11 August 2006 *167167* 1 A nulti-user code division nultiple access
receiver THIS INVENTION relates to a nmulti-user code division nultiple

. access receive cursive estimation. Mre partliAugust 2§08 he

di vi si on relatﬂ Qﬂ@ﬁﬂ mmmmgod of . receiving a code-division

mul ti pl e-acces de division nultiple access (or CDVA) ceIIuIar
" conmuni cati ons systiéng* suf fer from co-channel interference. (or nulti=user -
or nmultiple-access interference [MAX]) on the. reverse-or up link (i.e
froma nobile handset to a. base station). This is due to the
i npossi bility of maintaining orthogonality between code channel s used by
| ndependent npbil e handsets, which transmt asynchronously. This form-of
i nterferencg juxii Subbe HBlbN ¢APEAGH ikl SEYRS Alobesttaciiyesi gni fi cant .
capacity galns can be achieved if nulti-user. interference can be reduced,
or if joint detection of all users is enployed, as opposed to
conventional single-user-detection techniques currently in ' use mhlch
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transmtted by each user. The nmaximumlikelihood detector has a coaneX|ty
whi ch:

Code division multiple access (or CDMA) cellular.:_‘.\,.__-i:
cormunications systems suffer from co-channel interference a
~ (or multi-user or niultiple—acce'ss interference [MAI]) on
the reverse or up link (i.e. from a mobile handset to ag:._-_
base station). This is due to the impossibility of
maintaining orthogonality between code channels used by
independent mobile handsets, which transmit asynchronously.
This -form of interference 1limits the uplink capac:.ty'
'severely, and very significant- capacity gains can be
achieved if multi-user. interference can be reduced, or if
joint détection of all users is employed, as opposed to: .
c_dn‘ventional single-user ‘detection techniques currentiy in
use which merely treat multiple-access interference (MAI).. -
as uncorrelated noise. :

" Previous work on MAI cancellation dates back to S.. -
Verdd, "Minimum probabiiity of error for asynchronous
Gaussian multiple-access - channels,” IEEE Trans. Inf.
Theory, vol. 32, no. 1, pp. 85-96, Jan 1986, which
deScribes the use of a Viterbi decoder in concert with a
maximum-li_kelihobd (ML) decoding metric for the
demodulation of the bits transmitted by each user. The
maximum—-likelihood detector has a  complexity whn.ch;-
increases exponentially - in a binary phase shift keyedj_
(BPSK) system, this is of the order of 2° multiply-and~
add's, K being the number of users in the system. its
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I ncreases exponentially - in a binary phase shift keyed (BPSK) system
this is of the order of 2" multiply--and-' add' s, K being the nunber of

- users in the system Its. *@0002* 11 August 2006 2 cdipugustta00r event s
the practical inplenentation of the M. detector, and thus other ._
sub-opti mal schenes have been proposed. Anpong these, direct descendants of

Verdd's M. detectoz... are the sequential decoder discussed in Z. Xie,
C. K. Rushforth,r and R T. Short,, "Milti-user signal detection.. .using
sequenti al decoding,"” I|EEE Trans. Communications, vol. 38, no. 5, pp.
578-583, May 1990i and a linmited tree- skarch detector discussed in L. Wi,
L. K. Rasnussen and R Wrwas,, "Near-optinmumtree-search detection
schenmes forgq et ST Ré - ﬁﬁ&étf@&ﬁ iﬁﬁléﬂhﬂﬁsﬁléﬁuéf'%ﬁeaﬁﬁ
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No. 6, , q:mo thyy o lm’cﬁ@péml@a&n ERBEEeS ndiaNe’ been
searching tﬁgbpﬁgéuurul, .. tree structure non-exhaustively, as opposed to
the ML6 al gorithm which exam nes every branch of the tree. Tha,:

conpl exity of such schenes is still fairly-large,, and their structu%e S

"nore suited to a progranmabl e di gi tal signal processor (DSP)

‘inpl enentation t 0 ent
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through a frisiefolank] anBACcR, Bl argtbrad, Wrieh tiSuBREChSfgh&t detection

~using sequential decoding," IEEE Trans. Communications,
voi 38, no. 5, pp. 578-583, May 1990, and a limited tree-
search detector dJ.scussed in L. Wel, L.K. Rasmussen, and R.
Wyrwas, "Near-optimum tree-search detection schemes for
bit-synchronous multi-user CDMA systems over Gaussian and
two-path Rayleigh fading channels, ™ IEEE Trans.
Communications, Vol. 45, No. 6, pp. 691-700, June 199'7,_;.-_
‘which operate on the principle of searching the dec"'oding{.-_f- _
tree structure non-exhaustively, as opposed to the ML
"algorithm which examines every branch of the tree. The
COmplexity of such schemes is still fairly large, and their.f '
structure is more suited to a programmable digital signal_!.-.

- processor - (DSP) inmplementation than . a large—~scale
--integr'ated (LSI) circuit one. Pfesent DSP's are still not
_powerful enough to implement the tree-search family of
multl—user detectors. :

_ The cdnventional detector passes the received signal
- through a filter bank, each branch of which is matched td
the spreading code of one user. The K outputs of the;{j
filter bank are then passed through K decision devices (or
slicers) which decide on the symbols that were transmitted.:
This simple technique suffers from MAI as described
earl:.er, but an additional matrlx filter based on the
'cross-correlatlons between the spreading codes used: by
individual users can be designed to remove MAI completely.



t he spreadi ng code of one user. The K outputs of the, filter bank are*then
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- synbols that were transmitted. ~ This sinple technique sufif Augudtr2006 VAl as
described wearlier,, but an additional matrix filter* based on the.
cross-correl ati ons between the spreadi ng codes used by individual users
can be designed to renove MAI conpletely. 11 August 2006 3 This detector
structure is known as the decorrelating detector and was proposed in R
Lupas and S. Verdu "Linear nulti-user -detectors for synchronous
code-divisiow nmnultiple-access channels.3 " IEEE Trans. Inf. Theory, vo I.-
35, no. 1, pp. 123-136, Jan 1989. The problemwith the decorrelatin
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the detorreB&,i ng.ddteppor 123ahd63. JamelWRorrel ati ng detector renoves MNAl
without tegard for noise and interference fromother sources, and can 'be
shown al ways-to increase _the noise conponent not due to M. This_ noise
enhancenent  pr offherproblemshwikbt the sdeecorrelating sletiesfon prer thatuch as
t he decorrelating detector. _ 5

1. when long spreading codes with periods greater
than the symbol interval are used, the matrix filter
has to be re-célculated in every symbol. This is a
non-trivial operation requiring the inversion of a X
x K matrix;

2. with long codes, there is a nOn~Zzero probability-
that in a given symbol interval, the codes selected by’

 the K users will not form a linearly independent set.’

This would be fatal to the decorrelating detector; *
and

3. The decorrelating detector removes MAI without
regard for noise and interference from other sources,
and can '‘be shown always to increase the ' noise
component not - dlie_ to MAT.  This .noise enhancement
problem is a characteristic of zero-forcing filters
such as the decorrelating detector.

The first two problems are almost imposéib‘le t@*
overcome due to the very concept of the decorrelatinéf-:--'
detector, which is to invert the channel matrix in order to
recover the transmitted signal vector.

The noise enhancement problem can be limited using the
same technique as in channel equalisation, namely the use
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enhancenment problemcan be Iimted using the sanme technique as in channel
equal i sation, nanely the use 11 August 2006 4 of a m ni num nmean squarted
error (MVBE) solution. This was proposed in Z. Xie, RT. Short, and C. K.
Rushforth, "A famly of sub-optinum detectors for coherent mul ti - user
comuni cations,” IEEE J. Sel. Areas Comms., vol. 8, no. 4, pp. 683-690,
May 1990, and further explored in U. Madhow and M L. Honig, " IVIVBE

i nterference suppressi on for direct- sequence spread-spectrUm CWMA " | EEE
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training’  addition to knowledge of spreading codes, also requires
- knowledge of the thermal noise power at the receiver. This’
may seem impractical, but the amount of side information
required can ‘be reduced to merely a training sequence when '
an adaptive implementation is applied. This approach is
expounded . in, for example, S.L. Miller, "An adaptive
- direct-sequence code—division multiple~access receiver for
multi-user . interference rejection, " IEEE Trans.
Communications, vol 43, no. 2/3/4, pp. 1746-1755,
Feb/Mat/Ap_r 1995, s. Verdi, "Adaptive mult:.—useﬁ’_-
detection, " in Code Division Multiple  Access
Comnumications} S.G. Glisic and P.A. Leppanen, Eds., ppd
9"7 -116, Kluwer Academic Publishers, The Netherlands, 1995,_
and a blind approach not requ:.rlng the use of tralning'-- '
symbols has also been proposed in M. Honig, U. Madhow, and
S. Verdd, "Blind .adaptive multi-user detection,” IEEE
Trans. Inf. Theory, vol. 41, no. 4, pp. 944-960, July 1995.

- The adaptive MMSE detector however sui:‘fers from one

- major drawback in that it can only be used for short—code
systems, i.e., those which use spreading codes with perlods' _
exactly equal to one symbol J.nterval Such systems do noi‘:" :

currently exist and are not under consideration for futurél-

cellular systems because of the need to have codes loni;z"
enough to uniquely identify every single mobile handset 1n
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consideration for futuroi cellular system because of the need to have
codes long enough to uniquely identify every single nobile handset i n 11
August 2006 use at one time around the world. Another famly of mul tiZ user
detectors works on the principle of interference cancellation through.

progressi ve yseulit’ aglel @Amel agshihdbtRd woiEdf erence conponents -fromthe
received signal. The successive interference canceller (SIC) as di sbussed

in P. Patel and J. Holtzmarm "Analysis of sinple successive interference
cancel | ati on schasmther aﬂa.qu;S/ 6K Anshsi-arger | @&Eedtofisl workscasn CEhgs. |
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4,, pp. 509 are éIy mprovemants ave been
made to the (353 @ssdipquased piRo| RakpksandcPuddodimeans e Paplygdsal | el

structures ¥F Himpk @%é&%i@%wfferdﬁénéﬁkeﬁm%?%éﬂéﬁé , in Dgy |CDKA

Csi g epealBUCHA SYAEER S RFE! Joc SBiar ASRES: oSt po Jerloc ] (I':EE(éalnﬁtL 3

_C.onf .3 @pam 79ﬁ389ﬁ‘s (Uﬁfi&)/ 1994 \Vishopthent gpdragdgl Sugxtel%tf@@ence,g

- canceller (PIC) discussed in M.K. Varanasi and B. BRazhang,j

"Multi-stage detection in asynchronous code-division.
multiple—-access communications, " IEEE Trans.:
Communications, vol. 38, no. 4, pp. 509-519, Apr 1990, are
well known and many improvements have been made to the
basic structures.' Notable ones include hybrid serial-
parallel structures as discussed in M. Sawahashi, H. Andoh
and K. Higuchi, "DS-CIMA pilot and data symbol-assisted
coherer_it multistage interference canceller using repeatedly
updated channel estimation,” in the Proc. IEEE Int'l Conf.;
Comm. Systems (ICCS)/Int'l Wkshop Intelligent Sig. Proc. &,
‘Comm. Systems (ISPACS), Singapore, Nov. 1996, pp. 585-58.$:~_-'-
and the use of tentative decisions at the output of eacki
stage instead of hard decisiohs as discussed in US Patent
No. 5,579,304 and D. Divsalar and M. Simon, "Improved CIMA:
performance using parallel interference cance_llation,"
- Tech. Rep. 95-21, Jet Propulsion Lab., California Inst. of
Tech., Oct. 1995. The 1linear clipper soft-decision
function in particular produces quite spectacular
improvements in performance over the hard-decision SIC, as
shown in X zhang and D. Brady, "Soft-decision multistage
detection for asynchronous AWGN channels", in the Procs
31st Annual Allerton Conf. Comms., Cont. & Comps,
Monticello, IL, 1993 and for another algorithm in L.B-;;?.;-'-'-
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Simon, "lInproved CEMA1'. performance using parallel interference

cancel lation," Tech.. Rep. 95-21, Jet Propuision Lab., California Inst. of
Tech., Cct. 1995. The. linear clipper softdecision function in particular
produces quite spectacular inprovenents in performance over the X
hard-decision SIC,, as shown in X Zhang and D. Brady, "Soft-decision s

mul ti stage detection for asynchronous AMGN ' channel s",, in the .Proc.,~ 3

I st Annual Allerton Conf. Comrs., Cont. a Cpnp.. Monticellof IL, 1993%and

for another Nahgehi td41a | B. ¥, Brobk, Augttsd rafi0fe ﬁul\bi-s@@eﬁnm‘ebleil‘vePeotor
"Iterative nmulti-user receivers for CDMA channel

approach, " [GE4B Ty Shennels: oo ARni EFPRRRED | o FPREORB! 12, DD 17%6%10
Dec. 1996. Commumdchdimnsef vbie4dyubNoaclRyeppnil@pPeldh@e Deanck®9®r are
di sclosed in US Patents 5f579, 304; 5,218,619; 5,467,368; and 5, 363 403.
Due to the. 1~Lrge nunber of different types of rrultl- ~- user.

det ectors whi ch Naridwsen Fospssedofit £ eqwﬁ'ébtr%Fth?askaﬂeiﬁPcﬁhem

according t atifd hQle7RRGR %m%sewtlqus Pataits I, o, dec sy 1B 619 NS
best while t: onventlon etector perforns worse. Therefore,, * we

do not cl ai rﬁd"rﬁ?tn 6820 %’v@ﬁ?‘w ﬁgperforms better than all other

mul ti-user CDKA detectors, only that against a simlar detector - described
in DS. Chen and S. Roy,, "An adaptive nulti-user receiver for CDKA system
" IEEE J. Sel. Areas Comms... vol. 12, no 5, pp. 808-816, June 1994, it
does. perform a | due to the large number of different types of multl-w_

user CIMA detectors which have been proposed, it is quite &
task to rank them according to performance beyond notlng.
that the ML detector performs best while the conventional___'
: detector performs worse. Therefore, we do not claim that
this mvention performs better than all other multi-user
CDMA detec_tors, only that against a similar detector
described in D.S. Chen and S. Roy, "An adaptive multi-user
receiver for CDMA systems"” IEEE J. Sel. Areas Comms., Vol.
12, no 5, pp. 808-816, June 1994, it does perform a lot
better and against a four-stage linear-clibper SIC,
performance is comparable as will be'demonetrated later.
In D.S. Chen and S. Roy, "An adapt:i.ve multi—useié'*-
receiver for CIMA systems" IEEE J. Sel. BAreas Comms. , volt; -
12, no 5, pp. 808~ 816, June 1994, a detector which operates
on the basis of recursive least squares (RLS) weight
updating and the . concept of regenerating the -received
signal based on known spreading codes and channel
coefficients. wes described. The channel model used is
3 similar  to the one described herein, but it assumes
synchronous transmission, i.e., all users' symbol intervals
are synchronized,_ whereas this invention explicitly
includes asynchronous systems. Also, the weight up-dating
algorithm described herein differs from the RLS algorithm

i
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better and against a four-stage linear-cli er SIC, ipp performance is
conparable as will be denonstrated later. In D.S. Chen and S. Royr "An

- adaptive nulti-use:F: receiver forl CUVA. system | EEE J11%eigust2(06eas
Comms., voll:,1; 12,,.no.5j, pp. 808-816,, June 1994,, a detector which
operates on the basis of recursive |east * squares (RLS) weight updating
and the concept of regenerating the -received signal based on known
spreadi ng codes and channel coefficients was described. The channel nodel
used is simlar to the one described herein,, but it assunes synchronous
transm ssion, i.e., a:1ll users' synbol idtervals are synchroni zed,
whereas this invention explicitly includes asynchronous system Al so, the
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algorith. M 11 ust Q0 usedq in.D. d Roy, "An adapiive
raul ti-user *eF F5erf2°fro?"%éﬁss\§§3t K H@E% n%"gf %% oS s RL-
12,, no 5..1pp. n&OS;Spﬁ,- 808e816940une I994. Li m and L. K Rasnussen, 3
"Adaptive synbol an& paraneter estimation in asynchronous nul t i - user )

Cnx: detectors”, |EEE Trans. Comrunications, vol. 45, no. 2,

213-220, Feb 1997n & jbi nbimapndelek. eﬁamsaﬁnfan%ntlmtwbmh and® -
algorithm ug»h&ambleerext@g@ﬁ&ﬂi%ﬁmnlﬁ' ! ta%ryn%%lﬁb VaSmPOPaRRe:  TEBMA:
novel ty in that algorlthmla |nthemé ,gtatlon of tinme delay
estimat es aR@tBCLOZsr ndEEE THRPF-( e }93%‘? r dVP} er 834 rB%n t Be. B AN

filter used21B8-220is n'éb!ensaor,l hecguiatt ipataidtasr Casthnatised @mdy when
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was proposed. The novelty in that algorithm lay in the
' joint adaptation of time delay estimates and bit estimates
with the EKF, which differs from the Kalman filter used in
this invention because the latter can be used only when
time delays are assumed to be known.

~

3
Accordingly,  one aspect of the present invention™
provides a method for receiving a code-division multiple.—&""
access (CDMA) signal combining symbol values spread by &
pluraiity of spreading codes, which method comprises the’
steps of: . o - .
(a) converting the CDMA signal to a baseband signal;
(b) recognising symbol boundaries in every multipath
for every user’ in the baseband signai to produce a delay
estimate;. '_ ' .
' {c) estimating the attenuation and phase rotation
_ 'impressed on the signal by each multipath to produce
. channel estimates;
(d) generatlng new symbol estimates for every user atf-
the sampling rate;
_ (e) generating an estimate of the received smgnaI
using said symbol estimates and channel estimates;
(£) comparing " the received signal with its estlmate
and feeding the estimation error back to the means for
estimating the transmitted symbols;

)

- e



provi des. a nethod for receiving a code-division nultipled, access (CDVA)
si gnal conbi ning synbol val ues spread by plurality of spreadi ng codes,
- which method conprises the' steps of: (a) converting tHhed /SRSt 20¢hal to a
baseband signal; (b) recognising synbol boundaries in every nultipath for
every user: in the baseband signal to produce a delay estimte; (c)
estimating the- attenuation.and phase rotation inpressed on the signal by
each' multipath to produce |P channel estimtes; (d) generating new synbol
estimates for every user al': the sanpling rate; (e) generating an
estimate of the received signal, using $ai d synbol estimates and channel
estimates; (f) conparing the received signal with its estimate and feeding
the estimation erfgr bagkplngheHPasgmbel ees:tmmesngatt henerwmntated
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j.. (h) ' remaaﬁamg:-sta!ms (b) through (9)- vmth every new. sarrple .
further aspect of e nvsetrg]d Ny O dewﬂiﬁllé{,QP mﬁ'e&t' pIe
access signal recghver %@%%?:ﬁgagn 2 &@t})"h?gg |ve(%g Si gna¥

conbi ni ng sysdmplesal ues, spread by a pI urality of spreadl ng codes; rrea_hs to
convert the CDVA signal to a baseband signal; neans to recognise

A further aspect of the present invention provides a
code division multiple access signal receiver comprising:
means to receive a CDMA signal combining symbol values
spread by a pluralii:y of spreading coqes; means to convert
the CDMA signal to .a baseband signal;. means to recognise
‘symbol boundaries in every multipath for every user in the
baseband signal to produce a delay estimate; ‘means to
estimate the attenuation and phase rotation impressed on
the signal by each muitipath to produce channel estimates.‘,
means to generate new symbol estimates for every user at;-_
the sampling rate; means to generate an estimate of thej"
received signal using said symbol estimates and channel'
estimates; means to compare the received signal with 1ts'
estimate and feed the estimation error back to the means
for est:l.mating the transmitted symbols; and means to sample
the symbol estimates at the estimated symbol boundaries of

. each user to eb:tain the final symbol estimate.

Mobile communication -channels change over time, and it
is nec'essary to track these change's- in order to maintain
 acceptable receiver performance. A multipath searcher is a
device which constantly probes the channel to ensure tha‘?.:_:_
the strongest paths are being used in the receiver. ,," o
Traditionally, it consists of one or more slldln\g
correlators, which correlate the received signal with tJ.me—
shifted versions of the spreading code of the desired user_:._,
The outputs of the correlators for all time delays within a
specified range are recorded and, if the L strongest paths



synbol boundaries in every nmultipath for every user in the baseband signa
to produce a delay estinmate; neans to estimate the attenuati on and phase
. rotation inpressed on the signal by each nultipath to pricshgust20Qéhnel
estimates;... neans to generate new synbol estinmates for every user at
the sanpling rate; neans to generate an estimte of the.- received signal
"using said synbol estimates and channel estimtes; neans to conpare The
received signal with its estimate and feed the estimation error back to
the means, for estimating the transmtted synbols; and neans to sanpjse
the synbol estimates at the estimated sy$%bol boundaries of each userto
obtain the final synbol estinmate. Mobile conmmunication-charnels change

overtine,. gapd tb pkSuBeQeindthe! Pebbdblr] NERE SEPRGS ScodFresPARILHP tos
mai ntain acceptable receiver performance. A nultipath searcher 1s a -

devi ce whi ckP@oksiargest pr FhRr QpiEMe are. sedectednat, ver. A the
strongest paths are being used in the receiver Traditionally, it consists
of - one or nore_sliding,, correla , M.ch carrelate the.recei ved .signal
With times shiftaR vorBRbRE ST nEDUR: SYRERR cO of SRS FiaRShsdS ©
The out put scokruhtedobyeMiilor anidorthnld wsimg détagdrecthynin aspsdidined
range are r d,q dafyat L g 1 AgHsin 290 L ar to
be used in-eﬁg?rgggtezlagerl,elat er%el @éfggr?%tsﬂ%n |n8éto,--, Jtfl}lequ;llar l%st _
correl ator Ygepus¥steB.sel ected. In a nulti-user CDMA system, the received
signal is corrupted by M., and thus using it directly in a sliding :

correlator |eads_to paggre erforpance than in_a, single- user system.
: : Acco?‘dgngiyf) another aspect of the %resent im}/entiozgt

provides a method of multipath searching at the output of a

' receiver, comprising the steps of: respreading théil
estimated symbols transmitted by each user; summing the
respread signals; subtracting the summed signal from the"?-"
received signal to derive a residual error signal;' and
feeding the residual error signal to a bank of multipath
_searchers. :

In order that the present invention may be more
‘readily understood, embodiments thereof will now bet
. described, by way of example, with reference to thé*

_ifol_lbWing drawings, in which: : o

-

YE

‘Figure I is & schematic block diagram of a receiver:' _
~ ‘structure embodying the present invention; _ s
o l_Fi"gure 2R is a schematic block diagram of another
receiver structure embodying the present invention;

-Figure 2B is a maximal ratio combiner for use with the
- receiver structure of Figure 2A; '

Figure 3 1is a schematic block diagram of a joint
‘channel estimator and data demodulator for use with
-embodiments of the present invention;

Figure 4 shows bit error rate curves for a receive¥:
structure embodying the present invention and a

e



Accordi ngly, another aspect of the present invention provides a nethod of
mul tipath searching at the output of receiverf conprising the steps of:
- respreading the estimted synbols transnmitted by each uklefugusti@i®ng t he
respread signals; subtracting the sumred signal fromthe received signal

to derive a residual error signal;' and feeding the residual error signal
to a bank of multipath searchers. In order that the present invention nmay
be nore readily understood, enbodi nents thereof will now be: descri bed,
by way of exanple, with reference to the foll ow ng drawi ngs., in which:

Figure is A schematic block diagramof a 10ecei ver. structure enbodyi ng the
present invention; Figure 2Ais a schematic bl ock di agram of anot her
recei ver st rd&thfu@ﬁaqdyid‘eg;édtmmr eirnt ai nvEoun-wiserti @ystedB iwith maai nal

rati o conbi ner for .use wit er t 0 A Fhgure 3
is a schema® P8 (?é'l{’gdrgﬁ:f’%modht‘e %\&I oi Ht- #‘égéll% Eoﬁh £ﬁdzlgé'at gb'g%
denodul at or shownyse with enbodi nents of t he present invention; Figure -4

shovs DIt error e goggm%o%fecsﬂsﬁ ﬁtguedmsemdyangeee@vewsent

i nvention and 11 conventi ona etector in a four-user
syst em wi t h structursces sukedydng of the t Rressntyl e 1p¥epthedndarpdi s al so
shown; Fi gur&myeHtdendl t d%rtréertdxat Qrﬁurd/est\ﬁr—u%eﬁ:eC Bovifitlargt I wEtHr ea

errbodyr no thero%eesss%.r};[g ISX Rt Ioof.p 8‘5 ai:he single-user boundary is also
shown; -
Figure 6 shows bit error rate curves for a receiver
structure embodying the present invention a conventional
 detector with a processing gain of 16;
Figure 7 shows bit error rate curves for an RLS
detector, a conventional detector and a receiver structure,'
-embodying the present invention; | ' .*{.
Figure 8 is a schematic representation of a system
embodying the _present invention for multipath searchmg,.«'
- and ' .
| Figure 9 is a schematic. representation of a system
embodying the present invention for decoding access
channels.

Figure 1 shows a block diagram of a code division
.multiple access receiver structure embodying the present
invention. The signal r(n) represents the nth sample of
the cont:.nuous-time baseband received signal, sampled at a

rate of 1/T,. From the following expression, an estlmate 'ﬁ
- may be obta:.ned of r(n) and is expressed as F(n): ]
'i

7 (n) Zbk(n)zcﬂst(n Ty) A

I=]

(1)
where K denotes the number of active mobile users in the
cell and I is the number of multipaths per user tracked-at ,

the receiver. The path deley estimates 7, and complex



conventional detector in a four-user boundary with a..- processing gain of
32,, the single-user boundary is also shown; Figure 6 shows bit error rate
. curves for a receiver structure embodying the present irhAugusbA0QH
conventional detector with a processing gain of 16; Figure 7 shows bit
error rate curves for an RLS detector, a conventional detector and a

recei ver "structure enbodying the present invention; Figure 8 i & a
schemati c representation of a system enbodying the present invention for
mul ti path searching~ and Figure 9 is a schematic. representation of - a
system enbodying the present invention ¥bor decoding access channels.
Figure 1 shows a bl ock diagran1of a code division nultiple access receiver

structure enbodying th [esep nventio thd si aI r{n), represents the
nth sanpl e g?’ "i(‘ﬁg 88ﬁ??ﬁﬁbﬁg ?rt g%%a‘r@ﬁi ?Jé%e?ﬁ S ﬁ hav ge{?ﬁﬁ%d at a
rate of ll%bbE&QﬁeHhﬁsiﬂg|QMAﬁﬂsp%@iﬁﬁédOﬁhamné5tesmﬁmatoﬁ®Muﬁe obt ai ned

of-rfn) and |s expressed as P(n):. P(n) YSk(n)YCklSk(n THW i;, T.-I wher e

K denot es t RElgipBEh seagehey tﬁ%%*?é us§M§)+ﬁ the spreading ¢ode usad:

nunmber of rrult:ggat hs, per user tracked at & receiver. The path del gy
estimtes aR¥ EBRpkER Ysexr pmgthe %ﬁ%%emc"f‘%n (M) olsf R eftimate Af es oA,

arg assumedthe B?ﬁﬁo!@eﬁﬂangﬁiﬁté&dbystﬁé %W%ﬁ'ﬁ%% vﬁﬁtdﬂmtor
an contributes to the received signa_l at sample instant n.

Iy
4%

The a priori estimation exrror e(n)=r(n)—-#(m) is fed to
a recursive update algorithm for b, () , which generates
b,,(n+l), the next estimate of the transmitted symbol. The

updating algorithm is deeigned to bring 5,,(}1) ever closer to
- b,()), the true transmitted symbol which contributes to the
received signal at the time n. The index i denotes the ith?
symbol interval. In all such algorithms, parameters which ,
‘govern its behaviour (such as step size, initial values, i
etc.) need to be specified, and these are identified -
‘together under "Parameters"” in'I:‘igure 1. Estimates of the &
multipath delays and complex coefficients may also be

needed in the Symbol Estimate Update block, and this is
therefore indicated -in Figure 1 as well.

Referring to Figure 1, all time variables are in units
of sampling interval, r(nj is the sampled received s:.gnal
sequence, S represents the spreading codes of all users in

the cell, E,‘(i) is the symbol decision for the kth user in

the ith symbol interval or epoch, 7 is a vector of
multipath delay estimates, € is a vector of complex
multipath coefficients, T is the symbol interval, z7!

represents a one-sample delay, and s,(#) is the nth sample
-of the kth user's spreading waveform. '



nul ti path searcher/tracker. sx(n) is the spreading code used by the k-th
user in the systemand 6,:(n) is an estimate of the synbol transmtted by
- the kth user-in the systemwhich contributes to the rect] fugusii2ghel at
sanple instant n. The a priori estimation error e(n)=r(n)-F(n) is fed to a
recursive update algorithmfor. b,(n), which generates bk.(n+l),, the next
estimate of the transmtted synbol. The updating algorithmis designed to
bring bk(n) ever closer to AQ, the true transmtted synbol which :
-contributes to the received signal at the time n. The index 1 denotes the
ith?,. synbol interval. In all such al gb2ithns, parameters which J'~" '
govern its behaviour (such as step size, initial valuest etc.) need to be
specified., and these are identified together under "Paraneters” in Figure

1. Estimates of .the N.  nul{.i h .del ays and conpl e oefficients may al so
be needed in t heSSANHS ’Eé’i r‘?’ﬁ“@ b’tﬁ’%é; ﬁirﬁclas%ﬁ@ét O Granspik, dp,pp:

i ndi cat ed- i rasyinghrenbuas masnler , Rafymboiln ged skogsr ark, madlel atti dd ffateakl es
are in units of sanpling interyal, r(n) is the sanpled received signa
sequence,, $imgsresdinn user skl nis coampled at| tdmer #5il'+the wheke
-9Kk(j) is the synbol_ decision for the kth user.in the ith synbol interva

or epoch, |rTid8; GRet symioly,Cprafiandcpe ki FiBiEE . G%iks a anskt Sheof
conpl ex  nulyds f{4Ci 3 I §-t ' v, z s Lep ents
a one-sanpl féﬁ?y,fé;ﬁdﬁg, (aﬁ;%?:éct%eéﬁt h_sa Igs.éogﬁﬁ%%()t% %é‘é}é"g 5,':'8]? :
spreadi ng wS¥ESIm dercosingst 20d¢ shosdaude | metedjudbatserd lar EiBesumed
to transnit variablles asyéchoemalisad@ntey . the Meamplealysiititerdad ,Mdehak

different (iMes.dQl Waghckik(k tReSABRLSY 8F FgE-0T+! - where

_ Another receiver structure embodying " the present;- -
invention is shown in Figure 2A. In this case, in place of
the symbol estimate vector ﬁ(n):[gl(n),...,l;x(n)]’ , a state
estimate vector is updated in the "State Estimate Update"
‘block. - The state estimate vector is:

X(n) =[%,, (@), X, (n),..., ig-u. (n), %y, (h)]r .

~ Each element of the state vector is an- estimate of one’
s_ymb_ol—_modulated path coefficient, e.q. |

£4(0) > By (m)cy, i RS

'_'aﬁd-so 'forth. In this scheme, éhann‘el estimates &, are nof

rgquired in the state estimate update algorithm, but are

- used for coherent demodulation in a maximal ratio combiner,
as shown in Figure 2B. ' '

1In both the receiver structures of Figures 1 and 23,
the key point is that a vector is recursively changed or
updéted in a systematic fashion, with the objective of
getting progressively better estimates of the symbols that -



T is the synbol duration and T~,=m n(” and the .result fed to a slicer or
nmenor yl ess deci sion device for synbol decoding. It should be noted that
~all time variables are normalised to the sanpling inteMugushe@®6 process
is depicted at the bottom of Figure 1. Another receiver structure enbodying
the present invention is shown in Figure-2A In this case, in place of

the synbol estimte vector a stata.. estimte vector is. updated in the
"State Estimate Update" block. The state estimate vector is: X, X

X, ,.,(n). (ny. "(n)=[~1 (nX ~, 201--, M Each. el ement of the state
vector is an -estimate of one* synbol - ul ated path coefficient,, e..qg.

X,,(n)-+hj(n)c, and so forth. In this schene, channel estinates are not- -
CA requi r edwenet heansml ttedt byaéachpdsér. al Such tdmmaobimct imecmaysbd f or

coherent de ul.at . onsl | ragi ' IRE‘@ ' i gure 2B.
I'n both t_hegggcégviélrgﬂs rﬁg?gféée%r%uﬁ%‘?ﬁ%%’%ﬂ@ﬁe e;t/ﬁgglgnt I S -t hat
a VeCtoris LeeHr sb¥Bb¥tCBENGRE PectoPUBLAGriR(n? (lepediingC chahien, Wi th
the objective of getting progressively better estimtes of the synbols
that 11 Augweceiye®. sktgugburetianusedl &d by each user. Such an objective
may be met by minimsing either of the two followi ng functions wth -
respect to the vector b(n)or:i(n) (depending on which receiver structure
“is used): J, (n) Eflx(n) - R(n)l (@)= E|x@)-x@)}

(2)

Jo(n) = Ejr(n) ~F(m)}*
. - ' : . (3)
In (2), %(n) is understood to include both %(n) in Figure 2A

as well as b(n) in Figure 1.

The differences between Ji(n) and J;(n) are subtle but' -
- significant. .Minlimising J,(r;) requires that information
r‘egarding the time variation of x(n) be known, ox assumed;%"
-minimié_i_ng Jo(n) requires no such information.  However,
th_is is not to say that the former approach is inferior to
.t’he_' latter - in. fact the --dbposite is true because
" minimising Jy(n) admits a further degree of freedom in the
' 'mo'del.ling_ of"the signal, which can be used to advaritage as
. discussed below. o - | L
-_A_'large ‘number of adaptive or recursive algorithms may _
be derived ba__sed' on the minimisation of J,(n) or J,(n) in
_ equa't.ions '(2') 'a_nd {3). Examples include sto.chastif;{
steepest" descent . and recursive Gauss-Newton algorithmsi
already well known in the literature.

' In this example, a Kalman filter-based ,algorithm' is
' developed for use with the receiver structure of Figure 1,
assuming that binary phase shift keying (BPSK) modulation

e



(2) J2 (n) Al r (n) _f(n)12 (3) .In (2) i(n) is understood to include
both i(n) in Figure 2A. as well as b(n) in Figure 1. The differences
- between J,(n) and J2(n) are subtle but significant. M Al Auguag2Q6( n)
requires that information regarding the tinme variation of x(n) be known..
or assunmed; mnimsing J,(n) requires no such information. Howeverr this
Is not to say that the fornmer approach is inferior to .the latter in. fact
the opposite is true because mnmnimaing J, (n) admts a further degree of
freedomin the nodelling of the signal,, which can be used to advantage as
di scussed bel ow.. A | arge nunber of adaﬂﬂive or recursive algoritbns may
be derived based on the m himsation of J,(n) or J2 Wi equations (2) and
(3). Exanpl gg empiuyedstochastlc st eepest - descent -and recursive
Gauss- Newt on al gorithms" already well known in the literature. In this
exanple,, a Kalman filter-based Al gorithmis developed for use with the
~recei ver structuTheoKaEmgnrélltera&sumlﬂ;kﬂﬂmxmnhdxyﬂphasesaaﬁistﬂegw ng
(BPSK) modubgklLopidd AGNS! 0Pnatfon ! S tREBEQYCd arde K%E”arbéﬁﬂéfés 'S a

wel .- known 'n Statl etection and estinmati on theor has

count| es' - variant:gg thJe,Qh hkagepcbaennt inferedurced  gdthey i hPr rOVG*

nuneri cal Shﬁﬁéki&al%tsgﬂpﬂtyt b@n%bmghftheueﬂax cErciesty, M@ubst.

. exanpl es are the so-cal uare r oot K- fllterln |9 thm;
whi ch updat EWEﬁuaﬁ’@%sf Eyp " %o~ 118 “*square oA AR

filtering algorlthms, th.ch update a square-root factor of
‘the covariance matrix P(n) instead of P(n) itself, in order
to pres_er_ve_the .symme;try of this matrix.

ASsuming that each of K users transmit over a
multipath channel with I paths each and that the maximum
path delay for any user is much smaller than the symbol
interval 7T, the received signal is gJ.ven by:

r(n) chub n)s, (n— 1’,,)+v(n)

k=] j=i ?
L ' L . E‘(n)
= [Z Cysy (=T )+ 2 CuSe (1 Ty )]' v
T TEE e
= S(iz)B(n) +v(n)

- L - S | | (4).
where S(n) is .a row vector of channel-modified spreading

'_ | codes, 5,(1:)'_"15 defined.as_' |
b (1) = Zb,(t)u(n ~iT-7.), ¥

b L@ is the ith symbol transmltted by user k, u(n) is a '
unJ.t pulse of duration T, r,, is the smallest path delay foE:
| user k, s,,(n) is the kth spreadlng code, ¢, is the 1th
channel coefficient for the kth user, the r, is the -lth

path delay in the kth chanriel._ v(n) is white Gaussian noise



the covariance matrix P(n) instead.of P(n) itself, in order to preserve
the symmetry of this matrix. As sum ng that each of K users transmt over a
- Multi path channel with L paths each and that the maxi nuit August 2006ay f or
any user is nuch smdller than the synmbol interval T, the received signa
is.given by: jr L. r(n) Fyc,,b,(n)s,(n- -r,,) +v(n) 1 J;1_ bl(n) + v(n)
cs, (n-ruc,,s,, (n-,r,, b,(n) S(hyfi(n) + w(n) (4) where S.(n) I s a
row vector of channel -nodified spreading codes, b,,(n) is defined as.” b.
(n) Ebk Qu(n -1T -,r.) hkQ is the ith synmbol transmtted by user k, .u (n)
is a unit pulse of duration T, rk is tq?%snallest path delay fo wuser Kk,
s,(n) is the kth spreading code,, c. e Ith channel coefficient for

t he kth user,, the -r. |s the 1th path delay in the kth channel. v(n) is

white Gaussi QUehr206e &3.0f zero nean and variance O2 It is
.appar ent thé)?n éHexcept at synbol boundaries., i.e., when This

time variation mty 11% esppasent C'dma:tselvrcn)ﬁb(hh-el)eqext:eph bdt) d3mbol+ W(n
- 1) (5) '

boundaries, i.e., when n=il+7 ,k=1..,K This time
variation may be expressed concisely in the equation

b(n) = b(n—-1) +w(n-1)
| (5)
oo where w(n) is equal to the zé.ro vector except when n=iT+ t,,;f;f'
. in which case it takes the values 0 and [0,...,0,-25,(n),0,.. 0]
with e@al probabilif:’y. This point is easily verified by_
considering that b, (i +1)=b,() or ~b,() with equal‘
probability.

The vector w(n) can therefore be seen as a non—

statibnary random vector with a covariance matrix at time n
of:

o . ifn¢ilT+z,
‘200 EIW(”MW’OO] {' B S .
ag(O 0,25,(n),0 .0 1fn-tT+r, '

| (6
If it 'i'é'.'aSS_lmed _th;it w(n) is Gaussian and has‘ zerg,:_i,-'
mean, the Kalman filter can be used to iteratively
determine the MMSE state estimates. b(n), using the state-
space models (5) and (4). The kth element of B(n) sampled
at the bit boundaries would yield bit estimates for user k.

- The recursive algorithm based on this description is
summarised below. This algorithm requires that the
relative time delays Ty and channel coefficients Cy a:t:m

known, which is not an impractical requirement since code’



where w(h) is equal to the zero vector except when n=iT+r,;;-- in which
case it takes the values 0 and [Q ...,0,7abk(n),Q, ..., QT-.," wth equal
- probability. This point is easily verified by consideriliduguat2@6 0+ 1) bk
(i) or - bt Q with edquaf probability. The vector w(n) can therefore be
seen as a non- stationary randomvector with a covariance matrix at tinme n
of: O ifn*iT+rk k-1 11-k Q' n) EEWMn)W(n)] ag%.~, 0~26A2,(nj g
ifn- --4T+r, if. it i's assunmed that w(n) is Gaussian and -has zerp, nean,
the Kalman filtei can be used to iteratively determ ne the NVSE state
estimates. ‘b(n),, using the state- spacggnodels (5) and (4) The kth el enent
of b(n) sanpled at the bit boundaries would yield bit estimtes for user-
k. The recursive algorithmbased on this description is summari-sed kel ow.
Thi s al gor isyhchronisationhand hrhanned| fstimation RreyRepdedydn cabhnel
coefficien 4 Kk , ' i twaQ. i npractical requirenent &ince
code 11 Auté%g?eleg%gna%a?ﬁcﬁ?gﬁ{iggfigoﬁﬁg‘ﬁdy-channel estimati on are needed
i'mall~ :e conventional CEMA receivers anyway. Initialisation P(O = |
QO =0 Db(O Tniki2Adstiean aneters

#

PO) = I
QO =0
50) =0
Input parameters
2

o? = Rough estimate of noise power

At each update, do:

P(n)=Pn-1)+Qn-1)

K(n): =P)S” () 1 [S()P()S” (n) + 7}
P(n):= [[-K@)S()B ()

B+ 1):= b(n) + K@){r(n) - S(mb®)]

'i‘hi‘s 'la.st section represents the steps needed in the Symbol
| Estimate Updaté,__ block of Figure 1. :

Although the present example im_plém_én-tation assumef
' BPSK modulation, complex multilevel modulation schemes such
as M-ary PSK, quadrature amplitude modulation (QAMH
differential PSK, etc. can also be employed with _suitablg’_a
adjustments -to the algorithm. 2

The receiver structure shown in Figure 2A may also be
used for multipath channel estimation i.e., the estimation

of the complex multipath coefficients ¢,, k¥ = 1,...,K, 1 =
1,...,L, which together with the path delays t, constitute



Rough estimate of noi se power' At. each update, do: P(n): P(n -0+ Qn -
0 K(n): p(n)ST (n) / [S(n)P(n)ST (n) + 611 P(n): - [I - K(n) ngéﬁP(n) kn +
- 1): b(n) + K(nXr(n) - S(n)b(n)) This last section.represidnig eps
needed in the Synbol Estimate Updatet block.of Figure 1. Al though the
present exanpl e inplenentation assumd BPSK nodul ation., conplex nmultilevel
-nodul ati on schenes such. as Mary PSK, qu . adrature anplitude nodulition
(M -If- differential PSK, etc. can also be enployed with suitable
adjustnents.to the algorithm The receiver structure shown in Figure 2A rray
al so be wused for nultipath channel estln;atlon i.e., the estimation of the
compl ex nultipath coefficients c,,, k 1, , K, I which together with the
path delays r. constitute A 11 August 2006 17 a matheratical nodel for

t he physi cah hetsheanat iclzdnreodel DEon ddwbdphy¥sieal ubregband whiannedewn Rake

_-combiner. ag,di S&é@%@@éﬁfh Gus'iheaktﬁe Qeg.'l%oﬁﬁmm&abbﬁﬂineybcié‘w

HIll, 3rd editron st of her e sophi sticated recei vers

depends crugigrngsedt A8 als 4 a%‘?‘?#’fj;ﬁfofnh‘étﬁlat gommupy.cations  MeGrawy
and thus itgiz1ysead Yecfitidﬁ),orisl% and mostUethen BSHA sephiseicaﬁ'ed

[ trate th ts_t
usér asouni FGCELARER Sepenasy ErichaLLy,Pa. Eﬁehgg%ﬁ%ﬁﬁf@ﬂe@ﬁ Adbutda i 0,
“t he- esti nat ichannél jestimateshaand thesfiidi eds qtksmi}llynaglenemmmfaant _
Rayl el gh  issue in a CDMA receiver.

- 'To "illustrate the concept, Figure 3 depicts the
- proposed scheme for the kth user assuming transmission over
a s:.ngle-—path channel, which necessitates the estimation of
Just one channel coeff1c1ent c,(t), in general a Rayleigh
fading complex random variable and 50 slowly time-~varying
‘{hence the time index t). %@ is the kth element of the
- state est:unate vector X(n) generated using the Kalman fllter‘-_
or some other recursive algorithm. Sampling this hlgh-rate
(chip rate or higher) signal at the symbol boundaries i. e.
when n=iT+7, 'where 7, is the most recently available t:Lme 7
delay estimate  for this user, yields a 31gnal which should,_
i~n_ theory be close to the product of the channel -
coeff1c1ent and the symbol transm1tted, c, @b @) . In

wr:.tJ.ng this expression, it J.s assumed- that ¢ is constant B
] over ‘one symbol interval, a val:.d assumption provided the
_-maxi_mum Doppler frequency is very much smaller than the

symbol rate, a condition easily satisfied in practice.

The s:.ngle-path ‘channel model is easily extended te'
multlpath models with known path delays. '
Assuming the use of phase shift keying (PSK) with unit
energy symbols (in other words the signal constellatiofn
consists of p01nts which lie on the unit circle in the

complex plane), multiplying &,(7) with BJ,()’, where ()



fadi ng conpl ex random variable and so slowy tinme-varying (hence. the tine
i ndex t) Xk(n) is the kth elenment of the state estimate vector i(n)

- generated using the Kalman filter k or sone other recurkliAegustgadtthm
Sampling this high-rattf.’ (chip rate or higher) signal at the. synbol

boundaries A.e..?,, when n - iT+ T~, where V~;,, is the nost recently .
available tim' delay estimate for this user, yields a signal which should
in theory be close to the pro.!duct of the channel coeffi . cient and’the
synbol transmitted, ck (i)bk Q.. I. n witing this ex ression, it is:

assuned that ck is constant P over one )énbol interval, a valid assunption
-provided the nmaxi m m Doppl er frequenc~"i's very.nuch snmaller than the
synbol .rate, a condition easily satisfied in practice. The sinal e-Path
channel i odeepresents| W@@Med:qnﬂdﬂgam}m paah rrbl!el ssywbail kisundaatyh

del As t-k hift k Wi t.h t
ssngglss (i ﬁu%nt G\Srlé %'rsﬁﬁ* Seco?‘gt Eg éFgB c‘c'tr@l s'ltJQIOSf cf;r;g?g@sy

which ie ongt ’\k(%m% V%]:%!’

pl ane), rrultlb (?f( bﬁéQ) &61&&%@ Augu n1é‘5repre8 s conple b@ing
“conj ugati on, taanﬁlmatt%bol l@ui!mddey tlme pilat- samﬂudld pnbduvalsn st iisat e
of gkQ . O course, g)ﬁpls unknown except. when | ot sybbol s are bei ng

transnitt ed. PEOPeSeR Fﬁe Fiotth.@y@&é'-li“ﬁaﬁﬁér Pafid /i Qn@teﬁr J’p@edbﬁgkf dad the
estimated. bgle dpARHSH X@)owrpaq}h ' i rEhGBm"”EGr SHEMNn | L&)%ni
e pertormince

obtain the. channe:P estimate 'CAl). fufther inprove t
‘of the". _estlmate c,(z') To further 1mprove the performance of the

channel est:.mator, it is necessary to smooth the noisy
estlmates using some form of smooth:.ng filter, such as a'
1owpass filter, a LS l:.ne-fittlng filter or an adaptive
. linear predictor.

. The delay block ‘in the upper part of Fitjure 3
represents -the time taken to perform ‘the hard-decision - and
complex conj_ugation operations, while the delay block in -

~ the lower half of that diagram is . necessary to make the
feedba'ck loop realisable. Usually, the latter delay 15
taken to be one symbol interval. . 5"} g
:

In - a multipath environment, the block dlagram ié
d:.fferent in that it would then ‘be necessary to perform a;-.

Rake combining to - obtain the symbol decision & (@) . Apart
__ from that, the mechanism of Figure 3 for channel estimation
1n a s:l.ngle-path channel is identical to that used for
1nd1v1dual coeffic:.ents in a multipath channel.

Simulatlon results are discussed below and demonstrate
the performance of the proposed Kalman filter detector
compared to the conventional matched-filter detector ae:"-
well as to Chen and Roy's RLS discussion in D.S. Chen and'
S. Roy, "An adaptive multi-user receiver for CDMA systems"; ,
IEEE J. Sel. Areas Comms., vol. 12, no. 5, pp. 808~ 816,
June 1994. Unless otherwise stated, the system has fous



channel estimator, it is necessary to snooth the noisy' estimtes using

sone formof snoothing filter,, such as .. fri lowpass filterj, a LS

- line-fitting filter or an adaptive |inear predictor. TheTHéPQ¥“Bp@@k -in

t he upper part of Figure 3 repre . sents the tine taken to perform-the

har d- deci si on -and conpl ex conjugation operations, while the del ay bl ock
in the lower. half of that diagramis. necessary to nmake the, feedback

| oop realisable. Usually, the latter delay i& taken to be one synbol.

interval. In nmultipath environnent,. the block diagramid different |§n
that it would then. be necess.ary to perfgrmt . Rake conbining. to g
-obtain the synbol decision Apart Q fr r%that t he nechani sm of Figure 3

for *channel estimation in.a single-path channel is identical to t hat¢ used
for indivi dagergoeVithi eedative ndediayst h athanel . sZnuaaduoa resub@s are

di scussed befg eeeim@r@,nsséﬁa@m £88ebChtar WBRES @hd &P al

filter det ecéﬁé ared to the conventi onal, matched f| I ter et ec “a~~

wel | as- Rz g n Rojse VeFdANERIOE S, Roy, "An

_adaptlve rrul %.Iz usgr recel ver for CDKA, systemn're. | EEE J. Sel. Areas
vol . p. 808-816,, June 1994. "Unl ess ot her wi se

stat ed t he system has fout 11 August 2006 users with relative del ays of

‘0,1, 2 and 3 chips, re ecti vel , random codes are used.. and the Kal man
filter detector gssurri’gl HPDHIREIY ATt didte to"b?l‘é?ﬁ}@- obtained were

essentlally identical to those usn.ng o? = 04,

Flgure 4 shows bit error rate (BER) curves for th@-,,
four users with a processing gaJ.n of 16, whose signals arg
recelved with 1dentica1 power 1evels, using both the--
c_onvent:.onal detector and the proposed Kalman fllter

detector. The noise variance o? used in the algorithm waé’-
0.4 and the 31ngle-user bound is shown on the same fJ.gure
for comparison. It is quite evident that the detector
: e_mbody:.ng the invention performs much better than the
conventional detector, and its performance continues to
. improve' w:i.th SNR even at 10dB, whereas the performance of
‘the conventional detector is already beg:.nnmg to saturate-'
"at that SNR level. ;
, Flgure 5 presents BER curves obtained under ident1ca§ o
: conditions except that the processing gain has beeﬁ ;
- 1ncreased to 32, to ver:.fy that the Kalman filter detector,
: -although it does not perform the well known despreadlng'
ioperation, does show improved performance with a larger
processing gain,

Figure 6 gives BER curves for the four users when the
recelved signal power levels are 0, 3.5, 6 and 8 dB
respectlvely. The processing galn is 16. The solid curves .
are results obtained using the Kalman filter, while theé-
dashed ones come from the conventional detector. -" Thé

..;5;.-'.':.



a2 0.4. a 2 0-1 was also triedt but the results obtained were e

ssential ly-identical to those using a2 0.4. Figure 4 shows bit error rate
. (BER) curves fok th four users with a processing gain ofl Aegystgfete
signals a received. with identical power levels,, using both th
conventional detector and the proposed Kalman filter"'. detec tor. The

noi se variance a2 used in the algorithmwa 0.4 and. the singld-user bound
is shown on the sane figure . for conparison. It is quite evident that the
detector enbodying the invention perforns nmuch better than the
Conventional detector, and its performan?g continues to inprove with SNR
even at 10dB., whereas the performance o t he conventlonal detector is

al ready begi nni ng to saturate at that SNR |evel. ure 5 presents. BER
curves obt ai elrciesidaykidhe c%R'Sccﬂfdlqneor@-ré&%@rt ﬁ’é‘tent POWSECOREFAY gai n

-hﬁshbeeﬁ- i n%cg etelce, 3f2anao er I;.fslyI s8éh tfi&:%atﬁeg tlosenesiet &ff okhe
al though it does not erfo - known i eratia

show i nprove‘EP’ifé\fQ%r vﬁt’ﬁsr}é S :i 5&'@3@% égﬁ%ﬁC%EF &Pgogyéf‘
BER curves fgtie thedentt et ivinedst Ieffecdamveigdn&gﬂﬁar poeststantal s re
0,, 3.5, 6 and 8 dB respectively. The processing gain is 16. The sol iz

curves are results obtained using the Kalman filter, while the dashed
~ones come from t HELgwre et | compaxks ether Rifhkdetegtoggdiscpesed 2in c2Pcl es

mark the BEF{«ftxf’ftﬂéecéﬁ O%itﬂﬁ%l VAL A farfeP A KR 1mainS ﬂfl'tﬁe‘icbet%&%ott i-s.

seen fromthe closeness
embodying the present invention. It was found through many

simulation trials that the forgetting factor A in the RLS
algorithm does not affect the BER very significantly.

The results shown in Figure 7 were produced using A =
0.995 The initial value of the inverse correlation matri:g
P was chosen to be the identity matrix. The reli."'ativéf
- delays between 51gnals received from the four users were. Og
3, 6 and 9 chips respectively. The processing gain is 16~. p
From Figure 7 it is quite apparent that the RLS detector_
_.performs rather poorly, in fact under-performing even thg _
conventional detector at low SNR's. But as already
explained in the previous section, this is not too
 surprising considering that it is severely suboptimél when
 used i'n_an'asynchronous system.' |

Referring to Figures 8 and 9, a method for multipath
| searching is provided to solve the problems associated w1t:h, _
the . poor performance of sliding correlators. = In thg'_
method, as shown schematically in Figure 8, the following"-'.

steps are utilised: the symbol estimates b N, k = 1,...,I{} '
and remodulate - (or respread) each -one by the
'corresponding spreading code s,(n); add the r'espr_'e._ﬁ:"
Signal's. together, and subtract the result from the
received signal r(n) to form e(n); and use e(n) as the
input to a bank of K conventional multipath searchers,



circles to the first solid line that the detector enbodying the present

i nvention is effectively near-far resistant. -Figure 7 conpares the RLS

. detector discussed in 20; wth the conventional detectdr! Aarsh298f nan
filter detector. enbodyi ng the present invention.. It was found through
many S|nulat|on trials that the forgetting factor X in the RLS al gorithm
does not affect the BER very significantly. The results shown. in Figure 7
were produced using X 0.995 The initial value of the inverse correlation
matrix P was chosen to be the identity matrix. The relative~ delays

bet ween signals received fromthe four ygers were...O, X 3, 6 and 9 chips
respectively. The processing gain'is 161:1, FromFigure 7 it is quite
apparent that the RLS detectori. perfornmns r at her poorly,, in fact
under - per f oPRENEO% ERTh¥S&onvent i onal detector at |ow SNR s. But as

.al ready explained in the previous sectlon thls I's not tod surprising

consi dering thatgm%ﬁ%§“§9%§§%h¥F§ g@ i 1ﬁ£g§§$tgn@g Q@ﬁg&gﬁﬁpus

system Figures errin

sear chi ng i sapabiilddy tof sbheepﬁﬁﬁoﬁﬁ@bli‘i#%bct%t BHOW'@ﬁ at H@- -
perf or mance squn%r di 89 4y rﬁ{at%athl hsédtche B! hOdSpeéﬁfﬁbQMY, e(n)r

aetimat s biEhQH areTEHRILIBALY ( oEBREURLcalpLeRon VD byfine Chartis
correspondlﬁhEﬂﬁ rﬁk@ﬁﬂpeShéa)ndukbﬁéugé@ssubatansighmysfmogaﬁnyf and
oy a5 hdagpGime; ”° Chitiiny; SEHERE O Had Rer TR | Lo ST 1
August 2006case, the searcher signals to the detector that there is*
- no change = in the channel. . However, when the channel
'proflle has changed 51gn1f1cantly, the input to the
- searcher consists of the contribution from the new, .
'uncancelled path as well as noise, but little MAI because
lit has mostly been cancelled by thé proposed detector.
“The searcher will then tell the .detector about the new
~path, and the detector should then act on ~that

Q\'ﬂ -
i

4

'infOrmation-approprlately.

Referrlng to Figure 9, the idea of generating g
'-res1dual error signal e(n) may also be used for 1mprovedJ

access ‘channel decoding. The P access channel(s) on théb
'reverse link of a cellular system are used for inltlal
_ establishment of the 1ink between ‘a new mobile user and the
| . base station,_ -and are shared by all users. Correct
iqdemodulation ‘of the access channel (s) at the base station
is vital in orxder that new users may be added to the base

~ station’s list of active mobile statlons. But again, access-
" channels are also affected by MAT. ~ Each access channel may
be treated as an additlonal user inside a multl-usex'
detector, but .this only ‘adds to complexity and is an-
inefficient use of resources since the access channel i
not very heavily loaded, relative to the load carried on
the traffic channels. -' S ¥



21 one for each user. This nethod makes use of the interference rejection
capability of the proposed detector to provide a cleaner signal to the

- mul ti path searchers. Specifically, efn)-,V- should cont dilrugusy2edtr nal
noi se when the channel, nultipath profile has not changed substan.ially
fromthe~l last channel estimation was performed. In this, case, the
searcher signals to the detector that there is~ no change. in the
channel . However,, when the channel profil e has change d significantly,
the input to the searcher consists of the contribution fromthe new,
uncancel l ed path as well as noise, but I3%tle MAI because has nostly been
cancel l ed by the proposed detector. The searcher will. then tell the

det ect or about the new th,. and i he detegctor shoul hep.act pon !.1hat'
i nf or mati on appr&ﬁﬁzﬁ%ﬂ%ﬁa¥%ﬁﬁﬂqi9é ?%fF?§ﬁ+¥9 §§9r?ﬂe£Fa€£}%f BART41 i ng
residual errgignlgnatrem nthenyreteivéd siemallorléayesvbehindcordy tllna% nel
decodi ng. The P access .cha 0 r r i Em8d ; : SNK

are used forr99R%% é"f%&éﬁqag%]'%n#esdt %%e‘g#nﬁﬁ%%tg\geﬁ a ng%“ﬁ%%?f%
and the base bigheon degkeer @fshuebiability ddhans usppgedine  rgepdved;
of ‘the accesy niglsei)e.at the base station is vital, in order that few
users may be ddded to the base station"s list of active nobile statians.
-But ‘again, access channels are also affected by MJ." Each access channel
my V be . treated as an additional user inside a nulti-user, detector,,
but this only adds to conplexity and is an ~4 ' : _
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I nefficient use of resources since the access channel * ...- not very
heavily | oaded,, relative to the load carried QXi the traffic ﬁa nels 11
. August 2006 22 The cancel lation of all active users' trafryqust

signals fromthe received signal |eaves behind only the, access channel
signals, which can then be denodul ated with~ a hi'gher degree of
reliability than using the receive~ signal itself. r 11 August 2006 23
CLAMS: 1. A nmethod for receiving a code-division nmultiple-accese" (CDKA)
si gnal comnbi ni ng synbol values spread by a plurality. of spreading codes,
whi ch nethod conprises the-steps of (a)agonverting the CDVA signal to a
baseband signal; (b) recognising synbol boundaries in. every multipatli.
for every use t he baseband signal to produce a . delaf~ Y estimate;
(c) estimt dgﬂﬁge attenuation and phase rotation inpressed on the signal
by each nultipath to produce -channel estimates; (d) generating neM/synboI

estimtes 191 VETdolREn Phr LOCePIIRL! AOGhALSALd R HERIALING 200341 T e

of the recelVed gna Tes and tes:

(f) conpari fglMAk $igra e@&éﬁi&l@ VYo k svelsxesmeadam & @3divad ity
g;nilagﬁtsl on &f I §hréating Tddks, BT Hethdf ColBriBes! BRe!l 5885814 £ £d .
: ' (a) converting the CDMA signal to a baseband signal; *
- (b)  recognising symbol boundaries in. every multipatH}_
. for every user in the baseband signal to produce a delayf
-estimate;:
| (c) estimating the attenuation and phase rotation
1mpressed on the 51gnal by each multipath to produce
channel estimates;
(d) generating new symbol estimates for every user at
-the sampling rate,_ _
' (e) generating an’ estunate of the received sa.gnal(‘-"
" using said symbol estimates and channel estimates; i
' - {f) comparing the received signal with its estlmatéd
'and feeding the estimation error back to the means for'_
estlmatlng the transmitted symbols; i_'__
(g) sampling the symbol estimates at the estimated
esymbol boundarles of each user. to obtain the flnal symbol.'
estlmates, and -

(h) :epegting steps (b) through (g) with every'new__
.sample. o ' ' '

2. A method according to Claim .1, wherein channel
'estlmates are used only in the symbol demodulation. ﬁ
3. A method according to. Claim 1 or 2 whereln ‘the symbai;

- ‘estimates are generated using a Kalman filter. '

4. A method according to any preceding claim wherein the
delay and channel estimation steps are performed at an
update rate other than the sampling rate.




(g) sanpling the synbol estimates. at the estimated synbol boundaries of
each user to obtain the final synbol estimates; and (h) repeatl ng steps
- (b) through (g) with every new. sanple. 2. A nethod accUr'ﬁ‘l‘Q\\& Q aim1
wherein channel estimates.are used only in the synb6l.denodul ation. 3. A
met hod according to Claiml or 2 wherein synbol 'estinmates are generated
using a Kalman filter. 4. A nethod according to any precedi ng clai mwherein
the delay and channel estimation steps are perforned at an update rate
other than the sanpling rate. 11 August 2006 24 5. A nmethod according to
Claim4,r wherein an update rate |ower ghan the sanpling rate is used. .6.
A net hod according to any preceding claim wherein thl~-.- nodul ation
schenme is not BPSK. 7. A nethod according to any preceding. claim wherein
a. state estimate. vector b(n) or i(n) is. re-initialised at.the, synbol
‘boundaries. 5. Amﬁiétmbcaczmraﬁdiglq ccanylayive cédi wigenéin naw onpdate ngate he
step of mult ea |n u re . ceiver., the nultipath
" sear ching c]'(?ﬁﬁr g‘ﬁé‘t %tag%ﬁ'ﬂg gg{rzgs%?(e)é%%g the esti mated synbol s
~transmtted by each user; sI i mm ng the respread signals; subtracting the

sunmed si gng n%‘e KSEMeG HoIRaly tpeeeealme elasﬁy duﬁérem Ofhe.
signall'.. and ng the residual _error signal to a - . mul tipath
‘searchers. ®odud ‘-"&‘@E‘@r&?n&oto BPEim .8, wherein each of t hé

mul tipath searchers in the bank of multipath searchers 4

7. A method according to any preceding claim, wherein a

state estimate vector b(n) or x(n) is re-initialised at the
' symbol boundaries.

8. A method according to any preceding claim comprising

the step of multipath searching at the output of a

:recelver, the multipath searching comprlslng the steps of:
* respreading the estimated symbols transmitted by each user;

- summing the respread signals; subtracting the summed signal{
from the received signal to derive a residual error 31gnali
and feeding the residual error signal to a bank of;
multlpath searchers. : ' %

9. A method according to Claim. 8, -wherein each of the
'multlpath searchers in the bank of multipath searchers
c.omp_:._‘_ises. one o,r more slid:_.ng_ correlators.

10, A method accordlng fo Claim 8 or 9, comprising the

'-_step of access channel demodulation at the output of a
recelver, .which method comprises the _steps of respreading
the estimated symbols transmitted by each user; ‘sunming the
_respread signals; subtracting the summed 31gnal from thle
received signal to derive a residual error signal; and the?i
correlat:x.ng with the spreadlng code used on the aCCes*
channel.

11. . A code division multiple access signal receiver



conprises.one or nore sliding correlators. .10. A nethod according Caim38
or 9, conprising the step of access channel denodul ati on at the butput of
~a receiver, which method conprises the. steps of resprdddiysyst 2006

estimated synbols transmtted. by, each user; summing the respread signals;
subtracting the sumed signal fromth~ received signal:to derive a
residual error signal; and t-44* correlating with-the spreading code used

on the acCe. channel~, 11. A code division nultiple access signal receiver
11 August 2006 25 conprising: nmeans to receive a CDVA signal conbinirg
synbol ~ values spread by a plurality ofzspreading codes; neans to cgnvert

the CDVA signal to a baseband signal; neans tq, recognise symbo
boundaries in _eve mul ti th for ever n.t he_basebpa f si gnal fi0
roduce o dEPIPTASiPRA: BeShRoEAeTEEeLYE: Ak EMPh B1GPRAN GORPURLAA SRRl
rotation wm]msmbmd ey sa gpatirhYitecbfmsprguting Ct:queyiuﬁmaﬁﬁﬁnﬂ?L
esti mat es 0 e S user at,_ the
sanpl i ng ra{%%% t<'§1:ns€l?o %@r a%fe&ggnfbg:& i %th}ae?)atnﬁ;e gdmfﬁaﬁalt%m ng
sai d synbol reccgmdises, Sy@hﬂlchannéaree$|d@teevennam@ltopabhpwhrtémery
received sigadle ! Enb! Ba8BbhiR! 13kl o6 i B8aRBL! P! A0TP" LOLLRACL: | 0

tht, neans for estlmatlngj;-%nﬁ e tran
‘the symbol &&@0gat &9 Eeethﬁaté§t§9H§ Lonp,gRdar phase o¥°€%bhmuser

to obtain thﬂ@&bﬁ%deYBh0|th@StSigﬂéi by each multipath  to produce
channel estimates; means to generate new symbol estimates |
for every user at the sampling rate; means to generate an
_ estimate of the received signal using said symbol estlmates
and channel estimates, means to compare the received 31gna?f
~with its estimate and feed the estimation error back to thg;
neans for estimating the transmitted symbols; and means t&é
sample the symbol estimates. at the estimated symbol
‘boundaries = of each user to obtain the final - symbok
~ estimate. | |
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