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Abstract

This thesis is concerned with channel estimation and data detection of
MIMO-OFDM communication systems using Space-Time Block Coding (STBC)
and Space-Frequency Block Coding (SFBC) under frequency selective channels.
A new iterative joint channel estimation and signal detection technique for both
STBC-OFDM and SFBC-OFDM systems is proposed. The proposed algorithm is
based on a processive sequence of events for space time and space frequency
coding schemes where pilot subcarriers are used for channel estimation in the first
time instant, and then in the second time instant, the estimated channel is used to
decode the data symbols in the adjacent data subcarriers. Once data symbols are
recovered, the system recursively performs a new channel estimation using the
decoded data symbols as pilots. The iterative process is repeated until all MIMO-
OFDM symbols are recovered. In addition, the proposed channel estimation
technique is based on the maximum likelihood (ML) approach which offers
linearity and simplicity of implementation. Due to the orthogonality of STBC and
SFBC, high computation efficiency is achieved since the method does not require
any matrix inversion for estimation and detection at the receiver. Another major
novel contribution of the thesis is the proposal of a new group decoding method
that reduces the processing time significantly via the use of sub-carrier grouping
for transmitted data recovery. The OFDM symbols are divided into groups to
which a set of pilot subcarriers are assigned and used to initiate the channel
estimation process. Designated data symbols contained within each group of the
OFDM symbols are decoded simultaneously in order to improve the decoding

duration. Finally, a new mixed STBC and SFBC channel estimation and data



Abstract

detection technique with a joint iterative scheme and a group decoding method is
proposed. In this technique, STBC and SFBC are used for pilot and data
subcarriers alternatively, forming the different combinations of STBC/SFBC and
SFBC/STBC. All channel estimation and data detection methods for different
MIMO-OFDM systems proposed in the thesis have been simulated extensively in

many different scenarios and their performances have been verified fully.
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1 Introduction

This chapter provides a brief introduction of the thesis. This includes
background of research, research scope and objectives, original

contributions and organisation of the thesis.
1.1 Background of Research

High spectral efficiency and high transmission speed due to the applications
of audio, video and internet services [1-4] are the challenging requirements of
future wireless broadband communications. In a multipath wireless channel
environment, the deployment of Multiple Input Multiple Output (MIMO) systems
which enhance channel capacity enormously has led to the achievement of high
data rate transmission without increasing the total transmission power or
bandwidth. MIMO systems have been under high consideration since Alamouti
introduced the well known Space-Time Block Codes (STBC) in [5] which
consists of data coded through space and time to improve the reliability of the
transmission, as redundant copies of the original data are sent over independent
fading channels. .Research on STBC has been intensive over the past years [6-8].
MIMO and especially STBC have also been adopted in IEEE 802.11n standard
[9] to achieve higher data rate and to provide more reliable reception than

traditional single antenna communications [10, 11].

In practice, wireless communications channels are time varying or frequency
selective especially for broadband and mobile applications. To address these

challenges, a promising combination has been exploited, namely, MIMO with
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Orthogonal Frequency Division Multiplexing (OFDM), which has already been
adopted for present and future broadband communication standards such as LTE
or WiMax [12-14]. OFDM can reduce the effect of frequency selective channel.
This is because in OFDM, the data stream that is to be transmitted is divided into
multiple parallel streams and the wideband channel is divided into a number of
parallel narrowband subchannels and thus each subchannel has a lower rate data
stream. OFDM is also used for its simplicity of implementation in the digital
domain by the use of DFT. Moreover, OFDM is bandwidth efficient since the
parallel subcarriers are orthogonal to each other and as a result overlaps each other
without causing interference. With the use of cyclic prefix, OFDM has also been
proven as a robust modulation technique under multipath frequency selective

fading environment [3, 15].

One popular combination of MIMO and OFDM is the STBC-OFDM which
was first proposed in [16, 17]. In addition to spatial and temporal diversity, the
combination of MIMO-OFDM offers a third dimension of coding which achieves
frequency diversity. These coding schemes known as Space-Frequency Block
Coding (SFBC) and Space-Time-Frequency Block Coding (STFBC), which are
respectively capable of achieving two dimensional coding over space and
frequency and three dimensional coding over space, time and frequency have
recently been proposed in the literature [18-22]. In addition, coding through
spatial and frequency dimension offers implementation advantages [4]. MIMO-
OFDM has already been adopted by several standards such as IEEE 802.11n,
IEEE802.16a and 3GPP [12, 23, 24]. However, in both STBC-OFDM and SFBC-
OFDM, channel parameters need to be known at the receiver to recover the

transmitted symbols. Therefore, channel estimation with acceptable level of
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accuracy and hardware complexity has become an important research topic for

MIMO-OFDM systems.

Two approaches for channel estimation have been proposed in the literature.
Blind channel estimation [25, 26] which relies on the exploitation of the statistical
information of the received symbols, is very attractive due to its bandwidth-saving
advantage. However, the blind technique is limited to slow time varying channels
and has higher complexity at the receiver. On the other hand, pilot aided channel
estimation [27-30] using pilot sequences scattered in the transmitted signal and
known at the receiver is simpler to implement and can be applied to different
types of channels although the use of pilots affect the data rate. As low complexity
is required with a trade-off between bandwidth efficiency and accurate estimation,
in many applications, researcher have paid much attention to propose low

complexity pilot aided channel estimation methods for MIMO-OFDM [31, 32].

1.2 Research Scope and Objectives

With the constant demand of high spectral efficiency and high transmission
speed for audio, video and internet applications, MIMO-OFDM has become the
most promising technology combination for present and future wireless
communications. MIMO offers spatial diversity and therefore increase the
capacity while OFDM allow systems to work in time varying or frequency
selective environment. While intensive research has been conducted on channel
estimation for STBC-OFDM systems, to date there has been little work on joint
iterative channel estimation and data detection techniques for MIMO-OFDM

systems. The aim of this research is therefore to propose an iterative channel
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estimation and signal detection technique for MIMO-OFDM systems for fixed

and mobile communications.

A joint iterative scheme will first be proposed for STBC-OFDM systems
using orthogonal STBC at pilot subcarriers for channel estimation and the scheme
will then be extended for SFBC-OFDM with SFBC used for pilots. Further, in
order to take advantage of the three dimensions offered by MIMO-OFDM,; space,
time and frequency, the research will also adapt the proposed channel estimation
method to mixed STBC and SFBC MIMO-OFDM systems with pilot and data
subcarriers being coded by different STBC and SFBC respectively. Due to the
orthogonality of STBC and SFBC, both channel estimation and data detection

become simple, as no computational intensive matrix inversion is needed.

This research will also propose a new decoding method for MIMO-OFDM to
reduce complexity and computation by reducing the decoding duration of the
received data according to the number of pilot symbols used. OFDM symbols are
divided into groups, which are decoded simultaneously, according to the number
of pilot subcarriers used. Once the number of groups is defined, each group is
assigned a specific number of pilot subcarriers equal to the number of frequency
slots required to transmit one STBC or SFBC coded training block. The grouping
approach employed in this work reduces the number of computations which is

linearly proportional to the number of pilot subcarriers used.
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Introduction

1.3 Original Contributions

The thesis contains several unique contributions:

v" A new iterative joint channel estimation and data detection scheme for

STBC-OFDM is proposed

A new decoding algorithm using groups to improve the processing
time of STBC-OFDM systems.

Generalisation of the new iterative joint scheme proposed for STBC-
OFDM to SFBC-OFDM systems.

Generalisation of the group decoding technique to SFBC-OFDM
systems.

A new MIMO-OFDM technique with iterative channel estimation and
simultaneous group decoding, where STBC and SFBC are
alternatively used for pilot and data subcarriers.

All the proposed techniques and algorithms are suitable for any
modulation order, any number of transmit or receive antennas, any
number of subcarriers and can be wused for any wireless

communication standards such as LTE, WiMax and WLAN.

1.4 Structure of Thesis

The thesis is organised in the following way:

Chapter 2 provides a detailed overview of MIMO systems including

performance analysis and design criteria of STBC. First, the chapter covers

channel theory for systems employing various diversity techniques. Then, STBC

is discussed in details and performances are evaluated assuming that Channel
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State Information (CSI) is known at the receiver and that data is transmitted
through flat Rayleigh fading channel. Further, Quasi-Orthogonal Space-Time
Block Coding and Differential Space-Time Block Coding are briefly introduced

and comparison with original STBC is made in the last part of the chapter.

Chapter 3 reviews MIMO-OFDM systems under multipath frequency
selective channels. The basic principle of OFDM is demonstrated through
simulations and the combination of MIMO systems with OFDM is then described,
leading to the presentation of two coding techniques known as STBC-OFDM and
SFBC-OFDM where data is coded through ‘space and time’ and ‘space and
frequency’ respectively. Performance of both schemes are compared for different

number of transmit and receive antennas and different modulation orders.

Chapter 4 presents the new iterative joint channel estimation and data
decoding method for STBC-OFDM systems. Derivations of the proposed
technique are given and software simulations are presented for different number
of transmit and receive antennas, different channel conditions and different
number of pilot subcarriers. In addition, a technique decoding multiple STBC sets
of data symbols simultaneously by the division of the OFDM symbols into groups

is introduced.

Chapter 5 develops the joint channel estimation and data detection scheme for
SFBC-OFDM and compares its performances with STBC-OFDM. Simulations
were conducted in mobile environments for SFBC-OFDM to show the advantage
of SFBC. Simulation results have been obtained for different number of transmit
and receive antennas, different modulation orders, different numbers of pilot

subcarriers and different Doppler shifts.
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Chapter 6 brings together STBC-OFDM and SFBC-OFDM to propose a new
joint channel estimation and data detection technique for mixed MIMO-OFDM
systems. Estimation of channel parameters and decoding of data signals are jointly
performed by using STBC and SFBC for pilot and data subcarriers alternatively.
STBC is used for pilots to estimate channel parameters of SFBC-OFDM data
symbols while for STBC-OFDM data symbols, SFBC pilots are used for channel
estimation. Obtained results of the new combinations are compared with those of
the MIMO-OFDM systems in Chapter 4 and 5 where the same STBC or SFBC is

used for both data and pilot subcarriers.

Chapter 7 concludes the thesis and proposes the future work.



2 Space-Time Block Codes: an

Overview

This chapter introduces space-time block codes. After some background
information on wireless channel models, the simple Alamouti encoding
using 2 transmit antennas and one receive antenna is presented. Space-time
block codes for general MIMO systems are then described and tested for
different number of transmit and receive antennas. Further, Quasi-
orthogonal space-time block coding and differential space-time block
coding techniques are discussed and their performance comparison with

the original space-time block coding technique is also provided.

2.1 Introduction

In the past years, Multiple-Input Multiple-Output (MIMO) wireless
communications has received much interest [33]. Multiple antennas are employed
at both the receiver and the transmitter in a MIMO communication system to
enhance channel capacity. Shannon Capacity Limit is difficult to be reached for
Single Input Single Output (SISO) systems. It has been demonstrated in [34] that
further increases in channel capacity can be gained by the use of MIMO systems.
Under ideal propagation conditions, Foschini and Telatar have shown that the
capacity limit grows linearly with the number of antennas [34, 35]. Space-time
block coding (STBC) has emerged as one of the major techniques to exploit the

MIMO benefit. Both spatial and temporal diversity are achieved in STBC. STBC
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also offers simple decoding with the use of maximum likelihood detection

algorithm at the receiver [5, 36-38].

Other types of codes based on STBC have then emerged and are of most
interest as both full rate and full diversity can be achieved contrary to the STBC
where full rate cannot be achieved for more than two transmit antennas. Those
codes are known as Quasi-Orthogonal Space Time Block Codes (QOSTBC) [39,
40]. QOSTBC however has more complex decoding and therefore research is
focusing on improving the complexity of the algorithm in order for the QOSTBC

to be easier to implement [41-43].

Aforementioned codes are of much interest but require that channel
parameters are known at the receiver to recover the transmitted data signal.
Therefore, to counteract the need for channel estimation, codes based on
differential modulation where the next transmitted symbol is phase shifted
compared to the previously transmitted symbol, has been proposed by Tarokh et
al in [44]. Detection and demodulation is based on the same principle, the phase
of the received signal is compared with the phase of the previously received
signal. Such codes are called Differential Space Time Block codes (DSTBC). The
most distinct feature of DSTBC is that it does not require channel estimation.
However, similar to the case of QOSTBC, complexity is of some concern to

researchers [45].

In this chapter, these three coding techniques are described in detail and
performance results of each scheme are analysed and compared. STBC offers
lower complexity at the transmitter and receiver for full diversity codes, while

QOSTBC has full rate as well and DSTBC require no channel information.
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2.2 Wireless Channel Models

2.2.1 Fading Channels

In wireless mobile communications, surrounding objects, such as houses,
buildings, trees and mountains provoke reflection, diffraction, scattering and
shadowing of the transmitted signals and causes multipath propagation. This
multipath effect causes the transmitted signals to arrive at the receiver with
different phase angles, different amplitude and at different time intervals. The sum
of the received signals is combined in a destructive or constructive way to recover
the transmitted signal. The amplitude fluctuation of the received signal is called
signal fading and is caused by the frequency selective or time variant

characteristics of the multipath channel.

Signal amplitude and phase are subject to numerous scattering components
during transmission. When these components are of similar strength, the fading
process is described as following a Rayleigh probability distribution, while if
some of the scattering components are stronger than others, the fading is no longer
following a Rayleigh distribution but a Rician probability distribution and referred

as Rician fading.

Figure 2-1 illustrates a transmission where the strongest components are the
Line of Sight (LOS) components which are directly transmitted from the
transmitter to receiver without any reflection, while other components which are
reflected are referred to as Non Line of Sight (NLOS) or scattering components.
Therefore, with the description of Rayleigh and Rician distributions, the

probability density function of the received signal follows a Rician distribution in

10
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a LOS environment Figure 2-1(a), while a Rayleigh distribution is followed in a

NLOS environment Figure 2-1(b).

Scatters \ Scatters \

Scatters Scatters

Base Station Base Station

Scatters
Scatters

Mobile

Mobile
Receiver

Receiver

(a) LOS environment (b) Non-LOS environment it

Figure 2-1: Signal Propagation in a Wireless Environment, with and without LOS

According to the type of dispersion, time or frequency, frequency-selective

fading or time-selective fading is induced respectively.

2.2.2 Frequency Non Selective Channel

The transmitted wireless signal is subject to multipath time delay spread or
Doppler spread. Multipath channels with time delay spread can be divided into

two categories: frequency non selective channel or frequency selective channel.

Under time dispersion, received signals undergo frequency non selective
channels also known as flat fading, when the channel bandwidth is much larger
than the bandwidth of the transmitted signal. Since the bandwidth of the applied
signal is narrower than the channel bandwidth, flat fading channels are often
referred to as narrowband channels. Flat fading characteristics can be found in

Figure 2-2.

11
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Figure 2-2: Frequency Non Selective Fading Channel Characteristics [46]

From Figure 2-2, it can be seen that symbol period Tsis greater than the delay
spread t of the channel h(t,t), implying that inter-symbol interference (ISI) is not

significant. To summarize the above observations, a signal is affected by a flat

fading channel if:

B,<B, andT, >0, (2.1)

where Bs and Ts represent respectively the bandwidth and symbol period of the

transmitted signal and B, and o, represent the coherence bandwidth and root mean

square (rms) delay spread of the channel respectively.

In this chapter, different space-time block codes and simulations are based on flat

fading channels.

12
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2.3 Space-Time Block Codes

MIMO systems have been under high consideration since Alamouti
introduced the well known STBC in [5] for two transmit and one receive antenna.
STBC consists of data coded through space and time to improve the reliability of
the transmission. Later, Tarokh et al [36, 37] introduced orthogonal space-time
block coding which generalizes Alamouti’s transmission scheme to an arbitrary
number of transmit antennas and is able to achieve the full diversity promised by
the multiple transmit and receive antennas. Like Alamouti scheme, these
generalised codes have a very simple maximum likelihood decoding algorithm

based only on linear processing at the receiver.
2.3.1 Alamouti’s Space-Time Block Codes

Historically, the first STBC to provide full diversity with full rate matrix and
simple decoding algorithm was proposed by Alamouti in [5]. A block diagram of

Alamouti STBC encoder can be found in Figure 2-3.

Transmit S
Antenna 0 i
combiner

*" Rx 8 <
-51*'So S
Space-Time %’

Information | ip i S S d Maximum
o 11 Modulator 0 S1 Encoder hy hy Likelihood

g
Source So 51* So*S1 Y detector $,
S; o I —

Transmit hy
Antenna 1 Channel

No, Ny estimator h,

Figure 2-3: A Block Diagram of Alamouti’s STBC

As it can be seen from Figure 2-3, M-ary modulated symbols s, and s; are
passed through the STBC encoder and complex matrix S is generated such that
symbols sp and s; are coded through space and time. Indeed, replicas of sy and s;
for Alamouti coding are sent through two transmit antennas and over two time

slots. Complex matrix S can be found in (2.2).

13
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S S
85:{ ° si} (2.2)

where the superscript * represents the complex conjugate operation.

Here, the number of columns corresponds to the number of transmit antennas
M; and the number of rows to the number of time slots or number of symbols
transmitted per antenna n;. It can be seen from the matrix in (2.2) that at time t, Sp
and s; are sent simultaneously from antenna 1 and 2 respectively and at time t+T,
where T is the symbol duration, is transmitted from antenna 1 and is
simultaneously transmitted from antenna 2. Moreover, from (2.2), it can be seen
that full diversity is accomplished as one symbol is transmitted from each antenna
during each time slot. Finally, the rate (R) of STBC achieved by Alamouti’s code
defined as is full as the number of different symbols transmitted per
antenna ns (here ns=2 because of the two symbols sy and s;) divided by the number

of time slots n; (here n=2) is giving the full rate of one.

An interesting key feature of Alamouti’s scheme is that the sequence
transmitted from the different antennas are orthogonal since the matrix of S times

the Hermitian matrix S is equal to the identity matrix such as:
o3 A
S S ]|S S, (2.3)
2 2
= [sof s 1

where the superscript "' represents the Hermitian matrix of S which is the

transpose and conjugate of the matrix S and I is a 2x2 identity matrix.

14
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Assuming that the channel parameters are constant over two consecutive
symbols, thus:

h t =h t+T =h1=|h1|e‘_"_"el (2.4)
h, t =h, t+T =h,=}|h,|e” "
where and , with i=1,2 are the amplitude and phase shift respectively. At

the receiver, the received signals at time t and t+T can be expressed as in (2.5).

The received signal will be denoted by r; and r, at time t and t+T respectively.

n=rt=hs,+h,s, +n

. « (2.5)
r,=r t+T =-hs +h,s, +n,

where n; and n, represent the white Gaussian noise samples. Originally, STBC
channel parameters were assumed known at the receiver. Therefore, transmitted

symbols spand s; can be recovered by combining the received signal ry and r; as:

~ * * 2 2 * *
S =rh +r,h, =(h| +|h[)s, +h n +h,n, 26)
~ * * 2 2 * * '
S,=hr,—hr, =(h[ +h[)s,—hn,+h;n
As it can be seen from (2.5) and (2.6), and due to the orthogonality of the
transmitted matrix, cancellation of the unwanted signal s; to recover sy and sp to
recover s; is possible. Both signals are then passed through the maximum

likelihood (ML) detector as described in Figure 2-3 to determine the most likely

transmitted symbols.

The decision rule is based on choosing s; if and only if:

h2+h2-1s| +d? §,s,

< h2+h2-1 s, +d? §,s, 2.7)

15
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where i#k and d’(.) represents the Euclidean distance between the two signals.
From (2.7), it can be seen that the transmitted symbol is the one with the

minimum Euclidean distance from the combined output signal.

The performance of Alamouti transmit diversity scheme is evaluated under
slow fading channels by simulation [5, 47]. Channel coefficients have been
assumed known at the receiver. Moreover, independent fading from each transmit
to each receive antenna and similar transmit power for every case have been
assumed. The performance of Alamouti scheme has been evaluated in terms of bit

error rate (BER) against signal to noise ratio (SNR) with BPSK modulation.

——No diversity (ITx IRx)
—O— Alamouti (2Tx 1Rx)
—5— MRC (ITx 2Rx)

10" 4 Alamouti (2Tx 2Rx)
——MRC (ITx 4Rx)

Bit Error Rate
=

Jr4

Figure 2-4: BER Performance of the Alamouti Scheme with BPSK

The simulation results show that for similar diversity, a two-branch maximal
ratio combining (MRC) receive diversity performs better than the Alamouti
scheme with two transmit antennas and one receive antenna. The difference is due

to the fact that same total power has been used to transmit data from both

16



Chapter 2 Space-Time Block Codes: an Overview

schemes. Alamouti scheme would achieve performance similar to MRC scheme if
the power used at each transmit antenna was similar to the power used for the
transmit antenna of the MRC scheme. Generally, a 2 by N, Alamouti scheme

would achieve performance similar to a 1 by N, MRC scheme.

2.3.2 Generalised STBC

STBC is generally regarded as a generalisation of the Alamouti coding. Based
on the previous Subsection where simple ML can be achieved due to the
orthogonality of the design scheme, Tarokh et al generalised STBC to an arbitrary
number of transmit and receive antennas in [37]. STBC can achieve full rate and
full diversity which as stated earlier is specified by the number of different
symbols to transmit and the number of time slots required to transmit the entire
STBC block. In addition, STBC allows a very simple decoding algorithm based

on the ML decoding described in the previous Subsection.

Txy Rx1
T %

. hl‘@\ o

i, i i S0y Styeees S T h, “~ : 55,88 i
Information |10 11 .., Kig 05 31y - +1 NS STBC IR RN STBC 0115000 Sy, (SN
> »> P » Demodulator ————»
Source Modulator encoder T’ }Rx"" decoder
—»

Figure 2-5: A Block Diagram of STBC Communications

Figure 2-5 shows a block diagram of the generalised STBC communication
link. Like Alamouti case, data is first mapped by a 2% points modulator resulting in
ns data symbols passed to the STBC encoder. At the receiver, the data is decoded

with the STBC decoder including channel estimation, combiner and ML detector.

Based on the type of modulation used, STBC can be classified in two

categories known as real and complex constellations. STBC with real-

17
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constellation can be found when Pulse Amplitude Modulation (PAM) or Binary
Phase Shift Keying (BPSK) modulation is applied to the information signal, while

STBC with complex-constellation is used with M-PSK or M-QAM modulation.
2.3.3 STBC for Real-Constellations

For STBC with real-constellations, if an M; X n; transmission matrix with

variables sg, S1, ...,sns Satisfies [37, 47]:

2

Sy Sy, =C I8 +[sy| + e

Sn

M (2.8)

t

where c is a constant and Iy is a Mt X Mt identity matrix, STBC can achieve a full
diversity order of . Square STBC matrix Sy with real-constellation
exist if and only if the number of transmit antennas M=2, 4 or 8 [37]. These codes
offer full transmit diversity of M; due to their full rate R=1. The real transmission

matrices for 2, 4 and 8 transmit antennas are given by:

At the receiver side, the received equations are based on Alamouti’s model

with the simplicity of having only real symbols and therefore no conjugate symbol

18
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in the equations. Thus, the received equations for two and four transmit antennas
and any number of received antennas can be found in (2.9) and (2.10)

respectively.

n,=rnt :h“so+h2'j S, +n;

(2.9)
L;=r t+T :_hl,j31+h2,jso+nz,j
n,=r t=h,;s,+h, ;s +hs,+h, s, +n,
n,=r t+T =—hl‘jsl+h211.so—h3’j33+h41j52+n2'j
;=0 t+2T =-hs,+h,;s;+hy;s,—h, ;s +ny; (2.10)
n;=r t+3T :—hlvjss—hzljs.2+h3’jsl+h4,jso+n4’j

where nyj, N2, N3 and ngj are independent noise samples and j denotes the j-th

receive antenna.

Received signals are then combined for two and four transmit antennas as

given in (2.11) and (2.12) respectively.

Nr
g, :Z IR AN
j=1
. (2.11)
§1 = r1,j h2,j - rz,j hl,j
j=1
NI’
§, = rl’jh1,j+r2’jh2’j+r3'jh3yj+r4yjh4yj
j=1
Nr
8 :Z nih—hh,—rh +rh,
=1
N,
§, = Z A O A A A L A (2.12)
j=1
NT
S5=2, N hy ;= hs+0 0 =1 h

Finally, the combined signals are sent to the ML detection in order to recover
the transmitted signal.
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Figure 2-6: Performance of Real-Constellation for 2 Transmit Antennas under BPSK
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Figure 2-7: Performance of Real-Constellation for 4 Transmit Antennas under BPSK

Figure 2-6 and Figure 2-7 show the BER performance for two and four
transmit antennas with 1, 2, 3 and 4 receive antennas for STBC of 1bit/s/Hz. The

spectral efficiency of the STBC is calculated based on the following equation:
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R=—% (2.13)

where m represents the number of bit per symbol.

From the simulation results, it can be seen that better BER performance can
be achieved by the use of more receive antennas owing to the fact that MIMO
works well in multipath fading and that multiple antenna systems achieve better
performance than single antenna systems. Furthermore, it can be noticed from
Figure 2-4 and Figure 2-6, that real and complex coding for two transmit and one
receive antennas achieve similar results. This is due to the fact that Alamouti’s
codes allow full diversity and full rate, in both real and complex constellations.
Therefore Alamouti’s codes are equivalent to the use of real matrix at the
particularity that it is possible to use higher modulation order. Moreover, it can be
seen that the performance of STBC improves when either the number of transmit
or receive antennas is increased. Indeed, by comparing Figure 2-6 and Figure 2-7,
a system of two transmit antennas to one receive antenna has a higher BER than
the scheme of two transmit antennas to two receive antennas or four transmit

antennas to one receive antenna.
2.3.4 STBC for Complex-Constellations

In general, for STBC with complex-constellations, if an M X n; transmission

matrix with variables so, S1, ...,sns Satisfies [37, 47]:

2

Sy, *Sy, =C I8 +[s,| + .-+

Sn

M (2.14)

t

where c is a constant and Iy is a M¢x M identity matrix, STBC can achieve a full
diversity order of
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The introduced by Alamouti is considered as the simplest STBC with
complex constellation and it is also the only M;x M; STBC code with complex-
constellations. In addition, Alamouti code is the only STBC achieving full rate of
1 for a full diversity of 2. The aim of using higher number of transmit antennas on
generalised STBC is to achieve high rate with full diversity, minimum coding

delay (minimise ns) and minimum decoding complexity.

Examples of half rate complex transmission matrices achieving full diversity

for three () and four () transmit antennas are given below [37, 47]:

So S1 S
S S TS
—S; S3 So
S ;: _ _Es _iz Sy
So S1 S,
=S 8% S
=S5, S S
=S, =S, S |

For both schemes, flat fading channels are assumed to be constant over 8
symbol periods. Thus, following the real-constellation derivations, the received

signal for three transmit antennas can be expressed as:
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n,=rt :hlyjso+h2'jsl+h3'j52+nlyj

J J
;=T t+T :—hlyjsl+h2'js0—h3,j53+n2’j
;=r t+2T :—hlljsz+h2’js3+h3'jso+n3'j
Li=r t+3T =-h;s;=h,;s,+hy ;s +n,;

* ) ) (2.15)
r5’-=r- t+4T :hl’jSo+h2,j31+h3,j52+n5,j

b= GST)_hl,jsl+h2,jSO_h3,jSS+n6,j
=1, (+6T Y»-h s, +h, ;s;+h, ;s +n,
=T G7T)_hl,j S3—h, ;S +hy ;s +Ng

where nyj, N2, ..., ngj are independent noise samples. Received signals are then

combined to retrieve the original transmitted symbols:

8, :Z ho fy+h G+ h+h o +h 1 +h 1,
1

, :z hihi—h b+ n, +h g, —h, , +h, 1.
=1

N (2.16)
Sy = @,j M=oy Ty =Py Ty 1 15 =y 515 =y 1 )
j=1
N, -
Sy = (hz,j ) +h1,j 3] _hO,j I _h2,j 5. +hl,j i _ho,j s, _
j=1
The transmission matrix is just an extension of . Using j received
antennas, the received signals can be expressed as:
n,=r t=h,;s;+h,;s+h;;s,+h,;s;+n,
;=r t+T =-h s +h, ;s;—hy s, +h, s, +n,;
=0 t+2T =-hs,+h, s, +h;;s,—h, ;s +ny;
L;=r t+3T =-h;s;—h,;s,+h, ;s +h, ;s +n,; (2.17)
=t €+4T Dh s;+h, ;s +h, s, +h, ;s;+n ;

L, =T, (+5T)—h11j s, +h, sy —hy sy +h, s, +ng
L=r (+6T)—h1'j S, +h, s, +h; 5 —h, ;s +n,
=, (+7T)—hu S;—h, s, +hy ;s +h, ;s +ng
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where nyj, Nyj, ..., ngj are independent noise samples. Following the decoding

equations of , it can be deduced for four transmit antennas:

8, :Z ho Mo+ b+ n +hy n +h g +h g +h, 0 +h
-1

*

g, :Z hiti—ho h—haf+h it +h o, —h o, —h 6, +h 1y
=1

(2.18)
S3 =ZQ.] Ryt =My —hn+h 6 +h g —hy 6 —hy r8.j)
i1

5= Q’j =M n +h =y r +h o —h o +hn L —h rgyj)

As it can be noticed through the different examples given above, the
complexity at the receiver side increases linearly with the number of transmit-
antennas and receive-antennas. Indeed, for x receive antennas, the equations of

will have x times more terms than it has now.
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Figure 2-8: Comparison of STBC Designs with Real and Complex Matrices
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A performance comparison between the real and complex constellation
schemes is shown in Figure 2-8. Comparison of the two types of STBC is only
possible for the specific case of BPSK modulation as it can be treated as a real
constellation when used with a phase difference of n. Indeed, BPSK is considered
as a complex digital modulation but when used in the real axis, modulated

symbols can be considered as real symbols.

While Alamouti code achieves the same performance for real and complex
constellations, the real and complex scheme of four transmit antennas with one
receive antenna achieve different performances. In the case of Alamouti code,
results were predictable as the rate and diversity of the matrix remain the same in
both cases. Results were also expected in the case of four transmit antennas as the
matrix rate was full for STBC with real constellation while it was only 1/2 rate for
STBC with complex constellations. Lower rate implies higher number of replicas
transmitted to the receiver and therefore higher probability of recovering the
signal accurately. Finally, similar conclusions can be drawn in terms of diversity,

higher number of transmit antennas result in an improvement in performance.
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Figure 2-9: Performance Comparison of Complex Matrix with BPSK and QPSK
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Figure 2-10: Performance Comparison of Complex Matrix with QPSK and 16-QAM

Figure 2-9 and Figure 2-10 show the performance of STBC for complex

constellation matrices of 1bit/s/Hz, 2bit/s/Hz and 4bit/s/Hz for 2 transmit antennas
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and Y2 bit/s/Hz, 1bit/s/lHz and 2bit/s/Hz for three and four transmit antennas.
Spectral efficiency of each type of matrices according to the modulation used is

summarized in Table 2-1 with the help of (2.13) .

Table 2-1: Spectral Efficiency per Number of Transmit Antennas

BPSK QPSK 16-QAM
Modulation ) _ _
(1 bit/symbol) (2 bits/symbol) (4 bits/symbol)
Number of Tx
2 TX 1 bit/s/Hz 2 bits/s/Hz 4 bits/s/Hz
3TX 1/2 bit/s/Hz 1 bit/s/Hz 2 bits/s/Hz
4 Tx 1/2 bit/s/Hz 1 bit/s/Hz 2 bits/s/Hz

The simulation results show that increasing the order of modulation will
result in a significant SNR loss. From the above figures, it can be seen that by
comparing identical STBC structures, the gain difference between BPSK and
QPSK modulation is about 3-4dB and that the gain difference between QPSK and
16-QAM modulation is about 6dB regardless of the number of transmit antennas
used. Therefore, it can be said that for higher order of modulation order, the
system will have higher BER. A trade-off needs to be found between the
modulation used and the number of transmit and receive antennas, knowing that in

a real life system, higher number of antennas imply higher power consumption.

Finally, it can be noticed that and  achieve similar performance for low
order modulation. However, as it can be seen from Figure 2-10, this similarity is
not valid anymore when the modulation order increases. The two matrices
transmit similar amount of data symbols and achieve similar rate which justify the

obtained results.

27




Chapter 2 Space-Time Block Codes: an Overview

2.4 Quasi-Orthogonal Space-Time Block Codes

Full rate STBC using complex symbols in its transmission matrix are not
possible to achieve as mentioned in Section 2.3. Indeed, only the particular case of

Alamouti code presented in Section 2.3.1 can achieve full rate with full diversity.

Full diversity and simple decoding are the rules of orthogonal design.
Jafarkhani in [39] proposed a new STBC technique called Quasi-Orthogonal-
Space-Time Block codes (QOSTBC) which achieved full rate at the cost of higher
complexity decoding. Quasi-orthogonal designs are attractive because they
achieve higher code-rate than orthogonal designs and lower decoding complexity

than non-orthogonal designs.

Jafarkhani’s coded matrix is given as:

S, S, S S,
c Cc * * * *

s - SHES S’ 85,8, e e 519

s S Tl-s; -s, s, s, (2.19)
- S315 ) S1,S; 3 4 1 2
S, —S; =S, S

where a matrix s the complex conjugate of the matrix as demonstrated in

(2.20) for the  matrix.

. - S, S,
SS s,,8, =S5 85,5, :{ 0 1} (2.20)
=SS

Now, by using V; with i=1, 2, 3, 4 representing the ith column of it can

be seen that:

(2.1)

where is the inner product of the vector  and
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Therefore the subspace created by  and  is orthogonal to the subspace

created by and

This orthogonality allows the calculation of the maximum likelihood decision

metric which minimizes the following sum:

f. s.,8, + %5 8,8, (2.21)

where:
Nr 9 9 4 2
f14 51,8, ZZ[ |Sl| +|S4| th‘
j=1 n=1
+2Re{ Ry n =y e = hy s, (2.22)
+ —h4‘jrllj+hayjr2’j+h2,jr3”.—h1’jr4,j S,
# hy N R hy —h, B RN, 5154}]
and:

hmf]

N, 4
1E23 $,15; :Z[ |52|2+|S3|2 LZ
i=1 n=1

+2Re{ —hyr +h i —h G +hyn s, (2.23)
+(=hy ;1 —h, i +h s +hy 1 )s,

* h2,jh;,j _h;jhzt,j _hl,jh:,j +h;,jh3,j S25;:}]

and are independent of and respectively and
are decoded separately. Indeed, the maximum likelihood detection is to find the
pair which minimises over all possible values of and . The
same logic is applied in parallel or after the decoding of and  for
where the maximum likelihood is applied to find the pair which gives the

minimum value of amongst all combination of pairs . As it can
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be seen, the complexity of the decoder is increased compared to the STBC

decoder presented earlier. However, complexity of QOSTBC systems does not

grow linearly as for STBC but exponentially with the number of transmit and

receive antennas. Many QOSTBC have been proposed in the literature following

the same properties as described by Jafarkhani [48]. For four transmit antennas,

the matrix proposed by Jafarkhani can be adapted such as:

-]
{

c
S, 81,8,

o
=S) 83,8,

c
S, 8,8,

c
S, 83,8,

c
S) 858,
C*
S, SuS,
c
SHE

c
-3, 8,8,

[ cc
SIS

c
=S, 83,8,

c
S” s,

2

C*
S, S8,

C

Sz S;.S,
C

52 S,,S,

c
S_ 85,8,

C*
=S, 81,5, |

(2.24)

In addition, QOSTBC code with different rate and higher number of transmit

antennas have also been proposed, for example the % rate coded matrix for eight

transmit antennas

8Q

s, O
0 -s,
S, =S,
s, =S,
-s. 0
0 s
-s, S,
-s, -S,

S, S,
S, —S,
-s, 0
0 s,
S, S,
-s; s,
s, 0
0 s,

S, 0
0 S
s, S,
-s, s,
S, 0
0 S,
-s S
-s, =S |

(2.25)
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Figure 2-11: Comparison Results of STBC and QOSTBC for 4 Transmit Antennas

The performance of the QOSTBC scheme proposed by Jafarkhani and STBC
for four transmit antennas is illustrated in Figure 2-11. As shown, for the same
modulation order, STBC achieves better performance than QOSTBC. However, in
order to have a comparison in term of rate, STBC with 16-QAM is also presented.
Simulation results reveal that quasi orthogonal design performs better than
orthogonal STBC for similar transmission rate of 2 bits/s/Hz. An improvement of
up to 3 dB can be noticed at a SNR value of 10dB. From Figure 2-11, it can also
be seen that STBC transmission achieves lower BER than QOSTBC for a SNR
higher than 22dB. The QOSTBC transmission provides full rate and full diversity.
However, it can be noticed that orthogonal design can decode symbols separately
while quasi-orthogonal design decodes symbols in pairs which leads to an

increase of complexity at the decoder.
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2.5 Differential Space-Time Block Codes

Primary focus of previous Subsections was on diversity and coding rate for
systems assuming channel parameters known at the receiver. When the coherence
time of the channel is large enough, pilot sequence can be sent prior to the data
symbols to acquire channel parameters via channel estimation. However, in some
situation such as high-mobility environment or when channel conditions change
rapidly, accurate channel estimation might be costly and complex. Therefore, a
new STBC technique known as Differential-STBC (DSTBC), based on

differential modulation has been proposed by Tarokh and Jafarkhani in [44].

Differential STBC can recover the transmitted sequence without the need of
channel estimation [49-51]. Two consecutive transmitted symbols are encoded
into phase differences and the receiver recovers the transmitted information by

comparing the phase of the current symbol with the previously received symbol.
2.5.1 System Model

The block diagram of the differential STBC encoder based on orthogonal
design is given in Figure 2-12. For the simple case of two transmit and one
receive antenna, the transmitter starts by sending two arbitrary symbols s and s;
used to initiate the system. These first symbols are encoded according to
Alamouti’s model such that sp and s; are simultaneously transmitted at time 1
from antenna 1 and 2 respectively. At time 2, is transmitted from antenna 1
while simultaneously, is transmitted from antenna 2. The following data

symbols are then encoded according to differential modulation.
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Figure 2-12: Block Diagram of DSTBC

At the iy, transmission interval, a block of 2m information bits from an
m=log,M signal constellation where M is the modulation order is generated. From
this block of bits, two complex co-efficient R1 and R2 are calculated and used
with the previous information bits at (i-1)-th transmission interval to compute the

information bits of the next transmission interval such as:
Soti19St02 = Rl Spro19Sy Tt Rz (_SZI’S?_t—l) (2-26)

where s,i.; and sy are the symbols transmitted simultaneously from antennas 1 and
2 respectively at time 2t-1 and that symbols -  and are sent from antennas
1 and 2 respectively at time 2t. In addition, the coefficients R; and R, can be

expressed as:

Rl = $5141591-1 1 S514255 (2 27)
Rz = =S5015 T S214051

2.5.2 System Encoding

In order to describe the design of DSTBC efficiently, explanations on the
encoding sequence are made for the simple case of Alamouti code under BPSK
modulation. With this modulation scheme, modulated symbols can be assigned to
one of the two signal point ~oor . The coefficient vector set is

computed using (2.27) in [47] as:
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V=[ R,R, |]= 10,01, -10,0,-1 (2.28)

The next set of bits is sent in a second time to the mapper/modulator where

data symbols are first modulated using BPSK and then mapped according to [44]

as:
M 00,10,0,11 = 10,021, -0, 0,-1 (2.29)

Assuming that the training symbols transmitted from antenna 1 and 2 at time
2t-1 are — and — respectively and at time 2t, — and

— transmitted from antenna 1 and 2 respectively.

If the information bits at 2t+1 are 01, using the mapping function given in
(2.29), the computed value of R; and R, are equal to 0 and -1 respectively. Thus

using (2.26), it can be deduced:

I\J"_‘
|
N‘H
N—
+
T
[N
N
7\
+
N‘H
|
N"_\
N—

Sptr11S0t42 = 0 (_

1 +LJ (2.30)
2" 2
Hence, at 2t+1, —and — are sent from antenna
1 and 2 simultaneously followed by — and —
respectively.
A summary of the value of and for all possible combinations of s3

and s, can be found in Table 2-2.
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Table 2-2: Possible Values of and According to sz and s,

S3, 54 Ri, Rz '
] ] \/E’ \/E
! ! V22

10 0.1 11
’ ’ \/E’ \/E

11 10 11
’ ’ \/5’ 2

2.5.3 System Decoding

For simplicity reasons, it is assumed that only one receive antenna is used. As
done previously, received signals will be denoted according to the time at which
data is received. At time t, the received symbol will be r. Channels or fading
coefficients will be denoted as h; and h, from transmit antennas 1 and 2
respectively. Therefore received signals at time 2t-1, 2t, 2t+1, 2t+2 can be

represented by:

i, = hlSZt—l + hZSZt +Ny

I = _hlsZt + hZSZt—l + Ny, (2-31)
g = h132t+1 + h252t+2 + Ny

o = _h182t+2 + h252t+1 +Ny0

For simplicity reasons, equation (2.31) can be written considering a vector

representation of the received signal such as:

(r2t—1’ rZ*t) = (SZt—l’ SZt)H + N2t—1
(r2t+1’ r2*t+2) = (SZt+1' 52t+2) H + N2t+1 (232)
(th’_rZ*t—l) = (_S;t ) S;t—l)H + NZt
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where H can be represented by the matrix:

h

H — 1 h;
hz _hI

and where N; are the noisy termsand can be expressed as:

*

N2t—l = Ny g, Ny
*

N2t+1 = Ny Nogys
*

N2t = Ny, =Ny y

(2.33)

(2.34)

Moreover, the decision static  is defined as the inner product of the two

received signal vectors in (2.32) and is given as:

Rl = (r2t+l' r2t+2)'(r2t71’ r2t)
H o> H
= (82t+l’ 32t+2) HH (SZt—l’ SZt) + (SZHl’ SZt+2) HNZt—l
H H H
+ Nzr+1H (52t~1’ SZt) + N2t+lN2t~1

It can be deduced:

Rl = (r2t+l ' r2t+2)'(r2t~l I )

* * h 2 h 2 * *
=l Thuo o = | 1| +| 2| Spt152t-1 T S514255

H H H H
+ (32t+l’ 82t+2)HN2t—l + N2t+1H (SZt—l’ SZt) + N2t+1N2t—1

To simplify the notation, we denote:

N~l = (52t+1’ S2t+2) HNzl_ti—l + N2t+1H " (SZI—l’ SZt)H + N2t+lN2l_t|—l
Therefore, it leads to the simplification of (2.35) such as:

R = || +h R+N,

(2.35)

(2.36)

(2.37)

(2.38)
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Next, the second decision statistics denoted by is constructed as the inner
product of the two received signals ry and . Following the same procedure
as ,itcan be deduced:

R, = |h| +|h|” R, +N, (2.39)
where N, can be expressed by:
Nv2 = (SZt+1’ SZt+2)HN2'-tI + N2t+1H ; (_S;t ' S;t—l)H + N2t+lN2|_’: (240)

Finally, and can be summarised in a single vector as:

= = 2
R,R, =(h[ +Ih, )R, R,)+ (N;,N,) (2.41)

Due to the equal length of the elements of V, the receiver computes the
closest vector V to ( . Once the vector is computed, inverse mapping is

applied and the transmitted bits are recovered.

Through all the derivations carried out in this Section, it can be seen that

channel information is not needed in order to recover the transmitted data.
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Figure 2-13: Performance Comparison of DSTBC with STBC under BPSK
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Figure 2-14: Performance Comparison of DSTBC with STBC under QPSK
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The performance of the differential STBC scheme with two transmit antennas
and one receive antenna are evaluated under slow fading channel. Figure 2-13 and
Figure 2-14 show the performance comparison of DSTBC and STBC for BPSK
and QPSK respectively. From the figures, it can be noticed that DSTBC gives a

3dB penalty when compared with STBC.

The 3dB penalty can be explained by the low impact of the multiplicative

terms N, NS

at high SNR in (2.37). By ignoring the multiplicative terms due
to its low impact in high SNR compared to the two remaining terms, it can be
seen that the power of noise is twice the one of coherent detection where channel

parameters are known at the receiver.

2.6 Conclusions

STBC is a relatively well known coding technique to enhance the capacity of
wireless communication systems without affecting the bandwidth efficiency.

Three coding schemes have been discussed in this chapter.

STBC achieves full diversity but full rate only for the case of two transmit
antennas, while QOSTBC achieves both full rate and full diversity for two and
four transmit antennas. However, decoding complexity of QOSTBC grows
exponentially with the number of antennas used, whereas STBC decoding

complexity grows linearly with the number of transmit and receive antennas.

Low complexity is also the main advantage of STBC compared to DSTBC.
The coded transmission matrices are similar with the exception that in DSTBC the
modulation of the input symbol is based on the previously transmitted symbol. In

addition, the decoding of the symbols is similarly achieved, by looking at the
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phase difference of the received symbol with the previously received one. In
DSTBC, channel parameters are not required to decode the transmitted data, but

DSTBC will suffer 3dB loss in SNR compared with STBC.

Due to the promising performances achieved by STBC in wireless
communications, many wireless standards such as IEEE802.11n, IEEE802.16 and
LTE are now incorporating these coding ideas. Current research is mainly focused
on the use of STBC with OFDM in frequency selective environment and on the

implementation using Field Programmable Gate Array (FPGA).
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STBC was first introduced for wireless systems operating in flat fading
environments. However, with the recent advances in wireless
communications, present and future wireless systems are now required to
operate in frequency selective environments. In this chapter, a brief
introduction to Orthogonal Frequency Division Multiplexing (OFDM) is
given. The combination of OFDM with MIMO systems is then described.
The two major coding techniques proposed in the literature namely,
STBC-OFDM where data is coded through ‘space and time’, and SFBC-
OFDM where data is coded through ‘space and frequency’, are described
via mathematical derivations and simulation results. In addition, the
performance of both coding techniques are compared for different number

of transmit and receive antennas.

3.1 Introduction

Originally, STBC were proposed for non-frequency selective channels.
However, present and future wideband wireless transmissions are expected to
operate in frequency selective environments [52] where the propagation delay of
the channel exceeds the transmission time of the symbols. With this development,
it has become necessary to design new STBC codes for wideband systems
operating in multipath frequency selective environments. In contrast to non-
frequency selective channels, the design of STBC for frequency selective channels
is not straightforward due to the attenuation of the signals in space and time. In

order to maintain the decoding simplicity of STBC and with the help of original
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generalised codes designed for flat fading channels, most researchers [53, 54]
utilize a two-step approach to enhance the spectrum efficiency of the transmitted
signal. First, their algorithms are able to cancel the effect of inter-symbols
interference (ISI) by converting frequency selective channels into non-frequency
selective channels. Secondly, the STBC encoder and decoder employed in their
work are designed to be adaptive to non-frequency selective channels. One of the
first methods proposed by researchers to combat the effect of ISI was the use of
equalisers at the receiver to convert the channel in a temporal 1SI-free channel
[55, 56]. Another approach proposed in [17, 57] achieved lower decoding
complexity at the receiver. The concept exploits one of the properties of OFDM
which converts frequency selective channels into multiple parallel flat fading

channels.

The combination of STBC with OFDM, termed ‘STBC-OFDM’ was first
proposed by Agrawal in [16]. Following this development, various researchers
have focused on designs for scenarios where the channel is assumed to be known
at the receiver, for example, the designs proposed in [24, 58-60]. The results from
these works are consistent with the findings in [29] which indicate that the
combination of MIMO techniques with OFDM improves the transmission rate,
range and reliability. Moreover, frequency diversity can be achieved in addition to
the space and time diversity exploited by STBC. Hence, the combination of
MIMO with OFDM led to codes known as Space-Frequency Block coding
(SFBC) or SFBC-OFDM and Space-Time-Frequency Block OFDM coding
(STFBC-OFDM) which exploit the maximum diversity available in MIMO
channels [61]. In STBC-OFDM, the information symbols are coded across

multiple antennas and time via the use of multiple consecutive OFDM symbols
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[59], whereas, SFBC symbols are coded across multiple antennas and multiple
OFDM subcarriers [62]. STFBC is a combination of STBC-OFDM and SFBC-
OFDM, in this concept, the information symbols are coded though space, time

and frequency by the use of multiple subcarriers [21].

The combination of MIMO-OFDM have been adopted in different standards
like WiMax, 3G-LTE and 4G due to their ability to enable high data rate
transmission over multipath and frequency selective fading channels. The
additional advantages of STBC-OFDM are the simple linear decoding and low
complexity receiver which have made them a popular choice for future wireless

communications.

In this chapter, OFDM modulation is first presented, and its advantages and
disadvantages are discussed. Then, STBC-OFDM and SFBC-OFDM are
introduced, simulation results are presented and analysed for different number of
transmit and receive antennas. Comparison between the STBC-OFDM and SFBC-
OFDM coding schemes are made for different number of subcarriers, different
number of antennas, different modulation orders and different cyclic prefix

lengths.

3.2 Wireless Channel Models

3.2.1 Frequency Selective Channel

Received signals suffer from frequency selective fading when the constant
amplitude and linear phase response of the wireless channel is narrower than the
signal bandwidth. Under such conditions, the channel impulse response has a

larger multipath delay spread than the symbol period of the transmitted signal.
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Due to the short duration of the transmitted symbols in relation to the multipath
delay spread, multiple attenuated and time delayed versions of the transmitted
signal are received which induces inter-symbol interference. In contrast to flat
fading channels, in frequency selective channels the amplitude of the frequency

response of the transmitted signal varies with frequency.

Figure 3-1 shows the characteristics of a frequency selective fading channel.
Frequency selective fading channels are also known as wideband channels since
the channel delay spread t is much greater than the symbol period Ts of the
transmitted signal. Thus, the coherence bandwidth of the channel is smaller than

that of the transmitted signal which leads to a gain variation in the frequency

domain.
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Figure 3-1: Frequency Selective Channel Characteristics [46]
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To summarize the above observations, a signal is affected by a frequency

selective channel if:

B,>B., and T, <o, (3.1)

Even if it depends on the modulation scheme, a channel is commonly

considered as frequency selective whenc, =0.1T. .

This thesis mainly focuses on channel estimation algorithms for fixed and
mobile broadband wireless system. Thus, simulation results are proposed for
IEEE 802.16 channel models [63]. This work thus provides channel parameters
for systems operating in such scenarios. The channel parameters are related to

terrain type, delay spread, and antenna directionality.

The modified Stanford University Interim (SUI) channel models consist of a
set of 6 typical channels used to simulate three typical terrain types which are
hilly terrain with moderate to heavy tree densities (category A), minimum path
loss with flat terrain (category C) and intermediate path loss (category B). Table

3-1 summarized the parametric of the SUI channels according to the terrain type.

Table 3-1: Summary of the Channels Parametric in term of Terrain Type

Terrain Type SUI Channels
Category A SUI-1, SUI-2
Category B SUI-3, SUI-4
Category B SUI-5, SUI-6
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Each SUI channel model is characterised by three taps (or channel path)

which are defined by seven major parameters identified as the delay spread, the

relative power, the K-factor (when K>0, Rician distribution is assumed, while for

K=0 a Rayleigh distribution is assumed), the Doppler shift, the antenna

correlation, the gain reduction and the normalisation factor. In this thesis, SUI-1

and SUI-3 are the channel models used as they represent two terrain types and

both models are subject to low delay spread. Parameters of these two SUI channel

models can be found in Table 3-2 and Table 3-3 respectively.

Table 3-2: SUI-1 Channel Model Parameters

SUI-1 Channel
Tap 1 Tap 2 Tap 3 Units

Delay 0 0.4 0.9 us
Power (omni.ant.) | 0 -15 -20 dB
K factor (omni. |4 0 0
ant.)
Doppler 0.4 0.3 0.5 Hz
Antenna Correlation: penv=0.7
Gain Reduction Factor: GRF=0dB
Normalisation Factor: F=-1.1771dB
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Table 3-3: SUI-3 Channel Model Parameters

SUI-3 Channel
Tap 1 Tap 2 Tap 3 Units

Delay 0 0.4 0.9 us
Power (omni. ant.) | 0 -5 -10 dB
K factor (omni. |1 0 0
ant.)
Doppler 0.4 0.3 0.5 Hz
Antenna Correlation: penv=0.4
Gain Reduction Factor: GRF=3dB
Normalisation Factor: F=-1.5113dB

3.2.2 Doppler Shift

Spread in the frequency domain relative to a variation in the time domain is
often related to movement of the transmitter or the receiver. Variation in the time
domain of the received signal caused by the motion of the transmitter or receiver
is called the Doppler shift. Based on the mobility of the transmitter, the received
signal undergoes fast or slow fading. In fast fading, where the transmitter or

receiver is mobile, the coherence time is smaller than the symbol period.

Let fq denote the Doppler shift of the received signal, where 0 is the angle of
arrival of the transmitted signal with respect to the direction of the vehicle. Given
that fc is the carrier frequency of the transmitted signal, the Doppler shift of the

received signal can be given as:
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f, =%cose (3.2)

where v is the vehicle speed and c is the speed of light. In a multipath propagation
environment, the bandwidth of the multipath waves is spread by the Doppler shift

within the range fc+fgmax, Where famax 1S the maximum Doppler shift given in (3.3).

. (3.3)

d max
C

The maximum Doppler shift is also referred to as the maximum fade rate.
3.3 OFDM modulation

3.3.1 Principle

Contrary to a single carrier systems where data is modulated on a single
carrier of rate Rs, multicarrier systems such as OFDM transmit data
simultaneously on N subcarriers modulated at a rate Ry/ Ns. The total rate remains
similar to that of single carrier systems but in this case each subcarrier is less

sensitive to the delay spread of the channel.

The block diagram of a baseband OFDM transmitter after coding can be
found in Figure 3-2. Once generated, bits are modulated using complex
constellation and coded using STBC, SFBC or STFBC. The OFDM symbols
undergo two operations. First, an IFFT is done in order to obtain symbols in the
time domain from its image in the frequency domain. Then, a guard interval or
cyclic prefix is added to the obtained signal. This interval is the copy of the last

symbols of the transmitted data added at the beginning of the stream. The
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extension of the stream is made in the time domain and its length must be larger

than the delay spread of the channel.

Complex symbols S, ._, , are successively regrouped into blocks of length

12
Ns (due to serial to parallel conversion) of transmission time N T,. From this a

single OFDM symbol of length T (where T, = NT, ) is formed. Let gix(t)

denote the OFDM signal sent on the N, f in order to generate

K k=—Ng/2..Ns/2-1

the output signal.

During the time [iTs,(i+1)Ts], the generated OFDM signal can be expressed

as:

N /21 _
X)) = > S,9@—(+1DT,)e!* (3.4)
k=—N,/2
It represents the I-th OFDM symbol, while S, , represents the
K k= Ng/2..Ng/2-1
N complex symbols S, it carries.
The received signal can be expressed as:
o Ng/2-1 )
r)=> > S,9t-(>i+1/2)T)e’*™ +n, (1) (3.5)
1=1 k=—N,/2

where ni(t) represents the white Gaussian noise at the k-th subcarrier.

Transmitted symbols can be recovered with the help of an appropriate filter at the

receiver followed by an appropriate sampler.
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Figure 3-2: Block Diagram of an OFDM Transmitter
3.3.2 Orthogonality

The spectral efficiency of a system is defined by the transmitted bit rate in the
frequency domain. In a multicarrier transmission, the spacing between two

subcarriers is important in order to have a bandwidth efficient system.

If the spacing between the subcarriers is large, a higher bandwidth will be
required to transmit a signal with similar rate and hence the spectral efficiency is
lower. As it can be seen in Figure 3-3, preventing subcarriers from overlapping

eliminates the inter-channel interference at the cost of bandwidth inefficiency.

Ch1l Ch2 Ch3 Ch4 Ch5 Ché Ch7 Ch8

Frequency

Figure 3-3: Conventional Multicarrier Technique

To solve the bandwidth inefficiency, OFDM has been introduced where the
centre of one subcarrier is positioned such that it lands into the null of the
neighbouring subcarrier as shown in Figure 3-4. The notion of orthogonality was
first been introduced by Chang in [64]. As shown in Figure 3-4, almost 50% of

the bandwidth is saved by allowing the subcarriers to overlap.
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Figure 3-4: Orthogonal Multicarrier Modulation Technique

3.3.3 Cyclic Prefix

The introduction of cyclic prefix (CP) between two consecutive OFDM
symbols is used in terrestrial systems in order to reduce the effect of the delay
spread of the multipath channels. In order to simplify the synchronisation, a copy
of the end of the transmitted OFDM symbols is added before the data stream, after
the IFFT operation. The length of the CP is adjustable and must be set in order to

keep a bandwidth efficient system.

A

I OFDM Symbol | OFDM Symbol | OFDM Symbol |
I I I I

Tcp Ts Tcp Ts Tcp Ts

Figure 3-5: Temporal Representation of OFDM Symbols

Let D denote the last set of symbols of the OFDM symbol where N; is the

total number of subcarriers. The length of the CP depends on 4 factors:

1. The length of the channel: in order to ensure a perfect equalization,
the length of the channel, L, must be smaller than the length of the CP,

D, that is D>L.
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2. System performance: as the CP represents a redundancy of the end of

the OFDM symbol, the spectrum efficiency is reduced and is given by
Ns/( Ns+D). In order to get a spectral efficiency close to 1, Ns must
tend to infinity.

Complexity: the FFT operations are made on blocks of size N,
therefore, in order to have a feasible system, the value of Ns cannot be
increased indefinitely. In such cases, a trade-off between complexity
and spectral efficiency must be reached. Generally, the value of Ns is
chosen equal to 4D, which gives a spectral efficiency of 25%.

Channel type: in order to obtain the circularity of the convolution, the
channel must remain constant during the transmission of one OFDM
symbol. In such cases, the diversity brought by the system cannot be
increased even if Ng increase. Thus, the choice of Ns depends on the

channel type (channel diversity, fast or slow fading).

3.3.4 Advantages and Drawbacks of OFDM

Single carrier transmission may not be useful in wideband wireless systems

because it requires high complexity equalizer to deal with the ISI problem of the

multipath frequency selective channels. Moreover, in Section 3.3.1, it has been

shown that OFDM is easy to implement with the use of FFT. OFDM is also a

bandwidth efficient modulation technique since the parallel subcarriers overlap

but are orthogonal to each other without causing interference. In Section 3.3.3, it

has been shown that the use of cyclic prefix helps the system to combat the effect

of multipath fading and minimize the effects of ISI. Another advantage of OFDM
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Is that each subcarrier can be modulated using different modulation techniques M-

PSK or M-QAM according to the requirement of the system.

OFDM appears to be a very powerful modulation technique for systems
working under frequency selective channels. On the other hand, OFDM is more
sensitive to frequency offset and phase noise. Furthermore, OFDM has a relatively
large Peak to Average Power Ratio (PAPR) which tends to reduce the power

efficiency of the RF amplifier.

As a result of the aforementioned advantages, OFDM is a very powerful and
useful modulation technique for wireless communications. Up till now, OFDM is
of great interest to researchers as they try to reduce PAPR effects using clipping,
peak windowing and compression techniques hence making OFDM even better

[65, 66].

3.4 MIMO-OFDM System Model

Application of STBC to MIMO systems using OFDM modulation is made in
a similar way to conventional OFDM modulation. However, instead of sending
one STBC block over n; time slots, Ns blocks are simultaneously transmitted over
the Ns subcarriers over n; OFDM symbols. Similar to STBC-OFDM, another
coding technique known as SFBC-OFDM where symbols are coded through
frequency over multiple subcarriers within only one OFDM symbol, has been
proposed in [18, 67]. In SFBC-OFDM, N¢ n; block coded symbols are

simultaneously sent from the transmit antennas instead of one block of length n.

The block diagram of the STBC/SFBC-OFDM system using OFDM

modulation is given in Figure 3-6. As stated in Chapter 2, Section 2.3.1, data bits
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are first modulated using M-PSK or M-QAM complex constellation and then
encoded using the STBC/SFBC encoder. The encoder receives ps sequences of
2N symbols for STBC and Ns symbols for SFBC which are coded such that the
output gives dsn; sequences of length Ns transmitted over n; OFDM symbols.
Therefore, the coding rate is given by R.=ps/ds. Finally, each sequence is passed

through the OFDM modulator of its respective antennas.

Txy hia RX1
s 1 ;
L OFDM fos OFDM 1k
Modulator \ Demodulator
Tx, h22  Rx,
—
P woan ] e
X®| M-QAM/ @ Pilot Space Time/ Modulator emodulator Space Time/ | & M-QAM/ | X (t)
—» M-PSK | '?. I Frequency [ Frequency —m-| M-PSK |—m
Mapper nsertion Encoder . . . Decoder Demapper

— r.
OFDM P OFDM Nk
|

S Modulator Demodulator
Mt

Figure 3-6: Block Diagram of a STBC/SFBC-OFDM System

It is assumed that OFDM symbols are transmitted over a Rayleigh multipath
channel from the i-th transmit antenna to the j-th receive antenna. Rayleigh fading

multipath channel can be described as:
Li’j

hi,j(T!t) = Z?/i,u (t)5(T_Ti,j,|) (3.6)
1=0

where L is the number of paths, t;, is the delay of the I-th path, y;;(t) is the
corresponding gain, d(t) is the Dirac function. All paths y;;(t) are assumed to be

independent of each other.
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The discrete channel response of subcarriers between the i-th transmit antenna

and the j-th receive antenna can be expressed as:

j 2;z'kz',vjv|

Hi,j,k (t):iyi,j,l (t)e Neer (3.7)

where Negr is the Fast Fourier Transform (FFT) size and k is the subcarrier.

At the receiver, an equivalent procedure is followed. Data is received and down
converted, cyclic prefix is removed and FFT operation is performed. STBC and
SFBC encoding schemes offer a simple decoding algorithm when channel

parameters are known at the receiver.

The transmitted sequence from transmit antenna 1 to M, passes through a fast
frequency selective channel with adaptive white Gaussian noise so that the
received signal between the i-th transmit antenna and the j-th receive antenna, once

the OFDM demodulation is applied, can be expressed in matrix form as:
Mt
R :ZHi,j,ksi,k +Nj (3.8)
i=1

where N; represents the white Gaussian noise with variance per dimension,
Hijx is the time varying channel tap between the i-th transmit antenna and the j-th

receive antenna and S represents the transmitted signal from the i-th antenna.

Once the data has been decoded, the output of the combiner is fed to the ML
detector which computes the optimum ML decision metric J, over the set s and

decides in favour of the symbol group that minimizes the metric J, [68]:

N, Ne-1

=2,

j=1

M,

Vi — Zhi,j,ksi,k

i=1

(3.9)

=~
[aN
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At the receiver side, inverse operations are conducted where OFDM
demodulation is first achieved, followed by a space time decoder. Finally data is

demodulated using the appropriate modulation order.
3.5 STBC-OFDM

3.5.1 STBC-OFDM for 2 Transmit Antennas

In this Section, data transmission is considered using Ns subcarriers over two
transmit and N, receive antennas. The channel parameters are assumed known at

the receiver.

As described in Section 3.4, data is encoded through space, time and
frequency with the help of the space time encoder and OFDM modulation. From

Subsection 2.3.4, it can be seen that two time slots are required to transmit the

matrixG, .. Therefore, each antenna of the STBC-OFDM system is fed with a
data stream of length 2N, transmitted over n;=2 OFDM symbols.

For a two transmit antenna STBC-OFDM, vectors S;(n) and S;(n+1) are
transmitted alternatively form antenna 1. Simultaneously, S;(n) and S;(n+1) are

similarly transmitted from antenna 2. Each vector is composed of symbols coded

according to STBC rules described Subsection 2.3.2.

Figure 3-7 shows the organisation of the data through space, time and

frequency. Assuming h;;,(n) =h,;, (n+1)the received equation at the output of

the FFT, for the case of two transmit and N, receive antenna can be expressed as:
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Nr

Ri(N) =Y H,,(mS,(n)+H,;(n)S,(n)+N,(n)

R;(n+1) = i Hy ;(n+D)S,(n+1)+H, ,(n+)S,(n+1)+N;(n+1) (3.10)

=1

= i —H,;(N)S;(n)+H, ;(MS; (n)+ N, (n+1)

where R;(n), S(n)and N;(n)are the received symbols, transmitted vector

symbols and the Gaussian noise sample respectively; n refers to the n-th OFDM

symbol and j to the j-th receive antenna.

In addition, S;(n) and S,(n) are the vectors given after the serial to parallel

operation at transmit antennas 1 and 2 respectively, and given for the OFDM

symbol n and n+1 by the following equations:

;
S1(N) = S, Sy, s Spreeer Sons—4r Sons—2

S,(N) = S, S31 s Spaqieer Sons—3s Sans-1
* * * * * T *
Sl(n+1):['sl’ “Sgu v TSpkagse _SZNS—3'SZNS—1:| =-5,(n)

* * * * * T *
Sz(n +1) :[So, Sz, ey Szk, ey SZNS_4, SZNS_ZJ =Sl (n)

T

with k=0, 1, ..., Ns-1 and n represent the n-th OFDM symbols.
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Figure 3-7 : Symbols Organisation of a STBC-OFDM

With the help of Figure 3-7 and equation (3.11), it can be seen that at OFDM
symbol n, s, and s, ., are transmitted simultaneously at subcarrier k from
antenna 1 and 2 respectively and in the second OFDM symbol n+1 at the same
subcarrier k, —s,,,, is transmitted from antenna 1 while simultaneously, s;, is

transmitted from antenna 2.

At the receiver, the signal is first demodulated by an FFT demodulator and
data is recovered by the space time decoder. For an ideal transmission where the
channel is known at the receiver and according to the equations given in [5] for

single carrier system, the following can be derived for multicarrier systems:

§l,k (n)= i(Hl,j,k (n) Rj,k(n) + Hz,j,k (n)Rj,k (n+1))

Nr
=S, = Z (hl,j.krj,zk + h2,j,krj|2k+1)
. (3.12)
S (M= (H;, (MR, (M +H,, (MR, (n+1))

j=1

NI'
=Sy = Z(hz,j,krj,ZK - hl,j,krj,2k+1)
j=1
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with k=1, 2, ...,Ns, representing the symbol number, j represent the j-th receive

~

antenna and Si K and, S, and S, are the decoded signal and symbols

respectively.
3.5.2 STBC-OFDM for 4 Transmit Antennas

In this Section, data is transmitted using Ns subcarriers over four transmit and
N, receive antennas. Similar to Subsection 3.5.1, the channel parameters are

assumed known at the receiver.

As described in Section 3.4, data is encoded through space, time and
frequency with the help of the space time encoder and OFDM modulator. From

Subsection 2.3.4, it can be seen that 8 time slots are required to transmit the
matrix S; . As described in Figure 3-8, each antenna of the STBC-OFDM system

is fed with a data stream of length 4N, transmitted over n; =8 OFDM symbols.
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Figure 3-8: Symbols Organisation for 4 Transmit Antennas STBC-OFDM Systems

Figure 3-8 shows the organisation of the data through space, time and

frequency. Assuming that channel parameters remain constant over 8 OFDM

symbols, h;;, (n)=h;;, (n+d) where d=1, 2, ..., 8, the received equations at the

output of the FFT are given as:
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Rj(n):i H,;(n)S,(n)+H,;(n)S,(n)+H,;(n)S,(n)+H,;(n)S,(n) +N,;(n)
Rj(n+1):i —H, ;(N)S,(n)+H,;(n)S,(n)—H; ;(nN)S,(n)+H, ;(nN)S;(n) + N, ;(n+1)

R;(n+2) =_N2_;(H1,,-(n)sg(n)+ H, (S, (n)+H, (NS, () —H, ;(n)S,(n) + N, ;(n+2) >
R;(n+3) =_N2;(H1,j(n)s4(n)— H, ; (0)S5(n) +Hy (M)S,(n) +H, ;()S,(n) + N, (n+3) )
R;(n+4) :_Nﬁlﬂl,j(n)sz*(nn H, ;(mS;(n)+H, ;(M)S;(n) +H, ;(M)S; () +N, ;(n+4) )
R, (n+5) :_NZrl(Hl,,(n)s;(nH H, 5 (MS; ()= Hy; (0)S;(n)+H, ;(m)S;(n)+ N, ;(n+5)
R,(n+6) :_Ngrl(Hl,j(n)s;(n)+ H, 5 (MS; ()= H, ; (M)S; (n) +H, ;(n)S;(n) +N, ;(n+6)

R,(n+7)= i €H, ;(MS; ()= H, ;(N)S;(n) +H, ;(N)S;(n) +H, ;(n)S;(n) + N, ;(n+7) (3.13)

where R; (n), S;(njand N j(n)are the received symbols, transmitted vectors and

the Gaussian noise sample respectively; n refers to the n-th OFDM symbol and |

to the j-th receive antenna. In addition, i=1, 2, 3 and 4, which leads to the

derivation of the vectors S;(n) given by:
S T
1(N) = Sou S40 - Sgireees Sans 8> Sans-4
.
Sy(N) = 81, S5, s SysareeniSans 70 Sans 3
.
S3(N) = S;. Sg. - Sgyi20m++1 Suns—6: Sons—2

.
S4(N) = S5, 87, - Sz S50 Sansa

(3.14)

where k=0, 1, ..., Ns-1.

Finally, due to the fact that channel parameters are known at the receiver, the

transmitted signal is recovered by combining the receive signals as follows:
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N,

Spx = Z (hl.j,krj,4k + h2,j,krj,4k+l + h3,j,krj,4k+2 + h4,j,krj,4k+3 +
j=1

* * *
hl,j,krj,4k+4 + h2,j,krj,4k+5 + h3,j,krj,4k+6 + h4,j,krj,4k+7)
§ h, h, h, h,
S4k+1 :Z( Z,j,krj,4k - 1,j,krj,4k+l 4, ],k 14k+2 + 3,].k J4k+3 +
j=1

hz,j,krj,4k+4 - hl,j,krj,4k+5 - h4,j,k rj 4k+6 + h3,j,k rj,4k+7)
(3.15)
Sgraz = Z (hs,j,k rj,4k + h4,j,krj,4k+1 - hl,j,krj,4k+2 - h2,j,krj,4k+3 +
j=1

h +h

*
3,j.k j4k+4 4,j,k ]4k+5 hl,j,krj,4k+6 _hz,j,krj,4k+7)

§ h, h, —h,
S4k+3 _Z( 4,j,krj,4k 3 j.k 14k+l + 2,j.k ]4k+2 1,j,krj,4k+3 +

h4,j,krj,4k+4 h3 ik j4k+5 +hz ik j4k+6 hl,j,krj,4k+7)

where h, ;  represents the channel parameter between i-th transmit antenna and

the j-th receive antenna at subcarrier k. The signal is then sent to the ML detector

and demodulated.
3.5.3 Simulation Results

The STBC-OFDM system presented in Subsection 3.5.1 and 3.5.2 have been
simulated under frequency selective channels. System parameters have been set as
described in Table 3-4. Simulations have been performed using Matlab. In the
proposed results, two and four transmit antennas have been used with one and two

receive antennas and with different modulation orders.
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Table 3-4: Simulation Parameters for MIMO-OFDM Systems

FFT Size (Nfft) 256
Number of Active Subcarriers (Nysed) 192
Number of Guard Subcarriers 28 low, 27 high
Channel Bandwidth 3.5MHz

Sampling Rate (Fs)

2.28MHz (n=57/50)

Distance between Adjacent Subcarriers

() 8.9kHz
Useful Symbol Duration (Tp) 0.112ms
Guard Time (Tg) 28.07us
Total Symbol Duration (T5) 140 ps
Modulation QPSK, 16 QAM
SUI 1

Transmit Antenna 2,4

Receive Antenna land 2

Simulations have been performed under multipath frequency selective
channels and results are obtained in terms of BER versus SNR. In addition, the
impulse response of the channel was generated based on SUI 1 channel model
(see subsection 3.2.1). Channel parameters of two and eight adjacent OFDM
symbols have been assumed constant for two and four transmit antennas

respectively.

Simulation results presented in Figure 3-9 and Figure 3-10 show the
performances of STBC-OFDM systems for different CP lengths. It can be seen
that as the length of the CP reduces, the BER value increases. Moreover,

simulation results show that between CP length of 1/4 and 1/32 of the data stream,
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2 dB can be saved at the cost of extra bandwidth usage. The 2dB loss was
expected as stated in Subsection 3.3.3 because the CP length must be longer than

the delay spread of the channel in order to ensure perfect equalisation.

From the performance results, it can be seen that the BER reduces with the
number of transmit and receive antennas. Finally, as stated in Chapter 2, BER is

increasing as the modulation order increases.

10

S2¢ (Tx=2 Rx=2)CP=1/32
—+—82¢ (Tx=2 Rx=2)CP=1/16
—~—82¢ (Tx=2 Rx=2)CP=1/8
10 S2¢ (Tx=2 Rx=2)CP=1/4
— ~&-S4c (Tx=4 Rx=2)CP=1/32
= —#—S4c (Tx=4 Rx=2)CP=1/16
10675 s -~ -S4c (Tx=4 Rx=2)CP=1/8
~< == S4c (Tx=4 Rx=2)CP=1/4
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Figure 3-9: Cyclic Prefix Performance Results of STBC-OFDM System under QPSK
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Figure 3-10: Cyclic Prefix Performance Results of STBC-OFDM under 16QAM

3.6 SFBC-OFDM

3.6.1 SFBC-OFDM for 2 Transmit Antennas

Similar to STBC-OFDM presented in Section 3.5, SFBC-OFDM for two

transmit antennas requires two time slots to transmit the S, matrix. However, in

contrast with STBC-OFDM, only one OFDM symbol is required as data is coded

across subcarriers.

Figure 3-11 shows the organisation of the data through space, time and

*

subcarriers. As it can be seen, symbol S, and —S, ,;

are transmitted alternatively

from antenna 1 while S, , and s, are transmitted in a similar way from antenna 2.
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Figure 3-11: Data Organisation of SFBC-OFDM

Due to the fact that data symbols are transmitted within one OFDM symbol,

the received signal can be expressed as:

Nr

Ri(n)=2. H,;(0)S,(n)+H,;(n)S,(n)+N;(n) (3.16)

i1

where Nj(n) is the white Gaussian noise. Data vector S, (n) and S,(n) can also be

expressed as:

* *

* T
=S, vy Siy “Siiireer Sy pr =Sy rl

0’ 1 k

S, =[s

1

(3.17)

* *

* T
Sz =[Sl’ Sor w1 Siaar Sreens Sy SNS—Z]

where k=0, 2,..., Ns-1.

Data symbols can be recovered using only one OFDM symbol, therefore, n

has been omitted and will be omitted for the rest of this Section.

Assuming that channel parameters remain constant over two consecutive

subcarriers and that channel parameters are known at the receiver. After FFT
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operation is performed, received data is sent to the SFBC decoder. Following the

derivation of the single carrier STBC case, it can be derived that:
Nr

§k = Z(hl,j,krj,k + h2,j,krj,k+1)

=1
NI'

§k+1 = Z(hZ,j,krj,k - hl,j,k rj,k+l)
j=1

(3.18)

Data is then sent to the ML decoder and to the demapper to recover the

transmitted stream.

3.6.2 SFBC-OFDM for 4 Transmit Antennas

In this Section, SFBC-OFDM for four transmit and N, receive antennas is
described. Again all the mentioned assumptions above in Subsection 3.6.1 are

applied.

The transmitter codes the data through space, time and frequency based on
the S, matrix of Chapter 2. Figure 3-12 shows the organisation of the data

symbols through space, time and frequency.
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Figure 3-12: Organisation of Data Symbol for 4 Transmit Antennas SFBC-OFDM

Systems

At the receiver, after the FFT operation, the received signal can be expressed

as:
Nr
Ry=> Hy Si+H,,S, +H, Sg+H, S +N, (3.19)
i1

where N;j is the white Gaussian noise, Hij and S; are the channel between the i-th
transmit antenna and the j-th receive antenna and the transmitted signal from the i-

th transmit antenna respectively. The transmitted vectors can be expressed as:
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S; =[Sy, -Si, =Sys -S3, Sgs Sys =S,y =Sz --ss

* * * T
Ss/2-41 ~Sns/2-31 “SNs/2-21 ~Sns/2-1,Ns/2-41 ~Snsi2-31 “SNs/2-20"Snsi21]
S, =1[5,,50:535 S, 1150 S31 =S, vy

.
Sns/2-3+ Shs/2-4 Shs/2-11 “Shs/2-2+ Sns/2-3+ SNs/2_41 Sxs/21r “Sns/z-2] (3.20)
=[S, 83,508, S31 S31 501 St oo

* * * * T
Ss/2-21 “Sns/2-11 SNsi2_41 SNs/2-3» Snsiz-21 ~Snsi2-11 Sns/241 Sns/2-3]
S, =[Ss S,y =S;, Sps S35 Sps =Sy Sp eer

* * * * T
SNsi2-17 SNs/2-21 “SNs/2-31 SNs/2—a1 SNs/2-11 Sns/2-21 ~Sns/2-3 SNs/2—4]

The receiver then combines the received signals and the channel parameters
to recover the transmitted data. Equation of the combination can be found in

(3.21).

NI’
Sk = z (hl,j,krj,k + hZ,j,krj,k+l + h3,j,krj,k+2 + h4,j,krj,k+3 +

j=1
hl,j,krj,k+4 + hz,j,krj,k+5 + h3,j,krj,k+6 + h4,j,krj,k+7)
NI’
S = z (hz,j,krj,k - hl,j,krj,k+l - h4,j,krj,k+2 + hs,j,krj,k+3 +
j=1
h2,j,krj,k+4 - hl,j,krj,k+5 - h4,j,krj,k+6 + h3,j,krj,k+7)
Nr
Sii2 = Z (ha,j,krj,k + h4,j,krj,k+l - hl,j,krj,k+2 - hz,j,krj,k+3 +
j=1

h, ;

(3.21)

j k+4 + h4 .k J k+5 hl .k j k+6 h2,j,krj,k+7)
Siig = Z(h4,j,krj,k - h3,j,krj,k+1 + hz,j,krj,k+2 - hl,j,krj,k+3 +

* * * *
h4,j,krj,k+4 - h3,j,krj,k+5 + hz,j,krj,k+6 - hl,j,krj,k+7)

where k=0, 4,..., Ns-3.

As it can be seen, equations of SFBC-OFDM are similar to the equations
given for STBC-OFDM, the difference being that symbols are coded through
frequency instead of time for the former. As for single carrier systems, complexity

increases linearly with the number of transmit and receive antennas.
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3.6.3 Simulation Results

The performance of SFBC-OFDM systems have been evaluated according
to the specifications described in Table 3-4 of Subsection 3.5.3. As done for
STBC-OFDM, simulations have been performed for two and four transmit
antennas and one and two receive antennas. Different values of CP have been
tested for the different scenarios using QPSK and 16QAM. Channel parameters of
two and eight adjacent subcarriers have been assumed constant for two and four

transmit antennas respectively.

Figure 3-13 and Figure 3-14 show the performance results of two and four
transmit antennas for different CP lengths. It can be noticed from the two figures
that similar to STBC-OFDM, longer CP lengths achieve lower BER than shorter
CP lengths. Moreover, it can be noticed that the dB loss between the biggest CP=
1/4 and the shortest CP=1/32, is around 2dB. As in the case of STBC-OFDM, the
error is due to the fact that the CP needs to be longer than the delay spread of the

channel in order to allow effective equalisation.
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Figure 3-13: Cyclic Prefix Performance Results of SFBC-OFDM System under QPSK
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Figure 3-14: Cyclic Prefix Performance Results of SFBC-OFDM System under 16QAM

A performance comparison between STBC-OFDM and SFBC-OFDM

systems is shown in Figure 3-15 and Figure 3-16 for QPSK and 16QAM
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respectively. From the performance results, it can be seen that STBC-OFDM and
SFBC-OFDM systems achieve similar performance under similar condition when
channel parameters are known at the receiver. Such results were expected
because similar assumptions have been made and that the coding technique is
similar with the exception that STBC-OFDM symbols are coded over OFDM

symbols while SFBC-OFDM symbols are coded over subcarriers.

0

10 S2¢ (Tx=2 Rx=2)CP=1/8 STBC
~ & -S2c (Tx=2 Rx=2)CP=1/4 STBC
. 2 -82¢ (Tx=2 Rx=2)CP=1/8 SFBC
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5—S4c (Tx=4 Rx=2)CP=1/32 STBC
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107 o ‘O -S4c (Tx=4 Rx=2)CP=1/32 SFBC
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Figure 3-15: Comparison Results between STBC-OFDM and SFBC-OFDM under

QPSK
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Figure 3-16: Comparison Results between STBC-OFDM and SFBC-OFDM under

16QAM

3.7 Conclusions

The combination of OFDM with STBC, allowed the creation of codes known
as STBC-OFDM and SFBC-OFDM offering low decoding complexity and
bandwidth efficiency as realised in STBC for single carrier systems. STBC-
OFDM and SFBC-OFDM systems have been adopted by standard such as WiMax

and 4G and have been under extensive investigation by researchers.

In this chapter, a comprehensive investigation of OFDM and in particular
MIMO-OFDM systems was conducted. Two coding schemes, STBC-OFDM and
SFBC-OFDM, have been described in detail and simulation results for both
schemes have been presented for different number of transmit and receive

antennas and under various modulation schemes. A comparison of the 2 schemes
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has also been made which led to the conclusions that STBC-OFDM and SFBC-
OFDM achieve similar performances. Moreover, investigation on the effect of CP
on MIMO-OFDM systems was made and it has been noticed for both schemes

that the BER increases as the CP length decreases.

For both STBC and SFBC scheme, similar coding has been used where
symbols are coded through different OFDM symbols and different subcarriers for
STBC and SFBC respectively. Moreover, in both cases, channel parameters have
been assumed known at the receiver. Therefore, using known channel parameter
and same type of coding; results were expected to be the same. Finally, the effect
of CP on both schemes was expected as increasing CP reduces the BER due to the
fact that CP length must be longer than the delay spread of the channel in order to

ensure perfect equalisation.

At the early stage of research, perfect knowledge of channel parameters was
assumed at the receiver which in real wireless communication system is not the
case. Therefore, a new channel estimation technique for STBC/SFBC-OFDM

systems is proposed in Chapter 4.
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4 Joint Channel Estimation and Data

Detection for STBC-OFDM

Combination of STBC with OFDM has gained considerable interest and
seems to be a promising technique for future wireless communications.
However, such systems require the knowledge of the Channel State
Information (CSI) at the receiver. In this chapter, a new channel estimation
approach is proposed using dedicated pilot subcarriers defined at fixed
intervals to estimate the channel parameters. Once channel parameters at
the pilot subcarriers have been estimated using known pilot symbols at the
receiver, the iterative channel estimation process is initiated, and data
symbols positioned at adjacent data subcarriers are recovered.
Subsequently, the recovered data symbols become the new set of pilots
which are then used to re-estimate the channel parameters and recover the
next adjacent STBC block. The performance of the proposed method has

been investigated via extensive computer simulations.

4.1 Introduction

Orthogonal Frequency Division Multiplexing (OFDM) is a technique that has
attracted a lot of attention because of its ability to achieve higher data rates over
wireless channels. The principal reasons behind the wide study of OFDM are its
design simplicity and its distinctive ability to resist frequency selective channels.
This is achieved by dividing the entire channel into many narrow parallel sub-

channels which thereby reduces Inter-Symbol Interference (I1SI). Combination of
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Multiple Input Multiple Output (MIMO) wireless communication systems with
OFDM has gained considerable interest and seems to be a promising technique for
future wireless communications [14, 69, 70]. However, such systems require the

knowledge of the CSI at the receiver.

CSI must be known at the receiver side in order to recover the transmitted
data. Two approaches for channel estimation have been proposed in the literature.
Blind channel estimation [71-73] relies on the exploitation of the statistical
information of the received symbols and has the bandwidth-saving advantage.
However, the blind technique is limited to slow time varying channels and has
higher complexity at the receiver. On the other hand, pilot aided channel
estimation uses pilot sequences sent as a preamble of each data frame and these
pilot sequences are known at the receiver. Apart from the fact that the use of pilots
affects the data rate [27, 29, 30, 74], this approach is simple to implement and can
be applied to different types of channels. As a result, this research is mainly

focused on pilot-aided channel estimation.

In the literature many techniques have been proposed to estimate the channel
parameters of MIMO-OFDM systems [68, 75-77]. In such systems, a complete
OFDM frame composed of training symbols is first sent in order to estimate the
channel parameters. The channel is therefore assumed constant for the next set of
STBC blocks until a new estimation is performed. In fast fading environments,
performance degradation would arise as a result of the outdated channel
estimation. As a matter of fact, estimation performed in the time domain would be
more appropriate as impulse response contains fewer parameters than frequency

response.
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In this Chapter, a new iterative joint channel estimation technique is proposed
where channel parameters at the pilot subcarriers are first estimated and used to
recover data symbols at adjacent data subcarriers. Once recovered, the data
symbols at adjacent subcarriers are used as new set of pilot in order to re-estimate
the channel parameters and recover the successive STBC block located at the next
adjacent data subcarrier. The process is then repeated until all data symbols are
decoded. In addition a decoding method based on group decoding is proposed
where each set of OFDM symbols is divided into groups which are decoded
simultaneously. In this method, the number of groups varies according to the
number of pilot subcarriers used. Once the number of groups is defined, each one
of them is assigned to a pilot subcarrier. The use of groups reduces the number of
computations linearly with respect to the number of pilot subcarriers used and

therefore reduces the processing time at the decoder.

These algorithms have been investigated via extensive computer simulations
and results have been presented for different number of transmit and receive
antennas, different modulation order, different number of pilot subcarriers and

different channel conditions.

4.2 STBC-OFDM Systems Architecture

A STBC-OFDM system with Mt transmit antennas and Nr receive antennas is

shown in Figure 4-1.
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Figure 4-1: Block Diagram of the STBC-OFDM System

At time t, a modulated pilot sequence of length 2Np is scattered into a
modulated data sequence of length 2Ns, where Np and Ns represent the number of
pilot and data subcarriers respectively. Each block of data is then sent to the
STBC-OFDM encoder where data is encoded in space, time and frequency.
Finally, CP longer than the delay spread of the channel is added to each OFDM

symbol and data is transmitted simultaneously from different antennas.

It is assumed that OFDM symbols are transmitted over a Rayleigh multipath
channel from the i-th transmit antenna to the j-th receive antenna. Multipath

Rayleigh fading channel is described in Chapter 3 Section 3.4.

At the receiver, an inverse procedure is implemented. CP is first removed and
FFT operation is performed. STBC encoding offers simple decoding algorithms
when channel parameters are known at the receiver. Therefore, once OFDM

demodulation is applied, the received signal can be expressed as:
Mt
Rik = Z SikHijk + Nijx (4.1)
i=1

78




Chapter 4 Joint Channel Estimation and Data Detection for STBC-OFDM

where k=1, 2,..., Ns and N;y represents the white Gaussian noise with variance

per dimension, H;jx is the time varying channel tap between the i-th
transmit antenna and the j-th receive antenna and S;x represents the transmitted
signal from the i-th antenna. Once decoded, data symbols are sent to the ML

detector similar to the procedure in Chapter 3 Section 3.4.

4.3 Basic Principle of Pilot Design and Channel Estimation

Figure 4-2 shows the organisation of OFDM symbols and the two-step
procedure undertaken by the channel estimation technique proposed in this
Chapter. The first step occurs at the transmitter where a group of data subcarriers
is assigned to a pilot subcarrier. The number of groups within the OFDM symbols
IS determined by the number of pilot subcarriers used such that
Ngroup=Ns/Lsubigroup=Np Where Lsuogroup represents the length of each group and is

defined as Lsub/group:Nsle.

Channel /

Guard Band Guard Band

Figure 4-2: First-Step of the STBC-OFDM Channel Estimation Method

Once the number of data subcarriers per group has been determined, a pilot

subcarrier is positioned in the middle of that group in order to carry out the
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estimation of the channel parameter at the pilot subcarrier. Once the channel
parameters at the pilot subcarrier have been estimated, the estimated channel
parameter is used to initiate the iterative channel estimation process for that group
at the receiver. Figure 4-2 shows 8 groups of data subcarriers with one pilot
subcarrier positioned in the middle of each group but the method can be adapted
to any number of pilot subcarriers, data subcarriers and any number of transmit
antennas. In STBC-OFDM, one block of symbols (Sac, Ssc, ...) is transmitted
through multiple OFDM symbols according to the rate of the matrix (n=2 and
n=8 for Sy. and S, respectively). Therefore, only one pilot subcarrier per group is
required to estimate the channel parameters and initiate the iterative process. For a
similar number of pilot and data subcarriers, various number of transmit antennas
can be used. The number of groups will remain and so will the number of data
subcarriers per group because only the number of OFDM symbols required to
transmit a STBC block will vary (from 2 OFDM symbols for two antennas to n;

OFDM symbols according to the rate of the STBC block).

The second step of the method occurs at the receiver side. The pilot sequence
known at the receiver is used to estimate the channel parameter of the
corresponding subcarriers. Then, assuming that channel parameters remain
constant over n; OFDM symbols (n; is equal to the number of time slots required
to transmit one STBC matrix) and over two adjacent subcarrier, the estimated
channel parameters at the pilot subcarriers are used to recover the data symbols
located at the data subcarriers adjacent to the pilot subcarriers. Once channel
estimation at pilot subcarrier kp has been performed, channel parameters are used
to decode adjacent data subcarriers k and k+1 as described in Figure 4-3. A pilot

subcarrier has been positioned in the middle of each group in order to recover two
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set of symbols at a time per group; at subcarriers k and k+1. Therefore, for two
antennas in group X, Spk and Syk+1 Will be recovered for subcarrier k and Syk+2 and

Sok+3 at subcarrier k+1.
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.
.

Frequency

Figure 4-3: Second-Step of the Proposed Method for STBC-OFDM

Once symbols at data subcarriers adjacent to the pilot subcarriers have been
recovered, the channel parameters of the corresponding subcarriers can be
estimated and used to recover the next set of STBC symbols. For example, in the
lower side, once symbols at subcarrier k have been recovered, channel estimation
can be performed and used to recover the next adjacent data at subcarrier k-1. In a
similar way, in the upper side, once data symbols at subcarrier k+1 have been
recovered, channel parameters of those subcarriers can be estimated and with the
assumption that channel parameters remain constant over two adjacent
subcarriers, data symbols at subcarrier k+2 can be recovered. The process is then
repeated in a joint iterative way to decode all the data symbols of the group. The
advantages of the technique reside in the simplicity and computation efficiency
due to the use of groups which increases the decoding speed as all groups are

decoded simultaneously.
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4.4 STBC-OFDM Systems for 2 Transmit Antennas

Assuming that the pilot sequence is known at the receiver and that channel
parameters remain constant over two adjacent subcarriers and over n; OFDM
symbols, channel estimation is performed at the pilot subcarriers and used to
decode adjacent data subcarriers as described in Section 4.3. In this Section, the
proposed channel estimation strategy is described for subcarriers located in the
lower side of the pilot subcarrier of each group but proposed equations are also

simultaneously used for the upper side.

Based on (4.1), received pilot and data subcarriers signal after FFT can be

expressed as:

N,
Rp, =Y. PHp, + Np,
(4.2)

ZI

N: _——
Z SH, +
=1

where F_Qp i and R jrepresent the received pilot and data signal at the j-th antenna

respectively. P and S are the pilot and data signals respectively, I:ij, I:IJ. and

Np o N jrepresent the channel parameters and the white Gaussian noise between

the two transmit antennas and the Nr receive antennas for pilot and data signals

respectively. The pilot elements of (4.2) can be expressed as:
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— T
Rp;=[Rp;4(N) Rp;,(n+1)]

= lejkp(n)
Hp. = . 4.3
pj |:Hp2,j,kp(n) ( )

5 _ |: Pl,kp(n) P2,kp(n)j| Np _ |: Npl,j,kp(n):|
_P;,kp(n) P;kp(n) ’ : sz,j,kp(n)

where kp=0,1,..., Ny-1.While the data elements are given as:

R;=[R,(n) R, (n+D]

= Hl,j,k(n)
" {Hz,,-,k(n)} (4

= S (n) S,k (n) = Nl,j,k (n)
S:|:_S;,k(n) SI,k(n)j|’ ij _|:N2,j,k(n):|
where k=0,1,..., N¢-1.

Transmitted pilot and data signals are encoded in space, time and frequency
as described in Figure 4-4. Therefore, P1(n) and P,(n) transmitted in OFDM
symbol n and P;(n+1) and P,(n+1) transmitted during the second OFDM symbol

n+1 can be expressed by (4.5).
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Figure 4-4: Transmitted OFDM Symbols Organisation for 2 Transmit Antennas
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The received vector Rp andr, at OFDM symbols n and n+1 can be expressed

as:

Rpj(n):[rpj'of rpj‘zf e rijZpru rijZprz]T
R, (N+1) =[rp,,, D, woos TP, 0550 TP anpa]
Rj (n):[rj,o’ rj,z’ Sl rj,2N5—4' rj,ZNs—Z]T

R(N+1)=[r, r, ..r

T
j,2Ns-3? rj 2 Ns—l]

(4.6)
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At the receiver side, as stated in Section 4.3, channel parameters of two
consecutive  OFDM  symbols are  assumed  constant  therefore

Hp.; o (M) =Hp,;,,(n+1) and the receiver uses the pilot sequence in (4.2) to

estimate the channel coefficients using the minimum mean square error (MMSE)

asin (4.7).

0 210 P2kp — TP; 2kp41P 2kpa

~ ~ 2 2
Ap = |:Hp1,j,kp(n):| ~ {I:!plvj,kp(n +1)} _FRp. - P +[Poteer
i Hp, (N +1) i I’pLkap:kp+l + D} 20:1P 2k

2

4.7)

FlpZ,j,kp (n)

2
‘pzkp‘ +‘p2kp+1

Once channel parameters are evaluated, the receiver can detect the upper and

lower data symbols of the adjacent data subcarrier. Using Fipjin (4.7) and Rj in
(4.4), the receiver constructs a new channel matrix Hpj and a new receive matrix
R,given as:

Hp:,j,kp HP, o

Hp. =| .+ N

J [sz,j,kp _le,j,kp} (4.8)
.. . T

R;=[R;(n) R} (n+1)]

The receiver uses the constructed channel matrix Hp,and the constructed

received data vector Iijfor the combining scheme. Assuming that channel

parameters of two adjacent subcarriers and two consecutive OFDM symbols

remain constant Hp, . (n)=H,, (n)=H,;, (n+1) , the combined signals can be

expressed as:
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N, N . X
g N Z (hplvjykprj,Zk + hp2,j,kp rj,2k+1)
~ 2k L .. . J=l
S:{gzk 1}:'21: Hijj - Ny (4'9)
+ i= ©ox ~ *
Z (hpz,j,kprj,zk - hpl,j,kprj,2k+1)

=1

Once the data signals that are adjacent to the pilot subcarriers have been

recovered, the process is repeated for adjacent lower and upper data subcarriers

using the recovered data symbols §,,, S,,., and S,,.,, S,.., as the new pilot

sequence. Therefore, the first pair of decoded data and become the pilot
sequence and to be used to recover the data and in the
next iteration. Similarly, the second pair of decoded data and become
the pilot sequence and to be used to recover the data and

in the next iteration. In other words, each pair of decoded symbols yield a pair of
pilot sequence each, this pilot sequence is then used in the next iteration to recover
the adjacent pair of symbols. The iterative joint process is repeated until all the
data of the group have been recovered. Each group is decoded simultaneously
which, when compared with classic decoding where only one set of data is
decoded at a time, leads to a decoding speed which increases linearly with the

number of pilots subcarriers used.

From the above derivations, it can be seen that the proposed iterative channel
estimation technique does not require any matrix inversion, which enhances the
simplicity of the system and therefore reduces the cost without affecting the

performance.
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4.5 STBC-OFDM Systems for 4 Transmit Antennas

In this Section, the iterative joint channel estimation technique and data
detection for four transmit antennas and Nr receive antennas is described. Similar
assumptions like that of Section 4.4 are made, however, instead of assuming that
channel parameters are constant over 2 OFDM symbols, in this section, channel
parameters are assumed constant over 8 OFDM symbols due to the use of matrix
Sac Which requires 8 time slots to be fully transmitted [37]. Following Section 4.4,

the received signal can be expressed as:

N, _
Rp; = PHp;+ Np,

N‘:1 (4.10)
R;=Y SH;+N,

=1

where F_ij, F_Ej and P, S represent the received pilot and data signals, and the

transmitted pilot and data signals respectively. Also, I:|pj, I:Ij and ij, Nj
represent the channel parameters and the white Gaussian noise for pilot and data
signals respectively. Pilot and data elements of (4.10) are given in (4.11) and

(4.12) respectively.
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[ Rpj,(n) | NP, 1 () |
Rp; (N +1) NP, (N)
Rp; . (N+2) HpP, o (N) ] NP, o (N)
Rp;, (N +3) Hp, o (M) NP, ;o (M)
Rpj,kp(n +4) - Hps,j,kp(n) Nps,j,kp (n)
Rp;, (N +5) | HP, 4o (M) NP ;4 (M)
Rp; (N +6) NP, ;4 (N)
Rp;(N+7) NPg 1 (M)

| P Py,(n) P,(n) P, (n) |
P, (n)  P,(n) =P, (n) Py, (n)
—Pyp(M)  Pyp(M)  Pp() =Py, ()
[P P Py Py

Pl*kp(n) P, k(M) 3kp(n) 4kp(n)

-P; k(M) Pl*kp (n) Prw(N) Py ()

Ps (M) P4 k(N) 1kp(n) 2kp(n) @1

P4,kp(n) Pa,kp(n) PZ,kp(n) Pl,kp (n)
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I Rj,k(n) | Nl,j,k(n)_
Rj,k(n +1) Nz,j,k(n)
R« (n+2) _Hl,j,k(n)_ N,k (N)
_ Rj'k(n +3) | _ szj,k(n) _ NM’k(n)
TR+ a) [T ) [T N )
Rj’k(n +5) H4,j,k(n) Nsvj’k(n)
Rj,k(n +6) ) ) N7,j,k(n)
Rj,k (n + 7) Ns,j,k(n)

| Sl,k (n) Sz,k (n) S3,k(n) S4,k(n)
_Sz,k (n) Sl,k(n) _S4,k(n) SS,k(n)
_SS,k (n) S4,k(n) Sl,k(n) _Sz,k(n)
=S, (n) =S, (n) S, (n) S, (n)

S=| . \ : .
Sl,k(n) SZ,k(n) SB,k(n) S4,k(n)
_S;k (n) SI,k(n) _Sz,k(n) S;,k(n) (4.12)
_S;k (n) Sz,k (n) SI,k(n) _S;k(n)
__S:,k(n) _S;,k(n) S;k(n) SI,k(n) |
where Pi’kp(n)and S, «(n) represent the pilot and data symbols encoded through

space, time and frequency as defined in (4.13) and (4.14) respectively. Figure 4-5

shows the organisation of the pilot and data symbols.
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Figure 4-5: Organisation of the Pilot and Data Sequence for 4 Transmit Antennas
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RAM) =[ Po: Par s Patgo Panposr Parps |

Py(0) =[ Py, Pa: - Pasgpetrrs Panp 7 Panp s |
Py(0) =[ Py Po. -+ Pasgrzr Panp-o: Panp-2 |
Po(n) = Ps. Prv - Patrsro Panps: Panps |

P(n+1)=-PR(n); B,(n+)=R(n); PF(n+1)=-P,(n);P,(n+1) = PF5(n);
R(n+2)=-PR,(n); R,(n+2) =P, (n);  PF(n+2)=PF(n); F,(n+2)=-P,(n);(4.13)
R(n+3)==P,(n); R (n+3)=-R;(n); Py (n+3)=PF,(n); P,(n+3)=PF(n);
R(n+4)=P'(n); P(n+4)=P;(n); PRy(n+4)=P/(n); P,(n+4) =P, (n);
P(n+5)=-P,(n);R,(n+5) =P (n); Py(n+5)=-P,(n);P,(n+5) =P, (n);
R(n+6)=~P(n);P,(n+6) =P/ (n); Py(n+6)=R(n); P,(n+6)=-P(n);
R(n+7)==P,(n);P,(n+7) ==/ (n); R;(n+7) = P, (n); P,(n+7)=P(n);

;
Sy(N) = So» S4» s Syreeer Sans-5r Sans-a

S(N) = Sy S5, s Sgii1is Sans-70 Sans-3
S3(N) = S5, S s Sys20mw+1 Sans-6+ Sans-2
S4(N) = 83, 87s - Sz Sans s Sansa
Si(n+1) ==5,(n); S,(n+1) =S,(n);  Sz(n+1) =-S,4(n); S4(n+1) = S5(n);
S,(n+2) = =S, (0);S,(n+2) = S,(n); Sy(n+2) =S,(n); S4(n+2) =S, (n); (4.14)
S1(n+3) ==5,(n); S, (n+3) =—5;(n); S3(n+3) = S,(n); S,(n+3) = S;(n);
S;(n+4)=S.(n); S,(n+5)=S;(n); S;(n+4)=S;(n); S,(n+4)=S,(n);
S,(n+5) =S} (n);S,(n+6) = S;(); Sy(n+5)=-S;(n); S4(n+5) = ;(n);
§;(n+6)==S5;(n); S,(n+7) =S,(n); S;(n+6)=S,(n); S,(n+6)=-S,(n);
§;(n+7)==5,(n);S,(n+8) ==S;(n); S3(n+7) = S;(n); S4(n+7) =S/ (n);

T
T

T

where kp=0, 1, ..., Np-1 and k=0, 1, ..., Ns-1.

As mentioned for two transmit antennas, the proposed channel estimation
technique first focuses on the estimation of the channel at the pilot subcarriers. It
then uses this estimation to initiate the joint iterative process. Under the
assumption that the fade remains constant over 2 adjacent subcarriers, adjacent

data symbols are decoded and used to generate new channel estimation in order to
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decode the next set of STBC coded symbols. The process is then repeated until all
the data blocks of the group are decoded. Due to the fact that all the groups are
decoded simultaneously, 8 data symbols multiplied by 2 STBC block are decoded

simultaneously per group.

Pilot sequence is known at the receiver and following the description given for
two transmit antennas, channel parameters can be assumed constant over 8 OFDM
symbols therefore hp;ke(n)=hpijp(n+x), with x=1, 2, ..., 8 as 8 time slots are
required to transmit the matrix Ss.. Thus with the help of (4.10), (4.11) and (4.13),

the following channel estimation equations can be derived:

I:lpl,j,kp

- Hp. . e o

Fip, =| - > | = PP "PRp, =~ P"Rp, (4.15)
350 23 |P, ([
Hp4,j,kp x=kp

where the superscript H represents the Hermitian operation which is the transpose and
conjugate operation. After estimating the channel coefficient vector as in (4.15), the

receiver then uses it to construct the channel matrix Hp, such that:

Hp:j,kp F'p;j,kp Flp;j,kp Hp:,j,kp I:lpl,j,kp l:|p2,j,l<p Hp&jvkp Hp‘ki,kp

Hpj: E'pgj,kp _~|:|F31j,kp _Iﬁp;j,kp Flp;;j,kp Elpz,j,kp _~|:|p1,j,kp _l?p4,j,kp |:|~p3,,-,kp (4.16)
Hps,j,kp Hp4,j,kp _le,j,kp _sz,j,kp Hps,j,kp Hp4,j,kp _le,j,kp _sz,j,kp
F'pjl,j,kp _Hp;,j,kp Hp;j,kp _Hp;j,kp FIpA,j,kp _F'p3,j,kp sz,j,kp _le,j,kp

The receiver also constructs the vector R ; from the data equation (4.10) and

can be expressed as:

R, =[R;, () R, (n+) R, (n+2) R, (n+3)

. ) ) . (4.17)
R ((n+4) R, (n+5) R, (n+6) R (n+7)]
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The receiver uses the constructed matrix Flpj and the constructed vector R ,for

the combining purposes. Assuming that channel parameters remain constant over two

adjacent subcarrier, Hp = H ;» the combined scheme can be expressed by:

S4k
§o| S | 5" i (4.18)
=z —Z PR '
4k+2 =1
§4k+3

where §,,, S,..1, Su., and §,, ., can be derived as:

r

N

Sak = Z (hyiihae + D2 juchac + s ace + N acs +
=1

g * "" * 5 * ' *
hl,j,krj,4k+4 + h2,j,krj,4k+5 + h3,j,krj,4k+6 + h4,j,krj,4k+7)

NI’

~ ~ % ok ~x ok

Saks1 = z (hz,j,krj,4k - hl,j,krj,4k+1 - h4,j,krj,4k+2 + h3,j,krj,4k+3 +
=1

~ ~ * ~

h2,j,krj,4k+4 - hl,j,krj,4k+5 - h4,j,krj,4k+6 + h3,j,krj,4k+7) (4 19)

Nr
Saks2 = Z (h3,j,krj,4k + h4,j,krj,4k+1 - hl,j,krj,4k+2 - h2,j,krj,4k+3 +
=1

* P * * g *
h3,j,krj,4k+4 + h4,j,krj,4k+5 - hl,j,krj,4k+6 - h2,j,krj,4k+7)

Nr

~ ~ % ok ~x *

Sikez = z (h4,j,krj,4k - h3,j,krj,4k+1 + h2,j,krj,4k+2 - hl,j,krj,4k+3 +
=1

*

* ~ * ~ *
h4,j,krj,4k+4 - h3,j,krj,4k+5 + h2,j,krj,4k+6 - hl,j,krj,4k+7)

The new combined signals are then sent to the maximum-likelihood detector
to detect S, (n),S,,(n),S;,(n)and S, (n). The receiver saves the received
user data vector as the new pilot sequence and uses (4.15) to re-estimate the
channel parameters but this time at subcarrier k and k+1 simultaneously. Then,

the estimation is in a similar process used to recover data symbols at subcarrier k-

1 and k+2. Once these sets of symbols are decoded, they will be used as the next
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set of pilots. This process is repeated simultaneously for each group until all data

symbols have been decoded.

4.6 Simulation Results

The performance of the proposed iterative channel estimation technique has
been evaluated according to the specifications described in the WiMax standard for
fixed wireless communications [78]. Simulations were realized for two and four
transmit antennas and one and two receive antennas. Moreover, the method has
been tested using different number of pilot subcarriers, different channel

environments and different modulation orders.

QAM modulation with index 16 and 64 have been employed for the simulation
scenario as well as M=2, 4 and N=1, 2. The system has a 3.5 MHz channel
bandwidth and a carrier frequency of 2.5GHz. Specific simulation parameters are

presented in Table 4-1.

Allocation of the subcarriers of the OFDM frame is made according to the
IEEE802.16e (WiMax) standard [78]; indices of -128~-101 and 101~127 are
reserved for guard interval, O is for the DC subcarrier, -100~-1 and 1~100 are
defined as the chosen subcarriers in which -88, -63, -38, -13, 13, 38, 63 and 88 are

pilot subcarriers and the remaining are specified as data subcarriers.
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Table 4-1: Simulation Parameters for STBC-OFDM Systems

FFT Size (Nfft)

256

Number of Active Subcarriers (Nysed)

200 (192 for data, 8 for pilot)

Number of Guard Subcarriers

28 low, 27 high

Channel Bandwidth

3.5MHz

Sampling Rate (Fs)

2.28MHz (n=57/50)

Distance between Adjacent Subcarrier (Af) 8.9kHz
Useful Symbol Duration (Tp) 0.112ms
Guard Time (Tg) 28.07us
Total Symbol Duration (Ts) 140 ps
Cyclic Prefix length (CP) 1/4

Modulation BPSK, 16 QAM, 64QAM
SUI 1,3
Transmit Antenna 2,4
Receive Antenna 1,2

Figure 4-6 and Figure 4-7 show simulation results of the proposed channel

estimation technique for 2 and 4 transmit antennas with one and two receive
antennas for different number of pilot subcarriers and different modulation orders.
The results illustrate the performance for both the proposed method, and the ideal

case where channel state information (CSI) is known at the receiver.
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Simulations have been conducted under Stanford University Interim (SUI)
channel model 1 as defined in [79]. In the results, the performance of the proposed
channel estimation technique is compared with the performance of the perfect CSI

case where channel parameters are known at the receiver.

The simulation results for 2 and 4 transmit antennas and 1 and 2 receive
antennas show that the proposed channel estimation technique experiences 4-8dB
degradation compared to the case where channel parameters are known at the
receiver. The STBC-OFDM system has also been tested using different number of
pilot subcarriers. From the simulation results, it can be noticed that as the number
of pilot subcarriers increase, the performance of the proposed method tends
towards the case where channel parameters are known at the receiver. Thus, from
the simulation results, performance has been improved by 1 to 3dB by increasing
the number of pilot subcarriers from 8 to 24. Performance of the STBC-OFDM
system for different number of pilot subcarriers has been obtained by keeping the
number of data subcarriers fixed at 192 and by reducing the guard interval
according to the number of pilots required. Despite the fact that system
performance improves when more pilot sub-carriers are utilized, the use of higher

number of pilot subcarriers is bandwidth inefficient.
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Figure 4-6: Simulation Results for 2 and 4 Transmit Antennas with 1 Receive Antennas
with 16QAM under SUI1

—6—S2¢ (Tx=2 Rx=2) Np=8
—+—82¢ (Tx=2 Rx=2) Np=12
—4—S2¢ (Tx=2 Rx=2) Np=16
—6—82¢ (Tx=2 Rx=2) Np=24
—#—S2¢ (Tx=2 Rx=2) with CSI
—6—S4c (Tx=4 Rx=2) Np=8
~+ -S4c (Tx=4 Rx=2) Np=12

= —£-S4c (Tx=4 Rx=2) Np=16
—&—S4c (Tx=4 Rx=2) Np=24
N N -~ ~S4c (Tx=4 Rx=2) with CSI
10? N\
S
i N
m

¥
*
: g X
10

10

[S)

\

t

0 5 10 15 20 25 30 35
SNR (dB)

Figure 4-7: Simulation Results for 2 and 4 Transmit Antennas with 2 Receive Antennas
with 64QAM under SUI1
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BER can also be improved by using different modulation orders for pilot and
data subcarriers. In contrast to most proposed work where the modulation order
utilized by the pilot sequence is fixed, in this work, we have considered two types
of modulation orders for the pilot sequence. Throughout the analysis in this part,
16QAM and 64QAM modulation are used for the data subcarriers while the pilot
subcarriers utilize either BPSK, 16QAM or 64QAM modulation. For example in
Figure 4-8, for two transmit antennas and one receive antenna, BPSK denotes the
modulation order for the pilot symbols and 16QAM denotes the modulation order

for the data symbols (BPSK/16QAM).

From this, it has been observed from Figure 4-8 to Figure 4-11, that when the
pilot subcarriers are modulated using a lower modulation order than that used by
the data subcarriers, channel estimation is more accurate. It is also observed that
this approach results in a better BER performance for the same SNR when
compared to the case where the modulation order for both pilot and data
subcarriers is the same. Thus, from the results, it is evident that in contrast to
scenarios where the same modulation order is used for both pilot and data
subcarriers, using BPSK modulation for the pilot subcarriers improves the

performance by 1 to 3dB.
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Figure 4-9: Simulation Results for 4 Transmit and 1 Receive Antennas for Different
Pilot Modulation
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Figure 4-11: Simulation Results for 4 Transmit and 2 Receive Antennas for Different
Pilot Modulation
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In addition to the above simulation results, the proposed channel estimation
technique has also been tested under different channel conditions. From Figure
4-12 and Figure 4-13, it can be noticed that the results obtained from the proposed
channel estimation technique are similar under SUI1 and SUI3. However, it can
be noticed that the system achieves lower BER under SUI1 due to the lower delay
spread in SUIL1 channels. Moreover, it can be seen that as stated in Chapter 2,
higher number of transmit or receive antennas give lower BER. It can also be
noticed that using a higher modulation order gives worse performance than using

a lower modulation order.
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Figure 4-12: Comparison for 2 Transmit Antennas and 1 Receive Antenna under SUI1
and SUI3 with 16-QAM
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Figure 4-13: Comparison for 4 Transmit Antennas and 1 Receive Antenna under SUI1
and SUI3 with 16-QAM

With the proposed iterative channel estimation technique, the grouping of
symbols improves the computational efficiency of the system. When the number
of pilot symbols is increased, the number of groups is also increased. This means
that the decoding time is also reduced as two sets of STBC-OFDM symbols are
decoded concurrently in each group. Table 4-2 shows the simulation time to
perform the decoding of one STBC-OFDM block which occurs over 2 and 8

OFDM symbols for 2 (n=2) and 4 (n=8) transmit antennas respectively.

From Table 4-2 and Figure 4-14, it can be seen that the decoding time
increases with the number of transmit and receive antennas while it decreases with
the number of pilot subcarriers used. Moreover, it can be noticed that the decoding
time for 4 transmit antennas is high due to the use of 8 received signals to decode
4 data symbols. Finally, from Figure 4-14, it can be seen that the decoding time

saved compared to the case where 2 and 4 symbols are decoded at a time for 2 and
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4 transmit antennas respectively, increases exponentially with the number of pilot

subcarriers.

Table 4-2: Decoding Time per STBC-OFDM Block

Number of Decoding 8 Pilot 12 Pilot 16 Pilot 24 Pilot
Pilot Subcarrier per Subcarriers  Subcarriers  Subcarriers  Subcarriers
Subcarriers Subcarrier
Tx=2 Rx=1 3.1s 0.48s 0.2s 0.16s 0.1s
Tx=2 Rx=2 4.7s 0.6s 0.22s 0.17s 0.11s
Tx=4 Rx=1 5.8s 0.69s 0.48s 0.35s 0.23s
Tx=4 Rx=2 9.76s 1.2s 0.83s 0.63s 0.42s
100
95 -
S & Tx=2 Rx=1
[«}]
E = Tx=2 Rx=2
— 85 7
_CIOJ Tx=4 Rx=1
>
A 20 e Tx = RX=2
75 T T T 1
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Subcarriers  Subcarriers  Subcarriers  Subcarriers

Figure 4-14: Saved Decoding Time per Number of Pilot Subcarriers Used

4.7 Conclusions

The combination of OFDM with STBC offers codes with low decoding
complexity and bandwidth efficiency. However, most works in the literature

propose a combination of STBC-OFDM codes for scenarios where channel
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parameters are assumed to be known at the receiver. With the introduction of new
channel estimation methods, real life conditions are simulated and analysed in

order to propose methods suitable for future wireless technology such as 4G.

In this chapter, the proposed channel estimation technique for STBC-OFDM
systems was intensively investigated using different number of transmit and
receive antennas, different modulation order for pilot and data subcarriers,
different number of pilot subcarriers and different channel conditions. Simulation
results for 2 and 4 transmit antennas and 1 and 2 receive antennas have been
presented and the channel estimation algorithm was compared with the ideal case
where channel parameters are assumed to be known at the receiver. Moreover,
investigations on the effects of group decoding have been conducted by looking at
the decoding time of a single STBC-OFDM block and by looking at the time

saved to decode the entire group of data blocks.

In this chapter, a new channel estimation technique using a group decoding
method is proposed for STBC-OFDM. From simulation results, it can be observed
that the proposed technique has the advantages of improving the computational
efficiency of the system by reducing the computation time while increasing the
number of pilot subcarriers. Moreover, using the group decoding technique allows
the system to be more robust against error propagation. Indeed, in traditional
schemes using iterative technique where channel estimation is performed at the
beginning of the transmission, error propagation is of critical importance as an
error in the estimation of the channel parameter would result in inaccurate data
decoding. Consequently, this would initiate the propagation of the error in the
next set of data due to the iterative process. Therefore, a higher number of groups

would achieve better performance as the error would only propagate within the
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group without affecting the rest of the transmitted data. Simulation results also
show that higher number of groups result in better computation time. However, a
trade-off needs to be found between BER and bandwidth efficiency as higher
number of pilot subcarriers would result in lower number of transmitted data per

OFDM symbols or smaller guard interval which would allow ISI.

At this stage of research, a new joint channel estimation and data detection
has been proposed. The method offers simplicity, cost and computation efficiency
due to its simplicity and due to the fact that the technique does not require matrix
inversion at the receiver in contrast to other techniques proposed in the literature.
In this Chapter, the STBC-OFDM system has been designed for static
communication systems. A channel estimation technique for STBC-OFDM
systems will be proposed in Chapter 5 for non-static wireless mobile

communications.
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5 Joint Channel Estimation and Data

Detection for SFBC-OFDM

MIMO-OFDM systems have been suggested for future wireless communication
systems such as 4G due to their ability to provide freedom in the spatial, temporal
and frequency domains. A new iterative joint channel estimation method for
STBC-OFDM was proposed in Chapter 4. In this chapter, a channel estimation
method which exploits spatial and frequency diversity is proposed. The proposed
method is based on the maximum likelihood (ML) approach which offers linearity
and simplicity of implementation. In addition, the method is suitable for the next
generation of broadband wireless communications systems. The performance of
the proposed algorithm has been tested using different levels of Doppler shift for
high frequency selective channels and for different number of transmit and receive
antennas. Simulation results have proven that the proposed method is capable of
tracking the channel parameter under high frequency selective channels and that
the error margin between slow and high speed receivers is minimised compared to

similar ML methods.

5.1 Introduction

The development and practical implementation of channel estimation
algorithms for STBC can be a real challenge, especially under frequency selective
multipath channels. Therefore, one of the solutions to support high data rate
transmission in severe frequency selective environments is the use of OFDM in

combination with STBC. Such integration allows systems to combat the problem
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of long channel impulse response by transmitting parallel symbols over many
orthogonal subcarriers, thus yielding unique reduced complexity and enhanced
physical layer capabilities [80]. Shifting from time to frequency domain offers the
possibility of coding which results in the development of SFBC [81]. STBC-
OFDM and SFBC-OFDM have shown similar performance in slow fading
environments under the assumption that the channel parameters are known at the
receiver, whereas in environments where the propagation experiences high
Doppler shift, SFBC-OFDM has shown better performance than STBC-OFDM
[67, 82]. Furthermore, given a total transmission bandwidth, the efficiency of
SFBC can be increased with the use of a higher number of subcarriers. Another
advantage of SFBC-OFDM systems is that only half of the decoder memory is
required compared to STBC-OFDM where the decoding is performed within only

one OFDM symbol [82].

Channel estimation is crucial for the performance of a real MIMO-OFDM
system and has therefore attracted much attention since the pioneering work of
[68]. More work was done later in [28-30, 83-85] for STBC-OFDM and recently
for SFBC-OFDM [82, 86]. Amongst the proposed methods, Discrete Fourier
Transform (DFT) based channel estimation using Maximum Likelihood (ML)
decoding has been the most popular. This method is implemented in OFDM
systems that utilize preamble sequence [87] and Minimum Mean Square Error
(MMSE) channel estimators [62, 77]. Both techniques have been shown to be
competent they however incur additional cost because of the high complexity
involved in calculating the pseudo inverse of the matrix. Hence, lower complexity

channel estimation methods have been proposed [88, 89]. However, the downside
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of these methods is that they introduce performance degradation and they have

limited areas of application.

In this Chapter, a robust iterative channel estimation technique is proposed
for high mobility SFBC-OFDM systems. The channel estimation algorithm
presented in our work is a SFBC-OFDM technique based on ML decoding. As
opposed to the methods proposed in the literature, this method does not require
any matrix inversion at the receiver. As a result of the orthogonal property of
SFBC, it has been possible to derive exact and simple analytical expressions to
estimate the unknown channel parameters. Another advantage of the method is
that the estimation technique is suitable for present and future technologies such
as 3G-LTE, 4G or WiMax. The method can also support any number of transmit
or receive antennas, any number of pilot and data subcarriers as well as any type
of modulation. Finally, with the proposed method, each set of OFDM symbols is
divided into groups, which are decoded simultaneously, according to the number
of pilot subcarriers used. Once the number of groups is defined, each group is
assigned a number of pilot subcarriers equal to the number of frequency slots (n)
required to transmit one SFBC coded training block. The use of groups reduces
the number of computations linearly with respect to the number of pilot

subcarriers used.

5.2 SFBC-OFDM Systems Architecture

5.2.1 Transmitter

A SFBC-OFDM system with M transmit antennas and N, receive antennas is
shown in Figure 5-1. At time t, a binary data block X(t) of q bits is scrambled and
mapped using a set of predefined constellation diagram (BPSK, QPSK, 16-QAM,
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64-QAM, 256-QAM) resulting in a symbol stream

with Ns being the number of data
subcarriers and Ngs being the number of frequency slots required per SFBC coded

data. A modulated pilot sequence

where N, is the number of pilot subcarriers which must be a
multiple of Ngs, are scattered in the data signals at regular intervals. Each block of
data is then sent to the SFBC encoder which is based on Alamouti’s encoding
method [5]. Data is then split to the different antennas according to SFBC
encoding such that . For each antenna, an N-
point Inverse Fast Fourier Transform (IFFT) is applied to convert the coded data
from frequency domain to time domain. SFBC-OFDM becomes more efficient as
the number of subcarriers increases for a given bandwidth [90]. Finally, cyclic

prefix is added to each OFDM symbol and data is transmitted simultaneously

from different antennas.

X Rxq

fix
> SIP | IFFT | AddCP | SIP ;r hy; T—» Remove CP ™ FFT L

Tx hij RY;
S, — — —
X0 [ M-QAM/ gl - j r,| Seace | ¢ X(t)
—» — §
MPSK [ Spac; Fre;jquency ml | P‘Lf,[ SIPt» IFFT | AddCP [ SIP Remove CP |—»! FFT  H —»J Frequency |—w| Demapper |—w-
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Xp() j‘ | [ ™ R
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Figure 5-1: Block Diagram of the SFBC-OFDM System
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In this paper, it is assumed that OFDM symbols are transmitted over a
Rayleigh multipath channel from transmit antenna i to receive antenna j as

described in Chapter 3 Section 3.4.
5.2.2 Receiver

At the receiver, an equivalent procedure is followed. Data is received and
down converted, cyclic prefix is removed and FFT operation is performed.
Alamouti’s encoding scheme offers a simple decoding algorithm when channel
parameters are known at the receiver. Therefore, extra attention has been paid to

the channel estimation.

The transmitted sequence from transmit antenna 1 to M; passes through a fast
frequency selective channel with white Gaussian noise so that the received signal
between the i-th transmit antenna and the j-th receive antenna, once the OFDM

demodulation is applied, can be expressed in the matrix form as:
Mt
Rj,k :ZHi,j,kSi,k +Nj,k (5-1)
i=1

where S; k=[S0, S1,...Sns-1] @and Sik=[So, S1,-.-Sns/2-1] for two and four transmit antennas
respectively. N;jx represents the white Gaussian noise with variance per
dimension, Hijx is the time varying channel tap between the i-th transmit antenna
and the j-th receive antenna and Sy represents the transmitted signal from the i-th

antenna.

Once the data has been decoded, the output of the combiner is fed to the ML

detector.
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5.3 Basic Principle of Pilot Design and Channel Estimation

Similarly to STBC-OFDM, the channel estimation technique proposed in this
Chapter is based on a two-step procedure which is described in Figure 5-2. The
first step occurs at the transmitter side where according to the application used, a
specific number of subcarriers Ns and N, are assigned for data and pilot
transmission respectively. In this technique, each OFDM symbol is divided into
groups, where the length of each group varies according to the number of pilot
subcarriers. Due to SFBC encoding, pilot subcarriers are regrouped in pairs for
two or more transmit antennas according to the number of frequency slots (Ngs)
needed for SFBC encoding. As it can be seen from Figure 5-2, for OFDM
symbols composed of N subcarriers, the length of each group of OFDM symbol
is equal t0 Lsub/group=Ns/(Np/ Nes) which results in a number of groups per OFDM

SymbOI equal to Ngroup/OFDM: Ns/ I—sub/group-

Data Su?carrlers DC Subcarrier Pilot Subcarriers

A
I\

data
group 1

data
group 2

data
group 3

Channel Estimation ( Channel Estimation W Channel Estimation

Channel Estimation
— -+ | —» -+ [ —» -+ | —»

-~

Channel /

Guard Band Guard Band

Figure 5-2: Description of the First Step of the Channel Estimation for 2 Transmit

Antennas

Once the number of groups has been determined, a number of pilot
subcarriers equal to the number of frequency slots needed for SFBC coding are

assigned to each group. Pilot subcarriers are positioned in the middle of each
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group in order to have equivalent number of data subcarriers on both sides. The
number of pilot subcarriers per group will vary according to the number of
transmit antennas and according to the rate of the matrix used for SFBC coding.
With the help of Figure 5-2 for example, it can be seen that for two transmit
antennas with 160 data subcarriers and 8 pilot subcarriers, that 4 groups will be
created as Ngrouporom= Ns/ Lsubsgroup. AlSO, due to the fact that for two transmit
antennas, SFBC requires 2 frequency slots to transmit the data. Moreover, the
number of data subcarriers per group would be equal to 40 which results in
positioning the pilot subcarriers between data subcarrier 20 and 21 of each group.
By doing so, an equivalent number of 20 subcarriers can be found on each side of
the pilot subcarriers which will be decoded simultaneously at the receiver and

therefore reduce the computational complexity of the system.

The second step occurs at the receiver side, the pilot sequence known at the
receiver is used to estimate the channel frequency response of the corresponding
subcarriers. Then, under the assumption that the channel parameters for two
adjacent SFBC blocks are similar, the channel estimated by the pilot subcarriers is
used to recover the adjacent SFBC-coded data subcarriers. Using the earlier
example, channel parameters for pilot subcarriers between data subcarriers 20 and
21 of each group can be estimated and then used simultaneously to decode
adjacent SFBC coded data subcarriers 19, 20 and 21, 22. Once adjacent data
subcarriers have been recovered, frequency channel parameters for the
corresponding data subcarrier can be estimated and used to decode the next
adjacent SFBC data subcarriers 17, 18 and 23, 24. The estimated data becomes the
new pilot sequence, and is therefore used to estimate the channel parameters

which will be used to recover the next data symbols. With the assumption that the
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channels remain constant for two adjacent SFBC blocks, the next pair of symbol
can be estimated in the lower side of the pilot subcarriers as well as in the upper
side. With the use of groups, the entire OFDM symbol is decoded faster than a
traditional SFBC-OFDM decoder. This new decoding method improves the

computation and memory efficiency of the system.
5.4 SFBC-OFDM Systems for 2 Transmit Antennas

As mentioned in the previous section, pilot sequence is assumed known at the
receiver and therefore channel estimation of the pilot subcarriers is first
performed. Then, once channel frequency responses of pilot subcarriers have been
estimated, decoding of adjacent data subcarriers is performed assuming constant
fading conditions for two adjacent SFBC coded data blocks (decoding of
subcarriers k and k+1 is performed using the adjacent estimated channel frequency
response of pilot subcarriers kp and kp+1 with k=0, 2,..., Ns-2 and kp=0, 2,..., Np-

2). Using equation (5.1), received pilot and data subcarriers can be expressed as:

r-pj,kp = hpl,j,kp pkp + hpz,j,kp pkp+l + npj,kp

. . (5.2)
rpj,kp+1 = _hpl,j,kp+1 pkp+1 + hp2,j,kp+l pkp + npj,kp+1

i = hl,j,ksk + h2,j,ksk+l +0N;

(5.3)

Mk = _hl,j,k+lsk+l + h2,j,k+1sk +0Nj

where py* denotes the complex conjugate of pwp, Pjkp, Fix and np;,., n;,

represent the received pilot and data information and white Gaussian noise at
subcarrier kp and k, hpijkp and hijk represent the channel frequency response of
pilot and data subcarrier between the i-th transmit antenna and the j-th receive

antenna, pyp and sy represent the pilot and data information at subcarrier kp and k
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respectively. Organisation of pilot and data vectors through space, time and
frequency can be seen in Figure 5-3 and can be expressed for antennas 1 and 2 as

in (5.4) and (5.5) for pilot and data respectively.

S, n with B n scattered S, n with P, n scattered

0 n D Pa
mlllw p; [fa_p:ﬂ
>
i

Space

Sk @ Sk+1
S . ~Sia

fiper fi i1 OF>

fip fl;;)+ifk fk+1Frequ‘°'nC;

Frequency

Figure 5-3: Organisation of the Pilot and Data Subcarriers for 2 Transmit Antennas

Po=IPys Pyv oo Ps Prgsoons Prgor Pl

, * Pro (5.4)
Pz =[pl’ Por s Prgars Pigreess Py pr-z]
Sl =[So’ _SI' e Sy _Sl:+1""’ Sstz'_S;sfl]T (5 5)
Sz =[Sl’ S(:’ o Sk+1’ S;,..., SNs—l’ S;s—z]T

where k=0, 2, ..., Ns-2 and kp=0, 2, ..., Np-2.

Pilot sequence is known at the receiver and as stated earlier two adjacent
channel frequency responses can be assumed constant therefore hp;;ie=hpijkp+1
which leads with the help of equation (5.2) for the derivation of the channel

estimation :
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- _ TPjsp Py TP kps1 P

P = 7 >
‘ pkp‘ +‘ Pip-1

N _ "B; kp Prps1 + 1P ko1 P

pz,j,kp - 2 2
‘ pkp‘ +‘ pkp+1

(5.6)

Once channel estimation is made, it is possible to detect the upper and lower
adjacent SFBC data signal by using (5.3). For instance, as shown in Figure 5-4, if
the pilot subcarriers were positioned between data subcarriers k+1 and k+2 then
the channel estimation formulae given in (5.6) would be used to recover the data

subcarriers k and k+1 in the lower side as well as k+2 and k+3 in the upper side.

data
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Figure 5-4: Details of the Estimation Technique for 2 Transmit Antennas
Using the estimation made in (5.6), with the help of (5.3) and due to the
assumption that hpjk=hijx=hijk+1 and hpzjw=hzjk=hojk+1, the following

combinations can be deduced:

(hpl,j,kprj,k + hp2,j,kprj,k+1)

MZ

S =

J

(5.7)

I
=

r

§k+1 = Z (hpz,j,kprj,k - hpl,j,kprj,k+l)
j=1

Substitution of (5.6) into (5.7) leads to:
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1 .
Sk = A_ (Apkp+l + Bpkp)
P (5.8)

1 *
Sk = A_ (Bpkp+l o Apkp)
p

where and A and B are given in (5.9).

Nl’
A= Z (rpj,kprj,k+1 - rpj,kp+lrj,k)
i=1

=A, Pips1Sk — PipSkn T Nj,l

N, (5.9)
B= Z (rpj,kprj,k + rpj,kp+lrj,k+1)
j=1
= Ah p:psk + p:p+1sk+1 + Nj,2
where N1 and N, are white Gaussian Noise vectors and
Substituting (5.9) into (5.8), we obtain:
S =A s, +N

k h~k 3 (5.10)

where N3 and N4 are noise terms. Once the data signals that are adjacent to the
pilot subcarriers have been recovered, the process is repeated for the upper and
lower data signal using the recovered data and : as the new pilot
sequence. Therefore, the first pair of decoded data  and become the pilot
sequence and to be used to recover the data and in the next
iteration. Similarly, the second pair of decoded data and become the
pilot sequence and to be used to recover the data and in the

next iteration. In other words, each pair of decoded symbols yield a pair of pilot
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sequence each, this pilot sequence is then used in the next iteration to recover the
adjacent pair of symbols. The iterative joint process is repeated until all the data of
the group have been recovered. Each group is decoded simultaneously which,
when compared with classic decoding where only 2 symbols are decoded at a
time, leads to a decoding speed which increases linearly with the number of pilots

subcarriers used.

From the above derivations, it can be seen that the proposed iterative channel
estimation does not require any matrix inversion, which enhances the simplicity of

the system and therefore reduces the cost without affecting the performances.
5.5 SFBC-OFDM Systems for 4 Transmit Antennas

In this section, the method of detection for four transmit antennas and one
receive antenna is presented. Half-rate complex S, code [37] is used. The fading
channels are assumed to be constant over 16 symbol periods and the received pilot
symbols are assumed known at the receiver. From Section 5.4, the following can

be written for four transmit antennas:

rpj,kp :hpl,j,kp pkp +hp2,j,kp pkp+1+hp3,j,kp pkp+2 +hp4,j,kp pkp+3

Dj ko1 =-hp, jikp+1 Prps +hp2,j,kp+1 P 'hpa,j,kp+1 Pipss +hp4,j,kp+1 Pips2
D ip+2 :'hpl,j,kp+2 Prps2 +hpz,j,kp+z Pipss +hp, j.kp+2 Pip -hp,. jokp+2 Pips1
Dj ko3 :'hpl,j,kp+3 Pip+3 'hpz,j,kp+3 Prp+2 +hp, jokp+3 Prp1 +hp, j.kp+3 Pip
(D, ipea =NP j pea Prp NP2, et Pt HPs ke Prpz HNP. s Pigia
P; kpss =-hp, i kp+5 p:p+l +hp2,j,kp+5 p:p _hpa,j,kp+5 p:p+3 +hp4,j,kp+5 p:p+2
Dj ko6 :'hp1,j,kp+e p:p+2 +hpz,j,kp+e p:p+3 +hp3,j,kp+6 p:p 'hp4,j,kp+e p:p+l

Dj ko7 :'hpl,j,kp+7 Pips3 'hpz,j,kp+7 Prp+2 +hp3,j,kp+7 pkp+l+hp4, jkp+7 Pip

(5.11)
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where to are known at the receiver and kp=1, 9, ..., Ny/2-7. The
received equations of the adjacent transmitted data subcarriers can be found in

(5.12).

lie = hl,j,kSk + h2,j,kSk+l + h3,j,kSk+2 + h4,j,kSk+3

rj,k+1 = _hl,j,k+18k+1 + h2,j,k+1sk - h3,j,k+1sk+3 + h4,j,k+1sk+2

rj,k+2 = _hl,j,k+zsk+2 + h2,j,k+28k+3 + h3,j,k+28k - h4,j,k+zsk+1

rj,k+3 = _hl,j,k+3sk+3 - h2,j,k+3Sk+2 + h3,j,k+3sk+1 + h4,j,k+3sk 512
rj,k+4 = hl,j,k+4s: + h2,j,k+45;+1 + h3,j,k+4S:+2 + h4,j,k+4S:+3 ( . )
likes = _hl,j,k+53:+l + hz,j,k+53: - h3,j,k+ss:+3 + h4,j,k+53:+2

M = _hl,j,k+6s:+2 + h2,j,k+65;+3 + h3,j,k+6S: - h4,j,k+68:+1

Mz = —hl,j,k+75I:+3 - h2,j,k+75:+2 + h3,j,k+75;+1 + h4,j,k+7S:

where I to rjk+7 are known at the receiver with {k=1, 9, ..., Ns/2-7}.

With the help of Figure 5-5 and according to the well known STBC coding
for four antennas, vectors P; to P4 and S; to S4 can be expressed as in (5.13) and

(5.14) respectively.
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Figure 5-5: Organisation of Data and Pilot Subcarriers through Space, Time and

Frequency

P =[Pg:- Py -Py-Pss Pos= Py P50 Pss oo
Prorz—ss Pprass “Prpro-21 Prpra-1s Prora—ss Ponprz-3» Priprz-2+Prprza]’
P, =[Py, Pos P3s—Pas Pys Pos Py Py oo
Prprzs» Prpiza» Prprz1r Prprz-2+ Prorzsr Panprz-a Prprz-10 Prprz-2]'
P, =[P, -Pss Po» Pus P2r Pss Py Py o
Prora-20 Prora1s Prproas Prpras Prpra—20 “Panpra-1 Prprz-a Prpra ]
P, =[P, P Pus Pos P Pas Py Pos -

pr/2—11 pr/z—zl 'pr/z—s’ pr/2—4’ pr/2—1' p2Np/2—2' _pr/2—3’ pr/2—4]

(5.13)
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S; =[Sy, -Si, =Sys -S3, Sgs Sys =S,y =Sz --ss

* * * T
Ss/2-41 ~Sns/2-31 “SNs/2-21 ~Sns/2-1,Ns/2-41 ~Snsi2-31 “SNs/2-20"Snsi21]
S, =1[5,,50:535 S, 1150 S31 =S, vy

* * * * T
Sns/2-3' SNs/2-41 SNs/2-11 ~SNs/2-2 Shs/2-31 Shs/2—41 SNs/2-11 “Sns/2-21 (5.14)

S =[S, 55,508, 20 3,50, 1 o

* * * * T
Ss/2-21 “Sns/2-11 SNsi2_41 SNs/2-3» Snsiz-21 ~Snsi2-11 Sns/241 Sns/2-3]
S, =[Ss S,y =S;, Sps S35 Sps =Sy Sp eer

* * * * T
SNsi2-17 SNs/2-21 “SNs/2-31 SNs/2—a1 SNs/2-11 Sns/2-21 ~Sns/2-3 SNs/2—4]

As mentioned for two transmit antennas, the proposed channel estimation
technique first focuses on the estimation of the channel at the pilot subcarriers.
Then using this estimation and under the assumption that the fade remains
constant over 16 symbol periods, adjacent data subcarriers are decoded and used
to decode the next SFBC block of 8 symbol periods. Figure 5-6 shows the
organisation of the OFDM symbol. First, the pilot subcarrier kp to kp+7, known at
the receiver are used to initiate the iterative channel estimation method.
Estimation is performed and used to decode the data subcarriers k to k+7 and k+8
to k+15 simultaneously. Each iteration allows the decoding of 16 data subcarriers
per group which is equivalent to 8 data symbols multiplied by the number of

groups of the OFDM symbols.
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Figure 5-6: Details of the Estimation Technique for 4 Transmit Antennas
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Pilot sequence is known at the receiver and following the description given
for two transmit antennas, adjacent channel frequency response can be assumed
constant therefore hp;;p=hpijp+sp, With i=1, 2, 3, 4 as 4 transmit antennas are
used and sp=0, 1,..., 7 as 8 subcarriers are used for SFBC pilot encoding. Thus

with the help of (5.11), the following channel estimation equations can be derived:

~ _ rpj,kp pkp - rpj,kp+l pkp+1 - rpj,kp+2 pkp+2 - rpj,kp+3 pkp+3

pl,ivkp - 2 2 2 2
2 ‘ pkp‘ +‘ pkp+l +‘ pkp+3 +‘ pkp+4

rpj,kp+4 pkp + rpj,kp+5 pkp+1 + rpj,kp+6 pkp+2 + r-pj,kp+7 pkp+3

2 2 2
2 ‘pkp‘ + +‘pkp+3

+

pkp+1 pkp+4

ﬁ _ rpj,kp pkp+l + rpj,kp+l pkp + r-pj,kp+2 pkp+3 - rpj,kp+3 pkp+2
P2 = 2 2 2 2
2 pkp‘ + + ‘ pkp+3 + ‘ pkp+4

r-pj,kp+4 pkp+1 + Ir-pj,kp+5 pkp + rpj,kp+6 pkp+3 - r-pj,kp+7 pkp+2

2 2 2
2 @kp‘ +‘ pkp+1 +‘ pkp+3 )

ﬁ _ rpj,kp pkp+2 - rpj,kp+1 pkp+3 + rpj,kp+2 pkp + rpj,kp+3 pkp+1 n
Psjie = 2 2 2 2
2 pkp‘ + ‘ pkp+l +‘ pkp+3 +‘ pkp+4
r-pj,kp+4 pkp+2 - rpj,kp+5 pkp+3 + rpj,kp+6 pkp + rpj,kp+7 pkp+1
2 2 2 2
2 Qkp‘ +‘ pkp+1 +‘ pkp+3 + ‘ pkp+4 )
ﬁ _ r-pj,kp pkp+3 + r-pj,kp+1 pkp+2 - r-pj,kp+2 pkp+1 + rpj,kp+3 pkp +
Pa e = > > > >
2 pkp‘ +‘ Prpsa| T ‘ Pip+3 +‘ Pip-a (5.15)

rpj,kp+4 pkp+3 + rpj,kp+5 pkp+2 B rpj,kp+6 pkp+1 + rpj,kp+7 pkp

2 2 2 2
2 pkp‘ +‘ pkp+l +‘ pkp+3 + ‘ pkp+4

where k=0, 4, ..., Ns-4 and kp=0, 4, ..., Np-4.

pkp+l

2
+ pkp+4

The detection formulas for the data signals can be derived with the help of
(5.12) and (5.15). Assuming hpijp= hijk =hijk+sp , €quation (5.16) can be

deduced.
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N B B .
S = Z(hpl,j,kprj,k + hpz,j,kp liat hp3,j,kprj,k+2 + hp4,j,kp kst
=

hpl,j,kp rj,k+4 + hpz,j,kp rj,k+5 + hps,j,kp rj,k+6 + hp4,j,kp rj,k+7)
N B 5 5
S = Z (hpz,j,kp rj,k - hpl,j,kprj,k+l - hp4,j,kprj,k+2 + hps,j,kp rj,k+3 +
j=1

hpz,j,kp rj,k+4 - hpl,j,kprj,k+5 - hp4,j,kprj,k+6 + hpa,j,kp rj,k+7) (5 16)

Nr ~ % ~ % ~ %
Sgi2 = 2 (hps,j,kprj,k + hp4,j,kprj,k+1 - hpl,j,kprj,k+2 - hpz,j,kp rj,k+3 +
j=1
hpa,j,kp rj,k+4 + hp4,j,kprj,k+5 - hpl,j,kprj,k+6 - hpz,j,kp rj,k+7)
N 5 B B
Sz = Z (hpA,j,kprj,k - hp3,j,kprj,k+1 + hpz,j,kp rj,k+2 - hpl,j,kprj,k+3 +
j=1

hp4,j,kp rj,k+4 - hps,j,kp rj,k+5 + hpz,j,kp rj,k+6 - hpl,j,kp rj,k+7)

Replacing the channels by their estimated expressions obtained in (5.15),

(5.16) becomes:
- 1
S = (Apkp + Bpkp+l + Cpkp+2 + Dpkp+3 +
24,
Epltp + Fp:p+l + Gp:p+2 + letp+3)
- 1
S = K(_Bpl,kp + Apkp+l + Dpkp+2 _Cpkp+3 -
p
. Fp;p + Ep:p+l + Hp:p+2 _Gp:p+3) (517)
§k+3 = A (_Cpl,kp - Dpkp+l + Apkp+2 + Bpkp+3 -
N
Gp:p - Hp;pﬂ + Ep;p+2 + Fpl:p+3)
- 1
Sked S5 (_Dpl,kp + Cpkp+l - Bpkp+2 + Apkp+3 -
24,
letp + Gp;p+1 - I:p:p+2 + Ep:p+3)
where and A,B,C,D, E, F,Gand

H are given as:
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ikprilkes T pealiez T pealjnes T

NI'
A= Z (el + T
=1

* * *
r-j,kp+4rj,k+4 + rj,kp+5rj,k+5 + rj,kp+6 rj,k+6 + r-j,kp+7 r-j,k+7)

=2Ah ( pkpsk + pkp+1sk+1 + pkp+25k+2 + pkp+35k+3) + N j.1

NI’
B = Z(_ rj,kp+1rj,k + rj,kprj,k+l + r] kp+3rj k+2 rj,kp+2rj,k+3 -
j=
rj kp+5rj k+4 + r] kp+4rj k+5 + r] kp+7 r] k+6 rJ,kp+6 rj,k+7)
= ZAh ( pkp+1s - pkpsk+l + pkp+3sk+2 - pkp+zsk+3) +N i2
Nr
C ( ] kp+2 J k r],kp+3rj,k+1 + rj kprj k+2 + r] kp+1rj k+3
j=1

* * *
r‘j,kp+6 rj,k+4 - rj,kp+7 r‘j,k+5 + rj,kp+4rj,k+6 + r‘j,kp+5rj,k+7)

=2A (p*kkp+2s

DZ(

- pkp+38k+l - pkpsk+2 + pkp+lsk+3) +N j.3

J kp+3 J k + rj kp+2 rj k+1 I’-J,kp+1rj,k+2 + r-j,kprj,k+3 -

rj,kp+7 r-j,k+4 + rj kp+6 r] k+5

= 2Ah ( pkp+35k + pkp+ZSk+l -
Nr

E= Z (rj,kp+4rj,k + rj,kp+5rj,k+1 + r] kp-+6 rj k2 r] kp+7 r] ka3 T
i=1

pkp+1sk+2 - pkpsk+3) +N j.4

rj,kp rj,k~r—4 + rj,kp+lrj,k+5 + rj,kp+2 rj,k+6 + rj,kp+3rj,k+7)
= 204 (PipSk + PigeaSier + Prpr2Siaz + PigisSiaa) T Njs

F= _ (_ rj,kp+5rj,k + rj,kp+4rj,k+l + r] kp+7 r] ke2 T I

o 4+ T, o+l . .I

j,kp+1" j,k+4 j.kp" j,k+5 j.kp+3" j,k+6 rJ,kp+2rj,k+7)

=2A,( Prp+15k — PipSkar t PrpsaSkaz — pkp+2sk+3) +N i6
NI’
G = (_ rj,kp+6 r-j,k - I’j,kp+7 r-j,k+l + r] kp+4rj k+2 + r] kp+5rj k+3
j=1

* * * *
rj,karer,k+4 - I’-j,kp+3rj,k+5 + r-j,kprj,k+6 + If-j,kp+1rj,k+7)

= 2Ah ( pkp+2sk - pkp+3sk+1 - pkpSk+2 + pkp+lsk+3) +N j7

.
H= Z (=T ik T FisoesFiker ~ FipesTinez + Fkpraljes —

j=1
I’-j,kp+3rj,k+4 + rj kp+2rj k+5 rj,kp+lrj,k+6 + r-j,kprj,k+7)

= 2Ah ( Prp+3Sk T Pips2Ski1 — PipraSiea — pkpsk+3) +N i8

I’J,kp+5rj,k+6 + r-j,kp+4rj,k+7)

jkp+6 " jk+3

(5.18)
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where and

Nj1, Nj2, ..., Njgare noise terms.

Substituting (5.18) into (5.17), the final equations for the signal detection can

be derived and expressed as:

Sc =A.S + N,
ker = ApSea + NlO

wn

(5.19)

Un

k2 = DpSeip + N11
Skis =ApSeia t+ N12

where No, N1o, N11 and N1, are noise terms.

Following the same joint iterative process as described in the previous

section, detected signals : and will, in the next iteration, be the
new pilots , : and . And with the help of (5.15) channel
parameters will be estimated in order to recover : : and

according to equations (5.16) to (5.19). Similarly, the second group of decoded

data : and will, in the same iteration, be the new pilots :
: and and with the help of (5.15), channel parameters will be
estimated in order to recover , : and according to equations

(5.16) to (5.19).

As it can be noticed, this method is simple, cost and computation effective as
two SFBC blocks per group are decoded simultaneously. Hence, decoding using
groups increases the decoding speed linearly with the number of pilot subcarriers.
For a higher number of pilot subcarriers, a higher number of groups will be

generated and therefore, higher number of SFBC blocks will be decoded at a time.
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In addition, the method is cost and computation effective because the pilot
sequence is scattered in the transmitted OFDM symbol and matrix inversion is not
required at the receiver as opposed to other techniques proposed in the literature.
Absence of matrix inversion at the receiver simplifies the receiver algorithm as
well as the implementation cost. Finally, as demonstrated in the previous sections,
the proposed method is suitable for any number of transmit or receive antennas

and can be adapted to SFBC codes of different matrix rates.

5.6 Simulation Results

The performance of the proposed channel estimation algorithm is evaluated
by computer simulation in a Mobile WiMax environment. Mobile channels used
for performance evaluation are multipath channels each experiencing Rayleigh
fading with Doppler frequency. The channel parameters were set as defined by the

SUI standard [91] .

For the simulation of the algorithm, two and four transmit antennas with one
and two receive antennas have been used. In addition, as utilized for the channel
estimation algorithm of the STBC-OFDM system in Chapter 4 Section 4.6, an
OFDM block of 256 subcarriers defined in the Mobile WiMax standard have been
used. This standard includes 192 data tones, 8 pilot tones and 56 guard tones.
Allocation of the subcarriers of the OFDM frame is made according to the
IEEE802.16e (WiMax) standard [24]; indices of -128~-101 and 101~127 are
reserved for guard interval, 0 is for the DC subcarrier, -100~-1 and 1~100 are
defined as the chosen subcarriers in which -88, -63, -38, -13, 13, 38, 63 and 88 are
pilot subcarriers and the remaining are specified as data subcarriers. However, in

order to achieve more accurate channel estimation in fast fading environments and
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of because SFBC is utilized, pilot subcarriers have been redefined for this work as
-76, -75, -26, -25, 25, 26, 75, and 76 for two transmit antennas. For a higher
number of transmit antennas, adjacent tones would also be defined in order to have
an equivalent number of data subcarriers on each side of the pilot tone (for
example, subcarriers -4, -3, -2, -1, 1, 2, 3 and 4 would be used for four transmit
antennas with 8 pilot subcarriers and therefore 96 data subcarriers would be found
on each side of the pilot tones). Such values have been defined in order to have
pilot tones regrouped to achieve more accurate channel estimation as the channel

gains of two adjacent tones can be considered to be approximately equal.

Performance was observed under SUI channels 1 and 3 for 16QAM and
64QAM modulation. The channel bandwidth was set to 3.5MHz with an OFDM
block duration of 0.112ms and a guard interval duration of 28.07us. Finally, the
method is proposed for systems operating in mobile environment, therefore, the

method has been tested under different levels of Doppler Shift.

Figure 5-7 to Figure 5-10 depict the performance of the proposed channel
estimation algorithm for different modulation orders for pilot and data subcarriers
and for different number of transmit and receive antennas. The performance of the
channel estimation algorithm is compared to the case where CSI is known at the
receiver. For a fixed modulation order for pilot and data subcarriers, the channel
estimation technique experiences a 4 to 8 dB loss compared to the case where CSI

is known at the receiver.

In addition, simulation results for different number of pilot subcarriers are
presented for a fixed number of data subcarriers, set to 192. It can be noticed that

as the number of pilot subcarriers increase, the BER of the proposed channel
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estimation technique decreases. From Figure 5-7 to Figure 5-10, it can be seen
that 1 to 2 dB can be saved by increasing the number of pilot subcarriers from 8 to
24. Moreover, the performance of the system has not been evaluated for 12 pilot
subcarriers when 4 transmit antennas are used due to the fact that in SFBC-
OFDM, the symbols are coded through frequency, implying that a multiple of 8 is

required to map Gac.

Finally, from the Figure 5-7 to Figure 5-10, it can be noticed that performance
improves when a lower modulation order is used for pilot subcarriers. In contrast
to most proposed work where the modulation order utilized by the pilot sequence
is fixed, in this work, we have considered two types of modulation orders for the
pilot sequence. From this, it has been observed that when the pilot subcarriers are
modulated using a lower modulation order than that used by the data subcarriers, a
more accurate channel estimation is obtained which leads to an improvement in
the BER performance. Thus, from the results, it can be seen that when the
modulation order for the pilot sequence is reduced to BPSK, the performance of
the estimation method is improved by 1 to 3dB. The modulation order for pilot
and data subcarriers is denoted by BPSK/16QAM, this means that the pilot
sequence is modulated using BPSK and data sequence is modulated using

16QAM.
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From the case where similar modulation order is used for both pilot and data
subcarriers to the case where BPSK is used to modulate pilot subcarriers with the
number of pilot subcarriers increased from 8 to 24, a BER reduction of 3 dB can
be obtained. However, this result should be considered with caution as a higher
number of pilot subcarriers would imply a reduction in the length of the guard
interval or an increase in bandwidth use. Significant reduction of the guard
interval length would cause ISI, therefore a trade off between number of pilot

subcarriers and BER performance needs to be found.

Simulations results presented above have been compared in Figure 5-11 and
Figure 5-12 with the results obtained for STBC-OFDM for two and four transmit
antennas and one receive antenna. From Figure 5-11 and Figure 5-12, it can be
seen that STBC-OFDM and SFBC-OFDM achieve similar performance, with
STBC-OFDM achieving 1dB improvement compared to SFBC-OFDM. The
reason for this difference is due to the fact that, for example, for 8 pilot subcarriers
designed for two transmit antennas, channel estimation will be performed 8 times
for STBC-OFDM while it will only be performed 4 times for SFBC-OFDM. This
is mainly because STBC-OFDM is coded through multiple OFDM symbols which
make the code more vulnerable to mobile environments while SFBC-OFDM s
coded through multiple subcarriers. Hence, it can be implied that SFBC-OFDM
performs better because for 8 pairs of channel estimations (16 pilot subcarriers),

SFBC-OFDM achieves lower BER of 1-2dB compared to STBC-OFDM.
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Figure 5-11: Comparison Results for 2 Transmit and 1 Receive Antennas between
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Figure 5-12: Comparison Results for 4 Transmit and 1 Receive Antennas between
STBC-OFDM and SFBC-OFDM under BPSK/16QAM
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As in Chapter 4 Section 4.6 for STBC-OFDM, simulation of the iterative
joint channel estimation were realised under various channel conditions. Figure
5-13 and Figure 5-14 show the performance results of the proposed method under
SUI1 and SUI3 for 2 and 4 transmit antennas with one receive antenna
respectively. Similar conclusions to the one made earlier in Chapter 4 Section 4.6
for STBC-OFDM occurs, the behaviour of the methods are similar under SUI1
and SUI3, but due to the smaller delay spread of SUI3, SUI3 gives higher BER
than SUIL. The difference between the two cases is about 2dB when BPSK

modulation is used for pilot subcarriers and 16QAM is used for data subcarriers.
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Figure 5-14: Comparison Results between SUI1 and SUI3 for 4 Transmit and 1 Receive
Antennas

Simulation results presented in Figure 5-15 to Figure 5-18 were performed for
different levels of Doppler shift with a carrier frequency of 2.5GHz. The system
was tested for speed varying from 20 km/h to 90 km/h. Results show that as the
speed increases, the estimation becomes less accurate. Therefore, performance
declines as Doppler shift increases. Higher expected loss can be found when the
receiver is mobile. Indeed, as far as the Doppler shift is concerned, a penalty of 3
to 10 dB is observed between the ideal case where the Doppler shift is low and the

case where Doppler shift is equal to 200Hz.

According to the Doppler shift and compared to the low mobility scenario,
penalty of 1dB to 9dB can be observed. It is thus clear that the proposed method is
sensitive to high mobility environments. The results in the proposed method still

show better performance than the one given in [92] where performance
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degradation observed for 4 transmit antennas ranges from 5dB to more than 10dB
as estimation error is increased. In space frequency coding, detection is achieved
within one OFDM symbol. Therefore, systems are less susceptible to Doppler
interference than STBC-OFDM systems. From [31], it can be seen that STBC-

OFDM systems reach their BER limits faster than SFBC-OFDM systems.

From the results, it is also evident that in contrast to scenarios where the
modulation order for both pilot and data subcarriers is fixed, using BPSK
modulation for the pilot subcarriers improves the performance by 1 to 3dB even in

mobile environments.
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Figure 5-15: Performance of the Proposed Technique under Various Speed for 2
Transmit Antennas and 1 Receive Antenna under 16QAM
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Figure 5-16: Performance of the Proposed Technique under Various Speed for 4
Transmit Antennas and 1 Receive Antenna under 16QAM
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Figure 5-18: Performance of the Proposed Technique under Various Speed for 4
Transmit Antennas and 2 Receive Antennas under 64QAM

With the proposed iterative channel estimation technique, the grouping of
symbols improves the computational efficiency of the system. When the number
of pilot symbols increase, the number of groups also increases. This means that
the decoding time is reduced as two sets of SFBC-OFDM symbols are decoded
concurrently in each group. Moreover, with the use of SFBC-OFDM, decoding
can take place within one OFDM symbol which when compared to STBC-OFDM,
saves half of the memory used. Indeed, in order to decode the data in STBC-
OFDM, the system needs to save two OFDM symbols in contrast to SFBC-
OFDM where the system needs to save only one OFDM symbol. Thus, it can be
concluded that space frequency coded OFDM system is a good candidate for high

mobility environments.

Finally, investigation focused on the decoding time required to decode an

entire SFBC-OFDM symbols and the percentage time saved. Table 5-1 and Table
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5-2 show the decoding time and decoding time saved per SFBC-OFDM symbols
respectively for 2 and 4 transmit antennas and 1 and 2 receive antennas. In
contrast to STBC-OFDM where there is no relationship between the decoding
time and the number of transmit antennas or number of pilot symbols used, from
Table 5-1, it is clear that the decoding time per SFBC-OFDM symbol is reducing
linearly with the number of antennas. Indeed, by looking at 2 transmit antennas
and one receive antenna, it can be noticed that the time to decode the OFDM
symbol for 16 pilot subcarriers is half the time to decode the OFDM symbol for 8
pilot subcarriers. In addition the time for 24 pilot subcarriers is a third of the time
taken to decode the OFDM symbol with 8 pilot subcarriers. It can also be seen
from Table 5-1 that the decoding time depends only on the number of transmit

antennas and has no relationship with the number of received antennas used.

Table 5-2 shows the percentage bandwidth saved. Due to the fact that the
decoding time has no relationship with the number of receive antennas, it can be
seen that percentage value for 2 transmit and 1 and 2 receive antennas are similar,
and that similar conclusions can be made for the case of four transmit antennas.
Finally, it can be seen that the time saved increases exponentially with the number

of pilot used.
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Table 5-1: Decoding Time per SFBC-OFDM Symbol

Number of Decoding 8 Pilot 12 Pilot 16 Pilot 24 Pilot
Pilot Subcarrier per Subcarriers  Subcarriers Subcarriers Subcarriers
Subcarriers Subcarrier

Tx=2 Rx=1 0.75s 0.195s 0.127s 0.096s 0.065s
Tx=2 Rx=2 0.75s 0.199s 0.131s 0.099s 0.066s
Tx=4 Rx=1 1.2s 0.382s N/A 0.195s 0.128s
Tx=4 Rx=2 1.2s 0.388s N/A 0.195s 0.132s

Table 5-2: Decoding Time Saved per OFDM Symbol

Number of 8 Pilot 12 Pilot 16 Pilot 24 Pilot
Pilot Subcarriers Subcarriers Subcarriers Subcarriers

Subcarriers

Tx=2 Rx=1 74% 83% 87.2% 91.3%
Tx=2 Rx=2 73.8% 82.8% 87% 91.3%
Tx=4 Rx=1 68.2% N/A 83.8% 89.3%
Tx=4 Rx=2 67.9% N/A 83.9% 89.1%

5.7 Conclusions

In this Chapter, a new channel estimation method is proposed for SFBC-
OFDM systems. The effects of channel estimation for mobile SFBC-OFDM
systems have been studied. A new iterative channel estimation method using
SFBC coded groups of subcarriers has been presented and simulated under high
mobility frequency selective channels. In addition, the method has been simulated

for various numbers of pilot subcarriers using 2 types of SUI channels.
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The system proposed in this paper offers an efficient and computation-
effective algorithm where all groups are decoded simultaneously and where the
initial training sequence is limited. Limitation of the training sequence offers a
trade-off between accurate channel estimation and efficient bandwidth usage as
more pilots would allow the algorithm to perform more accurate channel
estimation at the cost of less transmitted data or more ISI. Furthermore, low
sensitivity of the system to mobile environments has been demonstrated.
Performance of the system can be improved by inserting an error correction
technique or by inserting a coding technique such as low density parity check
(LDPC). One of the most important conclusions of the Chapter is that the
proposed method does not require any matrix inversion at the receiver and that the
system is not sensitive to mobile environments. Moreover, the algorithm has been
demonstrated suitable for any number of transmit or receive antennas and for any

modulation order as well as any number of pilot and data subcarriers.

Finally, in this chapter, it has been demonstrated that SFBC-OFDM performs
better than STBC-OFDM in terms of computational complexity and robustness in
fading. Indeed, from simulation results, it can be noticed that decoding time is less
in SFBC-OFDM compared to the one for STBC-OFDM. This is due to the fact
that only one OFDM symbol is required in SFBC-OFDM to decode the
transmitted data. Moreover, in mobile environments, the performance of STBC-
OFDM would be reduced due to the fact that data is coded over multiple OFDM
symbols. However, when compared to STBC-OFDM in slow fading
environments, for the same number of pilot subcarrier, it can be noticed that
STBC performed better. This is due to the fact that in STBC, channel estimation is

performed using pilot symbols coded over multiple OFDM symbols and therefore
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allows the creation of higher number of groups compared to SFBC-OFDM. On
the contrary, when STBC-OFDM and SFBC-OFDM are compared in terms of
groups, it can be seen that SFBC-OFDM performed better. Therefore, a new
coding combination between STBC and SFBC is proposed in the following

chapter.
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6 Channel Estimation for SFBC/STBC

and STBC/SFBC with OFDM

In this Chapter, an iterative channel estimation algorithm with joint
detection is proposed for MIMO-OFDM systems using STBC and SFBC.
In Chapter 4 and 5, joint iterative channel estimation was proposed for
STBC-OFDM and SFBC-OFDM respectively. From the analysis of the
results of the two previous channel estimation methods, it was identified
that significant benefits can be achieved when pilot and data symbols are
encoded using STBC and SFBC respectively. From Chapter 5, it was
identified that SFBC performs better than STBC when the same amount of
estimation is used for data recovery. Further modification of the
algorithms of Chapter 5 has led to the development of an STBC-SFBC
alternating scheme. In this scheme the STBC and SFBC designs are
switched between pilot and data subcarriers in order to enhance the
performance of SFBC codes without increasing the number of pilot
subcarriers. We demonstrate the efficiency of the method through
computer simulation and comparison of the simulation results with the

results obtained in Chapter 4 and 5.

6.1 Introduction

Since the pioneering work introduced by Li in [68], various channel estimation
algorithms have been proposed for STBC/SFBC-OFDM systems [31, 93, 94].

Among these methods, pilot aided channel estimation based on Discrete Fourier
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Transform (DFT) using minimum mean square error (MMSE) or Maximum
likelihood (ML) have been studied for OFDM systems [31, 95]. For a sufficient
number of pilots, the two methods have comparable performance but the ML
scheme is simpler to implement than the MMSE. Thus, our focus in this Chapter is
on the development of a pilot aided channel estimation algorithm with ML

detection.

A pilot aided channel estimation method using ML was proposed in [31] and
compared with MMSE method and Kalman filtering method in [96] and [97]
respectively. The proposed channel estimation method is applied to STBC-OFDM
systems for different number of transmit and receive antennas. Unlike the method
proposed in [31], we propose in this Chapter an iterative channel estimation
algorithm for STBC-OFDM and SFBC-OFDM. The proposed iterative joint
channel estimation and decoding algorithm improves the receiver performance
and is specifically suited for mobile environments. This is largely because the
algorithm is based on a processive re-estimation of channel parameters
immediately after each set of symbols are decoded. The novelty of the proposed
algorithm mainly comes from the fact that the method employs a concatenation of
STBC and SFBC designs to estimate channel parameters and decode the
transmitted data. Hence, an STBC-SFBC alternating scheme for pilot and data
subcarriers is proposed. Another significant contribution of this Chapter comes
from the fact that the channel estimation technique presented in this work is a
STBC/SFBC-OFDM method based on ML detection.  Moreover, as an
improvement to the methods proposed in the literature; this method does not
require any matrix inversion at the receiver. As a result of the orthogonal property

of STBC/SFBC, it has been possible to derive exact and simple analytical
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expressions to estimate the unknown channel parameters. The method can also
support any number of transmit or receive antennas as well as any type of
modulation scheme for pilot and data subcarriers. As proposed for STBC-OFDM
and SFBC-OFDM, OFDM symbols are divided into groups, which are decoded
simultaneously according to the number of pilot subcarriers used. Once the
number of groups is defined, each group is assigned a specific number of pilot
subcarriers equal to the number of frequency slots required to transmit one
STBC/SFBC coded training block. The grouping approach employed in this work
reduces the number of computations which is linearly proportional to the number

of pilot subcarriers used.

In this Chapter two approaches are described, first, SFBC is used to encode
pilot subcarriers while STBC is used to encode data subcarriers. Then in a second
part, encoding between pilot and data subcarriers is switched such that STBC is
now used for pilot subcarriers while SFBC is used for data subcarriers. The
efficiency of the two methods has been tested via computer simulations for
various scenarios and comparison with previous proposed methods is given. The
proposed methods are suitable for present and future technologies such as 3G-

LTE, 4G or WiMax especially those operating in mobile environments.
6.2 Systems Architecture

A MIMO-OFDM system with M; transmit antennas and N, receive antennas,
employing Neer subcarriers from which N are used to transmit data symbols, N,
are used to transmit pilot symbols and the remaining Neer - Ns - N, subcarriers
are used as DC subcarrier and guard interval, is shown in Figure 6-1. At time t, a

binary data block X(t) of g bits is scrambled and mapped using a set of predefined
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constellation diagram (BPSK, QPSK, 16-QAM, 64-QAM, 256-QAM) resulting in
a symbol stream {S=[s,, S, ,.. S +Se1-.- S, J1k= 0 2.., X, . Simultaneously,
a binary data block Xp(t) is modulated resulting in a pilot sequence

which is known at the

receiver. The value of x and xp are determined by the encoding type employed,
the number of transmit antennas and the rank of the matrix. For example for two
transmit antennas, x=2Ns-1 (xp=2Np-1) and x=Ns-1(xp=Np-1) for STBC and
SFBC respectively. Each block of pilot and data is then sent to the Space-Time
and Space-Frequency or Space-Frequency and Space-Time encoder respectively.
Encoding is based on the Alamouti scheme [5]. Data is then split to the different
antennas according to the encoding used for data and pilot subcarriers such
that . Then, once encoded, the known pilot
sequence is added to the generated signal and allocated to the different antennas.
For each antenna, an N-point inverse Fast Fourier Transform (IFFT) is applied to
convert the coded data from frequency domain to time domain. Finally, cyclic
prefix is added to each OFDM symbol and data is transmitted simultaneously
from different antennas. It is assumed that time and frequency synchronization of

the system is perfect.
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Figure 6-1: Block Diagram of the Proposed Method

At the receiver, an inverse procedure is employed. Data is received and down
converted, cyclic prefix is removed and FFT operation is performed. Alamouti’s
encoding scheme offers a simple decoding algorithm when channel parameters are
known at the receiver. Therefore, extra attention has been paid to the channel

estimation aspect.

The transmitted sequence across all transmit antennas passes through a fast
frequency selective channel with adaptive white Gaussian noise. The received
signal between the i-th transmit antenna and the j-th receive antenna, after OFDM

demodulation is applied, can be expressed in matrix form as:
M,
R;(n) =2 H;;(MS;(n)+N;(n) (6.1)
i=1

where Sjx(n)=[So, S1,...Sx-1] and where N;x(n) represents the white Gaussian noise
with variance per dimension, Hi;x(n) is the time varying channel tap

between the i-th transmit antenna and the j-th receive antenna of the n-th OFDM
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symbol and S;k(n) represents the transmitted signal from the i-th antenna of the n-

th OFDM symbol.

Data is then sent to the channel estimator in order to estimate channel
parameters at pilot subcarriers. The estimated channel is sent to Space-
Time/Frequency Decoder in order to be used to recover the transmitted data

sequence which is finally detected using ML.

6.3 Channel Estimation Strategy

An iterative joint channel estimation strategy which is similar to the one
proposed for STBC-OFDM and SFBC-OFDM, is proposed in this Chapter. The
fact that STBC and SFBC are both orthogonal codes allows the combination of
the two coding schemes and allows us to propose the STBC/SFBC-OFDM
channel estimation strategy where pilot and data subcarriers are encoded using
STBC and SFBC respectively. Also, on the other hand, the SFBC/STBC-OFDM
channel estimation strategy is proposed where pilot and data subcarriers are

encoded using STBC and SFBC respectively.

As described in Chapter 4 and 5, Np and Ns pilot and data subcarriers are
used to estimate the channel parameters and recover the transmitted sequence. A
grouping strategy is also applied where the number of data subcarriers per group
Is pre-determined such that Lsugroup=Ns/Np and the number of groups is equal to
Ngroup=Ns/Lsubigroup=Np for STBC/SFBC-OFDM. In the case of SFBC/STBC-
OFDM, Lsubigroup=Ns/(Np/ Nrs) which results in a number of groups per OFDM
symbol equal to Ngrouprorom= Ns/ Lsubigroup - According to the encoding scheme
used, for two transmit antennas, 1 or 2 pilot subcarriers are assigned to each group
for STBC/SFBC-OFDM and SFBC/STBC-OFDM system respectively.
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Significant benefits are realized for SFBC-OFDM systems, for example when
8 pilot subcarriers are utilized, the OFDM symbol is divided into 4 groups. On the
contrary when STBC/SFBC-OFDM systems are utilized for the same amount of
pilot subcarriers, 8 groups of data would be generated. As identified in Chapters 4
and 5, higher number of subcarriers results in a higher number of groups and
therefore the channel estimation is more accurate. Indeed, from Chapter 5 it is
realized that, SFBC-OFDM achieves better performance than STBC-OFDM when

comparison is based on the same number of groups.

The integration of STBC with SFBC-OFDM systems will however lead to the
assumption that channel parameters remain constant over n OFDM symbols and
over n; adjacent subcarriers which might be a disadvantage in high mobility
environments especially when the number of transmit antennas exceed 2. For the
scenario where SFBC is integrated with STBC-OFDM systems, the assumption
that the channel parameters remain constant over ny OFDM symbols already exists
for STBC-OFDM systems. However, an additional assumption that the channel

parameters will remain constant over n; adjacent subcarriers will be required.

6.4 SFBC Pilot Aided Channel Estimation for STBC-OFDM
Systems

In this Section, pilot subcarriers are coded according to the encoding rules of
SFBC-OFDM while data subcarriers are coded according to the encoding rules of

STBC-OFDM.

6.4.1 SFBC/STBC-OFDM for 2 Transmit Antennas
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Details of the organisation of SFBC/STBC symbols combined with OFDM

can be found in Figure 6-2.
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S, n withP n scattered i@ —S; n with —P, n scattered
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|
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Figure 6-2: Organisation of Pilot and Data Symbol for 2 Transmit Antennas

SFBC/STBC-OFDM

Therefore, to transmit two consecutive OFDM symbols, two vectors are
required for pilot subcarriers while four vectors are required for the data

subcarriers:

PN =P N+l =[p, -p,, s Pyr = Pyrress Pryor = P’

* , " (6.2)
Pz n = Pz n+1 :[p1’ po’ e pkp+1' pkp""' pr—l’ pr-z]
Sl(n) =[So’ Sz' ""Sk""’ SZNS—A’SZNS—Z]T
Sz(n) :[51' 83' ""Sk+1""’ Sst—s' SZNs—l]T (6 3)

*

S, (N+1)=[-s,, -S,, cs=S,1s s Sypear-Sones] =-S,(N)

* *

S,(N+1) =[S, S,, S,y s Sypesr Sonea] =S, (N)

w

where k=0, 1,..., Ns-1 and kp=0, 2, ..., Np-2.
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The received vector Rp; at OFDM symbols n and R; at OFDM symbols n

and n+1 can be expressed as:

Rpj,kp(n) :[rpj,o’ rpj,z’ T rpj‘ZNp—A’ rpj,Zprz]T
Rpj,kp+1(n) :[rpj‘l' rpj,a’ B er‘Zpr3’ rp],2Np—1]T
Ri(n)=Ir,. r

T
jor Tjer ttm rj,ZNs—4' j,ZNs—z]

(6.4)

Rj,k+1(n_'_:|') :[rj,l! rjy3l o T

T
j.2Ns-3" rj,Zstl]

For the case where SFBC is utilised for pilot subcarriers and STBC for data
subcarriers, channel estimation is achieved only for OFDM symbol n and used
throughout the n+1 OFDM symbols to recover the STBC coded data symbols.
From Chapter 4 and 5, the received signals for pilot and data subcarriers can be

written as:

N _
Rp, = le PHp; + Np;
=
(6.5)

N, _ _
Rjzzl: SH, + N,
J:

where F_Qp i and R jrepresent the received pilot and data signal at the j-th antenna

respectively. P and S are the pilot and data signals respectively, I:ij, H j and

Np i N jrepresent the channel parameters and the white Gaussian noise between

the two transmit antennas and the Nr receive antennas for pilot and data signals

respectively. The pilot elements of (6.5) can be expressed as:
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ﬁpj = [Rpj,kp(n) Rpj,kp+1(n):|T

= lej kp(n) lej kp+1(n)

Hp. = b = b 6.6
P {sz,j,kp(n) HP 005 (1) (©9)

|3 :|: Pl,kp(n) PZ,kp(n):| :|: Pl,kp(n) P2,kp(n) :| N :|: Npl,j,kp(n) :|
_Pz*,kp(n) P;kp(n) Pl,kp+1(n) P2,kp+1(n) ’ ) sz,j,kp+1(n)

The data elements are given as:

R,=[R;(n) Rj,k(n+1)]T

— Hy i (n)
" :|:H2,j,k(n):| ©.7

= Sl,k(n) SZ,k(n) S Nl,j,k(n)
S{—S’;,k(n) SI,k(n)}’ pr{Nz,j,km)}

where k=0, 1,..., Ns-1.

Following the derivations made for SFBC-OFDM, the channel estimation

parameters can be expressed as:

rpj,kppkp - rpj,kp+lpkp+l
2

"~ ~ 2
|:|p. = {t'pl‘j‘kp (n):l = P:Ipl!ilkpﬂ(n)} _ ﬁ—lﬁp_ _ ‘pkp‘ +‘pkp+l 6.)
J HP2 j10 () HP, 1.1 (M) : rpj,kpprﬂ + 1D 4p-1Pip

2

2
‘pkp‘ +‘pkp+1

Assuming that channel parameters remain constant over 2 OFDM symbols
and over 2 SFBC and STBC adjacent blocks, the following can be derived using

(6.5) and (6.8):
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S (M) =2 (D, (DR (1) + Fip, g (MR, (0+12)

Nr ad * ad *
= §2k = Z (hpl,j,kprj,zk + hpz,j,kprj,2k+1)
o (6.9)
S, (M) = (Hp; (MR, (N)+Hp, ;. (MR}, (n+1))

i1

N, B X
=Sy = Z (hpz,j,kprj,Zk - hpl,j,kp rj,2k+1)
j=1

As stated earlier for other types of coding and from the above derivations, the
proposed channel estimation method is very simple and therefore is cost and
computation effective, because the channel is estimated with no matrix inversion
at the receiver. Allocating a group of data subcarriers to a pilot tone slightly
increases the complexity but the method is still cost effective due to its simplicity
at the receiver. Moreover, at the transmitter side, only the pilot sequence needs to

be added to the original data signal.
6.4.2 SFBC/STBC-OFDM for 4 Transmit Antennas

In this Section, the SFBC/STBC-OFDM is presented for 4 transmit antennas
where pilot subcarriers are encoded according to the encoding rules of SFBC
while data subcarriers are encoded according to the encoding rules of STBC.
Contrary to Subsection 6.4.1, the channel parameters are assumed constant over 8
OFDM symbols and over 2 adjacent SFBC-STBC blocks or two STBC blocks.
The encoding of the pilot and data subcarriers can be found in (6.10), (6.11) and

Figure 6-8.
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P, =[Po:-P1s=Pys=Pss Pos=Pr P Pss s
Prora—4» Ppross “Prpra2+ Prprz1s Prora-ss Ponprz-s» Prprz-2+-Prprza]’
P, =[Py Po» Pss—Pas Prs Py Pss Pas o
Prprz-3+ Prpio-ar Prpro1s Prpra-2s Prora-sr Ponpra-as Prpra1s Prpra-a]’
P, =[P, -Pss Pos Prs P2 Pss Py Py s o (6.10)
Prorz-20 Prprz1r Prpraas Prpras Pprz-2+ “Panprz1 Prpro-as Prpraal’
P, =[P P2 Pus Pos P P2r Py Pos -on

* * * * T
pr/2—1v pr/2—2' 'pr/2—3’ pr/2—4' pr/2—1' p2Np/2—2' 'pr/2—3’ pr/2—4]

.
S;(N) = Spv S4v s S+ Sans_g Sans 4

Sp(N) = 81 S, s Sgyi1ir Sans—7+ Sans-3
S3(N) = S5, Sgu - Sgii20e+r Sans-6+ Sans—2
S4(N) = S5, S7, s Syigieeor Suns—5: Sanst
Si(n+1) ==5,(n);S;(n+1) =S;(n);  S3(n+1) =-S,(n); S, (n +1) = S3(n);
S,(n+2) = =S, (N:S,(n+2) = S,(N); Sy(n+2)=S,(n); S,(n+2) =S, (n); (6.11)
S;(N+3) ==S5,(n); S, (N +3) = =S3(n); S3(n+3) = S,(n); S,(n+3) =Sy(n);

S, (n+4)=S.(n); S,(n+5)=S,(n); S;(n+4)=S;(n); S,(n+4)=S,(n);
S,(n+5) = =S (n); S,(n+6) =S (N); S(n+5) =-S;(n); S,(n+5) - S;(n);
S,(n+6) =—S:(n): S,(n+7) = S;(n); Sy(n+6)=S;(n); S,(n+6)=-S;(n);

S, (n+7)==S;(n);S,(n+8) =-S;(n); S;(n+7) =S, (n); S,(n+7) =S, (n);

T
T

T

where k=0, 1, ..., Ns-1.
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Figure 6-3: Organisation of Pilot and Data Symbol for 4 Transmit Antennas

SFBC/STBC-OFDM

Once encoded, data is modulated using OFDM and transmitted through

multipath Rayleigh frequency selective channels. Equation of the received pilot

and data signals after FFT can be expressed as:

N, _
Rp;=>_ PHp,;+Np,
j=1
—_— Nr —_—— —_—
R;=Y SH;+N,

=1

—

(6.12)
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where F_ij,ﬁ,ljlpj and ijrepresent the received pilot, pilot signal, channel

parameters and white Gaussian noise at pilot subcarriers respectively. Also R

S , H. and,

J

N

j

represent the received data signal, transmitted signal,

parameters and the white Gaussian noise for data subcarriers respectively.

Pilot matrix P and vectors F_ij , |:|pj and ij can be expressed as:

vl

where kp=0, 4,...,

_PZ kp (n)

i Rpj,kp(n) |

RP; ko (M)
RP; ko2 (N)
RP; ko3 (M)
RP; o4 (M)
RP; kp-5(N)
RP; .6 (M)

_Rpj kp+7 (n)_

P2,kp (n)
Pl kp (n)

1 kp (n)

3kp(n)
—P, 4, (N)
1kp(n)
2kp(n)
3kp(n)
4kp(n)

Np-4.

4 kp(n)

_P3,kp (n)
I:);,kp (n)
P1*kp (n)

4 kp(n)
3kp(n)

i le,j,kp (n) |

Hpz,j,kp (n)
Hp3,j,kp (n)

_Hp4,j,kp (n)_

3kp(n)

_P4 kp (n)

1kp(n)
2 k(N
P, ko (n)
4 w(N)
1kp (n)
P2,kp (n)

4 kp(n)
P3,kp(n)

_PZ kp (n)

1kp (n)
4 kp(n)
3 kp (n)

_Pz Kp (n)

1kp(n)

i Npl,j,kp (n) ]

Np2,j,kp(n)
Np3,j,kp(n)
NP,k (M)
Nps,j,kp(n)
Npe,j,kp(n)
Np7,j,kp(n)

L Np8,j,kp (n)_

j ’

channel

(6.13)

Similarly receive signal, channel gain, transmitted signal and white Gaussian

noise for data subcarriers are given in (6.14).
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[ Rj,k (n) | Nl,j,k(n)_
Rj,k(n +l) Nz,j,k(n)
Rx(n+2) _Hl,j,k(n)— N, (M)

_ Rjyk(n +3)| _ szjvk(n) _ NMK(n)
Ri= Rx(n+4) Hi= Hy (M) M= N5 (N)
R (n+5) () Ng ;. (N)
Rj,k(n + 6) ) ) N7,j,k(n)
Rj,k(n +7) N8,j,k(n)

| Sl,k () Sz,k(n) S3,k(n) SA,k(n) |
_Sz,k (n) Sl,k(n) _84,k(n) S3,k(n)
_83,k (n) SA,k(n) Sl,k(n) _Sz,k(n)
_S4,k (n) _SS,k(n) SZ,k(n) Sl,k(n)
S Sy Sy(n)  S;(n)
_S;k (n) SI,k(n) _Sz,k(n) S;,k(n)
_S;k (n) SZ,k(n) SI,k(n) —S;k(n)
__Sz,k(n) _S;k(n) Sz,k(n) SI,k(n) A

2]
I

(6.14)

where k=0, 1, ..., Ns-1.

As described in Chapters 4 and 5, channel parameters at pilot subcarriers are
first estimated to initiate the joint iterative channel estimation process. Due to the
fact that pilot symbols are known at the receiver and assuming that channel
parameters remain constant over 8 OFDM symbols (n=8 for S, therefore
hpijke(N)=hpi;p(n+x), with x=1, 2, ..., 8 and over 9 adjacent subcarriers at the
initiation stage. In the next iteration, channel is still assumed constant over 8
OFDM symbols but only over 2 adjacent subcarriers due to the fact that after

initiation, adjacent blocks are STBC-OFDM.

Thus with the help of (6.12), (6.13) and (6.14), estimated channel parameters

can be derived as given in (6.15).
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C _ rpj,kppkp - rpj,kp+lpkp+1 - rpj,kp+2pkp+2 - r-pj,kp+3pkp+3

Like ™ 2 2 2 2
2 ‘pkp‘ +‘pkp+l +‘pkp+2 +‘pkp+3

rpj,kp+4pkp - rpj,kp+5pkp+1 - rpj,kp+6pkp+2 - rpj,kp+7pkp+3

2 2
+ ‘pkp+2

+

2
2 ‘pkp‘ +

pkp+l pkp+3

F] _ rpj,kppkarl + rpj,karlpkp + rpj,kaerkp+3 - r-pj,kar3pkp+2
P2,jip = 2 2 2 2
2 pkp‘ + +‘pkpﬂ + ‘pkp+3
r.pj,kp+4pkp+l + I'.pj,karSI:)kp + I'.pj,kar(SI:)kpﬁ - I'.pj,kpﬁ pkp+2

2 2 2
Zékp‘ +‘pkp+l +‘pkp+2 )

ﬁ _ I’pi,kppkp+2 - rpj,kp+lpkp+3 + rpj,kp+2pkp + rpj,kp+3pkp+l
pS,j,kp - 2 2 2 2
2 pkp‘ +‘pkp+1 +‘pkp+2 +‘pkp+3
rpj,kp+4pkp+2 - rpj,kp+5pkp+3 + rpj,kp+6pkp + rpj,kp+7pkp+1
2 2 2 2
2 @kp‘ +‘pkp+l +‘pkp+2 +‘pkp+3 )
ﬁp _ rpj,kppkp+3 + rpj,kpérlpkp+2 - rpj,kp+2pkp+1 + rpj,kp+3pkp
hike 2 2 2 2
2 @kp‘ +‘pkp+l +‘pkp+2 +‘pkp+3 ) (615)

r‘I‘~)j,kp4r4pkp+3 + r‘pj,kp+5pkp+2 - r‘pj,karﬁr:Jkarl + rpj,kp+7 pkp

2 2 2 2
2 pkp‘ +‘pkp+l +‘pkp+2 +‘pkp+3

Estimated channel coefficients are used at the receiver to create a new matrix

pkp+1

2
+

pkp+3

Hp, and a new received vector R, such that:

I:Ipilk,j,kp F|p’;,j,kp Iqp;,j,kp |lez,j,kp Iqpl,j,kp |:’|p2,j,kp I:’Ips,j,kp I:|p4,j,kp

HpZ i.kp _ﬂpz,j,kp _Flpz,j,kp Iqp;j,kp |zlpz,j,kp _F'pl,j,kp _Flp4,j,kp |:|p3,j,kp

Hp,=| . 2" .l . . . (6.16)
HpS,j,kp Hp4,j,kp _le,j,kp _sz,j,kp Hpa,j,kp Hp4,j,kp _le,j,kp _sz,j,kp
Hp iw —HPsjwe  HP2je  —HPijw HPujio —HPsjie  HP2jie  —HPujw

R, =[R,(n) R,((n+1) R, (n+2) R, (n+3) 617)

Rl (n+4) R, (n+5) R (n+6) R (n+7)]"
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The receiver uses the constructed matrix Flpj and the constructed vector R ,for

the combining purposes described in (6.18) .

Sk

< S| WL

S=| """ |=> HpR, (6.18)
4k+2 =1
§4k+3

where §,, , S,..;, S4., and §,, ., can be found in (6.19).

Nr g ~ o x o *
Sy = z (hpl,j,kprj,4k + hpz,j,kprj,4k+l + hps,j,kp rj,4|<+2 + hp4,j,kprj,4k+3 +

j=1
hpl,j,kprj,4k+4 + hpz,j,kprj,4k+5 + hpS,j,kp rj,4k+6 + hp4,j,kprj,4k+7)
N, 5 5 5
Spn = z (hpz,j,kprj,4k - hpl,j,kprj,4k+l - hp4,j,kp rj,4k+2 + hpS,j,kp rj,4|<+3 +
j=1
M0y jkoFakes =P jipFakes = NP4 1o s + P03 o akcar) (6.19)
N, . . . '
Siks2 = Z (hp3,j,kprj,4k + hp4,j,kprj,4k+1 - hpl,j,kprj,4k+2 - hpz,j,kprj,4k+3 +
j=1
hp3,j,kprj,4k+4 + hp4,j,kprj,4k+5 - hpl,j,kprj,4k+6 - hp2,j,kprj,4k+7)

Nr g ‘g ~o* ~o*
Sikss = Z (hp4,j,kprj,4k - hpS,j,kp rj,4k+1 + hpz,j,kprj,4k+2 - hpl,j,kprj,4k+3 +
=1

hp4,j,kp rj,4k+4 - hp3,j,kp rj,4k+5 + hp2,j,kp rj,4k+6 - hpl,j,kprj,4k+7)

From Subsection 6.4.1 and 6.4.2, it can be seen that when SFBC is used to
encode pilot subcarriers and STBC for data subcarriers, complexity of the systems
remain the same and complexity is kept to an acceptable level. Moreover, it can
be seen that similar to STBC-OFDM and SFBC-OFDM no matrix inversion is

required at the receiver.
6.4.3 Simulation Results for SFBC/STBC-OFDM

The performance of the proposed SFBC/STBC-OFDM combination

algorithm has been evaluated according to the specification described in Chapter 4
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and 5. A set of 192 data subcarriers was used with various number of pilot
subcarriers for 2 and 4 transmit antennas and 1 and 2 receive antennas. Similar
modulation order to the one used for STBC-OFDM and SFBC-OFDM were used
and specific simulation parameters can be found in Table 4-1 of Chapter 4,

Section 4.6

In this section, SFBC is used to encode pilot symbols therefore, in order to
follow similar group decoding procedure as the one described in Chapter 5, two
and eight pilot subcarriers were assigned to each group of data for 2 and 4

transmit antennas respectively.

Figure 6-4 and Figure 6-5 show the performance results for 2 and 4 transmit
antennas and 1 receive antenna for various number of pilot subcarriers (8, 12, 16
and 24) and different modulation orders for pilot and data subcarriers. Indeed,
pilot were first modulated using similar modulation to the one used for data
subcarriers (16QAM). Subsequently, simulation was performed such that BPSK
was used to modulate pilot subcarriers. From the figures, it can be seen that the
combination achieves between 2 to 10dB difference between the proposed

channel estimation strategy and the case where CSI is known at the receiver.

Similar conclusions can be made for two receive antennas using 64QAM as
illustrated in Figure 6-6 and Figure 6-7. When the same modulation order is used
for the pilot and data subcarriers, 4 to 10 dB difference is obtained. Performance
improves when lower modulation is used for pilot subcarriers while only 2 dB
difference is obtained for the case where the number of pilot subcarriers is equal

to 24 and 4 transmit antennas are used.
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Finally, effect of the number of pilot symbols on the channel estimation has
been investigated. From Figure 6-4 to Figure 6-7, it can be said that results

improve when the number of pilot subcarriers increase.

—o—82¢ (Tx=2 Rx=1) Np=8 16QAM/16QAM
—+—82¢ (Tx=2 Rx=1) Np=12 16QAM/16QAM
—2—82¢ (Tx=2 Rx=1) Np=16 16QAM/L6QAM
—&—82¢ (Tx=2 Rx=1) Np=24 16QAM/16QAM
—0-82¢ (Tx=2 Rx=1) Np=8 BPSK/16QAM
+—82¢ (Tx=2 Rx=1) Np=12 BPSK/16QAM
£--82¢ (Tx=2 Rx=1) Np=16 BPSK/16QAM
&-82¢ (Tx=2 Rx=1) Np=24 BPSK/16QAM
—+—82¢ (Tx=2 Rx=1) with CSI 16QAM

) S \%\

BER
e

N
10°

L4

0 5 10 15 20 25 30 35 0
SNR (dB)

Figure 6-4: Effect of the use of Different Modulation and Pilot Length for 2 Transmit
and 1 Receive Antennas
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10
—6—S4c (Tx=4 Rx=1) Np=8 16QAM/16QAM
—2—S4c (Tx=4 Rx=1) Np=16 16QAM/L6QAM
= N —o—S4c (Tx=4 Rx=1) Np=24 16QAM/L6QAM
e O -S4c (Tx=4 Rx=1) Np=8 BPSK/L6QAM
B} \ ~&-84c (Tx=4 Rx=1) Np=16 BPSK/L6QAM
10 R - —%—S4c (Tx=4 Rx=1) Np=24 BPSK/16QAM
= = —%—S4c (Tx=4 Rx=1) with CSI 16QAM
N
[ISRNIN
_: \\
107
& N
5 i
10°
10*
0 5 10 15 20 25
SNR (dB)

Figure 6-5: Effect of the use of Different Modulation and Pilot Length for 4 Transmit
and 1 Receive Antennas

—6—82¢ (Tx=2 Rx=2) Np=8 64QAM/64QAM
—+—S2¢ (Tx=2 Rx=2) Np=12 64QAM/64QAM
—&—52¢ (Tx=2 Rx=2) Np=16 64QAM/64QAM
—&—S2c (Tx=2 Rx=2) Np=24 64QAM/64QAM
—6—82¢ (Tx=2 Rx=2) Np=8 BPSK/64QAM
~—+-82¢ (Tx=2 Rx=2) Np=8 BPSK/64QAM
—4-82¢ (Tx=2 Rx=2) Np=8 BPSK/64QAM
~—<—82¢ (Tx=2 Rx=2) Np=24 BPSK/64QAM
—+—S2c (Tx=2 Rx=2) with CS| 64QAM

BER

10

10" & \

0 5 10 15 20 25 30 35 40
SNR (dB)

Figure 6-6: Effect of the use of Different Modulation and Pilot Length for 2 Transmit
and 2 Receive Antennas
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—6—S4c (Tx=4 Rx=2) Np=8 64QAM-64QAM
—2—84¢ (Tx=4 Rx=2) Np=16 64QAM-64QAM
—&—S4c (Tx=4 Rx=2) Np=24 64QAM-64QAM
~0-S4c (Tx=4 Rx=2) Np=8 BPSK-64QAM

E—— 4—S4c¢ (Tx=4 Rx=2) Np=16 BPSK-64QAM
= & -Sdc (Tx=4 Rx=2) Np=24 BPSK-64QAM
S —+—84c (Tx=4 Rx=2) with CSI 64QAM
kN &
~ s
k"‘o‘
10°
o
1]
e
10° o)
N g
10" \
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\ \
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Figure 6-7: Effect of the use of Different Modulation and Pilot Length for 4 Transmit
and 2 Receive Antennas

6.5 STBC Pilot Aided Channel Estimation for SFBC-OFDM
Systems

Channel estimation method with pilot subcarriers coded according to STBC-
OFDM rules and data subcarriers coded according to SFBC-OFDM s presented

in this Section.
6.5.1 STBC/SFBC-OFDM for 2 Transmit Antennas

Pilot and data coding for STBC/SFBC-OFDM systems can be found in

Figure 6-8 and corresponding vectors can be found in (6.20) and (6.21).
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S, n with P, n scattered () S, n withP, n scattered

§ pzk @ p2k+1
P v TP

o -

o fi 'f[“{i:‘feqtjérnc;;:\

Frequency

Figure 6-8: Organisation of Pilot and Data Symbol for 2 Transmit Antennas

PN =[Pys Pyroves Papoer Py’
P,(N) =[P, Py s Popss Posps]
P(N+1) =[-p,, Pyses Prgsr Porpa] =-P(N)
P(N+1)=[p,, P;s s Paper Panp]” =P, (N)

T

(6.20)

S, =[S,, =S.s wes Sv =S, ser Syeyr~Sue)' (6.21)

S, S N

T
k+1? Sk Ns-1" SNs—z]

S,=I[s,, 8, . S

In a similar way, the received pilot and data symbols can be expressed by the

1xNp and 1xNs vectors:

Rpj(n)z[rpjvo, I’pjvz, e rpj,ZNp—A’ rpj,ZNp—z]T (6 22)

Rp,(N+1) =[rp,,, 1D, ;s woor 1D, 400 TP ]

R, N =[r, r, . (6.23)

T
o rj,z Ns—2 ' rj,z Ns—l]

From (6.1), and with the help of (6.20), (6.21), (6.22) and (6.23) , the received

equations can be expressed as:
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Rpi,k(n) =MPjop = hpl,j,zkp Pap + hpz,j,zkp Pakps1

. . (6.24)
Rp, (n+1)= P okps1 = _hpl,j,ka Poip1 hpz,j,zkp Paokp

M = hl,j,ksk + hzyj,ksk+1 (625)

* *
lika = _hl,j,k+lsk+l + h2,j,k+1sk

Pilot sequence known at the receiver is then used to estimate the channel
parameter at the pilot subcarriers. With the assumption that channel parameters
remain constant over two adjacent subcarriers and two adjacent OFDM symbols,

channel parameters can be expressed with the help of (6.24) as:

*
_ rpj,zkp kap - rpj,ka+l p2kp+1

l:lpl'j’kp (n) = H~p1,j,kp (n+1) = F‘pl,j,zkp B ‘ ‘2 ‘ 2
p2kp + p2kp+l

8 N - D, 20 Pakper TP 21ps1 P
HD, ;1 (N) = HP, ;4 (N+1) = hp, ;5 = JZT 2kp‘21 ‘ Jkazl 2
p2kp + p2kp+l

(6.26)

The detection formulas for the data signals can be derived with the help of

(6.25) and (6.26). Assuming hpijp= hijx=hijx+1 , equation (6.27) can be derived.

S, (M) = (Fip, ;o (MR, (M) +Hp, ;o (MR, (n+1))

=1

NI’ ~ * -~ *
=§ = Z(hpl,j,kp et hpz,j,kp rj,k+1)
o (6.27)
S, (M) = (Hpy ;o MR, (N)+Hp, , , (MR} (n+1))

j=1

N, B .
= §k+1 = Z (hpz,j,kprj,k - hpl,j,kp rj,k+1)
j=1

Replacing the channels by the estimated expressions obtained in (6.26),

(6.27) becomes:
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where

where

Gaussian Noise vectors.

1 .
Sk = A_ (Apkp+l + Bpkp)
P (6.28)

1 *
Sk = A_ (Bpkp+l o Apkp)
p

and A and B can be expressed as:

NT
A= Z (rpj,kp N ket — rpj,kp+lrj,2k)
=1
=A, Poips1Sk — PopSkr + Nj,l
(6.29)
Nr
B= Z (rpj,2kp rj,k + rpj,ka+1rj,k+1)
j=1

=A, PokpSk t PoipsaSia + Nj,2

and Nj1 and N j, are white

Substituting (6.29) into (6.28) leads to:

(6.30)

where Ng and N1» are noise terms.

6.5.2 STBC/SFBC-OFDM for 4 Transmit Antennas

In this Subsection, the case of 4 transmit antennas with N, receive antennas is

investigated where pilot and data subcarriers are encoded using STBC and SFBC

respectively. Figure 6-9 shows the organisation of the pilot and data symbols

through space, time and frequency and equivalent vectors can be found in (6.31)

and (6.32). From the figure, it can be seen that channel parameters need to be

assumed constant over n;=8 OFDM symbols and over 9 or 16 adjacent subcarriers
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according to the encoding of two adjacent blocks irrespective of whether a pilot
subcarriers is adjacent to a SFBC block or 2 SFBC blocks are adjacent to each

other.

.
F(n) =| Po. Ps: s Paypr-es Panp-s: p4Np—4:|

I

P (n) = [ Prs Psy - Pakpiars Panp-7- p4pr3]T
I
I

.
P(n) =| P2. Pg. - Papi2-+1 Panp—s: p4Np—2:|

Py(N) =] P3. P7, - Pakpizreess Panp-s: p4Np—1:|T

R+ = -Py(n); Py(n+D)= B Py(n+1)=—P,(n);P,(n+1) = Py(n);
R(n+2)==PR,(n); R (n+2) =P, (n);  RF(n+2)=PF(n); R(n+2)=-P,(n);(6.31)
R(n+3)=—P,(n); P,(n+3)=—P,(n); Py(n+3)=Py(n); Py(n+3)=PR(n)
P(n+4)=P'(n); P(n+4)=P;(n); PRy(n+4)=P/(n); P,(n+4) =P, (n);
R(n+5)==F (n);P,(n+5) =P (n); Py(n+5)=-P;(n);P,(n+5) =P (n);
R(n+6)=—P; (n);P,(n+6) = P{(n); Ry(n+6)=P'(n); Py(n+6)=—P;(n);
R(n+7)==P;(n);P,(n+7) == (n); ;(n+7) = P, (n); P,(n+7)=P(n);

S, =[Sy, -Si» ~S;s S5y Sgr ~S1» Sys S5 +ers

Snsi2-4) “Snsiz2-3» “Snsiz-2» “Sns/2-1.Sns/2_41 “Snsiz-ar “Snsiz-2vSwsiz-1]'
S, =[51,5:55.-S, S1:S0s S =S5 --u)

SNs/2-31 SNs/2-41 SNs/2-19 “SNs/2-2» 3;5/2—3’ S:ls/2—4’ Sas/z—l’ 'S:ls/z-z]T (6.32)
S;=[s) 55,58, SZ’ 'S;’ SS’ SI e

Snsi2-20 “Snsi2-1» Snsi241 Snsi2-31 Sns/2-21 “Sns/2-11 Swsrz-ar Snsrzal'

S, =[Ss S5, =S;, Sps S35 Sps =Sy Sp eer

* * * * T
SNS/Zfl’ SNS/2—2’ _SNS/273’SNS/274’ SNS/Z—l’ SN5/2—2’ _SNS/273’ SNS/274]
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= i P — i ; = :

S, n with B, n scattered S, n with P, n scattered @ S, n with P, n scattered S, n with P, n scattered

(T 1J-S: n with —R n scattered @5, n with —P, n scattered -—S3 n with —P, n scattered f5P-S, n with —P, n scattered
- ith P | o i Dt ] o P — B I

S, n with B’ n scattered S, n with P, n scattered S; n with P} n scattered S, n with P, n scattered

—S; n with —R" n scattered -752' n with —P, n scattered -—S; n with —P, n scattered as; n with —P; n scattered

ok
]
Q.
2]

Tx4

Space

= f&,: Tor
N

= _ Tx1

IS S i \*-Freqygnc; > j/

Frequency

€0 Pu B P @ Puc: @ P: @ S [ S [ S £ S
@ v (0 -Pun (F Puc: @PPu: P 5 @ 5. @P 5 @P S
@ v 0 P 0 o @ Pi: @ S (0 S £ S @D S
@ -ri (0P P @B Pas 6P -5 @ 5. @ 5. @ S

Figure 6-9: Organisation of Pilot and Data Symbol for 4 Transmit Antennas

Transmitted signal is then received and received pilot and data signals after

FFT can be expressed as:
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iao =NPL; akp Pako NP2 ako Pakp 1 TNP3,j akp Pakor2 P4 j 4k Pakg 3
rle4kp+1 :'hpl, j.4kp+1 p4kp+1 +hpz, j,4kp+1 p4kp 'hps, j,4kp+1 p4kp+3 +hp4,j,4kp+1 p4kp+2
rpj,4kp+2 :'hpl,j,4kp+2 p4kp+2 +hp2, j,4kp+2 p4kp+3 +hp3,j,4kp+2 p4kp ‘hp4,j,4kp+2 p4kp+1

r-pj,zlkarS :_hpl,j,4kp+3 p4kp+3 -hpz,j,4kp+3 p4kp+2 +hp3, j,4kp+3 p4kp+l +hp4,j,4kp+3 p4kp

\ \ \ . (6.33)
I’pj,4kp+4 :hpl,j,4kp+4 p4kp +hp2,j,4kp+4 p4kp+l+hp3,j,4kp+4 p4kp+2 +hp4,j,4kp+4 p4kp+3
rpj,4kp+5 :_hpl,j,4kp+5 p:kp+l+hp2,j,4kp+5 p:kp _hp3,j,4kp+5 p:kp+3 +hp4, j,4kp+5 p:kp+2
rpj,4kp+6 :'hpl,j,4kp+e kap+2 +hp2,j,4kp+6 kap+3 +hp3' j,4kp+6 kap 'hp4, j,4kp+6 p:kpﬂ
1P akps7 ="NPL j a7 kap+3 NP, 4o p:kp+2 D, j 47 p:‘:kp+l+hp4,j,4kp+7 kap

Mg = hl,j,ksk + h2,j,ksk+l + hs,j,ksk+2 + h4,j,ksk+3

rj,k+1 = _hl,j,k+1$k+l + h2,j,k+lsk - h3,j,k+lsk+3 + h4,j,k+1sk+2

rj,k+2 = _hl,j,k+23k+2 + h2,j,k+23k+3 + h3,j,k+2sk - h4,j,k+2sk+1

rj,k+3 = _hl,j,k+3sk+3 - h2,j,k+38k+2 + hs,j,k+35k+1 + h4,j,k+3sk 6.34

likea = hl,j,k+4s: + h2,j,k+4s:+1 + h3,j,k+4S:+2 + h4,j,k+4S;+3 ( . )

likes = _hl,j,k+58:+l + h2,j,k+55: - h3,j,k+55;+3 + h4,j,k+58:+2

rj,k+6 = _hl,j,k+65;+2 + h2,j,k+63:+3 + h3,j,k+68; - h4,j,k+65;+1

M = _hl,j,k+7SI:+S - h2,j,k+7S;+2 + h3,j,k+73:+1 + h4,j,k+7SI:

Where kp=0, 1,..., Np-1 and k=0, 4, ..., Ns-4.
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From (6.33), channel estimation equations can be derived such that:
~ . rpj,kp pkp - rpj,kp+l pkp+1 - I'-pj,karZ pkp+2 - rpj,kp+3 pkp+3
pl,jvkp - 2 2 2 2
2 ‘ pkp‘ +‘ pkp+l +‘ pkp+3 +‘ pkp+4
r-pj,kp+4 pkp + rpj,kp+5 pkp+1 + rpj,kp+6 pkp+2 + I’-pj,kpﬂ pkp+3

2 2 2
2 ‘pkp‘ + +‘pkp+3

+

pkp+1 pkp+4

ﬁ _ rpj,kp pkp+l + rpj,kp+l pkp + I’pj,kp+2 pkp+3 - rpj,kp+3 pkp+2
P2 = 2 2 2 2
2 pkp‘ + + ‘ pkp+3 +‘ pkp+4

r-pj,kp+4 pkp+1 + r-pj,kp+5 pkp + rpj,kp+6 pkp+3 - r-pj,kp+7 pkp+2

2 2 2
2 ka‘ +‘ pkp+1 +‘ pkp+3 )

F] _ rpj,kp pkp+2 - rpj,kp+1 pkp+3 + rpj,kp+2 pkp + rpj,kp+3 pkp+1
p3,i,kp - 2 2 2 2
2 pkp‘ + ‘ pkp+l +‘ pkp+3 +‘ pkp+4
rpj,kp+4 pkp+2 - r-pj,karS pkp+3 + rpj,kp+6 pkp + rpj,kp+7 pkp+1
2 2 2 2
2 Qkp‘ +‘ pkp+1 +‘ pkp+3 + ‘ pkp+4 )
ﬁ _ rpj,kp pkp+3 + rpj,kp+1 pkp+2 - rpj,kp+2 pkp+1 + rpj,kp+3 pkp n
Pajie = 2 2 2 2
2 pkp‘ +‘ pkp+l + ‘ pkp+3 +‘ pkp+4 (635)

rpj,kp+4 pkp+3 + r‘pj,kp+5 pkp+2 - rpj,kp+6 pkp+1 + rpj,kp+7 pkp

2 2 2 2
2 pkp‘ +‘ pkp+1 +‘ pkp+3 + ‘ pkp+4

Based on (6.34), the formulas of the combined signals can be written as:

pkp+l

2
+ pkp+4

~ 1
S =5 (Apkp + Bpkp+l + Cpkp+2 + Dpkp+3 +
24,
Ep:p + Fp;pﬂ + Gp:p+2 + Hp;p+3)
- 1
S = I(—Bpl,kp + Apkp+l + Dpkp+2 —Cpkp+3 -

p

Fp:p + Ep:erl + Hp:p+2 _Gp:p+3) (636)

w,

1
k+3 = K (_Cpl,kp - Dpkp+l + Apkp+2 + Bpkp+3 B

p

Gp:p - Hp:p+1 + Ep:p+2 + FpI:p+3)

N 1
Seea =7 (_Dpl,kp + Cpkp+l - Bpkp+2 + Apkp+3 -
24,

Hp:p + Gp:erl - Fp:p+2 + Ep;p+3)
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and A,B,C,D, E,F, Gand H are
given as:
NI’

A= (rj,kprj,k 1 kpealjker T lpealjne2 T lwpsaljnes T
=1

rj,kp+4rj,k+4 + r-j,kp+5rj,k+5 + r-j,kp+6 rj,k+6 + r.j,kp+7 r.j,k+7)

=2Ah ( pkpsk + pkp+1sk+1 + pkp+25k+2 + pkp+35k+3) + N j1

NI’
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*

C:_ (—rj’kwrjyk—r r..+r.r, . +r.

j.k+1 j.kp'jk+2 j,kp+lr

*
j.kp+3 jk+3

Vi ko6 ke ~ VinpsrVikes T kpraljnes + rj,kp+5rj,k+7)
= 2Ah ( Prp+25k ~ PrpraSkar — PipSksz T pkp+1sk+3) +N i3
N
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r

* *
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Nr
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NI’
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r
*
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=

* * *
i.kp+7 rj,k+l + rj,kp+4rj,k+2 + rj,kp+5rj,k+3 -

—
Il
[uN
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=2A( Prp+25k ~ PrpsaSkar — PipSksz T pkp+1Sk+3) +N;;

NI'
H= Z (=T ik FisoesFiker ~ Fipeslinez + Fkpraljnes — (6.37)
i1
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where and Nj1, Nj2, ...,

N;eand Ng to Ny, are noise terms.

Substituting (6.37) into (6.36), the final equations for the signal detections

can be derived and expressed as:

Sc =A.S + N,
ker = ApSea + NlO

wn

(6.38)

N

ki2 = DpSeip + N11
Skis =ApSeia t+ N12

where Ng, N1o, N11 and N1, are noise terms.

Following the same procedure used in the preceding Subsection, derivations

are simple and inverse matrix at the receiver is not necessary which reduces the

algorithm complexity.

6.5.3 Simulation Results for STBC/SFBC-OFDM

Simulations results for STBC/SFBC-OFDM are proposed for 2 and 4 transmit
antennas and 1 and 2 receive antennas. Simulation results were obtained under the

same system parameters as Subsection 6.4.3.

Simulation results are presented for different modulation orders, for pilot and
data subcarriers. In addition, different number of transmit and receive antennas
have been used as well as different number of pilot subcarriers. The difference
between the ideal case where CSI is known at the receiver and the iterative
channel estimation technique is about 2 to 10dB. Moreover, from the Figure 6-10
to Figure 6-13, it can be seen that reducing the modulation order of the pilot

subcarrier leads to 2 to 3dB improvement compared to the case where same
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modulation order is used. An improvement of 2-3 dB is also possible when higher

number of pilot subcarriers is used.

From the Figure 6-10 to Figure 6-13, it can also be noticed that increasing the
number of transmit or receive antennas improves the performances as well as the
use of a lower modulation order. As concluded in Chapter2, low modulation

orders perform better than higher ones at the cost of bandwidth inefficiency.
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Figure 6-10: Effect of the use of Different Modulation and Pilot Length for 2 Transmit
and 1 Receive Antennas
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Figure 6-11: Effect of the use of Different Modulation and Pilot Length for 4 Transmit
and 1 Receive Antennas

10 { —e—52¢ (Tx=2 Rx=2) Np=8 64QAM/64QAM
\ —+—82¢ (Tx=2 Rx=2) Np=8 64QAM/64QAM
s —2—52¢ (Tx=2 Rx=2) Np=16 64QAM/64QAM
T —— —6—52¢ (Tx=2 Rx=2) Np=24 64QAM/64QAM
o % ~— S2¢ (Tx=2 Rx=2) Np=8 BPSK/64QAM
10" \X ; -+ -52¢ (Tx=2 Rx=2) Np=12 BPSK/64QAM
E = ~&-52¢ (Tx=2 Rx=2) Np=16 BPSK/64QAM
- % & -S2¢ (Tx=2 Rx=2) Np=24 BPSK/64QAM
\@\\ —%—82¢ (Tx=2 Rx=2) with CSI 64QAM
by \ Q\
©
-2
10 S —
&
© N\ o\
: \
10 %
<&
10" 3
X
&
0 5 10 15 20 25 30 35

SNR (dB)

Figure 6-12: Effect of the use of Different Modulation and Pilot Length for 2 Transmit
and 2 Receive Antennas
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Figure 6-13: Effect of the use of Different Modulation and Pilot Length for 4 Transmit
and 2 Receive Antennas

6.6 Performance Comparison of the Different Algorithms

In this Subsection, comparison results are analysed for scenarios where
modulation order is kept unchanged and then made different for pilot and data
subcarriers. In addition, the 4 methods presented in this work are compared for 2

and 4 transmit antennas with 1 and 2 receive antennas with 8 pilot subcarriers

(Np=8).

From Figure 6-14 to Figure 6-17, it can be seen that the STBC/SFBC-OFDM
channel estimation algorithm achieves the best performance with only 3 to 6 dB
penalty when compared with the ideal case where CSI is known at the receiver.
Then, STBC/STBC-OFDM in Chapter 4 is the second best algorithm, followed by

SFBC/SFBC-OFDM in Chapter 5, and finally SFBC/STBC-OFDM. Results were
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predictable due to the fact that in Chapter 5, it has been mentioned that SFBC-
OFDM perform better than STBC-OFDM when comparison is based on similar
amount of groups used. In the case of STBC/SFBC-OFDM, the systems takes
advantage of the good performance achieved by SFBC-OFDM with higher
number of groups used as pilot subcarriers are encoded using STBC. The worst
case scenario, SFBC/STBC-OFDM, offer the creation of less groups due to the

fact that pilot subcarriers are encoded using SFBC.

Finally, it can be seen that the modulation order of the system causes an
upward or downward shift in the performance curve, but results remain
unchanged in terms of STBC/SFBC-OFDM. Using higher modulation order
implies higher BER but more efficient use of bandwidth while low modulation

order reduces the BER at the cost of bandwidth inefficiency.
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Figure 6-14: Performance Comparison of the 4 Schemes for 2 Transmit and 1 Receive
Antennas
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Figure 6-15: Performance Comparison of the 4 Schemes for 4 Transmit and 1 Receive
Antennas
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Figure 6-16: Performance Comparison of the 4 Schemes for 2 Transmit and 2 Receive
Antennas
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Figure 6-17: Performance Comparison of the 4 Schemes for 4 Transmit and 2 Receive
Antennas

6.7 Conclusions

In this Chapter, a new channel estimation method is proposed based on the
combination of the two methods proposed in Chapters 4 and 5. Alternating the
type of coding at the pilot and data subcarriers allows improvement of the results
without increasing the complexity. The method has been simulated under various
conditions, different number of transmit and receive antennas, different
modulation order at the pilot and data subcarriers. Finally, comparison of all the

proposed methods was made and analysis was given.

The system proposed in this Chapter offers an efficient and computation-
effective algorithm where the use of groups helps to improve the performance of

the system without increasing the complexity at the receiver. All groups are
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decoded simultaneously and using STBC to encode the pilot subcarrier offers the
possibility to generate more groups due to the fact that symbols are coded across
OFDM symbols. Limitation of the training sequence offers trade-off between
accurate channel estimation and efficient bandwidth usage as more pilots would
allow the algorithm to perform more accurate channel estimation at the cost of

less transmitted data or more ISI.

Furthermore, the comparison Subsection show that STBC/SFBC-OFDM
algorithm gives better performance which is due to the fact that SFBC performs
slightly better than STBC and that STBC coding for pilot allows the creation of
higher number of groups at the receiver. The other combination, SFBC/STBC-
OFDM has a negative impact on channel estimation due to the fact that
STBC/STBC offers the creation of a high number of decoding groups. On the
other hand, SFBC reduces the number of decoding groups due to its coding over
subcarrier which therefore reduces the quality of the channel estimation technique.
For example, if 8 pilot subcarriers are allocated for 2 transmit antennas, in
STBC/SFBC-OFDM, the number of groups generated would be Ns/8 whereas in
SFBC/STBC-OFDM, only Ns/(8/n;) is generated. As stated earlier, higher number

of groups, better channel estimation and improved data recovery is achieved.

In this chapter, the problem of SFBC-OFDM in terms of generating less
decoding group than STBC-OFDM for the same number of pilot subcarriers has
been addressed by combining STBC and SFBC for pilot and data respectively.
The level of accuracy observed when STBC is used to estimate channel
parameters is similar to the level of accuracy achieved by SFBC-OFDM systems
in low mobility scenarios. The significant difference, however, is that STBC

offers the possibilities to generate higher number of groups of data at the cost of a
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slight increase in the complexity of the system while achieving higher bandwidth
efficiency. Indeed, higher number of group reduces the error propagation from
one symbol block to another for the same number of pilot subcarrier, similar to

that observed in SFBC-OFDM system.
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7 Conclusions and Future Work

This chapter presents conclusions of the thesis and further work for the

future.

7.1 General Summary of the Thesis

The constant demand of high speed data transmission over wireless
communications for audio, video and internet applications has justified the
necessity of upgrading proposed algorithms for narrowband systems to algorithms
suitable for wideband systems. Many algorithms on the combination of MIMO
with OFDM have been proposed due to its ability to enable a much more reliable
and robust transmission in the harsh wireless environment by coding over space,
time, and frequency domains. However, most of the work proposed in the

literature assumes channel parameters are known at the receiver.

This thesis has first provided in Chapter 2, an extensive overview of MIMO
wireless technologies, including Space-Time Block Codes, Quasi-Orthogonal
Space-Time Block Codes and Differential Space-Time Block Codes. Simulation
results have been presented as well as a comparison of different coding techniques
highlighting advantages and disadvantages of each coding method for narrowband
MIMO systems. The thesis has then reviewed MIMO-OFDM technology, the
combination of MIMO with OFDM, for wideband MIMO systems in Chapter 3.
Investigations into OFDM and STBC-OFDM have led to the development of a
new iterative joint channel estimation and data detection technique for any

number of transmit or receive antennas in Chapter 4. The joint scheme was
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simulated according to the parameters defined in WiMax standard and can be

adapted to any other wireless communications standards such as LTE and WLAN.

Chapter 5 of the thesis has presented a joint estimation and detection
technique for SFBC-OFDM systems where symbols are coded over space and
frequency instead of space and time (or OFDM symbols). Simulation results have
been given as well as a comparison of SFBC-OFDM with STBC-OFDM. In order
to appreciate the performances offered by coding through space and frequency,
different simulation scenarios have been proposed where variation of the
modulation order between pilot and data subcarriers, effect of the number of pilot
subcarriers and effect of different channel conditions where delay spread of the
channel is increased or reduced for fixed and mobile receivers have been
considered. From the simulation results, it has been noticed that there exists a
trade-off between SNR, complexity and bandwidth efficiency. Advantageously,
the proposed method does not require any matrix inversion at the receiver and the

system has been shown to be not sensitive to highly mobile environments.

In Chapter 6, a new MIMO-OFDM system with channel estimation is
proposed based on combination of STBC-OFDM and SFBC-OFDM for pilot and
data. Alternating the type of coding, STBC and SFBC at the pilot and data
subcarriers allow improvement of the performance without increasing the
complexity at the receiver. Simulation results have confirmed that STBC/SFBC-
OFDM achieves better performance than other types of combinations of STBC

and SFBC proposed in the thesis due to their efficient use of pilot subcarriers.

Moreover, throughout Chapter 4, 5 and 6 a new decoding scheme has been

proposed which offers an efficient and computation-effective algorithm where the
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use of grouping helps improving the performance of the system without
increasing the complexity at the receiver as all groups are decoded
simultaneously. Simulation results have shown that a higher number of pilot
subcarrier, thus a higher number of groups, leads to a lower BER. Length of the
training sequence offers trade-off between accurate channel estimation and
efficient bandwidth usage as more pilots would allow the algorithm to perform
more accurate channel estimation at the cost of less transmitted data or more

Intersymbol Interference.

7.2 Results and Conclusions

A new iterative joint channel estimation and data detection scheme has been
proposed for MIMO-OFDM systems. Investigations of STBC-OFDM were first
conducted and simulations results for different number of transmit and receive
antennas were obtained. The proposed joint estimation and data detection scheme
has 6 to 9 dB loss in SNR when modulation type and order for pilot and data
subcarriers are the same. However, BER performances improve when the simplest
BPSK is used to modulate pilot subcarriers while data subcarriers are modulated
with different modulation schemes. Effect of the number of pilot subcarriers on
the proposed technique was also investigated and it was noticed that the
performance of the system could be improved by 1 to 3dB. The proposed
simultaneous group detection method proved to be faster than the traditional
decoding process where symbols are decoded one by one. From the simulated
detection times for STBC-OFDM system, it can be seen that the time saved grow

exponentially with the number of pilot subcarriers.
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SFBC-OFDM has been shown to be a good candidate for future mobile
communications. Indeed, the obtained simulation results have confirmed its
advantages of being robust in a mobile environment and memory efficient due to
the fact that SFBC is coded over space and frequency and therefore only one
OFDM symbol is required to decode SFBC block contrary to STBC-OFDM
which requires n; OFDM symbols to decode a STBC block. In addition, it has
been shown that SFBC-OFDM performs better than STBC-OFDM when the
number of group is the same. SFBC/SFBC-OFDM needs to regroup n; pilot
subcarriers per group to initiate the channel estimation while STBC/STBC-OFDM
requires only one pilot subcarrier per group to initiate the estimation process and
recover the data. It has also been noticed that the detection time of the SFBC-
OFDM reduces linearly with the number of pilot subcarriers and that the number
of receive antennas does not affect the performance of the system in term of

decoding speed.

In a mixed use of STBC-OFDM and SFBC-OFDM for pilot and data
subcarriers, simulation results have shown that STBC/SFBC-OFDM performs
better than STBC-OFDM and SFBC-OFDM by 1 to 2dB, whilst SFBC/STBC-
OFDM has the worst performance due to the fact that fewer groups are used to
decode the OFDM symbols. Performances of the four different combinations of

STBC and SFBC for pilots and data subcarriers vary between 1 and 3 dB.

7.3 Future Work

Research within wireless communications is vast and endless in possibilities.
The work in this thesis has focused on the design of a joint channel estimation and

data detection algorithm for different MIMO-OFDM systems using STBC and
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SFBC. While the research is comprehensive, there remains further work which
could be done to further enhance system performance in simulation and real time
operation. Specifically these include adaptive modulation and coding,

interpolation for channel estimation and implementation schemes in FPGA.

7.3.1 Adaptive Modulation for Pilot and Data Subcarriers

In order to always achieve the best performance through the channel,
modulation order at the transmitter should be adjustable. The system adapts the
modulation scheme to suit the transmission environment in order to maximise the
channel capacity. In this thesis, similar work has been done where different
modulation orders have been used for pilot and data subcarriers. Simulation
results have shown that performance of the system can be improved by 1 to 3 dB
when lower modulation is used for pilot subcarriers. A feedback bit would be
required from the receiver to the transmitter to know the status of the channel.
Adaptive modulation for pilots and data can be implemented by the use of a

selectable multi-level modulation scheme.

7.3.2 Adaptive MIMO Coding for Pilots and Data

Chapter 6 of this thesis has proposed a new MIMO-OFDM process where
pilot and data subcarriers follow two different types of MIMO coding, one over
space and time (STBC-OFDM) and the other over space and frequency (SFBC-
OFDM). Using different coding schemes for pilot and data subcarriers has been
demonstrated as a promising technique as STBC/SFBC-OFDM technique can
outperform STBC-OFDM system by 1 to 2 dB. Choice of MIMO-OFDM coding
schemes of pilot and data subcarriers can also be made adaptive to channel

conditions. For example, SFBC-OFDM is more robust than STBC-OFDM in
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mobile environment and thus can be selected for channels with high Doppler

effects.
7.3.3 Interpolation Method for MIMO Channel Estimation

In this thesis, performance of a new iterative joint channel estimation and data
detection for MIMO-OFDM systems has been evaluated. Further work can be
conducted on the use of an interpolation method to estimate the channel
parameters at data subcarriers instead of using the iterative scheme. The proposed
method could still be used to initiate the channel estimation process at pilot
subcarriers but instead of using the recovered signal as a new set of pilot symbols,
channel estimation between two pilot subcarriers could be achieved using an

interpolation method such as the proposed in [98, 99].

7.3.4 FPGA Implementation of the Proposed Joint Schemes for MIMO-

OFDM

In this thesis 4 types of MIMO-OFDM systems have been investigated and
the proposed schemes have been verified by Matlab simulations. With advances in
FPGA technology, hardware based simulations have received more attention due
to their huge performance advantages over software based simulations [100]. It

can take many hours to do a computer based simulation to obtain an error rate

above 10°for a given signal to noise ratio, particularly when simulating a
complex MIMO communications link. But such an error rate can be obtained
within minutes for an implemented hardware solution. Hardware based
simulations not only offer real-time simulations but also enable the designers to
effectively and accurately evaluate the hardware architectures of algorithms and
systems. Therefore, further research should be conducted to implement the
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proposed MIMO-OFDM systems and joint schemes in FPGA. This will indeed be
done in a university sponsored project aiming at building a MIMO-OFDM

platform or testbed.

7.3.5 Limitation of the Proposed Channel Estimation Technique

In this thesis, a new iterative channel estimation has been proposed for three
types of coding techniques, STBC-OFDM, SFBC-OFDM and a combination of
both. Due to the advances in FPGA technology, further research should be
conducted to implement the proposed MIMO-OFDM systems and joint schemes
in FPGA. However, in order to implement the proposed technique, three aspects
must be considered carefully. First, the computation efficiency of the algorithm
which in the STBC case increases with the number of antennas used must be
considered. This is because as high computation algorithm would imply higher
power consumption and higher memory usage. Then, a trade-off needs to be
found between pilot subcarrier and bandwidth efficiency as higher number of pilot
would reduce the number of data transmitted per OFDM symbols for lower BER.
Finally, synchronisation of the received data should be considered especially in
frequency selective channels. This is because data will suffer from the channel
delay and therefore, data symbols transmitted at one frequency f might be detected
at the receiver at a different frequency f+Af. Therefore, synchronisation should be
considered with extra care and a synchronisation technique should be embedded

into the system. However, this could increase the complexity of the system.
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