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A Space-Time Channel Estimator and Single-User
Receiver for Code-Reuse DS-CDMA Systems
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Abstract—In this paper, a blind asynchronous single-user
code-reuse direct sequence code division multiple access (CDMA)
array receiver is proposed for the uplink. By assigning each
short PN-code more than once, code reuse allows the number
of active users to be increased beyond the spreading gain. The
proposed receiver is based on a blind single-code multipath joint
space–time channel estimation technique that utilizes the concept
of the spatio–temporal array manifold, in conjunction with a
novel preprocessor, to deal with the multipath problem. From the
estimated space–time channel parameters of a particular active
code, the subset of parameters of a specific co-code user is then
identified, and a single-user receiving weight vector is finally
formed. The proposed approach is a subspace type method, and
therefore, it is “near–far” resistant. Furthermore, in contrast to
existing receivers such as the Space–Time Decorrelating Detector,
the proposed receiver weight vector is tolerant to partial channel
estimation errors and the incomplete estimation of channel
parameters. The theoretical framework is supported by computer
simulation studies.

Index Terms—Antenna arrays, CDMA, code-reuse, interference
suppression, multipath channels, space-time processing, vector
channels.
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I. INTRODUCTION

I T HAS been shown that code-division multiple access
(CDMA) offers significant promise in meeting the growing

demand for data rate and capacity in wireless communication
systems [1]. The long code approach (adopted in IS-95) uses
PN-code sequences that span many data symbol periods, and
this allows a large number of users to be included in the system.
The conventional long code receivers, such as the matched
filter [2] or the RAKE receiver [3], treat multiuser interference
as additive white Gaussian noise, such that each user can
be considered to be functioning in a single-user channel in
the presence of only noise. The capacity of such systems is
then limited by the total interference power and not by the
number of available codes. In a high data rate system, the time
dispersive nature of the communication channel introduces
severe intersymbol interference (ISI), and this substantially
deteriorates the performance of these conventional receivers.
Nonlinear interference cancellation techniques based on several
iterative stages of decision feedback have been proposed [4],
[5]; however, the use of such methods requires complete and
accurate knowledge of the amplitudes, phases, and delays of
all users, and hence, their implementation may be impractical.
As a consequence, linear interference cancellation techniques
based on subspace type methods are generally preferred.

Subspace-type channel estimation techniques may be con-
sidered as the most powerful type of technique, outperforming
(especially in severe near–far situations) the conventional
“correlation type” channel estimation methods. However, such
techniques (which originally were derived for direction-finding
array systems [6], [7]) are only applicable to the short coded
systeminwhicheachuseroccupiesa finitenumberofdimensions
in signal subspace. Recently, these techniques have been em-
ployed in DS-CDMA initially for single antenna systems (single
path [8] and multipath [9]) and then for antenna arrays operating
in multipath environments [10]–[15]. In [16], the concept of the
spatio–temporal manifold is used in a non-CDMA environment,
whereas in [10], it is employed to propose a subspace-type
CDMA technique that is capable of identifying/estimating
jointly the coherent multipath delays and DOAs of the desired
signals in the presence of multiple access interference (MAI),
where the coherency between paths is removed by a one–di-
mensional (1-D) temporal smoothing procedure employed in
a transformed domain. In [11] and [12], a reduced dimension
space–time RAKE receiver for DS-CDMA channels has been
proposed, where a joint estimation procedure of the delays and
DOA of the dominant paths is developed based on the estimated
space–time channel response vector of the desired user. This is a
subspace-type approach employing the two–dimensional (2-D)

1053-587X/03$17.00 © 2003 IEEE



40 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 51, NO. 1, JANUARY 2003

unitary ESPRIT algorithm as the estimator of the delays and
DOAs, jointly. However, this approach restricts the multipath
delay spread to be a fraction of the data symbol period so that
the RAKE fingers can be roughly located. In [13], an integrated
space–time multiuser array receiver has been proposed for asyn-
chronous DS-CDMA that is robust to errors in the estimation of
multipath arrival times.

Subspace-based techniques have also been employed for
diffused space–time CDMA frequency selective channels. For
instance, in [14], a multidimensional subspace technique has
been proposed to jointly estimate the channel parameters and
the degree of channel diffusion under the assumption that the
distribution function of the space–time parameters are known.
In [15], the channel estimation technique proposed in [14]
for space–time dispersive channels has been adapted to syn-
chronous DS-CDMA based on two semi-blind spatio–temporal
channel estimation techniques.

The subspace-type channel estimation methods discussed
thus far (excluding [14]) consider the case where each user
is assumed to have a unique short PN-code sequence, and
consequently, the maximum number of users (capacity)
is constrained by the short code spreading gain. Several
single-antenna systems have also been proposed for increasing
user capacity through code reuse, where each short PN-code
sequence is assigned simultaneously to more than one users.

For instance, in the sequence sharing approach of [17], each
user is assigned a subset of orthogonal sequences, such that
a particular sequence may be shared by more than one user.
The system, hence, needs fewer orthogonal sequences than one
that does not employ sequence sharing. The inevitable problem
of sequence collision is overcome by coordinating users’ start
times through basestation to mobile feedback. The sequences
are used in conjunction with the TOAs at the basestation re-
ceiver to distinguish the signals of different users. An alternative
approach, which is proposed in [18], is also based on temporal
processing. In this approach, the same orthogonal spreading se-
quence is assigned to a group of users, with the orthogonal se-
quence being overlaid with a different PN-code sequence for
each user in the group. At the base station, detection is then per-
formed in two separate stages, first for the PN-code sequence
and then for the orthogonal sequence. The process is then re-
peated two or more times to improve the receiver’s decisions.
This “multiple stage spreading” approach assumes perfect time
synchronization amongst all mobile users. Both of these tem-
poral only solutions assume a nondispersive (multipath free)
channel.

It is well known that in general, if an antenna array system
is used at the base station, communication system performance
can be improved and a significant capacity gain achieved. How-
ever, the single antenna code-reuse techniques discussed thus
far do not exploit the spatial aspect of the channel. In [19], a
code-reuse technique is proposed that employs an antenna array,
such that users with the same code are separated via spatial-only
processing. The approach employs an array receiver in conjunc-
tion with a code-reuse strategy. This code-reuse strategy ex-
ploits the higher probability of occurrence of symbol synchro-
nized code-reuse interferers among the interfering users than do
symbol synchronized co-code interferers to the desired user.

The problem of estimating the channel parameters of
the co-code users is not adequately addressed in any of the
code-reuse methods discussed thus far. In addition, it is well
known that joint space–time processing is superior to per-
forming spatial and temporal processing separately [20]. A
joint space–time channel estimation technique applicable to a
code-reuse system has been proposed in [14]; however, this
approach is for diffuse sources where the rays for a particular
user are spatially and temporally diffused, arriving in clusters
such that the mean and the variance of each cluster can be
estimated. However, in this paper, it will be assumed that the
received signal arrives through a number of distinct paths (due
to sparse scatterers), which is a commonly used assumption
especially in macrocellular channels [21]. In addition, if the
system employs a code-reuse strategy, where the process of
code assignment by the base station is eliminated (since each
user may effectively choose a code randomly from the set of
available codes), then this may lead to an increase in system
capacity as well as to a simplified system design.

In this paper, a new space–time approach to code-reuse is pro-
posed. The approach uses a novel joint space–time preprocessor
to deal multipath problem and a MuSiC-type cost function to
blindly estimate the space–time channel parameters of a single
active code corresponding to a group of co-code users. The pro-
posed procedure exploits the structure of the spatio–temporal
manifold vectors, which are defined herein. Channel parameter
estimation can be performed given only knowledge of the active
PN-code sequence and the locations of the antennas in the base
station array. From the estimated space–time channel parame-
ters of a particular active code, the subset of parameters of a spe-
cific co-code user is then identified using a “correlation analysis
assignment” method. A new single-user receiver weight vector
that combines despreading and interference cancellation is also
proposed. This weight vector is tolerant to partial channel esti-
mation errors and incomplete estimation of channel parameters.
This is a subspace-type method and is, therefore, “near–far” re-
sistant. It is a technique that has superresolution capabilities but
requires knowledge of the array manifold, which implies that
the array should be properly calibrated [22], [23].

The organization of the paper is as follows. In Section II,
the array DS-CDMA mobile vector channel is modeled using
the concept of the spatio–temporal manifold vectors. Based on
this model, in Section III, a new subspace type (i.e., near–far
resistant) single-user receiver structure is proposed, facilitating
a code-reuse approach. In Section IV, the proposed receiver is
simulated and compared in terms of performance and assump-
tions with the decorrelating detector [24] and the space-time
(ST)-RAKE receiver [25]. Mathematical descriptions of these
benchmark receivers are also given and adapted to the nota-
tion employed throughout the paper. The simulations are car-
ried out in cases of complete and incomplete channel estimation,
whereas the case of partial channel estimation errors is also con-
sidered. Finally, in Section V, the paper is concluded.

II. CHANNEL MODEL

In an -user asynchronous quaternary phase-shift keying
(QPSK) DS-CDMA communication system, the baseband tran-
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Fig. 1. Front-end of the proposed array system.

smitted signal of theth user can be modeled as

(1)

with , where is the
th user’s sequence of channel symbols of period

such that . In (1), denotes
one period of the PN waveform associated with theth user, i.e.,

(2)

where corresponds to theth user’s PN-code se-
quence of period , denotes the chip pulse-
shaping waveform of duration , and .
Let us consider that theth transmitted signal arrives at the base
station through distinct paths (sparse scatterers). Further-
more, let us assume that theth path of theth user arrives at the
array reference point from the direction , with and

representing the azimuth and elevation, respectively, with
channel propagation parameters and . Note that rep-
resents the path delays, whereasdenotes the complex path
coefficient and models the effects of path losses, shadowing and
random phase shifts due to reflection. In addition, the coeffi-
cients encompass the effects of the phase offset
between the modulating/demodulating carriers, as well as the
transmitter powers. It should be noted that this paper focuses on
the estimation of the multipath delays and directions and not on
the complex path coefficients that can be obtained after this es-
timation process using, for instance, [25]. Finally, it is assumed
that the delay spread is in the region of a channel symbol period.

Based on the previous environment, the baseband contin-
uous-time received signal-vector due to the users

at the antenna array can be modeled as

(3)

where is the continuous-time complex white
Gaussian noise vector. In (3), the vector
is the array manifold vector of theth path of the th user,
which is defined as

(4)

where is the location vector of theth antenna
element (in half wavelengths of the carrier frequency), and

is the wavenumber vector, with the azimuth anglesmeasured
with respect to the -axis. Without any loss of generality, is
assumed equal to zero for every . This implies that all users
are located on the -plane.

The -dimensional received signal-vector is then sam-
pled with a period (oversampling if ) and
passed through a bank of tap-delay lines (TDLs), each of
length . Upon concatenation of the outputs of the TDLs,
the ( )-dimensional discretized signal vector thus formed
is

(5)

This is illustrated in Fig. 1, where is the output from the
th antenna’s TDL.
Note, however, that due to the multipath delay spread, the

content of each TDL contains contributions from not only the
current but also the previous and next symbols. To model such
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contributions, the spatio–temporal manifold vector due to the
th path of the th user is modeled as

(6)

where is the discretized equivalent of the delay
of the th path of the th user, with being the roundup to
nearest integer operator, and is the array manifold vector
of the th path of the th user. In (6), the matrix is the shift
operator matrix, which is defined as

...
...

...
...

...

(7)

and is used to model the path delay effect. In particular, every
time the matrix (or ) operates on a column vector, the con-
tents of the vector are downshifted (or upshifted) by one posi-
tion, with zeros being added to the top (or bottom) of the vector,
that is, is a downshifted version of by elements, and

is an upshifted version of by elements. Finally, the
vector is defined as

(8)

where the vector is the oversampled chip pulse-
shaping waveform extended with zeros, i.e.,

. If a rectangular
chip pulse-shaping waveform is employed, thenis simplified
to , which, if (i.e., no oversampling),
simplifies (8) to

It is important to point out that in a code-reuse system, theth
user will share its PN-code sequence with
a number of other users such thatis common to all members
of the group of co-code mobile users.

We will assume, without loss of generality, that the first user
is the desired user. It can now be shown that can be ex-
pressed as a function of the desired user’sth (current) channel
symbol and the “Spatio–Temporal ARray (STAR) man-
ifold vectors” , as well as the contributions of the previous
and next channel symbols, as

(9)

with

and representing the noise effects

where is the matrix with columns
of the “STAR” manifold vectors of theth user. In (9), the
first summation involves the effects of all co-code users,
including the desired (first) user, and can be rewritten as

(10)

where the first term is the desired term, the second term repre-
sents the co-code interference (CCI) to the desired signal, and
the third term represents the ISI effects (due to the previous and
next data symbols of all co-code users including the desired
user). It is clear that the “STAR” manifold vectors associated
with the paths of the desired (first) user are linearly com-
bined by the fading coefficient vector (i.e., ), and this
will make these paths indistinguishable in their contribution to
the signal subspace associated with the covariance matrix
of the received signal . The same is of course valid for the
CCI. This looks like the well-known “coherence problem” of
subspace-based estimation techniques, and as a consequence,
it is not possible to estimate the desired users spatio–temporal
channel parameters (path delays and directions) using signal
subspace techniques such as MuSiC [6]. In the following sec-
tion, an approach to overcome this problem is presented.

III. CHANNEL ESTIMATOR AND RECEIVER

Initially, let us define the matrix

(11)

which is related to the first code [see (8)], employed by the
desired (first) user and its co-code partners (that is, users 2 to

).
We now define what we call the preprocessor matrix

as

(12)

where is formed from the matrix by removing its th
column. Applying the preprocessor to the signal given
by (9), i.e.,

(13)

implies that the preprocessor is applied directly on the ma-
trices , and for every from 1 to (i.e.,
for every user). However, its effects on are different from
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those on and for the desired user (i.e., )
and its co-code partners (i.e., ). Analysis of the ef-
fects of the preprocessor on the columns of the matrix
shows that (14), shown at the bottom of the page, is valid for
users but not valid for MAI and ISI contributions,
which are “transformed” rather than “simplified.”

Equation (14) means, in nonmathematical terms, that for the
desired (first) user and its co-code partners, there will be no
contributions to the preprocessed signal vector other than
those from signals arriving through paths with delay equal to

(if any such paths exist). This is because all columns of,
for , except those corresponding to paths of delay
equal to , will lie in the null space of the preprocessor matrix

.
To emphasize this point, let us express the signal vector

in a similar fashion to (9), as in (15), shown at the bottom of
the page, and let us focus on its first line, in conjunction with
a representative example of five co-code users ( ). Let
us assume that only the second path ( ) of the desired user
( ) as well as the first path ( ) of one of the desired
users co-code partners ( , say) arrive with a delay equal to

(i.e., ). In this case, , and the first line
of (15) becomes

(16)

indicating that by using this preprocessor, all paths of the
second, third, and fifth users have been removed, whereas the
coherence-like problem associated with the desired user (as well
as with the fourth user) has been eliminated.

It is clear from the previous discussion that after the pre-
processor (transformation), only the multipath rays (with delay

) of the desired user and its co-code partners are described
[see (6) and (13)] as . The locus of all vectors

where parameter space

is a 1-D continuum (i.e., a curve) lying in an -dimen-
sional complex space (observation space of the signal

). This curve is the transformed manifold-curve of the
desired user and its co-code partners for this specific delay
and does not include any contribution from the transformed
ISI or MAI manifold vectors (which are described by different
equations, i.e., belong to different manifold curves). The pro-
posed algorithm exploits this property (using the received data)
by aiming to find a “signal subspace” to which the transformed
spatio–temporal manifold vectors, for delay , also belong.
Therefore, the intersectionof the manifold curve with the
“overall signal-subspace” of will provide
only the desired signal components.

Indeed, by forming the covariance matrix of the prepro-
cessed signal and then by partitioning the observation
space of the into the “signal-subspace” and “noise-sub-
space,” it is clear from the above modeling and discussion
that the “signal subspace” will contain the contributions of
those paths with delays equal to as well as the transformed
ISI and MAI. For example, in (16), the signal subspace of
the covariance matrix of the signal will include the
vectors and , as well as the contributions of the
transformed ISI and transformed MAI. This implies that in
the signal subspace, the desired term and the CCI term will be
unresolvable from the transformed ISI and MAI. However, if
we define the transformed “STAR” manifold curve for
as the locus of all manifold vectors , , then
only the vectors and will belong to this manifold
curve, as well as to the signal subspace. It is then clear through
this representative example that by searching the transformed
“STAR” manifold curve associated with the PN-code of the
desired user, its intersection with the signal subspace will
provide only the directional parameters of any existing path
(associated with the desired user and its co-code partners)
having delay equal to . If there is no path from the co-code
set of users with delay equal to , then no intersection will
exist. Fig. 2 shows a representation of the signal and noise
subspaces and how the transformed “STAR” manifold curve

if (for a single path)

if
(14)

(15)
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Fig. 2. Subspaces for the representative example.

will only intersect the signal subspace at certain points for the
example discussed above.

Thus, in general terms, if there is a bank of preprocessors
for , then the above-described procedure is
translated to a number of 1-D searches over azimuth direction
for every delay , or, in an equivalent way, to a 2-D
MuSiC-type cost function that is based on the “STAR” manifold
vector concept and can be expressed as

(17)

In (17), is the projection operator of the estimated
noise subspace obtained by the eigendecomposition
of the th preprocessed spatio–temporal covariance matrix

. The cost function would be
expected to be approximately zero for delays and directions
where paths do not exist and would be expected to give large
peaks for delays and directions at which paths do exist.

In summary, the action of theth preprocessor of the parallel
bank can then be stated as follows. For a particular active code
shared by the desired user and its co-code partners, theth pre-
processor acts to null the current bit interference arising from
this set of users due to paths arriving with delay not equal to

. In terms of the signal subspace, the preprocessor action can
be considered to be the conversion of a single dimension contri-
bution (for each co-code user) arising due to the coherence-like
problem to either a single dimensional contribution (for each
co-code user), corresponding to a path of delay, or to a null
vector if no path of delay exists. Each of these single-di-
mension contributions (if any such contributions exist) to the
th preprocessed space–time covariance matrix signal subspace

will be of the form of a modified “STAR” manifold vector. Thus,

a peak search of the spectrum obtained by the evaluation of (17)
will provide the set of angle and delay estimates

where is the total number of estimated paths (given by
the total number of peaks in the spectrum) corresponding to the
desired (first) user and its co-code partners.

It should be noted that in this approach, there is no informa-
tion requirement beyond the active code of the desired user and
its co-code partners. This is sufficient to achieve for each pos-
sible delay a single contribution, with estimatable parameters,
in the signal subspace for each of the co-code users.

The proposed system is illustrated in Fig. 3, which shows the
described parallel bank of preprocessors (for )
alongside the peak search of the spectrum obtained through the
evaluation of (17), which will provide the set of parameters.
From this set, in the code-reuse system, the subsetof
(i.e., ) of channel parameters associated with the first
co-code user need to be identified. To achieve this, a weight ma-
trix is constructed in order to be employed by a “correlation
analysis assignment” block. This matrix
has columns that are functions of the “STAR” manifold vectors

associated with the set of parameters. In
particular, its th column is described (a derivation can be found
in the Appendix) as

(18)

where , and denotes a pseudo in-
verse-type operator.

Based on operating on a received signal frame of
channel symbols, the matrix is formed as

(19)

implying that each column of the matrix can be seen as a
“pseudo” single path receiver weight vector that could be used to
recover the symbols from the user to whom this single path cor-
responds. Consequently, this implies that each row of the matrix

contains the decision variables for a frame ofsymbols from
the output of each of the single path receiver weight vec-
tors. If these decision variables are highly correlated (i.e., based
on the correlation matrix of ), then the associated parameters
from the set should belong to the same user. We define this
process as the “correlation analysis assignment.” The assign-
ment process can be summarized as saying that those outputs
of the single path receiver weight vectors that are highly cor-
related must belong to transmissions from the same user, and
hence, those single-path weight vectors must have been formed
from estimated channel parameters that can be identified to be-
long to the same user. Having assigned all the identified paths
amongst the co-code users and with

denoting the subset of the desired user, the actual
single-user receiver for the desired user can be formed as

(20)
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Fig. 3. Structure of the proposed code-reuse array receiver.

where . The desired (first) user’s receiver
weight vector could then be followed by a decision device. For
example, the th channel symbol decision can be taken as

sign sign
(21)

Some comments relating to the proposed algorithm are as fol-
lows.

• The receiver represented by (20) is formed on a path by path
basis and can be formed for any number of estimated paths. It
is not necessary that every existent path for a particular user
be identified, and in this way, the proposed receiver is robust
to incomplete channel estimation.

• Should the estimated parameters of a particular identified
path be erroneous, the “correlation analysis assignment”
stage of the proposed algorithm will leave that path unas-
signed, and hence, the proposed algorithm is robust to the
presence of partial channel estimation errors.

IV. SIMULATION RESULTS

A number of computer simulations are now presented to show
the performance of the proposed methods. For the purpose of
simulation, we propose two code reuse strategies.

Strategy- 1: The active PN codes are assigned such that no code
is assigned ( ) times until all other codes have been

assigned at least times. The code-reuse factor
(CRF) can then be defined as CRF , where

is the number of active codes.
Strategy- 2: Each of the users selects at random a code from

the set of active codes such that CRF .
Such a strategy removes the requirement for code alloca-
tion by the base station and, hence, can be used to simplify
the overall design of the communication system.

For the purposes of simulation, the spatio–temporal channel
parameters are taken from statistical distributions that arise from
an experimentally verified macrocellular multipath channel
model [21] that assumes a sparse scattering environment. The
path directions are taken from a Gaussian distribution with a
standard deviation of 20and a mean value that is uniformly
distributed between 40and 140. The path delays are assumed
to be exponentially distributed. The path coefficients are
ordered such that the strongest coefficients are associated with
the shortest paths, that is, .

For the purpose of performance comparison with the proposed
receiver weight vector, a number of benchmark receiver weight
vectors are used in the simulations. Using the notation employed
throughout this paper, these vectors can be defined as follows.

ST-RAKE:

(22)



46 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 51, NO. 1, JANUARY 2003

ST-Decorrelating Detector:

row

(23)

ST-Decorr (Limited Information):

-

(24)

where , that is,

is the matrix with the last (with ) columns re-
placed by zeros. This is equivalent to assuming that the weakest

paths have not been estimated (i.e., the receiver is formed with
limited information). The ST-RAKE receiver has been chosen
as a lower benchmark since it is the optimum single user receiver
under the condition that multiuser interference is treated as ad-
ditive white Gaussian noise and is also close to the type of re-
ceiver that is to be used in existing commercial CDMA systems
(IS-95 and some UMTS). The decorrelating detector serves as
a good upper benchmark since it has been shown to have a per-
formance that is close to that of the optimal multiuser detector
proposed by Verdu [24]. The decorrelating detector is also con-
sidered in the presence of limited information (i.e., when the
single weakest path remains unestimated, ) to satisfy the
requirement of a benchmark against which the performance of
the proposed receiver can be compared in the presence of only
limited channel information.

Simulation 1—Analysis of the Proposed Channel Parameter
Estimation Technique:Here, a representative example of the
proposed channel parameter estimation technique is given when
a uniform linear array of five antennas ( ) with half-wave-
lengthspacingisused.TableIprovidesthesimulationparameters,
whereas Table II gives the unknown channel parameters associ-
ated with the desired user and its three co-code partners. These
channel parameters represent one realization of the statistical
channel parameter distributions described in the introduction
of Section IV. The experimental received signal is formed
over 500 QPSK symbols with the channel parameters assumed to
remain fixed over this observation interval of 500 symbols.

The input signal-to-noise ratio (SNR) associated with the
desired (first) user is assumed equal to 10 dB. However, in
order to create a near–far scenario, all the interfering users
(including co-code interferers) are assumed equal powered,
and the signal-to-interference ratio is assumed to be30 dB
(near–far ratio: NFR 30 dB). Fig. 4 presents the spectrum of
(17) based on the “STAR” manifold vector and obtained using
the proposed method, whereas Table III gives the setof the
estimated (DOA, TOA) parameters.

TABLE I
SIMULATION PARAMETERS

TABLE II
DESIRED ANDCO-CODE USERSSPACE–TIME CHANNEL PARAMETERS

From Fig. 4 and Table III (first three columns), it can be seen
that the channel parameters (delay and direction) of all 24 paths
of the four co-code users are correctly estimated. The subset
of parameters of (i.e., ) associated with desired
user remain to be identified. These can be found by forming
the matrix and applying this to the received signal (corre-
sponding to a frame of 500 symbols). This will provide the ma-
trix . Four columns of the correlation matrix of the rows of

corresponding to the four co-code users of the codeare
shown in Table III. By finding the values that are greater than a
threshold of (say), it is clear that the first, fifth, 12th,
15th, 18th, and 23rd sets of estimated parameters belong to the
desired user (see 1st user’s column). Note also from Table III
(correlation analysis results) that the maximum values of the last
three columns will identify the parameters associated with the
remaining three co-code users.

Let us now consider the hypothetical case that there exists a
channel parameter estimation error in one of the estimated paths.
For example, let us say that all channel parameters for all paths
other than the first identified path [which belongs to the desired
(first) user and has true channel parameters (91, )] have
been estimated correctly. If the estimation error is directional of
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Fig. 4. Two-dimensional spectrum (and the associated contour diagram) that provides the parameters of the desired user and its co-code partners.

TABLE III
ESTIMATED SET (�) AND CORRELATION ANALYSIS

5 , say, (i.e., rather than 91), then the “correla-
tion analysis assignment” will provide almost identical results
to those shown in Table III, with the only difference being that

the first element of the first user’s column will be 0.55 rather
than 1. In fact, the correlation with the identified paths of the
desired (first) user is only close to unity if there is no estimation
error. Therefore, the path identified with errors in its estimated
channel parameters will not been recognized as a path associ-
ated with the desired (first) user or any of its co-code partners.
The fact that the path with estimation errors remains unassigned
means that it will not effect the formation of the proposed re-
ceiver weight vector for the desired (first) user, and in this
way, the proposed receiver is robust to partial channel estima-
tion errors.

Simulation 2—Analysis of Variation of Numbers of
Users: Simulation results are now presented to show the
variation in SNIR with an increasing number of users. The
simulations assume that channel estimation has already been
performed. The benchmark receivers (ST-RAKE receiver,
space–time decorrelating detector) are evaluated for the case of
complete channel information, such that the receivers are based
on all the required channel information assumed known with
complete accuracy [see (22) and (23), respectively]. In addition,
the space–time decorrelating detector is considered for the case
of incomplete channel estimation where the weakest of the
paths [hence, (24) with ] of each user is assumed to be
unestimated. The proposed receiver weight vector is evaluated
for three cases. That is, it is assumed that the desired user’s
channel parameters have been estimated correctly for only

1) the single strongest (shortest) path, i.e., ;
2) the three strongest (shortest) paths, i.e., ;
3) the single weakest (longest) path, i.e., .

The simulation parameters are as shown in Table I. The inter-
fering users are of power NFR 20 dB higher than the desired
user (to create a severe near–far scenario), and the desired user
SNR 20 dB. The channel parameters of all users are taken
from the statistical distributions discussed above. The results
shown are obtained as an average over 40 simulation runs for
500 channel symbols each, where for each simulation run the
active codes ( ) are taken randomly from the complete
set of 31 codes. Figs. 5 and 6 plot the output SNIR against the
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Fig. 5. SNIR as a function of the number of users for code reuse Strategy 1.

number of users for the benchmark and proposed receivers in
the cases of code-reuse Strategy 1 (see Fig. 5) and Strategy 2
(see Fig. 6). From Fig. 5, it can be seen that the proposed re-
ceiver weight vectors maintain an acceptably interference free
output as the number of users is increased, even in cases where
each active PN-code is used by as many as four uncoordinated
users simultaneously. It can also be seen that in the case where
only the single weakest path can be identified for the desired
user, on average, a proposed receiver can still be formed whose
output can be used to make reliable channel symbol decisions,
and this shows that the proposed receiver weight vector is robust
against incomplete channel estimation. The figure also shows
the deterioration that plagues the space–time decorrelating de-
tector in the case where the receiver is formed with accurate but
limited channel information. Fig. 6 shows that in the case that
the system has no control over code allocation, such that each
user selects at random a code from the active set (Strategy 2),
the proposed method performs similarly to the case when the
base station controls code allocation (Strategy 1).

Simulation 3—Comparison of Decision Variables for Dif-
ferent Receivers:In Fig. 7, the decision variables (at point D
of Fig. 3) are plotted for the benchmark and proposed receiver
weight vectors for the environment described in Simulation
1. The results shown in Fig. 7 represent one realization over
500 QPSK channel symbols. From this figure, it is obvious
that the space–time decorrelating detector provides the best
results [Fig. 7(a)], but its performance deteriorates dramatically
[Fig. 7(b)] if only limited information is available. The perfor-
mance of the RAKE receiver is the worst [Fig. 7(c)], whereas
the proposed procedure provides a performance close to the
decorrelating receiver, even if three paths [Fig. 7(d)] or only the
strongest path [Fig. 7(e)] is estimated. For illustrative purposes,
Fig. 7(f) presents the decision variables when only the weakest
path is used in the proposed approach.

Simulation 4—Demonstration of Near–Far Resistance:To
demonstrate the near–far resistance of the proposed scheme, the
output SNIR as a function of the interfering user power is eval-
uated for the environment described in Simulation 2. With SNR

Fig. 6. SNIR as a function of the number of users for code reuse Strategy 2.

20 dB for the desired user, the powers of the interfering user
varies from 0 to 60 dB. The results shown are obtained as an
average over 40 simulation runs for 500 channel symbols each,
where for each simulation run, the active codes are
taken randomly from the complete set of 31 codes. From Figs. 8
and 9, it can be seen that for both proposed code reuse strategies,
the proposed receiver shows near–far resistance. Again, it is in-
teresting to observe the case of the limited space–time decorre-
lating detector. From the figures, it can be clearly seen that there
is a rapid deterioration in this receiver’s performance as the NFR
is increased. The figures demonstrate that the proposed receiver
weight vector unlike the limited space–time decorrelating de-
tector is near–far resistant in face of limited channel informa-
tion.

From Simulations 2 and 4, it can be seen that the suggestion
that code assignment by the base station can be eliminated is
justified since there is little difference in observed system per-
formance under the two proposed code-reuse strategies.

V. CONCLUSIONS

A single-code multipath channel estimator and single-user
receiver weight vector have been proposed to facilitate code
reuse, such that each active PN-code can be used simultane-
ously by a number of users. The proposed receiver is proven
to be near–far resistant and robust against incomplete channel
estimation and partial channel estimation errors. The proposed
method uses joint spatio–temporal processing and would there-
fore be expected to have a performance that is superior to that
which can be achieved by existing code reuse techniques that
implement spatial and temporal processing independently with
the separation of co-code users being carried out solely in ei-
ther domain. The proposed approach has been shown to handle
co-code users so long as there exists a single estimatable path
that is separated in at least one domain (space or time) for each
user in a group of co-code users. It has also been shown that code
assignment by the base station can be eliminated since there is
little difference in observed system performance if each user is
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Fig. 7. Decision variables for 500 channel symbols for a single simulation run.

Fig. 8. SNIR as the NFR increases for code reuse Strategy 1.

allowed to choose at random its own PN-code sequence, rather
than using a sequence assigned by the base station.

APPENDIX

DERIVATION OF (18)

In the case of the single path receiver, only the estimated pa-
rameters of one path (theth path, say) will be known. Thus, the
information available to form a receiver weight vector is lim-
ited to (single path estimated complex path coefficient) and

Fig. 9. SNIR as the NFR increases for code reuse Strategy 2.

, with ( ) denoting the th path’s
estimated direction and delay, respectively, where

The PN-code being used is also known; however, in the code
reuse system, this is shared by a number of users such that
the th identified path could belong to anyone of the co-code
users. In other words, corresponds to theth user’s
th path parameters , where could be anyone of
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, with denoting the number of co-code users.
That is

(25)

(26)

Using the proposed spatio–temporal preprocessorwith
, a complex weight vector can be

formed such that

(27)

where is the th user’s decision device input for theth
symbol period, and is the th symbol period discretized
received signal [see (9)]. The difference between the desired
symbol and can be expressed as an error

Re

(28)

where has been used. Taking the expectation of
both sides

Re

(29)

where is the spatio–temporal covariance matrix, and the
cross covariance vector is

(30)

The objective in a least mean square sense is to minimize the
expected value of the squared error. Differentiating (29) with
respect to the weight vector and then setting this equal to
zero for minimization, we have

(31)

(32)

However, using (14) and taking into account the relationship
of (25) and (26), the term is simplified to ,
providing (18), i.e.,

where .
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