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Abstract—In this paper, we propose a least mean square (LMS)
adaptive receiver for uplink multicarrier code-division multiple
access (MC-CDMA) systems employing Alamouti’s simple
space-time block coding (STBC). In general, for the space-time
coded systems, there are two filters to be designed, where one is
for detecting odd-indexed symbols and the other for even-indexed
symbols. In the proposed scheme, the two filters are indepen-
dently updated and convergence properties such as convergence
condition, time constant, and steady-state excess mean-squared
error (MSE) are analyzed. Simulation results show that the pro-
posed LMS adaptive receiver has higher steady-state signal to
interference and noise ratio (SINR) than the LMS adaptive re-
ceiver for the MC-CDMA system with single transmit antenna
while the former shows slower convergence rate than the latter.

Index Terms—MC-CDMA, uplink, LMS algorithm, conver-
gence analysis.

I. INTRODUCTION

Support for very high data rate transmission is one of the key

requirements for the next wireless communication stan-
dards such as IEEE 16m and 3GPP. In very high data rate
transmission scenario, single carrier code-division multiple
access (CDMA) systems have some critical problems such as
the difficulty of synchronization and the severe inter-chip and
inter-symbol interferences due to the multipath fading chan-
nels.

Recently, multicarrier transmission schemes such as ortho-
gonal frequency-division multiplexing (OFDM), multicarrier
CDMA (MC-CDMA) and multicarrier direct-sequence
(MC-DS)-CDMA have been considered as a potential candi-
date for the next-generation high data rate wireless systems [1].
Each multicarrier transmission scheme has both advantages and
disadvantages in comparison with the others. In this paper, we
consider MC-CDMA systems.

MC-CDMA system is a combination of frequency-domain
spreading and OFDM. An available bandwidth is decomposed
into a set of disjoint equal bandwidth of small size, each sub-
band signal experiences only frequency-flat fading channel and
therefore, MC-CDMA systems are more robust to the distortion
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induced by time-dispersive channels than single carrier CODMA
systems.

It is well-known that the simple space-time block code
(STBC) proposed by Alaumouti in [2] offers maximum diver-
sity gain. It has been adopted as one of the key technologies for
obtaining the transmit diversity gain in the third generation
communication standards [3], [4]. In case of employing Ala-
mouti’s STBC, two consecutive symbols are simultaneously
transmitted using two transmit antennas at the first symbol time
and their conjugated symbols with or without sign change are
transmitted at the next symbol time. Therefore, two filters need
to be designed for detection in which one is for detecting
odd-indexed symbols and the other for even-indexed symbols.

Multiuser interference (MUI) is one of the main causes of the
performance degradation for the CDMA-based transmission
systems. For last two decades, there has been a lot of research
on multiuser receivers. The multiuser receivers can be catego-
rized into two types: optimal receivers and suboptimal receiv-
ers. Since the optimal receivers require too much complexity,
they are not realistic. On the contrary, the suboptimal receivers
have been attracted due to their low complexity. Among them,
minimum mean-squared error (MMSE) receiver is one of the
most popular ones, in which filter coefficients are designed to
minimize the MSE.

Batch-processed multiuser receivers for DS-CDMA or
MC-CDMA systems employing STBC have been proposed in
[5], [6], and [7]. In general, the batch-processed receivers re-
quire the estimation of the inverse autocorrelation matrix of the
extended received signal. However, calculating the inverse
autocorrelation matrix in batch algorithm requires too much
computation complexity especially when the length of the filter
weight vector is large. Moreover, it is very difficult to accu-
rately estimate the inverse autocorrelation matrix in most cases
because it varies as the channel coefficients or the configura-
tion of the users change. Therefore, it is more appropriate to
implement receivers adaptively. Among the adaptive receivers,
LMS-type adaptive receivers have attracted a lot of attention
due to its very low complexity.

In this paper, we propose a simple LMS adaptive receiver for
uplink STBC MC-CDMA and analyze its convergence prop-
erties

The paper is organized as follows. Section Il describes sys-
tem model and the proposed LMS adaptive receiver is proposed
in Section I1l. Simulation results are given in Section IV and
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Section V concludes the paper.

Il. SYSTEM MODEL

Fig. 1 shows the transmitter structure of user k for uplink
STBC MC-CDMA system considered in this paper. We con-
sider two transmit antennas and one receive antenna for sim-
plicity. For every two symbols, the space-time block coding is
applied. Therefore, at the first symbol interval, d, (2i —-1) and

d, (2i) are transmitted using the transmit antennas 1 and 2,
respectively, and at the next symbol interval, d, (2i —1) and
—d, (2i) are sent. In addition, a spreading code npair
(Sk1r Sy ) is used in the transmit antennas 1 and 2 for fre-

quency-domain spreading where s, - is given by

Sk.m :[Sk,m,l’ Skma2r Sk,m,N]T . 1)
Then, an N-point IFFT operation is performed where N is the
number of subcarriers. It is assumed that the number of sub-
carriers is equal to the processing gain of the spreading code.
The IFFT output signal is parallel-to-serial converted, inserted
by the cyclic prefix, and then transmitted through the channel.
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Fig. 1. Transmitter structure for MC-CDMA system employing STBC
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Fig. 2. Receiver structure for MC-CDMA system employing STBC

Fig. 2 shows the receiver structure. At the receiver, the cyclic
prefix is removed from the received signal and the resulting
signal is serial-to-parallel converted, and then performed by the
N-point FFT operation. Assuming that the maximum delay
spread is less than the cyclic prefix length for all users, the
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frequency-domain received signal vector  after FFT operation

is written as
K
r2i-0=7%" {H,s,,d,(2i-1)+H,,s,,d, (2i)} +2(2i -1)
k=1 2
- K * - * - - ( )
r2i)=>" {-H,,s,,0;(2)+H, s, ,d; (2i ~ 1)} + 2(2i)
k=1
where H, s the frequency-domain channel response from

the transmit antenna m of user k given by

Hk,m :diag(Hk,m,O' Hk,m,l"”' Hk,m,Nfl) 3)
and z(l) is the complex additive white Gaussian noise
(AWGN) with mean 0 and covariance matrix &1, Where
1,y isan identity matrix of size 2N x 2N . The I-th information
data of user k, d, (1), is an independent and identically distri-

buted (i. i. d.) random variable with zero mean and unit va-
riance.
If we define the effective spreading code at the transmit an-

tenna m of user k by ¢, ., the received signal vector can be
rewritten as

ri-0=7" {c.,d,(2i-1)+c,,d, (2i)} +z(2i-1)

K
K
k=:

N

. (4)
{10y (20) + ¢, ,dy (21 —1)} +2(2i)

r2iy=>

N

I1l. BATCH-PROCESSED RECEIVER

Defining the extended received signal vector for the two
consecutive symbols by y(i) yields

y(@)=[r"(2i-1) r"(@)T

=3 (0,0, @D 19,0, @) i)

where g, . and v(i) are given by

3 Cya 3 Cy.2 o z(2i-1) 6
O1 = C;,z v Ok2 = _C;l ) V(')—{ Z*(Zi)} (6)

, respectively. Assuming that the desired user is user 1 and
defining G, =[g9,;, 9,,] and d,(i) =[d,(2i -1) d,(2))]", the
extended received signal vector y(i) is rewritten as

y(i) =G,d, (i) +u(i) )
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where u(i) denotes the MUI plus AWGN given by

u(i) =

> 10,0, (21 -1 +9,,d, ) + V(). @

2

If we define the filter weight vectors w, and w, of size
2N x1 for detecting d, (2i—1) and d, (2i), respectively, the
mean-squared error (MSE) at the filter output is given by

3w, w) = E[[ Wy () -, |
- EUWT y(i)—d,(2i —1)\2} EUwz”y(i) —d1(2i)\z] ©)

= ‘]1(W1) + Jz(Wz)

where W =[w, w,] and

3,(w,) = [wt'y(® - d,2i -1 |

, (10)
3,(w,) = E|[wly(®-d,(20) |

The MMSE receiver for STBC MC-CDMA is obtained by
solving the following optimization problem [6]:

[w

1,0pt? W2,opt] = arg VTENQ ‘] (Wl’Wz)

}. (11)

= arg{min J,(w,)+minJ,(w,)

The gradient for w, is given by

0 0 . en. e
o J(WPWZ):WJm(Wm):E[em(l)y(l)] (12)
=Rw,-g¢,,, m=1 2 (13)
where R, is autocorrelation matrix given by
- H H 2
Ry :Z {gk,lgk,1+gk,2gk,2}+6zIzN (14)
k=1
and the filter output errors are given by
w,'y(i)—-d,(2i-1), if m=1
e, =] VYU AED )
wiy(i)—d,(2i), if m=2

By setting the gradient to zero, the MMSE filter weight
vectors for STBC MC-CDMA systems are given by
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Wi oot = R;lgl,l’ W ot = R;lgl,z- (16)
The minimum MSE is given by
‘]min = ‘] (Wl,opt ’WZ,opt) = ‘]l,min + ‘]2,min (17)
where J, . and J, . are given by
‘]1,min =1- ngR;lgl,l (18)

‘]Z,min =1- g;,'zR;lgl,z

It is well known that the MMSE receiver maximizes the
signal to interference and noise ratio (SINR). Therefore, the
maximum SINR averaged for the two symbols is obtained

when w and w, . are used and it is given by

1,0pt 2,0pt

1 grlR;lgl,l gEzR;lgl,z
SINR =+ Tt T
2|1~ gl,lRy 91,1 1- gl,ZRy 91,2
(19)

IV. LMS ADAPTIVE RECEIVER

A. Proposed Adaptive Receiver

From (16), it can be observed that the batch-process MMSE
receiver requires the estimation of the inverse matrix of the
autocorrelation matrix R, of the extended received signal

y(i) . In order to estimate R;l, however, the receiver should

have an information on the spreading codes and channel of all
users and it is not available in most cases. Moreover, the au-
tocorrelation matrix changes as the user configuration or
channel varies and the inverse matrix should be re-calculated.
Since the size of the autocorrelation is very large in general, it

needs a lot of computation complexity to calculate R;l.
Therefore, it is more appropriate to implement receivers adap-
tively. Among the adaptive receivers, the LMS-type adaptive
receiver is more attractive due to its very low complexity.
Therefore, we propose an LMS-type adaptive receiver appro-
priate for the STBC MC-CDMA system.

From (10) and (11), it can be observed that w,, (i) affects
J.(w,) only in J(w,,w,) . Therefore, a simple adaptive
LMS adaptive receiver for STBC MC-CDMA system is to
update w, (i) and w, (i), independently. The adaptive receiver
is obtained by replacing the gradient for w,, (i) given in (12)
with its sample mean, i.e.,

3w w,) =L ()] =€, (0Y(). @)

m
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Therefore, the proposed LMS adaptive receiver is given by

w, (i+2) =w,, () - we, (@), m=12 (1)

where u is a step size.

B. Convergence Analysis

In this subsection, we analyze the convergence properties of
the proposed LMS adaptive receiver for STBC MC-CDMA
system.

From (17) and (13), it can be seen that the update equation of
the adaptive receiver has the similar form as given in [8, equa-
tion (5.8)]. Therefore the convergence analysis results can be
easily obtained following the similar procedure as given in [8].

The LMS adaptive receiver converges in the mean sense if
the independence assumption between w, (i) and y(i), and

the following step size condition are satisfied [8]

2
O<p<— 22)
<,u</1

max

where 2 is the largest eigenvalue of R .

The ensemble-average learning curve of the LMS-type
adaptive receiver can be approximated by a single exponential.
The time constant is defined as the number of iterations re-
quired for the ensemble average learning curve in the LMS
filter to decay to 1/e of its initial value [8]. It can be used as a
measure for convergence rate of the LMS adaptive receiver.

The time constant for the LMS adaptive receiver is given by

1 1

Ty R——=—"—" (23)
/ulav M- tr(R y)

where 4 :i 4, and 4 is the eigenvalue of R,.

I=1
The steady-state excess MSE for the LMS adaptive receiver
is simply the sum of the steady-state excess MSEs for J,(w,)

and J,(w,) given by

‘]ex (OO) = ‘]l,ex (OO) + ‘] 2,ex (OO)

2N : (24)
zﬁ‘]minz ﬂ‘kzﬁ‘]mintr(R )
2 =y 2 Y

The misadjustment is defined as the ratio between the
steady-state excess MSE and the minimum MSE. Therefore,
the misadjustment M for the LMS adaptive receiver is given

by

V. SIMULATION RESULTS

We consider an uplink MC-CDMA system employing the
Alamouti’s STBC. The number of subcarriers is N =32 and it
is equal to the length of the spreading sequence. The complex
random spreading sequence is used for each user and the values
of its real and imaginary parts are independently and randomly

taken from 1/~+/2 and -1/+/2 with equal probability.

Rayleigh multipath fading channels with three paths is used
for each user. The fading gains are generated by using a com-
plex Gaussian distribution, which are normalized such that the
average energy of the channel is unity. The spreading se-
quences and channel coefficients are fixed over all simulation
runs. The simulation results are averaged for 200 independent
runs.

The Fig. 2 shows the MSE learning curves when the signal to
noise ratio (SNR) is 25dB and the number of user is K=10. In
the figure, green and red lines represent the proposed adaptive
receiver with step sizes x, =0.02 and , =0.01, respectively,

and blue and light blue lines denote the general LMS adaptive
receiver for MC-CDMA system with single transmit antenna
with step sizes 4, =0.02 and g, =0.01, respectively.

From the figure, it can be seen that the proposed adaptive
receiver has lower MSE than the single antenna case for the
same step size parameter while the convergence rate of the
proposed adaptive receiver is slower than the single antenna
case. The slow convergence rate property of the proposed
scheme can be explained as follows. In the proposed scheme,
the received signals y(i) for the two consecutive symbols are

processed together at the filter and therefore the filter tap length
of the proposed adaptive receiver is two times longer than that
of the single transmit antenna MC-CDMA system. Since the
convergence rate in the LMS-type adaptive receiver is in-
versely proportional to the filter tap length [9], [10], the con-
vergence rate of the proposed scheme is slower than that of the
single transmit antenna MC-CDMA system.

Proposed, Hp =0.02 |

Proposed, Hp =0.01 |4
1tx Ant, 1, =0.02 ||

1tx Ant, i, =0.01

Mean-Squared Error (MSE)

M :M:ﬁtr(R ). (25) :
J min 2 y 0 500 1000 1500 2000 2500 3000
Num. of symbols
Fig. 2. MSE learning curves for the proposed scheme and general single
transmit antenna scheme
ISBN 978-89-5519-146-2 - 842 - Feb. 7-10, 2010 ICACT 2010



The Fig. 3 shows the filter output SINR performance aver-
aged every two consecutive symbols when SNR=25dB and
K=20. In the figure, the proposed adaptive receiver has 3dB
higher steady-state SINR performance than the general LMS
adaptive receiver for MC-CDMA systems with single transmit
antenna.
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Fig. 3. SINR comparison between the proposed scheme and single antenna case

VI. CONCLUSION

We proposed a simple LMS adaptive receiver for uplink
MC-CDMA systems employing Alamouti’s simple STBC
scheme and analyzed the convergence properties. The pro-
posed adaptive receiver shows 3dB higher steady-state SINR
performance than the general LMS adaptive receiver for
MC-CDMA systems with single transmit antenna for the same
step size parameter while the convergence rate of the proposed
receiver is slower than the latter. Therefore, the proposed
adaptive receiver is more attractive for the systems in which the
steady-state SINR property of the filter is more important than
the convergence rate.
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