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METHOD AN APPARATEIS FOR
MULTIUSER-INTERFERENCE REDUCTION

TLHCHANICAL FIELD

The present iovention relates o a method and spparsius
for reducing multivser-interfercoee: in Code Division Mul-
tiple Access (CDMA) mabfi-chaone]l commupication
syslems, and in pacticular, ie CDMA cellular radio commu-
nication systems. The present [nvention is also applicable in
CDMA Infra Fed (IR fetworks,

BACKCROLIND OF THHE [INVENTITON

Wireless communication systems. in particular cellular
radio tefephone communication systems and diffused jnfra-
red (TR) systems, bocome move and mode Doportant because
they ifcrease mobilily and ofler wireless conaectivily o
telephone and compater nsers almost everywhere, While the
lattey ones are vsnally deploved indoors, e.g.. for the Lnser-
connecton ol computers and servers, Lhe cellular radio
communication sysicms, c.g., the anaiog AMP systems in
the US and the digital GS5M syslem in Europe, Tacilitale
mobile communicatton and data exchange in almost all
metropolican ateas, I is expected that the emecging Personal
Commuaications Networks (PCH) will encompass a8 wider
rahge of cormumicntions capabilities than those represented
e current analog or digital celiular mobile radio technclogy.
High frafic capacity and low power consumplion are e
important isfucs in the emerging new celiular systems.

Currently, channel accesz io ccllolar radio fclephone com-
mwunecation systems is achieved by wsing Peequency Divi-
sion Multiple Access (FDWA) and Finoc Division Multiple
Access (FIIMA) methods. To FOMA-based systems. the
capacity ix Bputed by the oumber of nvailable fequency
subbands, whercas the capacity of TDMA systems is lindted
by the swnber of slots per frame carrying the wansmited
signals,

In confrast, Code Division Mulfiple Access (CDMA)
allows kignals to overlap in botll frequency and time. Thuos.
il CDMA signals share the same frequency spechum. In
either time or frequency domain, the multiple access signals
Appear 1 be on top of each other, A CDMA-bazed commo-
nications system model i ilustreted in FIG. 4. The data
stream of fhe K™ user {bud}, g speech or dara, to be
ratisiitiee is maoalulated by 5 wser spreific signal s 1), Each
signal 501 curmesponds Be g unigue spreading code o A
plurality of sprezd spectrum sgnals is modulated and wans-
mitizd on a redlo frequency (RF) camidn wave. At the
recaiver, the composite signal rit) is demodulned and cor-
related with & selected spreading eode ¢, The carrelation by
the uscr specific spreading code isolates and decodes the
carresponding dutn signal,

There are a number of advantages assoclated wilh the
CDMA techhology, The capacity of CDMA-based sysicms
is projected o be several fimes higher than that of existing
analog FDMA systems. In addidon, CDMA is resistant oo
mulli-path irferference and fading. Ferthcrmore, the
scrambled format of CTOMA signals makes it difficolt and
oostly to eavesdrop or track calls, insuriog syeater privecy
for uscrs apd providine greater munumity from air {lue
fraudt,

Conventional CDMA systems are multinssr-interference
Limited, whercas the above described TDMA and FOMA
pystems are primarily bandwideh limite d. Thus, in practical
implementations of CDMA, capacity is divectly related o
the signal-to-intesference (5/T) ratio, which is essentially a
measwre of the multivser [nterforencc, cawsed by obhor
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overlapping signals. The problem e be solved. therefore, is
howe to further increase system capacity and sdll be able to
maintain 4 reasonable S ratio so thal signal decoding can
be carded out efficiently and acourately,

{onventional code-division multiple-aceess cellular and
microcellular wireless systetds dse long spreading oosdes,
Le., seguenecs whose poziod is mach longer than the data
svimabol durafion, employ complex powerful conveluticnal
codes to mitigate the cHecl of mulbuser intedference, and
rely on power control strategies to remedy the “neac-far
problem”. However, 16 the pumber of simulfancous lrans-
migsions in a system of fixed bandwidth increascs, or as the
relative power levels of the diflerem pser sipnafs become
disparate (neer-far problems). a hiph performance penally is
observed, The sensitivity of these systams to the multivsst
interference and fo the “near-far probiem™ can substantially
reduce the capaciey of the overall syseant The “near-far
problem™ is more crilicdl oo the asynchronous uplink, ie..
the communicalion from @ mobile station (MS) 10 2 base
station (BS). where the different vser sipnals conld arvive
with different power levels. [z conirast. on the synchronous
dowentink, trom & BS to a M5, the mwltiuser interfarence is
primarily duc io simullanesys transmisyions by acipghborice
hage stations.

Some conventional CDMA systemns, in particular the
reccivers therein that are relevant in the present conecxt, are
described below, The pefformance litpitations of a convern-
tional asynchronous UM A system have been discussed by
M. B. Purslcy in the article "Performance Fraluation for
Phise-Coded Spread Spectratm Multiple-Access
Communication- Pare I System Analysis”. [EEE Transac-
tions o Comrnunications, Yol, COM-25, pp. 95749,
Angust 1977,

The optimiin molbnser seesiver consisting of & bank of
matched filters followed by a Viterbi detector which per-
farms joint marximuem likelihood sequence estimation
{MLSL) has been considered in “Minimaum proebability of
errot for asypchronows £iaussian muliiple access channcls”,
by &, Verdd, IGOE Transactions on Information Theory, Vol
IT-32, pp. 8594, Jaouay 1986,

Subnptimum. linear multivger decorrelating detactors for 2
synchronous or asyochrooous CDMA syslem have been
presented in “Tinear mulBuser detectors for synchronoes
eode-divicion multiple acecess chapnels™. B I opas and 3.
Verdu., IEFE Transzactions on Information Theory, Vol
IT-35, pp. 123-136, Jatwary 1989, These suboplimyim
detectors are essentially zero-forciog (ZF) muktiple-ioput!
mu itiple-oniput linear equalizers, i.e., multiple-input!
multiple-cutput linear flers that minioize multiuser inters
ferepee using the £F criterion. They are also known as ZF
multuser egualizers. It is shown that fhe decorelating
detector is near-far resistant. Purthermere. it Is pointed ot
by B, Lupas and 5. Verdir in the sbove adlicle Lhatl the
decorrelating detecoor or multinsgr £F equaltzer requires
khiowledege of the spreading codes of adl vsers. RIL ho
explicit knowledge of the relative received signal powers.

A conventional multvariate decislon-fesdback equalizer
{MDFE), which requires knowledge of the spreading codes
of all users, has been disclased in "Bqualizess tor multiple
inpurmnltple antput channels and PAM  systems with
cyclostationary input sequences’, A. Ihel-Hallen, IEHE
Journal on Selected Arcas in Communications, Vol L, Mo,
3, pp. 830019, Apeil 1992 A podse-predictive decrsion-
fecdback cqualizer (NF-DIFE} has bren proposed in “Deci-
sion foedback equalization”, (. A. Belfiore and ). H. Park,
Ir.. Proe. IEEE, Vol. 67, Mo. £, pp. 114311534, August 1979,
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Howrever, the latter sfructurc has been degived for only the
vase of a single-variable, meaning the data of only one uset,
convapfed by intersymbol-interference (ISI) and additive
noise. 18 detected. Buch 3 sirocture 18 hot suicable for .
CDMA system.

The uses ol an adaplive Iractionul-chip spaced decision-
leedback equalizer {DFR) th a C1DMA systerm has been
discossed in "Tiqualization for interference suppression in
spread spectrum multipie access systems™, M.
Abdulrahman, D. I Faléoncr, and A, UL H. Sheikh, o
Conference Records TRER VI 02, Vol. 1, (1 Yenver, Colo),
pp. =4, May 1992, Tt was demonstratcd that a singlc-input!
single-output adaptive DFE placed in an MS receiver can
mitigate the cffcets of mulbuszer interierence, can pedorm
BAKE {(BAKE is a code name for areceiver beipg described
in "Digitat Communications” by J. G. Proakis, MeGraw-Hill
Rook Compapy, 1983) combining of multipath compononts,
and also that it does not require explicit knowledge of die
inerferers’ spreading code. The feedback scction of the DFE
is using past decisions from a single user and thus cannot
further compensate for multivser-interference. In such a
conliguration the [eedback section clpibates odly IS
(imtezsymibal interference).

Another CDMA system proposal is based on the tech-
nique of detection and subtraction of interferers’ signals jn
usar order, also known as enterference cancellabion {IC7).
This CDMA system proposat ik disclosed in “CHDMA using
Interferences cancellaton”. M. BEwerbring, G. Larsson, and P
leder, (EC Deliverable F2O2PETRIDSIN0SDL (W,
Grenzow, ed ), pp. 141-9631. 992 Many properties of this
CDMA systcm proposal, however, inelude the fact that
knowledge of the users® spreading code is essential,

In 115, Pat. Mo, 5,136,612, catifled “Method and Appa-
ruius fur Reducing Effeets of Muldple Accsss Interferance in
a Radic Reccciver in a2 Code Division Muldple Access
Communication Systermn’”, another CDMA scheme is dis-
closzd. The channcl capacity is fncrcascd, in accordance
with this US patent. by redvction of the eifects of the
mullple aocess imterferseos, also referred to as muoltiuser
interference. The roeeption of CIOMA radio fransmissions iz
in mulliple stapes, and Lhe mulliple access lalerference 1s
cxfimated afier the first stage. Thiz mulliple access inter{er
ehoe [5 hes subtepcted foom the orlpinal, peceived input. and
the detection of e inlended signal is performed oo the
pignal haying the reduced moliiple access interforence.,

A slightly different approach is known from US. Pat. No.
3218609, entitled "CDMA Sabtractive Demodulation™
Aevarding te this approach, the received information signal,
i.e.. the composite signal, atter each infrrmation signal has
been successfully decoded. is rocoded ahd then remewied
from the compasite signal. The COMA demodnlaiion 15
cohanced by decoding the composite signal in the order of
pirongest o weakest signal sirength, The comrmon principle
of the latler o US patents i5 flustrared 10 FIG. 1. which
shows 8 schematic CDMA receivern As shown in thiz Figure,
the composite signad ) is fed (o a despreader (DS) 10,
where the spreading oodes used af the transmitter sitc are
cmployed in order to docode the respective infonmadon
signals. ‘These informaftion signals are then Forwarded Lo a
decislon quantizer (Q) 11, The detecied signals ave classified
fnlo those that are most Lkely correct and those thar are
likely not 10 be comrect. The detection process is then
repeated. From the decoded daty sigoal b (o) the ones thar
are most likely correct are fed back to the spreading circuioy
{5) 12 where they are recoded (spread) uslog the corre-
rponding spreading codes. The regeacrated spread wave-
forms are subtracted from the originagl received signal 1) o

]

15

il

23

Ak

A5

4L

45

S0

H]

&H)

ik

dq

remove parl of the mullivser inler{erchee. THos the oulputs
which initially were classilicd as being ool correct are
re-detected in a second stage,

Thre underlying concopt of the structure descnibed in Lhe
atticle of A, Ducl-Ballen is shown in FIG. 24 1 consists of
a multiple-inpulmoltiple-oulpul forwsard filter 17 and a
muitiple-input/multipla-output ferdback filler 14. The
detecled dafa veclor b {n)}={b{a). .. . belli} representing
decislons for all K nsers, 15 provided at the outpur of &
decision quantizer 1} iz filtered by Lhe moltiple-inputf
multiple-citpil feadback filter (FBE) 14, Prom there it is fed
back to thc quantizer’™s input to reduce multivser-
interterenoe,

The wnderlying concept of the system described by W,
Abdolrahman et &l is shown [n TIG. 2B, The detected data
symhols of a partcular user Ei{n}, i.c. the symbols al the
antput of the decision guantizer 1%, arc ted hack via a
single-inputfsingle-oulput feedback filler 16, Nolz thal the
(eeilback section cab mitlpate only IST and oot multinser-
interference.

The “near-far™ problem and the multinser-interferenes are
siill the main impediments twards higher capacity

SUMMARY OF THE INVENTION

It is an otject of the present inveation o provide a novel
gructure and method for mitipating the effects of injerier-
ence due to simultaneoas transmissions in a CDMA sysicm
without requining explicit knowdedge of the spreading codes
of the different nsers.

It 15 ancther obpect of the preseot Irvention to provide a
novel stuchwe and method for reducing the mullivser
interference without requiring cxplicit knowledpe of the
relative received power lovels of the different users, ie. a
structure and method which is inscositive to he “near-Lar”
problem.

The above olyjeets have been sccomplished by making use
of a novel scheme for reducing the multivser interference.

The multivariate noise-predictive decision-fecdback
cqualizer (MNE-DFE) in accordance with the presant inven-
tion has the following advantages:

1. The derivation of the maltiivarabe predictor coefficients

1% decoupled ftom the defivation of the torward mul-
linser equalizer coclicients,

2. The multivardate prediclor can aperate on the outgne of
any bank of linear filters. adaptive or fixed, such as
fixedl despreaders.

3. An MNE-DFE can casily be combined with soft deci-
gion cogvoluticnat coding,

4. The forward Loeur moliluser equelizer and the mole-
vaelate predicior of an MINP-DFE optimized under the
MMSE (tninimium meat squared ercor eritetion) jend
themselves 1o simple adaptive [mplemcntations by
Lesing the LMS algorithm, The forward Linear multivset
equalizer aod the moltdvardate predictor are then
updated separately.

5. The forward linesr multiuser equalizer of an MNF-DFE
configuration can be implemented as & bank of
despreaders followed by a mawix of KxK, 'I-spaced
aqualizers, o as a Laok of K fractionai-chip spaced
equalizers, where K iz the number of simullasesus
RSETs,

DESCRIFTION OF THE DEAWINGS AMND
NOTATIONS USED

The invention is dexcribed o detail below with reference
to the followitg drawings:
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FIG. 1 shows 3 schematic ook diagran of a CDMA
receiver known in the arl.

FIG. QA shows 2 schematic block diagram of anothsr
{DMA system descnbed by Duel-Hallen.

FIG. 2B shows a schematic block diagram of another
CEMA system described by M. Abdulrahman et ak

F1C. A shows 2 celinlar conununications system.,

FIG7. 4 shows a DS/CDMA (direcl-seduence Code Divi-
s1of Multiple AcCess) commicanions sysiem.

FIG. 5 shows an equivalent discrete-lime multiple-inrnef
multiple-oufput meodel.

II0. & shows o MMSE maltinser linear equalizer.

FICr. T shows: an cqualizer/detector stuctire for vser 1.

IO, 8 shows 4 schematic Mock diagram of a multivadate
nofse-predictive declsion-feedback equalizar, in accordance:
with the present inventicn,

FI(i. 9 shows a schematic block disgram of another
mudtivariate noize-predictive decizion-feedback equalizer, in
accordance with the present invention,

FIG. 10A, B rhow a schematic block diagram of an
MNP-DFE. in accordance with the present inmvention,
desigoed for three users.

FIG. 1% shows o schematic Mook diagram of o CDMA
infrared network 1o accordance with the present wrvention,

DESCRIFTION OF VARTABLES

bein) data symbel of K™ user at e 0

I'h.{n)l dircrete-time data-symbal seguence of K uscr

bin} K=l data-symbol vecior, ie., B (neb). . . ..
bend}

{b(m)} discrete-time data-symbol veclor seouehce

5,41} signature waveform of & user

g={e, b spreading code of K™ vser correspoading
to signature waveform 54t

w, atlenuation Jevel of ™ user

¥, (n) malched-filier cutput of K user al e o

Ivnit discrete-ime matched-filker output sequence of

T]=
yin) Kxl matched-filter cutpet vector, 1., y()=(y,(n}. .
. LY
[¥in)} discrete-time  matched-filter  ouiput  vector
SEqUELCE

1, A1) KI™ element of mateix R(). i==1. 0, 1

B (1) autocorrelation matmix of veotor 13(n)

Su{Dj spectrum of disaefe-fime vector 1)in)

S{D)) transfer function matrix of the equivalenl mulliple-
inpacmnitiple-ontpat channsl outpoe

(D) transfer [unction mamx of the multiple-igpat!
moltiple-cutput cqualizer

P tanster functon matin of the mwiiple-inpat!
miiple-output {multivariste) predictor

8,0} spectrum of discrete-lime prediction eror vecior
gfn}

DITATLED DESCRIFTION

Conunnnications Systein Model
A ccllular systemn composed of cells 21 and 22, base
stations (BY) 15-17, and mobile stations (MS) 18X, i=
shown in FIG, X, Asilfusteated, two of the 135s are conpected
o a common radio network controller 23, whereas a third
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b
B5 17 is opersted by 2 non co-openaling operator [hot
shown). For a CDMA system. isolation among cclls i
aclieved larpely by spreading codes and distance, and
sermcwhat by frequency and time. However isolation ataong
cclls is mot ideal, and causes intra- and inter-cell interter-
ence. Furthermore, the existence of copporating or non-
couperatiing muldple operators in the samc goographical
area worsenk the problem of multiuser interferdnee.
Inter-cell intererence cun arise from:
mmultivser imterference from non-ccoperating uperators,
such as inderference from DS L7 o BS L6 and o M5 20
{if BS 17 belongs 0 a hok-caoperating operatork,

miultiuser intexference from cooperating ecllular systems;

muliuscr inlefference from differsnt cells of the sane
celldlar syskeln. such as between M3 19 and BS 16,
Lven though MS 19 and BS 16 may desire io
communicate., such as during some forim of handoverto
a new coll, the signal rom MS 19 may cause interfe-
ence al BS 16 whed BS 16 detects the signat from M3
2,

Intra-cell interforence can arise from:

multivser iterference within a ¢<ll of pome cellular
gysiem., ruch as ai BY 15, For cxample. BS 15 must
detect the signal from M3 1R, which iz commupted by the
signal from M5 19. BS 15 must also detect the signal
from M5 19, which is corrupred by the signal from MS
18.

FIi. 4 shews a general block diagram of a direct-
sequence CDMA (DS/CDMA) commbnications system
model. In thizs model, a common zdditive white Gaussian
noise {AWGNY channel is shared by synclronous or asyn-
cheonous users (L2, . . . K} whose transmiited power is
aftenuated by different values. Without loss of generality, the
attenvaiion levels wy, wip, - . - . W, have been lumped
together with the comesponding data symbols b j{ao}, . . .,
bednt). Furthettnore, the exigence of despreadiog circuitry
4%, 44. 45 at thc reeciver side has been assumed, This
despreading circuitty compriscs a despreader 4 and infe-
gratc and dump units 44, 45, The assmitter of cach user
consists basically of 4 spreading and modulation unic41. For
transnutters Incated in mwobile stations (MS) the delay whits
42 reprosent Lhe relative delay (1,0, L T 10 LABSIUSSION
among the different M3 wsers. The summabon unit 43 then
indicales the process of suparpoasition of signats when brans-
miitexd through the phyrsical medinea. On the otier hand, if
the fransmitters are located in the base station (BY). then
there is oo relative delay between the ditferent users and the
commesponding ueits 42 can be elininaced, Tn fhis case, the
sumamation unit 43 is a part of the BS Iansmdiler.

The data sequence {b,(ny} of the k™ user 15 represented by
the D-transform

B = E by, £1)

where k=12, .. . K and 0 is ae ioteger. In veetor notation
Biny-iby(a) balml, .o Byl (2

represente the data sequence vector and i) the corme-
spotding D-wwansform, The symbols are wansmitted st tate
I/T. are uncorrelated . 2nd have an averape energy ol uaity.
To gach veer carresponds a Agnature waveform

S ity 1SESK )
swth=' I adeds- i) .

where p it is the chip pulse shape, N=T/T, is the spreading
factor, and o, ={c,e(~1,13},,7" is the spreading code of
the kK user.
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LUsually, the spreading fubction wl the trapsmitler of a B
or M5 ferminal is performed by multplying the ransmiticd
data sequence {b(n) | with the sipnature waveform s 0. An
altcenative himplementation of the spreader 41 (and
despreader 400 is by making the sprending code the impulse
responss of a filter. Therefore, the fransmitted sprcad signal
iz the reselt of a convolution operation as opposed o 4
multiplication operation. The adwvantage of the latter
approach is that it allows for spreading codes wihich are
lofper (o1 shorler) than one symbol perdod, while maineain-
g time-invaiiant properties of the moltineer equalizers
invelved af the receiver. For the sake of nofational
smplwcity. spreading via mulliplication, as idlustrated in
FI(i. d, has been assumed n the following.

The receiver observes the zuperposition ifn) of the K user
sipnals in the presence of additional white Gaussian roise
N (AWGN) with variance a7, Le.,

T 5 wibatn) mle—nT-u)+ i
. wabuln) st — T - %)+ TN

n=—c=

)=

where w,* denofes the reccived power of the B user and
0511, ... T =T represenl the relative lime delays.

Adter matched filtering (by means of 0, 44, and 4%) and
symbol-rafe sampling af the zamplers 45, the set of sufficient
statistics {¥(n}} are ohtained. where

waEpdny pelal .. yalall (3}

and
wlmh [ splr-nTory)at ISESK ()

denotes the ontput of the K™ matched-filter, In veclor nota-
tion the malched-Tiller oulpuls can be writlen as

¥l =R VB =1 A KB eRT—1 T e LRGN} 7

(Sec also the above mentioned arficle “Minimum probability
of error for asyiuchroneus {iamssian muliiple access
chunnels™, by 8. Verdu). The essentiat system parameters are
therefore cepresented by the KxK cross-correlation matrices
KDy, i=1, 0. 1, and the diagoou] matix We=dingiw , wo. .
- -« Wk The KI™ element of Rii) is compuled by

ey

Nowe that R{DY if sytmetsic and R(1) i upper tiangular
with zero diagonal elements. Farthermore, Ri—1)=R{1),
where T detates the complex conpugate Tunspose.

Tt can also be shewn hat the autocorrelation matrix of the
noisc vootor at the cufput of the matched-filters 40, 44 is

given by

ol fie Lt T A T=Tdr [ SLTSE

B (O=E{nir+(nie) "t =7 RE0, =001 &)

Bquations {7 ) and (9} give rise to an equivalent dizcrete-time
muthtiple- input/multiple-cutput modad for 2 CDMA system.
FIG. 5 shows 2 block disgram of this modcl. Using equation
(7 1t com be slwown that the tanster fanciion matelx of the
eguivaledl chapnel 50 iz given by

SRy 1B —1 0 (10}
Simdarly, the spectrumn of the discrete-time nodse veclor
1) is given by

Fif Dy =E By(2uf¥ = (D). (L1}
L

Equations (73 and (9, or equivalently {100 and (11), wanslate
the joint detection problem of K aryochronous or synehroe-

1n
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nous CDMA uszers 1o 2 problem of estimating a vector
sequence emerging from a multiple-inputfmultiple-outpat
distxefe-time channel in the prescnce of additive colored
vecior noise, If is aleo ciear from the same equatons the
deterministic nature of the mulbiuser interference and its
dependeace on the auto- and cross-comelation peopertes of
the shon spreading codes, Thos, some of the squalizalion
techniques developed tor multiplexed signals over multiple-
inputfnliele-owtput chaonels with ietersymbol interfer-
ence (ISI) and crosstalk (zee the already mentioned anicle
"Eqgualizers [or mulliple inpulfmultiple output channels and
PAM systems with cyclostationary inmpuc seguences™. A,
Duel-Hallen, {EEE ). Sefect. Areas Commun.. Vol. 10, No.
3, Pp 630039, April 1992, and the referenoey therein) can
in principle be appliad, to solve similar problems in CDMA
Y SLETF.

MMSE Linzar Multinser Bqualizer:

If further proccssing of the matched-filter ourpues |
Wi 05 restricted to be Unear, then we artdyve at a ligear
recoiver siructore which takes the form of a2 noetwork of
K<K, T-spaced. infinlle-length transversal equalivers fol-
lowed by a bank of K memoryless detectors. Tet Cf17)
denote the K=K eqoalizer transfer malrix. The mean squared
SIFOC CPibCrion is

B Ly R = WhrIE L, {17)

where xin} denvles Lhe oulput of the mullivser equalizer 640,
as illustrated in FIG. 6. Applying the onhogonalicy primciple,
oue <ohtiios e wansfer matrix C(DY of this mullivser
cqualizer 60 which gives the MMSE. That is, CII3) is
selecied such that

B [2{rt = Wi ntiim T =0 Wi (1)
Liquation (13} leads t0 Roffi=Ryp,,, f). or equivalemly using
the cross-specita in the D-domain %E{D}-—*S“Eﬂ}. Hence.

CYLH) {SLEMWE Lo TS0 F WAL 147
where I represents the K<K Identity matrix. Therefore, the
tramsfer matrix {1} of the moltivser equalizer 60, based on
the MMET cviterion, i

TR Vet L (15
An equalizeridetector rruchire, in accordasnce with the
presernt lnvettion, for the fitst ueey Is showa in FIG, 7. Lo Ui
case the transfer fanction ¢, (D) . . ., ¢ D0 ae the
elements of the first row of the mancfer matrix C[D). Thres
umils &1 of this first row are schematically shovwn in 195G 7.
Eet ) DN=x{D)—Whi D} dencte the D-teansfotim of the nolse
and residuzl inferfercnec vector at the output of the mul-
tiuser eqoalizer 8k Then,

EEC S DD (DR {16
and i3 specivimn is given by
5, = R DN R s o -0
OISR f17)

where the first f2rm represenis the spectum of the residual
interference and the second e represents the speciram of
1he ouiput hodse, Tlsingr the matnx inversion lermma, il can be
shown that

Sl D=t (1Y)
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Thus, the MMSE of the E™ nser can be computed by shoply
inlegrating the k™ diagonal element of the rateix S, £3) on
the unit circle, ie.,

(L

Ir
] "I'x{ﬂ}f} = zln J- _{fﬁﬂ'ﬁ"{ﬂﬁi‘ﬁ“‘“ﬁ“ﬂ‘lwm.
In contrast o g FF multivser equabzer the relatlve posser
levelr of the different users appear crplicitly in the MMSE
equalizer”s Wansfer matdy C(D), Their effect on the MMSE
has keen studied via numerical computation. I has heen
found that an infinilely long MMSE mullivser eygualizer is
alpost inkensitive to the different power levels, This resul
demonstratcs the inherent “near-far” resistancc of lhe
rresent MIMSE multivser linear equalizer &),
MMSIL Multiveriate Noise-Fredictive Decision Feedback
Equalizer:

The M3IE of the noizc and residual intcrfcrence veotor
(D) at the cutput of & lnear multinaer equalizer can be
further reduccd by mwidtivariabe prediction. The idea is to ose
a mullivadute prediclor which operates as 2 whitening
mltiple-inputfmwltiple-cutput  flter on the wvector 1{IY.
This argunment modivates e multivariate noise-predictive
decision-feedback equalizer stucture shown dn FIG. B Tt
vonsisty of o forward ZF or MMSE Unear multuser equal-
{zer B4 as hes Decn defined inthe previogs section, Tollowead
by a multivariafe predictor 81, This seclion describes the

10

L5

xl

23

basic principles of this approach. lLet BT dencte ihe

genekal mnitivarinte predictor K<K transter matnx. 6.

PLO) + PIOV + PO + DR + .=_'=_E;J;*@';Lﬂ. (2)
1

where F(0) 5 a lower diagonal matrix with zero diagonal
clements. | et also 4] (n) represent the muoltivariate predicior
output vector, Then -/ (oEP(DIN). Mote that the i™
component of the predictor owtput vecior ) () depends oot
only on the past vectors 1(n~13, 1{n-2). . . . , but also on
e present valoes ¥, (0. . - . . T ). Thus, the multivari-
sle prediclion process in accordancs with the present
invention. can be viewed s exploiting beth past informatzon
and vser-ordar. The anor vector (D) at the input of the
memoryless detector 82 can be exprassed as

el f el - W= {9 (LW D =D R (B (213
thue,
LR S R N (223

iz the mulbvariate prediction emror. The inverse spectral
matrix of the wide sehse stationary stochastic process
Iin)} admits the following Factori zation:

B O =HIE TRD) {Z3)

where, HD=HOHHUDHH)D? .. and HOD) s a lower
triangulsr oonsinpular matnix, Equivalently,
5D =RYD AP 24y

where HOY Is a diaponal maattiz whose elements are the
diagonal clements of H{() and H{D=HY U H{D). Using
eglralion (22}, one obtains

FL00 (8 PIENE LM LT v 2D
Therefore. the transter matrix of the predictor &1 is given by

PN =, [a6)

an

5

453

a5

iR
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and the prediction emror spectral malrds

Fal D £ 27
THus, the MMSE at the inpue of the K™ memoryless detector,
ie., the MMSE of the k™ user, is the kk™ diagonal element
of the diagonal matrix in cquation (27), The equivalénes in
performance of the convenGonal mullivser DFE and the
nodse-predictive multinser NFN can be established as fol-

lows, Define

RO =0 — PO = U% HADY AR 13T, (2
and’
Bt = P = § - B R (2%

Onc can casily sec mow thal, F{Dy and B{IY) are the lransfer
matrices which define forward and fecdback scctions of an
MDFE (st the above clled IEEE J. Select. Aveas aicle of
A, Duel-Hallen). Thus z2n infinite [oog MKNP-1DFH and an
infinile long MIDFEE have the same patformance, From an
nlelnentation point of view though, those twvo schemes are
different.

FIG. 9 shovws the basic principle of a mulbivariate pre-
diclor strueture, The mltinser interference part of the sipnal
vectar X(DY) is being isolated by using the decision vector b
(). The isotabion of said muoltioser interference part is
cartiad out by means for exiracting interfarence signals BY.
The multivarate predictor 81 operatitig both in tme and
usar order produces an output vector 4 (I which is as
clase as possible in MMSE sense Lo the mulbuser mnterter-
eoce veoior niD), Subtracting the mmltivariate predicior
outpul 1'(DY) from he inpot vecter X1 reaglls in a nrini-
rmdzation of the multiuser inforfercoce at the input of the
quaniizer 82, Details of the multvariate prediction teory
are given in the two papess of N, Wiener and P2 Masani,
publishcd in: Acla Math., Vol, 98, pp. 112-150. November
1957, and Acla Math.. Yol. 99, pp, 93— 137, Apuil 1958,
CDMA System Tresign Considerations:

In the following scotion seme gencral aspecis of the
present CRMA sysiem are discussed. In practcal applica-
tioms the MMSE mulbuser linear equalizer and multivariale
predicios have fnite lengths, For finite lengths and known
cross=correlstioh matrices, the coeflicients of the maltinser
equalizer can be oblained by simply Selviop a set of linear
equations. In the caze of a multivser noise-predictive deci-
sion fecdback equalizer the solution Degéns by obrailung fiest
the coefficients of the forward linear multivser equalizer.
The cocflicienrs of the multivaciate predictor are then the
solution of a sef of Feneralized normat equations. Adaplive
equalizers haye the property of converging dynamically to
the correct get of cocllicicols withodl explicilly solying a
systern of squations.

Noic thal Lhe implementaion of the egualizgs—-and
embodiments of the present invention—do not depend on
whether transmdssion 0 and from the base station is asyn-
chranoue or syrchronous. Synchroncus transmission will
improve the orthogonality properties of the spreading codes
and will marginalty improve the pecformatce of 4 mdtivser
syualizer.,

The lincar MMEE multiuser equalizer, in aceardance with
the present invention. can be implemented as a network of,
oK, T-spaced equalizers, or as 4 bank of K fractional-chip
spaced equalizers. In the latter case. there is ne need fo
explicitly pmoplement the despreading fonction separately.
The fractional-chip spaced equalizct has the property of
synthesizing both the despreading aod the equalizing fune-
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tions, The practical advantage of MMSE equalizers is that
they lend themzelves (o singple adapive implenwentation.
Thus, for a lading channel and unknown cross-comrelation
functlons, standard adapration alpordthms con be applicd.
The adaplation algorthms can opzrate in reference-directed
ar decision-directed mode, In etvironments where the chan-
nel chanpes very slowly relative to the symbol rale, it will
be easied for the equalizer to tack the varialiions, In rapidly
changing cnvironments. additional tcchniques such as chan-
nel sounding may be necessary. Howewer, note that a mul-
tiwser equelizer does mot jnvert the channel frequency
rasponge ar Father the speciun of the cotrelation matrices
which are foomed from the different spreading codes. Hence,
in this regard the racking problem of a4 nultinser equalizer
ghouwld be in general easier than the fracking problem of 2
conventional single-input single-output equalizer over a
fast-fading freguency selective channcl.

One. of the major practical advantages of the present
multivscr noise-predictive decision feedback equalizer is
that the adaptation of the foryward linear multinser equalizer
is decoupled from that of the multivariate predictor. As a
consequence, the multivariate predictor can always be dis-
connceted or connected without affeciing the normal opera-
tion of the system. For exanple, it may be desirable w
discomncct completely the multivaciate prediction operation
If hiph ercor propagation due to feedback in a fast fading
situation iz observed. n the other hand, in a heavy shad-
owing silialion applying panlis]l mulfivariale noisc predic-
Hon on users with reladvely lavge power could sulstantiadly
ltaprove the perfortmance of weak wsers who would other-
wisc suffer high eoror rates.

The base station (BS) usually has knowledge of the
spreading codes of all users {MS) in a particular ool and can
afford receivers with higher complexity for implermenting
joinl muttioser equealizationfdelecbion schemes. Therefore,
the present nltivser nodse-predictive decision fecdback
equalization is a promising approach for joint equstization’
detaciion at the base station. The knewledge of the spreading
codbes can be gsed to aid fasf convergerce and/or refraining
of the equalizers if necessary. "This can be achieved by
siraply prepetiag the fofrward mudiuser equalizer coel-
cienls with the comesponding known spreading codes, or
possthly by calenlating the values of the multivser linear
vgualizer cocflicicnls using koowledge of the spreading
oodes, delays, powers and multipath profiles.

Multipath 1cccption at the basc station (BS) canm be
achieved by a RAKE receiver [n combination with the
despreaders follawed by a multiuser noisc-predictive deci-
sion focdback equalizer. In the casce of fractional-chip spaced
implementalion of the joint equalization/detection receiver.
multipath reception is inhecewtly and awtomatically per-
Tormed by the forward fractional-chip spaced mulbuser
equalizer, The maltiaser equalizer then antomatically gives
the opfimum, combining of nwltipath compoenents in He
gense thul it adapls ke the MMBSE soluticn. For convoluiion-
ally ceocoded data the problemn of reliablz: delayed decisions
Irom the path memory of the Vilabi decoders for decision
feedback can efficientdy be solved by choosing judiclously
the paratneters of the Interleaverfdeinterleaver pades,

FIGS. 10A and B show an cxcmplary ciibodiment of the
structuce of & multivaiiate noise-predicilive decision-
feedback cqualizer (MNP-DFH) for joint cqualization/
detection of K=3 sinwltateous vsers, The Forward section 30
consists of 2 hank of K=} fractional-chip spaced equalizers.
The nine delay elements 92, of safd forward seclion 949,
provide for a delay of T fq. The cosflicients of tha muolieser
equalizer are spaced gl T Aq datervals, where g is 2 abio of
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imtegers, The mmltivaniate feedback predicton, see FIG, 0D,
consists of & bank 91 of K?=9 FIR (finite itipulse response)
T-spaccd filters, Fach of said T-spaced filtors comprises two
delay elements 93 providing for a delay T. The same Figures
aiso show the error signals opin) and e.,{n). i=1.2.3 which
cae be used for opdaling the [orwsrd molfiuser linear
equalizer cocfficientz and {he mulAvaniate fecdback predic-
tor coclliciedls, respeclively.

AN impantant feature of the MNP-DIE s that it aliows
interference prediction and subfraction not only in time buot
also 1o ueser order. Note that in a syachronons CDMA
syilerm, inlerferanee prediction takes place only in wser
otder. In this care, the fesdback multivariate predictor
consists of K(K—1p2 single-map filters, This is also the case
im an asyrchronous CDMA system (zee IG5, 104, T0B) if
one assumes that only the tightmest columen of coefficients
im the bank of feedback filters 91 arc present.

Exeept for the time O cosfiicients, all coefhelonts of the
present MNP are adapted in a conventional manner,
£ by use of techniques like the LMS algorithau, Ap
exarmple of kow the tioe O coeflicients sre differcnt is shown
im FIGS. 104, 10R for the detection over the oser opder 1,2,
then 3. Lo this case, the only time O coefficients that are
sdapled are: the prediclion coeflicients pg . pa . 804 g The
coefficients labelled 0 are always zero, wheareas the coeffi-
cleats labelled O moare presently zero, and only for this
panticular detection order. However, the last non-zero valucs
are stored clsewhers g0 that they can be restared if there is
af appropriace change in the order of the users. The deter-
mindtion of the user ordes can be based o6 estimations of
varjous criteria apong ibe wsers, such as received signa)
powers, Of mean-squars orors (MSEs) sl the ouolput of the
hank of lincar filters 91, In any casc, the dectormined oser
order will likely change ¢le to chanbel mpalemgnts such ns
fading or noise. Changes in user oxder are implemented by
saving the cumenl prediction coefBcients aod leading in a
new set, pomesponding o e new urer arder.

The presait invention is aleo applicatde in CDMA infra-
red {[E) netwerks. A CDMA based [E sysfem is shown in
FIG. 11, The mobile stations V10 are equipped with spread-
g circndtry 111 and opto-electropic (ransmission units 112,
At the base stalion afier photodeleclion, by means of an
opto-glectonic receiver 113, and spreading. cartied out hy
despreaders 4, Che sigoals of the differeni usas are pro-
cessad by an MMNP-DIFL 135 in order to reduce multivzer
interference,

We clain:

1. An apparatus for reducing the multiuscr-interference of
input signals x(D) in a CDM.A communication systenw, said
apparatus COMmprising:

a hultivariate predictor;

& decizion goanlizer,

a means for cxfracting inkerference signals 1371, said
inferference sigmaks {1} obtaincd from said input
slegnals X(LH and from output siphals b (L) from said
decision quantizer; wherein suid mullivanale prediclor
aparares of sad interterence sigoals 177D provided by
the means for exfracting interference signals with said
mwltivariate predictor feeding its ontpat signals 1 17)
into means [or combining wilh said inpul sipnals x(Tr).

. The apparaius of claim 1, further comprising

4 matrix ol fureard fillers for a first intederence reduction
by filtering input signals x(D).

3. The appursdus of claim 1, further cordpeicing

a bank of fractional-chip spacad filters for a first inferfer-
chee redudion by [ering ispoat signals x{D).
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d. The apparatus af claim 1, whercin said mcans for
penerating incerference signals subtracts said nutput signals
b (D) from said input signals x(D).

5. The apparalus Of claom 1. wWhereth sqid maltivarsate
predictor comprises a nebwork of KxK T-zpaced filters.

6. The apparatus of clalie 5. Whersin said moitivariate
predictor comprises a means {or subiracling the mualtivardale
predictor outpul sigaxls 4 (D), provided at the outpars of
said nenwork of KxK 'L-spaced fillers, [tom said input signals
k.

7. The apperams of claim 2. wherein each forwand filter
af said matrix is either

a zero-forcing (ZF) lincar squalizer, or

A minimunm-tean-square ercor {MMER) linear equalizer

8. The apparatus of claim 1, wherein said decision gian-
tizer is 2 Viterhi decoder for decoding convolutionally
cneoded data.

9. The apparatus of claim 1.2.34.567 or & further

corpeising & means for determining prediction errors

ef D} said prediclion crrors used lor updating the prediclaon 2

voefficlents of said multivariate predictor.

14
16, The apparaius ol claim 1 further cormgrisiig means (o
transmit and receive TDMA-based or FDMA-Dased waffic.
11. A method for reducing the mueltivser-intedercnee of
input signals x(1¥ in 2 CDMA communication systom,
cORprising the steps:
extraciing Iolerlerence sipnals (D) from seid inpet sig-
nals x{D) by using cutpul siEpals E (D of a descision
quanlizer,
gsenerating mullivariale predictor odfpur sigaals 3y (IF) by
taking said interference signals 0[] as inputs, and
reducing the noise and residuad nterference signals of
said imput sigals x(D) by subtiacting said multivaciate
predictor sulpnl sdghals 4 (D) feom said inpot signals
x(D).
12 The method of claim 11, wherein a firsl inferferenes
reduction step 1s chareied omt prior o (he step of extracting
interfarence signals 1{1».

¥ * * ¥ &



