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ABSTRACT

A STUDY OF DIVERSITY TECHNIQUES FOR LTE WIRELESS
SYSTEMS

Ferhat Kaplan
Old Dominion University, 20l I

Director: Dr. Dimitrie C. Popescu

The demand of attaining information and the wish to communicating anytime

and anywhere has caused numerous innovations in the digital communication world.

Today, approximately half of the people on earth somehow use wireless technology

which is in every part of our lives. LTE (Long Term Evolution) and WIMAX

(Worldwide Interoperability for Microwave Access) standards are the two leading

wireless technologies, which support high data rates, multimedia applications, and

voice video communications at very high speeds, also called 4G cellular systems in

the global market.

These high expectations from wireless technology have revealed multiple

antenna techniques which improve the performance and robustness of wireless

channels using an array of antennas for both receiving and transmitting. Antenna

arrays improve the channel quality by mitigating the effects due to multipath

propagation.

In this thesis, better performance of LTE systems with multi antenna

techniques is studied. After introducing multi antenna techniques, a wireless channel

environment with fading paths is implemented using MATLAB software. The receive

diversity techniques considered are maximal ratio combining (MRC) and selection

combining (SC) and they are investigated for different number of antenna



configurations. Also varying numbers of fading paths are simulated in the thesis.

Finally, a comparison between LTE and WIMAX is performed for several fading

paths and their performances are evaluated.
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CHAPTER I

INTRODUCTION

Thirty years ago, wireless communication with a handheld device was like a dream.

Today we are searching for the ways of having a video conference using smartphones

while travelling at high speed in a fast train. It is not a part of our imagination

anymore. The Long Term Evolution (LTE), a ncw standard developed by the Third

Generation Partnership Project (3GPP), created demonstrations at high vehicular

speeds with download speeds of 50 Mbps in a moving vehicle at 68 mph in April

2008 [1]. The growth of wireless technology in cellular systems made huge progress

in the last 25 years. Today there are approximately 5 billion wireless subscribers in

the world and approximately 2 billion internet users, according to an estimate by

Ericsson [2]. Wireless mobile technology is the fastest growing part of

communications industry and LTE is one of the most important ones.

The objective of this thesis is to study the use of receiver diversity techniques

for LTE systems and to provide a comparison between LTE and the alternative

broadband wireless technology Wimax (Worldwide Interoperability for Microwave

Access) technologies.

In this chapter, a brief overview of mobile wireless technology is provided as

it relates to LTE and discuss about LTE. Why is it needed? What are its aims and key

requirements?



1.1Evolntion of Broadband Wireless Standards

The first generation (1G) of wireless communication systems was developed in the

United States, Japan and Europe, and their main focus was on providing wireless

phone service. These systems were characterized by analog modulation schemes with

FDMA (Frequency Division Multiple Access) being used for modulation [3]. The

objective of IG cellular systems was just to make voice transfer while moving.

The second generation (2G) systems emerged in the mid 1990s and their

purpose was similar to 1G cellular systems. 13ut the difference was that 2G systems

used digital modulation instead of analog modulation. Digital modulation brought

improvements to communications technology: it enabled the use of TDMA (Time

Division Multiple Access) and FDMA (Frequency Division Multiple Access)

together, and it improved performance and quality of service. The European

companies, which were unsuccessful at 1G cellular systems, gathered for 2G systems

and developed Groupe Special Mobile (GSM).

During the late 1990s the International Telecommunications Union (ITU) has

created a standard for the third generation (3G) cellular systems which covers both

wireless phone and data services. The standard, referred to as International Mobile

Telecommunications 2000 (IMT-2000), assumes a data rate 2 Mbps in a fixed- or

office-type environment, 384 kbps in a pedestrian urban environment and 144 kbps in

wide area vehicular enviroments [4]. GSM provides these standards with W-CDMA

(Wideband-Code Division Multiple Access) by 3GPP. W-CDMA is a direct spread

sequence spectrum (DSSS) CDMA where synchronization, channelization, and

scrambling are improved by multiplexing user data with pseudo-random codes, and

operates on a bandwidth of 5 MHz. High speed packet access (HSPA) have been



introduced by 3GPP using two important features: High-Speed Downlink Packet

Access (HSDPA) and High-Speed Uplink Packet Access (HSUPA) [3]. HSPA

increases peak data rates up to 14.4 Mbps in the downlink (DL) and 5.8 Mbps in the

uplink (UL). It also has capacity improvements both in the DL and UL [5]. An

upgraded version of HSPA (HSPA+) is stiB used in the most of the world. For

achieving higher data rates the 3GPP has developed an evolution of GSM/HSPA

technology which is referred to as Long Term Evolution and also called 3GPP

Release 8. Selected LTE parameters are shown in Table 1.1, and additional details

can be found in [4].

Table 1.1 LTE Parameters.

Standard 3GPP Release 8 Duplexing FDD and TDD

Peak DL

Data Rate

in 20 MITz

173 Mbps (2x2 Peak UL
MIMO)

Data Rate
326 Mbps (4x4
MIMO) in 20 MHz

86 Mbps ( I x2 Antenna
Configuration)

Mobility 217.5 Mph Modulation QPSK, 16QAM, 64QAM

Multiple Access OFDMA
DL

Multiple Access
UL

SC-FDMA

Frame Size
I ms sub-frames User-Plane

Latency
5-15 ms

Channel
Bandwidth

1.25, 2.5, 5, 10, Channel
15, 20 Coding

Convolutional and Turbo



L2Why Long Term Evolution?

An important characteristic of LTE systems is their flexible bandwidth, which varies

from 1.25 MHz to 20 MHz, instead of being fixed like in HSPA systems which

makes LTE applicable to different scenarios where the size of the available spectrum

varies. LTE uses three main technologies in the physical layer: OFDMA (Orthogonal

Frequency-Division Multiple Access), SC-FDMA Single Carrier-FDMA, and MIMO

(Multiple-Input Multiple-Output). OFDMA's main drawback is the high peak-to-

average power ratio (PAPR) of the transmitted signals. A high PAPR forces the

transmit power amplifier to have a large backoff, which is reducing input power to

power amplifier and results in a lower average SNR at the receiver and a reduced

transmit range, in order to ensure a linear amplification of the signal. It reduces

efficiency of the transmit power amplifier and requires an expensive RF power

amplifier [6]. These amplifirers can be used by LTE base stations (BS) but are not

acceptable for mobile users. LTE overcomes this problem by using a type of OFDMA

which is called Single Carrier-FDMA (SC-FDMA) that offers a better power

efficiency in the UL and decreases the PAPR. MIMO antenna technology is one of

the main advantages of LTE. By using multiple antennas, capacity, robustness and

spectral efficiency are improved. Another advantage of LTE systems is the higher

data rates provided: in the best scenario (20 MHz, 4x4 Antennas) LTE provides data

rates up to 326 Mbps in the DL and 86 Mbps in the UL, which is faster than other

wireless technologies. LTE has shorter frames that support faster feedback for

retransmission. Thus, latencies are low and LTE provides better performance at high

speeds. It also offers best support for Voice over Internet Protocol (VoIP) by using



permanent scheduling. It reduces the overhead bit rate and this makes a difference

when the timing is important [3].

Recently, handheld devices are not used only for talking or sending short

messages anymore. The demand for live video streams, VoIP or using interactive

applications is rapidly increasing. LTE intends to fulfill all these requests. LTE

supports IP based network architecture and is expected to function more efficiently

when Internet Protocol version 6 (IPv6) is deployed.

None of the wireless technologies have completed 4G cellular system

standard, IMT-Advanced, which was defined by ITU. LTE also is not a 4G cellular

system. But it is the most leading one in order to fulfill these requirements of IMT-

Advanced standard. For this reason, 3GPP has established a new research group

called LTE-Advanced and the target is to implement 4G cellular system standard.

1.3 Thesis Organization

In this thesis, the receive diversity is studied for LTE downlink with multi-

antenna configurations and performed simulations using SC and MRC techniques.

In Chapter 2 the structure of OFDM, which is a multicarrier modulation

method, usage of OFDM in LTE, and frame structure of LTE are discussed. Chapter 3

describes the multi acces techniques from past to the present and how LTE implemets

OFDMA and SC-FDMA.

In Chapter 4, multiple antenna techniques, MIMO antenna configurations,

transmit and receiver diversities are discussed. Problem definition is also done at the

last section of this Chapter.



In Chapter 5, the simulations and numerical results are presented for LTE. The

effects of different bandwidths, using various antenna configurations and receiver

diversity techniques are analyzed. Also two alternative 4G systems, LTE and

WIMAX, are compared owing to the performance of receive diversity.

In Chapter 6, the future works and the conclusions about using multiple

antenna cofigurations are discussed.



CHAPTER 2

MULTICARRIER MODULATION AND OFDM

2.1 Introduction

Multicarrier modulation transmits a high data rate bit stream by dividing it into lower

rate parallel streams and sending these streams over separate carrier frequencies

referred as subcarriers. At the receiver, streams received over distinct subcan.iers are

reassembled and delivered to the usen The use of multicarrier modulation is

widespread, e.g., Asymmetric Digital Subscriber Line (ADSL), wireless LAN (Local

Area Network), and other high data rate communications. OFDM is the most common

type of multicarrier modulation.

The main reason to use multicarriers is to have higher data rates without ISI

(Inter Symbol Interference). OFDM implements this using N nanow band subcarriers

over a wide channel bandwidth. In order to eliminate ISI, subcarrier bandwidth must

be less than Bc»» (Coherence Bandwith). If the all channel bandwidth is B, then Bs»s

(subcarrier bandwidth) is B /N which is smaller than Bc»» (Bs»s «Bc»») while B is

larger than Bco» (B&& Bco»). If IV is large enough all subcarriers experience flat

fading and therefore ISI is small on each of them. Orthogonality between subcarriers

does not deteriorate and the signals are detected correctly at receiver.

In time domain, if the symbol duration (T,) is efficiently larger than the delay

spread then the channel will be ISI-free. Normally, T, is less than the delay spread.

But using multicarriers, symbol duration is iV x T, and the result of iV x T, is larger

than the delay spread. But the real implementations are still time limited and in order

to get a rectangular pulse shape at the receiver low pass filters are needed. The main



problem is the N RF unit requirement. OFDM overcomes this by using IFFT (Inverse

Fast Fourier Transform) which is equivalent to modulating data symbols and

combining them. At the receiver, FFT, which is reverse of IFFT, is used I'or retrieving

the data stream.

2.2 OFDM

OFDM, by using orthogonal subcarriers, not only decreases ISI but also saves thc

bandwidth used for transmitting OFDM signal. As it seen in Figure 2.1, the classical

FDM use more bandwidth than OFDM.

(b) OFDM

Figure 2.1 Comparison between Conventional FDM and OFDM [7].



2.2.1 Guard Intervals and Cyclic Prefix

We have seen how OFDM managed to defeat ISI above, but there is also

Intercarrier Interference (ICI) which is the undesired effect or interference on a

subcarrier generated by adjacent subcarriers. ICI can be decreased by leaving an

efficient interval between two OFDM symbols. An efficient interval means that the

guard time (T~) must be larger than the channel delay spread, because there are many

delayed versions of transmitted signals in a multipath fading channel.

The cyclic prefix is the addition which is taken from the last part of an OFDM

symbol and added to the beginning of that symbol at the transmitter and then is

removed at the receiver. The cyclic prefix also makes the OFDM symbol periodic

which is required for circular convolution. Normally the OFDM symbol is a linear

convolution of a frequency selective channel. But, adding a cyclic prefix to the

OFDM symbol causes the signal to be modeled as a circular convolution. And if a

channel provides circular convolution, FFT and IFFT algorithms, which lessen

mathematical operations, can be used for computing DFT and IDFT. Usage of a

cyclic prefix can be seen as a waste of bandwidth and power. But if N (Number of

carriers) is chosen to be large enough, the length of the cyclic prefix is shortened and

this tradeoff can be in favor of the system. Another important reason for using cyclic

prefix is to reduce ISI. If the length of cyclic prefix is larger than maximum channel

delay spread, the ISI is mostly defeated.

2.2.2 Frequency Equalization

Whenever a transmitted signal passes through a channel it is exposed to a distortion

(phase or amplitude) by the channel and weakened by noise. Equalizers are used to
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eliminate this distortion. In OFDM, received symbols (YfnJ) are divided by channel

gains (H(nj) after the FFT. This is called frequency equalization.

Y[n]

H[n]
(2.()

On the other hand, frequency equalization also increases noise by scaling nth

subcarrier I /H[nJ.

2.3 Timing and Frequency Synchronization

There are two main synchronization methods for demodulating OFDM symbols,

timing and frequency synchronizations. Timing and frequency ol'fsets are used in

these methods. OFDM symbols are very sensitive to the frequency offset. If the

transmitter and receiver work in the same frequency, subcarriers will be orthogonal.

But it is not actually possible because of the discrepancy of the oscillators between the

transmitter and the receiver. This is why the ICI is always mentioned for OFDM

rather than single carrier systems. OFDM is less insensitive to the timing er.ors. The

cyclic prefix already reduces the timing offsets substantially.

Timing offsets can alter in an interval equal to or less than guard time without

resulting in ISI and ICI as long as this interval is protected with the phase shift which

is introduced by timing offset can be fixed by equalizer. It is then assumed that phase

variation remains constant. If the timing offset is not in this interval, the ISI appears

and SNR (Signal-to-Noise Ratio) loss is inevitable.

The ICI is unavoidable after FFT if the frequency offset is not zero.

Subcarriers, which are near the middle of the frequency band, have more interference

than the ones at the band edge. Two main reasons for frequency offsets are



inharmonious oscillators at the transmitter and the receiver and the Doppler Effect.

SNR loss increases very fast with the frequency offset and the number of subcarriers.

Decreasing the cyclic prefix which is one of the methods of more bandwidth usage is

a tradeoff between choosing frequency offset and more bandwidth.

2.4 Peak to Average Power Ratio

OFDM's main drawback is the high peak-to-average power ratio (PAPR). A large

PAPR has disadvantages like severe non linear distortion, unefficient power amplifier,

high cost of the system, and high resolution complexity for A/D converter at the

receiver. In OFDM, the goal is minimizing the PAPR or holding it at a certain level.

There are also some methods for decreasing the PAPR which are explained in [8].

There are N numbers of subcarriers, which are modulated independently, in an

OFDM signal. When aB are summed up adherently, a high PAPR results, which is

proportional to N. As it seen, as the number of subcarriers goes up the PAPR also

increases. However, increasing N is desired as much as possible for a lesser ratio of

the cylic prefix. There is again a tradeoff between PAPR and the number of

subcarriers. A larger PAPR requires expensive high power amplifier (HPA) of which

power consumption mostly relates to peak power values rather than average power

values. Obviously, if the peak power and average power is close enough I-IPA

operates more efficiently. In the DL, the PAPR problem is handled by using

expensive equipment at BSs; this is possible for BSs because their numbers are few.

But mobile users are many and the cost is not acceptable. That is why LTE uses SC-

FDMA at the UL which defeats the PAPR problem. SC-FDMA is explained in the

following part.



2.5 Multiple Access Systems

If a channel is shared with multiple users it is called a 'Multiuser Channel'. When

these multiple users try to achieve this channel or resource it is called 'Multiple

Access'. The goal of multiple access is for multiple users to share the resource

without having any interference. An uplink channel is also a multiple access channel.

In a multiple access channel, some certain channels are assigned to users for specific

opeations, e.g. Volp, video calls. Because the bandwidth is inadequate and expensive,

assigning it to users must be done very efficiently. Asssigning these channels from the

signal space to the users is done with different methods such as frequency division,

time division, code division, space division or some combination of these methods.

Most popular ones of these are TDMA, FDMA and CDMA.

For the most part, all of these methods use orthogonality except in some forms

of CDMA. Although orthogonality mostly defeats the interference there are many

methods that do the same because they all use one of the frequencies, time slots or

codes. In theory, there must not be so much difference between them. However, the

truth of the matter is different. Namely, orthogonality can not be obtained in some

wireless areas. In multi cell wireless systems, the same frequency or time slot

sometimes can be used simultaneously. Frequency selective and flat fading is also a

very important issue in different wireless areas. All of these methods behave

differently from each other in various wireless areas due to their characteristics. That

is why all these multi access methods are in use.



2.5.1 Random Access vs. Multiple Access

When the bandwidth is shared among multiple users with random allocation it is

called 'Random Access'. The choice of the usage of either multi access or random

access mostly depends on the characteristics of the channel and the performance and

user requirements.

The most popular random access method is Carrier Sense Multi Access

(CSMA) which uses packet-based communication system. In CSMA, the users, in

contrast to the methods which channels are dedicated to, compete for the channel.

They listen to the channel. The ALOHA method, in which if there is no

acknowledgment for those packets they are trans&nitted again after sending the

packets, is also used for random access. It is an unefficient method because of the

collisions and delays. An improvement to ALOHA is Slotted ALOHA (or SALOHA)

which works the same way but uses time slots.

2.5.2 FDMA

In FDMA, the frequency axis is partitioned into the nonoverlapping bands and the

channel is used concurrently by all users. The easiest method for allocation of the

bandwidth is done by assigning sets of subcarriers to the users. A multiplexer is used

for allocation before the IFFT process. There are also guard bands between channels

in order to decrease the adjacent channel interference. FDMA also can provide

bandwidth efficiency by estimating which channels are weak for which users. Each

user is assigned to a different set of frequencies illusuated in Figure 2.2. There are

guard bands between adjacent channels which decrease the adjacent channel

interference. Co-channel interference, which originates from the users who have the



same t'requency in different cells, must also be considered and distances between the

cells must be arranged due to this factor.

Figure 2.2 Frequency Division Multiple Access.

2.5.3 TDMA

In TDMA, a certain time slot is periodically dedicated to a specific user. The users

have the whole bandwidth in this time interval that is shown in Figure 2.3.



Figure 2.3 Time Division Multiple Access.

Periodic repetition of the time slots shows that the transmission is not

continuous. For this reason, users do not permanently know the channel characteristic

and also have to estimate channel impulse response every time.

Being affected from fading and synchronization errors is the major

disadvantage of the TDMA. Because TDMA uses time slots and the synchronization

becomes more important between users especially in the UL where every user

transmits data with different channels.

2.5.4 CDMA

CDMA assigns whole frequency and time plane to all users simultaneously, which

makes it different from TDMA and FDMA, which share time and frequency. CDMA

is shown in Figure 2.4. Both orthogonal and nonorthogonal codes are used for

modulation. In order to differentiate users at the receiver and to spread the signal to

the dedicated bandwidth, a pseudo-random code is used [9]. The most popular of
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these codes are direct sequence spread spectrum and the frequency hopping spread

spectrum. CDMA is also the most favorite multiple access method in 3G cellular

systems.

Figure 2.4 Code Division Multiple Access.

CDMA ensures the user privacy with unique spreading codes. Multiple access

interference is one of the disadvantages of CDMA. Wideband channels can weaken

the orthogonality of the codes. Usage of the orthogonal codes also causes a hard limit

on the number of ortohogonal channel. For nonorthogonal channels, there is no such

hard limit. The distance of the mobile users to the BS is also a problem in CDMA.

The received powers of the signals change due to the distance of the mobile users.

The power of near users makes interference on the far ones and this is called 'near-far

effect'. Thus, an efficient power control system is needed.
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CHAPTER 3

OFDM IN LTE SYSTEMS

3.1 OFDM in LTE

OFDM technology is very popular for multicarrier modulation in wireless

technologies. Before describing OFDM usage in LTE, the elements of OFDM are

illustrated in Figure 3.1. The main block diagram of OFDM and basic elements are

also illustrated.

Firstly, using QPSK a serial data stream is modulated and then transmitter

splits these data to parallel streams which are carried over a number of subcarriers. If

all the bandwidth is 8 and there is N number of subcarriers then all subcarriers have a

narrow bandwidth 8/N. Thus, all subcarriers have flat fading.



1 l H illtk
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Figure 3.1 OFDM Main Block Diagram [10].

1FFT operation takes place for transmitting data in a single RF antenna instead

of using N RF antennas.

Next, the cyclic prefix, which is longer than delay spread, is added in order to

reduce the ICl. Then the bit stream is sent in serial through the channel.

Channel will have effects on symbols like multipath, noise and interference.

Receiver makes the reverse of the transmitter. Firstly, the receiver splits the serial

stream into parallel sets and then the cyclic prefix is discarded.



FFT converts time domain samples to frequency domain. Finally, frequency

equalizer divides each subcarrier with channel gain and the parallel sets are serialized

in order to be used.

3.2 LTE Frame Structure

LTE physical layer is designed for the needs of a flexible channel bandwidth (1.25

MHz-20 MHz) and high data rates (100 Mbps in DL, 50 Mbps in UL). There are two

frame types in LTE; Frequency-Division Duplexing (FDD), which is more common

recently, and Time-Division Duplexing (TDD). In the DL, adaptive modulation and

coding is provided with 16QAM, 64QAM, and QPSK. The UL is optional. The LTE

frame snucture in frequency domain is illustrated in Figure 3.2.

I sioi 0 s l11S

Figure 3.2 LTE Frame Structure.
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In time domain, LTE uses a main sample time T, with FFT size, Nsrz = 2048

and the subcarrier spacing is Af = 15 kHz. FFT size changes due to the transmission

bandwidth.

I I
s

15000.2048 30720000
(3. I )

The length of a radio frame is

T „„„„= 307200 'I; = 307200. I = I Qms
30720000

(3 2)

One frame is split into 10 equally sized subframes,

T ~z 30720 T, = 30720
I = lms

30720000
(3 3)

Each subframe has two slots,

T„„=15360 T, =15360. I = 0.5ms
30720000

(3.4)

In each slot there are 6 or 7 OFDM symbols which change due to the usage of

the cyclic prefix that has two forms being extended and normal. The use('ul symbol

length is 66.7 Its.

T„= 2048 T, = 66.7ps (3 5)

The first and the other six OFDM symbols'yclic prefixes and the extended

cyclic prefix are, respectively,

Tera = 160 T, = 5.2ps (3 6)
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Tcpra —— 144 T, = 4.7PE (3.7)

Tcps E E 512 ' 16 7/IE (3 8)

The sampling rate, f, is equal to /sf x Nppr. This result for all FFT sizes is

multiple or sub-multiple of the chip rate of WCDMA, 3.84Ml-lz. Hence,

WCDMA/LTE terminals can work with a single clock circuitry [3].

There are 2,048 subcarriers, and each of them carries data in a bandwidth,

II//E/, have to accept approximately 7% of the overhead for the cyclic prefix in order to

degrade the ICI.

3.3 OFDMA

In Orthogonal Frequency Division Multiple Access (OFDMA), each user has a

portion of the available subcarriers over contiguous OFDM symbols. The available

subcarriers can be expanded to the entire spectrum or be a group of adjacent

subcarriers. Expanded subcarriers are a good choice when there are few weak

subcarriers that can be conected due to the accuracy ratio of overall band. So the

effect of weak subcarriers is minimized and the integrity is protected by coding and

interleaving. A group of adjacent subcarriers also may be a good choice when the

SNRs of some certain subcarriers are known. In this way, users can choose which

group of subcarriers has more SNR, and transmit over to that group of subcarriers.

But when a fast moving user is the point in question it is difficult to have the

knowledge of which subcarriers to move to.
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The BS can also distribute subcarriers to the users owing to the channel

state information (CSI) which shows the quality of the channel for a specific

frequency. When it is done, each user will have a strong signal.

3.3.1 How OFDMA Works

In OFDMA, N subcarriers are shared by L users and a certain number of subcarriers,

Ms are assigned to each user. The total number of Mt is equal to N. OFDMA

transmitter block diagram is illustrated in Figtne 3.3.

user
I Lsrls

user
2 his

user
I 41rs

Figure 3.3 OFDMA Transmitter.

At the receiver each user only looks for its own subcarriers. Firstly N-point

FFT is done and the whole band is demodulated. Although the user only needs a

portion of the waveform, the FFT and demodulation process is done for entire band

which causes additive power consumption. Figure 3.4 shows a OFDMA receiver

block diagram.
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Figure 3.4 OFDMA Receiver (for User I).

OFDMA is used in the DL in LTE. If OFDMA is assumed for the UL, there is

a large frequency offset and subcarriers loose their orthogonality substantially. There

are also time offsets which require being less than delay spread. But in the UL,

because every user transmits its data independently, larger time offsets become

inevitable.

3.3.2 Advantages and Disadvantages

OFDMA is a very scalable multi access technique. It has a wide range of bandwidth

that changes from 1.25 MHz to 20 MHz and these bandwidths answer the needs of a

variety of users. Even if the FFT size changes, subcarrier spacing and the symbol

duration are stable.

OFDMA subcarriers protect their orthogonality against the multi paths as long

as the cyclic prefix is longer than the delay spread. When the CSI information is used

OFDMA has a better performance than TDMA and FDMA. The deployment of the

MIMO technologies is also easier for OFDMA.

In OFDMA, bandwidth is divided to narrow brands. Thus, the frequency

offsets affect the OFDMA system performance widely. Another downside of the
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OFDMA is the high PAPR which arises from Gaussian distribution of the waveform

and incurs the need of expensive power amplifiers [1) ].

3.4 SC-FDMA

UL transmissions are problematic because of the limited power, which mostly

depends on the distance from a mobile user to the BS, on users'andheld devices. In

order to discard this power amplifier issue, LTE uses single carrier frequency division

multiple access (SC-FDMA) which has a low PAPR in the UL. Single carrier

frequency domain equalization (SC-FDE) can be accepted as the source of the SC-

FDMA. But SC-FDMA takes the low PAPR feature of this source and, the use of a

portion of a frequency band is also acquired with OFDMA technology.

3.4.1 How SC-FDMA Works

As can be seen in Figure 3.5, after the Forward Error Correction (FEC) and the

modulation, the data are transformed to the frequency domain by M-point FFT and

subcarrier mapping. Subcarrier mapping generally can be done in two ways:

distributioning and localizing. Distributioning maps the FFT outputs to the subcauiers

with equal intervals by spreading them all over the bandwidth. It is good for

frequency diversity but bad for multiple address interference. The other method is

localizing which maps the FFT outputs to the contiguous subcarriers. In this way

frequency diversity decreases but multiple address interference is minimized. After

the subcarrier mapping the data are converted into the time domain by M-point IFFT.

After M-point FFf if N-point IFFT is implemented with N&M unused inputs except

from M are set to the zero. And output of the IFFT becomes a signal with single
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carrier properties [12]. After that, a cyclic prefix is added and the signal is finally

created by pulse shaping filters.

N.point lkkr

user
l bits

Figure 3.5 SC-FDMA Transmitter (for user I).

In fact, the reverse of the transmitter side is done at the receiver side and is

also shown in Figure 3.6. Additionally frequency equalization is dolte for each user

and after that the original signal is obtained with rtf-point IFFT.

Remove
cp

Channel esmnates
for each E users

user
1 brie

user
2 lists

V= E.lf

user
E bns

Figure 3.6 SC-FDMA Receiver.
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3.4.2 Advantages and Disadvantages

The most noticeable advantage of SC-FDMA is PAPR which is notably less than in

OFDMA. The PAPR requires high power amplifiers which are very expensive.

Because of their costs they cannot be requested by users.

SC-FDMA also makes use of the OFDMA structure which only uses a portion

of the frequency band. Thus, by using the channel state information, adaptive usage of

the frequency band is provided. Since the whole bandwidth is not used the transmit

power also becomes lower.

In SC-FDMA, an additional FFT process is done both at the transmitter and at

the receiver for every user. The sensitivity to the frequency diversity and the Doppler

Effect is not seen in SC-FDMA as much as OFDM because of its single carrier

character.

3.4.3 OFDMA and SC-FDMA in LTE

LTE uses a basic time and frequency unit in order to provide exact timing elements

and different time intervals. LTE also defines protocols in order to show the state and

the resources of the system e.g., channel allocation information. Another issue is the

distance of the users to Ihe BS. There are a lot of factors like different transmit powers

which also affect the other users'uality of service pammeters and need to be taken

into account.

Mobile units are grouped into the 'resource block'hich consists of l2

subcarriers over 7 OFDM symbols in case of normal cyclic prefix. A resource block is

considered as a time slot which is 0.5ms and there are also 84 'resource elements'n a

resource block. Two contiguous time slots make a subframe. A resource block is
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defined over a time slot the main time domain unit in LTE, a subframe which is also

called 'a pair of resource blocks'. As mentioned before, subcarriers are allocated in

two ways; distributed allocation and adjacent subcarrier allocation. In distributed

allocation, users'ubcarriers are spread over the band with equal intervals which

provides the frequency diversity in a good manner. This is also used in the DL

(OFDMA). As an alternative, a group of subcarriers can be spread over the bandwidth

which is used in the UL (SC-FDMA) in order to take advantage ot the frequency

diversity. In adjacent subcarrier allocation, each user uses the group of subcarriers

where they have the strongest channel.

LTE provides a channel, which is called physical downlink control channel

(PDCCH), in order to get the information of transmissions and receptions subcarriers.

A BS sends this information over the first 2 or 3 OFDM symbols which correspond to

approximately 17% of a subframe. In order to help the UL scheduling, users send the

queue length and the channel quality information to the BSs. Those are called buffer

status reporting (BSR) and channel quality information (CQI), respectively.

LTE uses the same frequency and time in the different cells which, in one

hand, prevents the ISI and, on the other hand, causes inter cell interference. Inter cell

interference is crucial for edge users who are at the same distance to the BSs and incur

high interference. There is also range problem which originates from different

received powers at the BS and the strong ones received powers deteriorate the weak

ones. Clearly, these two problems indicate the need for efficient power control

mechanisms. In the DL, a BS can define power offsets due to the distance of mobile

users, But in the UL, a LTE can use a closed-loop power control. A BS determines the

power densities for users and this information is sent to the users by PDCCH. Also



users can arrange transmit power due to the received average power which also

accommodates to the varying channel characteristics.



CHAPTER 4

RECEIVER DIVERSITY TECHNIQUES

In wireless channels, Rayleigh fading and log normal shadowing are one of [he main

reasons of performance degradation. The best way to defeat this deterioration is to use

techniques for combining signals received over uncorrelated independent paths at the

receiver which are referred to as diversity techniques as it is assumed that independent

signal paths are not affected by large fading at the same time. Obtaining multiple

independent paths can be accomplished with the use of multiple antennas either at the

transmitter or at the receiver.

For omnidirectional transmitter or receiver antennas, the minimum distance

for independent fading on each antenna in a uniform scattering environment is nearly

one half-wavelength (2). If the antennas are directional the multipath is limited to a

small angle relative to the line of sight ray. The scenarios and antenna configurations

for LTE are listed in Table 4.1 where 1 is the wavelength dehned as ). = c lf,, c is the

speed of light (3.10 m/s) and f, is the carrier frequency [13].
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Table 4.1 Scenarios for LTE Antenna Spacing.

Multi antenna techniques are also referred to as Multiple-Input-Multiple-Output

(MIMO) as they create Transmitter-Receiver systems with multiple inputs and

outputs. In this thesis, the focus is on receiver diversity where multiple antennas are

used at the receiver to provide diversity.

4.1 Spatial Diversity

Spatial diversity is provided with indepenedent fading signal paths which are obtained

with multiple antennas at the receiver and the transmitter. These multiple antennas are

called antenna arrays in which enough distance between antennas is needed for

achieving uncorrclated fading paths. The distance is related to the frequency of carrier

and the environment. Antenna configurations can be various which are shown in

Figure 4.1 and Figure 4.2.



2x2 4x2 4x4

Figure 4.1 LTE DL Antenna Configurations.

LTE antenna configurations are 2x2, 4x2, and 4x4 at the DL, and Ix2, Ix4 at

the UL.

1x2 1x4

Figure 4.2 LTE UL Antenna Configurations.
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The most important advantage of the spatial diversity is that it does not require

any additional signal power or bandwidth. Only the additional RF antennas and signal

processing cost is taken into account. When the received diversity signals are

combined, the SNR is more than the SNR when one receiver antenna is used. The rise

in the SNR is called 'array gain'. The array gain increases linearly with the number of

received antennas (N,) even if the received diversity signals are completely correlated.

In array gain, the SNR values of each received signals are added contiguously without

paying attention to the antenna distances. In diversity gain, which definitely needs

diversity signals, antenna spacing is very important.

The uncorrelated signal paths, which occur in a fading channel, cause a

decrease in the probability of error (P,,). This decline is called 'diversity gain'nd in

contrast to an array gain if diversity signals are not uncorrelated there becomes no

diversity gain. But, if they are uncorrelated, P„decrease is exponentially proportional

with the multiplication of the transmitter and receiver antennas.

When the replicas of a signal are transmitted on different antennas it is called

transmit diversity where the transmit power is shared between antennas. Transmit

diversity is usually implemented in systems where transmitters have more power and

space than receivers. That is why transmit diversity is more rational for BSs, where

more antennas can be used, than for mobile users. Transmit diversity is considered

due to thc knowledge about the channel. If the channel is known at the transmitter it is

called a 'Closed-Loop', otherwise it is called an 'Open-Loop'.

In closed-loop transmit diversity (CL), feedback from the receiver is needed

and, using this gain, a signal is weighted and sent through the transmitter antennas. At
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the receiver the transmitted signals arc combined coherently. This is shown in Figure

4.3.

Txt

Figure 4.3 Closed-Loop Transmit Diversity.

When the channels'ains are known at the transmitter, transmit diversity is

more like MRC. If all antennas have same channel gain, diversity gain is like an array

gain [9]. It is more likely to use CL diversity in fixed systems instead of highly

mobile ones. Because channel information is needed a lot in CL diversity and in

highly mobile systems channel varies very fast. This feedback from the receiver can

be done by putting channel information to the every acknowledgment frame.

In open-loop diversity (OL), transmitters do not have any information about

the channel gains. One of the popular OL diversity techniques is Space Time Block

Coding (STBC). In STBC, a code, which is also known by a receiver, is applied at

transmitter. Alamouti developed an easy orthogonal space time block code which can



be implemented at both transmitter and receiver. This scheme supports complete

diversity gain using a maximum likelihood decoding algorithm. This scheme provides

the same diversity gain as MRC (1xg Antenna configuration) by using two antennas

at the transmitter and onc antenna at the receiver. It can also be generalized to more

than two antennas at the transmitter [141. When the channel information is

unavailable and fast varying, like the Doppler Effect, OL is a good option. Mobile

units can use this technique at their receivers because it does not reqire complex

detectors.

The antenna elements can suppress the undesired interference in certain

directions while increasing the power towards a desired user direction. Beamforming

combines the signal paths exploiting array and diversity gain, but the channel

information is mandatory. Beamforming is done using a weighting vector, which is

acquired with instantaneous user information. According to this vector, channel gain

in the direction of the target receiver is increased while the direction of undesired

interference is suppressed. It can be implemented both at transmitter and receiver.

This method minimizes the interference from other users, bul. the gain from these

users is wasted.

In spatial multiplexing, a signal data stream is divided into several streams and

these multiple streams are transmitted at the same time via different antennas on the

samechannel. Received signalsarecombined at the receiver which has the exact

channel information. In order to combine the transmitted streams linear, successive

and maximum likelihood decoding methods are used at the receiver. Spatial

multiplexing increases data rates, which are proportional to the number of antennas at

transmitter and receiver, using multiple paths for carrying additional data. One of the
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important advantages of spatial multiplexing is that no additional bandwidth or power

is required.

4.2 Receiver Diversity

Multiple antennas at the receiver side are called receive diversity, which is useful on

both frequency selective and flat fading. If it is used on flat fading it becomes array

gain. In receiver diversity, the frequency-selective fading received signals are

combined in various ways. There are two popular methods for combining these

signals; Selection Combining (SC) and Maximal Ratio Combining (MRC). In SC the

best received signal is chosen. In MRC the diversity signals are weighted with the

channel factor and combined. The number of receive antennas (N,.) depends on the

standard used and for LTE this can be either 2 or 4.

4.2.1 Selection Combining

The easiest version of diversity combining is Selection Combining (SC) which

estimates the instantaneous signal power (or the SNR) for N,. receiver antennas and

selects the highest one. It is mostly used for its ease and decreased system needs.



Figure 4.4 Selection Combining.

Figure 4.4 shows a SC receiver diversity structure. A common transmitted

signal s(t) is received by N„antennas. SC selects the received signal with the highest

instantaneous SNR. Furthermore, because only one branch is used co-phasing of

multiple branches are not needed.

It is assumed that the wireless channel is a frequency-flat, slowly fading

Rayleigh channel in order to show why SC is useful. Frequency-flat shows that the

.s(t) has the same random attenuation and phase shift for all received signals. In slow

fading, fading is constant during the transmission of each symbol and fading is

described by Rayleigh distribution.

s(t) is transmitted in and the complex envelope of the modulated

signal is s (t) . And the complex envelope of the received signal at the k'" receiver is

k =1,2,...N, (4. I )



The fading term is represented with uke' and the additive channel noise is

w„(r). Assuming slow fading with respect to symbol duration T, the phase shift Ok

can be estimated and removed. In this case, Equation 4. l is simplified to

Xk(i) = crks(t)+ wk(r)
Srk rol Norse

(4.2)

Then the average SNR can be written for k diversity branches at the output of

the receiver as

(SNR), = yk =, E(rr„)
EIs(r)l']

, (r))
(4 3)

The mean square value of the noise is generally the same, Nlk, for all of the k

branches and the transmitted signal energy is E

yk=
E E(u,')

D

(4.4)

Replacing the mean square value with instantaneous crk then

theinstantaneous SNR is written as

E 0'
N k

0

(4.5)

and the highest instantaneous yk value is choosen in SC.

It is assumed that crk is Rayleigh distributed. Rayleigh distribution is explained

in the Appendix. Assuming that the average SNR for the short-term fading is the same
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for all of the receiver antennas, and the probability density functions of the random

variables I", related to every branch

f,, (y,) = — exp(- )
yk

yk y
y; &0, k = I,2,...,N, (4.6)

For some SNR value y the distribution function oi'he individual branches

prob(y, & y) = Jf,(y,))riy, = I -exp~- —
),

yrv
y & 0 (4.7)

All of the Nr banches are independent and the probability that all branches

have a less SNR than y is the multiplication of individual probabilities.

kn
a,prob(y, & y) = II prob(yk & y) = (I — exp( )) ', y& 0 (4.8)

k=1 y

The probability y, & ydecreases while the number of antennas increases. By

using SC a frequency-flat, slowly fading Rayleigh channel is modified into a

Gaussian channel when N„is very large.

4.2.2 Maximal Ratio Combining

Maximal ratio combining (MRC) weighs all branches of the received signals with a

complex factor aa which is proportional to the signal amplitude, and combines N,

branches in order to maximize SNR. Branches with a strong signal are enhanced

while weak ones are reduced. In contrast to SC which wastes the energy of N, -1

branches, MRC uses all branches. Knowledge of the phase and signal amplitude is

needed in MRC. The structure of the MRC is illustrated in Figure 4.5.
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Txg

Figure 4.5 Maximal Ratio Combining.

The complex envelope of the i'iversity branch is given in Equation 4.1. The

corresponding complex envelope of the combiner output is

y(t) = pa,X,.(t)
=I

(4.9)

N

= ga, Itze's(t)+ w,(t)] (4. 10)

=pa,tz,e's(t)+pa w,(t) (4.11)

Now the combiner needs to be designed in order to maximize the SNR at each

instant of time. The average SNR at the output of the combiner can be written as
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)
ga &v,(t)

N

E y(t)pa,rr,e"
(SNR) 1

pa,tr,e"

y ']
(4.1 3)

The instantaneous SNR, yc, which is required to maximize, is

ga,tr,.e'
E

N„

ga
(4. 14)

Using a Cauchy-Schwarz inequality for Equation 4.14, the equation can be

rewritten as

N

N

Pa
(4.15)

Cancelling the common terms, and removing the phase shift 8„Equation 4.15

yields to



Equation 4.16 proves that yccan't be more than g y,, where y, is defined in

( El'quation4.5, and yc becomes maximum where it equals to — err, . Then the
t,ht,J,,

instantaneous output SNR of the maximal ratio combiner can be written as

(4.I7)

MRC weighs all branches without looking how at weak some of them are and

combines them and the results with the best gain among receive diversity methods.

But the cost for estimating phase and amplitude on each branch is a tradeoff. MRC

exploits frequency diversity completely instead of choosing a standard frequency

interval and experiencing same deep fades every time.

4.3 Problem Statement

When a signal is transmitted over a time varying multi path channel, fading is

inevitable and is due to random attenuation, phase shift, and delay in the received

signals over multiple paths with random channel impulse responses.

As discussed in this chapter, performance in the presence of fading can be

improved by using diversity techniques. These effects have been investigated for

different numbers of antennas, bandwidths, and fading paths. MRC and SC are used

as receive diversity techniques. All these simulations are done at DL using OFDMA.

One of the targets of this thesis is to see whether, when there is more than one

fading path in the communication channel, the effects of deep fades, which weaken

the signaI at the receiver, are minimized. And, as described in receive diversity
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section it is expected that MRC will perform better than SC in different bandwidths.

Performance is evaluated in being terms of BER (Bit Error Rate).

4.3h1 Bit Error Rate

Bit Error Rate (BER) is an important parameter to understand the performance of the

communication systems. In order to calculate BER, the number of received error bits,

which have been disrupted due to channel distortion, interference, phase jitter and

noise, are divided by total number of bits that are sent in a certain time interval.

If the transferred bits over a channel are altered due to the effects written

above, the integrity of the data are lost and the performance decreases. BER is used

for determining the reasonable error ratio which does not reduce overall system

performance. BER is usually stated as a function of normalized carrier-to-noise ratio

denoted with Eb/Nn. In terms of Eb/Na and SNR, the BER can also be expressed as

probability of error, P,. If the SNR is high the BER will decrease, if the noise is high

the BER will increase. As it seen, BER is affected from many parameters. By

changing some of these parameters it is possible to have an optimal system which

ensures the requirements for better performance. If the bandwidth is decreased, the

intereference level can be low; but this will reduce the data rate. All of these

parameters can be arranged for a satisfactory result or performance but, to make

everything petfect is not possible surely. There will be always tradeoffs.

Finally, it is expected that better results will be found in the case of using

multi antenna techniques instead of one-antenna case.
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CHAPTER 5

SIMULATION AND NUMERICAL RESULTS

In this chapter, three scenarios are considered for LTE receive diversity performance

and one scenario is considered for comparing LTE and WIMAX performances. In all

these scenarios, MRC and SC receive diversity techniques are implemented with the

MATLAB software environment.

5.1 Simulation Setup

The LTE parameters which are used in simulations are shown in Table 5. I.

Table 5.1 LTE Simulation Parameters.
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This chapter goes on to provide bit error rate plots, which show the

performance of the receive diversity techniques. Each result is discussed and different

system behaviors are explained. Each horizontal axis in each plot gives the SNR in

the dB and each vertical axis gives the BER. In this chapter, numerical results are

presented to demonstrate the performance of the proposed receive diversity

techniques. The BER is evaluated theoretically and via simulation.

The probability of error for QPSK over an AWGN channel due to [15] can be

written as

I
Prob(error

~ )'„) = — erfc(~y, j2
(5.1)

where y„ is substituted for the signal energy-to-noise spectral density ratio EINe. y,

is the instantaneous SNR and is also a random variable. In order to determine the

average probability of symbol error of Equation 5.1 with respect to y„

P„= E[Proh(error j y'„)I (5.2)

by definition and using the density function in Equation 4.6 it can write Equation 5.2

as

P, = JProh(error
~
)'„) f„()r„)dy„

0

(5 3)

The result can then be written, where the communication channel is now a

frequency-flat, slowly fading Rayleigh channel„ is from [16] as
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In this simulation, a frame consisting of 10 bits are transmitted through a

Rayleigh tlat fading channel. The noise is assumed to be a zero mean complex

Gaussian process with variance Na/2. The channel is also considered as multipath

fading in order to estimate the performance of antennas. It is assumed that the fading

channel coefficients are available at the respective receivers for decoding the received

signal.

Ordinarily, the received signal is the sum of several kinds of a transmitted

signal. These versions of the transmitted signals are called fading paths. In this thesis,

the number of those fading paths is denoted with "L". The third simulation shows the

varying fading paths for L=l and I =3k

5.2 Numerical Results for Fixed LTE System Bandwidth

In this simulation, a LTE system with the bandwidth of 2.5 MHz was considered and

the performance improvement obtained with SC and MRC methods was studied with

2, 4, and 8 receive antennas. The theoretical curve is the QPSK I receive path.
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Figure 5.1 Recive Diversity Performance 2.5 MHz, L= I Fading Path.

Results of this experiment are shown in Figure 5.1 where the BER is flat versus

EbllVo for all cases considered. It is observed that the SC and MRC results are very

close for two of the antennas. But the difference between MRC and SC grows with

the number of antennas. There is approximately a 2 dB difference in the 2-antenna

case in which these two receive diversity techniques are the closest.

BER reduces largely as the number of antennas grows. The best BER

performance is shown in 8-antenna case. But, as the number of antennas increase in

the simulation, the decrease in BER becomes less. As more antennas are used

performance becomes even better than in the AWGN only case.
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5.3 Numerical Results for Same Number of Receive Antennas and

Different Bandwidth
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Figure 5.2 AWGN, SC, and MRC with 2.5 MHz and l 0 MHz.

In Figure 5.2, the different bandwidths are used in order to measure if a change in the

bandwidth affects the BER in AWGN and fading channel. In this scenario 2.5 MHz

and 10 MHz bandwidths are used. The BER performance of the smaller bandwidth is

worse, 2.5 MHz, for fading channels in the 2-antenna case. In contrast to a fading

channel, BER performance is better for smaller bandwidth, 2.5 MHz, for the AWGN

channel. The simulation result for 20 MHz bandwidth have also been found. But the

results for different bandwidth values are not consistent in a certain SNR interval. For

this reason the bandwidth is not an effective factor for BER performance in multi

antenna configurations.
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5.4 Numerical Results for Varying Numbers of Fading Paths
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Figure 5.3 SC and MRC with L= 1 and L=3 Paths.

In this section different numbers of fading paths, L, are used. In Figure 5.3, L=l and

L=3 are shown for MRC and SC receive diversity techniques in 2-antenna case and

the bandwidth is constant for all results, 2.5 MHz. As it seen, BER performance gets

worse as the number of paths increase. Simulation results for L=S fading channels

were also computed, but for the simplicity and comprehensibility they were not put

into the plots. The biggest decrease in BER is between the first and the second paths.

After the second path, BER slightly gets worser for any number of paths.



5.5 Comparison between LTE and WIMAX

WIMAX, which was developed by IEEE and also called IEEE 802.16, was approved

as an IMT-2000 standard by ITU in 2007. It is an alternative system to the LTE in

wireless mobile market. It has also very high peak data rates using a range of

bandwidths like LTE from 1.25 MHz to 20 MHz. OFDMA is used as physical layer

both in DL and UL. WIMAX supports both TDD and FDD. In contrast to LTE, TDD
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Figure 6.4 Comparison between LTE and WIMAX with 2 Antenntts.

is more common. IEEE 802.16 has an IP-based architecture which shows that it is

also preparing for Ipv6 and it uses MIMO technologies as LTE.
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The comparison among LTE and WIMAX is not in equal bandwidths.

Because LTE uses FDD and WIMAX uses TDD, an honest bandwidth rate is 2.5

MHz for LTE and 5 MHz for WIMAX [l6]. Wimax and LTE parameters are shown

in Table 5.2,

Table 5.2 LTE and WIMAX Parameters.

In Figure 5.4, the simulation is run using 5 MHz bandwidth for Wimax and

2.5 MHz bandwidth for LTE and in 2-antenna case. It was found that Wimax has

slightly better performance than LTE for fading channels. The difference between

them mostly arises front the cyclic prefixes and oversampling rates. In addition, this

difference is a bit more for AWGN channel. Lastly, it can be said that these two

leading technologies approximately have equal performance for diversity gain.
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It is clear from the figures above that when the number of antennas increase

the BER performance improves largely. And the SC and MRC techniques are better

than theoretical result in each plot. It was also observed that the BER petformance of

MRC is always better than the BER performance of SC. The BER performance of

multi antenna usage does not show so many dii'terences due to the various bandwidth

usages.
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CHAPTER 6

CONCLUSIONS

In this thesis, the simulations of multi antenna techniques are presented to show the

benefits of diversity. Maximal Ratio Combining and Selection Combining, which are

receiver diversity techniques, are implemented in a software environment, These

simulations are performed in order to prove that how multi antenna usage at the

receiver side affects the BER performance.

Wireless technology is very useful in each stage of our daily lives and we use

it frequently. Our environment is an important factor to consider while exploiting this

technology. Wireless signals are attenuated from a time varying media and that is

called fading. This study is to reverse the effects of these fading paths by using multi

antennas at the receiver. In our simulations, different numbers of antennas are used at

the receiver in order to degrade the effects of deep fades in the received signal. In real

life, there are a lot of factors that cause a lot of fading paths. Those fading paths are

also simulated in this study. Performance of the two 4G technologies, LTE and

WIMAX are compared due to their BER performance in the 2-antenna case. These

new standards present a flexible bandwidth to their users. Multi antenna performance

for different bandwidths were also implemented.

In the light of results in this thesis, the importance of the multi antenna usage

in wireless channels is underlined. Multi antennas at receiver cost more but the quality

of received signals considerably improves when the number of antennas increase and

that is an acceptable tradeoff. Thus, MRC and SC receiver diversity methods, which
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are very effective, are implemented in the simulations. Moreover, with the usage of

multi antennas the capacity is improved.

For future work, transmit diversity techniques, which improve the link quality,

can be considered using LTE parameters. While receiver diversity is mostly

considered for mobile units, transmit diversity can be more suitable for base stations

where antenna spacing is more convenient. In transmit diversity, open-loop

techniques can be used with Alamouti Space-time Block Codes. Moreover, closed-

loop methods can be implemented using channel feedback information.
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APPENDIX

RAYLEIGH DISTRIBUTION

It is assumed that wireless communication is done in a Rayleigh channel. If Xr and Xz

are zero mean Gaussian random variables with the variance then the random variable

R = X + Y has aRayleigh distribution.

Prob(R & r) = I — e '~, r&0

The probability density function is

r
f„(r) = —. e 'r r&0

The first and second moments of R are given by

E[R] = „— cr ond
'll 2

And the variance is

crR = 2 — — o..
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