Performance Analysis of Linear Precoded The linear precoding matrix obtained with Fourier Trans-
Space-Time Block Codes with Channel Coding form matrix construction is:

1 1 1 .. 1
Vincent Le Nir, Pierre-Jean Bouvet, Maryline Hélard, 1wl w? wh1
Member, IEEE QFFT _ N wh -
" VL : : . :
Abstract— In this paper, we combine Convolutional Codes 1 L—1 ., 2(L—1) ' (L—1)(L-1)
(CC) and Turbo Codes (TC) as channel coding with Space- w w e W )

Time Block Coding (STBC) in order to exploit spatio-tempord ) 2

diversities. Moreover, linear precoding matrices are comimed with w =e™T".

to efficiently improve the space-time diversity order of the The linear precoding matrix obtained with Vandermonde
multiple antenna system. The proposed system implements amatrix construction is:

simple Minimum Mean Square Error (MMSE) linear decoder

at the reception side, which has very low complexity compait ey =diagl,a,o?,..., o 10T (2)

to the Maximum Likelihood (ML) decoders currently used in

such systems. Performance results obtained by simulationsre

given for a 2 transmit antennas system with different precoihg 1 1 1 o 1
matrix sizes over flat Rayleigh fading channels for a globalystem 0 9 0 9
including channel coding. The described scheme can easily@ 1 ; 2 50 ULl
efficiently be adapted to a different system with more transnt @ga” S —— 01 03 03 e 07 3)
antennas. VL . . ) :

oF—t L=t et ... 9kd

I. INTRODUCTION .
. n ijm
In 1996, Foschini demonstrated that the spectral efficienéjth ¢: =aw' =ae L.
increases linearly with the minimum number of transmit or The linear precoding based on the complex Hadamard
receive antennas [1] when using multiple antennas systerff@nstruction base on SU(2) group matrix is :

Another way to exploit multiple antennas is to use STBC. 25T ® )

.. . (_)Had _ = L/2 L/2 4
The initial two-transmit antennas Orthogonal STBC (OSTBC) NIl e, —0, (4)
proposed by Alamouti [2] is merely decoded with a linear . / /
operation. Another advantage of this code is its unitarg.rafvith L = 2", n € N*, n> 2 and:

Then, Tarokh [3] extended OSTBC to 3 or 4 transmit antennas eI%  cos €92 sin
en, ; A 0, = " " (5)
with linear decoding as well, but resulting in lower 1/2 and 27| —e79% giny e 9% cosny

3/4 rate codes. Since, many studies have been carried ouf t . . .
find out space-time codes with more than two antennas aEﬁ 089'”2 Ioarzze@—slpicgfl‘f Unitary group SU(2), therefore
rate one, resulting in Quasi Orthogonal STBC (QOSTBC) [ﬁle 2) = 2 — -2

5], but requiring more complex than linear decoders such aSF|gure 1 represents the 3-D Gaussian density of linearly

Maximum Likelihood (ML) decoder precoded Quadrature Phase Shift Keying (QPSK) symbols by

In parallel, linear precoding also called constellatiotation ?ancet T;‘;hertoh;ecetiggeoir;rfr%?gr';g Tﬁ;g%ﬁi oggﬁift?gvlgr
was demonstrated to efficiently exploit time diversity for Proj P y

Single Input Single Output (SISO) systems [6]. In [7], a syst an L-sphere onto one or two dimensions is a non-uniform

combining the STBC proposed in [4] with linear precodin@r?r?carzgig'S\t/\r;ﬁggoﬂstizat Sﬂgg::ris :meigjjéamﬂgﬁllﬁtion
is presented, but the complexity of its ML detector vari . 9 P

e ) o
exponentially with the length of the precoding matrix. (SQAM) symbols equiprobably distributed, the resuit of the

Since 1993, Turbo codes are demonstrated to be Vﬁyje_ction over a sphere of dimension L is a 3-D Gaussian
efficient to exploit the coding diversity, performing clasethe nsity when L is large, as fak = 256.
Shannon limit [8]. In this paper, we tested the influence ef th
channel coding for the system presented in [9], where linear
precoding and OSTBC are efficiently combined. As channelIn this section we provide the theoretical performance of a
coding scheme, we have implemented the robust duo bin&kstem with L independent branches in a flat Rayleigh fading.
turbo channel encoder that is proposed in DVB-RCT standafgsuming that a code word is detected whereas the code
[10], as well as CC. At the receiver, before channel decodingvord x is sent, for a fixed channel and with an Additive
simple linear MMSE decoder offers a good trade-off betweaihite Gaussian Noise (AWGN) whose variancerts = £

performance and complexity thanks to low interference serner dimension, the Pairwise Error Probability (PEP) can be
expressed with the following formula :

IIl. THEORETICAL PERFORMANCE WITH DIVERSITY

II. LINEAR PRECODING
In this section, we present the unitary linear precoding P(x — %[H) = Q d(x,X) (6)
matrices which are the Fourier, the Vandermonde and the 20

complex Hadamard matrices for a sizex L. where d(x,%) denotes the Euclidean distance between

France Telecom R&D, France. vincent.lenir@rd.francetaie com code wordx and X and Q(y) is the Gaussian tail function.
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Fig. 1. linear precoded QPSK matrices for L=256

A. Description of the proposed scheme

. ) Let N the number of symbols to be transmitted aifid
If we call H the matrix representation of the channel, thfhe number of symbol durations over which the channel is
formula becomes : constant. The rat&k of OSTBC is the ratioN/T. Let x =
[z1 ... 21]T complex symbols. We considerlax L/ R matrix
such that the entrieS(x1, ..., z) are complex linear combi-
B |[Hx — HX||? nations ofx;, i = 1,..., L and their conjugates according to
P(x —x[H) =Q 9N, (@) part | andS¥ (x,...,21)S(z1,...,2r) = D, whereD is a
diagonal matrix whose components are linear combinatiéns o
Let N the length of the code word, the probability that |si?, i = 1,..., L [3]. For instance, with the Alamouti code

andx differ at L < N positions, we obtain : [2], this corresponds to the following matrix:
S:diag(Sl,...,Sj,...,SL/Q) (11)
Pp(x —x) = Q< (8) with
S; = [ A ] (12)
23 i
If all the fading amplitudes; are independent and identi- st
cally Rayleigh distributed, it can be shown th@fz‘l1 || and s=[s1 ... sz]T being linear precoded
follows a chi-square probability law witl2L degrees of symbols such as s=@©..x . The received vector
freedom. By evaluating this integral for a BPSK modulationy =[r1 ... 7] is represented by r=hS+n
we obtain [11]: where h=1[h ... hyp] is the channel and
n=[n; ... ng] is the AWGN. The received

vector must be rearranged leading to the vector

L k * * 1T i
- 1 2k\ (11— p? v'=[r —-ry ... rp1 —Ti) and leading to
Pr(x—%) = 2 [1 B NZ (k;) ( 4 ) ] ©) the equation r' = H.s + n’ with n’ the modified AWGN
k=0

n=[Mn -n} ... np —nz]T and
with H = diag(Hy,... H;, ... Hyp ) (13)
[ Eg/N
n= ﬁ (10)  with
s hoj—1 haj ]
s P L 14
! [ —haj haj -

Fig. 2 shows the bit error probability obtained with (9) for

a L-branch diversity. We can denotes that when diversity the equivalent channel matrix representation. The degodin
increases, the bit error probability tends towards AWGNeur process consists of applying a Maximum Ratio Combiner
(MRC) equalizer to the equivalent received vector which is

the transconjugate of the equivalent channel matrix :
IV. ASSOCIATION OF LINEAR PRECODING WITHOSTBC

y=H'Hs+HYn'=As+H"n (15)
In this section, the association of linear precoding and
OSTBC is presented. Then the effect of linear precoding &¥th
the symbols and the noise is investigated. A =diag(Aq,...,Aj, ..., Ap)9) (16)



and C. Effect of linear precoding on the noise

A; = \Io = (Jhoj1]* + |hoi|*)a (17) However, this linear precoding will not improve the perfor-
mance at low SNR. For instance, with the Alamouti code the
Considering an interleaving process long enough, the di@lgongise terms become:
elements are mixed up between leading to:

K=H"n'=[K, ... K; ... Kj] (24)
A =diag(\y, ..., L) (18) with
We haV(_a s_een_tha_lt before being space—time coded, the s_ymbq{sj = h3;_ynaj1 + hognb; or Kj = hynoj_1 — haj_1ni;
are preliminarily linear precoded with /a x L unitary matrix (25)
as described in part Il. The final step consists of applyireg thyjth an MRC equalizer, the variance of this noise has the
inverse linear precoding to the vectpr following form:
z=0"y =07 A0.x+07 H (19) E[K3] = 2No(|haj—1|* + |ha;]?) (26)
per real dimension. With a ZF equalizer, the variance ofenois
B. Effect of linear precoding on the symbols becomes 2N,

_ EK)=—2>"_ _ 27
This linear precoding will have the effect of increasing the [%5] |hoj—1]2 + |hajl|? @7

di\"/irfity order of the transmitted symbols. For insta}rncsian!gj per real dimension. Applying the linear deprecoder will énav
©, " for L = 4 and applying the coefficients = 7, this ¢ effect of averaging the variance Kf;, the noise becomes:

leads to the global hermitian circulant matrix:
M=0fK=0fH"n" =M, ... M; ... M;] (28)

a b ¢ b
11 a b ¢ With a ZF equalizer, the variance of the noise becomes:
Ay = il e v oo b (20) N, &
b e b a BIM7] = T (Ihaj—1]? =+ Ihg;|*) " (29)
with Y . .
=M+ X+ A3+ Ay per real dimension. Owing to the last equation, the linear
b= — A3 — (X2 — A1) (21) precoding has little impact on the noise.

c=AM—d+A3— N\
V. SIMULATION RESULTS
The transconjugate of the chanr@l = H* is equivalent  The simulations are carried out in a Rayleigh flat fading
to an Maximum Ratio Combining (MRC) equalizer. Wherzhannel environment well adapted to OFDM-like modulation
L increases in a flat Rayleigh fading channel environmeniith Alamouti and Tarokh codes, MMSE equalizer and inter-
the diagonal terms have a diversity that tend towards a nagaving for different sizes of precoding matrices. In fabe
centered Gaussian law and interferences that tend towards|MSE equalizer provides the best results compared to the
centered Gaussian law on the non-diagonal terms. Theref&gRC or the ZF equalizer.
when using an MRC equalizer with perfect channel estimation Figure 3 shows the performance of the linear precoded
the global system is non-orthogonal. For Vandermonde matilamouti system with complex Hadamard based SU(2) ma-
ces, the diagonal terms follow s law when an Alamouti trices for different sizes of precoding matrices & 4 and
MRC equalizer is chosen in a flat Rayleigh fading channgl)) and N, = 1 without channel coding. We observe that the
environment. The interference term noteébllows a x3 law specified precoded system with = 4 outperforms of 2 dB
difference andb follows a x? law difference per dimension. the sole Alamouti scheme without precoding@ER = 1073,
In the case of a ZF equalizer, the equalization matrix is : One can see that the slopes of the simulated curves aregbarall
A to the slopes of the theoretical curves. However, a shiftozan
= (22) seen between the simulated and the theoretical curves decau
H"H of a loss in performance due to the variance of the noise
In the case of an MMSE equalizer, the equalization matrix ¢escribed in part IV-C.
: Figure 4 provides BER performance of the linear precoded
HY system for one (SISO) and two antennas (Alamouti) with
G= HHAH + 11 (23)  hon systematic convolutionnal channel coding of half rate
K with constraint lengthk' = 7 and (133,171), polynomial
where~ is the Signal to Noise Ratio at the receive antenngenerators. In spite of the diversity gain brought by thencleh
When using a ZF equalizer with perfect channel estimatithn, @oding, linear precoding exploits an aditionnal diversésd-
the non diagonal terms are null. In order to avoid enhancimg to an higher slope for both SISO and Alamouti schemes.
the noise, it is preferable to choose an MMSE equalizer, Finally, the performance of both schemes (SISO and Alam-
leading to very small interference terms and leading to Aajlo outi) are carried out in Figure 5 with duo-binary turbo chalnn
orthogonal system at high SNR. coding of half rate proposed in DVB-RCT standard and packet
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and a linear precoding. This new scheme leads to an efficient
exploitation of space-time diversity. In addition, as aehn
decoder is used at the reception side, the complexity linear
increases with the precoding matrix size but not exponkntia
compared to ML detectors often used in such precoding
systems. Like this, our system described may be applied
to other OSTBC codes and several antenna configurations.
The performance results show that a simple linear decoder
is sufficient when using an OSTBC combined with linear
precoding. This conclusion remains valuable when a channel
coding is used. To conclude, we can say that the use of
our proposed schemes for two or more transmit antennas



