ELECO 2011 7th International Conference on Electrical and Electronics Engineering, 1-4 December, Bursa, TURKEY

SMC-Based Iterative Joint MUD Data Detection, Code Delay and Multipath
Estimation in DS-CDMA Systems

Erdogan Aydlnland Hakan A. Clrpan2

! Electronics Engineering Department, Maltepe University, 34857 Maltepe, Istanbul, Turkey

2 Electronics & Communications Department, Istanbul Technical University, 34469 Maslak, Istanbul, Turkey

eaydin@maltepe.edu.tr, cirpanh@itu.edu.tr

Abstract

In this work, based on a sequential Monte Carlo Method
(particle filtering) a new Bayesian based iterative receiver is
presented for jointly estimation of channel parameters and
multiuser detection (MUD) of transmitted data sequence
over the multipath fading channel in Direct Sequence Code
Division Multiple Access (DS CDMA) systems. The param-
eter estimation of the transmission channel together with
transmitted data sequence is difficult in the multipath envi-
ronment since time delay of the transmission channel rep-
resents nonlinear characteristic. Therefore, we used com-
pletely Bayesian approach to overcome nonlinear charac-
teristic of the channel with respect to time delay.

1. Introduction

Joint estimation of linear and nonlinear channel parameters and
transmitted data sequence can not be obtained with classical
estimation techniques. In many applications of wireless com-
munication, Bayesian based methods offer a numeric solution
to the nonlinear models. To estimate nonlinear/non-Gaussian
models parameters, Bayesian based methods can be adopted to
wireless communication. For a such model, numeric methods
are required for the estimation of nonlinear parameters because
conventional techniques can not estimate these parameters. We
therefore turn to Sequential Monte Carlo (SMC) Methodolo-
gies, also known as particle filtering (PF) [1], to provide an ef-
ficient numerical approximation to the dynamic models. From
this perspective, SMC methodologies are used to offer an ana-
lytic solution, and online estimation to joint estimation of code
delays, channel coefficients, and transmitted symbol sequence
of the multiuser.

Joint estimation techniques for single user and the works
on the multi user case have been also addressed in the literature
[2]. Furthermore, joint delay and multipath estimation has been
proposed in [3], and channel estimation is suggested in [4, 5].
For the applications to DS-CDMA systems, the conventional
Kalman Filter and Particle Filter technique were combined for
the problem of single user detection [6, 7]. The solutions to
the blind detection problem for multiuser systems have been
presented in [8, 9], where decision-directed method was used
to obtain channel information necessary for Kalman filtering.
The combined (mixture) Kalman Filtering and Particle Filtering
have been applied to blind MUD over fading channels [10].

Previous nonlinear estimators for DS-CDMA benefit from
EKF to estimate nonlinear parameters. In contrast to previous
approaches, in [11], the proposed approach for the single user
is considered. In this paper, [11] is generalized for the MUD
and adapted to SMC-based method that is completely PF based
receiver for DS-CDMA system in order to estimate joint sym-
bols, code delays, and multipath channel coefficients for MUD.
We show how PF can be appied to proposed iterative MUD in
multipath environments.

2. Signal Model

In a DS CDMA system, the transmitted complex baseband sig-
nal assigned to the of kth user can be expressed as follows:

M-1 Ne—1
ue) = > skn Y crmgi(t —mT. —nT), (1)
n=0 m=0

. N.—1 - .
transmitted, {cm },,% o is a spreading sequence code where

each chip, ¢, takes values in set {£1}, and N. is the spreading
factor. 1. and T are chip and symbol period respectively and
g(t) is the time-limited causal raised-cosine pulse. In Figure 1,
the equivalent lowpass transmission system model considered
in this paper is shown. The received signal can be expressed as

follows: K M-1 Lp—1
Y(t) = Zzsknzckmzhkl
k=1 n=0

X gk(tfmchanTk,z())Jrn(), )

where hy(t,7) = Lh Y hiy(8)8(7 — 1r,4(t)) denotes im-
pulse response of the tlme varying multipath propagation chan-
nel of the kth user. Lj is the number of independents paths.
hi,i(t) and 74, (t) are respectively time varying complex fad-
ing channel coefficient and spreading code delay of /th channel
path at time ¢ of the kth user. After matched filter operation, the
signal at the output of the matched filter is given

“+oo
rt) = (Y(8).g"(—t) = / Y(t)g" (—t)dt
= Z : Sk,n CZ_ Cle,m hi hi,i(t)
k=1 n=0 m=0 =0

X Rg(t —mTec —nT —7.(1) +n(t), (3

where 7)(t) represents the expression of transmission channel’s
additive white gaussian noise (AWGN) n( ) at the output of the
matched filter and Ry(t) = [7°° g*(7)g(t + 7) is the total
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Figure 1: Structure of the transmission system model

impulse response of the transmission and receiver filters. It is
noted that, the code delay must be provided 0 < 74,;(¢t) < T.
The discrete time signal of (3) can be expressed as fallows

K M-—1 Ly—1
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k=1 n=0 i=m—Lg

X  Rg(mTe —iTe —nT — len(k‘)) + Ny, (4)

where we have assumed that L + 1 expresses the amount of

the interference on the mth spreading sequence of the kth user,
Chk,m, With assumption (L, + 1) < m, hy,(k) and 7, (k)
forl = 0,...,Ly_1 denote respectively complex coefficient
and delay of the [th channel path at time n. If the sum on the
symbol in equation (4) is separated, the information of mth chip
sequence in the nth symbol can be expressed as follows

K Lp—1 m
Tm,n Z Z hl,n(k)sk,n Z Ck,i
k=1 1=0 i=m—Lg
X  Rg(mTe —iTe — nT — 11 n(k)) + Dmn- (5)
Then, equation (5) can be written in vector-matrix notation as
Tm,n:[ U17U2: ) Uk ] [hn(l)vhn(2)v ) hn(K)]T +77m7’ﬂ7
U hy,

(6)
where Uj is skcf,,, where ()" stands for ma-
trix transpose, hy,,7,(k) and i, are hl = [hon(1)
7h1,n(1)7 ey h(Lh—l),n(1)7 hO,n(2)7 hl,n(2)7 ey h(Lh—l),n(2)7
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is expressed as follows
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Then, (5) can be written final vector-matrix form as

Tm,n = Uh,, + MNm,n, (7)

The proposed iterative receiver is shown in Figure 2. As ex-
pressed in it, during the nth symbol interval, the received chip
samples, 7,,, form = 0,1,..., N. — 1, can be expressed as
vector form as follows

r, = ¢n + Tn (8)
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Figure 2: Structure of the proposed iterative receiver
T T
where r, = [Fin,72,n,,"Nen] > P = [Uhy, ..., Uhy]
and n = [M1n, ..., NN.m]” After despreading operation, the
obtained signals in symbol rate is given by
Qi1 Q12 Q1,x S1,n Mon
Q2,1 Q22 Q2K S2,n Nan
\Iln - . . . . + .
QK,1 QK,2 QK,K SK,n ﬁk,n
——— ——
Q, Sn Mn
©))

where 7, ,, represents despreading of nn € CNe*! in the kth
spreading code, and Qg, .k, can be expressed as Q.o =
Prr k2 Rgy, (Tn(k2))hn (k2), where Ry, (7k,,n) asigned to the
ko user is Ry, (end,:), hi, n denotes the time varying com-
plex fading channel coefficient of the koth user, and py, k., rep-
resents the cross-correlation between the spreading code of the
klth and the koth user and is defined as px, k, = (Ck,,Cry) =
N Zm 1 Cky,mCko,m The set of desipreading filter outputs

n - [\I/n,lv n,2, "'v\I/ThK}

matrix form as _
\Il’ﬂ = Qns” + nn’

can be represented in vector-

(10

3. Particle Filter Based Parameters
Estimation
Following [6], the time varying complex fading coeffi-
cients h;, (k) and spreading code delays 7., (k) for [ =

. Ln,k=1,..., K can be described as a first-order Auto
Regressive (AR) processs:

Tin(l) = a1171,n-1(1) +v1,0(1),
TLpm(1) = 01,0, 7L,n-1(1) +vL,.n(1),
T1n(2) = a2171,n-1(2) + v1,0(2),
TLpn(2) = 02,0,TL,n-1(2) +vL,.n(2),
TLpn(K) = ok 0, T, n-1(K) + v, (K),

(11)
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hin(1) = PBrihin—1(1)+v1,0(1),
than(l) Blththa”—l(l) + tha”(l)?

hl,n(Q) - B2,1h1,n71(2) + Ul,n(2)>
hr,n(2) = Bar,hr,n-1(2) +vL,.n(2),
hr,n(K) = Prr,he, n—1(K)+vr, «(K),

(12)
where parameters of oi1,...,a1,L,,02,1,...,0aK L, and
Bi1,...,B1,L,, 521, .., Bk, L, indicate the changing of mul-
tipath channel with time.v11,...,v1,2,,v2,1,...,VK, L, and

V1,1,-..,V1,L,,V2,1,--.,VK, L, are AWGN with zero mean
and respectively variance o2, 02, i.e., N'(0,02), N (0, 02).

The equivalent vector-matrix representation of the equa-
tions (11) and (12) is given by

(1) T [T A1 0 0 0 Tn-1(1) 7 [va(1)
Tn(2) 0 Ay O 0 Tn-1(2) vn(2)

. =l . . . +H .
m(K)] L 0 0 0 Ax Jlm-1(K)] n(K)
n A " Tn—1 Vn

(13)
h,(1) T T B1 0 0 0 h,—1(1) 7 [va(1)
h,(2) 0 B> 0 0 h,—1(2) vn(2)
. = . . +H .
h(K)] L 0 0 0 Br |lhh_1(K)] [v.(K)
——— > ——
h,, B hy, 1 Un
(14)
where 7,,(k) = [ria(k),..., 7, n (k)] and h,(k) =
[h1n(k), ... kL, n(E)]" are (L x 1) vectors , 0 is an
(Ln x Lp) all zeros matrix , Ay = diag{ak,1,...,0m,L,}
and By = diag{fk,1,- .., Br,L, } are diagonal matrixes of size
(L % L), vn(K) = [in(k), ... ve, o(k)]T and vn(k) =
[Vin(k), ..., vr, o (k)T are (L x 1) AWGN vectors. Then,
(13) and (14) can be rewritten in final vector-matrix form as
Tn =ATn—1+Vn,  hy=Bh,_1 +v,, (15)
where A and B are block diagonal matrixes, ie., A =

diag{A1,...,Ax} and B = diag{B1,...,Bx}.

We can then combine (8) and (15) to express the following
state-space representation

State Equations:

Tn = AT,L,1 + Vn, hn == Bhn—l + Un, Spn = Ssnfl + d'n

Observation Equation:

rn, =¥, + Mn, (16)

where S is an (K x K) shifting matrix whose all elements
are zero and dy, is the (K x 1) vector that includes the new
sysmbols, sk, di = [S1,n, S2,n, - - - ,sK,n]T k=12,... K.
By means of Bayesian perspective, the estimation of the
state sequence {S1.n,T1:n,h1:n} can be obtained with joint

posterior probability distribution of the system state p(si.n,
Ti:n, M1:n|r1:n). Since the estimation of the later density of
the system state can not be analytically obtained over the
time, the closed form solution of the system sequence is
not possible. Therefore, we appeal to PF technique. Ac-
cording to this technique, the system state is approximated
using N discrete random measures that are defined with
particles,{ (S1.n, T1:m, h1. )P}V, and associated importance
weights, w.

The next important factor in the PF have been defined
importance function. Since particles can be generated ac-
cording to importance function, 7(S1:n, T1:n,h1:n), instead
of p(S1:n, T1:n, Niin |X1:), this function must have same sup-
port with probability distribution function that is obtained
approximately. Then, normalized weights are computed as
ng)(Sl n,T1 ns h1 n‘l‘l n)/7r(sl ms Tlin, h1 n) where w(z) =

*(Z)/ Z L wn ® is nonnormalized weight. If
the importance density is factorized as m(S1.n, T1:n, N1:n) =
T17_, mi(si, 7, h;), then the particles and associated impor-
tance weights are updated according to equations (17) and (18)

where w;,"*

(Snt1s Tt Mg 1) ~ Tt (S, Tngt, hogt) — (17)
2 sy PO S P 7 s 7o i)
n+l n i
7Tn+1(s£w>rl:7'n+17h£h)q)
(18)

In literature, there are two frequently used importance func-
tions which are priori and optimal importance function. Opti-
mal importance function minimizes the variance of the impor-
tance weights. This function is given by

Tnt+1(Snt1, Tnt1, nt1)
@

(1) h(l)

p(sn+177—n+1> 7L+1|s n 7rn+1)

o< PS4, Tut1, M1, Pog)
X p(Tngt, hga |78 0 rng). (19)

Unfortunately, since the calculation of the last term in equation
(19) is difficult, the following approach is provided as follows
T T O RN ORI
JICNEY) SURYE SO Y
UIEY) TN S

P(Tnsa |78 )p(hy g1 [RE).

X

(20)

Q

Note that to obtain final form of equation (20), we assume that
the channel, h, and code delay ,7, are independent of each other.
When equation (20) is put into (19), the importance function is
obtained as follows:

Tt 1 (Sn1s Tt 1) = P(Snt1[SY), Tgt, Mo, )

256

' p(hnsa b)), @D

The proposed iterative PF technique consists of Initializa-
tion, Importance Sampling, Weight Update, Estimation and Re-
sampling which are described in detail in the following para-
graphs.

X p(Tn+1]

3.1. Initialization

The a priori density of the code delay p(7—1) is uniform in
the interval (0, 7). We assume that spreading code sequences

of all the users, i.e., ¢ = [Ch1,Ch.2,---,ChN.|" for k =
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1,2,..., K, are known by the receiver. In practice the fist sym-
bol of all the users, s_1, is known by the receiver. Suppos-
ing that the transmission channel has a Gaussian distribution
N (h_1,0%), where h_; is the mean and o7 is the variance of
the channel. The initial values of the channel paths, ﬁfl, have
been estimated using pilot symbol during the first communica-
tion, and all the initial weights of the particles are equal.

3.2. Importance Sampling

Considering(21), it can be seen that the importance function
consists of three distributions. Code delay and channel coef-
ficient distributions are obtained by sampling according to

0~ NATD 62), b ~ NBh, o2).

n+1 (22)

Since the transmitted symbol sequence is not sampled di-
rectly using state equation, they are sampled from p(s,+1
\sn s Tn+1, Mnt1, pi1). Since these symbols are i.i.d. dis-
crete uniform random variables, this distribution can be written
as follows

(1)

p(S +1|sn ) n+1ah£7,l_)‘_17‘1ln+l)

o p(nialsntr,s, éﬁphiﬁrl) = N(tns1?,0%)
= N(“n+1(i)7o-%)a (23)
where, i i i
) Q2,1 Q2,2 ce 2, K 52,(n+1)
l’l’n+1 - : :
%),1 %)2 Er?K SK,(n+1)
QS_)Fl Sn+1
24
ie., ,ui,)ﬂ = Qn+1s“+1 where Q;ll)e =
pgf,lek)( flz)(k))hff)(k) It is noted that, given s in or-

der to generate the new symbols, only SS)H have required.
Therefore, the new symbols can be obtained by assigning
posterior probabilities to alphabet Y = {V1,)2 ,...,);} that
is used in the modulation. Then probability mass function is
calculated as

©)

§(i)(s’ﬂ+1) = p(Sn+1 y.llsn ) n+17h§f-)‘—17‘11n+1)
_ N(Nn+1(ya) ) 5)
Yyey Nuiha (), 02)
fori = 1,..., N. Finally, (s"+1|s" T +1,h£w)rl:‘1’n+l) is

obtained by putting the £ (s, 1) in place of an

3.3. Weight Update

The probability density p(¥,, 11 |s£f>+1, T(Lﬂ)rh hgf)ﬂ) can then be

written at the symbol rate

p(\Iln+1|sn+1, 7(H)-1’

hib’b-)l—l) - N(Mn“rl(i)a U%)? (26)
Once the new particles have been sampled, the importance
weights are updated. The updated weights are computed in

equation (27) substituting (21), (23), (25) and (26) into (18).

257

w w(i)p(q’n+l|sff)+1» 7(1217h7(114)r1)p( |s )
n+1 n 6(1)( ) n+1
~ wgli)p('l’n+l‘sn+17 ﬂphmﬁ
£ (s ()1)
= WS N@L (), 00) 27)
Yey
Then normalized weights are wffil = w:fﬁl (Zi\f 1 w:;(ﬁ)
3.4. Estimation
The minimum mean square estimate (MMSE) of
the code delays and multipath channels are given
. ~MMSE
by 7'(%%1515 = ZivlT(§13L+lw'EL—)0—17 0:n+1 =

N
2im1 ht()lzwlwa(;)tl
estimate of the symbols

arg max {Zf\;1 5(55 21-4—1
——

SO:n+1

3.5. Resampling

and maximum a posteriori (MAP)
“MAP
is presented as Sg.,i1

(2)
n+1

sO:n+1)

Resampling [12] is a technique where particles with negligible
weights are removed and particles with considerable weights
are replicated. The resampling can be implemented when-
ever the effective sample size N.f; , estimated by Nej; =
ﬁ < N/2 is below a certain threshold N¢pres.
SN )

4. Simulation Results

In this section, we provide computer simulations to demonstrate
the performance of the proposed iterative SMC receiver for
Multiuser DS-CDMA system with BPSK modulation in mul-
tipath fading channel. Orthogonal Walsh-Hadamard codes are
used for spreading. Spreading factor N, = 64, transmitted
symbols M = 500. L, is limited to 7 samples. Roll-off factor,
Qrep, 18 0.3. The number of multipaths L;, = 3 and N = 200.
The code delay and multipath channel are modeled as first order
AR process driven by a white Gaussian noise with equal vari-

. 2 2
ance, i.e., 0, = o0, = 0.00l. 11 =12 =,...,= a1, =
goeey— CMK,LhO.9997 ﬂ171 = [‘31,2 ey — ﬂlth,...,Z
Bk,r, = 0.999.

First, we consider the situation that the channel coefficients
and symbols are unknown by the receiver to demonstrate the
estimation of code delay tracking performance. Figure 3 shows
the code delay tracking performance of the proposed Blind
SMC receiver for the kth user with the three code delays. As-
suming that in the Figure 3; E,/No=25 dB where E; is the
energy per symbol and Ny is unilateral spectral power density.

The channel paths tracking performance of the proposed
Blind algorithm with unknown symbols and code delays is
given in Figure 4 where F/No=25 dB.

In Figure 5, the bit-error-rate (BER) performance of the
proposed iterative SMC receiver with the unknown channel co-
efficients and code delays as well as with the known chan-
nel coefficients and code delays in multipath fading channel
is shown. The decorrelating decision feedback detector (DDF)
[13] is used in the comparision of proposed method. We provide
BER versus SNR performance for K = 3. For the scenario of
K = 3, the number of multipaths L, is 3.
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Figure 3: Code delays tracking performance of the proposed

iterative SMC receiver for the kth user at E; /Ny =25 dB.
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Figure 4: Channel paths tracking performance of the proposed

iterative SMC receiver for the kth user at E5 /Ny =25 dB.

5. Conclusion

In this paper, we have developed a new recursive receiver joint
estimation of code delays, channel coefficients, and transmit-
ted symbol sequence based on Sequential Monte Carlo method-
ology for MUD in DS-CDMA systems with multipath fading
channels. The proposed sequential approach presents the online
joint estimation of channel parameters together with transmitted
symbols without using training data for MUD in DS-CDMA

systems.
6. References

[17 A. Doucet, J. F. G. de Freitas, and N. J. Gordon, Eds.,
Sequential Monte Carlo Methods in Practice,. Springer,

New York, NY, USA, 2001.

[2] T. Ghirmai, M. F. Bugallo, J. M"1guez, and P. M. Djuric,
“Joint symbol detection and timing estimation using par-
ticle filtering,” in PProc. IEEE Int. Conf. , Acoustics,
Speech, Signal Processing (ICASSP *03), vol. 4, pp. 596-

599, Hong Kong, April 2003.

[3] R. A. TIitis, “A DS-CDMA tracking mode receiver with
joint channel/delay estimation and MMSE detection,”
IEEE Trans. Communications, vol. 49, no. 10, pp.

17701779, 2001.

[4] W. Hong, C. Rong-Rong, W. C. Jun, S. Andrew ,

258

—b— DDF K=3
—<— PF K=3 with unknown t, h
—#— PF K=3 with known 1, h

10_4 i i i i i
0 5 10 15 20 25 30
SNR (dB)

Figure 5: The total BER performance of the proposed iterative
SMC receiver in the multipath environment with three paths

[10]

P. James, and F. B. Behrouz, “Joint channel estimation
and Markov Chain Monte Carlo detection for frequency-
selective channels,” Proc. the 6th IEEE Sensor Array
and Multichannel Signal Processing Workshop (SAM), pp.

8184, 2010.
J. Zhang, H. Luo and R. Jin “Particle filter for joint fre-

quency offset and channel estimation in MIMOOFDM
systems,” Journal of Shanghai University 13 (6), pp. 438-
443,2009.

R. A. Iltis, “Joint estimation of PN code delay and multi-
path using the extended Kalman filter,” IEEE Trans. Com-

munications, vol. 38, no. 10, pp. 16771685, 1990.
E. Punskaya, A. Doucet, and W. J. Fitzgerald, “Parti-

cle filtering for joint symbol and code delay estimation
in DS spread spectrum systems in multipath environ-
ment,” EURASIP J. Appl. Sig. Proc.,pp.2306-2314,Issue

15, 2004.
P. H.-Y. Wu, A. Duel-Hallen,“A Multiuser dedectors with

disjoint Kalman channel estimators for for synchronous
CDMA mobile radio channels,” I[EEE trans. Commun.,
vol. 48, no. 5, pp. 752-756, 2000.

B. Flanagan, C. surpin, S. Kumaresen, J. Dunyak
“Performance of a joint Kalman demodulator for mul-
tiuser dedection,” V'TC’02, vol.3,pp.1525-1529, Vancou-
ver, Canada 2002.

E. Punskaya, C. Andrieu, A. Doucet, and W. J. Fitzger-
ald, “Particle filtering for multiuser dedection in fading
CDMA channels”, In Proc. 11th IEEE Signal Processing
Workshop on Statistical Signal Processing , pp. 38-41,
Singapore, August 2001.

E. Aydin and H. A. Cirpan, “Bayesian-Based Iterative
Blind Joint Data Detection, Code Delay and Channel Esti-
mation for DS-CDMA systems in Multipath Environment
. 7th International Wireless Communications and Mobile

Computing Conference, pp.1413-1417,Turkey,July 2011.
A. Doucet, S. Godsill, and C. Andrieu, “On sequential

Monte Carlo sampling methods for Bayesian filtering,”

Statistics and Computing,vol.10,n0.3,pp. 197208, 2000.
A. Duel-Hallen, “Decorrelating decision-feedback mul-

tiuser detector for synchronous code-division channel,”
IEEE Trans. Commun., vol. 41, pp. 285-290, Feb. 1993.



