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Abstract

Nuñez Cuadrado, D.; Sampaio-Neto,R. (Advisor); Cal-Braz, J. (Co-
Advisor). Antenna Selection in MIMO-OFDM systems. Rio
de Janeiro, 2020. 67p. Dissertação de mestrado – Departamento
de Engenharia Elétrica, Pontifícia Universidade Católica do Rio de
Janeiro.

This thesis focuses on the combination of two well-known effective te-
chnologies used in many of today’s communication networks, Orthogonal
Frequency Division Multiplexing (OFDM) and Multiple-Input Multiple-
Output (MIMO). It unites the well-known advantages of MIMO commu-
nication, such as high data rates and improved link reliability to the cha-
racteristics of OFDM, known as intersymbol-interference-free communica-
tion and simple frequency-domain equalization. This work presents in detail
the signal modelling of MIMO-OFDM system and the adequate processing
at the receiver to perform decoupled detections per OFDM subsymbol. In
addition, antenna selection strategies are proposed to increase system per-
formance by exploiting some scenarios when the transmitter or receiver
is equipped with more antennas than the number of radiofrequency (RF)
chains. These procedures are based on the specific metric for the current
scenario. The performance of the system is evaluated employing linear equa-
lization or precoding techniques, such as Zero-Forcing (ZF) and Minimum
Mean Square Error (MMSE). Simulation results evidence that antenna se-
lection strategies result in significant system performance improvement.

Keywords
MIMO-OFDM; Antenna selection; Linear equalization; Linear pre-

coding; Performance;
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Resumo

Nuñez Cuadrado, D.; Sampaio-Neto,R.; Cal-Braz, J.. Seleção de
antenas em sistemas MIMO-OFDM. Rio de Janeiro, 2020.
67p. Dissertação de Mestrado – Departamento de Engenharia Elé-
trica, Pontifícia Universidade Católica do Rio de Janeiro.

Esta dissertação enfoca a combinação de duas conhecidas e eficazes
tecnologias usadas em muitas redes de comunicação atuais, as técnicas
de transmissão Orthogonal Frequency Division Multiplexing (OFDM) e
Multiple-Input Multiple-Output (MIMO). Sistemas MIMO-OFDM unem
as vantagens conhecidas da comunicação MIMO, como altas taxas de dados
e ampliação da confiabilidade do link, com as características marcantes
da transmissão OFDM, como comunicação livre de interferência entre
símbolos e a equalização simples no domínio da frequência. Este trabalho
apresenta em detalhes a modelagem de sinais do sistema MIMO-OFDM e o
processamento adequado no receptor para realizar detecções desacopladas
dos sub-símbolos OFDM. Além disso, estratégias de seleção de antenas são
propostas para aumentar o desempenho do sistema, explorando cenários
em que o transmissor ou receptor está equipado com mais antenas do que
o número de cadeias de radiofrequência (RF). Esses procedimentos são
baseados em métricas específicas propostas para cada cenário. A avaliação
de desempenho inclui sistemas equipados com técnicas de equalização linear
e sistemas com pré-codificadores, como Zero-Forcing (ZF) e Minimum Mean
Square Error (MMSE). Os resultados de simulação evidenciam que as
estratégias de seleção da antena resultam em uma melhoria significativa
no desempenho do sistema.

Palavras-chave
MIMO-OFDM; Seleção de antenas; Equalização linear; Pré-

codificação linear; Desempenho;
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1
Introduction

Wireless communication systems have experienced an accelerated evolu-
tion in the last decades caused by the stringent requirements in terms of data
rates, latency and energy efficiency. Each generation of mobile technology has
also provided significant performance enhancements.

The fast penetration of the fourth-generation (4G) mobile network has
allowed new mobile services and applications to be launched. It is expected
to promote many others, such as Augmented Reality (AR), Virtual Reality
(VR), Ultra High Definition (UHD) video (4K/8K), and glass-free 3D display
[1]. These applications demand higher capacities and efficiency from mobile
communication networks. Industrial Internet and automotive demands also
require much lower transmission latencies and higher reliability. Ultra high
throughput, ubiquitous connectivity, energy efficiency, low-cost devices and
quality of experience (QoE) are just some of the requirements that the next
generation wireless needs to achieve [2].

On the other hand, as a wide-area wireless technology, the fifth-
generation (5G) mobile network is growing, and it should provide an im-
provement over the current 4G in capacity (between 100 and 1000 times as
predicted) and other functionalities so that it continues to satisfy the growing
user expectations of QoE. It also promises improvements over 4G in terms of
denser network coverage, faster download time, HD-video streaming and so
on. The endless enormous growth of data traffic volume is one of the main
drivers behind 5G, and the annual 25-50% growth of data rate is expected to
continue until 2030 and beyond [3]. The challenge is to find and develop the
wireless communication network and technologies that will support massive
data traffic volume in the coming years.

Among the recent developments achieved so far, Orthogonal Frequency
Division Multiplexing and Multiple-Input Multiple-Output figure in most of
the current communication technologies, due to their indisputable effective-
ness.

International mobile telephony standards organization has settled OFDM
as the main waveform for the 5G mobile service radio access [4], endorsing
the well-known advantages of OFDM communication. OFDM technique is a
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Chapter 1. Introduction 15

spectrally efficient modulation scheme that transforms a broadband channel
with frequency-selective fading into a set of parallel narrowband channels with
frequency-flat fading, avoiding the occurrence of intersymbol interference and
simplifying the system in terms of equalization [5].

MIMO communication is an emerging technique that offers various
advantages through the deployment of multiple antennas at the communicating
nodes. Channel capacity that increases linearly with system size is achieved,
resulting in high data rates by the exploitation of the spatial domain. Secondly,
the diversity gain experienced by the multiantenna systems offers improved
reliability of the transmission link, mitigating the deleterious effect of fading
[6]. The use of a large number of antennas at the base station (BS) to achieve
more diversity is also known as massive MIMO. These systems are employed
to serve a high number of users at the same time without requiring extra
bandwidth resources, which has been extensively studied in the last decade
[7, 8].

Most MIMO literature assumes frequency-flat fading channel and, when
stated otherwise, assumes the use of OFDM transmission to build an equivalent
system model that reverts the frequency-selective environment back into
frequency-flat, taking the particularities of MIMO-OFDM system for granted
or leaving them unspecified [9, 10].

Thus, the combination of both techniques results in a system with en-
hanced performance and more resilient to communication errors. The main
drawback of a MIMO-OFDM implementation is the cost, in terms of size,
power consumption and hardware complexity, which is scaled with the num-
ber of antennas since there is a radio frequency chain and an OFDM modulator
associated to each antenna element [11]. In order to overcome this challenge,
strategies that can lower the energy consumption and the cost of implementa-
tion and operation are required.

Antenna selection strategies have been considered in several frequency-
flat MIMO scenarios as viable solutions that reduce the hardware complexity
through the use of a number of RF chains smaller than the number of available
antennas in the system [11–13]. The underlying idea is to use a reduced number
of RF chains and, based on the current channel characteristics, choose a subset
of available antennas more adequate to communication to which the RF chains
should be connected.

Several antenna selection schemes have been developed, mainly for single-
user MIMO communications. The selection criteria range from minimizing the
symbol error rate [12] or the channel matrix condition number, to maximizing
channel capacity [14], among others. When the multi-user scenario is consid-
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Chapter 1. Introduction 16

ered, relevant works consider the maximization of the signal-to-leakage and
noise ratio [15],[16].

This dissertation aims to propose an antenna selection strategy for single-
user (SU) and multi-user (MU) MIMO-OFDM systems. The proposed antenna
selection approaches are formulated for the transmit or receive antenna selec-
tion. The scenarios analyzed here were studied in depth in order to propose
various mechanisms to improve the antenna selection techniques existing in
the literature. Typical scenarios in communication systems commonly handle
equalization and precoding techniques employed in this dissertation. Between
the main contributions of this work, we can highlight the development of opti-
mal antenna selection strategies, aiming at the minimization of the detection
error probability of the system.

The chapters of this thesis are organized as follows: in Chapter 2, the
basic concepts for MIMO-OFDM systems are studied, starting with the signal
model using a different approach to the one used in the literature. Then, a
review of the mobile radio channel characterization is shown. Finally, the main
detection and precoding techniques are presented.

In Chapter 3 a transmit antenna selection strategy is developed for single-
user and multi-user MIMO-OFDM systems. The mathematical representation
that describes the system and expressions for a given metric are presented.
Simulation results to evaluate the performance of the proposed selection
schemes, with Zero-Forcing (ZF) and Minimum Mean Square Error (MMSE)
techniques, are also presented.

In Chapter 4, the problem of receive antenna selection is addressed, de-
scribing the mathematical model of the system. Simulation results to evaluate
the performance of the proposed strategies are provided, when ZF and MMSE
techniques are employed.

Conclusions of this work are presented and future path for this research
topic are discussed in Chapter 5.

Throughout this work, we have employed the following notation: boldface
letters will be used for matrices (capital letters) and vectors (lowercase letters);
(·)∗, (·)T and (·)H denote conjugate, transpose and Hermitian (conjugate
transpose), respectively; [A ]† is the pseudo-inverse of matrix A; E [ · ] is used
to represent the expected value of a scalar or vectorial random variable and
Tr{·} to represent the trace of a matrix. IN denotes the N×N identity matrix.
Further, diag{v} stands for a diagonal matrix with the components of vector
v on its main diagonal. We have used i.i.d to refer to independent, identically
distributed random quantities.
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2
Fundamentals of MIMO-OFDM systems

In this Chapter, a general overview of MIMO-OFDM systems is shown.
A more comprehensive model, compared to the one found in the current
literature, is presented. A brief description of the most important channel
effects is also outlined, as well as the equalizers and precoders used in this
work.

2.1
System Model

OFDM transmission scheme has been applied in a variety of wireless
communication systems in the last decades due to the advantages over con-
ventional single-carrier modulation schemes when enduring frequency-selective
fading channels.

By splitting the information to be transmitted into blocks, intersymbol
interference is replaced by intercarrier and interblock interferences, which are
dealt by the OFDM scheme.

Under the consideration that the frequency-selective channel is time-
invariant within the transmission block, OFDM system is exempt from in-
tercarrier interference induced by multipath propagation. Also, the interblock
interference is perfectly removed if a guard interval with sufficient length is
appended to the transmitted block.

The simplicity of equalization is also an important feature of OFDM [5].
If the cyclic-prefix (CP) guard interval is used, the Fourier bases that compose
the direct and inverse Discrete Fourier Transform (DFT) matrices used at
the transmitter and receiver sides by OFDM form the eigenbases of the block
circulant channel matrix available at the receiver after CP removal. As a result,
the equalizer is implemented by a single-tap filter.

Within this work, CP guard interval is considered, rather than the zero-
padded guard interval.

Let d be the data vector with length M (number of sub-symbols in the
OFDM block, belonging to a complex signal constellation, e.g. PSK, QAM,
with symbols drawn from the set M), to be transmitted through an L-tap
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Chapter 2. Fundamentals of MIMO-OFDM systems 18

frequency selective dispersive channel and received in the presence of additive
noise. Figure 2.1 shows the block diagram of an OFDM system.

Figure 2.1: Block diagram of OFDM systems

It is well known that, if the length of the cyclic prefix G is not less than
L − 1, and the channel remains fixed for at least a period of OFDM block,
the received vector (after cyclic prefix removal and the Fast Fourier Transform
operation) can be expressed in the form:

y = Dd + n, (2-1)
whereD is a diagonal matrix that contains in its main diagonal the components
of the discrete channel frequency response,

D =


D1 0 . . . 0
0 D2 . . . 0
... ... . . . 0
0 0 . . . DM

 = diag(
√
MWMhe). (2-2)

In turn, WM is the normalized DFT matrix
(
WH

MWM = IM
)
and vector he

contains the baseband discrete channel impulse response h = [h1, h2, ... , hL]T

padded with M − L zeros [5].

2.1.1
Single-user MIMO-OFDM

MIMO systems take advantage of the spatial diversity that is obtained by
spatially separated antennas in a rich multipath scattering environment. Codes
applied to the transmitted data can be used to increase the spatial diversity,
such as space-time block codes (STBC). Alternatively, the transmission of
independent streams in parallel by the antennas yields a linear increase in
capacity. This is called spatial multiplexing and is the focus of the strategies
developed herein. MIMO-OFDM combines the advantages of both strategies,
justifying its use as the dominant air interface of most modern broadband
communication technologies, such as wireless local area networks (WiFi IEEE
802.11ax) [17] and cellular communication (5G 3GPP Release-15) [18].
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Chapter 2. Fundamentals of MIMO-OFDM systems 19

2.1.1.1
Non-precoded case

The system under consideration (SU-MIMO-OFDM) is represented in
Figure 2.2. Both transmitter and receiver have multiple antennas. The discrete
channel impulse response vectors hij , i = 1, 2, ..., NR, j = 1, 2, ..., NT are
assumed i.i.d.

Figure 2.2: Block diagram of the baseband discrete model of
a SU-MIMO-OFDM system.

The set of data vectors {d1,d2, ...,dNT
} are arranged in rows forming

the data-matrix D, illustrated in Figure 2.3. The NT transmitted OFDM
blocks are the columns of the matrix T = WH

MDT . That means that at the
m-th transmission, the vector transmitted by the NT transmitting antennas
corresponds to m-th column of the transmission matrix T = T T = DW∗

M .

Figure 2.3: Data-matrix D for MIMO-OFDM system.

Considering (2-1), (2-2) and the model in Figure 2.2 we can express
the signal at all receive antennas by the vector y =

[
yT1 , yT2 , ... ,yTNR

]T
,

yk ∈ CM×1, k = 1, 2, ..., NR, as
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Chapter 2. Fundamentals of MIMO-OFDM systems 20

y = Hd + n , (2-3)
where d =

[
dT1 , dT2 , ... ,dTNT

]T
, dk ∈ MM×1, k = 1, 2, ..., NT , and

E[dkdHk ] = EsIM , thus Es corresponds to the average symbol energy. The
MNR × MNT matrix H is comprised of the NRNT diagonal matrices cor-
responding to the NRNT channel vectors {hij}. The noise vector n =[
nT1 , nT2 , ... ,nTNR

]T
, where nl =

[
nl1 nl2... nlM

]T
, l = 1, 2, ..., NR, are com-

plex Gaussian vectors, statistically independent with zero-mean and covariance
matrix Kn = E[nlnHl ] = σ2

nIM . Expanding the above, we can express the sys-
tem as

y =




D11

1 0 . . . 0
0 D11

2 . . . 0
...

... . . . ...
0 0 . . . D11

M

. . .


D1NT

1 0 . . . 0
0 D1NT

2 . . . 0
...

... . . . ...
0 0 . . .D1NT

M


... . . . ...

DNR1
1 0 . . . 0
0 DNR1

2 . . . 0
...

... . . . ...
0 0 . . . DNR1

M

. . .


DNRNT

1 0 . . . 0
0 DNRNT

2 . . . 0
...

... . . . ...
0 0 . . .DNRNT

M







d11

d12
...

d1M
...

dNT 1

dNT 2
...

dNTM



+



n11

n12
...

n1M
...

nNR1

nNR2
...

nNRM



. (2-4)

Considering the received signal y given by (2-3), classical suboptimum
detection schemes (e.g. ZF and MMSE linear detectors) can be used to detect
the data vector d. However these schemes involve the MNR×MNT matrix H
in (2-3) and may require the inversion of very large dimension matrices when
the number of transmitting and receiving antennas or the length of the OFDM
blocks is high.

Taking a closer look at expression (2-3) and matrix H in (2-4), we
conclude that the components of the received vector y can be rearranged to
yield ỹ =

[
r1 r2 ... rM

]T
, where the vectors rm ∈ CNR×1, m = 1, 2, ...,M,

are the columns of the matrix shown in Figure 2.4.
Thus, the rm vectors can be obtained as:

rm = Dmxm + ñm ; m = 1, 2, ..,M , (2-5)

where xm =
[
d1m d2m... dNTm

]T
is the m-th column of the data matrix D in

Figure 2.5, Dm is a NR ×NT submatrix of H given by
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Figure 2.4: The rm vectors are rearranged from vector y.

Dm =



D11
m D12

m ... D1NT
m

D21
m D22

m ... D2NT
m

... ... . . . ...

DNR1
m DNR2

m ... DNRNT
m


, (2-6)

and the noise vector ñm is complex Gaussian with covariance matrix Kñ =
σ2
nINR

.

Figure 2.5: Data-matrix D for SU-MIMO-OFDM system
(non-precoded case).

Furthermore, if the channel vectors {hij} are i.i.d, then the entries of Dm

are i.i.d complex random variables. Therefore, the receiver can retrieve the data
matrix D by performing M independent MIMO-like detections in flat-fading
channel, using for example ZF or MMSE linear detectors, each requiring the
inversion of a matrix with dimension much smaller than that of H in (2-4).

2.1.1.2
Precoded case

The main advantage of precoding in single-user scenario is to simplify
the detection process. The model, in this case, is similar to the one proposed
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in (2-5). In this case, xm = Pmsm where Pm ∈ CNT×NR is the precoding matrix
and sm ∈ CNR×1 is the symbol vector. Then the received vector is given by

rm = DmPmsm + ñm ; m = 1, 2, ..,M . (2-7)
Here the transmission matrix is given by TP = DPW∗

M , where

DP =
[
PMsM . . . P2s2 P1s1

]
. (2-8)

2.1.2
Multi-User MIMO-OFDM

This section introduces the system model used in multi-user MIMO-
OFDM systems. We only refer to the link from the Base Station to the users
(downlink) because it is the most challenging one [19].

Figure 2.6 shows a typical multi-user MIMO-OFDM scenario, where the
BS simultaneously transmits to K users. The data are processed using the
same procedure explained above (SU-MIMO-OFDM precoded-case), but in
this case the system consists of K blocks similar to DP shown in (2-8). In this
case, the transmission matrix is given by

TMUP =
K∑
k=1
DkPW∗

M . (2-9)

Figure 2.6: Block diagram of the baseband discrete model of
a MU-MIMO-OFDM system.

Using the model with M detections introduced in the previous sections,
the received signal at the m-th detection can be modeled as:

DBD
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rm =


r(1)
m

r(2)
m
...

r(K)
m

 =


D(1)
m

D(2)
m
...

D(K)
m


[
P(1)
m P(2)

m . . . P(K)
m

]

s(1)
m

s(2)
m
...

s(K)
m

+


ñ(1)
m

ñ(2)
m
...

ñ(K)
m

 , (2-10)

or
rm = DmXm + Nm, (2-11)

with Dm =
[
D(1)T

m D(2)T

m . . . D(K)T

m

]T
, Xm = Pmsm, with Pm =[

P(1)
m P(2)

m . . . P(K)
m

]
, sm =

[
s(1)T

m s(2)T

m . . . s(K)T

m

]T
and Nm =[

ñ(1)T

m ñ(2)T

m . . . ñ(K)T

m

]T
. The received signal for each user can be expressed

as

r(k)
m = D(k)

m P(k)
m s(k)

m + D(k)
m

K∑
j=1
j 6=k

P(j)
m s(j)

m + ñ(k)
m ; m = 1, 2, ..,M. (2-12)

where matrix D(k)
m contains the NRNT elements of the channel impulse response

between the BS and the user k at the m-th detection, the term ∑K
j=1
j 6=k

P(j)
m s(j)

m

represents the interference caused by other users and ñ(k)
m is the noise vector.

2.2
Mobile radio channel characterization

The mobile radio channel has a direct effect on the performance of
wireless communication systems, and it is often difficult to make an accurate
analysis of its behavior. That is why its understanding will influence the
development of high performance and bandwidth-efficient wireless transmission
technologies [20].

The analysis of the mobile radio channel must be done depending on the
kind of the environment. For instance, in densely built-up areas, such as cities,
the transmitted electromagnetic waves mostly do not arrive at the antenna of
the receiver over the direct path. On the other hand, a predominant line-of-
sight component often exists as part of the received signal in rural areas [21].
Some phenomena can be more prominent from one scenario to another, due to
the environment characteristics.

The three physical phenomena that govern radio waves in terms of
propagation mechanisms are reflection, diffraction, and scattering [22], [23].

Reflection is the physical phenomenon that occurs when a propagating
electromagnetic wave hits an object with very large dimensions compared to
the wavelength. Thus, the signal is reflected back to the transmitter rather
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than being passed all the way along the path to the receiver.
Diffraction makes possible waves to propagate around the curved surface

of the earth, beyond the line-of-sight and behind obstructions, but it introduces
an additional loss. The received field strength decreases rapidly as a receiver
moves deeper into the obstructed region [24]. Following the Huygens principle,
points on a wavefront can be considered as point sources, and all of them
produce secondary wavelets. The combination of these secondary wavelets
produces a new wavefront in the direction of propagation. Diffraction is caused
by the propagation of secondary wavelets into a shadowed region.

Scattering forces electromagnetic waves to deviate from a straight path
by one or more local obstacles, with small dimensions, compared to the
wavelength. The interaction between these waves causes multi-path fading
at a given location because their phases are such that sometimes they add,
and sometimes they subtract (fade) [24]. This is the reason why the received
signal level is often different than what is expected using only reflection
and diffraction models. Foliage, street signs, and lampposts are examples of
common objects that induce scattering, and they are referred to as the scatters.

The variations of the electromagnetic field magnitude that arise from
of all these propagation phenomena are called fading. The modelling of this
random process is very important to the communication system.

When considering wireless mobile communications, the environment
through which the information signal travels is permanently varying, either
by changing the position of the receiver and/or transmitter, or by changing
the spatial configuration of the constituting elements of the environment. In
this radio-mobile channel communication scenario, fading phenomena can be
broadly classified into two types: large-scale fading and small-scale fading.

2.2.1
Large-scale fading

Large-scale fading occurs as the mobile moves through a large distance.
It is caused by path loss of signal as a function of distance and shadowing by
prominent terrain contours such as buildings, hills, billboards, and vegetation.
The statistics of large-scale fading provide a way of computing an estimate of
path loss as a function of distance [22]. This is often described in terms of a
mean-path loss and a log-normally distributed variation about the mean.

Different models describe this phenomenon, such as the Free-Space
Propagation Model, the Okumura/Hata Model, the IEEE 802.16d Model,
among others.

The Free-Space Propagation Model is usually used to predict the received
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signal strength in the line-of-sight (LOS) environment where there is no
obstacle between the transmitter and receiver.

The Okumura/Hata model was developed using iterative experiments
conducted over some time by measuring data in a specific area. It is more
accurate in a more realistic scenario (considering the terrain profile). Hence,
this model is commonly used as a path loss model to estimate the coverage
radius.

IEEE 802.16d model is based on the log-normal shadowing path loss
model. This standard consists of three different types of models (Type A, B,
and C) were defined, depending on the density of obstruction between the
transmitter and receiver (in terms of tree densities) in a macro-cell suburban
area [20].

2.2.2
Small-scale fading

Small-scale fading models (also known as microscopic fading models)
characterize the sudden changes in signal amplitude and phase due to the
constructive and destructive interference of multiple signal paths (multi-paths)
when the mobile station moves short distances (as short as a half-wavelength)
[22]. In other words, the variation of the received signal level is related to the
relative phases among the number of signals reflected from the local scatters.

Small-scale fading is called Rayleigh fading if the number of reflective
paths is large enough and if there is no dominant component (there is no LOS
signal component). If there is a direct (possibly a LOS) path present between
transmitter and receiver, the signal envelope is no longer Rayleigh, and the
distribution of the signal amplitude is Ricean [24]. There are three types of
microscopic fading [25]:

1. Doppler spread – Time selective fading

Depending on the extent of the Doppler spread, the received signal
undergoes fast or slow fading. Time selective fading can be charac-
terized by the coherence time, Tc. This parameter is typically de-
fined as the time lag for which the signal autocorrelation coefficient
reduces to 0.7 [25].
When Tc is higher than the symbol period (Ts) (i.e., Tc > Ts),
the state of the channel will be constant in the symbol duration,
and then the pulse distortion will not occur. This is known as slow
fading. In a fast fading channel, Tc is smaller than the symbol period
(i.e., Tc < Ts), and thus, the channel impulse response quickly varies
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within the symbol period. Variation in the time domain is closely
related to the movement of the transmitter or receiver, which incurs
a spread in the frequency domain, known as the Doppler shift fm.
The coherence time is inversely proportional to the Doppler spread
and can be approximated as

Tc = 1
fm

. (2-13)

2. Delay spread - Frequency selective fading

Delay spread causes frequency selective fading as the channel acts
like a tapped delay line filter. Frequency selective fading can be
characterized in terms of coherence bandwidth Wc, which is the
frequency lag for which the channel’s autocorrelation coefficient re-
duces to 0.7 [25]. The coherence bandwidth is inversely proportional
to the delay spread and is a measure of the channel’s frequency se-
lectivity. Thus, Wc can be obtained from

Wc = 1
Td

, (2-14)

where Td is the delay spread, that is, the standard deviation of the
arrival time of all multipaths, weighted by their powers.
When the coherence bandwidth is comparable with or less than
the signal bandwidth, the channel is said to be frequency selective.
Otherwise, a non-frequency selective or flat-fading channel refers
to when Wc is higher than the signal bandwidth. In other words,
the frequency components in the received signal undergo the same
attenuation and phase shift.

3. Angle spread - Space selective fading

Angle spread causes space selective fading, which means that signal
amplitude depends on the spatial location of the antenna. Space
selective fading is characterized by the coherent distance Dc, which
is the spatial separation for which the autocorrelation coefficient
of the spatial fading drops to 0.7 [25]. The coherence distance is
inversely proportional to the angle spread (the larger the angle
spread, the shorter the coherence distance).
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2.3
Detection Techniques

Linear detectors are used to mitigate the effects of the channel, through
the use of a linear filter at the receiver [25]. The desired signal at the receiver
is recovered using the equalization process, followed by a decision on the
transmitted symbol. The equalization matrix G is chosen depending on the
channel. ZF and MMSE are examples of the most common equalizers used
in MIMO-OFDM systems. The complexity of linear detectors in the MIMO-
OFDM system shown here is dominated by the inversion or factorization of a
matrix with NR ×NT dimension.

2.3.1
Zero-Forcing Detection, single-user

Linear detectors based on the principle of Zero-Forcing (ZF) eliminates
interference among the spatial layers entirely by filtering the received signal
with an inverse of the channel matrix. This method does not consider the
effects of noise [26], and therefore the noise may be enhanced in the process
of eliminating interference. Thus, the bit-error rate (BER) performance of the
ZF detector can be highly reduced. ZF equalizers assume that the number of
receiving antennas is greater than the number of transmitting antennas and
the equalization matrix, GZF

m ∈ CNT×NR can be obtained from

GZF
m = (Dm)† =

(
DH
mDm

)−1
DH
m, (2-15)

where Dm represents the channel matrix for the m-th detection. Then the
estimated vector can be expressed as

x̂ZFm = GZF
m rm

=
(
DH
mDm

)−1 (
DH
mDmxm + DH

mñm
)

= xm + ñZFm , (2-16)

where ñZFm =
(
DH
mDm

)−1
DH
mñm. Thus, the detection of the data vector is then

simplified to element-wise minimum distance detection:

x̂m = Q
(
x̂ZFm

)
, (2-17)

where Q(x) =
[
Q(x1) Q(x2) ... Q(xm)

]T
and Q(x) returns the element of

M closest to x.
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2.3.2
Minimum Mean Square Error Detector, single-user

MMSE detector offers improvements over the ZF equalization, especially
related to the poor performance of that equalizer in low SNR regimes. MMSE
achieves a trade-off between the noise level and the interference at the receiver,
by maximizing the signal-to-interference-plus-noise ratio (SINR). The MMSE
filter GMMSE

m can be computed by minimizing the mean square error (MSE)
[27] as

GMMSE
m = arg min

G
E
{
‖xm −Grm‖2

}
= E

{
xmrHm

} (
E
{
rmrHm

})−1

= DH
m

(
DmDH

m + σ2
n

Es
INR

)−1

=
(
DH
mDm + σ2

n

Es
INT

)−1

DH
m. (2-18)

The estimated symbol vector is given by

x̂MMSEm = GMMSE
m rm

= GMMSE
m Dmxm + GMMSE

m ñm, (2-19)

and then xm can be obtained from

x̂m = Q
(
x̂MMSEm

)
. (2-20)

2.4
Precoding for multi-user system

Precoding is a technique that processes the signal before transmission. In
a single-user scenario, precoding techniques are commonly used to simplify the
process at the receiver (often to avoid the equalization procedure). However,
in a multi-user scenario, due to the need for separating the data vector for
each user (i.e. to mitigate multi-user interference — MUI), precoders are a
fundamental step before transmitting the data signal.

Precoding design varies depending on the types of channel state informa-
tion (CSI) and the performance criterion. The CSI necessary for precoding is
obtained from the users through estimation techniques, using feedback chan-
nel in Frequency Division Duplexing (FDD) or reciprocity in Time Division
Duplexing (TDD) [28]. In FDD systems, uplink and downlink use different fre-
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quency bands, allowing full duplex transmission. FDD usually does not have
channel reciprocity between uplink and downlink, so CSI must be estimated
at the receiver side and then, fed back to the transmitter side [20]. Addi-
tional resources are necessary for transmitting the feedback information, and
the greater the number of antennas, the greater the requirement of feedback
information. On the other hand, in TDD system, different time intervals are
used to allocate the information, and the same frequency band is used for both
downlink and uplink. Here, the channel reciprocity is exploited as a mechanism
used to get CSI, and based on this assumption, only CSI for the uplink needs
to be estimated. TDD operation is independent of the number of BS antennas.
Here, the main disadvantage is that the time required to acquire CSI depends
on the number of users [28].

Precoding techniques can be linear or non-linear. A linear precoder (also
simply called Beamforming) essentially functions as a multimode beamformer,
optimally matching the input signal on one side to the channel on the other
side [29]. Due to their simplicity, only linear precoders have been used in this
work.

2.4.1
Zero-Forcing

Zero-Forcing is a linear precoding technique with reasonable computa-
tional complexity. It achieves a good performance at high signal-to-noise ratio
(SNR) values. However, it performs far from optimal in the noise limited regime
[30]. When CSI is available on the transmission side, this method becomes a
useful solution because it cancels the multi-user interference term, from (2-
12), i.e. D(k)

m P(j)
m = 0, ∀k 6= j. Considering the signal model in (2-11) the ZF

precoder, Pm, is designed in such a way that

DmPm = αZF IKNR
. (2-21)

The scalar factor αZF ∈ R+ has to be selected in such a way that
the transmitted energy does not exceed the average energy available at the
transmitter given by (see appendix A)

ET = 1
M

M∑
m=1

E
{
‖Xm‖2

}

= 1
M

M∑
m=1

E
{
‖Pmsm‖2

}
. (2-22)

The ZF precoder is then given by
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PZF
m = αZFD

H
m(DmD

H
m)−1, (2-23)

and αZF can be obtained from (2-22)

αZF =
√
ET
γZF

, (2-24)

where
γZF = 1

M

M∑
m=1

Tr
((

DmD
H
m

)−1
Rsm

)
, (2-25)

and Rsm is the autocorrelation matrix of sm.

2.4.2
Minimum Mean Square Error

ZF precoder solves the MUI problem by canceling the interference term,
as shown in the previous section, but its performance can be poor for low SNR
values. The optimal solution to mitigate this problem can be the use of MMSE
precoder, because it achieves an optimum trade-off between the SNR and the
interference elimination.

Similar to ZF precoder, we can introduce a scalar factor αMMSE ∈ R+ to
control the selection of the precoding matrix PMMSE

m based on the transmitted
power. To derive the expression for the MMSE precoder, we have to solve the
following optimization problem

{PMMSE
1 ,PMMSE

2 , . . . ,PMMSE
M } = arg min

{P1,P2,...,PM}

M∑
m=1

E
{
‖sm − (αMMSE)−1rm‖2

}

s.t.: 1
M

M∑
m=1

E
[
‖Pmsm‖2

]
≤ ET .

Using the Lagrangian multiplier method [31], it is possible to find the optimal
solutions for PMMSE

m , m = 1, 2, ...,M and αMMSE, given by

PMMSE
m = αMMSED

H
m

(
DmD

H
m +

1
M

∑M
m=1 Tr (Rnm)
ET

IKNR

)−1

(2-26)

αMMSE =
√

ET
γMMSE

, (2-27)

where
γMMSE = 1

M

M∑
m=1

Tr
(
FH
mDmD

H
mFmRsm

)
, (2-28)

and
Fm =

(
DmD

H
m +

1
M

∑M
m=1 Tr (Rnm)
ET

IKNR

)−1

(2-29)
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where Rnm denotes noise covariance matrix of the vector Nm defined in
connection with (2-11).
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3
Transmit Antennas Selection

The main advantages of MIMO systems are the improvement in the
performance and capacity of the system without additional transmission
energy or bandwidth extension. These systems are usually equipped with
multiple antennas at both transmitter and receiver. That means an increase
in complexity due to a greater number of RF chains composed by amplifiers,
converters, etc. One feasible solution to overcome this drawback is the antenna
selection technique.

Suppose that the transmitter shown in Figure 3.1 is equipped with a
reduced number, NRF , of RF chains, and the number of available transmitting
antennas is higher than NRF , i.e. NT > NRF . The objective here is to select the
best subset of NRF transmit antennas according to the current characteristics
of the transmission channels.

Figure 3.1: MIMO-OFDM system with antenna selection at
the transmitter.

In this chapter, we present a general model to describe the transmit
antennas selection for SU-MIMO-OFDM (non-precoded) and MU-MIMO-
OFDM (precoded) systems. Transmit antenna selection strategies are proposed
for these two models. Simulation results describing the BER performance of
the system are presented, employing ZF and MMSE equalizers for SU-MIMO-
OFDM case, as well as ZF and MMSE as precoders in the MU-MIMO-OFDM
scenario.
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3.1
SU-MIMO-OFDM system (non-precoded)

3.1.1
Transmit Antenna Selection Model for SU-MIMO-OFDM systems

As in [11],[32], let p ∈ {1, 0}NT denote a vector that indicates the
subset of antennas that are activated, from the total set of NT antennas. For
instance, let NT = 7 and NRF = 4, pattern p =

[
1 0 1 0 1 0 1

]T
indicates that

antennas with odd indexes are selected and the remaining are deactivated.
The corresponding effective channel matrix, Dm(p) ∈ CNR×NRF is obtained by
selecting the columns indexed by p. Thus,

Dm(p) = DmU(p), (3-1)

where U(p) ∈ CNT×NRF is the matrix obtained from INT
eliminating its

i-th column if the i-th component of vector p is zero. It then results that
U(p) UT (p) = diag(p) = B(p).

Let Ct be the set of possible p patterns indicating NRF -selected out of
NT antennas, then the total number of possible combinations is given by

|Ct| =
(
NT

NRF

)
= NT !

(NT −NRF )! NRF ! . (3-2)

3.1.2
Mutual Information Approach (MIA)

This method is based on the maximization of the mutual information
between the transmitted and received signals [33]. Since in the model related
to (2-5), all M detections are independent, the total mutual information I, is
the sum of the individual mutual informations. That is, for a given p vector,
the transmitter computes the mutual information [34], as

I(p) =
M∑
m=1

log2 det
[
Es
σ2
n

DmB(p)DH
m + INR

]
. (3-3)

where Es is the average information symbol energy given by (see appendix B)

Es = ET
NRF

. (3-4)

The antenna selection is indicated by the pattern p∗ given by

p∗ = arg max
p∈Ct

I(p) . (3-5)
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3.1.3
Mean Square Error (MSE) Minimizing Approach

As shown in the previous section, the mutual information can be used to
choose a convenient subset of antennas to transmit. This approach is considered
as a general method to do antenna selection and doesn’t take advantage of
the type of equalizer used in the detection. Another more specific method
is proposed. This approach is based on the minimization of the MSE (after
equalization) and therefore, takes into account the particular expression for
the current equalizer.

3.1.3.1
MSE Minimizing approach in ZF-equalized receiver

From (2-16) it is evident that after ZF equalization the estimated vector
x̂ZFm is affected by the equalization matrix GZF

m only due to its effect in the
noise vector. The MSE, in this case, is given by

MSEZF =
M∑
m=1

E
{
‖ x̂ZFm − xm‖2

}

=
M∑
m=1

E
{
‖ GZF

m ñm‖2
}

=
M∑
m=1

Tr
{
E
[
GZF
m ñmñHmGZFH

m

]}

= σ2
n

M∑
m=1

Tr
{
GZF
m GZFH

m

}
,

and substituting the matrix GZF
m by the expression obtained from (2-15), we

can express the MSE as

MSEZF = σ2
n

M∑
m=1

Tr
{(

DH
mDm

)−1
}
. (3-6)

Therefore, the antenna selection, indicated by the pattern p∗, can be calculated
as

p∗ = arg min
p

σ2
n

M∑
m=1

Tr
{(

DH
m(p)Dm(p)

)−1
}
. (3-7)
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3.1.3.2
MSE Minimizing approach in MMSE-equalized receiver

The expression for MSE in the MMSE-equalized receiver is a bit more
complicated than the one shown in the previous section because the MMSE
equalizer does not eliminate the channel matrix. The MSE in this case is given
by

MSEMMSE =
M∑
m=1

E
{
‖ x̂MMSEm − xm‖2

}
. (3-8)

Using (2-18) and (2-19), we can show that the solution for (3-8) can be written
as

MSEMMSE = σ2
n

M∑
m=1

Tr


(
DH
mDm + σ2

n

Es
INT

)−1
 . (3-9)

The best pattern for the vector p can be calculated by minimizing the
MSEMMSE and is given by

p∗ = arg min
p

σ2
n

M∑
m=1

Tr


(
DH
m(p)Dm(p) + σ2

n

Es
INRF

)−1
 . (3-10)

3.1.4
Simulation Results

In this section, numerical results are presented to evaluate the BER
performance in the SU-MIMO-OFDM scenario, using different approaches
to select the best subset of antennas to transmit. The curves are obtained
after NCH independent realizations of the channel matrix. The coefficients
of the adopted discrete impulse response of the channels have the form
h(l)ij = p(l)αij(l) , i = 1, 2, .., NR , j = 1, 2, ..., NT , l = 1, 2..., L where the
NR × NT × L random variables αij(l) are statistically independent, complex
Gaussian with zero-mean and variance 1. The weights have an exponential
decay, that is

p(l) = 10exp{ −l /(L−1)}, (3-11)
and are further normalized such that

L∑
l=1

p2(l) = 1. (3-12)

Thus, resulting that E [ ||hij||2] = 1.
The noise vector ñm in (2-5) is a complex zero-mean Gaussian vector

with circularly symmetric components and covariance matrix Kñ = σ2
nINR

.
Results are expressed in terms of signal-to-noise ratio
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SNR[dB] = 10 log10

(
ET
σ2
n

)
, (3-13)

and QPSK modulation is assumed. The length of the OFDM blocks isM = 64.
BER values are estimated via Monte-Carlo method after the transmission

of NSYM information symbols, with a new independent realization of the NRNT

random channel vectors {hij} generated after the transmission of NDM data
matrices D.

3.1.4.1
ZF and MMSE for MIA

Figures 3.2 and 3.3 depict the detection performance for a range of SNR,
considering ZF and MMSE equalization, respectively, varying the number
of available transmit antennas, while the number of RF chains and receive
antennas is kept fixed. In both cases, detection performance is improved when
MIA is employed as the antenna selection strategy. Moreover, the improvement
is greater as the number of antennas available at the transmitter increases.
For instance, the systems with NT = 10, in Figures 3.2 and 3.3, require
approximately 9.8 dB and 9.5 dB less energy, respectively, compared to the
case where NT = 2, when antenna selection is not employed. These results
were obtained after transmitting a total of NSYM = 12.8 × 107 symbols and
NDM = 20 data-matrices for each of NCH = 5× 104 channel realizations.
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Figure 3.2: BER vs. SNR [dB] for transmit antenna selec-
tion using Mutual Information Approach, ZF equalizer, and
considering a different number of available antennas at the
transmitter.
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Figure 3.3: BER vs. SNR [dB] for transmit antenna selection
using Mutual Information Approach, MMSE equalizer, and
considering a different number of available antennas at the
transmitter.
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3.1.4.2
ZF and MMSE for MSE approach

Simulation in Figures 3.4 and 3.5 depicts the detection performance for
ZF and MMSE equalization, respectively. They were both obtained using the
MSE approach as the antenna selection strategy. We can see that the system
with NT = 10, in both cases, requires significantly less energy (a decrease
greater than 10 dB in number) compared to the case where NT = 2, when no
antenna selection strategies are employed. These results were gathered after
transmitting a total of NSYM = 12.8 × 107 symbols and NDM = 20 data-
matrices for each of NCH = 5× 104 channel realizations.

5 10 15 20

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Figure 3.4: BER vs. SNR [dB] for transmit antenna selection
using MSE Approach, ZF equalizer, and considering a differ-
ent number of available antennas at the transmitter.
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Figure 3.5: BER vs. SNR [dB] for transmit antenna selection
using MSE Approach, MMSE equalizer, and considering a
different number of available antennas at the transmitter.

3.1.4.3
Comparisons

This short section focuses on showing comparisons between the two
proposed methods (MIA and MSE) and the random selection (RAN), in terms
of system performance.

In Figures 3.6 and 3.7, the improvement of the system when the proposed
methods are used is noticeable. The result for random selection is very poor
and similar to the performance when no antenna selection method is employed,
i.e., NT = 2 curves in Figures 3.2 and 3.4 for ZF and 3.3 and 3.5 for MMSE.
As expected, the performance at higher SNR values using MSE is better
than MIA. This occurs because the selection that uses the MSE approach
is specific for each equalizer as opposed to the mutual information selection,
which does not depend on the kind of equalizer employed, and can be used
interchangeably, for the ZF-equalized or the MMSE-equalized system. Doing
a numerical analysis, MSE needs approximately 4.8 dB and 4.1 dB less energy
than MIA, for ZF-equalized and MMSE-equalized systems, respectively, but
its complexity is significantly higher due to the matrix inversion operation.
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Figure 3.6: BER vs. SNR [dB] for transmit antenna selection
using the proposed methods (MIA and MSE) and random
selection. Results were obtained employing ZF equalizer.
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Figure 3.7: BER vs. SNR [dB] for transmit antenna selection
using the proposed methods (MIA and MSE) and random
selection. Results were obtained employing MMSE equalizer.
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3.2
MU-MIMO-OFDM system (precoded)

3.2.1
Transmit Antenna Selection Model for MU-MIMO-OFDM systems

In MU-MIMO-OFDM scenario, the vector p is also used to indicate the
subset of antennas that are activated in the same way as shown in Section 3.1.1.
The corresponding effective channel matrix Dm(p) ∈ CKNR×NRF , following the
system model proposed in (2-11), is obtained by selecting the columns indexed
by p. Thus,

Dm(p) = DmU(p), (3-14)
where U(p) is the matrix obtained from INT

eliminating its i-th column if
the i-th component of vector p is zero. It also results that U(p) UT (p) =
diag(p) = B(p).

3.2.2
Transmit Antenna Selection Approach for ZF Precoding

With antenna selection, expression (2-11) is modified. For a given p
vector, the received vector can be expressed as

rm = Dm(p)PZF
m (p)sm + Nm, (3-15)

where PZF
m (p)sm ∈ CNRF×1. For a ZF-precoded system, the precoding matrix

PZF
m (p) is given by the right pseudo-inverse of Dm(p) in (2-23), and using this

expression in (3-15), the received vector is written as

rm = αZF (p)sm + Nm, (3-16)

where αZF (p) is obtained from (2-24).
Now, the key point is about finding the optimum subset of NRF trans-

mit antennas. In [35–37], the best solution is found through the channel ca-
pacity maximization, while in [38] and [39] a channel-norm-based selection is
discussed. From (3-16), we can see that maximizing the value of αZF (p), we
maximize the signal level at the receiver without any other modification in the
noise vector, and therefore it maximizes the SNR of the system. The proposed
method to choose the best pattern of the vector p is then calculated as

p∗ = arg max
p∈Ct

αZF (p)

= arg max
p∈Ct

√
ET

γZF (p) . (3-17)

From (3-17), the equivalence between the maximization of the detection
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signal-to-noise ratio and the minimization of γZF (p) is evident, given that the
energy available at the transmitter, ET , is fixed. Thus, the minimization of
γZF (p) also corresponds to the minimization of the detection error probability.
Finally, the antenna selection is indicated by the pattern p∗ given by

p∗ = arg min
p∈Ct

γZF (p) . (3-18)

3.2.3
Transmit Antenna Selection Approach for MMSE Precoding

Now, we consider a system that uses the MMSE precoding technique,
depicted in Section 2.4.2. Using (2-26), the precoding matrix for each subset
p is given by

PMMSE
m (p) = αMMSE(p)DH

m(p)Fm(p), (3-19)

where Fm is shown in (2-29), and with antenna selection, it is given by

Fm(p) =
(
Dm(p)DH

m(p) +
1
M

∑M
m=1 Tr (Rnm)
ET

IKNR

)−1

. (3-20)

The signal model in (2-11) can be expressed as

rm = Dm(p)PMMSE
m (p)sm + Nm. (3-21)

Unlike the ZF precoding, MMSE precoding does not remove the MUI
completely. As previously shown in Section 2.1.2, the precoding matrix for
the MU-MIMO-OFDM system at the m-th detection consists of a set of the
precoding matrices of all users, that isPm =

[
P(1)
m P(2)

m . . . P(K)
m

]
. We know

from (2-27) that minimizing the factor γMMSE(p), we maximize αMMSE(p) and
therefore the desired energy at the receiver. However, it also maximizes the
energy corresponding to the interference terms. Thus, minimization of the
factor γMMSE(p) does not guarantee an improvement in detection.

An approach to solve this issue, takes into account the interference terms.
We define the matrices Wm(p) = Dm(p)P̃MMSE

m (p), where P̃
MMSE

m (p) is the
original precoding matrix without the factor αMMSE(p), that is

P̃
MMSE

m (p) = DH
m(p)Fm(p). (3-22)

We also defined Wmdiag
(p) which represent the diagonal matrix, containing

the main diagonal elements of Wm(p) and W̄m(p) = Wm(p) −Wmdiag
(p).
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Then the signal model in (3-21) can be rewritten as

rm = αMMSE(p)Wm(p)sm + Nm

= αMMSE(p)Wmdiag
(p)sm + αMMSE(p)W̄m(p)sm + Nm, (3-23)

where the first term contains the desired symbols and the second the multi-user
interference. Now we define β(p) as the total signal to total interference-plus-
noise ratio, as

β(p) =
∑M
m=1 Tr{α2

MMSE(p)Wmdiag
(p)RsmWH

mdiag
(p)}∑M

m=1{Tr{α2
MMSE(p)W̄m(p)RsmW̄H

m(p)}+ Tr{Rnm}}

=
∑M
m=1 Tr{Wmdiag

(p)WH
mdiag

(p)}∑M
m=1{Tr{W̄m(p)W̄H

m(p)}+ Tr{Rnm}
Esα2

MMSE(p)}

where the product Esα2
MMSE(p) can be deduced from (2-26), (2-28) and (2-29)

and expressed as

Esα
2
MMSE(p) = ET

1
M

∑M
m=1 Tr

(
FH
m(p)Dm(p)DH

m(p)Fm(p)
) . (3-24)

The strategy to find the best pattern p∗ is through the maximization of
β(p). Then, the solution can be expressed as

p∗ = arg max
p∈Ct

β(p) . (3-25)

3.2.4
Simulation Results

In this section, numerical results are presented to evaluate the BER
performance in the MU-MIMO-OFDM scenario, using different approaches to
select the best subset of antennas to transmit. The coefficients of the adopted
discrete impulse response of the channels have the form shown in Section
3.1.4. The noise vector is a complex zero-mean Gaussian vector with circularly
symmetric components and covariance matrix Rnm = σ2

nIKNR
. Results are

expressed in terms of the signal-to-noise ratio, defined in Section 3.1.4. QPSK
modulation is assumed and the length of the OFDM blocks is M = 64.

3.2.4.1
ZF Precoding

When ZF precoding is performed by the BS, for a given channel real-
ization and antenna pattern selection, the k-th user conditional BER is given
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by

BERk(γZF ) = Q

√√√√α2

ZF

σ2
n

 = Q
(√

SNR

γZF

)
, (3-26)

where Q(.) is the Q-function defined as

Q(x) = 1√
2π

∫ ∞
x

exp
(
−u

2

2

)
du, (3-27)

and the k-th user BER performance is

BERk = E
[
Q
(√

SNR

γZF

)]
. (3-28)

In a semi-analytical approach we approximate (3-28) by

BERk ∼=
1

NCH

NCH∑
i=1

Q
(√

SNR

γZF i

)
. (3-29)

We note that (3-26) and the approximation (3-29), with γZF given by (2-25),
are only applicable to the case of transmit antenna selection with ZF precoding.

Figure 3.8 compares the BER performance obtained with Monte Carlo
simulation and with the semi-analytical approximation (3-29), when the ZF
precoding scheme is employed. The semi-analytical approximation for the BER
is in good agreement with the Monte Carlo simulated BER. These results
were gathered after transmitting a total of NSYM = 76.8 × 106 symbols and
NDM = 20 data-matrices for each of NCH = 1× 104 channel realizations. The
main advantage of the use of the semi-analytical expression in (3-29) is less
complexity by comparing with the simulation method.

Figure 3.9 shows the detection performance in ZF-precoded system, vary-
ing the number of available transmit antennas and the number of RF chains.
These results evidence a significant improvement in terms of performance while
keeping the number of RF chains fixed at the transmitter and adding the pos-
sibility of antenna selection. The combination NT = 10, NRF = 6 exhibits a
gain of approximately 8 dB less energy than NT = 6, NRF = 6 (no antenna
selection). On the other hand, curve NT = 10, NRF = 8 shows a trade-off be-
tween the number of available antennas to do antenna selection and an increase
in the number of RF chains. The system with NT = 10, NRF = 10 depicts the
best performance, but it also entails the highest cost and complexity.
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Figure 3.8: BER vs. SNR [dB] for NT = 10, NRF = 10,
NR = 3, K = 2 and L = 2 in ZF-precoded system.
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Figure 3.9: BER vs. SNR [dB] for transmit antenna selection
using ZF precoding, K = 2, and considering a different num-
ber of antennas and RF chains available at the transmitter.

DBD
PUC-Rio - Certificação Digital Nº 1813274/CA



Chapter 3. Transmit Antennas Selection 46

3.2.4.2
MMSE Precoding

Figure 3.10 shows the detection performance in MMSE-precoded system,
for a different number of transmit antennas and RF chains. These results
were gathered after transmitting a total of NSYM = 76.8 × 106 symbols and
NDM = 20 data-matrices for each of NCH = 1 × 104 channel realizations. As
shown in the previous section, when transmitting antenna selection is employed
and/or the number of RF chains grows, the system performance is improved.
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Figure 3.10: BER vs. SNR [dB] for transmit antenna selection
using MMSE precoding, K = 2, and considering a different
number of antennas and RF chains available at the transmit-
ter.
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4
Receive Antennas Selection

As presented in Chapter 3, the antenna selection at the transmitter
improves the performance of the system without changes in terms of hardware
complexity. In the same way, the antenna selection at the receiver can be
employed as an excellent solution to achieve better values of BER.

Now, suppose that the K users shown in Figure 4.1 are equipped with
a reduced number, NRR, of RF chains, and the number of available receiving
antennasNR is higher thanNRR, i.e.NR > NRF . Note that the system has been
generalized for MU-MIMO-OFDM scenario, and that the SU-MIMO-OFDM
is a particular case by setting K = 1.

The objective here is to select the best subset of NRR receive antennas
according to the current characteristics of the transmission channels.

Figure 4.1: MIMO-OFDM system with antenna selection at
the receiver.

In this chapter, we present a general model to describe the receive
antennas selection for SU-MIMO-OFDM (non-precoded) and MU-MIMO-
OFDM (precoded) systems. Receive antenna selection strategies are proposed
for all cases. Simulation results are presented, employing ZF and MMSE
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equalizers for the SU-MIMO-OFDM case, as well as ZF and MMSE precoders
in the MU-MIMO-OFDM scenario.

4.1
SU-MIMO-OFDM system (non-precoded)

4.1.1
Receive Antenna Selection Model for SU-MIMO-OFDM systems

Analogously to the vector p that was presented in Chapter 3, we define
a vector q ∈ {1, 0}NR that indicates the subset of antennas that are activated,
from the entire set of NR antennas. A one value at any position in vector q
indicates that the corresponding antenna is activated, whereas a zero value
indicates that the system does not use this antenna for reception.

The corresponding effective channel matrix, Dm(q) ∈ CNRR×NT is ob-
tained by selecting the columns indexed by q. Thus,

D̃m(q) = Ũ(q)Dm, (4-1)

where Ũ(q) ∈ CNRR×NR is the matrix obtained from INR
eliminating its

i-th row if the i-th component of vector q is zero. It then results that
ŨT (q)Ũ(q) = diag(q) = B̃(q) and Ũ(q)ŨT (q) = INRR

.
Let Cr be the set of possible q patterns indicating NRR-selected out of

NR antennas, then the total number of possible combinations is given by

|Cr| =
(
NR

NRR

)
= NR!

(NR −NRR)! NRR! . (4-2)

The BS selects the most appropriate set of antennas that should be
activated during a OFDM symbol period and then it must notify to the receiver
which of the Cr possible patterns is chosen, in order to improve the performance
of the system.

4.1.2
Receive Antenna Selection using MIA

As presented in Section 3.1.2, mutual information can be used as a metric
to select the best subset of antennas to transmit. Similarly, MIA can be used to
choose antennas at the receiver. The BS calculates the mutual information for
all patterns of the vector q, and informs to the receiver which one results in the
highest value. The selection is made taking into account the effective channel
matrix Dm(q) for each of the M detections. Thus, the mutual information can
be calculated as
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I(q) =
M∑
m=1

log2 det
[
Es
σ2
n

D̃m(q)D̃H
m(q) + INRR

]
. (4-3)

Hence, the antenna selection is indicated by the pattern q∗ given by

q∗ = arg max
q∈Cr

I(q) . (4-4)

4.1.3
Receive Antenna Selection minimizing the MSE

MSE approach can also be used to select antennas at the receiver in SU-
MIMO-OFDM scenario. This method, as also shown in the previous chapter,
is a more specific solution by comparing it with MIA, because it depends on
the current equalizer.

4.1.3.1
MSE Minimizing in ZF-equalized receiver

Taking into account the expression obtained from (3-6), we can express
the MSE in a ZF-equalized receiver as

MSEZF = σ2
n

M∑
m=1

Tr
{(

DH
mDm

)−1
}
. (4-5)

Therefore, the antenna selection, indicated by the pattern q∗, can be
calculated as

q∗ = arg min
q

σ2
n

M∑
m=1

Tr
{(

D̃H
m(q)D̃m(q)

)−1
}
. (4-6)

4.1.3.2
MSE Minimizing in MMSE-equalized receiver

MMSE equalizer takes into account the effect of the noise, and the price
to pay is the non-removed channel matrix after equalization. In this case, the
MSE can be calculated from (3-8) as

MSEMMSE =
M∑
m=1

E
{
‖ x̂MMSEm − xm‖2

}
. (4-7)
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Using (2-18) and (2-19), we can show that the solution for (4-7) can be written
as

MSEMMSE = σ2
n

M∑
m=1

Tr


(
DH
mDm + σ2

n

Es
INT

)−1
 , (4-8)

and the best pattern for the vector q can be calculated by minimizing
MSEMMSE and is given by

q∗ = arg min
q

σ2
n

M∑
m=1

Tr


(
D̃H
m(q)D̃m(q) + σ2

n

Es
INT

)−1
 . (4-9)

4.1.4
Simulation Results

In this section, numerical results are presented to evaluate the BER
performance in the SU-MIMO-OFDM scenario, using different approaches to
select the best subset of antennas to be activated for reception.

The coefficients of the adopted discrete impulse response of the channels
have the form illustrated in Section 3.1.4. The noise vector ñm in (2-5) is a
complex zero-mean Gaussian vector with circularly symmetric components and
covariance matrix Kñ = σ2

nINR
. Results are expressed in terms of the signal-

to-noise ratio, defined in Section 3.1.4 and QPSK modulation is assumed. The
length of the OFDM blocks is M = 64.

4.1.4.1
ZF and MMSE for MIA

Figures 4.2 and 4.3 depict the detection performance for a range of
SNR, considering ZF and MMSE equalization, respectively, and varying the
number of available receive antennas, while the number of receive RF chains
and transmit antennas is kept fixed. In both cases, when MIA is employed
as the antenna selection strategy, the performance of the system is improved.
Furthermore, the improvement is greater as the number of antennas available
at the receiver increases. The gain for systems with NR = 10, in Figures 4.2
and 4.3 is approximately 9.8 dB and 9.5 dB, respectively, compared to the
case where NR = 2. These results were obtained after transmitting a total
of NSYM = 12.8 × 107 symbols and NDM = 20 data-matrices for each of
NCH = 5× 104 channel realizations.
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Figure 4.2: BER vs. SNR [dB] for receive antenna selection
using Mutual Information Approach, ZF equalizer, and con-
sidering a different number of available antennas at the re-
ceiver.
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Figure 4.3: BER vs. SNR [dB] for receive antenna selection
using Mutual Information Approach, MMSE equalizer, and
considering a different number of available antennas at the
receiver.
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4.1.4.2
ZF and MMSE for MSE approach

Simulation in Figures 4.4 and 4.5 show the detection performance for ZF
and MMSE equalization, respectively. They both were obtained using the MSE
approach as the antenna selection strategy. We can see that the system with
NR = 10, in both cases, requires significantly less energy (greater than 10 dB
in number) compared to the case where NR = 2, when no antenna selection
strategies are employed. These results were gathered after transmitting a total
of NSYM = 12.8 × 107 symbols and NDM = 20 data-matrices for each of
NCH = 5× 104 channel realizations.

5 10 15 20

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Figure 4.4: BER vs. SNR [dB] for receive antenna selection
using MSE Approach, ZF equalizer and considering different
number of available antennas at the receiver.
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Figure 4.5: BER vs. SNR [dB] for receive antenna selection
using MSE Approach, MMSE equalizer and considering dif-
ferent number of available antennas at the receiver.

4.1.4.3
Comparisons

In Figures 4.6 and 4.7, the improvement of the system using the antenna
selection schemes is noticeable. The result for random selection is barely
acceptable and similar to the performance when no antenna selection method
is employed, i.e., curves NR = 2 .

As shown in Section 3.1.4.3, the performance at higher SNR values is
better when the system using MSE rather than MIA. When the system chooses
the best antenna pattern using MSE, the system computes the minimum mean
square error, based on the current equalizer. In contrast, MIA achieves a poorer
detection performance, but its complexity is significantly lower compared to
the use of MSE.
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Figure 4.6: BER vs. SNR [dB] for receive antenna selection
using the proposed methods (MIA and MSE) and random
selection. Results were obtained employing ZF equalizer.
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Figure 4.7: BER vs. SNR [dB] for receive antenna selection
using the proposed methods (MIA and MSE) and random
selection. Results were obtained employing MMSE equalizer.
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4.2
MU-MIMO-OFDM system (precoded)

4.2.1
Receive Antenna Selection Model for MU-MIMO-OFDM systems

To follow the procedure used to select antennas in previous sections,
we define a vector q̃ = [qT1 ,qT2 , . . . ,qTK ]T , which contains the information
on the state of the antennas (activated or deactivated). Each entry qk,
k = 1, 2, ..., K, is similar to the vector q defined in Section 4.1.1, and refers to
the pattern used by each user. The corresponding effective channel matrix
D′

m(q̃) ∈ CKNRR×NT , following the system model proposed in (2-11), is
obtained by selecting the columns indexed by q̃. Thus,

D′
m(q̃) = U′(q̃)Dm, (4-10)

where U′(q̃) ∈ CKNRR×KNR is obtained from IKNR , suppressing its ith row,
when the ith component of vector q̃ is zero and can be expressed as

U′(q̃) =


Ũ(q1) 0 · · · 0

0 Ũ(q2) · · · 0
... ... . . . ...
0 0 0 Ũ(qK)

 .

4.2.2
Receive Antenna Selection Approach for ZF Precoding

When the BS employs the ZF precoding to process the information
symbols vectors that should be transmitted to each user, the precoding matrix
can be deduced from (2-23) and (4-10), and is given by

PZF
m (q̃) = αZF (q̃)D′H

m(q̃)
(
D′

m(q̃)D′H
m(q̃)

)−1
. (4-11)

Using (4-11), the received vector for the ZF-precoded system can be written
as

rm = αZF (q̃)sm + Nm. (4-12)
Finally, the antenna selection is indicated by the pattern q̃∗ given by

q̃∗ = arg max
q̃∈Cr

αZF (q̃)

= arg max
q̃∈Cr

√
ET

γZF (q̃)
= arg min

q̃∈Cr

γZF (q̃). (4-13)
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where γZF is obtained from (2-25).

4.2.3
Receive Antenna Selection Approach for MMSE Precoding

Considering the MMSE precoding technique, addressed in Section 2.4.2,
the expression of the precoding matrix for a given pattern q̃ is given by

PMMSE
m (q̃) = αMMSE(q̃)D′H

m(q̃)Fm(q̃), (4-14)

where Fm is shown in (2-29). Then, the signal model in (2-11) can be expressed
as

rm = D′
m(q̃)PMMSE

m (q̃)sm + Nm. (4-15)
Following the procedure to define a metric for the MMSE-precoded

system, we can use the matrices Wm, Wmdiag
and W̄m, defined in Section

3.2.3, and therefore, the received vector can be expressed as

rm = αMMSE(q̃)Wm(q̃)sm + Nm

= αMMSE(q̃)Wmdiag
(q̃)sm + αMMSE(q̃)W̄m(q̃)sm + Nm. (4-16)

Now, β(q̃) is the total signal to total interference-plus-noise ratio, and
can be obtained from

β(q̃) =
∑M
m=1 Tr{α2

MMSE(q̃)Wmdiag
(q̃)RsmWH

mdiag
(q̃)}∑M

m=1{Tr{α2
MMSE(q̃)W̄m(q̃)RsmW̄H

m(q̃)}+ Tr{Rnm}}

=
∑M
m=1 Tr{Wmdiag

(q̃)WH
mdiag

(q̃)}∑M
m=1{Tr{W̄m(q̃)W̄H

m(q̃)}+ Tr{Rnm}
Esα2

MMSE(q̃)}

where the product Esα2
MMSE(q̃) can be deduced from (2-26), (2-28) and (2-29)

and expressed as

Esα
2
MMSE(q̃) = ET

1
M

∑M
m=1 Tr

(
FH
m(q̃)D′

m(q̃)D′H
m(q̃)Fm(q̃)

) . (4-17)

The strategy to find the best pattern q̃∗ is through the maximization of
β(q̃). Then, the solution can be expressed as

q̃∗ = arg max
q̃∈Cr

β(q̃) . (4-18)
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4.2.4
Simulation Results

In this section, numerical results are presented to evaluate the BER
performance in the MU-MIMO-OFDM scenario, using different approaches
to select the best subset of antennas to transmit. The results were gathered
after transmitting a total of NSYM = 76.8× 106 symbols and NDM = 20 data-
matrices for each of NCH = 1 × 104 channel realizations. The coefficients of
the adopted discrete impulse response of the channels have the form shown
in Section 3.1.4. The noise vector is a complex zero-mean Gaussian vector
with circularly symmetric components and covariance matrix Rnm = σ2

nIKNRR
.

Results are expressed in terms of the signal-to-noise ratio, defined in Section
3.1.4. QPSK modulation is assumed and the length of the OFDM blocks is
M = 64.

4.2.4.1
ZF Precoding

Figure 4.8 shows the detection performance in ZF-precoded system, using
the proposed method and random selection. The curve NT = 10, NR = 4 and
NRR = 2 (the proposed method) achieves the best performance, i.e., 2 dB less
energy than the others. Random selection (RAN) shows an equal performance
by comparing with NT = 10, NR = 2 and NRR = 2 (no antenna selection).

This simulation was feasible because the number of possible combinations
to test during the selection process was small. It can be shown that the number
of combinations using exhaustive search in MU receive antenna selection
scenario is given by |Cr|K , where |Cr| can be calculated from (4-2). In order
to minimize the simulation complexity, researchers have proposed many sub-
optimum algorithms, and they gathered results near to the optimal one. For
instance, [11] proposes a sub-optimum method to simplify the receive antenna
selection process in ZF-precoded systems.
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Figure 4.8: BER vs. SNR [dB] for receive antenna selection
using ZF precoding, K = 3, and considering a different
number of available antennas at the receiver.

4.2.4.2
MMSE Precoding

Figure 4.9 shows the detection performance in MMSE-precoded system
for a different number of receiving antennas. This figure depicts the improve-
ment when receiving antenna selection is employed.
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Figure 4.9: BER vs. SNR [dB] for receive antenna selection
using MMSE precoding, K = 3, and considering a different
number of available antennas at the receiver.
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5
Conclusions and Future Work

This dissertation focused on the antenna selection problem in MIMO-
OFDM systems. Some strategies were proposed to select antennas in both
scenarios, SU and MU. The guideline behind the antenna selection approaches
was based on the reduced number of RF chains, and from there, improve the
system performance by increasing the number of antennas available to select.

In Chapter 2, we have presented a general description of the principles
associated with the design and implementation of MIMO-OFDM systems. A
detailed signal modelling for SU and MU scenario is presented. In the model
herein, a clear approach that converts the detection of parallel OFDM blocks
emitted by the transmit antennas into independent flat-fading MIMO detection
decoupled per OFDM subsymbol is developed. We have also outlined a review
of the mobile radio channel characterization, highlighting the most common
effects on the RF signal when it passes from the transmitter to the receiver.
Linear equalizers, such as ZF and MMSE, have been presented, as well as the
precoding techniques employed in this work.

In Chapter 3, we have developed strategies to implement transmit
antenna selection, relying on the maximization of the mutual information or
the minimization of the mean square error in SU scenario. In the MU case,
we have proposed methods based on the maximization of the SNR for the
ZF-precoded case and based on the maximization of the SINR for the MMSE-
precoded case.

The approaches presented for transmitting antenna selection were ex-
tended for receiving antenna selection in Chapter 4. Here, the system model
was different and more complex in MU scenario, because it takes into account
the possible combinations for each user. The selection is performed by the BS
and it relies on the search of the best antenna pattern for each user based on
a given metric. Then, the BS informs each user which antenna pattern should
be used.

Simulation results, showing the performance of the proposed selection
approaches have been presented. Numerical results evidenced that the avail-
ability of extra antennas at the transmitter or at the receiver results in signif-
icant system performance improvements and that the proposed strategies are
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effective.
Some suggestions for possible future work:

– The selection methods proposed have been tested considering perfect
channel state information available at the transmitter. The performance
of the proposed schemes could be evaluated for partial CSI knowledge,
obtained by employing channel estimation algorithms.

– Joint transmit and receive selection could be implemented for MIMO-
OFDM systems.

– Some other non-linear precoding techniques could be employed and
tested in MIMO-OFDM systems.

– To evaluate the performance in systems with larger dimensions, using
sub-optimum search algorithms, such as the Genetic Algorithm or ITES
[11].
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A
Energy Relations for Multi-User

The expression in (2-22) can be obtained as follows. From (2-9), we can
express the transmission matrix as

TMUP =
K∑
k=1
DkPW∗

M , (A-1)

and K∑
k=1
DkP =

[
X1 X2 . . . XM

]
(A-2)

The Xm can be obtained from

Xm =
K∑
k=1

Pk
ms

k
m (A-3)

Thus,

E
{
‖TMUP ‖2

}
= E

Tr

(

K∑
k=1
DkP

)
W∗

MWT
M

(
K∑
k=1
DkP

)H
 ,

but W∗
MWT

M = IM . Then,

E
{
‖TMUP ‖2

}
= E

Tr

(

K∑
k=1
DkP

)(
K∑
k=1
DkP

)H


= E
[
M∑
m=1

XmX
H
m

]

=
M∑
m=1

E
{
‖Xm‖2

}
. (A-4)
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B
Energy Relations for Single-User

The average energy available at the transmitter is given by

ET = 1
M

M∑
m=1

E
[
||xm||2

]

= 1
M

M∑
m=1

Tr
{
E
[
xmxHm

]}

= 1
M
Es

M∑
m=1

Tr {INRF
}

= EsNRF , (B-1)

then the average information symbol energy Es is given by

Es = ET
NRF

(B-2)
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