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ABSTRACT

In this paper, we propose a linear multiuser receiver for asyn-
chronous MC-CDMA systems. The proposed receiver con-
sists of two stages, namely a bank of MRC receivers and a
MMSE multiuser detector, and it relies both on channel and
delay estimation. The performance of the receiver is greatly
improved with respect to the simple MRC approach. More-
over, the additional complexity is moderate, so that the pro-
posed approach is well suited for practical applications.

1. INTRODUCTION

The next generation of wireless communications must pro-
vide a larger capacity physical layer to satisfy the require-
ments of bandwidth consuming services such as data and
video transmission. For this purpose, the combination of
Orthogonal Frequency Division Multiplexing (OFDM) and
Code Division Multiple Access (CDMA) seems one of the
best solutions [1]. OFDM and CDMA can be combined ac-
cording to two different schemes, MC-CDMA and MC-DS-
CDMA, in which either a frequency-domain spreading or a
time-domain spreading is implemented, respectively.

In the case of the transmission from one access point
(AP) to several mobile terminals (MTs) over a frequency-
selective channel, usually MC-CDMA shows better perfor-
mance than both MC-DS-CDMA and DS-CDMA, since it is
able to fully exploit the frequency diversity of the channel.
However, when considering the reverse link, MC-CDMA re-
quires more complicated receiver structures [2]. Multiuser
detection (MUD) techniques can sensibly improve the per-
formance of CDMA systems in the uplink. In particular, lin-
ear MUD [3] is well suited for practical applications due to
its tractable complexity.

In this paper, we propose a reduced complexity linear
multiuser receiver that is based on two stages. The first
stage uses a bank of maximal-ratio combining (MRC) sin-
gle user receivers synchronized with the user of interest that
produces a vector of temporary decision variables. The ap-
proach is similar to the MRC receiver proposed in [4], even if
our method considers an all digital MC-CDMA system with
a cyclic prefix. The second stage refines the MRC decision
variables by means of a linear minimum mean squared error
(MMSE) multiuser detector. The main difference from the
classical linear MMSE receiver proposed in [5] is that our
approach requires the inversion of an N, X N, matrix, where
N, is the number of active users, whereas the receiver in [5]
would require the inversion of a 2M x 2M matrix, where M
is the number of subcarriers, even for a single active user.

2. ASYNCHRONOUS MC-CDMA

The MC-CDMA modulated signal of a generic user indicated
by the index ¢ can be expressed by the samples
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where b(i) is the ith transmitted bit, s are the chips of the
spreading sequence associated with the ¢th user and M in-
dicates the number of subcarriers. The transmitted signal is
periodically extended by means of a cyclic prefix of L sam-
ples, i.e., x;(iN +m) = x;(iN + M +m) for —L < m < 0, re-
sulting in a symbol length of N = M + L samples. If we let
n = iN + m, then the transmitted waveform is

x¢(iN+m) =
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where T is the system sampling period, p(¢) indicates the
response of the pulse shaping filter and 7y is the delay of the
lth user. The received waveform after matched filtering is
given by
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where % is the set of the active users, @y (1) = p*(—1) *go(t) *
p(t), go(t) models the effects of both the antennas and the
multipath channel relative to the (th user and w(¢) models
the thermal noise. If we express the users’ delay as 7, =
DT + §; and we sample y(¢) with period T, then a full digital
transmission model can be obtained as
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where hy(n) = ¢y(nT — ;) represents the equivalent discrete
time channel impulse response of the MC-CDMA system rel-
ative to the /th user and w(n) = w(nT). In particular, we
assume that the length of /(n) is less than L.

2.1 Block Representation

Let x¢(i) = [x¢(iN), ..., x¢(iN +N —1)] be the vector of
transmitted samples relative to the ith bit of the /th user. It
can be expressed in a compact form as (see Fig. 1)

x¢(i) = EW jseby(i) (5)

where the vector s; = [5570,...,557M_1]T represents the
spreading sequence associated to the /th user, W), is the
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Figure 1: Block model of the ¢th user’s MC-CDMA trans-
mitter.

M x M DFT matrix and = is a matrix that introduces the
cyclic prefix. Let equation (4) be rewritten as

n) =Y yi(n—Dy)+w(n) (6)
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where we define y,(n) = ¥,/ _ h¢(n—k)x¢(k) as the con-
tribute of the /(th user to the received signal. If we let
ye(i) = [y¢(iN),...,ys(iN +N — 1)], then we can express
the contribute of the £th user in matrix notation as

ye(i) = B % (0) + B % (i 1) )

where Héo) and H@l) are defined as in [6]. Consider now
the vector of received samples y (i) = [y(iN), ..., y(iN+N —
1)]”. The vector y(i) is composed by the sum of the last
samples of y;(i — 1) and the first samples of y; (7). In matrix
notation this can be expressed as

y(@i) =Y [A pyei—1)+Apye(D)] +w(i) (8)
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3. LINEAR RECEIVER APPROACH

As can be seen in (8), if the receiver considers a vector of N
samples from the output of the matched filter this will con-
tain only a partial information relative to two adjacent bits for
each user. In order to collect sufficient information to detect
at least one bit for each user, the receiver should consider a
number of samples equal to N + D4, where D,,,, indicates
the maximum delay (in samples) between two users. How-
ever, in this case a linear receiver approach would require the
inversion of an (N + Dygyx) X (N + Dpgy) matrix irrespective
of the number of active users, leading to an highly expensive
implementation.

This increased receiver complexity can be avoided by re-
sorting to a suboptimal approach. The rationale of the pro-
posed approach is that for each active user the receiver con-
siders a set of N samples that are synchronized with the user
of interest. Consider the generic ¢th user. When detecting
the ith bit of the /th user, the proposed receiver considers the
vector y() (i) = [y(iN +Dy),...,y(iN + N — 14 D/)]". If we
suppose that the users’ indexes are ordered according to their
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Figure 2: Block model of the MMSE-MUD receiver.

delays, then we can express the above vector as
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where we define the delays relative to the ¢th user either as
p"2p,—p,itD,>D;or DY £ D,— D, +Nif D, < D,
and w'¥) (i) is defined in a similar way as y(*) (i).

From (10) it is evident that the vector y([)(i) contains
the ith OFDM symbol from /th user plus some interference
term due to the other asynchronous users. Hence, we can
demodulate the ith bit of the /th user by means of a classi-
cal OFDM approach, i.e., by removing the cyclic prefix and
taking the DFT of the output. In matrix notation, this can be

expressed by considering the vector z(*) (i) = W@y (i),
where © indicates cyclic prefix removing. The dependence
of z(¥) from the transmitted bits can be expressed by rewrit-
ing it as in equation (11) at the top of the next page where

A= WMGH( )._.WM is a diagonal matrix whose entries
are the /th user’s channel frequency response and we define
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In particular, if the cyclic prefix is well designed it can be
shown that ! )D“) = 0, eliminating the dependence from

b,(i—?2) as well as from b, (i — 1) when u < ¢. Relying on
(11), several linear and nonlinear techniques can be applied
in order to detect the desired bit. In this paper, first we will
analyze a simple MRC receiver, then we will investigate a
MMSE-MUD strategy that refines the decision variables ob-
tained from the MRC.

3.1 MRC Receiver

The decision variable of the MRC receiver can be expressed
as by(i) = sl Alz(") (i). In order to gain some insight about
the MRC receiver, the decision variable can be expressed in
a more meaningful form as
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In (13), it is shown that the decision variable is proportional
to the desired bit plus an interference term that depends on
data transmitted by the other active users, their channel status
and their relative delays. We suppose that these quantities are
all known to the receiver, so that a strategy that reduces the
impact of this interference can be derived.

3.2 MMSE-MUD Receiver

Linear Multiuser Detectors are proved to achieve good per-
formance in uplink CDMA communication while retaining
the receiver complexity reasonably low. Let us consider the
vector b(i) = [by (i), ...,bn,(i)]T containing the ith bit of all
active users, as well as the vector b(i) = [b(i), ..., by, (i)]”
containing the output of the MRC receivers. In particular, we
suppose that the AP processes the received signal through a
bank of N, MRC receivers each synchronized with a differ-
ent user, as shown in Fig. 2. The output of this bank of MRC
receivers can be expressed as

b(i) =Tb(i) +Tpb(i— 1)+ Trb(i+1)+e(i)  (18)
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whereas e(i) = [e1(i),...,en,(i)]T. Relying on (18), the

MMSE-MUD receiver can be expressed as
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where Gb indicates the power of the transmitted bits and

Reo = E{eel’}. The receiver in (22) requires the inversion
of an N, X N, matrix, thus resulting in a feasible implemen-
tation.
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Figure 3: Bit error rate of MRC receiver with different num-
bers of active users.

4. SIMULATION RESULTS

The performance of the proposed receiver has been veri-
fied by simulating the uplink of an MC-CDMA system with
the Monte Carlo method. The information bits are BPSK
modulated and multiplied by 64-chip long Walsh-Hadamard
spreading sequences. The multicarrier modulation uses 64
subcarriers. We use a cyclic prefix of 16 samples, so that the
symbol length is N = 80 samples. The system sampling pe-
riod is T = 50 ns, resulting in a 20 MHz bandwidth. The car-
rier frequency is 5 GHz. The users are supposed to transmit
with random delays that are modeled as independent random
variables with uniform distribution in the interval [0, NT).

Each user transmits over an independent Rayleigh fading
channel modeled according to the specifications of channel
A in [7]. The maximum speed of the mobile terminals is 3
m/s, corresponding to a coherence time of about 20 ms which
is large compared with the symbol duration.

We have simulated two different systems. The first one,
referred to as MRC, employs a bank of MRC receivers syn-
chronized with the user of interest. The second one, re-
ferred to as MMSE-MUD, refines the decision variables of
the MRC receiver using the MMSE approach in (22). The
proposed systems have been simulated considering different
system loads, ranging from a single active user to 64 active
users, i.e., the maximum allowable system load. In the case
of a partially loaded system, the results have been averaged
taking into account different subsets of spreading sequences.

The performance of the MRC system is shown in Fig. 3.
As can be seen, even for small system loads the bit error rate
(BER) suffers from a severe degradation. In particular, it is
evident the error floor caused by the interference among the
users. The performance of the MMSE-MUD system, shown
in Fig. 4, appears to be sensibly improved. The MMSE-
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Figure 4: Bit error rate of MMSE-MUD receiver with differ-
ent numbers of active users.

MUD receiver achieves the same BER performance of the
MRC receiver with a system load up to four times that of the
MRC system, as can be seen by comparing the curve refer-
ring to 4 users in Fig. 3 with the curve referring to 16 users
in Fig. 4.

5. CONCLUSIONS

We have proposed a linear multiuser receiver for the uplink
of an MC-CDMA system where the active users are com-
pletely asynchronous. The proposed receiver consists of two
stages, namely a bank of MRC single user receivers synchro-
nized with the user of interest and an MMSE multiuser de-
tector, and it relies on the estimation of both channel status
and users’ delay. The performance of the proposed receiver
appear to be significantly improved with respect to the sim-
ple MRC approach. Moreover, the additional complexity is
sustainable and allow the proposed approach to be used in
practical implementations.

A. DERIVATION OF Ree

The generic element of the covariance matrix Ree is given
by

[Reeuy = E{eu(i)ev(i)H} (23)

where we have e, (i) = s/ APW,,@w () (i). Therefore, we
can rewrite equation (23) as

[Recluy =s? AWy E{n,n yWiA,s, (24)

where n, = ©®w (i) and we drop the index i from the noise
process since we assume it stationary.

The problem of deriving the (u,v)th element of Ree
reduces then to the derivation of the covariance matrix
E{n,n!}. If u = v the two noise vector coincide and we
have E{n,n’} = 62I);. If u # v, since Ree is Hermitian
we can restrict our derivation to the case u < v and then take
the complex conjugate in the case of u > v. By considering
that the vectors n, and n, represent the sampling of the same
noise process in different time intervals, we can deduce that

E{nn} =c2Ap p, (25)

where Ap is defined as in (9). Hence, the covariance matrix
of e(i) is given by
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