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ABSTRACT

Multicarrier Systems with Antenna Diversity for Wireless

Communications

Mohammad Torabi Konjin, Ph.D.

Future wireless communications systems need a high quality of service cou-
pled with high data rate transmission for multimedia services. Achieving this goal
in the hostile wireless environment with its limited spectrum has several challenges
and implies the necessity of a communication system that is able to increase the
channel capacity and overcome the difficulties of the wireless transmission environ-
ment with reasonable system complexity. Two of the most enabling technologies for
the next generation of wireless systems are orthogonal frequency divisioh multiplex-
ing (OFDM) and multiple-input multiple output (MIMO) systems. MIMO systems
have been originally designed for known flat fading channels. In this research, some
novel MIMO-OFDM schemes for broadband wireless applications are developed and
presented. The objective of the proposed schemes is to enhance the performance
of OFDM systems over multipath fading channels by using antenna diversity tech-
niques, and also to make MIMO systems applicable to frequency selective multipath
fading channels. For the performance evaluation, both bit error rate (BER) and
channel capacity analysis are considered. The channel capacity of MIMO-OFDM
systems is analytically evaluated and it is shown that the channel capacity of the
these systems can be dramatically increased as a function of the number of anten-

nas. The BER performance of the MIMO-OFDM systems is analytically evaluated.
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New closed-form expressions for the BER performance of the MIMO-OFDM sys-
tems over frequency selective fading channels are derived. On the other hand, the
growing popularity of both MIMO and OFDM systems creates the need for adap-
tive modulation to integrate temporal, spatial and spectral components together.
The performance improvement offered by adaptive modulation over non-adaptive
systems is remarkable. Furthermore, other dimensions such as frequency and space
may yield further gains by providing additional degrees of freedom that can be ex-
ploited by adaptive modulation. In this research, a new adaptive modulation scheme
for our MIMO-OFDM system (SFBC-OFDM) is presented. The proposed scheme
exploits the benefits of space-frequency block codes (SFBC), OFDM and adaptive
modulation to provide a high quality of transmission for wireless communications
over frequency selective fading channels. It is shown that adaptive modulation can
greatly improve the performance of the conventional SFBC-OFDM systems. Finally,
a novel antenna selection algorithm is proposed for our MIMO-OFDM system. Three
different forms of antenna selection are considered: transmit antenna selection, re-
ceive antenna selection, and joint transmit/receive antenna selection. The coding
and diversity advantages of the MIMO-OFDM system with antenna selection are ex-
amined using average SNR gain, outage probability and BER analysis. The system
performance of different forms of the proposed scheme is evaluated and compared.
It is shown that the proposed scheme can greatly improve the pérformance of the

conventional SFBC-OFDM systems.
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Chapter 1

Introduction

1.1 Motivation

Future wireless communications systems need a high quality of service coupled with
high data rate transmission for multimedia services. Achieving this goal in the
hostile wireless environment with its limited spectrum has several challenges and
implies the necessity of a communication system that is able to increase the channel
capacity and overcome the difficulties of the wireless transmission environment with
reasonable system complexity. The major wireless channel impairments are the
effects of multipath fading and interferences. Considerable research has been done
in the past decades to overcome these difficulties by developing systems that can
handle the demands of the wireless telecommunications industry for fixed and mobile
systems.

Different modulation, coding and signal processing techniques including equal-
ization techniques, spread spectrum techniques, and multicarrier modulation have
been proposed to overcome the limitations caused by the wireless environment. Two
of the most enabling technologies for the next generation of wireless systems are
orthogbnal frequency division multiplexing (OFDM) and multiple-input multiple
output (MIMO) systems.



OFDM as a special case of multicarrier modulation, has gained much attention,
since it is less complex than single carrier systems that require powerful equalizers,
and is better in terms of spectral efficiency than the spread spectrum techniques
[1]-[19]. OFDM was introduced for high data rate transmission many years ago;
however, practical interest has only increased recently, due in part to advances in
digital signal processing and microelectronics. It was later proposed and used for a
wide variety of applications such as digital video broadcasting (DVB), digital audio
broadcasting (DAB), and asymmetric digital subscriber line (ADSL) services. It has
found its applications in the wireless local area networks (WLAN) and broadband
wireless access (BWA) and has been chosen as the modulation technique for the new
IEEE802.11a standard [20] as well as high-performance LAN (HIPERLAN) [20]-[22].

In this modulation technique the data stream to be transmitted is divided into
several lower rate data streams (each being modulated on a subcarrier) making the
symbol duration long enough to avoid complicated equalization. A small interval
known as the cyclic prefix is inserted in the OFDM symbols to eliminate intersymbol
interference (ISI) and interchannel interference (ICI) almost completely.

In a hostile wireless environment, the channel dispersion will extensively at-
tenuate some subcarriers. Therefore, in the presence of multipath fading some sub-
channels will have high attenuation and low signal-to-noise ratio (SNR), resulting in
a high error probability, hence decreased overall system performance. This problem
can be mitigated by using the following techniques:

e Use of coding across subcarriers. This technique has been studied with
different schemes such as Reed Solomon codes, convolutional codes, trellis coded
modulation (TCM) and Turbo codes.

e Use of different signal constellations for different subcarriers, i.e., adaptive
bit allocation to the subcarriers.

e Use of frequency-domain equalizers. This technique, however, leads to noise

enhancement.



e Use of precoding. This technique can compensate fading by inverting sub-
carrier fading at the transmitter, but it requires knowledge about the channel at the
transmitter.

e Use of antenna diversity. This technique is also an effective method that
can provide extra diversity (spatial diversity) to the OFDM system and can greatly
improve the overall system performance.

Antenna diversity technique is well known as an effective way to improve the
signal quality and to increase the channel capacity. Antenna diversity techniques
fall under two main categories: receiver diversity and transmit diversity. Receive
diversity is a classical diversity technique used to improve the received signal quality
by combining multiple independently received signals (corresponding to the same
transmitted signal).

Transmit diversity techniques are very attractive for the downlink in wireless
communication systems, because it is more affordable to add equipment to the base
station rather than the mobile units. Transmit diversity has been recently studied in
different forms of modulation and coding techniques. Some interesting approaches
for transmit diversity have been proposed by Wittneben [23]|, and Seshadri and
Winters [24] in which copies of the same symbol are transmitted at different times,
creating an artificial multipath distortion. Then an equalizer is used to resolve
the multipath distortion and to obtain the diversity gain. More recently, significant
progress has been made by many other researchers [25], [26]. One of these techniques
is Space-Time Trellis Coding (STTC) [27].

STTC integrates multiple antennas at the transmitter and receiver, with cod-
ing and modulation to combat fading and achieve higher data rates for wireless
communications. In addition, it gives the best trade-off between spectral efficiency
and power consumption. The decoding of these codes requires the use of a vector
form of the Viterbi decoder. At a fixed number of transmit antennas, the decoding

complexity of STTC exponentially increases with the number of states.



In order to reduce the complexity of the decoder, a simple transmit diversity
scheme using two antennas was proposed by Alamouti [28]. This scheme has a
simple maximum likelihood decoding algorithm based on linear processing at the
receiver. Later, Tarokh et al. [29]-[30] introduced a generalized form of Alamouti’s
scheme named Space-Time Block Codes (STBC), or Orthogonal Transmit Diversity
(OTD).

STTC and STBC were originally designed for known flat fading channels.
As space-time coding does not require any form of interleaving, these systems are
attractive for delay-sensitive applications.

On the other hand, recent information-theoretic results show that a multipath
fading channel can provide a rich scattering channel for space-time systems, when
the channel gain between pairs of transmitter and receiver antennas are uncorrelated.

However, in future broadband wireless communication systems where symbol
duration can be smaller than the channel delay spread, the channel propagation can
have frequency selective effects. In non-flat fading channels such as frequency se-
lective multipath channels, convolution of the channel impulse response with STBC
output destroys the orthogonality of the STBC. Consequently, these techniques are
often only effective over frequency flat fading channels, such as indoor wireless sys-
tems or low data-rate networks.

The effects of frequency selectivity on space-time coding have been studied
before. It was shown that in the presence of ISI induced by frequency selective mul-
tipath channels, the coding advantage decreases significantly, specially when delay
spread becomes relatively high, resulting in intolerable performance degradation. In
order to maintain the decoding simplicity and take advantage of existing space-time
codes designed for flat fading channels, some additional processing is required to
make space-time codes suitable for application over frequency selective fading chan-
nels. One approach for mitigating the ISI is to use an equalizer at the receiver. It

was shown by Cioffi et al. [34],[35], that a multiple-input multiple-output equalizer



(MIMO-EQ) can equalize the frequency-selective fading channels and convert them
into ISI-free channels where space-time coding is applicable. The main drawback of
using an equalizer is high receiver complexity.

Another approach is to employ OFDM. It has been shown that OFDM can
be used to transform frequency-selective fading channels into several flat fading
subchannels. Hence, STBC with OFDM can be effectively used in non-flat fading
channels [14],[15].

Several combinations of OFDM with different antenna diversity techniques
have been considered, including transmitter diversity, receiver diversity and space-
time coding [36]-[49]. For example, in [43], Ye Li et al., studied a combination of
OFDM with three transmitter diversity techniques: STTC, delay and permutation
transmitter diversity. They showed that STTC-OFDM can provide better perfor-

mance than the other mentioned methods.

1.2 Research Objectives and Contributions

In this research, we develop and propose some novel MIMO-OFDM schemes (OTD-
OFDM or SFBC-OFDM) for broadband wireless applications. The main objective
of the proposed schemes is to enhance the performance of OFDM systems over
multipath fading channels by using antenna diversity techniques and also to make
MIMO systems applicable for frequency selective multipath fading channels. Note
that the terms OTD-OFDM and SFBC-OFDM will be used interchangeably.

For the performance evaluation we use both bit error rate and channel capacity
analysis. The channel capacity of MIMO-OFDM systems will be analytically evalu-
ated and it will be shown that by using MIMO systems the capacity of the channel
can be dramatically increased as a function of the number of antennas. The bit
error rate performance of MIMO-OFDM systems will be analytically evaluated. We
will derive new closed-form expressions for BER performance of the MIMO-OFDM

systems over frequency selective fading channels.
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On the other hand, the growing popularity of both MIMO and OFDM systems
creates the need for adaptive modulation to integrate temporal, spatial and spectral
components together. The goal of adaptive modulation in an OFDM system is to
allocate, according to the instantaneous condition of a subchannel, an appropriate
number of bits and to choose the suitable modulation mode for transmission in each
subcarrier, in order to improve the system performance or to keep the overall BER

performance at a certain desired level.

The performance improvement offered by adaptive modulation over non-adapti-
ve systems is remarkable. Furthermore, other dimensions such as frequency and
space may yield further gains by providing additional degrees of freedom that can
be exploited by adaptive modulation.

In this research, a new adaptive modulation scheme for our MIMO-OFDM
system (SFBC-OFDM) is presented. The proposed scheme, exploits the benefits of
space-frequency block codes (SFBC), OFDM and adaptive modulation to provide
a high quality of transmission for wireless communications over frequency selective
fading channels. Spectral efficiency advantage of the proposed system is examined.
It is shown that adaptive modulation can greatly improve the performance of the

conventional SFBC-OFDM systems.

Finally, a novel antenna selection algorithm is proposed for our MIMO-OFDM
system. Three different forms of antenna selection are considered: transmit antenna
selection, receive antenna selection, and, joint transmit/receive antenna selection.
The coding and diversity advantages of the MIMO-OFDM system with antenna
selection are examined using average SNR gain, outage probability and BER analysis
validated by numerical simulation. It is shown that the proposed scheme can greatly

improve the performance of the conventional SFBC-OFDM systems.



1.3 Dissertation Qutline

This dissertation is organized as follows: In Chapter 2, a brief overview of diversity
techniques is presented. In Chapter 2, also different schemes, such as time diver-
sity, frequency diversity, antenna diversity, and the most popular schemes known as
MIMO systems such as space-time coding techniques are discussed in detail.

In Chapter 3, the application of MIMO systems over frequency selective fading
channels using an OFDM system is proposed. Also the main concept of OFDM
is reviewed and our proposed MIMO-OFDM system is presented. The proposed
scheme is explained in more detail and both encoding and decoding algorithms are
explained by some examples.

In Chapter 4, our analytical evaluation for the channel capacity of MIMO-
OFDM systems is presented.

In Chapter 5, the bit error rate (BER) performance of MIMO-OFDM systems
is analytically evaluated. Some new closed-form expressions of BER, performance of
MIMO-OFDM systems over frequency selective fading channels are derived.

In Chapter 6, a new adaptive modulation scheme is presented for MIMO-
OFDM systems. The proposed scheme exploits the benefits of space-frequency block
codes, OFDM and adaptive modulation to provide high quality transmission for
wireless communications over frequency selective fading channels. Spectral efficiency
advantage of the proposed system is examined.

In Chapter 7, a novel antenna selection algorithm is proposed for MIMO-
OFDM systems. Three different forms of antenna selection are considered: transmit
antenna selection, receive antenna selection, and, joint transmit/receive antenna
selection. The coding and diversity advantages of the MIMO-OFDM systems with
antenna selection are examined using average SNR gain, outage probability and
BER analysis.

Finally, Chapter 8 concludes this thesis and also future directions are pre-

sented.



Chapter 2

Diversity Techniques

In wireless communications systems, diversity techniques have been used to combat
multipath effects of fading to improve the system performance and to increase the
channel capacity. The principle idea of diversity is to send several replicas of the
information signal to the receiver. Since the receiver, receives signals which come
from different independent fading links, some of the received signals will not be
affected by fading in a given time. Diversity techniques have been classified in the

literature into the following categories.

1-Temporal (Time) Diversity

2-Frequency Diversily

3-Polarization Diversity

4-Spatial (Antenna) Diversity

The remainder of this chapter is organized as follows. An overview of time di-
versity, frequency diversity, polarization diversity, and antenna diversity techniques
will be presented in Sections 2.1, 2.2, 2.3, and, 2.4, respectively. In Section 2.4,
transmit antenna diversity, receive antenna diversity and joint transmit/receive an-
tenna diversity schemes are explained. The orthogonal transmit diversity (OTD)
technique is reviewed and both encoding and decoding algorithms for OTD system

are described. Finally, Section 2.5 concludes this chapter.



2.1 Time Diversity

In time diversity technique, a transmitted signal is spread over a time period that is
greater than the coherence time of the channel (the coherence time of the channel
is the minimum time separation between independent channel fades). Hence, the
received signals can be uncorrelated. Time interleaving, together with Forward Error
Correction Coding (FEC), and Automatic Repeat Request (ARQ) can provide time

diversity improvements. This technique is useful for time selective fading channels.

A drawback of time diversity is the delay caused by time spreading, specially

in slow varying channels where time diversity introduces large delays.

2.2 Frequency Diversity

In frequency diversity techniques, transmitted signal energy is spread over different
frequency intervals. The carrier frequencies should be separated enough so that the
fading associated with the different frequencies is uncorrelated. Hence, frequency
intervals should be less than the coherence bandwidth of the channel (the coherence
bandwidth is the smallest frequency separation between independent fadings). This
kind of diversity can be provided by spread spectrum techniques, FEC and OFDM.

It is applicable for frequency selective fading channels.

2.3 Polarization Diversity

In this scheme, antennas with different polarizations are employed for reception
and/or transmission. An antenna can transmit either a vertically polarized or a
horizontally polarized wave. The received signals will exhibit uncorrelated fading
statistics, when vertical polarized and horizontal polarized waves are transmitted
simultaneously. Polarization diversity is a special case of space diversity because
separate antennas are used. However, since only two orthogonal polarizations exist,

there will be only two available diversity branches.
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2.4 Antenna Diversity

In scattering environments, spatial (antenna) diversity is an effective, practical and
promising technique for reducing the multipath fading effects.

Spatial diversity techniques fall under the following categories:

1-Receive antenna diversity
2-Transmit antenna diversity

3- Transmit/Receive antenna diversity

2.4.1 Receive Antenna Diversity

In a classical receive antenna diversity approach, multiple antennas are employed at
the receiver that receive different copies of the transmitted information signal. The
receiver performs selection, switching, or combining of the received signals in order
to mitigate channel fading and improve the quality of the received signal.

The following types of receive antenna diversity can be considered:

2.4.1.1 Selection Diversity

In selection diversity technique, based on the Mg received signals, the received signal
with the largest power, SNR is selected. Figure 2.1 shows a block diagram of the

selection diversity technique.

R
X
Data.
Tx Front End 1 Detection 1 1
R
X

] Selector |
Data
FrontEnd 2 1

Detection 2

Figure 2.1: Selection Diversity.
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2.4.1.2 Switched Diversity

Switched diversity technique is like selection diversity, but it switches to another
antenna if the received signal falls below a certain threshold. Figure 2.2 shows a

block diagram of the switch diversity technique.

i ’ I
X
TK Front End 1 1
. Data
Rx l Switch 1 Detection [~
Front End 2 1

Figure 2.2: Switched Diversity.

2.4.1.3 Maximum Ratio Combining (MRC)

In this scheme, weighted replicas of the received signals are linearly combined. This
method is very efficient and can improve the system performance linearly by the
number of receive antennas but its complexity becomes prohibitive when the num-
ber of antennas is high. Figure 2.3 shows a block diagram of the maximum ratio

combining technique.

T Front End 1
x R Data
X l | Detection [~

Front End 2

WZ

Figure 2.3: Maximum Ratio Combining.

As an example we can briefly review the maximum ratio combining method

for a case with one transmit and two receive antennas (Mr = 1, Mg = 2).

11



The transmitter sends a signal s through the transmitter antenna and the
receiver antennas, receive r; = h; s+v; and 79 = hg s+, respectively, where v; and
vy denote the AWGN and h; and h, denote the channel gain between the transmitter
antenna and the two receiver antennas. The receiver combines the received signals

with coefficients W, = h], Wy = hj where x indicates complex conjugate. We have:

y = Riry + Rirg = (|hal]® + [|hal®) s + Aoy + hivs (2.1)

where ||.||* is the norm operation.
After maximum-likelihood (ML) decision, the signal s will be detected from
y. As can be seen, MRC can increase the SN R of the system and, therefore, it can

significantly improve the system performance.

2.4.2 Transmit Antenna Diversity

Transmit antenna diversity is a technique that can provide spatial diversity gain by
using multiple antennas at the transmitter. It has been studied extensively as an
effective technique for combating detrimental effects in wireless fading channels. Its
relative implementation simplicity and the feasibility of having multiple antennas at
the base station makes it an attractive method. Several transmit diversity techniques

have been proposed including:

2.4.2.1 Delay Diversity

Delay diversity was proposed by Wittneben|23], and later a similar scheme was
suggested by Seshadri and Winters [24]. The idea of delay diversity techniques is
to convert the spatial diversity into frequency diversity by transmitting the same
symbols through multiple antennas at different times, hence creating a multipath
distortion with independent path fades and the same path energy. Figure 2.4 shows
a block diagram of the delay diversity technique.

12



For example in a system with My = 2, My = 1 the effective channel can be

expressed as:

H(€j27r’r) = h1 -+ hg e—jQWT (22)

where hy and hq are the channel impulse responses between transmitter antenna-1,
antenna-2 and the receiver antenna, respectively. Since h; and hy are random i.i.d
(identical independent distributions), H(e’?™") is also random and the frequency

correlation function can be expressed as:

R(e™™) = 2B (H(e™") B (&70)) = £ (14+¢7) (2:3)

SR

where F is the expectation operator.

Such a channel looks like a 2-path channel. At the receiver, an MLSE (Max-
imum Likelihood Sequence Estimator) or MMSE (Minimum Mean Square Error)
equalizer is used to resolve multipath and capture the diversity gain in the system.

It can provide a diversity order of My without loss of bandwidth efficiency.

Ts,

X Delay J T
T S 2 Data -

: Detection
Delay . l
™M, -1) S

Figure 2.4: Delay Diversity.

2.4.2.2 Transmit diversity with antenna Hopping

In this method, assuming that channel state information is available at the trans-
mitter side, at time ¢ , (1 < < My) the signal will be transmitted from antenna 1.

This method can achieve a diversity order of My using ML detector or MRC at the
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receiver. Figure 2.5 shows a block diagram of the transmit diversity with antenna

hopping technique.

X 7{ Ts EML

2 Detection "

Figure 2.5: Transmit diversity with antenna Hopping.

2.4.2.3 Orthogonal Transmit Diversity

Orthogonal transmit diversity first was proposed by Alamouti [28] for flat fading
channels using two antennas. Later, a generalized form of Alamouti’s scheme called
Space-Time Block Codes (STBC), or Orthogonal Transmit Diversity (OTD), was
introduced by Tarokh et al. [29]. STBC has a simpler method for obtaining trans-
mitter diversity without any sacrifice in bandwidth and without using complex de-
coding. STBC can provide full diversity gain from the channel with a simple signal
processing (linear combining) and minimal encoder/decoder complexity.

Although STBC achieves maximum diversity, its performance is inferior com-
pared to Space-Time Trellis Codes (STTC) [27]. On the other hand in STTC, when
the number of transmit antennas is fixed, the decoding complexity that is mea-
sured by the number of trellis states in the decoder, increases exponentially with
the transmission rate. STBC is appealing since it can provide full diversity gain from
the channel while a very simple maximum-likelihood decoding algorithm is used at
the decoder. This new method uses a theory of orthogonal design to design space-
time block codes. While providing full diversity, the codes presented for STBC can

provide a maximum possible transmission rate allowed by the theory for the real

14



constellations, such as pulse amplitude modulation (PAM). A complex orthogonal
design which can provide full diversity and full transmission rate is not possible for
more than two antennas [29]. For complex orthogonal design, some possible codes
are presented in [29] that provide 1/2 and 3/4 of a full transmission rate for 3 and
4 transmit antennas.

In this section, we review the theory of space-time block code. Consider a
block of symbols that can be sent in T time slots through My transmit antennas,

where the space-time block code can be represented by a T x My transmission matrix

G given by:

The (T x My) transmission matrix G is based on a complex generalized orthogonal

design, as defined in [29]-[30].

Each element §;; is a linear combination of a subset of indeterminate

S1, 89, -+, Sk and their conjugates as follow:
K
G= (Ak Sk + By SZ) (25)
k=1
where A and By are K x K complex matrices and sy, s, -+, sk are information

symbols. The symbols s; and s; are modulated separately with A; and By.

Orthogonal design requires that
G'G = (|1 + |82 + -+ - Isk[*) Tnsy (2.6)

where G' is the Hermitian of G and Iy, is the My x My identity matrix. Due to the
fact that K symbols are transmitted in T time slots, the code rate of G is defined

15



to be R = % It is worth mentioning that the relative transmission rate to the
maximum possible rate of a full-diversity code is called code rate, which is R < 1.
Since the elements of G are linear combinations of symbols s; and s}, encoding only
requires linear processing.

At the transmitter side, at the time slot ¢, £ =1, 2,--- , T, the t-th row of G
is transmitted through transmit antennas at the same time, in other words the j-th
element of t-th row of G, (G, ;) is transmitted through antenna j =1, 2,---, Mr.

Consider a MIMO (Multiple Input/Multiple Output) system consisting of My
multiple transmit antennas and Mg receive antennas. In a narrow-band, flat-fading
channel, i-th receive antenna (Rx) receives the superposition of the My transmitted

signals from j-th transmit antenna (Tx) passed through the channel h; ; that can be

written as

Mr
roi= Y hijGej+ v i=1,2,.., Mg (2.7)

=1
where v, ; is a complex additive white Gaussian noise (AWGN) with a zero mean
and a variance of 223

For decoding of the received signal, assume that the channel state information

(hs,; ) is available or can be estimated at the receiver. Based on the minimization of

the following metrics:

2

Mg T M
DD |ri— D kg (28)
=1 t=1 j=1

The receiver can detect the symbols s;, $g,- -+, sk . In an orthogonal design in the

above metric all transmitted symbols can be separated from each other and simply

decoded by ML detection. For example in orthogonal design given by:

+
G,=| 1 % (2.9)

-85 +8]
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the above metric can be expressed as:

Mp

Z (Irl,i - hi,l 81 — hi,Q 82|2 + ITQ’i + hi,l S; - hi,g 81"2) (210)

i=1
Minimizing the above metric is equivalent to minimizing the two separate

following metrics:

[y

[Mp T Mg
Z (h;‘,l Tl,i + hi,g ’l";,i) - 811 + lSl’g <Z (lhi,ll2 -+ ’hi,2!2) -— 1) (211)

| i=1 g i=1
" Mg . Mg
D (Biaris—hiarys) | — s2| +Is2f (Z (1Baal* + |hial?) — 1) (2.12)
Li=1 A =1

which leads to an estimate of $; and 83, which can be written as:

§1= 2008 (Jhaal® + lhs2l?) s1+ 208 (hEyvrs+ hipvdy)

(2.13)
52= Y00 (haal” + 1hial”) s2+ 302 (Ripvrs — b v3)
h
. 7 1 o
-5 5, T~ S, 8, .
S, S
32 s1 L Di . ML 2 1
——— OTD Wy s Y / [ C:)‘g{filntzr Detection [
Input 1 2 h Output
B
t+T t
hl h2

Figure 2.6: Orthogonal Transmit Diversity with M7 = 2, M = 1.

Here, we consider an OTD system with My = 2, Mp = 1. As shown in
Figure 2.6, at a given time interval, two signals are simultaneously transmitted
from two separate antennas. In the first interval time, the signal s; is transmitted
through antenna 1, and the signal s, is transmitted through antenna 2. In the next
time interval, the signal —s} is transmitted from antenna 1 and the signal s is
transmitted from antenna 2. The received signals at the receiver antenna can be

written as:
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r1=r1(t) = hi(t) s1(E) + ha(2) s2(t) + v1(2)

(2.14)
ro=r({t+T)=ho(t +T)s}(t) — hi(t + T) s5(t) + va(t)

where v; and vo denote AWGN, and h; and ho denote the channel gain between the
two transmitter antennas and the receiver antenna respectively. Assuming that the

channel gains are constant over two symbols, the above equation can be written as:

T s S h v
L 1 2 1 + 1 (2.15)
T2 —-S; +S={ hQ ) (%)
r=Gyh+v (216)
or
r=Hs+v (2.17)
r 51 , v hi hy ||
where r' = , 8= , Vo= and H = is an orthog-
T 89 v} hy —hi
onal matrix, i.e.,
HH = (]’ + |h*) I (2.18)

where H' is the Hermitian of H.
The combiner at the receiver side, knowing the channel state information, com-

bines the two received signals r; and 75 resulting in an estimate of the transmitted

signal as follows:

|haf? + |heof® 0
0 |ha|* + [ha?

s=Hfr= s+H'v (2.19)
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which can be re-written as:

5= (Jh]? + |hal?) 81+ Ry + ho vl

N . (2.20)
89 = (lhll -+ 'hzl ) S9 -+ h;vl et hl ’U;

At the end, the symbols of 5; and s; are detected by an ML detector. As we
can see, the above scheme can provide the same diversity order as MRC scheme.
The above scheme can be used with more antennas at the receiver and can provide

a diversity order of 2 My which is full diversity gain of MIMO system.

2.5 Conclusion

In wireless communications systems, diversity techniques have been used to combat
multipath effects of fading, to improve the system performance and increase the
channel capacity. The principal idea of diversity is to send several replicas of the
information signals to the receiver. Since the receiver, receives signals which come
from different independent fading links, some of received signals will not be affected
by fading at a given time.

In this chapter, several diversity techniques, including time diversity, frequency
diversity, polarization diversity, and antenna diversity were described. Transmit
antenna diversity, receive antenna diversity and joint transmit/receive antenna di-
versity schemes were explained. Finally, the orthogonal transmit diversity (OTD)
technique was described. Also, both encoding and decoding algorithms for OTD

systems were described.
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Chapter 3

OTD-OFDM Systems

The focus of this chapter is two fold: to address the problem of multipath fading
channel dispersion that extensively attenuates some subcarriers in the OFDM sys-
tem, and to consider the possible application of the orthogonal transmit diversity
(OTD) over non-flat fading channels by using an OFDM system. The objective of
the proposed scheme is to enhance the performance of the OFDM system over mul-
tipath fading channels by using antenna transmit diversity techniques. We outline
our proposed scheme and discuss our approach, plan and methodology in addressing
the research issues.

The remainder of this chapter is organized as follows. An overview of the
conventional OFDM systems is presented in Section 3.1. In Section 3.2, the system
model for OTD-OFDM is presented. Both encoding and decoding algorithms for
OTD-OFDM systems are described. Some examples are provided to review these
algorithms for various OTD codes in more detail. Finally, Section 3.3 concludes this

chapter.

3.1 Orthogonal Frequency Division Multiplexing

Orthogonal Frequency Division Multiplexing (OFDM) as a special case of multi-

carrier modulation, has gained much attention, since it is less complex than single
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carrier systems that require powerful equalizers, and is better in terms of spectral
efficiency than the spread spectrum techniques [13], {14]. OFDM was introduced
for high data rate transmission many years ago; however, practical interest has only
increased recently, due in part to advances in digital signal processing and micro-
electronics. It was later proposed and used for a wide variety of applications such
as digital video broadcasting (DVB), digital audio broadcasting (DAB), and asym-
metric digital subscriber line (ADSL) services. It has found its applications in the
wireless LAN (WLAN) and broadband wireless access (BWA) and has been cho-
sen as the modulation technique for the new IEEE802.11a standard [20] as well as
high-performance LAN (HIPERLAN) [21].

In this modulation technique the data stream to be transmitted is divided into
several lower rate data streams (each being modulated on a subcarrier), making the
symbol duration long enough to avoid complicated equalization. In order to obtain
a high spectral efficiency the frequency responses of the subchannels are overlapping
and orthogonal. To keep this orthogonality, a guard time interval known as cyclic
prefix is added within the OFDM symbol. The cyclic prefix is inserted in the OFDM
symbols to eliminate inter-symbol interference (ISI) and inter-channel interference
(ICI) almost completely [14].

The cyclic prefix is a copy of the last part of the OFDM symbol which is
appended to the transmitted symbol, as shown in Figure 3.1.

N

Cyclic
Prefix :

- Time

Figure 3.1: Cyclic prefix in OFDM symbol.

A high level block diagram of an OFDM system is shown in Figure 3.2. The
input data stream is modulated using M-ary phase shift keying (MPSK) or M-ary
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quadrature amplitude modulation (MQAM), having the symbol period T;. The
sequence of MPSK/MQAM data is converted into parallel form, generating blocks
of S; = {s(IN), s(IN +1),..., s(IN + N — 1)}T (superscript 7" in (.)7 denotes
the transpose operation) which has a block duration of N7, where [ is the index
of blocks, and N is the block size. In order to take advantage of the fast Fourier
transform (FFT) in the modulation and demodulation process, it is desirable to
choose N as a power of two. The data vector S; is modulated using the inverse

discrete Fourier transform (IDFT) and generating a vector that can be written as:
.
z(n) = I Z s (k) ed?mkn/N 0<n<N-1 (3.1)
k=0

After adding a cyclic prefix of length I' as a guard time interval, a modulated
block is generated:

X ={z(IN+ N—-1-1),z(IN+N-I),.., z(IN+N-1), z(IN), z (IN +
,., z({IN+N=-1)}.

Then the block X, after some general functions shown in Figure 3.2, is trans-

mitted through a multipath channel.

SO.I

Input
i

11

D/A

Mapping

Serial to Parallel
“
IDFT
Parllel to Serial
Add Cyclic Prefix

N-1,1

Channel

0,1

Qutput

Lo

DeMapping
Parllel to Serial
-
DFT
Serial to Parallel

Remove Cyclic Prefix

N-1,1

Figure 3.2: A digital implementation of a baseband OFDM system.
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Assuming that the guard time interval is longer than the largest delay spread
of a multipath channel, to avoid ISI, the received signal will be the convolution of

the channel and the transmitted signal as follows:
Y =X®h +wv, (3.2)

Assuming that the channel is static during an OFDM block, after removing the
cyclic prefix, the DFT output as the demodulated received signal can be expressed

as:
r = DFT(Yl) (33)
r, = DFT(IDFT(s))) DFT(h;) + DFT(v;) (3.4)
=S .H+n (35)

where r; contains the N received data samples, S; contains the N transmitted
MPSK/MQAM data symbols, h; is the channel impulse response of the channel
(padded with zeros to obtain a length of N), and v; the channel noise. By discard-

ing the block index of | for simplicity, (3.5) can be re-written as:

r(k) = H(k) s(k) + n(k) 0<k<N-1 (3.6)

where r(k), H(k), s(k) and n(k) represent the elements of r, , S; , H, , and n,
respectively (H; is a diagonal matrix whose elements are H(k), k = 0,1,--- ,N—1).
As can be seen, the demodulated signal is the product of the input signal s(k) with
the channel gain H(k). Thus OFDM can convert the frequency selective fading
channel into N flat subchannels on which the OTD technique can be applied.

Note that (3.6) holds true if the length of the cyclic prefix (') satisfies I' > L
(L is the largest delay spread of a multipath channel). The loss in spectral efficiency

due to the use of a cyclic prefix is given by =~ and becomes negligible for

T+N
N>T>L.
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3.2 Orthogonal Transmit Diversity with OFDM

The orthogonal transmit diversity (OTD) technique, also called space-time block
coding (STBC) was proposed for frequency flat fading channels [28]. However, in
broadband wireless communication systems where symbol duration can be smaller
than the channel delay spread, the channel propagation can have frequency selective
effects. In non-flat fading channels such as frequency selective multipath channels,
convolution of the channel impulse response with OTD output destroys the orthog-
onality of the OTD. Consequently, this technique is often only effective over flat
fading channels, such as indoor wireless systems or low data-rate networks.

The effects of frequency selectivity on space-time coding have been studied in
[61]-[52]. It was shown that in the presence of ISI induced by frequency selective
multipath channels, the coding advantage decreases significantly, especially when
delay spread becomes relatively high, resulting in intolerable performance degrada-
tion. In order to maintain the decoding simplicity and take advantage of the existing
space-time codes designed for flat fading channels, some additional processing is re-
quired to make space-time codes suitable for application over frequency selective
fading channels. One approach for mitigating the ISI is to use an equalizer at the
receiver. It is shown that a multiple-input/multiple-output equalizer (MIMO-EQ)
can equalize the frequency-selective fading channels and convert them into ISI-free
channels where space-time coding is applicable [34],[35]. The main drawback of
using an equalizer is high receiver complexity.

Another approach is to employ orthogonal frequency division multiplexing
(OFDM). It is shown that OFDM can be used to transform frequency-selective
fading channels into several flat fading subchannels. Hence, OTD combined with
OFDM can be effectively used in non-flat fading channels. Here we extend and
generalize the idea of OTD-OFDM to utilize space-frequency diversity to provide

superior performance and higher channel capacity. The system model for OTD-

OFDM is shown in Figure 3.3.
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Figure 3.3: Block diagram of the OTD-OFDM system.

3.2.1 OTD-OFDM:

Figure 3.3 shows a block diagram of the OTD-OFDM system with My transmitter

and Mg receiver antennas. A stream of information is first converted from serial to

parallel.
Assuming an OFDM with N subcarriers, let N, be the number of subbands,

that has been chosen to be N, = N/T, i.e, each subband includes T adjacent sub-
channels (7T is the symbol period of OTD system). Then, all subbands are modulated
using MQAM/MPSK where M is determined by the number of the allocated bits.

Therefore, a signal vector:

S(’I’L) = {So(n), Sl(n)9 32("): ) SNt"l(n)}

is provided as the input for the OTD system, where N; is chosen to be equal to NV
multiplied by the code rate of the OTD system (R,).

A space-time block code is defined by a (T x Mr) transmission matrix G given

by:
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911 G gx,MT
9,1 G2 gz,MT

9ry 9r2 7 Yrmp

where each of the elements g; ; is a linear combination of a subset of elements of S(n)
and their conjugates. The (T x Mry) transmission matrix G is based on a complex
generalized orthogonal design, as defined in [29]-[30].

In order to utilize the space-frequency diversity, the input blocks for OFDM
at each transmit antenna should have the length N.

OTD provides Mr blocks: Si(n), Sa(n),- -+ ,S,(n) of length N, each con-

sisting of -1}’- sub-blocks i.e.,

Si(n) = (si0(n) sialn) .. s.ﬁ_l(n))T,

(i=1,2,--, My).

where superscript 7 in (.)7 denotes the transpose operation.

Then OFDM modulators, generate blocks of:
Xl(n)’ X2(n)’ Tt ’XMT(n)

where they will be transmitted by the first, second, ..., and Mp-th transmit anten-
nas simultaneously. Given that the guard time interval is longer than the largest
delay spread of a multipath channel (to avoid ISI), the received signal will be the
convolution of the channel and the transmitted signal. Assuming that the channel is
static during an OFDM block, at the receiver side after removing the cyclic prefix,
the FF'T output as the demodulated received signal at j—th receive antenna can be

expressed as:
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ZH,, ) Si(n) + W;(n) (3.8)

i=1

where

rj(n) = (rjo(n), -+, rin-1(n))’ =1, Mg

and W;(n) = (Wj,o(n), - , W; y_1(n))” denotes the AWGN and H; ;(n) represents
a diagonal matrix whose elements (H;;, ¢=1,2,--- , My, j=1,2,--- Mg, k=
0,1,---,N — 1) are the gains of the subchannels, i.e., the DFT of the impulse
response of the channel h; ; .

Knowing the channel information at the receiver, the Maximum Likelihood
(ML) decoding can be used for the OTD decoding of the received signal, which is
only a linear process. At the end, the elements of the block :S’Yn) = {Sp(n)}) are

demodulated to extract the information.

3.2.1.1 Example-1:

Consider an OTD-OFDM system with two transmitter antennas (M7 = 2), using
the code Gs. Like conventional OFDM, the sequence of input data is converted into
parallel form, generating blocks of S; = {s(IN), s(IN+1),..., s(IN+ N = 1)},
where [ is the index of block, and N is the block size which is chosen to be equal
to the FFT size in the OFDM system. Let us assume that s,(I) = s (IN + n) for
n=0---,N—-1.

The orthogonal block code for two transmitter antennas is defined by:

Sk Sk N
G2=< f 2:1):(81 Sz) k:()’...75~1 (3.9)

—Sok+1 S

where the implicit dependency on the block index [ has been omitted for brevity.
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Sub-blocks s; and s, are:

T
51 = ( Sak  —S3h41 )
T

8y = ( Sgk+1  Sop )
OTD provides two blocks of S; and S, with the length of N, for OFDM
systems at the transmitters. In order to utilize the space-frequency diversity, the
input blocks are encoded as follows:

T
Slz ( Sp —S{ S2 —3; et SN2 _S*N—-l) (3 10)

S2=<81 +86 53 +S; et SN-1 +S}kv_,2)

OFDM modulators generate blocks of X; and X, where they are transmitted

by the first and second transmitter antenna respectively.

Tx 1 Tx2
A A
* *
f1 -S 1 f1 S 0
f0 S0 f0 S 1
Time Time

Figure 3.4: OTD-OFDM (2Tx-Mx Rx).

Assuming that the guard time interval is longer than the largest delay spread
of a multipath channel, to avoid ISI, the received signal will be the convolution of the
channel and the transmitted signal. Assuming that the channel is static during an
OFDM block, at the receiver side after removing the cyclic prefix, the FFT output

as the demodulated received signal can be expressed as:

r;=H;18:+H;28,+W; (3.11)
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where r; = (5,0, *+, 7jn-1)" and H; ; and H; , represent diagonal matrices whose
elements (H;,;5,i=1,2, j=1,2,--- Mg, k=0,1,--+ , N — 1) are the DFT of the
impulse response of the channels 4;; and hj; and W; = (W;,, -, W, v-1)"
denotes AWGN.

Assuming that the channel information is known at the receiver, the ML de-

tection can be used for decoding of received signal, which can be written as:

~ Mg * *
Sok = 3t (Hi1 96716 + Hi2,2 75 1)

3 (3.12)
~ _ R * . - . *
Soerr = 2 iy (H} g o601 Tk — Hit2641 750 1)
where
N
Tj1,k = Tj,2k; 75,2,k = Tj,2k+1s k=0, 5 T 1 (3.13)

Assuming that the channel gains between the two adjacent subchannels are
approximately equal, i.e., Hj1 o = Hj1,95+1, Hj 2,0t = Hj 2 0641, by substituting

(3.11) and (3.13) into (3.12) the decoded signal can be expressed as:

ok = S opr (1H v, 2 + | Hj 2,26 %) 26 + 0% (Hy o Wik + Hi2,06 W} gy
Soke1 = Yoy (1H o6l + | Hj 2,26 1%) Sakar + S0 (H g o Wiz — Hj1,26 Wiags1)
(3.14)

The above variables provide a diversity gain of order two for every sg and
Sok+1. As can be seen, the total channel gain is the sum of squares of two channel
gains, which is more reliable than one single channel and obviously it can outperform
conventional OFDM. It can be concluded that the proposed scheme can provide
significant gains in performance over conventional OFDM. At the end, the elements

of the block S = {5}t ! are demodulated to extract the information.
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3.2.1.2 Example-2:

Consider an OTD for three transmitter antennas (My = 3) with a code of G3 given

by:

{ t84k  +Sap41 +Sap42
—Sak+1  +Sak  —Sak+s
—S4k+2  tSakp+3  +Sa
Gy = —S84k+3 —Sak+2  +Sak4+1 (3.15)
+8u iy TSipyo
—Sike1 TSk —Sipya

* * *
—S4p42 TSgeys i

* * *
\—S4k+3 “Sapv2 FSgp4n }

which can be written as:

N
G3:[Sl,k Sk Ss,k} k=0,---,§——1
where
S1k = [+S4k , —S4k41,  —S4k+2, —S4k+3
T
% * %* *
+S4y  —Siky1s ~Sik+2 —S4k+3}
Sok = [+Saks1, +Sa4, +84k+3, —Ssr+2 (3.16)
4k+1 7 4k s S4k+3 5 4k+2
S3k = [+S4k42, —S4k+3, +S4k, +Sak41
T
* * * *
tSikr2r  ~Sigrss  TSik, +54k+1]

where superscript 7' in (.)7 denotes the transpose operation.

OTD provides three blocks of S;, S, and Sz with the length of N as follows.
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Tx14 Tx2 Tx34

£, ]85 15, £, | s
£ | S5 £ | 83 £ | Sy
£ 1St g ] So| £ |3
£, ] S, f, 1 S] £, 1 83
£, | S, £, | -5, f, | s,
fZ S 2 f2 5 3 f2 S 0
£, |-s, £, | s, £ | -8,
£, | S, £, | S, f, | s,

Time Time Time

Figure 3.5: OTD-OFDM (3Tx-Mg Rx).

T
Sl = [51,0 511 - Sl,—]s\i—-l ]
T
SQ = [ S20 821 .- SN ] (317)
)
T
SS = [ S30 831 .. S3’%f____1 ]

OFDM modulators generate blocks X; , X, and X3 that are transmitted by

the first, second and third transmitter antenna, respectively.

At the receiver side, the received signal after OFDM demodulation can be

written as:

I‘j = Hj’l Sl +Hj,2 SQ+Hj,3 S3 +Wj (318)

where r;, H; 1, H; 2, H; 3 and W are defined in (3.8). ML detection can be used

for decoding of the received signal, which can be written as:
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—_ MR * 3 * . * .
Su = )i (+Hj,1,8k Tiuk + HiogeTioh + Higar Tisk
*
+Hj1867] 50 + Hj2sk 75 6 + Hjsse 7], 7,k)
vy — MR * * 3 * .
S4k+1 = Zj:l (+Hj,2,8k Tj1k — Hj,l,Slc Tj 2k + Hj,3,8k Tj4%

* * *
+Hjo8k 750 — Hjv86 756 + Hj3,86T], s,k)

(3.19)
-~ — MR * . * . % .
Stk+2 = Zj:l (+Hj,3,8k Ti 1k — Hj,l,SIc T5,3k — Hj,Z,Sk Tj,4k
. * —— . * —— « *
+Hj 38675 50 — Hj186 75 76 — Hj2,8% Tj,s,k)
e —_ Mg * * A *
Sak43 = Zj:l (—Hj,3,8k Tj 2k + Hj,2,8k 75,3k — Hj,l,Sk Tj, 4,k
* * *
—Hj sk 5o + HizseThrp — HivskThss)
where
Tj’z"k = ’rjy 8k+i—1 (3'20)
k=0,-- ,—Isl —1,71=1,2,---,8 and, we assume that the channel information is

known at the receiver, and that the channel gains of eight adjacent subchannels
are approximately equal, i.e., H; 1 gk+m = Hj 185, Hj 286+m = Hj 28k, Hj 386+m =
Hj s, form=0,1,---,7.

Note that, the channel gain variation in OTD-OFDM over frequency selective
multipath channels, depends on the channel delay, the number of paths and the
block size. When the block size is large enough, the channel gain between the
eight subcarriers is almost constant. Substituting (3.18) and (3.20) into (3.19), the

decoded signal can be expressed as:
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S =2 200 (|Hy o anl® + | Hyo i + | Hyn,6]%) st
+ Zj:Rl (H;,l,Bk Wisk + Hj 581, Wigke1 + H} 555 Wisksa
+Hj 18k Wiera + Hjo06 Wigpys + Hi a0 W sk+s)

Saky1 = 2 Zﬁﬁ (1Hj, 1,867 + | Hj o, 58] + |Hj3,8%]%) Saps
+ 58 (HS 5 Wik — H 1 gx Wyghar + H 7 3.8k Wigkes
+Hj o8k Wik s — Hy186 W ks T Hjzee W 8k+7)

Sawra =2 200 (1Hj 1 sel” + [ Hy o s + |Hjys,86]°) Sanse
Z ( 73,8k W; .8k H ;, 1,8k W',8k+2 - H ; 2,8k Wj,8k+3
8,380 Wiigkea = Hivsk Wisieo — Hiosk Wisgir)

Sakrs = 2 20 (|Hy v, skl® + | Hyo, ol + |Hj,5,861°) Sanss
+ Z ( 3 8k W; j8k-+1 T H , 2,8k WJ 8k+2 — H;, 1,8k Wj,8k+3
3386 Wigkys + Hj o0t Wigp o — Hj1ar W ok

(3.21)

At the end, {Em}zf_:ol 1s sent to the decision part.
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3.2.1.3 Example-3:

Consider an OTD system with four transmitter antennas (Mr = 4) with a G4 code

given by:

( +Sax  +Sak41
~Sak+1 T4k
—S4k+2 TS4k+3
—S4k+3 TS4k+2
+s4 S

* *
~Sigy1 TSy

* *
—Sgkt+2  TSiky3

* *
“S4k+3 T S4k42

which can be written as:

+S4k42 +S4k+3 \
—S54k+3 +S4k+2
+S4k —Sap41
+S4k+1 +Sak
+Sak+2 +Shkis
—Sik+s +Sipi0

* *
+S4k —Sika1

*
FS4r1 +5y /

Gy = [Sl,k Sok  S3k Sak ] k=0,"',‘]8X—1
where
Sik = [+84k, —Saktls —Sak42, —Sik+3
+84hs  —Sike1s  —Sikizr  —Sikys) g
Sok = [+Sak+1, +Sak, +Saki3, —Sake2
+S4k1> FSaks  FSikyss “3Zk+2]T
S3k = [+Sakv2, —Sakss, FSak,  FSak41
* * * * T
+Shhrz,  —Sikesr TSI TShk)
Sak = [+Sak+3, +Sak+2, —Sak+1, +Suk
+Sike3s  FSiky2s  TSig4t s +SZk]T

(3.22)

(3.23)

(3.24)

OTD provides four blocks Sy, S5 , S3 and S, with the length of N as follows.
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Tx14 Tx24 Tx34 Tx44

£, ] -8 £, 0 -8 £, 1 8] £,1 S,

fg | S5 P fs | Sg P

g lSul el Sol g | Ss| g | S

£, 1 Sg £, S; f, | S, f, | S;

£, 18, f, | -S, £, 1 s, £, | S,

f, | S, f, | s, £, 1 S, f, | -8,

f, -8, £, s, £, ]S, £, ] s,

fy | S, £, ] s f, | S, fy | S,

Time Time Time Time

Figure 3.6: OTD-OFDM (4Tx-Mpg Rx).

1T
Sl"‘ ,: 810 S11 - Sl,%i-l
1T
Sy = [ s
2,0 821 .. SN
SR (3.25)
S; = [ S30 S31 ... Sz 4
'8 J
1T
S4 - [54’0 S41 .- S4,%~1 ]

OFDM modulators generate blocks X; , X5, X3 and X, that are transmitted
by the first, second, third and fourth transmitter antenna, respectively. At the

receiver side, the received signal after OFDM demodulation can be written as:
rj= Hj’l Sy + Hj’g Sy + Hj,g S3 -+ Hj’4 Sy + Wj (326)

where r;, Hj 1, Hj 2, H; 5, H; 4 and W; are defined in (3.8).
ML detection can be used for decoding of the received signal, which can be

written as:
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S = g (HEygemink + HY g gx ok + Hi g Tink

+H;',4,8k 7'_7',4,k + H',ljgk T;,5,k + H',z,gk Tﬁf,(i,k)

+Hj 586757+ Hjask T;,S,k)

~ Mg * * *

S4g4+1 = Zj:l (H 3,2,8% T3, Lk — H 3,18k T2k — H 3,4,8% 73,3,k
+Hj 550 Tk + Hiose 550 — Hinon 56 )

%* *
—Hj a0+ Hjssk i)

(3.27)
Sz = S Mr (H s apmink + H sgeTiok — Hi 1sk T
4k+2 = Laj=1 \**;j,38k " J1.k 44,8k 13,2,k 5, 1,8k 17,3,k
* £ 3 *
—H o ar Tiak + Hjas6 750 + Hjask Tj,s,k)
* i *
—45,1,8k Tj7 6 — Hj 238k rj,8,k)
Sapqs =S m (—H} 4enTingk — Hl s apTizk + H o g T
443 = Lij=1 G 4,8k 11k 4,34k 13:2,% 7,2,8% ' 3,3,k
* * . *
—H 3y 1,8k Tidk — Hj a8e Tisk — 415,38k rj,ﬁ,k)
* *
+Hjo8k 75, — Hi sk Than)
where
Tiik = Tj8k+i-1 (3.28)
k=20, ,% —-1,7=1,2,---,8 and, we assume that the channel information is

known at the receiver, and that the channel gains of eight adjacent subchannels are

approximately equal, i.e., Hj1gkm = Hji8k, Hjosktm = Hjosk, Hj3skem =

Hj,3,8k y and H',4,8k+m = I1j 48k for m = 0, 1, T ,7.

Substituting (3.26) and (3.28) into (3.27), the decoded signal can be expressed

as:
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Saup =2 ZMfi (|H',1,8k!2 + IH-,Q,gklz + IH‘,s,skIZ + IH',4,8kIZ) S4k
+ Z (H7 150 Wigh + H7 5.6 Wiskr1 + Hj 5 55 Wisko
+H 4 51 Wisk+s + Hj 1,88 Wigesa + Hj286 Wigpis
+Hj, a0k Wisess + Hj a0 Wisesr)

Suns1 =2 300 (|Hynsel® + [Hjooel* + 1 Hj s skl” + | Hjya,86]°) k41
+ ZJNi (+H; 5 Wik — H} 1 g1 Wiser1 + Hj 4 g, Wiiskso
+H 3 01 Wisk+s + Hj 286 Wgkra — Hj 1,86 Wigps
+Hj 186 W arss + Hi sk Wigpr)
(3.29)
Stkt2 = 2 Zrl ([H',l,Sklz + | H; o 51" + | Hj .86 + |H',4,8kl2) S4k42
+ ;‘V—[_—Rl (+H; 586 Wise + H? 45t Wiskrr — Hi 1 g1 Wiskra

t 3
—H 55k Wiskts + Hj 386 Wigka — Hj a8 Wigeis

J,1,8k Wi 3,8k4+6 1,2 sk W 8k+7)

Sthps = 2 Zj‘i’i (fH',l,Sklz + ,H',2,8k|2 + |Hj 3 81 + lH',4,8k|2) S4k+3
+ 0 (—H yse Wisk — Hi 556 Wighn + Hp g g5 Wigks2
—H7 1 ok Wisk+s — Hj a8 Wiskra — Hjsse Wigys
+Hj o8k Wiskrs — Hion W)

At the end, the elements of block {3,(n)}°' are demodulated to extract the

m=0

information.
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3.2.1.4 Example-4:

Consider an OTD system with three antennas (M7 = 3) with a rate 3/4 code of Hs

given by:
+s3,  +s -
3k 3k+1 V2
ot * 33k+2
H S3k+1 TS3%k +=5
3 — * * * * (3'30)
4 23kt2 +33k+2 (“33k‘33k+53k+1“53k+1)
V2 V2 2
+ S3k+2  _ S3kte (453148341 +s3k =53 )
V2 V2 2

which can be written as:

N
H; = [ Sk Sk S3k ] k=0,--- AV 1 (3.31)
where
* S3k42 53k42 T
Sl,k’ = +53k y ’_53};—1—1: + V2 ! + V2
x S3kt2 sz T
So = [+33k+1; +s3,  tA *ﬁ"]
* * » * T
= |4-3skg2 4 33kt (“53k'33k+33k+1“33k+1) +(33k+1+33k+1+33k‘53k)
S3,k - V2 ! V2 9 ’ 2
(3.32)

OTD provides three‘ blocks S1, Sy and S; with the length of V as follows.

T
S1 = [ 510 S11 .. S{N_4 :I
S2 = [ S20 S21 .- SgN_4 (333)

S3 = [Sg’g 831 ... B3N 4

OFDM modulators generate blocks X; , X, and X3 that are transmitted by

the first, second, third transmit antenna, respectively.
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At the receiver side, the received signal after OFDM demodulation can be

written as:
r; = Hj,l Sl + Hj,g SQ + ijg Sg + Wj (334)

where r;, H; 1, H; 2, H; 3 and W; are defined in (3.8).
ML detection can be used for decoding of the received signal, which can be

written as:

* *
(H 5,14k TiLE + Hj 24k Ti2k

1
+5 (riak = Tigk) Higa— 5 (Tisk +7iak)” Hjsae)

~ . MR * . R *
S3k+1 = Zj:l (H 52,4k T3k — Hj 1 T2k

(3.35)
+é~ (Tj,4,k -+ 7"]"3’]9) H;’ 3,4k + % (—"rj,B,/i: + Tj,4,k)* H',3’4k)
~ _ Mg (1 (.. . H*
S3k42 = Zj:l V2 (TJ,I,k + TJ72JE) J. 3,4k
+—% Tk (Hj 1,46 + Hj2.4) + % Tk (Hj,1,4% — Hj,2,4k))
where
Tiik = Tjdk+i—1 (3'36)

k=20, ,% - 1,1 = 1,2,3,4 and, we assume that the channel information is
known at the receiver, and that the channel gains of four adjacent subchannels are
approximately equal, i.e., Hj1k1m = Hj14x, Hj24k4m = Hjoux, Hjsaktm =
Hj 34, form=0,1,2,3.

Substituting (3.34) and (3.36) into (3.35), the decoded signal can be expressed

as:
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S3 = % Zﬂg (|H',1,4k|2 + |H',2,4kl2 + |H',3,4k|2) Sk
+ Zgﬂiﬁi (H 51,4k Wik + Hjo0e Wiy
+5 (Wiakes = Wyaksa) H S ak — 3 Wigkeo + Wiaers)” Hjs.4)
Sske1 =3 > i ([H‘,1,4k|2 + |Hj g ) + ‘H',3,4k|2) S4k+1
+ Z;g (H 52,4k Wik — Hj1,06 Wig o
+3 Wiakss + Wgnya) H taak T3 (~Witkgo + Wiges)® H 5,3,4k)
Sske2 =3 > i (|H',1,4k|2 + |Hj o 0] + lHj,s,4kl2) S4k+2
j=1 2

4+ 3 Mr (i Wik + Wjaps1) Hj g 41

+—k S akra (Hjvar + Hjoax) + ﬁ Wiikys (Hj g — Hj,2,4k))
(3.37)

At the end, the elements of the block {3, (n)}°;' are demodulated to extract

the information.
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3.2.1.5 Example-5:

Consider an OTD system with four transmitter antennas (M7 = 4) with a rate 3/4

code of Hy given by:

S3542 33k+2

+5S3r  +S3k+1 +'—L\/2— + Vo
8 8

Hy— | e T N e (3.38)
4 +5§k+2 +s§k+2 (‘s3k‘3§k+s3k+l‘5§k+1) +(“33k+1“s§k+1+53k”3§k) '
V2 V2 2 2
+33k+2 5349 (+sseritsyyitoan—sys)  —(ssetsyptsseri=s3ii)

V2 V2 2 2

which can be written as:

H4 - [ S1,k Sok SB,k S4,k ] k= 0, e, -1 (3.39)

where

— 5342 8342
81,6 = [+33k7 ‘3§k+1a + V3 + V2 ]

- 53k S3k+2
Sok = [+53k+17 +s3, A TR ]

l S S S3k—93 S3k+1 83 S$3k+1 3 S35~ 83 ( * )
S’ —_ I 3k--2 ' 3k42 ( 3k 3k+1) ( 3k-+1 3k)

ﬂ 3 \/5 ) 2 ’ 2
T
Sup = |4-S3kL2 __ Sak4a (=s3k1=5344 Hsan—53) ~(sartssutsani1—53es1)
4,k — V2 ! V2 1 ) ’ 2

OTD provides four blocks S;, Sy , S; and S, with the length of N as follows.

r 5T
Sl =1 S0 S11 - Sl,%—l

L P
S =850 8

2,0 821 ... Son 4

: 1l (3.41)
SS = | 830 831 - S3’_1‘\11_1

L P
S4 = | 84,0 841 - 54,_141__1

OFDM modulators generate blocks X; , Xs, X3 and X4 that are transmitted

by the first, second, third and fourth transmit antenna, respectively.
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At the receiver side, the received signal after OFDM demodulation can be

written as:
r;= Hj,l S+ Hj’g Ss + Hj,g S; + Hj’4 Sq+ Wj (342)

where r;, Hj 1, Hj 9, H; 3, H; 4 and W are defined in (3.8).
ML detection can be used for decoding of the received signal, which can be

written as:

iy — Mp * . * .
B3k =D (Hj,1,4k ik + Hi o ap Ti2k
1 * %
+35 (Tjak = Ti3) (Hj,3,4k - Hj,4,4k)

—5 (i + k)" (Hjsae + Hjsax))

S3k41 = Z]Ag (H G4k Ttk — Hj1ae 5o
+5 (Miak +Tisn) (HYsae — Higax)
+5 (=rjak +ra6)" (Hjsae + Hjsax))

(3.43)

~ — Mg 1 * 1 *
Sak+2 = D (“5 (rine +7i20) Hizaw+ 75 (e = Ti2n) Hiau

+75 Tiak (Hivae + Hjz2a0) + J5 5 ap (Hjnae — Hj,2,4k))
where

Tj)i:k = Tj;4k+7:"1 (3'44)

k=20, ,% —1,2=1,2,--- ,4 and, we assume that the channel information is
known at the receiver, and that the channel gains of four adjacent subchannels are
approximately equal, i.e., Hj14p4m = Hj14x, Hj24k4m = Hjour, Hj3aksm =
Hjsax, and Hj g gp1m = Hjsar, for m=0,1,2,3.

Substituting (3.42) and (3.44) into (3.43), the decoded signal can be expressed

as:
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S3k4+1 =

S3k+2 =

At the end, the elements {3,(n)}2°3! are demodulated to extract the data.

OTD codes in more detail.

.
H
—~~

S MR (1 Hyu ael” + | Hy o, an” + [ Hia, ael” + | Hi 4, 25”) sk
+Z]M=}i H} e Wik + Hij2,46 WSigeia

+21> (Wj,4k+3 - Wj,4k+2) (H 5, 3,4k T H;,4,4k)
—1 (Wjaks2 + Wiakss)™ (Hjsar + Hjar))

%ZF (|Hj 1, ax” + [ Hyo a6 ” + [ Hiya 6”4 [ Hja,6]°) Stk
+E;W (H 24k Wiak — Hjnak Wige

+5 (W ahss + Wias2) (H; Gaan— H ;,4,41;)

+3 (~Waks2 + Wiakss)™ (Hjzar + Hj 4.48))

& Y= (1 Hj el + | Hoo,al® + | Hi s, al® + 1 Hj g, 0k Sanso

+ Z ( (Wiak + Wiaer1) H; 345 + % (Wiak = Wjaksa) Hj 4

+ 75 Wisers (Hjvan + Hj2a8) + 7 Wigeys (Hjvae — Hj,2,4k))
(3.45)

m=0

3.3 Conclusion

In this chapter, a new scheme consisting of a combination of orthogonal frequency
division multiplexing (OFDM), high order orthogonal transmit diversity (OTD) is
presented. We described both encoding and decoding algorithms for the OTD-

OFDM systems. Some examples were provided to review these algorithms for various

time coding can be applied for high data-rate transmission in frequency selective
fading channels. In the next, it will be shown that OTD can greatly improve the

performance of the conventional OFDM systems.
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Chapter 4

Channel Capacity of the MIMO-
OFDM and OTD-OFDM Systems

The use of multiple input/multiple output (MIMO) systems has recently been shown
to have the potential of achieving high bit rates [25]-[33]. The theoretical information
capacity of MIMO systems for Rayleigh fading channels was derived in [54]-[57].
Following these studies, several researchers have designed some practical codes, such
as space-time trellis codes [27] to approach these high rates. In addition to these
codes, orthogonal transmit diversity (OTD) was proposed for the application over
flat fading channels, having less complexity compared to other schemes [28]-[30].
So far, most of the research in theoretical information analysis of MIMO sys-
tems has focused on the narrow-band flat fading case [54]-[58]. In this chapter,
we present an information theoretical analysis of OTD and MIMO systems over
frequency-flat fading channels. Then, we provide an analytical expression for chan-
nel capacity of MIMO-OFDM and OTD-OFDM systems, where the channel is a
multipath frequency selective fading channel, assuming that the channel is unknown
at the transmitter and is perfectly known at the receiver. These expressions are then
numerically evaluated and OTD-OFDM and MIMO-OFDM systems are studied and

compared.
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4.1 System model for flat fading MIMO Channels

Consider a MIMO (multiple input/multiple output) system including My transmit-
ter antennas and Mg receiver antennas as shown in Figure 4.1. In a narrow-band
flat-fading channel, the -th receiver (RX) antenna receives the superposition of the

My transmitted signals.

i (t) = ZThi,j(t) s;(t) + vi(?) 1=1,2,.., My (4.1)

i=1
where v;(t) is a complex additive white Gaussian noise (AWGN) with zero mean and
variance of 923 and h; ;(t) is the channel gain between the j-th transmitter antenna

and i-th receiver antenna.

. _T\T_ .

D e A

1

R

S

Figure 4.1: MIMO system model.

Equivalently (4.1) can be expressed in the form of a matrix as follows:
r(t) = H(t) s(t) + v(¢) (4.2)

Where. H(¢t) = [ hi;(¢)] is an Mg x My matrix that represents the overall channel
impulse response.

o s(t) =[s1(2),s2(t) ..., Sarp(t) ¥ is the transmitted signals vector.

e r(t)=[ri(t),ra(t),...,7ap(t) |7 is the received signals vector.

o v(t)=[vi(t),v2(t),...,varp(t)]T is the AWGN vector.

and superscript 7" in ()T denotes the transpose operation.
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4.2 Capacity of flat fading MIMO Channels

The concept of capacity of the communication channel was introduced by Shannon in
1948 [96]. The Shannon capacity is the maximum asymptotically (in the block size)
error-free transmission rate supported by the channel. Perhaps the most famous
illustration of this idea was the capacity formula derived in [96] for the capacity
C of the additive white Gaussian noise channel (with variance N;) with an input

power constraint P, given by

1 P
C= 3 log, (1 + 7\/'—0) (4.3)

For single-antenna flat fading channels and a coherent receiver (where the

receiver uses perfect channel state information), the capacity was shown to be [97]:

1+ -}?—jl\%ﬁ]) | (4.4)

where E is the expectation operation and is taken over the fading channel {h(n)}

C= %—Eh (log2

and the channel is assumed to be stationary and ergodic. This is called the ergodic
channel capacity [98]. This is the transmission rate of information when the channel
state information (CSI) is not available at the transmitter. If the channel is perfectly
known at the transmitter (and at the receiver), one can do slightly better through
optimizing the allocation of transmitted power according to the “water-filling” solu-
tion [99],[100].

Note that when we are dealing with complex channel (as is usual in communi-
cation with in-phase and quadrature-phase transmissions), the factor % in the above
equation disappears [54]. From this point on, we assume complex channels.

In the following, we will find the capacity of frequency-flat fading MIMO chan-
nels. The capacity of the MIMO channels, where the channel H(¢) is perfectly known
at the receiver, defined as the maximum mutual information between received signal

r(t) and the transmitted signal s(¢), can be expressed as follows:
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C= max {I(s;r,H)} (4.5)

where the mutual information can be written as:
I(s;r,H)=1I(s;H)+I(s;r|H) (4.6)

If the channel state information (CSI) is not available at the transmitter,
mutual information between transmitted signal s(t) and the channel H(t) will be

equal to zero or I (s; H) = 0 and therefore,

I(s;r,H)=1(s;r|H) (4.7)

When the channel H(¢) is fixed, (4.7) can be expressed as [54]:

;
I(s;r,H) =log, {det [IMR + ngﬂ ] } (4.8)

and in ergodic conditions when H(¢) is random, (4.8) can be expressed as:

80 = i (1o, {1, + B2 ) »

where,
o I, is Mg x Mp identity matrix.
e Q = E,(ss*) is the M7 X M7y autocorrelation matrix of the transmitted

signal, that is a non-negative matrix with

Mr
trace(Q) =Y E,(lIsil”) < P (4.10)

i=1

where P is the total transmitted power.
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Channel capacity in the ergodic case can be defined as:

¥
C= max Fgy (logz {det [IMR + HSF }}) (4.11)

trace(Q)<P

It is shown [54}-[57] that it can be expressed as:

C = Exn (log2 {det [IMR + Mf > (HH*)} }) (4.12)

that represents the channel capacity of the MIMO (M, Mg) system over frequency

flat fading channels.

When the channel is assumed to be fixed, (4.12) can be expressed as:

C = log, {det [IMR + Mf p (HHT)} } (4.13)

Example: MIMO system with My =2, Mp =1

Consider a MIMO system with two transmitted antennas and one receiver antenna

(M7 =2, Mg = 1). In this case the received signal can be rewritten as:

r(t) = H(t) s(t) + v(¢) (4.14)

where H = [hy, ho] , s(t) = [s1(¢), s2(8) |7, £(t) = [r1(t)] and v(t) = [v(2)].

It can be easily seen that

HH' = ||hy])® + [|ha® (4.15)

Therefore, the channel capacity using (4.12) can be written as:

P
Gurno iz, sin=n = Bir (108, [+ 5zl + )] ) (419
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4.3 Channel capacity of the OTD systems

Here we will consider an OTD system with My = 2, Mr = 1 and calculate the

channel capacity and then we will compare it with the conventional MIMO system.

OTD system with My =2, Mg =1:

Consider an OTD system with Mz = 2, Mg = 1. In this case the received signal

can be written as:

= T(t) = hl(t) Sl(t) + hg(t) Sz(t) + ’Ul(t)

(4.17)
ro=r({t+T)=he(t+T)si(t) — hi(t + T) s3(t) + va(t)

As assumed in [28] channel impulse response is fixed over two consecutive

symbols, the above equation can be simplified to:

T ’h h 8 v
1}: 1 2 1J+ 1 (4.18)

* * #* *
3 hs —hi S V3

hl h2

equivalent to (4.2) we can easily see that H = [
e —h

} and therefore:

HH' = H'H = (||m | + [|h2|”) L (4.19)

And with the same approach as the MIMO system, the channel capacity for

the OTD system in this case can be expressed as:

1 HQH'
OOTD (Mp=2, Mp=1) = max —2- E'H (log2 {det !:Ig -+ Q :l }) (4.20)

trace(Q)<P o2

or

1 H'H
Corp(Mp=2, Mg=1) = Max 3 By <10g2 {det [Ig “+ Q} }) (4.21)

trace(Q)<P o2
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where the factor -;— is associated with the use of two time intervals in the OTD

system.
The above expression can be written as:
c = max By (log, ddet |Tp+ —(lhll® + [1h]®) Q
OTD (Mr=2, Mg=1) ~ trace(Q)<P 2 H 82 2T lim 2

(4.22)

It was shown in [56] that the function log, {det(.)} is concave on the set of non-
negative definite matrices and it was concluded that Q proportional to the identity

is optimal [56]. It implies that matrix Q = '§Ig. Therefore, the channel capacity

(4.22) can be written as:

P
Corporg=a,pmy = i (108 |14 5ol + alP)] ) (420

that is equal to the channel capacity of a MIMO system with My = 2, Mg =1 as
given in (4.16).

Conclusion:
It can be concluded that OTD (M7 = 2, Mg = 1) can achieve the full channel
capacity of the MIMO (My =2, Mg = 1) system and there is no loss of achievable

data rate.
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4.4 Channel Capacity of MIMO-OFDM and OTD-

OFDM over frequency selective fading channels

4.4.1 Channel Capacity of the MIMO-OFDM Systems

So far, we have restricted our discussion to frequency-flat fading MIMO channels. In
the following, we shall discuss frequency selective fading MIMO channels. We begin
by introducing the system model of a MIMO-OFDM system shown in Figure 4.2.
At the input of the system for the j-th transmitter antenna, the m-th block
of input symbol data  Xm; = [Zmj 0, Tmj,1, - Tmj,n—1 )" is modulated by OFDM
and generates a block Sy; = [ Smj,0, Smj,1 1+ Smij, ~—1+r | and then is sent to all of

the receiver antennas. NN is the size of FFT, I is the length of the cyclic prefix.

. X1 —»l IFFT | ] AddCP __j;\ T_.RemoveCP | FFT ““’Yl
r
. 1 1.

-
Xi —pl IFFT || AddCP js IRemoveCP | FFT _,Yi
/ i
| IFFT |_| Add CP j T‘ Remove CP | | FFT Y
XM_”’ SM r " MR
T T MR

Figure 4.2: MIMO-OFDM system model.

The received signals at the i-th receiver antenna can be expressed as:

Tmik = i1 % Smi, b+ Pij2 % Sma ke + -+ R j % Smj k0 F i My * Smdtp, k + Umi, b

(4.24)

where * is the convolution operation and
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e i=1,2--- Mg, j=012,---,Mp, k=0,1,---, N—1+T1T are the
indices.

e h;; is the channel impulse response from the j-th transmitter antenna to
the i-th receiver antenna.

® Upy;x is the AWGN.

The signal demodulated at the output of the FFT can be written as:

Ymik = Hi1 b Tmik + Hig k Tmo b+ -+ Hij k Tk + -+ Hi My k Tt k + Wi, &

(4.25)

e i=12--,Mp, j=1,2---,Mp, k=01-.-,N—1 arethe in-

dices.
¢ [Hi,j,() . Hi,j,l g ovey Hz’,j,N——l ]T are the DFT of the hi,j .
®  Umi i is the received signal at the i-th receiver antenna.
® Ui is the AWGN.

This can be written as:

Yi=H, X+ W, (4.26)
where
Hiyr  Hige 0 Himpk
H. H. - H
e Hy= Zjl’k 2j2’k MR s a (Mg x Mr) matrix.

Huga, v Hup2k - Hupmp,

 Yi=[Umik,Ym2k, > YmMa,k )" is a (Mg x 1) vector.

o Xi=[ZTmik,Tmaksr Tmmp, k)’ is a (Mg X 1) vector.

o Wi=1{Wmik,Wmak, s Wnrgk]" is a (Mg x 1) vector.

Since the index k£ =0,1,---, N — 1, therefore (4.26) can be extended to:
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Y=HX+W (4.27)
where i Hy, 0 0 1
0O H - 0 . .
e H= ST . is a (NMp x NMr) matrix, that can be
0 0 Hy_y

considered as

H = diag {Hi},

e (isan (Mg x My) matrix with all zero elements.

o Y=[Y%,Y,.,Yy_1]" is a (NMg x 1) vector.
o X=[Xo,Xi,...Xny-1]7 is a (NMr x 1) vector.
o W=[Wy, Wi,..,Wy_1]"isa (NMg x 1) vector.

The channel capacity of the MIMO-OFDM system in the ergodic case can be

expressed as:

C= 1E 1 det | I "LQET 4.28
B tragl(%))ch N H 082 ¢ NMR+ 0'2 ( ' )

o Iyng is (N Mg x N Mg) identity matrix.

where,’

e Q= Ey( _X__XT) is the V M7 x N My covariance matrix of the transmitted
signal, that is a non-negative matrix given by Q = diag {Qk}iv:ol.
The factor -11\7 is related to the fact that each OFDM symbol includes N data

symbols.
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In MIMO-OFDM systems, the total available power is allocated uniformly
across all space-frequency subchannels. In the following we set @y = N—P];;I—T—IMT,

(k=0,1,..., N — 1) Therefore, (4.28) can be written as:

1 P
C = —]\7 Egx (10g2 {det [INMR -+ N Moo (Hﬂf)] }) (4.29)

that represents the channel capacity of the MIMO-OFDM (M7, Mp) system over
frequency selective multipath fading channels.
It is good to show that the channel capacity of the MIMO-OFDM (M7, Mg)

system, can also be expressed as:

1 N1
C=— Cy (4.30)
N
k=0
where
P 1
Cy = EHk 10g2 det IMR + W(ﬁi&) (4.31)
which can be expressed as:
1= P
C= 7 kz:; Ey, (log;2 {det [IMR + Nio? (.E&_Ifﬁt)} }) (4.32)

that is another expression for the channel capacity of the MIMO-OFDM (M7, M)

system over frequency selective multipath fading channels.



4.4.2 Channel Capacity of the OTD-OFDM Systems

Here we will consider an OTD-OFDM system and calculate the channel capacity
and then we will compare it with the conventional MIMO-OFDM system.

OTD-OFDM system with My =2, Mz =1:

Consider an OTD system with My = 2, Mg = 1, using the code G2 (code rate

R, =1). In this case, the received signal for the k-th subchannel can be written as:
k +zi[n, k| +xo(n, k Hin,k Wiln, k

yi(n, k] _ zi[n, k] +a2[n, k] 1[n, K] + 1[n, K] (4.33)
ya[n, k] —zh[n, k] +zin, k] Hy[n, k] Waln, k]

This can be written as

Y=HX+W (4.35)

yl[n,k] _ Hi[n,k] Hs[n, k] z1[n, k] N Wi[n, k| (4.36)
y[n, k] Hi[n, k] —Hi[n, k| z2[n, k| W3n, k]

+Hyn, k| +Hsn k
H, = il k] +Holn, , k=0,1,--- ,N~1 (4.37)
+H3[n, k] —Hiln, k]
is the equivalent k-th subchannel, so that
H, H} = H, H, = ({H[n, k* + [Heln, k]°) T (4.38)

where I is a identity matrix and Hi[n, k] and Hs|n, k] are the DFTs of the h; and

hs respectively.
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Therefore, similar to MIMO-OFDM and OTD, the channel capacity of OTD-
OFDM in this case will be:

N-1
1
Corp = SN g Eg, (1082 {det [

Substituting (4.38) into (4.39) we can obtain

| }) (1.39)

N-1

Corp = 2§v Z Eg, (logz {det [12+ P ~ (|Huln, K> + | Haln, k]|*) T ]})
(4.40)
therefore,
Corp = — ! ]:Z:EH;C (1og2 {det [1+ 2]5 - (|H1[n,k][2+[Hg[n,kﬂz)]}) (4.41)

that is equal to the channel capacity of MIMO-OFDM with My = 2, Mg =1, over

frequency selective fading channels.

4.5 Simulation Results

In this section, we present the numerical results for the channel capacity of MIMO
and OTD over Rayleigh flat fading channels and for the channel capacity of MIMO-
OFDM and OTD-OFDM, over a non-flat frequency selective fading channel.

The considered non-flat fading channel is a multipath fading channel with
coherence bandwidth smaller than the total bandwidth of the multicarrier system
and thus seen as frequency selective fading. The fading process is assumed to be
stationary and slowly varying compared to the symbol duration of the multicarrier
signal, such that it is approximately constant during one OFDM block length and
varies from one OFDM block to another. The fading process impulse response at

the antenna ¢ can be expressed as [108]

L—-1
= ami(t)6(t—mT,) (4.42)

m=0

96



where the tap weight a,, ;(t) is a complex Gaussian random process with zero mean
and variance 1 (equal power), and m T is the time delay of the m-th path and L is
the total number of resolvable paths (L = 8). With this model we have assumed that
the path delays are multiples of the symbol duration T;. The OFDM system includes
N = 64 subcarriers and a cyclic prefix which is longer than the channel delay. The
channel state information is assumed to be known at the receiver but unknown at

the transmitter. Finally, SNR is defined as SNR = % in the MIMO systems and

SNR = le s in the MIMO-OFDM systems, where P is the total transmit power per
symbol time.

Here, we consider the average capacity (ergodic capacity). Using Monte Carlo
simulation, the channel capacity results are averaged over 10000 channel realizations.

First, the capacity of a MIMO system over flat fading channels and later
the capacity of the MIMO-OFDM system over frequency selective fading channels
will be considered. Figures 4.3, 4.4 and 4.5 show the channel capacity of various
forms of the MIMO, OTD, MIMO-OFDM and OTD-OFDM systems. Figure 4.3
shows that OTD and MIMO systems have the same channel capacity, for flat fading
channels. In the case of multipath fading channel, Figures 4.4 and 4.5 are given to
compare MIMO systems with MIMO-OFDM and OTD systems with OTD-OFDM.
Note that comparison is made between MIMO (OTD) over flat fading channel with
MIMO-OFDM (OTD-OFDM) over frequency selective fading channel.

It can be seen that the capacity of the OTD and OTD-OFDM systems are ap-
proximately the same. The difference is essentially equal to the transmitted power
penalty associated with the cyclic prefix. These results indicate that the use of
OFDM transforms a frequency selective fading channel into several flat fading sub-

channels.
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Figure 4.3: Channel Capacity of MIMO and OTD systems over flat fading channel.
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Figure 4.4: Channel Capacity of MIMO over flat fading channel and MIMO-OFDM over multi-
path fading.
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Figure 4.5: Channel Capacity of OTD over flat fading channel and OTD-OFDM over multipath

fading channel.
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Chapter 5

Performance Analysis of

Space-Frequency Coded OFDM

Systems

In this chapter, new closed-form expressions for the bit error rate (BER) perfor-
mance of space-frequency block coded OFDM (SFBC-OFDM) systems are derived
and evaluated over frequency selective fading channels. In the performance eval-
uation both M-ary phase shift keying (MPSK) and M-ary quadrature amplitude
modulation (MQAM) are considered. Numerical results are provided for analysis
and simulations. In addition, the performances of several forms of SFBC-OFDM
system are also evaluated and compared. It is shown that the results from the

closed-form formula are very close to the analytical formula and simulation results.

5.1 Introduction

There is a growing demand for high-speed, spectrally efficient and reliable com-
munication. Providing high-quality services in a wireless environment has several

challenges. Recently, the use of multiple-input multiple output (MIMO) systems,
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employing space-time block codes (STBC) has been proposed as an efficient solution
for future wireless systems, since they can greatly improve the system performance
over flat fading channels with a reasonable level of complexity [28]-[30].

For non-flat fading channels such as frequency selective multipath channels,
OFDM can be used to convert the non-flat fading channel into several flat subchan-
nels. Hence, STBC with OFDM can be effectively used in non-flat fading channels.
Several combinations of STBC with OFDM, have been considered in the past for
two transmitter antennas and one receiver antenna [28]. In order to utilize the
diversities in frequency and space, the so called SFBC-OFDM systems have been
proposed [44]-[48]. Numerical simulation has been used for performance evaluation
of these systems.

The closed-form BER expression would serve as an attractive alternative to
the commonly used bounds for evaluating performance. In this chapter, we derive
some expressions for general SFBC-OFDM systems including accurate formulas and
approximated formulas. Then we present very interesting closed-form expressions for
average BER performance. In the analysis, both M-ary phase shift keying (MPSK)
and M-ary quadrature amplitude modulation (MQAM) are considered. Numeri-
cal results are provided for analysis and simulations. Furthermore, performance of
several forms of the SFBC-OFDM system are also evaluated and compared.

In addition to presenting the accurate expressions of BER performance for
general SFBC-OFDM systems, we also provide approximation formulas for the fol-
lowing reasons. First, we can use the approximation formulas to calculate the av-
erage BER expressions and to be able to present some new closed-form formulas.
Second, in Chapter 6, we would like to express the numbers of bits in terms of BER
by inverting the BER formulas. The inverse function for accurate BER formulas
is difficult to obtain, where, we can easily invert the approximation formulas.

The remainder of this chapter is organized as follows: The system model is

presented in Section 5.2. In Section 5.3, the BER performance of the conventional
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OFDM is reviewed. For the SFBC-OFDM, BER performance is analytically eval-
uated in Section 5.4. Numerical results of analysis and simulations are presented in

Section 5.5. Finally, Section 5.6 concludes this chapter.

5.2 System Model

Figure 5.1 shows a block diagram of the SFBC-OFDM system. A stream of infor-
mation is first converted from serial to parallel.

Assuming an OFDM with N subcarriers, let N, be the number of subbands
that has been chosen to be Ny = N/T, i.e, each subband includes T adjacent sub-
channels (7 is the symbol period of SFBC system). Then, all subbands are modu-
lated using MQAM/MPSK where M is determined by the number of the allocated

bits. Therefore, a signal vector:
S(n) = {so(n), 51(n), s2(n), ..., sv—1(n)}

is provided as the input for the SFBC system, where N; is chosen to be equal to
N multiplied by the code rate of SFBC system (R.). A space-time block code is
defined by a (T x M7) transmission matrix G given by:

G0 G2 " Grmy
G=| % P2 7 Gue (5.1)
9r1 v " Grmg

where each of the elements g;; is a linear combination of a subset of elements of
S(n) and their conjugates.

In order to utilize the space-frequency diversity, the input blocks for the OFDM
at each transmitter antenna should have the length . SFBC provides Mt blocks:
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Figure 5.1: Block diagram of the SFBC-OFDM system.

Sl(n)s SQ(n)v T 7SMT(n)
of the length N, each consisting of % sub-blocks, i.e.,

T
9

Si(n) = (si0(n) sia(m) . s,x,(m)

(7‘:172’ ,MT)'

Then OFDM modulators generate blocks of:

Xl(n)’ X2(n)7 Tt ’XMT(T")

where they will be transmitted by the first, second, ..., and Mp-th transmitter
antennas simultaneously. Given that the guard time interval is longer than the
largest delay spread of a multipath channel (to avoid ISI), the received signal will
be the convolution of the channel and the transmitted signal. Assuming that the
channel is static during an OFDM block, at the receiver side, after removing the

cyclic prefix, the FFT output as the demodulated received signal can be expressed

as:
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r(n) = ZHi(n) Si(n) + W(n) (5.2)

where

r(n) = (ro(n), -+, ry-1(n)”

and W(n) = (Wo(n), -, Wy_1(n))" denotes the AWGN and H;(n) represents a
diagonal matrix whose elements (H;[j], ¢=1,2,--- ,Myp, j=0,1,---,N—1) are
the subchannels.

Knowing the channel information at the receiver, Maximum Likelihood (ML)
~ decoding can be used for SFBC decoding of the received signal. This simplifies the
decoding since it involves only linear processing. At the end, the elements of block
{gj(n)}j";o‘l are demodulated to extract the information data. We have illustrated

the encoding and decoding of the SFBC-OFDM systems in more detail with some

examples in Chapter 4.

5.3 Review of the uncoded OFDM systems

In this section, the bit-error rate (BER) performance analysis of the conventional
OFDM systems is reviewed. Let s(n) be the MQAM/MPSK signal and N be the
size of the inverse fast Fourier transform (IFFT) and fast Fourier transform (FFT)
in the OFDM system, i.e., the number of subcarriers in the OFDM system. The

multipath fading channel can be expressed as

H(z) = Y h) (5.3)

I

where h(l) is the impulse response of the multipath fading channel. In order to
remove the ISI, the length of the cyclic prefix (I') should be larger than the channel
delay spread (L) (ie., ' > L). Let y(n) be the received signal at the transmitter
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and r(n) be the signal after removing the cyclic prefix and FFT of the remaining

signal. The received signal can be expressed as

r(n) = H(n) S(n) + W(n) (5.4)

where r = (rg, -, 'rN__l)T and W = (Wg,---, WN_l)T denotes AWGN and H
represents a diagonal matrix whose elements (H[k], Kk =0,1,--- ,N — 1) are DFT
of the impulse response of the multipath channel.

It can be seen that a non-flat multipath fading channel is converted into N
ISI-free subchannels. At the end the information data can be detected and extracted
through (5.4).

The BER expression of the OFDM system can be written as

N-1
BER = 'jlv > " BER[K] (5.5)

k=0

where BER[k] is the instantaneous BER of the k-th subchannel in the block of the
OFDM system.

5.3.1 BER expression for the MQAM-OFDM system

Assume a square MQAM with Gray bit mapping is employed for each subchannel
and j bits/symbol is assigned for each subchannel where M = 25. Also the negligible
degradation due to the cyclic prefix in the OFDM is not considered. The expression
for the instantaneous BER of the k-th subchannel in the block of the OFDM over

a frequency selective fading channel can be written as [53],]108].

BERugamlk] = (1 — ~—-1\/2=/3> x erfc ( }-—S—g;—l{%[l—cﬂ— (5.6)
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where 7, = £, E, is the symbol energy at the transmitter and % is the variance
of the real/imaginary part of the AWGN and er fc(z) is the complementary error

function, defined as

erfe(z) = /00 exp(—t2) dt. (5.7)

We can approximately express (5.6) as [72],[73]:
1.6y, |H[E][?
BERuyoamlk] ~ 0.2exp (_i’LL[’“_”_) (5.8)

Therefore, the closed-form BER expression for the OFDM system can be

written as
N-1 2
2 1 1.5, |HIK]
BER =—[1-— —_— 5.9
MQAM Nﬂ( \/2_‘9);:%6#0( 61 (5.9)
or approximately,
N-1 2
0.2 1.6 |H[K]|
% — et . -1
BERMQAM N kZ:;eXp ( 2ﬂ 1 (5 O)
The average BER can be represented as
BERygam = / BERyqam p(y) dy (5.11)
0

where p(7) is the probability density function of v = v, |H[k]|*.

Since | H[k]| is Rayleigh-distributed, | H[k]|> has a chi-square probability distri-
bution with two degrees of freedom. Consequently, ~y is also chi-square-distributed

as follows.
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exp (——:) v>0 (5.12)
where 7 is defined as

7= {|HF}
The term E {|H[k]|’} is simply the average of | H[k]|*.

Substituting (5.10) and (5.12) into (5.11) we can obtain

0.2

BER =
MQAM 1+ ;.6_151

(5.13)

5.3.2 BER expression for the MPSK-OFDM system

Assume MPSK with Gray bit mapping is employed for each subchannel of the
OFDM. We can express the instantaneous BER of the k-th subchannel in the block
of the OFDM as

BERypsklk] = —;—er fe (\/% |Hk]? sin (%)) (5.14)

It can be approximated as [73]

75 |H[K]?
BERypsklk] = 0.2 exp (*”211—;7-_[‘*_—]1!—) (5.15)

Therefore, the closed-form BER expression of the OFDM system can be writ-

ten as
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N-1
BERypsk = ﬁl—ﬁ- Y erfe ( v |HK]? sin (-2%)) (5.16)
k=0

or approximately,

N—
Tvys |H
BERMPSK ~ ZO 2ex >4 ( 2719|ﬂ -[F]ll ) (5.17)
k::

Similar to the MQAM-OFDM case, we can easily obtain

(5.18)

5.4 BER Performance of the SFBC-OFDM system

In this section we present the closed-form BER expression for the SFBC-OFDM

system employing My transmitter and one receiver antennas.

5.4.1 BER expression for the MQAM-SFBC-OFDM system

Consider an SFBC system employing M7 transmitter antennas and one receiver

antenna. The decoder minimizes the decision metric

15, — i) (5.19)

Similar to (3.14) we can show that

N 1 X .
=T ; |H[K]]? sk + 75 (5.20)

where H;[k] is the normalized k-th subchannel associated to the i-th transmitter

antenna. R, is the code rate, and, 7 is the noise component.
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We can express instantaneous SNR as

1 :
7= 3 2 HIRIE (5.21)

Similar to the conventional OFDM, we can express the BER of the MQAM-
SFBC-OFDM over a frequency selective fading channel as

- . 8 I-\:I.T 7 2
BERugam = 75 (1 - ﬁ) x SV Lerfc (\/ L A‘Zf(‘éﬁ 1“;” ) (5.22)

It can be approximated as

N~-1 M 2
0.2 1.6 75 M7 |Hilk
k=0 e M

The average BER can be represented as

BER, . ::/0 /0 BER g P(0)--P(Vary) Q01 Ais,, (5.24)

where, v = v |Hi[k]|*, i = 1,2,---, My and p(v;) is the probability density

function:

i Y
Substituting (5.23) and (5.25) into (5.24) we can obtain

s =zew(-L) w20 (5:25)

0.2
My
1.6 7,
(1 + RCMTizﬂ—lj)

5.4.2 BER expression for the MPSK-SFBC-OFDM system

BERMQAM =

(5.26)

With the same approach as (5.22), the expression for the BER of the MPSK-SFBC-
OFDM can be written as
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My

. N-1 2
BERMPSK = _]_\71—,3 Z GT'fC \/78 Zi:l H,,[k“ sin (f—) (5.27)
k=0

R .Mr 26

or approximately,

N-1 M 2
' ~ T 2 izt [ Hilk]]
BERypsk ~ N kg—o 0.2exp (-— R. My (259% + 1) (5.28)

and similar to the MQAM-SFBC-OFDM case, we can obtain

0.2

BERypsk = v
7Ys
1+ Re My (21~93+1))

(5.29)

5.5 Simulation Results

The performance of the SFBC-OFDM systems is evaluated by computer simulation
for frequency selective fading channels. The considered fading channels are multi-
path fading channels with coherence bandwidth smaller than the total bandwidth
of the multicarrier system and thus seen as frequency selective fading. The fading
process is assumed to be stationary and slowly varying compared to the symbol
duration of the multicarrier signal, such that it is approximately constant during
one OFDM block length. The fading process impulse response at the antenna i
(i=1, 2, ..., Mr) can be expressed as [108]

Bt = 3 ams(t) 6t — Tm(0) (5.30)

m=0
where the tap weight a, ;(t) is a complex Gaussian random process with zero mean
and variance ; (equal power), and 7,,(t) is the time delay of the m-th path and L

is the total number of resolvable paths (L = 4). With this model we have assumed
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that the path delays, 7,,(t), are multiples of the symbol duration 7;. The OFDM
system includes N = 512 subcarriers and a cyclic prefix which is longer than the
channel delay. It is assumed that the channel state information is available at the
receiver.

Note that the term simulation in the figures is the simulation of the proposed
system (Figure 5.1), otherwise, the results obtained from Monte Carlo simulation of
the formulas using several realizations of the channel.

The average BE R performance evaluation for SFBC-OFDM is shown in Figure
5.2. The results are presented for an uncoded BPSK-OFDM and SFBC-OFDM.
SFBC system with 2Tx-1Rx (code G, BPSK on each subcarrier), 3Tx-1Rx (code
G3, QPSK on each subcarrier), 4Tx-1Rx (code G4, QPSK on each subcarrier) are
considered, where the G,, G3 and G, are the given space-time codes in Chapter 3.
The total rate in each case is 1 bits/s/Hz because the code rate of G, is equal to
1, where as G3 and (34 are rate % codes. The first set of curves is obtained from
simulation results of the proposed system (Figure 5.1). The second set of curves is
provided by calculating the average of BER form Equation (5.26). It can be seen
that SFBC (2Tx-1Rx) provides a remarkable BER performance gain for OFDM and
significantly outperforms uncoded OFDM; that is a gain of about 15dB at a BER
of 10~*. More gain is achieved by higher order SFBC with more antennas at the
transmitter. It can be seen that the results from the closed-form formula are very
close to the simulation results.

The average BE R performance evaluation for MQAM-SFBC-OFDM, is shown
in Figure 5.3. It can be seen that the results from the closed-form formula (Equation

(5.26)) (approximation) are very close to the analytical formula (Equation (5.22))

and the simulation results.

Figure 5.4 shows the average BE R for transmission of 3 bits/s/Hz. The results
are presented for an uncoded 8-PSK-OFDM and SFBC-OFDM using two, three,

and four transmitter antennas. The transmission using two transmitter antennas
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employs the 8-PSK constellation and the code G,. For three and four transmitter
antennas, 16-QAM constellations and codes H3 and H, are employed. The total
rate in each case is 3 bits/s/Hz because H; and H, are rate 3/4 codes. It can be
seen that at the BER of 1075 the code Hy gives about 7 dB gain over the use of
code Gy: The Ga, G3, Gy, H; and Hy are the given space-time codes in [29] and
Chapter 3. It is also shown that the results from the closed-form formula are very

close to the analytical formula (accurate formula) results.

The average BER performance evaluation for the MQAM-SFBC-OFDM (3Tx-
1Rx) and the MQAM-SFBC-OFDM (4Tx-1Rx), using codes of G3, Gy, Hj, and Hy,
are shown in Figures 5.5, and 5.6. It can be seen that the results from the closed-form

formula are very close to the simulation results.

5.6 Conclusion

In this chapter, new closed-form expressions for the bit error rate (BER) perfor-
mance of space-frequency block coded OFDM (SFBC-OFDM) systems were derived
and evaluated over frequency selective fading channels. In the performance eval-
uation both M-ary phase shift keying (MPSK) and M-ary quadrature amplitude
modulation (MQAM) were considered. Numerical results were provided for analysis
and simulations. In addition, performances of several forms of the SFBC-OFDM
system were also evaluated and compared. It was shown that the results from the

closed-form and analytical formulas are very close to the simulation results.
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Figure 5.2: Average BER of MQAM-SFBC-OFDM.
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Figure 5.3: Average BER of MQAM-SFBC-OFDM (2Tx-1Rx).
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Figure 5.6: Average BER of MQAM-SFBC-OFDM (3Tx-1Rx), (4Tx-1Rx) using the codes H3
and H4.
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Chapter 6

Adaptive Modulation for Space
Frequency Block Coded OFDM
System

The growing popularity of both MIMO and multicarrier systems such as OFDM
creates the need for adaptive modulation to integrate temporal, spatial and spectral
components together. In this chapter, a new scheme consisting of a combination
of adaptive modulation, orthogonal frequency division multiplexing (OFDM), high
order space-frequency block codes (SFBC), and antenna selection is presented. The
proposed scheme exploits the benefits of space-frequency block codes, OFDM and
adaptive modulation to provide high quality transmission for wireless communica-
tions over frequency selective fading channels. Spectral efliciency advantage of the
proposed system is examined. It is shown that antenna selection with adaptive
modulation can greatly improve the performance of the conventional SFBC-OFDM

systems.
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6.1 Introduction

A major limitation of wireless communication systems is the result of the chan-
nel fading. Conventional fixed-mode modulation schemes suffer from errors caused
by deep fades. “An effective approach to mitigating these detrimental effects is to
adaptively adjust the modulation and/or channel coding format as well as a range of
other system parameters based on the near-instantaneous channel quality informa-
tion perceived by the receiver, which is fed back to the transmitter with the aid of a
feedback channel.” This plausible principle was recognized by Hayes [59] as early as
1968. Hayes [59], proposed an adaptive modulation scheme based on power adapta-
tion. Several years later, Goldsmith et al. [60]-[62] proposed variable-rate, variable-
power adaptive schemes. They found that “The extra throughput achieved by the
additional variable-power assisted adaptation over the constant-power, variable-rate
scheme is marginal” for most types of fading channels [60]-[62].

In [63] Czylwik showed that “from the optimum power distribution only a gain
in order of 1 dB is obtained. Therefore, it is recommended, not to optimize the power
distribution and to use a constant power spectrum in order to save computational
complexity”.

Hanzo et al. [64]-[66] proposed an adaptive scheme based on a set of mode
switching levels designed for achieving a high average BPS throughput, while keep-
ing the target BER of the system at a desired level. They showed that adaptive
modulation provides promising advantages compared to the fixed-mode schemes in
terms of BER performance, spectral efficiency, etc.

The associated principles can also be applied in multicarrier systems such
as DMT and OFDM systems. The adaptive modulation scheme for multicarrier
systems, the so called Adaptive OFDM (AOFDM), was first proposed by Kalet [1]
and was developed by Czylwik [63] and by Cioffi e al. [2] and some other schemes
have been studied in [70]-[73]. AOFDM exploits the variation of the signal quality

due to the variation of the channel in the time and frequency domains.
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The goal of adaptive modulation in an OFDM system is to allocate (according
to the instantaneous condition of a subchannel) an appropriate number of bits and to
choose the suitable modulation mode for transmission in each subcarrier, in order
to improve the system performance or to keep the overall bit error rate (BER)
performance at a certain desired level.

The performance improvement offered by the adaptive modulation over non-
adaptive systems is remarkable. Furthermore, other dimensions such as frequency
and space may yield further gains by providing additional degrees of freedom that
can be exploited by adaptive modulation.

To this end, a combination of space-time block coding (STBC) and AOFDM
has been considered in [74]. In [74], it is shown that the full benefit of AOFDM
and STBC cannot be exploited at the same time. In [75]-[78|, we presented some
new space-frequency block coded OFDM schemes in conjunction with transmitter
antenna selection and adaptive modulation that can improve the overall system
performance.

In this chapter, we review these schemes with high-order space-time block
codes such as Gq, G3, G4, H3 and Hy and propose a subcarrier-by-subcarrier basis
antenna selection scheme for non-flat fading channels that can provide superior
system performance. In this study, the term adaptive modulation refers to bit rate
adaptation, and therefore, AOFDM is the variable-rate case.

The performance of the proposed system called A-SFBC-OFDM, has been
analytically evaluated and has been compared with that of the non-adaptive SFBC-
OFDM system. It is shown that using the antenna selection scheme at the trans-
mitter in conjunction with adaptive modulation can improve the performance of the
SFBC-OFDM system.

The rest of this chapter is organized as follows. Section 6.2 presents an
overview of adaptive modulation and AOFDM systems. The proposed scheme is

presented in Section 6.3. In Section 6.3, both BER and spectral efficiency of the
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adaptive and non-adaptive SFBC-OFDM systems are analytically evaluated. Nu-
merical results for the performance evaluation are presented in Section 6.4. Finally,

Section 6.5 concludes this chapter.

6.2 Adaptive OFDM

The allocation of power and bits to the OFDM subchannels can be uniform or non-
uniform. In the uniform case, each subchannel carries the same number of bits with
equal power. On the other hand, in the non-uniform case, bits and power can be
allocated in a way to maximize the number of transmitted bits (spectral efficiency)
or to minimize the overall probability of error.

In Section 5.2, it was shown lthat the bit error probability of OFDM subcarriers
over frequency selective fading channels depends on the frequency response of the
channel (see (5.9)). In a frequency selective fading channel, some subchannels have
a deep fade while others have relatively negligible attenuation. The occurrence of
bit errors is mostly caused by a set of severely faded subcarriers, while in the rest of
subcarriers bit errors are observed less often. If the subcarriers having a high BER
to be transmitted can be identified and excluded from transmission, the overall BER
can be improved at the price of a slight loss of throughput. Since the fading only
deteriorates the SNR of certain subcarriers but improves others’, the potential loss of
throughput due to the exclusion of faded subcarriers can be mitigated by employing
higher-order fnodulation modes on the subcarriers having high SNR values. This
is the principle idea of AOFDM. Several AOFDM schemes have been proposed in
the past. In this section, we review some of the most effective schemes, including

AOFDM based on water-filling and AOFDM based on mode switching levels [68].
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6.2.1 Adaptation based on water-filling

The concept of water-filling can be used for power allocation and then for bit allo-
cation. It says that the optimal power allocation maximizes the channel capacity

and it is given by:

_ e
Py =4 Kmor TV 6.1)
0 few

where P(f) is the signal power density function, H(f) is the channel frequency
response with bandwidth W, ®,(f) is the power spectral density function of the
AWGN, and K is a constant, determining the total power to be allocated [108]. From
(6.1), more power is allocated to the subchannels with greater channel magnitude
or lower noise power. Several bit and power allocation algorithms have been studied
in [69]-[70].

A sample output of the bit and power allocation algorithm is shown in Figure
6.1 for a frequency selective fading channel. As can be observed, no bit is allocated
to the subchannels corresponding to a deep fade, while more bits are allocated to the
subchannels with strong channel gain. Also, it can be seen that subchannel power
varies as a function of channel gain and bit allocation.

The principle idea behind adaptive modulation is to adapt the transmission
parameters to take advantage of prevailing channel conditions. It aims to exploit
the variation of the wireless channel by dynamically adjusting certain transmission

parameters to changing environmental conditions.

6.2.2 Adaptation based on mode switching level

The general idea of adaptive modulation is to choose a set of suitable modulation
parameters based on the channel state information (CSI) known at the transmitter.
The signal-to-noise ratio (SNR) can be considered as a proper metric that can be

obtained from CSI. In this case, a possible algorithm is as follows:
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Figure 6.1: An example of bit and power allocation.

1-Find the SNR.

2-Find the BER associated with the SNR for each mode. Then, determine the
switching level, which is the lowest required SNR for a given mode corresponding
to a given target-BER.

3-Based on a given target-BER, select the modulation mode. This provides
the largest throughput while maintaining the target-BER.

For example, consider Figure 6.2, that represents a set of BER curves for
BPSK, QPSK, 16-QAM, and 64-QAM constellations. The set of adaptation/ switch-
ing thresholds can be obtained from the closed-form BER expression as a function
of SNR or simply by reading the SNR points corresponding to a target-BER. For
example, if the target-BER is 107 , the thresholds are 8.4, 11.4, 18.2, and 24.3dB,
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Figure 6.2: BER for various modulation schemes.

respectively.

The goal of an adaptive modulation algorithm is to ensure that the most
efficient mode is always used over varying channel conditions based on a mode
selection criterion. In contrast, systems with fixed-mode modulation are designed
for the worst-case channel conditions, resulting in insufficient utilization of the full
channel capacity.

The capacity improvement offered by adaptive modulation over non-adaptive
systems can be remarkable. In Figure 6.3, we present the spectral efficiency per-
formance (Bits/S/Hz) vs. SNR (dB) for four different uncoded modulation levels
referred to as BPSK, QPSK, 16-QAM, and 64-QAM. The spectral efficiency was
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Figure 6.3: Spectral efficiency for various modulation schemes.

obtained for each modulation scheme by taking into account maintaining the target-
BER of 10™*. It can bee seen that each modulation is optimal for use in different
quality regions, and adaptive modulation selects the mode with the highest spectral

efficiency for each link.

6.2.3 Adaptive OFDM

In this section, we determine adaptive bit allocation for maximizing spectral effi-
ciency. We start with bit allocation for the conventional OFDM system. An MQAM
is employed for each subchannel and S[n, k] bits/symbol is assigned for the k-th sub-
channel in the n-th block, where M = 2°["*_ Also the negligible degradation due
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to the cyclic prefix in the OFDM has not been considered.
The expression for the instantaneous BER of the k-th subchannel in the n-th
block of the OFDM (square MQAM with Gray bit mapping on each subcarrier) over

a frequency selective fading channel can be written as:

2 1 1.5, |H[n, k])?
BERIn, k] = Bl (1 - ———-—————2,6[”7,6]) erfc {d P 1 } (6.2)

where the er fc(z) function can be represented by.

er fo(z) = / " exp(—t2) dt (6.3)

According to [72]-[73], (6.2) can be approximated as:

2
BER[n, k] = 0.2 exp {— 1'?&% [fl_’ f” } (6.4)

where v; = ]%, E; is the symbol energy at the transmitter and I—gﬂ is the variance
of the real/imaginary part of the AWGN. H{n, k] is the frequency response of the
fading channel.

By inverting (6.4), the maximum instantaneous data rate S[n, k| that can be
transmitted under a target-BER (BER;) constraint for a given instantaneous SN R

can be represented as:

_ 167 |Hln, k]tz} (6.5)

Bln, k] = log, {1 In (_lﬂ_:?&)

0.2

The average spectral efficiency (number of bits per second per Hz) can be

written as:
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6.2.4 Non-adaptive OFDM

In order to compare the spectral efficiency of AOFDM with that of non-adaptive
OFDM, in this section, we evaluate the spectral efficiency of the non-adaptive OFDM
systems. In the case of non-adaptive modulation for OFDM, the same number of
bits is allocated to each subband, i.e., 8[n, k] = 8. The average BER can be written

as:

BER = Eppny {BER[n, k} (6.7)

BER = /0 " BERIn, k] p(v) dy (6.8)

where p(7) is the probability density function of v = ~, |H[n, k]|*. Since |H[n, k]|
is Rayleigh-distributed, |H[n, £}|* has a chi-square probability distribution with two

degrees of freedom. Consequently, v is also chi-square-distributed as follows.

p(y) = % exp (—%) 7> 0 (6.9)

where 7 is defined as

Y= EH[n,k] {IH[TL, k]IQ}

The term Epgp, {|H[n,k|[°} is simply the average of |H[n,k]|. Therefore, by
substituting (6.4) and (6.9) into (6.8) we can obtain [72]

e 0.2

BER = —— 6.10
1+ 552 (6.10)

Then we can invert (6.10) to express 3 as a function of y, and the BER; as:

1.6y
B =log, {1 + VYA 267 } (6.11)
(“ﬁ:’m - 1)

The average spectral efficiency, in this case is equal to 5.
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6.3 Adaptive Modulation for SFBC-OFDM

As stated earlier, adaptive modulation is a well known and powerful technique for in-
creasing the spectral efficiency and improving the system performance of the OFDM
systems. The performance improvement offered by adaptive modulation over non-
adaptive systems is remarkable. Furthermore, other dimensions such as frequency
and space may yield further gains by providing additional degrees of freedom that
can be exploited by adaptive modulation.

Antenna selection has been considered and studied as an efficient technique
for improving performance and for reducing the complexity and cost due to the
RF/chains. Recently, there has been a growing interest in applying the antenna
selection technique to multiple input/multiple output (MIMO) systems [87]-[94]. In
[93],]94] an interesting antenna selection technique is presented for the application
of MIMO systems over flat fading channels, when space-time coding is used.

In this chapter, we propose some new space-frequency block coded OFDM
schemes in conjunction with transmitter antenna selection and adaptive modulation
that can improve the overall system performance. We review these schemes with
high-order space-time block codes such as Gq, Gs, G4, Hs and Hy.

The performance of the proposed system called A-SFBC-OFDM, has been
analytically evaluated and has been compared with non-adaptive SFBC-OFDM.

6.3.1 System Model

Figure 6.4 shows a block diagram of the proposed system. Assuming that the channel
state information is available at the transmitter, antenna selection maximizes the
signal to noise ratio and therefore, minimizes the probability of error.

The basic concept of antenna selection is to transmit each subband using
the antenna which has the smallest attenuation for that subband. Given that Kr

transmitter antennas are available, we select My out of Ky antennas (My < Kr),
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Figure 6.4: Block diagram of the proposed system.

whose subband amplitudes are larger than the rest.
Considering a multiple input/single output (MISO) system with Kr trans-
mitter antennas and one receive antenna, the k-th subchannel response in the n-th

block, i.e., H[n, k] is a (K x 1) vector, given by:

H[n, k] = [Hi[n, k] Han,k] -+ Hgpln, k]

In order to minimize the average BER, we can maximize the average SNR
that is equivalent to selecting the My out of Kp columns of H[n, k]. Therefore, the
optimal transmission is to transmit on the transmitter antennas corresponding to the
My columns with the highest Frobenius norms [93],[94]. Therefore, the equivalent

selected subchannel vector will be a (Mr x 1) vector, given by:

Hin K= |Hn k] Hln k] - Hyln ]

Note that H;[n, k] is equal to some H;[n, k], for each i € {1,2, ..., Mr} and for
some j € {1,2,..., K7}.

Subchannels assigned to the i-th antenna are represented as
(Eiln, 0], Hin, 1)+, Bn, Ny = 1)) for  i=1,2,--, My
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Assuming an OFDM with NV subcarriers, N, is the number of subbands. N;
has been chosen to be N/T, i.e, each subband includes T adjacent subchannels (T
is the symbol period of the SFBC system).

Based on the characteristics of the selected subbands, i.e., H;[n, k], the num-
ber of allocated bits will be calculated. This bit allocation can be done using water-
filling. Here, we consider a simpler method of adaptive bit allocation where, an
average BER target is set. The size of the constellation for each subband is deter-

mined based on the target BER. Therefore, a signal vector:

S(n) = {s[n,0], s[n,1],s[n,2],..., s[n+ N; — 1]} (6.12)

is provided as the input for the SFBC system, where [V; is equal to N multiplied by
the code rate of SFBC system (R,).

A space-time block code is defined by a (T x M7) transmission matrix G given

by
911 G, - gl,MT
G=| % %2 7T e (6.13)
971 YGrs gT,MT

where each element g; ; is a proper linear combination of a subset of elements of
S{(n) and their conjugates, as G is an orthogonal design.

In order to utilize the space-frequency diversity, the input blocks for OFDM
at each transmit antenna should be of length . SFBC provides M7 blocks:
S1(n), Sa(n), - -+, S (n) of length N, each consisting of Z sub-blocks, i.e.,

N T
si(m:(si[n,m sin,1] . sz-[n,—ru) for  i=1,2-, My

where superscript 7 in (.)7 denotes the transpose operation.
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Then OFDM modulators generate blocks:

Xl(n)a X2(n)> T X‘MT(n)

that are transmitted by the first, second, ..., and Mr-th transmit antennas simulta-
neously. In order to avoid ISI, the guard time interval is chosen to be longer than
the largest delay spread of the multipath channel. Then received signal will be the
convolution of the channel and the transmitted signal. Assuming that the channel is
static during an OFDM block, at the receiver side after removing the cyclic prefix,

the FFT output as the demodulated received signal can be expressed as:

r(n) =Y H;(n)Si(n) + W(n) (6.14)

i=1

where r(n) = (r[n,0},--, r[n, N~ 1))T. W(n) = (W[n,0),---, Wn,N —1))7
denotes the AWGN, and H;(n) represents a diagonal matrix whose elements
(H;[n, 4], i = 1,2,---,Mp, j = 0,1,--- , N — 1) are the gains of the selected sub-
channels. Knowing the channel information at the receiver, the Maximum Likeli-
hood (ML) decoding can be used for SFBC decoding of the received signal. At the
end, the elements of block {s[n, j]}j.vztal are demodulated to extract the data. We
have illustrated the encoding and decoding of the SFBC-OFDM system with some

examples in Chapter 3.

6.3.2 Adaptive Modulation for SFBC-OFDM

In this section, we determine adaptive bit allocation for maximizing spectral effi-
ciency of SFBC-OFDM employing antenna selection (selecting Mz out of K7 trans-
mitter antennas). Assume that MQAM is employed for each subchannel and S[n, k]
bits/symbol is assigned for the kth subchannel in the nth block, and M = 28[n*l,
The negligible degradation due to the cyclic prefix in OFDM is not being considered.
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6.3.2.1 Adaptive SFBC-OFDM with subband antenna selection

Consider an SFBC system employing M7 transmitter antennas and one receiver

antenna. The decoder minimizes the decision metric

|5[n, k] — s[n, k])? (6.15)

Similar to (3.14), we can show that

5T, ] = M; =3 |HD [ sl k] +nin, K (6.16)

where H,[n, k] is the selected subchannel associated with i-th transmitter antenna,

R, is the code rate, and, n[n, k] is the noise component as stated in (3.14).

From (6.16), we can express instantaneous SNR, as:

My

1
'VZMTRCZ

g=1

, 2
Hifn, k]| (6.17)

Similar to the conventional OFDM (6.2), we can express the instantaneous

BER of each subcarrier of MQAM-SFBC-OFDM over a frequency selective fading

channel as:

2 1 157 oL | Bkl
BER[n, k| = o (1 - m—m) x erfe {\/ iz o (2P 1) (6.18)

This can be approximated as:

167 22T | ) [ k)
BER|n,k] = 0.2exp { — i (2‘}[”,,:]'1)1 } (6.19)

By inverting (6.19), the suitable modulation scheme and the corresponding

number of bits can be calculated from:
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A ey

Bln, k] = log, {1 _ ton(Sglima) } (6.20)

The average spectral efficiency can be written as:

R = E {B[n, ]} (6.21)

6.3.2.2 Nomn-adaptive SFBC-OFDM (without antenna selection)

In the case of non-adaptive SFBC-OFDM and without antenna selection the average

BER can be written as:

BER = EHl[n,k],...,HMT[n,k] {BER[TI,, k]} (6.22)

Since |Hi[n, k]|, i = (1,...,Mr) is i.i.d Rayleigh-distributed, |H;[n,k]|> has
a chi-square probability distribution with two degrees of freedom. Consequently,

v; = 7, |Hy[n, E]|? is also chi-square-distributed with the probability density function

as follows.
1 Y
p(%) == exp | —= 7% >0 (6.23)
i Vi
Since,
BER = /0 /O BER[n, K p(1,) . p(1,) ds - v,y (6.24)

Substituting (6.19) and (6.23) into (6.24) we obtain:

BER = 02 (6.25)

Mr
1.6 ys
(1 t G Ry (23—1))
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We can invert (6.25) to express 3 as a function of v, and the target BER:

1.6 v,

R, Mr ((3%’%;) i _ 1)

B=log,< 1+ (6.26)

6.4 Simulation Results

The performance of the proposed system is evaluated by computer simulation over
a frequency selective fading channel. The considered fading channel is a multipath
fading channel with coherence bandwidth smaller than the total bandwidth of the
multicarrier system and thus seen as frequency selective fading. The fading process is
assumed to be stationary and slowly varying compared to the symbol duration of the
multicarrier signal, such that it is approximately constant during one OFDM block
length. The fading process impulse response at the antenna ¢ (¢ = 1, 2, ..., Mr) can

be expressed as [108]

L-1
hi(t) =) am,i(t) 8(t — Tm(t)) (6.27)

m=0

where the tap weight o, ;(t) is a complex Gaussian random process with zero mean
and variance 1 (equal power) and 7,(¢) is the time delay of the m-th path and L
is the total number of resolvable paths (L = 4). With this model we have assumed
that the path delays, 7,,(t), are multiples of the symbol duration 7;. The OFDM
system includes N = 512 subcarriers and a cyclic prefix which is longer than the
channel delay. It is assumed that the channel state information is available at the

receiver and transmitter. Finally, SNR is defined as SNR = ;.
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6.4.1 AOFDM System

The average spectral efficiencies of AOFDM and non-adaptive OFDM were expressed
in (6.6) and (6.11). The average spectral efficiencies of non-adaptive OFDM and
adaptive OFDM are compared in Figure 6.5 for different target BERs. It can be
seen that adaptive OFDM can greatly improve the performance of OFDM. For
example, at a target-BER=107% and a spectral efficiency of 6 bits/sec/Hz about 14
dB gain can be obtained, and at a target-BER=10"° and a spectral efficiency of 4
bits/sec/Hz about 30 dB gain can be obtained.

15 i i T T

—— AOFDM Target-BER=107° |
—%~ AOFDM Target-BER=10"
—— AOFDM Target-BER=10"
-8 AOFDM Target-BER=10°
—6— AOFDM Target-BER=10"
~«- OFDM Target-BER=10"
—x- OFDM Target-BER=10"*
1ol{ =+ OFDM Target-BER=10"°
-0~ OFDM Target-BER=10"°
~- OFDM Target-BER=10"

Average Spectral Efficiency (Bits/sec/Hz)

. Hereets S brers brt il sersitiliasossaiifiseces
Es/No(dB)

Figure 6.5: Average spectral efficiency of non-adaptive OFDM and AOFDM.

96



6.4.2 A-SFBC-OFDM (2Tx-1Rx) system using the code Gy

In the case of A-SFBC-OFDM with two transmitter antennas and one receiver an-
tenna (2Tx-1Rx), using the code Gq (code rate R, = 1), (6.19) and (6.20) can be

expressed as:

0.8 ( Hiln k]|2+[H' [n k}|2)
BERIn, k] = 0.2 exp {~ e } (6.28)
I3 2 7 2
0.8vs{ |H{[n k]| +{H,[n,k]
Bln, k] = log, {1 — ( ;(B_é‘ﬁfgj) i )} (6.29)

For non-adaptive MQAM-SFBC-OFDM (2Tx-1Rx), (6.25) and (6.26) can be

written as:

BER= —— (6.30)

and

8 = log, {1 + ( 0082 L , } (6.31)
Ve - 1)

The average BER performance for MQAM-SFBC-OFDM is shown in Chapter
5. It was shown that the results from the closed-form formula are very close to
the simulation results. Also, the benefits of using antenna selection is described in
Chapter 7.

Figure 6.6 compares the spectral efficiency of the SFBC-OFDM (2Tx-1Rx) and
A-SFBC-OFDM (2Tx-1Rx). The results indicate that A-SFBC-OFDM (2Tx-1Rx)
is better than SFBC-OFDM in terms of spectral efficiency for the given target BER.
For example, at a target-BER of 107 and a spectral efficiency of 4 bits/sec/Hz about
18.5 dB, 20 dB, and 22 dB gain can be obtained when K7 is 2, 4 and 8, respectively.
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Figure 6.6: Average spectral efficiency of non-adaptive SFBC-OFDM (2Tx-1Rx) and A-SFBC-
OFDM (2Tx-1Rx).

6.4.3 A-SFBC-OFDM (3Tx-1Rx) system using the code Gj

In the case of A-SFBC-OFDM (3Tx-1Rx) (Mr = 3) using the code G; (R, = 0.5),
(6.19) and (6.20) can be expressed as:

167 23, |H.[n.k] 2)
BE'R[n’ k;] = 0.2 exp {_. ’:5 (gﬁtfll,k]..l) l } (632)
1.6 Ys Z?:l H': [n’k] ’
Bln, k] = log, {1 - 1<5 In(%574) | } (6:39)
. 5.2

For the non-adaptive MQAM-SFBC-OFDM (3Tx-1Rx) using the code G,
(6.25) and (6.26) can be written as
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1.6,
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Figure 6.7: Average spectral efficiency of non-adaptive SFBC-OFDM (3Tx-1Rx) and A-SFBC-

OFDM (3Tx-1Rx) using the code G3.

Figure 6.7 compares the spectral efliciency of the SFBC-OFDM with that of
A-SFBC-OFDM, both employing code of G3. As shown, A-SFBC-OFDM is better
than SFBC-OFDM in terms of spectral efficiency for the given target-BER. For

example, at a spectral efficiency of 6 bits/sec/Hz, gains of 13 dB, 14 dB and 16 dB

can be obtained when Kr is 4, 6 and 10, respectively.
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6.4.4 A-SFBC-OFDM (4Tx-1Rx) system using the code Gy

In the case of A-SFBC-OFDM (4Tx-1Rx) (Mr = 4) using the code G4 (R, = 0.5),
(6.19) and (6.20) can be expressed as:

167 T, B ma])
BER[TL, k] — 02 exp {__ z(gﬂ[n,jk]_,l) J } (636)
1.6 Z:—lzl H: [n,k] :
Bln, k] = log, {1 - g]n(%%}it) | ) } (6:31)

For non-adaptive MQAM-SFBC-OFDM (4Tx-1Rx) using the code Gy, (6.25)

and (6.26) can be written as

BER = 02 (6.38)

(1+ 1.6 7 >4
2(28-1)

and

1.6,

» ()" )

Figure 6.8 compares, the spectral efficiency of the SFBC-OFDM with that
of A-SFBC-OFDM, both employing the code G4. As shown, A-SFBC-OFDM is
better than SFBC-OFDM in terms of spectral efficiency for the given target BER.

B=log, ¢ 1+

(6.39)

For example, at a spectral efficiency of 6 bits/sec/Hz, gains of about 8 dB, 10.5 dB
and 11 dB can be obtained when Ky is 4, 6 and 10, respectively.
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Figure 6.8: Average spectral efficiency of non-adaptive SFBC-OFDM (4Tx-1Rx) and A-SFBC-
OFDM (4Tx-1Rx) using the code G4.

6.4.5 A-SFBC-OFDM (3Tx-1Rx) system using the code Hj

In the case of A-SFBC-OFDM (3Tx-1Rx) (Mr = 3) using the code H3 (R, = 3/4),
(6.19) and (6.20) can be expressed as

1679 S0, | B nk])
BERIn, k] = 0.2 exp {“ 2.25 (2;[l,k1_1) | } (6.40)
169 (23, |#in k)|
Bln, k] = log, {1 - 2.(25 n( 2EE) | } (8.41)

For the non-adaptive MQAM-SFBC-OFDM (3Tx-1Rx) using the code Hs,
(6.25) and (6.26) can be written as
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Figure 6.9: Average spectral efficiency of non-adaptive SFBC-OFDM (3Tx-1Rx) and A-SFBC-

OFDM (3Tx-1Rx) using the code H3.

Figure 6.9 compares the spectral efficiency of the SFBC-OFDM with that of A-

SFBC-OFDM, both employing the code H;. As shown, A-SFBC-OFDM is better

than SFBC-OFDM in terms of spectral efficiency for the given target BER. For

example, at a spectral efficiency of 6 bits/sec/Hz, gains of 9.5 dB, 10.5 dB and 12

dB can be obtained when K7 is 4, 6 and 10, respectively.
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6.4.6 A-SFBC-OFDM (4Tx-1Rx) system using the code Hy4

In the case of A-SFBC-OFDM (4Tx-1Rx) (Mr = 4) using the code H, (R, = 3/4),
(6.19) and (6.20) can be expressed as

167 T, | k)
BER[n’ ]{;] =0.2exp {._. . (23[;,11:]_1) [ } (644)
167 (S| Bkl
Bln, k] = log, {1 — gln(ﬂ%&) ] ) } (6.45)

For the non-adaptive MQAM-SFBC-OFDM (4Tx-1Rx) using the code Hy,
(6.25) and (6.26) can be written as:

BER = L (6.46)

and

1.6 7,

()™

Figure 6.10 compares, the spectral efficiency of the SFBC-OFDM with that
of A-SFBC-OFDM, both employing the code Hy. As shown, A-SFBC-OFDM is

f=1log, R 1+ (6.47)

better than SFBC-OFDM in terms of spectral efficiency for the given target BER.
For example, at a spectral efficiency of 6 bits/sec/Hz, gains of 9.5 dB, 11.5 dB and
12.5 dB can be obtained when K7 is 4, 6 and 10, respectively.
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Figure 6.10: Average spectral efficiency of non-adaptive SFBC-OFDM (4Tx-1Rx) and A-SFBC-
OFDM (4Tx-1Rx) using the code H4.

6.5 Conclusion

In this chapter, a new scheme consisting of a combination of adaptive modulation, or-
thogonal frequency division multiplexing (OFDM), high order space-frequency block
coding (SFBC) and antenna selection is presented. Spectral efficiency advantage of
the proposed system is examined. It is shown that antenna selection with adap-

tive modulation can greatly improve the performance of conventional SFBC-OFDM

systems.
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Chapter 7

MIMO-OFDM Systems with

Antenna Selection Over Frequency

Selective Fading Channels

In this chapter, a new scheme consisting of a combination of a multiple-input/multip-
le-output (MIMO) system, orthogonal frequency division multiplexing (OFDM) and
antenna selection is presented. The proposed scheme exploits the benefits of the
MIMO systems, OFDM and antenna selection to provide high quality transmission
for wireless communications over frequency selective multipath fading channels. We
examine the coding and diversity advantages of the MIMO-OFDM system with
antenna selection using average SNR gain, outage probability and BER analysis
validated by numerical simulation. The system performances of different forms of
the proposed scheme are evaluated and compared. It is shown that the proposed
scheme can greatly improve the performance of the conventional MIMO-OFDM

systems.
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7.1 Introduction

There is a growing demand for high-speed, spectrally efficient and reliable com-
munication. Providing high-quality services in a wireless environment has several
challenges. Recently, the use of multiple-input multiple output (MIMO) systems,
employing space-time block codes (STBC) has been proposed as an efficient solution
for future wireless systems, since they can greatly improve the system performance
over flat fading channels with a reasonable level of complexity [28]-[30]. However,
multiple antenna deployment requires multiple RF chains that are expensive. An-
tenna selection, which is much cheaper than RF chain, has been proposed for the
application of MIMO systems over flat fading channels [87]-[95].

In Chapter 3, a new scheme for the MIMO-OFDM systems called SFBC-
OFDM was proposed as an efficient solution for broadband wireless communication
systems over non-flat fading channels.

In this chapter, we propose an adaptive subcarrier-by-subcarrier basis antenna
selection scheme for the SFBC-OFDM systems. Assuming that the channel state
information (CSI) is available, antenna selection at the transmitter (or receiver)
maximizes the signal to noise ratio (SNR). This minimizes the probability of error.

The performance of the proposed scheme is analytically evaluated over fre-
quency selective fading channels. It is shown that adaptive antenna selection leads
to an increase in effective instantaneous SNR visible through a parallel shift in the
average bit error rate (BER) curves. We derive an analytical expression for the im-
provement in average SNR that serves as an indicator of coding gain. In addition,
it is shown that antenna selection leads to a remarkable improvement in diversity.
This is shown, using outage probability analysis, as an indicator of diversity gain.
Here, we use the SFBC-OFDM system for two transmitter antennas (Np = 2).
Generalization to higher order SFBC-OFDMs is straightforward.
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The rest of this chapter is organized as follows. The proposed scheme is pre-
sented in Section 7.2. In Section 7.3, the proposed antenna selection at the trans-
mitter and/or receiver is described. Then for the SFBC-OFDM and the proposed
scheme, both SNR gain and the outage probability are analytically evaluated. Nu-
merical analysis for the performance evaluation is presented in Section 7.4. Finally,

Section 7.5 concludes this chapter.

7.2 System Model

Figure 7.1 depicts a high level block diagram of the proposed system. A block of
data is serial-to parallel converted. Assuming an OFDM with N subcarriers, N; is
the number of subbands, that has been chosen to be N; = N/2, i.e, each subband
includes two adjacent subchannels.

All subbands are modulated using MQAM where M is determined by the

number of the allocated bits. Therefore, a signal vector
{S[O] ) 3[1] PRLAY S[N - 1] }

is provided as the input for the SFBC system.

Considering an (Mr, Mg) MIMO system, the goal of antenna selection is to
select Ny out of My transmitter antennas and/or Ny out of My receiver antennas.
We use the SFBC system for two transmitter antennas (Np = 2); therefore the
effective MIMO system will be (2, Ng). SFBC provides two blocks of S; and S,
of length N, for the OFDM systems at the transmitters. In order to utilize the

space-frequency diversity, the input blocks are encoded as follows.
Si=(s[0] —s*1] s[2] -s*3] -+ s[N-2] —s[N-1])T

Sa=(s[l] +s0] s[3] +s*[2] - SIN-1] +s [N-2])T

107



S — X
1 Cyclic| ™ 1
MQAM | S | SFBC IFFT |\ prefix
— | S/P | . : TAS
Mapping Encoder IFFT H Cyclic
S Prefix | X
2 2
r 1 Y 1
~ Remove
s | sec [T BT Mprenx |
<#— P/S ] Demapping : . RAS
Decoder Remove
FFT ™1 Prefix »
r Y R
N R N R

Figure 7.1: Block diagram of the proposed system.

OFDM modulators generate blocks X; and X, that are transmitted by the

first and second selected transmitter antennas, respectively.

Assuming that the guard time interval is longer than the largest delay spread
of a multipath channel, the received signal will be the convolution of the channel
and the transmitted signal. Assuming that the channel is static during an OFDM
block, at the receiver side after removing the cyclic prefix, the FFT output as the

demodulated received signal can be expressed as:

r=H, .S +H,S;+ W,
: (7.1)
Iy, = H'NR,m Sy + H'NR,n Se+ Wh,

where r; = (73[0], - - - , [N — 1])7; H;, and H;, represent diagonal matrices whose
elements (H; ;[l] ,i=1,-+-,Ng, j=1,2,1=0,---,N —1) are the selected sub-
channels and W; = (W;[0],---, W;[N — 1])” denotes AWGN. Also, assume that

m-th and n-th transmitter antenna elements are chosen on each subchannel.
Knowing the channel information at the receiver, ML detection can be used

for decoding of received signals, which can be written as:
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5[2k] = Y°NE H [2Kk] ri2k] + H, , [2K] r}[2k + 1]

32k + 1) = Y08 H 2k + 1) ry[2k] — H; (2K + 1] 7§ [2k + 1] (7.2)

k=0, % -1

Assuming that the channel gains between two adjacent subchannels are ap-
proximately equal, i.e., H; ,[2k] = H; .[2k + 1] and H; ,[2k] = H,,[2k + 1], then by
substituting (7.1) into (7.2) the decoded signal can be expressed as:

=3

> zk]]2+ ]H;,n[zk]f) s[2K]

Ngr Ng
+ ) H (26 Wil2k] + > H, 2k W2k + 1]

=1

5{2k+1]=§( 28]+ |2, [) [2k +1]
+ f: H;% 2k W, Z ml2K] W2k + 1] (7.3)

The above variables provide a diversity gain of order 2Ny, for every s[2k] and
s[2k+1] where proper antenna selection, as can be seen, can increase the SNR at the
receiver and improve the system performance. It can be concluded that the proposed
scheme can provide significant gains in performance over conventional OFDM and
conventional SFBC-OFDM systems. At the end, the elements of block {ﬂj]}j\_:]l

are demodulated to extract the information data.
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7.3 Antenna Selection

In this section, an adaptive subcarrier-by-subcarrier basis antenna selection scheme
will be presented. We consider antenna selection at the transmitter or at the receiver
side or jointly in both transmitter and receiver sides. We present the selection
algorithm that maximizes the average SNR and, therefore, minimizes the average
BER.

Consider a MIMO-OFDM system that employs My transmitter and Mg re-

ceiver antennas. The received signal for k—th subchannel can be written as:
r[k] = H[k] S[k] + W][k] (7.4)

where, X[k] and W{k] are the transmitted signal and AWGN respectively and H[k]

is the subchannel response given by:

- Hi [k]  Hiolk] -+ HymglK] ]
= | T el el 75
| Hupalk] Hypplk] -+ Hugprlk]

The goal of antenna selection is to select N transmitter (Vg receiver) antennas

out of My transmitter (Mg receiver) antennas.

7.3.1 Transmitter antenna selection (TAS)

Consider a (M7, Ng) MIMO system, i.e., there are My available transmitter an-
tennas and Ny available receiver antennas. In this case, subchannel matrix H[k]
is a (Mg x Ng) matrix. In the TAS scheme, Ny antennas are selected out of My
transmitter antennas. Therefore, there is a total of Mz possible selections of

Nr
transmitter antennas. In order to minimize the average BE Ry we can maximize the

average SN Ry, that is equivalent to selecting the best Ny out of My columns of H[k].
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The optimal transmission is to transmit on the transmitter antennas corresponding
to the Ny columns with the highest Frobenius norms.

In general, the received SNR at each subchannel can be written as:
Nr Nt

SNRy=17 D)

i=1 j=1

)| (76)

where 7y, = —%, E; is the symbol energy at the transmitter and —]gﬂ is the variance of

the real/imaginary part of the AWGN and H;,j[k] is the selected subchannel. Note

that H; j[k] is equal to the element of H[], i.e., Hp4[k]. As can be seen, the above

antenna selection ensures that the resulting SN Ry, at each subchannel is maximized.
Since the average SN Ry in conventional SFBC-OFDM is:

Ngp Nr
E{SNR} =1, ZZE{

=1 j=1

, 2
Hi,j[k]l } = Nr Nr7s (7.7)
The average SNR gain obtained from the antenna selection can be defined by:
’ 2 2
E{y ST | m W E{SE T |8,k

N. T N RYs NT N R
In the case of SFBC with Ny = 2 and Mg = Ng, we simply select the first and

Gaz’nSNR =

(7.8)

second largest Frobenius norms. Assume that the m-th and n-th transmitter antenna
elements are chosen on each subchannel. The average SNR gain obtained from the
antenna selection can be written as:

N ' 2 ' 2
E{y, S (|Hnlbll* + 5061 }

2N R Vs
N ' 2 ' 2
E{S (|Hlbl]” + | Hi0]) }

- 2 Ng

Figure 7.2, shows the average SNR gain for transmitter antenna selection for

Gaz'ngNR =

(7.9)

various selection configurations. We select Np transmitter antennas out of My
transmitter antennas, where Np = M}y is the number of receiver antennas. It can

be seen that, in each case, the average SNR gain is increased as the number of

transmitter antennas increases.
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Probability density function of the selected subchannels:

Since the squared column norms of subchannels are i.i.d chi-square distributed, let

z; be the square of the ¢-th column norm. Then,

1 - .
fX (xz) = (NR _ 1)|$z('NR K e (71())
and
Np—1 .’L'l
Fx(z;)=1- ﬁ e % (7.11)
=0

are the probability density function (pdf) and the cumulative distribution function
(cdf), respectively.

The joint probability density function of the first and second largest column
Frobenius norms (z and y) when two out of My transmitter antennas are selected

(Np = 2), can be represented by [93], [94]:

Fxy (z,y) = Mr (Mp = 1) [Fy ()] fx (2) fr (9) (7.12)

Outage Probability:

The outage probability can be considered as a good indicator of diversity gain in-
crease due to the use of antenna selection. The outage probability for each subchan-

nel is defined as:
PTOb (C[k] < Coutage[k}) = Pouta,ge (713)

where Coytagelk] is the outage capacity for each subchannel. The channel capacity

of SFBC-OFDM with transmitter antenna selection is given by:
Clk] = logy {1+, (z[k] + y[k])} (7.14)

where z[k] and y[k| are the first and second largest column Frobenius norms for the

k -th subchannel.
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Therefore,

Poutage = Prob (10gy {1+ 75 (z[k] + y[k])} < Coutagelk]) = (7.15)

Coutagelk] _
Py (z[k] + ylk] < ‘2“—‘7—8*—1“ = 5) = // fxv(z,y) dzdy (7.16)

It can be approximately expressed as [93], [94]:

P (C1H < i) =2 [ (§)] (.17

for Ng = 1 it can be written as:
i M
Prop (Clk] < Coutagelk]) = 2 [1 — e/ 7" (7.18)
and for N = 2 it can be written as:

Prot (C[k] < Coutage[k]) = 2 [1 — e /2 (1 + g—)JMT (7.19)

Figures 7.3 and 7.4 compares the outage probability of the proposed system
obtained from the above formulas with those from numerical simulations. It can be

seen that the results are very close.

Bit error probability analysis:

The average bit error rate (BER) for the proposed system with MQAM signals is:

BER, - / N / " BER(z,y) fxv(z,y) dydz (7.20)
Yy

x==0 =0
where fxy (z,y) is stated in (7.12).
The BER of each subcarrier of the proposed TAS scheme (Nr = 2) with

MQAM signals over a frequency selective fading channel can be expressed as:

BER; =

(1 ~ _\/12:5) x erfe \J L5y Y i (IHzm[k]l + len[k” ) (7.21)

2
B 2 (26 —1)
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where v, = —%, E; is the symbol energy at the transmitter and 3 is the bits/symbols
assigned for each subcarrier and g = log, M.

It can be approximated as

BERy, = 0.2exp

167 S (|H K + |2, 04
e (7.22)

Note that in the BER performance analysis of the transmitter antenna selec-
tion only two approximations have been assumed, as stated in (7.22) and (7.17).

Here, we consider some examples of transmitter antenna selection for analysis
of the BER of the proposed system with 4QAM (QPSK) signals (8 = 2), when
there are two effective transmitter antennas and one receive antenna, i.e. Ny = 2

and Ngr = Mg = 1. Since,

BERy(z,y) = 0.2¢ 3% (=) (7.23)
BERy(z,y) = 0.2+ (7.24)

where z = |H, ,.[k]| >and y = lHin[lc]]2 are the norms of the selected subchannels,

and = (3.

Also, from (7.10) and (7.11) for N = 1 we can find that:

fx(@)=€e and fy(y)=e? (7.25)

Fx(z)=1-¢€" and Fy(y)=1-¢€"Y (7.26)

Example-1: No Selection

In this case, we have Ny = M7 = 2. From (7.12) we can find that:
fxy (2,y) =2 fx (@) fr (y) = 2¢7C* (727)
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Therefore,
o0 T
BER) = / / 0.4 e~ HeHY) o=@+ gy dg:
z=0 J y=0

We can obtain:

0.2
(u+1)°

Example-2: Selection of 2 out of 3 transmitter antennas

BER; =

In this case, we have N = 2, M. = 3. From (7.12) we can find that:

fxy (@,y) =6 [1—e] fx(2) fr (y) =6 [L —e7¥] e~

Therefore,

BER;, = / / 1.2¢7#eH) [1 — eV] e+ dy dx
z=0 J y=0

We can obtain:

S— 0.6
BER; = -
(2p+3) (p+1)

Example-3: Selection of 2 out of 4 transmitter antennas

In this case, we have Ny = 2, M. = 4. From (7.12) we can find that:

fxv (@y) =12 [1- e"y]Q fx (@) fr(y)=12[1- e—y]z e~ (@+y)
Therefore,
BER, = / / 9.4 ¢—Hz+y) [1 — e—y]Q e~ () dy dz
=0 Jy=0

We can obtain:

24

BER; = :
(2u+3) 2u+4) (p+1)
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(7.31)
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Example-4: Selection of 2 out of 8 transmil antennas

In this case, we have Nr = 2, M, = 8. From (7.12) we can find that:

fxv () =56 [1—¢™]° fx (z) fr () =65 [1— €] @ (7.36)
Therefore,
BERy, = / / 11.27#E) [1 - ¢7¥]° e~y dy (7.37)
=0 J y=0

We can obtain

_ 20 4 15 _ 6
(n-+4) (2p-+5) (u+5) (2p-+6) (1+6) (2u+7) (738)
1 1 1 6
T @y | T D () T D)

s T ) T s T e T (u-lH')]
Figures 7.5 and 7.6 depict the average BER of the proposed system with
transmitter antenna selection. By observing the results, we find that TAS provides
both coding gain (parallel shift) and diversity gain (increased slope). It is also shown

that the simulation results are very close to the analytical formulas.

7.3.2 Receiver antenna selection (RAS)

Consider an (N7, Mz) MIMO system, i.e., there are Ny available transmitter an-
tennas and My available receiver antennas. In this case subchannels matrix H[k]

is an (Nr X Mpg) matrix. In the RAS scheme, Ny antennas are selected out of Mp

Mg
receiver antennas. Therefore, there is a total of possible selections of re-
Ng

ceiver antennas. Maximizing the SN Ry, minimizes the BERy . This is equivalent
to the selection of the Ng out of My rows of H[k]. The optimal RAS is to receive
signals on the Ny receiver antennas corresponding to the Ng rows with the highest

Frobenius norms.
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In the case of SFBC with Ny = 2 and Ng = 2, we simply select the 2 rows

with the first and second largest Frobenius norms.

Similar to TAS, the average SNR, gain obtained from RAS can be defined by:

B {0, T (|, W] + | H))

2 Np s

GainSNR =

BN (|8 K| + | Hi oK)
el ),

where, H;’l[k] and H,,[k] are the selected subchannels.

Figure 7.7 shows the average SNR gain for a RAS scheme for various selection
configurations. We select Ng out of My receiver antennas, where Ny = My is the
number of transmitter antennas. It can be seen that, in each case, the average SNR

gain is increased by the increase in the number of receive antennas.

7.3.3 Joint transmitter/receiver antenna selection (TRAS)

Consider an (Mr, Mg) MIMO system. In this case subchannels matrix H[k] is an
(M7 x Mpg) matrix. In the TRAS scheme, Nr antennas are selected out of My

receiver antennas and Ny antennas are selected out of Mp transmitter antennas.

] My Mg ] ) )
Therefore, there is a total of possible selections of transmit-
Nr Ng

ter/receiver antennas. The optimal selection is to select a (Nr X Ng) sub-matrix of
the (Mg x Mpg) subchannel with the highest Frobenius norm.
In general, the SNR gain obtained from the antenna selection can be defined
by:
IR EAD v D i 1A 1] S R D DALD Dl A [

GamSNR = NT NR ) = NT NR (7.40)
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Figure 7.8 shows the average SNR gain for TRAS for various selection config-
urations. It can be seen that, in each case, the average SNR gain is increased as the

number of transmitter and receiver antennas increases.

7.4 Simulation Results

The performance of the proposed system is evaluated by computer simulation over
a frequency selective fading channel. The considered fading channel is a multipath
fading channel with coherence bandwidth smaller than the total bandwidth of the
multicarrier system and thus seen as frequency selective fading. The fading process is
assumed to be stationary and slowly varying compared to the symbol duration of the
multicarrier signal, such that it is approximately constant during one OFDM block

length. The fading process impulse response of the path between the i-th transmitter

antenna and the j-th receiver antenna, (1 =1, 2,--- Mg ,j=1,2,---,Mr) can
be expressed as: L1
hig(t) = oim,ii(2) 6(t = Tm(£)) (7.41)
m=0

where oy, ;(t) is a tap weight, 7,,(¢) is the time delay of the m-th path and L is
the total number of resolvable paths (L = 4). It is assumed that the channel state
information (CSI) is available at the receiver and transmitter. The channel taps are
complex Gaussian random processes with zero mean and variance —}J— (equal power).
With this model we have assumed that the path delays, 7,,,(t), are multiples of the
symbol duration 7;. The OFDM system includes N = 512 subcarriers and a cyclic
prefix which is longer than the channel delay.

The performances of the proposed scheme are analytically evaluated over fre-
quency selective fading channels and compared to each other. It is shown that
adaptive antenna selection leads to an increase in the effective instantaneous SNR
visible through a parallel shift in the average bit error rate (BER) curves. We de-

rived an analytical expression for the improvement in the average SNR. that serves
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as an indicator of the coding gain. In addition, it is shown that the antenna selec-
tion leads to a remarkable improvement in the diversity gain. This is shown, using
outage probability analysis, as an indicator of diversity gain.

Figure 7.2 shows the average SNR gain for transmitter antenna selection for
various selection configurations. We select Ny out of M7 transmitter antennas,
where Mr = Ny is the number of the receiver antennas. It can be seen that, in each
case, the average SNR gain is increased with the number of transmitter antennas.

Figure 7.3 shows the outage probability of the proposed system for Np =
2, Mp = Ng = 1 and v, = 10 dB. It can be seen that the theoretical results
(Equation 7.18) are very close to the simulation results and a considerable improve-
ment in outage probability can be obtained using antenna selection. For exam-
ple, for a capacity of 2.5 Bits/Hz, the outage probability of 0.09 with no selection
(M = Nr = 2) reduces to about 3 x 107° with selection of Ny = 2 out of My =7
transmitter antennas.

Figure 7.4 shows the outage probability of the proposed system for Ny =
2, Mr = Np = 2 and v, = 10 dB. It can be seen that the theoretical results
(Equation 7.19) are very close to the simulation results and a considerable improve-
ment in outage probability can be obtained using antenna selection. For example,
for a capacity of 3.25 Bits/Hz, the outage probability of 0.01 with no selection
(My = Ny = 2) reduces to about 4 x 107 with selection of Ny = 2 transmitter
antennas out of My = 4 transmitter antennas. We can obtain the behavior of the
receiver antenna selection in the same manner.

Figure 7.5 depicts the average BER of the proposed system with transmitter
antenna selection. By observing the results, we find that TAS provides both coding
gain (parallel shift) and diversity gain (increased slope). It is also shown that the
simulation results are very close to the analytical formulas. The first set of curves
is provided by calculating the average of BER form Equation (7.21) using several

realizations of MIMO channel and selection of 2 out of My transmitter antennas.
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The second set of curves is obtained from simulation results of the proposed system
(Figure 7.1). Finally other curves are obtained from the analytical formulas of
Equations (7.29), (7.32), (7.35) and (7.38).

Figure 7.6 depicts the simulation results for the average BER of the proposed
system (Figure 7.1) with transmitter antenna selection for the case of Ny =2, My =
Nr = 2. By observing the results, again we can find that TAS provides both coding
gain and diversity gain.

Figure 7.7 shows the average SNR gain for a RAS scheme for various selection
configurations. We select Ny out of Mp receiver antennas, where Ny = My is the
number of transmitter antennas. It can be seen that, in each case, the average SNR
gain will be increased by the number of receive antennas.

Figure 7.8 shows the average SNR gain for a TRAS for various selection config-
urations. It can be seen that, in each case, the average SNR gain, will be increased

by the number of transmitter and receiver antennas.
7.5 Conclusion

A scheme consisting of SFBC-OFDM with antenna selection is proposed in this
chapter. The performance of the proposed scheme is analytically evaluated for
different configurations over frequency selective fading channels. It is shown that
adaptive antenna selection leads to an increase in the effective instantaneous SNR
visible through a parallel shift in the average bit error rate (BER) curves. We derived
an analytical expression for the improvement in the average SNR that serves as an
indicator of the coding gain. In addition, it is shown that antenna selection leads
to a remarkable improvement in the diversity gain. This is shown, using outage
probability analysis, as an indicator of diversity gain. We used the SFBC-OFDM
system for two transmitter antennas. Generalization to higher order SFBC-OFDMs
is straightforward. The proposed scheme can be considered as a promising technique
for high data rate wireless transmission over frequency selective multipath fading

channels and for broadband wireless communications.
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Figure 7.2: Average SNR gain for SFBC-OFDM with transmit antenna selection.
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Chapter 8

Conclusions and Future Work

In this dissertation we have developed and presented novel MIMO-OFDM schemes
for broadband wireless applications. The focus of this research was on addressing
the problem of multipath fading channel dispersion that extensively attenuates some
subcarriers in. an OFDM system and also to consider the possible application of mul-
tiple transmit and/or receive antennas for the applications over frequency selective

fading channels.

8.1 Summary

In Chapter 2, a brief overview of diversity techniques was presented. In Chapter 2,
also different schemes, such as time diversity, frequency diversity, antenna diversity,
and the most popular schemes known as MIMO systems such as space-time coding
techniques were discussed in more detail. It was shown that MIMO systems can
improve the system performance and can be considered for the application in future
wireless transmission systems.

In Chapter 3, the application of MIMO systems over frequency selective fading
channel using an OFDM system was proposed. Also the main concept of OFDM
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was reviewed and later our proposed MIMO-OFDM system (OTD-OFDM or SFBC-
OFDM) was presented. The proposed scheme was then explained in more detail and
both encoding and decoding algorithms were explained by some examples. The ob-
jective of the proposed scheme was to enhance the performance of OFDM systems
over multipath fading channels by using the antenna diversity techniques compared
to the conventional OFDM and, on the other hand, to make MIMO systems appli-
cable to frequency selective multipath fading channels.

In Chapter 4, the channel capacity of MIMO-OFDM systems were analytically
evaluated and it was shown that by using MIMO systems the capacity of the chan-
nel can be dramatically increased as a function of the number of antennas. Some
numerical examples were also provided.

In Chapter 5, the bit error rate (BER) performance of the proposed MIMO-
OFDM systems were analytically evaluated. We could derive some new closed-form
expressions of BER. performance of MIMO-OFDM systems over frequency selective
fading channels.

In the performance evaluation both M-ary phase shift keying (MPSK) and M-
ary quadrature amplitude modulation (MQAM) were considered. Numerical results
were also provided for analysis and simulations. In addition, performance of several
forms of MIMO-OFDM systems were also evaluated and compared. It was shown
that the results from the closed-form formulas were very close to the analytical
formula results and simulation results.

In Chapter 6, a new adaptive modulation scheme was presented for the pro-
posed MIMO-OFDM systems. The proposed scheme exploits the benefits of space-
frequency block codes, OFDM and adaptive modulation to provide high quality
transmission for wireless communications over frequency selective fading channels.
We examined the spectral efficiency advantage of the proposed system. It was
shown that antenna selection with adaptive modulation can greatly improve the

performance of the conventional SFBC-OFDM systems.
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In Chapter 7, a novel antenna selection algorithm was proposed for our MIMO-
OFDM system (SFBC-OFDM). Three different forms of antenna selection were con-
sidered including, transmit antennas selection, receive antenna selection, and, joint
transmit/receive antenna selection. The coding and diversity advantages of the
MIMO-OFDM system with antenna selection were examined using average SNR
gain, outage probability and BER analysis validated by numerical simulation. The
system performance of different forms of the proposed scheme were evaluated and
compared. It was shown that the proposed scheme can greatly improve the perfor-

mance of the conventional SFBC-OFDM systems.

8.2 Contributions

e A new MIMO-OFDM system called OTD-OFDM was proposed. We extended and
generalized the idea of OTD-OFDM to utilize space-frequency diversity to provide
superior performance and higher channel capacity. The encoding and decoding
algorithms for OTD-OFDM were explained by using some examples.

e We derived expressions for the ergodic channel capacity of the MIMO-OFDM
and OTD-OFDM systems. We assumed that the channel is perfectly known at the
receiver but is unknown at the transmitter.

e The bit error rate (BER) performance of the proposed MIMO-OFDM systems
were analytically evaluated. We could also derive some new closed-form expressions
for BER performance of the SFBC-OFDM systems over frequency selective fading
channels. It was shown that the results from the closed-form formulas were very
close to the analytical formula results and simulation results.

® A new scheme consisting of a combination of adaptive modulation and SFBC-
OFDM aided antenna selection was presented. The proposed scheme exploits the
benefits of space-frequency block codes, OFDM and adaptive modulation to provide

high quality transmission for broadband wireless communications. It was shown that
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antenna, selection with adaptive modulation can greatly improve the performance of
the conventional SFBC-OFDM systems.

e A novel subcarrier by subcarrier basis antenna selection algorithm was proposed for
our MIMO-OFDM system (SFBC-OFDM). It was shown that the proposed scheme

can greatly improve the performance of the conventional SFBC-OFDM systems.

It is also noted that, the addition of Turbo Codes as the outer code to our
proposed MIMO-OFDM systems provides a system with extra diversity and greatly
improves the system performance. This addition and related works that we have

performed during this thesis can be found in [75]-[86].

8.3 Future Work

Although this dissertation has provided theoretical and numerical results to demon-
strate the superior performance of the proposed MIMO-OFDM systems for the ap-
plication on future broadband wireless communication systems, there are some issues
that require further study.

e The effects of channel estimation error on the overall system performance.
There are expected to be some forms of performance degradation due to the channel

estimation error.

e The effects of channel feedback delay on the overall system performance,

where the transmitter is required to have the channel state information.

e Application of antenna beam-forming in conjunction with the proposed

MIMO-OFDM systems.
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Appendix A

Statistical Methods for the Measurement

of the Bit Error Rate (BER)

In this Appendix, we develop a procedure for Bit Error Rate (BER) estimation
through the application of statistical methods.

Bit error rate is the measure for evaluating the performance of a communica-
tion system. It may be interpreted as the average rate at which error would occur in
a long sequence of transmitted bits. To make a reliable measurement, the number
of information bits should be large enough to be transmitted , or enough errors

should be observed, so that a reasonable conclusion can be inferred from the test

and simulation results.

Confidence Interval

The statistical method of confidence intervals will be used to establish a lower bound
on the estimate of u (or p). A confidence interval is a range of values that is likely
to contain the actual value of some parameter of interest. The interval is derived
from the measured value of the parameter, referred to as the point estimate, and

the confidence level v, the probability that the parameter’s actual value lies within

the interval.
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A simple random sample of
u items is selected from

the simulation

I
]
]
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i

The value of 3? is used

The sample data provide the
to make inference about [

Sample mean X
the value of p

Figure A.1: The statistical process of using a sample mean to make inference about the value of p.

Mean:

We wish to estimate the mean p of a random variable X. We use as the point

estimate of p the value

of the sample mean X of X. To find an interval estimate, we must determine
the distribution of X. In general, this is a difficult problem involving multiple
convolutions. To simplify it we assume that X is normal. This is true if X is normal

and it is approximately true for any X if n is large (Central Limit Theorem).

Known Variance:

First, suppose that the variance o2 of X is known. The normality assumption leads
to the conclusion that the point estimator T of y is N(uz, oz).

It can be shown that:

E'{',f}:'u 02==
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where Z is a normally distributed random variable with N (0, 1).

Now, let

Nl

Z=

WJ'

therefore, we conclude that

ag
P(—2zap < /\/_.<za/2)=Pr(/,c 20/2\/~<X<u+za/2x/_)—1—a

This yields

P(X - <u <X+ zap

za/2\/_ \/ﬁ):]'_a:’y
We can thus state with Confidence Level «y that p is in the interval X %z, /24’\/;.
It can be seen that for a certain Confidence Level, larger sizes of n provide a

smaller interval estimate.

The standard values for z,/, are given in the following table.

1—a| 242

0.900 | 1.645
0.950 | 1.960
0.990 | 2.576
0.999 } 3.291

Tail Probabilities for the Gaussian distribution

Scheme-I: For Unknown Variance:

If the variance 02 of X is unknown, we cannot use the above expression. To estimate

1, we form the sample variance




This is an unbiased estimate of 02 (see the given proof) and it tends to o? as

n — oo. Hence, for large n, we can use the approximation s ~ ¢ in (6). This yields

_ s - s
P(Z—zapp—=<pu<ZTHzap—=)=1l—-a=7y

N Vn
We can thus state with confidence coefficient «y that y is in the interval 7 +

Za /2—\}%.
As we stated earlier, the sample variance is an unbiased estimate of 2.

Proof:
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recalling
T = l - T
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therefore,we can continue,

1 < 1
E{s*} = — Zaz-i-
i=1

n....

nB{(@ - p)’} ~ < B{(F ~ p)(T - )n)}

E{s’} = o?

Therefore, the sample variance is an unbiased estimate of o2,

In order to calculate sample variance, we can simplify it as follows.

n
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Since z; = {0 or 1},

n n
2 __ -
=1 i=1

therefore,

therefore,
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Scheme-I1: For Unknown Variance:

We would like to estimate the probability p of an event A. To do so, we form the
zero-one random variable (R.V.) X associated with this event.

We know that E[z] = p and 02 = p(1 — p). Therefore, the estimate of p is
equivalent to the estimation of the mean of the R.V. X.

We repeat the experiment n times and we denote the number of successes of
event A by k. The ratio 7 = ﬁ- is the point estimate of p.

To ﬁnd its interval estimate, we can form sample mean X of X. As shown
before, for a large n, X approaches a Gaussian distribution with N(uz, oz) where
here it is V (p, \/;'—(T—n;27 ) (central limit theorem).

Hence,

— 1—
Pr{!X~p|<Za/2 ?L(——;L——Iﬁ}zl—-a__—_fy

However, note that in using the above equation to develop an interval estimate
of p, the value of p has to be known. Since the value of p is what we are trying to
estimate, and is thus unknown, we use the following approximation:

The points of the Tp plane that satisfy the inequality |Z — p| < za/2 p(l=p)

n

are in the interior of the ellipse

_ pl—p
(T -~ P)2 = »’«’2/2"‘(—n"‘2

From this it follows that the « confidence interval of p is the vertical segment
(p1, p2) of Fig. A.2. The endpoints p; and p, of this segment are the roots of the
above equation.

For n>> 1, the following approximation can be used (see the given proof):

Consider 62 ~ T(1 — T) as an approximation of the 02 = p(1 — p) therefore,

we can write
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Thus, the general expression for a confidence interval estimate of p can be

expressed as follows:

B =

where 1 — « is the confidence factor and z,/; is the z value providing an area

of @/2 in the upper tail of the standard normal probability distribution.
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Figure A.2: The roots of the (T — p)° = zi/zg%:——l.
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Proof-1:

Consider

1

22 2.\’ z
P1, P2 = —————;2——— (21"-{— O;L/Z> + (25-}— o;:2> — 432 | 27 +
2 (1 + —ﬂ’;{ﬁ)

Consider

n

Z2 2 22 P 22
pr L T (25+ “”) = ;f +422 (-

For n > 1, it can be written as:
z z
o~ 4—%:—2 ('f - TZ) — 4225 (1-7)

therefore,

1

n

22 ) 22
p, = e {25+ 22 ) 4[4 (1 -7
2 (1+ z‘*”) " K

For n > 1, it can be written as:

P, 2 = Tk gy 2D
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Proof-II: We would like to use this approximation as the variance:

a2 ~7T(1 —T) as an approzimation of o2 = p(1 — p)

Is 2 an unbiased estimate of variance?

E{62}=E{z(1-7)}=E{z-7}=E Zx, (*iny

i=1

E{z2} == ZE{a:, - (Z:c) 2%5:]0—-—7%{7{‘

z=1

=~p——E{Zx +Z Z :c,z,}

i=1 j=1,i%#j

= ————ZE{:zzz}-l— Z Z E{z;z;}

1=1 j=1,i#]

-p———ZE{a:z}-l— 22 Z E{z;} E {z;}

i=1 j=1,#j

=p—ﬁl—2-Z(p +07) ZZPP p——-(p +0)+1

i=1 =1 j=1,57#j
1 2 1 2 1 2 2

1
=p= P -0, +p—=pP=p-p’ - =0
n n n

=p(l~p) - oi=0l~ 0
n n

E{ol} =0l(1-3)
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therefore, 62 is not an unbiased estimate of variance. Note that for n >> 1 it
can be written as E {62} ~ o2 .

Now consider

We can find that

E{ag}—.-E{ n a;}zag

n—1

It can be seen that 72 results in an unbiased estimate of variance.

Example:

In order to determine the confidence interval for BER estimation consider the fol-
lowing case:

7 = 5.46897 x 10~

n = 18288640 and SNR =14 dB

Consider 7 = 0.99 and therefore z,/, = 2.576.

Since the variance is unknown, we should use scheme-I or scheme-II, to find

the confidence interval.
In the following we consider both schemes and compare the results.
Scheme-1:

In order to estimate p (BER), we form the sample variance, and from the information

taken from simulation results we find:

s? = 5.465979335586835 x 10™*
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_ S _—
Pr(iL' - za/Q"ﬁ <pu<ITH+ Za/2

]

~V=1l-a=

v !

We can thus state with confidence coeflicient +y that y is in the interval 7 4

s
Za/gﬁ.

A= zaﬂ% = 1.408280435283734 x 10~°

And finally we can calculate:

P, {E— za/zﬁ <p<T+ Za/2ﬁ} =
P. {5.328141956471626 x 10~* < p < 5.609798043528373 x 107*} = 0.99

showing that the confidence interval of this BER is within

{5.328141956471626 x 10™*, 5.609798043528373 x 107*}

with the probability of 0.99. Note that:

s >

= 0.02575037777

Scheme-II:

In order to estimate p (BER), we use this approximation as the variance:

o2 >~ 7(1 - T).

o2 ~ 5.4660090039 x 10~

z(1-%)

And therefore, we can express the confidence interval as T & zq/2 —

Z(1 - 7)

A= zy = 1.408280396782226 x 107°
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And finally we can calculate:

PT {T—-Za/g 5(1;55)2&/2 <p<§+za/2 Eln_i } =
P, {5.328141960321777 x 10™* < p < 5.609798039678222 X 107} = 0.99

showing that the confidence interval of this BER is within
{5.328141960321777 x 107*, 5.609798039678222 x 107"}
with the probability of 0.99. Note that:

a = 0.02575037707

T

It can be concluded that both schemes provide almost the same results in

terms of the confidence interval. Although Scheme-I is more accurate.
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