol generation circuit. An
i nherent problemw th prior art PIC receivers resides in the received signal
~nodel that is used. Prior art PIC receivers assune that each subchannel
consists of L discrete paths that the transmtted signal undergoes in the
transm ssion nedi a. The separation of the despreading and channel matching
(performed by the conbining processor) operations is the result of this
assunpt i ointernadpeocessinga. thecdata estimabersetyel thel regeiver. titk tyes ofiPIC oweivem aonl y
correct for interference resulting fromnon-orthogonalities in the
spr eadi ngcapelje @f pesucingrseft candihard gecisivnvsymbat estithdtesdfop fartlie? Prodeldifg begnce or
MAI. It cannot correct for interferences between one user's various synbols
due to th i i : {<f ASHR i jnt
communi cari R SRaneail i Boe s Bo BRI, €Il AP FIC T BT nown
as inter-synbol i ngﬁrferenc or | Sl 'thl ﬁSI contributes to phenonenon
referred PHPUdatasyabglgeneratarfar eeaprating the finglgecsivar optpytand may pe differsatinem thehen
two paths fromthe sanme user have such a small relative tinme delay that the
del ay caniitemabdate sgnlbol gandsationisiscyiecei ver as two di stinct paths. The receiver
fails to estimate the data fromeither of the two paths thereby affecting
al | users resuAtinhgrentprotien with erier arEPIQecdiversveside in fheneceivel kighdl nideRhit Pl C
receivers use the sinplifying assunption of L paths to separate the
despr eadi g s $rbhg PRIAGLVGORRINL it QREEAChANS cofsidtd & GiScibel Shrrd o) Pehet €

accurate received signal nodel of a linear nultiuser detec I'S desired.
J

<yst om ardiwprs e Gt R trRnBig et The BoRhAS PR Beorfrachiewionce

using a del .of the received signal simlar to that used in block
<$ g channel matching (performed by ti?e combining processor) operations is the result of this

assumption. However, a receiver constructed with this assumption can only correct for
interference resulting from non-orthogonalities in the ﬁpreading sequences, more commonly known
as multiple access interference or MAI. 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 con‘xmonly known asinter-symbol
interference or ISI. ISI contributes 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.



.linear equalizers. Block |inear equalizers conprise decorrelating receivers,
zero-forcing receivers, mninum nean square error receivers and the |iKke.
The invention conprises an interference conputation processor feedback | oop

.for correcting the output ofa direct interference canceller. The m
Iterative process renoves interferers fromthe output synbojs.of a matched-
filter. The PIC receiver uses received signal nodels of the various bl ock
| i near equalizers that do giéggﬁéégs ?ﬁﬁ%ﬁf@éﬂ ﬁégchannel consi sts of
several distinct paths. The ' g T i mpul se response
characteristic of each subchannel as a whole. Accordingly, it is an object
of the presentA paralielinterferenge pangeliatien eeceiyersysiera prt methodbid presentedtbatireduegs and
decoding a plurality of signals over a COVA interface. It is another object

of the prispeRt réspueairitaterénee REiAY b eodel dPiie recsiveld\sRinalssitfilae fo BRCuSB ihBIEck havi ng
greater accuracy with less required conputations. O her objects and

advant ag <SSt n L | ann t i1led
T the. anrear (vaEEts; BIBCR el aliodts compRR Aol ARRE Meehfre 2ORTord: o
C. BRI EF DESCRI PTI ON OF THE DRAWNGS EI G |,i sigplified bl ock di agram of
2 prior dFTEVRIR TR, eat SO U Feston 209 ieoflre Ehcainvention comprisgs 11 ed

bl ock diagramof a prior art CDVA conmunication system FIG 3 is a

si npl i f i SAteprtsake Wmpytatien processqsfeedhack joop toprarrectinging eytpwiof mdiregt intedfersnce
detection. FIG 4 is a sinplified block diagramofa prior art mnultiuser

det ect or .canédll@. The s itarabivopilocess agmaves arfterfasers flomathe olitputesymbujslof & tRedhed-

detector. -14 FIG 6 is a s, -.emblock diagramof a prior art PIC recce :
er. filter. The PIC receiver uses received signal models of the various block linear equalizers that
(’” do not assume that each subchannel consists of several distinct paths. The receiver estimates the

impulse response characteristic of each subchannel as a whole.

Accordingly, it is an object of the present invention to provide a system and method of
receiving and decoding a plurality of signals over a CDMA interface.

It is another object of the present invention to provide a PIC receiver system and method
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 1s a s{mpliﬁed 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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.FIG 7 is a systemblock diagramof a prior art PIC data estimtion and
interference cancellation processor. FIG 8 is a system bl ock di agram of a
PI C receiver of the present invention. FIG 9 is a system bl ock di agramof a
-l'inear 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
invention. FIG 11 is a system block diagramof a non-linear soft-decision

PI C recei ver pfd.heisRseS&Rblock BeRl ¢k prdr AAPIERJESCRI PTI ON OF THE | NVENTI ON
The enbodinents will be described with reference to the draw ng figures

wh ik | 1 h Sh dn FIG 8 i
pa(ra;FI e: iente {ﬁﬁiaegyggﬂgélg%f]?# r‘gé;agpﬁﬂiﬁ&?%?&?ﬁg‘%?&%ﬁ "Ift?ﬁfeéﬁ’f‘ieon IfS o?

detecting, after reception, a plurality of users transmtting over a conmnon
CDMVA chaf#fesllatiqmprocesselej ver 17 conprises an input 19 for inputting data from
all users k transmtted in a discreet block Cof tine in the formof an

i nput vect or FIG.dhik aisystengbloblediagraini ofaPIGateivier ofthe prekent identionsubchannel ,  a
channel estimation processor 21 for deriving individual inpulse response

timtes h ; ' i tri
e 9kt A sl e

interference free user data dd') and an output 25 for outputting user data
dl *) for™V¥%eR user k fromthe received channel data r in the formof an
out put vector. The parallel interference canceller 17 conprises a plurality
of processor sSFKavlhé zoystem blogk diagsasm \of \ahhasgrdeqisien BIChreceiienof thee ptesentand
matri x operations. Alternate enbodi nents may inplenent the invention 17
usi ng fiineshtigat e arrays and DSPs perform ng the functions of the various
processors. o :
<‘ FIG. 11 is a system block diagram of a non-linear soft-decision PIC receiver of the present
invention.
'DETAILED DESCRIPTION OF THE INVENTION
The embodiments will be described with reference io the drawing figures where like
numerals represent like elements throughout.
Shown in'FIG. 8 is a parallel interference cancellation receiver 17 of the present invention
for detecting, after reception, a plurality of users transmitting over acommon CDMA channel. The
receiver 17 comprises an input 19 for inputting data from all users k transmitted in a discreet block
Q of time in the form of an input vector r containing the combined data from each user’s subchannel,
a channel estimation processor 21 for deriving individual impulse response estimates k® for each
user and assembling a total system response matrix A, a data estimation and interference canceller
23 for generating interﬁ_:rence free user data ¢ and an output 25 for outputting user data & for
each user k from the received channel data r in the form of an output vector. The parallel
interference canceller 17 comprises a plurality of processors having collateral memory which
perform various vector and matrix operations. Altemnate embodiments may implement the

invention 17 using fixed gate arrays and DSPs performing the functions of the various processors.
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.-15 The total nunber isers K and the spreading factor (r) for e_ ., user (k
=1, 2, 3... K are known a priori by a teaching transm ssion or by
pre-loading into the PIC receiver 17. After denodul ation, the received
signal ris input 19 to the channel estimator processor 21 where individual
k subchannel inpul se response estimates are nodel ed 27 as vectors I# to
correct inter-synbol interference or ISl caused by a subchannel's own

synbol s anthdvatal oaniseed *seys Kaditid sprefadingfastdn€ly, foser | ases (e hanhe K afedmosl

recei ved data signals. The individual k subchannel inpulse response
estimates A pridridh dehidk g&,ﬂ?ﬁasﬁat{ Sriby BRERSalfing tht¥BRAC rheelvey PRI NEd - wi th the
sanme user's spreading code (Equation 3) creating asystemtransm ssion
response estina C matrix A~ for that user. Fach systemtransm ssion
response esti mafBerAsmodylation, the r?%e“’S%J pignal i fppit Eé%ﬂ’ﬁﬁ%‘"ﬁ%'mtgrlprﬂﬁé?% 23

total systemtransmi ssion response matrix A is assenbled. The total system
t ransm ssi wheredndidiosa? knabeliannd impulse ngporse dstirhated dre iysieled2l ra3 ReBlossSk Yo

i mpul se response estinmate matrices A (k) (Equation 7). The total system

transm ssi - | ' | Ol | fd |l of the
subchannel et HRE R Asedes SRR o Sudbcndeferd B R AT o
about any possi bl e cross-chanpel . and inter-synhol, interference present in
the receiv sy‘agqléﬂé’frbﬁé'f’r F?er?hsé’b?lm‘ﬁqlsg sﬁ"?#f’?’%g?"?ss B ?@‘é’p’&ﬁ%"@“ﬂlﬁ{‘ri X A
is output to the data detection and interference canceller 23 which

per f or ns asubekdnineldimpulse riponssestimiates d*te impbitoadirstmeniary 29 edisredtlis cdmbinedect or
r. The data detection processor 23 estinmates subchannel data synbols and

QUUPULS 3 whRRRINAELEAL Brodffie BbdetEbudiBn DREcaAHPEARAHan i QRGBT Ul S 33,

332, 333, s | fterleavers, ecoders, - . The

GEC £ TR SIS S0 SRR Ao SR S £ 2

match-filters the input 19 data vector r_ .
second memory 31 where a total system transmission response matrix 4 is assembled. The total

system transmission responsé matrix A is comprised of all system transmission impulse response
estimate matrices 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 A is output to the data detection and
(v interference canceller 23 which performs an estimation of transmitted data baséd 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 d’;ecoders, 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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.produci ng a vector of matched-filter outputsy, an adder 37 for renoving
feedback interference ¢ -16 fromthe nmatched-utter 35 outputy, a direct
interference canceuer 38 for deriving estinmates of the wuser data dtt, an
iqiteration counter/switch 41, a feedback interference processor 43 and a
synbol generator 45 for assenbling synbols fromthe estimated user data
dt'3. To obtain user data dt't for a specific user. fromthe conbi ned user
data r, the user data r nust be filtered using a.-matched-filter 35 or the
li ke. One fiamthemptehadindter 35 quenus y.aydireptartederrnce sanceyes 88 for deri\agsstimates efthg5
requires a response characteristic whose el enents are conpl ex conjugates of
the conbi naéd duta P, dnliRratidh @achtétsbiteh 51 ATeedBAG iftBFerdRR procesioP 4y %?yaeggﬂbQPU' se
response to produce an output with a |level representative of the signal
prior to transm ssion. Signals.r input, 19 to,the filfter 35 which do not

mat ch wit rseaefgméﬁ f?"eaéfﬁﬁ‘??gég Sﬁ”at}"lascf? theresumatedusse data dPover out put. The

mat ched-filter 35 is simlar to the matched-filtering operations perforned
by Iinear mul tTastesinusse dataef*Sfor 7 kpecifiatisdn dmfthe tambifd uspedatd A, e usér ddescr i bed
by Equation 9 unli ke the despreading operation of prior art parallel
interfere ! j_ h pp < e tched to

t he spreagﬁ%éggggéjeétﬁ%ggn"{é&'? ﬁdeﬁgﬁggﬁgﬁﬁequi ﬁ%ﬁ se F%%)‘gﬁlsneﬁﬁ?n ;Fgcroguz ach
particul ar subc&aeg | k. Each el enent of the matched-filter 35 out put
vectory i dhatamat '&@‘6”9# rERHReHRTEPABFE HaractepTicRd9sh fismeptsars aomIplexcomHgates
transmtted data vector d. The total systemtransm ssion response matrix A
provi des tdfehe eepbinationcéfahaspread puliecshapepand: the useatscshbehafine impul@crespgoasentocol umm
of the systemresponse matrix Ais a vector which represents the response
char act er ipgpbdce a@loutpupaith b fevelagpresentative of thesignalgior estralRingssiéR CSighalé r inpud NPUL

t¢g the matched-filter 35 where it is matched with every response

char act eri LG f t & 1 i : e trix Ato
o otnce | HY eI PR @ Bl makR LA bR AR A SR BB Rl 0

i mi . ¢ . I | )
gio\r/(raﬁsponds to 'Iaheprrrlaetc}:eglﬁrl]t%rr XS g%%rrlligra}oethg m%tcggc{-;illte%%g%;eri icgrgoperf%):rr?erglstI}niaerd by 2

multiuser recejvers. The matched-filter 35 operation is described by Equation 9 unlike the
despreading operation of prior art parallel interference cancellation receivers. The 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 vector y is a first rough 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 vector y corresiponds to a preliminary estimate ofa 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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.user. The matched-filter 35 output vectory is input to the direct
interference canceller 39. The -17 direct interference ~nceller 39 perforns
a partial interferes. - cancellation operation on the matched-filter 35
.out put vectory. The operation maybe a scaling operation or a nore conpl ex
operation. The partial interference canceled vector y is output as data
synbol estimates d and is input to the feedback interference processor 43

t hr ough itera |on/cou db r e cessor
43 uses t §Ctd'inteé%fe"°?1t€tcfir én rggg‘ﬂscgquqma]-ggergeﬁtgpu% A%ﬁ&% torpg%rl ve
at interference estimtes output as a vector c that were not previously
cancel ed raatchedefilter 3@9'titpt-“rtteé§°”ér Cheepesalinaday de a:sealing operaier o8 2MRRGE i mat es
c are subtracted from the nmatched-filter35 output vectory. The result z is
t he mat chipdratioht The patif iitbrférence chmeled iveasr ¥ heutpus addatasinbdl estitnate dand ize
estimates c. The iterative interference subtraction process nay be repeat ed

mtinmes de di ng. fter
iterati OHES&Q ﬁ?dg’Fa%Pg@gg%%g?%%%\%éworﬁ &ﬁtxo %&ﬁg%&ﬁ{;"er 5 out puty
andtheiteratlon/count_er switch 41 is thro 41b tputtlngdfor final
out put symbol THeerfeedbackontenfSrengaproggseqr3 wses B dirpd “&fF&@'&’E‘:‘l cAncElerc} Seontput
cancel l er 39/feedback interference processor 43 negative feedback control

| oop showgtiimates|dGo #riveestriaeefatesceaestimatdserutptit @n arectsir \cethat Wene rex pnpiasly i f m
= 2, the PIC receiver 17 has repeated the cancell ation process twice. Wth

o(m as t%geléﬂg%é% ﬁ;&ﬁﬁ&{%&ﬁt@& SUlPss. THY irelifer 28 ARARdKed U4 RRARE fom

processor estimates vector output by the direct

interference cancel ler 39, for the m' iteration (m
Equati on thematchedrfilteridortpus VeCHdt ',[Bq.,reiu_{tn 8F’ét°t’nggE;’r3é€§‘¥H“ﬁt’%’F‘;’é’ﬁ‘%sﬁU§
cencel ler 39 performs a nmultiplication of the matched filter output

) subtracted interference estimates c. The iterative interference subtraction process may be repeated

mtimes 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 F1G. 9 represents anm iteration receiver. For example,
if m = 2, the PIC receiver 17 has repeated the cancellation process twice. With ¢(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,

| C—Z; (m) =S5 (j’ —C (m)) and Equation 10

E (m)= Td(m— ) Equation 11
where the direct interference canceller 39 performs a multiplication of the matched filter output
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~ -18 vectory by a matt - Sand the feedback interference processor perforns a
multiplication of the synbol estimates d by a matrix T. The initial
condition of d(m is 0. One skilled in this art recognizes that other
_initial conditions can be chosen without significantly affecting the
operation of the system The output of the direct interference canceller 39
is the vector d(nm) after the last iteration m As in prior art parallel
interfere cancel | at i, j ' [ HalVE i nal
out put - sy REarOaBRAL o L E IR merkinte RULAMS B R e o
on the output synbol estimates dependinhng qQn the system requirlenents.

Dependi ng symbn estimateudbe e matrix Jer B Bival sangien 8?1%!6) B\ t Qee skilleddmthis atent i on
17, the output of the data estimation and interference canceller d(n) can
be writt epecdgnidésthat ofhedifitiat coitibnslcanrbéSahosenl withbud signifizhntlydlaetingahe dpratishier e
the steady-state response is, dss = (ST+ J)-' Equation 13 and the transient
‘response i 'the%%stgxm = (-1)m(S7)"" (ST+T)-1 Sj. Equation 14 The PIC

recei ver L7760 Vérges to the steady-state response if the transient response
approaches zerq_as the nunper .of .iteratians.d nGrease. en this occurs, the
-recei-ver 17 coﬂ'\?éPﬁtﬁgwftr&Urgﬂ)"ﬁ@ '@F’éﬁwsg?’&a&r?éeﬁ H§§t°§1’(}%ﬂﬁf’rﬁn %‘ffé'ter"é‘r‘?"m as
explained in the technical paper by A Reznik entitled, A new class of PIC
mul ti user mi.eAeinpeiosarapataliehiaterfereatetancetistivingeaetye@RhiBloBtpanis pAdcgds8iby the final

BLEmul tiuserrec.. rs, internal InterDigital Conmunication ,rporation

pr esent at i g, (iHAPSheratby 45 WRAPproduess HdtddFiofsdetRioh Hesafafion SHRE RRPREHADRY

r ef erence.

estimates depending on the system requirements.

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
C dm)=(ST+I'F+E"SD™ET+DS squiionss

where the steady-state response is,

d =T+ § aumion
(‘ and the transient response 1s,
3 (my= (" (ST (ST+1)': i

The PIC recgiver 17 converges to the steady-state response if the transient response
approaches zero as the number of iterationsincrease. When this occurs, the receiver 17 converges
to the steady-state response given in Equation 13 as explained in the technical paper by A. Reznik

entitled, A new class of PIC multiuser receivers and their relationship to ZF-BLE and MMSE-
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. The steady-state response of prior art |inear receivers such as ZF-BLE,
MVBE- BLE and others and decorrelators is defined as d = 0 'Y Equation 15
where 0 is the objective matrix. Referring back to Equations 13 and 15; if
.matrices S and T are selected such that (ST+l)- C 'S =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
requiresg i ler ntefdditat Commumicaridl | j T 0 nust
satisfy t%g?r]{uéilulf}gﬁeﬁg irxc‘ignr%%}?%ﬂa %ﬁg T +S- f%c%cl]cglét it f%’ni’%%q%ét}oa%‘g%%ﬁavi ng
to inver bj i trl % 1 plits objective matrix O into
two di sctrl%’thlggga{hgﬁ%‘g\é?ur%zf#g%@%m%%éf‘%f%g‘c?nes t he feedback interference
processor 43.__Matrjx S (the inverse of matrix S) defines _the direct
i nterference E'Qﬁ\?é?‘iyeﬁtatgwpc’ﬁﬁ@ & 8 fineagrecenvers gichias 4FBLE, MMIEBLE ped
inversion of matrix O with an inversion of another matrix (S') and a series
“of mat ri Rthérs andlecareaidtonsss definehas f eedback | oop. An advant age of the present
invention 17 lies in the fact that matrix S requires significantly |ess
conplexity to invert than the original objective matrix 0. For exanple,

-matrix S -may be a di agonal )#® a matrix with non-zero entries only on
the main diagonal). The invérsion &f a diagonal matrix only iRustioRdsthe

i nversion of each individual elenent |lying on the nmain diagonal. -20
Furthernc. -, to inprove the perfornmance of the PIC 1., he main diagonal of

the matr| erh 0?5&3%@&9@%% _aII zeros. . This is shown and described in the
above referenced arvicl s authored by

Referring back to Equations 13 and 15; if matrices § and T are selected such that (ST+ I)-
C 'S = 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 O. Linear algebra requires that in order to have

(ST + I)'S =0, matrices S, T, and O must satisfy the following identity:
0 =T+ S . Equation 16

Rather than having to invert the objective matrix O, Equation 16 splits objective matrix O
into two discrete matrices, T and S'. Matrix T defines the feedback interference 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 advantage of the present invention 17 lies in the fact that matrix S requires
significantly less compf;xity to invert than the original objective matrix 0. For example, matrix
S may be a diagonal matrix (a matrix with non-zero entries only on the main diagonai). The
inversion of a diagona] matrix only involves the inversion of each individual element lying on the

main diagonal.



. A Rezni k. Conmbining the two fornulations of matrices Tand Swi th Equation 16,
a specific formfor a general PIC receiver is created. Gven a linear
receiver with an objective matrix 0, matrix S is defined as S-'= dlao (O
.Equation 17 C where diag(X) defines a matrix where the nmain di agonal
entries are equal to the main diagonal entries ofXand all other elenents of
the matrix are equal to zero. Using Equation 16 and solving for matrix T

yields T = 0- ' uat - j i i rferenc ncel | 39
perfornms the WI?FFP%F‘?'C%H 'gﬁr%‘égze%eﬁgﬁn%gtg?ﬁy lﬁ!S&tl('\’/Vnrp’fts gﬁml ‘{éagtoﬁg Ofﬁ\'? WL'B‘P%f
diag(O), the canceller 39 perforns a scaling of each individual elenment of
t he vect ofhouldgontap all zases: i Bhrsisishoppiangd descabeddn the @hgvenrferenpediartisle authered by med
in the feedback interference processor 43 conputes the interference

conponent é\. Raznikcei ver containing this architecture is referred to as a
parallel interference cancellation receiver with full interference

cancel | ati on i CopbmidgReRarimllatinEdmitticésTCad\Sa¥ith Eefatién f&(&&&temkfﬁhf% BLE
(0] e -

requires a zero-forcing nechanism the receiver nust converge

| i near regejver, e ZF-PIC-fl, of. t he,. ent inventiaon 17 uses the ZF:BLE
obj ect i ve AEHFTRLPICHEeden R credtes e(%’c‘)'?’é? liial FrLEs A qPiectiyF g2fEs Pt 5 |
= dl agAHA) and Equation 19 -21 T = A HA - diag(A"A). Equation 20 For
asyst em t edefined@§ res a mi ni num mean square errorrecepti on mechani sm the
recei ver nust converge to the MVSE-BLE |inear receiver. The MVBE-PIC-f1

recei ver of the present -1 . -
S = dzag(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". Equation 18

Since the direct interference canceller 39 performs the multiplication of z(m) by matrix S
(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-{I receiver.

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

0 =A4"4. Therefore,' matrices § and T are defined as
s7hs diag(A HA) and Equation 19

21-



matrices Sand T are defined as S-t = diag(AHA) + 0-71 and Equation 21 T=
AHA- diag(A"A). Equation22 For a systemthat requires a decorrel ator
.receiver, total systemresponse matri XA which is assenbled in the channe
estimator processor 21, is assenbled as a cross-correlation matrix ignoring
t he channel effects. The receiver structure is identical to the ZF-PICfl
structure previously described, but uses tr}_le dified version of the A
matri x. As one skilled in thfs M?Aedibgési Ather PIC recei veEquatiohbo f ul |
interference cancellation performed in thefeedback |oop (PIC-fl receivers)
can be constructed using the systemand nethod i  of the present invention
17 in conjunctjon wth all existing |inear receiver nodels. The two_linear
recei ver nodel Q,Ta%ﬁ-e@l!@t%H“WI@SEW"&‘M“B@%W?HW%‘%W“@WWCWBM S.
Using the nethod of the present invention 17, a linear receiver is first
chosen detust nonvergg tc dr\MMSEABIEE lincan reskiver e MM SEXBIGH Treentivarfof thveprpsens ent
invention 17 which uses the sanme systemarchitecture 23 del egates the

cancel | atARRG6 17 Bebthe -!BL'E‘Bb?e’cfi% RRAL 0 41 Pk gt M?eféﬂefrgﬁhces's%%ff erence
cancel l er 3~. The feedback Interference processor 43 is used to cancel

mul ti-acces interference or MAl. This enbodinent is referred to as a

par al | el af‘h?"é“f’%?%nce canceller with direct 1Sl cancellation or PICdISI.
As described in the referenced article by A. Reznik, this approach is nore t
iplex than the PICfl, but prayidgs i - f or mance. For_.a_ systemt hat
requires a zero-forcing nechéni§ Iaﬂ(gyr‘éléiﬂaﬂ?{lst conver ge Egiagoy?l pLE
| i near receiver. Using the system and nmet hod of the present invention 17,
the receiver is referred to as a ZF-PI.C-dISI receiver with its Sand T
nefrices defined as A")MA(') O '

T=A"4- diag(A HA). Equation22

For a system that requires a decorrelator receiver, total system response matrix 4 which

is assembled in the bhamel estimator processor 21, is assembled as a cross-correlation matrix

ignoring the chgnnel effects. The receiver structure is identical to the ZF-PIC-fI structure
previously described, but uses the modiﬁed version of the A matrix.

As one skilled in this art realizes, other PIC receivers with full interference cancellation

performed in the feedback loop (PIC-f1 receivers) canbe constructed using the system and method

(M

of the present invention 17 in conjunction with all existing linear receiver models, The two linear
receiver models, ZF-BLE and MMSE, have been shown as exemplary embodiments. Using the
method of the present invention 17, a linear receiver is first chosen determining convergence.
An alternative émbodiment of the present invention 17 which uses the same system
architecture 23 delega;es the cancellation of inter-symbol interference or ISI to the direct
interference canceller 39. The feedback interference processor 43 1s used to cancel multi-access
interference or MAI This embodiment is referred to as a parallel interference canceller with

direct IST cancellation or PIC-dISI. As described in the referenced article by A. Reznik, this

-22-



.S" = Acr>H A(k) and Equation 23 O A(K)H A(K) T = AMA - S-'. Equation24

For a systemthat requires a m ninum nmean square error reception nmechani sm
the receiver nmust converge to an MVBE-BLE |inear receiver. Using the system
.and nethod of the present invention 17, the receiver is referred to as an
MVSE-PI C-dI SI receiver with its Sand T matrices L defined as An~-MA 0O S-'

= Acr>H A(k) + 21 and Equation 25 O A(KHA(K) 23 T = AVMA- S-'+ o0-21.

Equat i on agfroakiPfs nore Y St S1&k tiphalthe BIAUAII B proviRS ahpre! af rrhﬁ{ia%' ver, total
system reggronse mat ri x ‘E\ which is asserrt‘))I ed in %he C ar?ne %sti mat or

processor 21, d SRl Q8 S= L@& ! Lrix _ignori

channel effectﬁg.?a%%% rege&ﬂ'g‘?esgtzgrég?{}%qﬁ%ﬁl e '?llpeca e“{e(r)ml"ﬁtfgiﬁfﬁq%-aﬁgl
structur .evi ous] y scribed, but ,uses the nodified version of the A
matrix. Ul @F’é’&"e?ﬁ%?%%st'ﬁe’aiaf‘éﬂeﬁ}%l0?6%912’64%“&’5‘?'%0& A% theressivstis uct ed
using the systemand nethod of the present invention 17 in conjunction with
al | exi strefeged tovesca ZFRICG-AES] revenvet with iE\§ and Tmemrices defriedas s, t he ZF- BLE and

MVBE- BLE, have been shown enbodied in the PIC-dlISI receiver structure. As
inthe PIC | receivers, a linear receiver is first chosen determ ning

conver gence.
( )
4 g0 0

ST=1| ABH 4)

\ O | AWH g

and Equation 23

T=A4"4-S" Equation 24

For a system that requires a minimum mean square error reception mechanism, the receiver
must converge to an MMSE-BLE linear receiver. Using the system and method of the present

invention 17, the receiver is referred to as an MMSE-PIC-dISI receiver with its.S and T matrices

: defined as

( 3
ADE 4D O

S = PISLIO + 6]

‘ K
L O A( )HA(K)/

and  Equation 25




The receivers described above converge well when the levels of interference
“are low. Miltiple access systems such as the frequency division duplex or
FDD node of the proposed UMIS 3"' generation Wdeband CDVA standard with
~accurate power control exhibits low interference |evels. As previously
described, the present invention 17 is not |limted to the receivers

descri bed. Any choice of matrices S and T may provide a vi abl e receiver
structure. @G ven an obj ectlv |x 0, Equation 16 defines any nunber of
recei ver structur esTt—hé{’ to a linear receiver defi neéquatiort2te
objective matrix 0. The dlfferent choices of Sand T inply a different
choice for the conplexity and performance of a desired receiver. Better
recei ver 17 Jenasystemithas requireha decamelaton serewan tasalisysiem résponse mfatriboat bichof  t he
direct interference canceller 39 as in the case of the PIC-dlISI receivers.

However , is @gdedfbdd if Ihd @Hafne ebthdtod froéd3sord1! BGksenmblidess faar&8% @nﬁlﬁﬂ&?hhﬁ& 39
X

‘requires conmputing the inverse of a m)re corrpl icated matri

m .ei‘s%réﬁ%t%eth%‘%ﬁﬁwelxﬁe#‘)?hteQ%gfvgf il o TSP, oo

-to invert the objective matrix -24 The abov, escribes linear
sof t - decPr§Vigustpdesarived) byt uses the E\*Pé@eéaﬁé’éﬂ phthedhmegigei vers.  Har d- deci si on
paral l el interference cancellation receivers 47 are obtained by adding a

synbol  gener other PiQeeeivdrewith diten 131 cardellativalcanBe biksudeiskigndsyd@moandt he
synbol estimates d(m as shown in FIG _10. Non-linear soft-decision

paral | el pbb8LF ik w&&mm&dﬁm fcasa u -stg{gg\m*as‘r repéweﬁn%g@ls BY¥wo

repl aci ng the synbol gener at o I near eci s on

bpen des e”%%e@%s@#%%ﬁm@%ﬂﬁ#%éuﬂ' A HERDSTOOdER o o Lo

v@?ch are within the scope of the invention as outlined in the clains bel ow
Wi || bereagper sncture tAsds dhe Rl(]:-lfbcbci:xner_s,hehmar receiver is first chosen determining

convergence.

The rece_’;vers described abqve converge well when the levels of interference are low.
Multiple access systems such as the frequency division duplex or FDD mode of the proposed
UMTS 3™ generation Wideband CDMA standard with accurate power control exhibits low
interference levels. As previously described, the present invention 17 is not limited to the
receivers described. Any choice of matrices S and T may provide a viable receiver structure.
Given an objective matrix 0, Equation 16 defines any number of receiver structures that converge
to a linear receiver defined by the objective matrix 0. The different choices of S and T imply a
different choice for the complexity and performance of a desired receiver. 'Better receiver 17
performance is obtained when exploiting the performance of the direct interference canceller 39
as in the case of the PIC-dISI receivers. However, delegating more effort to the direct
interference canceller 39 requires computing the inverse of a more complicated matrix, thereby
increasing the complexity of the receiver. This is seen by setting the matrix Tto 0. The result is

the prior art linear receiver model which has to invert the objective matrix O.

4.



-25 Cains: 1. Anethod for receiving a plurality of communications
transmtted in a wireless code division nmultiple access fornmat, a channel
response for each received communication is estimated (27), a system

_responsive matrix is constructed using codes and the channel responses of
the received communi cations (29), an objective matrix is produced using the
system response matri x, the received comruni cati ons being matched filtered

to produce a frrhstabbﬂpUésc&&%)lmeirhﬁ:méckm Fhaném elfeefth PincelfatioR 1R& Sl NY

the first input mnth an interference cancellation matrix to produce a first

Set of p oin-Rert e GeSeF STURLER RS 47k optinlOF SRELR e ¢ o

produce feedback |nterference (43), the_ feedback natri x added to an inverse
of the i ngencratpeiniodhetaedback path mekingherd decisians 49 pmige symbad bstimatesdmpasishovn c.

subtracting the feedback interference froma result of the nmatched

filteringid 1@l q du%rﬁlxﬂ%ﬁ?(Eoﬂ B&SSior parhlle] afterfétendd! @REARESY ré&ﬁ/eﬁes(lt d‘f‘ﬂyt
with the interference cance atlon matrix to a next set of produced synbols

of the recggjved,co nlc T t hod f clain,1.further
char act er |8§ e&py i TRPAR éﬁb iﬁeﬂedatgf Bg mﬁb? Jope “eﬁrnfpfpﬁﬁc"\}ﬁ"t e‘%‘?é next
set of produced s nbols
generator 53 as shown in FIG.11.
While the present invention has been described in terms of the preferred embodiments,

other variations.which are within the scope of the invention as outlined in the claims below will

( h be apparent to those skilled in the art.

* * *



. acting as the first set of produced synbols. 3. The nethod of claim!l
further characterized by the interference cancellation matrix being a

di agonal of the objective matrix. 4. The nethod of claim1 wherein the

- objective mtrix is AHA, where Ais the systemresponse matrix. 5. The

met hod of claim1 wherein the objective matrix is AHA + a2l, where Ais the
system respons€lamiyg:i X, az is a noise variance and | is an identity matrix.
6. The nethod of claim| wherein the match filtering mul tiplies the

received si gna npl ex conj.ugat e tr pse of the systemresponse
matrix. -26 7. ‘%é@?&é&d eilgedV, %%I ér & lt?sz thﬁnﬁgmmunm@ﬁ@n& he
conmuni catnansmmeé ihramdnelessedode damommshl;ﬂedecdssvfm mjd:hamieé access

f t, | !
or ma acgéﬁ@e foRSédcRrEeivéd) caifthiuBtS5oR i§ h@ﬁﬁﬁﬁteﬁemc t $ m ©ac¢

recelved ni.ca S €S onse mat ri,x con i ng codes
_and chann&fs Hoé"asbvcpng@g“&lstcﬁé frﬂﬁ ng Godes |@th8@an§ﬁ i mat ri x

i s producéle teteived kemmunigationsy eamhjq:c@vamaimhlsoprqductedrumng) mat ch
filters tlige spstehyesbpodRBURAEH, theTecevRd CGitinYdiicatibas deues niadhbd: a

out put of“tfﬁiégiié‘@ﬁ%@?&?t i g&»iﬁl(ﬁgvtbg?fp%d‘%sﬁﬁﬂeﬁ%iﬂdt O processing
Its input with an interference cancellation matrix;
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 communications
(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.

a

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 A" A,
where A is the system response matrix.

5. The method of claim 1 wherein the objective matrix is A¥A +
o1, 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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.a feedback interference conputation block (43) for processing an output of
the direct interference cancellor wth a feedback construction . matriXx,
the feedback matri x 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 conputation block from

an output of the nAt clepdivier! treEeiv@s Beph® ebf OEoﬁgﬂhﬁlc?a the

out put of i nt er ancel | or ces SO ol s of

PATREIRY P b G € M

charact er @@@ss);foanahreuca@m@ estimatort(a7) estisrates @nchamnel(zesponse fovi ng t he

m gui hgfféei&l tedeteéd icomemunicaticn, &ayefdrh despéfise angtrixd Ay tdomgtrineted symbol fs
elver o

claim?7 fulﬁl gag&k’lgr é‘\rﬁ cﬁaﬁﬁgfgmgg a(;rft g:{éfg C%ﬁé%é @%’8@%?%‘?1“%. X being

a di agonal oBjeCtiNe TRTECIS ROGREEAUSING 1he SYSIEm ERSPONSE TBAITHY, @ MIChA: ei n t ho

obj ecti ve filteri(35)s match, filvdrsr ¢hé fexeived soorhemumieationse thet receivé?. The
recei ver ofp4 e{eﬁzéd\rr@grei n the objective matrix is AHA + a2l, where Ais
the systemresponse nmatrix, a2 is a noise variance and | is an identity
matrix. -27

a direct interference cancellor (39) having an input configured to
receive an output of the matched filter and an output of a subtractor and
processing its input with an interference cancellation matrix;

a feedback interference computation block (43) for processing an

i 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 +
o1, where A is the system response matrix, o> is a noise variance and I is
an identity matrix.
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