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SUMMARY

In this paper, we investigate joint channel estimation and signal detection approaches for a multi-user
CDMA uplink with a base-station antenna array over asynchronous multipath fading channels. Based on the
space alternating generalized expectation-maximization (SAGE) algorithm, we develop an iterative multi-
user receiver to jointly estimate channel response vectors and bit sequences for all the active users at known
fractional time delays, and a BER lower bound is derived. A simplified bit detection method is then
proposed for multi-rate CDMA systems. Simulation results show that the new iterative receiver performs
equally well for both high- and low-rate users, and the BER performance is close to that of the BER lower

bound. Copyright © 2003 AEL

1. INTRODUCTION

In direct-sequence code division multiple access (DS-
CDMA) systems, each user is distinguished by a unique
spreading code. When the spreading codes are orthogonal,
there will be no multi-access interference (MAI). How-
ever, due to asynchronous transmission and multi-path
channel propagation, it is impossible to guarantee ortho-
gonality for random relative time delays on uplink chan-
nels. Therefore, MAI exists in practical CDMA systems,
and significant research efforts have been directed toward
its suppression. Two promising approaches are digital
beamforming using base-station antenna arrays [1] and
multi-user signal detection [2].

Recently, expectation-maximization (EM)-type appr-
oaches have been proposed to achieve CDMA signal
detection [3], channel estimation [4-6] as well as joint

parameter estimation and signal detection for single-
antenna [7] and multiple-antenna systems [8].

In this paper, we investigate joint channel estimation
and signal detection for asynchronous multi-antenna,
multi-path CDMA systems. We apply the space alternating
generalized EM (SAGE) algorithm [9] and extend the
receiver proposed in Reference [8] to asynchronous
multi-path channels, and incorporate multi-path diversity
combining. The receiver structure involves multi-user
signal decoupling, multi-path signal decoupling and chan-
nel response vector estimation. We also derive a BER
lower bound.

Our discrete-time problem formulation is presented in
Section 2. In Section 3, we apply the SAGE algorithm
and obtain an iterative receiver structure for joint channel
vector estimation and information symbol detection ass-
uming known time delays. A simplification to wideband
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2 R. WANG AND S. D. BLOSTEIN

multi-rate CDMA systems is also presented, and simula-
tion results are provided in Section 4.

2. DISCRETE-TIME SYSTEM MODEL

We consider an asynchronous CDMA uplink with an
M-element base-station antenna array for a multi-path
fading channel. The kth mobile user transmits a block of
N-bits with waveform

N
se(t) = Ae Y bi(i)er(t — iTy) (1)
i=1

with amplitude Ay, equiprobable ith bit by (i) € {—1,1},
spreading waveform ¢, (f) = Zf;ol cup(t — IT,), where
cu € {+1,-1} ((=0,...,L—1) is the spreading code,
p(t) is the chip waveform of duration T, T}, is the bit inter-
val and processing gain L = T}, /T,. The spreading wave-
form has energy normalized to unity, i.e. jOT" lee(D)]* = 1.
The signal received at the base-station antenna array
from K users, each with P propagation paths and transmit-

ting N bits is given by vector function

x(t) = Z Z ZAkflk,pa(Hk.p)
=1 i=1 p=1
X Ck(t — il — Tk’p)bk(l') + n(t) (2)

where a(6y,) is the M-dimensional channel vector. For
performance evaluation purposes, we parameterize this
vector by direction-of-arrival (DOA) 0, for the pth path
of the kth user, oy, and 73, represent the channel attenua-
tion and relative time delay for the kth user through the pth
propagation path respectively. We assume 7, € [0, 7},) for
ke{l,...,K} and p € {1,...,P}. The channel fading
attenuations oy, (f) for ke{l,...,K} and
p €{l,...,P} are assumed to be mutually independent.
The vector function n(#) models additive white Gaussian
noise (AWGN) with zero mean and covariance matrix
021y, where Iy is an M x M identity matrix. We assume
that DOAs and channel attenuations for all users remain
unchanged over the N-bit duration. We denote the channel
vector for the pth path of the kth user as

fk,p = Akakﬁpa(ek,p) (3)

In this asynchronous system, we choose 27} to be the
observation interval to collect samples for each bit. Using
the notation in Reference [10], we obtain the discrete-time
system model for 2ML received samples in the interval
2T, as

Copyright © 2003 AEI

x(i) = > Hib} (i) + n(i) (4)
k=1

where by (i) = [bi(i — 1) be(i) be(i+1)]", He=Y,_
Hy p, and n(i) is an AWGN vector with zero-mean and cov-
ariance matrix ¢ Ioyr, where Iy is a 2ML x 2ML iden-
tity matrix. In Equation (4), matrix Hj incorporates both
spatial and temporal characteristics of our channel. For

ke{l,....,K}andp €{l,...,P},

fo, 0 0
Hp=[c) © o, |0 e 0
0 0 fy,
= CipFip
(5)
where the 2ML x M matrix of time-shifted codes C,’j‘p, for
n=—1,0,1, is given by
¢, - 0
Cip= o
0 - d,
where czlp, for n = —1,0,1, is the kth user’s spreading

code vector with time delay corresponding to the pth path.
Equation (4) can be expressed compactly as

x(i) = Hb" (i) + n(i) (6)

where H = [H,:--- Hg] and b" (i) = bV ()" ---b2(i)"]".
The desired bit sequence can be obtained by maximizing
the likelihood function, fori € {1,...,N}, as

b" (i) = sign{b” (i) + R~'"H"n(i)}
= sign{b" (i) + w(i)} (7)
where sign{a} = 1 ifa=0or —1ifa < 0, R = H¥H, and
where the (k,j)th 3 x 3 sub-matrix in R, Ry, is given by

P P
Ryj = H{'H; = > F{,CE Y CiaFig
p=1 gq=1

In Equation (7), w(i) is an output AWGN vector with

. . 2 _
zero mean and covariance matrix UTR ' The detector

structure based on Equation (7) is illustrated in Figure 1.

3. ITERATIVE MULTI-USER RECEIVER

In this section, we investigate the problem of joint signal
detection and channel array response vector estimation

Euro. Trans. Telecomms. 2003; 14:1-7
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Figure 1. Spatial-temporal decorrelating detector when channel
parameters are known.

assuming that we know the time delays at the receiver. In
the case where time delay information cannot be accu-
rately estimated, the following methods can be generalized
in a manner as found in Reference [11] with a correspond-
ing reduction in the maximum number of supported users.
A receiver structure was previously developed from the
SAGE algorithm for synchronous single fading channels
[8]. We extend this derivation to the case of asynchronous
multi-path fading channels. The resulting receiver struc-
ture, as will be derived, is fundamentally different from
that of Reference [8].

3.1. Iterative multi-user receiver

The observed incomplete data is the set of vectors
{x(i); i=1,...,N}. In applying SAGE, we choose user
index k as the index set to detect the information bit
sequences. Thus, the admissible hidden-data space, or
complete data, for index k and i =1,...,N is given by

X, (i) = Hibj!(0) ZHk,pbk +n()  (8)

Given the spatial channel estimation results at the jth
iteration, Fip, for k—l ,K and p=1,...,P, and
detected symbols, b}’ (i), at the jth iteration, the condi-
tional expectation of x;(i), for k=1,...,K and
i=1,...,N,is estimated as

20 =x0- 3 Z Lo o)

where we have denoted Hk »= Ck » for k=1,.
andp=1,...,P
The maximization results at the next iteration are given
by
PTG
{F{{H,wa ] = arg;&a&c)ﬁ(xk (n,..., Af](N))

Copyright © 2003 AEI

where Q(x)(1),...,%(N)) is the log-likelihood function
of x5 (i) at the ]th iteration.

To estimate Fyp, fork=1,...,Kandp=1,...,P, we
further decouple the complete data x; (i) by choosmg path
index p as the index subset. The corresponding admissible
hidden-dataset for user index k, path index p, and bit i,
1<i<N, is given by

Hypbi (i) +n(i) (10)

Using Equation (9), the conditional expectation of
xi_p(i), fori=1,...,N, is obtained as

xi, (1) =

~Si /. ~S
Xk]p( ) > X Z H?cplbw’
p1=Lpi1#p
P o
D Hi, b
p1=Lpi1#p
K P
> Db ()
k=T ki #k p=1
At the jth iteration,
oSj o9
Q&7 (1),... %7, (V)
1 N, w o\
= —UQ—/L;(Xka( i) — Hi pby (l))
Sj g Wi
x (x0,0) — Hegby (1)) (12)

By maximizing the likelihood, we estimate the spatial-
temporal channel matrix at the (j + 1)th stage, Hfjpl, for

k=1,....,K and p=1,...,P (see Appendix A for
details),
N ~1
A = [ % (Db (i) ] [waf ()b (i) ] (13)
i=1

Since I:Ikp = CypFip with known Cy ,, we may employ a
maximum-likelihood criterion to obtain unknown matrix
Fy p, which under a Gaussian-error model is equivalent
to a least-squares criterion, i.e. minimizing J(0) =
(Hip — CipFip)" (Hip — CipFr ). From Equation (5), if
the time delays are non-zero, the columns of Cy, are full-
rank and

A (Ckpckp) cl R (14)

The above channel array response vector estimates are
then used to detect each user’s information sequence at
the (j+ 1) th stage via

Euro. Trans. Telecomms. 2003; 14:1-7
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- e N
by’ (i) = sien| (RY") H%()]

S+l pp1 gyl
where R,," = H,' H,
and
P
Ftl £+
Hk = E Ck,ka,p
p=1
After initial channel estimation using at least one train-

ing bit per user, the iterations for joint channel estimation
and symbol detection are now summarized:

Forj=1,2,...; k = (j modulo K)
E-step:
Fori=1,...,N, apply Equation (9):
P
% () = > CupFl b)) (15)
ki=1,k)#k p=1
Forp =1,...,P, apply Equation (11):
~Sj /. w
xXp,(0) = Z Ciop Flp, B (i) (16)
pi=1p1#p
M-step:
Forp =1,..., P, apply Equations (14) and (13):

JSARES (CH ck,,) 1Cﬁp[i“’()bw’”()]

i=1

N L L —1
[wai)b:f”(i)} (1)
i=1

H{?l ZCkPFj+1

Sj+1 g pitl
Rkk _Hk Hk

Fori=1,...,N

b =sien| (R) BR0| )

Since the SAGE algorithm guarantees that the likelihood
function increases monotonically with each iteration, the
proposed iterative spatial-temporal receiver converges to

Copyright © 2003 AEI

a fixed stationary point or local/global maxima depending
on the initial guess of the unknown parameters. In Refer-
ence [8], we have observed that using an array of highly
correlated antenna signals accelerates the receiver’s con-
vergence to its local BER minimum. A BER lower bound
is derived in Appendix B. From Equations (15) and (16),
we observe that the computational complexity increases
linearly with the number of the users in the system.

Remark: Compared to the synchronous single path case
[8], the key issue for an asynchronous multi-path receiver
algorithm is multi-path identification and estimation.
Equations (15) and (16) propose a two-stage decoupling
of the received signal. The first step, Equation (15), decou-
ples the signals according to user codes. The multi-path
signals for each user are then resolved in the second step,
Equation (16), and are used to form a maximum-likelihood
estimates of the vector channel impulse response used for
optimum RAKE combining.

3.2. Simplified bit detection algorithm for
wideband systems

The above receiver structure obtained can be applied to
third-generation (3G) multi-rate CDMA such as WCDMA
and cdma2000. To do this, we define rate-ratio r = T}/ Ty,
where T}, and 7; are the bit durations for high-rate and low-
rate users respectively. That is, when a low-rate user trans-
mits one bit, a high-rate user transmits r bits.

Assuming that the multi-path delays lie within 7}, the
observation interval is, T}, + 7;. Thus, Rj;' in Equation
(18)isa (r +2) x (r + 2) matrix for high-rate users. Since
in 3G systems r may be quite large, i.e., r=32, the
complexity for the matrix inversion in Equation (18)
becomes prohibitive. To simplify the receiver, we propose
to omit the decorrelation in Equation (18), i.e. we replace
Equation (18) by

by = sign {FIf’lHﬁij(i)} (19)

This can be justified in wideband CDMA systems since the
differences between the relative time delays for different
paths are larger than the chip interval and inter-path corre-
lation is very low. In other words, the despreading process
alone is enough to resolve the received signals from differ-
ent paths for each user. Therefore, it is expected that sim-
plified bit detection, Equation (19), without a multi-path
decorrelator would have only slight performance degra-
dation. Using the simplified bit detector, the detection
algorithm at each iteration for each user is equivalent
to conventional single-user detection, i.e. the decision

Euro. Trans. Telecomms. 2003; 14:1-7
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variable at each iteration for each user is obtained by
despreading, beamforming and then RAKE combining.

4. SIMULATIONS

We perform simulations where we insert one training bit at
the start of each sequence to obtain initial channel esti-
mates. A uniform linear array with half-wavelength spacing
is used at the base-station and DOAs are uniformly distrib-
uted in [—60°,60°]. The time delay of the first path for each
user is uniformly distributed in (0, 7)/2) and the time
delay of the second path for each user is uniformly distrib-
uted in (7} /2, T),). Multi-path channels are assumed to be
Rayleigh-distributed with same covariance for all paths.
We consider a dual-rate system with rate-ratio r =4,
two high-rate and two low-rate users. Gold sequences of
length 31 are assigned to the high-rate users. For low-rate
users, we obtain length-124 spreading sequences by
repeating each length-31 Gold sequence four times. We
transmit a 100-bit information sequence from each high-
rate user and a 25-bit information sequence for each
low-rate user simultaneously. We apply four iterations of
the receiver bit detection algorithm. Figures 2 and 3 show
the BER performance of the proposed iterative receivers
for high-rate and low-rate users respectively. As expected
for wideband CDMA, the simplified receiver of Section
3.2 achieves similar performance to that of a detector hav-
ing a multi-path decorrelator. Note that simplified subopti-
mum bit sequence detection may outperform the multi-
path decorrelation detector in certain SNR regions since
(a) the correlation matrix in Equation (18) is a function
of imperfect channel estimates, and (b) a decorrelation

. Receiver Performance for High Rate Users: Bit Error Rate
10 T T T T

Two High Rate Users, Two Low Rate Users

Asynchronous System, Rayleigh Fading Channel

Two Antennas, Two Paths

°,
3
T

Bit Emror Rate of the High Rate User
3

+ Simplified Bit Sequence Detection
o Bit Detection with Multipath Di

dashed Line: BER Lower Bound

10" 1 L 1 1 1
8
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Figure 2. Bit Error Rate (BER) of the desired high-rate user.
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. Receiver Performance for Low Rate Users: Bit Eor Rate
10 T T T
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o Bit Sequence Detaction with Multipath Decorrelator ~o

Bit Error Rate of the Low Rate User

dashed Line: BER Lower Bound ~

10

L
4 6 10 12
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Figure 3. Bit Error Rate (BER) of the desired low-rate user.

detector has a well-known noise-enhancement property
[2]. Note also from Figures 2 and 3 that the BER perfor-
mance for high-rate and low-rate users is close to that of
their lower bounds and that the two lower bounds are
equivalent.

5. CONCLUSIONS

In this paper, we have developed a multi-user receiver
structure for joint channel vector estimation and bit
sequence detection in asynchronous multi-path fading
channels and derived a BER lower bound. The detection
and estimation is based on the SAGE algorithm, and typi-
cally requires about four iterations to converge to a locally
optimum point. The results are then fed to a RAKE multi-
path combiner. We also proposed a method to lower signal
detection complexity for multi-rate wideband CDMA sys-
tems, while maintaining comparable BER performance.
Simulation results confirm that the BER performance for
high-rate and low-rate users is similar and close to their
respective BER lower bounds.

APPENDIX A: DERIVATION OF I?k,,, IN
EQUATION (13)

Discarding terms independent of H , in Equation (12), the
likelihood function is rewritten (j superscripts omitted) as

1 x wT (- W=
S b ) HE Hipby ()

T L i=1

— 2% (i) Hi by ()| (20)

Euro. Trans. Telecomms. 2003; 14:1-7
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We denote Hy,(m,n), form=1,...,2MLandn = 1,2,3,
as the (m,n)th component of the matrix Hy, and
% ,(0) = (8,3 1)--- & (i, 2ML))". For notational con-
sistency, we also denote

(B, DB .25 G.3) ) = b (1)

The derivative of Equation (20) with respect to Hyp, in
matrix form, is

o o o0
OHy,(1,1) OH;.,(1,2) OH;(1,3)
o0 o0 o0
OHp(2ML,1) OH,(2ML,2) 0OHy,(2ML,3)
(21)
Form=1,...,2ML and n = 1,2, 3, we obtain
o0 2 X s
aHkﬁp(m, n) - gz/Li:Zl Hk,p (m)bk (l)bk (lv I’l)
*
— (&, m)) b (i) (22)

where H},(m) = (H{',(m, 1) H,(m,2) H{,(m,3))is a3-
dimensional row vector for m = 1,...,2ML. After some
straightforward operations, Equation (21) can be
expressed in the compact form

2 S om0 - (4,0) W0
23)

Equating Equation (23) to zero, and noting that b}/ (i) is a
real vector, we obtain Equation (13).

APPENDIX B: DERIVATION OF BER LOWER
BOUND

From Equation (15) and (18), we obtain the decision vari-
able for the kth user

5,;(+1 _ (ﬁ,}‘(ﬁl)*ﬁ]iﬂﬂ
K P
|: Z ZH;ﬂbklp :| (24)

From Equation (24), it is observed that the MAI is sub-
tracted at each iteration. To obtain a BER lower bound,
we assume that all MAI has been eliminated at the final
iteration in the receiver and the channel array response

Copyright © 2003 AEI

vectors of user k are known perfectly. Thus, the decision
variable of the kth user is given by y;, = b} + wy(i) where
wk( /) is a zero mean AWGN vector with covariance matrix
< Rkk To compute the BER of the desired bit b (i) which
is the second component in vector b} (i), we first express
the corresponding average SNR as y, = W where
L kk /2

(Ri!), is the second diagonal component of matrix R;;'
and E[-] represents the expectation over the Rayleigh-dis-
tributed channel attenuation. Since the self-correlation of
the spreading code between the current bit interval and
the previous bit interval due to multi-path delays is very
small compared to that between current bit intervals due
to different path delays, we obtain‘tpb 3pt

1
P P 0,0
Zp:l Zq:l altpakafla(ekﬁ)a(ak;q)pkk,pq

(Rt ), =

where pgl’:; , 18 the self-correlation of the spreading code
between path p and path g for the kth user at the current
bit interval. Since we have assumed that the channel
attenuations are mutually independent, we have

1
0,0
1 E[a%,p] pkk.pp

E[(Ry'),] = P
MARS -
where ocip = oc:pockp. Because Pgll(‘) » 1s identically distrib-
uted for p=1,...,P, the average SNR for user k is
obtained as

0,0
MLAkPkku i

k= ZE ,P

Assuming that E[off ] are identical for all P paths of user k,
the BER lower bound for the kth user can be obtained [12]
(pp. 781)

(25)

(- u /2P§j< 1+p)K1+MVﬂP (26)

— Tk
where y = T
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