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Abstract—Antenna selection (AS) has been introduced to
benefit from MIMO gains with tolerable cost and complexity
where the transmission is only done via best antennas. In the
literature, the AS has been addressed only for the case of uncoded
MIMO systems. In order to be closer to practical systems, we
assess in this paper the benefits of transmit AS technology for
coded multiple-input dual-output (MIDO) systems. We start by
designing space time codes (STCs) suitable for coded MIDO
systems employing the transmit AS. Furthermore, we show that
transmit AS provides a substantial SNR gain of more than3 dB
with respect to a conventional2×2 turbo coded WiMAX system,
and this, with a low cost and complexity increase.

I. I NTRODUCTION

Most of modern wireless communication systems as
WiMAX, WiFi, LTE and LTE-A have adopted the use of
multiple antennas at the transmitter and the receiver, called
multiple-input multiple-output (MIMO). Indeed, MIMO cod-
ing potential benefits are data rate increase and better reliabil-
ity. Spatial multiplexing techniques [1] have been incorporated
for data rate increase whereas space-time block codes (STBCs)
[2, 3] have been designed to improve the channel reliability
through spatial diversity. Multiplexing and diversity gains
can be simultaneously delivered with a fundamental tradeoff
between them [4–6].

Full-rate full-diversity STBCs for MIMO systems are con-
ventionally designed according to the well-known asymptotic
rank-determinant criteria [2]. These criteria aim to maximize
the diversity gain and the coding gain of designed STBCs at
high signal to noise ratio (SNR). However, STBCs designed to
perform well at high SNRs do not guarantee a good behavior
at low SNRs. Powerful forward error correction (FEC) codes,
usually present in the transmission chain, achieve iterative
convergence at low to moderate SNRs. FEC decoding is
extremely sensitive to its input bitwise mutual information
(BMI) value. The higher the BMI at the input of the FEC
decoder, the lower the error rate at the output of the decoder.
Therefore, we have proposed in [7, 8] a non-asymptotic STC
design criterion based on the BMI maximization at a specific
target SNR.

In [7, 8], we have examined the improvement of standard-
ized STBCs for coded MIMO systems with dual antennas at

transmitter and receiver sides. Telecommunication standards
define the use of more than dual antennas, e.g., up to4 × 4
for the WiMAX and 8 × 8 for the LTE-A [9]. In contrast,
the use of MIMO techniques lead to a complexity and cost
increase with respect to SISO systems at both transmitter
and receiver sides. Transmitting on multiple antennas require
multiple analog radio-frequency (RF) chains which comprise
expensive hardware blocks. The implementation of a high
number of RF chains is not always possible due to physical
and economic constraints, e.g., small handsets. Furthermore,
the detection complexity increases with the number of transmit
antennas for a full-rate transmission [8].

Antenna selection (AS) techniques have been proposed as
a means to benefit from expected MIMO gains with tolerable
cost and complexity [10–13]. Here, transmission and reception
are performed only through a subset of the available antennas,
thereby reducing the system complexity and the number of
required RF chains. In our work, we focus on AS at the
transmitter side. Indeed, AS at the receiver side is not rec-
ommended as it can lead to a considerable reduction in the
system capacity. Transmit AS is a good approach to benefit
from MIMO system gains with low cost and complexity [14].
For a MIMO system employing the AS technology, it has
been shown that FD STBCs like the Alamouti code [3] can
benefit from the maximal channel diversity, i.e.,NtNr at high
SNRs [12]. In this paper, we focus on the study transmit AS
for practical coded MIMO communication systems precisely
systems having dual receive antennas or multiple input dual
output (MIDO) systems. In order to compare this work with
works in [7, 8], we consider as a reference for gains assessment
a 2× 2 turbo coded WiMAX system.

The remainder of this paper is organized as follows. We start
in Section II by presenting the MIMO system model under
consideration, the transmit antenna selection technologyand
the employed selection algorithm. In Section IV, we study
the transmit AS for uncoded MIDO systems. In Section V,
we design efficient adaptive STBCs for coded MIMO system
with AS. Afterwards, we assess the gain provided by an AS
on transmit antennas, with respect to classical WiMAX coded
system. Section VI concludes the paper.



II. SYSTEM MODEL AND NOTATIONS

We consider a coded MIMO system withNt transmit
antennas,Nr receive antennas operating over a quasi-static
uncorrelated flat Rayleigh fading channel, i.e., the channel
changes for each transmitted MIMO codeword of lengthT .
A perfect channel state information (CSI) is assumed at the
receiver, but not at the transmitter. We assume that a low-
rate error-free zero-delay feedback channel feeds the set of
best transmit antennas to the transmitter everyT channel
use periods. This set is determined by a selection algorithm
operating at the receiver side. The system is described as
follows (see Fig. 1):

Transmitter side: an information wordb is encoded via a
powerful FEC code C with rateRc. Resulting codeword is
interleaved with a random interleaverΠ following a bit inter-
leaved coded modulation (BICM) scheme [15]. We denote by
c the interleaved codeword.c is mapped onto a Gray encoded
M -QAM constellation whereM = 2m is the modulation order
andm denotes the number of bits per symbol. The mapper
feeds a block ofΨ × T QAM symbols denoted bySi to the
STBC MIMO encoder. Afterwards, STBC encoder outputX

is only transmitted via the selected best transmit antennas. The
unselected transmit antennas are deactivated.

The MIMO channel is defined by the matrixH[Nr×Nt]

where its entrieshij are assumed to be independent and
identically distributed (i.i.d.) circularly symmetric complex
Gaussian random variables with probability density function
(pdf) ∼ CN(0, 1). CN(µ, σ2) denotes the complex Gaussian
pdf with meanµ and varianceσ2. hij is the channel coefficient
between the thej−th transmit and thei−th receive antenna.
A complex white Gaussian noiseN[Nr×T ] with i.i.d. entries
and pdf∼ CN(0, σ2) is added to the received signals.

The channel input-output relation is given by:

Y = HX+N (1)

Receiver side: Nr × T noisy signals, denoted byY[Nr×T ],
are received on theNr antennas. A soft ML STBC detector
estimates the transmittedM -QAM symbols and feeds the
P (ci = 1) (ci is the i-th bit of codewordc), denoted by
ĉi, to the deinterleaver. These probabilities are deinterleaved
then provided to the FEC decoder. Resulting hard decoded
information wordb̂ is compared tob to compute the BER.

In the sequel, we denote byΨ the set of best antennas. The
cardinalityψ of the setΨ is chosen depending on the tolerable
complexity. The system transmitting overψ selected transmit
antennas ofNt is denoted by(ψ/Nt)×Nr.

Antenna Selection Algorithm: The channel matrix is explic-
itly defined as:

H =











h11 h12 · · · h1Nt

h21 h22 · · · h2Nt

...
...

. . .
...

hNr1 hNr2 · · · hNrNt











(2)

Depending on the channel conditions, many selection al-
gorithms exist in the literature [10–12, 16]. When a STBC is

FEC 
encoder

M-QAM
Mapper

Soft ML STBC detector

AS
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Fig. 1. Structure of the system at the transmitter and the receiver.

used, it is clear that the best AS algorithm is done by choosing
theψ transmit antennas with highest norms [12, 14, 16]. Every
T periods, the receiver selectsψ of Nt columns as

max
j∈{1,··· ,Nt}−Ψ,j≤ψ

Nr
∑

i=1

|hij |2 (3)

whereΨ is the set of already selected antennas. Whenj =
ψ, the selected setΨ is fed to the transmitter. The selection
algorithm requires a computation of the channel coefficients
norms|hij |2 and their summation. Its complexity isO (NtNr)
which is small compared to the detection complexity equal to
O
(

MNtT
)

[8] especially for high order modulations.
In the sequel, we consider the selection of dual antennas

of the Nt available ones (ψ = 2 ≤ Nt) and we assess the
transmit AS gains in the context of a turbo coded WiMAX
system with respect to a classical2× 2 system as in [7, 8].

III. STATE OF THE ART: 2×2 MIMO STBCS

A. WiMAX 2×2 MIMO profiles

As an example of a 2×2 MIMO system, we consider the
worldwide interoperability for microwave access (WiMAX)
system which uses the MIMO codes specified in the IEEE
802.16e-2005 standard [17]. Two mandatory MIMO profiles
are described for the downlink. The first represents the Alam-
outi code introduced for transmit diversity, referred to as
matrix A (MA). It offers full-diversity (FD) but is only half-
rate. The second profile is the full-rate (FR) spatial multiplex-
ing introduced for spectral efficiency increase, referred to as
matrix B (MB). In order to benefit from both diversity and
multiplexing gains, another MIMO profile is included in the
IEEE 802.16e-2005 specification, referred to as matrix C (MC)
which is a variant of the Golden code [18].

B. STBCs for 2×2 MIMO system

Several FR-FD STBCs have been proposed for2×2 systems
[18–25]. Among them, the trace-orthonormal (TO) STBC has
a flexible structure designed from both information-theoretic
and detection error viewpoints [19]. By varying one of the
code parameters, the performance of the TO STBC varies
significantly. In [7], we have taken advantage of this feature in
order to design a flexible TO-based STBC for2× 2 systems.
The resulting structure has been shown to at least match and
in some cases overcome existing STBCs for a wide range of
SNRs and this without increasing the system complexity order.
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Fig. 2. Uncoded BER of2 × 2 WiMAX profiles: MA with 16-QAM
modulation, MB and MC with4-QAM modulation; Dual transmit AS out
of Nt = 2 and4; quasi-static flat Rayleigh fading MIMO channel.

IV. T RANSMIT AS FOR UNCODEDMIDO SYSTEMS

In this section, we assess the gain obtained by transmit AS
technology for MIDO systems without any FEC codes. We
consider the WiMAX profiles i.e., the Alamouti code (MA),
the spatial multiplexing (MB) and the Golden code (MC).
A fair comparison between FR MB and MC codes, and the
half-rate MA code is done at the same spectral efficiency.
Therefore, we use aM -QAM modulation for the FR profiles
andM2-QAM modulation for the MA.

Fig. 2 depicts uncoded BER curves as a function ofEbu/N0

for MA with 16-QAM modulation in green curves, and for MB
scheme in blue curves and MC in pink curves with4-QAM
modulation.Ebu denotes the energy per bit for uncoded MIDO
system andN0 the noise power spectral density. Dual transmit
antennas are selected out ofNt = 2 and4.

Fig. 2 shows that the FD MA and MC profiles benefit from
both diversity and SNR gains. The slope of their BER curves
is steeper for higher number of available transmit antennas.
Indeed, the FD profiles i.e., MA and MC benefit from all the
available channel diversity as their BER curves slope is equal
to NtNr at high SNRs. Moreover, the FR-FD MC overcomes
the MA as: 1) MA uses a16-QAM modulation while MC uses
a 4-QAM modulation and 2) MC benefits from MIMO coding
gain. On the other hand, the slope of BER curves for the MB
scheme remains the same with the increase ofNt. This result
is expected as the MB scheme does not provide any transmit
diversity. The MB scheme only benefits from SNR gains.

At a target BER equal to10−5, the MC code overcomes the
MA code with a gain of3 dB and the MB code with7 dB for
(2/4)×2 system. The SNR gain between the FD profiles and
the MB profile increases with the SNR as the slope of BER
curves for the FD profiles is steeper than the MB one.

The transmit AS provides an important gain for MIDO
systems that are not using powerful FEC codes. This gain is
prominent at high SNRs. However, practical MIMO systems
usually use such codes converging at low to moderate SNRs. In
the sequel, we study the transmit AS gains for coded MIDO
systems. We evaluate transmit AS gains in the context of a
turbo coded WiMAX system.

V. TRANSMIT AS FOR CODED MIMO SYSTEMS

In this section, we recall the BMI criterion then we design
adaptive STBC suitable for coded MIDO systems using trans-
mit AS.

A. BMI criterion and adaptive MIDO STBCs

The asymptotic rank-determinant criteria optimize STBCs
for high SNRs [2]. Most of practical communication systems
are planned for low to moderate target SNRs due to the
introduction of a powerful FEC code. Therefore, the STBC
parameter optimization should target this SNR range. Based
on the maximization of the BMI between transmitted and soft
detected bits, we have proposed in [7, 8] a non-asymptotic
design criterion aiming at choosing the appropriate design
parameter value for STBCs at a specific target SNR.Definition
At a SNR value, the BMI is computed as in [26], by:

BMI(ĉ; c) = 1− E[log2(1 + exp(−L))] (4a)

≈ 1− 1

N

N
∑

n=1

log2(1 + exp(−un.Ln)) (4b)

with

{

Ln = ln 1−ĉn
ĉn

un = (−1)cn

whereE is the mean function andL denotes the log-likelihood
ratio (LLR). N is assumed to be large enough to accurately
estimate the BMI. The BMI value is assessed by Monte Carlo
simulations by passing aN -bit sequence into the mapper, the
STBC, the MIMO channel and the soft ML detector.

B. Adaptive Trace-Orthonormal STBC

In this section, we design TO-based adaptive STBCs for
each(2/Nt)×Nr system according to the BMI criterion. The
TO STBC is defined by the matrixXTO. A group of 4 data
symbols(S1, S2, S3, S4) is transmitted as follows:

X
TO =

1√
2

[

X11 X12

X21 X22

]

(5)

where

X11 = (S1 + S2) cos θ + (S∗
2 − S∗

1 ) sin θ (6a)

X12 = e
jπ

4 ((S3 + S4) sin θ + (S∗
4 − S∗

3 ) cos θ) (6b)

X21 = e
jπ

4 ((S3 + S4) cos θ + (S∗
3 − S∗

4 ) sin θ) (6c)

X22 = (S1 + S2) sin θ + (S∗
1 − S∗

2 ) cos θ (6d)

S∗ designates the complex conjugate ofS and θ is the code
design parameter to be optimized according to the selected
criterion.

In [19], an exhaustive search is performed in order to
maximize the minimum determinant. This search leads to a
θ = 1

2 arcsin
1√
5
≈ 13.28◦ and a coding gain equal to the one

of the MC code. We recall that the rank-determinant criteria
[2] are suitable at high SNRs while practical communication
systems operate in the range of low to moderate SNRs due to
the introduction of powerful FEC codes.

In [7], we have shown that the BMI depends onEbu/N0

and the modulation orderM . Therefore, we have computed for
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Fig. 3. BER of turbo coded(2/3)×2 system; 8-state double binary turbo
code (Rc = 1/2, 5/6) with 8 turbo decoding iterations and information frame
size k = 4, 800 bits; MIMO profiles: Alamouti code (MA) with16-QAM
modulation and spatial multiplexing (MB), Golden code (MC) and adaptive
TO with 4-QAM modulation; quasi-static flat Rayleigh fading channel.

eachM andEbu/N0 with a step of0.25 dB, the appropriateθ
maximizing the BMI of TO code. A polynomial interpolation
has been performed to obtain an analytical approximation of
obtained values. Following the same method [7], the design
parameterθ of the TO STBCs is optimized for each(2/Nt)×
Nr system as a function ofM andEbu/N0. We denote the
obtainedθ by θM -QAM

opt .
For a 4-QAM modulation, the adaptive TO STBC design

parameter is computed for(2/3)×2 by:

θ4-QAM
(2/3)×2 =



















45◦; For Ebu/N0 ≤ −3.25 dB

0.52
(

Ebu

N0

)3

+2.51
(

Ebu

N0

)2

−5.74
(

Ebu

N0

)

+17; For −3.25 < Ebu/N0 < 0.75 dB
13.28◦; For Ebu/N0 ≥ 0.75 dB

(7)

And for a (2/5)×2, θ4-QAM
(2/5)×2 is given by:

θ4-QAM
(2/5)×2 =



















45◦; For Ebu/N0 ≤ −5.75 dB

0.23
(

Ebu

N0

)3

+4.85
(

Ebu

N0

)2

+18.26
(

Ebu

N0

)

+32.5; For −5.75 < Ebu/N0 < −2.5 dB
13.28◦; For Ebu/N0 ≥ −2.5 dB

(8)

Based on the TO structure, an adaptive STBC can be
designed for every(2/Nt)×Nr system.

C. Simulation results

For the WiMAX system, the used FEC code is an8-state
double binary turbo code. In our simulations, such a code is
used with ratesRc = 1/2 and5/6 and an information frame
size of4, 800 bits. The number of turbo-decoding iterations is
equal to8. A random BICM interleaver is used. The number
of receive antennas isNr = 2 and the number of selected
antennas isψ = 2 out of Nt = 2, 3, 5 transmit antennas. A
4-QAM modulation is used for the FR codes and a16-QAM
modulation for the Alamouti code (MA).

For the adaptive TO codes, the appropriateθ is computed
as follows: 1) Passing from global system to uncoded MIMO
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Fig. 4. BER of turbo coded(2/5)×2 system;8-state double binary turbo
code (Rc = 1/2, 5/6) with 8 turbo decoding iterations and information frame
size k = 4, 800 bits; MIMO profiles: Alamouti code (MA) with16-QAM
modulation and spatial multiplexing (MB), Golden code (MC) and adaptive
TO with 4-QAM modulation; quasi-static flat Rayleigh fading channel.

by: Ebu/N0 = Eb/N0 +10 log10(Rc) whereEb is the energy
per information bit. 2) The obtainedEbu/N0 is introduced in
equation (7) for(2/3)×2 system and (8) for(2/5)×2 system.
Therefore, the appropriateθ is obtained.

Fig. 3 and Fig. 4 plot the BER curves forψ = 2 selected
transmit antennas out ofNt = 3 andNt = 5 available ones,
respectively. Both figures show that adaptive TO codes are
more suitable for practical communication systems since they
offer the best performance for all code rates. However, the use
of classical non adaptive codes, i.e., MA, MB and MC codes
introduces a performance loss up to0.4 dB for some coding
schemes.

In addition, we evaluate the gain of transmit AS with respect
to the classical turbo coded2×2 WiMAX system. We consider
the best transmission for each system, i.e., its the adaptive TO
code and a target BER equal to10−5. The gain of(2/3)×2
system is more than3 dB and the one of(2/5)×2 system is
more than6.35 dB. This SNR gain increases with the total
number of transmit antennas. Table I summarizes transmit AS
gains for a(2/Nt)×2 system with respect to classical turbo
coded WiMAX system, for several number of antennasNt =
3, 4, 5 and coding ratesRc = 1/2, 5/6.

On the other hand, the comparison between both figures
shows that the AS technique does not provide any additional
diversity gain as the same slope for BER curves, equal to
the one for2 × 2 system without AS (in [7]), is obtained at
the same coding rateRc. Indeed, the capacity-approaching
FEC code achieves iterative convergence in the low SNR
region where the effect of additional spatial diversity is not
paramount. The AS gain is then obtained due to the obtained
SNR gain.

Finally, the use of AS technique and adaptive TO codes
is a promising approach for coded MIMO systems as it
offers a substantial SNR gain with a low additional cost and
complexity increase.



D. Discussion

Authors in [27] consider transmit antenna and code selection
(TACS) in the context of MIMO WiMAX systems. TACS
consists of a selection, depending on the channel feedback,of
best antennas and MIMO WiMAX code (MA, MB, MC) to be
used for transmission. A similarity between [27] and our work
exists, as we select also the best antennas and the parameterof
adaptive TO codes based on the channel feedback. In contrast,
an uncoded WiMAX system is considered in [27] and symbols
are estimated based on a MMSE equalizer. Even if we consider
their approach for coded WiMAX system and use a ML-
detector as in our approach, our approach is more suitable
for coded MIDO systems as: 1) it does not require a code
switching and 2) can provide better performance for some
cases. Indeed, depending on the parameter value, we have
shown in this paper and in [7] that the adaptive TO codes
can transmit based on MB code scheme at low SNRs, based
on MC code scheme at high SNRs, and it overcomes both in
some cases, providing advantage for the adaptive TO codes.

MIMO system Rc = 1/2 Rc = 5/6

(2/3)×2 3 3.4

(2/4)×2 5.1 5.4

(2/5)×2 6.35 6.8

TABLE I
GAINS IN DB OF CODEDWIMAX MIDO SYSTEM USING TRANSMITAS

WITH RESPECT TO CLASSICAL2× 2 SYSTEM AT A TARGET BER= 10−5 .

VI. CONCLUSIONS

In this paper, we recalled the AS technology known as a
technology providing MIMO gains with low cost and com-
plexity. The performance of AS for MIMO system without
powerful FEC codes is largely studied in the literature where
FD STBCs can achieve the maximum diversity at high SNRs.
However, coded MIMO systems operate at low to moderate
SNRs. For each considered system, we have designed adaptive
STBCs in a way overcoming conventional STBCs. In the
context of a turbo coded WiMAX system, we have shown that
AS technology provides a significant SNR gain of more than
3 dB by simply increasing the number of available transmit
antennasNt. This gain increases with the increase ofNt.
Thanks to transmit AS technology, a substantial performance
improvement can be obtained for coded MIMO systems with
a low cost and complexity increase.
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