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Performance of Multiuser Diversity Reception
in Rayleigh Fading CDMA Channels

Milica Stojanovic and Zoran Zvonar

Abstract—Error probability of an adaptive multiuser diversity ~ depending on the fading dynamics, MAI and available signal-
receiver is evaluated in terms of channel fading rate and the to-noise ratio (SNR).
number of code-division multiple access users. Fading-induced
performance loss, which leads to error probability floor, is es-

tablished for the p_ropose_d coherent combin_ing sc_heme and com- Il. SYSTEM MODEL
Egrrﬁgir:%éhat of differentially coherent receiver with equal-gain A synchronous code-division multiple-access (CDMA)

channel is considered, whed€ active users are subject to
independent, frequency-nonselective Rayleigh fading. The

[. INTRODUCTION equivalent complex baseband received signal for itre
ULTIUSER receiver design for fading muItipIe-accesQiVGrSity channel of a centralized receiver is given by
channels, including detection structures and estimation K

algorithms, and the impact of imperfect channel estimatiequt) — Zzbk(i)ck,l(i)sk(t —iT) +ny(t), l=1,...L

on the receiver performance are of growing importance in the =1 i

context of the new generation of wireless systems. Methods (1)

for the receiver design based on statistical modeling of a

fading process with memory are presented in [1]. Relatd¢here {bx(i)} are independent identically distributed (i.i.d.)
work on multiuser receiver design has focused on performarigigary phase-shift keyed (BPSK) data symbols, dsgl(?)}
comparison between differentially coherent multiuser receivafe unit-energy signature waveforms with supgoyt’] equal

and adaptive coherent decorrelating receiver which utiliz& one symbol interval. The additive white Gaussian noise
estimation of fading process based on Kalman filtering [2], [3{AWGN) processesn(t)} are assumed to be independent,
Different approach has been pursued in [4] by developing op@it equal power spectral density,. Frequency-nonselective
mal receiver and consequently addressing suboptimal decisiffling for each user/receiving element pair is modeled as a
directed realizations. Estimation part of the optimal receivéPmplex gainc, (i), assumed to be constant within one sym-
is based on Kalman filtering, and by replacing detection pdt®! interval. A nonselective fading model applies when the sig-
by linear decorrelating receiver in [5] authors have arrived fal bandwidth is much smaller than the coherence bandwidth
the same receiver structure presented in [2]. of the channel. For Rayleigh fading, the distortions;(<)

In this paper we extend the work on multiuser receivers e modeled as stationary sequences of Gaussian random vari-
analyzing an adaptive decision-directed coherent receiver wihles. The fading processes are taken to be independent among
diversity reception and impact of imperfect channel estimat8t users and diversity branches, with identical normalized
on the diversity improvement in rapidly fading channels. Mutcorrelation functions={cx (¢ + j)c;, ()} = ExRe(j), where
tiuser diversity receiver employs a low-complexity near—fafx is the kth user's received energy.
resistant decorrelating detector [6] in each diversity branch andThe received signal at théh antenna element can be
utilizes the joint MMSE estimates of the fading processes 8¥pressed in vector notation'as
channel references for carrier recovery and diversity combin- . ..
ing. The average error probability of such an adaptive receiver n(t) = Z s’ (t = iT)B(i)ed(d) + mu(?) (2)
is a function of the channel estimation error covariance matrix. !

We compare the performance of adaptive coherent receivmeres(t) = [s1(t) - sxc(D)]F, B(i) = diag[by () - - - bgc(4)],

to that of a differentially coherent receiver with equal-gaigand ci(i) = [e1,4(4) - - - ere1(4)]F. Assuming the knowledge of

combining, showing regions where each may be preferalfignature waveforms and the existence of perfect bit-timing
of all the users, the optimal receiver incorporates a bank of
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whereR = fOT s*(t)s? (t)dt is the cross-correlation matrix can be expressed as
of signature waveforms, and the output AWGN is zero-mean

with covarianceCov[n;] = NoR. Pk = \/(1 — Fk)L. (8)
Y + Dk
. ADAPTIVE COHERENT DIVERSITY COMBINING Hence, besides the SNR, the error probability of the coherent

) ) ] . decorrelating detector depends on the normalized estimation
Performance of a linear-complexity decorrelating receiVel or variancel’,, and, through the factab, on the cross

may greatly be improved by the use of diversity. An adaptivg, re|ations of normalized signature waveforms. In contrast to
receiver with diversity combining is depicted in Fig. 1. The regq ¢ase of perfect estimation, an error probability floor is ob-
ceiver performs joint MMSE estimation of all the users fad'ngerved defined aB(L)S — lim,, ., P®) = pL(VI=T).
coefficients, anq uses these estimates for carrier recovery _"f’ﬁ]ﬂwis case, as Wi||Bl§)e(I3<(§?ne app?akrent fr(’;m the error covariance
coherent combining. The output of the decorrelating filter IQnalysis, a given user does not suffer from the estimation errors

the ith diversity branch is given by of other users, i.e. the error probability floor in CDMA scenario

2,(4) = R~Yy,(4) = B(i)ei(i) + & (i 4y s equql to the error probability floor observed for single-use_r
0 yili) (er(d) + &0) @ transmission over the same channel. Performance degradation
where the output AWGN vector is characterized®yy[¢,] = results from channel tracking inaccuracies, and is ultimately

NoR~1. The decorrelator outputs may be combined in didétermined by the fading rate of the channel.

ferent ways. We propose a suboptimal combining strategy inT0 quantify the effects of channel estimation errors, we
which the decorrelator outputs corresponding to a particu@p@lyze a Rayleigh fading process(i) represented by a
user are combined disregarding those of other users. THBUSS-Markov model, whose parameters can be obtained with

combiner for each user, however, is of maximal-ratio typépfficient accuracy through extensive measurements [1]. When
yielding a decision variable of the form the model parameters are known, the MMSE estimator can

be realized by the Kalman filter and its error covariance
L matrix is obtained from the corresponding discrete-time Ricatti
(i) = Re{z 52,1('5)%1('5)} (5)  equation. For the case of joint estimation of all the coefficients
=1 of the channel vector,(i), the fact that the measurement
rFquation (4) is data dependent may be overcome by solving a

where &, ,;(¢) denotes the estimate of the fading distortio o . i ; .
: fuasistationary Ricatti equation using the procedure described

Estimation of complex channel coefficient is equivalent t
carrier recovery in the system. For independent diversity,'ﬂ [8]-

suffices to assign an independent estimator to each of diversitj! €XPlicit channel estimation is too complex, or if the

branches, as shown in Fig. 1. receiyed signal phase is vary'ing toq rapidly to allow pIapar
We now turn our attention to performance analysis &;ack_lng, one may r_e_sort to_dlffer_ent_lally coherer)_t dgtechon.

diversity receiver. Gaussian statisticsegf;(¢) imply Gaussian In th{s case, the d_eC|5|on vanablg_ls g|ven_by (_5) wiigh (1) =

statistics of a linear, unbiased estimaig (). Assuming the Z’%:l(’ — 1). The bit error propablllty remains in the form (6)

same statistics of fading processes in all diversity branch(‘é\g'fh the parameter,. now given by

the estimation error covariance, observed in steady state for [ = 0 K

each diversity, is given by = Cov[c;(¢) — &(¢)]. For the Yk + Dix

decision variaple given by (5), and neglecting the eff_ect %here 0 = |Ro(1)/R.(0)| describes the fading dynamics.

r§fmilarly as in the BPSK case, an error probability floor is

probability for thekth user is given by [7] observed, given by’l()?,)SKoo = pr(g). Again, this value is in-

1_ PLol oy iy 14 I dependent of the presence of interfering users and determined
PR = <—“’“> > < )(—“’“) pr(u).  solely by the fading dynamics.
2 =0 l 2
(6) V. DISCUSSION OFRESULTS
The parametey, is obtained as Several numerical examples are presented to illustrate the
performance of the proposed multiuser receiver. In the first set
X (i)zn,(0)} ErR.(0)— Gy, Of examples a first-order Gaus-Markov model is used for each
Hr = — ’ - = ° of the independent fading process:
VEUeaOP EQzaF) | BrBe(0)+ NoDi P 9p

(7 CkJ('I;—I—].)Iack7l(i)+l/k7l(i), k=1---K, [=1---L

whereGyi. = [Glik, Dix = [R™rr, and the last line follows ®)
from the fact that the MMSE channel estimate is orthogon@he model parameter. is related to the Doppler spread
to the estimation error. B, = wy/n of the channel throughy = exp(—wyT).
Defining the thekth user’s average signal to noise ratio abig. 2 shows the error probability of coherent decorrelating
v = R.(0)Ey /N, and the corresponding normalized estimadetector for BPSK signaling as a function of the average
tion error variance a¥;. = Gyi/ErR.(0), the parameter,, SNR per bit, chosen equal for all the use8&yR = Ly, =
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Fig. 1. Adaptive multiuser receiver with diversity combining.

K E{|exa(8)]?}/No. The performance of single and dual
diversity receivers is compared for the given normalized fading
rate wgI' = 0.001, in cases of single-user anA = 20
users. Flip-coin signature sequences of length 127 are used
to determine the values of cross-correlation®RinReference
curves present the single-user bound with perfect knowledge
of the fading distortion. Total performance degradation due to
the presence of other active users is less than 1 dB at the
given value of fading rate. For the case of a simple first-
order model it is interesting to add that the probability of
error saturates at the same level for coherent and differentially
coherent receptiofl” = 1 — |a|?). The error floor is induced
by fading dynamics, and is not affected by MAI. However, the
degradation of differentially coherent reception becomes sig-
nificant for more realistic fading models, as will be discussed
in the second example.

The effects of estimation errors on coherent diversity detec-
tion at varying fading rates is analyzed in Fig. 3. Shown in
this figure is the penalty ratid>™)(B,T, K)/P*)(0, K), of
the error probabilities with and without estimation errors, for
coherent decorrelator with® = 20 users. The estimation error

Dec. f———+ b6}
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Fig. 2. Performance of single and dual diversity coherent detection in a
nonselective Rayleigh fading CDMA channel (first-order model).

penalty is seen to increase with the order of diversity whildiversity remains an effective way of improving performance
largely depending on the fading dynamics. Despite the faatthe presence of fading and MAI, for all practical values of
that its effectiveness diminishes with an increase in fading rafagding rate.
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damped fading model [1], whose Doppler power spectrum
most closely describes that of a realistic mobile radio channel.
The normalized 3-dB Doppler spread is setutgl” = 0.05.
Fading dynamics is again shown to be the major factor limiting
the performance of both coherent and differentially coherent
receiver. Although both suffer from imperfect channel esti-
mation, the performance of coherent decorrelating receiver
remains superior to that of a differentially coherent one, with
the exact gain depending on the available SNR. While for low
to medium SNR the difference in performance stays within
a few dB, for higher SNR coherent receiver significantly
outperforms the differentially coherent one as it tends to a
lower error floor.

It should be pointed out that diversity combiners analyzed
in here are based on heuristic modifications of their optimal
counterparts, obtained by substituting the true channel re-
sponses hy their estimates. If, in addition, the knowledge of the
estimation error statistics were incorporated into the combiner

Fig. 3. Estimation error penalty of adaptive coherent decorrelating receivgsarameters, better performance would result. The analysis

in a nonselective Rayleigh fading CDMA channel (first-order model).
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presented allows extension to different receiver structures,
higher level modulation techniques, as well as multipath fading

channels. Mathematical treatment of such receivers is a subject
of ongoing research.
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