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Space-Time Block Coding applied to Turbo Coded
Multicarrier CDMA
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Abstract—In this article, we combine a Space-Time Block Code (STBC) We provide simulation results over an uncorrelated Rayleigh flat
with a Multi-Carrier Code Division Multiplex Access (MC-CDMA) system fad|ng channels environment for full load Systems_ In section Il

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 we describe a MC-CDMA associated with TC for both SISO

systems [1][2]. In fact, MC-CDMA exploits the advantages of both the or- and MIMO systems. Thus the STBC codes included in the dif-

thogonal Frequency Division Multiplex (OFDM) multi-carrier modulation  ferent tested systems are detailed for both the transmitter and the
and of the Code Division Multiple Access (CDMA) technique. Moreover, receiver parts

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 II. MC-CDMA, PRESENTATION

by Tarokh [4] applied to a MC-CDMA system leading to different spectral

efficiencies. Then, since Turbo Coded MC-CDMA was demonstrated tobe  The MC-CDMA transmission and reception are respectively
very efficient for a Single Input Single Output (SISO) system, allowing the presented in Figure 1 and Figure 2 in the case of a SISO system

use of a simple Single User (SU) detector [2], we extend this system to Multi- as referred in [1][2] In this section we briefly present the main
ple Input Multiple Output (MIMO) systems for different STBC. Simulation = : y pres g I
results are provided for full load systems. 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.
On one hand, MC-CDMA is a very promising technique for The multiuser turbo coded symbol mati including the
the future wireless communication systems. This technigitformation of all the users of siz¥,, x N is denoted:
combines OFDM multi-carrier modulation and CDMA access X — [Xl e Xp .. XN] whereN is the number of trans-
technique deriving benefits from both techniques notably t
high spectral efficiency and the robustness against muItipq
channels thanks to OFDM and the multi access flexibility and the transpose operation
low multiuser |nteferenc¢ provided by CDMA [1][2]. The multiuser coded sequence is spread using, for instance, a
On the other hand, multiple antenna systems were also demgn- :
L . .Fast Hadamard TransformiHT". We consider that the length of
strated to be a very promising field of research in order to si

nificantly increase the capacity of future wireless communicﬁ?(:J spreading sequences is equalto These spreading codes

X ) : . re orthogonal. Here we assuig < N., whereN, is the num-
tion systems [5]. The introduction of space-time codes [3][ . L .
L . L : er of subcarriers of the Orthogonal Frequency Division Multi-
allowed the spatial diversity to be efficiently exploited. STB S ; .
. S . plex (OFDM). Then, an OFDM modulation is applied consisting
were first proposed by Alamouti [3] in 1998 fdF;, = 2 transmit . ; . )
in the concatenation of a serial to parallel conversion, an Inverse

antennas an;V r = Lrecee antenna. Then Tarokh generallzegast Fourier Transform (IFFT) and an appropriate guard interval
the Alamouti code [4] to a higher number of transmit anten- ; .
depending on the channel impulse response.

nas. The main advantages of STBC are the ability to exploit theWe consider frequency non-selective Rayleigh fading per

it di i h impl h h : X o2
transmit diversity and the ease to implement the decoder at tsueocarrler. Based on these assumptions and considering ideal

receiver part in terms of complexity. The diversity order of %me and frequency interleaving, the independent complex chan-

MIMO system using STBC is the number of transmit antennas . - .
. . nel fading coefficients are considered uncorrelated for each sub-
times the number of receive antenigg\,.

. . . ierk. H he th ical ch I f
In this paper, we briefly present a MC-CDMA system in carrierk. Hence, the theoretical channel response, forkthe

. . Rubcarrier can be estimated by = pre’?*. This modelling
Single Input Single Output (SISO) antenna system before Kas the advantage of giving the asymptotical performance of the

tending MC-CDMA to a MIMO system including STCB. In ad'system since optimal frequency diversity is obtained.

dition to Algmoutl STBC .[3] applled.to MC'C.DMA system S " |n the SISO case, the signal received for thesubcarriers is
presented in [6], we detail the combination with the generahzeedqual to:
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) R =HCX+N @)
detector with a Turbo-Code (TC) for a SISO MC-CDMA trans-\ynere R —
mission. Following this result, we associate a TC as channel

T
coding and a SU detector with our MIMO MC-CDMA schemeWIth I'n = [T - Thn ... 7L ] avectorof lengtiL..
HisalL. x L. time varying diagonal matrix, each element

* France Telecom Research and Development, Rennes, France. E-mail: %the dlagon_al standing for the frequency channel response of
cent.lenir@rd.francetelecom.com . each subcarrier,
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3 T
itted symbol vectorsanst, = [ 1 ... Tjn ... TN,n |
a vector of lengthv,,, whereN,, is the number of users and

[r1 e Tp ... rN] is a matrix of sizeL. x N,
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Data Input . . X=[x ... xy] Spreading OFDM Modulation
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Fig. 1. MC-CDMA SISO Transmitter
OFDM I()Fegrt))dulation Equa(l;zation D(?E?é?ing K=[an .. @] Symbol Demapping Turbo Decoding Data Output
Fig. 2. MC-CDMA SISO Receiver
C=[c1 ... ¢ ... e, | istheL. x N, matrix of users ox — [x1 —x3
spreading codes, | X2 Xj
T . r -
cj=[cy ... ckj ... cr.; ] is the vector of lengtiL, I e B B X] —X; —X3 —Xj
of usery, g3 = | X2 X1 X4 —Xzg X3 X] X3 —Xj
andN is the Additive White Gaussian Noise (AWGN) matrix | X3 —X4 X1 Xg X3 —Xj Xj X3 |
of sizeL. x N . X1 —X2 —X3 —Xq4 Xj —Xp —Xj —Xj
In this paper, we only consider a Single User (SU) MMSE GX_ | X2 X1 X4 —Xs X5 X7 X3 —Xj
detector. In fact, for a SISO transmission and Turbo Coded MC- “* X3 —X4 X1 X2 X§ —X; Xi X3
CDMA, a SU MMSE detector was demonstrated to offer very | Xa X3 —X2 X1 X3 X3 —X3 Xj |
good performance, avoiding the use of more complex Multiple i — X3 X3
e | X2 V2 V2
Users (MU) detectors [2]. Hence, at the receiver in case of SU _ . M x5
detector, an equalizey; corrects thelL . amplitude and phase Hy = X1 V2 V2

X1

X2
variations of each subcarriégr. G is a diagonal matrix con- x_\/% \X/% (=x1—x7+%2—-x%3) (—X2—X3+X1—x7)
X1

taining the equalization coefficients.. We can consider that r i X3 X3
G = H' = H*, where[]l and[.]* respectively denote the 2 V2 V2,
transpose conjugate and the conjugate operationsfﬁhme x _ | X2 X3 ﬁ -
conjugate diagonal matrix of the normalized channel coefficient * % — x_\/% x_\/s5 (=x1—%x;+x2—x3) (—X2—X3+X1—x])
for each subcarrier. Thus, the equalization coefficient can be Xg _ xg (XetxPixi—xi) _ (xat+x;+x3—x%3)

. . L V2 2
written as follows: whereX is\/;he rﬁﬁltiuser turbo coded symbol matrix of size
N, x N including the information of all the users.

SincelL time slots are used to transnitsymbols, the raté&
of the STBC code is usually defined = N/L. Hence, for
with ~, the Signal to Noise Ratio (SNR) for the subcarrier ki, R=1, forG,; andG, R=1/2, and forH, and*, R=3/4.
After equalization, the resultant signal is:

k= = —
g k |hk|2+,y_1k

(2)

B. Receiver part

Y =GHCX + GN (3) After STBC coding, the multiuser coded sequen¢® is

whereY = [y1...vu... is the L, x N matrix of the spread qsing, for instance, a FHT over each STBC _coded sym-
lized si [y1| y. yn] % T bol as with classical MC-CDMA. Then, the Multicarrier modu-
GQLIJa |zeh signa S’f Vr\]"thyn n [y . Iy’f" coyren ] e aiion is easily performed by an IFFT. We can note that, at the
Le engF vector oft € re(_:e|ved symbm ) ransmitter, the FHT could have been performed before STBC
The final step consists in executing the despreading by app,

_ _ “heme with only a penalty in terms of complexity.
ing the IFHT to the vectolY in order to detect théV coded

bol itted by th - Finall ftd ; The STBC are carried out on several symbols that are effi-
SYMBOIST jn tran_smqte y the usei. Finally soft demapping ciently recombined at the receiver if the channel is assumed to
and turbo decoding is processed.

be time invariant over these symbols. For the Alamouti code
[1l. COMBINING MC-CDMA AND STBC (rate B = 1) and the Tarokh codes(= 3, R = 3) applied
to MC-CDMA, this assumption is required over respectively
The MIMO MC-CDMA transmission and reception are req, — 2,8 and 4 OFDM symbols. Then, for this study, frequency
spectively presented in Figure 3 and Figure 4. non-selective Rayleigh fading per subcarrier and time invariance
. during L symbols are assumed as well as perfect channel es-
A. Transmitter Part timation. Moreover, we consider uncorrelated channels from
In the case ofV; = 2, 3 or 4 transmit antennas, the followingeach transmit antenrteto each receive antenma Under these
STBCA =G,, G5, G4, H5, H, as defined by [4] are used in thisassumptions and considering ideal time and frequency interleav-
paper. They are combined with either BPSK, QPSK, 8PSK org the complex channel fading coefficients are considered inde-
16QAM constellation in order to compare systems at the sarpendent for each subcarrierHence, the theoretical channel re-
spectral efficiencies of 1, 2, or 3 bps/Hz. sponse, for thé'” subcarrier, from transmit antennto receive
In the multiuser case, the coded sequences are defined byantenna- can be estimated by, , = pt,,kewfnk. This mod-
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Fig. 3. MC-CDMA MIMO Transmitter

STBC Decoding
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Fig. 4. MC-CDMA MIMO Receiver

elling has the advantage of giving the asymptotical performan@ée can note that for these three codes, the first decoding process
of the system, since optimal spatial and frequency diversity é@nsists in applying the first row of the STBC applied at the
obtained. In the MIMO case, when STBC is used, the signahnsmitter. With andd = H3 or A = H, , we have:

received during. adjacent OFDM symbols is equal to:

Ty
Rr = jDrCAX + Nr (4) rop
whereR, = [r1,...r5...1rL] IS @ L. x L matrix of the L - Iar
received signals;, at ther™ antenna, withr;, the vector of the B* = Tar (7)
L. subcarriersreceived attime7 = 1y, ®1r, is a matrix of Tar
sizeL. X NiLc corresponding to the summation of the signals, r‘*“‘
Hy, 0 ... ... 0 L Tar |
o . . : This process should be performed on each receive anteana
D, = T & P is the diagonal channel 1...Ny.
’ tr : Durlng the second step, an equalization ma#f%- is ob-
: ) 0 tained for each receive antenna by applying to the equalization
0 ... ... 0 H,r | coefficients matrice&,- an appropriate mapping related to the

matrix of sizeN;L. x N;L. whereH,, is a L, x L. diago- STBC schemed used at the transmitteG,. is a diagonal ma-
nal matrix with A, ;. the kth elementC = Iy, ® C of size trix containing the SU equalization coefficiens, 5, for the
N;L. x N;N,, AX is theN; N, x L matrix of multiuser coded channetr (¢ € {1,2,3,4},r € {1, 2}) 3
sequencesy, is L. x L matrix of the noise vectat,, of length We can conS|der tha®,, = H!, = H;,, whereH;, is the

L, with n,,. the vector of the_. noise terms at timé The STBC conjugate diagonal matrix of the normallzed channel coefficient

decoding and equalization, detailed in the next part, are then pfar each of thel. . subcarriers. Thus, the equalization coefficient

formed before despreading and Turbo decoding. can be written:
C. STBC Decoding and MC-CDMA Equalization g 7 h k. ®)
trik = Nr o =
The first step of STBC decoding consists in applying to the re- Ne X b2
ceived matriXk . an appropriate combining related to the STBC Z Z trk|” + Yk
schemeA used at the transmitter in order to obtain the column =
vectorB™-. For instance, wittd = G-, we have: with ;. the Signal to Noise Ratio (SNR) for the subcarrier k
” e and the receive antenma
B = ri”‘ 5) Wheng, or G, is used, we applied directly the STBC scheme
. 2 to the equalization matrice&®C- = G,&~ or £6- = G,6-.
With A = G3 or A = G4, we have: Whengs is used (4 symbols transmitted from 3 antennas), we
T o ] cannot directly apply 5 on the equalization coefficients matri-
—rli cesG,, but the folowing one:
7&’ G, -Gy —Gs, 0 GI,—G3—Gi. 0
» _r4: £Gr Gor G, 0 —-G3,.G3. Gy, 0 —-Gi,
B = o (6) Gz 0 Gy G Gz 0 GI,. G,
7r2 0 Gs. —Go. Gy, 0 Gi. —G3,. GI,
—r¥, In this case, when the symbw), was not transmitted at time
| -5, slotl, 0 is present at the*” row andi*" column of €G-,
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In the same way, wheh{s or H4 is used at the transmitter,same BER performance over a gaussian SISO channel. The best

we respectively apply: BER performance is consequently obtained for the STBC offer-
G, 0 Gj -S= _S% Gu _S%. 7ingthe betterspatial diversity, thus in our study with. N, = 4
G = |Gy 0 -G, G23,\ _GT3 GQsT GTa corresponding to the _GZx2 or G4x1 systems. hrer2, the_ best _
Gs, Gar 0 g GitGi G Gi BER results are obtained by the Alamouti code associated with
V2 V2 ¢ o o Lg 3 QPSK.Infact, Tarokh codes leads to worse performance mainly
G 0 Gj Segfe Sugme Swsfe SR ] g)e b0 their association with 16QAM which s less robust than
=1 Gy 0 -Gj SugGu Si0u GusGu Suily QPSK. Forp =3, as the performance of gaussian SISO sytems

GurtGy Cu—Cu 0 StGe % with 8PSK and 16QAM are closer, there is less difference be-

The nextgtep consists in performing the equalization procasgeen Tarokh codes associated with 16QAM and 8PSK associ-
for each receive antenma ated with G2x1. Nevertheless, Alamouti G2x2 system remains
Thus, to recover thé& vectorsy,, of lengthN,,, €5~ is mul- the best one.
tiplied by B%+ in order to equalize the received signals and to The second set of Figures 8, 9, 10 shows the BER perfor-
combine them. Finally, the signals resulting from fligreceive  mance of the same systems including a duo-binary Convolu-
antennas are the simple addition of the signals combined fraisnal Turbo Code [7] of rat%. Thus, we compare our sys-
each antenna. After equalization and combination, the receiviegns for specral efficiencies gf= 0.5, 1 or 1.5 bps/Hz with a
signal is equal to: MMSE detector. We use this turbo code in a packet mode and
Y1 we carry out 6 iterations of decoding. For each spectral effi-
V= : (9) ciency, the order of BER performance curves are the same than
the order obtained at a low SNR coresponding approximately to

YN a Bit Error Rate of;.10~2 before Turbo Decoding.
Y= Z,fv;l EGrBRr To sum up, without TC, a MIMO MC-CDMA system at full
For instance, with a 2 antenna STBC, we have: load provides quite similar results to those obtained with a single
carrier modulation [4]. As previously demonstrated for SISO
Vi N Gi,r1, + G515, MC-CDMA system [2], the BER performance with TC mainly
[yQ] =Y |:G2rr1r _ GTJSJ (10)  depends on performance at low SNR without TC, we obtain the

r=1 same order for the curves of the different systems. Moreover,
the MIMO G2x2 system applying Alamouti STBC for a multi-

ple antenna system witl; = 2 transmit antennas and,. = 2
receive antennas always outperforms the other tested systems

Ny * *
{yl’k} =Y [gl""kh"’k * gi”"kri"v’“] (11) whatever the use of TC thanks to its R=1 rate and its space di-
Y2.k] 7 92nkTink = G1r k" 2rk versity.

For thek!" subcarrier, we can write:

The final step consists in executing the despreading by apply-
ing the inverse FHT to the vectdrin order to detect thé&/ sym-
bolsz; ,, transmitted by the usgt Finally, a soft demapping is
processed in order to feed the turbo decoder which executes th&he space diversity is efficiently exploited thanks to a MIMO
channel decoding over several iterations. 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
IV. SIMULATION RESULTS gives the best BER performance at low SNR without TC. Nev-

We study the performance of the Alamouti and the 4 Tarokértheless, STBC applied to Turbo Coded MC-CDMA offers a
STBC codes for respectivelyy; = 2, 3 or 4 transmit anten- very good tradeoff between performance and complexity with
nas adapted to MC-CDMA transmission scheme. We assumd&IMSE SU detector especially when using Alamouti STBC
that the receiver has a perfect knowledge of the MIMO chann&2x2 system with 2 transmit and 2 receive antennas. These
where each subcarrier follows an independent flat Rayleigh fagsults obtained over a theoretical perfectly estimated channel
ing for each active user and for each MIMO subchannel. Thahould further be completed by simulations over more realistic
assumption of a full load system is made, i.e. the number MIMO channels. Further studies would also include channel es-
active usersV,, is equal to the length of the spreading Walshtimation and results will be provided for other load systems as
Hadamard codév, = 64. In our simulations, the transmit or part of MATRICE projet [8].
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. ACKNOWLEDGEMENT

In the Figures 5, 6, 7 we compare systems with= 2, 3
or 4 transmit antennas arid,. = 1 or 2 receive antennas with- The work presented in this paper was supported by the Eu-
out TC for spectral efficiencies of = 1, 2 or 3 bps/Hz with a ropean IST-2001-32620 MATRICE project (MC-CDMA Trans-
MMSE SU detector at full load. Foy =1, the STBC are com- mission Techniques for Integrated Broadband Cellular Systems)
bined with either BPSK or QPSK constellation both leading t[8].

V. CONCLUSION
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