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Abstract—Space time block codes (STBCs) are commonly transmitted and soft detected bits for a specific target SNR.
designed according to the rank-determinant criteria, suitable \Without loss of generality, we restrict our study to &2
for high signal to noise ratio (SNR) values. However, capacity \;mo system. According to the rank-determinant criteria,

approaching forward error correcting codes, used in practical . o . .
communication systems, achieve iterative convergence at low toseveral %2 full-rate full-diversity linear dispersion STBCs

moderate SNR. In this paper we first present a non-asymptotic have been proposed [6-13]. Among them, the full-rate full-
STBC design criterion based on the bitwise mutual information diversity trace-orthonormal (TO) [6] has a flexible struetu

(BMI) maximization at a specific target SNR. According to due to the presence of a rotation angle that plays the role
this BMI criterion, we then optimize a trace-orthonormal-based of a design parameter. Based on the proposed BMI criterion,

STBC structure. Therefore, designed STBC becomes adaptive te th iat | imizing the BMI at th
with respect to the SNR. Proposed adaptive trace-orthonormla we compute the appropriate angie maximizing the at the

STBC shows identical or better performance than %2 STBCs 10 output for each SNR. This leads to the proposal of an
of a turbo-coded WiMAX system. adaptive TO STB@ptimized fora wide range of SNRdn

a communication system using an adaptive modulation and
coding like WIMAX, our simulations show that the adaptive
Multiple input multiple output (MIMO) systems have beeriTO at least matches all WIiMAX 22 MIMO profiles over a

adopted in most of the recently developed wireless communuasi-static Rayleigh fading channel.

cation systems. Indeed, they provide higher spectral effeyi ~ The remainder of this paper is organized as follows. In

(multiplexing gain) and/or better performance (spatisédsity ~Section Il, the practical communication MIMO system model

gain) [1] than single input single output (SISO) systems. under consideration is presented. In Section lll, the conve
In order to design space time block codes (STBCs) fabnal STBC design criteria and a brief review of well-known

MIMO systems, several design criteria have been previoustx2 MIMO STBC are given. The BMI criterion and the

formulated. Based on the minimization of the pairwise errgroposed adaptive TO STBC are presented in Section IV.

probability (PEP) between transmitted and detected codead-to-end BER curves are provided in Section V. Section VI

words, the well-known asymptoticank-determinantcriteria  concludes the paper.

aim at designing full-rate full-diversity STBCs [2]. In [3]

the linear dispersion STBCs were designed to maximize the II. SYSTEM MODEL AND NOTATIONS

symbolwise mutual information between transmit and rexeiv

signals. However, these previous works do not take intoWe consider a MIMO system witlV, transmit antennasy,

account the presence of powerful forward error correctiorceive antennas operating over a quasi-static Rayletjhdga

(FEC) codes in the transmission chain that usually achiegbannel, i.e., the channel changes for each transmittedIM

iterative convergence for low to moderate SNRs. Indeedt]in [ codeword of lengthl’. A perfect channel state information

it is stated that uncoded error probability could be misiegd (CSI) is assumed only at the receiver. The system is destribe

and reveals to be insufficient to predict performance whes follows (see Fig. 1):

a STBC is concatenated with an outer powerful FEC code.Transmitter sidethe information wordb is encoded via a

Moreover, FEC decoding is extremely sensitive to its inpaapacity approaching FEC code C with rd@g The resulting

bitwise mutual information (BMI) value. Indeed, the higliee codeword is interleaved with a random interlealefiollowing

BMI at the input of the FEC decoder, the lower the error rate atbit interleaved coded modulation (BICM) scheme [14]. We

the output of the decoder. Our work focuses on the design oflanote byc the interleaved codeword: is mapped onto

STBC for a practical communication system. The reduction af Gray encoded//-QAM constellation wherelM = 2™ is

the end-to-end bit error probability (BER) is targeted.diyy the modulation order anéh denotes the number of bits per

unlike [5], we focus on low latency communication systemsymbol. A MIMO system is said to be full-rate (FR) when the

that should avoid the use of iterative MIMO detection. number of transmitted symbols per channel use is equal to the
In this paper, we first present@n-asymptotic MIMO STBC number of transmit antennas,;. The mapper feeds a block

design criterion based on theBMI maximization between of N; x T QAM symbols denoted by; to the STBC MIMO

I. INTRODUCTION



MIMO Code Minimum determinant

Y X for QAM modulations
b_frecenonerl , 7 (€ wom [ e ﬂ Golden code (GC) [7] 3.2000
N Srinath-Rajan (SR) [9] 3.2000
L . Dayal-Varanasi (DV) [8] 3.2000
N,  sormstecdeecor &) T | rec decoder 2 Trace-orthonormal (TO) [6] 3.2000
Y HTW-PGA [12,13] 2.2857
Fig. 1. Structure of the system at the transmitter and thevwerce Sezginar-Sari (MD) [11] 2.0000
Yao-Wornell (YW) [10] 0.8000
Spatial multiplexing (SM) [17] 0.0000

encoder. Afterwards, encoder output denotedXgy;, .7 is TABLE |

COMPARISON BETWEEN THE MINIMUM DETERMINANT OF SOME

transmitted viaN, antennas ovel’ channel use periods. WELL-KNOWN FULL-RATE 2% 2 STBCS.

The MIMO channel is completely defined by the matrix
H|n, «n,) Where its entries are assumed to be independent
and identically distributed (i.i.d.) circularly symmetrGaus- B. WiIMAX 2<2 MIMO profiles
sian random variables with probability density functiomflp  the worldwide interoperability for microwave access

~ CN(0,1). CN(u,0?) denotes the complex Gaussian pdfiyimax) system uses the MIMO codes specified in the
with meany, and variancer2. A complex white Gaussian NOiSe|EEE 802.16e-2005 standard [15]. Two mandatory MIMO
Ny, 7 With i.i.d. entries and pdf- C'N(0,0?) is added to il are described for the downlink. The first represtes
the rece|ved signals. o _ Alamouti code [16] introduced for transmit diversity, refed
The channel input-output relation is be given by: to as Matrix A. It offers FD but is only half-rate. The second
Y —HX + N (1) profile is the FR spatial multiplexing (SM) [17] introduced
for spectral efficiency increase, referred to as Matrix B. In
Receiver sideN, x T noisy signals, denoted BY |, .7}, order to benefit from both diversity and multiplexing gains,
are received on thé’, antennas. A soft maximum- I|kel|hood another MIMO profile is included in the IEEE 802.16e-2005
(ML) STBC detector estimates the transmittettQAM sym-  specification, referred to as Matrix C which is a variant @ th
bols and feeds th@(c; = 1) (c; is thei-th bit of codeword Golden code (GC) [7]. At high SNRs, the GC is known as the
c), denoted byé;, to the deinterleaver. These probabilities arBest 2«2 FR-FD STBC with non-vanishing determinants.
deinterleaved then provided to the FEC decoder. Resultie.g STBCs for 22 MIMO system

hard decoded information woislis compared td to compute
the BER. For the 2<2 MIMO system, several linear dispersion FR-FD

STBCs have been proposed in [6-13]. These codes are defined

[1l. STATE OF THE ART. 2x2 MIMO STBCs under the rank-determinant criteria. Table | summarizes th
characteristics. The minimum determinant is computed for
symbols chosen from a reguldr-QAM constellation where

Minimizing the STBC codeword error probability or equivthe difference between any two constellation points is a
alently minimizing the union bound for the PEP leads to theultiple of 2.
well-known rank-determinant STBC design criteria [2]: Among them, the TO STBC has a flexible structure designed

1) Rank Criterion To achieve the maximum diversity, thefrom both information-theoretic and detection error vieis
rankr of the codeword difference matrix = X —X must be [6]. By varying one of the code parameters, the performance
maximized for all possible transmitted codeword p&Xs X). of the TO STBC varies significantly. Therefore we propose
The diversity gain is defined as= rN,.. Whenr = N, the to take advantage of this feature in order to design a flexible

A. Conventional STBC design criteria

system is said to be full-diversity (FD). TO-based STBC. The resulting structure is intended to at lea
2) Determinant Criterion The STBC minimum determinant match and in some cases overcome existing STBCs for a wide
is defined as: range of SNRs.
6= Irin H A (2) V. ADAPTIVE TRACE-ORTHONORMAL STBC
X#X

In this section, we first present the bitwise mutual informa-
where \;;i = 1,...,r are the non-zero eigenvalues of theion criterion. Then, we apply this criterion to the TO STBC
matrix AAT (AF is the Hermitian ofA). to design an adaptive STBC with respect to a wide range of

In order to obtain the best performance at high SNR valued\R values.
0 should be maximized. Indeed, the dominant parameter is
the diversity gaind which defines the slope of BER curves” BMI criterion
Therefore, it is important to ensure the FD of the STBC and The asymptotic rank-determinant criteria optimize STBCs
then maximize its coding gaidi'/™. for high SNRs. Most of practical communication systems are
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Fig. 2. BMI of some well-known 22 MIMO STBCs for high Ey,, /No;
4-QAM modulation. Fig. 3. BMI at Fy, /No = —3 dB and minimum determinant of TO STBC
as a function of its design parametr4-QAM modulation.

planned for low or moderate target SNRs due to the introduc- ) )
tion of a capacity approaching FEC code. Therefore, the STBCA group of 4 data symbol$S5;, Sz, 53, 54) is transmitted
parameter optimization should be targeted for this SNReangS follows:

Based on the maximization of the BMI between transmitted X0 — 1 [ X X ] (4)
and soft detected bits, we propose a non-asymptotic design V2 [ X1 Xo
criterion aiming at choosing the appropriate design patemeynere
value for STBCs at a specific target SNR.
The BMI is computed as in [18], by: X1 = (S1+ S2)cosf+ (S5 —S7)sind (5a)
BMI(é;¢) = 1 — Ellogy(1 + exp(—L))] (3a) M= et (S5 + Sy)sin€ o+ (S5 = 55) cos6) (Sb)
N Xo1 = et ((Sg + 54) cos ) + (S; — SZ) sin 0) (5C)
~1— % Z logy (1 + exp(—tn.Ln)) (3b) Xoo = (S1+S2)sinb + (S7 —S5)cosb (5d)
=t ) S* designates the complex conjugate$fandd is the code
withd n = In 15Cn design parameter to be optimized according to the selected
u, = (=1)° criterion.

hereE is th functi nél denotes th tive | In [6], an exhaustive search is performed in order to
whereL 1s th€ mean function a enotes the negative 109- jaximize the minimum determinant. This search leads to a
likelihood ratio (NLLR). N is assumed to be large enougrb 1

. : =1 in L ~ 13.28° and a coding gain equal to the
to accurately estimate the BMI. The BMI value is assess%ge 2 &I 99 d
by Monte Carlo simulations by passing\&bit sequence into
the mapper, the STBC, the MIMO channel and the soft Mg
. . P .
detector. In this work, we consideréd = 10* simulated bits. In Fig. 3 and Fig. 4, the minimum determinant and the

I.n ordetr tcf) v_ahdate tEe BM: i:ltzr!oanromz glelBMM? C]?d'nl?BMl are plotted as a function of the design parametefor
gan point ot view, we have plotted In 9. € ot well-5 4-QAM modulation, forEy,, /Ny = —3 dB and Ey,, /Ny =

known 2x2 MIMO codes presented in Table I, fordaQAM 12 dB respectively. For lowEy, /No, Fig. 3 shows that the

modulation, as a function of highy., /Ny values, wheret, angle which maximizes the BMI is equal fio= 45°, different

denotes the energy per bit for uncoded MIMO system a?l%m the original one obtained under the determinant éaiter

Ny the noise power spectral density. We use the expressign.; : : :
. - ile for high Ey,, /Ny (see Fig. 4), the obtaine@lunder the
uncoded” to refer to the case of a MIMO STBC syste MI criterion is equal to13.28° as the original one obtained

without any FEC che. STBCsin [6,8,9] i.e., DV, TQ and Si [6]. These results show that the TO design parameter value
show a quasi identical performance than the GC. Fig. 2 sho

S ; ; )
f hl high SNRs. A
that the hierarchy of the presented MIMO codes is identic),;ﬁgno; ;:(Iqu% ergfgb /?\\2/) ind_B Ing aSndEj /Z\Z p:relszegtBed n

to their classification in T_able . respectively, we have computed for ea€h, /Ny with a step
Although we have restricted our study t0 the2TO STBC, ot () 55 4B, the appropriaté which maximizes its BMI. We

the application of the BMI criterion to any/; x N, STBC is denote the obtained by pM-QAM
straightforward. opt :

For 4-QAM modulation, in the range of-0.5 dB <
Epy/No <4.25 dB, abg,2™ is obtained for eacty,, /No. A
polynomial interpolation is performed to obtain an analgti

We apply the BMI criterion to the trace-orthonormal lineaapproximation ofﬁé,;?AM as a function off},, /Ny. Therefore,
dispersion FR-FD STBC presented in [6]. the design parameter of the proposeldptive TO STB@hich

ood performance for high SNRs, but not necessary for low
nd moderate SNRs.

B. Optimization of trace-orthonormal STBC
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i o ) Fig. 5. BMI of WIMAX MIMO profiles and adaptive TO in the regioof
Fig. 4. BMI at Ebu/NO = 12 dB and minimum determinant of TO STBC interest as a function OEbu/NO; 4-QAM modulation.

as a function of its design parametgr4-QAM modulation.

original symbols can be easily reconstructed by:

S1=R(Sy) +I(S7)

maximizes its BMI is computedpr all SNRs by:

45°; For Epy, /No < —0.5 dB _ / ‘o (Qr
s "= ; S2 = R(S1) +73 (53) (10)
1AM _ ) —0.65 (Lo ) 44,79 (Bow) —13.8 (LZex S3 =R (53) + S (53)
Oopt " = No No No ) (6) Sy =R(SL) +jS (L)
+36.47; For —0.5 < Ey, /Ny < 4.25 dB 4= 3) TS 92
13.28°; For By, /Ny > 4.25 dB However, the ML complexity detection of the GC and the

- ) . . original TO isO (M*) [9]. Therefore, the adaptive TO STBC
Similarly, for 16-QAM modulation, the  design parameteroﬁers identical or better performance than the differer22

16-QAM .
Oopt is computed by: STBCs with reduced detection complexity in the range of low
45°; For By, /Ny < 9 dB Epu/No-
2
pLo.QAM _ 0.424 (ETT) —14.936 (ETT) 7 V. SIMULATION RESULTS
+139; For9 < E,/No < 13.5 dB A. Adaptive TO parameter selection

13.28°; For Ey, /Ng > 13.5 dB ) .
ou/No 2 For the WIMAX system, the used FEC code isRatate

For higher order modulations, the same method can be applitible binary turbo code. In our simulations, such a code
and a suitabledo ™ can be chosen. The BMI criterionis used with different rate®. = 1/2, 2/3 and 3/4 and an
always provides the best choice for the TO design parameigfiormation frame size ofl0, 800 bits. For the adaptive TO

since it maximizes the BMI for all SNRs. We notice that aSTBC, the appropriaté;; *** depends on the coding ra®.

analytical method to gety;; ™ is still an open problem.  and the modulation orde¥/. This 63 %" value is computed
as follows: 1) Passing from global system to uncoded MIMO
C. ML detection complexity of adaptive TO STBC by: Ey./No = Ey,/No + 101log;,(R.) where E, is the energy

Practical communication systems promote the usage of I&" information bit. 2) The obtaines, /Ny is introduced in

complexity detection STBCs. In the range of Id, /Ny, the €duation (6) and (7) to compute the valuefofo be used for

optimized TO parameter &y " = 45° (see Section IV-B). the proposed TO structure.

If we consider: Fig. 5 illustrates the BMI of the SM, the GC (and hence the
original TO) and the adaptive TO as a functionfaf, /N, for

1 =R(S2) +jS(51) a 4-QAM modulation. It shows that the adaptive TO offers
Sy =R (S3) + 73 (1) 8 the highest BMI of all compared codes. Fa. = 1/2, the
S5 =R (54) +jS(53) FEC converges foB.1 dB< E,/N, < 3.4 dB corresponding
Sy =R(S1) + 7S (52) to 0.1 dB < Ej, /Ny < 0.4 dB. Therefore in theR, = 1/2

range, the SM and the adaptive TO are equivalent while
outperforming the GC. FolRk. = 2/3, the adaptive TO is

st ejT"SQ 9 slightly better than the GC both outperforming the SM. For
o A st ©) R.=3/4, the GC and the adaptive TO offer the highest BMI.

The TO STBC for & = 45° reduces to:

1
TO
Xp=a50 =

V2

(S, 85,55, 8,) are M-QAM symbols. Therefore(s,s;) B- BER curves

can be detected with a SM detector of compIeXIMMQ) Fig. 6 plots the BER aftet5 turbo-decoding iterations as
since their detection is independent fraist;, S;). Similarly, a function of E},/N, for a transmission over a quasi-static
(54,S)) detection is independent frortSy, S5). Then, the Rayleigh fading MIMO channel. A random BICM interleaver
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is used. The number of transmit antennashNis = 2 and
receive antennas %/, = 2.

A fair comparison between presented MIMO codes and thf.;

(1]

(2]

(3]

(4]

Alamouti code should be done at the same spectral efficiency.

Therefore, we use &6-QAM modulation for Alamouti and a

4-QAM modulation for the FR profiles. The BER simulations g
confirm the results obtained using the BMI criterion. Indeed

the hierarchy in the sense of BMI of the compared STBCs

respected. We evaluate the gains of the adaptive TO at & tar

BER = 1075. For R. = 1/2, the SM matches the adaptive

EQ

TO, a gain of almost 0.15 dB is obtained with respect to thé?l
GC (and hence the original TO) and 0.45 dB with respect to
Alamouti. For R. = 2/3, the adaptive TO surpasses all the[9]
presented codes, with a gain of 0.05 dB with respect to the

GC, 0.1 dB with respect to the SM and 0.55 dB with respe

fioy
to Alamouti. ForR. = 3/4, the GC matches the adaptive TO,

while a gain of 0.2 dB is observed compared to the SM arﬂfll]

0.65 dB compared to Alamouti.

For 16-QAM modulation, BER curves show the superiority
of the adaptive TO STBC. Their curves are not plotted du#?
to lack of space. We note that the adaptive TO also at least

matches the codes presented in Table I.

BER simulation results confirm that the adaptive TO basétB!

on the proposed ang#;**™ outperforms all STBC profiles

of the WIMAX system. This is particularly of interest when

[14]

an adaptive modulation and coding (AMC) is used as th#

appropriate angles are chosen for each rate. Moreover, the

usage of a non-adaptive MIMO code i.e., SM, GC or Alamouti

introduces a performance loss for some AMC schemes.

VI. CONCLUSIONS

(16]

In this paper, after summarizing the features of conveatior[17]
2x2 STBCs, we have presented a non-asymptotic design

criterion for MIMO STBC based on the BMI maximization

at a specific target SNR. Under the proposed criterion, s8]

have optimized the rotation angle of thex2 TO STBC

[6] for a wide range of SNRs. Moreover, the adaptive TO

detection complexity can be reduced €@ (M?) when it
offers the SM performance. The proposed optimization is
; important for practical systems especially those with AMC
\ \ as the appropriate design parameter for the TO STBC is
used with each rate. In the context of a WiIMAX system,

\ the proposed adaptive TO STBC outperforms or matches the
existing MIMO profiles for all rates. On the contrary, the use
of a non-adaptive STBC like the well-known Golden code
[7], will increase the MIMO detection complexity and alter
the performance of terminals for low coding rate profiles.
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