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Code division multiple access (or CDMA) cellular
communications systems suffer from co-channel interference
(or multi-user or nmltiple—access interference [MAI]) on
the reverse or up link (i.e. from a mobile handset to a
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 limits the wuplink capacity
severely, and very significant: capacity gains can be
achieved if multi-user interference can be reduced, or if
joint detection of all users is employed, as opposed to
conventional single-user -detection techniques currently in
use which merely treat multiple-access interference (MAI)
as uncorrelated noise.

PreviouS'Qork 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~likelihood (ML) decoding nmetric for the
demodulation of the bits transmitted by each user. The
maximum-likelihood detector has a complexity which
increases exponentially - in a binary phase shift keyed
(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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conplexity prevents the practical inplenentation of the M. detector, and

t hus other sub-optimal schenmes have been proposed. Anong these, direct
descendants of Verdu's M. detector are the sequential decoder discussed in
Z. Xie, C K Rushforth, and RT. Short, "MiRti-user signal detection using
sequential decoding,” |EEE Trans. Conmmunications, vol. 38, no. 5, pp.
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Among these, direct descendants of Verdi's ML detector
are the sequential decoder discussed in Z. Xie, C.K.
Rushforth, and R.T. Short, "Multi-user signal detection
using sequential decoding," IEEE Trans. Communications,
vol. 38, no. 5, pp. 578-583, May 1990, and a limited tree-
search detector discﬁssed in L. Wei, 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 1997,
which operate on the principle of searching the decoding
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
structure is more suited to a programmable digital signal
processor (DSP) implementation than ' a large-scale
integrated (LSI) circuit one. Present DSP's are still not
powerful enough to implement the tree-search family of
multi-user detectors.

The conventional detector passes the received signal
through a filter bank, each branch of which is matched to
the spreading code of one user. The K outputs of the
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
earlier, but an additional matrix filter based on the
cross—-correlations between the spreading codes used by
individual users can be designed to remove MAI completely.
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The problems with the decorrelating detector are that:

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 KX
x K matrix;

2. with long codes, there is a non-zero probability
that in a given symbol interval, the codes selected by

- the K users will not form a linearly independent set.
Thié 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 due to MAT. This noise enhancement
problem is a characteristic of zero-forcing filters
such as the decorrelating detector.

The first two problems are almost impossible to
overcome due to the very concept of the decorrelating
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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and M.L. Honig, "MMSE interference suppression for direct-
sequence spread-spectrum CDMA," IEEE Trans. Communications,
vol. 42, no. 12, pp. 3178-3188, Dec 1994.  The MMSE
detector also in theory requires a matrix inversion, and in
addition to knowledge of spreading codes, also requires
knowledge of the thefmal 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/Mar/Apr 1995, S. Verduy, "Adaptive multi-user
detection, " in Code Division Multiple Access

Communications, S.G. Glisic and P.A. Leppanen, Eds., pp.
97-116, Kluwer Academic Publishers, The Netherlands, 1995,
and a blind approach not requiring the use of training
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 suffers from one
major drawback in that it can only be used for short-code
systems, i.e., those which use spreading codes with periods
exactly equal to one symbol'ihterval. Such systems do not
currently exist and are not under consideration for future
cellular systems because of the need to have codes long
enough to uniquely identify every single mobile handset in
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of simple successive interference cancellation scheme in a
DS/CDMA system,"™ IEEE J. Sel. Areas Comms., vol. 12, no. 5,
pp. 796-807, June 1994, and the parallel interference
canceller (PIC) discussed in M.K. Varanasi and B. Aazhang,
"Multi-stage detection in asynchronous code-division
multiple—access communications, " IEEE Trans.
Communications, wvol. 38, no. 4, pp. 509-519, Apr 1990, are
well known and many impfovements 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-CDMA pilot and data symbol-assisted
coherent 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. 585-589
and the use of tentative decisions at the output of each
stage instead of hard decisions as discussed in US Patent
No. 5,579,304 and D. Divsalar and M. Simon, "Improved CDMA
performance wusing parallel interference cancellation,”
Tech. Rep. 95-21, Jet Propulsion Lab., California Inst. of
Tech., Oct. 1995. The linear 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 Proc.
31lst Annual Allerton Conf. Comms., Cont. & Comp.,
Monticello, IL, 1993 and for another algorithm in L.B.
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svol. 41, no. 4, pp. 944-960, July 1995: The adaptive MVSBE detector however
suffers fromone major drawback in that it can only be used for short-code
systens, i.e., those which use spreading codes with periods exactly equal
to one synbol interval. Such systens do not currently exist and are not
under consideration for future cellular systens because of the need to have
codes | ong enough to uniquely identify every single nobile handset in 5
use at one tinme around the world. Another fénily of multi-user detectors
works on the principle of interference cancellation through progressive
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796- 807, June 1994, and the parallel interference canceller (PIC) discussed
in MK Varanasi and B. Aazhang, "Milti-stage detection in
asynchronous  code-V#iniicgison #Qkmppl eoficcddie  subtEamiiNpcat HokRrFerence

| EEE Trans.gnceller are disclosed in US Patents 5,579,304; 5,218,619;
5,467,368; and 5,363,403.

Due to the large number of different types of multi-
user CDMA detectors which have been proposed, it is quite a
task to rank them according to performance beyond noting
that the ML detector performs best while the conventional
detector performs worse. Therefore, we do not claim that
this invention performs better than all other multi-user
CDMA detecfors, 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-clipper SIC,
performance is comparable as will be demonstrated later.

In D.S. qhén and S. Roy, "An adaptive multi-user
receiver for CDMA systems" IEEE J. Sel. Areas Comms., vol.
12, no 5, pp. 808-816, Juhe 1994, a detector which operates
on the basis of recursive least squéres (RLS) weight
updating and the concept of regenerating the--received
signal based on known spreading codes and channel
coefficients was described. The channel model used 1is
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



;Comuni cations, vol. 38, no. 4, pp. 509-519, Apr 1990, are well known and
many i nprovenents have been made to the basic structures. Not abl e ones
include hybrid serial- parallel structures as discussed in M Sawahashi,
H. Andoh and K. Higuchi, "DS-CDVA pilot and data synbol -assi sted coherent
mul ti stage interference canceller using repeatedly updated channel
estimation,” in the Proc. IEEE Int'l Conf. Comm Systens (I1CCS)/Int'l
VWkshop Intelligent Sig. Proc. & Conm Syste (I SPACS), Singapore, Nov.
1996, pp. 585-589 and the use of tentative decisions at the output of each
stage instead of hard decisions as discussed in US Patent No. 5,579,304 and
D. Divsal ar andudéd SiimonD. S| mithere datDVFS peRbgr, mafike adaptd vepamal t etuser

interference c | [ " 95 et o] ' :
Cal i forni a |nstf&g"fel‘%eg‘tczh“?‘{,]f € syefithns O refe, ?"{"Dfrregé"’!éécﬁoir%éﬁ@?s” vol.
sof t -deci si on fldctiorb, dm 808aBlibeulune 19Pdbduces quite  spectacul ar

| nprovenents in performance over the hard-decision SIC, as shown in X Zhang
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Conp., Monticelpgrandterl 998santhtn anghherasin@dironbisi N dulki-use® CDMA
detectors™, I1EEE Trans. Cbmmunications, vol. 45, no. 2, pp.

213-220, Feb 1997, a joint parameter estimation and bit
detection algorithm using the extended Kalman filter (EKF)
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.

Accordingly, one aspect of the present invention
provides a method for receiving a code-division multiple-
access (CDMA) signal combining symbol values spread by a
plurality of spreading codes, which method comprises the
steps of: .

(a) converting the CDMA signal to a baseband signal;

(b) recognising symbol boundaries in every multipath
for every userzin 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) generating new symbol estimates for every user at
the sampling rate;

(e) generating an estimate of the received signal
using said symbol estimates and channel estimates:;

(f) comparing'the received signal with its estimate
and feeding the estimation error back to the means for
estimating the transmitted symbols;
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nodel used is code lelSlon multiple access signal receiver comprising:
means to receive a CDMA signal combining symbol values
spread by a plurality of spreading codes; 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 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 estimates and channel
estimates; means to compare the received signal with its
estimate and feed the estimation error back to the means
for estimating the transmitted symbols; and means to éample
the symbol estimates at the estimated symbol boundaries of
each user to obtain the final symbol estimate.

Mobile communication -channels change over time, and it
is necessary to track these changes in order to maintain
acceptable receiver performance. A multipath searcher is a
device which constantly probes the channel to ensure that
the strongest paths are being used in the receiver.
Traditionally, it consists of one or more sliding
correlators, which correlate the received signal with time-
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



similar to the one described herein, but it assumes synchronous

transm ssion, i.e., all users' synbol intervals are synchroni zed,
whereas -this i nvention explicitly includes asynchronous systens.

Al so, the weight up-dating algorithmdescribed herein differs fromthe RLS
al gorithm 7 used in D.S. Chen and S. Roy, "An adaptive multi-user
receiver for CDVA systens" |EEE J. Sel. Areas Conmms., vol. 12, no 5, pp.
808-816, June 1994. In T.J. Limand L. K Ragyrussen, "Adaptive synbol and
paranmeter estimation in asynchronous nulti-user CDVA detectors”, |EEE
Trans. Comuni cations, vol. 45, no. 2, pp. 213-220, Feb 1997, a joint
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by a correlator leads to poorer performance than in a single-
user system.

Accordingly, another aspect of the present invention
provides a method of multipath searching at the output of a
receiver, comprisiﬁg 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 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 be
described, by way of example, with reference to the
following drawings, in which:

Figure 1 is a schematic block diagram of a receiver
structure embodying the pfesent invention;

Figure 2A 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 is a schematic block diagram of a Jjoint
channel estimator and data demodulator for wuse with
embodiments of the present invention;

Figure 4 shows bit error rate curves for a receiver
structure enbodying the present invention and a



plurality of spreading codes, which nmethod conprises the steps of: (a)
-converting the CDVA signal to a baseband signal; (b) recognising synbo
boundaries in every nultipath for every user in the baseband signal to
produce a delay estimte; (c) estimating the attenuati on and phase
rotation inpressed on the signal by each nmultipath to produce
channel estimates; (d) generating new synbol estinates for every user at
the sanpling rate; (e) generating an estifygte of the received signal
using said synmbol estimates and channel estinmates; (f) conparing the
received signal with its estinmate and feeding the estimation error hack to
the means for ecenveRtinpalhe 49ERRERY t el sy RbolIGUT—USET( §)SYSTEHL I ¢ 1

symbol esti mat esrateddihfsyhimt F syspoltRousinglesusér ebotindaey tis odlso n
the final synmbol estimates; and (h) repeating steps (b) through (g) with
every new sanpl @0Wi/ '

Figure 5 shows bit error rate curves for a receiver

structure embodying the present invention and a
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 invention a conventional
detector with a procéssing 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 searching;
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
_mhltiple access receiver structure embodying the present
invention. Thefsignal r(n) represents the nth sample of
the continuous-time baseband received signal, sampled at a
rate of 1/Ts. From the following expression, an estimate

may be obtained of r(n) and is exbressed as F(n):

X L
F(n)= ng (n)z Cusi(n—17y)
| k=1 I=1 (1 )
where K denotes the number of active mobile users in the
cell and L is the number of multipaths per user tracked at

the receiver. The path delay estimates %u and complex



A further aspect of the present invention provides a code division nmiltiple
‘access signal receiver conprising: neans to receive a CDVA signal conbining
synbol val ues spread by a plurality of spreadi ng codes; neans to convert
the CDVA signal to a baseband signal; means to recogni se synbol boundaries
in every nultipath for every user in the baseband signal to produce a del ay
estimate; neans to estimate the attenuation and phase rotation inpressed .on
the signal by each nultipath to produce chaffel estimates; means to
generate new synbol estimates for every user at the sanpllng rate; neans to
generate an estinmate of the received signal using said synbol estimtes and
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estimate. Mobil e conmuni cati on channel s change over tinme, and 1t is

necessary to trgekidogs, hanges taeog%teﬁloaﬁal Bl@) nigceedabld e ol ver
performance. A nultipath searcher is a device which constantly probes the

channel to ensutke tsimbalh&ronsaigéed pat RheakEhbesel iiddhe wusteny barher .

Traditional 1y, confritifitsd oS thef re@BEvedl sigRAE af! s &SN GRIStRINRL ¢S,
which correlate the received signal wth tine- shifted ver5|ons of the

spreadi ng code of the desired user.
The a priori estimation error e(m)=r(n)-#(n) is fed to

a recursive update algorithm for 5k(n), which generates
a(n+d), the next estimate of the transmitted symbol. The

updating algorithm is deéigned to bring I;,,(n) ever closer to

b,(7), the true transmitted symbol which contributes to the
received signal at the time n. The index i denotes the ith
symbol interval. 1In all such algorithms, parameters which
govern its behaviour (such as step size, initial values,
etc.) need to be specified, and these are identified -
together under "Parameters" in Figure 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(n) is the sampled received signal
sequence, S represents the spreading codes of all users in

the cell, 5;0) is the symbol decision for the kth user in
the ith Symbol interval or epoch, 7 is a vector of
nultipath delay estimates, € is a vector of complex

multipath coefficients, T is the symbol interval, z™
represents a one-sample delay, and s,(#) is the nth sample

-of the kth user's spreading waveform.



The outputs of the correlators for all tine delays within a specified range
are recorded and, if the L strongest paths 9 ear to be used in the
receiver, the delays corresponding to the L |argest correlator outputs are
selected. In a nmulti-user CDVA system the received signal is corrupted by
MAI, and thus using it directly in a sliding correlator |eads to poorer
performance than in a single- user system Accordingly, another aspect of
the present invention provides a nethod of | ti path searching at the

out put of a receiver, conprising the steps of: respreading the
estimated synbols transmitted by each user; sunmng the respread signals;
subtracting the summed signal fromthe received signal to derive a residual
error signal; and EQEQhEQ i ;ﬁ&f&aadyalseexrg oarre's'a@%,%&nehot@ *E%ahsﬂit in an
mul tipath searchers. In order t present, 1 .nvention be nor e
readily under sBSBRChroReDHMGRIRY SHEIHofdeGiisionsygxe Béd8e§§rﬂ5§§ere%9

way of exanpl wth_ referen o .the fo dramﬁng Ln whj ch:
Figure 1is a sgﬁ]&ﬁ’ﬁtlcFﬁFoBEeal z‘g’héﬁ% fsas?ﬂgi?ge? time n=il'+7,, where

T is the symbol duration and 7, =min(7,,..,7,), and the

result fed to a slicer or memoryless decision device for
symbol decoding. It should be noted that all time
variables are normalised to the sampling interval. This
process is depicted at the bottom of Figure 1.

Another receiver structure embodying the present
invention is shown in Figuré 2A. In this case, in place of
the symbol estimate vector ﬁ(n) =[I;, (n),...,I;K(n)]T , a state

estimate vector is updated in the "State Estimate Update"”
block. The state estimate vector is:

X(n) = [%,,(m), X, (m),..., ’Ek—l,z. (1), Xg, m1".

Each element of the state vector is an- estimate of one
symbol-modulated path coefficient, e.q.

%, (1) —= b, (n)cy,

and so forth. In this scheme, channel estimates ¢, are not

rgquired in the state estimate update algorithm, but are
used for coherent demodulation in a maximal ratio combiner,
as shown in Figure 2B.

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



.structure enbodying the present invention; Figure 2A is a schematic bl ock
di agram of another receiver structure embodying the present invention;
Figure 2B is a maximal ratio conbiner for use with the receiver structure
of Figure 2A; Figure 3 is a schematic block diagramof a joint channe
estimator and data denodul ator for use with enbodi ments of the present

I nvention; Figure 4 shows bit error rate curves for a receiver structure
enbodyi ng t he pr esent i nvention ang3 a 10 conventi onal

deteftor inb a dfour-user system with a processing gain of 16, the

si ngl e-user boundary is also shown, Figure 5 shows bit _error rate curve
for a receiver waneudransnitEggolyi ﬂQChg‘tlﬁ%r~ prEde AR Olﬁ%ﬁ\?gﬁf’faoﬁay B%d > a

conventional defACtRy winimikeHy- ESEhebOSRCMEKY tWd Nl Jowdoes Sungtgans of 32,
t he single-user boundary is also shown; Figure 6 shows bit error rate

curves for a ragailyefespectctor ehentedydongb()er B{mes eidepemddngi on which

conventional detector with a ;arocessi ng gai n of 16;
receiver. structure is usé&dyf:

J,(n) = E||x(n) - %I
' (2)
J,(n) = Elr(m) - F(m)f
_ (3)
In (2), %(m) is understood to include both X(n) in Figure 2A

as well as B(n) in Figure 1.

The differences between Ji(n) and J,(n) are subtle but
significant. Minimising J,(n‘) requires that information
regarding the time variation of x(n) be known, or assumed;
nminimising J,(#) requires no such information. However,
this is not to say that the former approach is inferior to
the latter - in fact the opposite is true because
minimising J,(#) admits a further degree of freedom in the

modelling of the signal, which can be used to advaﬂtage as
discussed below.

A large number of adaptive or recursive algorithms may
be derived based on the minimisation of J,(n) or J,(n) in
equations (2) and (3). Examples include stochastic

steepest descent and recursive Gauss-Newton algorithms,
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



Figure 7 shows bit error rate curves for an RLS detector, a conventiona
‘detector and a receiver structure enbodying the present invention; Figure 8
is a schematic representation of a system enbodying the present invention
for multipath searching; and Figure 9 is a schematic representation of a
system enbodyi ng the present invention for decoding access channels. Figure
1 shows a bl ock diagram of a code division nmultiple access receiver
structure enmbodying the present invention. ;The signal r(n) represents the -
nth sanpl e of the continuous-tine baseband received signal, sanpled at a
rate of 1/T[err]. Fromthe follow ng expression, an estimte may be
obt ai ned of r(nd)s @wPloyeskpressed as r(n): [err] (1) where K denotes the
nunber of active nmobile users in the cell and L is the nunber of nultipaths
per user tracked at the receiver, The path de £y estinmate ierrg gnd. 1
conpl ex channel co ¥3}ean bt TeV?% e s %%% B ALY BT
obt ai ned usi ng @scadisipeci f ard chatrielatéshi natlesormnd and has  countless

variants, which have been introduced either to improve
numerical stability or computational efficiency; The most
famous examples  are the so-called "square root"™ Kalman
filtering algorithms, which update a square-rcot factor of
the covariance matrix P(n) instead of P(n) itself, in order
to preserve the symmetry of this matrix.

Assuming that each of K wusers transmit over a
multipath channel with L paths each and that the maximum
path delay for any user is much smaller than the symbol
interval T, the received signal is given by:

)= cub, ()5, (n—7p) +¥(n)

k=1 I=1

L L b,(n)
= [Z cyS(n—7,) "Zcxtsx (n-7¢ )]

I=1 1=1 4
= S(m)b(n) + v(n)
where S(n) is a row vector of channel-modified spreading

codes, b,(n) is defined as

b= Y b -iT-7,),

b, () is the ith symbol transmitted by user k, u(n) is a
unit pulse of duration T, r, is the smallest path delay for
user k, s,(n) is the kth spreading code, ¢, is the 1Ith
channel coefficient for the kth user, the 7, is the Ith

path delay in the kth channel. w(n) is white Gaussian noise



_mul tii path searcher/tracker. sk(n)is the spreading code used by the kth user
in the systemand [err](n) is an estinmate of. the synbol transmtted by the
kth user in the systemwhich contributes to the received signal at sanple
instant n. The a priori estimation error e(n)=r(n)-r(n) is fed to a
recursive update algorithmfor [err](n), which generates [err](n+l), the
next estinmate of the transmtted synbol. The updating algorithmis designed
to bring [err](n) ever closer to bk(i), the true transmtted synbol which
contributes to the received signal at the tigre n. The index i denotes the
ith synbol interval. In all such algorithnms, paraneters which govern its
behavi our (such as step size, initial values, etc.) need to be specified,
and these are igentérdd edanogetheariadee &Paraneters” in Figure 1. Estimates

of the multipath del ays and conpl ex coefficients. may . al so be needed in the
Synbol Estimate Updakte Hisockprasgntni hat thé‘r)ﬁlb&g]i)ndﬁé‘&?% i At Fiﬁmﬂ?@ll

as well. Referrin o.Figure 1, all_ tine, i ghl es e hf}: Unj of sanmpling
interval, r(n) 1?%1%}4?5 Ilé(?'l’eggle{}eg —sllzg'ﬁé'f’%ls)_egijégd(fie, Irglge{[-ﬁ%@esent s the
spreadi ng codesv®fiaaliorlsis benekbeesekld, corcid¢ly irs tthee esyoaitdondeci si on
for the kth user in the ith synbol interval or epoch, [err] is a vector of
mul tipath delay estimates, [err] is a vector of conplex multipath
coefficients, T is the synbol interg?}),=ﬁwii)4ﬁ9{egents a one-sanpl e
delay, and s[err](n) is the nth sanple _ . (5)

where w(n) is equal to the zero vector except when n=iT+7,,
in which case it takes the values O and [0,...,0,-25,(),0,... OF
with equal probability. This point is easily verified by
considering that b (+1)=>b,() or —b,(¥) with equal
probability. '

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

stationary random vector with a covariance matrix at time n

of:
: 0 ifn#ilT+r,
Q) = Elwmw’ (m]=3 = x. = K&
diag(0,...,0,28] (n),0,...,0 ifn=iT+7,

(6)
If it is assumed that w(n) is Gaussian and has zero

mean, the Kalman filter can be wused to iteratively
determine the MMSE state estimates: ﬁ(n), using the state-

space models (5) and (4). The kth element of B(n) samplec%

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 7, and channel coefficients ¢, are

known, which is not an impractical requirement since code



of the kth user's spreading waveform 12 Because individual users are
.assuned to transmt in an asynchronous manner, synbol decisions are nmade at
different tinmes. For user k,[err](n) is sanpled at tinme n=i T+ err], where

T is the synbol duration and [err]=mn([err],...,[err]), and the result
fed to a slicer or nenoryl ess decision device for synbol decoding. It
should be noted that all tine variables are nornmalised to the sanpling
i nterval . This process is depicted at the bottom of Figure 1. Another -

recei ver structure enbodying the present imvgntion is shown in Figure 2A
In this case, in place of the synbol estinate vect or

[err](n)=[[err](n), Jerr] n) stimate vect ed
in the "State EBYRGhER %J‘l[“g FL ’i‘ﬁglstea?t o%t%r%e%?gﬁeﬁis in"PEfL
[err](n) =[[err¢diventivsndl ODMA receivefsrahyway, [err] (n)][err] Each

el ement of the state vector is an estinmate of one synbol - nodul ated path
coefficient, e.g. [err] and so forth. |In this schene, channel estinates
[err] are not requi rédithatheatiene estimate update algorithm but are used
for coherent denodulation in a maxi mal ratio conbi ner,

PO) = I
QO =0
By = 0
Input parameters
o? = Rough estimate of noise power

At each update, do:

P(n):=P(n-1)+Q(n-1)

K(n):= P()S™ (n) / S@)P(m)S” (n) + 0]
P(n).= [1- K(m)SmP ()

b(n +1):= b(n) + K(m)[r(n) — S(n)b(n)]

This last section represents the steps needed in the Symbol
Estimate Update block of Figure 1.

Although the present example implémentation assumes
BPSK modulation, complex multilevel modulation schemes such
as M-ary PSK, quadrature amplitude modulation (QAM),
differential PSK, etc. can also be employed with suitable
adjustments to the algorithm.

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 7, constitute



.as shown in Figure 2B. In both the receiver structures of Figures 1 and 2A,
the key point is that a vector is recursively changed or updated in a
systematic fashion, wth t he objective of getting progressively better
estimates of the synbols that 13 were transmitted by each user. Such an
obj ective nay be met by mnimsing either of the two follow ng functions
with respect to the vector [err](n) or [err](n) (depending on which
receiver structure is used): [err] (2) [err] (3) In (2), [err](n) is
understood to include both [err](n) in Figuye 2A as well as b(n) .in Figure
1. The differences between J[err](n) and J[err](n) are subtle but

significant Mnimsin err](n) require hat ar di
the tine varlaiaoﬁthe&%g}C%£ rReGh, ToF dgyﬁnﬁhysﬁ?ﬁ §§ﬁ aﬁg(ﬁ%%Pgﬁ i'res
no such informpd ). dembeveHeiont his%’.rigs ané twie 1dakniovat  Rdlee f @ombinapprazach

is inferior
to <§1hsem.lsastet r1n -,IIn fa}(.E'roa J.s, g.)allkgll Eoﬁﬁﬂglggff&?se McGraw-
Hill, 3rd edition, 1995 and most other more sophisticated

receivers depends crucially on the availability of accurate
channel estimates, and thus it is wusually an important
issue in a CDMA receiver.

To illustrate the concept, Figure 3 depicts the
proposed scheme for the kth user assuming transmission over
a single-path channei, which necessitates the estimation of
just one channel coefficient ¢, (f), in general a Rayleigh
fading complex random variable and so slowly time-varying

(hence the time index t). X,(m) is the kth element of the

state estimate vector X(n) generated using the Kalman filter
or some other recursive algorithm. Sampling this high-rate
(chip rate or higher) signal at the symbol boundaries i.e.,
when n=iT+7, where 7, is the most recently available time
delay estimate for this user, yields a signal which should
in theory be close to the product 'of the channel

coefficient and the symbol transmitted, ¢, ()5,(). In

writing this _egpression, it is assumed that ¢, is constant
over one symbol interval, a valid assumption provided the
maximum Doppler frequency is very much smaller than the
symbol rate, a condition easily satisfied in practice.

The single-path channel model is easily extended to
multipath models with known path delays.

Assuming the use of phase shift keying (PSK) with unit
energy symbols (in other words the signal constellation
consists of points which lie on the unit circle in the

complex plane), multiplying &%,(@) with &,()', where O



mnimsing Jlerr](n) admts a further degree of freedomin the nodelling of
the signal, which can be used to -advantage as di scussed below. A |arge
nunber of adaptive or recursive algorithns may be derived based on the
mnimsation of Jlerr](n) or J[err](n) in equations (2) and (3).
Exanpl es include stochastic steepest descent and recursive Gauss-Newt on
algorithns, already well known in the literature. In this exanple, a Kal man
filter-based algorithmis devel oped for use with the receiver structure of
Figure 1, assumi ng that binary phase shift keying (BPSK) nodul ation 14
is enpl oyed. The Kalman filter is a well-known tool in statistical

detection and _estipmtion theory, and_.has countl.ess variant I ch
have been int r olERESC &t Her® iﬁ%r-&%‘%ﬁﬁﬁ%m %? abq‘kﬁtf‘ ° on%ﬁ?ﬁg?f%al
efficiency.  The frost faRBUId PHIRMRS ardl €stRatSO0o€ald @Y. " selaksursQOt "
Kal man filtering algorithnms, which update a square-root factor of the

covari ance matrbxiP(nisi nstlezmvrof daept t sdlen, ipilotdesymmbopsesarge baing

Synmet vy of thi g, fRLLl ¥ ASSUTg.LRAt GACh G oS U5RES1 T ANIINa12 €L @ 1

proposed to feed the estimated 4,(i}, denoted Z;G), back in
the manner shown in Figure 3, to obtain the channel
estimate ¢,({) . To further improve the performance of the
channel esfimator, it is necessary to smooth the noisy
estimates using some form of smoothing filter, such as a
lowpass filter, a LS 1line-fitting filter or an adaptive
linear predictor.

The delay block in the wupper part of Figure 3
represents the time taken to perform the hard-decision and
complex conjugation operations, while the delay block in
the lower half of that diagram is necessary to make the
feedback loop realisable. Usually, the latter delay is
taken to be one symbol interval.

In a multipath environment, the block diagram is
different in that it would then be necessary to perform a

Rake combining to obtain the symbol decision 3;(1'). Apart
from that, the mechanism of Figure 3 for channel estimation
in a single-path channel is identical to that used for
ihdividual coefficients in a multipath channel.

Simulation results are discussed below and demonstrate
the performance of the proposed Kalman filter detector
compared to the conventional matched-filter detector as
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. 808-810,
June 1994, Unless otherwise stated, the system has four



nul ti'pat h channel

user is nmuch smaller than the synbol interval T[err] the received signal

given by: L [er

spreadi ng codes,

transmtted by

r] (4) where S(n) is a row vector of channel -nodified
b[err](n) is defined as [err] bk(i) is the ith synbol
user k, u(n) is a unit pulse of duration T, [err] is the

smal | est path delay for user k, sk(n) is the kth spreading code, [err] is

the 1t h channel

coefficient for the kth user, the [err] is the 1th path

delay in the kth channel. v(n) is white Gauggi an noi se 15 of zero nean
and variance [err]. It is apparent t hat ?err](n) =[err](n-1) except
synbol boundaries, i.e., when n=iT+ [err], k=1, K. ThIS tinme variation

may be expressedSesfici ¥t | AelnEivguatEdaYer O (D lnhere viH) i3 egbips

the zero vector

re¥pept i WEp, NFaddder éddes are used, and the Kalman filter
detector assumes an observation noise variance of

c? = 0.4.

ol = 01 was also tried, but the results obtained were

essentially. identical to those using o® = 0-4.

Figure 4 shows bit error rate (BER) curves for the
four users with a.pfocessing gain of 16, whose signals are
received with identical power 1levels, using both the
conventional detector and the proposed Kalman filter

detector. The noise variance o’ used in the algorithm was
0.4 and the single-user bound is shown on the same figure
for comparison. It is quite evident that the detector
embodying the invention performs much better than the
conventional detector, and its performance continues to
improve with SNR even at 10dB, whereas the peérformance of
the conventional detector is already beginning to saturate
at that SNR level.

Figure 5 presents BER curves obtained under identical
conditions ekéept that the processing gain has been
increased to 32, to verify that the Kalman filter detector,
although it does not perform the " well-known despreading
operation, does show improved performance with a larger
processing gain.

Figure 6 gives BER curves for the four users when the
received signal power levels are 0O, 3.5, 6 and 8 dB
respectively. The processing gain is 16. The solid curves
are results obtained using the Kalman filter, while the

with L paths each and that the maxi mum path delay for any

S

at

to

dashed ones come from the conventional detector. The .



in which case it takes the values 0 and [0,...,0,-2b[err](n),0,...,0][err]
‘Wi th equal probability. This point is easily verified by considering

t hat bk(i+1l)=b[err](i)or -b[err] (i) with  equal probability. The
vector w(n) can therefore be seen as a non- stationary randomvector with a
covariance matrix at time n of: [err] (6) If it is assuned that wn) is
Gaussi an and has zero nean, the Kalman filter can be used to iteratively
determ ne the MVBE state estimates b(n), using the state- space nodels (5)
and (4). The kth elenent of b(n) sanpled atothe bit boundaries would yield

bit estimates for user k. The recursive algorithm based on this descri ption
I's summari sed bel ow.

{ .
del ays [err] anﬂl’c’:%‘?ﬁléf‘a%e%f‘?ié O"ESISG[ rlﬁree 5 S seQa Sogvgkg{:béﬁréi”e
i npractical requsr gEflecti,ncandodit _1sleegncrﬁ1mm s&heommmn@ﬁ the
estimtion are needgd in, aljl, CAIWANIONG 1GA tHRGCIHY $eRBEEBY- embodying

Initialisation
the present invention is effectively near-far resistant.

Figure 7 compares the RLS detector discussed in 20
with the conventional detector and a Kalman filter detector
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 matrix
P was chosen to be the identity matrix. The relative
delays between signals received from the four users were 0,
3, 6 and 9 chips respectively. The processing gain is 16.

From Figure 7 it is quite apparent that the RLS detector
performs rather poorly, in fact under-performing even the
conventional detector at 1low SNR's. But as already
explained in the previous section, this is mnot too
surprising considering that it is severely suboptimal when
used in an asynchronous system.

Referring to Figures 8 and 9, a method for multipath
searching is provided to solve the problems associated with
the poor performance of sliding correlators. In the
method, as shown schematically in Figure 8, the following

steps are utilised: the symbol estimates I;,,(i), k = 1,.,K,
and remodulate (or respread) each one by the

corresponding spreading code s,(n); add the respread

signals 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,



P(0O) =1 QQO0) =0 b(0) =0 Input paraneters [err] = Rough estimate of noise
:power At each update, do: P(n):= P(n-1) + Qn -1) K(n): =
P(n)S[err](n)/S(n)P(n)S[err](n) + [err]] P(n):=1[1- K(n)S(n)]P(n) b(n + 1):
= b(n) + K(n)[r(n) - S(n)b(n)] This last section represents the steps
needed in the Synbol Estimate Update bl ock of Figure 1. Al though the
present exanple inplementation assunmes BPSK nodul ation, conplex nultilevel
modul ation schenmes such as Mary PSK, quadrature anplitude nmodul ation
(QAM, differential PSK, etc. can also be &tployed with suitable
adjustnents to the algorithm The receiver structure shown in Figure 2A may

al so be used for %tlpahglgg estlnatlon I.e., the estimation of the

conpl ex nultlpéFh CIRRA eﬂ1§g?err] Kk 1,...,K | =1,...,L, which

together with the path delays [err] constltute 17

This method makes use of the interference rejection

capability of the proposed detector to provide a cleaner
signal to the multipath searchers. Specifically, e(n)
should contain only thermal noise when the channel
multipath profile has not changed substantially from the
last time 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
profile has changéd significantly, the input to the
searcher consists of the contribution from the new,
uncancelled path as well as noise, but little MAI because
it 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
information appropriately.

Referring to Figure 9, the idea of generating a
residual error signal e(n) may also be used for improved
access channel decoding. The P access channel(s) on the
reverse link of a cellular system are used for initial
establishment of the link between a new mobile user and the
base station, ‘and are shared by all users. Correct
demodulation of the access channel(s) at the base station
is vital in order that new users may be added to the base
station’s list of active mobile stations. But again, access
channels are also affected by MAI. Each access channel may
be treated as an additional user inside a multi-user
detector, but this only adds to complexity and is an
inefficient use of resources since the access channel is
not very heavily loaded, relative to the load carried on
the traffic channels.



a mat hemati cal nodel for the physical baseband channel. Data denodul ation
-usi ng the wel | -known Rake conbi ner as discussed in J.G Proakis, D gital
Conmuni cations, McGaw Hill, 3rd edition, 1995 and nost other nore

sophi sticated receivers depends crucially on the availability of accurate
channel estimates, and thus it is usually an inportant issue in a CDVA ’
receiver. To illustrate the concept, Figure 3 depicts the proposed schene
for the kth user assumi ng transm ssion over a single-path channel, which
necessitates the estimation of just one chatel coefficient c[err](t), in
general a Rayl eigh fadi ng conpl ex random vari able and so slowy

ti me-varying (hence ,1; IFE? j)ﬂﬂef%r{) I]g&l*lé ,%{J):]?rg,t %%@f@tcﬁnﬁae
state estimate vector err genera ed usin man ter or some

other recursivesigngors t inom Sdepl Fegeived ﬁllgﬁaﬂatleeé(‘@r‘ﬁ poehird oPRYgHE
signal at the sy ‘F@‘%% t 1 €Sidnfls, YW}?in‘ Gant Tﬁhérerusé &&%@uiﬂéd witH he
vailable ti

nost recently a ne delay estl mate for this user, Ids a_sj I
whi ch shoul d i 2t RéeherhedRIERe OF tFe b?%]c&:?y oftPeRe ‘é%el SoeW?%Jr‘g?f?
and the synbodighdrmnstgdired, [err]. In witing this expression, it is
assuned that [er r? is constant over one synbol interval, a valid assunption

provi ded t he maxi mum Doppl er frequency is very nuch snaller than the synbol
rate, a condition easily satisfied in practice. The single-path channel
nodel is easily extended to



mul ti path nodel s with known path del ays. Assunming the use of phase shift"
‘keying (PSK) with unit energy synbols (in other words the signal .
constellation consists of points which lie on the unit circle in the
conplex plane), multiplying [err](n) with [err](i), where 18
represents conpl ex conjugation, at the synbol boundary n=i T+[err] should
produce an estimate of c[err](i). O course, b[err](i) is unknown except
when pilot synbols are being transmtted. Qutside the pilot-synbo
intervals it is proposed to feed the estigmted b[err] (i), denoted

b[err] (i), back in the manner shown in Figure 3, to obtain the channel
estimate c[err!Eié. _To further inprove the perfornmance of the channel
estimator, it i sary to snmooth the noisy estinmates using sone form of
snoothing filter, such as a lowpass filter, a LS line-fitting filter or an

Fepresents the Lo bakgned el e tHaRS 4 (o RIS R B pTo b ecs
conj ugat i on opef@PNMAnssigwal ecants ndaiga s virlbedk viad ueke spoged Byl & Blurahity
ﬂ;fg;fmdglsayﬂfgSfS%yeA@iﬁ@k&&e@ BedhanktheaPcorplisad! the stidpaabley, the

(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 delay
estimate;

(c) estimating the attenuation and phase rotation
impressed on the signal by each multipath to produce
channel estimates;

(d) generating new symbol estimates for every user at
the sampling rate;

(e) denerating an estimate of the received signal
using said symbol estimates and channel estimates;

(f) comparing the received signal with its estimate
‘and feeding the estimation error back to the means for
estimating the transmitted symbols;

(qg) sampling the symbol estimates at the estimated
symbol boundaries of each user to obtain'the final symbol
estimates; and _ '

~ (h) repeating steps (b) through (g) with every new
sample. a ’

2. A method according to Claim . 1, wherein channel
estimates are used only in the symbol . demodulation.

3. A method according to Claim 1 or 2 wherein the symbol
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. '

A



taken to be one synbol interval. In a mltipath environment, the bl ock
-diagramis different in that it would then be necessary to performa Rake
combining to obtain the symbol decision b[err](i). Apart fromthat, the
mechani smof Figure 3 for channel estimation in a single-path channel is
identical to that used for individual coefficients in-a multipath channel.
Simul ation results are discussed bel ow and denonstrate the performnce of
the proposed Kalman filter detector conpared to the conventional '

mat ched-filter detector as well as to Chen and Roy's RLS discussion in D.S.

Chen and S. Roy, "An adaptive nulti-user receiver for CDVA systens", |EEE
J. Sel. Areas Comms., vol. 12, no. 5, pp. 808-816, June 1994. Unl ess
ot herwi se stated, the system has four: 19 users wth relative delays

&f | 0, 1]: . 2 argl, 3 Aqhémod espatdire) yto r@ladiom £oddwxergin wedipdaie ttate
almn filter t ect e | e variance of [err] =
0.4. [err] = qﬁ q%} rleg%g%gﬁa %Xe%egﬁlggggbtalned were essentially
i dentical to those using [err] = 0.4. Figure 4 shows bit error rate (BER)

curves for the 6. A method according to any preceding claim, wherein the
modulation scheme is not BPSK.

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

state estimate vector 500 or X(n) 1is 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
receiver, the multipath searching comprising 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 signal;
and feeding the residual error signal to a bank of
multipath searchers.

o. A method according to Claim 8, wherein each of the
multipath searchers in the bank of multipath searchers
comprises one_ok more sliding correlators.

10. A method according to Claim 8 or 9, comprising the
step of access channel demodulation at the output of a
receiver, which method comprises 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 signal; and then
correlating with the spreading code used on the access
channel.

11. A code division multiple access signal receiver

QT



four users with a processing gain of 16, whose signals are received with
identical power |evels, using both the conventional detector and the
proposed Kal man filter detector. The noise variance [err] used in the
algorithmwas 0.4 and the single-user bound is shown on the sane figure for
conpari son. It is quite evident that the detector enbodying the invention
performs much better than the conventional detector, and its perfornance
continues to inprove with SNR even at 10dB, whereas the perfornance of the
conventional detector is already beginning pg saturate at that SNR | evel.
Figure 5 presents BER curves obtained under identical conditions except
that the proceSS|n aln has . been increased to .32, nité that the

Kal man filter dSPBRFLFL %ﬂ SRR §Q TRRE W@ r?é?%r%gmel 1R BN symbol
despr eadi ng opevalues spoeadsbhgwa rplnmaaduqerdmr@pf@@dmg hcedésir geéans to

rocessin ain BER ve faqr mh t he

Pecelved g|gna|088 ? Ié&“?sggﬁé % a%ﬁ %Q%ﬁﬁ espéigﬁééry e to
processi ng galanSOQ6lSGh@yybbﬂdhmnnd&rmm% imsevesyomwlitigathsi far t hvery
Kal'man filter, Yi’QleJ:e i HASHLLONGS sE9HE1 RbOBrddifte CONUEDLYORBk imate;

detector.
means to estimate the attenuation and phase rotation

impressed on the signal 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 estimates
and channel estimateé; means to compare the received signal
with its estimate and feed the estimation error back to the
means for estimating the transmitted symbols; and means to
sample the symbol estimates at the estimated symbol
boundaries of each user to obtain the final = symbol
estimate.

IR Y



20 circles mark the BER s of the first user when power control is perfge
and it is seen fromthe closeness of the circles to the first sc@]ﬂ'@ Q‘ﬁg
that the detector enbodying the present invention is effectively near-far
resistant. Figure 7 conpares the RLS detector discussed in 20 with the
conventional detector and a Kalman filter detector enbodying the present
invention. It was found through many sinmulation trials that the forgettlng
factor [err] in the RLS algorithmdoes not affect the BER very
significantly. The results shown in Figure o were produced using [err] =
0.995 The initial value of the inverse correlation matrix P was chosen to
be the identity matrix. The rel ative del ays between signals received from
the four users ARFEMT 3, 6 and 9 chi ps respectively. The processing gain
is 16. FromFigure 7 it is quite apparent that the RLS detector perforns

rather poorly, i faql; wder RGLT Qe DOof A L1151 & Ueld GRRks vlet ector  at

|l ow SNR's. AT ed y exp al ne previ ous section,
this is not too surpri5|ng considering that it is severely suboptlnal

when used i n an, ASyOCIY QOUSHY SRS CFEL NOpLoe F¥ I 52 8 80de S aRI100

for multipath searc ng 1's provided to solve the roblens ass C|ated mnth
the poor per foteiie—asicess dGCrWA)corSrJél%]orsco ining ¢

- shown schemat i cgbtead Nl G4Ir @1&ratifeyf obt pri@adlng codes, Wthh method
comprises the steps of:

(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 delay
estimate;

(c) estimating the attenuation and phase rotation
impressed on the signal by each multipath to produce
channel estimates;

(d) generating new symbol estimates for every user at
the sampling rate; _

(e) generating an estimate of the received signal
using said symbol estimates and channel estimates;

(£) comparing the received signal with its estimate
and feeding the estimation error back to the means for
estimating the transmitted symbols; '

| (g) sampling the symbol estimafés at the estimated
symbol boundaries of each user to obtain the final symbol
estimates; and '

(h) repeating steps (b) through (g) with every new

sample.

FIGURE 1



steps are utilised: the synbol estimates b[err] (i), k =1,...,K and
-repodul at e (or respread) each one by t he correspondi ng
spfeading code s[err](n); add the respread signals together, and
subtract the result fromthe received signal r(n) to forme(n); and use
e(n) as the input to a bank of K conventional nultipath searchers, 21
one for each user. This nethod nakes use of the interference rejection
capability of the proposed detector to provide a cleaner signal to the

mul ti path searchers. Specifically, e(n) should contain only thernma
noi se when the channel nultipath profilgsdas not changed substantially from
the last time channel estégation was performed. In this case, the

e detjector that there_is no change in the channel.
However, 2 angef S|gn|f|cantly, t he
input to the |seg tributlonFt@h)

uncancel | ed patlh as_wel| aé i ittll e MAI becauseTt Tas nnstly
been cancel | ed |by . The seprcher will then tell the
det ect or about it tectpr should then act on

t hat . ) |
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information appropriately. Referring to Figure 9, the idea of generating a
resi dual. error signal e(n) may al so be used for inproved access channel

decoding.  The P access channel (s) on the reverse link of a cellular
system are used for initial establishnment of the |ink between a new nobile
user and the base station, and are shared by all |users. Correct

denodul ati on of the access channel (s) at the base station is-vital in order
that new users may be added to the base Xfation's list of active nobile )
stations. But again, access channel s argg SR h_access
channel may-g' treated as an additijonall user inside a nmulti-user detector,
but this onfy Hfg&ut [0 lexitly arjd id an ineffici &gt use of resources
since the accpsg _channel¥1 s not] verly hegavi I’?/zl‘g"ﬂé'd, relative to the | oad
carried on the traffic changel s. 22 |Fhén

users' traffigc ¢hanmpel signals|fromthg received sigpal
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23 CLAI M5 1. A nmethod for receiving a code-division nultiple-access"
(CDWVA) signal conbining .synbol values spread by a plurality of spreading
codes, which nethod conpkises the steps of: -(a) converting the CDVA signal
to a baseband signal; (b) recognising synbol boundaries in every nultipath
for every user in the baseband signal to produce a delay estimate; (c)
estimating the attenuation and phase rotation inpressed on the signal by
each nmultipath to produce channel estinates; (d) generating new synbol
estimates for every user at the sanplig? ate; (e) generating an estinmate
of the received signal using said synb /®stimates and channel estinates;
(f) conparing the received signal with its estimate and feedi ng the
estimation error back to the nmeans for estimating the transmtted synbols;
(g) sanpling the synbol estinates at the I mat ed synbol boundaries of
each user to obtain the final synbol-egﬁbgg&xs- and
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(h). repeating steps (b) through (g) with every new sanmple. 2. A nethod
-acgording 'to Caim 1, wherein channel estimates are used only in the
synbol denodul ation. 3. A met hod according to Claim1l or 2 wherein the
synbol estimates are generated using a Kalman filter. 4. A net hod
according to any precedi ng claimwherein the delay and channel estimation
steps are performed at an update rate othet/& han the sanpling rate. 24
5. A nmethod according to Claim4, wherein an update rate |ower than the
sanpling rate is used. § hod:ateprdinyg Lo precEdnTTGig|
wherein the nodul ation 3
preceding claim wheregj a
re-initialised at the syTSaas
precedi ng cl ai m conpri si
output of a receiver,, | TTO~eL
respreadi ng the estinﬁ?eii e H R HEC LD SRy e
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fromthe received signal to derive a residual error signal; and feeding the
.residual error signal to a bank of multipath searchers. 9. A net hod
according to Caim8, wheréin each of the multipath searchers in the bank
of multipath searchers conprises-one or nore sliding correlators. 10. A

met hod according to Caim8 or 9, conprising the step of access channel
denodul ati on at the output of a receiver, which nethod conprises the steps
of respreading the estinmated synbols transmtted by each user; summng the
respread signals; subtracting the sumred % nal fromthe received signal to
derive a residual error signal; and then d relating with the spreading
code used on the access channel 11. A code division nultiple access
signal rekteiver 25 conprising: nmeans to receive a CDVA signal conbining
synbol val ues spread by a plurality of spreading codes; means to convert
the CDVA signal to a baseband signal; nmeans to recogni se synbol boundaries
in every nultipath for every user in the baseband signal to produce a del ay
estimate; nmeans to estinmate the attenuati on and phase rotation
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I,mpr éssed on the signal by each nultipath to produce channel estinmates;
nmeans to generate new synbol estinmates for every user at the sanpling rate;
nmeans to generate an estimte of the received signal using said synbo
estimates and channel estinmates; nmeans to conpare the received signal with
its estimate and feed the estimation error back to the neans for estinmating
the transmtted synbols; and neans to sanple the synbol estimtes at the
esti mated synbol boundaries of each M to obtain the final synbol

esti mat e.
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