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Abstract

Today, the demand for multimedia data services has grown up rapidly. Wireless systems face the
challenges of the growing demand of higher data rates, spectral efficiency, better quality of
services, increased network capacity including limited availability of radio frequency and
transmission problem caused by various factors like fading and multipath distortion. The need for
more sophisticated technology is possible with higher and faster data transmissions and

reception.

An important challenge of wireless networks is to boost the data rate and quality of services,
where space-frequency resource allocation and multiuser beam forming are crucial techniques to
obtain high spectral efficiency. Based on advancement in LTE-Advanced MIMO-OFDMA

network in ITU-R specific higher data rate and spectral efficiency can be achieved.

To have better understanding of the key technologies used in LTE-Advanced and important role
they play in improving performance as well as meeting IMT-requirement, this thesis carried out a
performance evaluation of enhanced uplink for both Multiple Input Multiple Output (MIMO) and
Orthogonal Frequency Division Multiple Access (OFDMA) under LTE-A parameter.

This thesis gives the background and methodology that investigates the advancements in MIMO
technique and OFDMA technology in terms of LTE-A enabled technologies.

Based on the results obtained in this report through different simulation, the options presented in
this thesis for both managing interference and dealing with increased users and meeting their
demand of high data rate, increased capacity, coverage, spectral efficiency and reduce latency
under the advancements of MIMO-OFDMA as LTE-A enabler technologies in 4G network can

be seen as positive solutions.

Keywords: LTE-A, 4G, Spectrum, MIMO. OFDMA, SC-FDMA SISO, SIMO, MU-MIMO,
CoMP. UP/Down Link,
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Chapter 1: Introduction

1.1 Introduction

The evolution of mobile wireless networks during the last several years has raised great
expectation for higher data rates to the mobile users. The demand for high speed and widespread
network access in mobile communication increases everyday as the number of users’ increase
and expected to continue growing even more in the future, driven by unlimited possibilities in
internet services and application, and advance in handheld and portable equipment. To meet with
current and future demands for reliable high data rates over the mobile networks, the
International Telecommunication Union (ITU) started working since October 2005 to set a
definition and standards for the Fourth-Generation (4G) mobile system also known as IMT-
Advanced. One of the key features in IMT-Advanced is to provide enhanced peak data rates up
to 100 Mbps ( outdoors) and 1 Gbps (in doors) [1,2].

In response to the ITU call for proposals on IMT-Advanced, The 3GPP Long Term Evolution
(LTE) is the system that marks the evolutionary move from third generation of mobile
communication (UMTS) to fourth generation mobile technology. With the standards definitions
now available for LTE, the 3GPP eyes are now turning towards the next development that of the
truly 4G technology named IMT Advanced. The new technology being developed under the
auspices of 3GPP to meet those requirements is often termed LTE-Advanced. The driving force
to further develop LTE towards LTE-Advanced or LTE release 10 was to provide higher bit rates
in a cost efficiently way and, at the sometime completely fulfill the requirements set by ITU for
IMT Advanced, also referred to as 4G [3].

The Important technology of the LTE-Advanced for meeting IMT Advanced requirements
include Carrier Aggregation (CA), enhanced use of Multi-Antenna techniques and support for
Relay Nodes (RN) but not limited to MIMO techniques and OFDMA. LTE and LTE-Advanced
have to co-exist with LTE, 2G and 3G cellular systems for some time, so interworking
necessities and potential interference remain important issues. By using multiple antennas at the
transmitter and receiver along with some complex digital signal processing, MIMO technology
enables the system to set up multiple data streams on the same channels, thereby increasing the
data capacity of a channels. OFDMA technology is more advance form of OFDM that promises

to be a key technology for achieving the high data rate, increased network capacity and spectral



efficiency requirement for wireless communication system where sub carriers are allocated to
different users in time of frequency domain.

This thesis analyzed the advancement in MIMO and OFDMA technologies to meet ITU
requirement for 4G wireless communication. MIMO and OFDMA have a natural symbiotic
relationship due to the frequency flat nature of each resulting sub-channel. This interaction
examined in this thesis and commented upon in the results section how those technologies has
enabled LTE-A. Moreover, the impact of advancement of MIMO and OFDMA in the enhancing
spectral efficiency which leads to the improvement of system throughput was analyzed.

The main limitations with the combination of MIMO and OFDMA are inter-operability
necessities, and potential interference and the peak-to average power ratio (PAPR) associated
with OFDMA. This research thesis attempted to explain the promise of advancement of MIMO
techniques and explained the mechanisms behind it. It highlighted the specifics and the

interoperability of MIMO system and OFDMA technology as LTE-A enabler technologies.

1.2 Background and Motivation

During the last decades, communication systems evolved continuously at an impressive speed.
With the first (1G) and second generation (2G) communication were restricted to voice and text
messages, the introduction of third generation (3G) allowed the use of broadband data granting
access to browse the internet and enabled location-aware services. The fourth generation (4G)
aims at higher speeds. With the advanced deployment of marked development of mobile
broadband and data oriented devices such a smart phones and USB modems, the desire to
communicate with anyone, anywhere at any time becomes stronger.

These devices and user demands are responsible for a fast growth in mobile data traffic [4]. In
2012, global mobile data traffic grew 70 percent and it is expected to increase 13-fold between
2012 and 2017. Moreover, given the current growth, the estimated data traffic in wireless mobile
network in 2020 might be 1000 times higher than that in 2010 [5]. In additional, the number of
tablets mobile-connected is increasing exponentially and this means even more growth in mobile
data traffic.

In order to meet these challenging demands, mobile networks have to deal with the increase of
the number of devices and also the demands of users for higher speed. Therefore, mobile
networks have to adopt several concepts in combination. Back in days, to meet this challenge
required only the increase in capacity and this would be achieved by adding more macro nodes in
the network. However, the high costs and the space needed for such an approach represent an

2



important problem for the operators. Moreover, spectral efficiency per link is reaching theoretical
limits [6, 7]. At the sight of this and in response to ITU call on IMT-Advanced, the 3GPP first
work on 4G began in LTE release 7. This release included further improvement on High Speed
Packet Access (HSPA), currently working in progress for the enhancement of LTE which is
featured in release 10 named LTE-Advanced (LTE-A).

One of the key requirements in next generation mobile communication systems is to design
robust air interface techniques that are capable to provide data rate. Majority of the world's
operators and vendors are already committed to LTE deployments and developments, making
LTE the market leader in the upcoming evolution to 4G wireless communication systems.
Multiple Input Multiple Output (MIMO) technologies introduced in LTE-A such as spatial
multiplexing, transmit diversity, and beam forming are key components for providing higher
peak rate at a better system efficiency, which are essential for supporting future broadband data

service over wireless links.

Further extension of LTE-A MIMO technologies have been studied under the 3GPP study item
"LTE-Advanced” to meet the requirement of IMT-Advanced set by International
Telecommunication Union Radio communication Sector (ITU-R). LTE-A is a technology that
was designed to meet the demands of the growing traffic. As mentioned before, it includes
several advanced techniques such as carrier aggregation, Multiple Input Multiple Output
(MIMO), and the introduction of HetNets.

While intensive researches are being conducted to develop the 1 Gbps peak data rate required by
the ITU in LTE-Advanced using 4x4 MIMO and transmission bandwidths wider than
approximately 70 MHz, it is time to start thinking about how to avoid milt-user interferences
which caused by the limited frequency resources on the market. This is one of the earlier works
which is trying to raise the awareness of the problems of interference which is associated to the
limited frequency spectrum and try to investigate technologies that enables the required high data
rate, channel capacity coverage, and spectral efficiency that helps to fight those interferences.
Therefore, it is imperative to evaluate the performance and stability of MIMO system and
OFDMA at an early stage in order to promote its smooth and cost efficient introduction and
deployment.

This is to try to anticipate the problems which may be caused by the introduction MIMO systems
and OFDMA rather than trying to solve them when MIMO System and OFDMA modulation are
already on the market.



1.3 Statement of Problem

The last few years have witnessed a staggering growth in the demand for high speed broadband
services including internet access over mobile devices. To address this problem, the wireless
telecommunication industry has been scrambling to define a new air interface for mobile
communication so as to provide a framework for these high mobility broadband services and
increase the overall system capacity, reducing latency, and improving spectral efficiency and
cell-edge performance. This thesis is to investigate the deployment of MIMO and OFDMA

technologies as enabler of LTE-A to achieve high data rate and increased bandwidth.

As mentioned before, to meet those challenges of fast grow data traffic; several concepts have to
be combined. So, in combination with orthogonal frequency-division multiplexing Access
(OFDMA), the assigned bandwidth is used efficiently. Unfortunately, the available radio
spectrum is limited and an efficient use is therefore of much importance. The utilization of
multiple antennas at both the transmitter side and the receiver side constitute a Multiple-Input
Multiple-Output (MIMO) system, which increases the achievable capacity linearly as a function
of the number of transmit and receive antennas. In current research, MIMO systems attract
considerable interest of research, since the available physical space is typically constrained to
ensure uncorrelated transmit and receive antennas. This especially true at the mobile station,
massive MIMO systems target this problem by deploying a large number of antennas at the base
station and assume single-antenna mobile station. Moreover, advanced forward error correction
codes, such as turbo codes have made a substantial progress and are able to approach the
Shannon limit [8, 9]. While MIMO-OFDMA promise substantial diversity and capacity gains to
improve communication performance by offering significant increases in data throughput and
link range without addition bandwidth or transmit power, the required pilot overhead grows in

proportion to the number of transmit antenna.

By using Orthogonal Frequency Division Multiple Access (OFDMA), for the highest category
terminals LTE was able to provide download rates of 150 Mbps for multi-antenna (2x2) Multiple
Input Multiple Output (MIMO). The non-compatibility of the 3G standards and demand for
higher data rates has shifted industry focus to fourth generation (4G) wireless network and it
finally support data rates above 100 Mbps. To develop the 1 Gbps peak data rate required by the
ITU in LTE-Advanced, advancement in MIMO techniques together with OFDMA has to be

achieved. The use of OFDMA technology helps resources to be split into smaller granular units
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which can be allocated for various services as required. This thesis studied advancement in
MIMO techniques to meet ITU requirement for LTE-A by considering OFDMA as a vital for
achieving high spectral efficiencies in LTE-A mobile communication because of its ability to
integrate well with MIMO technology (also called as MIMO-OFDMA). In response to ITU
requirement for LTE-A, this thesis considered the advancement of MIMO system by studying the
performance of MIMO techniques in wireless mobile network, from Single cell (MIMO) systems
to single-Cell coordinated Multi-user (MU-MIMO) system as shown by Figure 1. The
advancement in MIMO system was evaluated based on the performance of LTE-A under varying
channel conditions for different MIMO antenna transmission schemes. The compatibility of
MIMO and OFDMA was studied and the performance of OFDMA access techniques in terms of

single hop and two hop transmission scenario.

1 el
= m:

Single cell MIMO system Single cell MU-MIMO system
Source: [9] Figure 1 MIMO system

N,

This thesis investigated the advancement in MIMO antenna and OFDMA technologies as the
key enabler of LTE-Advanced to achieve higher data rate and increased capacity, the IMT

advanced requirements.

1.4 Study Objectives

1.4.1 General Objective
The general objective is to analyze the deployment of MIMO and OFDMA techniques as enabler
technologies of LTE-Advanced to achieve high data rate, wider bandwidth and backward

compatibility within the limited availability of spectrum resources.

1.4.2 Specific Objectives
1. To figure out the current LTE spectrum resources that are now formally included in LTE
Advance specifications
2. To evaluate the current and advancements in MIMO and OFDMA.

3. To examine wider bandwidth, enabled by carrier aggregation.



4. To verify high data rate and higher efficiency, enabled by enhanced downlink multiple
accesses (OFDMA) and enhanced multiple antenna transmission (advanced MIMO

techniques).

1.5 Hypotheses
The problematic presented in 1.2 and 1.3 has motivated the definition of several hypotheses:
e Hypothesis 1. The advancement in MIMO-OFDMA techniques can be achieved based
MIMO system and OFDM techniques used in LTE-A.
e Hypothesis 2: Achievement of high spectral efficiency in LTE-A can be due to the ability
to integrate MIMO and OFDMA
e Hypothesis 3: High data rate can be improved by enhancing MIMO technique in LTE-A
e Hypothesis 4. Efficient resources spectrum scheduling can be achieved in combination
advancement in MIMO system with OFDMA in LTE-A.

1.6 Study Scope

This thesis discussed the important technologies of the LTE-Advanced such as MIMO and
OFDMA and other key technologies under consideration for LTE-Advanced such as carrier
aggregation, enhanced uplink multiple access and enhanced multiple antenna transmission. The
advancement in MIMO system together with OFDMA have been analyzed and a depth
discussion has been conducted to examine how MIMO-OFDMA are LTE-A enabler
technologies. LTE-Advanced technologies like enhanced inter-cell interference coordination
(eICIC), Cloud Radio Access Network(CRAN), heterogeneous networks (HetNet), LTE self-
optimizing networks (SON) and HNB and HeNB mobility enhancements was not discussed in
this thesis.

1.7 Significance of the Study

This study benefited the researcher, the researcher has been able to fulfill partial requirement of
completing a Master’s degree in information and Communication Technology (Specialization
Operation Communication). The researcher has been able to improve or increase his
understanding in MIMO-OFDMA as enabler of LTE-A.

Therefore, the study clarified all the aspect in advancements in multiple input and multiple
output antenna and OFDMA technologies as enabler in LTE-A. The study document has as well
served as guide for future researcher and student who may intend to make a further research on

the same dissertation topic.



1.8 Organization of the Study

This thesis is divided into six chapters. The first chapter is an introduction which provides a
general overview of the work. It provides an overview on the background of the work, problem
statement of the work and illustrates general objectives and specific objectives of the work. This
chapter also provides the scope and a significance of study.

The second chapter is literature review. In this chapter all research works related to this study
were critically summarized. In this chapter, all works related to advancements in MIMO and
OFDMA were discussed. The chapter ends by providing an understanding of all terms and
technologies related to advancements in MIMO and OFDMA enabler technologies of LTE-A.
The third chapter is research methodology which describes all steps and procedures used to
efficiently conduct the work. In this chapter source and size of data are indicated and analyzed.
The forth chapter is the system analysis and design. In this chapter, MIMO system design and
respective mathematical model were explained. Some equation for both MIMO and bandwidth
efficiency in OFDMA technology were derived and explained. In this thesis, analyses were based
on the existing models and basically Shannon equations for capacity. It also discussed principals
of OFDMA in LTE-A.

The fifth chapter provides the results evaluation and discussion. Under this chapter, the detailed
information on the simulation results was given. It showed the recent advancement in MIMO
technology. The last but not the least is chapter 6; conclusion and recommendations, which
concludes the work and provides further recommendations for future works related to this

research.

1.9 Conclusion

In this chapter, we presented a background as well as motivation of this study, a detailed problem
statement has been given, and some contribution that this study will bring. With the general and
specific objectives described in this chapter, we focused on investigation of the deployment and
operation of MIMO and OFDMA techniques as enabler technologies of LTE-Advanced to

achieve high data rate and bandwidth enabled by carrier aggregation.



Chapter 2: Literature Review

Introduction

This chapter provides literature review of LTE releases, highlight theoretical review on Multiple
Input Multiple Output (MIMO) in LTE releases and Multiple Input Multiple Output use together
with Orthogonal Frequency Division Multiple Access (MIMO-OFDMA).

2.1 Overview of LTE and LTE-Advanced Systems

As mentioned before, mobile data traffic is growing fast. This is mainly due to the introduction
of new devices that are capable of providing a variety of data-oriented services such as web
browsing, video and audio streaming, online gaming, etc. This represents a huge challenge for
the operators since they are responsible for carrying most of these data.

The advance towards high speed mobile wireless access can be divided into two main migration
paths. The first path represents the evolution of the current 3G mobile cellular system towards
the IMT-Advanced. It includes system specified by 3GPP such as Wideband Code Division
Multiple Access (WCDMA), High-Speed Downlink Packet Access (HSDPA), High-speed
Uplink Packet Access (HSUPA), High Speed Packet Access Plus (HSPA+) and LTE/LTE-
Advanced, and other cellular systems specified by the 3GPP2 such as CDMA20001x and Ultra
Mobile Broadband (UMB).

The second evolution path depends on modifying some existing fixed wireless system to
incorporate mobility standards which is represented by the IEEE roadmap towards IEEE802.16e
and its amended version IEEE802.16m [10, 11]. LTE introduces new features, such as flexible
spectrum and a flat network architecture, which help to achieve much higher performance over
previous 3GPP (e.g HSPA), especially in terms of down link( DL) and uplink (UL) peak data

rates, spectral efficiency and latency. However, these improvements do not meet the needs for

the expected demands, and, for that reason, at the end of 2010, the 3GPP submitted LTE-
Advanced as a proposal to fulfil the International Mobile Telecommunication —Advanced (IMT-
A) requirement issued in 2008[12]. In some of these requirements are:
e 100 Mbps peak rate support for high mobility and up to 1 Gbps peak data rate for low
mobility case;

e Allow inter-working with other radio access systems;



e Cell spectral efficiency, ranging from the 3 bits/Hz/cell in the indoor downlink scenario,
to the 0.7 bits/Hz/cell in the high speed uplink scenario;

e Peak spectral efficiency, ranging up to 15 bits/s/Hz

e Bandwidth scalability up to and including 40MHz, up to 100 MHz should also be
considered.

e Latency requirement for control plane to achieve 100 ms transition time between idle and
active state, and respectively to enable 10 ms user plane latency (in unloaded conditions)

e Mobility support up to 350 km/h

Many of these demands were already met by LTE. For that reason, 3GPP also defined its own
requirement for LTE-Advanced. This ensures an incremental step of performance and
capabilities between the successive releases. Some relevant technology in order to improve the
performance provided by LTE-Advanced include carrier aggregation, advanced MIMO
techniques, wireless relays, enhanced inter-cell interference coordination (elCIC) or coordinated
multipoint (CoMP) transmission and reception [14, 15].

The development of LTE Advanced /IMT Advanced could be seen with evolution from the 3G
services that were developed using UMTS/ W-CDMA technology. Table 1 gives comparison of
LTE-A with other cellular technologies.

COMPARISON OF LTE-A WITH OTHER CELLULAR TECHNOLOGIES

WCDMA HSPA HSPA+ LTE ADVANCED
(UMTS) HSDPA / HSUPA (IMT ADVANCED)

Max downlink speed 384k 14M 28M 100M

bps

Max uplink speed 128k 57M 1™ 50 M 500 M

bps

Latency 150 ms 100 ms 50ms (max) ~10 ms less than 5 ms

round trip time
approx

3GPP releases Rel99/4 Rel5/6 Rel7 Rel 8 Rel 10
Approx years of initial roll out 2003/4 | 2005/ 6 HSDPA 2008/9 2009/10 2014/15
2007 / 8 HSUPA
Access methodology COMA CDMA CDMA OFDMA / SC-FDMA OFDMA / SC-FDMA

Source: [18]  Figure 2 Comparison of LTE-A with other cellular technologies

2.1.1 Basic Concepts
From the LTE architecture, the main role of the LTE physical layer is to translate data into

reliable signal for transmission across a radio interface between the e-NodeB (enhanced NodeB)
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and the user equipment as shown in figure 2. It involves basic modulation, protection against
transmission errors and multiplexing schemes. Multiplexing is a technique for sending multiple
signals or streams of information on a carrier at the same time.

The antenna technology involves the different configuration, schemes and techniques that can be
incorporated into antenna systems to fulfill recommended requirement [16]. SC-FDMA is the
multiplexing schema used for uplink transmission in LTE-A and OFDMA has been discovered to
be a beneficial multiplexing schema for LTE-A downlink with many advantages such as
improved spectral efficiency and flexible bandwidth adaptation. LTE-A also introduces MIMO
antenna technologies, advanced inter-cell interference mitigation techniques, low latency channel
structure by reducing the number of nodes in the access network and single-frequency network
broadcast techniques. With respect to antenna technology, MIMO antennas play a significant role
in the attainment of the performance goals of 3GPP LTE-A [17, 18, and 19].

.= I works
A = ’
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/ E

Si11
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‘A‘/’\?

#. & i
L l' UE

Source: [18
18] Figure 3 LTE-A network structure

2.1.2 The 3" GPP LTE Radio Interface Techniques: OFDMA & SC-FDMA

In wireless standards of GSM family before LTE, Wide-band Code Division Multiple Access
(WCDMA) within 5 MHz was used as a radio interface for both uplink and downlink. Due to the
presence of multi-path propagation effect which was inherent in wireless communication, the
Walsh codes used were no longer orthogonal and interference with each other resulted in Inter-
Symbol Interference (I1S1). In WCDMA systems, the impact of multi-path can be overcome using
advanced receivers which come at the expense of receiver complexity. Multi-path interference
problem of WCDMA based systems escalates for larger bandwidths such as 10MHz and 20MHz

10



required by LTE for the support of higher data rates. The chip rate increases for large bandwidth
and receiver complexity grows as well due to increase of multi-path intensity.

In addition, it is difficult to implement a system with flexible resource allocation using
WCDMA system yet LTE requires the support of smaller bandwidth less than 5MHz. As a result
new multiple access schemes are introduced in LTE-A: OFDMA in downlink and SC-FDMA in

uplink
_ Total transmission bandwith =
15 xHz ‘/Smplingpointﬁor-oingleuxb-e-niu
-

Zero value for other sub-carriers

Source: [21] Figure: 4 OFDMA Spectrum

a. Orthogonal Frequency Division Multiple Access (OFDMA)

In OFDMA system, the available bandwidth is broken into many narrow subcarriers and the data
is divided into parallel streams, one for each subcarrier each of which is then modulated using
varying levels of QAM modulation or higher orders as required by the desired signal quality. The
spectrum of OFDMA is depicted in figure 4, now OFDMA is simply the multi-user version of
the popular OFDM digital modulation techniques.

Based on the various requirement for LTE-A that have been mentioned in the preceding sections,
OFDMA is considered as an excellent multiple access scheme for the 3GPP LTE-A downlink.
Multiple access is achieved in OFDMA by assigning a group of sub-carriers to each individual
users. As illustrated in Figure 4, the OFDMA can be seen as a hybrid technique of the FDMA
and TDMA techniques. As mentioned before, the basic principle of OFDMA is to divide the
available bandwidth into narrow band parallel channel known as sub-carriers, and
information/symbol is transmitted using these channels at a reduced rate. OFDMA use multiple
orthogonal subcarrier each of which is modulated separately. OFDMA distribute subcarriers to
different users at the same time so that multiple users can be scheduled to receive data

simultaneously [20, 21].
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Subcamer spacing

Source: [20] Figure 5 OFDMA basic Operation

In additional, in this technique each user is provided with a unique fraction from the system
bandwidth (OFDMA subcarrier) per each specific time slot. Many of OFDMA advantage are
inherited from OFDM techniques, it is robust to multipath fading and interference, offers
opportunities to exploit multi-user diversity, can be easily adapted to different bandwidths.
OFDMA also has the ability to perform the resource scheduling based on the channel time and
frequency responses which allow assigning of different subcarriers to each user based on channel

condition and this is known as multiuser diversity [22].

b. Single Carrier Frequency Division Multiple Access (SC-FDMA)

SC-FDMA can be considered as linearly pre-coded OFDMA as it uses addition DFT processing
preceding the OFDMA processing, where time domain data symbols are transformed to
frequency domain by DFT before going through OFDMA modulation as illustrated in figure 5.
The feature that distinguishes SC-FDMA from OFDMA is the single carrier form of transmit
signal. The other difference between OFDMA and SC-FDMA is the introduction of an addition
DFT module at the transmitter side and IDFT at the receiver side [23].
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Source: [24] Figure 6: OFDMA & SC-FDMA transceiver comparison

While equalization is performed in frequency domain in both cases, OFDMA performs
modulation and demodulation operation in the frequency domain and SC-FDMA performs these
operations in the time domain. Since SC-FDMA effectively spreads each modulated symbol
across the entire channel bandwidth that makes it less sensitive to the channel frequency-
selective fading effects as compared to OFDMA. However, the use of narrower bandwidth adds
advantage to OFDMA over SC-FDMA by allowing possible adaptation of the modulation

techniques and power resource per individual subcarrier [24].

2.2 Multiple Input Multiple Output (MIMO)

The concept of diversity, which improves link reliability, is central to the principles of wireless
communication. The use of spatially separated multiple antennas enables the application of
principles of diversity. Multiple antenna systems commonly referred to as Multiple Input
Multiple Output (MIMO). MIMO is one of the new features in the LTE Release, its operation
including spatial multiplexing as well as pre-coding and transmit diversity. The basic principle of
MINO is shown in figure 7; MIMO technology uses multiple antennas at transmitters and

receiver to improve performance of a communication system as it offers significant increase in
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data throughput and link quality without additional bandwidth and increased transmit power.
Base station and terminals are equipped with multiple antenna elements planned to be used in
transmission and reception in order to make MIMO functionalities available at the downlink and
the uplink. The use of additional antenna elements at either the base station (eNodeB) or User
Equipment side (on the uplink and /or downlink) opens an extra spatial dimension to signal pre-
coding and detection as mentioned before. As a huge number of UEs with high data rates
requirements have to be provided by the future cellular systems, MIMO transmission and

detection becomes a broad topic that requires separate details for proper understanding [25].

Fading Propagation Channel

Data Stream j % - /%I Data Stream
Txﬁj ﬂ

Source: [26] Figure 7 Basic principle of MIMO communication system

221 LTE-MIMO Basic

The basic concept of MIMO utilizes the multiple signal propagation that is present in all
terrestrial communication. Rather than providing interference, their paths can be used to
advantage. The antennas in MIMO techniques are able to utilize the different paths that exist
between two entities to provide improvement in data rate of signal to noise as shown by figure 8.
The antennas at each end of the communication circuit are combined to minimize errors and
optimize data speed. Depending on the availability of these antennas at the transmitter and/or
receiver, the following classifications exist [26].
e Single-Input Multiple-Output (SIMO): A simple scenario of this is an uplink transmission
whereby a multi-antenna based station (eNodeB) communicates with a single antenna

User Equipment (UE).
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Multiple-Input Single-Output (MISO): A downlink transmission whereby a multi-antenna
base station communication with a single antenna User Equipment (UE) is a scenario.
Single-User MIMO (SU-MIMO): This is a point-to-point multiple antenna link between a
base station and one UE.

Multi-User MIMO (MU-MIMO): This features several UE’s communicating
simultaneously with a common base station using the same frequency and time domain

resources.

As a result of the requirements on coverage, capacity and data rates, integration of MIMO as part

of the LTE-A physical layer is highly imperative since it necessitates the incorporation of

E |4

™ |; '| RXx
s

Source: [25] Figure 8 Generic outline of MIMO System

transmission schemes like transmit diversity, spatial multiplexing and beam forming. For LTE

releases, the use of MIMO is likely to involve further and more advanced techniques including

the use of additional antennas in the matrix to enable additional paths to be used, although as the

number of antennas increase, the overhead increases and the return per additional path is less. An

important component in meeting the goals of LTE-Advanced is multi-antenna technology. These

include things like beam forming and spatial multiplexing, which are already playing major roles

in LTE. Enhancements of MIMO technologies for LTE-Advanced are driven by the need for

increased peak rates, improvement of system level performance and support of various

transmission schemes with a universal structure. The scope of MIMO in LTE-Advanced will

include the following [27]:

Downlink (DL) higher-order MIMO
Enhanced DL multi-user MIMO (MU-MIMO)
Uplink spatial multiplexing
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e Uplink transmit diversity with multiple transmit (TX) antennas

e Coordinated Multi-Point (CoMP) transmission/reception.

2.2.2 LTE MIMO Mode

There are several ways in which MIMO is implemented in LTE. These vary according to the
equipment used, the channel function and the equipment involved in the link [28]. Single
antenna: This is the form of wireless transmission used on most basic wireless links. A single
data stream is transmitted on one antenna and received by one or more antennas. It may also be
referred to as Single Input Single Output (SISO) and Single Input Multiple Output (SIMO)
dependent upon the antennas used. SIMO is also called receive diversify. Transmit diversity:
This form of LTE MIMO schema utilizes the transmission of the same information stream from
multiple antennas. LTE supports two or four for this technique. The information is coded
differently using Space Frequency Block Codes. This mode provides an improvement in signal
quality at reception and does not improve the data rate.

Accordingly, this form of LTE-A MIMO is used on the Common Channels as well as the Control
and Broadcast channels. Closed loop with pre-coding: This is another form of LTE MIMO, but
where a single code word is transmitted over a single spatial layer. This can be used as a fall-
back mode for closed loop spatial multiplexing and it may also be associated with beam forming
as well. Multi-user MIMO: This form of LTE-A MIMO enables the system to target different
spatial streams to different users. Beam-forming: This is most complex form of the MIMO
modes and it is likely to use a linear array that enables the antenna to focus on a particular area.
This reduces interference, and increase capacity as the particular user equipment gets a beam
formed in their particular direction. In this a single code word is transmitted over a single spatial
layer. A channel quality forms the common reference signals on the antennas.

2.2.3 LTE-A MIMO Transmission

MIMO operations literally include spatial multiplexing, pre-coding and transmit diversity. The
very foundation principle behind spatial multiplexing is the sending signals from two or more
different antennas with different data streams and separating the data streams with advanced
signal processing techniques at the receiver, hence increasing the peak data rates by a positive
multiple factor (theoretically 2 for 2x2 and 4 for 4x4 antenna configuration) [29]. Open loop
spatial multiplexing is the form of MIMO used within the LTE system involves sending two

information streams which can be transmitted over two or more antennas. Although transmit rank
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indicator transmitted for the user equipment can be used by the base station to determine the
number of spatial layers, there is no feedback from the user equipment. In contrast, Closed loop
spatial multiplexing: This is a form of LTE-A MIMO is similar to the open loop version, but as
the name indicates it has feedback incorporated to close the loop. A pre-coding matrix indicator
is fed back from the user equipment to the base station. This enables the transmitter to pre-code
the data to optimize the transmission and enable the receiver to more easily separate the different
data streams [30].

LTE-A MIMO utilizes the transmission of the same information stream from multiple antenna to
obtain transmit diversity. LTE-A supports 2-antenna or 4-antenna arrays for this technique.
Using space-time or space-frequency block codes, information is coded at the transmitter to
combat multipath channel effects. With such encoding schemes, signal quality improves at the
receiver but the rate stays at unity. Hence transmit diversity strategies are not spectrally efficient
but robust against channel impairment. The first release of the LTE system does not support
single-user MIMO spatial multiplexing in the uplink. However, multi-user MIMO operation
where two user equipment are scheduled on the same resource block in the same sub-frame is
permitted in the latest release of LTE-A. Multiple receive antennas give eNodeB degrees of
freedom to separate release from the two user equipment by using techniques such as Minimum
mean square error (MMSE) algorithm. The multi-user MIMO operation in the uplink can

improve over all cell capacity and significantly enhance cell edge users’ throughput [31].

2.2.4 Cooperative MIMO in LTE-A

In early stages, LTE included full support of single user MIMO for downlink using maximum of
four antenna ports and transmission layers. Later in Release 9, dual layer beam-forming was
introduced to enable eNodeB transmit to two receive antenna that can be located on one or two
mobile. As part of release 10, dual layer beam-forming technique is extended to provide full
support for downlink MU-MIMO by increasing the maximum number of base station antenna

ports to eight. SU-MIMO support is achieved by utilizing the eight antennas with help of eight
layer transmission method. This enables the network to choose between SU-MIMO when the
channel is uncorrelated (maximize single UE data rate) and MU-MIMO is correlated channel

condition (maximize overall cell throughput).
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Peak data rate and cell-edge user throughput can be enhanced greatly by the help of coordinated
multi-point (CoMP). CoMP works in a way that user equipment (UE), or a terminal in a cell
region would be capable of receiving signals from several cell sites and by coordinating these
signals using techniques like interference avoidance. CoMP techniques can be seen as CoMP
transmission for downlink (DL) coordination and CoMP reception for uplink (UP) coordination.
For DL transmission, coordinated scheduling / beam-forming (CS/CB) and join transmission
(JT), as in figure 9 are the most briefly studies cooperative techniques. Unlike the case of MIMO
where antennas are deployed on a single site, COMP interconnects antennas deployed at a
number of sites that are in proximity to one another [32].

CoMP allows the cell edge users to coordinate and simultaneously receive and send signals from/
to the users of multiple cells. The performance of downlink can be significantly improved if the

signals from multiple cells coordinate in order to avoid mutual interference.

Coherent Transmission

scheduled
UE unscheduled

UE

Source: [32] Figure 9 CoMP join transmission in downlink

On the uplink side, the signals of multiple cells are received and combined. If multiple cells are
coordinated and scheduled at the same time, interference among cells can be suppressed and the
signal to noise ration of the received signals can be increased. Downlink CoMP transmission
adopts two forms of collaboration, Co- Scheduling / beam-forming which depends on whether

service data is obtained on multiple coordinated points and joint processing. Figurel0.
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& Main-lobe control toward desired user

= = Null control toward other users

Source: [33] Figure 10 CoMP transmission collaboration forms

Collaborative dispatch/beam forming coordinates the transmission weights and corresponding
scheduling to minimize interference among multiple cells and dynamic exchange information
among multiple cells. The terminals must measure the channels of multiple cells and provide
feedback, including the interference pre-coding vector form the neighboring cells that produce
strong interference and the expected pre-coding vector from serving cell. When transmitting
beams, coordinating the schedulers of multiple cells assists each cell to reduce interference on its

neighboring cells [33].

2.3 MIMO-OFDMA in LTE Release

LTE (Release 8, 9) has been evolved by 3GPP group and was designed to have a highly flexible
radio interface. OFDM forms the core of LTE downlink radio transmission, while SC-FDMA is
deployed for the uplink due to power efficiency. The promise of high data rates in the LTE-A
system can be then fulfilled by use of MIMO configuration in both uplink and downlink. In order
to support general MIMO systems, several receiver designs are proposed for SC-FDMA and
OFDMA system with linear and non-linear complexity. In each design, in order to avoid
transmission from another antenna that may corrupt the channel estimation needed to separate
the MIMO streams, each reference symbol resource can be only used by a single transmit
antenna. This principle is shown in figure 9, where the reference symbols and empty resource
elements are depicted to alternate between both antennas [34]. In order to improve the spatial

efficiency of the downlink, extension of LTE downlink spatial multiplexing (SM) up to eight
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layers is considered part of the LTE evolution and in the case where carrier aggregation is used,

SM with eight layers per component carrier was supported.
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Source: [35]  Figure 11 OFDMA reference symbol in 2x2 MIMO

2.4 Critical Review on MIMO-OFDMA

In conventional wireless communication, a single antenna is used at the source, and another
single antenna is used at the destination. In some cases, this gives rise to problems with multipath
effects. When electromagnetic fields meet with obstruction such as hills, buildings and utility
wires, the wave fronts are scattered, and thus they take many paths to reach the destination. The
late arrival of scattered portion of the signal causes problems such as fading, cut-out (cliff effect),
and intermittent reception (Picket fencing). In digital communication such as wireless Internet, it
causes a reduction in data speed and an increase in the number of errors. The use of two or more
antennas (MIMO), along with the transmission of multiple signals (one for each antenna) at the
source and the destination, eliminates the trouble caused by multipath wave propagation and
even take advantage of this effect.

In Previous section, we mentioned that MIMO techniques are utilized in order to achieve a
Capacity gain, a diversity gain or an antenna gain. Hence it improves the performance by
enhancing the bit rate or the signal-to-noise-ratio of the wireless system, provided the wireless
links experience, independent fading. As said, the MIMO techniques are classified into Spatial
Diversity, transmit diversity, Spatial Multiplexing and Beam-forming. Spatial Diversity aims to
achieve diversity gain, which refers to an improved error performance. Spatial Multiplexing
accomplishes Multiplexing Gain that implies the achieved gain in bit rate as compared to single

antenna
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system. Beam-forming techniques accomplish an enhanced Signal-to-Noise-Ratio (S/N) by
steering the beam pattern of transmit and receive antennas in a desired direction while
suppressing in the direction where the signal is not required [35, 36].

The advantage of multiple antenna techniques depends upon the same multipath fading effect
which is considered deleterious in single antenna system. There exist a trade-off between
spectrum efficiency and power efficiency in the form of high bit rate and small error rate. Both
these technologies, OFDMA and MIMO are blended together to reap their combined benefit.

Thus MIMO-OFDMA has become the air interface for Fourth Generation (4G) technologies.

In the case where there are a large number of terminal in a cell, the cell spectral efficiency further
increase through the use of MU-MIMO. Current LTE designs which support up to four antenna
ports and hence spatial multiplexing of up to four layers, results in peak-data rates of 300
Mbits/s. When this is combined with a total bandwidth of 100 MHz, as a result of carrier
aggregation discussed earlier, the spatial multiplexing schemes being considered for LTE would
increase the peak data rates to about 1.5 Gbit/s, which goes beyond the requirement of LTE-

Advanced.

In addition to the steps above, the LTE uplink must be also extended with the support of uplink
MIMO for it to be fully compliant with IMT-Advanced. Under consideration by 3GPP, on one
hand, are techniques that depend on channel reciprocity and on the other hand, techniques that do
not rely on channel reciprocity. Techniques under the first group include beam-forming and MU-
MIMO. For these, the enhanced NodeB by using a sounding reference signal from the terminal
that is able to determine the state of the channel while assuming that the channel is seen in the
same way by both the eNodeB and the terminal, and then forms transmission beams accordingly.

Techniques which do not rely on channel reciprocity fall into three groups:

e Open-loop MIMO (OL-MIMO) which is used in cases where the transmitter has no
knowledge of the channel-sate information (CSl). Since the terminal has no knowledge
of the CSI from the eNB, these techniques cannot be optimized for the specific channel
condition seen by the eNB received but they are robust to channel variations. As a result,
these techniques are well suited to high-speed mobile communication.

e Closed-loop MIMO (CL-MIMO) is used when the eNodeB sends CSI to the terminal and

can be used to significantly increase the spectral efficiency. In general, it is assumed that
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e CL-MIMO has better performance than OL-MIMO in low-speed environment but has
worse performance than OL-MIMO in high-speed environment.

e MU-MIMO which when enhanced can greatly improve the spectral density and it is also
possible to carry out joint processing within a single base station or across multiple base
stations.

2.5 Carrier Aggregation Brief Review

Carrier Aggregation (CA) is being cited as a major technology enhancement that is essential if
LTE-Advanced is to meet the requirement for IMT-Advanced, particularly the requirement for
the support of larger bandwidths than those currently supported in LTE while at the same time
maintaining backward compatibility with 2G,3G and LTE. Thus, the bandwidth performance
that is enabled by carrier aggregation was examine,

This consists of the aggregation of multiple component carriers of smaller bandwidth making
possible the transmission of data in large bandwidths. Recall that in LTE Rel-8 (the first LTE
release), there was extensive support for deployment in spectrum allocation ranging from 1.4
MHz to 20 MHz in both paired and unpaired bands. One of the goal for LTE-A is to exploit
spectrum allocation up to 100 MHz so as to meet the expectation of very high peak data rates.
This can only be possible by increasing the transmission bandwidth provided by the first release
of LTE, hence carrier aggregation. Carrier aggregation simply combines or aggregates multiple
component carriers on the physical layer to provide the required bandwidth [37].

In the specific case of LTE-A, up to 5 components carriers of 20 MHz are used simultaneously
which leads to a substantial increase in data rates. There are three possible carrier aggregation
scenarios: contiguous aggregation of carriers in a single band, non-contiguous aggregation of
carrier in a single band and non-contiguous aggregation of component in multiple bands which,
in principle, are different bandwidth. In figure 12, the case of contiguous component carriers is

illustrated even through, from a baseband perspective; this might not always be the case.
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the flexibility of spectrum usage

LTE-A could, therefore allow for aggregation of non-contiguous component carriers in, possibly
separate spectrum to handle situation where large amounts of contiguous spectrum are not
available and in this case we talk of spectrum aggregation. The implementation of carrier
aggregation is not straightforward and requires some modification in the user equipment and

base station protocol stack [38, 39].

2.6 Conclusion

In this chapter, the detailed literature study was given in each sub-section. Key definitions and
related information was detailed in this chapter. In this section LTE-Advanced cellular network
requirement was discussed with emphasis on two different enabler technologies such as Multiple
Input Multiple Output (MIMO) and Orthogonal Frequency Division Multiple Access (OFDMA)
which were used in this thesis, therefore the specific critical review on MIMO-OFDMA was also
presented. In general this chapter describes key words and terminologies that were used during

the analysis part of this thesis.
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Chapter 3: Research Methodology

3. 1 Introduction

This part gives an overview of the research methods that are used during the course of this work.
It highlights the methods and approaches to be used and shows how the analyzed results were
presented throughout the whole project. Mainly scientific methods for conducting research are
used, however both qualitative and quantitative approaches are rarely used and data analysis is
part of this research. Experimental research approach was also considered because several
simulation results were presented and these resulted from several experiments that were
conducted. This research approach lies under scientific research methods and this indicates that
scientific type of research covered almost the whole project and other methods were just used for

clarification.

3.2 Fundamentals of evaluation methodology

This thesis focused on the study of advancements in Multiple Input Multiple Output (MIMO)
antenna and Orthogonal Frequency Division Multiple Access (OFDMA) technologies as LTE-A
enabler in modern 4G networks. In order to perform any assessment, it is necessary to have a
deep knowledge of the system under study and to define an evaluation methodology. The
definition of the evaluation methodology involves the selection of evaluation objectives,
conditions (scenario, system configuration) methods, procedures, metrics and also the definition
of assumptions and system models.

In this thesis, MIMO technologies were evaluated under both optimal and normal operation
conditions. Concerning optimal conditions, spectrum utilization was analyzed, that is to say, the
increase in data throughput and link quality without additional bandwidth and increased transmit
power. Although this is an interesting metric, the focus of this study was on the performance
evaluation under normal operation condition. One part of this evaluation concerns the
performance analysis of Single Cell Multiple Input Multiple Output (MIMO) system and Single
Cell Multiple User-Multiple Input Multiple Output (MU-MIMO) system. Due to the existing
trade-off between spectrum efficiency and power efficiency in the form of high bit rate and small

error rate, however, special attention is paid to the performance analysis of the enhancement
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brought by the blended together of MIMO and OFDMA technologies; Where MIMO-OFDMA

has become the air interface of 4G technologies.

3.3 Development Research approaches

4 Statement of N Analysis of LTE / MIMO-OFDMA as \
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Figure 13: Research Development Approach

Our primary goal is to investigate the deployment and operation of MIMO and OFDMA
technologies as enabler of LTE-Advanced to achieve high data rate, wider bandwidth and
backward compatibility within the limited availability of spectrum resources. In this works, the
current LTE spectrum resources that are included in LTE-A were analyzed and then evaluated
the advancement in MIMO-OFDMA technologies as LTE-A radio interface, some mathematic
model were derived based on the Shannon’s equation for capacity in communication system. In

the figure 1 detailed approach is shown on how this research was carried out.
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3.3.1 Scientific research methods

During the course of this research, several scientific methods were used to conduct this research.
The existing schemes have been found in qualitative research methods and design, analysis and
simulation and experimental approach were used. It began with ideas used from scratch and
slowly developed into the objectives, statement of problem and proposed solution. In the existing
schemes, we came up with knowledge about the research ideas. In this case, the existing schemes
seized the opportunity to discover the existing knowledge and to propose the solution on the
stated problem.

To be specific, a quantitative approach has been taken to evaluate how other existing schemes
work, their weaknesses and what should have been done to improve its performance. Several
ideas were developed and considered like the idea of spatial multiplexing and OFDMA to

increase system spectrum capacity were discussed in this thesis.

3.3.2 Experimental Approach

The experiments were done in deferent cases such as Single Cell MIMO system and Single Cell
Multiple Users MIMO (MU-MIMO) both in OFDMA methods. Under this method, the
simulation results considering different parameters were discussed. We presented some tables for
simulation, system and mathematical models used basically derived from Shannon’s equation for

capacity calculation.

3.3.3 Project Requirements

Referring to the literature review done in the second chapter of this project and following the
adopted model in order to achieve the main goal of this work, requirements have been identified
and gathered using documentation review and existing resources such as journals, research
papers, technical reports and books available in hardcopy as well in softcopy.

Documentation review: Documentation that were used were reading extensively other important
materials related to this research such as books, and online information available from different
web sites to find more information related to this work to find how data packet rate and
throughput can be increased through the use of MIMO-OFDMA technologies as enabler in LTE-

A radio interface.
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For simulation of the results, we only used Matlab software. The simulation done in Matlab
R2014a. The Matlab software ran on a levovo ThinkPad E40, i5 TB of storage and 4GB of RAM

and windows 7 operating systems.

3.4 Analysis
The purpose of this stage was to analyze different scenario as detailed in chapter 2. Another
purpose is to identify the best option available to achieve the better system performance by
increasing data throughput and link quality. This involved carrying out a detailed study of the
OFDMA-MIMO technologies as enabler in LTE-A and the achievement of ITU 4G
requirements.
Based on this study of advancements in MIMO-OFDMA technologies as enabler in LTE-A
cellular network. Analysis phase is the next step we considered after realizing the problem, the
requirements analysis, and feasibility study conducted ensured better performance of the system
and for proper design. For this project, the requirement such as simulation parameter was
examined and analysis was done and also documentations were prepared for design and
development process. Different aspects considered during this stage included:
e ldentifying the current LTE spectrum resources that are now formally included in LTE
Advance specifications.
e Conducting the feasibility study for wider bandwidth achieved in LTE-A, based on
carrier aggregation.
e Development of proper plan to carry out this project and to analyze the available
requirement.
e Develop potential scenario for the system design and prepare for simulation results.
e Determine the proper strategy for implementation. In this case simulation in Matlab was

done and results were discussed in chapter 5.
3.5 Design Process
The design criteria of MIMO-OFDMA system as enabler technologies used in LTE-A radio
interface, is very important phase after gathering the requirement and conducting the feasibility

study. The design was specifically done after analyzing the existing schemes and then the new

proposed advancements in MIMO technology intended to achieve our objectives.
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3.6 Information Used

The information used in this work was from journals, papers, books and other information
available on internet. This includes the existing schemes that were presented in different past
work and to see the ideas of different authors about MIMO-OFDMA technologies in LTE-A
cellular network. Although telecom operators are to be asked on their current challenges, we
decided to investigate the improvement brought by advanced MIMO antenna technologies and
this does not need any interview from telecom operators. We only needed to know the existing

schema and advancement platform model that can increase its performance done in this thesis.

3.7 Conclusion

In this chapter, a detailed research development approach was illustrated and research
requirement were highlighted. The aim was to show the approaches that were considered during
the process of conducting this research work. It showed how the analysis was done and how the
system was designed. It also indicated the methods used during the information gathering and

data collection. In brief, it gave an overview of how the project was carried out.
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Chapter 4: System Analysis and Design

4.1 MIMO System

As mentioned before, Multiple Input Multiple Output refers to the use of multi antenna technique
at both transmitter and receiver side see figure 2. In order to achieve the ambitious requirements
for throughput and spectral efficiency in LTE-A, MIMO system form an essential part. High-
order Single User-MIMO (SU-MIMO) is necessary to achieve the targeted peak spectral
efficiency in LTE-A which is 30 bit/s/Hz [40, 41]. In downlink (OFDMA), improved MU-
MIMO schemes are studied in order to provide a higher degree of frequency domain scheduling
flexibility and enhanced multiuser interference suppression [42]. As it was explained before, in
this system model two types of multiple antenna operations are defined Single-User MIMO (SU-
MIMO) for Single User and Multi-User MIMO (MU-MIMO) for multiple UE as shown by
figure 14.

MU-MIMO (
SU-MIMO 20Mbps (( )> 20Mbps \\F

>§( )

Data 1

20Mbps (

20Mbps MIMO
MIMO Base
MIMO Base Station
Station
MIMO
Handset Handset
Source: [42] Figure 14 Multiple Antenna Operation
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4.1.1 System Model
Given a unit of BW (Hz), the max error-free transmission rate is [43]:
C =log, (1 4+ 5SNR) bits/s/Hz 4.2)

Shannon’s Capacity formula theoretically approximated the maximum achievable transmission
rate for a given channel with bandwidth B, transmitted signal power P and single side noise
spectrum No, based on the assumption that the channel is white Gaussian (i.e fading and

interference effects are not considered explicitly).
= P
C=log, (1 -I-Ew_ﬂj (4.2)

In practice, this is considered to be a Single input Single Output (SISO) scenario and Equation

4.2 gives an upper limit for the achieved error-free SISO transmission rate.

v TN L

— Ty
([ C=log,a+sNR) ¢
"F:‘rom: \‘\H%___ A __/,______..)

For the case of multiple antennas at both the transmitter and receiver ends as shown by figure 2,
the channel exhibits multiple inputs and multiple outputs and its capacity can be estimated by the
extended Shannon’s capacity formula.

Let’s consider MIMO systems with nr receive and n; transmit antenna as shown in figure 2. It is

now well accepted fact that we can increase capacity without increasing the bandwidth and
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transmit power rather by just putting more antennas at the transmitter and receiver side. The most
important part to understand and deal with MIMO capacity is the channel matrix. The impulse
response of the channel between the j™ transmitter element and the i receiver element is denoted
as hji(At)

hll(}\,,t) hzl(x,t) .......... -hMlo\qt)
_ Where H= h12(7\,,t) hzz()x,,t) ........ tho\,,t)
- h]_MO\,,t) hZMOVat) ........ hMMO\qt)_

The matrix elements are complex numbers that correspond to the attenuation and phase shift that
the wireless channel introduces to the signal reaching the receiver with delay A . The input-output

notation of the MIMO system can be expressed:

y(t) =H(Lt) ©5(t) + n(t) (4.3)
Where € denotes convolution, S(t) is a nx1 vector corresponding to the n; transmitted signals,
¥(t) is a n; x1 vector corresponding to the n, received signals and n(t) is the additive white

noise.

If we assume that the transmitted signal bandwidth is narrow enough that the channel response
can be treated as flat across frequency, then the discrete time description corresponding to
equation 4.3 is

y=Hs, +m (4.4)

a. Single User MIMO (SU-MIMO)

While most wireless systems today support multiple users, single-user results are still of much
interest for the insight they provide and their application to channelized systems where users are
allocated orthogonal resources. MIMO channel capacity is also much easier to derive for single
users than for multiple users. This section discusses fundamental capacity limits for single-user
MIMO channel with particular focus on special cases of Channel Distribution Information (CDI)

at the transmitter as well as the receiver.
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From equation 4.4, with perfect Channel State Information (CSI) at the transmitter or receiver,
the channel matrix H is assumed to be known perfectly and instantaneously at the transmitter or
receiver respectively. When the transmitter or receiver knows the channel state perfectly, we also
assume that it knows the distribution of this state perfectly, since the distribution can be obtained

from the state observations.

b. Multiple Users MIMO (MU-MIMO)

From equation 4.1, given single channel corrupted by an additive white Gaussian noise
(AWGN), at a level of SNR denoted by p , the capacity can be:

C =log,(1+ p) bit/sec/Hz (4.5)

We can now consider a full MIMO links as in figure 2 with respectively M transmit and N
receive antenna. The channel is represented by a matrix of size M x N with random independent
elements denoted by H. The capacity still in the absence of transmits channel information, can be

derived from 4.5:

C = log, [det(I,, + £ HH")] (4.6)

In this equation, “det” means determinant, [y means M x M identity matrix, “ *”” means transpose
conjugate and where p is the average SNR at any receiving antenna. The capacity of a MIMO

channel can then be provided by equation 4.4 and 4.6:

C = maxlog, [det(IM + % HH*)] 4.7)

The advantage of the MIMO case is significant, both in average and outage capacity. In fact, for
a large number M=N of antennas the average capacity increases linearly with M:
C, ¥ Mlog,(1+ p) (4.8)

4.2 Orthogonal Frequency Division Multiple Access (OFDMA)

One way to increase system capacity is by transmitting data parallel on different frequencies. In
classical parallel data systems, the total signal frequency band is divided into N non-overlapping
frequency sub channel. In such system, there is sufficient guard space between adjacent sub

channels to isolate them at the receiver with N demodulation. This solution, however, is very
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bandwidth inefficient. A more efficient use of bandwidth can be obtained with a parallel system
if the spectra of the individual sub channels are permitted to overlap, with specific orthogonally
constraints imposed to facilitate separation of the sub channels at the receiver [44]. In OFDMA
the sub carrier pulse used for transmission is chosen to be rectangular. This has the advantage

that the task of pulse forming and modulation can be performed by a simple Discrete Fourier
Transform (DFT) which results in a remarkable reduction in equipment complexity (filters,
modulators, etc) and a bank of coherent demodulators at the receiver is effectively an inverse

Fourier transform.

It is now said that data signal is effectively the inverse Fourier transform of the original data
stream, and that a bank of demodulators is effectively a Fourier transform. Note that the (Inverse)
Discrete Fourier Transform (IDFT) can be implemented very efficiently as an (Inverse) Fast
Fourier Transform ((IFFT) see figure 3.

In LTE-A the number of subcarriers is fixed based on the bandwidth used for transmission. As
[1.25 MHz, 2.5 MHz, 5 MHz, 10 MHz and 20 MHz] bandwidths are used in LTE systems, the
corresponding numbers of subcarriers are [72, 180, 300, 600, 900 and 1200]. Each subcarrier is

centered at frequencies that are orthogonal to each other.

The data has to be first converted from serial stream into parallel stream depending on the
number of subcarriers (N). The serial to parallel converter takes the serial stream of input bits
and outputs N parallel streams (indexed from 1 to N). The second design parameter is the
modulation format that is used. An LTE-OFDM signal can be constructed using any of the
following digital modulation techniques namely QPSK, 16QAM, 64QAM, more detail about

those modulation techniques is presented in chapter 5.
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The transmitter of an OFDMA system uses IFFT block to create the signal. The FFT operation
moves the signal from time domain representation to frequency domain representation. The FFT
operation can be carried out back and forth without losing any of the original information.
Modulated data feeds to the IFFT block. The IFFT stage converts these complex data symbols
into time domain and generates OFDM symbols. For LTE the necessary FFT/IFFT lengths tend
to be powers of two, such as 512, 1024, etc. From the implementation point of view, it is better to
have, for example, a FFT/IFFT size of 1024 even if only 600 outputs are used, than try to have
another length for FFT/IFFT between 600 and 1024, thus the number of subcarriers should be
extended until the number is a power of two. At the receiver, the CP is removed first and then
subcarriers are converted from parallel to serial sequence by using Matlab function reshape().
The FFT stage further converts the OFDM symbols into frequency domain followed by

removing unused subcarriers and demodulation.
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4.2.1 Bandwidth Efficiency
The spectrums of the sub carriers are not separated but overlap. Due to this overlapping, the
bandwidth is much more efficiently used that in the classical multicarrier systems. Theoretically,
M-ary digital modulation schemes using OFDM can achieve bandwidth efficiency, defined as bit
rate per unit bandwidth, of log, M bits/s/Hz. Given the symbol rate of the serial data stream, the
bit rate for a corresponding M-ary system
R, = iﬂg!”;’__,.,r (4.9)
However, in the case a guard time is added, the effective bit rate is equal to:

__T M - M
R, log, ™ /[y = e log, ™ [ps (4.10)

T T 4T
From [6], the total bandwidth of the OFDMA system is:

B = NAf = j—f (4.11)

Therefore, the bandwidth efficiency becomes:

Ry T

log, M (4.12)

For an optimal system without guard time (i.e, TG = 0), the bandwidth efficiency becomes log,
M bits/s/Hz. However, the guard time is inserted in order to make the system more robust
against multipath distortion, so a practical system will not achieve this optimal bandwidth
efficiency. Furthermore, in reality, it is impossible to make an ideal band pass filter, so in order
to pass all sub carriers, the bandwidth B becomes larger, which implies another decrease in

bandwidth efficiency.

4.2.2 Simulation methods

In the simulation case the process of extending the number of carrier are done by adding empty
(filled with 0) rows to the modulated matrix. Each input for the IFFT block corresponds to the
input representing a particular sub carrier (or particular frequency component of the time domain
signal) and can be modulated independently of the other sub-carriers. In Matlab FFT/IFFT
operations can be done by using fft() or ifft() functions. The functions y=fft(x) and y=ifft(x)
implement the transform and inverse transform pair given for vectors of length N.

In practice, there are losses in the transmission channel. To simulate the background noise of the
channel, the additive White Gaussian Noise must be considered in the simulation model. A built-
in Matlab function awgn is used in which the noise level is described by SNR per sample, which

is the actual input parameter to the awgn function.
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4.3 Conclusion

In this chapter, MIMO system design and the respective mathematical model were explained.
Some equation for both MIMO and bandwidth efficiency in OFDMA technology were derived
and explained. In this thesis, analyses were based on the existing models and basically Shannon

equations for capacity. It also discussed the principals of OFDMA in LTE-A.
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Chapter 5: Evaluation Results and discussion

5.1 Introduction

Multi-User transmission is decided if the utility of any multi-user combination is higher than the
single-user utility. The combination of users with the higher multi-user utility determines the set
of multiplexed users [45, 46, 47 and 48]. It is worth noting that the utility of a user in multi-user
transmission is different to that of a user in single-user transmission. In order to explain this
difference and how the user multiple- user transmission leads to spectral efficiency, this chapter

presented the simulation results for both MIMO System and OFDMA Technologies.

5.2 Simulation results for MIMO System

MIMO systems are increasingly being adopted in communication systems for the potential gains
in capacity they realize when using multiple antennas. Multiple antennas use the spatial
dimension in addition to the time and frequency ones, without changing the bandwidth
requirements of the system. One of the main features of LTE-A is the use of multiple antennas or
MIMO technology to enhance the throughput and system capacity in an unreliable wireless
channel. Figure 17, show the results of a Nt x Nr MIMO system consists of Nt transmitter
antennas and Nr receiver antennas. Various configurations are compared and the results shown,
when multiple antennas are used both on transmitting antenna and receiving antenna there is a
capacity gain.

Multiple antennas can be used either to obtain more reliable transmissions using Transmit
Diversity (TD) or to obtain higher transmission rates through spatial Multiplexing (SM). Using
diversity receiver is a well known technique to mitigate the effect of fading over a

communications link [49, 50 and 51].
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Figure 17 MIMO

Alamouti proposed a transmit diversity scheme that offers similar diversity gains, using multiple
antennas at the transmitter. This was conceived to be more practical as it only require multiple
antennas at the eNodeB in comparison to multiple antennas for every mobile.
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Figure 18 Transmit diversity and Receive diversity

Figure 18 shows the comparison of transmit vs receive diversity by simulating coherent binary
phase-shift keying (BPSK) modulation over flat-fading Rayleigh channels. For transmit
diversity, we use two transmit antennas and one receive antenna, while for receive diversity we
use one transmit antenna and two receive antennas. The simulation covers an end-to-end system
showing the encoded and transmitted signal, channel model, and reception and demodulation of

the received signal.

It also provides the no-diversity link (Single transmit-receive antenna case) and theoretical
performance of second-order diversity link for comparison. It was assumed here that the channel
is known well at the receiver for all system. We run the simulation over a range of Eb/No point
to generate BER results that allow us to compare the different systems. As can be seen on figure
18, the transmit diversity system has a computation complexity very similar to that of the

receiver diversity system.
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5.3 Simulation results for OFDMA System
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Figure 19 Original and Modulated OFDMA Signal

Due to high spectral efficiency and robust transmission in presence of multipath fading, the

OFDMA is used as modulation scheme for downlink in LTE —A system, Figure 19.

In OFDMA transmitter, the available spectrum is dived into number of orthogonal subcarriers.
The subcarrier spacing for LTE-A system is 15 KHz with 66.67us OFDMA symbol duration

[52].
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This multilevel sequence of modulated symbol is converted into parallel frequency components
(subcarriers) by serial to parallel converter as shown in figure 20. In figure 21, the IFFT stage

converts these complex data symbols into time domain and generates OFDMA symbols.

IFFT on all the sub-carmers
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Figure 21 IFFT of four subcarriers

A guard band is used between OFDMA symbols in order to cancel the inter-symbol interference
at receiver. In LTE-A, this guard band is called Cyclic Prefix (CP) and the duration of the CP

needs to be greater that the channel impulse response or delay spread, as shown in figure 21.
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The receiver does not deal with the ISI but still have to consider the channel impact for every

single subcarrier that have experienced amplitude changes and frequency dependent phase, As

shown in figure 22.

At the receiver the CP is first removed and the subcarrier are converted from parallel to serial

sequence, see figure 23.
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Figure 23 Original and Received OFDMA Signal
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FFT of all the four sub-carriers
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Figure 25 OFDMA symbols without Cyclic Prefix

The FFT stage further converts the symbols into frequency domain followed by equalizer and

demodulation as shown in figure 24.
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5.4 MIMO-OFDMA Systems

MIMO technology is used in broadband systems that exhibit frequency selective fading and,
therefore, inter-symbol interference. OFDM modulation turns the frequency selective channel

into a set of parallel flat fading channel and is, hence an attractive way of coping with inter-
symbol interference. Figure 26 shows the principle of MIMO-OFDMA system; OFDMA is the
insertion of a guard interval (cyclic prefix) which is a copy of the last part of the OFDMA
symbol. The signaling schemes used in MIMO systems can be roughly grouped into spatial

multiplexing [53], which improves link reliability through diversity gain.

5.5 Conclusion

Under this chapter, the detailed information on the simulation results was given. It showed the
recent advancements in MIMO-OFDMA technologies. Moreover, it explained in details the
process of OFDMA technology and MIMO-OFDMA system.
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Chapter 6: Conclusion and Recommendation

6.1 Conclusion

In this thesis an overview of the LTE- A is provided. The overview focused on LTE-A
requirements and targets, MIMO and OFDMA as enabler technologies, and the proposed
research areas. The thesis also discussed few potential future research areas covering cloud radio
access network, Heterogeneous Networks and 8x2 MIMO systems.

The 3" Generation Partnership Project (3GPP) long Term Evolution-Advanced (LTE-A) aims at
very high peak data rates such as 1 Gbps in local areas and 100Mbps in wide areas. To meet
these goals, we carried out a performance evaluation of Single-Input-Multiple-Output, both for
Orthogonal Frequency Division Multiple Access (OFDMA) and Single-Carrier Frequency
Division Multiple Access (SCFDMA) under LTE-advanced parameters. Different MIMO
schemes such as Single-Input Multiple-Output (SIMO), Spatial multiplexing, beam forming and
transmit and receive diversity are investigated. The results showed that OFDMA tends to
outperform SC-FDMA for 2 receive antennas. However, this gap is reduced when 4 antennas are
considered at the receiver.

MIMO technology is an essential components of LTE-A and it’s a key technology for LTE-A
where adaptive switching modes at e-NodeB provides higher throughput for user close to e-
NodeB and broadens its coverage range at edges of cells. MIMO combined with OFDMA is a
crucial change in air interface of 4 G and beyond as compared to 3 G.

Concurrently, advances in signal processing revealed several approaches to actually approach the
promised gains of MIMO-OFDMA systems. In this thesis work, an effective study, analysis and
evaluation of the LTE-A performance with MIMO and OFDMA technologies has been carried
out. The performance evaluation was evaluated with respect to the recent advancements in
MIMO technology and its performance together with OFDMA. In both technologies, for higher
order of modulation (QAM), the fading channel performs better for low SNR regions for transmit
diversity in MIMO systems.

LTE-A with MIMO due to its enhanced data throughput is gaining widespread deployment with
mobile communication providers. In this thesis report, MIMO system was first examined.

The section on literature review provides a review of the different research found in this area of
LTE-A with MIMO. MIMO simulation showed to have a better capacity over traditional
communication (single antenna). This thesis evaluated performance of the network on end user

side in a given channel to compare how well MIMO outperforms single antenna in LTE-A
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network. In this measurement, different scenarios of MIMO were used. Single Input Single
Output (SISO) performance was taken as a reference for making comparison. Throughput results
and gain of 4X4 MIMO showed an enhancement of spectral efficiency of 20% comparing to 2X2
MIMO system. Analysis of the results obtained reveals that the performance of 4X4 MIMO is
better than 2X4 MIMO in channel model. When high order modulation is utilized, performance
in the fading channel model is better.

In additional, it was shown that there is noise reduction by using OFDMA based Rayleigh
channel. We simulated OFDMA for 16-PSK (M=16) and the assumption is that 4 number of
OFDMA subcarriers were considered. As mentioned in previous chapters, the main target for this
evaluation was to examine the improvement in spectrum efficiency brought by MIMO-OFDMA
system. Therefore, the evaluation showed that there is an improvement of spectral efficient,

system capacity, throughput and bandwidth when MIMO system is using alongside the OFDMA.
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6.2 Recommendations

In this section we identify few potential future research areas: Cloud Radio Access Network, 8x2
MIMO network and Heterogeneous Network (HetNet). In the future work, we plan to conduct
more simulations under various mobility cases. Additionally, more evaluations in the system
level simulator and measurements over field trails would be required to validate our proposal.
Recent years have shown increasing research interest in Cloud Radio access Network (CRAN).
Such approaches change the traditional cellular access network’s architecture by taking
advantages of cloud computing and advanced antenna techniques. Because of a constant increase
of mobile users and high data service demand in wireless mobile communication, there is a
requirement to support this extension of data service and applications.

In order to meet this demand, there is a requirement for future development strategies to cover-up
all users and their demand. That is why CRAN is required to boost data service and application
to meet this demand. One of these requirements is the total cost of ownership. Cloud Radio
Access Network is seen to have capability to reduce the network upgrading cost for operators
which leads to reduction on CAPEX and OPEX. It can also enhance the performance of MIMO
and cooperative Multipoint (CoMP) by improved Base Station (BS) cooperation via centralized
processing. The virtualized resource pool supports multi standards and allows radio resource
being shared by different radio access technologies to improve the overall spectrum efficiency
and flexibility.

Cloud Radio Access Network is also regarded as one of the key technology supporting energy
efficiency. However, there are some challenges such as initial investment required to support the
site, management of rentals, low BS utilization, low BS processing unit power and a need for
network upgrade for the faster data service. The basic concept of addressing the above challenge
is to move a unit called Base Band Processing Unit (BBU) from the BS to the Control Unit (CU)
and then the BS will operate as Radio Unit (RU) [9].

Regarding the second future research area, it is interesting to note that the heterogeneous network
are foreseen as the major capacity and improved performance enabler by increasing the spectral
efficiency per unit area. In order to improve the performance of Heterogeneous Networks,
several multi-cell cooperation technologies have been developed, including range Extension
(RE) and enhanced Inter-cell Interference coordination for co-channel deployments and Inter-site

carrier aggregation for dedicated deployments[6 7].
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Last, regarding antenna’s polarization measurement, directional antenna with different
polarization pair can be the choices for extension and enhance the spectral efficiency of LTE-A
band. Moreover, from the radio network planning point of view, the results obtained in this
thesis can be considered as guidelines for network coverage planning and RF mode selection for
optimization for network operators. Feature of 8X2 MIMO is a standard in next generation of
mobile network and plays a significant role in improved data rates and include system capacity in

cellular network services.
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Appendix 1: Claude Shannon’s equation for capacity calculation

The paper of 1948 by Claude Shannon of Bell Labs, has become the basis of the electronic
communication industry which is called the Shannon channel capacity or Shannon information

transmission capacity C. Shannon’s capacity is calculated as
C=Wlog,(1+ %] In bits/second (1.1)

However, some authors rewrite this equation as Capacity=bandwidth * log2 (1 +SNR) but this
does not make any change to the original equation, it is only for clarification.
In these equations, bandwidth W is the bandwidth of the channel, SNR is the signal-to-noise

ratio, and capacity C is the capacity of the channel in bits per second where SNR = % and P is

power of the signal and N is the power of the background noise. In the Shannon formula there is
no indication of the signal level, this means that no matter how many levels we have, we cannot

achieve a data rate higher than the capacity of the channel; the formula defines a characteristic of

5
(w-1)s

the channel, not the method of transmission. Defines signal to noise ratio as SNR =

which is equal to ﬁ hence the equation for capacity calculation in CDMA systems can be
rewritten as

_ 1
cC=WwW iag: (1 +E) (12)

Basing on Shannon’s equation for capacity calculation, several formulas were developed to
provide increased capacity for better performance and to increase the quality of service to the

cellular users.
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Appendix 2: MIMO Matlab codes
a. Water Filling Algorithm

Ejfunctinn [Capacity PowerAllo] = WaterFilling alg(Ptotd,ChA,B,NO)

%

% WaterFilling in Optimising the Capacity

%

% Initialization
- %

Chi = Chi + eps;

NA = length(Chi); % the number of subchannels allocated to

H = Chi."2/(B*ND); % the parameter relate to SNR in subchannels
% assign the power to subchannel

Powerkllo = (Ptotd + sum(l./H))/NA - 1./H:
-ﬂwhile:1ength:find:inerﬂ110 < 0 ))>=0)

IndexN = find(Powerlllo <=0 );

IndexP = find(Powerdllo > Q)

MPF = length (IndexP);

Powerlllo (IndexN) = 0;

ChAT = ChA(IndexP);

HT = ChAT."2/(B*NO):

PowerZlloT = (Ptotk + sum(l./HT))/MP - 1./HT;
PowerZllo (IndexP) = PowerZlloT:

71

- end

Prwerdlln = Pnwerilin.':

54



b. MIMO system simulation
llb_i‘ D A - N

nr V=1[12234]:

NO = le-4;
B =1;
Iteration = le4; % must ke grater than lel

SNR V db = [-10:3:20];

SNR_V = 10."(SNR_V_db/10);
c010r= [Ibl:l:l;lgl;lkl;lcll;
notation = ['—u';'—>';'<—':'—h'h'—3'];

forjk =1 : %)
nt = nt_V(k);
nr = nr Vik);
for(i =1 : length(3NR V))
Pt = NO #* SNR V(i):
for(j = 1 : Iteration)
H = random('rayleigh',l,nr,nt):
[SV D] = avd(H):

landas(:,3) = diag(V):
[Capacity(i,j) PowerAllo] = WaterFilling alg(Pt,landas(:,J),B,N0);
end
end
[ W D] = =vd(H):
landa=({:,3) = diag (V)
[Capacity(i,]J) PowerAllo] = WaterFilling alg(Pt,landa=(:,Jj},B,H0):
end
end

fl = figure(l):
hold on
plot (SHR V db,mean (Capacity') ,notation(k,:), "'color',color(k,:}}

f2 = figure(2):
hold on
[v,%x] = hist (reshape (landas, [1l,min(nt,nr)*Iteration]),100):;
plot (X, v/Iteration, "color',color(k,:)):
clear landas
end

fl = figure (1)

legend =tr = [1:
for{ i = 1 : length({nt V}}
legend str =[ legend str ;...
{["nt = '",numZstr(nt_Vi(i)),"' , nr = ", numZstr(nr V(i))]}]:
end
legend (legend =str)
grid on
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c. Diversity

&rmLen = 100- % frame length

numPackets = 1000 % Dnumber of packets

EbMNo =— 0:2:20; % Eb/No warving to 20 4dB

N = 2; T maximam number of Tx antennas

M = 2; T maximam number of Rx antennas

% Create comm.BPSEModulator and comm. BPSEDemodulator System objects
P = 2: T modulation order

bpskEMod = comm.BPSEModulator;

bpskDemod = comm.BPSEDemodunlator ("CutputDataType", "doulklae") 2

Z Create comm.OSTECEncoder and comm.OCOSTBCCombiner Sy=stem objects=s

ostbhocEnc = comm.OSTECEncoder:

ostbhoComly = comm.OS5STECCombiner:

Z Create two comm.OSWEHChannel System objects for one and cwo receive

Z antennas respectivelwyw. Set the NoiseMethod propercy of the channel to

% "Signal to noise ratio (Eb/Ho) " to specifv the noise lewel using the

T senergy per bit to nmoise power spectral density ratio (Eb/HMo) . The outpuat
% of the BPSE modulator generates unit power signals; set the SignalPowern
T property to 1 Watct.

awgnlBx — comm.S8NGHChannel ( "HoilisceMethod® "Signal to noise ratio (Eb/Ho) ", -|- -
"SignalPowsx", 1)
awgnZBx = clone (awgnlRx) 7

Z Create comm.ErrorBate calculator Sy=stem object=s to ewvaluate BER.

errorCalcl = comm.ErroriRace;

errorCalcZ comm . ErrorRace

e m T R I e B e D m e =

H = zeros(frmLemn, N, M)

ber nolDiver = zZero=s(3, length (ERLNo) ) -
ber Alamouti = zeros (3, length (EbNo) ) ;
ber Ma=xRatio = zeros (3, length (EbNo) ) ;
fig = figure:

grid omn:

hald omn:

ax = fig.Currenth=zxes;

ax. . ¥Scale = "log';

=xlim({ [EBEMNo (1), EbBMo(end) ]) :
yviim([le— 1]1) -

xlabel ("EbL,/MNo [(dE) ") 2
wviliabel ("BER") -

fig.MumberTitle = "off":

fig.Renderexr = "zbuffex"':

Ffig.Hame = "Transmit wv=. Receiwve Diversitv':s
cicle ("Transmit w=s. Receiwve Diversitcy"):s

set (fig, "DefaunltlLegendimtolpdatce" , "off")

lfor id=x = 1:length (EbMNo)
resetc (errorCalcl) 2
reset (errorCalc2) o
reset (errorCalc3) o

awgniliRx . EBNO EbMNo (id=x) -
awgnZBEx.EbMNo = EbRMNo(idx) -
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ber MaxBRatio(:,idx) = errorCalc3(data, demodlZ):
- end % end of FOR loop for numPackets

% Calculate theoretical second-order diversity BER for current EbHNo
ber thyld (idx) = berfading (EbNo(idx), 'psk', 2, 2):

semilogy (EbMNo (1:1idx), bker noDiver(l,1l:idx), "r~',
EbNo(l:idx), ber RAlamouti(l,l:idx), "go',
EbNo(l:1idx), ber MaxRatio(l,l:idx), 'ks',
EbMo(l:idx), ber thy2(l:idx), 'm"}):
legend('No Diversity (1Tx, 1Ex)', '"Alamouti (2Tx, 1ExX)'",...
'Maximal-Ratio Combining (1Tx, ZE=x)",
'Theoretical Z2nd-Order Diversity'):

drawnow;
—end % end of for loop for EbNo

fitBER1l = berfit (EbNo, ber noDiver(l,:)):

fitBER21 = berfit (EbNo, ber Alamouti(l,:)}:

fitBER12 = berfit (EbNo, ber MaxRatio(l,:)):

semilogy (EbNo, f£itBER11, 'r', EbMNo, fitBER21, 'g', EbMNo, f£itBER12, 'kL'"):
hold off;

% Restore default stream
RandStream.setGlobalStream (prevStream) ;
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Appendix 3: OFDMA Matlab codes
a. OFDMA transmitter

L =

no_of data bits = 643Mumber of bits per channel extended to 128
M =4 FNumber of subcarrier channel
n=256;%Total number of bits to be transmitted at the transmitter

block =size = 16; Z5ize of each OFDM bBlock to add cyclic prefix

cp_len = floor (0.1 * block si=ze); FLength of the cwyclic prefiﬂ

% Transmitter

data = randsrc(l, no of data bits=s, O0:M-1):

figure(l),stemi{data); grid on; =xlabel |{"Data Points'"}):; wlabel {("Zmplitude")
citle ("Criginal Data ")

% Perform QPSK modulation on the input source data

apsk_modulated data = pskmod(data, M):

figure (2) ,stem(gpsk modulated data) ;cicle ("QFSE Modulation ')

T Conwverting the series data stream into four parallel data stream to form
% four sub carriers

S52F = reshape (gosk modulated datca, na_af_data_bitsfH,H}

Sub carrierl = S52P(:,1)

Sulk carriexr2 = S52FP(:,2)

Sulk carrier3 = S2FP(:,3)

Sub carrierd4 = S52P(:, %)

figure(3), subplot(4,l,1l),stem(Sub carrxierl),title('Subcarrisrl'), grid on;
subplot (¢,1,2) stem (Sub carrierl) , ctitle("Subcarrier2") grid on;

subplot (4,1, 3) ,stem (Sub_ carrier3) ., ,title('Subcarrier3") grid on:

subplot (4,1,49) ,stem (Sulk carrierd) ,title("'Subcarriserd’) grid on;

% IFFT OF FOUR SUBE CARRIERS
nunber of subcarrisers=4:;
cp =start=block size-cp_ len;

3 ADD-CYCLIC PREFTIX 3. ... ...t innnnnrssssnsnseeeeaasnnnnsnsssssnnnsnnnnnnnjones
—|for i=l:number of subcarriers,

ifft Subcarrier(:,i} = 1fft({(32F(:,1)),16)% 16 is the ifft point
“Ifor j=l:cp_len,

cyclic prefixi(j,1i)
end

ifft Subcarrier(j+cp start,i)

Al

Append prefix(:,1) = wvertcat( cyclic prefix(:,1), 1fft Subcarrier(:,1i)})

% Appends prefix to each subcarriers

end

Al=hppend prefix(:,1);

BZ2=hppend prefix(:,2):

A3=hppend prefix(:,3);

B4=hppend prefix(:,4):

figure(5), subplot(4,1,1),plot(real(ll),'r"},title("'Cyclic prefix added to a2ll the sub-carr
subplot(4,1,2),plot (real (A2),"'c")

subplot(4,1,3),plot (real (A3),'E")

subplot(4,1,4),plot (real (A4),"'g")
figure(ll),plot((real(Al)),'r"),.title("Crthogonalicy'),hold on ,plot((real(®2)),'c'),hold c
plot{(real (&3)), 'b")  hold on ,plot((real(fd}),'s"),hold on ,grid on

fConvert to serial stream for transmission

[rows_Append prefix cols Append prefix]=size (Append prefix)

len ofdm data = rows Append prefix*cols Append prefix

% OFDM =signal to be transmitced

ofdm signal = reshape (Append prefix, 1, len ofdm data):;

figure(6),plot (real (ofdm =signal)); xlabel('Time'}; ylabel ("Amplitudes');

title('OFDMA Signal')rgrid on;
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b. OFDMA Receiver

% Bemowve cyclic Prefix

recvd signal paralleled(l:cp len, :)=[]:
Rl=recvd =signal paralleled(:,1):
RZ2=recvd =signal paralleled(:,2):

R3=recvd signal paralleled(:,3):;

R4=recvd =signal paralleled(:,4):

figure (8) ,plot{{(imag(Rl1)), "'} ,subplot(4,1,1) ,plot {(real (R1), """},
title('Cyclic prefix removed from the four sub-carriers')
subplot(4,1,2),plot(real (R2),"c")

subplot (4,1, 3),plot(real (R3),'L")
zubploti4,1,4),plot (real (R4), "o

% FFT Of reciewvied =ignal

for i=l1:number of subcarriers,

% FFT

fft data(:,i) = fft(recvd signal paralleled(:,i},1&);
end

Fl=fft data(:,1);

F2=fft data(:,2):

F3=fft data(:,3):

Fa=fft data(:,2);

figure ({9), =subplot(4,1,1l),plot(real(Fl}),'c"),title{"FFT of all the four sub-carrie
subplot(4,1,2) ,plot(real (F2),"c")
subplot(4,1,3) . ploc (real (F3), "B&")
subplot(&,l,&],plot(real(F&],'g'”

% Conversion to serial and demodulationa

recvd serial data = resghape (£ft_data, 1, (le%4));

gpsk demodulated data = pskdemod (recvd serial data, 4);

figure (10) B
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Appendix 4: MIMO-OFDMA system Matlab codes

s EMod = comm. QPSHModulator;

gpeskDemod = comm.QOFSEDemodulator s

ofdmMod = comm.COFDMModwulator (" FFTILength' 128, "PilocInputPortc ", ©rowme
"PilotcCarrierIndices", cac(3, [12; 40; 54 76; 90:; 11871, - - -
[13; =92; S55; 75:; 21; 1171}, "Inserclc
"MumTransmichntennas" 2} 7

ofdmDemod = comm. COFDMDemodulator (ofdmtod) »

ofdmDemod .. FumReceiveAntennas = 27

=s=howResounrceMapping (ofdmMod)

ofdmModDim = info (ofdmMod) »

All ", crue, . - -

numData = ofdmModDim.DatalnputSi=ze (1) 2 Humber of data subcarxz:
numSym = ofdmModDim. DataInpucSize (2) - Humber of OFDM symbols
numTxint = ofdmModDim. DataInputSi=ze (3) 7 % Number of transmit ants

W

nframes = 100z

data = ramndi ([0 3] nframes*numbData, numSym, numTxamnt ) -
modData — goepskMod(data () ) 5

modData = reshape (modData nframes*numDatctca, numSyrm, nuamT XhnT ) »
errorRate = comm.ErrorRater;

for k = 1:nframes

% Find row indices for kth OFDM frame
indData = (E—1) *ofdmModDim. DataInputSize (1) 41 k*numbatars

Z2 Generate random OFDM pilot =symbols=s
pilotctData = complex (rand (ofdmModDim. PilocInputSi=e) o R

mnd F e A AT e TE T e Tt S E e b -

% Generate random CFDM pilot symbols
pilotData = complex (rand (ofdmModDim.PilotInputSize), ...
rand (ofdmModDim. PilotInputSize) ) ;

% Modulate QPSE symbols using COFDM
dataCGFDM = ofdmMod (modData (indData, :, :) .piloctData):;

% Create flat, i.i.d., leigh fading channel

chGain = complex (randn(2,2),randn(2,2))/sgrc(2); % Random 2x2 chan

% Pass COFDM signal through Rayleigh and AWGH channels
receivedSignal = awgn (dataOFDM*chGain, 3

% Lpply least sguares solution to remove effects of fading channel

rxS5igMF = chGain.'" % receivedSignal.':

% Demodulate OFDM data
receivedOFDMData = ofdmDemod (rxSigMF. ") ;

% Demod
receivedData = gpskDemod (receivedOFDMData(:)):

late QPSK data

% Compute error statistics

dataTmp = data (indData, :, :)}:
errors = errorBate (dataTmp(:) ,receivedData) ;
end
ForintF " v nSwvmbhnl error rate = %24 From 24 error=s in 24 osvmbhal=in' Cerrors)
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