MULTI USER DETECTOR FOR VARI ABLE SPREADI NG FACTORS BACKGROUND OF THE

| NVENTION Field of the Invention The present invention relates generally
to multiple access digital conmunication systens. Mdre specifically, the
invention relates to a nultiuser detector systemand nethod for the

si mul t aneous reception of data frommultiple wusers having different
spreading factors. Description of the Related Art A nultipl e-access
comuni cation systemallows a plurality of users to access the sane
comuni cation nmediumto transmt or receive information. The nedia my
conprise, for exanple, a network cable in a |local area network or ]Jan, a
copper wire in the classic tel ephone system or an air interface for

Wi rel ess comuny,eat-Ho. i tHml [ hON System
'S chown i F UL TSR DEARCHORFORVARIRE 1 SPREMTARITYACGRS! <
communi cati on channel . Conmuni cation techni ques such as frequency division
mul tiple access or FDVA, tinme division nmultiple access or TDVA, carrier
sense multiple access or CSMA, code division nmultiple access or CDVA and
others allow access to theBAG@KGROUNDIY THEIINVENDIGN f or nore than one
user. These techniques can be m xed together creating hybrid varieties of

mul tiple acggsg FeheEfBentiEPr exanmple, tine division duplex or TDD node of
t he proposegqt ﬁi gﬁ%enerrlétlfon W CDVA standard is a conbi nati on of TDVA and

CDVA. An exanpl e prior art copmmunication systemis sh in FIG 2.
CDMA is a comni@ﬁ?ﬁ%‘é‘c‘f?ﬂf%@%@ SRAfTE }’2‘5{1&%} ef‘?%ﬁ%a‘ﬂ%d with a
broadened band (spread spectrun) by nodulating the data to be transmtted
with a communication systems. More specifically, the invention relates to a multiuser

detector system and method for the simultaneous reception of data from multiple

users having different spreading factors.

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 system is shown in FIG. 1. The
communication media is referred to as a communication channel.
Communication techniques such as frequency 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



pseudo- noi se signal. The data signal to be transmtted may have a bandw dth
of only a few thousand Hertz distributed over a frequency band that may be
several mllion Hertz. The conmmunication channel is being used

si mul t aneously by K independent subchannels. For each subchannel, al

ot her subchannel s appear as interference. As shown, a single subchannel of
a given bandwidth is mxed with a unique spreading code which repeats a

g;:gg'ﬁlgremggﬁgrglﬁ}%%[ﬁc%l?ﬁg@eﬁeﬁitfﬁdgg*t an on? %seal Eﬂ&ec%%}gn&feg%‘é%g%g q (pn)

pseudo- ort hogonal to one another such that the cross- correl ation bet ween
the spreadi igedsacsteafing aybre veeties ob muliplapacess sthemess FopBxrmpleddmai th t he
pn sequence producing a digital spread spectrumsignal. A carrier signal

i's then noddhasied duplek ot TODI ngide aif tisnsropsked pleied perarsia™-CBMA transmtted
in dependence upon the transm ssi on rredi um A receiver denodul ates the

transm ssi 0&3ﬁ§&ﬂqgﬁic8&btr§ﬁoﬂ re@gﬁvﬁnpect rum signal. The

transmtted ais repro ueed er correlation with the matching pn

sequence. 2 \Wen the sp (gﬁk\@g c,odes are orthogonal t.o one a ei t he
recei ved signal r?xa’E’Qec ROH aicPRUBPIICAOR system 1§ shown i elated to

the particul ar spreading code such that only the desired user signal
rel ated to CUh¥Mpaista comravnisgicaademgqueoideviish datahatramunitted Wathtahe ot her
signals for all other users are not enhanced. Each val ue of the spreading

code is knowmhadenéd G4 8ld Bseetran yinédflfing thadata%o bBeragaiiRte@rwitiast er
than the data rate. Tr?g ‘?’gt. (E)ﬁ%etweleyr){ t he chlgtp rate and the subchannel

data rate is t e ﬁ%ﬁbgﬁ g s&&?tq[e@)(et&&%mlggd ﬁ%ﬁ%‘a@égggﬁd&aﬁ) £ val ues

of the dataP&fY r?a’f 0 represen i nary

val ues. Ter nary and guat er nary synbol s tak on three and faqur valaires
respect i vel Pnlymhiew teueand BertZdisibytnd (H'WB qpeicy pand that may be sever

million Hertz. The communication channel is being used simultaneously by K
independent subchannels. For each subchannel, all other subchannels appear as
interference.

As shown, a single subchannel of a given bandwidth 1s mixed with a
unique spreading code which repeats a predetermined pattern generated by a wide
bandwidth, pseudo-noise (pn) sequence generator. These unique user spreading
codes are typically pseudo-orthogonal to one another such that the cross-
correlation between the spreading codes is close to zero. A data signal is
modulated with the pn sequence producing a digital spread spectrum signal. A
carrier signal is then modulated with the digital spread spectrum signal and
transmitted in dependence upon the transmission medium. A receiver
demodulates the transmission cxtracting the digital spread spectrum signal. The

transmitted data is reproduced after correlation with the matching pn sequence.



greater degree of information since the bit content of each synbol dictates
a uni que pul se shape. Dependi ng upon the nunber of synbols used, an equal
nunber of uni que pul se or wave shapes exist. The information at the source
is converted into synbols which are nodul ated and transm tted through the
subehannel for denodul ation at the destination. The spreading codes in a
CDVA system are chosen to mnimze interference between a desired
subchannel d all Oth&% sulchannels. Therefore e standard fgﬂ{oach to

t
dempdul at i ng* PHeihgSBreALRESAAEhAR PEPosRa! e W‘ﬁréﬁf regefved signg
subchannel s as interference, simlar to interference that manifests itself
in the combemboakatednwitediparticukRe veénsegrmal tlaed tethefparticular spsadivgseder e
single-user, matched filter and RAKE receivers. Since different

subchannel s ;G {hat 61y THEdNireD u8GTgRl Fsme@m%a&iqum@pmh?_caa@isoach isto
denpdul ate all subchannels at a receiver. The receiver can [isten to al

of ' them i neperarn ayie R oy ards orl dRbieR A E AR AR A et cction. T

Mul ti user detection can provide a significant performance inprovenent
over si ngl e- user Eaglevalhe of the spegading cage isokom@ as3 chip gy hemd ehiBéatedi agr am of
a prior art CDVA receiver wusing a nultiuser detector is shown. As one

skilled in thitss Betsam@dr ifZer thiththe dagGaiey ETherfatio bewleesl ehesehiirdteland i ons as
radio frequency or rf down conversion and associated filtering for radio

frequency cQ&ggﬁkﬁgFFagaﬁgggigﬁggﬁnﬁggggg#gput of the receiver is a

processed sign . er analog o ~containing the conbined spread
Ul user. det ect [Gre iR \6GPAHISS Ege aF atHEg o B CeGTRIRG “ASFRLFORBng ¢ o
each active subchannel. Al or a smaller nunber of the total nunber of

to represent more than two binary values. Ternary 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 symbol 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 symbols which are modulated and transmitted through the

subchannel for demodulation at the destination.

The spreading codes in a CDMA system are chosen to minimize

interference between a desired subchannel and all other subchannels. Therefore,

the standard approach to demodulating the desired subchannel has been to treat all

other subchannels as interference, similar to interference that manifests itself in

the communication medium. Receivers designed for this process are single-user,

matched filter and RAKE receivers.

Since different subchannels do interfere with each other somewhat, another



subchannel s nmay be processed. Optinmal nultiuser detectors are
conputationally intensive devices perform ng nunerous conplex mathernatic
operations and are therefore difficult to inplenment economcally. To

m nim ze expense, suboptimal nultiuser detectors such as linear detectors
have been devel oped requiring |l ess conputational conplexity as a
conprom se approxi mati ng the performance of optinmal detectors. Linear

detectors include decaorrel.ator i ni mu an s I erro

dot oct or 5, ARRICHGH 515 GFETHE 201 SR THERP B aare 28 167 EsrRnetl NI oyt om
bl ock dlagran1of a prior art linear multiuser detector for synchronous or
asynchr onousll GOk wsermtarisoattingrat ogceshiommning adagoding abgardhmdigr pash dfr om t he
com -nuni cation nmedia specific receiver (as in FIG 3) is coupled to a

subchannel gxih [Rp&AIIMN THis ﬂébbgﬁﬁﬁﬁd\wﬂﬁad ApuliaRer @aaoRae Miltiaggh synbol
transmtted in a respective subChannel. The |inear detector uses the

[ I I d
demodul at o BRenionRLmAe Sentpat phfoPaia ERMEnch PR SERRARTOT (2

processi ng bl ocks for respectlve users. To effect paraIIeI detection of K
subchanne | reg¢8tess.i n a physi cal system lirlear multiuser detector nethods
are executed as fixed gate arrays, mcroprocessors, digital signal

processors or DRBferdngltd FEGI 3 kesysfeixisidck dpigram 8§ s prosara CDMAf eceigereat er
system speed while m croprocessor. driven systens offer progranm ng

flexibilit yusfx A tRh1Hud8 FRERIAL %}?&vﬁ &k ohe skifSP Bl Ereafifest e  Mul tiuser

detection perfGrns a sequence of natbematic operatlons To describe the

functions, the follow varlagwes t ypi ‘flﬁ% %Ee structure @

operation SYCCL Sl AYARC Pﬂ“d’s qne‘i‘ct}(eortr QD SEMBEY OB A"

users/transmtters that are active in the o ,
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 of the total number of
subchannels may be processed.

Optimal multiuser detectors are computationally intensive devices
performing numerous complex mathematic operations and are therefore difficult
to implement economically. To minimize expense, suboptimal multiuser
detectors such as linear detectors have been developed requiring less
computational complexity as a compromise approximating the performance of

optimal detectors. Linear detectors include decorrelators, minimum mean square

error or MMSE detectors, and zero-forcing block linear equalizers or ZF-BLEs.



system N,, = the nunber of chips in a data bl ock. The nunber of chips is
required since with varying spreading factors this nunber is a neasure
common to all users. The nunber of chips is divisible by the |argest
spreading factor allowed. For the case of synchronous CDVA, a synbol from
the user with the |argest spreading factor may constitute a bl ock of data.
Therefore, NN can be reduced to be equal to the | argest spreading factor.

WE t he comruni cat,i on. channel..i npul se res se length in. chi This is
general |y a predé¥ SYStEp gg%ﬁgr‘#éﬂlgg%’ atmlgrgﬁgpg?ﬁmﬁfwer:&{%gorgél; eadi ng factor
of user k. The spreading factor is equal to the nunber of _chips that are
used to spr exdctroryusxw aspichpermus DMt eommusizaierhisishows 12 KdGsfr Eath ng
factors in advance and does not need to estimate themfromthe received

data. Ns(k) cuyhfigrom Heedonghusiyainl mediaBpedific eeivek(as iNFIE) 3Fisduple@V K L
(k) NST k=f the total number of synbols sent. d(k) = the data (information)

sent by user,_k. The ta.:l r i “Mhere a
vector is anC&r g‘f/ agg %é%l%ﬁf(}%@ﬁ%%ﬁ?ﬂ%@s %%%Péﬁlé %&E&n%adr{%g{:)}f)gem%r t he
pur poses of vector and matrix 6 0 eraeii s.which follow,  all vectors are
defined as dtﬁflﬁwmﬂe@taorﬁél?ewméuh?%m |§'ﬂ%ﬂ+ﬂef’61ﬂ°&9¥9§ uses thRIMAYISE gy ol
transmtted by the kph user. h(k) = the inpul se response of the subchannel
exper i enced royponseestimates along with a subchannel’s spreading code to demodulate each

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

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. Fixed 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 a



presented as a vector. This quantity needs to be estimated at the

receiver. The receiver's estimates of the subchannel inpulse responses
are referred to as h(k). The elenents of the vector h(k ) are typically
conpl ex nunbers, which nodel both anplitude and phase variations that can
be introduced by the subchannel. V(k) = the spreading code of user Kk,
presented as a vector. For the purposes of linear nmultiuser detection, it
is useful to think of vectors nt ai nj,ng the section of.the, spreadi ng code
whi o spr eads. & TEERUREATIROR pAIOer T IR g 5 ALinS S BSE kT TS Get | med
as the spreading code which is used to spread the nth synbol sent by the
lth user. Mathefls Jaegest spreading Eactisfallawed aEor thecrse of synalimengus or (n-1)Q
{K)+l #1i # nX) and O for all other i, where i is the index of vector

el enents. rik3 =CGDM@GEymNal Gont BBheGanils thedergekt spredding faspf ead by the
spreadi ng sequence v(k) and transmtted through that user's subchannel

(k). The VeCtpﬁﬁngffy&d?gﬁﬁ%?%fﬁﬁ@k%fﬁgﬁnﬁkre &%%ﬁ’%‘égﬁé’eﬂ%%md during

the period of ti ock o ata arrives:. el enent of the
vector r(k) can be defined as: 7 Nk) W(k) = (k) j(k) (k,n) Ld17 hj Vt-j+l
Equation | n=1 fe4elipéhesiapgest soreading a9t the receiver includes all user
signals r(k) plus noise. Therefore, we can define the received data vector
r as follows: K r=Lr(Kk)+n.

W = the communication channel impulse response length in chips.

This is generally a predefined parameter of the system.

0% = the spreading factor of user k. The spreading factor is equal
to the number of chips that are used to spread a symbol of user’s
data. A system knows the 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/ 0"

K

ZN ) _

s
N= k=i the total number of symbols sent.
d* = the data (information) sent by user k. 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



Equation 2 k=1 The vector n in Equation 2 represents noise introduced by
the communi cation channel. FIG 5 shows a system and nethod of a prior art
linear nmultiuser detector. The estimted subchannel inpul se response
vectors h(k) and the spreading codes v(k) are used to create a system
transm ssion response matrix for each user k. A matrix is a bl ock of
nunbers i ndexed by two i ndexing varjables and is arranged as a rectangul ar
grid, with the fppeatipRywhichdolew; dbyetorsprgdedinedds CAYRE 5™ he second

i ndexi ng variable being a colunn index. A systemtransm sSion response
matrix for user Khes™tel@nealdfy “tienist £tsyanbol ArandinteRibyrtaek’™ msdr- col urm

el enment is denoted as Al,, (k) and is defined as: ck > A ,n w h(k)V(k'n)
i _J + 1 Equation 3| =i Each columm of the matrix A(k) corresponds to a
mat ched filter response for 8 a particular synbol sent by user k during

the period of intgrest. Referring back to FIG, 5 the received datar is
mat ched to a co iné?l?eo\’i‘%‘llsearlercg‘é‘éP{:&‘%Bpmﬂgexi’ﬁrﬂ)%gé Eﬁ&s%ru channe |
i mpul se responses. Therefore, A(k) contains N5(k) matched filter
responses. The coresentedab aAekipr.alhisfuantity needytoelestimated at the

receiver. The receiver’s estimates of the subchannel impulse

responses are referred to as #®. The elements of the vector #* are

typically complex numbers, which model both amplitude and phase

variations that can be introduced by the subchannel.

W = the spreading 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 spreading code which spreads a
particular symbol. Therefore, the vector v is defined as the
spreading code which is used to spread the n' symbol sent by the K
user. Mathematically, it is defined as: v =@ for (n-l)Q("‘)+1 #i

# nQ"‘) and 0 for all other i, where i is the index of vector elements.

#* = a 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 ﬁme when a block of data arrives.

The i element of the vector #* can be defined as:

7



00 b(k} /~n 0 O Equation 4 where each vector b,, (k) has a dinension of
Qk)+ W 1, and is offset fromthe top of the matrix A" (k) by Qk}(n- | ).
Equation 5 Equation 6 Since the spreading codes are not periodic over
synbol times; b, (k) bl(k) for i j. The elenents of a vector which nay be
non-zero values are referred to as the support of the vector. Therefore,
b, (k) is the support of An(k) Once a systemtransm ssion matrix for each
user is created, a total system 9 transm ssion response matri x, denoted as
A is created by concatenating the systemtransm ssion natrices for all the
users as shown below. ..,,4K) a. Equatdon 7pln accordance with prior art

modul ati on techni ques, the el ema(m; S 2«}{) (vc) Ig@,)corrpl ex nunbers. It
then follows that the non-zero %l erme an b@+1 conpl eRq wMiskar s. An

exanpl e total systemtransm ssion resppnse Jmatrl x A for a hypot het i cal

The signal received at the recetver includes all user signals #* plus noise.

Therefore, we can define the received data vector r as follows:

. )
- Z retn. Equation 2
k=1

The vector » 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 #® 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 indexing variables and is arranged as
a rectangular grid, with the first indexing variable being a row index and the
second indexing variable being a column index.

A system transmission response matrix for user k is typically denoted as

A®. The i*-row, n™-column element is denoted as 4;,* and is defined as:

w
(k) , Ck,m)
Z hj vf_j+1 Equation 3

Each column of the matrix A corresponds to a matched filter response for
8



prior art multiuser detector assenbled in accordance with Equations 4, 5, 6
and 7 is 10 b;',) 000000 O ibii)000 bi.z000000 O b'2000 b, 3b2';00000 O b;

3) 000 b; 4b2,200000 0 b; 4)000 V)b{')b{' 0000 0 !b(2)b22)00 ],52,33,k
b(")L(")0000 O b, 6)b2 i00 2,43,2 {"){')")00 b b b; 0 b2 3 02,,53,3, 000
7) ' !~ 1 b3;b; 000 0 Ob2 400 00z

a particular symbol sent by user & 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 colurmns of A* are of the form

Equation 4

where each vector b, has a dimension of

oW+ w-1, Equation 5
and is offset from the top of the matrix A,® by

0¥ (n-1). Equation 6
Since the spreading codes are not periodic over symbol times; b® bj("‘) fori j.
The elements of a vector which may be non-zero values are referred to as the
support of the vector. Therefore, 5,® is the support of 4,*.

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

9




00b3, 5b4’ 3bs ;00 0 0b2(2)b3(2)0 A=000b4, 4b5, 200 0 0b222b3,2 )0 0 2
000b(' )b{' )b(' )0 0b227 )b3 0 ) 4,55,36,]2 0000b(') b(') O O 00b3140 5, 46.2
0000b(') b(') b(') 0 O Ob5,5b4,3 5,56,37,] 00000b6, 4b7.2 0 ~ 00b3 b)b ()
4.2 00000b6' Sb7' 3 ba'i 00b(2)b(3) 000000b74 b8 Z 000bg24 000000b;'S b$' 3
000b4, 5 0000000 b(l) 000b4 6) 0000000 ba' S 000b4 7) A (2) Equation 8

transmission response matrix, denoted as A is created by concatenating the system

transmission matrices for all the users as shown below:

A=[/I(l),...,A(k),...,A(K)]_ Equation 7

In accordance with prior art modulation techniques, the elements of A® 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 hypothetical
prior art multiuser detector assembled in accordance with Equations 4, 5, 6 and 7

15
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for two (k = 2) users, A{') and A(2), having sixteen chips in a data bl ock
(NN = 16), a channel inpulse response length of four (W 4) and a
spreading factor for the first user of two (Q) = 2) and a spreadi ng
factor for the second user of four (Q2) =4). In the resultant total
systemtransm ssion response matrix A, b,, tk) denotes the ith el enent of
the conbi ned system and channel response for the nrh synbal of the km
user. The receijved data r is processed using the total sysfemtransm ssion
response nmatri X A ch 4 eppesent s bgnk @fymat ghedyfil pef responses to
create a 11 vectbb‘r o¢ ma({chgd e[?lté)? ogt pu(%)s |$ |g deploted as y. The

mat ched filteri rbéb operatd on0i s Yefithed%as H szr OEqUQtl of P The matrix AH
represents the I-ggr mbtlx amp (og CO@]T'p| Qp() t)ran@pﬂgt ‘e gf tlhe dbl EA matrix A The
Herm tian trans e.lis defi [ er g oyer-Rhar denotes the
operation of ta%lz gcg)n aate of é V\Q E"nurrber \6TheBrratched filter
outputs are thenb"jrulbf,j pb‘f)edOby @he(] nvérseO obfianbzabj éctife|matrix 0. The
obj ective matriix,0 repregsents the ocgssi fgwhi gh digf f epepti ates each type
of linear recd \(/)er b’mod%lf) :Olﬁ |Q dgl vgd f(?orﬁg % sygtemt fansm ssi on
matrix A The ZePo- Pk chidg & ock | itheal eq@apxlvze’hs(zﬁ BLE) |receiver is a

| inear receiverogwitp aa(l)obg(’gactove grat 0i X speei fb8d @s 00— AHA. The m ni num
mean square erjr ﬁr }) 1,I i near, mequall er 6MV§E—§L)E)b(f)eC%| er is a linear
receiver with farn ob Pveat #i X spelfled as (= AHA where & is the
vari ance of #he Onoi 8e ers!é t b dach Oof @heosybéﬂol )of Ot he recei ved data
vector r and tqeonatbl X4 b0 p® B 0 0 ' 0 b bﬁ) 0

0 0 0 0 B2 B2 0 0i0 0 7 0
0 0 0 0 b2 Y &Y 0i0 0 BT b
o 0 0 0 0 52 B2 0i0 0 Y Y
o 0 0 0 0 B BY BYio 0 BY K2
o 0 0 0 0 0 ) B2i0o 0 0 b
o 0 o0 0 0 0 B plio o0 0 b
o 0o o0 0 o0 0 0 BYio o0 o0 b
o 0 0o 0 o0 0 o0 B¥o o 0 Y
_‘ P2 A A® J_
Equation 8

for two (k= 2) users, A" and A® having sixteen chips in a data block (N, = 16),
channel impulse response length of four (W = 4) and a spreading factor for the
first user of two (Q'" = 2) and a spreading factor for the second user of four (Q®
= 4). In the resultant total system transmission response matrix A, b,,,,-(") denotes
the i* element of the combined system and channel response for the n'* symbol of
the A" user.

The received data r is processed using the total system transmission

response matrix A which represents a bank of matched filter responses to create a

11



is known as an identity matrix. An identity matrix is square and symmetric
wth 1 s on its nmain diagonal and zeros everywhere el se. The size of the
identity matrix 1is chosen so as to nake the addition operation valid
according to the rules of |I|inear algebra. For a decorrel ator
(decorrelating receiver), matrix Ais sinplified by ignoring the channel
responses 0), considering only the spreading codes and their 12

cr 0ss- cor r elvadtbosf Hharhed-fitteeoatphts whigestdeasted As gr dbs noasehed| fHtarmg mat ri x,
coormonly referred to as R is generally constructed for decorrelator type
receivers. LSt j be constructed by assum ng that W1 and hi
(k)=1in th-égmg%}l?ﬂl?%%iégrﬁmg?gA above (i.e. the channel response of every
subchannel is an inpulse). Then the cross correlation matrix Ris the
objective matrix 0O as defined for the ZF-BLE receiver. A decorrelator
often serves as a sub-process of a nore conplex nultiuser detection
receiver. Once the objective matri xé}g %éaft ed, the nulti usgr defgect or
will invert the matrix, denoted as 0. e inverse of the o?uea(t,lf)l ve matri x
is then multiplied by the matched filter output vector y to produce
estimates of the data vector d where d(estimate) = 0-1y. The inversion of
the objective matrix O is a conplex, conputationally intensive process.
The nunber of op i Hegui HSh j tef@ase as the
cube of the size%?%fﬁl{e}éﬁa?%éég&%gr mist?&lggi/g%rﬁ?lgﬁgﬁs 2 receivers, the
size of O is very large which nakes the process, of- inversion inpracticable.

To overcone this Jiptation, and to nmake t es@;s%e%p@x [ qLeal i zabl e,
a nuneri cal %f‘ﬁde MF@%%&EWS?gcﬁ?EE&aﬁhm esf<y egglﬁcgé)‘}s%tbﬁgn can
significantly reduce the conputational conplexity of inverting the matrix O

T the  malIcKodes iRATEHion'bARAEY cBRREME of § BrbRARAFER! T rididtieacont ai ns
non-zero val ues only ‘on

filter 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 model. 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 = A”4. The minimum mean
square error block linear equalizer (MMSE-BLE) receiver is a linear receiver with
an objective matrix specified as O = A4 + @71 where @# is the variance of the
noise present on each of the symbols of the received data vector r and the matrix J
is kmown as an identity matrix. An identity matrix is square and symmetric with
1s on its main diagonal and zeros everywhere else. The size of the identity matrix
is chosen so as to make the addition operation valid according to the rules of
linear algebra.

For a decorrelator (decorrelating receiver), matrix A is simplified by

ignoring the channel responses k™ considering only the spreading codes and their
12



several diagonals away fromthe main diagonal. The nunber of non-zero

di agonal s adj acent to the main diagonal that have at |east one non-zero
element is referred to as bandwi dth. Thus, a symetric matrix Mis said to
be banded with bandwidth p if 13 m j =0 for all j > i +p, Equation 10
where nu is an element of M with i being the row index and j the colum

I ndex. For a banded matrix with size denoted as n_and bandw dt h denot ed
asp, Chol estogs-corclatipm §interfererce)propeltics Arpsogsecpuiel 9N IFFER QPT@BB?]@Yt i ons of
inverting the objective matrix O fromvarying as the cube of the size of

the matrix érre&ﬁ)asvﬁrly BSkral$y thRtratiee o ddcbeelatir fet¢iearst Mhissquar e of
t he bandw dtﬁ{wT dlgscusz)éd above, the object :rj\(/pée matrix for g ZF- BLE

receiver is i |l ust UTBEL t t
mat (r) i) 308 fggnap%czrg]g%@r’ss%{;%ﬁ1 eagfoélta nat rlgmg\é)m_\?xnhlt%e %ﬁg%ll&gﬁm :\S/e
XXX XX XXXX xx00 xxxxxOOOxxxO Oxxxxx00 0.00 0

000x x xxx 0x x gb@eeHigathie shannal repOseahey oS ublRIDK éé@k%ﬁﬁﬁﬁi;ﬁtfé‘xﬁﬁﬁo

XXXXXXOXXXX0 OO0XXXXXXOXXX
cross correlation matrix R is the objective matrix O as defined for the ZF-BLE

receiver. A decorrelator often serves as a sub-process of a more complex
multiuser detection receiver. Once the objective matrix is created, the multiuser
detector will invert the matrix, denoted as o'

The inverse of the objective matrix is then muitiplied by the matched filter
output vector y to produce estimates of the data vector d where d(estimate) = O'y.
The inversion of the objective matrix O is a complex, computationally intensive
process. The number of operations required to perform this process increase 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.

To overcome this limitation, and to make the system physically realizable,
a numerical method due to Cholesky is used. Cholesky decomposition can
significantly reduce the computational complexity of inverting the matrix O if the
matrix is banded.

A banded matrix is a square matrix that contains non-zero values only on
several diagonals away from the main diagonal. The number of non-zero
diagonals adjacent to the main djagonal that have at least one non-zero element 1s
referred to as bandwidth. Thus, a symmetric matrix M is said to be banded with

bandwidth p if
13



0000xxxx00xx where zeros denote all elenents that by mathematical operation
yield zero and wth x's representing non-zero values. |If the non-zero

el enents of the e row and 1:h colum of the total systemresponse natrix A
do not have the sane vector index, then the correspondi ng el enent of
objective matrix O wwth rowindex i and colum index j will be 0. The
bandwi dth of 0 (Equation 11) is equal to 9 since 14 there are non-zero
el enents asnf;arQ & ail jrei ¢@, utms away fromthe main di agonal Equatipn ﬁ(ﬁj ective
matrix O as it is constructed in the prior art receiver shown in FIG 5 is
not well banded. Therefore, Chol esky deconposition cannot be used
effectively to reduce the operational conplexity when inverting matrix O.
However, the.prior.art .discl S - : j idel equal
spreading PREIGFs IS 9p §lemept ol g’e\’r"r}éﬁfl B‘(3)1¥Ygt el%{“J oltnglg)@gds%%%%t% mmdggi on
response matrix A can be perforned prior to calc i ng,an _ohj ect.ive
matrix 0, t&onphgnérd matgixovitysige den%%%@é?m%ﬂigth%gggﬁfﬂr ghgl%ﬁlfyagram
for this process is shown in FIG 6. The process which conputes the colum
r e- ar r angengetorpositidi t2h réduqeethé eequired hemese aperatigenefninvetinptha  any
additional information. The re- arrangenent reduces the operational
complexity WRRRLOKREL BN § bthe QUBEof BRI B inaRixprYeedur e is
conpl ete, a user data vector is conputed, a reversed re-arrangenent
process is perfornmeq descr | i vector d hack.,tq its.0nigiznal formfor
further prod@Sapsgs heizg QW@&{}Q&WE%%%%@S%W%%Q%%% he bandwi dth of
a re-arranged objective matrix is at least ten tines less than its

original size. THerdifossed abovedhs phjsctivie metrirdasa ZE-BRE tere 6t 191667 i n
processing time is achi eved when Chol esky deconposition is performed on an

obj ecti ve neif4 xrdarsdatenBOndmése eomplegiey] thovbjectieyatem @ depbatwalmat ri x.
However, the prior art has not addressed a re-

system response matrix 4 shown in Equation 6 is

'x x x 0 0 0 0 0 x x 0 O]
x x x x 0 0 0 0 x x 0O O
x x x x x 0 0 0 x x x O
0 x x x x x 0 0 x x x 0
0 0 x x x x x 0 0 x x «x

0 = 0 0 0 x x x x x 0 x x x Equation 11
0 0 0 0 x x x x 0 0 x x
0 0 0 0 0 x x x 0 0 x «x
x x x x 0 0 0 0 x x 0 O
x x x x x x 0 x x x x 0
0 0 x x x x x x 0 x x x
|0 0 0 0 x x x x 0 0 x x|

where zeros denote all elements that by mathematical operation yield zero and
with x s representing non-zero values. If the non-zero elements of the i row and
" column of the total system response matrix 4 do not have the same vector
index, then the corresponding element of objective matrix O with row index i and

column index j will be 0. The bandwidth of O (Equation 11) is equal to 9 since
14



arrangenment nethod for when different spreading factors are in use between
active users. Accordingly, there exists a need to determne a nethod to
reduce the nunber of inversion steps when different spreading factors are
in use. 15 SUMVARY OF T14E I NVENTI ON The present invention relates to a
mul tiuser detector that detects and decodes synchronous or asynchronous
CDVA subchannel s having different spreading factors with reduced

conput at i onalere anphaxierg. elepentsred far asmine gehwwsoywaydrom tlee mewsdipgoniahvent i on
is compatible with ZF-BLE, MVSE, decorrelating detectors and the |ike

usi ng Chol esky d%@@ﬁ&hﬁé Qi Ondsiit 1¥icofstAWIRT inGhe PREY &t t@Biver SHRviBySt em
and net hod arranges the columms of systemtransm ssion response matrices

represent i ng, ke, 562 ONSEN BAACURELC(S! Ehol) b URbn USRIA EALey 2

wel | - banded 1 ot systemtransni ssion respons represents a
plurality of tched-fi]ter responses for a given block of received data.

The i nvent iedgctively dnradvee therPraratonamgdealy When ysRing B Xdduces t he
nunber of required mathernatic operations prior to parallel mtched
filtering. Aboeewdhtheprior artidschiseothpeehentl] tbes tramsnein withrequel specadotg a
plurality of users transmtting over a COM interface with reduced

conput ati Onf'iﬁctﬁfé[rﬁlr%ﬁﬂgen‘(@?ﬁbﬁt}%@ﬁl SR8 m AR sIRITEbA Yespofie thekikd c&Pr eadi ng
factor. It is another object of the invention to use existing |linear

detect o | s BB oS0 SR AP 93P 020 1

invention to efficiently limt the bandwidth of a matrix that represents a
plurality ofapdetmedty.i thwsm&rlpfaﬂv dipgrammfps thif grpcesy ip showp eklG. éng
advant ages of the system and the nethod will becone

The process which computes the column re-arrangement of matrix 4

performs the re-arrangement without any additional information. The re-
arrangement reduces the operational complexity when inverting the matrix. Once
the detection procedure is complete, a user data vector d is computed, a reversed
re-arrangement process is performed descrambling vector 4 back to its original
form for further processing.

In a typical asynchronous CDMA systern, the bandwidth of a re-arranged
objective matrix is at least ten times less than its original size. Therefore, a
savings of at Jeast a factor of 100 in processing time is achieved when Cholesky
decomposition is performed on an objective matrix based upon a re-arranged total
system response matrix. However, the prior art has not addressed a re-
arrangement method for when different spreading factors are m use between
active users.

Accordingly, there exists a need to determine a method to reduce the

number of inversion steps when different spreading factors are in use.
15



apparent to those skilled in the art after reading the detailed description
of the 16 preferred enbodi nent. BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is
a sinplified block diagramof a prior art nultiple access comunication
system FIG 2 is a sinplified block diagramof a prior art CDVA

comuni cation system FIG 3 is a sinplified block diagramof a prior art
CDVA receiver with nmultiuser detection. FIG 4 is a sinplified block
diagramof a prior art nultiuser detector. FIG 5 is a block diagramof a
prior art linear nultiuser detector. FIG 6 is a block diagramof a prior

art linear multiuser detect@UMMARY @haHgskRYyVERTOONosition. FIG 7 is
bl ock diagram of a linear nultiuser detector of the present invention.

FIG 8 depicts s)ghomraNSHlas BNdSSANRRuIR Lk AL dbofapd bottom

col umm of f sets. depi cts matr I ndex value assignnment. FIGs.
oresent i nvdET SYMIEONAS QEpErEoTONS CIMASbEar el R ne e Bt cadi ng
factor group matrix A G). FIG 12 depicts the steps for assenbling an AN
matri x i n acporadmgdecters With teductd cpmpstetndnal nemplexip. The multiuser detector
of the present invention is compatible with ZF-BLE, MMSE, decorrelating
detectors and the like using Choiesk‘y decomposition to minimize numeric
operations. The system and method arranges the columns of systemn transmission
response matrices representing the response characteristics of individual users into
a well-banded total system transmission response matrix which represents a
plurality of matched-filter responses for a given block of received data. The
invention in conjunction with Cholesky decomposition reduces the number of
required mathematic operations prior to parallel matched filtering.
Accordingly, it is an object of the invention to detect a plurality of users
transmitting over a CDMA interface with reduced computational complexity
where each user may employ a different spreading factor.
It is another object of the invention to use existing linear detectors in a
multiuser detector without requiring a uniform spreading factor among all CDMA
subchannels.
It is a further object of the invention to efficiently limit the bandwidth of a
matrix that represents a plurality of matched filters prior to mversion.

Other objects and advantages of the system and the method will become

apparent to those skilled in the art after reading the detailed description of the
16



DETAI LED DESCRPTI ON OF THE | NVENTI ON The enbodi ments will be descri bed
with reference to the drawing figures where |ike nunerals represent |ike
el enents throughout. Shown in FIG 7 is a nultiuser detector 17 of the
present invention for detecting, after reception, a plurality of users
transmtting over a coomon CDVA channel. The multiuser detector 17
conprises a plurality of processors having collateral nenory which
perforrn vaprdfesed earoedimagnd rnatrix operations. Alternate enbodi ments of
the invention include fixed gate arrays and DSPs performng the functions
of the various processors. The detector 17 also conprises a first input 19

for inputting individual k subchannel inpulse response estimtes nodel ed
as vectors h(k) to CO”]@RIE&*DE?CW?T%N oPtred pranwengs | S caused by a s
ubchannel ' own synbol s an tiple access |nterference or caused by

synbol s front ot user's sub for all.receive n

second i nput 21 ?ﬁ{: fn‘f)u"tltsl1 lcﬁ%{{]g&fcﬁ‘oﬂfaﬂarmu% fo PsPHOY tfrflgo&lcg

di screet block of tine in the form of an input vector r cont ai ni ng the
conbi ned datcanfmyrsdyasydesr.' s s ubchannel and an out put 23 for outputting
user data P) for each user k fromthe received channel data r in the form

of an output veclgG. 2Tike dlmpﬁﬁed\bmﬁrdlag‘ram&ffraSpr[ﬁradeDMA coptreartdtatpnf act or
Q,,) 41 for each user (k =1, 2, 3... are known a priori. To obtain
user data e) % ﬁ%a speci fic user frontthe conbi ned user data r t he user
data nust be” ered using a natched filter 25 or the liKke.

know edgeabl e in art re t.hat a tched 25
responsg 18 char J@Eeﬁ B¢ &t Qslf fRerps é’xpré?{nf‘%,é%ﬁ@%fecfﬁ%lqwl{hes a

conbi nati on of the spread pulse shape and the user's subchannel inmpul se
response t o mulbdseraletgstiont put with a | evel representative of the signal

prior to transm ssion. Signals input to the filter 25 which do not match
with a given resFItse i€ Aaiaslifdd btk dageauota priboavemultiuser detector.

FIG. 5 is a block diagram of a prior art linear multiuser detector.

FIG. 6 is a block diagram of a prior art linear multiuser detector using

Cholesky decomposition.

FIG. 7 is block diagram of a linear multiuser detector of the present
invention.

FIG. 8 depicts system transmission response mafrix A® top and bottom
column offsets.

FIG. 9 depicts matrix column index value assignment.

FIGs. 10A and 10B are flow diagrams of an alternative method
implementing the present invention.

FIG. 11 depicts the steps for assembling a spreading factor group matrix
Ag®.

FIG. 12 depicts the steps for assembling an AN matrix in accordance with
17



out put. Each individual k subchannel inpulse response estimate h(k) is
input to a first nenory 27 where it is conbined with the sanme user's
spreadi ng code 29 (Equation 3) creating a systemtransmn ssion response
estimate matrix A(k) for that wuser. An arrangenent processor 33 of the
present invention 17 perforns a re- ordering of all matrix A, , (k) colums.
The arrangenent nmethod 99 requires that each subchannel system

transni ssi orih¢ preseNideveniioni x A(k) have the columm structure defined by
Equation 4 which is typical of linear receivers. If the system

transm ssion response matrices A(k) are not of the formdefined by Equation
4, the arrangenent processor 33 first re-arranges the columms to the

structure defined by {Hayali b ¥desEREPRICRS O THRYRRIENGN does not require

that all system transm ssion response matrices A(k) be concatenated into a
total system tragnsm ssi,on res se matrix .A as defined Equation 7. The
ar r angenent proc@&ﬁ%ﬁ“’@%ﬁ@igegw %%@ﬁ?f@%’rﬁﬁ? g?i%%wm%ﬁ%g??se mat ri x
A", A(2), A(3), A(k) colum for the nunmber of zero-value elenents from

t he support vdierelktnumetads repres¢id)likeRdenatito thragghget.i ni ng top o(k)T,, and
bottom of fsets oBn as shown in FIG 8 (for one matrix). As previously

described, each ghshathFIGITT §%&Me?8&@ﬂ§ﬁlmfﬁef;é¥chﬁinhaﬁtidnﬂbrSarTE
nunber of rows; only the nunber of columms vary. shown in FIG 9, the

arrangentnt JocBhoCaRe hcepof SN &&%ﬁ@eﬁgggw PloBAEA CARAM Of

each systemtrans ssion p trices ed upon their
aae) gned | n PRl dBe TaHUNSEE AEETPRY  SEIAESTIoP RAUHX SUPGRTSorRATIHg i mal
top offset with maxi mnum bottom offset to colums having maxi mum top of fset
Wi t h m ni malcobeteralmahdryevhich petfomn vatiomsmectr end matimoparatgonshkliereaie has a
greater top offset and a

emmbodiments of the invention include fixed gate arrays and DSPs performing the

functions of the various processors. The detector 17 also comprises a first input

19 for inputting individual k& subchannel impulse response estimates modeled as

vectors h™® to correct intersymbol interference or ISI caused by a subchannel’s

own symbols and multiple access interference or MAI caused by symbols from

other user’s subchannels for all received data signals, a second input 21 for

inputting data from all users & transmitted in a discreet block of time in the form

of an input vector r containing the combined data from each user’s subchannel

and an output 23 for outputting user data d* for each user k from the received

channel data r in the form of an output vector. The total number of users K and

the spreading factor Q, 41 for each usér (k=1, 2, 3... K) are known a priorl.

To obtain user data d* for a specific user from the combined user data r,

the user data must be filtered using a matched filter 25 or the like. One

knowledgeable in this art recognizes that a matched filter 25 requires a response
18



greater bottom offset than another, if the difference between top offsets
Is greater than the difference between bottomoffsets, the colum with the

|l ower top offset is assigned the [ower index n;. If the difference between
bottom offsets is greater than the difference between top offsets, the
colum with the greater bottomoffset is assigned the |ower index ni. If

the differences between top and bottomoffsets are equal _either of the
two col urms charactbastisehigh dsithelsemplstesonjygatscofithe combinghipn 4 hesRIcadr ocessor
33 assenbles a total systemtransm ssion response matrix AN in the order

of the assi giRre skQlcuit thé1diegBSubchanfibleinmpalsemesponsk wgsoducesmeoutitayitted i n
menory 33 for use during the descranbling process 45. As an exanple, using

the Total SYSLENESRANSE ORI 6ES of to idieion, dapedlt b esihewn |

Equati on 8, rangenment me of e present invention 17 produces

the total system?20 b (1 Tt " :
1,22" b §5 padi 2l Get(j@)@’@g V‘Siﬁ?a gggg(?gs?)ggge clhalt‘alctclris{ic )probdu{:ez: )‘1%3\9((%000000 b

output.

Each individual k subchannel impulse response estimate A% is input to a
first memory 27 where it is combined with the same user’s spreading code 29
(Equation 3) creating a system transmission response estimate matrix A® for that
user. An arrangement processor 33 of the present invention 17 performs a re-
ordering of all matrix A,™ columns. The arrangement method 99 requires that
each subchannel system transmission response matrix A® have the column
structure defined by Equation 4 which is typical of linear receivers. If the system
transmission response matrices A" are ﬁot of the form defined by Equation 4, the
arrangement processor 33 first re-arranges the columns to the structure defined by
Equation 4. The present invention 17 does not require that all system
transmission response matrices A% be concatenated into a total system
transmission response matrix 4 as defined by Equation 7.

The arrangement processor 33 examines each system transmission
response matrix AV AP 49 A® column for the number of zero-value
elements from the support of each vector b,* (Equation 4) defining top 0%, and
bottom offsets 0¥, as shown in FIG. 8 (for one matrix). As previously
described, each system transmission response matrix A™ has the same number of

rows; only the number of columns vary. As shown in FIG. 9, the arrangement
19




| . 1,32,1 3 b (1)b (2)b (1)000000000 1,41,42,2 b(l)b
(2)b(])b(1)b(2)0000000 I'SI'S2,33.12,1 0b (2)b(1)V)b (2) 0000000
1,62,43,22,2 0b (2)b (1)0)b(2)b (1)000000 1,72, 53,32.34,1 0000)b (2 )b
(1) 000000 3, 42, 44, 2 000b(1)b(2)b(1)b(l)b(2)0000 3,52, 54,35, 13, 1 A 0000b
(2)b (1)b (1)b(z)0000 2, 64.45.21,2 0000b (2 )V)b (1)b (2)V)000

2, 74.55.33,36,3 000000b(1)b(2)V)000 5,43,46, 2 000000V)b (20)P 0
5' s3, 56, 3grogesser 33 assigns(an)inéex) \\fél)lue n; for each column o eacg\g'stelg'l UeznsPnliDsglzc?n

response matrices 4% based upon their respective top 0®);,, and bottom 0%, offsets.
The column values are assigned in the order of increasing magnitude from columns
having minimal top offset with maximum bottom offset to columns having maximum
top offset with minimal bottom offset.

If two columns are encountered where one has a greater top offset and a
greater bottom offset than another, if the difference between top offsets is greater than
the difference between bottom offsets, the column with the lower top offset is
assigned the lower index n;. If the difference between bottom offsets is greater than
the difference between top offsets, the column with the greater bottom offset is
assigned the lower index n;. If the differences between top and bottom offsets are
equal, either of the two columns can be assigned the lower index #;.

The arrangement processor 33 assembles a total system transmission response matrix

AN in the order of the assigned column indices »;. The column indices »; are retained
in memory 33 for use during the descrambling process 45. As an example, using the

{otal system response matrices A"? and AP described and shown in Equation 8, the

arrangement method 99 of the present invention 17 produces the total system

20



0000000b (2 b (') P) b (2) 0 3,66,47,24,2 0000000b(') 0) V) b(2) 0)
3. 76,57, 34,38, 1 000000000b(]) b(2) b(l) 7,44.48,2 0000000000) b (2 ) b(l)
7.54,58.3 0000000000b (2 ) b (1) 4,68, 4 0000000000V) b (1) M's

b B® 0 0 0 0 0 0 0 0 0 0
b b 0 0 o0 o0 0 0 0 0 0 O
B B® p® 0 0 o0 0 0 0 0 0 0
Y % 82 0 0 o0 0 o0 0 0 0 0
Y b BB M M 0 0 0 0 0 0 0
0 B B bW pH 0 0 0 0 0 0 0
0 BT b bY bY by 0 0 0 0 0 0
o o o B2 B BY 0 0 0 0 0 0
0 0 0 B3 bE BL bY Y 0 0 0 0
A=0o 0o 0o o »% B bY BY 0 0 0 O
0o 0 0 0 b2 M D B BY 0 0 0
0o 0 0 0 0 0 by ¥} BY, 0 o0 0
0 0 0 0 0 0 bY b b3 BY BT 0
0O 0 0 0 0 0 0 b2 bM BN B O
0 0 0 0 0 0 0 »2 B b A Y
6 0 o 0 0 o0 o0 o0 0 bD Y bY
o 0o o o 0o o0 0 0 o0 Y bY b}
o 0 o0 o0 0 0 0 0 o0 0 &% »Y
0 0 0 0 0 0 0 0 0 0 bY b

Equation 12
The arrangement method 99 indexed the eight columns (1-8) of system transmission
response matrix 4" and the four columns (9-12) of system transmission response
matrix A% in an order of 1, 9, 2, 3, 10, 4, 5, 11, 6, 7, 12, 8 to create a well-banded
total system transmission response matrix 4 (Equation 12).

The arrangement method 99 embodiment described above involves an

examination of each system transmission response matrix AD AP 4D 4@
comparing each column with every other column for top 0™, and bottom 0¥,

offsets. Given the special structure of each system transmission response matrix A®,

namely, that the columns of each matrix are arranged in order of increasing top
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Equation 12 The arrangenent nethod 99 indexed the eight colums (1-8) of
systemtransm ssion response matrix A(') and the four colums (9-12) of
systemtransm ssion response matrix A (2) in an order of 1, 9, 2, 3, 10,
4, 5, 11, 6, 7, 12, 8 to create a well-banded total systemtransn ssion
response matri x A (Equation 12). The arrangenment nethod 99 enbodi nent
descri bed above involves an exam nation of each system transm ssion
response ofitats anddecyeasmedottony affsets as yow prperesoffprrlefido sgbhrelsrenas wit h
every other colum for top o (k) T,, and bottomo (k) Bn offsets. G ven
t he speci Bhudsions; ntecef4Caah he altémateingtiod 99 espbaperfombad x A(K),
nanely, that the columms of each matrix are arranged in order of

i ncreasi ng. : ang ' 1523V QtcALOgr ess
froml ef ?&} %438'% %&%’%‘i‘%ﬁ‘ %@éncecgggﬁgﬁﬁgﬁg@ggfr?%? ﬁ@é&éﬁ?ﬁsﬁgndﬁf& 2)), an
alternative nefhod 199 can pe formed . witho hayi t,0, exam ne each
system transm %}?W%g’ﬁdﬂ%@ocﬁgﬁ ?%@hﬂ\t"l?)mmlbgtﬁ‘% @%h@‘al’ﬁﬁyﬁgﬁ ve met hod
199 is shown in FIGs.10A and 10B, Al'l system transm ssion response
matrices gnsmission esspongimagrices 41 @uEppandingsistep HHY tmasesg haying sgadadi ng
factors are grouped together (step 203). For each spreading factor group g,
NeNnori es gjrBadihg C48dre dredrblipell fobethey REGS20¥). Bar exhabtcading fattor progpal | of
the colums fromall systemtransm ssion matrices A('), A(2), A(3), ... A

The spreagi ng %@%}eoinocg{ggm%{{g}igﬂgeﬁgéés%&{?f Eﬂle%ffgﬁa't’riﬁl falll S1GhEES 1Ags

spreadi ng acror an 6% emilTustratin performance of the

present inventjon 199 contains seven,u S,ahavi our different spreading
factors CHRM %E@isbfﬁ’éﬂ'aaﬁn‘%‘PP%mc%s‘gr)= ’iﬁ’g Q%IV\)AEQS'EE%WE@W%FW = 8 User
3 (Q3)) =8 User 4 (Q4)) =32 User 5 (QS)) = 16 User 6 (Q6)) = 16 User
7 (Q 7)) grotps gsirmgrrangeddy stdemofiingrensinigogreedmgdactohe present invention 17,
the system transm ssion response matrices A(k) are separated into

spreadi ng factgp eSERPRTY system illustrating the performance of the present invention 199

contains seven users having four different spreading factors 0™ assigned as follows:

User1 (™) =8 User2(@®) =8 User3 (@™ =8 User4 (0¥)=32

User 5(Q®) =16 User6(@®) =16 User7 Q@) = 4.

Using the system and method 199 of the present invention 17, the system

transmission response matrices A™ are separated into spreading factor groups:

group 1 (spreading factor 4) AD

group 2 (spreading factor 8) AD 4D 4O
group 3 (spreading factor 16) A 4©
group 4 (spreading factor 32) AY

A respective spreading factor group g comprises at least one system transmission

response matrix A%, where each matrix A% is arbitrarily indexed from 1 to L®,
22



group 1 (spreading factor 4) A(7 group 2 (spreading factor 8) A('), A(2),
A(3) group 3 (spreading factor 16) A(5), A(6) group 4 (spreading factor
32) A(4) A respective spreading factor group g conprises at |east one
system transm ssion response matrix A(k), where each matrix A(k) is
arbitrarily indexed from1l to L(I). 22 Each spreading factor group g is

i ndexed according to increasing spreading factor nagnitude. Wt hi n each
spr eadi ngEacciporading fagtor wreupcs ISRt e RCEHEINgIQ HRATGASHIR SPIAIRE 108 ns i ssi on
response nmatrices Ask) are assenbled into conmon spreading factor group

t ransm ssi@pningponse matrices AG ), where g =1, 2, 3, ... G (step 209).
As shown in FIG 11, the nethod 199 copies the first colum of the system

Lransm ssi on &SROSR Pl MAY] BGubMIEXoRARR hBshiihel syhiamk col urm of

AG,); the first co e sy transm ssion response matri x having
index two to the second blank ¢@l um of .. continuing.throughout the
remai ni ngTaRAVERPR Feéﬁg?ﬁesrg?t()‘ﬁesr’gs &ﬁ&%ﬁﬂ#@ﬁﬁ*@e@%0‘éwr§g§f@%f’i‘°€% spr eadi ng
factor group g until all first col urmG? are copied. The nmethod 199 proceeds
Wi th copygrgptessesondespinsemsiricend ot hivhdrap Fuads3, -et@ (step 209). edch matri x
A(k) in the respective spreading factor group AG,). All matrices in a

spreadi ngsKAH B FRG.0MD tigk aihed 189 copieethrulibrdolfhin 06thengystentinensirdssidre sane
spreadi ng factor. Therefore, the assenbl ed spreadi ng factor group

transm ssion ﬂs%%‘H%§%aU?xg3hcge§§?xé%)thé’\ﬁ st bRAY Cotuink) oitleém,sthkhﬁst%mﬁﬁ of

col umms i FFoPORE A8<oca stemtransm ssion response matrices A(k). For
equal spreading factors, .the arrangenent .net hod as-aﬁ_%l i ed& ach

i ndi vi duaPf DeSYEAM FASERTSIN GFPOTSE 2YHRE PIAeX DRP 19 iS5 TP @ lar to

prior art techniques for assenbling a total systemtransm ssion response
matri x A column of A®; continuing throughout the remaining system transmission response

matrices in a respective spreading factor group g until all first columns are copied.
The method 199 proceeds with copying the second columns, the third columns, etc.,
for each matrix A in the respective spreading factor group A2

All matrices in a spreading factor group g have the same number of columns
due to the same spreading factor. Therefore, the assembled spreading factor group
transmission response matrices Ag® will have L® times the number of columns in
one associated system transmission response matrices A®. For equal spreading
factors, the arrangement method as-applied to each individual system transmission
response matrix per group is similar to prior art techniques for assembling a total
system transmission response matrix 4.

To assemble a total system transmission response matrix AN accommodating
variable spreading factors, the spreading factor group transmission response matrix
AG® having the lowest spreading factor is copied sequentially (step 207) into

memory 33a, beginning with the first column, i.e., column one of 4 ¢®, to the first
23



To assenble a total systemtransm ssion response matri x AN acconmodati ng
vari abl e spreading factors, the spreading factor group transm ssion
response matrix AG9) having the | owest spreading factor is copied
sequentially (step 207) into nmenory 33a, beginning with the first col um,
i.e., colum one of A?t, to the first 23 allocated colum of AN. The
spreadi ng factor group transm ssion response matrix _AG ~') having the

| onest spailwaaticd gofusit of ANasThersprendiigiaaton graverirapsmessIanFASPONAE Matyt her
spreadi ng factor group transm ssion response matrix colums wll be

i nserted 4i®4QyinRithe RAS&: BFkadiXg Mitor!Has iEmexsheimenbesst duhact Alls are
even integer nul {1 ples of 'each other (step 209), the processor 33

assenbl es_t he total temtransm.ssi o tri - .

consi der i%eﬁsr?éeal@?%faﬁoﬁg%@rté%lﬁlmﬁsgm narré]:ts g‘?nsarrﬁéaﬁfgy £ élg]}r@gn“@ i]l)gr%n%n}fttegi ces
AG b) in any order (step 209). For each spreading factor group

transm ssihtmthmlvaSieXnaﬁrly‘fN-, the processor 33 derives a colurrin placenent
reference index m Qg) Qg) M= Q1) 2 - Q1) Equation 13 where Q ~')

denot es the sprgadiyaen ghtaling St aicaseintBzdriulsples afead dthat(stepgr oup
transm ssion matri X AG4) under consideration, Q1) denotes the | owest

Phctor grat B pradnraa G BUbRe St wep Sy S Hh B AN BRI D

n=1 2 3, - N(step 211). To use the colum placenent index,m a

r ef er enceby owrmidesingithe Mmnainingepreading factoregroppalangmissignimariees4¢ aimber of
systemtransm ssion response matrices L('l that constitute the spreading
factor grgupordet {step DE9)l For khch dppeisig faptoe @edupdrdmntiion matrix 4, the

processor 33 derives a column placement reference index m,

o Q(g) ~ Q(g)
RGN SR
Qv 20

where Q% denotes the spreading factor associated with the spreading factor group

Equation 13

transmission matrix Ag® under consideration, Q" denotes the lowest spreading
factor among all groups and # is the column of the spreading factor group
transmission response matrix Ac® under consideration where n = 1, 2, 3, ... N (step
211).

To use the column placement index m, a reference location in AN is derived
(step 215) using the total number of system transmission response matrices LY that

constitute the spreading factor group matrix having the lowest spreading factor,

mHLY, Equation 14
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mH L(l). Equation 14 24 The processor 33 derives a colum set fromthe
spreadi ng factor group transm ssion response matrix AG's) under
consideration (step 217) using the nunber of system transm ssion response
matrices that belong to the spreading factor group currently under
consideration, 5 L(9) H(a - 1) + 1 through L() H n. Equation 15 The
processor_33 copies_the colum set defined by Equation 15 from AG 1 and
i nserts The presessonibyenives @ colunmh s drom ihe spreadings faglor SFUP HRANSIRSSINAG( 1)
whi ch has the 10 reference | ocation defined by Equation 14 as shown in FIG
12. The rresponsé natric dl@hmsleotorstierameattprt] 7) asing thegmuonlperdsyitsmunder
consideration are copied and inserted into the base matrix AN simlarly
(step 22 ' R Gesf to Ty Al fadfel QFouy QdRniRtri x are
pl aced, t agsﬁl%s;génsgg 01%8 chéos?etrslﬁigﬁgﬁ%ext s%é‘éejdag}?gng fgcf:tlg{ gr ogg matri x AG
) (step 22 and.executes the above nethod. Equations 13, 15 14 and 15
al | ow t hé™ IE‘Eﬂsﬂfﬁiﬁ%n%om the remai ni ng spreading factor group
transm ssion matrices AG1l) to be placed in AN after an in"' columm that
has 8imlar support (step 225). Wen the system spreading factors are not
even integer nultiples of each other, the right side expression of
Equati on 13 does not Vi glﬂdﬂqn -lntegefirough tHRitbpcase, 20Bghs&iqw bressor 33
will round the result of Equation 13 to the nearest integer above or the
nearest integer below the value (step 213). The roundi ng direction has
negligible effect on overall system performance. The order in which the
rest of the group 25 systemtransm ssign matrices AS Ware gonsi dered may
have somelks presessen33 repiesipsrcalinyset sehastly Eauationdy; frem eﬂ'@)‘g“’éPﬂﬁ he
spreading factors can be used to

it (step 219) into the base matrix AN after the column of 4 &) which has the

10 reference location defined by Equation 14 as shown in FIG. 12. The remaining
columns of the spreading factor group matrix under consideration are copied and
inserted into the base matrix AN similarly (step 221). After all columns from one
spreading factor group matrix are placed, the processor 33 chooses the next spreading
factor group matrix AG® (step 223) and executes the above method. Equations 13,

15 14 and 15 allow the i columms from the remaining spreading factor group
transmission matrices A% to be placed in AN after an m™ column that has similar
support (step 225).

When the system spreading factors are not even integer multiples of each
other, the right side expression of Equation 13 does not yield an integer. In this case,

20 the processor 33 will round the result of Equation 13 to the nearest integer above or
the nearest integer below the value (step 213). The rounding direction has negligible

effect on overall system performance. The order in which the rest of the group

25



choose an optimum order in advance. Using the arrangenent techni ques

descri bed above, and for the case when 5 spreading factors are even integer
nmul ti pl es of each other, a matrix bandwi dth B can be achieved which can be
shown to be bounded as: KW1 ~ AVAX L k) QVAX k=1 <B< W1 + | (k)

$:: QWAX') QVAX k=1 Q Equation 16 Equation 16 predicts that the bandw dth of
the total systemtransmi ssion 1 , response matrix of Equation 11 will be

bet ween 3Ysigth GansnHsemmRHINEE dhe ofreEquseereh mayhave SeRE SHeHAn hee bandwi dt h
after either arrangenent nethod 99, 199 of the present invention 17 is 4.
The i npr ayewBnperfdithapce ss priorifasivtledge dfthpsmreading facsors van bensedgpr eci at ed as
the nunber of transmitted synbols increase. If a systemtransmtted 16, 000

chi ps 15 f user and 400 synbols for a second user),
t he bandv(\i(}%s}'f€1)e ﬂgﬁﬁh&ng{i?ﬁg (I%\{C\%oul d be approxi mately 800. Using the

ar r angenent hod 99 to roduce.a tatal emre e matrix A, the
Dandwidt b of | AT AR RS g dien A6 i AP Sl a'(‘%ﬁ‘ﬂgﬁ? §HETEE; 5
i ndependent of the nunber of transmitted synbols. After all of the

el enent s spieadbjgefacioveanceven xtegexmaultiples pEepchidikerj ayatpebapmwidthal carer f or med.
Since the conplexity of inverting a matrix is proportional to the square of

be achieved which can be shown to be bounded as:

[ 8 )ono (3] 2

Equation 16 predicts that the bandwidth of the total system transmission

Equation 16

10 response matrix of Equation 11 will be between 3 and 6. An examination of Equation
12 reveals that the bandwidth after either arrangement method 99, 199 of the present
invention 17 is 4.

The improvement the present invention 17 provides is further appreciated as
the number of transmitted symbols increase. If a system transmitted 16,000 chips

15 (800 symbols for a first user and 400 symbéls for a second user), the bandwidth of the
matrix 4”4 would be approximately 800. Using the arrangement method 99 to
produce a total system response matrix A4, the bandwidth of AN" AN remains four
since bandwidth (Equation 16) is independent of the number of transmitted symbols.
After all of the elements of objective matrix O are derived, the inverse 41 is

20 performed. Since the complexity of inverting a matrix is proportional to the square of

its bandwidth, the present invention 17 provides a reduction of computational
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its bandw dth, the present invention 17 provides a reduction of

conput ational 26 conplexity by a factor of approximtely

(80014) 2=2002=40, 000. The total systemtransm ssion response matrix AN
provi des the response characteristics to the matched-filter 25. Each
colum of the systemresponse matrix AN is a vector which represents the

response characteristics o articul k. e recei ved data vector
r |g i nput® 1{1616%{) féﬁga‘)%?ﬂp{ 1 58%6\#@%43 n}q% fh(ﬁ?%d:ed with every

response characteristic fromthe total systemtransnission response nmatrix
AN to producelize il chstdmf trdnsmissamt responsentatnx AN Eavideethemresponsd  out put
vector y corresponds to a prelinmnary estinmate of a particular symnbol

transm tt%ﬁ:&%cﬁst%\f@ e H&Ehed- Al 24 UPIh MREMPHS the's ?ﬁ@?ﬂtrg SoiBd flAgec il ter

25 is |loaded into tlpller 43 10 wth the inverted objectlve matrix O.
Bot h the ched-filter 25 out vect or and . the |nvert obj ective
ot i x 0 ARES AHCEIaBIY R (FPerT dieregauise g atouRted o Pefirl sgboliat o
vector d contains all of the data transmtted fromall users during the

di sciseet Thé reebledclsta Bicnee 1§ npuohy the mavehedeliltar 25Gvismelittihimarched eth il ter
25 out put are based on the total systemresponse matrix AN, the user data

vect or gw% &goﬂ& SHar 8- oléthmgtaﬁ s%&ﬁ&mém@go%g st nkAtfixi ANt he

i nverse o rrangenent net ods 199 escra 45 re-arranges
each el enent qf the u ata vect or i Eon t he colunn
B g

re- assi gniPePEUGse? F’@F TP‘étPHhYF&F‘ﬁé'r n O ORI REFPT Y et hod 99,
199. The el enents of the data vector d are in the sane order dictated by

t he t ot al carrespendstoi aoprelimgpon seimate of & partict]ar §ymbeol tggnsnitteddhy sgiver, 6, 7,
12, 8, transposed 20 vertically. The descranber 45 allocates a nenory space

havi ng t hgses. aMBe GuipRil SL&br p fdch mbm&eaatﬂkermq& Waded &it@atmiilplseadent i al
order, 1-12. After the user data vector is descranbl ed 149, the user

datgg s o ‘itﬂ%e ﬁr&gﬁt P@Eﬁ@ce ée%%'ﬂ?ﬁae rhdt B fifert 3o Rp G VRBor Ja4ENT 1 ON

has been escrl *he pre erre

the inverted objective matrix O are multiplied yielding a user data vector d. The user

data vector d contains all of the data transmitted from all users during the discreet

time block. Since the objective matrix @ and the matched filter 25 output are based

on the total system response matrix AN, the user data vector 4 must be de-scrambled.
15 The de-scrambling process 149 is the inverse of the arrangement methods 99, 199.

A descrambler 45 re-arranges each element of the user data vector 4 based
upon the column re-assignments performed while undergoing either arrangement
method 99, 199. The elements of the data vector 4 are in the same order dictated by
the total transmission response matrix 4, 1, 9,2, 3, 10, 4, 5, 11, 6, 7, 12, 8, transposed

20 vertically. The descramber 45 allocates a memory space having the same dimension
and places each vector element in sequential order, 1-12. After the user data vector 4

is descrambled 149, the user data is output 23 for further processing.
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enbodi nent, other variations which are within the scope of the invention as
outlined in the clains below will be apparent to those skilled in the art.
28 CLAIMS What is clained is, 1. A nethod for assenbling on a processor a
response matrix with limted matrix bandwidth froma plurality of

i ndi vi dual response matrices representing a 5 plurality of filter response

h terist I I di,vi dual
Ceaponse. mat GBS SBFSguiebi Ris bEprRscibed ® Moo B R e | ng

spreading factor group matrices fromsaid groups of individual response
mat ri ces ambdiimiek otpr eadatmpsfrtutlo as; witlnid thscopy of terinventiontza sutlingdal
response matrix froma spreading factor group matrix having the | owest
spreadi ngnftRELRIms BeloWnQilled ddreie €PMdbdskilled fl theaitl further conprising:
(d) choosing one spreading factor group matrix for consideration fromsaid
15 remai ni ng spreadi ng f,actor group mgirices; (e) deriving a colum

pl acenment reference for a first colum of said chosen spreading factor
group matrix; (f) deriving a reference location in said base total response
matrix; (g) deriving a colum set from said chosen spreadi ng factor group
matrix; 20 (h) inserting said colum set after said colum placenent
reference in said base total response matrix; (1) repeating steps (a)

t hrough (h) for each successive colum of said spreading factor group
matri x under consideration; and (j) repeating steps (a) through (1) for
remai ni ng spreadi ng factor group
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25 matrices. 3. The nethod according to claim2 wherein step (e) conprises:
(el) assigning a colum placenent reference index mfor said spreading
factor group matrix under consideration using, 29 QQg) Qg) mFn Q1
where Q-1 denotes the spreading factor associated with the spreadi ng factor
group matrix under consideration, Q) denotes the | owest spreading factor
anong all groups 5 and n is the colum of the spreading factor group matrix
under consideration where n =1, 2, 3CLAIM3  The net hod according to claim3
wherein the step of rounding said columm placenent reference index mif

not an i nWageis clabndd is;The net hod according to claim4 wherein step (f)
conprises: (fl) assigning a reference location in said base total response

matrix using, 1 MXL(A metHbtEff daksleén%élg%e(gg% oceggapsrresgtmémmxck_u% JihgfAONSE

matrices that constitute sai g factor group matrix having the

| owest spneaath hgndwatiorfrand: plurslityasfdindbadeairesponse meatticesefepresenong adex f or
sai d spreading factor group matrix under cansideration. 6. The nethod
accordi ngpwl%ﬁ%@@rmﬁ?@?ﬁhéﬁéﬁ“%‘isa EYRPEYIE®s: 20 (gl) assigning a colum

EE} lf ;Oznns?i ?_) &ir g@%%gﬁ%ﬁl%ﬂ@ (%T' anﬂgltdﬁ.ialxregﬂcqﬁ% m&PS g@cro?&ihg o YieN9:
spreading factors;
(b) assembling spreading factor group matrices from said groups of individual
response matrices with like spreading factors; and
10 (c) forming a base total response matrix from a spreading factor group matrix

having the lowest spreading factor.

2. The method according to claim 1 further comprising:
(d) choosing one spreading factor group matrix for consideration from said
15 remaining spreading factor group matrices;
(e) deriving a column placement reference for a first column of said chosen
spreading factor group matrix;
(f) deriving a reference location in said base total response matrix;
(g) deriving a column set from said chosen spreading factor group matrix;
20 (h) inserting said column set after said column placement reference in said
base total response matrix;
(I) repeating steps (a) through (h) for each successive column of said
spreading factor group matrix under consideration; and
(j) repeating steps (a) through (I) for remaining spreading factor group

25 matrices.

3. The method according to claim 2 wherein step (€) comprises:
(el) assigning a column placement reference index m for said spreading factor

group matrix under consideration using,
29



where & is said nunber of individual response matrices conprising said
spreading factor group matrix under consideration. 25 30

Q(g) Q(g)
' Q(” B 2-Q(”

m=n

where O® denotes the spreading factor associated with the spreading factor group

matrix under consideration, 0" denotes the lowest spreading factor among all groups

5 and n is the column of the spreading factor group matrix under consideration where n
=1,2,3, ...
4, The method according to claim 3 wherein the step of rounding said

column placement reference index m if not an integer.
10
5. The method according to claim 4 wherein step (f) comprises:
(f1) assigning a reference location in said base total response matrix using,
mx LV
where L is total number of individual response matrices that constitute said
15 spreading factor group matrix having the lowest spreading factor and m is said
column placement reference index for said spreading factor group matrix under

consideration.

6. The method according to claim 5 wherein step (g) comprises:
20 (gl) assigning a column set from said spreading factor group matrix under
consideration using,
LO%(n-1)+1 through L€ x n
where L@ is said number of individual response matrices comprising said spreading
factor group matrix under consideration.

25
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