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I nven L Present invention relates generally to nultiple acce )
di gi fiTruni cati on systens. Mire specifically, the i nveniﬂéﬁpi®f' ates
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n.of the Related Art A multip access communi cation system
plurality of users to access 10 the same conmuni cation nmediumto
or receive information. The nmedia may conprise, for exanple, a
able in a local area network or lan, a copper wire in the classic

ione syst eMULAIUSERADETEQTOR EOR VARIABLEH SBREADINGWFAQTIORS A prior
4 pl e access comuni cation systemis shown in FIG 1. The

ication media is referred to as a comuni cati on channel.

fiication 15 techniques such as frequency division nultiple access or
time division multiple access or TDMVA, carrier sense nmultiple access

MA, code division ﬁ*CWQQE@@FJPWW% hers all ow access to

“same comuni cation mediumfor nore than one user. These techni ques can
m xed t og@étllesf the Baventigh hybrid varieties of nmultiple access schenes.
r exanple, tinme division duplex or 2 0 SEP 2094
The present invention relates generally to multiple access digital
5 comrmunication 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
10 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
15 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 communication
medium for more than one user. These techniques can be mixed together creating

hybrid varieties of multiple access schemes. For example, time division duplex or



. proposed third generation WCDVA standard is a conbination
An exanpl e CDVA prior art communication systemis shown
. C CDVA is a communication technique in which)datra g )

th a broadened band (spread spectrunm by moduf at’i ng the data

ted with a pseudo-nqgise si e data .signal.to be
TRD medecofghe piopasask thlréﬁ%?w%"g%@ggﬁ&%@é@ds ﬁgPFﬁ’"b%%SPr i but ed
uency band that nay be several mllion Hertz. The conmuni cation
1S hgimmavussad GDMAL aneously by K independent subchannels. For
channel , all other subchannels appear as interference. 10 As shown,

t-e” subchannel of ' | i mbSicitioresyswint [§ showdl MUEIG.SPr eadi ng
Wwhi ch repea{}srI %1"%?"3%?’?3?% [ﬁ@dgda\étaﬁ ern lgsjeneréa&t ed by a wide bandw dth,

)- noi se (pn) sequence generator. These unique user. spreadin codes
ypi cal | §DYbRisdEosHT B fechpiaihin whih AR IR, Wi gBroadéhed
&pss-correl ation between the spreading codes is close to zero. A data
si‘gnalg i s %ﬁqﬁﬁ@h%&&lﬂnﬁb&ym&&tmgmwopcU@Mﬁcﬁuﬁgi‘etltbiﬂgiiquép-@pﬁﬁead
pectrumsignal. A carrier signal is then nodulated with the digital

pread spectr.um, signa ' b pBORARE AR WA tdidy hrfawsni ssi on
“medium A reti@ider e(lji%%g]l 3%%?§%E§5?§hsm sgi on extracting ?ﬁ’é digital

spread spectrumsignal. The transm_tted data, isS repro .
correl ation Wousand Feragistmpuies HYer 8 SEARHIEY ! a%‘éﬁt ‘T"Ngbcs%?grggﬁrﬁg&gg{&g% are 20
orthogonal to one another, the received signal can be correlated with a

particul ar USRE comingmidativel cianokltio beeg pasd istnvitaneayslie Ay Kgindeprndsich t hat
only the desired user signal

subchannels. For each subchannel, all other subchannels appear as interference.

10 As shown, a single subchannel of a given bandwidth is 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

L5 sequence producing a digital spread spectrum signal. A carrier signal s then
modulated with the digital spread spectrum signal and transmitted in dependence
upon the transmiséion medium. A receiver demodulates the transmission extracting
the digital spread spectrum signal. The transmitted data is reproduced after
correlation with the matching pn sequence. When the spreading codes are

20 orthogonal to one another, the received signal can be correlated with a particular user
signal related to the particular spreading code such that only the desired user signal

related to the particular spreading code is enhanced while the other signals for all
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Fparticul Er spreadi ng code is” enhanced whi l e the ot her

"~ -2 20 SEP 2004 Each val ue of the spreading code is known as
5" a chip rate that is the sane or faster than the data rate.
ween the chip rate and the subchannel data rafd St Hle

actor. To extend the possible range of values of the data
yotharlusers arseat enbancedpr esent nore than two binary val ues. Ternary
ary synbols take on three and four val ues respectively. The

of a synipglp amh@whmbrcad@geaa@rs knoegraea cafp amf leisrathipntesthace t he
l,ntent of each synbol dictates a unique pul se shape. Dependi ng upon

nber synbol s psed u BEN

s exi st‘s l‘\%\?“ﬂ%?‘b Iwntg?%?%eragoﬁéém?é con%ﬂﬁedph?%l{%ggg

are nodul ated and transmtted through the subchannel for dem)dul ation
“the destsubehdnnnl darheatsisrkasireadiedtde®rin a CDMA system are chosen to

nimze interference between a desired subchannel and all other

subchannel s. Thergf &iténd thé ositad@agélof vduaaip teatita signal entyabodis usgd te
desired subchannel has been to treat all other subchannels as interference,

simlar to interference,that ni f [ medi um
Recei vers deSPEied Poe thi gwopﬁﬁn s\ga%%c%e tc?ﬁirp ahH hg{%mér}rg%%&?%e?@r and
RAKE receivers. Since different subchannels do |nterf EFQ' each ot her
somewhat, anthtdecand Or appeorespectizelyo Thereacapsé aa‘iYF“b@ﬁ B@‘I’l‘ﬁﬁ | ABrgplen
receiver. The receiver can listen to all of the users transmtting at once

by running aggesost intorittatlon sinbentewit @atdnt of each symbol dictates a unique pulse
shape. Depending upon the number of symbols used, an equal number of unique
10 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

15 approach to demodulating the desired subchannel has been to treat all other

subchannels as interference, similar to interference that manifests itself n 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
20 approach is to demodulate all subchannels at a receiver. The receiver can listen to
all of the users transmitting at once by running a decoding aigorithm for each of

them in parallel. Thisideology is known as multiuser detection. Multiuser detection
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This ;deol ogy is known as nultiuser detection. Miltiuser
detect i 4

0 S E P 2004 can provide a significant performance

er single-user receivers. Referring to FIG 74 SEP Zﬂﬂistem

bl oc of a prior art CDVA receiver using a rrultl user detector is
€ skilled in this art realizes, the recei I ncl ude such

oo  SGOIITAY B TOTTRBRPERSPERP 1t SENBIF-aet e

: radi o frequency channel s, anal og-to-digital conversion or

Cefatup & FIG. 3.ar syatespelcblt dingconmia pdat aroE DM Aireceiitne out put

Is a processed signal, either analog or digital,

ng dé?gi@%%gglsgr FRIERY cg\nlal &s Qe sifled lﬁ‘@ﬂlﬁ ¥ (SHHRES) i’tﬁrf@éé?ver-rhe

orns nu user detection and outputs a pl uraI ity of

fs correspondl ng to each active subchann Al o ‘(i) smal | number
e t ot al mayinghde stchdupdieas avtadiofRAUEREY ST 6&%@\9‘6’“"@1"“@ apFiate ser
ctors are conputationally intensive devices performng nunerous

| ex mat her@rgTopRElotdqaBncauhdnesls ahdleg-6f-digitabiion¥ eswintor bptidalrpigeatent
onom cally. To mnimze expense, suboptimal nultiuser detectors such as

[ near det eql ol duliy ngpggékc%vc%ﬂﬂ&ﬁcmﬂ%édwgrh@§agﬁmma@ Alcki9BAk 2

conplexity a Se approxi mating the performance of opti nal
detectors. Linear detectors incl u Ecorrel at

error or MvEEogssedtigeal, C"&ﬁ"cﬁ“i‘g’rgd’r fgér,a Fﬂ’b‘a'ﬁfl@cﬁcwrﬂ@&F %w%% g?re

ZF-BLEs. A system bl ock diagramof a prior art linear nultiuser detector
for synchr ogpuaiversubstymablsorithesmiiter alemetanipeeforron mudiushiodsictionrnd, 4.
Data 20 output fromthe comruni cati on nmedia specific receiver (as in FIG
3) is coupl egutbf?ls a plurality of signals corresponding to each active subchannel. All or a

10 smaller number of the total number of subchannels may be processed.

Optimal muitiuser 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

15 compromise approximating the performance of optimal detectors. Linear detectors
include decorrelators, minimum mean square eccor or MMSE detectors, and zero-
forcing block l.inear equalizers or ZF-BLEs.

A system block diagram of a prior art linear multiuser detector for
synchronous or asynchronous CDMA communication is shown in FIG. 4. Data

20 output from the communication media specific receiver (as in FIG. 3) is coupled to

a subchannel estimator which estimates the impulse response of each symbol

transmitted in a respective subchannel. The linear detector uses the impulse response
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i mator- which estimtes the inpul se~esponse of each synbol
respective subchannel. The |inear detector uses the
-4 2 0 SEP-2004 estimates along with a supghapel ' s
-t 0 denodul ate each subchannel's data. The data i s output
: data processing blocks for respective users. To effect
|tmagnalofng Kithalbetehanedl's spreading ¢pdg tpdigrmedudate eachsubghanaglsar -
fector nmethods are executed as fixed gate arrays,

Sk . THH dird Bloutphik B @IbcRARGPSAS processingSRecianfdr tdipedtivi@serki xed
ens allow for greater system speed while m croprocessor driven

fer praqgr I N Lhi i | ' . ah h S
fble for ﬁﬁ@% Ha?ﬂ&&&éacgtog@ﬁffos#ﬁ%@r?\ﬁ élruﬁ%gghggg%%igg&é' n?rl%?ljhenat iC
l:ons. To describe the functions, the follow ng variables typically
fie the smnitiosardeteatodmethedsare orecoiedgs fiketkeate FAYS IUSWOPIAFEEEs: deltalio K =
t'ot al nunber of users/transmtters that are active in the system N, =
nunber  ofio apReedsbrsdr HEPS afd Qe Hike Thed WERESys@insalibpdot greateesystered si nce
, - varying spreading factors this nunber is a nmeasure comon to al

isers. The nunber chips is divsi Y. f [ ctor
oved. For HeRG et SPBRRSRF kL Moo ot prodbAEThe FRREARY BlneACL P
“the largest spreading factor may constitute a block of F:fdat a. Therefore, NN
"can be reducieepleraentatiosdhatis raspeistble 1ghe MuliyserdrHiIPnPLEOEPS 2 FRCRIfe
‘communi cati on channel inpulse response length in chips. This is generally a
predefined psr anBlegfati®fopkhtiony. stBMdescribe the functions, the following variables

typically define the structure and operation of a linear multiuser detector:

10 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 measure
common to all users. The number of chips is divisible by the largest
spreading factor allowed. For the case of synchronous CDMA, a
L5 symbol from the user with the largest spreading factor may constitute
a block of data. Therefore, N, can be reduced to be equal to the largest

spreading factor.

W = the communication channel impulse response length in chips.

This is generally a predefined parameter of the system.
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- -5 20 SE = t he sgreading factor of user k. The spreading factor is
equal unber of chips that are used to spread a synbol of user's:
dat a knows the spreading factors in advance and dp@SERmL need to
esti i1 fromthe received data. 5 NS(k) = the nunber of -synbols sent
by .=NC/ Qk ) K N.T INthe total nunber of synbols sent. '

the data (information) sent by user k. The data is presented in
a vec

or, where a_vector i array. of t.a_l ed by a
hdex varQ‘éEltb‘? SPFW“E‘%]B‘C%PBB%Z“ 3-?169%%?%1%%0 r%g Jﬂ&gﬁgper ations 10
low, all vectors are defined as colum vectors. The n"' el ement
's the nh gyaRabertof alipsitiat are ubad tolspreed a sigabol ofuser sdatahd i npul se
of the subchannel experienced by user k presented as a vector.

quantity neegds ' Bktod 1R advRSRi AardoeT 6t Heed & ver' s
mtes of the Sgﬁ%ﬁaﬁggﬁﬁ%é ul se” 15 responses are referred to as It").

el ements of the vector hl" are .t%%cally conpl ex nunbers, which nodel
y anpl i tude arfstipigshemgrom the rege S B\ ar i ati ons that can be introduced
‘he subchannel .

5 N, = the number of symbols sent by user &. N®=N10%.

K
N=>"Ni" = the total number of symbols sent.

k={

4 = 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 malrix operations
10 which follow, all vectors are defined as column vectors. The n"

element of ¥ is the a* symbol transmitted by the k" user.

K® = the impulse response of the subchannel experienced by user k
presented as a vector. This quantity needs to be estimated at the
receiver,  The receiver's estimates of the subchannel impulse
W

15 responses are referred to as 1. The elements of the vector 2™ are

typically complex numbers, which model both amplitude and phase



2adi ng codp of user k, presented as ayvector. For the

ear nmultiuser detectlon It is useful to thi f,.vectors
ection of the spreading code which spreadszgksf@ 2lmﬁ'cul ar
re, the vector vtk") is defined as the spreadi ng code

d to spread the n"' synbol sent bg the k™'' user.

i1y, ivariationsetharesd hednirgduckd bpthe sybehannelor (n-1) Q k' +1 s i s

D for all other i, where i is the index of vector elements. r'k'
Whi ch represents user k's data, spread by the spreading to

A’k ' and transnitted t hrough that user's subchannel hcki. The

" represgnt chan e, | e period of
(&n a bl ockstgf‘ %'ﬁt Qreél é’?go{lﬁ& k! eﬂ%ﬁ{ehoe{sr??c{gﬁre ggrc%ﬂgr r can be
fas: N~ k~ W (k) ldn (k )~ (k) V(k,n j - J+L 15

on | The si purabseset dneasdnultiuseh dele@ins;, iﬁé? “ﬁcﬁ‘&lltﬂélé‘g Qlfl"eﬁg'ér si gnal s

s noise. Therefore, we can define the received data vector r as
ows -7 2 0 S Bftaidi@4hdSection of the spreading code which spreads a particular

V(1) = thell
pur poseg
contal;

5 symbol. Therefore, the vector v is defined as the spreading code
which is used to spread the a™ symbol sent by the K" user.
Mathematically, it is defined as: v*"”=v® for (n-DQ®+1 < i < nQ®

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

A% = 3 vector which represents user k's data, spread by the spreading
10 sequence v and transmitted through that user’s subchannel H®. The
vector #¥ represents channel observations performed during the period
of time when a block of data arrives. The i element of the vector A¥

can be defined as:

N(U

(k) (k) (k)
Zd Zh “J+1 Equation 1

n=1

L5

The signal received at the receiver includes all user signals r® plus noise. Therefore,

we can define the received data vector r as follows:
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r=Ir(k)+n

Equation 2 The vector n in Equation 2 represents noise
i ntroduce;

2t he commuhi cation channel. FIG 5 shows a system and met hod

_ tt linear nultiuser detector. 5 The estimated sUBShBAHEl -

i mpul sga onse vectors h(k) and the spreading codes v(k" are used to

temtransm ssion response matrix for each user k. A matrix 1is

nunbers i ndexed by two i kdexing variables and is arranged as a

#ar grid, with the fir;tg 4NHg+yﬁriable being a row i ndex and

nd indexing variable bein colum ‘i ndex. to A SEamagan 2

sion response matrix for uséf k is typically denoted as Atk'. The

ow, nr''-colum elenent is denoted as A, ,,,(Oand is defined as: Ai,n
;- 1+i 1 ="' Equation 3 Each colum of the matrix Atk 'corresponds

mat ched filter response for a particular synbol sent by user k during

e period i ‘ b NepeaGks hélsd ldeodbbedShy tthe comaminiadodlat a r -

'S mat ched ﬁ%wdﬂ%gﬁgfhéFﬁg%ﬁ%$ aI? user's spreading %odes and subchannel

‘npul se response?. Therefore, At contains N, 7" matched filter responses.
channel.

FIG. 5 shows a system and method of a prior art linear multiuser detector.
5 The estimated subchannel impulse response vectors A% and the spreading codes y®
are used to create a system transmission response matrix for each user k. A matrix
is 2 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.
10 A systemn transmission response matrix for user kis typically denoted as A",

. k - - .
The i-row, n"-column element is denoted as A, and is defined as:

i- 1 Equation 3

W
0 _ (k) (k.n)
A, —EhA v
j
j=1

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

3 - k
subchannel impulse responses. Therefore, A contains N *® matched filter responses.



-8 2 O SECEEREEEdquation 4 Equation 5 Qk'(n- 1). £quation 6 0 0 bck 0 O
wher e ea b" (k) ‘has a dinension of Qk) + W 1, 5 and is offset

‘ gt  the matrix A, (') by Since the spreading codes(0afR 606t
synbol tines; b, (k) * bskr for i * j. The elenents of a
pybe non-zero values are referred to as the support of the
Ahecelundas ok A% e bhthefopport of A ,°) 10 Once a system

) matrix for each user is created, a total system-9 ( 0O S EP
ssion response matrix, denoted as A is created by concatenating
' transm ssion matrices for all the users as shown bel ow -~ .

0

] - n

Equation 4

[0

where each vector b, has a dimension of

QW+ W-1, Equation 5

5 and is offset from the top of the matrix A, by

OW(n-1). Equation 6

Since the spreading codes are not periodic over symbol times; 5 # b for i = j.

The elements of a vector which may be non-zero values are referred to as the support

of the vector. Therefore, b,* is the support of A,

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

9.



@M th prior art nodul ation techniques, the elenents of h "I
: nunbers.) It then follows that the non-zero el enents of A
“ex nunbers. An exanple total systemtransmi ssion] 8SEPdiise
a hypothetical prior art nultiuser detector asser_rbl ed in
W th Equations 4, 5, 6 and 7 is 2 o-5 E P 2004 b,"',"' 0000000

; trARRNIRIN respdaSdmatrix3BenateDANDs crbated By QG&a&Sﬂabm%ﬂ'@Q ﬁ@‘ﬂ b a' 000
3 00000 1 b(2) b21 00 52.3.1 b" 02 bj'300000 b; 6'bi2100 4

Oootrall)risrrZspslzonBrgamges for all the users as shown below:

b (k) (K
A=[A( eeaA LA ] Equation 7

5 In accordance with prior art modulation techniques, the elements of A% can

be complex numbers. It then follows that the non-zero elements of A can be

complex numbers.

An example total system transmission response matrix A for a hypothetical

prior art multiuser detector assembled in accordance with Equations 4, 5, 6 and 7 is

-10-
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0 00b;-. 6by'; 00000b( 5b;')ba" 00b3 ,2 'b3 32 ' 000000b7"bg
b: ' 5b8 3 000bas 0000000bg'; 000b;b' 0000000be’ S 000b(2T AM
© 2 0 SE g two (k = 2) users, A(" and A(2), having sixtZdeStPclilips in a
D = 16), a channel inpul se response Iength of four (W= 4) and
or for the first wuser of two (Q = 2) and a spreading
t#8¢RRQ) usas, AP afdA?, H4AiRY sixtedh chipb in & Bata bkl (NVaet16y.of al

1 ssion response matrix A b,,,; *' denotes the i'" elenent of
0 u er.
e e R T

matrix A whi e)h represents a bank of matchgd filter ezeponses to
“vecusr obfwo (&t chddand; 4 wperading fIGos fofihe secrg a&s&féaura@ y="4%he
iltering operation is to defined as y r. = AH Equation 9 The

' T el graBitahhtdigysteihi teansissionasiponxe ntatranﬂpb,g.@ deinotegehd it r i x

element of the combined system and channel response for the n* symbol of the k™
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 vector of
matched-filter outputs which is denoted as y. The matched filtering operation is

10 defined as

y=A r. Equation 9

The matrix A" represents the Hermitian {or complex) transpose of the matrix
. H_ 7 ,
A. The Hermitian transpose is defined as A, =A;; where the over-bar denotes the

operation of taking a conjugate of a complex number. The matched filter outputs are

15 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 A.

The zero-forcing block linear equalizer (ZF-BLE) receiver is a linear receiver

-12-



A. The Her gn transppse is defined as 41 =Aji where the over-bar denotes
‘of taking a conjugate of a conpl ex nunber. The matched filter

t he opera _

out put s 15 then nultiplied by the inverse of an objectl ¢SER@M0i x O..

The o ¥e matrix O represents the processing which differentiates each
siear receiver nodel. It is derived fromthe systemtransm ssion

tThQilhahQ)b RGE e ifleld -eqgl pger . (ZF-BLE) receiver is a
f'ecei ver -12j2,0 SE Pﬂ%gbf v%n%f(?l an Ob}ré%ml\(‘/‘@%ﬂe%ﬂ& SqyEe FRrPed as O
=>"The mimi n,squar bl ock |inear equalizer (MVSE-BLE)
ver s 20rh Mt SRRAAIMSE L) reseiverisiaincarmeeiver witban bbietiins 0 =
+ alt where 02 is the varjiance of the noise present on each of the
gibol s of tMetrixspesiliediani@-adreetadr whernd id ihe mhﬁé%ﬂthkﬁol&%}‘\é} ol
‘dentity matrix. An identity matrix is square and symetric tﬁ s on its

frai N di agorsakh anthezgilLy@aRY ' hze, of the identity matrix
s chosen so as to irg}(r}slke t he agﬂ&?{‘?gﬁa%gvgfﬁﬁéﬁdég? P’&t%:gﬁrlﬂﬁoh"d' AN he

“rulesgof [i : a, Fqr a decorrel ator (decorrelating receiver),
matrix A i sqgia{r%f Il'r%?}g)é 6\? 'ﬁﬁﬂ%}’ R B WRSANS) symawsbirswish Hislon, itcmaisi der i ng
only the spreading codes and their cross- 10 correlation (interference)

properties. Ygopalandzsraseivatyivbererster Dhe sttt iferitel efdt@d ist Podsh B asl S
generally constructed for decorrelator type receivers. This matri x can be

const ruct ed tdynaks sherdddgionnderaibh vand aliordind td et ihdi tion of A above
-(i.e. the channel response of every St?lr)clhénng\erpgsggi'fl%ﬁigfgfq‘ Then t he
ective matrix O as defined for the

cross correlati Oporz{%ﬁ: L8aRr i fcbnE, o0 o A i
ZF-BLE receiver. Al éecor r Lﬂsﬁ?%? %‘fér@ﬁ‘?@g VBANE S 15simplifisd b igrorio a nor e
conpl ex mul tiuser detection
the channel responses A", considering only the spreading codes and their cross-
10 correlation (interference) properties. A cross-correlation matrix, commonly referred
to as R, 1s generally constructed for decorrelator type receivers. This matrix can be
constructed by assuming that W=1 and ,%“=1 in the definition of 4 above (i.e. the
channel response of every subchannel is an impulse). Then the cross correlation
matrix R is the objective matrix O as defined for the ZF-BLE receiver, A
15 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 0.
The inverse of the objective matrix is then multiplied by the matched filter
output vector y to produce estimates of the data vector d where d(estimate) = O''y.
20 The inversion of the objective matrix O is a cbmplcx, computationally intensive

process. The number of operations required to perform this process increase as the

cube of the size of the matrix 0. For most asynchronous CDMA receivers, the size
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e the objective matrix is created, the nultiuser detector wl|

‘receiver. g
i nvert atri x, denbted as W The inverse of t he objective matrix is
t hen fied by the matched filter out put vector y to p?d@difPelifist i mat es

of t veptor d mhere d(estimate) = 0-'"Y- 20 The inversion of the
Y| Iaﬁ es the E?st f‘?ﬁ‘@érélxn hﬂéﬁ@&é fe Process. The

opera |o qU|re 0 pe hIS process |n rease as the cube

size of the natrlx Q For nost asynchronous CDVA receivers, the size

SEP 200 of0Qversome tis lignighonyand ko maketheycmpbysisallyoralizables ai on
icable. To overcone this limtation, and to nmake the system

ically memktiggbh®thod doener ChaleskyetnmdecdueCholeatyoldes&npoﬁums%dn

esky deconposition can significantly reduce the conputational

Bpl exi ty [ r EQQEQ anded
atrix is agéntfgb\régﬁ%a‘{aﬂ nﬁhﬁ?&@@fp g?]ngson{ 8“rgfeolr?qc})lt“\lléa s on e fAt]s]gver al

i agonal s away fromthe main diagonal. The nunber of non-zero d| agonal s

“Fadj acent t o MAeX ehapd %ﬂagonal that have at | east one non-zero elenent is

“referred to as bandw dth. Thus, a symretric matrix Mis said to be banded
w th bandw dt h pA Hadded nimaix fsor squate fatrixi thpt cdmaiag nom-z4d vibedseonly dn 1S an
element of M with i being the rowindex and j the colum index. For a

banded mtr'&eﬂl%ﬁ@h&l@a@ﬁg%ﬁﬂh@&a d&lﬁl%aneflc | kbl 6PRY R GeBidoniti 0! €SKy

deconposi ti on can uce the require operations of inverting the
obj ective adjacent to the main diagonal that have at least one non-zero element is referred to
as bandwidth. Thus, a symmetric matrix M is said to be banded with bandwidth p
10 if
m;=0forallj>i+p, Equation 10
where m;;is an element of M, with i being the row index and j the column index. For
a banded matrix with size denoted as n and bandwidth denoted as p, Cholesky
decomposition can reduce the required numeric operations of inverting the objective
is matrix O from varying as the cube of the size of the matrix, n’, to varying as the size

of the matrix times the square of the bandwidth, np’.
As discussed above, the objective matrix for a ZF-BLE receiver is O = A"A.
To illustrate the numeric complexity, the objective matrix O for the total system

response matrix A shown in Equation 6 is

-14-
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hon-2er'o &l eherft sYof Yt He ' fo
Pratdi x Axdox not kave tthe xsame v

EMENt gOf cobj egliye patgix O, |
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romvaryirng as the cube of the size aof the matrix, n', to
of the matrix tines the square of the bandwi dth,
d above, the objective matrix for a ZF-BLE recei VdrSEFIT = AHA.
te the nuneric conplexity, the objective matrix O for the total
§au tion06 is -14 20 SEP 2004

np2.

XX0 00XXXXX00xXxXx

Xx00Equation 11 xXXXXX0xXxxx0
el enents that by
representing non-zero

and  colum of the total

pctor i ndex, then 5 the

N row i ndex i and col um

Equation 11

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 j*
column of the total system response matrix A do not have the same vector index, then
the corresponding element of objective matrix O with row index  and column index
J will be 0. The bandwidth of O (Equation 11) is equal to 9 since there are non-zero

elements as far as nine columns away from the main diagonal.

The objective matrix O as it is constructed in the prior art receiver shown in

-15-

FIG. S is not well banded. Therefore, Cholesky decomposition cannot be used

effectively to reduce the operational complexity when inverting matrix O. However,



15

20

k- pbandw dth of O (Equation 11) is equal to 9 since there are
®nts as f'ar as nine colums away fromthe main_diagonal. The
§x 0 as it is constructed in the prior art reEQiSﬁBsﬂﬂéhovm'i n
gwel | banded. Therefore, Chol esky deconposition cannot be used

ribPart BiFEI6 s (hH wHeR 2R ub&8 BhnseiRItR ¥iial spye&ding Macajis,lalke Mat ri x
52 0 SE P 2904 to .arrangenent of the total system

respons I X can be.performed e prjoer_akrt di.scl oses that
ar BB REC P8 Lt vRlsfEar Bl EPse frafld Alcaf b pBleRmes
an objective matrix O turning matnx O into a banded matri Xx.
pride tdicalgnlating an objecivemetsE, jusnigy ek & miaz bgndediiaatgkocess

fmput es the columm re- arrangenentof matrix A perforns the
NgenR Y si¥intIeK digghimardel tHid ssif§tRWIBLIEIG. 6The re-arrangenent

t he Operational conplexity when inverting the matrix. Once the
‘on procedyre is c | et e, user iS.C ted, a

ed 1o ar r asonines SRR ESLR e B baR R Ak EE LRI i C BB Dack ¢o
iginal formfor further processing. In a typical asynchronous CDVA

m t hethesgramanpement wihous aay adshiéenal ingesmationy Ehargtarsapgergeniredusest t en
s less than its original size. Therefore, a savings of at least a

ctor of 1@1@0bé‘raﬁémﬂ@6l§%l&ﬁit§' Wiien inveiahitievastrinhencdihe destton plecuposi ti on
~performed on an obj ec

oS M K o PR ad DBl d Rlcofih o2 Bk BLE AR Sz AR EANTC e

dat a vector

ive matri x based upon a re-arranged total system

Spreadi aCtors are 1 n ween active

performed descrambling vector d back to its original form for further processing.
In a typical asynchronous CDMA system, the bandwidth of a re-arranged
objective matrix is at least ten times less than its original size. Therefore, a savings
of at least 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 in 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.

SUMMARY OF THE INVENTION
The present invention relates to a muitiuser detector that detects and decodes
synchronous or asynchronous CDMA subchannels having different spreading factors

with reduced computational complexity. The multiuser detector of the present

-16-



gre exists a need to determine a method to reduce t he nunber

:.Y_; when different spreading factors are in u RY OF
,he present invention relates to a nultiuser d t hat

gecodes 20 synchronous or asynchronous CDVA subchannel s havi ng

vadhng BlSwithZEIBI R MSEE, aesRislatnzdRaktromm hy Th
'ﬁ{& ccirﬁﬁl]e prlesent 16 2 0'S E P 2004 entloﬂ,m | s'mégrrpat ?bl e

MVEBE, orrel ati ng det.ectors and t k
A T e T R T R L S SR
nges the colums of systemtransm ssion response natrices
N@ethbd errareep trseluning oAy tEANSTESSION ESPANSE IRIAFCSISRIESENAL 0 a
ded total system transm ssion response matri x which represents a

yt Ofhe TR r?%ngéjclﬁdrﬁ&&*ﬁsuﬁ?%l@@tﬂﬁﬁﬁuaﬁ@'érsamgj yavelbbanied abtal egseéried dat a.

gf ngu: regogja?ﬂgtr;a?n W th to esky deconposition reduces the
|G operatl ons d
ng. WEEBEHIORGESpOnsEMAtEX E}pré%%e“%‘ ‘h‘g‘“&ﬁ\f/‘é'ﬁ f‘%‘lﬁhﬁ& (gj%%)g%g

tity of users 10 transmitting over a CDVA interface Wlt ?I(uced

Wit at i ondr acging Blotk wf wineived detae hThesiarentgp 18 FERIBYACHOR M $XEpr eadi ng
r. It is another object of the invention to use existing I|near

ect or s | Eec%ﬂp'ayl'u%h Ys@lces e ali@berbit Fguired emuthemaig apenatidnerprics ppeadi ng

or anong a
parallel matched filtering.
Accordingly, it is an object of the invention to detect a plurality of users
10 transmitting over a CDMA interface with reduced computatioisal complexity where
each user may employ a different spreading factor.

[t 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.

15 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 inversion.

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

preferred embodiment.

20 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified block diagram of a prior art multiple access

-17-



subchannel,

15 1t is a.further object of the invention to efficiently
limt t ndwi dth of a matrix that represents a plurality of matched
filter or to inversion. OQther objects and advant ages of ;g PshiBt em and

wi |l beconme apparent to those skilled in the art after reading
edccdﬁﬁﬁﬁibaidmslﬂﬁ\the preferred embodi ment. 20 BRI EF DESCRI PTI ON
RAW NGS FI G is a sinplified block diagramof a prior art

Bl e access g s .Q pgﬁ%@g?ﬁgﬂg}a@m{s EHE‘r Y EOMA onFnurficition®

pified block di agr A0 onmmuni cation system FIG 3
‘sinplified block di agramof a prior art CDVA receiver with mltiuser
ction. RY¥emy js a sinplified block diagramof a prior art multiuser
ector. FIG 5 is a block diagramof a prior art linear nultiuser
etector. FIG &IG Rishd eedplidied dleok dibgrampsfi ® priar et CHMBY revelvier wdty
detector using Chol esky deconposition. 10 FIG 7 is block diagramof a
i near. mul ti Usg of the present invention. FIG 8 depicts system
transr% SSi onmrue'surc)'on&seg&?rlgprl X A"" top and bottom

FIG. 4 is a simplified block diagram of a prior art multiuser detector.
FIG. 5 is a block diagram of a prior art linear multiuser detector.
FIG. 6 is a block diagram of a prior art linear multiuser detector using
Cholesky decomposition.
10 FIG. 7 is block diagram of a linear multiuser detector of the present
invention.
FIG. 8 depicts system transmission response matrix A top and bottom

column offsets.
FIG. 9 depicts matrix column index value assignment.

15 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 A’ matrix in accordance with the

present invention.

20 DETAILED DESCRIPTION OF THE INVENTION

The embodiments will be described with reference to the drawing figures
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$5. FIG 9.depicts matrix colum index, val ue assignnent. 15

gF 10B are fl ow di agrams of an alternative nethod inplenenting
P nvention. FIG 11 depicts the steps for assenbiilngfPellipr eadi ng
- matri xXAG',". FIG 12 depicts the steps for assenbling an A

B .66 0B a8 métaldYepfegent ke SRienisn@ghat. 20 DETAI LED DESCRI PTI ON
ENTI ON The enmbodi ments will be described with reference to the

F-gures ;18 20 004 where Like n f es .| el enent s
Showior BIC. 7 o8 gtEr shEROEHTEE olGRECRTRYidn £,

or detecting, after reception, a plurality of users transmtting

rmietecODRPafter meaeptdn, aHerality afjuseis tragemnisenghever 2 copHmn GPM4

‘of processors having collateral nmenory which performvarious

nd PBhREX PREhidlhRES detddtb 1 T @bprisdsbe GlurElity f Proddasors mueiagi on
fixed gate arrays and DSPs perform ng the functions of the various

rs. e detector .17 al so_conmpr.ise fi - - Lnputtin
ual %YE{P&%H%H%W W%P?@O‘F‘e‘é‘%}% ée@%r?alnrcrla aétéxg@%ingé@a%ftg%%ﬂ[eofs hg
ct intersynbol interference or ISl caused by a subchannel's own
10 embodimints of theaoversioniinglude Breshgate araygand2eReperfming sl s from
‘user's subchannels for all received data signals, a second input 21
nput ti fgcA&sfkOMrioal t;rdééﬁb:&. K'ht Hetastot 17 sldo tomprists adiraehphl19ck of

in the formof an input vector r

for inputting individual & subchannel impulse response estimates modeled as vectors
k™ 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 k 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 & from the received channel data r in the form
15 of an output vector. The total number of users K and the spreading factor @, 41 for

each user (k = {, 2, 3... K) are known a priori.

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 characteristic which

20 is the complex conjugate of the combination of the spread pulse shape and the user’s

subchannel impulse response to produce an output with a level representative of the

signal prior to transmission. Signals input to the filter 25 which do not match with
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he conbi ned data from each user's subchannel and an out put 23

ting user data dtk' for each user k fromthe rec,edjgteﬁj @tannel
Ft he form 15 of an output vector. The total nunberf @ s K and

king factor Qk) 41 for each user (k =1, 2, 3... K) are known a
1 0 a @lefirBspafi&y chficteriitic pavduae 8 wedrfoupuis er from the conbined user
;a* he ™ user data nust be filtered using a matched filter 25 or the

e know edasabl Bual KodbBhshell mduBEIGR0AES sliRale #* BASIES fitsk L er 25

s a resp 'Waract eri s I's the conpl ex conjugate of the

Btion of the spread pul se sha e and the, user's i mpul se
b oneprasyiAZ e ioGicpbiG TR 3085 U s peartaCPIR D fEqRtoh OF el

o transm ssion. Signals input to the filter 25 which do not natch
19 1(3%55&1 atsgistangmﬁetmsmapems@mﬂmm enatrit AL for St veera Aower
Each i ndi vi dual subchannel | mpul se response estimate hlk} is

to a first nmenor [ redin® faBr '
édl ng cpareesynt Eﬁ)ﬁ sor ngﬁ ngréeS% illﬁé&g@ylsﬁf%ﬁtf%@gﬁgﬁgsm (r)ﬁg response
mate matrix A(k } for that user. An arrg %errent rocessor 33i0f t he
ent i nueattix dp®Xplyrens. oThhﬁBaléaqgéU@ﬂH@Pﬁhﬁﬁ fregyifes ¢ an'>’<5 hagnel "¢ o yms.
arrangenment nethod 99 requires that each subchannel system

smi ssi qg tg,gs[pglrgﬁﬁssmt {eglxor{éé khatHave® tHaee ¢iod valomst stosture aletieéd dgd by
uation 4 V\;‘l I's typical | inear receivers. If the systemtransni ssion

sponse %g@g% év&ﬁclf':}lé fﬁl)ftcal of’ findat dcBfefO g §{/§ttﬂﬁ thaRdmikabREdsponsd, the

Sl ' angement re-arranges the columms to the structure
gief i ned by Equati on 4. The present
fe matrices A® are not of the form defined by Equation 4, the arrangement processor

10 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 A as defined by
Equation 7.

The arrangement processor 33 examines each system transmission response

15 matrix AT, AP, A® 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 processor 33 assigns an index

20 value n, for each column of each system transmission response matrices A based

upon their respective top 0%, and bottom 0%y, offsets. The column values are

assigned in the order of increasing magnitude from columns having minimal top
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S’ does not require that all systemtransm ssion_fesponse
@k~ be concatenated into a total systemtransnd &§E§ 0f esponse
s defined by Equation 7. The arrangenment processor 33 exam nés
Em transm ssion response 15 matrix AA1Z} , AS'}, ... ‘A(k) colum

" Zyﬁgeet%m% filaRiniith %%n@:h%em doliRfins hivings HiaRiMidm ep Effd wigct or  bn(k

¥ fining top O T. and bottomoffsets o(k) Sn as shown in
gf or one matrix).. As previously described, each system transm ssion
o naminimahbUORgESEthe same number of rows; only the number of

B vary. As shown in FIG 9, the arrangenent processor 33 assigns an
£°0 val ue Ulf twbaolwarshare enoormtestd evhere eRsshasng greates i effest andsbonse
s All based wupon their respective top OWT. and bottom ock}a,,

Th [\ 1Ak GnoRes iR diffeleridd dearatarnop bifsas issasiteg
ude f Bcﬁh%kg u%ﬁ? ﬁgvi ng rlmgnirmatl top -20 0 SEP 20%4 10 osfe?get wth

m bottom of f set to, col unms havi X| f ] 7 ni mal
ofn of f séhan thgd %“&5%‘%‘?5@?%“88@5‘%?1{@?%031& %éﬁ@ @rﬁéaﬁ%{st%ag?eeté er top
et and a greater bottomoffset than another, if the difference between
of f set s abssgrgrelat lower indexir Bictheliliffesensn betwsen REOMBESES i 25F3Edhan t he
m with the |ower top offset is assigned the lower index n,. If the

ference ket dEeR Qefbtegxmcaftaf%r@etg,smrceamer withahe gtéaeerdicitber effse ibet ween
of fsets, the c& um with the greater bottomoffset is assigned the

ower | ndex a?s’igneldfthf‘.t: e iir];cIe?cru?nﬁqﬁe DLV bR p 20k B ARtk %rar ©

3§ equal, either of the two columns can be assigned the lower index r;.

10 The arrangement processor 33 assembles a total system transmission response matrix
A’ in the order of the assigned column indices n;. The column indices n, are retained
in memory 33 for use during the descrambling process 45. Asanexample, using the
total system response matrices A and A®' described and shown in Equation 8, the
arangement method 99 of the present invention 17 produces the total system

15 transmission response matrix A shown below
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';sponsc matrix A" and the four columns (9-12) of system transmission response matrix
" A® in an orderof 1,9, 2,3, 10,4,5, 11, 6,7, 12, 8 to create a well-banded total system
transmission response matrix A (Equation 12).

The arrangement method 99 embodiment described above involves an
examination of each system (ransmission response matrix AV AD AR AW

comparing each column with every other column for top 0®. and bottom %'y, offsets.

Given the special structure of each system transmission response matrix A“, namely,

ga

that the columns of each matrix are arranged in order of increasing top offsets and

10 decreasing bottom offsets as you progress from left to right (reference Equation 8§,

matrices A® and A®), an alternative method 199 can be performed without having to
examine each system transmission response matrix A% directly.

The alternative method 199 is shown in FIGs. 10A and 10B. All system

transmission response matrices A®) corresponding (step 201) to users having equal

LS spreading factors are grouped together (step 203). For each spreading factor group g,

memories are allocated within the processor 33 capable of storing all of the columns

from all system transmission matrices A, AP, A%, .. A™_ The spreading factor groups

g are arranged in order of increasing spreading factor.
An exemplary system illustrating the performance of the present invention 199

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

User 1 (Q")=8 User2 (0®)=8 User3 (@™ =8  User4 (0" =32

23



"-22 20 SEP 700/ e arrangenment nethod 99 indexed the eight
8) of systemtransm ssion xesponse matrix A arfd) $grelfiour
- 12) of systemtransm ssion response matrix Pj in an-order of -1
¥10, 4, 5, 11, 6, 7, 12, 8 to create a well-banded total system
fsi on r[ggpg(%@) Eler | XJsér 6 FYURL 1N 14k 7 (9@) arg angement met hod 99
Ent descri bed above involves an exam nalion of each system
iSsion response matrix A(", A(2', A(", ... A(k) conparing each
Fwith every other colum for top o(k'r, and bottom k'8, offsets.
¥t he special structure of each systemtransni ssion response matri x
nadsihg the systam and enatlwddutfifsofahe paestnt mmstentign 47 ghasysteng wdnsmissiomer  of
asing top offsets and 10 decreasing bottom offsets as you progress
| ef tra | i fi | ine [ A'' and A'y), an
rnati vgeﬁr[rlé% ﬁ%glc%g gﬁ@%@:ﬁgﬁé %&ﬁivl\nn‘f %&c{r gﬁgﬁjisng to exam ne each
emtransm ssion res onsE matri x Ask' gi rectly. The alternative nethod
© is shown in FIGs. HANBIEPIEEINENFOLGLt em trarfbmi ssion response
rices Ask' corresponding (step 201) to users having equal 15 spreading
fctdrs are grouped togeoke? ({Pstadng2fasipr 8For each siiPetdiA factor group g,
enories are allocated within the processor 33 capable of storing all of

he colums fromall St QAP BslopNeyatri ces ' 40A(2), A", ... A
#-The spreading factor gr%gupésam%*ar g{garrgngegai n order of increasing

;j_‘?g;spreadi ng factor. An exenplary systemillustrating fhe performance of the
" present invention 199 gégﬁ)ﬂ:%ﬁ%é‘?aﬁé“gs%%@ﬁgg)sers havi‘hg four different
spreading factors Q'r' assigned as foll ows:

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®’. Each

10 spreading factor group g is indexed according to increasing spreading factor magnitude.
Within each spreading factor group, the columns of the associated system

transmission response matrices A® are assembled into common spreading factor group
transmission response matrices AG‘", where g =1, 2, 3, ... G (step 205). As shownin

FIG. 11, the method 199 copies the first column of the system transmission response

15 matrix having index one to the first blank column of A ;%; the first column of the system
transmission response matrix having index two to the second blank column of A%,
continuing throughout the remaining system transmission response matrices in a
respective spreading factor group g until all first columns are ;opicd. The method 199
proceeds with copying the second columns, the third columns, etc., for each matrix A®’

20 in the respective spreading factor group A;%.

All matrices in a spreading factor group g have the same number of columns due

-24-



User | (Q') = 8 User 2 (Q2) =8 User 3 (Q31) =8 User 4 (QQ4)) = 32 -23
20 SEP2 004 User 5 (Q5}) = 16 User 6 (Q (")) =16 User 7 (") =4. 5

Usi ng the system and nethod 199 of the present invention 17, .stﬂﬁgpszﬁ@{ em
transm ssion response matrices Atk' are separated into spreadi f or
groups: group | (spreading factor 4) At" group 2 (spreading factor 8) A(",
A(2), A(;' group 3 (spreading factor 16) A(5)' A(6) group 4 (spreading
factor 32) A(". A respective spreading factor group g conprises at | east
one systemtransm ssion response matrix A(k', where each matrix A(kK' is
arbitrarily indexed from1l to L' r'. Each 10 spreading factor groupg is

i ndexed according to increasing spreading factor nagnitude. Wthin each

spreadi ng factor group, the colupgps aof the associated: syst.em .transn ssion
r espons &0 rHae rsases SpEgding dagiete n‘gjﬁé’i?????t- dﬁéoﬁﬁ?ﬁmﬁﬁﬁe‘&ééﬁnga@%ﬁ" G
transm ssion response matrices AGwvereg = 1, 2, 3, ... G (step 205). As
shown | '?ranfﬁlﬁsio%lvcsé&?serﬁhﬂﬂféés 499 GAPheve I ¥erifrek the GAMBER ofLoldtAnS HSHRM

transm ssion response 15 matri x having index one to the first blank col um
of. AQ(Z-; the first colum of the system tre}?srri Ssion response matrix
havi ng nseheiattdeySELMitRasEREHTASPanic alrifes of- AG(9'; conti nui ng

t hroughout the renmai ning systemtransm ssion response matrices in a
respective spreading factor groupg until all first columms are copied. The
met hod 199 proceeds with copying the second columms, the third col ums,
etc., for eadlv amemible Al fotal system wransmission response matrx A’ accommodating

variable spreading factors, the spreading factor group transmission response matrix A ;%
having the lowest spreading factor is copied sequentally (step 207) into memory 33a,
beginning with the first column, i.¢., column one of Ag%, 1o the first allocated column
of A’. The spreading factor group transmission response matrix A® having the lowest
spreading factor has the maximum number of columns. Allother spreading factor group
transmission response matrix columns will be inserted into this base matrix A"

If the system spreading factors are even integer multiples of cach other (step 209),
the processor 33 assembles the total system ransmission matrix A’ (step 211) by
considering the remaining spreading factor group transmission matrices A% in any
order (step 209). For each spreading factor group transmission matrix Ag*’, the

processor 33 derives a column placement reference index m.

Q(gl O(i;)
n=n- -

O(l) o) _Q(l)

—_—

Equation 13



Fspectj ve spreading factor group AGE Al matrices in a

Rct or. group g have the sanme nunber of colums due -24 20 SEP2004
Pt spreading factor. Therefore, the assenbl ed spreagnrggﬁfjmtor
Pansm ssion response matrices Ac(9' will have 0" tines the nunmber

s o T} Smi,.sSi.on_respo matrices A(k'.
,ﬁ:eQa ?é(;l}%é?sa@@ssﬁ (l-a%hﬁ'ga é%# gggl‘%ﬁ?e?e‘é’t}@ﬁ@% sﬁ‘&?&ﬁ% qiaoﬁgﬁogﬁrmdat i ng
Pl e spreadi ng factors. the spr_eadi(n factor croup transm ssion

fon fransreissio matind ¢ f amierponpideraion 2 dpratesitha dowest spreading éastired
ptientially (step 207) into nenory 33a, beginning with the first colum,
., BMbhgMIoFBuH afe Oistthe chiungt oPkteOsRbATInE GAdSMNgrotp tinsmihdnSPr eadi ng

:ctor croup transm ssion response matrix A havi ng the | owest spreading
»fact or t.he I gum nunber . of. col.ums. Al ot S di ng factor group
‘ transmrésggﬁ'g'ﬁr}rrwégggﬁseun t ?'?%?ldgg}ut?r%“éhe\f\? fr @1«3 ?’h‘S‘ Esé@??ﬁﬁo this base matrix

A . If the system spreading factors are even integer nultiples of cach

ot Rer (st epl@aB)the colnmnplasemeriondegan s bantsice docakien trod ails desyeaddstepr ansni ssi on
matrix A (step 211) by considering the renaining spreading factor group

t r ansm ) gTRd fotA BEMbACIHysté trafdnisREHREpdrisk BRZBIL® th@coR@fiiesPr eadi ng
factor group transmssion natrix AGE . the processor 33 derives a colum

Pl acenﬁx%tspFe%E%%efggl%r Igr%%%%na{trrllk hzrlr\]f:ir]fé' thglgw}est%rea&ingqgce}grl, on 13 -) 2-Q1)
mx LY, Equation 14

The processor 33 derives a column set from the spreading factor group transmission
10 response matrix Az® under consideration (step 217) using the number of system

transmission response matrices that belong to the spreading factor group currently under

consideration,

L®x (n-1)+ 1 through L® xn. Equation

15

15  The processor 33 copies the column set defined by Equation 15 from A and inserts
it (step 219) into the base matrix A’ after the column of AG‘" which has the 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
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' here QL8' denotes the spreadihg factor associated with the
fct or grooup transmi ssion matrix AS) under CO?PiS(EPFZ ion, Q"
' | owest spreading factor anong all groups and S e colum
readi ng factor group transm ssion response matrix AGE under
'tion where n =1, 2, 3, ... N (step 2112. 5.To0 use éggpcol umm

P < J R milarlyA(stepf 2219N oeftdraiacalemns fom ones SREFYina F tep * 215) using
Pccl nunber of systemtransm ssion response natrices ‘I}nga}‘t) constitute
¥preading factor gro t g Inegt spbeadimpiecor gpupad dactor, in x
4 qtmim%#ei’lﬁcﬁiréh‘%‘%%%gosr?cgg&gg?iiéves Stg colum set fromthe spreading
Ptor group transmssion 10 response, mat.rj GgowcB g der ati on
plep 2deép 223) agd thecurasribe abeye g&?&oame';(q‘%hé{ﬁ%(é@%ﬁh}%ggonse matrices that
gpoel ong to the spreading factor group currently under conai @§E%tei on, L(9" x
¥(n - 1) gr%nt 5 QUG el @inX spreading) factarzrap TENSTHE Y BEEKEBI 6337 Copi es t he
col urm C&™F et hed [)y Equation 15 from AGE} and inserts it (step 219) into

the base matrix A aftgr th | inQfar kporiBtep223ns t he reference
| ocit i qwialt!=€iflﬂr‘i«s-&ftﬁ‘ya“f:'ﬂuéff’{uéilﬁ1 tﬁ% Hég@ghomﬁpn FIG 12. The remaining col ums

of the  spreadi ng f.actor gt oup atrx MDAGL GRRSARRl: Breatouaepl ed and

e expression of Equation 13 does not yield an integer. In this case, the

the right sid

: . he
processor 33 will round the result of Equation 13 to the nearest integer above or t

nearest integer below the value (step 213). The rounding direction has negligible effect

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

' e system
transmission matrices AP are considered may have some effect on the sy

[ se an
performance. A priori knowledge of the spreading factors can be used to choo

optimum order in advance.

[ hen
Using the arrangement techniques described above, and for the case W

1 ' idth B can be
15 spreading factors are even integer multiples of each other, a matrix bandwidt

achieved which can be shown to be bounded as:

(] s oo R e
QMAX k=\ MAX k=l

16

[ issi nse
Equation 16 predicts that the bandwidth of the total system transmission respo

27-



larly (step 221). After all colums from one spreading factor

x are placed, the processor 33 chooses the next i ng factor
FiX AQ' (step 223) and executes the above net hég.%.g%z®gtigns 13,

al | owtt_he [ Acolgurms Lr omthe remai ni ng spreadi ng factor group

pSsi on matrices ' to 5 placed in A after an sjt" column that
Frmataix of Eapaian (loy %wmw%@‘w&mﬂ%ﬁﬁ&?w ﬁa‘%ﬁ" %:iri are not
“sjnteger mul tiples of each other, the right side expression of

Fit i ofiaciBe Darbvidbtafyt eitlibr amai getregemethbd 990199 afabepresdnd invspdetBor 33 wil |
fnd the result of Equation 13 to the nearest integer above or the

?SHBM“ eger bel ow the value (step 213). The rounding direction has
pregligi I'e effect 10 on overall system performance. The order in which the

* rest of the group system transm ssi.on trices ' . '
have some ef‘ﬁ@dmpﬂ?fcfrﬁ&t 1&g BrESERt IHENHAR Frgﬁ@é’."fcﬁ\lspuﬁf%?ﬁ aq%:ﬁ%' quc]%sletﬂg; e? hga g
spreadi ng factors can be used to choose an optinmm order in advance. Using

t hes ar r anEBerestt rdrealmddogyasbotieimcrenire difabgysem transofiged tASOB 2bips\RRR 15
spreading factors are even integer nmultiples of each other, a matrix

232"% Fst;y_?qb%&:%?a%@%b&?%@%@&(ﬁi@%@%@ﬁd%@&%ﬁ Sardwidaendretnagx K x AVAX
Shat 't he. bandw dth of The oLl syst er Lransi ashon eonmmae can oS
A"A would be approximately é)éo Us?rYgstli\g g]rrgr{g%rr}?em tethdld 995 PRdEe a @fal
system response matrix A, the bandwidth of A"A’ remains four since bandwidth
(Equation 16) is independent of the number of transmitted symbols. After all of the

{0  elements of objective matrix O are derived, the inverse 41 is performed. Since the
complexity of inverting a matrix is proportional to the square of its bandwidth, the
present invention 17 provides a reduction of corputational complexity by a factor of
approximately (800/4)’=200?=40,000.

The total system transmission response matrix A’ provides the response

15 characteristics to the matched-filter 25. Each columnr of the system response matrix A’
is a vector whiéh represents the response characteristics of a particular symbol. The
received data vector r is input to the matched-filter 25 where it is matched with every
response characteristic from the total system transmission response matrix A’ to produce
a matched filter output vector y. Each element of output vector y corresponds to a

20 preliminary estimate of a particular symbol transmitted by a given user. The output

vector y from the matched-filter 25 is loaded into a multiplier 43 with the inverted

objective matrix 0. Both the matched-filter 25 output vector y and the inverted

18-



11 matrix of Equation 11 will be between 3 and 6. An’
n of Equation 12 reveals that the bandw dth anqysﬁ#ﬁmpr
nt method 99, 199 of the present invention 17 1is

ent the present invention 17 provides is further appreciated as the

obRdcti | DtEdmaMiphel Sieldifg 8858 dalafvedtos s ThBuscralatVected 16, 000
F (8 0(?8&{&%%%% ?gr a f{yrnst%:seré and 480 Vsyr?bol s for a second user), the

s dt h of the trlx A'A I‘OXI n e

F e renminnalti s watsrapition ik Bhgje Mt ihe o Bid e

Hdwi dth of A'"A" remains four since bandW| dth (Equatlon 16) is
ndependaabbjettitemaatninrthend tic ratehesirfilter 88 ouipvbafeshased pe theatatalgysteme 10
el ements of objective matrix O are derived, the inverse 41 is perforned.

Since t y a5 A8 & Bt bd deks&raRib@RI0 rTHeaadcrdmblt square
of its tt}g?%) Q@H-{%ENA ﬂqg?ggggnt |nvrent|on 17e prgw des a reductlondggf

conput ati onal _conplexity a factor X tely

(8007 4) mfng_ﬂ%lsc}belm’?ﬁe#HF&W?!&%@%“W‘&?%@#@ ?lggn response matrix A
provi des the response t5 characteristics to the matched-filter 25. Each
col utm of t he dassiaaniblerdSpengengemeadhelgtnentiof the usecdas waﬁfdbarséfbw@,@ents t he
response characteristics of a particular synbol. The received data vector

I's 1np rﬁﬂﬁgs ZRilVDEIRgdihg bitheBlGhlRme Bhed 99y
responset“%ﬁélgg@?graﬁl o %rfotr gdto%a sygstlemlransm ssi on response mat ri x
A" to produce a matched fi]ter output vector ut put
vector yl%br The glsmests @ he sgtapyestar Ay ¢ %ts?rﬁétoég Aﬁ%{atﬁgr@m@ﬁ Psynbol
transmtted by a given user. The output vector z fromthe matched-filter
25 is | ogggehidsiinaregponss matpixiderl, 332, 3i 1 4t fid 1i ewiel 2.4 transposed vertically.

10 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 d is
descrambled 149, the user data is output 23 for further processing.

While the present invention has been described in terms of the preferred

embodiment, other variations which are within the scope of the invention as outlined in

15 the claims below will be apparent io those skilled in the art.

* * *
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objective matrix 0. Both the matched-filter 25 output vector y and the
"inverted -28 20 SEP 2004 objective matrix 0 are nultiplied yielding a user
data vector d. The user data vector .d contains all of the data
transmtted fromall users during the discreet tine bl ock.2§1§9p?0mthe
objective matrix O and the matched filter 25 output are based on the total
system response matrix A, the user gmector d nust be de-scranbl ed.
The de-scranbling 5 process 149 is t A rse of the arrangenent nethods
99, 199. A descranbler 45 re-arranges each el enment of the user data vector
d based upowhatieels®edis re-assi gnnents performed whil e undergoing either
arrangenent nethod 99, 199. The elenents of the data vector d are in the

same order dictagted I Sy SSi r t 4 , 9, 2,
3, 10, 4, 5, 1136,7,g{é‘gﬁ?&&%gﬁg%os%ﬁﬁ%ﬁi@gﬁnl 5*@*@%?&%@%@% 45

al l ocates a nenory space having the sane di mension and places each vector
el enent i n tABEMERAG ml 2 wirgless cadedivisign Bpltiphracsstcopypicatansysigm, te
descranbl ed 149, the user data is output 23 for further processing. Wile

t he presentdatdvigRbls Haviieis difgathgdgmeddine dadtdrs! Sienplupditt bf daraedignale dre

enbodi nent, other variations which are within the scope of the invention as

art. 20 Tegssved) Soflalibled tesfonts e ARRCR Yor Lk BRI Ph SR U

datafromaglurality of data signals _ )
(19), for each data signal a system response marix is derived using that data signal

impulse response (27) and a spreading code of that data signal (29), the method
characterized by:

grouping the system response matrices finto groups having 2 same spreading
factor for their corresponding data signals (203);

for each group, constructing a group systeIn response Matrix comprising
columns of all the system response matrices in that group (205);

_for each group, in sequence, excluding the group having & Jowest spreading
factor, inserting the colupans of that group into the Jowest spreading factor group asa
total system response matrix (209-223); each inserted column js inserted using an
index and = yeference insertion location, the index is based on in part a spreading
factor of that column’s group and the lowest group spreading factor the reference
inserton location is derived from that column’s group and the lowest group
spreading factor and 2 number of combined marrices of the lowest spreading factor
group, the total sysn;.m response matrix having a limited bandwith; and

determining data (25, 41, 43, 45, 23) of the data signals using the received
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transmtted in a wireless code division multiple access conmuni cation
system the data signals having differing spreading factors, the plurality
of data signals are received (21) and an inpul se response J@ Ef@ﬁgﬁined
for each received data signal (19), for each data signal at 9 response
inauiix is derived using that data signal inpulse response (27) and a
spreadi ng code of that data signal (29), the nethod characterized by:
groupi ng t Wetsyigedsane iedatad sYRem (esP8NSeRET¥r oups havi ng a same spreadi ng
factor for their corresponding data signals (243); for each group,
constructing a group systern response matrix conprising colums of al

the systemresponse naucices in that group (205); for each group, in

sequence, excluding e grou ayi.n t i iHaserting
The col ums of that gReUR-PRRSTER b e bes SR Uh desgnBing 1D
total systemresponse matrix (209-223); each inserted colum is inserted
usi ng an idetlrminedideta(45)er ence insertion location, the index is based on
in part a spreading factor of that columm's group and the | owest group
spreading factor the reference insertion location is derived fromthat
colum's group and the | owest group spreading factor and anunbe r of
conbi ned matric of .the | st .spreadi fa - . ystem
response matri x%riavi E&cf‘?tﬁ#?é:%uﬁ:‘aﬁﬁ?\%%ﬂang%ﬁtgpg#%ﬁ%%g% .41,
43, 45, 23) of the data signals using the received -30 - 0 SE§ 200 L data
signal s anobathgrmquabtesyssmscmmsgy saquentially inserting one column Irom eac

system response mairix of the group, in turs (37).

4, The method of claim 1 further characterized by rounding off the index

10 an integer.

5. The method of any claims 1-4 wherein the data determining uses a

minimurm mean square exror detector.

6. The method of claims 1-4 wherein the data determining uses a zero-

forcing block linear equalizer.

7. The method of any of claims 1-4 wherein the data determining uses a

decorrelator.,

8. A receiver for recovering data from a plurality of data signals
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2. The nethod of claiml furthez, charactm zed by descmmbling the

"deTerm ned data (45). 3. Thr, nmethod of claiml or 2 further

chrmact eri zedby ft constructing of each group systemresponse, ﬁ% @ i's by
seqt enti aly i merdng one colum from each systemresponse n@ f the
groixp, in tum(37). 4. The nmethod of claim| fuffier characterized by
-roux)ding off the index to aL integer. 5. The medwd of any clainms 1-4
wher ei n t h&ragsmittedaines mewcmvmlumlmnluﬁmccnﬁmm!lMCGJ@rwmm&Cect or.

6. The nethod of clainms 1-4 whemn the & a determ ning uses a zem

Forcing bl Qale pRs BaMAL aﬂﬁxenz%prelaﬁcfaa%}éﬂmzeém@&h&&vc@kﬁé grher ein
the data deternining usés a decorrel ator . 8, recel ver for rec vering
data from gaurallr of . daas&g}nals 31IB 04t m |na
wireless ¢ DSeLde 8%1?% ﬁ°c§§/v éf?'fa Fat a

signal s having different spreading factors t he receiver receives the
plurality efch duaaigriaynsysemmespanss matrixsis d:casgrbumng et damsignahigspulaer each
received data signal, for each data signal a systemresponse matrix is

deri ved US'rE%oh?@ﬁn&’@% cﬁﬁlﬁg%'odé apﬂiaﬁaata%i;gﬁgpmeead 'e&@,ygode of

that data signal, the Tecel characteri by means upi ng the

system response_nmatri i nt o _groups_havin
y P EAns ( fae)sfor group%n Y system 1 fse matrices into groups heving a

same spreading factor for their corresponding data signals;

means (33) for each group, for constructing a group system response matyix
comprising columns of all the system response matrices in the group;

means (33) for each group, in sequence, excluding the group having a lowest
spreading factor, for inserting the columns of that group into the lowest spraading
factor group as a total system response matrix; each ihserted column is inserted using
an index and a reference insertion each inserted column is inserted vsing an index
and a reference insertion location, the indeX is based on in part a spreading factor of
that column’s group and the lowest group spreading factor the reference insextion
locartion is derived from that column’s group and the lowest group spreading factor
and a number of combined matrices of the lowest spreading factor group, the total
system response mamix having a limited bandwith; and

means (33) for determining data of the data signals nsing the received data

signals and the total system response marrix.

9. The receiver of claim 8§ further characterized by descrambling the
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“sanme spreading factor for their corresponding data signals; neans (33) for
each group, for constructing a group systemresponse matrix conprising
colums of all the systemresponse nmatrices in the group; neaahs§FEf X3) for
each group, in sequence, excluding the group having a | owest spreading
factor, for inserting the colums of that group into the | owest spreading
factor grogf as_aﬂigtal §ysten1response matri x; each inserted colum is
i nserted udchgouBsf d31addS)and a reference insertion each inserted colum is
inserted using an index and a reference insertion location, the index is
based on in part a spreading factor of that colum's group and the | owest
group spreading factor the reference insertion location. is derived from

that colum's gneup : i I er of
conbi ned matri celgwof %gg{%ﬁgﬁg%?gmﬁﬂ%%ﬁgt%eeﬁg@%st emr

sponnse matrix having a limted bandw th; and neans (33) for determ ning
data of thelsasher I ECSPRMSE MAER SN Aeduentiatly Isering alie A Eomot g
systemresponse nmatrix. 9. The receiver of claim8 further characterized by

descranbl i ngeh kgsteiQe s Rfixlef e Frond iaka (315) . 10. The recei ver of
claimS or 9 further characterized by the constricting of each group

systemresponse nmatrix is by sequentially inserting one colum from each
system response matri x of the group, in rum (37). 11. The receiver of claim

S further characterized by rounding off the index to an integer..
11. e receiver of claim 8 forther characterized by rounding off the index

Io an integer,

12, Thereceiver of any of claims 8-11 wherein the data determining uses a

minimnm mean square exyor detector.

13.  Thereceiver of any of claims 8-11 wherein the data determining uses a

zero-fercing block linear equalizer.

14.  Thereceiver of any of claims 8-11 wherein the data determining uses a

decorrelator.

15, A receiver for recovering data from a plerality of data signals
transmitied in a wireless code division multiple access communication system, the
data sig:;als having different spreading factors, the receiverreceives the pluraﬁty of
data signals, a channe] estimator estimates an impulse tesponse for each received
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'12. The receiver of any of clainms 8-11 wherein the data determ nhg uses a
m n~i mm nmean square error detector. 13. The receiver of any of clains
8-11 wherein the data determ ning uses a zero-forcing bl 00k2|[]ig;ﬁﬂ[[][][,

equal i zer. 14. The receiver of any of clains 8-11 wherein the data

determ ning uses a decorrelator. 15, A receiver for recovering data froma
plurality of data signals ,transmtied in_ a vvire! ss .code division multiple
access conﬁ%ﬁé@%rﬁg@%@#@ﬁa gRRetorier gacl oA s NGRS A S EERRE SRR adi ng
factors, the recesverreceives the plurality of data signals, a channel

estinmator eghirib€ifigaNati daralkipfal BgRdRSespose and A speedinge code S3thar atSEP 2DD4
data signal, a linear data detector for each data signal deriving a system

response matri,X.,usi t _dat hgnal inpul se response and a spreadi ng
AR e BB

code of th S e recerver characterized by: a rearrangenent
processor (33) for grouping the systcnresponse matrices into ,groups
having a same sprEadrRErmen prcesser (SO) T ST SRS SYFERTREP RS MBthges IO £ or
each group, constructing a group systemresponse matri x conpri sing colums
of all the m%wpt Bavingapensepreading f&lor for theatcogespandirfpadatesghalgforgach i n
sequence, excluding the group having a | owest spreading factor, inserting

Lotal syst SRePBHONEHCHEE pieto il 1 3MpE AL RCRRALE TN ML AR 2
index and a reference inserti pnthl Pcat [ _Ol’(l’, the i ‘rlldex i su basef:llm(‘)ﬁr;n iﬂr;c part a
spreadi ng fsxstesn responsrmanises imthst groapifos gerh STENP.GRESIUHES Y g
group having a Jowest spreading factor, inserting the columns of that group into the
lowest spreading factor group as a total system response matrix; each inserted
column is inserted nsing an index and z reference insertion location, the index is
based on in part a spreading factor of that ¢columm’s group and the lowest éroup
spreading factor the reference insertion location is derived from that column’s group
and the lowest group spreading ¥actor and a number of combined matrices of the
lowest spreading factor group, the total system response matrix having a limited
bandwith; and

wherein data of the data signal is determined using the received dats signals

and the total system Fesponse matrix.

16. The receiver of claim 15 further characterized by descrambling the

determined data {45).

17. Thereceiver of claim 15 or 16 further characterized by the constructing
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spreading factor the reference insertion |ocation is derived fromthat
colum's group and the |owest group spreading factor and a nunber of
conbined matrices of the |owest spreading factor group, the zt[})$r.6};l gystem
response matrix having a limted bandwith ; and wherein data o’“t@ dat a
signal is determ ned using the received data signals and the total system
response matri x, 16. The receiver of claim15 further characterized by
descr anbl i ref 358 SSeuRFYsieTe BespaRnsE ALk 15 by sequautisliydnseréng one elemmiom or 16
further characterized by the constructing -34 LO SLP2004 of each group
system respmﬁayg@miegpéxgebya@gngmg@hwninﬂgqm j_ng one colum from each
systemresponse matrix of the group, in turn (37). 18. The receiver of
claim15 further characterized by rounding off the index to an integer. 19.
The receiver of any clains 15-18 wherein the data determ ning uses a

m ni mum nmean square error detector. 20. The receiver of clainms 15-18
wherei n the dat al&et efhf recaiyen of slazmASr further charscterizediby iovadingeofiihs zer

21. The receiver of any of clains 15-18 wherein the data determ ning uses a
decorrel at Ghdex &Pan integer.

19, Thereceiver of any claims 15-18 wherein the data determining uses a

minimum mean square error detector.

20.  The receiver of claims 15-18 wherein the data detenmining uses a zero-

forcing block linear equalizer,

21.  Thereceiver of any of claims 15-18 wherein the data determining uses

a decorrelator.
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