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Abstract—In this article, we combine a Space-Time Block Code (STBC)
with a Multi-Carrier Code Division Multiplex Access (MC-CDMA) system
and a Turbo Code (TC) as channel code. MC-CDMA is likely to be one
of the most promising access technique for future wireless communication
systems [1][2]. In fact, MC-CDMA exploits the advantages of both the Or-
thogonal Frequency Division Multiplex (OFDM) multi-carrier modulation
and of the Code Division Multiple Access (CDMA) technique. Moreover,
the use of a Multiple Input Multiple Output (MIMO) OFDM system associ-
ated with a STBC code allows the achievement of both space and frequency
diversities [6]. In this paper, we compare several STBC codes such as the
Alamouti code [3] and the generalized codes for 3 or 4 antennas proposed
by Tarokh [4] applied to a MC-CDMA system leading to different spectral
efficiencies. Then, since Turbo Coded MC-CDMA was demonstrated to be
very efficient for a Single Input Single Output (SISO) system, allowing the
use of a simple Single User (SU) detector [2], we extend this system to Multi-
ple Input Multiple Output (MIMO) systems for different STBC. Simulation
results are provided for full load systems.

I. I NTRODUCTION

On one hand, MC-CDMA is a very promising technique for
the future wireless communication systems. This technique
combines OFDM multi-carrier modulation and CDMA access
technique deriving benefits from both techniques notably the
high spectral efficiency and the robustness against multipath
channels thanks to OFDM and the multi access flexibility and
low multiuser inteference provided by CDMA [1][2].
On the other hand, multiple antenna systems were also demon-
strated to be a very promising field of research in order to sig-
nificantly increase the capacity of future wireless communica-
tion systems [5]. The introduction of space-time codes [3][4]
allowed the spatial diversity to be efficiently exploited. STBC
were first proposed by Alamouti [3] in 1998 forN t = 2 transmit
antennas andNr = 1 receive antenna. Then Tarokh generalized
the Alamouti code [4] to a higher number of transmit anten-
nas. The main advantages of STBC are the ability to exploit the
transmit diversity and the ease to implement the decoder at the
receiver part in terms of complexity. The diversity order of a
MIMO system using STBC is the number of transmit antennas
times the number of receive antennasNtNr.

In this paper, we briefly present a MC-CDMA system in a
Single Input Single Output (SISO) antenna system before ex-
tending MC-CDMA to a MIMO system including STCB. In ad-
dition to Alamouti STBC [3] applied to MC-CDMA system as
presented in [6], we detail the combination with the generalized
Tarokh [4] codes leading to different spectral efficiency systems.
In [2], we demonstrated that a good tradeoff between complexity
and BER performance is achieved by using a Single User (SU)
detector with a Turbo-Code (TC) for a SISO MC-CDMA trans-
mission. Following this result, we associate a TC as channel
coding and a SU detector with our MIMO MC-CDMA scheme.
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We provide simulation results over an uncorrelated Rayleigh flat
fading channels environment for full load systems. In section II
we describe a MC-CDMA associated with TC for both SISO
and MIMO systems. Thus the STBC codes included in the dif-
ferent tested systems are detailed for both the transmitter and the
receiver parts.

II. MC-CDMA, PRESENTATION

The MC-CDMA transmission and reception are respectively
presented in Figure 1 and Figure 2 in the case of a SISO system
as referred in [1][2]. In this section we briefly present the main
principles of a MC-CDMA system where data are previously
turbo encoded.

First, data input bits are coded by a TC and then converted
into symbol vector using adequate mapping and modulation.

The multiuser turbo coded symbol matrixX including the
information of all the users of sizeNu × N is denoted:

X =
[
x1 . . . xn . . . xN

]
whereN is the number of trans-

mitted symbol vectors andxn =
[

x1n . . . xjn . . . xNun

]T

is a vector of lengthNu, whereNu is the number of users and
[.]T the transpose operation.

The multiuser coded sequence is spread using, for instance, a
Fast Hadamard TransformFHT . We consider that the length of
the spreading sequences is equal toLc. These spreading codes
are orthogonal. Here we assumeLc ≤ Nc, whereNc is the num-
ber of subcarriers of the Orthogonal Frequency Division Multi-
plex (OFDM). Then, an OFDM modulation is applied consisting
in the concatenation of a serial to parallel conversion, an Inverse
Fast Fourier Transform (IFFT) and an appropriate guard interval
depending on the channel impulse response.

We consider frequency non-selective Rayleigh fading per
subcarrier. Based on these assumptions and considering ideal
time and frequency interleaving, the independent complex chan-
nel fading coefficients are considered uncorrelated for each sub-
carrierk. Hence, the theoretical channel response, for thekth
subcarrier can be estimated byhk = ρkeiθk . This modelling
has the advantage of giving the asymptotical performance of the
system since optimal frequency diversity is obtained.

In the SISO case, the signal received for theLc subcarriers is
equal to:

R = HCX + N (1)

where R =
[
r1 . . . rn . . . rN

]
is a matrix of sizeLc × N ,

with rn =
[

r1n . . . rkn . . . rLcn

]T
a vector of lengthLc.

H is aLc × Lc time varying diagonal matrix, each element
of the diagonal standing for the frequency channel response of
each subcarrier,
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C =
[
c1 . . . cj . . . cNu

]
is theLc×Nu matrix of user’s

spreading codes,

cj =
[

c1j . . . ckj . . . cLcj

]T
is the vector of lengthLc

of userj,
andN is the Additive White Gaussian Noise (AWGN) matrix

of sizeLc × N .
In this paper, we only consider a Single User (SU) MMSE

detector. In fact, for a SISO transmission and Turbo Coded MC-
CDMA, a SU MMSE detector was demonstrated to offer very
good performance, avoiding the use of more complex Multiple
Users (MU) detectors [2]. Hence, at the receiver in case of SU
detector, an equalizergk corrects theLc amplitude and phase
variations of each subcarrierk. G is a diagonal matrix con-
taining the equalization coefficientsgk. We can consider that
G = H̃† = H̃∗, where[.]† and [.]∗ respectively denote the
transpose conjugate and the conjugate operations andH̃∗ the
conjugate diagonal matrix of the normalized channel coefficient
for each subcarrier. Thus, the equalization coefficient can be
written as follows:

gk = h̃∗
k =

h∗
k

|hk|2 + 1
γk

(2)

with γk the Signal to Noise Ratio (SNR) for the subcarrier k.
After equalization, the resultant signal is:

Y = GHCX + GN (3)

whereY = [y1 . . .yn . . .yN] is the Lc × N matrix of the

equalized signals, withyn =
[

y1n . . . ykn . . . yLcn

]T
the

Lc length vector of the received symboln.
The final step consists in executing the despreading by apply-

ing the IFHT to the vectorY in order to detect theN coded
symbolsxjn transmitted by the userj. Finally soft demapping
and turbo decoding is processed.

III. C OMBINING MC-CDMA AND STBC

The MIMO MC-CDMA transmission and reception are re-
spectively presented in Figure 3 and Figure 4.

A. Transmitter Part

In the case ofNt = 2, 3 or 4 transmit antennas, the following
STBCA =G2, G3, G4, H3, H4 as defined by [4] are used in this
paper. They are combined with either BPSK, QPSK, 8PSK or
16QAM constellation in order to compare systems at the same
spectral efficiencies of 1, 2, or 3 bps/Hz.

In the multiuser case, the coded sequences are defined by:

GX
2 =

[
x1 −x∗

2

x2 x∗
1

]

GX
3 =


 x1 −x2 −x3 −x4 x∗

1 −x∗
2 −x∗

3 −x∗
4

x2 x1 x4 −x3 x∗
2 x∗

1 x∗
4 −x∗

3

x3 −x4 x1 x2 x∗
3 −x∗

4 x∗
1 x∗

2




GX
4 =




x1 −x2 −x3 −x4 x∗
1 −x∗

2 −x∗
3 −x∗

4

x2 x1 x4 −x3 x∗
2 x∗

1 x∗
4 −x∗

3

x3 −x4 x1 x2 x∗
3 −x∗

4 x∗
1 x∗

2

x4 x3 −x2 x1 x∗
4 x∗

3 −x∗
2 x∗

1




HX
3 =




x1 −x∗
2

x∗
3√
2

x∗
3√
2

x2 x∗
1

x∗
3√
2

− x∗
3√
2

x3√
2

x3√
2

(−x1−x∗
1+x2−x∗

2)√
2

(−x2−x∗
2+x1−x∗

1)√
2




HX
4 =




x1 −x∗
2

x∗
3√
2

x∗
3√
2

x2 x∗
1

x∗
3√
2

− x∗
3√
2

x3√
2

x3√
2

(−x1−x∗
1+x2−x∗

2)√
2

(−x2−x∗
2+x1−x∗

1)√
2

x3√
2

− x3√
2

(x2+x∗
2+x1−x∗

1)√
2

− (x1+x∗
1+x2−x∗

2)√
2




whereX is the multiuser turbo coded symbol matrix of size
Nu × N including the information of all the users.

SinceL time slots are used to transmitN symbols, the rateR
of the STBC code is usually defined byR = N/L. Hence, for
G2 R=1, forG3 andG4 R=1/2, and forH3 andH4 R=3/4.

B. Receiver part

After STBC coding, the multiuser coded sequenceAX is
spread using, for instance, a FHT over each STBC coded sym-
bol as with classical MC-CDMA. Then, the Multicarrier modu-
lation is easily performed by an IFFT. We can note that, at the
transmitter, the FHT could have been performed before STBC
scheme with only a penalty in terms of complexity.

The STBC are carried out on several symbols that are effi-
ciently recombined at the receiver if the channel is assumed to
be time invariant over these symbols. For the Alamouti code
(rateR = 1) and the Tarokh codes (R = 1

2 , R = 3
4 ) applied

to MC-CDMA, this assumption is required over respectively
L = 2, 8 and 4 OFDM symbols. Then, for this study, frequency
non-selective Rayleigh fading per subcarrier and time invariance
during L symbols are assumed as well as perfect channel es-
timation. Moreover, we consider uncorrelated channels from
each transmit antennat to each receive antennar. Under these
assumptions and considering ideal time and frequency interleav-
ing the complex channel fading coefficients are considered inde-
pendent for each subcarrierk. Hence, the theoretical channel re-
sponse, for thek th subcarrier, from transmit antennat to receive
antennar can be estimated byhtr,k = ρtr,keiθtr,k . This mod-
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elling has the advantage of giving the asymptotical performance
of the system, since optimal spatial and frequency diversity is
obtained. In the MIMO case, when STBC is used, the signal
received duringL adjacent OFDM symbols is equal to:

Rr = JDrCAX + Nr (4)

whereRr = [r1r . . . rlr . . . rLr] is a Lc × L matrix of theL
received signalsrlr at therth antenna, withrlr the vector of the
Lc subcarriers received at timel,J = 11×Nt⊗ILc is a matrix of
sizeLc × NtLc corresponding to the summation of the signals,

Dr =




H1r 0 . . . . . . 0

0
. . .

. . .
...

...
. . . Htr

. . .
...

...
. . .

. . . 0
0 . . . . . . 0 HNtr




is the diagonal channel

matrix of sizeNtLc × NtLc whereHtr is a Lc × Lc diago-
nal matrix withhtr,k the kth element,C = INt ⊗ C of size
NtLc ×NtNu, AX is theNtNu ×L matrix of multiuser coded
sequences,Nr is Lc×L matrix of the noise vectornlr of length
L, with nlr the vector of theLc noise terms at timel. The STBC
decoding and equalization, detailed in the next part, are then per-
formed before despreading and Turbo decoding.

C. STBC Decoding and MC-CDMA Equalization

The first step of STBC decoding consists in applying to the re-
ceived matrixRr an appropriate combining related to the STBC
schemeA used at the transmitter in order to obtain the column
vectorBRr . For instance, withA = G2, we have:

BRr =
[

r1r

−r∗2r

]
(5)

With A = G3 orA = G4 , we have:

BRr =




r1r

−r2r

−r3r

−r4r

r∗5r

−r∗6r

−r∗7r

−r∗8r




(6)

We can note that for these three codes, the first decoding process
consists in applying the first row of the STBC applied at the
transmitter. With andA = H3 orA = H4 , we have:

BRr =




r1r

r2r

r∗2r

r3r

r∗3r

r4r

r∗4r




(7)

This process should be performed on each receive antennar =
1 . . .Nr.

During the second step, an equalization matrixEGr is ob-
tained for each receive antenna by applying to the equalization
coefficients matricesGtr an appropriate mapping related to the
STBC schemeA used at the transmitter.Gtr is a diagonal ma-
trix containing the SU equalization coefficientsgtr,k, for the
channeltr (t ∈ {1, 2, 3, 4}, r ∈ {1, 2}).

We can consider thatGtr = H̃†
tr = H̃∗

tr, whereH̃∗
tr is the

conjugate diagonal matrix of the normalized channel coefficient
for each of theLc subcarriers. Thus, the equalization coefficient
can be written:

gtr,k = h̃∗
tr,k =

h∗
tr,k

Nt∑
t=1

Nr∑
r=1

|htr,k|2 +


γr,k

(8)

with γr,k the Signal to Noise Ratio (SNR) for the subcarrier k
and the receive antennar.

WhenG2 orG4 is used, we applied directly the STBC scheme
to the equalization matricesEGr = G2

Gr or EGr = G4
Gr .

WhenG3 is used (4 symbols transmitted from 3 antennas), we
cannot directly applyG3 on the equalization coefficients matri-
cesGtr but the folowing one:

EGr =



G1r−G2r−G3r 0 G∗

1r−G∗
2r−G∗

3r 0
G2r G1r 0 −G3rG∗

2r G∗
1r 0 −G∗

3r

G3r 0 G1r G2r G∗
3r 0 G∗

1r G∗
2r

0 G3r −G2r G1r 0 G∗
3r −G∗

2r G∗
1r




In this case, when the symbolxn was not transmitted at time
slot l, 0 is present at thenth row andlth column ofEGr .
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In the same way, whenH3 or H4 is used at the transmitter,
we respectively apply:

EGr =




G1r 0 G∗
2r −G3r

2 −G∗
3r

2
G3r

2 −G∗
3r

2

G2r 0 −G∗
1r

G3r

2 −G∗
3r

2
G3r

2
G∗

3r

2
G3r√

2

G3r√
2

0 0 G∗
1r+G∗

2r√
2

0 G∗
1r−G∗

2r√
2




EGr =




G1r 0 G∗
2r

G4r−G3r

2 −G∗
3r+G∗

4r

2
G3r−G4r

2 −G∗
3r+G∗

4r

2

G2r 0 −G∗
1r

G3r−G4r

2 −G∗
3r+G∗

4r

2
G3r−G4r

2
G∗

3r+G∗
4r

2
G3r+G4r√

2
G3r−G4r√

2
0 0 G∗

1r+G∗
2r√

2
0 G∗

1r−G∗
2r√

2




The next step consists in performing the equalization process
for each receive antennar.

Thus, to recover theN vectorsyn of lengthNu, EGr is mul-
tiplied byBRr in order to equalize the received signals and to
combine them. Finally, the signals resulting from theNr receive
antennas are the simple addition of the signals combined from
each antenna. After equalization and combination, the received
signal is equal to:

Y =




y1

...
yN


 (9)

Y =
∑Nr

r=1 EGrBRr

For instance, with a 2 antenna STBC, we have:

[
y1

y2

]
=

Nr∑
r=1

[
G1rr1r + G∗

2rr
∗
2r

G2rr1r − G∗
1rr

∗
2r

]
(10)

For thekth subcarrier, we can write:

[
y1,k

y2,k

]
=

Nr∑
r=1

[
g1r,kr1r,k + g∗2r,kr∗2r,k

g2r,kr1r,k − g∗1r,kr∗2r,k

]
(11)

The final step consists in executing the despreading by apply-
ing the inverse FHT to the vectorY in order to detect theN sym-
bolsxj,n transmitted by the userj. Finally, a soft demapping is
processed in order to feed the turbo decoder which executes the
channel decoding over several iterations.

IV. SIMULATION RESULTS

We study the performance of the Alamouti and the 4 Tarokh
STBC codes for respectivelyNt = 2, 3 or 4 transmit anten-
nas adapted to MC-CDMA transmission scheme. We assume
that the receiver has a perfect knowledge of the MIMO channel,
where each subcarrier follows an independent flat Rayleigh fad-
ing for each active user and for each MIMO subchannel. The
assumption of a full load system is made, i.e. the number of
active usersNu is equal to the length of the spreading Walsh-
Hadamard codeNc = 64. In our simulations, the transmit or
the receive signal powers are equal for any number of transmit
and receive antennas in order to compare the performance of the
five STBC with the same power.

In the Figures 5, 6, 7 we compare systems withNt = 2, 3
or 4 transmit antennas andNr = 1 or 2 receive antennas with-
out TC for spectral efficiencies ofη = 1, 2 or 3 bps/Hz with a
MMSE SU detector at full load. Forη =1, the STBC are com-
bined with either BPSK or QPSK constellation both leading to

same BER performance over a gaussian SISO channel. The best
BER performance is consequently obtained for the STBC offer-
ing the better spatial diversity, thus in our study withN t.Nr = 4
corresponding to the G2x2 or G4x1 systems. Forη =2, the best
BER results are obtained by the Alamouti code associated with
QPSK. In fact, Tarokh codes leads to worse performance mainly
due to their association with 16QAM which is less robust than
QPSK. Forη =3, as the performance of gaussian SISO sytems
with 8PSK and 16QAM are closer, there is less difference be-
tween Tarokh codes associated with 16QAM and 8PSK associ-
ated with G2x1. Nevertheless, Alamouti G2x2 system remains
the best one.

The second set of Figures 8, 9, 10 shows the BER perfor-
mance of the same systems including a duo-binary Convolu-
tional Turbo Code [7] of rate12 . Thus, we compare our sys-
tems for specral efficiencies ofη = 0.5, 1 or 1.5 bps/Hz with a
MMSE detector. We use this turbo code in a packet mode and
we carry out 6 iterations of decoding. For each spectral effi-
ciency, the order of BER performance curves are the same than
the order obtained at a low SNR coresponding approximately to
a Bit Error Rate of6.10−2 before Turbo Decoding.

To sum up, without TC, a MIMO MC-CDMA system at full
load provides quite similar results to those obtained with a single
carrier modulation [4]. As previously demonstrated for SISO
MC-CDMA system [2], the BER performance with TC mainly
depends on performance at low SNR without TC, we obtain the
same order for the curves of the different systems. Moreover,
the MIMO G2x2 system applying Alamouti STBC for a multi-
ple antenna system withNt = 2 transmit antennas andNr = 2
receive antennas always outperforms the other tested systems
whatever the use of TC thanks to its R=1 rate and its space di-
versity.

V. CONCLUSION

The space diversity is efficiently exploited thanks to a MIMO
system combined with of MC-CDMA over a frequency selec-
tive Rayleigh channel. As for SISO system, when using TC,
the best BER performance are achieved by the system which
gives the best BER performance at low SNR without TC. Nev-
ertheless, STBC applied to Turbo Coded MC-CDMA offers a
very good tradeoff between performance and complexity with
a MMSE SU detector especially when using Alamouti STBC
G2x2 system with 2 transmit and 2 receive antennas. These
results obtained over a theoretical perfectly estimated channel
should further be completed by simulations over more realistic
MIMO channels. Further studies would also include channel es-
timation and results will be provided for other load systems as
part of MATRICE projet [8].
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