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A PDA-Kalman Approach to Multiuser Detection in
Asynchronous CDMA
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Abstract—The Probabilistic Data Association (PDA) method for START k=0
multiuser detection in synchronous code-division multiple-access OO0
(CDMA) communication channels is extended to asynchronous >
CDMA, where a Kalman filter or smoother is employed to track Kalman Prediction
the correlated noise arising from the outputs of a decorrelator. The w11
estimates from the tracker, coupled with an iterative PDA, result Pk +1]k)
in impressively low bit error rates. Computer simulations show Sk v
that the new scheme significantly outperforms the best decision E’E
feedback detector. The algorithm hasD (K3) complexity per time P
frame, where K is the number of users. v”"*”

Index Terms—Code-division multiple access, filtering, multiuser s Ml
detection, probabilistic data association. [chetiksn
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|. INTRODUCTION “———»|  Smoother
HE exponential computational complexity of the optimal kD
maximum-likelihood (ML) [1] multiuser detector for

A 4
asynchronous code-division multiple-access (CDMA) com- 7O ppA

munication channels has motivated research into suboptimal BN )
algorithms that yield low bit error rates and that ensure poly-
nomial computational costs. Examples of these include thig. 1. Block diagram of PDA-Kalman detectof. = 0: filter only, L = 1:
decorrelator [1] and the decision feedback (DF) detector [2f}SteP smoothing).
[4]. While these detectors provide bit error rates that are lower
than the conventional matched-filter detector, there is still a
large performance gap between these detectors and the optimal
ML detector. A. The Model

In this letter, a new mul_tpser detection schemg for asyn-rpe giscrete-time equivalent model for the matched-filter
chronous CDMA_ghgnnels is mtrodu_ced. The detection sche puts at the receiver of &-user asynchronous CDMA
USes the Pro.babl|I|st|c Data Association (P[.)A) m?thOd. for MUhannel is described in thedomain [1] by theK -length vector
tiuser detection in synchronous CDMA [3] in conjunction with
a Kalman technique for tracking the correlated noise arising y(2) = R(2)Wb(2) +n(z) (1)
from the outputs of a decorrelator. Simulation results show that
the new detection scheme significantly outperforms the DF déhereW is a diagonal matrix whosih diagonal elementy;,
tector. We also remark that since the PDA and Kalman algi§-the square root of the received signal energy per bit of the
rithms are bothO(K?) in complexity [3], [5], the new algo- ith user;b(z) is thez transform of the bit sequence transmitted
rithm, which is a serial combination of the two (see Fig. 1), aldey the K active usersp(z) is colored Gaussian noise with zero
possesse®(K3) complexity per time frame, wher® is the mean and covarianceR(z); and R(z) is the signature corre-
number of users. (In the new asynchronous algorithm, PDA tysgtion matrix, which is given by [1]
L::r]arlcl)y;]ccz)ar;vsrégAesi,An[éT'r)ee iterations or less; this is similar to syn R() = RT(z_l) “RT:4 Ro+ Rur". @

Il. PDA-KALMAN MULTIUSER DETECTOR FOR
ASYNCHRONOUSCDMA

In (2), Ry is a symmetric matrix with unity diagonal elements
and whose off-diagonal elements represent the correlations be-
tween user signatures at the same time index;Rné a sin-
Manuscript received June 4, 2002. The associate editor coordinating thegé’—lar matr_lx whose elements_ represent the. ?'gnature correla-
view of this letter and approving it for publication was Prof. K. Kiasaleh.  tions relating to successive time frames. Tlhgj)th element
The author; are with the EI_ectrlcaI and Computer Englneenng_ Dgyf R; is denoted b)Rl.ij- Since user signa‘lin time framek
partment, University of Connecticut, Storrs, CT 06269 USA (e-mail:kr- . | |/b lated with thaf o ti f
ishna@engr.uconn.edu) cannot simultaneously be correlated with thaf of time frame

Digital Object Identifier 10.1109/LCOMM.2002.805524 k — 1 and in time framé; + 1, we haveR; ;; Ry j; = 0.
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The decorrelated model for asynchronous CDMA in the smoother is employed; if. = 0, only a Kalman filter is used)
domain is obtained by multiplying both sides of (1) from theandP,;(k) denotes the probability that thi¢h element ob(k)

left by R™"(z) equals+1. The likelihood ratio of the belief thag(k) = +1 is
y(z) = Wh(z) + (2) (3) 1 fgb;f’?gk) = exp(—207 (F)Q; " (K)e:) (11)

whereg(z) = R™!(2)y(z) andz(z) = R™*(2)n(z) is colored v

Gaussian noise with zero mean and covariantB~'(z) = where the Gaussian (by assumption) random varigile and

o?(R(z~1))~T. The corresponding time-domain representatidts covariance?; (k) are given by

of (3) is

0:(k) =E[N;(k)] — W 'g(k)
y(k) = Wh(k) + = (k) “) Qi(k) =cov[N;(k)]. (12)

) .
whereb(k) € {~1,+1}". By rearranging (4) as Using the modifications of (10)—(12), the procedure for up-

W ly(k) = bs(k)e; + Z bi(k)e; + W lz(k)  (5) dating P,; (k) remains unchanged from [3].

i C. Kalman Filter Implementation

whereb, (k) is thejth element ob(k) ande; is a column vector By treating (9) as the state equation and (4) as the measure-
whose;jth element is 1 and whose other elements are zero, Wnt equation, a Kalman filter is used in conjunction with the

observe that the “effective noise” interfering with usés PDA method of [3] to computé(k|k) andP(k|k). The Kalman
Ni(k) = Z bi(k)e; + W (k). ©) update is given by
i #(k|k) =2(k|k — 1) + M(E)[y(k) = Wu(k) - 2(k|k - 1)]
Itis shown in [2] that the correlation matrR(z) can be fac-  P(k|k) =(I — M(k))P(k|k — 1) (13)

tored as
whereM (k) = P(k|k — 1)[P(k|k — 1) + WT'(k)W]~1; and
R(z) = (Fo + F12)" (Fo+ F1z7") (7)  w(k) andT'(k) denote the expectation and conditional covari-
. . . ) ) _ance ob(k) obtained by the PDA method of [3] usiagk|k—1)
whereF, is a lower triangular matrix anff, is a singular matrix andP(k|k — 1) in place of&(k|k + L) andP(k|k + L) in (10).
[2]. Since the covariance af(z) is o2R™" (), then from (7), We havey(k) andI'(k) computed via
z(z) can be transformed to white noiséz) via

(Fo + Fr2"Na(z) =v(2) (k) =3 S (2Poi(k) = e
z(z) = — Fyg'Frz 1z(2) + Fylu(z). (8) T(k) = Z4Pbi(k)(1 — Pyi(k))ese”. (14)
The corresponding time-domain representation of (8) is i

i R i 1 In (13), the predicted state estimaig:|k — 1) and the pre-
ok +1) = —Fo Fiz(k) + Fo vk +1) ©) dicted state covariand®(k|k — 1) are given by
wherev(k) ~ N(0,0%I).
v(k) ~ N(0,0%) #(klk — 1) = — F3'Fia(k — 1)k — 1)
B. The PDA Detector P(klk — 1) =F;'[F1P(k — 1|k — ) F{+0*I|F;". (15)
The key behind the new detection scheme lies in the dynamic
of the correlated noise(%). Since it is evident from (9) that
z(k) evolves according to a linear Gauss—Markov process
Kalman approach can be used to tragk). Using the condi-
tional mean and covariance ofk) from the tracker, the PDA
methqd qf [3] can be apphed to obtah_ok) \_N'th only a few D. Kalman Smoother Implementation
modifications (also see Fig. 1): approximating (6) as the effec-

SAfter (13) has been computed, the PDA method of [3] (with
the modifications) is applied to obtain the final decisiorboi).
’(l@ote that in obtainin@(%), the user probabilities at time index
k are reinitialized to 0.5 before PDA is applied.)

tive Gaussian noise, the statisticsMf(k) are given by To improve the performance of the detector, smoothing can be
performed to obtain more information aik) (i.e.,z(k|k + L)
E[N;(k)] = Z e;j(2Pyj(k) — 1) + W& (k|k + L) andP(k|k 4+ L) whereL is a positive integer). It was observed
i from simulations that smoothing beyond one-step resulted in no
N,(k)] = AP (K)V(1 = P (k) ese significant improvement when compared to the increased com-
cov[Ni(k)] ;[ bs (k)( bi(k)Jese; ] putational cost needed for the task. For this reason, we set
WPk + LW (10) in (10). Thenz:(k|k + 1) andP(k|k + 1) are given by [5]

wherez(k|k+ L) andP(k|k + L) denote the conditional meanm(k|k+1) =E(k[k)+C(k)[#(k+1]k+1) — 2(k-+1[k)] -
and covariance of(k) given the observations up to and inP(klk+1) =P(k[k)+C(k)[P(k+1]k+1) — P(k+1[k)]C" (k)
cluding time indext + L (if L is a positive integer, a Kalman- (16)
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whereC(k) = —P(k|k)FTFy; TP~ (k + 1]k). The PDA- 16—
Kalman detector is illustrated in Fig. 1. ’ ------------------ ... Decorrelator

E. Initialization

The PDA-Kalman detector requires the initial state estimate
and covariance to start; this information is obtained by recog-
nizing thatz(0) is

PDA-Kalman

Probability of Group Detection Error

Z(O) _ Fal’U(O) (17) Smoother Detector S
5 P!)A-Ka]man ~o
Equation (17) is based on the assumption that because the first £ ° Filtr detector SN
information packet arrives @t = 0, the output of the decorre- 'L’va'v‘;’r"g‘o":: d
lator is zero prior to that time. Hence(—1) is zero. From (17), . et
the predicted state estimate and state covarianke=ab is Yols 2 s B B35 4 4s 1S
SNR (dB)
&(0] - 1) =0 | |
P(O| _ 1) :U2F51F5T. (18) E:)%eg 1g>'¢\a/lr:)?1rtr:a(1:n;:rleo(igrr?s;.)anson, 25-users, 15-length randomly generated

By substituting (18) into (13):(0|0) andP(0]0) is obtained.
process arising from the users’ bits. It turns out that the
IIl. SIMULATION RESULTS iterative “Gaussianization” of these other users by the PDA
detector of [3] makes it a natural fit with a Kalman filter or

In this section, we compare the performance of the Deco”frhoother; the Kalman estimator, in turn, benefits PDA by

Igtor, the DF de_tector, apd the PI?A—KaIman detectp r. The OFEducing the effective noise. The smoothing, particularly,
timal user ordering and time labeling rule proposed in [6] is akounts to a one-step soft look-ahead to time- 1 by the

plied to both the DF and the PDA-Kalman detectors. A perfolgsDA with an accompanying Kalman smoother to mitigate
mance lower bound is also provided by the ideal optimal d%’auésian noise at time. (Deeper look-aheads are possible,
tector that assumes no error propagation. The simulation have shown little improvement compared to their added
performed on an overloaded system of 25 users and 15-Ieng plexity.) Simulation results show that the performance of

random(ljy generdated'fcod?s.d‘ll'he_tt)imeddelgk)‘/.s of the uselrc;sigqﬂ PDA-Kalman Smoother detector, in terms of the probability
are random and uniformly distributed within & symbo urEBfgroup detection error, is significantly better than those of the

powers are generated randor_nJyN N.(4"?’ 4) and are limited for synchronous CDMA can be used to obti#).
to the range of [3], [6] to avoid domination of results by deep
fade errors.

Fig. 2 shows the performance comparison of different detec-
tors. The performance of the new detector is significantly better(t] 3 Jerdu, Multiuser Detection New York: Cambridge Univ. Press,

than that of the DF detector and reasonably close to the perforpy) A puel-Hallen, “A family of multiuser decision-feedback detectors for
mance lower bound. (Note that the lower bound provided by the  asynchronous code-division multiple-access channéEEE Trans.

ideal optimal detector is not necessarily reachable. Commun, vol. 43, pp. 421-433, Feb./Mar./Apr. 1995.
P y ) [3] J.Luo, K. Pattipati, P. Willett, and F. Hasegawa, “Near optimal multiuser

The eﬁeCt of SmOOthing was examine_d by eliminating the detection in synchronous CDMA using probabilistic data association,”
smoothing stage from the detector and usitg|k) andP(k|k) IEEE Commun. Lettvol. 5, pp. 361-363, Sept. 2001.

to obtain the final decision Oh(k). At every SNR value, the [4] M. Varanasi, “Decision feedback multiuser detection: A systematic ap-
’ proach,”IEEE Trans. Inform. Theorwol. 45, pp. 219-240, Jan. 1999.

PDA-Kalman filter-based detector had a higher error probability [5] Y. Bar-Shalom, X. Li, and T. KirubarajarEstimation with Applications
than in the case when smoothing was employed. to Tracking and Navigation New York: Wiley., 2001.
[6] J.Luo, K. Pattipati, P. Willett, and F. Hasegawa, “Optimal user ordering
and time labeling for decision feedback detection in asynchronous
IV. CONCLUSIONS CDMA,” presented at the IEEE ICASSP, Orlando, FL, May 2002.
. . [7] M. Pursley, “Performance evaluation for phase-coded spread-spectrum
Transformation to a decorrelated signal model for asyn- multiple-access communication-Part |: System analy$BEE Trans.
chronous CDMA results in a vector noise process that evolves  Commun.vol. COM-25, pp. 795-799, Aug. 1977.

according to a linear Gaussian system. This would suggest8] F Hasegawa, J. Luo, K. Pattipati, and P. Willett, “Speed and accuracy
comparison of techniques to solve a binary quadratic programming

the use of a K_alma_n te_Chmque to estimate It howev_er’ problem with application to synchronous CDMA,” presented at the
unfortunately, this noise is added to a very non-Gaussian IEEE CDC, Orlando, FL, Dec. 2001.
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