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ABSTRACT

Multiple-input Multiple-output (MIMO) systems use multiple antennas at the
transmitter and receiver end, are a key technology to meet the growing
demand for high data rate wireless systems. The aim of this thesis is to
investigate MIMO system capacity with the aim of achieving optimum Bit
Error Rate (BER) while increasing the system capacity using multicarrier
delay diversity modulation (MDDM), proposed for fifth generation systems.
In principle, the capacity of MIMO system can increase linearly with the
number of antennas. Multiple antennas at the transmitter and receiver provide
diversity in a fading environment. Furthermore, the research work in this
thesis consists of different investigations of the basic principle of MIMO,
Multiple-input Single-output (MISO) and Single-input Single-output (SISO)
wireless communication systems with Space Time Codes (STC). A MISO
systems and MIMO systems are schematized using MDDM which
incorporated with Orthogonal Frequency Division Multiplexing (OFDM).
OFDM is chosen over a single-carrier solution due to lower complexity of
equalizers for high delay spread channels or high data rates. The design is
implemented with binary Phase Shift Keying (BPSK) and simulated using
MATLAB, which is examined in associated Additive White Gaussian Noise
(AWGN) channel. The receiver-design is included with the maximal ratio
combiner (MRC) receiving technique with perfect wisdom of channel state
information (CSI). The theoretical performance is derived for AWGN
channels and compared with the simulated results as well as compared
between each system to another.
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EXECUTIVE SUMMARY

The incredible growth of mobile data and the use of smart-phones are creating
unprecedented challenges for wireless service providers to overcome a global
bandwidth shortage. As today's cellular providers attempt to deliver high
quality, low latency video and multimedia applications for wireless devices,
they are limited to a carrier frequency spectrum ranging between 700 MHz
and 2.6 GHz. The demand for high speed and reliable communication within
the constraints of limited radio frequency spectrum and power, are the prime
technical criteria for communication systems. Besides, to obtain a higher data
rate at an acceptable bit error rate in larger bandwidth is required.

Obtaining this information is extremely important to deploy future generation
cellular networks, it can be 5G. But there are few challenges to deploy 5G
wireless communication systems in which sufficient bandwidth present. On
the other hand, To mitigate severe fading channel conditions and bit error
rate, a higher transmitted power level is required. Multiple-input multiple-
output (MIMO) communication systems have the potential to provide
increased capacity and reliability without increasing the bandwidth or
transmitted power. MIMO systems exploit time and spatial diversities by
employing multiple antennas at the transmitter and receiver.

The main objective of this thesis is to investigate the fundamentals of MIMO
systems with a multicarrier delay diversity modulation (MDDM) technique. A
simple model was designed to incorporate MDDM in multiple-input single-
output (MISO) and MIMO systems. The design is implemented with Binary
Phase Shift Keying (BPSK) and simulated using MATLAB simulator, which
Is examined in an Additive White Gaussian Noise (AWGN) channel. The
simulated performance results and theoretical analysis results were compared
with the conventional single-input single-output (SISO) system results. The
performance metric of bit error probability versus E,/ N, (energy per bit to
noise power spectral density ratio) was used. To establish a fair comparison,
the transmitted power for the SISO, MISO and MIMO systems was
maintained equal. The results will show that the designed MISO and MIMO
system perform within expected parameters of the theoretical analysis in the
AWGN channel.
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Chapter 1

INTRODUCTION

One of the challenges faced by future wireless communication systems is to
provide high data rates at high quality of service (QoS). Combined with the
fact that spectrum is a scarce resource and propagation conditions are hostile
this requires radical increase in spectral efficiency and link reliability. The
system requirements can be met by the combination of two powerful
technologies in the physical layer design: multi input and multi output
(MIMO) antennas and orthogonal frequency division multiplexing (OFDM)
modulation [1]. These two are considered to be the key enabling technologies
that will help the next generation networks exceed the current system
performance. Use of multiple antennas can offer significant increase in data
throughput, spectral efficiency and link range without additional bandwidth or
transmit power [2]. Link reliability and diversity are improved but this also
increases frequency selective fading in the channels. The primary advantage
of OFDM is its ability to cope with severe channel conditions like frequency
selective fading due to multipath propagation, attenuation of high frequency
in long copper wire and narrowband interference [2]. Multicarrier Delay
Diversity Modulation(MDDM) technique has been recognized as the MIMO
technique to increase transmission capacity. Therefore current research is
trying to find well performing less complex detection algorithms for AWGN
channel models with fading and no fading channel. Simulated performance of
MIMO is strongly influenced by the choice of the channel model. Modeling
of the radio channel is essential for system design and performance evaluation
[3]. Inaccurate channel model selected for MIMO-OFDM can lead to
suboptimal transmissions and incorrectly assessed performance of the system
[3]. Channel conditions like spatial correlation have been noticed to
substantially impair the performance of MIMO wireless communication
systems. Most of the research in MIMO OFDM performance has been
concentrated on using independent and identically distributed Rayleigh
channel model which will also be considered along with more realistic
channel models with spatial correlation. The overall goal of this work is to
evaluate and improve the performance of MIMO OFDM system with Delay
Diversity Modulation(MDDM).
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1.1 Background and motivation

Currently we are witnessing the deployment of fourth generation (4G) mobile
communication systems which are expected to outperform third generation
(3G) systems in terms of supported data rates and technologies. Despite the
fact that the 4G systems can offer high data rates as subscribers demand, they
may not be sufficient to meet the requirements for future high data rate
applications. New multimedia applications such as video streaming and
wireless teleconferencing require higher data rate communications. New
activities in various organizations have already started researching for fifth
generation (5G) mobile wireless communication systems in order to cope
with these increasing demands in data rates. It is expected that the 5G systems
will support data rates up to 1Gb Mb/s for mobile applications [4].

From this information, one of the major challenges facing modern
communications is to satisfy the ever increasing demand of high speed
reliable communications with the constraints of extremely limited frequency
spectrum and limited power. Wireless communications systems like cellular
mobile communications, internet and multimedia services require very high
capacity to fulfill the demand of high data rates, Multiple-input multiple-
output (MIMO) wireless systems may keep important role. Multiple-input
multiple-output (MIMO) wireless systems, characterized by multiple antenna
elements at the transmitter and receiver, have shown astonishing increase in
spectral efficiency and significant improvement in link reliability in rich
multipath environments. One possible choice for the 5G systems is to utilize
the MIMO technology in order to achieve high spectral efficiency and
consequently provide reliable high data rates. While coding and signal
processing are key elements to the successful implementation of MIMO
systems, the propagation channel, the antenna design and the accuracy of
measurement data represent major design parameters that ultimately impact
MIMO system performance. Understanding the effects of these parameters on
MIMO systems performance is essential for the successful design and
deployment of MIMO systems and this is the motivation behind this thesis
work.

On the other hand, another important motivation behind this thesis work is the
wireless communication systems with multiple transmit and multiple receive
antennas can provide high capacity at low probability of bit error with
extremely low power, even in dense scattering and multipath environments.
These multiple-input multiple-output (MIMO) systems with appropriate
space-time codes have been an area of recent research as they hold the
promise of ever increasing data rates. The capacity of a MIMO system can be
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increased linearly by increasing the number of transmit and receive antennas.
The applications of MIMO systems in a frequency selective channel require
equalization and other techniques to compensate for frequency selectivity of
the channel, which add to the complexity of these systems. In recent years,
orthogonal frequency division multiplexing (OFDM) has been widely used in
communications systems to operate in frequency selective channels including
several wireless communication standards. Communication systems with a
MIMO-OFDM combination can significantly improve capacity and reliability
by exploiting the robustness of OFDM to fading, enhanced by adding more
diversity gain via space time codes. In this research, delay diversity in
combination with a MIMO-OFDM system is the primary focus and is referred
to as multicarrier delay diversity modulation (MDDM).

1.2 Research problems and objectives

The promising advantages of MIMO systems over traditional single antenna
systems depend largely on the correlation properties between antenna
elements [5]. Low correlation values reveal high MIMO system performance
in terms of data rates and link reliability and high correlation values indicate
the opposite. There are several factors affecting the correlation properties.
Among these factors are the environment physical parameters [6], the antenna
array configuration and the antenna element properties. These parameters
play a key role in determining the MIMO system performance.

Despite the fact that MIMO systems take the spectral efficiency to a new
level, there are challenges accompanying this system. One of the main
challenges is the computational complexity of the receiver, which increase
with number of antennas employed. This is due to the fact that independent
data streams transmitted from each transmit antenna occupy the same
frequency spectrum and therefore, interfere with one another in addition to
the effects of system related noise. Hence, the challenge is to develop MIMO
receiver (MIMO MDDM receiver) which has high performance and,
simultaneously, has low and manageable computational complexity. In this
regard, this thesis focuses on the development of the MIMO computational
complexity and performance which is optimal MIMO-BER and increase
channel capacity.

One of the objectives of this thesis work is to conduct a thorough
investigation of the effect of propagation environment characteristics, antenna
array configuration properties on MIMO system performance . Successful
design and deployment of MIMO wireless communication systems require
detailed channel characterization.
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In general, the objective of this thesis is to develop a MIMO-OFDMA system
with MDDM scheme which has near optimal BER with much reduced
computational complexity and the best channel performance.

Specific Objectives Specifically the aim of this thesis is to:

Extensively study the available MIMO-MDDM schemes, analyze and
evaluate the computational complexities of these schemes in conjunction with
their performances under =~ AWGN channel conditions and antenna
configurations.

Analyze and investigate the best combination of MDDM schemes
considering the computational complexity and BER.

Evaluate and compare the BER performance and throughhput enhancement of
the proposed scheme with the existing detection techniques.

The main objective of this thesis is to investigate the fundamentals of MIMO
systems with a multicarrier delay diversity modulation (MDDM) technique.

A simple model was designed to incorporate MDDM in multiple-input single-
output (MISO) and MIMO systems. The design is implemented with Binary
Phase Shift Keying (BPSK) and simulated using MATLAB simulator, which
Is examined in an Additive White Gaussian Noise (AWGN) channel.

Finally Analysis The simulated performance results and theoretical analysis
results, were compared with the conventional single-input single-output
(SISO) system results.

1.3 Aims of this thesis

The goal of this thesis is to investigate MIMO-OFDM system capacity with
the aim of achieving optimum Bit Error Rate (BER) while increasing the
system capacity using multicarrier delay diversity modulation (MDDM),
tested in AWGN channel.

1.4 Thesis organization

This thesis is organized in five chapters. Chapter | describes the background
and motivation of this thesis. Furthermore, refers research problems and
objectives as well as aims of this thesis.

Chapter Il introduces the literature review, referred in previous work by other
researchers, which forms the foundation of this thesis. Such as MIMO
channel modeling, antenna diversity, channel measurement and capacity
analysis of SISO, SIMO, MISO and MIMO system.
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Chapter 1l introduces the fundamentals of MIMO systems and the
multicarrier delay diversity modulation scheme. It discusses the capacity of
MIMO systems, space time coding and use of time delay diversity as a space
time coding technique in MIMO systems.

Chapter IV represents the modeling and simulation of the MDDM transmitter
and receiver, OFDM modulator scheme, digital to analog(D/A) conversion ,
RF modulation , cyclic delay addition and guard interval (Cyclic Prefix)
addition

Chapter V analyzes the performance of this modulation technique in an
AWGN channel with AWGN. Chapter V reviews the summary of the work
done. Appendix.

In Chapter five simulation results of all the detection schemes considered in
Chapters three and four are provided. Most of the simulation results are BER
versus SNR characteristics, which are used to compare performance of
different MIMO detection schemes, while there are also complexity and
throughput comparisons.
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Chapter 2

MIMO SYSTEM BACKGROUND

2.1 Literature review

The literature review outlines previous work by other researchers, which
forms the foundation of this thesis. These topics are organized in the
following order:

2.2 MIMO system model

A multiple-input multiple-output (MIMO) system with multiple (L) transmit
antennas and multiple (J) receive antennas is illustrated in Figure 2.1. MIMO
systems are the focus of this thesis. Therefore, the MIMO model is discussed
in detail in chapter 3. The representation of the model is largely based on [1,
8]. For a faded channel, it is assumed that channel responses from each
transmit antenna to each receive antenna are independent.

h > |
hLl N
O
h” o Recerver
Ly o)
h > ?"J

Figure 2.1: MIMO system

Transmutter

r/ =hYx! + h¥x? + -+ W xl +

h21 h22 hLZ X2 n2

h11 h21 hLl xl nl
| ‘ +1 (2.1)

L] hJZ hfL 1 Ly
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r=Hx+n (2.2)

where r and n represent the J x 1 received signal and noise column vectors, H
isa

J x L complex channel matrix and x is the L x 1 transmitted column matrix.
[86] All the elements in the channel matrix are considered independent
identically distributed (I11D) complex Gaussian Random Variables (GRVs),
and similarly, the elements of the noise vector are also complex Gaussian
random variables.

2.3 MIMO channel modeling

Channel modeling is a fundamental research area in wireless communication
due to the complexity of the signal propagation process. It plays a crucial role
in the investigation of MIMO system capacity.

The independent and identically distributed (i.i.d.) channel model has been
used by researchers to derive the useful bounds of MIMO capacity [7]. As a
stochastic channel model, the i.i.d. channel is the simplest and the most
common channel model. Many different MIMO channel models have been
presented in previous work [8]. MIMO channel models can be classified in
many different ways. The MIMO channel models can be divided into
wideband and narrowband by considering the system bandwidth [8]. In the
wideband channel models, the channel is assumed to have different channel
responses for different frequencies, so that the channel is a frequency
selective fading channel. On the contrary, the narrowband channel model is
assumed to have an equal response over the system bandwidth. By
considering the characteristics of the channel parameters, the MIMO channel
models can be divided into non-physical and physical models [8]. The non-
physical models use non-physical channel parameters based on the channel’s
statistical characteristics. However, the physical model uses some crucial
physical parameters, such as Angle of Arrival (AoA), Angle of Departure
(AoD) and Time of Arrival (ToA) to model the channel. examples of physical
narrowband channel models are ‘One-Ring’ and SCM channel models.

The ‘One-Ring’ channel model is one of the remarkable MIMO channel
model. As compared to i.i.d. channel model, the ‘One-Ring’ channel model
takes into account the inter-element distance which makes it possible to study
mutual coupling and correlation effects [9].
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The SCM (Spatial Channel Model) is an example of a more realistic channel
model [10]. It is a standardized model developed by 3GPP-3GPP2 spatial
channel model (SCM) ad-hoc group (AHG), which are standardization bodies
for 3G cellular systems [10]. This model allows us to perform system level
simulations, and offers three propagation scenarios for investigation:
suburban macro-cell, urban macro-cell and urban micro-cell [10].

Transfer matrix modeling is the another simplest channel models directly
compute the channel matrix H based upon a statistical description. For
example, in a NLOS propagation scenario, it is commonly assumed that the
channel between one transmit and one receive antenna will have a magnitude
and phase that follow Rayleigh and uniform distributions, respectively [11].
This combination indicates that the individual complex elements of H are
circular symmetric complex Gaussian random variables. In this case, the
distribution is completely specified by the full channel correlation matrix
Ry = E{hh'} , where h = vec(H) and vec(.) stacks the columns of the matrix
argument into a single column vector. In case of no correlation between the
signals on different antennas, the full channel correlation matrix Ry is an
identity matrix, i.e. Ry = I, which leads to independent matrix entries. This is
the case when orthogonal channels are assumed. However, if the correlation
structure is to be included, a correlation matrix must be constructed directly
from measured data [12] or from a correlation model [13]. If the fading
statistics at the transmit and receive sides are assumed to be independent, a
separable correlation structure, referred to as the Kronecker product model
[40-43], can be created. The Kronecker structure is in the form Ry, =

R;x @ R,, where Ry and R, are correlation matrices for signals on the
transmit and receive arrays, respectively, and @ denotes the Kronecker
product. Utilizing the Kronecker model, a channel matrix Hy,,, can be
generated according to

T

Hyron = Rrxl/sz(R%;\{z)
This approach is very simple to implement, and therefore facilitates
assessment of space-time codes using Monte Carlo simulation approaches.
Some studies have shown that this model is highly effective in matching
measured results for systems with up to four antenna elements [12]. However,
recent work has demonstrated key deficiencies in this Kronecker product
model [13]. In fact, one study has demonstrated that the Kronecker structure
leads to high errors not only in the computed capacity but also in the
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correlation matrix representation [46]. Another study has confirmed this error
in the capacity as well as error in the joint statistics of the resulting transfer
matrix [14]. Nevertheless, the simplicity of this model makes it an attractive
starting point in the analysis of any MIMO system performance [15].
Therefore, improved modified versions were proposed in [12-16].

Multipath characterization is an another approach for modeling MIMO
wireless channels is to directly describe the properties of the physical channel
multipath components. In this approach the obtained multipath channels are
independent of the properties of the associated antenna system which
facilitates studying the impact of antenna properties. Models capturing
multipath behavior range from deterministic site-specific ray-tracing to
simpler statistical descriptions.

1. Deterministic ray-tracing. Deterministic ray-tracing modeling begins by
creating a two dimensional (2D) or three dimensional (3D) geometrical model
of the propagation environment. Then the response of the model to
electromagnetic excitation is computed through computational techniques.
Such models can also provide statistical channel information by applying
Monte Carlo analysis on many random transmit/receiver locations and/or
model geometries. Ray-tracing techniques based on geometrical optics, often
supplemented by diffraction theory to enhance accuracy in shadow regions,
have emerged as the most popular techniques for analyzing site-specific
scenarios due to their ability to analyze very large structures with reasonable
computational resources [17-18]. Several investigations of MIMO systems
performance have been conducted based on ray-tracing techniques [19]. Ray-
tracing techniques have demonstrated reasonable accuracy in predicting large-
scale path loss variation. However, preliminary comparisons of ray tracing
predications with measurements indicate that the simulations tend to
underestimate MIMO channel capacity [20]. This likely due to over
simplification of the geometrical scenario representation than failure of the
electromagnetic simulation approach. Other recent work [21] has shown
promising agreement between measured and simulated results of angle of
arrival (AOA) estimation in microcells.

2. Geometric scattering models. The high computational cost of rigorous
raytracing simulations in addition to the fact that this type of technique is very
site specific are the main drawbacks of ray-tracing techniques. Due to that
more approximate models have appeared where more simplified geometries
and scattering mechanisms are assumed [22-23]. Scatterers are modeled as
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discrete objects located around the receiver and/or transmitter. These objects
can represent site-specific obstacles, or their locations and scattering
properties (e.g. cross-section) which can be defined in terms of their statistical
distribution. These models also allow for dynamic channel evolution by
computing the response as the transmitter or receiver moves through the
environment.

3. Statistical scattering models. Statistical cluster models directly specify
distributions on the multipath angle of departure (AOD), AOA, time of arrival
(TOA) and amplitude by grouping multipath components into clusters that
decay exponentially with increasing delay time [24]. A single cluster might
correspond to a single scattering object. In more advanced models, the birth
and death of clusters due to movement of the subscriber can be taken into
account [25]. Statistical descriptions of the multipath arrival parameters have
been obtained through measurements [26] and ray-tracing. In [27] cluster and
discrete scattering models are combined to include both distant and local
scattering.

2.4 Statistical MIMO model [28]

Recall that delay spread and Doppler spread are the most important factors to
consider in characterizing the SISO system. In the MIMO system which
employs multiple antennas in the transmitter and/or receiver, the correlation
between transmit and receive antenna is an important aspect of the MIMO
channel. It depends on the angle-of-arrival (AoA) of each multipath
component. Consider a SIMO channel with a Uniform Linear Array (ULA) in
which M antenna elements are equally spaced apart, with an inter-distance of
d as shown in Figure 2.2. Let y;(t) denote a received signal at the i antenna
element with the channel gain «; , delay 7, , and angle of arrival (AoA) ¢,. As
shown in Figure 2.3, the AoA is defined as the azimuth angle of incoming
path with respect to the broadside of the antenna element. Note that the
received signal of each path consists of the enormous number of irresolvable
signals received around the mean of AoA in each antenna element. A vector
of the received signals y(t) = [y1(t), y.(t), ... ... yu (®)]7 in the uniform
linear array (ULA) of M elements can be expressed as
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Figure 2.3: Multi-path signals in the multiple antenna elements [28]

y() = Zisg aic(@)x(t —7,) + N(t) (2.3)

where | denotes the number of paths in each antenna element and c(¢;) is an
array steering vector. The array steering vector is defined as

C((pi) = [Cl ((i))' 1 ((i))) e Oy ((p)]T
Where

e (P) = fn ((p)e—jzﬂ(m—l)(d//l) sin ¢, m=12,.....M (2.4)
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In Equation (2.4), f,,(¢) denotes a complex field pattern of the m" array
element and A is the carrier wavelength. The received signal in Equation (2.3)
can be expressed in the following integral form:

y(©) = [ c(PIh(¢, ) x(t — T)drd + N(¢) (2.5)

where h(¢, ) represents a channel as a function of ADS (Azimuth-Delay
Spread).

2.5 Antenna Diversity [28]

We have mentioned that the multiple antenna techniques can be broadly
classified into two categories: spatial multiplexing techniques or diversity
techniques. In this section, we will study the basic concepts of antenna
diversity techniques. For AWGN channel, the slope of BER versus SNR
curve for AWGN channel goes to infinity as SNR becomes large, that is,
showing a water-falling type of BER performance as SNR increases. The
fundamental goal of the antenna diversity techniques is to convert an unstable
time-varying wireless fading channel into a stable AWGN-like channel
without significant instantaneous fading, thereby steepening the BER versus
SNR curve. MIMO antenna diversity techniques are used to mitigate
degradation in the error performance due to unstable wireless fading channels,
for example, subject to the multipath fading. Diversity in data transmission is
based on the following idea: The probability that multiple statistically
independent fading channels simultaneously experience deep fading is very
low. There are various ways of realizing diversity gain, including the
following ones:

Space diversity: sufficiently separated multiple antennas are used to
implement independent wireless channels.

Polarization diversity: independent channels are implemented using the fact
that vertically and horizontally polarized paths are independent.

Time diversity: same information is repeatedly transmitted at sufficiently
separated (more than coherence time) time instances.

Frequency diversity: same information is repeatedly transmitted at
sufficiently separated (more than coherence bandwidth) frequency bands.

Angle diversity: multiple receive antennas with different directivity are used
to receive the same information-bearing signal at different angles.
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2.6 Measurement [29]

Transfer matrix measurement is the most straightforward approach to
characterize MIMO wireless channels is to deploy a system that directly
measures the N, and N; channel matrix. In this case, all components in the
channel part are embedded in the measured channel and the measurements
will only be applicable for the analysis of systems employing the same array
configurations and antenna elements. Results based on a variety of
measurement campaigns have appeared in literature, the reported results are
usually in terms of channel capacity, signal correlation structure, rank of
channel matrix, path loss and delay spread. The measurement campaigns can
be classified based on the architecture of the measurement equipment into two
main groups.

1. Measurement-based on true array system. This type of measurement
equipment uses a true array system where all antennas operate
simultaneously. The main advantages of such systems are the closeness to
real world MIMO channels and ability of measuring channels that vary in
time. However, the cost of the parallel transmit and receive electronics is the
main drawback of this type of measurement equipments.

2. Measurement-based on switched array or virtual array. Switched array
designs use a single transmitter and single receiver to measure the transfer
function with high speed switches sequentially connecting all array elements
to the electronics. Switching times for such systems are generally very low
(few us to 100 ms), indicating that the measurement over all antenna pairs can
be conducted before the channel changes appreciably for most environments
of practical interest. Virtual array instruments use precision displacement (or
rotation) of a single antenna element to prescribed locations. A complete
channel matrix measurement often takes several seconds or minutes, requiring
a long mean stationary time of the measured channel. Therefore, virtual arrays
are most suitable for fixed indoor measurement campaigns when activity is
low. Measurement impairments such as thermal additive noise and PN in the
local oscillators are other drawbacks of such systems.

2.7 MIMO Capacity Analysis [28]

Compared to a conventional single antenna system, the channel capacity of a
multiple antenna system with Ny transmit and Ng receive antennas can be
increased by the factor of (N, Nr) , without using additional transmit power
or spectral bandwidth. Due to the ever increasing demand of faster data
transmission speed in the recent or future telecommunication systems, the
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multiple antenna systems have been actively investigated and successfully
deployed for the emerging broadband wireless access networks (e.g., Mobile
WIMAX) [212]. Even when a wireless channel with high channel capacity is
given, we still need to find good techniques to achieve high speed data
transmission or high reliability. Multiple antenna techniques can be broadly
classified into two categories: diversity techniques and spatial-multiplexing
techniques. The diversity techniques intend to receive the same information
bearing signals in the multiple antennas or to transmit them from multiple
antennas, thereby improving the transmission reliability. A basic idea of the
diversity techniques is to convert Rayleigh fading wireless channel into more
stable AWGN-like channel without any catastrophic signal fading. We
addressed the diversity techniques in section 2.5. In the spatial-multiplexing
techniques, on the other hand, the multiple independent data streams are
simultaneously transmitted by the multiple transmit antennas, thereby
achieving a higher transmission speed. However, when the diversity
techniques are used, the achievable transmission speed can be much lower
than the capacity of the MIMO channel.

Claude Shannon first derived the channel capacity for additive white
Gaussian noise (AWGN) channels in 1948 [30]. Compared with the scalar
AWGN channels, a MIMO system can offer significant improvement to either
communication quality (bit-error rate or BER)or transmission date rate
(bits/sec) by exploiting spatial diversity [31]. We summarize absolute
capacity bounds, which compare SISO, single-input-multiple-output (SIMO)
and multiple-input single-output (MISO) capacities. Since feedback is an
important consideration of communication system design, we further discuss
a more specific case which takes into account a prior knowledge of the
channel matrix at the transmitter. Before discussing capacity, some
assumptions need to be stated:

¢ In all these cases, we focus on the single user form of capacity, so that
the received signal is corrupted by additive white Gaussian noise only.

e (Capacity analysis is based on a “quasi-static” situation which means
that the channel is assumed fixed within a period of time (a burst), and
the burst is assumed to be a long enough duration in which sufficient
bits are transmitted to make information theory be meaningful [31].

e The channels are assumed to be memory-less channels which means
that each channel realization is independent of the others [32].

2.7.1 Channel Matrix normalization [29]
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Since the MIMO system performance depends on both the channel correlation
properties and the average receive SNR, it is important and convenient to
properly normalize the channel matrix for correct interpretation of the results.
For a given channel matrix G, its normalized version H can be obtained as
follows

H==-G (2.6)

where a is a normalization factor given by

1
a = /W IGI% (2.7)

where ||.|| denotes the Frobenius norm of the matrix argument. With
normalized channel matrix, the average receive SNR can be defined in terms
of the total transmitted signal power o2 and noise power at each receive

antenna o as

p== (2.8)

It is worthy to notice that there are different normalization techniques used in
MIMO literature. The above normalization technique keeps the total power in
each channel realization fixed but does not remove the power imbalance
between the elements of the channel matrix. In it is shown that the power
imbalance results in significant MIMO system performance degradation even
at low correlation propagation environment. Compensating the power
imbalance requires a normalization technique that operates on each sub-
channel. In this thesis the issue of power imbalance is not considered.

2.7.2 SISO System Capacity
For a SISO (Single-Input-Single-Output) system the capacity is given by [32]
Csiso = log, (1 + plh|?) bps/Hz (2.9)

where r is the SNR at receiver antenna, and h is the normalized complex gain
of the channel.

2.7.3 SIMO and MISO System Capacity

With NR RX antennas, the single-input-multiple-output (SIMO) system
capacity is
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Cyiso = loga(1+p XN |hy|?) bps/Hz (2.10)

where h,, is the gain for ; m™ Ry antenna.
However, if Nt Tx antennas are used, a multiple-input-single-input (MISQO) is
achieved. The capacity is given [32]

Cuiso = loga (1+ £ 23, 1ha?)  bps/Hz (211)

whereh,, is the gain for n TX antenna. In order to ensure transmitter power
restriction, SNR is normalized by NT . Figure 2.4 illustrates the capacity
comparison of SISO, SIMO and MISO system versus SNR using Equation
(2.9) - Equation (2.11).

9 T T T T T
—%—1x18ISO
8L —+—1x4SIMO

—&—4 %1 MISO 4

A~ o (o2} ~
T T T T
1

Mean Capacity (bps/Hz)
w

-20 -15 -10 -5 0 5 10 15 20

Figure 2.4: Comparison of mean capacity of SISO, SIMO and MISO systems as a
function of SNR. [85]

2.7.4 MIMO channel capacity [29]

Capacity is a fundamental limit on the spectral efficiency that a
communication channel can support reliably. In contrast to the capacity of the
scalar additive white Gaussian noise (AWGN) channel that was first derived
in [33], MIMO channels exhibit fading and encompass a spatial dimension.
Throughout this thesis work, the MIMO channel capacity is used as a
fundamental performance measure because it captures both the SNR and the
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multipath spatial characteristics. For a given channel realization, the channel
capacity is given by

max

¢ =, me ,log,det (INr + %HR,CH”) b/s/Hz (2.12)
where T,.(.) denotes the trace of the matrix, and R, = E{xx"} is the
transmitted signal covariance matrix. The channel capacity c is the maximum
data rate per unit bandwidth that can be transmitted with arbitrarily low
probability of error. For a given bandwidth W the achievable data rate is Wc

b/s. Figure 2.5 illustrates increasing the MIMO capacity with increasing
number of antennas

IO Capacity

25 T I ]

Shannon Capacity |
---------- MIMO, NT=NR=2 | i ; ; i i -
—mme MIMO, NT=NR=3 | : : ; ; i .
----- MIMO, NT=NR=4 | | : e

Capacity (hit/s/Hz)

SMNR{dE)

Figure 2.5: Increasing the MIMO capacity with increasing number of antennas
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Chapter 3

MIMO CHANNEL MODEL CLASSIFICATION AND
MULTICARRIER DELAY DIVERSITY

The view of this chapter is to make the basic understanding of MIMO
systems, space time coding and the application of MDDM in MIMO systems.
The fundamentals of OFDM and its implementations with the discrete Fourier
transform (DFT) are discussed. Then, the implementation of cyclic delay
diversity with OFDM within the context of MIMO systems is presented.
Finally, the multipath flat fading channel and the maximum ratio combining
receiver are discussed.

3.1 MIMO channel model classification

In order to facilitate the concept of multiple-input multiple-output systems,
single-input single-output (SISO) systems, single-input multiple-output
(SIMO) systems and multiple-input single-output (MISO) systems models are
discussed briefly. In this thesis, all signals and models are represented in
complex baseband equivalent form to facilitate analysis.

3.1.1 Single-Input Single-Output System

The SISO system model is shown in Figure 3.1. The signal transmitted from
the antenna is denoted as x(t) . The signal received at the receiving end, r(t),
passes through the channel with impulse response h(t) in an additive white
Gaussian noise (AWGN) environment. It is assumed that the bandwidth of the
signal is small enough such that the frequency response of the channel is flat
and the channel response can be given as

h =|h| ei(p (3.1)

where i = +/—1 . The relationship between the transmitted signal and receive
signal is given by

r(t) = Joo x(t)h(t — 7)dt + n(t)
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= [7, x(@Ihle* 6(t — D)dt +n(t) (3.2)
= x(t)h + n(t)
where §(t) is the Dirac delta function and n(t) is the AWGN. The received

signal is the transmitted signal convolved with the channel impulse response
plus added noise. [40]

() r() Receiver

Figure 3.1: SISO system

Transmitter

3.1.2 Single-Input Multiple-Output System

A single-input multiple-output (SIMO) system with one transmit antenna and
multiple (J) receive antennas is illustrated in Figure 3.2.
t)

R'(t)
% 7!
@)
. z(t) () © .
Transmitter N‘ o | Receiver

(1)

/—\

Figure 3.2: SIMO system

The received signals at the receiver end can be represented as the set of linear
equations

ri(t) = h1()x(t) + nl(t)
r2(t) = h?2()x(t) + n?(t) (3.3)
rl(6) = W (D)x(t) + 7/ (D)
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where r 1 (t) , h ¥ () and 0¥ (1), j = 1,2, 3,...,J represent the received signal,

channel impulse response and noise, respectively, at the j ™ receive antenna.
If x(t), h(t) and r(t) are sampled at the rate of one sample per symbol, then
they can be represented as x, h, r . The received signal can also be represented
in form of vectors.

x=[x' x?.xT for x'=x*=..=X (34)

n=[n! n?..0]T (3.5)
Now, the received vector is represented as
r=hx+n (3.6)

where X, h and n are transmission, channel and noise vectors, respectively and
operator ' .' denotes element by element multiplication.

3.1.3 Multiple-Input Single-Output System

A multiple-input single-output (MISO) system with multiple (L) transmit
antennas and one receive antenna is illustrated in Figure 3.3. The receive
antenna receives a sum of all the signals transmitted by each antenna and can
be represented as

r=h’'+h>+..+h% " +n (3.7)

where x'and h', 1 = 1,2, 3,...,L are the transmitted signal and channel response

from transmit antenna | to the receive antenna and n is the AWGN. Equation
(3.7) can also be written as

r=Yl hlx'+n (3.8)
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R

Transmitter ht () Receiver

Figure 3.3: MISO system

3.1.4 Multiple-Input Multiple-Output System

A multiple-input multiple-output (MIMO) system with multiple (L) transmit
antennas and multiple (J) receive antennas is illustrated in Figure 3.4. MIMO
systems are the focus of this thesis. Therefore, the MIMO model is discussed
in detail in this section. The representation of the model is largely based on
[34, 41]. For a faded channel, it is assumed that channel responses from each
transmit antenna to each receive antenna are independent.

11
h > |
hLl ff’l
O
h” O Recerver
Ly 0
h ~ TJ

Figure3.4: MIMO system

Transmitter

The received signal at any receive antenna is the sum of all the signals
transmitted by each transmit antenna passing through the respective channel
and the AWGN.

r/ =hYx! + h¥x? + -+ W xl +
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1

x2

]
I
1
h¥is the channel response from transmit antenna | to receive antenna j where |

=12, 3,...,Land =12 3,...J. The system therefore can be represented in
matrix form as

[x
I
|

=Y RY ..RY] +n/ (3.9)

T‘l hll h21 hLl X n
[rZ-I |[h21 h22 hLZ -”XZ} |[n2-i
=| : SRR | BE S (3.10)
lr/J { h]2 h}L “xL‘ Ll/J
r=Hx+n (3.11)

where r and n represent the J x 1 received signal and noise column vectors, H

Is a J x L complex channel matrix and x is the L x 1 transmitted column

matrix [34]. All the elements in the channel matrix are considered
independent identically distributed (11D) complex Gaussian random variables
(GRVs), and similarly, the elements of the noise vector are also complex
Gaussian random variables. According to information theory, the optimum
distributions for transmitted signals are also Gaussian. Therefore, it is
considered that all elements of x are zero mean complex GRVs. Therefore,
the covariance matrix of the transmitted signals is the same as the
autocorrelation matrix and it is a diagonal matrix [34, 41]

Cxx = Rxx (3.12)
1
Ryx = E[XX*T]

where x" denotes the transpose and component-wise complex conjugate of
the transmitted matrix x [34]. The total transmitted power, P, is the sum of all
the diagonal elements of the autocorrelation matrix. To facilitate the analysis
for the MIMO system, assume that all the transmit antennas transmit equal
power [41].
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P=E[Siilx|'] = S B[] = tr(Rax) (313)
Pl=E|x[] =2 (3.14)

where P'is the average power transmitted from antenna | . An AWGN
channel is considered, and according to information theory, the optimum
distribution for the transmitted signal is also Gaussian [34]. Therefore, the
elements of x as stated in [34] are also considered independent and identically
distributed (11D) Gaussian variables with zero mean. Then, the autocorrelation
matrix can be written as

P
RXX - ZIL (315)

where I is the identity matrix of size L x L

It is further assumed that the channel matrix is fixed at least for the duration
of one symbol period and there is no attenuation due to path loss and no
amplification due to antenna gain. In other words, each receive antenna
receives the total transmitted power regardless of its branch. Thus, the
normalization constraint for the elements of channel matrix H for fixed
coefficient can be represented as [34]

S =L forj=12,....] (3.16)

For a faded channel, the channel matrix elements are random variables and
the normalization constraint will apply to the expected value of Equation
(3.16). This normalization constraint is required for a fair comparison with
SISO systems with equal power transmitted [41]. It is also assumed that the
channel impulse response at that time, referred to as the channel state
information (CSI), is perfectly known at the receiver by sending training
symbols. [34]

The elements of the noise vector n are considered IID complex Gaussian
random variables with zero mean and the variance of o ,? for both real and
imaginary parts. Independence of the noise elements and zero mean imply
that the autocorrelation and covariance matrix are the same diagonal matrix.
Therefore, the covariance matrix C ,, of the noise vector can be represented
as [34, 41]
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Con = R,y = E[nn*T] (3.17)
Ryn = O-OZIL (3.18)

The average signal power at receive antenna j with assumed fixed channel
coefficients can be given by [34, 41]

P/ = E[r/r/*]

l]x z hm]* m*]

=[Sk, Sk oy hY x i xm*] (3.19)

L1
= Z Z hY RY*E[x/ x™*|

=1 m=1

where ()* denotes complex conjugate. Substitution of Equations (3.15) and
(3.16) into Equation (3.19) yields

P =3h n | E (|| =12 =P (3.20)

Then, the average signal-to-noise ratio (SNR) at each receive antenna,
represented by , is given by [34, 41]

P
Y= (3.21)
Similarly, the autocorrelation matrix for the received signal can be
represented as [41]
R, = E[rrT] (3.22)

R, = E[(Hx + n)(Hx + n)*T]

Vovember 2014 Page-38



MIMO Channel and Performance Analysis Using OFDM System for Reduced Bit Error Rate

= E[(Hx + n)((Hx)'T + n*T)]
= E[Hx(Hx)*" + Hxn*T + n(Hx)*" + nn*T] (3.23)
= E[Hx(Hx)*'"] + E[Hxn*T] + E[(Hx)*"n] + E[nn'T]

By using the identity of transposition of a product of matrices [42] as follows

MHx)T =xTHT (3.24)
Equation (3.23) can be written as

R,. = E[HxxTH] + E[Hxn'T] + E [H*Tn*Tn + E[nn*T]] (3.25)

If it is assumed that the channel coefficients are deterministic and signal
matrix x and noise matrix n are independent with zero mean, Equation (3.25)
yields

R,, = HE[xx'"|H*" + E[nn*"] (3.26)
= HR,, H" + R,,

3.2 Space time coding

Space time coding is a technique to achieve higher diversity at the receiver
end to mitigate multipath fading without increasing the transmitted power or
bandwidth. Space time coding holds the promise to maximize the system
capacity. The system capacity is defined in [34], “The maximum possible
transmission rate such that the probability of error is arbitrarily small.” The
capacity of SISO system is given by Shannon’s capacity equation [43]

C =Wlog, (1 + SNR)
(3.27)
P
C =Wlog,(1+ ﬁ)

where C \W ,P and o represent capacity, bandwidth, average signal power

and average noise power, respectively. The capacity of a MIMO system in a
flat fading channel with perfect channel state information is given by [34]
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C=Wlog,(1+ L] =) (3.28)

Space time coding techniques designed appropriately with MIMO systems
have the potential to achieve the channel capacity in Equation (3.28). Space
time coding provides the diversity both in time and space to achieve the
higher performance at reduced transmitted power and without bandwidth
expansion. Space time coding techniques can be classified into two main
categories. The first category provides power efficiency without
compromising the performance such as delay diversity, space-time block
codes (STBC) and space-time turbo trellis codes (STTC). The other category,
such as Bell Labs layered space-time technology (BLAST), increases the data
rates with the use of bandwidth efficient modulation schemes [35].

The performance of a MIMO system can be further improved by applying
forward error correction coding (FEC) with optimum interleaving at the cost
of reduced data rate or increased bandwidth. FEC coding gain can be
achieved without sacrificing the data rate or bandwidth by designing space
time coding technique with higher rate modulation schemes. [34] This thesis
Is focused on achieving multicarrier delay diversity gain. The incorporation of
error control coding and interleaving is left for future work.

3.3 Multicarrier delay diversity in MIMO systems

The delay diversity technique was the first approach proposed for MIMO
systems [35]. In this scheme, delayed versions of the same signal are
transmitted by multiple antennas. This simple delay diversity was originally
suggested for flat fading channels [44]. This scheme has the inherent problem
of increasing frequency selectivity caused by the delay diversity. Full
diversity cannot be achieved without equalization [45] and equalization for
MIMO systems is very difficult due to the large number of channels. Thus,
the receiver design becomes much more complicated. Orthogonal frequency
division multiplexing (OFDM) with delay diversity is another approach to
make good use of frequency selectivity of the delay diversity. The OFDM
scheme with delay diversity has a limitation as an increase in the number of
transmit antennas requires an increase in the guard interval at the expense of
bandwidth. If the guard interval is not as large as or larger than the delay
spread of the channels, then it will cause inter-symbol interference (ISI) [45].
The OFDM scheme can be easily implemented by using the inverse discrete
Fourier transform (IDFT), which can be efficiently computed by the inverse
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fast Fourier transform (IFFT). The same information can be translated back
by the DFT operation. DFT and IDFT as defined in [46] are

DFT{x[m]} = X[k] = XN=d x[m]e ™" /N fork=012....N—1
(3.29)
DFT{X[k]} = x[m] = X¥=2 X[kl e “™" /N form=0,1,2....N —1

(3.30)

Discrete Fourier transforms have a property that any circular shift in the time
domain results in a phase shift in the frequency domain [46]

DFT{x[(m — D), ]} = e ™" /NX[k] fork=0,12....N—1
(3.31)

where D denotes the delay in the time index and (n)y denotes n modulo N .
This cyclic delay property of the Fourier transforms can be used in an OFDM
system design to induce diversity that can be exploited at the receiver end. To
overcome the problems of a simple time delay diversity scheme in a
frequency selective fading channel for MIMO-OFDM systems, a new
approach of cyclic delay diversity was suggested in [39]. This simple scheme
does not require any additional guard interval with an increasing number of
transmit antennas. The combination of cyclic delay diversity and OFDM in
MIMO systems has been referred to as multicarrier delay diversity
modulation (MDDM) in this thesis and this can be considered a special type
of space-time coding. For a frequency selective channel, a cyclic guard
interval (cyclic prefix) of duration G is added at the beginning of each OFDM
symbol. This guard interval is greater than or equal to the maximum channel
delay M to mitigate the intersymbol interference (ISI). The orthogonality of
subcarriers is paramount for OFDM. The cyclic prefix converts a linear
convolution channel into a circular convolution channel and the interference
from the previous symbols will only affect the guard interval. This restores
the orthogonality at the receiver. Adding zeros as the guard interval can
alleviate the interference between OFDM symbols. For a flat fading channel,
the guard interval can be eliminated to increase the data rate. [35]

The space time code for MDDM can be represented as [35]
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XN-G  XN-G+1 " XN-1 X0 X1 e XN—1
/xN—G—l XN-G " XN-2 XN-1  Xo . Xy_ 2\
| |
\xN—G—L+1 XN-G+2 **° XN-L  XN-L+1 XN-L+2 XN-L+3 - xN—L/

cyclic guard inte data block
(3.32)

where G is the length of the guard interval and N is the number of points in
the IDFT. The MDDM scheme has some advantages over space time block
coding (STBC) and space time trellis coding (STTC). STBCs require all
block codes be orthogonal and full rate transmission is not achievable for
more than two transmit antennas. The complexity of STTC increases
exponentially with the number of transmit antennas. STBCs and STTCs are
fixed for a combination of transmit and receive antennas and they do not offer
any flexibility in changing the number of antennas at either end. For each
combination of the number of antennas, a new space-time code is required.
These codes were designed for flat fading channels. For frequency selective
channels, they cannot be used without equalization and other compensation
techniques. However, the MDDM space time code can be used with any
combination of transmit and receive antennas with little modification in the
receiver design. The MDDM is based upon the OFDM modulation scheme.
Therefore, orthogonal frequency division multiplexing fundamentals are
discussed very briefly in the following sections. [34, 35]

3.4 Orthogonal frequency division multiplexing

Broadband MIMO wireless communication systems operating in a rich
scattering environment usually face unacceptable inter-symbol interference
(ISI) from multipath propagation and their inherent delay spread. Thus, the
channel exhibits frequency selective fading. Orthogonal Frequency Division
Multiplexing (OFDM) is a powerful, multicarrier technique for combating
ISI. In effect, it transforms a frequency selective channel into a set of parallel
flat fading channels and hence, the signals on each subcarrier undergo
narrowband fading. In order to deal with frequency selective nature of
broadband wireless channels, MIMO can be combined with OFDM. Thus, the
combination of the two technologies can achieve higher data rates at high
quality of service [36-39]. OFDM is a multi-carrier technique that operates
with specific orthogonality constraints between the sub-carriers, which
enables it to achieve a very high spectral efficiency. It can be implemented
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using IDFT (inverse discrete Fourier transform) at the transmitter and DFT
(discrete Fourier transform) at the receiver which are in turn implemented
using IFFT (inverse fast Fourier transform) and FFT (fast Fourier transform)
algorithms respectively when the number of subcarriers are powers of two.
The data symbols to be transmitted are first converted serial to parallel and
each N (N. is the number of OFDM subcarriers) of these symbols are OFDM
modulated using IFFT at the transmitter (assuming all subcarriers are utilized)
as shown in the block diagram of Figure 3.5. The output of IFFT is N
samples of a time domain OFDM symbols. OFDM combats ISI by using
guard interval, the duration of time in which the multipath components are
allowed to die out. To reduce the receiver complexity, a guard symbol which
is a replica of the last Ny samples (called cyclic prefix) of the OFDM symbol,
Is introduced during the guard interval. This converts a linear convolution of a
signal and the channel to a circular convolution and thereby causing the FFT
of the circularly convolved signal and channel to simply be the product of
their respective FFTs. The guard length Ny is chosen to be greater than the
maximum channel delay spread. Thus, the relative length of the cyclic prefix
depends on the ratio of the channel delay spread to the OFDM symbol
duration. In the block diagram of MIMO-OFDM systems shown in Figure
3.5, for simplicity, channel coding and interleaving of the source bit streams
are not included. On the transmitter side the source data bits are mapped to a
constellation by digital modulator and then encoded (de-multiplexed) by
MIMO encoder (de multiplexer) on to different transmission layers. Just
before transmission the symbols of each transmission layer are OFDM
modulated where data symbols are serial to parallel converted, passed through
IFFT filters and then in order to avoid ISI cyclic prefix (CP) is added to each
OFDM symbols [39, 46]. At the receiver side, the reverse process of
transmitter takes place. The received samples are OFDM demodulated where,
first, CP is removed, then the remaining samples are serial to parallel
converted and finally passed through FFT filters. The outputs of the FFT
filters are fed to the MIMO decoders where signal detection takes place per
sub-carrier [46].
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Figure 3.5: Block diagram of OFDM modulation using IFFT

In conventional sequential data transmission over a single carrier, the data
rate has a limit imposed by the availability of frequency spectrum and the
delay spread of the channel. The bandwidth required is inversely proportional
to the data symbol duration, which means that the highest achievable symbol
rate is limited by the available bandwidth [49]. Considering a fixed delay
spread of the channel, the ISI also increases with the increase in the symbol
rate as delayed copies of the symbols coming from the multipath can have
significant overlap with the original symbol. The lessening of ISI will require
equalization which further adds to the complexity of the system [50]. These
problems can be mitigated by transmitting the data in parallel on multiple
carriers with a reduced data rate on each carrier compared to the overall data
rate. The reduced data rate will require reduced bandwidth which should not
be more than the coherence bandwidth of the channel to avoid frequency
selective fading. This multicarrier system can be designed by classical
frequency division multiplexing (FDM) [34]. In this scheme, the carriers need
to be well apart in frequency domain to avoid inter-carrier interference.
Therefore, a guard frequency band is required between two consecutive
subcarriers which makes this scheme highly inefficient in frequency spectrum
utilization. This problem can be eliminated by using minimum-spaced
orthogonal carriers. In OFDM, all carriers are allowed to overlap by
maintaining orthogonality of all the subcarriers, which increases bandwidth
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efficiency [47]. The comparison of bandwidth efficiency for FDM and OFDM
Is illustrated in Figure 3.6.

Ch. 1 Ch. 2 Ch. 3 Ch. 4 Ch. 5
Guard ?auds > ]
bandwidth
Ch. 1 Ch. 5

LOOOAN, - S

bandwidth savings

Figure 3.6: Comparison of bandwidth efficiency between FDM and OFDM

In OFDM, to maintain the orthogonality of the subcarrier channels, the
correlation between signals transmitted on subcarriers must be zero. Assume

that the available bandwidth for the OFDM system is AW and it is to be

divided in K subcarriers. The input serial data stream is to be converted into K
parallel data streams which are assigned to the K subcarriers [34]. The symbol

duration of the input serial data is 'T, with serial data rate of f, =%.

Therefore, if the number of parallel data streams is equal to the number of
OFDM subcarriers, the symbol duration for OFDM will be

T, = KT, (3.33)

Equation (3.33) indicates that the symbol duration of an OFDM signal is K
times larger than that of single serial stream symbol duration. Therefore, the
OFDM scheme has the inherited advantage over single carrier modulation
techniques to mitigate ISI and frequency selectivity of the channel. The
OFDM transmitted signal S(t) can be written as

K=1

S(t) = z A{d,m cos(2mf,t) —dg sin(2nf, t)}

m=0
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=YK1ta, I cos(2mf,t) — —dom sin(2nf,,t) (3.34)

2 2 2 2
J4im T J%im T

where A is a constant, d; , d,_are the information-bearing components of

the signal and
a, =A /d,zm +d§

Using the trigonometric identity

cos(a + ) = cos(a) cos(B) — sin(a) sin(p) (3.35)
S(t) can be written as
K-1
S(t) = z Am cos 2nfm t+6.)

" (3.36)

K—1
= Z a,, {cos(2nf,,t) cos(0,,) — sin(2xf,t) sin(6,,)}

m=0

d :
Where 6,, = tan™! Cm d, |- The correlation between any two symbols

transmitted on separate subcarriers, represented as R;; must be equal to zero
to maintain the orthogonality of subcarriers [34].

+o0

(3.37)
Ts
= f a; cos(2mfit + 0; t)a; cos(2mf;t + 6; t)dt
0
Using the trigonometric identity
cos(a) cos(B) = %cos(a +B)+ %COS(CZ -B) (3.38)
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Equation (3.37) can be written as

a;

Rj = Zaj fOTS(cos(Zn(ﬁ +f)t+ (6, + 6,)t) + cos(2n(f; — f;)t +
(6; —6,)t) +)dt (3.39)

where a;, g; are constant for the symbol duration.
For 2r(f; + f;) » Ti Equation (3.39) can be written as

From Equation (3.40), R;; = 0 if

(fl- — jj-)TS = M where M € set of positive integers

(3.41)

M
= (fi—f;) = T
S
Therefore, minimum frequency separation between two consecutive
subcarriers to maintain orthogonality must be

Af = Tl =f (3.42)
Where f. is the rate of OFDM symbols.

3.4.1 Generation of OFDM

From the earlier discussion of orthogonality in an OFDM signal, all
subcarriers are orthogonal to one another and the center frequencies of any
two subcarriers differ by a positive integer multiple of Af . In spite of the
overlapping of subcarrier frequency bands, the transmitted symbol can be
recovered at the receiver end without any interference due to zero correlation
of these subcarriers. In OFDM, serial data symbols are converted to parallel
to form one OFDM symbol to be assigned to K subcarriers. Now, the
bandpass signal can be represented as

S@t) = X520 A{d; cos(wyt) —dy  sin(w,t)} (3.43)
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where the subcarrier frequencies w,, = 2rf,, and f,, = f, + mAf .The
equation (3.43) can be written as

(3.44)

K-1
= Re {z d[m]ei(zn'(fo‘i'mAf)t)}

Where d[m] = Ad; + iAd, andthe complex envelope of the transmitted
signal is denoted by

D(t) = TE=h d[m]et2mmaft (3.45)

Matched filters or correlation demodulators can be used at the receiver end to
recover the symbol for each subcarrier. Subsequently, for the implementation
of this scheme, K modulators and K matched filters are required. As the
number of subcarriers increases, the complexity of the system also increases.
For a large number of subcarriers, the complexity of the system makes it
impractical. [34]

For making this scheme more practical, consider sampling the complex
envelope signal D at the rate of K /T , i.e., the sampling interval is T, /K.
Now using Equation (3.42), Equation (3.45) can be represented as

K—-1
_ [MT, .
D — d i2mmAfMTs /K
[ K ] Z m]e

m=0
— Zg—zlo d[m]eiZHmAfMTS/TSK (346)

-1

K
— 2 d[m]eiZHmAfM/K
m=0
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Comparison of Equations (3.30) and (3.46) clearly yields that the right side of
Equation (3.46) is the IDFT of d[m] scaled by K .

D = KIDFT{d[m]} (3.47)

Equation (3.47) facilitates the implementation of an OFDM system by taking
the IDFT of the original data stream. Therefore, implementation of the OFDM
scheme is completely digital. The complexity of the system is decreased as
compared to the multioscillator based OFDM modulation technique. Even for
large K, IDFT/DFT can be efficiently implemented by using fast Fourier
transforms (FFT) which make computation much faster [34]. Similarly, the
receiver performs the FFT operation on the received signal to recover the
original parallel data. Employing the FFT in the receiver drastically reduces
the complexity as compared to employing coherent demodulators. The
receiver can separate the subcarriers simply by using baseband signal
processing techniques. These subcarrier signals can be integrated for the
duration of the symbol period to produce decision variables for the estimation
of the transmitted data.

3.4.2 Cyclic Guard Interval

As previously discussed, the OFDM modulation technique has the advantage
of reducing the ISI caused by a multipath channel. This is achieved by
converting serial data at a high rate into parallel streams each at a lower data
rate and increasing the symbol transmission duration on orthogonal carriers.
In order to eliminate the ISI completely due to the time delay spread of the
multipath channel, a guard interval is added before each OFDM symbol. The
length of the guard interval is to be greater than the anticipated delay spread
of the channel [34]. This guard interval insertion costs both in terms of power
and data rate or bandwidth. If the length of the guard interval is less than the
delay spread of the channel, then multiple delayed versions will induce 1SI
and inter-carrier interference by affecting the orthogonality of the subcarriers
due to overlapping of different OFDM symbols [47]. Taking advantage of the
cyclic nature of the DFT represented in Equation (3.31), the guard interval
can be constructed by some cyclically shifted portion of the OFDM symbol.
The addition of this cyclic guard interval has already been depicted in the
space time code equation (3.32). Additionally, this cyclic prefix also
facilitates the synchronization of the carrier frequency and timing to obtain
the orthogonality of the subcarriers [45]. The addition of the cyclic guard
interval is illustrated in Figure 3.7.
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GI | OFDM Symbol GI | OFDM Symbol | GI | OFDM Symbol | GI
3 2 2 1 1 0 0

Figure 3.7: The addition of the cyclic guard interval

Effect of Cyclic Prefix on Es/NO: The following diagram illustrates in figure
3.8 the concept of cyclic prefix. Each OFDM symbol contains both useful
data and overhead (in the form of cyclic prefix). The bit energy represents the
energy contained in the useful bits. In this case, the bit energy is spread over
N bits (where N is the FFT size). On top of the useful data, additional N, bits
are added as cyclic prefix, which forms the overhead. So if the entire OFDM
symbol is considered, the symbol energy is spread across N+Ncp bits.

¥

4 Symbol Energy Spread across -N+N_, bits

hd

«+—Cyclic Prefix -N, bits — »l«—Useful Data -N bits

':E—_-"\'T;_-p yeoey L2y, L1, Lo, L1, L2,y ..oy (TN —Nepy =+ LN-1

N, bits copied to the front
Figure 3.8: Diagram of the concept of cyclic prefix [Wikipedia]
This relationship is given as
E(N+N.,) = NE,

which translates to,

", (3.47a)

S N+Ng

3.5 The multipath and fading channel

In terrestrial wireless communications, the line of sight (LOS) path for signal
reception is often not available. The signal arriving at the receive antenna is
comprised of many replicas of the signal coming from a number of reflectors
and scatters present in the medium of transmission. This phenomenon is
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known as multipath. Even when the LOS path signal is present, the multipath
components are usually also present. [48, 49] In this section, a general view
of the multipath channel is presented to understand its nature and a baseband
equivalent model is derived for use in simulation. The MDDM technique will
be tested in a multipath faded channel for performance analysis and
evaluation.

In a multipath channel, the signal travels via several different paths before
arriving at the receive antenna. Due to the different path lengths involved, the
amplitude and phase of these received replicas are not the same. For example,
If a short duration pulse is transmitted in a multipath channel, then a train of
pulses of different amplitudes, phases and arrival times, will be received. As a
result, the received signal can significantly vary in amplitude and phase and
the spectral components of the signal are affected differently by the multipath
faded channel. Therefore, the frequency response of the channel may not be
flat over the entire bandwidth of the signal. Multipath components of the
signal create time-spreading of the signal and cause inter-symbol-interference
[48, 49]. The channel conditions may not remain constant over time and the
media composition (e.g., stratosphere, ionosphere) may also change.
Furthermore, the number and position of the reflectors and scatters cannot be
considered fixed. In mobile communications, due to the motion of transmitter
and receiver, the multipath arrangements can never be assumed constant and
Doppler shift in signal frequency proportional to the relative velocity is also
observed. Therefore, the multipath fading channel is a time varying channel
[48]. Time varying and time spreading aspects of the channel cannot be
predicted or calculated precisely. For creating a good model of the channel,
these parameters are measured, and based on these measured statistics, the
channel can be characterized. Doppler spread in the signal frequency
describes the time varying nature of the channel. The coherence time is
inversely proportional to the Doppler shift. The coherence time is the
statistical measure over which the channel response does not change
significantly. To characterize the channel, the coherence time is compared
with the symbol duration. If the coherence time is less than the symbol
durations, then the channel is called a fast fading channel. In the case of
coherence time greater than the symbol duration, it is described as a slow
fading channel [48, 49]. The multipath delay spread is characterized by the
coherence bandwidth. Coherence bandwidth has been defined in [50] as, “a
statistical measure over which the frequency response of the channel is
considered flat.” If the bandwidth of the signal is greater than the coherence
bandwidth of the channel, then different frequency components will be
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attenuated differently and the phase variations will also be nonlinear. This
type of channel is said to be a frequency selective fading channel. If the
coherence bandwidth of the channel is greater than the signal bandwidth, then
all the frequency components will face flat fading with almost linear phase
changes. This type of channel is said to be a frequency nonselective fading
channel [48, 49]. This fading channel can be modeled statistically as there are
a large number of variables affecting the channel response. Most of these
variables are random in nature and several probability distributions can be
considered to model these random variables [49]. When there are a large
number of reflectors and scatters in the physical channel, the cumulative
effect of this large number of random variables, as per the central limit
theorem, leads to a Gaussian process model for the channel response. In the
case of no LOS component present, the process has zero mean with
magnitude following the Rayleigh probability distribution and the phase is

uniformly distributed on [~ 7 to ] [48, 49].

3.5.1 Flat Rayleigh Fading Channel

A slow fading frequency nonselective channel was simulated to test the
multicarrier delay diversity modulation scheme. The channel fading gain was
kept fixed for the symbol duration to make it a slow fading channel.
Considering the no line of sight (LOS) path case, a flat fading channel is
usually simulated using a Rayleigh distribution for the magnitude of the
channel response [49]. The Rayleigh distribution is a special case of the
Ricean distribution with no line of sight component. The probability density
function for a Rayleigh random variable can be derived from the Ricean
probability density function as defined in [49]

c - g"‘ 2 c
fa(ac) = 2exp (52 1, (52 u(ar) (3.48)

where [,(.) is the modified Bessel function of the first kind of zero order, u(.)
is the unit step function and a? is the power in the LOS signal component and
the average received signal power is

s2(t) = a2 = a® + 20° (3.49)

-1, a. =20
u(a,) ={ 0 a <0 (3.50)
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For the Rayleigh distribution case, there is no line of sight component so a =

0 and I, = 1. Using Equation (3.48), the Rayleigh probability density
function can be represented as

fr.(a) = Sexp (32 u(ar) (351)

For the baseband simulation of a Rayleigh random variable, two zero mean
independent real Gaussian random variables were summed as X + jY [50].

The magnitude of this complex random quantity is the desired Rayleigh
random variable and simulates the magnitude of the channel frequency
response. The derivation of the proof that the complex sum of two zero mean
Gaussian random variables has magnitude with Rayleigh distribution and

phase uniformly distributed in [-1T, 1T ] is largely based on [41]. Let X and Y

be two zero mean independent identically distributed (11D) Gaussian random
variables and their complex sum is represented by

z=X + jY (3.52)

As Z is to simulate the frequency response of a Rayleigh flat fading channel,
it can be written as

Z = he'® (3.53)
V=|Z%=X*+Y? (3.54)

Since X and Y are zero mean I1D Gaussian random variables (GRVS)
X=Y=0 (3.55)
ot = of = o° (3.56)
The random variable V is a sum of two squared zero mean GRVs and is called
a central chi-squared random variable of degree 2. The probability density

function for a central chi-squared random variable of degree n can be given as
[49]
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1

_t . (m/2)-1,-v/25?
/(D) % e u(v) (3.57)

fv(v) =
where n is the number of independent variables and I'(.) is the gamma

function. For a central chi-squared random variable of degree two (n = 2),
Equation (3.57) can be rewritten as

1 -V g
o) = s e ™27 u) (3.58)

Since
r=0-1n!'=1 (3.59)

[48], the probability density function of V as per Equation (3.58) can be
written as

f0) = 53¢/ u() (3.60)

The magnitude of the simulated Rayleigh flat faded channel frequency
response can be written as

h=|Z| =V (3.61)

The probability density function for h can be obtained by transforming the
probability density function of V given in Equation (3.58) according to [51]

1
fu(h) = va(v) 2 (3.62)
where
dh 1
W = 20 (3.63)

Substituting Equations (3.60) and (3.63) into Equation (3.62) yields
h) =2 hZ 1/2 1 —h2 /2052 h
fu(h) = 2(h)Y? e ™ /27 u(h)
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(3.64)
h 2 2
fiu(R) = — /2 u(h)

Comparison of Equations (2.51) and (2.64) clearly indicates that the
magnitude of the complex sum of two zero mean IID GRVs follows the
Rayleigh distribution. The mean and variance of h as given in [51] are

h= J\/% (3.65)

o? = o2 (2 - %) (3.66)

Now, the probability distribution function for the phase, 6 , of Z is to be
derived.
The phase O can be represented as [41]

0

Y
={ tan™! (}—() if0<X<ooand —oo <Y <o (referredto as case B)

\ X

Let the ratio of zero mean IID GRVs X and Y be defined as [41, 52]

Y
R=- (3.68)
The joint probability density function of X and Y can be written as
frr 6 y) = fx ) fy ) = fx()f () (3.69)
where
1 —X o
fr(x) = 5= ‘/20% (3.70)
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For case A, —» < X < 0 and —» <Y < 0 which implies =1 < 0 < -1 /2. The

conditional cumulative distribution function of R can be represented as [41,
52]

Y
Fria(r) = Pr{R <r|A} = Pr {} < r|A}
= f_ooo fr(i fxria (x, y)dydx (3.71)

= 4J0 Jofxym (x,y)dydx

—00 YTrX

where it is noted that

dfxyey) if —0<x<0and —0 <y <0
0 otherwise

f:; fxvia = { (3.72)

The conditional probability density function can be obtained by taking the
derivative of the conditional cumulative distribution function with respect to
random variable r [41, 52]

fraa @) =20 = 4 L1101 fryin (x,y)dydx] (3.73)

From Leibniz’s rule [41, 52]

faa @) =40 —x fyy (x,7x)dx (3.74)

Substituting Equation (3.69) and (3.70) into Equation (3.74) yields [41, 52]

leA(r) = _ﬁ f—ooo e_xz(%>(2x)dx (375)
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Equation (3.75) can be represented as

2
fria(M) = 25 0<r<o (3.76)
For case A,
O=tan'(r)—m (3.77)
| 1
- = 1z (3.78)

The conditional probability density function of © can be attained from
Equation (3.76)

1
foia(0) = 2o /4 JRIA () s (3.79)
— 2 2
fou (@) = A+ s (3.80)
Equation (3.80) can be written as
fon () == (3.81)
which implies
fo(6) =i for—m <6 S_Z—ﬂ (3.82)

Similarly for0 < X £ o0,—0 <Y S w and for —» < X< 0,—» <Y <0, it can be
proven [41] that
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forp(8) == (3.83)
foic(@) = % (3.84)

Therefore, the unconditional probability density function for the phase 6 can
be written as

fo(8) = fo1a(0)PT(A) + fo5(0)PT(B) + fo,c(6)Pr(C)

2 (1

=29 Haz) @)+ ~(3) I(z2y(®) + 2(3) 28 (385)

% if —m<O0<m

o otherwise

where | (.) is the indicator function defined as

Iy (x) = {01 othiécrfv?si (3.86)
In this section, it was proved that the complex sum of two zero mean 11D
GRVs gives a complex sum with Rayleigh distributed magnitude and

uniformly distributed phase in (=11, 71 ]. Therefore, this model can be used to
simulate the frequency response of a multipath flat Rayleigh faded channel.

3.5.2 Maximal-Ratio Combining

As stated in previous sections, many wireless communication systems operate
in multipath channels and the performance in a multipath channel is often
reduced as compared to an AWGN channel. Diversity techniques can be
employed to mitigate the effect of multipath. Diversity simply implies the
transmission or reception of multiple copies of the same signal. Diversity can
be achieved in time, frequency and space domains. It is assumed that all these
diversity receptions are independent each with an independent channel
response. [48]

For BPSK, the transmitted baseband symbols are defined as
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xo(t) = Ae® = A for0<t<T,
(3.87)
x () =Ae ™™ =—-A for0<t<T,

where ¢ T is the symbol duration in each time diversity and A is the peak
amplitude of the BPSK signal. The energy for each time diversity reception, E
, can be given as [49]

E= [ lx@Pdt=AT, fork=0,1 (3.88)

For time diversity, it is assumed that each received diversity signal passes
through an independent faded channel and can be represented as

r(t) = helx, (&) +n(t) for0<t<T, k=0, (3.89)

where | represents the number of the diversity reception and n;(t) is the
complex valued AWGN with the circularly symmetric probability density
function. The power spectral density function for n;(t) is

Snn (f) = Ny (3.90)

where the power spectral density functions for the real and imaginary
components of n,;(t) are

N
SRe[n]Re [n](f) = Slm[n]lm [n](f) = 70 (391)
For all the diversity receptions, the received signal can be written as
r(t) = Xz hie 01, () + my (6) (3.92)

The random variable Y |, after the correlation receiver can be represented as
[41]

T,
Y, = A f (R0, (6) + my(6)) dt
0

(3.93)
_— A’T.he 1 + N, for k=0
YT\ = A T he 0 + N, for k=1
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where N; is a zero-mean complex Gaussian random variable with circularly
symmetric probability density function which represents the noise component
and can be given as

N = A [ ny(t) de (3.94)

Since the integrator is a filter with frequency response H,,; (f)and impulse
response

1 if0<t<T,
0 itherwise

hane (f) = { (3.95)

Then, the variance of N; can be calculated using Paresval’s Theorem and
Equations (3.90) and (3.95)

400
o7 = E{|N?[} = 42 j \Hine (F) |2 (1) df

= A% [ hZ,. (DNodf (3.96)
= A’N,T, = EN,
Substituting Equation (3.88) into Equation (3.93) yields

Ehje @i+ N, for k=0
Y =

. 3.97
—Ehe i+ N, for k=1 (3.97)

It is assumed that the exact channel state information (CSI) is known at the
receiver end. The complex conjugate of the CSI is multiplied by the random
variables Y; , to produce the random variables Z; ;. Thus, the phase shift in the
channel is compensated and the value of the mean of the random variables
Z, is proportional to the signal power. Therefore, a strong received signal
carries a larger weight than a weak received signal. All the diversity
receptions are added to form the random variable Z. This optimum combiner
Is called the maximal ratio combiner (MRC) [49]. Figure 3.9 illustrates the
MRC for BPSK with time diversity.
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J’k+n](f) T
—»(%}—» jo ()dt

A

Combiner

Jt
he

Figure 3.9: MRC for BPSK with time diversity [93, 100].

After maximal ratio combining, the random variable Z, can be written as

I [ER? + hjei®'N k=0
Z, = { Yiz1|ER? + e IN|  for (3.98)

—Yi_i[ERf + he'!N)]  for k=1

The real part of , Z, denoted by ¢, = Re{Z,} is fed to the comparator for
comparison with the predefined threshold level. For BPSK, if {, > 0, the

receiver decides k = 0 was transmitted. If ¢, < O, the receiver decides k = 1
was transmitted. The decision variable ¢, can be written as

Z%=1(Eh2 + Re[hleiglNl]) fOT k=0

S (ER? + Re[he®N)]) for k=1 O

{k = Re[Z,] = {

From Equation (3.99), it is evident that the decision variable ¢, is a Gaussian
random variable with conditional mean (conditioned on the value of Y7_, h?)

(e = (CD*E X hf (3.100)
Since the N;’s are independent zero-mean complex Gaussian random

variables with circularly symmetric probability density function and variance
equal to EN,, the conditional variance of ¢, can be expressed as:
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(3.101)

L
h#Var{Re(N))}
=1

1o
= 52 hiVar {N,}
=1

=1

Assuming the probability of transmitting a “1” bit and a “0” bit are equal and
using the fact that the conditional probabilities of bit error Py, are equal due

to the symmetry of the noise probability density function and the zero
threshold, it is possible to calculate the conditional probability of bit error as:

1 1
P, = pr|o +§Pb|1 = Pyjo = PR{{, < 0}

=Pr{<0_c_0<§}

07 0¢

= pr {@ > 5} (3.102)

Where Q (x ) is defined as [41]

Q) ==["er™ (3.103)
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Let y be defined as

E
Y =a L n? (3.104)

Substituting Equation (3.103) into (3.102), it is possible to rewrite the
conditional probability of bit error as a probability of bit error conditioned on

P,(v) = Q(2y) (3.105)

The average probability of bit error can be obtained by taking the expectation
of P,(y) with respect to random variable y [48, 49]. The average probability
of bit error can be written as

P, = E[P,(¥)]
(3.106)

- j Py (N fr () dy

where fr(y) is the probability density function for y . Similarly, y; can be
written as

_ ER}
=5,

(3.107)

The probability distribution function of h? was derived in the last section.
Taking hy= v, , Equation (3.60) can be represented as

fo 1) =55 71/2 u(y) (3.108)
The average SNR per diversity reception can be written as
[Ehl

(3.109)
E

— 3 B[ = -l

Ny
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The expectation can be evaluated as

[0¢]

E[v,] =f vy f, (v)dvy
0

(3.110)
=joov ie—m/Zazdv — 252
Now the Equation (3.109) can be written as
_ 2k (3.111)
L= Ny :
The characteristic function of V; can be written as [41, 49]
1

B () =5y (3.112)

If L 11D random variables are added, then the probability density function of
the sum is the L fold convolution of the probability density function of the
single random variable. Therefore, the characteristic function of the sum is the
characteristic function of the single random variable raised to the power of L
[49, 51]. Therefore, the characteristic function for V.= Yi_, V; is

1

Fvl (w) =

The probability density function of V is the inverse Fourier transform of the
characteristic function and can be written as [41]

L-1 _ 2
f,(v) = me v/20%y(v) (3.114)

Consistent with Equation (3.104), it is possible to write

y = Z—z (3.115)
And
r-= (3.116)
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Now, the probability distribution function for y can be given as

1 UL_l

— —v/202
fF(y) - £ ZLO'ZL(L _ 1)|
NO 4
0 /N
(3.117)
yL—l #Z
friy) = 3 e Mo
E20? L — 1)1
N, ) LD
Substituting Equation (3.111) into Equation (3.117) yields
yLl-1 Y
fr() = i e ) (3.118)

Now, substituting Equation (3.105) and (3.118) into Equation (3.106), the
average probability of bit error can be represented as [41]

L—-1 r
Y

P_b = J‘OOO Q(\/Z_)/) ()7)L(L—1)! 971d]/ (3119)

The solution for Equation (3.119) has been given in [49] as

=[5 e e (3120

where u is defined as

.
u= |7- (3.121)

In time diversity, the total bit energy received is proportional to the number of
diversity receptions and is represented as

E, = LE (3.122)
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where L is the number of diversity reception and E is the energy per diversity
reception. Substituting Equation (3.122) into Equation (3.109), y; can be
written as

_ 2Ep02
Y = Llli/o (3.123)

Similarly, in the case of space diversity of order J as illustrated in Figure 3.10,
each diversity reception is processed by a separate correlator. The integrating
time period in each correlator is T, . Therefore, the bit energy per diversity
reception can be represented as

E=E, (3.124)

Now, the average SNR per diversity reception y; can be written as

2
7, =2 (3.125)

Combiner

Re[Z,]

x, +m, (1) T v
k0 C ; J‘O( )dt k
A

it
hye

j= J
Figure 3.10: MRC for BKSP for Space Diversity [41, 48]

In this thesis, the performance of MDDM in MISO and MIMO systems is
compared with the SISO system. In the case of the SISO system, there is no

diversity and L = 1. Thus, the probability of bit error P, as per Equation
(3.120) is given as [48, 49]

P, = = (3.126)
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Substituting Equation (3.121) into Equation (3.126) yields

p, = [%(1 _ \/lf:lﬂ)] (3.127)

The probability of bit error for a BPSK MISO system in a multipath fading
channel as given in Equation (3.127) will be compared with the simulated and
theoretical probability of bit error for MDDM MISO and MIMO systems.

3.6 Summary

In this chapter, the fundamentals of SISO, SIMO and MISO systems were
introduced to facilitate better understanding of MIMO systems. To approach
the maximum capacity of MIMO channels, space time codes can be designed
in conjunction with the modulation techniques to incorporate diversity.
Orthogonal frequency division multiplexing (OFDM) can be used to mitigate
the frequency selectivity of the channel. OFDM utilizes the discrete Fourier
transform (DFT) of the baseband signal. The multicarrier cyclic delay
diversity technique can be implemented by exploiting the cyclic shift property
of the DFT. A baseband model for the flat Rayleigh fading channel was
derived for simulation. Lastly, the MRC as an optimum diversity combining
technique was discussed. The next chapter discusses the design of the
simulated MDDM transmitters and receivers.
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Chapter 4

MULTICARRIER DELAY DIVERSITY
MODULATION TRANSMITTER AND RECEIVER
MODELS

This chapter introduces the implementation of the multicarrier delay diversity
modulation scheme at the block level. The basic design of the transmitter and
receiver is discussed briefly. In this thesis, the MDDM scheme is
implemented using BPSK modulation. The inclusion of forward error
correction (FEC) and higher bandwidth efficient modulation schemes can be
considered for future work. The next chapter illustrates the simulation and
analysis of the MDDM transmitter and receiver.

4.1 The Multicarrier Delay Diversity Modulation Scheme

The scheme of implementing delay diversity with OFDM for MIMO systems
was recommended for flat fading channels in [90]. The cyclic delay diversity
approach with OFDM was suggested for the frequency selective fading
channel in [39]. In this research, cyclic delay diversity with OFDM is
investigated. The implementation of multicarrier delay diversity in MIMO
systems has been discussed in the previous chapter. For modeling purposes,
the 2*2 MIMO configuration is discussed in this chapter. For simulation and
analysis, the number of receive antennas varies from one to three. To
facilitate better understanding and precise representation of signals from the
transmit antenna to the receive antenna, the following notations will be used:

« X, represents the BPSK symbol at k ™ interval before the multicarrier delay
diversity modulation and after demodulation

« X} represents the BPSK symbol at k ™ interval from the transmitting
antenna | after multicarrier delay diversity delay modulation

« x.. represents the signal x to be transmitted from transmit antenna | in the m’
" transmission interval,

. r,{l represents the received signal at receive antenna j at the m™ time
interval,
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« hY represents the channel response from transmit antenna | to receive
antennaj ,

«n/ represents the AWGN at receive antenna j , and

« asterisk ()* represents the complex conjugate.

4.2 MDDM Transmitter

The multicarrier delay diversity scheme will be simulated with binary phase
shift keying modulation. A block diagram of the MDDM transmitter with two
transmitting antennas is shown in Figure 4.1. The function of each block is
explained briefly in the following discussion.

Tx. Antenna 1

D/A RF
»| Add Guard —
Binary EI_’ Converter Modulator

Information— BPSK |y OFDM
Source Maodulator Modulator v

Cyclic
Delay

Add Guard D A | RF
Converter Modulator

Figure 4.1: Block diagram of MDDM transmitter [34]

Tx. Antenna 2

4.2.1 Binary Information Source and M PSK Modulator
The binary information source generates bits 0 and 1 with equal probabilities

Pr{0] = Pr[1] = 1/2 (4.1)

Then, the bits are mapped to | and Q symbol coordinates by the M PSK
modulator. The equivalent lowpass (i.e. complex envelope) M PSK symbols
can be represented as

j2m(m—1)
X, (t) = Ae i PT(t) for m=12,.......M (4.2)
where A is the amplitude of the signal, M is the number of possible phases

(for BPSK M = 2, for QPSK M = 4 ), T is the symbol duration, and P (t)
denotes
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1 for0<t<T
0 otherwise

Pr(t) = { (43)

4.2.2 OFDM Modulator

Mapped symbols are fed to the OFDM modulator block. In this block, first
the serial input data stream is converted to parallel. Then, the IFFT operation
is performed to realize OFDM as discussed in the last chapter. The FFT size
denotes the number of subcarriers. Figure 4.2 illustrates the OFDM
modulator. [34]

X, 0 Lo
. Serial to Parallel to | ¢ .
Serial Data In Parallel _ IFET _ Serial Serial Data Ou‘g;
Converter . . Converter
Xi\‘r 1 o ;’L‘"V_VI »

Figure 4.2: OFDM modulator

In this thesis, the number of subcarriers is 256 to simulate OFDM, in
accordance with the IEEE 802.16a standard. In this standard, three types of
subcarriers are defined: data carriers for information symbol transmission,
pilot carriers for the estimation of CSI and guard carriers (null carriers) placed
on both sides of the frequency spectrum to avoid intercarrier interference
from neighboring frequency bands.

4.2.3 Cyclic Delay Addition

After the IFFT operation, the symbols n x are cyclically shifted to realize a
cyclic delay of one information symbol period. For transmitting antenna 1,

there is no delay and D = 0. For each subsequent antenna, the cyclic delay is

increased one information symbol period. The signal after cyclic delay is
given as

1
Xn = x(n—D)N where 1=1,2,...,.L and D=l-1 (45)

4.2.4 Guard Interval (Cyclic Prefix) Addition
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As discussed in the previous chapter, a guard interval at the beginning of each
OFDM symbol is added to mitigate the effect of the multipath channel. The
length of the guard interval , T; in the form of a cyclic prefix, is chosen to be
greater than or equal to the anticipated delay spread of the channel. The
addition of a guard interval is an overhead at the cost of data rate. The guard
length is specified with respect to the OFDM symbol period T, and is also
referred to as guard ratio T;/T,. The addition of the guard interval has been
illustrated in Figure 3.7. For example, in the IEEE 802.16 wireless standard,
of the guard ratios is chosen to be 1/32. The FFT block size is 256. Therefore,
the guard length is to be 8. The cyclic prefix constitutes the last eight samples
of the IFFT output and it is concatenated to the beginning of the OFDM
symbol sequence. Now, the sequence with added guard interval for each
transmitting antenna can be represented as

Xnray = [x[248] x[249] ...x[255]  x[0] x[1] x[2]....x[255]]
(4.6)
Xy = [x[247] x[248] ...x[254]  x[255] x[0] x[1]....x[254]]

4.3 Digital to Analog Conversion and RF Modulation

The IFFT operation, the cyclic delay operation and the guard interval
operations are performed in the discrete time domain. For transmission
purposes, these discrete symbols are converted to an analog signal using a
digital to analog (D/A) converter. After digital to analog conversion, these
symbols are continuous time baseband OFDM symbols. Then, these symbols
are up converted to the transmission radio frequency. After requisite
amplification to the desired power level, these symbols are transmitted from
the respective antennas. In this thesis, the simulation is performed at the
discrete time baseband level and no digital to analog or RF modulation is
implemented.

4.4 MDDM Receiver

The multicarrier delay diversity scheme can be employed with any number of
receive antenna without changing the transmitted space time code. In this
section, the receiver design for two receive antennas is discussed. It is
assumed that the signals received at both receiving antennas are independent
of each other due to independent channel responses and no antenna
correlation. The MDDM receiver has almost the same structure as the
MDDM transmitter but the operations are performed in reverse order. The
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MDDM receiver design is illustrated in Figure 4.3. At the receiving antenna,
the cyclically time delayed OFDM symbols are received after passing through
the channel with the AWGN and can be represented as

Toigy = AR * Xl oy + W™ xx8 o)) +nt forn
=112,....N+G—1

(4.7)
gy = AR * X(ioy + h#2 % xE ) + 02 for n
=112,....N+G—-1

where * represents circular convolution (due to the circular guard interval)
[35].

After RF demodulation and analog to digital (A/D) conversion, the OFDM
symbol received by each receiving antenna is in the discrete time domain. The
guard interval added at the transmitter is removed. Then, this signal is fed to
the OFDM demodulator as a baseband signal. In the OFDM demodulator
block, the received OFDM symbol is converted from serial to parallel for the
FFT operation. The OFDM demodulator is illustrated in Figure 4.4. After the
FFT operation as defined in Equation (3.29), the signal can be represented as

R, = FFT{r]} = 3255 (X2 (hY * x!) + 1/ )e/ 27k /255 for n =
01,2, ...,255 (4.8)

Rx. Antenna 1

OFDM

R A/D
De- —» Remove Guard De-
Converter

modulator modulator

Estimated

Info
Rx. Antenna 2

OFDM

Y A
RF ;
o

Converter

modulator modulator

Figure 4.3: Block diagram of MDDM receiver
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Serial Data I Serial to Par_allel to
e > Panallel ' FFT - Serial

Converter Converter

7}\‘Y—1 R N-1

- = -
» »

Serial Data Out

Figure 4.4: OFDM demodulator

Using the linearity property of the discrete Fourier transform, Equation (4.8)
can be represented as
R} = HY'X! + H®'XZ + N} for k=10,1,2,...,255
(4.9)
R: = H?X! + H®?X} + N} for k=0,1,2,...,255

where H’! is the frequency response of the channel from transmit antenna | to
receive antenna j and N’ is the AWGN at receive antenna j in the frequency
domain. Using the circular time shift property of the discrete Fourier

transform as defined in Equation (3.31), Equation (4.9) can be written as

R} = H'X! + H*'Xle=i2mkD/N 4 N1 for k =0,1,2,...,255

R: = H’X! + H®2X}e=12mD/N 4 N2 for k =0,1,2,...,255
(4.10)

R} = H'X! + H*'Xle=i2mkD/N 4 N1 for k =0,1,2,...,255

RZ = H2 X! + H®2X}e~i2mD/N 4 N2 for k =0,1,2,...,255

where D = 1 is the cyclic time delay induced at transmit antenna two. Now,
the effective channel response at the receive antenna j is defined as

H. = H' + HY ¥ /N (4.11)

Substituting Equation (4.11) into Equation (4.10), the signal at each receiving
antenna can be written as
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RL = HIX! + N} (4.12)

Ri = Hp Xy + N{

Equation (4.12) shows clearly the space diversity receptions at the receiving
end. They are combined by using the optimum maximal ratio combining
receiver. MRC for space diversity has already been discussed in the previous
chapter and illustrated in Figure 3.9. It is assumed that perfect CSI is known
at the receiver end. In MRC, the received signal is multiplied with the
complex conjugate of CSI and all diversity receptions are added to form the
decision variable. The outputs of the integrators of the MRC for each
diversity reception can be represented as

Yl = AT, H} X, + N}

Y2 = AT HE X, + N?

(4.13)
E, H}X,
Y, = i + N;
E HEX,
YZ = yi + N7

where E,, is the average energy per bit, N} = AT,N! and N? = AT,N}?

After the integrator stage, the random variable is multiplied by the complex
conjugate of CSI and the resulting random variable can be represented as

_ EyHy (Hy) * X,

Z i + (Hi) * Ni
E Hi; (HE) * X,
Zi; = i + (H) = Ni
(4.14)
Eb|Hl%|2Xk
Zy = ———+ (H) = Ny
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2
E,|HE| X,
Z,§=—| Al + (Hi) * Nj;

The decision variable Z,, at the output of combiner stage can be expressed as
Zy =Zt + 7}

Zo = E(|HE + [HE|*) 2k + () « NE + (HE) = N (4.15)

For the final decision of the estimated received data, the decision variable is
compared with predetermined threshold levels. For the case of BPSK, the real
part of Z, is compared with a threshold level of zero to decide each received
binary bit. [35, 48]

4.5 Summary

This chapter discussed the designs of the MDDM transmitter and receiver at
the block level. The function of each block was discussed with the
representation of signals before and after each block operation. During the
discussion, two assumptions were made, i.e., perfect knowledge of CSI at the
receiver and constant channel response for the duration of the OFDM symbol.
The next chapter analyzes the MDDM transmitter and receiver model for the
AWGN channel without flat fading.
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Chapter 5

ANALYSIS AND SIMULATION OF MULTICARRIER
DELAY DIVERSITY MODULATION SCHEME

In this chapter, the performance (bit error probability) analysis and simulation
of MISO and MIMO systems with multicarrier delay diversity is presented.
The MDDM transmitter and receiver as described in Chapter 1V are simulated
in Matlab. The system is analyzed with an AWGN channel without rayleigh
fading. The analytical and simulated results are compared with a SISO BPSK
system. To establish a fair comparison of the SISO system and the MIMO
system with MDDM, the power transmitted for both systems is assumed
equal. To facilitate better understanding and precise representation of signals
from transmit to receive antenna, this thesis will adhere to the following
notation:

« E}, represents the average energy per bit at the receiver of the SISO system,

«E, represents the average energy per MIMO BPSK symbol per receiving
antenna,
* T, represents the OFDM symbol duration,

« T, represents the MIMO BPSK symbol duration and T, =T,

* {; represents the real part of decision variable Z, .
Energy per bit is an important parameter for comparison and is defined as

T
Ey = [, |Xe|?dt = AT, (5.1)

where k is the time index of the BPSK symbol (before serial to parallel and
after parallel to serial conversions) and X, is the BPSK modulated symbol as
defined in Table 1.
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Input bit at time k | Output Symbol X,
A
1 -A

Table 1: the BPSK modulated symbol scheme [41]

For simulation and analysis, the amplitude A = 1 is maintained. Equation (5.1)

shows that the energy per bit for BPSK modulation is the same for bit 0 and
bit 1. Thus the transmitted power for the SISO system can be written as

E
Pgiso = ﬁ = A* (5-2)

The probability of bit error P, for a baseband equivalent SISO BPSK system
in discrete domain for correlation demodulator can be represented as [48, 49]

P, =0 (%) (53)

0z

In this case Z7 is represented as

ZtT=A (5.4)
And
N
of = ﬁ (5.5)

where % represents the two sided noise power spectral density for the real

part of the AWGN. Substituting Equation (5.4) and Equation (5.5) into
Equation (5.3) yields,

=032 o [5)

The bit error probability of the SISO system as given by Equation (5.6) will
serve as a benchmark for comparison of the MISO and MIMO systems with
MDDM in the AWGN channel.

In this thesis the number of transmit antennas is two and both the transmit
antennas transmit equal power. The total energy per bit transmitted for MISO
and MIMO systems using BPSK symbols can be defined as
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r ! r

E,=PT, (5.7)
And

Psiso = Pyiso = Puimo (5-8)

Therefore, the energy transmitted per antenna P’ can be given as

P’ _ Psiso — Psiso (5.9)
L 2

Now, Equation (5.7) is rewritten as

Ey=P'Ty, = =805 (5.10)
’ Eb
Es=7

5.1 Simulation of MDDM Transmitter

The block diagram of the MDDM transmitter model is shown in Figure 4.1.
The MDDM transmitter was simulated in MATLAB with equivalent
baseband BPSK in the discrete time domain. The simulation was
implemented with one sample for each BPSK symbol. The MDDM
transmitter scheme, as mentioned in Chapter IV with two transmitting
antennas, was simulated without added guard interval, D/A converter and RF
modulator blocks to facilitate the simulations. Equal power was transmitted
from both the antennas. To achieve the same total power transmission as that
of a single antenna BPSK transmitter, the signal at each branch of MIMO
transmitter was multiplied with a gain factor of g for normalization. The
transmitted energy per symbol for BPSK is same whether a binary 1 or 0 is
transmitted. With the gain factor g the energy per symbol is represented as

E. = [*1gX,|2dt = g2 A2 T, (5.11)
Substituting Equation (5.10) into Equation (5.11) yields

Psiso Ts
SISO s — ngZT

. j (5.12)
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Using Equation (5.2), Equation (5.12) can be rewritten as

1

2 —

9 =3
(5.13)

_ 1

AN

The gain factor g = 1/+/2 is maintained for all subsequent simulations to
transmit the same power as that of a single antenna BPSK system. Thus the
effective amplitude of the BPSK modulated signal for each antenna is given
as

A1
| Xk | = 5=5 (5.14)

5.2 Simulation of MDDM Receiver

The block diagram of the MDDM receiver model is shown in Figure 4.3. The
MDDM receiver was also simulated in MATLAB with equivalent baseband
BPSK in the discrete time domain. The MDDM receiver simulation was
implemented as discussed in Chapter 1V except for the RF demodulator, the
A/D converter and the Remove Guard blocks. The receiver was configured as
a MISO system with only one receive antenna and as a MIMO system with
two receive antennas and as a MIMO system with three receive antennas.
After multicarrier delay diversity demodulation, the space diversity receptions
of MIMO systems were combined by using the optimum MRC technique as
discussed in Chapter Il1l. After the BPSK correlation demodulator as
illustrated in Figure 5.1, ¢, (the real part of the random variable Z,) was
compared with the threshold level according to Table 2. For analysis and
simulation purposes it is assumed that the transmitter and receiver frequencies
are synchronized and, in the case of MIMO systems, all the diversity
receptions are also synchronized.
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4
+

Re[Z,]

[ =1L
Figure 5.1: BPSK correlation demodulator for MIMO system with MDDM

Output Binary Bit
(. =0 0
4. <0 1

Table 2: Demodulation of BPSK signal [after Ref. 41]

5.3 Simulation and Performance Analysis of MDDM in AWGN

The performance of MDDM was first simulated and analyzed in AWGN
only. In this simulation and analysis no fading is assumed. This means that
each channel response coefficient hY equals one. A block diagram of the
MIMO system in AWGN with three receiving antennas is illustrated in Figure
5.2. Both the MDDM transmitter and receiver are collapsed into one block
each to facilitate presentation. In this simulation two gain blocks each with
normalizing gain factor of g are shown at the outputs of the transmitter for
each transmitting antenna. The AWGN channel blocks add white Gaussian
noise to the signal at respective receiving antennas. The noise power is
increased progressively with each simulation run to calculate the bit error rate
at different signal to noise ratios. Bit error rate is calculated by comparing the
input binary data stream at the input to the transmitter b, and output binary
data stream at the output of the receiver by, .
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Figure 5.2: Simulation of MDDM MIMO system in AWGN

5.3.1 Performance Analysis of MISO System with Two Transmitting and
One Receiving Antenna

At the receiving antenna, the received signal r,,, at time m is given by
Ty = X% + x2 + 1y, (5.15)
where x2, is a cyclically delayed signal and is given by Equation (4.5)
X = Xim—1)y (5.16)
After the FFT operation, the received signal is written as

FFT[r,,] = FFT[x}, + x2 +n,,] (5.17)

Using the linearity property of the discrete Fourier transform [46], Equation
(5.17) can be represented as

Ry = X! + X? + N, (5.18)
Substituting Equation (3.31) and (5.16) into Equation (5.18) yields
R, = X} + X2e/2™/N 4 N,

(5.19)
Rk = (1 + e_jznk/N)X]% + Nk
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where N is the FFT size or the number of subcarriers, N, is AWGN in the
frequency domain and (1 + e72™/N) is the effective channel response for

MDDM in AWGN channel. To facilitate the presentation, the phase angle ¢,
Is defined as

. = 21k/N (5.20)

Multiplying Equation (5.19) by the complex conjugate of the effective
channel response, the result is given by

Zy=(1+e ) (1+eYP)X; + (1 + e )N, (5.21)
Using Euler’s identity

e/? = cos(8) + j sin(H) (5.22)

Equation (5.21) is rewritten as
Z, = 2+ 2cos(pp )Xt + (1 + ePP)N, (5.23)
Equation (5.23) defines a complex Gaussian random variable Z, due to
AWGN. For demodulation of BPSK data, {;, = Re{Z,} is compared with the
threshold as given in Table 2. If correlation demodulator conditions are

assumed then

E{Z,]|"0" was transmitted}

1 (Toy A o,
ZE{T_b.[o [ﬁ(2+2cos¢k)+Nk(1+e j ¢ )]dt}
(5.24)

LS

= [2 + 2cos(¢)] —=

=/2[1+ cos(¢y)]A

Since this expected value is real, it follows that

(i = E{Z,|"0"was sent} = /2[1 + cos(¢,)]A (5.25)
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The variance of {, = Re{Z,} is only due to the variance of real part of the
noise component (1 + e*/¢x)N, [48, 49] and is represented by o/

o = E {(Re[(1+ e IN])} = (E{(Re[(1 + e*/#)N,])))’

(5.26)
o = E{(Re[(1+ e+f¢k)Nk])2}

where E{ } represents the expected value. 7, = Re[(1 + e/ ?¥)N, ] is the real

part of a complex Gaussian random variable with zero mean. n, and n2 can
be written as

, 1 . .
ne = Re[(1+ eY )N, | = E((l +ePoN, + (14 e‘f")k)N,;‘)

vﬁ=m4m+wwwmﬁ=(ﬂu+wwwm+u+eWOWDz
(5.27)
= %((1 + et ) NE + (14 e )’ N2
+2(1+e %) (1 +eHP)N,N;)

1 . .
= Z((l + e+f¢k)2N,§ +(1+ e‘f‘i’k)zN,;*2 +4(1 + cos(qbk))NkN,j)

where ()* represents the complex conjugate. Substituting Equation (5.27) into
Equation (5.26) gives

o7 = EfL(1+ e N+ (14 )
+4(1+ cos(p IV
(5.28)
L e B + (14 e RO
+4(1 + cos(¢r))E{N, Ny}
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As discussed earlier, N, is a complex Gaussian random variable with zero
mean, therefore

E{(N\)?} = E{(N)*} =0 (5.29)
Substituting Equation (5.29) into Equation (5.28) gives
of = {1 + cos(¢p)}E{N, N;} (5.30)
Using Equation (3.29), N, is given as
N, = YNt n,, e /2mm/N(531)

Substituting Equation (5.31) into Equation (5.30) yields

N-1 N-1
= [1 + COS(¢k)]E {z nme—jZHkm /N z nzse+2nkm /N}

m=0 =0

= [1+ cos(h)] Tt SN =h Elmyng } e2mkm New2mim /N (5 3)

N—1N—-1
[1 + cos(¢,)] E{nn:}eJ2mkl-m)/N
=0 m=0

Samples of AWGN at different time instants are 1ID Gaussian random
variables with zero mean. Therefore, they are uncorrelated and the variance
can be represented as

o (En,)E{ny}  ifm#p
Elrnmy ) = {E{Inmlz} T ifm=p
(5.33)

or  ifm=p

_{0 ifm#p

Substituting Equation (5.33) into Equation (5.32) gives
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N-1
[1+ cos(¢py)] E{n,n;}
(5.34)

= [1 + cos(¢;)]Na?

where a,%m is the noise power of the OFDM symbol in the time domain before

the FFT operation. If correlation demodulator conditions are assumed, the
noise power for OFDM symbol durations is given by

2 =2 [H(PIdf (5.35)

where % (Watts per Hertz) is the power spectral density of the real part of

noise and H(f) is the frequency response of the integrator [48, 49]. Using
Parsevel’s theorem [52], Equation (5.35) converts to

No (7
A RLGIRT
0

_ N

. f —dt (5.36)
No
ZT

Substituting Equation (5.36) into Equation (5.34) gives

O_{z _ [1+cosz($sk)]NN0 (537)

Substituting, T, from Equation (3.33) and since for BPSK T, = T, , Equation
(5.37) yields

2 _ [1+4cos(¢p)INNg _ 2 _ [1+cos(¢g)]INg
o; = D =0f = —— (5.38)

Using Equations (5.24) and (5.38), the bit error probability Pl; conditioned on
the value ¢; can be expressed as

P, = Pr{{, < 0| Owas sent}
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_7F 7T
BT ]

0¢y 0¢y

_7F  7F
= Pr {M > Sk "0"} (5.39)

Uzk O_(k
s (i) _ Q( 2A(1 + cos(¢y,)) )
0¢y, V1 + cos(¢)INg /2T,

<2A\/Tb [1+ cos(ql)k)])
JNo

The number of data symbols per OFDM frame is 192 as discussed in Chapter
[1l.  The indices of these data symbols are given as k =

9,10,...,100,156,157,...,255 . Thus, the average bit error probability P, is given
by

p, = ﬁ (Zii% ( \/4[1+colsv(¢k)]Eb> 455 ( \/4[1+colsv(¢k)]Eb)) (5.40)
0 0

The simulation was conducted with increasing E,/N, for 100,000 OFDM
frames or 19.2 million data symbols per E}, /N, value. The simulated bit error

rate (BER) for the MISO system is plotted in Figure 5.3 where L = 2 is the

) Ep[1 + cos(¢py)]
Ny

number of transmit antennas and J = 1 is the number of receive antennas. The

theoretical probability of bit error as obtained in Equation (5.40) is also
plotted. For comparison of performances, this figure also includes the
theoretical probability of bit error for a baseband equivalent SISO system.
The simulated results follow the theoretical results very closely. The MISO
system with MDDM performs better than the SISO system for lower
E, /N, values and the performance of the MISO system is poorer than that of
SISO system for E}, /N, greater than 6.5 dB.
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Figure 5.3: Simulation result of MDDM MISO system in AWGN

5.3.2 Performance Analysis of MIMO System with Two Transmitting
and Two Receiving Antennas

For the MDDM MIMO system with two receive antennas, it is assumed that
the signal receptions at both the antennas are uncorrelated and signals are
received at the same time without any relative delay. The received signals at
both receiving antennas are given by

i =xl +x% +nl,
(5.41)
r2 =x}k +x2 +nd
After the FFT operation the signals can be represented as
Rp = X; + Xi + Ny
(5.42)

Ri = X + Xi; + N§
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Substituting Equation (3.31) and (3.19) into Equation (5.42) gives

R} = Xt + Xte 2™k /N 4 N1

R = X} + XteJ2mk/N 4 N2
(5.43)
Ri = (1+e7%)X; + N}
R = (1+e %)X} + N
Following the derivation of Equation (5.23), Equation (5.43) converts to

Z} =Ri(1+e™®k) =2+ 2cos(p )X} + (1 + eP)N}
(5.44)
ZE =R:(1+eMP) =[2+ 2cos(¢ )X + (1 + e Pr)N?

Now both space diversity receptions are combined to form random variable
Z, which is given by

Z, =Zy + Zj

= [4 4+ 4cos(Pp )X + (1 + eV P )N + (1 + e PN
(5.45)

A . .
= 4[1 + cos(¢)] —=+ (1 + e+1¢k)Nk1 + (1 + et Pr)N?

V2
= 2V2A[1 + cos(¢)] + (1 + e )N + (1 + e 9+)N?

If correlation demodulator conditions are assumed, then

1 (T
E{Z, | "0" was transmitted} = E {T_J det}
b Jo

= 2V2A[1 + cos(¢)] (5.46)

The variance of {, = Re{Z,} is only due to the variance of real part of noise
components [48, 49]. Noise components at both receive antennas are 11D
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Gaussian random variables. Therefore the total variance of the sum of two
noise components is the sum of their individual variances [51]. The total noise
variance is given as

2 _ 2 2
o, = O'(% + 0-51% (5-47)

Where {} = Re{Z}} and {? = Re{ZZ} . Following the derivation of noise
variance derived in Equation (5.37), Equation (5.47) is represented as

o _ 11+ cos(¢y)|Ng 4 [1 4 cos(¢y )Ny

% = 2T, 2T,
(5.48)
_ [T+ cos(¢i) 1Ny
Ty
and oy, is given as
O'(k _ \/(1+cos;1:pk))NO (5.49)

Following the derivation of Equation (5.39), the bit error probability P,;
conditioned on the value ¢, is given by

b

_ ( 2v/2[1 + cos(¢,)]A )
V1 + cos(¢ )Ny /T,

No

_ Q(\/8[1+cos(¢k)]A2Tb> (5.50)

B 8[1 + cos(¢y)]E,
=Q N,

Following the derivation of Equation (5.40) the average probability of bit
error P, for a MDDM MIMO system with two transmit and two receiving
antennas is given by
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Py = 1oy (i @ ([P Oulin) 4w ((flreetln)) (550)
0 0

The simulation was conducted for the same number of OFDM frames or data
symbols as mentioned in the previous section. The simulated bit error rate
(BER) for the MIMO system is plotted in Figure 5.4. The simulated results
follow theoretical results very closely.

Copmarison among SISO & 2*2 MIMO Channel & analysis its BER vs.
Eo/MNo with several variance (Theoretical and Simulated Resulsts)
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Figure 5.4: Simulation result of MDDM-2*2MIMO system in AWGN

5.3.3 Performance Analysis of MIMO System with Two Transmitting
and Three Receiving Antennas

Similarly, in this section, the performance analysis of MDDM MIMO system
with two transmit and three receive antennas is discussed. Exploiting the
symmetry of the receiver design, the derivation of results is mainly based on
the results presented in the last two sections. It is also assumed that the signal
receptions at all antennas are uncorrelated and signals are received at the
same time without any relative delay. The received signals at the three receive
antennas are given by
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rt =xl +x% +nl,
rn2 =xl +x2 +nZ (5.52)
rS =xh +x2 +nd,
After the FFT operation the signals are represented as
Ri = Xi + Xi + Ny
R = X} + X? + N? (5.53)
Ri = Xy + X + N}

Based on the discussion in previous sections, the components of the variables
from all the space diversity receptions are

Zp = RE(1 + e ) = [2 + 2 cos(¢p )X} + (1 + e P)N]
ZE=R:(1+eYP) =2+ 2cos(p)]XE + (1 +eT¢)N?  (5.54)
Zi = Ri(1+ e %) = [2 + 2 cos(¢)] Xy + (1 + e )N}

Now all the space diversity receptions are combined to form random variable
Z, which is given by

Zy =Zt+ ZE + 7}

= 6[1 + cos(p )X + (1 + eV )NL + (1 + eV POINE + (1 + ePo)N?
(5.55)

If correlation demodulator conditions are assumed, then

fTb [2v2A[1 + cos(¢,)] +

0
N (1+ e ¢>k)]dt} (5.56)

E{Z, | "0"was transmitted} = E {Ti
b

= 2V2A[1 + cos(¢,)]
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The variance of {, = Re{Z,} is only due to the variance of real part of noise
components [48, 49]. Noise components at both receive antennas are 11D
Gaussian random variables. Therefore the total variance of the sum of two
noise components is the sum of their individual variances [51]. The total noise
variance is given as

agk = 0(2% + 05213 + 052,3 (5.57)
Where ¢} =Re{Zl} , ¢? =Re{Z}} and (2 = Re{Z}}. Following the
derivation of noise variance derived in Equation (5.37), Equation (5.47) is
represented as

2 _ 3[1+cos (@1)INo
o7, = o, (5.58)
and oy, is given as
3(1+4cos (¢p))N
o, = \/ 2l iit: (5.59)

Following the derivation of Equation (5.39), the bit error probability P,;
conditioned on the value ¢, is given by

- < 3v2[1 + cos(¢;)]A )
’ \/3[1 + cos(¢y )Ny /2T,

=0 (\/12[1+cos}\§¢k)]A2Tb> (5.60)
0

12[1 + cos(¢y)]E,
Ny

The average probability of bit error P, for this case can be obtained by

1 12[1+cos (Pp)]E 12[1+cos (¢p)]E
Py = 19—2( 11{0:09 (\/ No k b) +Z]2{5=5156 (\/ No k b))

(5.61)
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The simulation was conducted for the same number of OFDM frames or data
symbols as mentioned in the previous section. The simulated bit error rate
(BER) for the MIMO system is plotted in Figure 5.5. The simulated results
follow theoretical results very closely.

Copmarison between SISO & 2*3-MIMQO Channel & analysis

its BER vs. Eo/No (Theoretical and Simulated Resulsts)
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Figure 5.5: Simulation result of MDDM 2*3-MIMO system in AWGN

5.3.4 Performance Analysis of MIMO System with Three Transmitting
and Three Receiving Antennas

Similarly, in this section, the performance analysis of MDDM MIMO system
with three transmit and three receive antennas is discussed. Exploiting the
symmetry of the receiver design, the derivation of results is mainly based on
the results presented in the last two sections. It is also assumed that the signal
receptions at all antennas are uncorrelated and signals are received at the
same time without any relative delay. The received signals at the three receive
antennas are given by
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ry =xb +x2 + x3 +nl,
r2 =xb +x2 + x3+n?, (5.62)
3 =xh + x4 + xS +nd,
After the FFT operation the signals are represented as
Ri = Xy + X; + X + N;
R: = X} + X + X? + N¢? (5.63)
Ri = Xy + Xi + X + N

Based on the discussion in previous sections, the components of the variables
from all the space diversity receptions are

Zt =Ri(1+eM ) =3+ 2cos(¢pp)]XE + (1 + e )N}
ZE=R:(1+eY?) =[3+2cos(p)]Xi + (1 +e¢)N?  (5.64)
Zi = Ri(1 +e" %) = [3+ 2cos(¢p )X + (1 +e*Pe)N}

Now all the space diversity receptions are combined to form random variable
Z, which is given by

Zy = Zy + Zi; + Zj;

= 9[1 + cos(¢)1Xi + (1 + e™P)NL + (1 4+ eVP)NF + (1 + e )N
(5.65)

If correlation demodulator conditions are assumed, then

fTb [3V2A[1 + cos(¢,)] +

0
Ne(1+e? ¢k)]dt} (5.66)

E{Z, | "0"was transmitted} = E {Ti
b

= 3v2A4[1 + cos(¢;)]
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The variance of {, = Re{Z,} is only due to the variance of real part of noise
components [48, 49]. Noise components at both receive antennas are 11D
Gaussian random variables. Therefore the total variance of the sum of two
noise components is the sum of their individual variances [51]. The total noise
variance is given as

agk = 0(2% + 05213 + 052,3 (5.67)
Where ¢} =Re{Zl} , ¢? =Re{Z}} and (2 = Re{Z}}. Following the
derivation of noise variance derived in Equation (5.37), Equation (5.47) is
represented as

3[1+4cos (¢pr)IN
;= 2T, o (5.68)
and oy, is given as
3(1+4cos (¢pr))N
o, = J sl (5.69)

Following the derivation of Equation (5.39), the bit error probability P,;
conditioned on the value ¢, is given by

- < 3v2[1 + cos(¢;)]A )
’ \/3[1 + cos(¢y )Ny /2T,

12[1+cos A2T

12[1 + cos(¢y)]E,
Ny

The average probability of bit error P, for this case can be obtained by

Pb =L< ,ii% (\/12[1+C0$(¢k)]Eb>+Zi5=5156 (\/12[1+COS(¢k)]Eb>> (571)
192 No No
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The simulation was conducted for the same number of OFDM frames or data
symbols as mentioned in the previous section. The simulated bit error rate
(BER) for the MIMO system is plotted in Figure 5.6. The simulated results
follow theoretical results very closely.

Copmarison between SISO & 3*3 MIMCO Channel & analysis its BER vs.
Eo/No with several variance (Theoretical and Simulated Resulsts)
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Figure 5.6: Simulation result of MDDM 3*3-MIMO system in AWGN

A comparison of Equations (5.40), (5.51) and (5.61) clearly reveals that the
improvement factor increases linearly with increasing number of receiving
antenna. The simulated bit error rate (BER) for the all MIMO systems are
plotted in Figure 5.7.Thus, the average probability of bit error in AWGN
channel for MDDM scheme discussed in this thesis with J receiving antenna
can be represented in general form as

4] [1+cos (¢})]E 4] [1+cos (¢ )E
=L (2100 (\/1 C(qubk b)+212(55156 (\/1 C(;\j()‘{bk b)) (5.72)
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Copmarison among SISO, MISO & MIMCO Channels & analysis
its BER vs.Eo/MNo (Theoretical and Simulated Resulsts)
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Figure 5.7: Simulation result of all MDDM MIMO systems in AWGN

CONCLUSION

The goal of this thesis was to design and analyze a MIMO system with
multicarrier delay diversity modulation to mitigate BER. MDDM was
incorporated with orthogonal frequency division multiplexing and cyclic
delay diversity. A MISO system and MIMO systems were designed using the
MDDM. They were simulated in MATLAB with BPSK and were tested in a
progressive manner, in an AWGN channel. The BER performance of these
systems was analyzed and compared with the performance of the simulated
systems. The simulated performance results and theoretical analysis results
were compared with the conventional SISO system performance.
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APPENDIX
MATLAB CODES
This appendix includes the MATLAB code for simulation results
A

FFxHFxxA* MIMO Channel and Performance Analysis Using ***x**%
GFHxHxxkxkxkx QFDM System for Reduced Bit Error Rate ***xxkxxxig

Fm——m—— Copyright@ Saddam Hossain --——---—-——---—-—--- %
T and -—————--———--———-————-—————-— %
Fm—— Supervised by ----—---—---——-——-—-——-—-——- %
Fo————— Ing. Md Mamunur Rashid -----------—----——=- %
Fm————— Assistant Professor & Chairman -------------- %
%—— Dept. of Electronics & Telecommunication Engineering --%
T————= The People’s University of Bangladesh (PUB) —--——-----—- %
clc

clear all
MIMOsimpass ()

function MIMOsimpass ()
clc

userdef="'saddam';
passdef="'saddamhossain';

userin=input ('Enter Username:','
passin=input ('Enter Password:','
a=length (userin) ;

al=length (userdef) ;

b=length (passin) ;

bl=length (passdef);

if (a~=al && b~=bl)
fprintf ('Wrong!User ID and Password\n\n')
else
if (a==al)
if (b==bl)
if (userin==userdef )
if (passin==passdef)
MIMO CR()
end
end
else
fprintf ('Wrong! Password\n\n');
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end
else
fprintf ('"Wrong!User ID\n\n');
end
end
end

function MIMO CR()

clc

copyrightdef="pubUlete';

copyrightin=input ('Enter Copyright Key:','s');
a=length (copyrightin);

al=length (copyrightdef) ;

if (a==al)
MIMO Simulation Function ()
else
fprintf ('Wrong! Copyright Number\n\n');
end

function MIMO Simulation Function ()

clc

clear all

no frame = 175;

fft size = 256; % subcarriers no.

dsize = 192; % Data symbol in an OFDM frame

t data = d _size*no frame; % Total no. of data for the
simulation

high fc = 28; % high frequency carriers

low fc = 27; % low frequency carriers

pilot=ones (1,8); % All pilot sybmols (channel matrix) set to
ones

dc _comp = 0;

[e)

% DC component cancel out, not transmitted

o\©

for n=1:fft size
phase_shift(n,l):exp(i*2*pi*(n—l)/fft_size);%Phase shift due
to cyclic delay

Q

end % afer First Fourier Transformation (fft) operation
EbNo dB=0:12;

for nn=1:length (EbNo dB)

SNR=EbNo dB(nn)+ 3; %converting SNR to Energy-per-Noise
Power Density (EbNo)

total err SISO=0;

total err 2Tx1Rx=0;

total err 2Tx2Rx=0; total err 2Tx3Rx=0;

Hovenbern 2014 Page-99



MIMO Channel and Performance Analysis Using OFDM System for Reduced Bit Error Rate

total err 3Tx3Rx=0;
BER=0;
totalerr=0;

FFRxAFxAxXA Simulating input data and BPSK modulation ****x**%
for mm =l:no frame

r = rand(1l,d size);

for m=1:d size

if r(l,m)< 0.5

info(l,m)=0; symbol(l,m)=1;

else

info(l,m)=1; symbol (l,m)=-1;

end

end

%******************* Creating OFDMA Block *****************%

Pre IFFT block=[ dc comp pilot symbol (1:92)
zeros (1, (high fc+low fc)) symbol(93:d size)];

%************** Slmulatlng Trnasmitted Signal**************%
txa sigl = ifft((Pre IFFT block).'); % taking IFFT after S/P
coversion

txa sig2 = circshift(txa sigl.l); % adding Cyclic Delay
Diversity

Txa sig = 1/sqrt(2)* (txa sigl+txa sig2);

%****************** Slmulatlng Received Signal ************%
o)

Rxa sig = awgn(symbol, SNR, 'measured'); % Received signal for
SISO BPSK

Rxa sig 1 = awgn(Txa sig,SNR, 'measured'); % Received signal
by Ant. 1
Rxa sig 2 = awgn(Txa sig,SNR, 'measured'); % Received signal
by Ant. 2
Rxa sig 3 = awgn(Txa sig,SNR, 'measured'); % Receilved signal
by Ant. 3
Rxa sig 4 = awgn(Txa sig,SNR, 'measured'); % Received signal
by Ant. 4

Rxa 2Tx1Rx = fft(Rxa sig 1); % 2 Txa 1 Rxa Antennas
Rxa 2Tx2Rx = fft(Rxa sig 1+Rxa sig 2); % 2 Txa 2 Rxa
(Antennas)

Rxa 2Tx3Rx = fft(Rxa sig 1+Rxa sig 2+Rxa sig 3);2 Txa 3 Rxa
(Antennas)
Rxa 3Tx3Rx = fft(Rxa sig 1+Rxa sig 2+Rxa sig 3+Rxa sig 4); 5%

3 Txa 3 Rxa (Antennas), Rxa sing 4 can be Rxa sig 3

Rxa d 2Tx1Rx =(Rxa 2Tx1Rx.* (l+phase shift));
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Rxa d 2Tx2Rx =(Rxa 2Tx2Rx.* (l+phase shift));
Rxa d 2Tx3Rx =(Rxa 2Tx3Rx.* (l+phase shift));
Rxa d 3Tx3Rx =(Rxa 3Tx3Rx.* (l+phase shift));

Rxa d 2Tx1Rx =(Rxa d 2Tx1Rx).'; % converting P/S (Parallel
to Serial)

Rxa d 2Tx2Rx
Rxa d 2Tx3Rx
Rxa d 3Tx3Rx

(Rxa d 2Tx2Rx).';
(Rxa d 2Tx3Rx).';
(Rxa d 3Tx3Rx).';

GrHxFxxxAAx*x Extracing received data from OFDM block *****xxxg
Rxa info 2Tx1Rx = [Rxa d 2Tx1Rx(10:101)

Rxa d 2Tx1Rx (157:fft size)];

Rxa info 2Tx2Rx =[Rxa d 2Tx2Rx(10:101)

Rxa d 2Tx2Rx(157:fft size)];

Rxa info 2Tx3Rx = [Rxa d 2Tx3Rx(10:101)
Rxa d 2Tx3Rx (157:fft size)];
Rxa info 3Tx3Rx = [Rxa d 3Tx3Rx(10:101)

Rxa d 3Tx3Rx(157:fft size)];

%****************** Demodulatlng BPSK Signal **************%
for k=1:d size

if real(Rxa sig(l,k)) > 0 % demodulating SISO info

Rxa info(1l,k)=0;

else Rxa info(l,k)=1;

end

if real (Rxa info 2Tx1Rx(1,k))
Rxa info 2Tx1Rx(1,k)=0;

else Rxa info 2Tx1Rx(1,k)=1;
end

if real (Rxa info 2Tx2Rx(1l,k)) > O
Rxa info2Tx2Rx(1,k)=0;

else Rxa info 2Tx2Rx(1,k)=1;

end

if real (Rxa info 2Tx3Rx(1l,k)) > O
Rxa info 2Tx3Rx(1,k)=0;

else Rxa info 2Tx3Rx(1l,k)=1;

end

Vv
(@}
o\

demodulating 2Tx1Rx info

o\

demodulating 2Tx2Rx info

o\°

demodulating 2Tx3Rx info

o\

if real (Rxa info 3Tx3Rx(1l,k)) > O
Rxa info 3Tx3Rx(1l,k)=0;

else Rxa info 3Tx3Rx(1,k)=1;

end

demodulating 3Tx3Rx info

end

%***************** Probablllty Of blt error ***********‘k‘k‘k‘k%
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err SISO = length(find(info-Rxa info)); % calculating errors
err 2Tx1Rx length (find(info-Rxa info 2Tx1Rx));

err 2Tx2Rx length (find(info-Rxa info 2Tx2Rx));

err 2Tx3Rx length (find (info-Rxa info 2Tx3Rx));

err 3Tx3Rx = length(find(info-Rxa info 3Tx3Rx))

4

total err SISO = total err SISO+err SISO; % Calculating
total errors

total err 2Tx1Rx = total err 2TxIRx+terr 2Tx1RX;

total err 2Tx2Rx total err 2Tx2Rx+err 2Tx2Rx;

total err 2Tx3Rx total err 2Tx3Rx+err 2Tx3RXx;

total err 3Tx3Rx total err 3Tx3Rx+terr 3Tx3Rx;

end

Pb SISO (nn) = total err SISO/t data; S%calculating Bit Error
Rate (BER)

Pb 2Tx1Rx(nn) = total err 2Tx1Rx/t data;

Pb 2Tx2Rx(nn) = total err 2Tx2Rx/t data;

Pb 2Tx3Rx(nn) = total err 2Tx3Rx/t data;

Pb 3Tx3Rx(nn) = total err 3Tx3Rx/t data;

end

save MIMO AWGN CH EbNo dB Pb SISO Pb 2Tx1Rx Pb 2Tx2Rx
Pb 2Tx3Rx Pb 3Tx3Rx
load MIMO AWGN CH.mat

figure

semilogy (EbNo dB,Pb SISO, 'k',EbNo dB, Pb 2Tx1Rx, 'r',EbNo dB,
Pb 2Tx2Rx, ...

'b',EbNo dB, Pb 2Tx3Rx, 'g',EbNo dB,

Pb 3Tx3Rx, 'r',EbNo dB,Pb SISO, 'ko',

EbNo dB,Pb 2Tx1Rx, 'rv', ...

EbNo dB,Pb 2Tx2Rx, 'b*',EbNo dB,Pb 2Tx3Rx, 'gd’,

EbNo dB,Pb 3Tx3Rx, 'b*'")

grid on

xlabel ('"E b/N o in dB'")

ylabel ("BER")

legend ('SISO T','2Tx1Rx T','2Tx2Rx T','2Tx3Rx T','3Tx3Rx T',

"SISO _S','2Tx1Rx S', '2Tx2Rx S', '2Tx3Rx S','3Tx3Rx S');
title ('Comparison between SISO & MIMO and analysis of its
BER vs. Eo/No in Theoretical and Simulated Resulsts')

end
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clc
clear all
MIMOsimpass ()

function MIMOsimpass ()
clc

userdef="saddam';
passdef="'saddamhossain';

userin=input ('Enter Username:','
passin=input ('Enter Password:','

a=length (userin);
al=length (userdef);
b=length (passin) ;
bl=length (passdef);

if (a~=al && b~=bl)

fprintf ('Wrong!User ID and Password\n\n')

else
if (a==al)
if (b==Dbl)
if (userin==userdef
if (passin==passdef)
MIMO CR()
end
end
else
fprintf ('Wrong! Password\n\n');
end
else
fprintf ('"Wrong!User ID\n\n');
end
end
end

function MIMO CR()
clc
copyrightdef="publete';

copyrightin=input ('Enter Copyright Key:','s'");

a=length (copyrightin);
al=length (copyrightdef) ;
if (a==al)

B

MIMO Variance Function ()

else
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fprintf ('Wrong! Copyright Number\n\n');
end

function MIMO Variance Function ()

clc

clear all

phase = linspace (0,2*pi*255/256,256);
phi = [phase(10:101) phase(157:256)]1"';
complex = (l+cos(phi));

EbNo dB=0:12;

EbNo=10." (EbNo dB/10) ;

for n = 1:1length (EbNo)

sadd = EbNo (n) ;

for k=1l:length (phi)

M2Tx1Rx (k,n) = 0.5*erfc(sgrt(2*sadd*complex(k)));
M2Tx2Rx (k,n) = 0.5*erfc(sgrt (4*sadd*complex(k)));
M2Tx3Rx (k,n) = 0.5*erfc(sqgrt(6*sadd*complex(k)));
M3Tx3Rx (k,n) = 0.5*erfc(sgrt (8*sadd*complex(k)));
end
end

%*********************** Theoratical BPSK *****************%

Pb SISO=0.5*erfc(sqgrt (EbNo)) ;
Pb 2Tx1Rx = 1/length (phi) *sum
Pb 2Tx2Rx = 1/length(phi) *sum
Pb 2Tx3Rx = 1/length (phi) *sum
Pb 3Tx3Rx = 1/length (phi) *sum

M2Tx1Rx
M2Tx2Rx
M2Tx3Rx
M3Tx3Rx

4
.
4

4

,\,\,-\,\
~—_~ ~— ~— ~—

4

save Vari AWGN CH EbNo dB Pb SISO Pb 2Tx1Rx Pb 2Tx2Rx
Pb 2Tx3Rx Pb_ 3Tx3Rx
load Vari AWGN CH.mat

FFRFAIF XA KKK KA xKkx Plotting the simulation result***xxxxxrxsrg
figure

semilogy (EbNo dB,Pb SISO, 'k',EbNo dB,

Pb 2Tx1Rx, 'r',EbNo dB, ...

Pb 2Tx2Rx, 'b',EbNo dB, Pb 2Tx3Rx,'g',

EbNo dB,Pb 3Tx3Rx, 'b',EbNo dB,Pb SISO, 'ko', ...

EbNo dB,Pb 2Tx1Rx, 'rv',

EbNo dB,Pb 2Tx2Rx, 'b*',EbNo dB,Pb 2Tx3Rx, 'gd',

EbNo dB,Pb 3Tx3Rx, 'b*')

grid on

xlabel ('E b/N o in dB"')

ylabel ("BER")

legend ('SISO T', '2Tx1Rx T','2Tx2Rx T','2Tx3Rx T', '3Tx3Rx T',
'SISO S','2Tx1Rx S','2Tx2Rx S', '2Tx3Rx S', '3Tx3Rx S')
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title('Copmarison between SISO and MIMO Channel & analysis
its BER vs. Eo/No with several variance (Theoretical and
Simulated Resulsts) ')

end

IO

$MIMO Channel Capacity

clear all

clc

%Shannon capacity
snr=0;

for 1 = 1:10

snr = snr +2;

c=(log (1+10” (snr/10))) /log(2);
X (i)=snr;

y (1) =c;

end

figure

plot(x,y,'-", 'LineWidth',1.5)
hold on

% capacity of MIMO Link with NR=2, NT=2
NR=2;

rand('state',456321)

snr=0;

for i=1:10;

snr=snr+2;

for 3j=1:10000;

c(j)=(NR*1log (1+ (10" (snr/10)) *abs (normrnd (0,1)))/1log(2));
end

yy (1) =mean (c) ;

Xx (i) =snr;

end

plot (xx,yy,"':"', 'LineWidth',1.5)

% capacity of MIMO Link with NR=3, NT=3

NR=3;

rand('state',456321)

snr=0;

for i=1:10;

snr=snr+2;

for 3=1:10000;

c(j)=(NR*1log (1+ (10" (snr/10)) *abs (normrnd (0,1)))/1log(2));
end
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yy (1) =mean (c) ;

xx (1) =snr;

end

plot (xx,yy,'-.", 'LineWidth',1.5)

% capacity of MIMO Link with NR=4, NT=4

NR=4;

rand('state',456321)

snr=0;

for i=1:10;

snr=snr+2;

for j=1:10000;

c(jJ)=(NR*log (1+ (10" (snr/10)) *abs (normrnd (0,1)))/1log(2));
end

yy (i)=mean (c) ;

Xx (1)=snr;

end

plot (xx,yy,"'--"', 'LineWidth',1.5)

xlabel ('SNR (dB) ')

ylabel ('Capacity (bit/s/Hz)")

grid on

legend ('Shannon Capacity', '"MIMO, NT=NR=2',6 "MIMO,
NT=NR=3', '"MIMO, NT=NR=4',2)

title ('MIMO Capacity')

print -deps -tiff -r300 capmimo
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