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Abstract

This project aims to develop multiple-input multiple-output (MIMO) system to enhance the
performance of wireless communications system. Cooperative communications is a new paradigm
shift for the 4™ generation wireless system that will guarantee high data rates to all users in the
network, its anticipated that will be the key technology aspect in 5™ generation wireless networks.

This project aims to simulate and analyze four schemes of cooperative communications.
They implemented based on amplify-and-forward (AF) relaying protocol under uncorrelated flat
fading Rayleigh channel. The first scheme contains source (8), relay (R) and destination (D). Each
node equipped with single antennasAAF 1x1x1 SISO Relaying System). The other schemes are AF
2x2x2 MIMO relaying system, AF 4x4x4 MIMO relaying system and AF 8x8x8 MIMO relaying
system. Orthogonal space-time block coding (OSTBC) and maximal ratio combining (MRC) at the
destination are used for all MIMO relaying systems. Also assumes that the channel status
information (CSI) is perfectly known at the relay and the destination.

The project implements four schemes of AF Cooperative communications system by using
MATLAB simulation. The project studies the probability of error (BER) performance and channel
capacity performance of these schemes. It makes a comparison between the cooperative
communications system schemes and the conventional systems in terms of BER and capacity

performance.
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Introduction

1.1 Overview

Wireless communications, are one of the fastest growing fields in the engineering world.

It provides a wide area to search, develop, simulate and design any topics or roots related to
wireless communications systems.

Wireless communication system have many limitations such as, limited spectrum
available, channel environments, fading problem that resulted from multipath, more over
interference and noise that affect the system performance. In multi path environments different
copies of the same signal may reach at the destination with different attenuations (fading
coefficients), with different delays due to scattering, reflections, refractions, diffractions of the
transmitted signals. It's important for the benefit of these copies in order to achieve best quality,
and good capacity. As a result a MIMO system which use multiple antennas at the transmitter
and at the receiver utilize this fading environment to achieve better performance than
conventional wireless communication system that uses single antennas for transmission and
another one for reception.

Researchers develop a new technology which is called spatial diversity that uses multiple
antennas to transmit the same symbol to provide high signal-to-noise ratio (SNR) and cause to
improve the reception, and enhance the data rate. Researchers almost dynamically search about
how to develop MIMO system to enhance the performance of wireless systems based on data
rate and BER. Due to request of people and their continuous need to benefit from the wireless
technologies effectively, i.e. make a video call in cellular system 3G, 4G networks, and other
cellular applications that need high data rate to work properly.

The new system design that improved the wireless communications system performance
to achieve people desires combines the cooperative diversity model with MIMO model to

achieve good performance that we implement in this project.




1.2 The Importance of The Project

Nowadays, multi hop wireless communications systems are able to provide a potential for
broader, and more efficient coverage in bent pipe satellites, and microwave links, as well as
modern ad-hoc, cellular, WLAN, and hybrid wireless networks.(1) ‘

Multiple antennas at transmitter and receiver introduce spatial degrees of freedom into a
wireless communications system and this yield to boost link capacity or enhances link reliability
of MIMO communication system. With spatial multiplexing, we can increase the data rate
without additional cost of bandwidth or power by transmitting data streams simultaneously over
spatial sub-channels which are available in a rich scattering environments. Future wireless
communication environments are highly resource-constrained, offering a limited and tightly
regulated spectrum. It is expected that future wireless broadband communication systems will
operate beyond 5 GHZ, i.e., WLANS at 17 GHZ. )

The energy supply of wireless terminals is usually very limited and must be properly
conserved to gain the longest operational time possible. A promising approach to overcome such
limitations is the use of multiple antennas both to transmit and receive information, also known
as multiple-input multiple-output (MIMO) systems, which can provide a diversity gain as well as
amultiplexing gain at no extra bandwidth or power consumption.(3)

Relays are commonly used in wireless networks to improve the performance, although
the fundamental capacity limits of relay channels have yet to be fully characterized, even for
simple system. (5)

Cooperative diversity has recently become a subject of significant interest in wireless
communications as it realizes the performance of MIMO systems through multiple relays instead
of having multiple transmit or receive antennas at the source and destination. MIMO relay system
is quite useful for communication across multiple base stations in large communication
networks. Furthermore, MIMO relay techniques are also feasible in the ad-hoc networking as the
mobile station can support up to two antennas. In the process the relay combines the symbols
received at the antennas and without decoding, waits for a few time slots depending on the size
of the space-time coding (STC) and then transmit the combined symbols by using STC with

channel status information (CSI) based gain.(6)

In a cooperative diversity network, users cooperate to transmit each other's messages; to
some extent nodes therefore collectively act as an antenna array and create a virtual or
distributed multiple-input multiple-output (MIMO) system. One of the gains in a true MIMO
system is a multiplexing gain in the high signal-to-noise ratio (SNR) regime, an extra factor in
front of the log in the capacity expression. It is shown that cooperative diversity gives no such
multiplexing gain, but it does give a high SNR additive gain. The b.eneﬁts include.an increased
capacity-roughly proportional to the minimum of the number of receive and transmit antennas, a

robustness to fading and shadowing,. (8)

In wireless environment, the fading effects and channel variation often degrade signal
transmission and increase bit error rate. Diversity techniques have been widely used to suppress

channel variation. (9)




: Since the growth of wireless communications technologies, the main interest is how to
increase that data rate (capacity) or the speed of transmission of the system and how to reduce

the proba_lbili'ty of error to enhance the quality and to develop a new application based wireless
communications system with high data rate.

‘ In order to 'achieve a good performance that utilizes the system hardware and
environment, we simulate a system that mitigate or overcome some of the wireless
communications limitations. Which is fixed gain AF MIMO relaying system.

1.3 Project Objectives

In this project there are four main objectives:

1) Studying and perform deep analysis for cooperative diversity based on amplify-and-
forward (AF) relaying protocol under uncorrelated flat fading Rayleigh channel.

2) Implementing four schemes of Cooperative diversity system by using MATLAB
simulation.

3) Studying the BER and capacity performance of these cooperative schemes.

4) Comparing the performance of conventional systems with the performance of
cooperative systems in terms of capacity and BER.

1.4 Literature Review

The authors present efficient performance bounds for multi hop wireless communication
systems with non-regenerative fixed gain relay operating over non-identical generalized fading
channels, and provide the end-to-end SNR formulation, and provide an upper bounded by using
the well-known inequality between harmonic and geometric mean of positive random variables.
Modulate a closed form for end-to-end SNR for Rayleigh, Nakagami-m, and Rice fading
channels. Furthermore expressed the outage performance and the average error probability
for coherent, and non-coherent modulation scheme by using the moment generating function
(MGF) approach. The system model in this paper is a multi-hop wireless communication system
is considered, operating over independent, but not necessarily i.e. fading channels.()

This paper studies the impact of multiple amplifies-and-forward relays on the capacity of
wireless MIMO channels. Furthermore it determines the compound (over two time slots) channel
matrix of the relay assisted MIMO channel for wireless networks with one source ( destination
pair equipped with multiple antennas) and several single antenna gmplify—aqd-fomard. It also
derive the asymptotic Eigen values of the compound channel matrix by letting the number of
transmit and receive antennas go to infinity. Moreover, it determines the asymptotic ergodic
capacity of the amplify-and- forward transmission scheme for Rayleigh and Rice fading

channels.(2)
This paper propose a new amplify-and-forward cooperative spatial multiplexing scheme

in which the transmitter (source), equipped with single antenna, forms virtual antenna array from
collection of distributed single-antenna wireless terminals, and broad cast identical signal to those
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terminals (relays). Each relay amplifies-and-forwards different portion of the received signal at a
reduced data rate to the receiver (destination). The receiver is equipped with multiple antennas,
nulls and cancels the interference from different relays in order of SNR, and detects the original
signal transmitted from the source. The combination of transmitter, relays and receiver forms a
virtual MIMO system in single antenna wireless terminals environment. (3)

I.nstead of multiple antennas at the mobile user, antenna sharing among various users
leads to improvement in the system performance. This paper makes a derivation of BER for dual
hop cooperative network employing non-regenerative relays for MIMO Relay channel
experiencing Rayleigh fading. Also the paper discussed the application of MRC on the source-
relay (S-R) link and space time coding (STC) on the relay-destination (R-D) link for a MIMO
relay channel individually as well as jointly in the MRC-STC scheme. The team work consider
the system model as follows: the source (8), relay (R) and the destination (D) may now support
multiple antennas. There are N relays in the system. The source has M, transmit antennas, the r'™
relay has M, antennas that are used for reception on the S-R link and transmission on the R-D
link, and the destination has Mg receive antennas. All transmissions are on orthogonal channels
use binary phase shift keying (BPSK). (s)

The basic idea of cooperative diversity is that several nodes, each with one antenna, form
a kind of coalition to cooperatively act as a large transmit or receive array. When terminals
cooperate as a transmit array, they first exchange messages and then cooperatively transmit those
messages as a multi antenna broadcast transmitter; similarly for receive cooperation. The channel
therefore shares characteristics with the MIMO channel, such as diversity. Cooperative diversity
for wireless networks was first investigated by Sedonaris et al. for cellular networks and by
Laneman et al. for ad-hoc networks. (s)

MIMO systems are proposed to employ multiple transmitting and receiving antennas for
signal transmission. The BER decreases due to the diversity gain and the increase in degree of
freedom for signal detection. To achieve spatial diversity without multiple antenna equipment's,
cooperative network has been proposed to achieve virtual MIMO systems with single antenna
devices. In cooperative networks, the transmitting nodes use neighbor nodes as relays to obtain
spatial diversity gain. The required mean uplink signal-to-noise ratio (SNR) of cooperative
methods is significantly less than that of non-cooperative transmission. (9)

The study shows a result which is MIMO cooperative diversity offers a 3.4 dB increase
in spectral efficiency at 5% outage, with no additional cost incurred in transmit time, power or
bandwidth. The teamwork consider a fading relay channel where the total transmit power used is
constrained to be equal to that of the standard single-hop channel. The relay channel used
operates in what is termed as MIMO cooperative diversity mode, where the source transmits to
both relay and destination terminals in the first instance. Both the source and relay then transmit
to the destination in the second instance. Initially the cooperative diversity framework is
introduced to consider system constraints so a direct and fair comparison with the single-hop

case can be made. (10)




The team work study the Performance analysis of cooperative multiple-input multiple-
output '(MIMO) relaying system with a single relay. The MIMO scheme is based on Alamouti
sRace—tlme block coding (STBC) over flat fading Rayleigh channel. The source node, equipped
with two transmit antennas, simply broadcasts each STBC code to the relay and the destination
nodes. Then, the relay node, equipped with multiple antennas, amplifies-and-forwards (AF) the
received STBC codes. Finally, the destination node uses maximum ratio combining (MRC) and
exploits the diversity gain obtained through the direct and the indirect links simultaneously.
Lower bounds of the symbol error probability (SEP) and the outage probability are derived by
using the moment generating function (MGF) of the total signal-to-noise ratio (SNR) for a
particular signal of M-ary-quadrature-amplitude modulation (M-QAM). (11

The authors analyze diversity performance of scalar fixed gain amplify-and-forward (AF)
cooperation in multiple-input multiple-output (MIMO) relay channels with multiple source
antennas, multiple relay antennas, and multiple destination antennas. They derive the exact
symbol error probability (SEP) for maximum likelihood (ML) decoding of orthogonal space-
time block codes with M-ary phase-shift keying modulation over such channels. Also they
characterize the effect of MIMO cooperative diversity on SEP behavior in a high signal-to-noise
ratio. (12)

The authors study the performance of existing cooperative protocols in the two-ring
scattering model. The two source nodes and two destination nodes form a 2x2 virtual MIMO
cooperative system. The time division multiple access (TDMA) scheme is proposed with half
duplex mode. They reached to the cooperative diversity brings performance improvement in
correlated channel, even with the keyhole MIMO channel. And, cooperative strategy reduces the
spatial correlation of each path, increases the capacity of the correlated channels and enhances
the overall performance of virtual MIMO system by high quality of cooperative inter-user
channel. (13)

The team work analyzed the system performance of MIMO-Relaying MIMO in different
wireless channels. Relay networks achieve high performance by utilizing cooperation between
nodes which can classified as multi-hop networks and cooperative MIMO relaying networks. As
an important part of "spatial diversity" systems, cooperative diversity involving multi hop data
relays is a solution to improve propagation performance, expanding coverage and enhancing
system capacity in such wireless environments. In the third part mobile devices use and acting as
relays to help the main transmission link for improving the performance such as bit error rate

(BER), data rate and coverage. (14)

The authors studied the Distributed space-time linear dispersion codes that are proposed
for the cooperative strategies amplify-and-forward (AF) and decode-and-forwe}rd (]?F) by
assuming that no channel state knowledge at the transmitter. The work’s team con51d$3r different
configurations regarding the number of antennas at the relay and the dgstinatlon nodes.
Cooperation among users at the physical layer level is studied for the downlink for a cellular

network. (15)




: The team work study the performance of a multiple-relay system with fixed-gain
amplify-and-forward (AF) relaying in Nakagami-m fading channels. To reduce the complexity at
the relays, the ﬁxed-gain relaying scheme has been proposed, which maintains the long-term
average'transmlt power at each relay. With K relays and when the maximal ratio combining
(MRC) is used at the destination, they obtained the average symbol error probability (SEP). (16)

- The e}utho?'s consider multiple-input multiple-output (MIMO) orthogonal frequency
d1v1.s1on mul?lple).(lng (OFDM) amplify-and-forward relay channels. They analyze the maximum
achievable diversity of the coded beam forming scheme in MIMO-OFDM relaying systems. For

systems with multiple source, multiple relay and multiple destination antennas with proper code
design. (17

Cooperative diversity refers to user cooperative diversity because the terminals share
their antenna and other resources to create a virtual array through distributed transmission and
signal processing. In the relays , there is fixed relaying protocols in which the relay either
amplifies what it receives, or fully decodes, re-encodes and retransmits the source message.
These options called amplify-and-forward and decode-and-forward respectively. (19)

Transmission over wireless channels suffers from random fluctuations in signal level
known as fading and from co-channel interference. To solve this problem, we use diversity to
mitigate fading. There is a new way of realizing spatial diversity in this new technology, multiple
terminals in a network cooperate to form a virtual antenna array realizing special diversity in
distributed fashion. The uplink capacity can be increased by cooperative diversity. (20)

Diversity-Multiplexing Tradeoff (DMT) in MIMO relay Channels is a tool to
characterize the fundamental limits of a communication system in fading environment and the
fundamental tradeoff between the reliability and the number of degrees of freedom which
measured by the special multiplexing gain, which is the rate of increase in transmission rate with
SNR. In DMT, the links are assumed to be quasi-static, frequency non selective fading and there
is no direct link between source and destination. The channel status information (CSI) is
available only at the receiving end of each transmission. (21)

Performances of distributed space-time block code (DSTBC) in cooperative MIMO are
analyzed and compared with general cooperative diversity protocols. The increase of cooperative
nodes, DSTBC could obtain both spatial diversity gain and coding gain. In addition, higher order
modulation with the increased number of relays could also enhance the BER performance in
multi-relay cooperative MIMO network. In cooperative MIMO, outage performance and Pair
wise Error Performance (PEP) are the basic index for system robustness. (22)

This paper discusses space-time signal design for a s.imple amplify—ap(.i-forward relay
channel, code design criteria for the relay case that consists of the traditional rank and
determinant criteria as well as appropriate power control rules and the potential benefit of relay-
assisted communication over direct communication depending strongly on the channel
conditions. Finally, it presents a switching criterion bgsed on which the source termi'nal may opt
to forego relay-assisted communication and communicate with the destination terminal directly.
(23)




T.his p.rojec.t simulates and studies the BER and capacity performance for four schemes of
coope.ratlve .dlver31ty system which consists of source (S), relay (R) and destination (D). Each
node is equipped with Mg, M, and My antennas, respectively. In the first scheme each node
equipped with single antennas while the second, third and fourth schemes are equipped with two,
four and eight antennas, respectively. These schemes are implemented based on fixed gain
amplify-and-forward (AF) relaying protocol. Furthermore, this project makes a comparison
between the performance of conventional systems with the performance of cooperative diversity
systems in terms of capacity and BER.

The project system design is different to last works in terms of using relay with multiple
antennas and using fixed gain amplify-and-forward relaying scheme, i.e., the relay just receives
the different copies, due to multipath channel, and amplifies-and-forwards them to the
destination. It assumes the same power on each antenna. It also assume that the transmitted
signal affected by three random flat fading Rayleigh channels, where the channel is not varying
during time separation. In all schemes using BPSK modulation and use MRC at the destination
in order to combine the two signal phases to enhance the total system SNR. And to assume each
node obey half duplex constraint, .i.e., the node can't transmit and receive simultaneously. And it
assumes that the channel status information (CSI) is perfectly known in both relay and
destination. In all AF MIMO relaying systems OSTBC are used.

1.5 Time Planning

The project plan follows the time schedule, which includes the related tasks of study and
system analysis. The time plan is for the first and second semesters:

Table 1.1: Time planning for first semester

Tasks Weeks FalE2zae3lcdnlcs (-6 7 [ 8|9 |10 11 [ 12| 13 ] 14| 15 | 16

Choose a project idea

Collect information
about the project

Writing project proposal

Requirements analysis
System design

Documentations




Table 1.2: Time planning for second semester

Tasks Weeks IelioRis s Sale 5 gl lhgle o sl o rsal 14 as il 16

Learning MATLAB simulation

Writing project software

Analyses the simulation result

Plot explanation curves

Make a conclusions

Documentations

Project delivery

1.6 Cost Estimation

Table 1.3: Cost estimation for software components

Software Component Required Price (%)
Microsoft windows 7 4 600
Microsoft office 2010 4 600
MATLAB software R2011b 4 600

Table 1.4: Cost estimation for hardware components

Hardware Component Price ($)
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Theoretical Background

2.1 The Wireless Channel

A signal propagating through the wireless channel arrives at the destination along multi
different paths which arise from scattering (deviation of waves from a straight trajectory as passing
through the channel), reflection (wave propagating in one medium impinges upon another medium
having different electrical properties, so the wave is partially reflected and partially transmitted) and
diffraction (occurs when the radio path between the transmitter and receiver is obstructed by a
surface that has sharp irregularities) of radiated energy by objects in the environment. The power of
the signal drops off due to three effects; path loss (is a measure of attenuation based only on the
distance to the transmitter ), macroscopic fading and microscopic fading. The first which is the
mean propagation loss is a range dependent, in microcellular environments comes from inverse
square law power loss and received signal power is given by:

A 2
R e . o M @2.1)

Where P; and P are the transmitted and received powers respectively, A, is the wavelength, G;
and G, are the power gains of transmit and receive antennas respectively, and d is the range
separation. In cellular environments the received power can be approximated by:

hehy) 2
O N IREIE MR £ 0 Bt oo v s o b b matisistes o 2.2)

Where hg, h, are the effective heights of transmit and receive antennas respectively, with
assumption that d? >> h¢hy, so the effective path loss follows an inverse fourth power low. In real
environments the path loss exponent varies from 2.5 to 6. Also there are several path loss models

such as Okumura and Hate models.25)

2.2 Limitations Facing Wireless Communication Systems

The major problems that the wireless communications suffer are mainly the limited spectrum
available, propagation channel environment, fading, path loss, interference and noise. Since the
signal may reach the destination from multipath at the receiver side producing many copies of the

signal with different attenuations and with different delays.

The multipath environment causes the fading problem in the channel resulted from
scattering, reflections, refractions and diffractions.

Despite the fact that, multipath arrival of a signal was harmful to the conventional
communication system that uses one transmitter and one receiver, multi antenna systems has
benefited from this multipath propagation phenomena to enhance the system capacity, coverage,
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and quality. But for now the available bandwidth will be the most limiting factor that faces

wirel.ess communication system, thus, all recent research related to wireless field focus on how to
efficiently use the bandwidth..2s

2.3 Fading Models

In wi.rele.ss communications, fading is deviation of the attenuation that a carrier modulated
telecommunication signal experiences over certain propagation media. The fading may vary with
time, geographical position or radio frequency.

The presence of reflectors in the environment surrounding a transmitter and receiver create
multiple paths that a transmitted signal can travel. As a result, the receiver sees the superposition
of multiple copies of the transmitted signal, each traveling a different path. Each signal copy will
experience differences in attenuation, delay and phase shift while travelling from the source to the
receiver. This can result in either constructive or destructive interference, amplifying or attenuating
the signal power seen at the receiver. Strong destructive interference is frequently referred to as a
deep fade and may result in temporary failure of communication due to a severe drop in the channel
signal to noise ratio.

Fading channel models are often used to model the effects of electromagnetic transmission
of information over the air in cellular networks and broadcast communication. Mathematically,
fading is usually modeled as a time varying random change in the amplitude and phase of the
transmitted signal.

There are two main types of fading, small scale fading and large scale fading:

e Small Scale Fading (rapid fluctuations in the signals envelope) characteristic of radio
propagation resulting from the presence of the reflectors and scatters that cause multiple
versions of the transmitted signal to arrive at the receiver, each distorted in amplitude,
phase and angle of arrival.

Small scale fading has the following forms; Slow fading, Fast fading, Flat fading, and Frequency
selective fading.

e Large Scale Fading (slow fluctuations in the signals envelope) is explained by the
gradual loss of received signal power (since it propagates in all directions) with
transmitter receiver separation distance.

Several fading models have been developed, here are the most used

1) Rayleigh Fading: Is a statistical model for the effect of a propagation environment on a
radio signal, such as that used by wireless devices. Rayleigh fading models assume that the
magnitude of a signal that has passed through a communication channel will vary randomly,
or fade, according to a Rayleigh distribution. Rayleigh fading is most applicable when there
is no dominant propagation along a line of sight between the transmitter and receiver.
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The Rayleigh distribution has a probability density function given by:

2

r r
P(r) ={,,—z D (‘ m) V&7 S e o i S e B 2.3)
0 r<0

. Where 02 i.s the root mean square (rms) of the received voltage signal before envelope
detection, and o* is the time average power of the received signal before envelope detection. (25)

2) Rician Fading: Whenever there is a dominant stationary signal component present, such as
a line of site propagation path, the small scale fading envelope is Rician. In such a situation,
random multipath components arriving at different path are superimposed on a stationary
dominant signal. The Rician distribution degenerates to a Rayleigh distribution when the
dominant component fades away.

The Rician distribution is given by:

r (Ar _(inz)
P(r)=;(;)e B LT 0 e b e DY
0 <0

Where the parameter (A) denotes the peak amplitude of the dominant signal. The
Rician distribution is often described of a parameter K which is defined as the ratio between
the deterministic signal power and the variance of the multipath. 27)

2.4 Space Time Channel Mode

The space-time channel is a channel that use multiple antennas at the transmitter and/or
receiver in a wireless system. The typical space-time (ST) wireless system consist of M; transmit

antennas and M; receive antennas.
|
1 I >

input ; ™ Modulation RF De }‘“’tp"t
iz W .ST codlr)g RF pre- Y V demodulation interleaving —»
interleaving filtering . . post-filtering| | ST receiver |

|
!

Figure 2.1: schemes of a ST wireless communication system

The input data bits enter a ST coding block that add parity bits for protection against noise
and also capture diversity from space and possibly frequency or time dimensions in a fading
environment. After coding, the bits (or words) are interleaved a cross space, time, and frequency and

mapped to data symbols.
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. Thf? Signf:lls pass through the radio channel where they are attenuated and undergo fading in
multiple dlmenglons before th§y arrive at the M, receive antennas. Additive thermal noise in the M,
parallel RF chains at the receiver corrupts the received signal. The mixture of signal plus noise is

matched—ﬁltered and sampled to produce M, output streams. These streams are them ST de-
interleaved and ST decoded to produce the output data bits.

The difference between a ST communication system and a conventional system comes from
the use of mult1_ple antennas, ST encoding or interleaving, ST pre-filtering and post filtering and ST
decoding or de-interleaving, (28)

There are many ST channel models including SISO, SIMO, MISO, and MIMO.
2.4.1 SISO Channel

S(?) Y(2)

Tx Rx

Figure 2.2. single-input single-output system

SISO refer to single-input single-output; is a radio channel where we have one antenna in the
transmitter and one antenna in the receiver. There is no diversity and no additional processing
required. The advantage of SISO system is its simplicity. However, the SISO channel is limited in
its performance, interference and fading will impact the system performance more than a MIMO
system that using some kind of diversity and spatial multiplexing.

Let us consider h (t,t) be the time varying channel impulse response that comes from the
input of the pulse shaping filter g(t) at the transmitter through the propagation channel p (t,t) , to
the output of the receiver matched filter.

If a signal S (t) is transmitted, the received signal Y (1) is given by:

Ya()i= foth (7, t)S (t— t)dt=h @ t)xS ® + M e s e e s s 2.5

Where:

h(t, t), S (t), Y (t) are complex envelopes of a narrow band signal, n(t) additive white Gaussian
noise and * denotes the convolution operator and assumed a casual channel impulse response of

duration t total
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If we assumed SISO system in AWGN channel. The spectral efficiency is expressed as:

C=log,(1+ SN Ea b 220y 7N S i ot s o s (2.6)

Where SNR is the average signal-to-noise ratio at the receiver.

To impr.ove the performance of SISO system, engineers traditionally used several techniques
to combat multi path, such as diversity which will explained briefly in the next sections.(28),29), 30)

2.4.2 MIMO Wireless Communication
2.4.2.1 MIMO Concept

A MIMO is referring to multiple-input multiple-output. The basic concept of MIMO is the
use of multiple antennas at the transmitter and receiver in wireless system.

T \/ Vi B
et
__SL_J> £ -

Figure 2.3. multiple-input multiple-output system

The multiple antennas can be used to increase data rates through multiplexing or to improve
the performance through diversity. Multiplexing is obtained by exploiting the structure of the
channel gain matrix to obtain independent signaling paths that can be used to send independent data.

The cost of the performance enhancements obtained through MIMO techniques is the added
cost of deploying multiple antennas, the space and power requirements of these extra antennas
(especially on small handheld units), and the added complexity required for multi-dimensional

signal processing.

2.4.2.2 MIMO Channel
Consider a MIMO system with M; transmit antennas and M, receive antennas. Denoting the
impulse response between the jth G=1,2,........ , M) transmit antenna and the ith ((i=1,2,........ , M)

receive antenna by h;;(t, t),the MIMO channel is given by:
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h1,1 (T, t) h1,2 (T, t) hl,Mt (T, t)
Hw )= : :

hMr,l (Tr t) hMr'Mt(T' t)

‘The vector [hy;(T,t)[hy;(T,0).......... hlhy ;(t)] T is the channel induced by the jth
transmit antenna. Across the receive antenna array. Furthermore, given that the signal Si(t) is
launched from the jth transmit antenna, the received signal at the ith received antenna.

Y;(t) is given by:
DA GBS (D) (), 1= 1,2, ... ML 0 1 ool sty of 2.8)
The input- output relation for the MIMO channel can be expressed as:

S TR 2 ST A, T e It e (2.9)

Where S(t) = [sl(t)s2 @ th(t)]Tis an M; X 1 vector, and

T,
y(t) = [yl(t)yz (® ...yMr(t)] is an M, X 1 vector.(s), 31)

2.4.2.3 MIMO Frequency Flat Channel Sampled Signal Model

The channel is modeled by a matrix H of dimension M, X M;. The signal model is:

Y[ = \/;:iHS[K] e e NSRRI 2.10)

Where Y[k] is the received signal vector with dimension M; X 1, S[k] is the transmit signal
vector with dimension M; X 1 and n[k] is the noise vector with variance N, in each dimension.
Since the output at any instant of time is independent of inputs at previous time, we can drop the

time index k for simplicity and express input-output relation as:

2.4.2.4 Capacity of The Frequency Flat Deterministic MIMO Channel

In general the capacity of wireless channel is the basic measure of performance which
request the maximum rate of communication for which arbitrary small error probability can be

achieved.(2s), (29)

Assume the channel has a bandwidth of 1 Hz and is frequency flat over this band and the
channel is unknown to the transmitter. Then the capacity of MIMO channel is given by:
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C = log, (det (IMr ar ﬁ;o HH“)) bps El S SN D o sl W (2.12)

2.4.2.5 The Benefits of MIMO Technology

There are many benefits of MIMO technology that help achieve such significant
performance gains such that:

1) Array Gain

Array gain refers to the increase in the SNR that result from a coherent combining affected
of the wireless signals at the receiver. Array gain improves resistance to noise, thereby improving

the coverage and the range of a wireless communication network. Array gain exploitation requires
channel knowledge at the transmitter.

2) Spatial Diversity Gain

Spatial diversity gain mitigates fading and is realized by providing the receiver with multiple
copies (independent) of the transmitted signal in space, frequency, or time. The diversity order
which refer to the number of copies if the copies increased as a result decrease the effect of fading or
combat the fading because the receiver combines the independently faded versions of the same
signal so the resultance signal reduced amplitude variability hence improving the quality (improving
SNR), and reliability of reception.

3) Spatial multiplexing gain

MIMO system offers a linear increase in data rate (capacity) through spatial multiplexing,
i.e., using MIMO you can transmit or receive from multiple independent data streams
simultaneously within the same bandwidth and with no additional power expenditure. This is only
possible in MIMO channel under rich scattering environment. The spatial multiplexing gain
increases capacity of a wireless network.

In practical wireless communication system there is a tradeoff between the diversity gain and
the spatial multiplexing gain because the diversity benefit assumes that the data rate is held constant
and BER decreases as SNR increases, while multiplexing assumes the BER is held constant and data
rate increases with SNR, by use of increasingly bandwidth efficient modulation and coding schemes.

4) Interference Reduction

Co-channel interference a rises due to frequency reuse in wireless communication channel or
when multiple users sharing time and frequency resources. Interference can be mitigated in MIMO
channel by exploiting the spatial dimension to increase the separation between users so allows using

of aggressive reuse factors and improves network capacity.
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combination of the benefits a cross a wireless ill im
n ne i -
reliability.28),31),32),33) twork will improve capacity, coverage, quality, and

2.5 Binary Phase Shift keying (BPSK)

i anbbltI‘I:I'Y pt}\::se siuft keying (BPSK), the phase of a constant amplitude carrier signal is
switched between two values a according to the two possible signals m; and m,, corresponding to

b.inary. 1, and' 0, respectively, Normally, the two phases are separated by 180 degree. If the
sinusoidal carrier has an amplitude A, and energy per bit:

Ll o)
Ep = 2Ach ................................................................................. (2.13)

Where T}, is the bit time.

o
Y
o 8
< L B

Figure 2.4: Constellation Diagram Example for BPSK.

Then the transmitted BPSK signal are:

Shpsk(t) = ’%32 cos(2nf t+6c); 0=ts Ty, (binary 1)...eeeeeeeeeiiiinniinii, (2.14)
b

Sppsk() = — ’EE—‘QCOS(ZthCt +6.); 0st< Ty, (binary 0) «ocoeviinniiiininie (2.15)
Tp

BPSK herent demodulation which requires that information about the phase and
uses co ’

frequency of the carrier be available at the receiver.(31, (34
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2.6 Diversity
2.6.1 Principle of Diversity
In wireless mobile communications, diversit

multipath fading and improve the reliability of t
power or sacrificing the bandwidth.

y techniques are widely used to reduce effects of
ransmission without increasing the transmitted

.The p.rmmple of diversity is to provide the receiver with multiple versions of the same
transmitted '51gnal. Each of these versions is defined as a diversity branch. If these versions are
affected by independent fading conditions, the probability that all branches are in a fade at the same
time reduces Qramatlcally. To understand the mechanism, let p denote the probability that the
instantaneous signal-to-noise ratio is below a critical threshold on each diversity branch. Then with

independently fad'efl branches, p“ is the probability that the instantaneous signal-to-noise ratio is
below the same critical threshold on all L diversity branches.

Continuously selecting the path with the best signal quality will result in an improved
communication link. Different ways of accessing the radio channel (diversity) are possible to obtain
uncorrelated paths. In most wireless communication systems a number of diversity methods are used
in order to get the required performance. According to the domain where diversity is introduced,
diversity techniques are classified into time, frequency and space diversity. (27), (37),(40)

2.6.2 Diversity Kinds

2.6.2.1 Time Diversity

Time diversity can be achieved by transmitting identical messages in differept ti‘me slots,
which results in uncorrelated fading signals at the receiver. The required time separation is at least
the coherence time of the channel, or the reciprocal of the fading rate 1/44. Thg coherence time is a
statistical measure of the period of time over which the channel fa@lng process is correlgted. :

The time separation between the replicas of the transmitted .51gna¥s is prov1defl by time
interleaving to obtain independent fades at the input o_f the decoder. S}nce time interleaving results
in decoding delays, this technique is usually effective for fast fading environments where the

coherence time of the channel is small. For slow fading channels, a large interleave can lead to a

significant delay which is intolerable for delay sensitive applications such as voice transmission.

sed for stationary applications, since the channel coherence
y correlated over time. For example, when a mobile radio

help to reduce fades.

: Clearly time diversity can’t be u
time is infinite and thus fading is highl
Station is stationary, time diversity cannot

i i ire i d transmit power, but it does decrease the data rate
Ti i does not require 1ncrease ' : .
Since datan;: r(el;ve(;rtselsy in the diversity time slots rather than sending new data in these time slots. Due

to the redundancy introduced in the time domain, there is Joss in bandwidth efficiency.
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2.6.2.2 Frequency Diversity

In frequency diversity, a number
message. The frequencies need to b
ecach frequency. The frequency s
bandwidth will guarantee that
uncorrelated. The coherence band

2 separaotgdd;fferent frequenci'es are used to transmit the same
£ vy glough to ensure 1ndepe:ndent fading associated with
e e (?rder of geveral times the channel coherence

.- lading statistics for different frequencies are essentially
width is different for different propagation environments.

: In mobile communications, the replicas of the transmitted signals are usually provided to the
receiver in the form of redundancy in the frequency domain introduced by spread spectrum such as
direct sequence spread spectrum (DSSS), multicarrier modulation and frequency hopping. Spread
spectrum techniques are effective when the coherence bandwidth of the channel is small. However
when the coherence bandwidth of the channel is larger than the spreading bandwidth, the multipatlr;
delay spread will be small relative to the symbol period. In this case, spread spectrum is ineffective
to provide frequency diversity. Like time diversity, frequency diversity induces a loss in bandwidth
efficiency due to a redundancy introduced in the frequency domain. This technique requires
additional transmit power to send the signal over multiple frequency bands.

2.6.2.3 Space Diversity

Space diversity has been a popular technique in wireless microwave communications. Space
diversity is also called antenna diversity. It is typically implemented using multiple antennas or
antenna arrays arranged together in space for transmission and/or reception.

The multiple antennas are separated physically by a proper distance so that the individual
signals are uncorrelated. A disadvantage of space diversity is the increased volume needed to
contain multiple antennas. The attractiveness of this diversity implementation is its simplicity.

The separation requirements vary with antenna height, propagz.ition envirompent and
frequency. Typically a separation of a few wave.leng’(hs is enough to obtain correlated signals. }Iln
space diversity, the replicas of the transmitted 51gnals are usually pr9v1de.d to the I'Z(.:elve'r mdt e
form of redundancy in the space domain. Unlike time and frequency diversity, sp;ceh.lvercsllty oes
not induce any loss in bandwidth efficiency. This property is very attractive for llgh e;ta rate
wireless communications. Polarization diversity and angle diversity are two examples of space

diversity. 27), 31), 37,39
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(iReceiven el (b) Transmit diversity

Figure 2.5: Receiver Diversity (SIMO) and Transmit Diversity (MISO).

2.6.3 Diversity Combining Methods

In general, the performance of communication systems with diversity techniques depends on
how multiple signal replicas are combined at the receiver to increase the overall received SNR.
Therefore, diversity schemes can also be classified according to the type of combining methods
employed at the receiver.

According to the implementation complexity and the level of channel state information
required by the combining method at the receiver, there are main types of combining techniques,
including selection combining (SC), equal gain combining (EGC) and maximal ratio combining
(MRC). Diversity combining that takes place at radio frequency (RF)' is called pre-detecqon
combining, while diversity combining that takes place at baseband is calle(} post-detection
combining. In many cases there is no difference in performance, at least in an ideal sense. The
maximum diversity order of a system with M antennas is M,. and whep tl}e diversity order equals M
the system is said to achieve full diversity order. The diversity order indicates how the slope of the

average probability of error as a function of average SNR changes with diversity.

2.6.3.1 Selection Combining

Selection combining (SC) is a simple diversity compining. method. The diversity co-mbinei
selects the signal with the largest instantaneous signal to noise ratio (SNR) at every symbol 1'nterv}zli
as the output, so that the output SNR is equal to that of the best incoming signal. In practice, the

signal with the highest sum of the signal and noise power (S+N)is usually used, since it is difficult

to measure the SNR.

ires j i t is switched

i i i SC often requires just one receiver tha
Si anch is used at a time, ¢ :
into the : cte oy to - brbranch However, a dedicated rec':elver on each antenna. branclh may.tbe
s ctive an eflllni : nsmi.t continuously in order to sm_lultaneously and contlmuolllls y monitor
SNR & or sg/stems t SV : Lasc the path output from the combiner has an SNR e:qu';l1 to the rfnaxlg{uin
SNR 01; zeﬁc thbr?)nch. h . Moreover, Since only one branch output 1s used, co-phasing of multiple
€ branchnes. 5
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anches is not required, so thj .
br > this techmque can be used wj s 3 x
modulation. with either coherent or differential

The average SNR of the combiner output in Rayleigh fading is:

S 1
YZ = Y Z{\fl__l T .................................

' R SRR S (2.16)
Where, M is the number of branches (diversity order), ¥ is the average SNR on each branch

th in i .
Thus, the average SNR gain increases with M, but not linearly. The biggest gain is obtained

by going from no diversity to two-branch diversi i
% s ity. Increasing the i i
from two to three will give much less gain than going from one ti two RN

Rx1 Rx2 RxM
® 4 ‘ . e e e £ |
RF RF 1
RF
Fromnt End Front End Front End

I !

Logic Selector

l Output

2>
Figure 2.6: Selection Combining Method

2.6.3.2 Maximal Ratio Combining

In this method first proposed by Kahn, the signals from all of the M branches are wgighted
according to their individual signal voltage to noise power ratios and then summed. The individual
signals must be co-phased before being summed (unlike selection diversity) which generally

requires an individual receiver and phasing circuit for each antenna element.

: b 1 to the sum of the individual SNRs.

Maximal ratio combining produces an output _SNR equa

Thus, it has the advantage of producing an output with an acceptable SNR even \yhen none pf the
; le. This technique gives the best statistical reduction of

indivj . tab
ividual signals are themselves accepta ignal processing (DSP) techniques

fading of an i . arcity combiner. Modern digital si
y known linear diversity ¢ - e
and digita] receivers are now making this optimal form of practical diversity.
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Figure 2.7: Maximal Ratio Combining and Equal-Gain Combining (a; = 1)

In maximal ratio combining (MRC) the output is a weighted sum of all branches, so the a;s
are all nonzero. Since the signals are co-phased, @; = a;e /%', where ; is the phase of the incoming
signal on the ith branch and a; is the weight of ith branch. Thus, the envelope of the combiner

output will be r = XM, a; rj.

Assuming the same noise power spectral density ( PSD) N, in each branch yields a total noise
PSD N, at the combiner output of Niot = Z?’io a;? Ny. Thus, the output SNR of the combiner is:

2
s | M, airi)
= R

Niot No Ziwioaiz

...................................................
............
............

The goal is to choose the a; to maximize Y- Then 5 = My. Where, M is number of branches

(diversity order) and ¥ is average SNR on each branch.

2.6.3.3 Equal Gain Combining

e time varying SNR on each branch, which can be very
_gain combining, which co-phases the signals on
= ¢~ J% Where, a; = 1 for all

_ MRC requires knowledge of the t ;
difficult to measure. A simpler technique 1S equa

each branch and then combines them with equal weighting, @;
branches,

t simple linear combining method. It does not
h individual branch. Instead, the receiver sets the




each branch, is then given by: put, assuming equal noise power spectral density (PSD) Ny in

al 2
V2= Nt (Zilvio r-)
2.7 Cooperative Communications

2.7.1 The Concept

Cooperative communications, allow users in the system to cooperate by relaying each other’s
messages to the C!CStlr.lathI:l. By doing so, users can effectively form a distributed antenna array that
emulates the spatial diversity gains achievable by centralized MIMO systems.

Due to multipath fading, the signal-to-noise ratios (SNRs) at the destination may vary
rapidly over time, causing communication outage whenever one of the user's SNRs falls below the
required level. However, if the two users can cooperate by relaying each other's messages to the
destination, communication outage will occur only when both users simultaneously experience poor
channels, thereby improving the transmission reliability.(26)

2.7.2 The Benefits of Cooperative Diversity

Cooperative communications is a new communication paradigm which generates
independent paths between the user and the base station by hintroducing a.relay channel. Henc.e,
cooperative communications is a new paradigm shift for the 4' .gener.at.lon wireless system that will
guarantee high data rates to all users in the network, and it anticipated that will be the k.ey
generation wireless networks. In terms of research, cooperative

technol tsinkion
2y « Copetl y channel and MIMO systems. (41)

communications can be seen as related to research in rela

2.7.3 The Relays

2.7.3.1 The Concept

xiliary channel to the direct channel between the
The relay channel can be thought of as an au :

Source and desti};lation Since the relay node is usually several wayelengths dlsltanthfrcl)lrr} the ;ource,
the relay channel is gl.laranteed to fade independently from the direct channel, which introduces a

full rank MIMO channel between the source and the destination.

s setup, there are a-priori fgw constraints to different. nodc?s
itted by another transmitting l?ode. Thc? new paradigm in
ropriate signal processing algorithms at the nodes,
heard from other nodes and be made to

In the cooperative communication
Ieceiving useful energy that has been .em
user cooperation is that, by implementing b s over
multiple terminals can process the transmlsillon
Collaborate by relaying information for each other.

25




The relayed information j
spatial diversity. This creates a?leltzv;?]t()stig?eczg}; COmbigec(l1 at a destination node so as to create
: _ ¢ regarded as a system i i istri
multiple antenna where collaborating nodes create diverse signal pa};hs for r::::l}? nc:tehnc:;ng -

2.7.3.2 Cooperative Relaying Schemes
There are some basic cooperative relaying techniques such as:

1)  Decode-and-forward Relaying (DF)

Decode-and-forward (DF) relaying schemes refer to cases where the relay explicitly decodes
the message transmitted by the source and forwards a newly generated signal to the destination.
These §chemes are alsp known as regenerative relaying schemes, which have been widely adopted
in the literature, including those employed in conventional multi-hop networks.

There are three variants of DF relaying schemes:
a- The basic DF relaying scheme (Basic DF)
b- The selection DF relaying scheme (Selection DF)
c- The demodulate-and-forward (DeF) relaying scheme.

2) Amplify-and-Forward Relaying(AF)

In amplify-and-forward (AF) relaying schemes, the relay amplifies the analog signal
received from the source and forwards it to the destination (without explicitly decoding or

demodulating the messages or symbols) as shown in figure 2.8.

/’/\\‘

These schemes are also referred to /*71. P STt |
as non-regenerative relaying schemes. / N 4
Here, relays need not have knowledge of S ﬁ/
the encoding or modulation schemes 7
employed at the source. Moreover, in i gl
addition to its low complexity, AF // i Q phas";z
schemes are also desirable when the [ source | 7
quality of the source-relay (S-R) link is \ G &
not sufficient to guarantee reliable 3 N #
decoding at the relay. In this case [ Relay |
?mplifying the analog signal preserves soft \}:{y/

information that can be further exploited at

the destination_ Figure 2.8. Iilustration of amplify-and-forward (AF) relaying scheme.
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We describe two variants of AF relaying schemes:

a- The basic AF relaying scheme with

; e and wj ¢ . oL e ]
T Hhemaintideatofony Braisoi ithout d1versnty combining at the destination. This

will be explained in chapter 3.

b- Incremental AF Relaying Scheme

The basic AF relaying scheme is able to ach
h e " : 4
O 0 2l Phase 2 are combined for detectiona:t :;:l\ée full diversity when signals received in both

(including the DF schemes) may not be bandwidth effi
the same codeword is transmitted twice over the entire

qestlnation. However, the relaying schemes
cient, compared to direct transmission, since
cooperative transmission period.

To improve upon this, as illustrated in figure (2.9), where the Phase 2 of the cooperative
transmission is utilized only when the source transmission fails in Phase 1. This leads to higher
bandwidth efficiency, since the second transmission phase is not always required, and can be
achieved with a simple feedback mechanism at the destination.

ACK/NACK?’
ph?Se 2
;
.[.
G V4
> ;
.[.
> Relay

Illustration of incremental AF relaying scheme.

Figure 2.9.

3) Selective Relaying Scheme

_noise ratio of the signal received at the relay exceeds a
e-and-forward operation on the message._On the other
the relay has severe fading such that the 51g.nal-.to-noise
reover, if the source knows that the destination does

it the information to the destination or the
110t dec ource may repeat to transmit 10 . ;
relay rr?;; ;Zrl;ecfté};;::rzn it:llf?oimation, which is termed as incremental relaying. In this case, a

feedback channel from the destination to the SOUTce and the relay is necessary.

In selective relaying, if the signal-to
certain threshold, the relay performs decod
hand, if the channel between the source and
ratio is below the threshold, the relay idles. Mo
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5 Compress-and-Forward Relaying Schemes

Compress-and-forward (CF .

qua ntized, estimated, or COmpre(ssecg VreerI:iOns L to cases where the relay forwards
. l 2 . .

the relay in CF schemes need not decode S Observation to the destination. In contrast to DF

destination (R-D) link.

Il? fact, it hfls bc?en shown that CF can outperform DF when the relay is farther from the
source Q.e., decoding is less reliable at the relay) and is closer to the destination (i.e., more
information can be conveyed to the destination through the R-D channel). Moreover C’F also
provides a more general form of compression compared to the simple scaling done in AF. ’

.The CF relaying scheme also takes on two phases of transmission. In Phase 1, the source
transmits a message to both the relay and the destination, where the received signals are denoted by

1 : \
Y; and y¢ ), respectively; in Phase 2, the relay compresses Y, or extracts from Y, the information
that is most useful for the decoding at the destination.

The compression at the relay must be performed with only statistical knowledge of the signal

received at the destination, i.e., Y(l), which relates to the works on distributed source coding or
source coding with side information. One approach to achieve this task is the use of Wyner-Ziv
coding (WZC) at the relay. 26)41)

2.8 Space-Time (ST) Coding

Space-time coding finds its applications in cellular communications as vyell as in inreless
local area networks. Some of the work on space-time coding focuses on explicitly improving the
performance of existing systems (in terms of the probability.of jncorrectly detectfed data .packets)'by
employing extra transmit antennas, and other research capitalizes on thq promises of information
theory to use the extra antennas for increasing the throughput. Speaking in very general terms, the
design of space-time codes amounts to finding a constc?llatlon .of matrices ‘that s?tlsfy certain
optimality criteria. In particular, the construction of space-time coding schemes is to a afgel .ex.tentha
trade-off between the three conflicting goals of maintaining a simple c%ec‘oc.lmg él-e_-’f‘mlt t €
complexity of the receiver), maximizing the error performance, and maximizing the information

rate. :
The term space-time code is most commonly used to refer to a particular type of MIMO

iective i imize diversi in. he generalized sense, a
transmission scheme whose objective is to maximize diversity gain. In t .
Space-time cosde is the generalijzation of a conventional code ZUCh ats a if,:‘ézrsdo;rsm; ;glrsreggr;ﬁ
(FEC) code. Such a code is defined as a set or codebook C of M 1stmlc seq Ste]lationy 1 res’emin
binary but .in wireless communication often drawn from a cc;z:lp ;xncogomplex Vecté,rs Whosi
modulated signals. For a space-time code these symbols becohmte e ritit : by
elements represeni the modulated signals transrrptted on ;ac trlil Tt éymbols | el hese
ctor symbols space e il s ?Fn; . de sequences become arrays or
on each antenna,p which are the elements of the vectors. Ihe €0 q

Matrices of complex modulation symbols.
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2.8.1 Alamouti Space Time Code

The Alamouti scheme is historica]]

s . y the first s
diversity for systems with two transmit 5 Geee

-time block code to provide full transmit

o AN LT ntennas. [t ?s worthwhile to mention that delay diversity
SC Iversity, but they introduce interference between symbols and

chplffx det;ct.ors ane ll'e;l}llred_ at the receiver. In this section, we present Alamouti’s transmit
diversity technique, including encoding and decoding algorithms and its performance

Xyt
X X 1 2
L X Xf]

Information j
source  — Modulator I Encoder ,

Figure 2.10: Alamouti space-time Encoder

Figure (2.10) shows the block diagram of the Alamouti space-time encoder. Let us assume
that an M-ary modulation scheme is used. In the Alamouti space-time encoder, each group of m
information bits is first modulated, where m = log, M. Then, the encoder takes a block of two
modulated symbols x; and x,. In each encoding operation and maps them to the transmit antennas
according to a code matrix given by:

X =[X1 _Xzi] .................................................................................... (2.19)
X2 X

The encoder outputs are transmitted in two E:onsecutive: transmission periods from two
transmit antennas. During the first transmission perlod,.tWO signals x; and x;are t.ransmxyted
Simultaneously from antenna one and antenna two, reSpeCth§IY- In thf second transmwswn period,
signal —x,* is transmitted from transmit antenna one and signal X, .fr;)m tr.an‘im;;t tEillntenna tWO(i
where X,* is the complex conjugate of x;. It is clear that, the encoding is done (;n ot . e slpac;: an2
time domains. Let us denote the transmit sequence from antennas one and two by X" and X%,

respectively.

The key fi £ the Alamouti scheme is that the transmit1 sequer;ces from the two transmit
E s x! and x* is zero,
antennas are orthogonal, since the inner product of the sequence

(1.6., X1 -Xz =X1x2* — xz*xl = O).
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The code matrix has the following property:

H — [Ix1l?+[x; |2 0
ia [ 0 buleige] = st o R R e (2.22)

Where I, is a 2 % 2 identity matrix.

di 5 leliitn;,(:;ltl ;;henl‘(le achieves the full diversity with a very simple maximum likelihood
decoding alg ; € key feature of the scheme is orthogonality between the sequences

generat.ed by the two tran§mit antennas. This scheme was generalized to an arbitrary number of
transmit antennas by applying the theory of orthogonal designs. (27

2.8.2 Space-Time Block Codes (STBC)

In an STBC, the data stream to be transmitted is encoded in blocks, or code words C, which
are distributed among M antennas and across t time slots. Despite the name, an STBC can be
considered as a modulation scheme for multiple antennas that provides full diversity and very low
complexity encoding and decoding but, in general, cannot provide coding gains. The simpler block
codes were envisioned by Alamouti and later by Tarokh et al.

Figure (2.11) shows an encoder structure for space-time block codes. In general, a space-
time block code is defined by an npx p transmission matrix X. Here nt represents the number of
transmit antennas and p represents the number of time periods for transmission of one block of
coded symbols.

T
jX‘
Space-time ' Tt
Information Modulator ——# Block Encoder :
source % o

Figure 2.11: Encoder for STBC

onstellation consists of 2m points. At each encoding

: . : i d into the signal constellation to select k
ope rmation bits are mapped 1 . /

n'In)o ;i’ilciné a block of ka 1n§? where each group of m bits selects a constellation signal. T.he k
modulzted SI.gnalls X1 f;ncodeg by a space time block e.nCOder to generate np parallel sngna(;
Sequenc:s osfl‘glr;ll ;t har; according to the transmission matrix X. These sequences are transmitte

i i iods.
through ny transmit antennas simultaneously in p time per

Let us assume that the signal ¢
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In the space-time block code, the number o
encoding operation is k. The number of transmiss
coded symbols through the multiple ¢
symbols transmitted from each antenn

f symbols the encoder takes as its input in each
lon periods required to transmit the space-time

ransmit antennas is P. In other words, there are p space-time
as for each block of k input symbols.

The rate of a space-time block code i
the encoder takes as its input and the numb
antenna. It is given by R = k/p.

s defined as the ratio between the number of symbols
er of space-time coded symbols transmitted from each

The spectral efficiency of the space-time block code is given by:

rsmR _ km

D s e e (2.23)

Where ry, and rg are the bit and symbol rate, respectively, and B is the bandwidth. 27), 28)
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3.1 Introduction

In this chapter, we explain our s
; 2 JUr systems that are fixed paj lify-and-
SISO relaying system, and ﬁx.ed gamn amplify-and-Forward (AI%) rI\I/I;lII\I/I]pOlfyl oA (1’\}1;)
discuss the general system de : . [eayngeaysiell. e

scheme, and explain the overall system flow chart for both schemes

3.2 Analysis Design
3.2.1 Amplify-and-Forward (AF) Relaying System

: In amplify-and-forward (AF) relaying schemes, the relay amplifies the analog signal
received from the source and forwards it to the destination (without explicitly decoding or
demodulating the messages or symbols). Figure 3.1 illustrates the AF relaying scheme.

These schemes are also referred to as non-regenerative relaying schemes. Here, relays
need not have knowledge of the encoding or modulation schemes employed at the source.
Moreover, in addition to its low complexity, AF schemes are also desirable when the quality of
the source-relay (S-R) link is not sufficient to guarantee reliable decoding at the relay. In this
case, amplifying the analog signal preserves soft information that can be further exploited at the
destination. (26)

Destinat

X, (D) =aY,®
fy-and—forward (AF) relaying scheme.

Figure 3.1. Illustration of ampli

i t
3.2.1.1 Fixed Gain Amplify-and-Forward (AF) SISO Relaying System

forwards a scaled version of the received

In the basic AF relaying scheme, e quality. Specifically, in Phasel

- -R) link
Signal to the destination, regardless of the sOuree relay (S-R)
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the source transmits the symbo] p]

. 0(&(){ =
destination, where the received sign s= [X4[0],

als are given by:' -+ > X5 [M -1]] to both the relay and the

yr[m] = hs,r\/FsXs[m] + Wi[m]

Form=0,... . M—-1.

In P 1-1“}1133 2, the rezlay first scales the received signal in (3.1) to yield a normalized transmit
vector X, wit .E[|Xr[m]| ].= 1, for all m. If only the mean of the channel gain 12, is known, the
relay can multiply the received signal y,. [m] by a fixed gain: 2 :

G = == —1
f ‘\/E[]yr[m:“z] Jpsn§r+0¥ ..................................................................... (3-3)

= (}f}/ [II]] = ——__EZEE;___IJ X.Im i _____}_____
g sim] mer[m] ............................. (3.4)

Where the constraint E[|x,[m]|*]= 1 is satisfied. This is referred to the fixed-gain AF
relaying scheme. Then, with power P, the relay forwards the signal X, to the destination, where
the received signal can be expressed as:

X;[m]

ya@[m] = /P h X, [m] + W@ [m]
o / E @
Psnés,r:-oﬁ hs,rhr,dXs [m] + -Ps_’ﬂ.é,rr_‘“T% hp qwy [mli b Wi 4 m]ssesivesnes (3.5

For m=0,.. . M-1.

The signals arriving at the destination can be utilized for detection with or without
diversity combining. The performance of these two cases will be discussed in the following:

Case 1: Without Diversity Combining (without direct link (S-D))

. 2 g Sas .
In the case without diversity combining, only the signal yg ) will be utilized for detection
at the destination. By (3.5), the received SNR in this case can be computed as:

PsPr

2 i |2
il el s e 7 S (3.6)
YBasicAF,1 = ~ po2 Vsr +¥ratt

2 2
2 zlhr,dl + Gd
Psnsr+or

2
2 = o=
Where Vsr = Ponr /0% Yra = Pr|hr,d| /oG and Ysr PSthW' /ox

ity is given by:
Thus the maximum achieved end to end capacity is g1ven by

S ol cle lsieloreleisisisleloise o inisteinls oloioete 3.7
i _1_-_ 1+ :’-——-—') ................
CBaSiCAF,I(Ys,rr YF,d) ) logz ( Ysr +yratl
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Case 2: With Diversity Combining (with direct link (S D))

: nin : o
(3.5), can be optimally combined at the dg’ ; he .Slgnal‘s received in Phases 1 and 2, i.e.(3.2) and

" sPr ht bt
"Y" (1) VPShs,d €)) Psng,r +02 STrd
; % — I, 4702 R St (3.8)
I e e e R S :

The effective SNR at the output of the MRC s given by:

2
Ps|h Pahs[E/oz 2
e sthsal” | _®slhsel/07) Pelheal’/ 03) . e i

o2 2 2 =
r (Psnsr / 0F) +(Pr|hy g /03)+1 Vsd Ysr +¥ra+1

. The. maximu'm. ac}}ievable end-to-end transmission rate for the basic AF relaying scheme
with diversity combining is thus given by:

1
CBasicAF,l(Ys,r »Yr,d ;Ys.d) = Elogz(l Sy 7—;%) ............................... (3.10)
) T,

As a note, the term of direct link doesn’t mean line of sight link; there is a multipath wireless
channel between source and destination.

Theorem 3.1:

If all channel links hg g, hsrand h; 4 are available, i.e., the variances of channels are
Géd * 0, Gg,r # 0 and Gf,d # 0, then when ;—Z and gi go to infinity, the SER of AF

cooperation system with M-PSK modulation can be tightly approximated as:

P Bl = ) ............................................................ 3.11)
S bZ pS O'gd PS og,l' Pr Gl',d
in?Y)  sin?Gy ; : :
Where b = sin? (E) B = 3M-1 oL SG —3—2(-""—) and No2 is noise variance.
Fil M)’ 8M 4m s

tal transmitted power Ps 4+ P. = P, we need to

itted power, to e
Hor 4 fixed wial transpiil 1 ght SER approximation in (3.11) is minimized.

optimize P and P, such that the asymptotically ti

Theorem 3.2:

F fficiently high SNR the optimum pOWer allocation for AF cooperation systems
or sufficiently J

Wwith M-PSK modulation is:

2
’62+Jm ......................................................... (3.12)
P, = Dt trssaath
S 2 2
3 /oﬁ,ﬁm
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i , but instead d
channel that links between source and relay and between relay and destei:zatioflpends e

We can see from Théorem 3.2 that the optimum ratio of transmitted power Ps at the
source over the total power P is less than 1 and larger than 1/2, while the optimum ratio of power
P, used at the relay over the total power P is larger than 0 and less than 1/2. In general, the equal

power strategy is not optimum. For example, if oér = 0'12" 4 then the optimum power allocation is

P P
P =;and P. = 3 @D

3.2.1.2 Fixed gain Amplify-and-Forward (AF) MIMO Relaying System

\
\

Y
-

T

Relay

- H rd

)

|

- J
M e
~<H =

s,d S g De_stinat
| ! 55 ion
| source ] —

<.

tive Diversity System with
i . Model of a MIMO Coopera versity;
II::?I:lt:::lea :n't::nas at source, relay, and destination

ource, relay and destination, each node

i fs
ConsideniaicC B e thatr(:s);::sttii;y as shown in figure 3.2. Similarly, we
®quipped with Mg, My, and Mg antennas, :

assume that the relay obey half-duplex constraint and the cooperation takes on two phases of
at the relay o

= X VI Bt
fransmiss; Jrce transmits a symbol vector Xs. [Xs [1], s [ ]]Tho
Smission. In Phase 1, the SOh X [m] is the symbol transmitted on the m-th antenna. The
erc Ag

the rela 5 0 W ' ;
. y and the destination, L
Signals received at the relay and the destination gi
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respectively, where.PS is the transmissio H
MgyMschannel matrices of the S-R and the sours-destination (S-D) linsl’<rs, i e

and w;~CN(Op,, of Iy, Mr),W§1)~ CN(0 2
: : Mg> Ogl
destination, respectively. a> 9diMgxm,) are the AWGN at the relay and the

L power of the source, H

Moreover, assume that the source s

. ymbol vector is zero mean circularly s metric
complex Gaussian and the covariance matrix y sym

of the source symbol vector is given by:

......
.............................
...............
...........................

e L
R — E[XSXS] AN IMS)(MS (3.16)

In Phase 2, the relay generates an M, X 1 symbol vector X, with E[xfx,]=1 according to
the specific cooperation scheme and forwards the signal to the destination with power P.. Where

the signal vector X; is a linear transformation of Y,. The signal received at the destination in
Phase 2 is given by:

SRR ) N (3.17)

Where H; 4 is an MgxM, channel matrix, and w§2)~ CN(Om,» oily axMg)» is the AWGN
at the destination.

Consider the AF-based MIMO relay system where the relay employ§ a 'linear pre-coder F
on the received signal vector. Therefore, the signal transmitted by the relay is given by:

e BT e (3.18)

Where F is an M xM; precoding matrix. With the linear pre-coder F, the signal received
r - -
by the destination in Phase 2 can be written as:

@
2 ge/
Y® = /PP H,qFHXs + :/gHr,der . d ............................................. (3.19)

= PSPI'HI',dFHS:rXS + Wd

/ g i ise with covariance matrix is:
Where vaz) =,/P.Hy gFwr + w((i ) is the effective nois

HYH, + o3l
Rg 2 E[wP @] = ProfHraFF Hra ¥ 0d'Ms

Case 1: Without Source-Destination Link e
the destination is located beyond the transmission

: here ; ) e )
Let us first consider the case W e i Phask 2, e, Yé ) s utilized for

range of the source and, thus, only the sign
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s knowledge of both Hg, and Hy4, the

__1 sPr H oH
(& OgZ(IM +—=1 Her HrdR 1HrdFHsr) ................. (3:21)

And, then, the channel capacity is given by:

det(IMr (IMr"'“Hs rHs r) rchHHHdHrdF>

1
= ;logz

det(IM +

Py rFHHHdHrdF)

In th? eq}lal gain S(':heme, the signals received at the relay antennas are all amplified by a
common weighting factor is:

B (og e SRy IR B - (3.23)

Case 2: With Source-Destination Link

When the destination is within the transmission range of the source, the channel capacity
and, thus, the relay pre-coder design must take into consideration the signal received at the
destination on the source-relay (S-D) link. By combining the signals received at the destination
in both phases, we obtain:

W(l)
(1) I 0 0 d
+| [
Ll Y(Z)] Vps f HrdFHsr] 0 /prHrgF I ((12)
2 (PHE e et (3.24)
Where H = l Hsd ] is the effective channel between the source and the destination, and
V/PeHp aFHs;

(1)
Wr is the effective noise wit

[0 \/—HrdF 1] w®

R Salm, 0 ‘ ................................................. (3.25)
s

h covariance matrix

Given H, ., H, 4 and Hy g, the channel capacity can be computed as:

1 _PzHHHR—l) . B26)
Ps yHR-1H ) | = -log (det Img 3, W
C= %logz (det (IMS + —I\XS_H Rw H)) 5 o2 ( d ' M

38




The chann el capacity can be further Written ag:
1
C = =log, det Rsic
2108 det (1, + oo7 HsaHE, )

+2log, (I + PsPr pice, g
R ol 2 i 252 (M ¥ 3 P HeaFHsr (I, + 505 HigHs) - X
HErF Hra (FrorHrqFF Hp g + GélMd)_l) d

The channel capacity can be upper bounded by:

B B s H
= 2logz det (IMd S Mol Hs,st,d) +

.o

L Es By -
>log, det (IMd T, HraFHs HEFIHES X (Ro2H, oFFHHE, + 021y ) 1) i AB2E)

The channel capacity is lower bounded by:

1 PsP =
C = log, det (IMcl + - He,a FH HE FHY X (Ro?Hy o FFPHY, + 031y, 1)............(3.29)

3.3 General System Design

Our idea in this project is to use additional component, relay, between the source and the
destination, the outage benefits from relay on communication system are mentioned in chapter
two. The relay acts as transceiver, receive the modulated symbol from the source and make some
signal processing on the received symbols, then forward the processed symbols to the
destination. The relay may equipped with multiple antennas that use for receive and transmit
symbols. Actually this called cooperative by relay (i.e. cooperate to reach the symbols /

messages to the destination).

3.3.1 Fixed Gain Amplify-and-Forward (AF) SISO Relaying System

X
Yr Yr
: Y“ Relay = :
N\ :II rd
Ils’r"" Mr= : : N YSI’)

x '
@ j > | Destinati
[ 3 S e e e e e on
| ' hs.d

Md=1

: 1SO Cooperative Diversity System

S -
Figure.3.3 PR SVStetn;or:ctlr(e’taay, and destination.
with single antenna a
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We describe a fixed pa;
. gain amplj
contains source, relay and destinatiop Ez?cl}llfy-?ind-foI ward SISO relaying
) 10 system in figure.3.3, that

palf-duplex constraint, i.e., a nog € is equipped with s;
typically entails two phases, € cannot transmit anq recgilslee Z?rtr(:mllta Wherei G
ultaneously. Our system

HS',, Y_, SRS },Y H,~‘,1

[ el _ H o

i v
| source

i
i

v

)
i
83

ST

" | Destinat |
ion
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Figure. 3.4 Second System Model of a MIMO Cooperative Diversity System with
muitiple antennas at source, relay, and destination.

amplify-and-forward (AF) MIMO relaying system that
node equipped with M antennas. Where all nodes obey the
t and receive simultaneously. Our system

. Figure.3.4 describes fixed gain
contains source, relay and destination. Each
half-duplex constraint, i.e., a node cannot transmi

typically entails two phases.

asts the M symbols simultaneously, that has M
both to the relay node and to the destination node.
Is by fixed gain and forwards it to the destination
t. The destination performs decoding based

In Phase 1, the source node broadc
antennas. Each antenna with the same power,
The relay node, amplifies the received symbo
node. In Phase 2, while the source node remains silen
on the symbols were received in both phases.

two diversity branches are combined by the destination

Node using maximal ratio combining technique (MRC) to form the final received signal. Note

that we have three different wireless channels, and each S miboliwillibe affcctedibytasmcon

ayleigh channels with additive white Gaussian noise (AWGN).

These two signal phases that form
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3.4 Detailed System Design
3.4.1 Detailed Block Diagrams

3.4.1.1 Detailed Block Diagrams fo Fixed Gain (AF) SISO relaying Syst
ying System

3.4.1.1.1 The Source Block Diagram

sl ) f R b : Y
Infso‘;‘:::temn —— Source | "k | B-psk
L ;\ Encoder ~| Modulation

‘g—‘.._// 7 _/
S St e A A R

Figure. 3.5 Source Block Diagram

As we see in figure.3.5, the source consists of three blocks: information source, source
encoder, and BPSK modulator.

1) Information Source

The source of information that is output may be either an analog signal, such as
audio or video signal, or digital signal. Let assume the output information from source is

[S1S2 S3 S4.... Sp1], where n is an integer.

2) Source Encoder

converts the information source messages as a

econd stage of the source ) !
o 3 i.e., the resulted bits are either zeros and ones.

function of S into a binary sequence by,

3) B-PSK Modulator

binary information sequence byinto a BPSK
ft keying (BPSK), the phase of a constant
ing to the two possible
: S s . c between two values accgrdmg
ampllmde caraler mg;;iel:p(s)\;’étii}:?o }finary 1 and 03 respectlvelly. Then the modulated
:g:}: tr;ln:rnnit fcr(l)zi)oth the relay and the destination simultaneously.

The BPSK modulator maps theh.
signals waveforms. In binary phase shi
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3.4.1.1.2 The Relay Block Diagram

3 i
f/ \\'\‘\\
9 | =
& Amplify-then-
e’ D el en- 4.
: ‘@\ & Forward % %
&\ ,bo | il ® G/G
~ 4 Q/

S ———— i

Figure. 3.6 Relay Block Diagram

In figure.3.6, the relay receive the symbols that transmitted from the source and affected
by the channel between source and relay (multiply by channel coefficient) with AWGN in the
phase 1 (yr). Then the relay forward the amplified symbols (X,), that affected by relay-
destination channel, to the destination in phase 2 and also these symbols will be affected by
another AWGN.

The relay transmitted symbol is not more than amplified version from the received
symbols during phase 1. But the drawback of this method, that is amplifying the received symbol
with its noise that comes from wireless channel.

3.4.1.1.3 Wireless Channel

We assume that the wireless channel is small scale fading and typically flat fading
channel follows Rayleigh probability density function (PDF), where the channel is not varying
during time separation, or in other words the time separation between symbol bloc}c is greater or
equal the channel coherence time (T, ) in order to achieve independency at the receiver for MRC.
During our project we assume that the relay and destination know the characteristics of each

channe].

3.4.1.1.4 The Destination Block Diagram

MRC - pemodulEtion




In the figure.3.7, we assume

that Gl
MRC combiner, BPSK demodulator, S o destinatio

ource decoder, ap

l bl

n block diagram contains four blocks
d ML detector. :

1) Maximal-Ratio-Combiner (MRC)

As we mentioned in chapter two that the Maximal ratio combining produces an

output. SNR equ'als to the. sum of the individual SNRs. This technique gives the best
statistical reduction of fading of any known linear diversity combiner. In this stage the

MRC combined the signals that received in phase 1 and phase 2, y((il) and y((jz),
respectively. In other words, it sums the two phases SNR .

2) BPSK-Demodulator

Demodulate the combined signals, to recover the original symbols.

3) Source Decoder

A decoder is a device which does the reverse operation of an encoder so that the
original information can be retrieved. In our system design the decoder de-maps the
binary information sequence by from a BPSK demodulated signals waveforms.

4) ML Detector

e the probability of error and determine the

i lculat . :
We use ML detect iR he transmitted binary information by the

accuracy of our system by comparing t
demodulating-decoding one.
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34.1.2.1 The Source Block Diagram In (AF) MIMO Relaying System

—— ol Vit g | )@
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ource | 5 E f——— N - i no e
§ane i | Moduhtion - STBC Y

< RASROaSL . B

Figure. 3.8 Source Block Diagram

As we see in figure.3.8, the source contains four blocks, information source, source
encoder, and BPSK modulator and space time block (STBC) encoder.

The first three blocks, do the same functions that previously explained in figure 3.5.
Space-Time Block (STBC) Encoder

In this stage the source forms the symbols block, i.e., Xs= [X[1], . . . , Xs[M]]", where
M is the number of source antennas, and X;[m] is the symbol transmitted on the m-th antenna.
So the size of each block is determined by the number of source antennas or the dimension of the
system.

3.4.1.2.2 The Relay Block Diagram

2. | N— o %

A
(7
R

RS S = ;.Amplify-then-‘ i OQ
*‘\\(}@o z Forward : Y 4

E——

SR

——

Figure. 3.9 Relay Block Diagram

i ed in figure.3.6 of AF SISO relaying system. In AF MIMO relaying
As previously explained in gure. 4 number of antennias on the relay.

System do the same thing, but the difference1s t

34123 Wireless Channel

There is no difference in our asst
We assume in AF SISO relaying system 18

for the channels, this means that the same thing

umptlonSn AF MIMO relaying system.

taken i
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3.4.1.2.4 The Destination Block Diagram

d

B L:\V‘! B- RN TR R s Y i N ~
MRC > Demo:us:a(t' .  Source ML -
son Decoder Detector =

~~~~~~ —_— 22

| 00000 |

Figure. 3.10 Destination Block Diagram

In the figure.3.10. We assume that the destination block diagram contains four blocks,
MRC combiner, BPSK demodulator, source decoder, and ML detector.
Since two phases, the destination node receive M signals in two phases, from source

during phase 1 and from relay during phase 2.
As explained in AF SISO relaying system for destination block diagram, the same thing
happens in AF MIMO relaying system, but with more complexity in processing because the

number of antennas increased.
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3.4.2 Systems Flow Charts

3.4.2.1 Flow Chart for Fi
or Fixed Gain AF s150 R
elaying S
ystem

Phase(1)

v
(1) (2)
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4.1 Introduction

In this chapter, we introdyce flo
W chart
stages for each one. s for all MATLAR Codes then describe the mean

4.2 Codes Flow Charts
4.2.1 SISO System Codes Flow Charts
4.2.1.1 SISO System BER Performance Code

The flow chart of single-input single-

3 output
flat fading Rayleigh channel. Pt (SIS0) system BER performance code under

<

~
-
7
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Figure 4.1 The Flow Chart of SISO System BER Performance MATLAB Code
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Figure 4.2 The Flow Chart of
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422 NxM MIMO System Codes Flow Charts

42.2.1 NXxM MIMO System BER Performance Code

The flow chart of NxM MmMOQ
t
Rayleigh channel. Where N and M are equal_sys em BER performance code under flat fading
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2.4.1 AF NXLxM MIMO Relaying System BER Performance Code

The flow chart of amplify-and-forwarq (AF) NxILx

: g M MIMO relaying system BER
formance code under flat fading Rayleigh channel. Where
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3 Codes Main Stages
31 SISO System BER Performance Code

The main stages of SISO system BER performan d
Ce code are:

si
number of packets, and E, /N, range, & simulation parameters such as packet length

te BPSK modulati :
2. Crea ation and de-modulation objectives, pre-allocate variables for speed

up the simulation process, and set i -
up figure variables for visualizing the BER results.

3. Generate random binary data vector. Then m
2 . odulat .
modulation scheme. ¢ the generated data by using BPSK

Generate random AWGN and Rayleigh channels,

The transmitted signal affected by flat fading Rayleigh channel.
Demodulate the received signal.

Calculate the simulation BER for each value of Ep /N, range.
Plot the BER results versus Ey, /N range.

2

3.2 SISO System Capacity Code
The main stages of SISO system capacity code are:

1. The MATLAB code begins by defining simulation parameters such as channel
bandwidth, Monte-Carlo iterations and Ep, /N range.

Pre-allocate variables to avoid growing matrix inside a loop.

Generate random Rayleigh channel at every Monte-Carlo iteration.

Take the magnitude of the channel matrix every Monte-Carlo iteration. -

Calculate the instantaneous capacity of SISO system under flat fading Rayleigh channel
at every Monte-Carlo iteration for specific value of Ep /N,range.

6. Calculate the mean capacity for each Ep /N, value and plot the results.

S e D

3.3 NxM MIMO System BER Performance Code

The main stages of NxM MIMO system BER performance code are:

g simulation parameters such as packet length,

1. i definin
The MATLAB code begins 9 d receive antennas and Ep/N, range.

n ber of transmit an _ :
5 Clirer;l:eerBo; Sp;cket(si, Ill;ltrircl) neand Al S ation objectives, pre-allocate variables for speed
: modu

i isualizing the BER results.
i : re variables for visua
3 l(l}p i Slmula(’;lon I;r'ocess’dzrtlj frztcll:r fIi)gu ]. Then modulate the generated data by
+ enerate random binary

er channé
using B-PSK modulation sehems _time block coding (OSTBC) encoder.

ce
4. Encoding the modulated data by orthogona:) Sp; at fading Rayleigh channel. :
3. The transmitted encoded signal is affected by mbined using maximal ratio

- tennas are ¢o
- The received signals from transmitted 2% y BPSK demodulator.

bined signals b
2 dulate the co™ Plot the BER results.
cCoTbllmng 1fMRC).1 'It“.hen ;;r{lofor o Ey, /N, 1ange and Plo
alculate the simulation
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34 NxM MIMO System Capacity Coge

The main stages of NXM MIMO syster, capacity cod
code are:
The MATLAB code begin : :
1. = TGSI T .tg S. by defining Simulation parameters h
an ) lterations, number of transmit and rece; such as channel
range. Nd recelve antennas and Ep/N,

Matrix initializations to avoid matrix A

growing i
Gelgas comp} =4 channel matrix every Moiefl(sjlaifok'): i
Take the Hermitian of channel matrix. iteration.
Calculate the instantaneous capacity at every Monte-Carlo artic
Caloulate the mean capacity for every Ep /N, value and plot the rerslﬁlt

SN R W

3.5 Amplify-and-Forward SISO Relaying System BER Performance Code

The main stages of amplify-and-forward SISO relaying system BER performance code
re:

1. The MATLAB code begins by defining simulation parameters such as packet length,
number of packets and power range.

2. Create BPSK modulation and de-modulation objectives.

3. Pre-allocate variables for speed up the simulation process and set up figure variables for
visualizing the BER results.

. Allocate power for both source and relay at each value of power range.
5. Generate random binary data vector per channel. Then modulate the generated data by

using BPSK modulation scheme. :
6. Generate three random AWGN and three random Rayleigh channels. i
7. In phase 1, the source transmits the modulated signal to the destination and relay,

simultaneously.

8. The received signal at the relay is amp
destination in phase 2 at each power range Value:

9. Combined the two signals from two phases using MRC.
signal by BPSK demodulator.

10. Cilculat}(; the simulated BER for each value of power range.

11. Plot the BER results versus Ep/No-

lified by fixed gain, then forwarded to the

Then demodulate the combined
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6 Amp 'fy-and-Forward SISO 3
I ty Per formance ( “ode

{. The MATLAB code begins by defin; :

. ning  simulati
bandwidth, power range, channel variances, and Mo ;tlon parameters such as channel
9. Pre-allocate variables to avoid growing nte-Carlo iterations.

: matrix inside loop,
3. Generate three randpm nglelgh channels and calculate tﬁ i
v Cadoite b € magnitude of each channel at
4, Calculate SNR for each channel at every Monte.

5. Calculate the instantaneous capacity of AF S :
Rayleigh channel at every Monte—Carlo iteratiOn,SO relaying system under flat fading

6. Caloulate i i capacity for each Ep /N, value and plot the results

Carlo iteration.

3.7 Amplify-and-Forward NxLxMMIMO Relaying System BER Performance Code

The main stages of amplify-and-forward NxLxM MIMO relaying system BER
erformance code are:

1. The MATLAB code begins by defining simulation parameters such as packet length,
number of packets, number of each node antennas, and power range.

2. Create BPSK modulation and de-modulation objectives.

3. Pre-allocate variables for speed up the simulation process, and set up figure variables
for visualizing the BER results.

4. Allocate power for both source and relay at each value of power range.

5. Generate random binary data vector per channel. Then modulate the generated data by
rthogonal

using BPSK modulation scheme. Then encode the modulated signals using o
space-time block coding (OSTBO).

: i GN.
6. Generate three random Rayleigh channels with AW S
7. In phase 1, the source transmit the modulated signals vector to the destination and relay,

simultaneously.

8. The received signal vector at
forwarded to the destination in ph

9. Combined the received signal vector fro
combined the received signal vec(:ltolr from re
combined signal by BPSK demoduia or.

10. Calculate thfl_:,imu}llation BER for each value of power 1ange.

11. Plot the BER results versus Ep/No-

the relay is amplified by pre-coding matrix . Then

2 at each power range value.
i hase 1 using MRC Then

m source, in P
Jay, in phase 2 using MRC. Demodulate the
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fode

re:

“ode antennas. S, Monte-Carlg iterations and number of each
2. Pre—allcica';}elr Variablgs to avoid growing matrix in
enerate three random i
3 Svery g i iteratiI({)i}_llelgh channels and take the Hermitian of each channel at
4. Calculate pre-coding matrix at every Monte-Carlo iteration
Calculate the instantaneous capacity at every Monte—Carlo .iteration
6. Calculate the mean capacity for each Ey /N, range and plot the resuits.

side loop.

i

4 Constructing MIMO System and AF MIMO Relaying System for Diversity

This project simulates fixed gain AF MIMO relaying system using flat fading Rayleigh
hannel through means of space-time block coding (STBC), which constructed from known
rthogonal designs, achieving full diversity, and are easily decodable by maximum likelihood
lecoding via linear processing at the receiver. Assumed that the channel is unknown for the
ource and perfectly known at the relay and destination for all systems.

In all MIMO systems and AF MIMO relaying systems we use orthogonal space time

i i die in
lock codi ich i lovable when multiple transmitter antennas are use ;
1 ooding (OSTHCONERE i se full rate Alamouti STBC, while

X2 MIMO system, AF 2x2x2 MIMO relaying system, we U ;
ve use half rate OSTBC in 4x4 MIMO system, AF 4x4x4 MIMO relaying system, 8§x8 MIMO

ystem, and AF §x8x8 MIMO relaying system.

ymbol period (time slot) and
STBC. These matrices are
MO relaying system codes

. t the s
The following matrices in which the columns represei
) are used to

he rows re ace

present the antennas (SP d AF MI
Onsidered as the main part in building MIMO_ sYsteIElcazzs
Yhich are used to simulate the performance of differen

generate the

.o ( full rate G2):
& TWO-transmit two-receive antenna diversity (

DY R e S L I UG b
Sl —_SZ*] ..........................
o= GZ--Alamouti =|s, S,
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-transmit four- rece y
p. Four-transmi 1Ve antenna diyerg;
lty ( Half rat
esS)

Sl -Sz —83 _84

S S
G4—transmitters= Sz 1 S4 *33
3

Pg Sy BSOS

S= [G4r G4*] .......................
.................................................... (4.3)
c. Eight-transmit eight-receive antenna diversity ( Half rate S ):
-Sl _Sz _'S3 -—S4 _SS _S6 _S7 _58_
SZ Sl S4 _S3 S6 _Ss —Sg S7
S3 _S4 Sl SZ —'S7 _Sg SS S6
S4 Sg —Sz Sl _SS S7 _SG Ss
Gg—transmitters = SE*c2 st S 5 S gy v g el ot iseasil4d)
S6 Ss Sg "S7 _SZ Sl S4 —S3
S7 Sg _SS Sé 53 _‘54 Sl —SZ
Sg ‘—S7 —S6 —SS S4 Sg SZ 51
B U N it s s s s mosss B s davassamund ve ds (4.5)
S =[Gy, el
The MIMO output is given by:
................................. (4.6)
Y = HTx S b N oo oins s waas o e e e
Where

Vitis the input data matrix formulated as OSTBC. :
ian Noise matrix.
N: it i Zero Mean Circularly Symmetric Complex Gausst

tributed (i.i.d)
annel response between

complex matrix consists of frequency flat

Litis an independent and identical dis transmit and recetve

ading Rayleigh channels represents the ch
an
tennas.(:>.7),(28),(43),(44).
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5 Simulation setup

In 2x2 MIMO system and AF 2x2x? MIMO
ansmitted in 2 time slots using full rate Alamouti ST
[IMO relaying system, the modulated symbols tra
)STB?- In -8><8 MIMO Bl and AF 8x8x8 MIMO relaying system, the modulated symbols
nsmitted in 16 time slots using half rate OSTBC. By considered that STBC is used to encode

e ransmitied symbols; transmitting different symbols through different antennas and different
ime slots as follows

relaying system, the modulated symbols
BC.'In 4x4 MIMO system and AF 4x4x4
nsmitted in 8 time slots using half rate

The first column of S will be transmitted through the N antenna array elements at the
ource during the first symbol period, then the symbol of column two of S will be transmitted
tom the N antenna array elements during the following symbol period, and this process
ontinues until all columns are transmitted. Monte-Carlo simulation methods are used to make
calizations for channel when the capacity simulated.
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igure 5.1 Comparison between SISO, 2x2 MIMO, 4x4 MIMO and 8x8 MIMO Systems under
Flat Fading Rayleigh Channel in terms of BER Performance

In this case, we assume that the number of transmitted symbols are 4,000,000 and the

/N, range is [0:1:30] dB. The figure show a comparison between SISO, 2x2 MIMO, 4x4
MIMO and 8x§ MIMO systems under flat fading Rayleigh channel in terms of BER

verformance.

We notice that. the BER performance of 8x8 MIMO system ils bgtter ong 5ol\lllowed 1b§

™4 MIMO : d SISO system respectively, 1.€., at Eb/No equa
system, 2x2 MIMO system an yStemm, =

gB’ the BER of 5§ MIMO system is equal 555 X 107 “f“i"fé‘i I>3<E11<{)?f ‘:1:13 1\3%2 S o

X 0=, 1. ) 0 ’

g SySISH e ISRt e A the BER of 4x4 MIMO system

“Specti i i 4 dB difference between .
nd 8><g ‘ﬂﬁ’ﬁ\}gegsltse;ppsrgxlgﬁ’glg «8 MIMO system reduce the power consumption and can

“hieve good BER performance at oW Ep/No-
] systems. The

dingly in al
1 the BER decreases accor
eﬁ);ﬁglt’ tle\}/llelrli/IE(; /sl}\f:t;?:z ?:Srisl;ch better than the BER performance of SISO system.
€0

rformance of MIMO system increases
o number of antennas increases, ﬂéetBER B tennas. So the BER
limited to

mber of an
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BER
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a.Cc . ] :
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Vst MMmance of wireless communicet™ b
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Figure 5.2 Comparison between SISO, 2x2 MIMO, 4x4 MIMO and 8x8 MIMO Systems under
Flat Fading Rayleigh Channel in terms of Capacity Performance

In this case, we assume that the Ep /N, range is [0:1:30] dB and the number of Monte-
ison between SISO, 2x2 MIMO, 4x4

Carlo iterations is 10,000. The figure show a comparl

MIMO and 8x8 MIMO systems under flat fading Rayleigh channel in terms of capacity
performance. As we notice, the mean capacity of 8x8 MIMO system is greater one followed by
4x4 MIMO system, 2x2 MIMO system and SISO system, respectively, i.e., at Ep/No equal 30

dB, the mean capacity of 8x8 MIMO system is equal 69.2 bits/s/Hz, while the mean capacity of
d SISO system are equal 34.86 bits/s/Hz, 1973

4x4 MIMO system, 2x2 MIMO system an _
bits/s/Hz. and 9.159 bits/s/Hz respectively. It's clear that, the mean capacity of 2x2 MIMO
! ; d f SISO system. The mean

3 . . 'ty lo)
System is approximately twice Of less than the mean capacl .
capacity of 4x4 MIMO system is approximately twice or less than the mean capacity of 2x2

MIMO system. The mean capacity of 8x8 MIMO system is approximately twice or less than the

mean capacity of 44 MIMO system at speeific value of Ep/ Mo
mean capacity increases accordingly in all

the channel mean capacity increases
cation systems become more

en Ep/N, increases, the
tennas increases,

£ wireless communi

As a result, wh
Systems. As the number of system @i
accordingly so the capacity performance ©
better. This result matches the results in (45)-
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igure 5.3 Fixed gain AF SISO Relaying System with Dir
under Flat Fading Rayleigh Channel BER Performance

In this case, we assume that the number of transmitted packets is 10,000 with packet length 1000
¢ assume that the channel variance is equal 1 in

bits, and the Ey, /N, range is [0:1:30] dB. Also W
both source-relay (S-R) link and relay-destination (R-D) link, in order to achieve the optimal

Power allocation (Ps =§ P,P. = %P ). The figure show th
m with direct link using optimal power

Ey/ N, in dB for fixed gain AF SISO relaying syste
otice, the simulated BER of AF SISO

allocation under flat fading Rayleigh channel. As we I -
relaying system started at 1.467 X 10~ when Ep/No equals 0 dB. And achieved BER equal

5472 x 10~6 when Ey, /N, equals 30 dB.

e relationship between BER versus

the BER decreases accordingly, i.e., the BER
¢ BER is equal 4.085 X 1075 at Ep/N,
hes the theoretical BER result except for

As a result, when the Ep/No increases, .
Cquals 2.275 x 10~3at Ep/No equal 15 dB, while th
equal 25 dB. Moreover, the simulatio” BER result matc
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both SOUICC-relig/l osrange .ls [0:1:30] dB. Also we assume that the channel variance i
* Sl y (S-R) link and relay-destination (R-D) link, in order to a - e is equal 1 in
ocation (P ='§' P,P. = 1p). The figure chieve the optimal
=B

Ep/N, i
o 1n dB ft : A
or fixed gain AF SISO relaying system with direct link using optimal
; a
]. As we notice, the simulated BER of AFp;)Iv;(g

allo(:at-
relayinlgons under flat fading Rayleigh chann®
ystem started at 1.467 X 10~* when Ep/No equals 0 dB. And achieved BER
equal

5.472
X 10~6
106 when Ej,/N,, equals 30 dB.

show the relationship between BER versu
s

the BER decreases accordingly, i.e., the BER
e BER is equal 4.085 X 1075 at Ey/N
hes the theoretical BER result exce;t fo(:‘
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Figure 5.4 C . :
omparison between Fixed Gain AF SISO Relaying System with Direct Link using Optimal
ma

and E :
qual Power Allocation under Flat Fading Rayleigh Channel in terms of BER Performanc
e

In this case, w i
- - , we assume that the number of transmitted packets is 10,000 with pack
equgatl 11.000 bits and the Ep, /N, range is [0:1:30] dB. Also assume that, the channel variaiice T;
in both S-R link and R-D link in order to achieve the optimal power allocation (Bs= 2P
3 2

) e
r=3P). The channel variance equals 1 in S-R ink and equal 0 in R-D link fo achieve equal

Ié;?:er allocation (Ps = % P, P. =_21. P). The fi
Ray(l) 4 elaying system with direct link using Op
eigh channel in terms of BER performance.

parison between fixed gain AF

gure shows a com
wer allocation under flat fading

timal and equal po

As the figure shows, the BER performance of fixed gain AF SISO relaying system with

di -
frect link using optimal power allocation s better than the BER performance of fixed gain AF
allocation, i.e., at Ep/No equal 15 dB,

S

thIeS gé}e{laying system with direct link using equal power 2 -

10-3 _0f fixed gain AF SISO relaying systert using optimal power a_lgocatlon equals 2159 x
while the BER using equal poWer allocation equals 6.985 x 107 We notice that fiat

a;? é N, equal 10 dB, the dB difference petween the tWO systems BER is approximately constant

€quals 3 dB.
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Figure 5.5 Comparison between SISO System, 2x2 MIMO System and Fixed Gain AF SISO
Relaying System with and without Direct Link using Optimal Power Allocation
under Flat Fading Rayleigh Channel in terms of BER Performance

itted packets is 10,000 with packet

In this case, we assume that the number of transm ‘
hows a comparison between the

length 4000 bits and the Ey /N, range is [0:1:30] dB. The figure s ; . .
SISO system, 2x2 MIMO system and fixed gain AF SISO relaying system v§11th and without
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5.3.2 Fixed Gain AF SISO Relaying System Capacity Performance
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54 Simulation Results for Fixed Gain AF 2x2x MIMO :
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5.4.1 Fixed Gain AF 2x2x2 MIMO Relaying System BER Performance
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Figure 5.9 Comparison between Fixed Gain AF SISO Relaying System, 2x2 MIMO System and
Fixed Gain AF 2x2x2 MIMO Relaying System with and without Direct Link using Optimal
Power Allocation under Flat Fading Rayleigh Channel in terms of BER Performance
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relaying system with and without direct link using optimal power
Rayleigh channel in terms of BER performance.
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As the figure shows, the BER performanc;:n o

¥stem with direct link is better than the BER performar thout direct link and fixed gain AF SISO
System, fixed gain AF 2x2x2 MIMO relaying system .Wl Jess or equal to 5 dB, the BER of fixed
relaying system. As we notice, at low Ep/No values, 1., gsi d gain AF 2x2x2 MIMO relaying
&in AF 150 relaying system is less than L Of XthegBER of fixed gain AF 2x2x2
System without direct link. While after this Ep/No I’Z:Zan the BER of fixed gain AF SISO
0 : : ot link becomes 1€ i AF SISO relaying system
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; Is 1. - :
relaying slystem <.:qua s 1.725 x 10 5 While the BER
system without direct link equals 4 107, of fixed gain AR 2x2x2 MIMO relaying

ithout direct link and the allocated power in
E,/No equals 5 dB, the BER of 2x2 MIMO s
fixed gain AF 2x2x2 MIMO relaying system withoyt direct link equals 9.176 x 102, But at

: : a
Ey/No ec.luals 7 dB, the BER of 2X:2 MIMO system equals 9.643 X 1073, while the BER of
fixed gain AF 2X2x2 MIMO relaying system without direct link equals 6.891 X 107%. We

Creases by increasing the Ep/N, value, i.e., at
ystem equals 2,729 x 1072, while the BER of

As a result, when Ey, /N, increases, the BER decreases accordingly in all systems. The
BER performance of fixed gain AF 2x2x2 MIMO relaying system with direct link is better than
the BER performance of fixed gain AF 2x2x2 MIMO relaying system without direct link, 2x2
MIMO system and fixed gain AF SISO relaying system. The performance of wireless
communication systems become more efficient when we using fixed gain AF 2x2x2 MIMO
relaying system with direct link. There is intersection between the simulated curve of fixed gain
AF 2x2x2 MIMO relaying system without direct and the simulated curve of 2x2 MIMO system
due to using optimal power allocation in fixed gain AF 2x2x2 MIMO relaying system.
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Figure 5.10 Comparison between Fixed gain AF 2x2x2 MIMO Relaying System using Optimal
and Equal Power Allocation under Flat Fading Rayleigh Channel in terms of Capacity Performance

In this case, we assume that the Ep /N, range is [0:1:30] dB and the number of Monte-

Carlo iterations are 10,000. The figure shows a comparison between fixed gain AF 2x2x2
MIMO relaying system with direct link using optimal and equal power allocation under flat
e. As the figure show, the mean

fading Rayleigh channel in terms of capacity performanc
ation is

Capacity of fixed gain AF 2x2x2 MIMO relaying system using optimal power alloc
AF 2x2x2 MIMO relaying system using equal

greater than the mean capacity of fixed gain ) :
Power allocation, i.e., at Ep/No equals 15 dB and 30 dB, the mean capacity of fixed gain AF
22x2 M e ing optimal power allocation equals 5.715 bits/s/Hz and 14.9

IMO relaying system using OP AF 2x2x2 MIMO relaying system

bt/ i i ity of fixed gain
: , respectively. While the mean capacity ' :
211 equal power ali,ocation equals 4.985 bits/s/Hz and 14.36 bits/s/Hz, respectively. Also after

B/ N, equals 15dB, the dB difference between the two systems mean capacity is approximately
“Onstant and equals 1dB.
the mean capacity increases accordingly in both
MIMO relaying system with direct
ty performance of fixed gain AF

r allocation.

N increases,
o f fixed gain AF 20072

is better than the capaci
ink using equal powe

3 As a result, when Ep
linkem% The capacity performance ©
o Using optimal power allocation -

2x2 MIMO relaying system with direct 1
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Figqre 5.11 Comparison between Fixed Gain AF SISO Relaying System, 2x2 MIMO system and
Fixed Gain AF 2x2x2 MIMO Relaying System with and without Direct Link using Optimal
Power Allocation under Flat Fading Rayleigh Channel in terms of Capacity Performance

In this case, we assume that the Ey, /N, range is [0:1:30] dB and the number of Monte-
Carlo iterations is 10,000. The figure show 2 comparison between 2x2 MIMO system, ﬁxefi gain
AF SISO relaying system with direct link using optimal power all'ocation and ﬁxed' gain AF
2x2x2 MIMO relaying system with and without direct link using optimal power allocation under

flat fading Rayleigh channel in terms of capacity performance.

i han the mean
ity of 2x2 MIMO system is greater t
As e o theEET D S direct link using optimal power and

. _ -
Capacity of both fixed gain AF SISO relayng system w1t. ! : : :
fixed gain AF 2x2):<2 I\%IIMO relaying system with and without direct link using optimal power

i MIMO syst
location, 1., at /N cal ik EERIR G capacity of 22 system
b ey o

. : ity of fixed gain AF

“quals 5.535 bits/s/Hz, 17.72 bits/sHZ respectively- Wlhllg ;};egﬁjzsj;iac:n }(fl o14 7x7e bizl/rslmz

RS e ink equals 2 G A

f;i?t.l\/m\/[o relaying system with direct link €d IMO relaying system without direct
Clively. The mean capacity 0

f fixed gain AF 2x2%2 M mean capacity of fixed gain
link are equal 1.002 bits/s/Hz and

- tively, and the

6 bits/s/Hz e : tively. So the mean

SISO relaying system equals 1.855 bits/s/Hz and 5.11.:;11;/:‘:321;;;526; ;atei,than sl
capacity of ﬁx}fl:ld i aizll AF IX2X2 MIMO relaying system w1
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ity of fixed gain AF 2x2x) MIMO g
capacity 0 . relaying SYstem without direct 1:
than 20 dBf’. ;hee?zzrilnci);cgi’zoxfzﬁﬁf gain AF gy relaying sysiztilslr;tttz}izf :I{:J ;le: S
H X MO 1 . €an
capacity © - relaying system without direct 1j
greater than 20 dB, the capacity of fiyeq goin o 200 MIMO gy _Illfec tmk- Wllllen Eb/No
fink is better. ying system without direct

As a result, when Ey /N, increases, the mean ca
systems. The capacity performance of 2x2 MIMO system is

of all discussed systems including the capacity performance of fixed gain AF 2x2x2 MIMO
relaying system with direct link, which is better than the capacity performance of fixed gain AF
2x2x2 MIMO relaying system without direct link due to using direct link that decreases the
amount of losing bits in decoding. The capacity performance of fixed gain AF 2x2x2 MIMO
relaying system with direct link is better thaq the capacity perfgrmance 'of fixed gain AF SISO
relaying system with direct link due to transmitting two symbols in each time slots.

pacity increases accordingly in all
better than the capacity performance
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of transmitted packets is 10,000 with packet
] dB. The figure show a comparison between
th direct link using optimal and equal power

allocation under flat fading Rayleigh channel in terms of BER performance. As the figure show,
i stem using optimal power
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and the BER of fixed gain AF 4x4x4 MIMO
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f1I>)<proximately constant anl:i e (1)1a1 1 dB. To achieve BER equals s >t<110 weorrlee):ie3 gdaI;n aﬁg
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04
2ds, Iespectively.

. In this case, we assume that the number
gth 1000 bits and the Ey /N, range is [-5:1:10

llocatine : o
OCation is better than using equal power allocation, 1.€.,

1-11260f fixed gain AF 4x4x4 MIMO relaying
X 1072 and 1.084 x 10~*, respectively;

rdingly in all systems. The

R decreases acco . .
tem using optimal power

Bpp S @ result N.. increases; the . ’
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Figure 5.13 Comparison between 4x4 MIMO System and Fixed Gain AF 4x4x4 MIMO Relaying

system with and without Direct Link using Optimal Power Allocation under Flat Fading
Rayleigh Channel in terms of BER Performance

In this case, we assume the number of transmitted pz;i:kets is 200 vxfith p;actket lerz,gxtz
10,000 bits and ’ i .1-15] dB. The figure show 2 comparison between
g the Ey, /N, range is [-5:1: ] ; ' . _ _

MIMO system and ﬁ?{éd ogain iF 4x4x4 MIMO relaying system with andfw%l;{)ut rdflrect link
using optimal power allocation under flat fading Rayleigh channel néter(rins 0 iF 4&2)(3“&?1\;8
Its clear that, after E /N, equals 3 dB, the dB difference between Xe giun i
relaying SYStc;m with t;md (ivithout direct link BER 18 approximately constant ai q :

f 4x4 MIMO
1 2 dB, the BER performance O
As the figure shows, before Bu/Mo B 44 MIMO relaying system with

SYStem is better than the BER performance of fixed gain AF ‘:': : of fixed gain AF 4x4x4 MIMO
direct link, while after this Ep // N, value, the BER performan

ance of 4x4 MIMO
. systemn, Wit GHSE i betltl6r :22?1 ?IIICA?*“EEXE:TOI\I:II;MO relaying system
System, due . . 4] power alloc
> to the using of optimal P

: increasing the Ep/N value,
?Nlthollt direct link and the value of the allocated power 2

increases by
- 0~2, while the BER
Le, at Ey/N, equals 0 dB, the BER of 4x4 MIMO sy

em equals 2.695 X 1
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stem is less than the BER of fixed gain AF

4x4x4 MIMO relaying system without direct link, de., atE

MIMO system equals 1.801 X 10™*, while the BER of f
system without direct link equals 1.1146 x 102,

b/No equal 6 dB, the BER of 4x4
xed gain AF 4x4x4 MIMO relaying

As a result, when Ey, /N, increases, the BER decreases accordingly in all systems. The
BER performance of fixed gain AF 4x4x4 MIMO relaying system with direct link is better than
the BER performance of both fixed gain AF 4x4x4 MIMO relaying system without direct link
and 4x4 MIMO system. We can achieve low BER at low E, /N, value using fixed gain AF
4x4x4 MIMO relaying system with direct link. So the performance of wireless communication
systems become more better and efficient, when we using fixed gain AF 4x4x4 MIMO relaying
system with direct link.
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Figure 5.14 Comparison between Fixed Gain AF 4x4x4 MIMO Relaying System using Optimal and
Equal Power Allocation under Flat Fading Rayleigh Channel in terms of Capacity Performance

In this case, we assume that the Ep/N, range is [0:1:30] dB and the number of Monte-
Carlo iterations is 10,000. The figure show a comparison between fixed gain AF 4x4x4 MIMO
relaying system with direct link using optimal and equal power allocation under flat fading
Rayleigh channel in terms of capacity performance. As the figure show, .the .mean capacity of
fixed gain AF 4x4x4 MIMO relaying system using optimal pow.er allocation is greater Fhan .the
Mean capacity of fixed gain AF 4x4x4 MIMO relaying system using equal power allocation, 1.€.,

- in AF 4x4x4 MIMO relaying
at B, /N B. the mean capacity of fixed gamn :
b/N, equals 15 dB and 30 dB, s 7.287 bits/s/Hz and 24.74 bits/s/Hz, respectively,

System using optimal power allocation €qua . .
While the mgearI: cr:;acli)ty of fixed gain AF 4x4x4 MIMO relaying system using equal power
allocation equals 5.216 bits/s/Hz and 22.36 bits/s/Hz, respec’five%y. Also a.ﬁer Elb /N, equals 1 ‘51
dB, the dB differe;we between the tWO systems mean capacity 18 approximately constant an
equals 2 dB

es, the mean capacity increases accordingly in both

i ith direct
1 AF 4x4x4 MIMO relaying system with.
: ﬁlf egefe?]?an the capacity performance of fixed gain AF
7 ] power allocation.

As a result, when Ep/No increas

lsislzems- The capacity performance o
0K using optimal power allocation 18 D€t _
§xa MIM% relayfng system with direct link using equa
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Figure 5.15 Comparison between 4x4 MIMO System and Fixed Gain AF 4x4x4 MIMO Relaying
System with and without Direct Link using Optimal Power Allocation under
Flat Fading Rayleigh Channel in terms of Capacity Performance

In this case, we assume that the E, /N, range is [0:1:30] dB and the number of Monte-
Carlo iterations is 10,000. The figure show a comparison betwefen 4><4t MIMQ syster.n and fixed
gin AF 4x4x4 MIMO relaying system with and without direct link using optimal power
allocation under flat fading Rayleigh channel in terms of capacity performance.
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*ffixed gain AF 4x4x4 MIMO relaying Y e

rformance Of 4x4 M

4x4 MIMO relaying system WI
s silent during relay transmi

MO system is better than the capacity
th and without direct link

As i acity p¢
we notice, the cap ¢ symbols, and half of the

ance of both fixed gain AF 4
o1 assumption that the source remain
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, ];annel resources are allocated ¢, the relay for 4
he dB difference between the mean Capacity of 4::
MIMO relaying system with direct link

Smission, Also aft

5 MIMoO System
S approximately o,

er Ey, /N, equals 10 dB,

and fixed gain AF 4x4x4

Dstant and equal § dB |
As a result, when Ep/N, increases, the

_ ity performance of 4
systems. The capac 3% 24 MIMO syste ;
of both fixed gt? 1;11 A; x4 MIMQ relaying SYSteI}rll V?’Iirtlhlzlllljgtf:;tltllcl)ar:
u
performance of fixed gain AF 4x4x4 Mpvig relaying system with direct link is better than the

: rformance of fixed gain AF 4
capacity pe g X4x4 MIMO relay; i el
o rect linkthatdecten oty A Oflosing T lr: ;ey;ggiz};tem without direct link due fo

56 Simulation Results for Fixed Gain AF 8x8x8 i
S S MIMO Relaying System under Flat

mean capacity increases accordingly in all

the capacity performance
direct link. The capacity

5.6.1 Fixed Gain AF 8x8x8 MIMO Relaying System BER Performance

5.6.1.1 Comparison between Fixed Gain AF §x§x8

: MIMO Relaying System with Direct
Link using Optimal and Equal Power Allocation

— AF 8x8x8 MIMO Relaying using Optimal Power
|~ AF 8x8x8 MIMO Relaying using Equal Power

BER

10

.5 0
Eb/No (dB) . .
i ith Direct Link
| O Relaying System wit
Fl . ' bl i i i leigh Channel
s 116'C0mpa.nson e IFII’)(()i(Iler Allocation under F lateF ading Rayleigh
Sing Optimal and Equa . terms of BER Performanc oo
5 itted packets are 10,00 ) with p
b O a comparison between

| In this case, we assume that the 1 .1:10] dB. The figure -Showstimal and equal power

*8th 1000 bits and the E /N, range 15 o h direct link using OP o

fixeq g e gl e laying system v £ BER performance. As the = -

alocatgiam A% e MIMI({) f<13 ?;lh channel in te;/fnlls\’l% relaying system using optimal power
On under flat fading Rayle
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performance of fixed gain Al
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jlocation is better than the BER
ing equal power allocation, (&,

ing system using optimal powey all
rzliiylAF 8x8x8 MIMO relaying system us; quals 4,645 14
“fer Ey/No equals 0 dB, the dB differep

and equal 1 dB.

Relaying System with and without Direct Lin

—

Performance of f
xed paj
A Ep/N, equal dB tg 0 AF 8x8xg
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Ocation ¢ he BER of fixe
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» While the BER of fixed
Power allocation €quals 1.857 x 10-3. Also

ce betw
CeN two systemsg BER is approximately constant
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In this case, we assume that the i
0,000 bits and the Ep/N, range! MO relayi
O system and fixed gain AF gx8x8M

Ugj g :
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dB .
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As the figure shows, before Ep/N

: han the BER
tem 1S better t perfo : R
(Si)iI:eCt link, i.e., at /N, equals 0 gp the BERe 22 AF 8x8xg I\Izerfgmrl;r;;?n;fsgxf MIM?I
: ) stem wi
while the BER of fixed gain AF 8xgxg \pyq O system cquals 2,681  10-3

o ith direct link equals 1.903 x

con
direct link, i.¢-, at Ep /N equals 3 dB, the BER of ;
with direct link is equals 1.3 X 107°, while the BEfIiixs(t} f(?rllr\l/glfi(i:j xggxlgdl\%o relaying system
gain AF 8x8x8 MIMO relaying system without diree link equal 4.9 x 10—*13\4 OdSYStem’ ﬁx—eld
respectively. So the BER of fixed gain AF 8xgxg MIMO relaying S};stem With? 1.? n>1<( 107,
minimum. The BER of conventional 8x8 MIMOQ System is less than the BER f1 rf?Ct P
$x8x8 MIMO relaying system without direct link. ¥ 8 xedpain AR

As a result, when Ey, /N, increases, the BER decreases accordingly in all systems. The
BER performance of fixed gain AF 8x8x8 MIMO relaying system with direct link is better than
the BER performance of both fixed gain AF 8x8x8 MIMO relaying system without direct link
and 8x8 MIMO system. We can achieve good BER performance at low Ey, /N, value using fixed
gain AF 8x8x8 MIMO relaying system with direct link. So the performance of wireless
communication systems become more better and efficient when we using fixed gain AF 8x8x8
MIMO relaying system with direct link using optimal power allocation.
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5.6.2 Fixed Gain AF 8x8x8 MIMQ Relaying System C
a

5.6.2.1 Comparison between Fixed Cai
. . Ga
Link using Optimal and Equal Power ‘,;;;OCA:; ::8><8 MIMO Relaying System with Direct

pacity Performance

45 e e

B e N
: using Equal Power Allocation | ---.-.-....... TR TERS

35

Mean Capacity (bits/s/Hz)
- N N (4]
(4] o [4)] o

-
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Eb/No(dB)

Figure 5.18 Comparison between Fixed Gain AF 8x8x8 MIMO Relaying Systetp with Direct Lin}c
using Optimal and Equal Power Allocation under Flat Fading Rayleigh Channel in terms of Capacity
Performance

In this case, we assume that the E, /N, range is [0:1:30] dB and the number of Monte-
Carlo iterations are 10,000. The figure show 2 comparison between fixed gj‘lin AF 8x8x8 MIMO
relaying system with direct link using optimal and equal power allocatlc;ln under flat fidlngf
Rayleigh channel in terms of capacity performance. As' the figure shows,'t ¢ mean tcap;lm yt}(l,e
fixed gain AF 8§x8x8 MIMO relaying system using. optimal powc.ar allocaflon is g:lz f;ﬁoini :
mean capacity of fixed gain AF 8x8x8 MIMO relay%ng system u51r}g il;ag f;z;e;d U rela’yi.n;
at Ey, /N, equals 15 dB and 30 dB, the mean capa01ty.of fixed an; e b
System using optimal power allocation equals 8.008 bits/s/Hz lan. S o uSing, s powe;
g e e re'ay;ngAi;o after E, /N, equals 21
allocation equals 4.385 bits/s/Hz and 35.35 bits/s/Hz, resp'e.ctlvef}ilt;a g anstant %
dB, the dB gifferen.ce between the two system mean capacities oI 1S app

Cquals 2.71dB.
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0
Carlo iterations is 10,000. The figure show.)v}sl 1 :d
8x8x8 MIMO relaying system with and wit :it e
flat fading Rayleigh channel in terms of capacity

As the figure show, the mean ©
Capacity of fixed gain AF §x8x8 MIM
Eb/N, equals 15 dB and 30 dB, the mean ©
d 69.29 bits/s/Hz, respectively,
rclaying system with direct link equals

0:1:30] dB and the number of Monte-
mparison between 8x8 MIMO system and AF
irect link using optimal power allocation under

gx8 MIMO system is greater than the mean
stem with and without direct link, i.e., at
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while the
732 bits/s/Hz and 4

96



—

mean capacity of fixed gain AF §xgx

8
bits/s/Hz and 14.19 bits/s/Hz, respecti o

IMO relay; i i

it aying system without direct link equals 1.744
As we notice, the mean ¢

of both fixed gai

n AF 8
assumption that the source

apacity of g§xg X
X8x8 MIMO MIMO System is greater than the mean capacity

relayin S s . ;
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5.7 Comparison between Fixed Gain AF
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5.7.1 Comparison between Fixed Gain AF SISO, AF 2x2x2 MIMO, AF 4x4x4 MIMO and
AF 8x8%x8 MIMO Relaying Systems in terms of BER Performance
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In this case, we assume

. that the p A
length 4000 bits and the Ey/N range is [-;mber e packets is 10,000 with Patck

0 1.
fixed gain AF SISO relaying system, AR leéi?g dB. The figure shows a comparison between
relaying system, and AF 8x8xg Mo rel MIMO relaying system, AF 4xdxq MIMO

: ; ayi : :
flat fading Rayleigh channe] in terms of BER}IIJI:rgfoj‘myStem e i
ance,

) end AR TG ki s IMO reiliy.lir;gt s;st/e;n, AF ?ix2><2 MIMO relaying
BER perfi);’mance of fixed gain  AF  §xg8xg : MII\/IEO ofcgl:a.il dB atnd S
4273 x 10 .and 1.65 x 1075, Tespectively, the BER performance onIﬁg d s erZF s
MIMO relaying system equals 2.87 x 10~2 and 1393 x 10-3 . req Xeecti ga;m 5 4>I<34I;<4
performance of fixed gain AF 2x2x2 MIMO relaying system equals :}.156p>< 1(‘),?2y;nd ; 344 5

1073, respectively, and the BER performance of fixed ga; .
gamn AF SISO rel t
1.269 x 10~and 8.933 x 1072, respectively. Telaying system equals

To ac.hieve BER equals 1.065 x 10~* for AF 8x8x8 MIMO relaying system, AF 4x4x4
MIMO relaying system and AF 2x2x2 MIMO relaying we need 2.439 dB, 4.021 dB and 4.349
dB, respectively.

As a result, when Ey, /N, increases, the BER decreases accordingly in all systems. The
BER performance of fixed gain AF 8x8x8 MIMO relaying system is better one, followed by AF
4x4x4 MIMO relaying system, AF 2x2x2 MIMO relaying system, and AF SISO relaying
system, respectively. This is because increasing the number of antennas for each node. The BER
performance of fixed gain AF relaying system become better as the number of antennas
increases. But there is a limitation on this, after certain value of antenna numbers, the increasing
in antenna numbers will not be effective. The performance of wireless communication systems
become more efficient when using fixed gain AF MIMO relaying system with more antennas (at

least in the presented cases).
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5.7.2 Comparison between Fixeq Gain AF S150 A
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figure 5.21 Comparison between Fixed Gain AF SISO, AF 2x2x2 MIMO, AF 4x4x4 MIMO and AF 8x8x8
MIMO Relaying Systems using Optimal Power Allocation under Flat F ading Rayleigh Channel in terms of
Capacity Performance

In this case, we assume that the E;, /N, range is [0:1:40] dB and the number of Monte-
Carlo iterations is 10,000. The figure shows a comparison between fixed gain AF SISO relaying
system, AF 2x2x2 MIMO relaying system, AF 4x4x4 AF MIMO relaying system, and AF
8x8x8 MIMO relaying system under flat fading Rayleigh channel in terms of capacity
performance. As we notice, the mean capacity of AF 8x8x8 MIMO relaying system is greater
one followed by AF 4x4x4 MIMO relaying system, AF 2x2x2 MIMO relaying system, aﬂfl AF
i.e., at Ey /N, equals 20 dB and 40 dB, the mean c.apamty of
AF 8x8x8 MIMO relaying system equals 14.07 bits/s/Hz and 60.45 b1t§/s//I{/13, re;é;:c(z)c;l\;;etl:;.s ;hze
mean capacity of AF 4x4x4 AF MIMO relaying system equals 1045 b‘fafs s
respectively. The mean capacity of AF 2x2X2 MIMO relaying IsSy(s)ter;:qn sy;tem earials 2,568
1974 bits/s/Hz, respectively, and the mean capacity of AF SISO relaying

bits/s/Hz and 6.251 bits/s/Hz, respectively.

SISO relaying system, respectively,

the mean capacity increases accordingly in all
gx8 MIMO relaying system is better one folloxyed
2x2 MIMO relaying system, and AF SISO relayl-ng
antennas increases, the channel mean capacity
e of AF relaying system becomes more better

As a result, when Ep/N, increases
*Ystems. The capacity performance of AF 8%
Y AF 4x4x4 MIMO relaying system, AF 2%
Jstern, respectively. As the number of system z
Ncreageg accordingly. So The capacity performan

Nd mope efficient at high Ep/ No-
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6.1 Introduction

In this chapter, we intrody

ce the
results and the challenges that are A

ject conclusionsg t : .
faced during the e e hat are noticed from the simulation

6.2 Conclusions

The objective of this project is to g
: tud ;
AF SISO relaying system and fixe y the BER and Capacity Performance of fixed gain

d gain AF N i
are cqual. Such that N equal 2,4 and §. Ang ;:;;1;/[ MIMO relaying system where N, L and M

conventional systems. a comparison with the performances of the

The following points present the main results of the project

1. The BER performance of fixed
optimal power allocation is bette
system and fixed gain AF SISO
allocation.

gain AF SISO relaying system with direct link using
r thap the BER performance of both conventional SISO
relaying system without direct link using optimal power

2. The BER performance of conventional SISO system is better than the BER performance
of fixed gain AF SISO relaying system without direct link using optimal power
allocation. By using fixed gain AF SISO relaying system without direct link, the signal
affected by two cascaded channel and no diversity is used,

3. The capacity performance of SISO system is better than the capacity performance of both
AF SISO relaying system with and without direct link using optimal power allocation due
fo assumption that the source is remain silent during relay transmit symbols, half of the
channel resources are allocated to the relay for transmission.

i i 1 M MIMO system is better than

4. The capacity performance of all studied conventional Nx .
the capacity performance of all studied fixed gain AF NXLxM MIMO relaying system
with and without direct link using optimal power allocation. 7 his is due to assumption
that the source is remain silent during relay transmit symbols, which mean half of the

ission.
channel resources are allocated to the relay for transmiss

i i IMO
i 1 studied fixed gain AF NxLxM M
e performancee(r)fafllocation is better than using equal power

i i imal pow! . : al p

;Tllayutl‘g Syjsw;ﬁm? ;mentfi ZIP}:)Icate rrr)zore power in direct lzn‘;c thcz.asszst the destination to
ocation. This is du U i
decode correctly. So decrease the amount of losing bits in g

ied fixed gain AF NXLxM relaying
ocation is better than fixed gain AF
timal power allocation. This is due

Josing bits in decoding. So decreases the

: f all stud
6. The BER and capacity performaftli‘;ia‘l) power all

systems with direct link using opY t link using op
NXLxM relaying systems without dlr‘::z:ount of
to the direct link that decreases the a

the BER.
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7. The BER performance of all i
gain AF NXIx

with direct link using opt
: Ptimal poy :
conventional NxM MIMO ¢ er .allocatlon is better th
from| ditest LTl System. Tl_us 18 due to two by han tl}e BER performance of
€ assistanced Jinj Fant o 'ari;: es diversity that are resulted
. This

bits in decoding and ther eby decreqgses the BER ecreases the amount of losing

there is inversion i - :
s1on in t.he. generated simulation curves ang this is ¢ ' j
power allocation that is increasing as Ey /N, increases ue to using optimal
(0] .

optimal power allocation and e :
systems. equal power allocation in all discussed AF relaying

6.3 Challenges

During the project, we faced some of challenges such that

1. The lack of references that cover the simulation results about the project, in order to
compare the project results with the previous results.

2. Finding the suitable OSTBC matrix which takes a lot of time to find and manipulate it in
the code.

3. The simulation speed was very low for some systems especially higher order MIMO and
AF MIMO relaying systems.

4. The complexity of receiver designs especially; in the design of MRC combiner for AF

MIMO relaying systems.

apers and references about the project topic.

5. We faced difficulties in understanding the p

102




ﬁ

References

1- George K. Karagiannidis, Dimitris A_ Zogas '
Mathiopoulos, "Multihop Comim : > . vagias Theodoros A Tsiftsis, and P. Takis
Channels", Global Telecommunicatio '

2- Boris Rankov and Armin Wittneben, "
Channels”, Fifth IEEE Workshop on Siena lay-A
Lisboa, Portugal, July 11-14, 2004, &n g Advances in Wireless Communications,

3- Andreas Darmawan, Sang W. Kim and Hiroyuki Morikawa.

. . 3 . nA l - . i
Cooperative Spatial Multiplexing", Mobile and s mplify-and-Forward Scheme in

nications Summit, 2007. 16th IST.

4- Thanongsak Himsoqn, Weifeng Su, and K. J. Ray Liu, "Differential Transmission for Amplify-
and-Forward Cooperative Communications", IEEE Signal Processing Letters, VOL. 12, NO. 9.
September 2005.

5- Deniz Gunduz, Amir Khojastepour, Andrea Goldsmith, H. Vincent Poor, "Multi-hop MIMO
Relay Networks: Diversity-Multiplexing Trade-off Analysis", The material in this paper was
presented in part at the IEEE Global Communications Conference (Globecom), New Orleans, LA,
Nov. 2008.

6- Vijay Ganwani, Bikash Kumar Dey, G. V. V. Sharma, S. N. Merchant .and. Uday B. Desai,
"Performance Analysis of Amplify-and-Forward Based Cooperative Diversity in MIMO Relay
Channels", This paper appears in: Vehicular Technology Conference, 2009. VTC Spring 2009.

IEEE 69th.

tributed Space-Time-Coded Protocols for

: 1, "Dis
7-J. Nicholas Laneman and Gregory W. Wornell, IEEE Transactions on Information Theory,

EXploiting Cooperative Diversity in Wireless Networks",
VOL. 49, NO. 10, October 2003.

8- Anders Host-Mad "Capacity Bounds for Cooperative Diversity", IEEE Transactions on
S Hgst-Madsen,

Information Theory, VOL. 52, NO. 4, APRIL 2006.

" Asynchronous Cooperative. MIMQ
in: Modeling and Optimlzathn in
WiOpt 2007. 5th International

; 5 naramari,
% Hsin-Yj Shen and Shivkumar x I%ii};a paper appears

Communica’tio ity Analysis,
n and Capacity y s, 2007.
Mobile, Ad Hoc and V&gireless Networks and Workshop
Ymposium.

103




ﬁ

i 10- Allan J. Jardinc?, Steve McLaughlin ang I
| Transmit Power Limited EnvirOﬂH‘lent", Thiso};l)r;psé Thompson, "MIMO ¢

i : ooperative Diversity
IEEE International Conference, T appears in: Commy Oyl

nications, 2007. ICE 07

{1- Abdaoui, SalamaS.Ikki and MohamedH. Ahmed, "Perform

Relaying System Based on Alamouti STBC and Amplify-

ance Analysis of MIMO Cooperative
appears in: Communications (ICC), 2010 IEE

and-Forward Sch " .
E Internationa] Conference. Shlia

12- Youngpil Song, Hyundong Shin and Een-KeeHong
Gcalar-Gain Amplify-and-Forward Relaying", Volume:
I[EEE Transactions on July 2009.

"MIMO Cooperative Diversity with
57. This paper appears in: Communications,

| 13- Hongtao Zhang, Geng-Sheng (G.S.) Kuo, "Coo
Geometry-Based Stochastic Channel Model". Se
http://ieeexplore.ieee.org/ie15/4288670/.../04289680.pdf

perative Diversity for Virtual MIMO System in

14- NafisImtiaz Zaman, Kazi Md. Abdullah Al Mamun, Abu Moen Mohammad Salah Uddin and
Triantafyllos Kanakis, "Performance Analysis of MIMO Relaying Channels Cooperative Diversity
for Mobile Networks ".

15- Olga Mufioz, Adrian Agustin, Josep Vidal, " Cellular capacity gains of cooperative MIMO
transmission in the downlink", IEEE Transactions on Vehicular Technology, VOL. 59, NO. 3,
MARCH 2010.

16- Nam H. Vien, and Ha H. Nguyen," Performance Analysis of Fixed-Gain Amplify-and-Forward
Relaying With MRC", IEEE Transactions on Vehicular Technology, VOL. 59, NO. 3, March 2010.

17- Changick Song, and Inkyu Lee, "Maximum Achievable Diversity of Coded MIMO-OFDM

Amplify-and-Forward Relaying Systems", This paper appears in: Signals, Systems anlciI Cor;gtllgers
(Asilomar), 2010 Conference Record of the Forty Fourth Asilomar Conference on 7-10 Nov. .

d Shivkumar Kalyanaraman, "Energy Efficient Cooperative

[t e Sl
Hsin-Yi Shen, Haiming Yang an x, USA, 2008.

MIMO Systems", Proceedings of IEEE Infocom, Phoeni

rmell, "Cooperative Diversity in

W. Wo .
se and Gregory E Transactions on Information

- J. Nicholas Laneman, David N d Outage Behavior", IEE

Ireless Networks: Efficient Protocols an
Theory, VOL. 50, NO. 12, December 2004.

"Fading Relay Channel_s:
lected Areas In

ix W. Kneubiihler,
and P g, TEEE Journal on sc

20- Rohit U, N slosked
. Nabar, Helmut Bolcskel, ¢ L
“formance Limits and Space-Time Signal Design’,

“Mmunication, VOL. 22, NO. 6, August 2004

104




ﬁ

21- Deniz Gunduz and Andrea Goldsmjt

hand H. v; X
;n MIMO Relay Channels", In 2009 IEE Incent Poor,

E International Symposiu

Diversity-Multiplexing Tradeoffs
m on Information Theory.

22- Xiaorong Xlii B?t?yu Zheng, Jingwu Cuj and WeipingZhu, "Performance Analysis of Diversity
Multiplexing Tradeoff and Distributeq Space-Time Block Code in Cooperative MIMO Netw ks"
Journal of Networks, VOL. 4, NO. 6, August 2009, i

93- Rohit U. Nab?r and Helmut Bolcskei, "Space-Time Signal Design for Fadin
gwiss Federal Institute of Technology, Switzerland,globecom.IEEE2003.

24- Sebastian Caban, Christian MehlfAuhrer, Arpad L. Scholt

bas . : . z and Markus Rupp, "Indoor MIMO
| Transmissions with Alamouti Space-Time Block Codes", See http://publik.tuwien.ac.at/ﬁles/pub-
’ et 9815.pdf.

g Relay Channels",

25- G.J.Foschini and M.J.Gans, "On limits of wireless communication in a fading environment
when using multiple antennas ", Wireless Pers. Communication, 1998.

26- Y.-W. Peter Hong, Wan-Jen Huang and C.-C. Jay Kuo,

"Cooperative Communications and
Networking Technologies and System Design", 2010.

27- BrankaVucetic, JinhongYuan, "Space-Time Coding", John Wiley and Sons Ltd 2003.

28- Arogyaswami Paulraj, RohitNabar and Dhananjay Gore, "Introduction to space-time wireless
communications", Cambridge University press 2003.

39- http://www.radio-electronics.com/info/antennas/mimo/formats-siso-simo-miso-mimo.php.

30- Franco Deflariis, LuisJofre, Jordiromen and Alfred Gran,." Multi antenna system for MIMO
communication ", 2008, publication by Morgan and Laypool series.

31- Andrea Goldsmith, "Wireless Communications", by Cambridge University press 2005.

ini i swami Paulraj and
32- EzioBiglieri, Robert Calderbank, Anthony Cons'tantlmdgs, Andr.iz; r(:icildsrrr:st?,z ,Sx(;(;.gya
H.vincent poor :'MIMO Wireless Communications", Cambridge uni VP
, i tation", 2011,
33- Alain Sibille, Cloudeoestges and AbertoZanella, "MIMO from theory to implemen
Elsevier INC, ;
inci ice" nd edition.
34-Theod Rappaport, "wireless communications principles and practice", Seco
) odores. Rappaport, . i
Is", Jhon Wiley an
35- Volker Kithn, "wireless communications over MIMO channels
Publication, ;

Cambridge

i mmmlication",

University press 2005.

105




ﬁ

37- Lukas Leijten," Design of Antenna-Divers; : -
L ty Transcelvers for Wireless Consumer Products"

38- Gordon L. Stiiber, "Principles of Mobi

le C ication"
Technology, Atlanta, Georgia USA 2002. Oommunication

Second Edition, Georgia Institute of

39- Vijay K. Garg, "Wireless Communication and Networking", 2007

40- Claude Oestges and Bruno Clercky, "MIMO  wi icati
Propagation 5 Spac T Design", e wireless communications From Real-World

41- K.J.Ray Liu, Ahmed K.Sadek, Weifeng Su

| and And inski, " i icati
| Al e o res Kwasinski, Cooperative Communications and

| 42- gaussianwaves.blogspot.com/bpsk—modulation.

43- Jafarkhani H, "Space —Time Coding Theory and Practice ", University of California, New York, 2005.

44- Lin, S.H, " Measured relative performance of antenna pattern diversity, antenna angle diversity and
vertical space diversity in Mississippi", Global Telecommunications Conference, 1988, and Exhibition.
Communications for the Information Age. Conference Record, Globeco 88.,IEEE, vol.,no., pp.1433-1439
vol.3,28 Nov-1 Dec 1988.

45- Mohammad Talal, Mutasem Fanasheh, Ayman AL —dasht, " Spatial Multiplexing in 4G Systems".

46- Nirmalendu Bikas Sinha, R. Bera and M. Mitra, "Capacity and V-BLAST Techniques For
MIMO Warless Channel", Journal of Theoretical and Applied Information Technology.

47- Anwar Abu Afeefeh, Ameena Masri, Linda Manasrah and WalaSayed Ahmed, "Diversity in
4G",

106




