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Abstract

This chapter reviews space-time processing methods for CDMA mobile radio applications with emphasis

on blind signal detection. We begin with a motivation for the use of blind space-time processing in CDMA.

Next, we develop channel and signal models useful for blind processing. We follow this by considering

�rst space-time single user receivers (ST-RAKE) and then review some basic theory of blind ST-RAKE

algorithms. The important problem of multi-user detection (MUD) is considered next which leads to a

novel technique allowing the estimation of the minimum-mean-square error linear MUD.
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1 Introduction

Direct sequence code-division-multiple-access (DS-CDMA) is a spread spectrum multiple access commu-

nication method that is expected to gain a signi�cant share of the cellular market. CDMA is currently

deployed in certain areas across the world under the IS-95 standard and has been selected as the main

multiple access technology for third generation wireless systems. DS-CDMA has several attractive prop-

erties for personal wireless communications: its e�cient use of bandwidth, its resistance to interferences

and its exibility for multimedia links.

In CDMA the users operate in the same frequency and time channel whereas in TDMA and FDMA the

users are separated in time and frequency respectively. In DS-CDMA each user has a unique spreading

code. This code operates at a chip rate P times greater than the information data rate. The DS-CDMA

link therefore needs a large bandwidth channel which can be shared by multiple users. The spreading code

can be viewed as a complex symbol waveform with a large time-bandwidth product (approximately P ),

whereas in TDMA the time-bandwidth product of the symbol waveform is small (approximately 1). A

good general reference on DS-CDMA can be found in [1]. Other books on DS-CDMA include [2], [3] and

[4]. The user codes can be designed to be orthogonal or quasi-orthogonal. With orthogonal codes, and in

the absence of channel delay spread, the users do not interfere with each other and signal detection is noise

limited. Single-user detection schemes (RAKE receiver) can then be used successfully. If non-orthogonal

signaling is used or caused by the propagation environment (multipath, asynchronism amongst the users,

etc..) the users interfere with each other and detection often becomes interference limited. In this case

multi-user detection is favored.

As in other multiple access systems, the use of antenna arrays in CDMA base stations can improve system

capacity, quality and coverage, making space-time signal processing for CDMA a promising technology.

Space-time processing can be incorporated in single user receivers (space-time (ST) RAKE) and multi-user

receivers.

Space-time CDMA receivers use knowledge of the received signature waveform (channel) across time

and space for the user(s) of interest. In the coherent RAKE receiver, the channel information (which in

its broadest description, includes the e�ect of the spreading sequence, multipath propagation and user

asynchronism) is normally acquired through the use of training (pilot) symbols known both by the trans-

mitter and receiver. Blind estimation methods have been recently proposed which circumvent the use of

a periodic training and allow the receiver to recover the channel information from only the observation of
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the received signals and knowledge of the spreading sequence for the desired user. These methods can in-

crease the spectral e�ciency, facilitate system management and allow self-startup operation of the network

when necessary. The incorporation of multiple antennas is especially bene�cial in blind CDMA receivers

because of the additional spatial structure conferred to the signal and the increased dimensionality of the

observations. As a result blind space-time CDMA currently motivates much research, as illustrated by the

increasing number of publications devoted to it.

The purpose of this chapter is not to provide an extensive literature review of blind CDMA receiver

design, but rather to develop certain aspects of the topic. We �rst review the concept of blind processing in

the context of single-user receivers. More speci�cally, blind processing can be incorporated to estimate the

spatial (or space-time) beamformer used in the ST RAKE, as was �rst proposed in [5]. Next we investigate

the use of blind algorithms in multiuser receivers. A novel algorithm to estimate a linear minimum mean

square error (MMSE) MUD is presented. The interesting features of this latter algorithm include (i) its

simplicity, (ii) its ability to bypass the channel estimation step, and (iii) its generality, as it requires only

knowledge of the spreading sequence for the user of interest in order to develop the multiuser receiver. We

begin with a description of the space-time signal model in CDMA networks.

2 Space-time signal models

We assume that M > 1 antenna elements are used only at the base station and that the mobile has a

single omni antenna. The mobile transmits a possibly channel coded and modulated signal which does not

incorporate any spatial (or indeed any special temporal) processing. The received continuous-time M � 1

signal vector in a multiple antenna CDMA system has the following form

x(t) =
QX
q=1

xq(t) + n(t) (1)

where Q is the number of users sharing the same channel, n(t) is the additive noise vector with element-wise

variance �2, xq(t) is the vector signal contribution from a single user and is given by

xq(t) =
1X

n=�1

dq(n)gq(t� nTc) (2)

where fdqg is the modulated chip stream, Tc is the chip period, and gq(t) is the vector multipath channel
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gq(t) =
D�1X
l=0

�
q
l a

q
l a(t� �

q
l ) (3)

where a(t) is the chip pulse, D is the maximum number of paths for any of the users, each with complex

amplitude and delay �
q
l and �

q
l , and a

q
l corresponds to the array response vector for the l-th path.

We consider here a fairly general situation in which arbitrary delays may result in large inter-chip-

interference (ICI) and even possibly signi�cant inter-symbol-interference (ISI). The lack of synchronism

between the cell users is also accounted for in the channel model. The modulated chip stream is given by

dq(n) = sq(k)cq(k; n� kP ) with k = b
n

P
c (4)

where sq(k) 2 f�1;+1g is the underlying bit2 (or \symbol") stream for the q-th user, P is the spreading

factor (length of symbol in chip durations) and (cq(k; 0); :::; cq(k; P � 1) is the spreading code used for the

k-th symbol. The code may or may not be repeated across the symbols. Note that this fact will determine

our ability to develop convenient multi-user receivers.

In the above model (3) we have assumed that the inverse signal bandwidth is large compared to the

travel time across the array. Therefore the complex envelopes of the signals from a given path received

by di�erent antennas are identical except for phase and amplitude di�erences that depend on the path

angle-of-arrival, array geometry and the element pattern. Thus, the use of multiple antennas at the receiver

has merely converted a scalar channel gq(t) to a vector channel gq(t).

Although blind CDMA can be de�ned in various ways, a common concern of it is the problem of estimat-

ing the symbols sq(k) transmitted by a single or multiple users given a minimal amount of signal/channel

information available at the receiver. Existing approaches to blind CDMA di�er mostly on

1. the degree of a priori signal/channel information and the generality of the channel model: � ql known

or unknown, synchronized or unsynchronized users, delay spread smaller or larger than a chipt period,

a symbol period;

2. the receiver's structure: single-user or multiuser, linear or non-linear;

3. the estimation method of the receiver: use of �nite alphabet information, second-order statistics or

higher-order statistics.

2To di�erentiate from the binary code sequence, sq(k) is referred to as \symbol" in this chapter.
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Throughout this paper, the channel responses fgq(t)g are assumed to be unknown and completely

arbitrary (with the exception of the pulse shape a(t) in the blind RAKE receiver) and only knowledge

of the spreading code for the user of interest is available. We focus on linear (single user or multi-user)

receivers. Finally, we restrict our study to blind methods exploiting solely the second order statistics of

x(t).

MIMO equivalent model Another interesting way to represent the CDMA multiple access model in

(1) is to consider the stream of user's symbols fsq(k)gq=1::Q as the signals driving a Q�M multiple inputs

multiple outputs (MIMO) system, with vector output x(t) given by

x(t) =
QX
q=1

1X
k=�1

sq(k)hq(k; t� kTs) + n(t) (5)

where Ts = PTc denotes the symbol period and hq(k; t) = [hq1(k; t); :::; h
q
m(k; t)]

T is the M � 1 impulse

response of the channel from user q to the receive antenna array. Note that each symbol experiences a

di�erent channel in the case of aperiodic codes, hence the symbol index k in hq(k; t). Using (2)-(4), the

time-varying MIMO channel response is given by

hq(k; t) =
P�1X
j=0

cq(k; j)gq(t� jTc) q=1,...,Q (6)

Time invariant MIMO In the particular case of periodic codes, the MIMO channel becomes time

invariant

x(t) =
QX
q=1

1X
k=�1

sq(k)hq(t� kTs) + n(t) (7)

hq(t) =
P�1X
j=0

cq(j)gq(t� jTc) 8k q = 1; :::; Q (8)

and constitutes a useful model to develop blind multi-user receivers, as we will see in section 4.
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3 Single-user receivers

3.1 Space-time RAKE

When the channel exhibits signi�cant multipath with delay spread larger than one chip period, a receiver

can be designed to match this channel. Note that in DS-CDMA multipath has both a positive and a

negative e�ect. On one hand, the independently fading paths can be a valuable source of diversity. On the

other hand, the multipath introduces inter-path interference similar to intersymbol interference in TDMA,

and since exact orthogonalilty among the codes cannot be maintained at all lags, it also introduces multiple

access interference (MAI).

A popular non-blind single-user receiver in the presence of multipath is the coherent RAKE combiner

�rst proposed by Price and Green in 1958 [6]. The RAKE receiver uses multiple correlators, one for each

path, and the outputs of the correlators (called �ngers) are then combined into a single output to maximize

the signal to noise ratio using a matched �lter approach.

When the receiver is equipped with multiple antennas, additional spatial matched �ltering can be

performed, giving rise to the space-time RAKE, �rst proposed in [5]. We de�ne the transmitted signature

waveform of the q-th user by

pq(k; t) =
P�1X
j=0

cq(k; j)aq(t� jTc)

Therefore, the output of the coherent ST-RAKE can be expressed as follows3:

ŝq(k) = signf
X
l

�
q�

l a
q�

l

Z (k+1)Ts+�l

kTs+�l

x(t)pq(k; t� kTs � �l)dtg (9)

3.2 Blind ST-RAKE - Principal Component Method

The implementation of the ST-RAKE requires knowledge of the delay, amplitude, and array response for

each incoming path with its absolute phase information. Let us assume �rst that the path delays are known

for the desired user. Recently, a principal component analysis technique was proposed to acquire blind

estimates of �ql a
q
l up to the path phase information4, that can be exploited to implement a non coherent

blind ST RAKE [7, 8].

3In (9) a
q
�

l
plays the role of a spatial beamformer extracting the l-th path. More general beamforming solutions can also

be used, e.g. max SINR beamformer.
4Phase information can be acquired from a one bit training.
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The technique is based on the second-order statistics of both the pre-correlation data x(t) and post-

correlation data y
q
l (k) where y

q
l (k) is de�ned for the l-th path from q-th user by

y
q
l (k) =

Z (k+1)Ts+�l

kTs+�l

x(t)pq(k; t� kTs � �l)dt (10)

Let Rx = E(x(t)x(t)�) and Rq
l = E(yql (k)y

q
l (k)

�). These correlation matrices can be expressed as follows:

Rx = Eql j�
q
l j
2a

q
l a

q�

l +R
q
u;l

R
q
l = PEql j�

q
l j
2a

q
l a

q�

l +R
q
u;l

where Eql denotes the signal power in the desired path and Rq
u;l denotes the correlation matrix of all other

paths and users' signals, developed in [8]. The trick here is that the covariance of the interfering paths Rq
u;l

remains the same before and after despreading, whereas the processing gain P appears as a factor in the

term related to the desired path after despreading. The path response �
q
l a

q
l can be found up to a phase

component as the dominant eigenvector of R
q
l �Rx.

A problem with this approach lies in the lost phase information for each path. More problematic is

perhaps the estimation of the path delays �
q
l . In fact these can be found by solving the problem above for

a range of delays � and selecting those o�ering the largest dominant eigenvalues of Rq
l �Rx. However this

approach may be computationally intensive and is not necessarily robust given the possibly large number

of both paths and users. A solution to this problem is to construct a receiver that does not use any

constraint on the channel model in terms of the path parameters. This is shown below.

3.3 Space-time equalizer

An equivalent way to view the ST-RAKE shown in 3.1 is as a receiver forming a beam in the direction of

each desired path and combining the beamformed signals coherently to generate an estimate of the chip

sequence dq(n). The chip sequence is then despreaded with the user's code to produce symbols estimates.

However, a more general linear single-user receiver consists of using an arbitrary space-time chip equalizer

instead of a �lter matched to the channel. This equalizer can generate a better estimate of the chip

sequence, before despreading. As another advantage, a ST equalizer does not pose any constraint on the

multipath structure. Let (f qm(0); ::; f
q
m(N � 1)) be the chip rate N -long impulse response of the equalizer

on the m-th antenna. The equalizer's output and subsequent symbol estimates are given by:

d̂q(n) =
MX
m=1

N�1X
i=0

f qm(i)
�xm((n� i)Tc)
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ŝq(k) =
P�1X
j=0

cq(k; j)d̂q(kP + j)

The MMSE chip equalizer, de�ned simply by5 ff qmg = argminEjdq(n)� d̂qj2 can be obtained from the

well known Wiener equation

RN;xf = rN

where RN;x is the ST correlation matrix of fx(nTc); :::;x((n�N + 1)Tc)g, f is the unknown ST equalizer

vector and rM is the unknown crosscorrelation (channel) vector. In [9] it is shown that the principal

component analysis of 3.2 can be generalized simply to allow the blind estimation of rN , up to a single

phase ambiguity. Further improvements on this technique can be found in [10]. The reader is referred to

these papers for more details due to lack of space.

4 Multi-user receivers

In practical wireless environments the orthogonality of the signaling scheme cannot be maintained due

to multipath propagation and user asynchronism. The lack of orthogonality between the di�erent users'

received signature waveforms causes cross-correlation terms to arise at the output of the RAKE receiver.

These terms cause signi�cant MAI when the interfering users are received with higher power than the

user of interest (near-far problem). In such cases, single user receivers are far from optimal and multi-

user detectors (MUD) can be used which o�er superior performance. Multi-user detectors are designed

to eliminate MAI completely (in the absence of additive noise) despite the lack of orthogonality between

the user's signature waveforms. MUD can be used to detect the signal of one single user of reference or

possibly the signals of several cell sharing users (joint detection).

The optimum joint multiuser receiver in an AWGN channel is shown to consist of a bank of matched

�lters followed by a Viterbi algorithm [11]. The computational complexity of this receiver grows exponen-

tially with the number of users. The informational complexity is also high, as the optimum MUD requires

knowledge of all the users' channels. This makes the development of blind optimum MUD receivers a

di�cult task, although approximate and iterative maximum likelihood techniques are possible [12].

5A delay can also be introduced in the equalizer
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4.1 Linear multiuser receivers

As an alternative to optimum receivers, linear multiuser (LMU) receivers for synchronous and asynchronous

DS-CDMA have been proposed in [13] and [14] that exhibit the same degree of near-far resistance as the

optimum multiuser receiver. They also have error rate performances comparable to the optimum multiuser

receiver. When a repeated code scheme is used, LMU receivers can be designed to cancel ICI, ISI and MAI

completely as we show below.

4.1.1 Notations and assumptions

The spatial vector signal (5) is �rst sampled at the chip rate6. A total of MP samples are collected per

symbol period and stacked in a signal vector7 de�ned by

x(k) = [xT (kTs);x
T (kTs + Tc); : : : ;x

T (kTs + (P � 1)Tc)]
T (11)

Since periodic codes are used, the time invariant MIMO model developed in (7) can be exploited. We

de�ne (L+ 1)Ts to be the unrestricted maximum length of the channels for all users. Hence the degree of

the vector channels is at most L. In fact, L = 1 is a typical value when considering practical CDMA data

rates. A severe asynchronism among the users can result in L = 2.

In view of (7) we can write

x(k) =
QX
q=1

Hqsq(k) + n(k) (12)

where the MP � (L+1)-dimensional matrix Hq is the channel matrix for user q and its (pM +m)-th row

(with 1 � m � M and 0 � p � P � 1) is given by

Hq(pM +m; :) = (hqm(pTc); h
q
m(pTc + Ts); : : : ; h

q
m(pTc + LTs)) (13)

In (12), sq(k)
4
= (sq(k); sq(k � 1); : : : ; sq(k � L))T is the current symbol vector. Let N denote the length

of the LMU �lter. The following MNP -dimensional output vector is introduced:

X(k) = (xT (k);xT (k � 1); : : : ;xT (k �N + 1))T (14)

6Oversampling can be also accommodated in this model
7A noise vector n(k) is de�ned similarly.
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The vector X(k) can, similarly to x(k), be written in matrix form as

X(k) =
QX
q=1

0
BBBBBBBB@

Hq 0

Hq

. . .

0 Hq

1
CCCCCCCCA

0
BBBBB@

sq(k)

sq(k-1)
...

1
CCCCCA+

0
BBBBB@

n(k)

n(k-1)
...

1
CCCCCA (15)

4
=

QX
q=1

H
qSq(k) +N(k) (16)

The global multiuser channel matrix H
4
= (H1; : : : ;HQ) has dimension MNP � Q(L + N). At this

point it is important to mention that we will need

MP � Q

so that H can be made tall (i.e. with more rows than columns) for a su�ciently large �lter length N .

Clearly, the use of multiple antennas (M > 1) allows us to support more users for a given spreading factor

P . The tallness property of H ensures the existence of exact zero-forcing LMU receivers. We further

assume that the conditions under which H has full column rank are satis�ed [15]. These conditions

are mild and are satis�ed with probability one. In practice, the condition number of the matrix H will

determine the achievable performance of the blind estimation algorithm.

The problem of linear multi-user detection in the noise free case can be stated ideally as follows: given

the channel matrices Hu for all users u = 1; :; Q, �nd a vector w with MNP entries that satis�es:

w�Hq = (0; : : : ; 0; 1; 0; : : : ; 0); (17)

w�Hu = (0; : : : ; 0); u 6= q (18)

where q denotes the index of the desired user and where \*" denotes complex conjugate transpose. Note

that while (17) corresponds to the elimination of ICI and ISI, (18) guarantees the suppression of MAI.

The position of the \1" element in (17) is a free parameter that indicates the reconstruction delay of the

receiver, to be taken between 0 and L+N � 1.

4.2 Blind receiver estimation

The estimation of a blind receiver as de�ned above can be closely related to the research over the last

few years in blind MIMO estimation, see for instance [15, 16] and the references therein. In fact, the
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model shown in (15) is not CDMA dependent. For instance it is well known that the spatial separation

of co-channel TDMA users leads to a similar model. However a signi�cant advantage of CDMA in this

context over the arbitrary MIMO problem is the availability of a rich temporal (code) structure embedded

into the channel which can be exploited in addition to the spatial structure to separate the users.

To a great extent the existing literature on blind CDMA has focused on the problem of estimating the

users' channels as a �rst step to obtaining the CDMA receiver. In the so-called subspace-based techniques,

the signal subspace span(H) is �rst obtained from the dominant eigenvectors of R = E(X(k)X�(k)). Next,

the coe�cients of Hq, q = 1; ::; Q are adjusted to match the signal subspace, by invoking a variant of the

subspace identi�cation theorem [17]. The knowledge of the spreading code is used to di�erentiate amomng

the users. Instances of this approach can be found in [18, 19, 20, 21].

The problem of directly estimating a multi-user detector for CDMA signals in unknown channels has

been also addressed. Often a MMSE receiver is derived in the restrictive case of no delay spread [22, 23].

Motivated by the work in [22], a minimum output energy technique is introduced in [24] that results in a

blind linear receiver that has a performance close to the MMSE receiver at high SNR in the presence of

delay spread.

However, it is possible to estimate blindly the MMSE receiver itself in the most general case as we

show below. The technique presented here is based on exploitation of a set of linear conditions that

take advantage of: (1) the subspace structure associated with the code of the desired user, and (2) the

estimated signal subspace of the covariance matrix for the observed signals. The main contribution shows

that these conditions, when brought together, fully characterize the MMSE receiver. This technique was

�rst presented in [25]. We now review this algorithm which is based on a two-fold projection.

5 MMSE receiver estimation

In the presence of noise, the best (in the MMSE sense) linear receiver with delay �, for user q, is given by:

w = argminEjw�X(k)� sq(k � �)j2 (19)

The vector w found from (19) satis�es the classical Wiener equation

Rw = rq (20)
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where R = E(X(k)X�(k)) denotes the ST received covariance matrix and rq = E(X(k)sq�(k� �)) denotes

the cross-correlation vector. The goal here is to identify w blindly without knowledge of rq.

5.1 Code subspace properties

Assuming i.i.d. symbols, it can be seen easily from (15) that rq is given by

rq =

0
BBBBBBBB@

Hq 0

Hq

. . .

0 Hq

1
CCCCCCCCA

0
BBBBBBBBBBBB@

0
...

1
...

0

1
CCCCCCCCCCCCA

(21)

Thus rq coincides with the (�+1)th column ofHq. If the detector delay � is chosen appropriately (namely

L � � � N � 1 assuming L � N � 1), the vector rq contains all the (L + 1)MP channel coe�cients for

user q, as well as (N � L� 1)MP zeros8. The point here is that for each antenna m there exists a simple

selection-permutation matrix Tm that selects the (L + 1)P channel coe�cients in rq associated with this

antenna, together with (N�L�1)P zeros, and puts the selected entries in a chronologically ordered vector

so that

Tmr
q = (hqm(0); : : : ; h

q
m((LP +P �1)Tc); 0; : : : ; 0)

T (22)

For notational convenience, in what follows we will assume � = L, but the �nal result holds true for any

admissible value of the delay. Using the relation shown in (8) for the m-th antenna, we can relate (22) to

the known spreading sequence fcq(n)g.

Tmr
q =

0
BBBBBBBBBBBBBBBBBBB@

cq(0) 0
...

. . .

cq(P � 1) cq(0)

. . .
...

0 cq(P � 1)
...

0 0

1
CCCCCCCCCCCCCCCCCCCA

0
BBBBBBBB@

gqm(0)

gqm(Tc)
...

gqm(LPTc)

1
CCCCCCCCA

4
= Cqgqm (23)

8This is due to the block Toeplitz structure of the matrix Hq .
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The code matrix Cq of dimension PN �LP + 1 can be made tall by selecting N > L and is known to the

receiver. In contrast, gqm is unknown. Also, gqm contains a certain number of zero entries. Note however

that the knowledge of this number is not necessary for the proposed method. Therefore the knowledge of

the actual channel length in chip durations is not required here.

Introduce Uq, an orthonormal basis for the orthogonal complement of Cq. Hence, Uq is of size PN �

(P (N � L)� 1). Then, from (20) and (23), we obtain

Uq �TmRw = Uq �Cq| {z }
0

gqm = 0 m = 1; ::;M (24)

Of course, (24) is valid for m = 1; : : : ;M . Thus (24) gives us a �rst set of M(P (N � L)� 1) equations.

5.2 Signal subspace properties

Let us assume that the additive noise is white9 with variance �2. In view of (16), the correlation matrix

of the received signal is then given by

R =HH� + �2I (25)

where I is the identity matrix of sizeMNP . The signal/noise subspace decomposition ofR goes as follows:

R = Es�sE
�

s + �2EnE
�

n (26)

where the columns of Es (resp. En) are given by the Q(N +L) dominant eigenvectors (resp. the MNP �

Q(N + L) least dominant eigenvectors) of R.

A very useful result is that the desired MMSE detector always lies in the signal subspace de�ned by

span(H) = span(Es), as shown below. From (20) and (25) we have

(HH� + �2I)w = rq

which we can rewrite as

w = (rq �HH�w)=�2 (27)

In view of (21), rq is by construction in span(Hq), hence in span(H). From (27) w also belongs to

span(H) and it follows that

E�nw = 0 (28)

Equation (28) gives us an additional MNP �Q(N + L) equations toward the determination of w.

9This whiteness condition can be relaxed provided the noise covariance is known.
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5.3 Algorithm

Based on the projection equations in (24) and (28), w can be written as the solution to

Aw =

0
B@ A1

A2

1
CAw = 0 (29)

where A2 = E�n and A1 = U
q�TR, with T = (T�1; � � � ;T

�

M)� and

U
q� =

0
BBBBBBBB@

Uq 0 0

0 Uq

. . .

0 Uq

1
CCCCCCCCA

In order to determine w in a noisy situation, the projection equations (29) suggest optimizing the

following simple quadratic cost function

JMMSE(w) = w�fA�

1A1 + �A�

2A2gw (30)

where � is a tunable weight. Some additional constraint must be added in order to avoid trivial solutions.

In the particular case of a unit-norm constraint, w is found as the minimum eigenvector ofA�

1A1+�A�

2A2.

Note that while R is estimated using sample averaging, T and U q can be pre-computed.

5.3.1 Analysis

We now show that (29) completely determines the MMSE equalizer. Let us �rst introduce some useful

notation. Let Cq be the tall modifed code matrix of size MNP �M(LP + 1) de�ned as

C
q =

0
BBBBBBBB@

Cq 0 0

0 Cq

. . .

0 Cq

1
CCCCCCCCA

Let �H be de�ned as

�H = T ~H

where ~H denotes the original channel matrixH from which the (�+1)th column ofHq has been removed.

The rows of ~H are then organized antenna-wise using T to form �H. The main result can be summarized

as follows:
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Proposition 1:

Assuming that (i) Q(L + N) � M(P (N � L) � 1), and (ii) the matrix ( �H;Cq) has full column rank,

then the matrix A has rank MNP � 1; hence the only vector in null(A) determines the MMSE equalizer

completely.

Proof:

Using (26), A1 admits the following orthogonal decomposition:

A1 = A11 +A12

where

A11 = U
q�TEs�sE

�

s

A12 = �2U q�TEnE
�

n

Note that the row span of A12 is included in that of A2 and therefore that the rank of A is also given,

due to the orthogonality property between A11 and A2, by:

rank

0
B@ A11

A2

1
CA = rank(A11) + rank(A2)

The rank of A2 is clearly MNP � Q(L +N). In order to obtain the total rank of A, we shall show that

rank(A11) = Q(L + N)� 1. It is clear that there exists a square invertible matrix, denoted F, such that

Es =HF. Thus A11 is given by:

A11 = U
q�THF�sE

�

s

Hence rank(A11) = rank(U q�TH). But, by construction, TH = [ �H;Trq]J where J is a simple permuta-

tion matrix that shifts the last column to the (� + 1)th position. Thus U q�TH = [U q� �H; 0] and it follows

that rank(A11) = rank(U q� �H). Making use of the fact that U q is the orthogonal complement of Cq, we

easily check that U q� �H has full column rank Q(L + N) � 1 under (i) and (ii). It thus follows that, the

total rank of A is Q(L +N)� 1 +MNP �Q(L+N) = MNP � 1.

Note that in the noise free case w given by (29) is not unique since there exist several admissible

solutions to (20) as R has a non-empty null space. However, all solutions generate a desired MUD.

15



5.4 Numerical examples

We validate the proposed algorithm by a number of numerical experiments. In the simulations we use

arbitrary (random) channels and code sequences for all the users, illustrating that orthogonality among

the codes is not necessary in MUD. The channel order is taken to be L = 1 corresponding to an ISI of two

symbols and we chose the memory of the equalizer to be N = 2 > L. In all of the experiments we use

the weight � = 1. All the channels for the users are normalized so we de�ne the transmitted and received

signal-to-noise ratio as

SNR = 10 log 1=�2 (31)

Since the goal is the blind estimation of the MMSE receiver, we can quantify the performance of our

algorithm in terms of the mean-squared error (MSE) at the output of the receiver: MSE = Ejŝq(k)�sq(k)j2.

In Figure 1 we compare the proposed algorithm with the minimum output energy (MOE) method

presented in [24]. MOE is formulated for the single antenna case only, so we �rst choose M = 1. As in [24],

we assume a scenario with Q = 10 users and codes of length P = 31. We use 256 and 512 symbols in

the estimation and assume perfect power control. We see that the proposed algorithm shows a signi�cant

performance improvement when compared to the MOE method, especially for low to medium-high SNRs.

As the SNR increases, the performances of the two methods become similar, a result that is consistent

with the fact that the MOE receiver approaches the MMSE solution for high SNR [26].

In Figure 2 we study the robustness of the proposed method to the lack of power control (the near-far

problem). We assume a scenario where the power (in dB) decreases linearly with user index, and the power

of the strongest and weakest of the 10 users di�ers by 10 dB (in this case the SNR is de�ned with respect

to the strongest user). We plot the MSE as a function of user index, and choose M = 4 antennas and a

spreading factor P = 9 to have a value of the loading ratio MP=Q comparable to the one in the previous

example (512 symbols are used in the estimation). We see a small increase in the MSE as the power of the

users decreases, indicating the desired near-far robustness of the proposed receiver.

In Figure 3 we verify that the performance of the proposed method approaches that of the asymptotic

MMSE solution as the number of data points increases, hence supporting the claims of Proposition 1. We

use the same multiple antenna scenario as above with perfect power control and plot the MSE of one of

the users as a function of SNR for di�erent numbers of symbols together with the asymptotic curve.
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6 Summary

In this chapter, we �rst introduced the basic concepts of blind estimation in single user space-time CDMA

receivers. Space-time RAKE and its generalization were briey reviewed. Linear multiuser detectors based

on the MIMO model of CDMA were then developed. Finally, a technique that exploits the code subspace

structure of CDMA signals is used to obtain a blind MMSE multiuser receiver in the context of very

general channels. The new blind MMSE receiver is shown to converge to the optimal MMSE solution

asymptotically in numerical experiments as well as analytically, regardless of SNR.

Further research to extend space-time blind multiuser algorithms to CDMA embedded with long codes

are currently under investigation.
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Figure 1: MSE as a function of SNR, for the proposed blind MMSE and the minimum output energy

(MOE) methods (Q = 10; P = 31; M = 1). Perfect power control, 256 (\*") and 512 (\o") symbols are

used in the estimation.
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Figure 2: MSE as a function of user index for imperfect power control (user no. 1 has power 10dB

above user no. 10). The SNR refers to the strongest user and 512 symbols are used in the estimation

(Q = 10; P = 9;M = 4).
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Figure 3: MSE as a function of SNR for di�erent number of symbols (512, 1024 and 2048) used in the

estimation, together with the MSE obtained using the true (asymptotic) covariance matrix. Perfect power

control (Q = 10; P = 9;M = 4).
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