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An lterative Maximum SINR Receiver for
Multicarrier CDMA Systems Over a Multipath
Fading Channel With Frequency Offset
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Abstract—A robust iterative multicarrier code-division the other is a scheme of parallel transmission of narrowband
multiple-access (MC-CDMA) receiver with adaptive multiple-  direct sequence (DS) waveforms in the frequency domain. In

access interference (MAI) suppression is proposed for a pilot the former system (referred to as MC-CDMA), a spreading

symbols assisted system over a multipath fading channel with £l Y i ial-t llel ted d
frequency offset. The design of the receiver involves a tvvo-stageSeoluence 0 ) eng 1S seng- 0-para e_ converted, an )
procedure. First, an adaptive filter based on the generalized then each chip modulates a different carrier frequency. This

sidelobe canceller (GSC) technique is constructed at each finger implies that the resulting signal has a spreading sequence in
to perform despreading and suppression of MAI. Second, pilot the frequency domain. In the latter system (referred to as MC
symbols assisted frequency offset estimation, channel estimationDS_CDMA) the available frequency spectrum is divided into
and a RAKE combining give the estimate of signal symbols. In M y 'cith f band . Each f

order to enhance the convergence behavior of the GSC adaptive eq_U| wi feque”CY ands, or cammers. Eac requency
filters, a decisions-aided scheme is proposed, in which the signalPand is used to transmit a narrowband DS waveform, which
waveform is first reconstructed and then subtracted from the input  means that the spreading operation is done in the time domain.
data of the adaptive filters. With signal subtraction, the proposed Both of these two types of schemes can offer frequency diver-
MC-CDMA receiver can achieve nearly the performance of the gty and robustness to the adverse effect of frequency-selective

ideal maximum signal-to-interference-plus noise ratio receiver as- . L -
suming perfect channel and frequency offset information. Finally, fading. In addition to multipath effects, an MC-CDMA system

a low-complexity partially adaptive (PA) realization of the GSC IS also subject to limiting factors such as multiple-access
adaptive filters is presented as an alternative to the conventional interference (MAI) and intercarrier interference (ICI) induced
multiuser detectors. The new PA receiver is shown to be robust by frequency offset. In forward link synchronous transmission
to multiuser channel estimation errors and offer nearly the same i1y good channel conditions, MAI can be eliminated by em-
performance of the fully adaptive receiver. . - S .
ploying orthogonal spreading codes. However, this is typically
t I_nctie>; Terms—(|3enera_lized f{id‘e('&bse”\?gf;ce”er; maXimLIJtm signal- not achievable in reverse link asynchronous transmission or
o-interference-plus noise ratio receiver, multicarrier - ;
code-division nF:uItipIe access (MC-CDMA), partial adaptivity under poor channel conditions, where orthogonality among
(PA). spreading codes no longer holds. .
In order to effectively combat the MAI, a CDMA receiver
should be able to perform adaptive processing at the chip or
. INTRODUCTION symbol level [2]. On the other hand, to cope with the ICI, an
HE DIRECT sequence code-division multiple-acces@FDM receiver needs to obtain an estimate of the frequency
(CDMA) air interface has been selected to be a major ca@ffset before further processing [3]. Unfortunately, the fre-
didate for providing multimedia services in the third-generatioitiency offset cannot be accurately estimated in the presence of
(3G) mobile radio communications. This is mainly due to it§trong MAI. This dictates the development of an MC-CDMA
soft multiple access characteristics, robustness against fadiiggeiver with effective MAI suppression before frequency offset
and anti-interference capability. Recently, a new CDMA tecl§ompensation. More importantly, the suppression of MAI must
nology has been proposed based on the combination of CDMA frequency offseindependentTo this end, a novel iterative
and multicarrier (MC) transmission to support high data ragsglaptive receiver is proposed which involves the following
services [1]. The MC-CDMA systems can be categorizdthplementation procedure. First, a set of adaptive filters, one
into two major types [1]: One is a combination of orthogondbr each finger, is constructed to collect multipath signals with
frequency-division multiplexing (OFDM) and CDMA, anddifferent delays, assuming that an initial timing estimate is
available. The tap weights of each adaptive filter are determined
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Fig. 2. Structure of proposed iterative MC-CDMA receiver.

Fig. 1. Transmitter of an MC-CDMA system.
frequency domain, as shown in Fig. 1, such that the complex

signal multipath components coherently and give the estiméi‘%sgbtand eqbw\l/alentbtrans_?tntted sgnal ofttteuser over the
of the signal symbols. In order to enhance the convergen% ata symbol can be written as [9]

behavior of the GSC adaptive filters, a decisions-aided scheme M-1
is proposed, in which signal waveform is first reconstructed si(t) = 0% Y cx(m)dg(i)e?? /Tt 1)
by exploiting the frequency offset estimate, channel estimate, m=0

symbol decisions, and signal’'s signature. The reconstructvt\alﬂeret € [iTh, (i + 1)T3], with T} being the symbol dura-

signal waveform is subtracted from the GSCs input data Seffgn o2 is the transmit powery,(m) is the spreading code with
to the next iteration. Due to signal subtraction preprocessi Tk

the output signal-to-interference-plus noise ratio (SINR) p(rawrg’“(m)| = 1, di(i) is theith symbol assumed to be indepen-

formance of the adaptive filters can be significantly improvegient and identically distributed (i.i.d.) with zero-mean and unit

51 leading to better f fset estimati h T\riance andV/ is the number of subcarriers. The transmis-
[ ]’. eading 1o betler irequency ofiset estimation, channgi,, -annel is modeled as with, resolvable Rayleigh-fading
estimation and RAKE combining, as iterations proceed. It

¢ thy that th d : biracts th timaba hs, and a guard time @; is inserted aftes: (¢) to cope
noteworthy that the proposed receiver subtracts the estim the intersymbol interference (I1Sl). After passing through

signal waveform before MAI suppression. This is oppositﬁe channel and removing the guard time, as shown in Fig. 2,

to conventional interference cancellers [7], which estima.[ﬁe received complex baseband data can be expressed as
and subtract MAI instead. More specifically, adaptive MAI

suppression is performealindly without the signal’'s channel B K Lk _ iamAfti _
and frequency offset information. This means that the proposed ~ T(t) = Y _ Y _ @k 1€/ tsi(t — 7o ) +7(t) (2
receiver can be initialized and MAI can be effectively sup- k=1i=1

pressed without the aid of pilot symbols and frequency offs@ghereA f;, is the frequency offset associated with fttl user

compensation. The only information required is the timin@ue to oscillator drifting)@y.,; andry,,; are the complex gain

information for performing FFT. It is shown that the proposednd delay of thdth path of thekth user, respectivelyi(t) is

receiver can provide nearly the performance of the optimgie additive white Gaussian noise (AWGN) with pow&r. The

maximum SINR (MSINR) receiver [5] with a few iterations.received data is samplediat= iT, + nT,. over theith symbol

Finally, a low-complexity partially adaptive (PA) realizationduration, wherel. = T}, /M is the chip duration, yielding the

[8] of the GSC adaptive filters is proposed as an alternativiscrete-time data samples [3]

to the conventional multiuser detectors. In particular, partial K L

adaptivity is achieved by working with a reduced size blocking. . N J2men (i4+(n/M)) i (n) + 7i(n)

matrix obtained by projecting the estimated MAI compositeé i(n) = ;;ak’le Fk, 110 T Rl

channel vectors onto the range space of the original blocking T L

matrix. It is showr_1 that the Iow-co_mple_xny PA receiver is :eﬂmiZaueﬂm(n/M)sil_l(n) + wi(n) +7i(n)

insensitive to multiuser channel estimation errors, and offers = ’

nearly the same performance of the fully adaptive receiver. In ©)

summary, the proposed MC-CDMA receiver with PA MAI

suppression performs robust and near optimal signal receptfohn = 0, 1, ..., M — 1, where user 1 is assumed the desired

with tolerance to large frequency offsets and resistance 48€r

strong MAL. K Ly
u;(n) = Z el?mert Z@k,zeﬂm“ /Mg 1(n)  (4)

II. MC-CDMA D ATA MODEL AND MSINR RECEIVER k=2 =1

Suppose that there atE active users in an MC-CDMA is the MAI,s’;;,,(n) = s (t — Tk, 1) lt=iTy+n1., ANder, = A fi. Ty,
system. Each user is assigned a unique spreading code inishtbe normalized frequency offsét= 1, 2, ..., K.
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After fast Fourier transform (FFT), the received data in thglAl vector, n(i) = [n;(0), ..., n;,(M — 1)]T is the noise
frequency domain is given by vector, andl’ denotes the transpose. Rewriting (10), we get
M-1 . . o/ . . o/ .
ri(m) = Y F(m)e e x(i) = b (i) + (i) +n(i) = 1(9) +i(i) +n(i) (13)
n=0 where
Ly I
= el2meri ai. e (m) +vi(m) pdi(e S N
{l; 1 1¢1,1(m) + i ( )} 1(7) hy =Y ag e +vi = E{x()d} (i)}  (14)
+ui(m) + ni(m) (5) =
is the equivalentomposite channel vectof user 1 due to fre-
form=0,1,..., M — 1, where quency offset and
— sin(mer) jmer (M—1)/M . N\ j2meri
Q1= G e A edmer(M=1)/M) (6) dy, (i) = dy(i)e*™ (15)
is the equivalent complex path gain with the effects of transnigtthe “frequency shifted” symbol varying with time ind&and
power and frequency offset incorporated s1(7) = hid,, (7) is the signal vector. With the data model in
i (om /M) (rs. /T2 (13), itis clear that a receiver for user 1 is one that identifies and
c1,1(m) = cp(m)e™ =TT 1 e (7)  removesh, to retrieved; .(i). Frequency offset compensation
is the spreading code sequence premultiplied by the linear phghs%n recovers, (i) from di, .(i). For example, a linear receiver

due to path delay, 1, andu;(m) andn;(m) are the FFT of combines the entries of() into an estimate of; .(4), i.e.,

;(n) andm(_n),_ respectively. The terry (m) is the ICI at_the dy. (i) = wx(i) (16)
mth subcarrier induced by the frequency offset and is given by '
L, M-l wherew; is the weight vector, and! denotes the conjugate
_ transpose. The weight vector can be chosen in accordance with
vi(m) = m, p, €1)c 8
1(m) Z Z Ari(m, p, )er,i(p) ® the popular minimum mean-square error (MMSE) or MSINR

=1 p=0, p#m R .
h criterion [5]. For the MMSE receiver, we have
wit
_ —1
_ sin(w[er — (m —p)]) w1 =R,y 17)
ﬂlvl(m7 D, 61) = 0101,
sin(7[er — (m — p)]/M) where
x em(er=(m=p)((M-1)/M) (q)
R, = E {x(i)x” (i)} = h;h{ + R, (18)

being the corresponding complex gains. Note that the first com-

ponent on the righthand side of (5) is the symbold; (i) pre- is the post-FFT data correlation matrix, with

multiplied by an effective channel gain due to multipath fading

and frequency offset. Ri, = E {(i(i) + n(i))(i(:) + n(i))" } (19)
The post-FFT received data over tith symbol can be put

into the M x 1 vector being the post-FFT interference-plus-noise correlation matrix.

For the MSINR receiver, we have
x(i) = [#:(0), wi(1), ..., z:(M = 1)]T

?

L. wi; =R 'hy. (20)
__ _j2meyt . sl .
=e {Zalvlclv’ + Vl} d1(2) +1(7) +n(7) (10)  gjnce the channel vectdr, is obtained with the frequency
=1 shifted training symbols, the receivers in (17) and (20) are
where referred to as the frequency shifted (FS) MMSE and MSINR
B T receivers, respectively.
c1,1 = [e1,1(0), 6171(1)’_‘ - eLi(M = 1) Finally, from (13) and (16), with the frequency offsetesti-
= [cl(o), c1(1)e=2m /M) /Te) - mated as1, the symbol decisiod; (i) can be obtained by

er(M = 1)e=32m((=D/M)(.1/ T")]T (11) dy (i) = ded[dy o(i)e 727417}, (21)

is the post-FFBignature vectomssociated with théh path of Popular frequency offset estimators are readily found in the lit-
user 1 erature [3] and [10]. For example, the maximum-likelihood es-
timator (MLE) [3] is the optimum estimator under AWGN
vi = [v1(0), v1(1), ..., vy(M — 1)]*

N,—1
L, M-1 < 5 - (s ;
! Im[d; (e+1)d;(e4+1)dy (3)d1(2
=S bulmop e 2 1) & DG 0 )]
€1 = — tan

=1 p=0,p#m 2T Np—1 ~ A
Re[dy (i+1)ds(i+1)ds ,(i)dy (i
is the ICI vector, by ;(m, p, e1) = [B1,1(0,p, €1), ..., 1; el (DAL, ()0 ()]

B (M =1, p, €1)]T,i(5) = [ui(0), ..., ui(M — 1)]T is the (22)
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whereN,, is the number of pilot symbolgd; (<) }. Most existing
frequency offset estimators are developed based on the assump-
tion of no or little interference (i.e., AWGN). With the presence

of strong MAI, these estimators often degrade seriously. It is,
thus, necessary to perform interference suppression before fre-
quency offset estimation. In the next section, an iterative adap-
tive receiver will be proposed which initializes without the aid w};’,') =c,, —Buﬁj)

of channel and frequency offset estimation, and approaches the

optimal MSINR receiver in an successive fashion via signal réig. 3. Structure of GSC for master adaptive filters.
construction and subtraction.

x(j)(l')

interference cancellation is the LCMV criterion [4] which de-
IIl. DEVELOPMENT OFPROPOSEDMC-CDMA Receiver ~ termines the weight vectors according to

An iterative MC-CDMA receiver is developed whose overall min ng)l RY >w§{>, subject tow(” ci,i=1 (24)
schematic diagram is depicted in Fig. 2. The receiver consists %1':
of an upper branch and a lower branch. The upper branglt; = 1, ..., L;, where
consists of the “slave” adaptive filter bank, frequency offset ) YL
estimator, composite channel vector estimator, and RAKE R; :E{X (i)x (Z)} (25)
combiner. The lower branch involves the “master” adaptiyg the post-FFT data correlation matrix at tfth iteration.
filter bank and signal reconstruction. At thgh iteration, In LCMV combining, the adverse phenomenon of signal can-

the master adaptive filters process the “signal subtractegkation usually occurs due to the mismatch of signature vec-
datax?)(i) and compute an adaptive weight vector for eadfars [11]. With such mismatch present, the signal can be treated
finger, which provides effective signal (including multipath an@s interference and receive a very small gain. An effective so-
intercarrier interference) reception and MAI suppression. Tigion proposed herein is to employ the scheme of GSC [4],
weight vectors of the master adaptive filters are then copi@ghich is essentially an indirect but simpler implementation of
to the slave adaptive filters, which operate on the original datge LCMV algorithm. The concept of GSC, as depicted in Fig. 3,
x(i) to yield signal symbol decisions. In summary, the desigs to decompose the weight vector into two branchzeg)l =
of the receiver involves the following procedure. First, a slavce Bu(Jl Inthe upper brancle;; is the fixed matched filter.
adaptive filter for each finger transforms(i) from the chip Inthelower branchB is a predesigned “blocking” matrix which
domain to symbol domain and performs MAI suppressiopemoyes the signal component (including multipath and inter-
Second, frequency offset estimatiafy (), path gain estimation carrier interference) i) (4). Thus, the upper branch contains
(a“)s) and a RAKE combiner give the signal symbol decisionspth the signal and MAI, and the lower branch contains only
(d(”( )). Finally, composite channel vector esumaudn‘ﬂ@ the MAI. The goal is then to choose the adaptive weight vector
and waveform reconstructiod{(’ (1)) is done by exploiting the Ug ) to cancel the MAI in the upper branch output. To apply the
frequency offset estimate, path gain estimate, signal Symmc in constructing the adaptive filter bank, two modifications
decisions, and signal’s signature vectors. The reconstrucfé®puld be made. First, instead of blocking signals for a specific
signal waveform is then subtracted from the data sent to tAath,B must remove signals from the entire delay spread so as
next iteration to obtain an estimate ®;, for the master 0 avoid signal cancellation. Second, sif8es required to re-

adaptive filter bank. It is noteworthy that the master and slafioVve all multipath signals, it is natural to share the sarfer
adaptive filters use different input data. all L, fingers, instead of using a different matrlx for each adap-

tive filter. Following the procedure of GSG],M is determined
by the following MMSE problem:
2
2 : } . (26)
master adaptive filter bank in the lower branch. Suppose that at ()
the jth iteration, the RAKE combiner consists &f fingers, .
with each finger equipped with an adaptive filter. The adaptiv@olving fOVU(J) and substituting i ”’W1 | =cii- Bugj,)z gives

A. Construction of GSC-Based Master Adaptive Filters

The following development considers the design of the 11nE{ x(J)() ugj,')lHBHX(j)(Z')

filter at the lth finger is a linear combiner matched to the ) oo~ e o (7
post-FFT signature vectes ; whose output is given by w' = {I -B (B jo)B) B jo)} c1,1 (27)
for I = 1,..., L;. Since the upper branch contains both
yﬂ( ) = g )z x) (1) (23) the signal and MAI, and the lower branch contains the MAI

only, minimizing the error between the two branches leads
, ' naturally to an adaptive weight vector that cancels the MAI.
wherewi{)l is the weight vector, anet"/) (i) is the post-FFT The solution in (27) involves the inversion BF RY)B whose
data vector. Note that, as depicted in Figx2) (i) = x(i). To size depends on the number of column®ofin the following
ensure an effective suppression of MAI, adaptive cancellatigactions, methods for choosii®jand efficient realization will
is performed for each of thé, filters. A popular criterion for be discussed.



564 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 2, NO. 3, MAY 2003

B. Selection of Blocking Matrices C. RAKE Combining and Decisions-Aided Signal

As seen in (13), the blocking matriB should satisfy Reconstruction

Bfh; = 0 in order to remove the signal. Unfortunately, The GSC adaptive filters are a variation of the LCMV
h; is not available, and a feasible alternative approadombiner and share the same characteristics of the latter,
would be to remove the possible components constitutiegg., good interference cancellation and poor convergence. By
h;. Ignoring the frequency offseB can be chosen to bepoor convergence, it is meant that there is usually a certain
a full rank M x (M — L) matrix whose columns are or-degradation due to finite data samples. In [6], an analysis of
thogonal to{c; 1, c1,2, ..., c1,1,}. as suggested by (14).the LCMV beamfomer reveals that the main cause of its poor
With the unknown frequency offset taken into accouBt, convergence is the presence of a nonzero cross correlation
should be constructed to remove signal components withietween the signal and interference-plus-noise due to finite data
a “broad” range of hypothesized frequency offset valuesamples. The cross-correlation term induces a perturbation on
To this end, a method is proposed in which a dense settbé beamformer weight vector, which in turn causes a drop in
frequenciesf,, n = 1,2,..., N, is chosen to accom- output SINR. With the increase of data sample size, this cross
modate an offset rangAF, < 1/T,, and B is chosen to correlation gradually vanishes and the LCMV beamformer
be anM x M’ matrix whose columns are orthogonal t@approaches the optimal MSINR beamformer. The same state-
{c1,1(fn); c1,2(fn), ..., e, (fn)}h m = 1,2,..., Ny, ments apply to GSC adaptive filters. First, the data correlation
where matrix in (27) is replaced by its sample average version under
finite data samples
Cl,l(fn) = FFT{”:FT{CLI} ) N.
RU) — D NxD" D =R.+R.. +R.
. [17 o eﬂﬂ(M—l)fnr} 28 RY =+ ;x (i)x97 (i) = Ry + Rin + Ra,in (31)

whereR, R;,,, andR_;,, are the sample signal correlation ma-
t1rix, interference-plus-noise correlation matrix, and cross corre-

wise) product. Depending on the widthA, , the abovel; N; lation matrix between signal and interference-plus-noise. Using
: ; ; / the factB”R,, ~ 0, we have

signature vectors will span an effective rankddéf- M'. In other

words, a set o/ — M’ vectors can be found well representinqvo) —[1- B(BHR, B)_1BHR, Jers

these signature vectors. A simple method for finding these rep?:' " o " N

resenting vectors is via the eigenvalue decomposition of the fol- —B(B"RinB)  B"Rs inc1,i. (32)

lowing matrix:

is the distorted post-FFT signature vector of ttiepath due to
frequency offsetf,,, with ® denoting the Hadamard (elemen

Note that the first term on the righthand side of (32) represents

L b Ny M the “optimal” MSINR weight vector in (20) [12], and the second
Rp=— Z Z cri(fa)et’ (fu) = Z Aieie/l (29) term represents the perturbation leading to poor convergence
L i i=1 [6]. A natural way to remedy this is then by removing the per-

where{);} and{e;} are the eigenvalues and eigenvectors &lrbatlon term, which can be achieved by removing the signal

i@ (; R. . — ' it-

R; in descending order. Depending on the width\df;, there com_ponent Ix (Z.) suc_h thaRSz o .O' T_h's suggests an it
; , . . . . erative procedure in which the signal is estimated, reconstructed
will be M — M’ dominant modes (with large eigenvalues) in

ithi i i+1) (s i
(29). The blocking matrilB can then be chosen to consist of thel?;trg?g 2 iteration, and subtracted frasf (i) atthe(j +1)th

L e . X .
\r/zrlzzsmngM eigenvectors associated with the smaller eigen- 1) Frequency Offset Estimation and RAKE Combinirg:

the jth iteration, the slave adaptive filters in the upper branch

B = {enr—141, €142, -- s €ar ). (30) are used to despread the original post-FFT otéfa
: ) (s D ) D : O

Due to the orthogonality amorgs, the so constructd8 should  7,”;(i) = wy’; x(i) = ¢y} hidy (i) + w)’; n(i) (33)
satisfyBfc; i(f,) ~0,l=1,2,..., Li,n=1,2,..., Ny. _ _
By blocking all possible distorted signature vectors due to difof { = 1. ..., L. After despreading, the MAI is suppressed
ferent frequency offset value® can effectively remove the 0 & certain extent, and the frequency offset ?St"ﬁ%{&a” be
signal component in tha* h; ~ 0. The choosing o/’ is a obtained. Methods such_as the MLE d_escrl_bed in (22) can be
tradeoff between the blocking effect and degree of freedom f@fPloyed, but found to yield a large estimation variance due to
adaptive nulling. With a fixed\ ¥, and ., a smallM’ leads to residual MAI. Asamore robu;t alternatlw_a approagh, the Fourier
better blocking but poor interference suppressionaceiversa  Mmethod can be employed which starts with ffiepoint FFT of
A heuristic choice which has been confirmed by numerical ré€ sequenc@;}ﬂ(i)}
sultsisM’ ~ M — 2L, i.e., two degrees of freedom are used . ) . "
for blocking each finger. By removing both the signal and ICI Yl(fl)(k') = FFT{@?S)I('L') [dy_l)(’i)} } (34)
components before adaptive filtering, the GSC adaptive filters '
can put all their efforts suppressing the MAI as desired. Asvdwere{cfgj_l)(z')} denote either the pilot symbols only (fpe=
final remark, the blocking matrix in (30) can be computed ith) or pilot symbols plus data decisions from the previous itera-
advance given a predeterminég and A F. tion (for j = 2, 3, ...). The FFT output power corresponding
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TABLE |
ALGORITHM SUMMARY OF PROPOSEDRECEIVER

1. Determine GSC blocking matrix B according to (30). Set j = 1.

. Compute in parallel w&{l), l=1,..., L, according to (27), with RY) estimated by (31).
. Obtain &, a?} and d¥ (i) according to (35) or (36), (37), and (39), respectively.

. Obtain b, §7(4), and xU*1(:) according to (40), (41), and (42), respectively.

. Check convergence of h(lj). If yes, go to 6. If not, set j = j + 1 and go to 2.

[« S B

. Replace wﬁ{'), l=1,...,L, by (43), with R, estimated as RY) and ﬁﬁ” obtained from 5.

to different fingers are then incoherently summed to acquire tRanally, the reconstructed signal is subtracted from the data sent

initial frequency offset estimate to the next iteration. This leads to the residual data given by
L GHD () = x(4) — 69 (5
&V = 1 argmaxi ‘Yfl,)(k)r. 35) xUTD (i) = x(i) — 87 (i). (42)
Ny i By usingx+1)(;) as the new input of the GSC adaptive fil-

ters in (23), the adverse poor convergence can be effectively
improved. This above described procedure can be iterated sev-
eral times (three to four iterations for typical scenarios) to gain

(36)  further improvement and approach the performance of the ideal
MSINR receiver.

Wherea1 . s are the path gain estimates from the previous it-

eration. AIternatlver, since the MAI has been sufficiently sup-

pressed, the MLE can be readily applied using the formula A MSINR Receiver and Algorithm Summary

(22), with dy, (i) lreplaced by the tentative RAKE combmer With signal subtraction, the proposed receiver will act like

outputy™ ;2 [ <] )] y1j3( ) andd, (i ) replaced bW (‘)- the optimal MSINR receiver operating dR;,,. In particular,
Next, with y1,z( i), dgj 1)( ) ande1 7 the path gains can beas iterations procees?) (i ) will contain only the interference

For; > 2, a coherent estimator can be constructed as

L 2
Z [O‘gjl 1)] Y1(,jz)(k)

=1

i 1
égj) —

— arg max
Nt k

IV. | MPLEMENTATION AND PERFORMANCEISSUES

estimated at th(;éth iteration as and noise such th& ~ R, andh“ ) will approach the true
composite channel vector in (14). It is, thus, natural to replace
&) — g(]) [ j— 1)( )} o—i2me?i 37) the adaptive filter bank at the final iteration [with supersctipt
1= N il omitted] by a single receiver with the weight vector [12]

fori =1,..., Ll. Based on these estimates, coherent RAKE w; = [l — B(B¥R,,B)"'B”R,,Jh; = R;;'h;  (43)

combining is achieved by whereB is a full rankM x (M — 1) matrix satisfyingBHfll =

) L M1 ~G) 0. It is noteworthy that the above alternative is nearly identical
2y0(i) = Z [0‘1 z] Y1, (%) (38) to the MSINR receiver and provides better MAI suppression
=1 in a heavily loaded system due to its larger degree of freedom
which is then sent to the data decision device for nulling. Nevertheless, (32) and (43) offer nearly the same
) LG oy o) performance under moderately loaded scenarios. The complete
dy” (i) = dec {Zl ()e ! } : (39) algorithm of the proposed receiver is summarized in Table I.

It is suggested that hard decisions be used at the |n|t|aI|zat|onng
the iterations to avoid large errors in signal reconstruction [seé ]
(41)] due to MAI. With MAI suppressed after the first iteration, [N the direct matrix inversion (DMI) implementation, the
it is shown that both soft and hard decisions give similar resulf@mputation of adapt|ve weight vector in (27) involves the
2) Channel Estimation, Signal Reconstruction, and Subtralfversion of BYRY'B, which is M’ x M’. With a large

tion: As an analogy to (14), the composne channel vector e&’, this would lead to a high computational load and poor
¢ and signal’s convergence for real-time implementation. To alleviate this,

timation is accomplished by explomrtg1 1€,
signature vectord ;s) partial adaptivity can be incorporated to reduce the sm%ﬁt
by working with a reduced sizB. Here, a technique suitable
(]) G) for multiuser scenarios is developed. In a multiuser scenario,
Z a1e1,0+ ¥y (40)  the MAIs composite channel vectors can be obtained by pilot
symbols assisted path gain and frequency offset estimation in
wherev!? is the estimated ICI vector obtained basedﬁgjﬁ the same way as that described in Section II. In particular, the

ag )15 c1,; and (9) and (12). Next, Wltlh(J) d(y)( ), andé! (7)  composite channel vector of usercan be obtained by

available, signal reconstruction can be done by Ly,

) hy, = Qg 1Ck. 1+ V (44)
N? e k k,1Ck, 1 k
ng)([> h(J d(J)( ) j2 (41) ;

PA Implementation for Multiuser Scenario
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fork = 2,3, ..., K, whereay ;S,ci,;, andv, are defined in 35

the same way a8, s, cq,;, andv, respectively.

An essential criterion for choosing a reduced size blockin
matrix is such that the upper and lower branch outputs of tF
GSC have a large cross correlation [13]. Since the lower bran:
contains no signal, the only way to maximize the cross correld

25(
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- FS-MMSE

- PA (lteration 3
- PA (Iteration 2

FS—MSINR (Ideal)

FA (lteration 3
FA (lteration 2
FA (lteration 1

==

= ==

-% - PA (lteration 1

tion is to retain as much MAI as possible in the lower branche

This suggests that a suitable method for implementing the F% 15
receiver is to find a reduced siRthat can retain as much MAI 5

as possible. By doing so, a mutual cancellation of MAI can b5 10
achieved between the upper and lower branches. Nyisravail-
able, a reduced size blocking matBxcan be obtained by pro- 5r -7 ]
jecting onto the column space Bfthese set of vectors T

&

(45)

B =BBY [}12,1?13,...,114

0 10
where we have assumed that the column®Boform an or- Input SNR (dB)

thonormal set. PA realization via (45) is simple and proves rey; 4 output SINR versus input SNR, with MSR 10 dB, N, = 300,
bust to errors in MAIs channel estimates. In particular, errors = 10, ande, = 0.2.
in h;s tend to decrease the cross correlation between the two

branche_s, and results i.n only slight performance degradatilg\ﬂth binary phase-shift keying (BPSK) data modulation and

When viewed as a multiuser detector, the proposed PA receiygihogonal gold codes were used as the spreading codes. Also,

is much more robust than the conventional ones, which detggd frequency offsets of all users were assumed to be in the

and subtract the MAI [7]. In conventional multiuserdetectors,,@ngeAFS = [=13/2, T»/2] such that-0.5 < ¢, < 0.5. The

phase error in MAIs channel estimate can result in an enhanqﬁgckmg matrixB was constructed by the eigenvector method

MAI power and possible error propagation. described in Section IlI-B, withV; = 50 and M’ = 26.

The length of FFT in (34) was chosen to bg = 1024, with

zero padding applied. As a performance index, the output
For a more efficient implementation, the GSC weight vect@INR is defined to be the ratio of the signal powps{ h;|?)

and path gain estimation can be done in a time-recursive fashign MAI-plus-noise power Efzz |(wihi|? + o2wilw,)

using stochastic gradient algorithms such as LMS [14]. For t¢ the receiver output. Also, the input SNR was defined as

computation of GSC weight vector in (27), we have the recUsNR, = ¢?/02, and the MAI-to-signal ratio (MSR) was

sive formulation defined as MSR= o7 /0%, k = 2, ..., K, where we assumed

* equal power MAI. For each simulation trialy, symbols

(including data and pilot) were used to obtain the sample

estimate ofRY’, and N, pilot symbols were used to obtain

C. Recursive Computation of Weight Vectors

w4 1) =0 0) + i | x9 (i) - u?) BHx<J><z>}

Ho () (; > ]

G- xB7x ((].L)) . e and&gf)ls at the first iteration. A total of 500 Monte Carlo
wij(i+1) =c1, —Bui(i+1) (46) trials were executed to obtain one output SINR value, with
fori = 1,2, ....0n the other hand, a recursive algorithm fo ach trial using a different set af, ;s and data/noise sequence.

or performance comparison, the results obtained with the
ideal FS-MSINR receiver and FS-MMSE receiver were also
included. The ideal FS-MSINR receiver was implemented by
artificially removing the signal component in the data, and
using the true composite channel vedgrto obtain (20). On
the other hand, the FS-MMSE receiver was implemented by
first estimating the frequency offset using (35) with directly de-
spread data, followed by composite channel vector estimation
to obtain (17). Finally, the following “standard” parameters will
be used throughout the section unless otherwise mentioned:
SNR; = 0 dB, MSR= 10dB, N, = 300, K = 10, ¢; = 0.2,

Simulation results are demonstrated to confirm the perfaN, /N, = 1/10. Except for one case, the true MAI channel
mance of the proposed receiver in a time-multiplexed piletctors were assumed in (45), iR, =hy, k=2, ..., K.
symbols assisted system. For all usdrg, = 3 independent In the first set of simulations, the output SINR performance
Rayleigh-fading paths were generated with the delgyss is evaluated as a function of input SNR for both the fully adap-
chosen from{0, 7., 27.}, which was smaller than the guardtive (FA) and PA versions of the proposed receiver. The results
interval 7o = 81.. The path gainsy, ;s were assumed shown in Fig. 4 indicate that the proposed receiver successively
i.i.d. unit variance complex Gaussian random variables. Theproaches the ideal MSINR receiver, with a degradation of
number of subcarriers was chosen to ke = 32 equal to only about 0.2 dB in three iterations. The FS-MMSE receiver
the processing gain. All MC-CDMA signals were generategerforms poorly due to poor frequency offset estimation prior

the estimation of path gaizfng{)l in (37) is given by [15]

a0 0] [d )
(47)

In the abovey,, andyu, are the adaptation stepsizes.

V. COMPUTER SIMULATIONS
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Fig. 5. Output SINR versus received symbol si¥e, with SNR, = 0 dB, Fig. 7. Output SINR versus normalized frequency offsgtwith SNR, =

MSR=10dB,K = 10, ande; = 0.2.

0 dB, MSR= 10 dB,N, = 300, andK = 10.
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SNR; = 0dB, MSR=10dB, N, = 300, K’ = 10, ande; = 0.2. =10dB,N, = 300, ande; = 0.2.

to MAI cancellation. On the other hand, the PA receiver ha&/ox. The results confirm that the proposed PA receiver can
almost the same performance of the FA receiver, confirmim@rform quite reliably for up to a 20% relative error in MAI
the assertion in Section IV-B. In the second set of simulatiorglannel estimation. In the fourth set of simulations, the toler-
the output SINR performance is evaluated as a function of @ace of the proposed PA receiver against different frequency off-
ceived symbol sizéV,. The results given in Fig. 5 show thatsets is evaluated. The resulting output SINR curves as a function
the proposed receiver successively improves as iterations ppb<1 are plotted in Fig. 7, which shows that within the entire
ceed, approaching the ideal MSINR receiver within about 30@nge—0.5 < ¢, < 0.5, the output SINR is almost constant.
symbols. These results confirm that the MAIs were indeed suthe results indicate that the modified blocking maiseffec-
cessfully suppressed by the proposed receiver, and PA imgigely removes the signal and ICI together so as to avoid possible
mentation can retain the performance of the FA receiver. In thignal cancellation in the GSC adaptive filters. With successful
following, only the proposed PA and FS-MMSE receivers wikignal reception and MAI suppression by the adaptive filters, an
be evaluated. accurate frequency offset estimate can then be obtained to guar-
In the third set of simulations, the robustness of the proposadtee a high output SINR.
PA receiver against MAI channel estimation errors is demon- In the fifth set of simulations, the system capacity is evaluated
strated. In this caséy, = h; + o, Ah in (45), whereAh is  with different values of<. As shown in Fig. 8, the proposed re-
a random vector with the entries being i.i.d. complex Gaussiagriver again successively approaches the MSINR receiver, with
random variables with the same variance of 3. Note that the endegradation of about 2 dB in output SINR wih= 25. The
tries of h, are i.i.d. complex Gaussian random variables witkimulation results confirm that the proposed receiver is able to
varianceL,o; = 30;. Fig. 6 shows the output SINR versusoffer the performance of the optimal MSINR receiver with a
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verges in about 300 symbols, and the recursive algorithms suc-
cessfully adjusted their weights to adapt to the environmental
changes.

VI. CONCLUSION

A robust iterative MC-CDMA receiver with adaptive MAI
suppression has been proposed for a pilot symbols assisted
system over a multipath fading channel with frequency offset.
The receiver consists of two branches. In the lower branch,
a “master” adaptive filter bank based on the GSC technique
is constructed to perform effective suppression of MAI. In
order to enhance the convergence behavior of the GSC, a
decisions-aided scheme is proposed, in which the signal wave-
form is first reconstructed and then subtracted from the input
data sent to the next iteration. In the upper branch, a “slave”
adaptive filter bank, copied from the lower branch, performs
despreading and MAI suppression, and pilot symbols assisted
frequency offset estimation, channel vector estimation and
RAKE combining give the desired signal symbols. With signal
subtraction in the lower branch, the proposed MC-CDMA re-
ceiver can achieve nearly the performance of the ideal MSINR
receiver within a few iterations. Finally, a low-complexity
PA realization of the GSC adaptive filters is presented for a
multiuser scenario. The new PA receiver is shown to be robust
to multiuser channel errors, and offer nearly the same perfor-
mance of the fully adaptive receiver. In summary, the proposed
MC-CDMA receiver with PA MAI suppression performs near
optimal signal detection with tolerance to large frequency
offsets and resistance to strong MAI. More importantly, it can
be initialized in the blind mode without the aid of channel
estimation and frequency offset compensation.
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