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A Spatial-Temporal Decorrelating Receiver for
CDMA Systems with Base-Station Antenna Arrays

Ruifeng Wang Member, IEEEand Steven D. Blostejisenior Member, IEEE

Abstract—\We investigate multiuser signal detection with a  Multiple-access interference can also be reduced using array
base-station antenna array for a synchronous DS-CDMA uplink - signal processing. By digital beamforming, a base-station
using nonorthogonal codes in Rayleigh fading channels. We have 4ianng array can be used to improve CDMA communication
developed a new formulation for a spatial-temporal decorrelating . .
detector using the maximume-likelihood criteria. The detector is system capacity and coverage (_see [7] and ref_erences herein).
shown to be near—far resistant. We propose to imp|ement the Comb|ned beamformer'RAKE S|ng|e'user receivers ha.Ve been
spatial-temporal decorrelating receiver iteratively by applying proposed for multipath channels in [8] and [9], respectively.
the space-alternating generalized expectation-maximization |n [10], adaptive antenna array processing and interference
(SAGE) algorithm. Simulation results show that the SAGE-based cancellation approaches using the least mean squared (LMS)

decorrelating receiver significantly outperforms the conventional lgorith ivzed and th i found to b
single-user receiver and with performance close to that of a algorithm are analyzed an € convergence IS found o be very

spatial-temporal decorrelating receiver with known channel pa- SIow, requiring several hundred training bits. The problem of
rameters. We have observed that adding base-station antennas canintegrating antenna array beamforming and multiuser signal

actually improve convergence of the proposed iterative receiver.  detection is proposed for AWGN channels in [11], but channel
Index Terms—Antenna arrays, code-division multiple access, estimation has not been addressed.
signal detection multiple-access communication. In order to detect information symbols reliably, we have to
estimate channel and antenna array response vectors. Feder and
Weinstein apply the expectation-maximization (EM) algorithm
to parameter estimation of superimposed signals [12]. Bit se-
IRECT-SEQUENCE  code-division multiple-accesgéjence detection with joint random parameter estimation using
(DS-CDMA) systems use spreading codes to distinguishe EM algorithm is studied for single-user systems in [13]. Re-
different mobile users. Because of the relative time delaygntly, applications of the EM algorithm to DS-CDMA systems
among the active mobile users, DS-CDMA systems suffer froRave been proposed for signal detection [14], channel estima-
cochannel interference, which results in the near—far problepn [15] and joint channel estimation, and signal detection [16].
[1]. For a synchronous system, the near—far problem is dife space-alternating generalized EM (SAGE) algorithm has
to the nonorthogonal spreading codes. However, the nearfigen developed to accelerate the convergence of the EM algo-
problem is not inherent to CDMA systems, but due to the COfithm [17]. Applications of the SAGE algorithm in multiuser
ventional single-user receiver which models the interferengg&ymA channels can be found in [14] for single antenna and
from other users as noise. By jointly detecting all the usergnown channels, in [18] for antenna array channel parameter
signals, optimum multiuser signal detection for DS-CDMAsstimation, and in [19] for joint parameter estimation and signal
systems is near—far resistant and can achieve significant pgstection based on the discrete wavelet transform for a single
formance improvement over that of conventional single-usghtenna system.
detection [2]. Because of the computational complexity of | this paper, we investigate the integration of spatial signal
optimum multiuser detection, several suboptimum multiusg¢scessing with multiuser signal detection for synchronous
signal detectors have been proposed [1], [3]-{5] for additiy§s-cDMA systems with nonorthogonal spreading codes over
white Gaussian noise (AWGN) channels. In [6], multiusefsynchronous multipath fading channels. We note that that a
signal detection is extended to fading channels. Since multiuger ser asynchronous system can be modeled as a synchronous
signal detection is near—far resistant, precise power controls%tem withK x N users [1], wheréV is the number of bits in
not needed. each transmitted block. The synchronous problem formulation
simplifies the derivation and analysis of the new algorithm
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bound (CRLB) for the estimated channel are derived in Sec-We denote the channel impulse response vector foriuasr

tion V. Section VI presents simulation results. fi = Arapa(by), where themth component ofy, is fj* =
Apoa™(8) anda™(8y) is themth component oh(8y,). The
Il. SYSTEM MODEL received signal at thenth array element (fom = 1,...,M)is

To simplify notation, we first consider a synchronoué:’wen by
DS-CDMA frequency-nonselective Rayleigh fading uplink K
channel with a base-station antenna array. We then indicate ™ (t) = Zf’z" Zbk(i)Ck(t —4T3) +n™(1) (6)
how to extend the model to asynchronous multipath fading =1
channels.

.

=1

wheren™(t) is AWGN at themth array element. The received
A. Single-Path Fading Channels signal at each element first passes through a filter matched to
the chip waveform, and is then sampled at the chip rate. The

AssumingK active users in the system, aftbit transmitted ; : . . o
oK y received discrete-time signal at tfth bit interval from thenth

signal from thekth user is

element can be obtained for sample {0,1,...,L — 1} as
N
— A, (D et — i (g+1)T.
Sk(t) Ak z_; bk(L)ck(t LTb) (1) a:m(i,g) — / .’L'm(t)p*(t _ ch) dt. (7)
= t=gT.

whereA is the amplitude of théth userp, (i) € {—1,1}isthe
ith transmitted bit of théth user with equal probability;,(¢)
represents the spreading waveform of kitle user

Finally, thegth sample of théth bit for themth antenna element
is obtained in terms of the sampled chipg by substituting (6)
into (7) yielding

L—1
cn(t) =y eup(t - IT0) 2) s N -
= ™ (i,9) = Y [ ergbi(D)/L 40" (i, g) 8)
k=1
e € {—1,+1} (I =0... L — 1) is the spreading codg(t) is
the chip pulse with suppofft,, 7%, is the chip interval?} is the wheren™(i,q) = t(zg;“TlC)T“ n™(t)p*(t — ¢T.) dt is Gaussian

bit interval, and processing gainis defined ad. = 7;,/1.. We  distributed with zero mean and variang&/L. We denote the
assume that information bits frofd users are independent, thecode vector for theéth user as
spreading code sequences forusers are independent and the

spreading waveform has normalized energy, jﬁ%‘f,|ck(t)|2 = cr=[eo/L /L - enpon/L]". 9)
1.

The transmitted signal arrives at a base-station antenna arf&@¢ matched filter output at themth element for
with M elements. The impulse response of the channel from € {1,..., M} can be written in vector form as
transmitter to antenna array output can be modeled as K

gu(t) = an(Ballx()6(t — 71) 3) X" (6) =Y fibi(i)ex +n™ (i) (10)
k=1

wherea;.(t) represents channel attenuation for usex(6;.(¢ ) ) ) )
is theM-(di)meﬁsional array response vector with di(rec(ti()))n-of’-vherenm(z) = [n7(6,0) n™(6 1) - ™ (i, L — DI

arrival (DOA) 6,,(t) from thekth user, andy, is the propagation We (_jeﬂne_the overa_ll system impulse response vector for
delay between transmitter and receiver for usdfor notational US€r®. including the fading channel, array response vector, and
simplicity, we assume, = 0, fork = 1,..., K. The channel SPreading code vector defined abovehgls= f;"cy. Equation
fading attenuations fak users are assumed to be mutually in(10) can be written as

dependent and also independent of information bit symbols.

The received composite signal at the base-station antenna X" (i) = ihzlbk(i) +n™(i). (11)
array is k=1
K K i _ LT M (WTT
x() =Y )= @ rmt) 4ne) @ oo < [(hi#x 8 (hf,yfT’ﬁT,( D o
ket k=t nG) = (@)Y o @M@ The re-

wheren(t) is the AWGN vector with zero mean and covarianceeived discrete-time signal from the antenna array is given by
matrix o2I,;, wherel,; is anM x M identity matrix. Since

we assumey;(t) andfy(¢) remain unchanged over theé-bit N X N X Wb (i . 12
duration, we drop their time index from here on. From (1) and x(i) = kzlx’“(L) - ; kb (i) + n(2) (12)
(2) B B

N where x(¢) is the received signal from théth user and

sk(t) * gr(t) = Apona(fy be(ien(t —iT3).  (5) 1(E) is AWGN vector with zero mean and covariance matrix
®) ®) ( )Z (Dexl ) (02 /L)Iprr, Wherel sz, is anM L x M L identity matrix.

=1
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Vectorh; models the spatial and temporal channel charact@he spatial-temporal channel matrix for théa user can be ex-
istics. The spatial-temporal channel vectgr can also be de- pressed as

composed as

e 0 - 07l
2

h= |0 S [ =an @
0 0 - o) LM

r
Hy=> Ciphip

r=1

(19)

where3M x 3 matrix Iy, ,, represents the spatial array channel
impulse response in multipath fading a8/ L, x 344 matrix

Crp represents the temporal channel impulse response, incor-
porating spreading code and path delay.

whereCy, is anM L x M spreading code sequence matrix of

the kth user.

Denote matrix{ = [h; : --- : hg] and vectorb(i) =
[b1(4) -+ bx(i)]*, (12) can be expressed as
x(i) = Hb() + n(i). (14)

A necessary condition thdt users are identifiable is thaf
be of full column rank, implying thad/L > K.

B. Asynchronous Multipath Fading Channels

Using the synchronous-equivalent model described in [21],
the above formulation may be extended to the cade kfsolv-

able signal paths per user, each with delay, € [0,T;) for

I1l. SPATIAL-TEMPORAL DECORRELATOR

For the single-path case, the log-likelihood of the received
signalx(¢) conditioned on the bit vectds(¢) and the spatial-
temporal channel matrik{ is given by (omitting index)

Q(b,H) =

(x — Hb)H (x — Hb) (20)

1
o2/L
where superscripf denotes conjugate transpose. The unknown

parameters arfe and’. If 7 is available, the bit vector decision

variableb can be obtained by maximizing (20)
by = arg max Q(b, H). (22)

Equating the derivative of (20) with respect loto zero, we

k € {1,...K} andp € {1,...P}. All paths corresponding obtain

to one bit from a user are assumed be containedff,ain-

terval, and therefore three consecutive bit intervals are required
for each user [21]. We denote3d-dimensional vector cen-

tered at biti by b¥(i) = [bx(i — 1) b(4) br(i + 1)]7. Let

b = sign{[HTH] ' H"x)} (22)

wheresign{a} =1ifa > 00r—-1if a < 0.
We define the spatial-temporal cross-correlation matrix as

H, = Z;::l H; , denote the channel response for user
where Hy, ,, is the response to pagh The 2M L-element re- R=H"H = [Cif;  Cofy C,(f,(]H
ceived signal vector is then x [Cify  Cof Crefx |- (23)
K Denotingf;; = £/'f; and
x(i) = kz_lHkbk (4) + n(4). (15) o [SUL s o0
- Pis =G % =1/L,  ifi=j
We denoteM L x 3K channel matrix{ = [H, : --- : Hg] if the spreading codes are orthogonal, = cfc; = 0 (for
andb®(i) = [b¥(i)T --- b¥(:)T]¥. The synchronous equiv- i # j) for asynchronous system. We consider the case where the
alent discrete-time model is given by system is asynchronous and/or the spreading codes are not or-
thogonal and we cannot guarantee zero cross correlation. Using
(i) = Hb®(§) + n(i). (16) (23) and (24) R is given by

Adding path subscriptsp to (13),

n e {-1,0,1}
FipChp 0 - cp, 1 LAY
= O}ty 17)
and
f,, 0 O
Hip= [C—; cy C;p} 0 fip O
2. 2. 0 fk7p
= Ck,ka,p (18)

we obtain for

Jiip1n J12p12 Jikpix
_ f21.p21 f2.2p22 f21(:p21( (25)
I KllpKl I 1(2p'K2 f KK.pKK
We may interpret (22) as follows. Let
£ o7 ... o7 -
STV L S B A I T
or of .. gpr] Ly

using (13) wherey, = Cl'x fork = 1,2,..., K. Thus,y,
actually represents the despread output foriteuser’s deci-
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b d#l %[ Coherent #1]%,] Because the asymptotic efficiency of the temporal decorre-
Xt t=gT “pria - Be&mf:fmef Spatial- 4 latorin asingle-path Rayleigh fading channel is the same as that
— Matched} ¢ o o Temporal [, of an AWGN channel [6], we only need to consider the AWGN
Fler | % o — g, | Decorrelator channel here. In this cask, = Arag(6;).
Desprejer | Joherent K|, The kth user’s bit-error probability for the spatial-temporal
decorrelator can be obtained as
Fig. 1. Spatial-temporal decorrelator structure. 1
Pl=Q —F—— (30)
. . . . 2 (R D)
sion variable. The detector structure implied by (26) is a conven- VL

tional single-user detector with maximum signal-to-noise rat{/(\)/here(R—l)kk represents théth diagonal element of matrix

(SNR) beamforming, which we refer to simply as the converys_; P .
. ) X 3]. Thus, the asymptotic efficiency of the spatial-temporal
tional single-user detector. Using (22), (25), and (26), the dgéco[rr]elator for thé:tr): uger is given byy P P

tected bit vector can be written in the form

~ . _ 1 1
b =sign{R lFHY}- (27) ¢ — max? 0, = . 31
"l Ry (R~ Ry (R ) 1)

Therefore, the final data decision vector is obtained by decor-
relating the conventional single-user detector output. EquationBY formulating the bit-error probability for the conventional
(27) can also be viewed as maximum signal-to-interferenciingle-user detector and identifying the dominating term when
plus-noise ratio beamforming. MatrR includes both temporal the background noise tends to zero [22], ittle user's asymp-
cross correlation due to nonorthogonal spreading codes and dpHc efficiency of the conventional single-user detector can be
tial correlation arising from the spatial distribution of activé@btained

users. The detector structure, illustrated in Fig. 1, differs from

that of [11] since the matched-filter (despreader) occurs prior to 75 = max’ {0,
beamforming. For known channels, the difference in structure

may not be significant. However, for unknown channels, Fig. 1

VB = 3. |1 Rkl /v R
VR

Rixl

has the practical advantage over that in [11] since an estimate = max? 0,1 — Z |_ . (32)
of the channel array response required for beamforming can be ik Ry
computed from the despread output.
Substituting (14) into (22) and using definitionBfcf. (23)], Thekth user’s near—far resistance is defined as its worst-case

the spatial-temporal decorrelator output can be simplified to asymptotic efficiency over all possible energies of the interferers

and given by, = inf,; >0 ;21 7% [1]. An @analogous expression
b = sign{b + R~'n,} = sign{b + w} (28) can be obtained for the asynchronous multipath case using the

synchronous-equivalent model described earlier.

where w is the spatial-temporal decorrelator output AWGN Example 1: To compare the asymptotic efficiency for the

vector with zero mean and covariance mat(e/L)R™*. spatial-temporal decorrelator and the conventional single-user

If there is no base-station antenna array, the spatial-tempaistector, we consider a four-user system based on length-7 Gold

detector reduces to the classical decorrelating detector proposedes as spreading sequences. The corresponding cross-corre-

in [1]. A similar development can be obtained for the multipatfation matrix of the spreading codes is in [5]. We assume a uni-

case, with the added step of maximal-ratio path combining ffrm linear array (ULA) with half-wavelength spacing at the

beamformer outputs. We have omitted the details. base-station. The DOAs for four active users with known array
. responses arf25°, 5°, —15°, —35°] with respect to the array
A. Near—Far Resistance boresight. We consider a single antenna as well as a three-el-

The asymptotic efficiency is a performance measure for m@ment array. We assume that all interferers have equal trans-
tiuser signal detection in the limit as the background noise go@éited power. We refer to user 1 as the desired user and define

to zero. Thekth user’s asymptotic efficiency is defined as [2] the power ratiosA; /A7, for k = 2,.. ., K. Fig. 2 depicts spa-
tial-temporal decorrelator performance independent of the re-

m, = lim ex(o) ceived interference energy, i.e., near—far resistance. The asymp-
o—0 wy totic efficiencies for conventional single-user detectors with or
Pu(o) without an array tends to zeroas the int_erferers become stronger.
=supd 0<r<1:lim ———~2_ < 400 (29) However, the antenna array is able to improve asymptotic effi-
0Q (@) ciency for either the decorrelating or conventional single-user
detectors.

where ¢(c) is the kth user's effective energy required to The above analysis is based on the assumption Ihat
achieve the same error probability in the absence of interfereass, known, implying that array response vectofs, (for

wy, IS the received energy for uskr P(o) represents BER of £ = 1,2,..., K), are known at the receiver. Since this is not
the kth user when the variance of AWGN é&, andQ(z) = the case in practice, we now investigate joint channel estimation
[ (exp(—y?/2)/V2r) dy. and signal detection.



WANG AND BLOSTEIN: A SPATIAL-TEMPORAL DECORRELATING RECEIVER FOR CDMA SYSTEMS 333

Asymptotic Efficiency Comparison Between Spatial-Temporal Decorrelator and Coventionai Detector
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Fig. 2. Asymptotic efficiencies for single antenna and a three-element antenna array.

IV. DECORRELATING RECEIVER VIA SAGE ALGORITHM A. Application to CDMA

In this section, we address the key implementation issue offor the case of our DS-CDMA system model, we would like
the proposed spatial-temporal decorrelating receiver, naméhestimate each user’s channel parameters and detect informa-
the joint parameter estimation and spatial-temporal sigri#@n symbols individually. In step 1, we choose user indeas
decorrelation. Again, we omit the details for the multipath cagle index set. Thus, the admissible hidden-data space for index

for the sake of clarity. We derive a sequential decision-feedl;fork =1,...,K andi =1,..., N, is given by (12)

back receiver structure based on the SAGE algorithm. The o2

available observed data at the receiver is a data vector set x; (i) ~N <hkbk(l)a fIML> . (35)
(x(i);1,...,N}.

The SAGE algorithm can achieve improved performanc
such as faster convergence, over the standard EM algorit
[17]. The key idea for the SAGE algorithm is to choose a les®2 (x3 (1), ..., x3 (IV))

he log-likelihood function after removing the terms indepen-
gnt ofhy, andby.(i) is straightforward

informative hidden-data space to improve convergence rate. 1 X
Starting with an initial parameter vector estimate at iteration —= _—— Z (x5 (i) — hyba (i) H (x5 (1) — hpbr(4)) -
P - o2/L 4
7 = 0, iterate the following steps. i=1
1) Choose a new index sét= S7, a subset of the parame- (36)
ters, which defines an admissible hidden-data spéCe  Gjven the estimation results at thiéh iteration, the conditional
2) Compute the following conditional expectation xf expectation ok (¢) (for k = 1,...,K andi = 1,...,N) in

given observed data and the previous estimate of pastep 2 is given by
rameter vectot/’

Q551 |67) = Elln f(xg5 | x5, 055) | x,6]. (33)
— (4 7R (g
3) Obtain the next estimate by maximizing over the chosen =x(i) = > by, B, (). (37)

subset while keeping the other parameters fixed ) o kl_;ék ) N
Finally, substituting (37) into (36), we obtain the conditional

9{(;11 = arg max Q(fgir1 | 69) ex_pec.tation of the Iog-likel?hooq function. of; (7). The n_1axi—
Og5+1 mization result at the next iteration, (34) in step 3, is given by
gt =4, (34) N
Sit+1 Sit+1 ~ ~
[hifl’ bitL (L)} = arghlnba)(() - Z (%7 (1) — hkbk(L))H
ki OR(2

where the index sef’ is the complement o . i=1
4) Incrementj and go to step 1. x (%5 (4) — hybe(i)) . (38)
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0 Convergence Rate of SAGE-Based Receiver
N T T T T 1 1

0.6 4

0.5

Single Antenna

[=]
H
L]

Three Antennas

Convergence Rate
o
[
T

0.2 Five Antennas

0.1

2 3 4 5 6 7 8 9
Number of Users

Fig.3. Convergence rate of SAGE-based receiver. (A larger rate implies slower convergence. The algorithm converges faster as the numbenofessesnas

Thus, the SAGE-based receiver for joint array respongien bit detection at each iteration involves explicit interference
vector estimation and information symbol detection can lancellation given current channel estimates and previously de-

summarized by the following steps. tected bits. Therefore, the SAGE-based receiver has a sequential
1) Initialize iterationj = 0. interference cancellation structure. The initial guesses for the
2) Choose new index sét: = (j modulo K). channel estimates are obtained using the conventional receiver
3) E-step: (conditional expectation of hidden-data) with a pilot bit for each user.

Fori =1,...,.N
B. Convergence
5 () = Z hilbj ; (39) From (20), it can be verified that the log-likelihood function
fei=1,k is continuous and differentiable with respect to the unknown
parameters. Since the likelihood function increases monotoni-
cally with each iteration and is bounded above, the proposed
receiver converges to a fixed stationary point or local/global

4) M-step: (maximum-likelihood estimation)

~ GitL 5.
h;fl - N Z x5 )b (0) (40)  maxima depending on the initial guess of the unknown parame-
=1 o ters [23]. The convergence rate of the SAGE-based receiver can
gi+l(i) _ Sign{ (flffl) )A(f”‘ (i)} (41) be shown to be the largest eigenvaluelBfs — Fi](F, )
[24], whereF., s and Fy are Fisher mformatlon matrlces af
nift =hl,, K #Ek andx, respectively. To investigate the effect of an antenna array
b”l( ) = bir(’) K £ k. on receiver convergence, we assume, for simplicity, that the
channel array response vectors are known. From (20) and (37),
5) Incrementj and go to step 2. Fy = (4L/0*)R andF,s = (4L/0?)RiIy. Thus, the con-
The above steps can be interpreted as follows. Substltutwgence rate of the SAGE-based receiver is giverpby:
(39) into (41), we obtain maxeigenvalufl, — R, ;' R}.
. Example 2: We again consider a basestation with a half-
b’“( /) = sign (ﬁiﬂ) x3,(1) wavelength-spaced ULA in an AWGN channel. The DOAs of

active users are uniformly distributed [r60°, 60°]. Gold se-

guences of length-31 from [25] are assigned to mobile users. Al
Z fgz—,lpkk, B (6) (42) active users have equal transmitted power. The convergence rate

curves are plotted in terms of number of users and number of an-
tennas and averaged over 5000 trials. From Fig. 3, we observe
Wheref,{,i’,1 = (f’*l)Hf’, is the estimated instantaneous spaslower convergence with an increasing number of active users.
tial correlation at th€j + 1)th iteration ando, is the cross However, using an antenna array with high inter-element cor-
correlation defined in (24). Equation (42) implies that informarelation improves receiver convergence due to added redundant

K =1,k #k
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channel information. Channel estimation performance improve-For the case of multipath channels, we instead bound the BER
ments using antenna arrays is further documented in Section &8suming that all multiple-access interference is cancelled at the
last SAGE iteration, and that all channel array response vectors

V. RECEIVER PERFORMANCE are perfectly known. In addition, we approximate the covariance

To assess the performance of the proposed spatial—tempgrlglt”XR as diagonal, which we have verified to be reasonably

; . . accurate [28]. After these steps have been carried out, the BER
decorrelating receiver, we determine the BER for symbol dg- : .

) L ower bound for theith user can be obtained using [26, p. 781]
tection and the CRLB for channel estimation.

r—1

A. BER n=la-war X (7T e @
For the single-path case, it is observed from (28) that the bit p=0 P

decision vector is an unbiased estimator with zero-mean noise

vectorw and covariance matrigs?/L)R*. We assume that where . = /7./(1+7.) and 5. = (MLAipg}gll/fo)

the channels are perfectly known. The BER analysis in this sd&[ai?p]. Thew, , denotes the attenuation of thi path of user

tion is compared to simulations of the SAGE-based receivefand the temporal correlation coeﬁicieyftkf)ll =c{Hc) 1t
with imperfect channel estimates. _has been assumed tha}; = are identically distributed for all
Claim: Without loss of generality, the BER for user 1 is, ¢ {1,... P}. ’
given by
= B. CRLB
p=2(1-,/-2 (43) -
1= 9 1+ To measure channel array response vector estimation perfor-
o ) mance, we derive the CRLB. We collect the unknown param-
where#, is the average SNR for user 1 and given by eters into column vecton = [af --- aZ]T, wherea; =
~ 1 ara(6y) is the channel array response vector forttteuser.
= W (44) For anM -element antenna array, we define thlex A ma-
Lot Il trix for the 4th bit of thekth user,k = 1,..., K, asBy (i) =
and C o .
Eoy o Lok diag[br(2), - . ., br(d)].
i Proposition: The CRLB matrix for parameter vecter is
: : given by
1 o e -
E[R_l]ll _ 51&2 5[&]& (45) N .
Varfoq] | & -+ &k 1 .
R CRLB(a) = 2 G(i) (49)
5[(1 o 5[( K
. . where
where E[-] denotes expectation over Rayleigh random vari-
ables contained itR~!, Var[-] represents variance; | is the yipiidn o R PL Bk (0)
determinant, and;; = A;A;afa;p;;. . .
Proof: The (1, 1) entry ofR~! is Qi) = Vr2p12B12(4) :
Ry -+ Rog : ] - :
R4, = e . . Vi Big () - YrprrIm
Rgo --- Rgik (30)
Since theijth entry of R is given by R;; = afa;&;, using whereBy; (i) = Bl (i)B;(i) = Ly if b (i) = b;(i) or —In
Hermitian symmetry, it can be easily obtained that if bp(i) = —b;(4) (for¢ = 1,...,N andk,j = 1,..., K),
R R v = A3 /o? is the SNR corresponding to tigh user ancp;;
22t ARk ) ) 2 0 &k is the spreading code cross correlation defined in (24).
P =lao” ek 7| Outline of Proof: First, we define the parameter vector as
Ri» -+ Rgx fxa -+ Exk ¢ = [0? a®" al]’, whereo? is background noise covariance,
(46) aanda are the real and imaginary partsafrespectively. Dis-
and carding the terms independentg@fthe log-likelihood function
& o Gk is given by
_ 2 2l )
R = oo™ InQ = —MLNIno?
k1 &Kk L X
(47) - [x(¢) — Hb()]H [x(¢) — Hb()]).  (51)
=1

where|ax|? = ofay, from which (45) follows. For Rayleigh
fading and binary phase-shift keying modulation, (43) is oMe compute the derivative of (51) with respect ta
tained using the results in [26]. m Using the definition of the Fisher information matrix
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Receiver Perpormance Comparison: Bit Error Probability

1072
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- conventional receiver

* EM-based receiver
o SAGE-based receiver

Bit Error Rate of the Desired User

—4
10 b solid line: spatiai-temporal decorrelating receiver (analytical resuits)
Five Users, Equal Transmitted Power
Synchronous System, Rayleigh Fading Channel
1 0-5 i ! 1 I

x spatial-temporal decorrelating receiver (simulated results)
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20 25 30

Signai-to-Noise Ratio (dB)

Fig. 4. BER for single antenna and a three-element antenna array.

L(¢) = E[(0InQ/9¢)(0Inf2/9¢)T] and following the
technique in [27], we obtain

dlnQ o\’
oa da

= ZLZR BH (i)D" DB(i)]

=1
olnQ\ /olm\ "
Oa Oa
N
or
:_22

-5|( 1““) (“““)

= __§ Zlm [BY (i)D" DB(i)]

i=1

I(a) = E

I(a) = E

)D" DB(i)]

where B(L) = diag[Bl(i),...,BK(i)] and D =
(D, . Dg] with ML x M matrix D, =
diag[Axck, ..., Ages] (for kB = ., K). Defining
G(i) = (1/0— )BH( YD DB(4), (50) follows. SinceG (i) (for

t=1,...,N)isreal, we havd(aa) = 0 and
I(a) = I(a) = 2L Z G(i (52)
Thus, the Fisher information matrix is given by
1(02) O:JCM( O:JCM(
I((/)) = | Opric I(ﬁ) 0 (53)
0]\4[{ 0 I(é)

Finally, using inverse of a partitioned matrix, we can obtain the
CRLB matrix for channel array response vectGRLB(a) =
I(a)~' + I(a)~!. [

Clearly, the Fisher information matrif, . , G(i), is a func-
tion of the SNR at théth bit as well as the cross correlation
between the spreading codes.

VI. SIMULATIONS

Randomly generated length-31 Gold sequences are assigned
to CDMA users. We transmit a 100-bit information sequence
from each user and assume the channels remain unchanged.
We insert one training bit in the first bit position in each se-
guence to obtain initial guesses for the channel array response
vectors. A ULA with A /2 spacing is used at the base-station and
the DOAs are uniformly distributed ir-60°, 60°]. We assume
that the channels are Rayleigh-fading and that the reported SNR
value is averaged over the fading. Therefore, the required SNR
to achieve a target BER is higher than that for AWGN chan-
nels. Using (26), we obtain the initial detected bit vectors. We
assume that the first user is the desired user in all simulations.
The results are computed from 10 000—-150 000 trials, depending
on the SNR, so that the BER is calculated to withif% with
90% confidence.

First, we compare performances of the SAGE-based,
EM-based [16], and spatial-temporal decorrelating receiver
with perfect channel array response knowledge. There are
five active users in the system and either a single antenna
or a three-element base-station antenna array. For simplicity,
all users have equal transmitted power. Both the SAGE and
EM-based decorrelating receivers use eight iterations. From
Fig. 4, we observe that both iterative receivers significantly
outperform the conventional single-user receiver. When a



WANG AND BLOSTEIN: A SPATIAL-TEMPORAL DECORRELATING RECEIVER FOR CDMA SYSTEMS 337

Receiver Performance Comparison: MSE of Channel Estimates
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Fig. 5. Mean squared error of channel estimates for single antenna and a three-element antenna array.

1 Receiver Performance in Near-Far Environment: Bit Error Rate
1 1 b T T L) T

Five Users, Two-Element Antenna Array
SNR of the Desired User: 20 dB
Synchronous System, Rayleigh Fading Channel

solid line: spatial-temporal decorrelating receiver (analytical results) -
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Fig. 6. BER for a two-element antenna array in a near—far environment.

single antenna is used, however, the iterative receivers ldowever, the loss in channel estimation performance at such a
not converge to the optimal spatial-temporal decorrelatifggh SNR does not have a strong effect on symbol detection.
receiver. However, the SAGE-based receiver performanceAisa BER of 1072, a three-element antenna array can achieve
greatly enhanced using an antenna array. This is mainly dueatmbut 6-dB gain over a single antenna.

improved channel estimation by the antenna array, as showrTo assess near—far resistance, we consider five active
in Fig. 5. When the SNR is larger than 20 dB, the channakers and a two-element antenna array. We assume that the
estimates of the SAGE-based receiver do not reach the CRIfidst user is the desired user with 20-dB SNR and fixed



338 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 49, NO. 2, FEBRUARY 2001

Receiver Performance in Near-Far Environment: MSE of Channel Estimates
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Fig. 7. Mean squared error of channel estimates for a two-element antenna array in near—far environment.

. Convergence of SAGE-Based Receiver: Bit Error Rate
10 T T T T
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-
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Fig. 8. Convergence of SAGE-based receiver for a three-element antenna array.

transmitted power. All other interferers are assumed to hakeceiver outperforms the EM-based receiver, converges to
equal and varying transmitted power, and eight iteratioise spatial-temporal decorrelating receiver with perfect array
are used. At 20-dB power ratio, transmitted powers of th@hannel knowledge and exhibits near—far resistance. As
interferers are all 100 times stronger than that of the desirddpicted in Fig. 7, neither the EM-based receiver nor the
user and represents an extreme near—far environment. Ca@mventional single-user receiver exhibits near—far resistance.
these many other experiments, we have observed that th&ig. 8 illustrates convergence of the SAGE-based receiver it-
SAGE-based receiver achieves good near—far performanceeations. Five users with equal transmitted power are used along
the third iteration [28]. Fig. 6 shows that the SAGE-basedith a three-element base-station antenna-array. We note that
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o Receiver Performance: Bit Error Rate
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Fig. 9. Receiver performance in multipath fading. Dashed lines represent the BER lower bounds (48) applied to one and two-path channels.

the SAGE-based receiver converges very quickly in the logeiver. The SAGE-based receiver outperforms an EM-based re-
SNR region, and that most of the gain can be realized in threeiver and approaches the BER of the spatial-temporal decor-

to four iterations.

relating receiver. The channel estimates of the SAGE-based re-

Fig. 9 compares BER performance for a two-path Rayleigieiver are also close to the CRLB. The simulated BER agrees
fading channel where time delays of the first and secomtbsely with analytical results.

paths for each user are uniformly distributed (@, 7;/2)

and (7;/2,T,), respectively. Identical temporal covariance
matrices are assumed for all paths. The channel array response
vectors are assumed to be known for both the spatial-tem{!]
poral decorrelating and conventional single-user receivers. A
three-element antenna array is used at the base-station and i
users have equal transmitted power. As expected, maximal-ratio
RAKE combining of the two paths can achieve significant [3)
BER performance gain over that of a receiver locked onto the
dominant path. Although the BER performance of the conven-
tional single-user receiver for two-path channels outperforms
that for single-path channels, both exhibit a BER floor due
to multiple-access interference. As shown, the SAGE-based®!
multiuser receiver achieves improved performance, while the
approximate BER lower bound predicts ideal spatial-temporal[6]
decorrelator performance.

(4]

(7]

VIl. CONCLUSION (8]
We have derived an uplink spatial-temporal decorrelator for[Q]
an antenna array-equipped CDMA basestation. The new decor-
relator exhibits near—far resistance. Numerical results show th:flltO]
the incorporation of an antenna array results in significant im-=
provement in performance and convergence in a fading channel.
An iterative receiver structure is developed via the SAGE algo-
rithm, and the BER and CRLB are derived. Performance gaingl]
are shown to be significant over a conventional single-user re-
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