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ABSTRACT

This thesis considers the performance of MIMO relay Amplify and forward
(AF) systems. The capacity and performance investigations are carried out assuming a
correlated fading channel. Two-hop and multi-hop system models are studied. A
realistic outdoor spatial statistical clustered (OSSC) channel model is and applied in
the simulations of MIMO relay systems. This model is concurrent with the special
channel model (SCM) model that is adopted by 3GPP standardization body to be used
for cellular communications applications. The path loss calculations for the OSSC
model are based on the Urban Hata model. Also, a coverage analysis is presented for
different configurations of MIMO relay AF systems with different number of
antennas at source, relay and destinations. Uniform Linear Array (ULA) and Uniform
Circular Array (UCA) antenna structures are implemented. The outage probabilities
and ergodic capacities of systems are also compared when employing ULA and UCA.
The resilience of the basic MIMO Relay AF system over the normal MIMO system
has been demonstrated. Ways of improving relay gain via filter matrix design were
also demonstrated. A comparison between three different relay filter design namely
blind, singular value decomposition (SVD) and matched filter (MF) was discussed.
This work is extended to design a relay multiuser MIMO system with linear
precoding beamforming. Channel inversion (CI), Minimum Mean Square Error
(MMSE) precoding, block-diagonalization (BD) and Tomlinson-Harashima (TH) are
the three precoding techniques examined. Simulations were carried out to compare
different MU-MIMO relay schemes performance under correlated channel by

calculating both bit error rates and sum rate capacity
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Chapter 1

Introduction

In this chapter, background work for this thesis will be briefly
discussed. This will include previous work on the topic, the research
problem and the proposed course of work. The contributions of this work

will be listed along with the outline.

1.1 Background

The need for more bandwidth and faster networks drives the
developments of today’s mobile communications. Following the
introduction and implementation of multiple input multiple output in the
4G mobile networks, MIMO Relay networks has been introduced. Its
promising application is in extending the cell coverage for 5G networks.
The performance of MIMO relay systems is investigated in correlated
fading channel. A realistic outdoor spatial statistical clustered (OSSC)
channel model is proposed in this work. This channel model
implementation forms one of several research contributions. This model
is concurrent with the special channel model (SCM) that is adopted by
3GPP standardization body to be used for cellular communications
applications. Since relaying and MIMO are two techniques were adopted
in the latest cellular communications standards and most likely they will
be used in 5G evolutions, it is essential to study how they cooperatively

work. Relaying and MIMO both can improve transmission in the wireless




Chapter | Introduction

channel, but they accomplish this using different means. MIMO takes
advantage of the signal scattering in the channel to provide higher data
rates and better cell coverage. This happens even without increasing
average transmit power or frequency bandwidth this leads to linearly

increase the channel capacity, spectral efficiency and link reliability.

Core <
Network

Internet | i é

Femto

Figure 1.1, MIMO Relay AF systems in 5G networks

Two-hop relaying improves transmission by lowering the path loss,
which increases the SNR. It is important to recognize that high scattering
in a wireless channel also means high path loss. So correct analysis of the
combination of the techniques in a given cellular system geometry
requires an accurate system and a channel model that ties together the
scattering effect and the path loss as functions of distance. Lots of
recently specified wireless communications standards are set to support
MIMO Relay technologies for example WIFI (IEEE 802.11n, ac, ad) and
Cellular communications (3GPP’s LTE 4G, Advanced LTE-4G and IEEE
802.16). A special type of relay systems is the cooperative relaying where
users share and coordinate their resources to enhance transmission quality
and optimize power allocation. Recently, it has been shown that MIMO
cooperative relaying gives additional degrees of freedom to improve the

capacity of the overall cooperative system.
3




Chapter 1 Introduction

Figure 1.2, Basic MIMO relay system

1.2 Overview of Research

Applying MIMO to wireless relaying systems has attracted high
interest recently (Goldsmith 2002). For example it is used in the latest
cellular systems standard (LTE-Advanced - 4G) where it supports more
advanced relays, which first decode the transmissions and then forward
only those destined for the mobile units that each relay is serving. This
scheme reduces interference and lets more users link with the relay and
assist in improving the performance of infrastructure-based networks by
increasing their coverage. LTE-Advanced also allows a relay to
communicate with the base station and with devices using the same
spectrum and protocols as the base station itself. This has the advantage
of letting regular LTE handsets connect to the relay as if it were a
traditional tower. The relay avoids interfering with the base station by
scheduling its transmissions during certain times when the base station is
silent.

Two hop single relay scenarios are previously investigated (Shi

2005) with relay either above rooftop or at ground level using both
4




Chapter 1 Introduction

measurements and simulations. Techniques such as cross- polarized
antenna or optimal power allocation are utilized when the relay is in the
LOS propagation environment. Also, it is shown that if the destination is
far enough away from the source to make their central area NLOS to both
of them, it is better to place the relay in the region close to the LOS
component between the source and destination. Therefore a study about
the relay coverage and the effect of the array configuration is always
required and it differs according to the type of environment. Previous
studies proposed different relaying schemes that achieve full diversity
according to optimizing the number of antennas; their relative
performance merits are determined by noise amplification at the relays
and the exact configuration of the distributed array. Antenna heights of
- MS, RS and BS are also key parameters that will affect the system
performance. Therefore a major objective of this thesis is to extend
previous work in further investigating to the location of the relay, the
coverage extent, LOS existence between the relay and the source or the
destination and the scattering clusters and fading in the channel influence
on the capacity and data rates at the receiver.

The channel modeling is one of the most significant challenges in
designing wireless communications system because of the time-varying
nature of the channel. In real propagation environments, fading
correlation should be considered and this depends on numerous factors.
The antenna configuration, Doppler spread, the distance between the
transmitter and receiver to name a few. The list extends to include the
distribution of scattering objects that are present in the path between the
transmitter and receiver. One of the wave propagation scenarios the Line-
of-sight (LOS) case where the MIMO system exhibits a reduced

performance since the LOS component overwhelms the multipath
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components in the received signal and this results that the system is
incapable of acquiring high spatial multiplexing gain, which seriously
affects the performance of the system. This is a low-rank line-of-sight
communication environment in the outdoor open space, where there are
less scattering objects and the channel matrix is in a low-rank state. The
widely used Rayleigh channel model overestimates the performance of
the channel compared with realistic models. Therefore, simulation of
relay MIMO systems and investigating its performance requires utilizing

an accurate channel model, which is another aim in this thesis.

The realistic fading correlation MIMO channel model was
previously presented in (Mangoud 2008). The results were utilized for
imndoor WLAN system. In this model, the groups of scatterers are modeled
as multi-clusters located around the antenna arrays. The spatial fading
correlation can be determined from the physical parameters of the model,
which include antenna spacing, antenna arrangement, angular spread
(AS), Power Azimuth Spectrum (PAS), and the central angle of incidence
of the waves. Three different PAS were assumed with uniform, truncated
Gaussian and truncated Laplacian. This model is realized for both
uniform linear array (ULA) and uniform circular array (UCA) antennas.
The spatial correlation properties of a MIMO system is modeled as the
Kronecker product of the spatial correlation matrices defined

independently at the transmitter and at the receiver.

In this thesis, the channel model needs to be modified to be
compatible with 3GPP-SCM model. Accurate path loss model, different
array types AoA and AoD statistics were included. In addition, antennas
spacing between antenna arrays, direction angles at the transmitting and

receiving ends, the correlation analysis and multi clusters scattering were

6




Chapter 1 Introduction

included as well in the model.

Another objective of this thesis is to look to the design of the Relay
station. The way the signal is forwarded and encoded at the relay station
can be classified into two categories: amplify-and- forward (AF) and
decode-and-forward (DF). In AF the relays simply amplify and forward
the received signal. In the DF case, the relays demodulate and decode the
signal prior to re-encoding and retransmission. In this paper, we will
focus through the thesis to the amplify-and-forward case. For the AF
filter design, different choices of the spatial gain and filter matrices (i.e.
amplification factor) can be applied to the received signal at the relay
station. For linear AF relay: blinded, zeros forcing (ZF) relay and,
successive interference cancellation (SIC), matched filter (MF), QR relay
named after QR-decomposition) are listed as examples improves the
performance. Therefore, a comparative study will be presented in this

thesis with the simulations and the proposed channel models.

1.3 Contributions of This Work

The main contributions of this thesis are as follows:

A realistic outdoor spatial statistical clustered (OSSC) channel model that
1s concurrent with the (SCM) model has been implemented in the
simulation of MIMO Relay AF systems. The proposed model includes a
detailed channel model and accounts for various real cellular propagation
environments. It incorporates both line of sight (LOS) and non-line of
sight (NLOS) channel components. It captures both scattering effects and
path loss as a function of distance. The model aligns with models adopted

by standards bodies such as the Third Generation Partnership Project

i




Chapter 1 Introduction

(3GPP) SCM model. A main objective of this research is to apply a
realistic propagation channel model that can fully characterize the

correlation properties to MIMO relay systems.

The Urban Hata model has been used in the path loss calculations
implemented in the channel model. Most of the literature uses the
exponential decay for the path loss, which is less accurate when

compared with the Urban Hata model.

Coverage analysis is presented for different configurations of MIMO
Relay under realistic channel model. In this work, the impact of channel
model selection on link performance of systems employing ULA and
UCA configurations is investigated. In addition, Characteristics of
channel capacity versus azimuth orientation of UCA antenna are analyzed
and compared with those of ULA. Moreover, the channel capacity is
investigated under various realistic scenarios applying uniform and water-

pouring power allocation schemes.

Linear filter design for multi-user MIMO-relay downlink systems with
precoding beamforming was discussed. This part addresses the filter
design and user selection issues for the downlink of a multi-user MIMO-
relay system. To eliminate inter user interference, the filter design is
based on the singular value decomposition (SVD) or Matched Filter (MF)
of the first step and Liner Precoding such as block-diagonalization (BD)
for the second design issue. Simulations are presented for different
techniques. Also, Relay MU-MIMO precoding schemes are simulated

and compared.
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1.4 Outline of Thesis

This thesis is organized as follows:

Chapter 1 presents an introduction; objectives and contributions of the
thesis are presented.

Chapter 2 gives some background on MIMO and multi- hop relaying
systems, some discussion of the important performance measures,
overview of relevant prior work, and brief discussion of the wireless
standards that include MIMO and relaying. Also a survey on the most
important developments in the area of MIMO channel modeling is
provided along with comparisons that highlight the differences and
limitations for each model.

Chapter 3 MIMO models developed within wireless standard are also
presented. Then, the outdoor stochastic spatial clustered (OSSC) channel
model is presented. An analytical expression for the spatial fading
correlation function for MIMO channels is developed for both ULA and
UCA antennas. The spatial fading correlation function is a function of
angular spread, angle of incidence, PAS distribution and distance
between elements that are dependent on the array geometry. Comparative
results on the spatial fading correlation for both the ULA and UCA are
presented.

Chapter4 discusses the Cooperative amplify-and-forward MIMO relay
system is investigated. The chapter presents a comparative view of varies
proposed link scenarios to study the effect relay location and coverage on
the system performance under different power allocation techniques. In
the presented model, a modified realistic SCM stochastic propagation
channel model is used assuming the cases of existence and none existence
of low rank line-of-sight communication for outdoor open space (Jiang

2006). The channel is modeled for multi- clusters scattering environment

9




Chapter 1 Introduction

which means that the signal will be transmitted with Angle of Departure
(AoD) and will arrive at the receiver from multiple Angles of Arrival
(AoA) each with angle spread (AS) that is a measure of the angle
displacement due to the non-LOS propagation. The used relay has
multiple antennas at both transmitting and receiving sides. The variation
of the angle spread at the transmitter, relay and receiver is addressed as
well. Also, different number multiple antennas in source, relay and
destination nodes are considered.

Chapter 5 presents different relay filter matrix designs with linear
precoding schemes that are studied based on channel state information
known at the amplify and forward MIMO relay location. First Blind,
singular value decomposition (SVD) and Matched filter designs are
compared. Then the relay is designed for multiuser MIMO destination
with Linear precoding techniques including channel inversion, minimum
mean squared error (MMSE) criterion and block diagonalization (BD)
and TH beamforming. The numerical simulation compare different
designed for bit error rates and sum rate capacity.

Chapter 6 presents some overall conclusions from our work, and

discusses some possible future work.

10
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Chapter 2

Survey of MIMO Relay AF Modeling, Capacity

investigations and Channel Models

2.1 Introduction:

MIMO Relay Amplify and Forward communication system could be
considered as the evolution of Multi User MIMO communications
system. The introduction of the MU-MIMO systems was accompanied by
great expectations about the increased channel gains. These predictions
were unrealistic due to the underlying channel model, power assumptions
and how well the transmitter can track the receiver (Goldsmith 2002).
The same can be said about the introduction of the MIMO Relay systems,
which is divided into two main categories, Amplify and Forward scheme
and decode and forward scheme (Fan 2007). A general overview about
the MIMO Relay AF systems will be provided in this chapter. The topics
will include the modeling approaches of the MIMO Relay AF systems.
The introduction of the relay node in the communication system will not
only affect the coverage range but more system resilience can be
detected. The presence of the channel state information will have a great
impact on the system capacity. Recent studies on this topic will be
presented. Channel modeling for the MIMO Relay AF systems differs
from normal MIMO systems in considering the geometrical location of
the relay node (Jiang 2006). A review of a system model for the MIMO
Relay AF system including the RN location will be presented. Enhancing
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the overall link capacity via precoding has been a hot topic recently.
Precoding helps reduce the interference caused by other users in the MU
MIMO systems. An over view of different precoding technique will be

presented along with their implementation cost as well.

2.2 MIMO Relay AF Modeling Approaches

Improving the performance of infrastructure-based networks can be
achieved by introducing relays. This helps in increasing the coverage arca
and exploiting spatial diversity. To better understand the relay systems,
more system parameters should be included in its modeling. The channel
modeling usually focuses on the Rayleigh channel model, which is
basically a non-line-of-sight (NLOS) model. Including the line-of-sight
(LOS) components will improve the modeling process. This has been the
focus of the work presented in (Jiang 2008). Another approach to
studying the MIMO Relay systems is to compare the antenna distribution
of relay systems. Two scenarios are possible, multi relay scenario where
multiple relays are used each equipped with one antenna or multi antenna
single relay system. In the multi antenna relay, one relay is used that is
equipped with multiple antennas (Hwang 2010). The case of multiple
relay systems, relay selections emerges as a new tool to optimize the
system capacity and throughput. Selection schemes were introduced in
(Li 2010). The basic MIMO Relay AF system is presented in figure 2.1.
The system notation has been used in several literatures, the transmitter is
being referred to as the source, S. the receiver as destination; D and the

relay uses R.

13
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>

Figure 2.1, Basic MIMO relay system

2.2.1 Classifications of MIMO Relay Schemes

Spatial diversity gains motivate the shift towards cooperative relay
networks from normal MIMO networks. As normal MIMO systems fail
to provide spatial diversity due to the confined space, which does not
allow for more antennas to be placed in a device. Two main schemes are
being followed in MIMO Relay networks, Amplify and Forward (AF)
and Decode and Forward (DF). The AF scheme is considered the simplest
of both as it involves blindly amplifying the received signal at the relay
transceiver passing it to the destination. Hence the name analogue scheme
applies to it as well. As the name indicates, DF is more complex as the
received data at the relay is being reconstructed then relayed to the
destination. A hybrid-relaying scheme has been introduced in (Fan 2007),
it has been called filter, amplify and forward where the received data at
the relay is being partially decoded. This hybrid relaying approach has
been found to outperform the AF and nearly match performance of the
DF provided Channel State Information (CSI) is available at the relay
(Fan 2007). The availability of the CSI will prove critical in the
performance of any MIMO Relay system as will be shown later by the
ground breaking work in (Goldsmith 2002). To further exploit the

14
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cooperative diversity, suboptimal relay selection schemes were
introduced in (Fan 2007). It has been found that with more antennas
available at the relay than the transmitter and receiver, the system
performance gets enhanced. This hybrid scheme however needs a more
complex relay compared with the simple AF need. A general analysis of
the cooperative AF relay networks has been introduced in (Abdaoui
2010). A general analysis of MIMO Relay AF networks has been done,
especially when having multiple antennas per node. The analysis
introduced a unified system definition and divers model investigation. It
falls short in expanding the channel model to include the line of sight and
none line of sight components in the MIMO channel as done by (Jiang
2006). The work we present in the research will combine the
comprehensive channel model introduced in (Jiang 2006) and the diverse
MIMO Relay AF systems introduced in (Abdaoui 2010). Moreover, the
exponential path loss model was used to account for the power loss on the
links (Jiang 2006). We have used the Urban Hata model to account for
that. Unlike the single relay systems, the virtual antennas system is

indeed an attractive choice (Abdaoui 2010).

2.2.2 MIMO Relay System Definitions

Moving forward to the MIMO Relay AF systems, (Jiang 2006)
introduced the Source-Relay-Destination system where there is no direct
link between the Source and Destination. This is known as the two hop
system as data is first transmitted from the source to the relay. This takes
place in the first time slot. In the second time slot transmission happens
between the relay and the destination. The naming convention S-R-D has
been introduced earlier (Rohit, 2004). The motivation for adopting the S-

R-D system 1s to proof test the channel modeling introduced in (Jiang
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2006) which accounts for the relay location in calculating the system
capacity. The Relay Node (RN) has been accounted for by multiplying
the square root of received power at RN by its channel matrix (Jiang
2006). The work in (Rohit, 2004) is among the earliest done on
cooperative diversity. Working on a simple configuration, the two Relay
techniques AF and DF were studied. The study concluded that with
proper deployment of time division multiple access protocols higher
degrees of spatial diversity could be achieved (Rohit 2004). The work
presented in (Zhao 2004) focuses on MIMO Relay AF networks. It starts
by making all RN participate in communicating the data between S and
D. As this is a suboptimal approach, two routing approaches were
developed based on the channel state information, CSI, and power
allocation. Eventually intelligent power allocation and relay selection

leads to an enhanced system performance.

2.3 MIMO Relay AF System Capacity formulation

The dual nature of the uplink, or Multiple Access (MAC) channel of
the MIMO system and its downlink, or Broadcast channel (BC), this
duality means that the analysis results for any link applies for the other
link as well (Yang, W. Y., Kang, C. G., & Cho, Y. S., 2010). Our
discussion will be restricted to the BC hereafter. Figure 2.2 provides a

basic presentation of a Multiuser, MU-MIMO BC channel, with k users.
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Figure 2.2, MU-MIMO BC channel with k users

The capacity of the MU-MIMO Relay AF system is described in equation
2.1.

C = log,det(I + (AR,A")(BR,,B*)™1) (2.1)

where A & B are derived from the channel matrix. The received data

must be in the shape of equation 2.2.

y = Ax + Bn (2.2)
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2.3.1 Channel State Information knowledge effect on the
System Capacity

The time varying nature of the MIMO channels makes it essential
for the transmitter to have a certain level of knowledge of the CSI before
Data transmission takes place (Zhao 2011). The degree of knowledge of
the CSI and its location in the MIMO Relay AF system has been the work
of (Sheng 2007). The work in (Goldsmith 2002) presented a detailed
breakdown of the CSI level of knowledge and location effect on the multi
user MIMO systems. There can be a perfect CSI or a partial CSI; it can be
at the transmitter, CSIT or at the receiver, CSIR. The optimum condition
for a MIMO Relay AF system is to have a perfect CSIT, however partial
CSIT and CSIR would still keep a lot of issue unresolved like the MU-
MIMO ergodic capacity. The work presented by (Shi 2007) developed
practical feedback systems that require partial CSI. This has been
developed along with precoding technique to cancel out interference. The

precoding work will be presented later in this chapter.

2.3.2 Physical Characteristics effect on the MU-MIMO

System Capacity

The physical design of the antenna system and the RN location
effects were the center of the work presented in (Gomadam 2007).
Eventually all these elements play a major role in determining the
expected capacity gains. The work in (Sheng 2007) reflected the Angle of
Arrival, AoA and Angle of Departure, AoD effects on the MIMO system
capacity as well. These effects along with the SNR were thoroughly
investigated in our work. In (Jiang 2008) the presence of the Line Of
Sight link in the S-D link has been studied.

18
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2.3.3 Downlink Uplink Duality

Another major area in the study of MU-MIMO systems is the dual
nature of the MIMO Broad Cast (downlink) and multiple Access (MAC)
channels (Goldsmith 2002). The dual nature of the BC and MAC
channels means simply that whatever results gained in the study of one
link can be extended to the other one. So it is enough to study the BC
channel for example to know the MAC channel without undergoing the
same study approaches. All the work done hereafter will be on the MIMO
BC channel.

2.4 Interference Cancelation Precoding Techniques

MU-MIMO communication systems suffer from users interference
as they share the same frequency in BC and MAC channels. To counter
fight this interference problem, precoding at the transmitter is used. The
work in (Gomadam 2008) looks after different Precoding techniques to
cancel out interference in MU-MIMO systems. These results can be
extended to MIMO Relay AF systems. The concept behind precoding is
to multiply or encode the data stream at the transmitter with a special key.
Every user’s data stream is multiplied with a unique key. On the receiver
side, the key is used to cancel out the received data stream of the other
users and to boost the signal strength of the target data stream. Thus,
precoding serves two purposes eliminate unwanted data and magnify the
power of the needed data. The way precoding is done is however where
engineering a good precoding technique counts. As it might sound,
precoding multiple data streams with unique codes not only

mathematically involved but also needs a lot of processing power. Four
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precoding techniques will be investigated. The studied techniques are the
Dirty Paper Coding (DPC), the Channel Inversion (CI), the Block
Diagonalization (BD) and Tomlinson-Harashima (TH) precoding.

2.4.1 Dirty Paper Coding

DPC is the optimum precoding technique and the most involved one
when looking at the processing power needed. The concept of DPC is
simply to produce an interference free transmission. It does so by
subtracting the potential interferences, i.e. other user’s data streams,
before transmission. This requires full CSI knowledge by the transmitter.
LQ decomposition is implemented in DPC. The channel BC matrix can
be LQ decomposed as shown in 2.3. By transmitting Q* x at the receiver
Q effectively eliminates the interference caused by the other data streams.

The below 3 users system helps visualize the DPC steps.

[111 0 01191

HPL =|l;1 1, 0|92
(2.3)

131 132 133 qs3

L Q

The LQ decomposition is used to decompose the BC channel matrix. The
received signal is the transmitted encoded data streams multiplied by the
channel matrix of the system plus their corresponding noise as shown in

2.4

Y1 HP') 1%, Zy
[yz =) - .4
V3 HBDL X3 Z3

~————

HDL

% =Q"x 2.5)
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Where H2* € C*3 is the channel matrix for the individual user. And

{q;}2_, € €3 are orthonormal row vectors. Expanding the equations

V1 HlDL Zq lll 0 0 X1 Zq
[i’z = |HP" Q" x + | 22| = [121 l O |]X2|+ [ZZJ 2.6)
3 H3DL Z3 X3 Z3 )

131 l32 l33

———
HDL

Expanding and solving for Q results in 2.7.

1 0 0
X1 _E_Z_l 1 o] [*1
X2| = l22 X, 2.7)
al |l b k|l
las  I33l3 [33

The above precoding matrix allows us to rewrite 2.6 as shown in 2.8.

yl lll O 0 x1 Zl
3 l31 132 133 X3 Z3
1 0 07
Y1 iy, 0 0 _ 1 ol[* 2
[3’2}=[121 I3z 0} lys |+ 122 (2.8)
y3 l31 l32 l33 _l3_1 l3_212_1 _-l?,_z f3 Z3
l33 l33 l22 l33
yl lll 0 0 fl Zl
[yz = l 0 lzz 0 XZ + [22
val Lo 0 inllwl lz

Hence the precoding matrix Q¥ is found to be as below.
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[ 1 0 017
_lil_ 1 0 111 0 0 -1 lll 0 0
l52 =|l,; l,, O 0 L, O (2.9)
_l?’_l 13_221 _l3_2 1 l31 l32 l33 00 0 l33
l33 l33 l22 l33 -

The aforementioned complexity of the DPC was the main motive to
propose less complex algorithms even if some performance is
compromised. However, DPC remains the method of precoding the data
such that the effect of the interference can be canceled subject to some
interference that is known to the transmitter (Yang, W. Y., Kang, C. G.,
& Cho, Y. S., 2010). (Jindal, N., & Goldsmith, A. 2005) established that
the sum-rate capacity of the MIMO BC channel achievable by DPC is at
most min (M, K) times larger than the maximum achievable sum rate via
TDMA. Where M stands to the number of antennas per users and K
stands for the number of active users. The work done in (Gomadam 2008)
looks into less complex precoding techniques that approach the
performance of the DPC as an acceptable compromise. Another approach
to a suboptimal DPC was the focus of the work done by (Saradka, B.,
Bhashyam, S., & Thangaraj, A., 2011). They worked on a zero-forcing
DPC precoding technique. It forms a suboptimal approach to the DPC
precoding. The ZF-DPC was designed using trellis shaping and low
Density Parity Check codes for the MIMO BC channel.
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2.4.2 Channel Inversion

Channel Inversion also known as zero forcing refers to the process
where the transmitted data stream is multiplied by a weight matrix prior
to its transmission. This weight matrix is designed to balance the channel

gain over the transmitted time interval; hence it is a linear precoding

technique. Figure 2.3 explains this concept symbolically.
Z 1/8

Figure 2.3, Channel Inversion linear precoding

Where W stands for the weight matrix, W € CNT*Nt H the channel
matrix H € CN?*NTig the system’s channel matrix. 1/ is a constant
designed to meet the total transmitted power constraint. Actually, this
power constraint is present in all of the MIMO relay system equations as
it dictated the gain introduced by the relay. Its formula however differs
based on the system configuration. For our case here of CI, the Beta value
1s given as shown in equation 2.10. The precoded symbol vector x can be
presented as shown in equation 2.11. Where Ny stands for the number of

antennas at the transmitter and Ny stands for the receiver antennas count.

B = T (2.10)
x=Wg (2.11)
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Having introduced all the parameters, it is essential that the weight matrix
is introduced as shown in equation 2.12. The weight matrix design

determines the type of precoding.
Wop = pH} (2.12)

In our case here it is the channel inversion precoding also known as Zero
Forcing (ZF) precoding. This is a linear precoding as the parameter [ is a
constant, i.e. creating the weight matrix is a linear operation. A variation
of the ZF precoding is generated when the creation of the weight matrix
is done based on Minimum Mean Square Error technique, MMSE as

shown in 2.13.

Wumse = BX argymin E{|[B~*(HW X + z) — %||*}
o 2.13)
= BxHH (HHH + 3121)

X

Joint precoding and suboptimal algorithms are recent approaches
proposed to utilize MMSE based precoding for MIMO Relay AF
systems. Source and relay precoders were designed while adopting the
MMSE criterion at the destination in the work presented by (Wu, C.,
Chung, W., & Chen, C., 2013). Their proposed method is based on
diagonalizaing the MSE matrix via SVD. This is a suboptimal approach
aiming at reducing the precoders’ complexity. Selecting particular
structures of the precoding and amplifying matrices can diagonalize the
Mean Square Error (MSE) matrix. This solution works out best when the
SD power is higher than the SR link. The original problem of MMSE

precoding is being a highly non-convex problem. The approach presented
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in (Y1, H.,, Zou, J., Luo, H.,, & Yu, H., 2011) attempts solving this
problem by decoupling it into three sub problems. Introducing an iterative
algorithm to repeatedly optimize preorders and receivers did this. Their
proposed algorithm outperformed standard approaches in terms of bit
error rate and mean square error values. The work of (Aditya, S.,
Rajeshwari S. S, & Giridhar, K., 2012) introduced a joint precoding
between the source and the relay. The proposed scheme required the
knowledge of the second order statistics of the interference. The
interference suppression was based on MMSE, the scheme proved robust

even under low SINR.

2.4.3 Block Diagonalization

In Block Diagonalization precoding approach the interference from
other user signals only, is canceled in the process of precoding. Then
various signal detection methods can be used to cancel out the inter-
antenna interference for each user. The precoding matrix must be
constructed in a way to allow only the user information to emerge after
decoding having all other signals suppressed. This is done by forcing the
W matrix to be in the null space of the channel matrix of the system. The
equations below help visualizing the concept. Looking at the receiver’s

end, the BD received signal looks as shown in 2.14.

K
Yo = HZ* Z +zy
k=1
(2.14)

k
= HL?LWufu + E Hl?LijZk + Zy
k=1,k#u
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Where Wu stands for the precoding matrix for the u™ user taking this
form, W, € CNe*Nmu, The channel Matrix between the BS and the u™
user takes this form, H2" € CNMuw N8 Again, all the analysis done is for
the Broad Cast BC link. However, the same results apply for the Multiple
Access Channel MAC as the dual nature of both channels allows this
assumption (Jafar, S. A., Gomadam, K. S., & Huang, C., 2007). Looking
back at 2.14 the precoding matrix must be block-diagonalized so that only
the u™ user traffic is available after multiplying with the precoding matrix
at the receiver and the other data streams, i.e. interference, is eradicated

by the precoding matrix.
HEAW, = ONpy uxNg YU # K @ 15)

With this condition in 2.15 being true, the received signal in 2.14

becomes interference free as shown below.
Yy, =HWex, 72 u—1) K (2.16)

The task now is to construct the precoding matrix {W,}X_,that must
satisfy 2.16. This is done by constructing a system channel matrix for all
the users except the user of interest. Once this matrix is constructed, and
you have to imagine the complexity of this approach as the BS needs to
be aware of the full CSI for all the users. Once this matrix is constructed,
the precoding matrix is generated by satisfying the below condition in

2.0
HL Wi = Oy oear-Npa) <Ny ¥ = 12,00, K (2.17)
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Hence the precoding matrix must lie in the null space of the BD system
channel matrix. So decimating the u™ user channel matrix from the
system channel matrix creating a BD system channel matrix comes first
in creating the precoding matrix. Then the precoding matrix has to lie in
the null space of that BD system channel matrix. This has to be done for
every user in the system. This iterative computation in generating the BD
system channel matrix for each user and finding a solution in its null
space to create a precoding metric motivated the search for less complex
approaches which are based on the BD algorithm. (Morato, M., Chen, Y.,
Yuen, C., & Lei, Z., 2011) proposed two practical distributed
algorithms that are based on block diagonalization technique. The
proposed schemes eliminate the need of iterative computations, and hence
can be implemented without information exchange between multiple base
stations. But the need for CSI is still essential for this approach.
Furthermore suboptimal solution has been proposed that requires only
partial channel state information to be available at each base station.
Simulation results showed that the proposed algorithm approaches the
performance of its counterpart in the literature without the need of
iterative computation to create BD system channel matrix for each user.
Simulation results showed that the knowledge of CSI plays an important
role on the system throughput for distributed MIMO systems. (Hwang, J.,
Lee, K., Sung, H., & Lee, 1., 2010) proposed two (AF) relaying schemes,
which maximized the sum-rate for the interference channel with multiple
source-destinations. Since the formulated optimization problem is not a
convex or concave in general two approaches were attempted to solve the
interference cancelation in MIMO relay AF systems. First an iterative
scheme was introduced which provides a local optimal solution. The

proposed scheme iteratively searches an optimum relay matrix by
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deriving the gradient of the sum-rate and applying the gradient descent
algorithm. Next, in order to reduce the computational complexity of the
iterative scheme, a BD method was introduced which utilizes the MMSE
criterion with singular value decomposition (SVD) based rate
maximization. The proposed iterative scheme achieved a near optimal
sum-rate for the given channel model as shown by simulations. The
MMSE based BD with the rate maximization approaches the local

optimal sum-rate at high signal-to-noise ratio (SNR) regime.

2.4.4 Tomlinson-Harashima Precoding

Decision Feedback Equalization (DFE) is used in MIMO systems on
the receiver side. To reduce the peak or average power usage on these
DFE, which suffers from error propagation the TH precoding was
introduced. The original idea of TH precoding in DFE is to cancel the
post-cursor ISI in the transmitter, where the past transmit symbols are
known without possibility of errors. In fact, it requires a complete
knowledge of the channel impulse response, which is only available by a
feedback from the receiver for time-invariant or slowly time varying
channel (Yang, W. Y., Kang, C. G., & Cho, Y. S., 2010). Minimizing the
peak or the average power of the DFE is achieved by encoding the
transmitted signal; i.e. data stream from a set of symbols. Once the data
stream is encoded, it can be transmitted and reconstructed at the receiver
after being shaped to control its transmitted power. The encoding method
ensures that the resulting symbols, called the expanded symbols, require
minimum power for transmission. Equation 2.18 describes a typical

expanded symbol formula.
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c=x+24.m {2 18)

Where x is the data stream, A is an even integer given by A = M similar
to a Pulse Amplitude Modulation codebook. The constellation;
F4-1),-(4-3),..,-3,-1,1,3,.., (A — 3), (A— 1)} is used to map
the data stream and encoding it into the expanded symbol. In order to
reduce the peak power, m in 2.18 must be chosen to minimize the
magnitude of c. At the receiver side, the data stream is recovered via a

symmetric modulo operation as defined in 2.19.
x = mod,(c) 2 c — 2A|(c + A)/24] (2.19)

(Lei Zhang, Yunlong Cai, Rodrigo C. de Lamare, and Minjian Zhao,
2014) proposed a design of robust transceivers with TH precoding for
MIMO relay AF based on a multi-branch (MB) strategy. The robustness
of the proposed scheme is based on the system being able to endure errors
in its CSI. The MB strategy employs successive interference cancellation
(SIC) on several parallel branches which are equipped with different
ordering patterns so that each branch produces transmit signals by
exploiting a certain ordering pattern. For each parallel branch, the
proposed robust nonlinear transceiver design consists of TH precoding at
the source along with a linear precoder at the relay and a linear minimum-
mean-squared-error (MMSE) receiver at the destination. By taking the
channel uncertainties into account, the source and relay precoders are
jointly optimized to minimize the mean-squared-error (MSE). Simulation
results demonstrate that the proposed MB-TH precoding scheme is
capable of alleviating the effects of CSI errors and improving the

robustness of the system. (Xing, G., Xia, M., Gao, F., & Wu, Y., 2011)
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proposed a robust transceiver design with TH precoding for MIMO
relaying AF systems. At source node, TH precoding was adopted to
mitigate the spatial inter-symbol-interference (ISI). However, due to its
nonlinear nature, TH precoding is very sensitive to channel estimation
errors. In order to reduce the effects of channel estimation errors, a joint
Bayesian robust design of THP at source, linear forwarding matrices at
relays and linear equalizer at destination is proposed. The performance
advantage of the proposed robust design over non-robust design was

demonstrated by simulation results.

2.5 Conclusions:

MIMO Relay AF systems capacity and precoding techniques were
studied. The nature of the MU-MIMO systems introduces new limits on
the capacity analysis. However, the capacity analysis of the MIMO Relay
systems has been standardized based on the general MIMO Relay system
configurations. The ease of capacity calculation is subject to forming the
received signal in a standard format. All the capacity analysis must follow
the route of shaping the received signal into a standard format then
considering the power constraints of the system. Then using the standard
capacity equation follows. User interference is an added factor in
considering the system capacity. As all users share the same uplink and
downlink, interference cancelation techniques were introduced to mitigate
this interference. Four main interference cancelation techniques were
presented. The complexity and power needs for these techniques
motivated the research for suboptimum approaches for interference
cancelation. This field is a promising field to study. Later in chapter 5 we
will present a comparison study between the main interference

cancelation techniques.
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Chapter 3

The MIMO Relay AF system Channel Model

Implementations

3.1 Introduction:
The introduction of the RN in the MU-MIMO systems thus

transferring it into MIMO Relay systems added more constrains on
adapting the proper channel model. The Line of Sight, LOS, channel
components tend to negatively affect channel matrix as they tend to have
more dominance over None Line of sight NLOS components. This results
in reducing the rank of the matrix. This eventually leads to a lower
capacity value of the system. Most literature focuses on the Rayleigh
channel model (Jiang 2006). This channel model overestimates the
channel capacity values. A more realistic channel model has been
adopted in our work in one that accounts for LOS and NLOS
components. Moreover, it accounts to the RN location and position as it
affects the MIMO Relay AF system capacity. In implementing the
channel model three levels of complexity were adopted. A simple channel
model accounting for the system capacity, path loss and RN location has
been adopted as the basic model. A correlation channel model followed
this to account for the antennas correlation. The most realistic channel
model implemented is the Outdoor Stochastic Spatial Clustered, (OSSC)
channel model. The OSSC channel model is an extension to the

correlation channel model where more channel elements were added. The
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added parameters include the AoA, AoD at the three S, R & D nodes. The
Angle Spread, AS has been added as well. On the receiver side, the

mobility of the Mobile Stations has been accounted for as well.

3.2 Channel Modeling Approach

Extending the coverage area of a given wireless network can be
done by introducing relays to the network structure. This improvement in
the performance of infrastructure based network by increasing their
coverage area and exploiting the spatial diversity has been a hot topic in
research recently. The main focus of the existing literatures has been on
studying the various methodologies to obtain better channel performance.
However, little attention is paid to the channel modeling for relays. The
Rayleigh channel model has been the most accepted channel model for
the relay systems (Jiang 2006). This model however, holds in the case
where the relay lies in the non-line-of-sight (NLOS) scenario of both the
source and the destination. The channels between the source and relay,
and the relay and destination are considered as the full rank multiple-
input multiple-output (MIMO) channels. Maintaining a full rank for these
channels is a goal by itself in MIMO communications, as the lower the
rank leads to a lower capacity of the given system. The effect of the
location of the relay on the system performance is usually ignored in the
analysis; this is why it has been one topic addressed in our work. (Jiang
2006) investigated the power and location optimization for decode-and-
forward relay network, but the fading coefficient of the channel is still
assumed to be distributed according to Gaussian distribution. However, to
maximize the coverage, the relay is typically placed in the LOS scenario
of the source (Tsai 2007). Therefore, the Rayleigh channel model is no

longer suitable to analyze practical relay channels. In addition, since there
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is LOS component propagating from the source to relay, in the case of the
MIMO communication, the channel between the relay and the source is
correlated. Hence the capacity performance of the whole system
degrades, and it is necessary to use techniques such as cross-polarized
antenna or optimal power allocation to improve the performance in the
channel. (Holakouei 2009) studied the channel modeling for a simple

two-hop single relay system.

3.1.1 MIMO Relay AF Channel Model Considerations

When adopting the channel model for the simulation, some key
factors had to be included in the channel model. These factors would
contribute towards having a more realistic channel model with a room for
control for some parameters. Thus we started with the simple channel
model to test for correctness. Then the correlation channel model gave a
room to control the antenna correlations in the three links, SR, SD and
RD. The OSSC is the most realistic channel model where the correlation
is calculated based on the rice steering matrix. The AoA, AoD and AS
were sourced from the 3GPP-SCM channel model tables. The path loss
calculations were based on the Urban-Hata model (Young 2010) as

described in the next section.

3.1.2 Path Loss implementation

The work presented in (Jiang 2006) though detailed in channel
modeling, it used the exponential decay as its path loss model. The Hata
model being the most popular is more accurate as well. Thus it has been

adopted in our work to account for the path loss in the simulation.
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3.1.3 The Urban Hata Model

The Okumura model has been extended to cover the various
propagation environments, including urban, suburban, and open area,
which is now known as the Hata model. In fact, the Hata model is
currently the most popular path loss model (Young 2010). For the height
of transmit antenna, hrx[m], and the carrier frequency of ] MHz], the path

loss at distance d [m] in an urban area is given by the Hata model as:

PLyatay (d)[dB] = 69.55 + 26.16 10g f, ...
..—13.28 log hTX - CRX + (4‘4‘.9 — 6.55 log th) logd

(3.1)

Where
hyx [m] is the transmitter height in meters
d is the direct distance between the transmitter and the receiver in meters
Crx 1s the correlation coefficient of the receive antenna, which depends
on the size of coverage. For small to medium-sized coverage, Cry 1s
given as:

Crx = 0.8+ (1.1logf. — 0.7)hg, — 1.56log £, (3.2)

Where

hg, [m] is the receiver’s height in meters.

f.is the carrier frequency in MHz

the Hata model for Urban areas was adopted in our work throughout.
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3.3 Simple channel model with path loss via the Hata

model

The first channel model used in the simulation was the simple
channel model. The main reason for adopting this model though other
models were used later was to test for correctness. This model takes
account of the Line of sight (LOS), and No line of sight (NLOS)
components of the MIMO channel (Venugopal 2005). The case were all
three stations S, R and D have the same number of antenna elements,
which is denoted by M As shown in (Jiang 2006) has been adopted. The

channel matrix for a point-to-point channel link can be written as:

’ K ’ 1
H = \/Powerreceived K_HHLOS + mHNLOS (3.3)

Where the power received stands for the power received at the received

side of a given link. And, K is the Rician K-factor, which is related to the
propagation condition and the distance between transmitter and receiver

(Jiang 2006).

K =13 —0.03d(dB) (3.4)
Where d is the direct distance between the transmitter and receiver.
H; o5 represents the contribution of the LOS components in the channel.

The specific distance between transmitter and receiver and the

configurations of the antennas determines it.
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Hy10s takes into account the influence of the scattering components
during the propagation. The entries of Hy;sare assumed to be zero-mean

unit-variance complex Gaussian random variables.

K is assumed to be 0 dB in the NLOS case, while in the LOS case, K is
often larger than 0 dB, hence H shows Rician fading characteristics. Note
that time correlation and spatial correlation are not considered in the
model. All three links of relay system can be modeled the same way. The

spatial correlation is however considered in the next two models.

3.4 Correlated channel model

The correlated channel model incorporates the antennas spatial
correlation in the channel capacity calculations. The user controls the
correlation values. This allowed us to study the effect of varying
correlation on the system capacity. The model has been presented in

(Mangoud, 2008).

K il 1, 1,
H = \/Powelyeceivea mHLOS sis mRt HyosR, (3.9)

1/2

1
Where R t/ % represents the antenna correlation of the transmitter and R,

represents the antenna correlation at the receiver. All the other parameters

would still the same as the simple channel model.
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2
3.SD Outdoor Stochastic Spatial Chastéréd Channel
Modl%l :

The most reaﬁstic channel model used in our work is the outdoor
stochastic spatial glusteged (OSSC) channel model. The covered elements
in thiéE rrlr(ll(t)vlciel include the geometrical antenna configurations, the AoA,
AoD and the Mobile Stations (MS) movements as well. An illustration of
the wave propagation for spatial channel model employing ULA array is

shown in Figure 3.1. The OSSC channel model is given in equation 3.6.

K s 1/,
B = \/Powerreceived 7(__{__117(97') it K__I_lRt HNLOSRr (3.6)

Figure.3.1, Wireless communication system employing ULA array
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The Rwegivteering vectorv(6,.) for specific arriving plane wave in a ULA

Mislsmantadi(A ;

o

P3 - 2 1 |
o | e j2rZsin(@)sin(6,)

Sl Vz(er) c o

v(8,) =|ve,) P=| gi2rTsin@sin@) (3.7a)
1
R M . e

ou vy (6,)] b jan =28 sin(9)sin(o;) |

where D is the antenna element spacing, ¢ is the elevation angle, and 6, is
the AoA at received antenna array. For simplicity, only the azimuth
angles are considered in the propagation geometry ({ = 90°). Similarly,
Figure 3.2 shows a wireless communication system employing a UCA

array with M evenly spaced receive elements.

Figure 3.2, Wireless Communications System employing UCA array

The array steering vector v(6,.)for a single received plane wave in a UCA

can be written as (Umrani, A. W., Guan, Y. L., & Umrani, F. A., 2019).
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—~ . R -
2n— 6,—
v,(6,) el > cos(6r—¢1)

.. R
e ]27r7 cos(6,—@5)

v(g,) =|"2 (:Br) (3.7b)

57 (Qr) _ej2n§ cos(6r—pp) |

where R is the circular radius of the antenna array, and ¢,, is the phase
excitation of mth element in azimuth plane.

The spatial fading correlation function R;(np, mq) between two channels
hpp and hy, , for a MIMO channel can be defined as ;

Rs(np, mq) = E[hpphing] (3.8)

where h,, 5, is the multipath channel impulse response for the pth transmit

antenna at the nth receive antenna elements. Subsequently, R (np, mq)

can be written as

Ro(np,mq) = E[vn (68w, (87%) vy, (05 v (65)]

(3.9)
- f f Da (R v, (019) v (BR%)v; (67%) p (6%, 9RX)dOT* dORx

6% oRx

where v, (88*) and v,,,(8%) are the array response for nth and m™
receiving antennas and s" scatterer path at the receiver side, while,

v, (6%) and v, (67 are the array response for p™ and ¢" transmitting

antennas and s™ scatterer path at the transmitter side, and p(6%, 6R%) is

the joint probability density function of AOD and AOA. For a ULA,

v; (ng ) can be expressed as

.. D@i-1) . y
v, (87) = /277 sin(85) (3.10)

and for a UCA, v; (QSy ) can be written as
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el Vo sk
v;(82) = o2 c0s(63 - ;) (3.11)

where i € {n,m,p,q} and y € {Tx, Rx}. Since 8]* and OR* are

statistically independent, (3.9) can be written as

R;(np, mq)

= f 2, (01 (67) p(67%) dOI* ] 0, (OR%) v (GRX)p(BRX)dRY (3.12)

YRS o

— RE(p )R, m)

where p(6]%) and p(6F¥) are the PDFs of AoD and AoA, respectively.
RIX(p,q) is the spatial correlation due to transmit antennas, and
RE*(n,m) is the spatial correlation due to receive antennas. Both p(8J%)
and p(68*) are known as the Power Azimuth Spectrum (PAS). In (Y. S.
Cho, J. Kim, W. Y. Yang and C. Kang, 2010), it is shown that the pattern
of PAS depends mainly on the distribution of the locally- scattered
components. In general, enormous amounts of locally-scattered
components are observed by the MT in all different environments.
Therefore, its PAS usually follows a uniform distribution. However, for
the access point (AP) there are different PAS distributions (e.g. uniform,
truncated Gaussian and truncated Laplacian) are observed depending on
the characteristics of terrain, which is usually shown to have a small
angular spread (AS), AS (o) is defined as the standard deviation of the
PAS distribution in degrees as shownin Figures 3.1, 3.2. Figure 3.3 shows
the PDF for the three PAS distributions with the central angle of
incidence=0° and AS=20°.
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Figure 3.3, PAS distributions (6 = 0°, ¢ = 20°) comparisons

In this research, the truncated Laplacian PAS distribution at the BS is
considered, because it is the best fit to measurement results in urban and
rural areas, as revealed in (Abderrazek Abdaoui, 2010). Also, due to
reciprocity of uplink and downlink communications, only the uplink
spatial correlation function is presented. Consequently, for the s™
scattering path on the uplink, 6% is the AoD at the MT and %% is the

AOA at the AP. Both 6*and O8* are random variables. 8T is assumed

uniformly distributed over [0,27]. A uniform distribution for 61 is
expressed as

L <f3<
el s (3.13)

P(HST X) = 277
0 otherwise,

and O has a truncated Laplacian PAS distribution, which can be

expressed as
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p(68%) = Cle~alés™~6:l _p 19 <oRx<nm+@, (3.14)

where 0, 1s the central AoA, and (; is a normalization factor can be found
by

T
j C e-aloF=0] ggRx = 1 (3.15)

-7t

which gives
a

= m (3.16)

C
and a is a positive decaying factor which is related to the angle spread.
Specifically, as a increases the angle spread decreases. The angle spread

o of the Laplacian distribution is defined as

2  2ae %" (n?a+2nm

0=~ T e — (3.17)

Using (3.17) the uplink spatial correlation can be written as
Ry(np, mq)* = Re*(p, )*R$*(n, m)* (3.18)

where
RI*(p, q)" = j 1, (670 (91 p(67%)d 6T
61x

(3.19)

RBX(n,m)* = fvn(HSRX) v (BR)p(6F)dgR*

OR*

In (J. Salz and J. H. Winters, 1994), it is shown that RIX(p, )% with 8J*

uniformly distributed over [0,27] for a ULA can be expressed as
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RI*(p, )% = I,(2,™) (3.20)

where

A

ZlTX —

In (J. Tsai and B. D. Woerner, Nov. 2001), it is shown that RT*(p, g)*

with 8% uniformly distributed over [0,27] for a UCA can be expressed

as
RS (. ¥ = 1o(2.™) (3.22)
where
ZCTX = \}le,Tx + ZZZ,TX (3.23)
and
R,
Zitx = 2%7 [COS((pp) - COS(¢q)]
(3.24)
R,

Zyrx = 2T 1 [Sin((pp) — sin((pq)]

In (J. Salz and J. H. Winters, 1993), it is shown that the real and
imaginary parts of receive spatial correlation between the nth and mth
antenna element for a ULA with a truncated Laplacian AoA distribution

as follows

Re{Rg*(n, m)"}

— IO(Zle)
N (3.25)
(1—e™"") x
+ 4Cl kz—l az lek(ZlR ) COS[(Zk(Qr))]
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Im{R§*(n, m)*}

- (1+em™) |
= 4(, Z @ FTSNE Lyyes1(Z,%) sin[(2k

+ 1)(6,)]

where

2(n —m)D
7,R% = mn Am) r (3.26)

In (J. Tsai and B. D. Woerner, Nov. 2001), it is shown that the receive
spatial correlation #nh and mth antenna element for a UCA with a

truncated Laplacian AoA distribution can be expressed as

Re{R5*(n, m)*}

— IO(ZCRX)
C ,(1—em)
+ 4C, Z a? WIZR(ZCRX) cos[(2k (8,
k=1
+am)] (3.27)

Im{R§*(n, m)*}

(e |

+1)(6, + a")]

where Z.** is related to the antenna spacing and a” is the relative angle

between the nth and mth antenna clement, that are defined as

ZCRX = \/le,Rx + ZZZ,RX
(3.28)
R;

~ [c05(#) — cos(p)]

Zl,RX - 27T
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R
Zo = 21 [sin(,) —sin(y,)]

Z
Sinle) = s
\/ZIZ,RX + Z22,Rx
Z
costal) = 2

\/Ziz,Rx =5 ZZZ,RX

The OSSC channel model utilizes the Kronecker model that described in
(3.3). Thus, the OSSC channel model can be represented as

H = RY/*H;;;RY/? (3.29)

where Ry and Ry, can be computed as follows

R 1 = R R N
R REX(_2,1) REX(;,Z) REX(;,Mt)
R 1) REEM,,2) .. RIE(M, M, ) (3:30)
REX(1,1) REX(12) .. REX(1L,M,) '
R = R‘S‘X(.Z,l) R§X§2,2) RI;X(g,Mr)
REEGM., 1) (REX(M . 2) .. RES(M M)

3.6 Simulation assumptions

To further analyze the position effect of the relay, we simulate with
2 pairs of cross-polarized patch antennas at the source, relay and the
destination. We apply the widely used assumption in the simulation, (Lei
Jiang, 2006). The source-relay distance dsg and relay-destination distance
drp are normalized with respect to the source-destination distance dsp
when calculating the path loss. The transmit power is set as 10 Watt. The

element spacing for source is 4\, and the spacing for both the relay and
46




Chapter 3 The MIMO Relay AF system Channel Model Implementations

the source is assumed to be 0.5A\. Intuitively, the relay should lie within
the right semi circle with the source at the center, which radius is
determined by dgp, i.e., 0 < dsg< dsp, and —m/2 < 85< /2. B is the angle
between source-relay link and source-destination link. The Ricean K
factor is assumed as K = 13-0.03d (dB) as in (Yi Zhao, 2004).
Furthermore, we assume that the polarizations of all the antennas at the
source, relay and destination are perfectly matched, i.e., 6p = 0. The
capacity of the relay channel with 2 pairs of cross-polarized patch As
most literature focuses on better methods on enhancing the channel
performance, in (Holakouei 2009). The focus was on redefining the
channel model to include the line of site as well as none line of site
components. The Rayleigh channel model is widely used in modeling the
relay systems as done in (Lei 2011). If the Relay Node lies in the LOS
between the BS and the MS’s then this model wouldn’t hold. Thus, the
channel model adapted in (Holakouei 2009); combines the LOS and
NLOS components in the channel model. Table 4.4 lists the channel

models and their differences.
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Table 3.1
Summary of the used Channel Models

Channel Model Simulated Parameters

The Path loss via Hata Model
Simple Channel Model The channel matrix elements, random

variables

The Path loss via Hata Model
The channel matrix elements, random
Correlation Channel variables

Model The Ricean K factors
LOS and NLOS components

Antenna correlation, Fixed Value

The Path loss via Hata Model
The channel matrix elements, random
variables
The Ricean K factors
OSSC Channel Model
LOS and NLOS components
Antenna correlation, Rice Steering Matrix

Antenna Configuration, ULA and UCA
MS movement, speed assumed 1.2 KM/h

3.7 Conclusions

Channel modeling implementations is one of the major contributions
of our work. Integrating the path loss in the channel model is the main
contribution regarding the channel modeling. The need to integrate the
path loss in the channel model was motivated by the introduction of the
relay and the need to investigate the effect of the relay position on the

system capacity.
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Three channel models were studied and implemented in chapters
four and five. The simplest channel model incorporates the path loss only.
It has been introduced to test for correctness against published work. The
antenna correlation has been incorporated in the second channel so that
antenna correlation can be investigated under set conditions. The last
model introduced was based on the outdoor Stochastic Spatial Channel
Model allowing the most realistic channel changes to influence the

system capacity.
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Chapter 4

MIMO Relay AF capacity Analysis and

Cooperative diversity

4.1 Introduction:

Diversity gain is one of two reasons making the MIMO systems
attractive. Having more uncorrelated antennas can literally increase the
link capacity as we increase the number of antennas. However, This gain
of the MIMO systems has its physical limitation as any given set can
have a finite number of antennas. Having more antennas increases the
diversity gain till the point where the antenna correlation dominates,
hence defeating the diversity gain advantage. So there must be a tie point
between the number of antennas and the diversity gain achieved. The
other reason would be beamforming gains. This works out by directing
the signal from one antenna array at the transmitter to that at the receiver.
In this chapter the working model used in investigating the MIMO Relay
AF capacity will be introduced. This model will be used in evaluating the
diversity gains of the MIMO Relay AF systems. The general capacity
calculations for the MIMO Relay AF networks will be derived from the
general capacity equation to the cases used in the simulation work. We
will start with a generalized MIMO Relay AF system capacity
description. Then we will show the detailed derivation of one scenario
used in the analysis. Other scenarios will be used as well to construct a
broad understanding of the relay system in general. But first let us look

into a proper way of modeling a general MIMO Relay AF system.
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4.2 Survey of Cooperative Relaying System Modeling

Approaches
The flagship work done in (Nishimorii 2012), Laneman et al,

provided a fundamental analysis of cooperative relaying systems. It
showed that AF schemes provide full diversity gains. This however, did
not come at a free cost as the advantage of the diversity gains came on the
expense of spectral efficiency and advanced coding to separate and
reconstruct the received signal at the receiver. Thus, diversity gains came
at the cost of repetition coding and rate increase. Although their work
focuses on single-antenna terminals, the resulting analysis is equally
expandable to include distributed multi-antenna systems. The previous
work gave momentum to raise the expectation of the MIMO system. This
was realized by the work done by (Rohit 2004), on virtual antenna arrays.
Neighboring terminals cooperate by forming a virtual array; space-time
block codes provide the required orthogonality of superimposed signals.
Acting as active scatterers, a recent study has shown that relay nodes can
enhance the MIMO transmission by increasing the rank of the MIMO
Channel. The work presented her looks at analyzing different AF MIMO
configurations and comparing their outputs. More specifically we will be
looking in the effect of changing the antenna structure on the overall
system capacity. All the previous work implemented Uniform Linear
Array of antennas; the case of Uniform Circular Array of antennas has
been studied in our case .The effect of the Relay Node location on the
system capacity is another contribution in the investigation of the MIMO
Relay AF systems. However, before we start looking into various

systems, let us agree on a unified system description first as shown next.
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4.3 Research contributions

The investigation study carried out aimed at understanding the
effect of different system parameters on the overall system capacity. For
that purpose and to have a fair comparison the total transmitted power has
been fixed to 10 Watts for all the cases. The outdoor Stochastic Spatial
Clustered Channel Model; OSSC channel Model, has been used in all the
simulations. The Hata Model has been used in calculating the power
dissipation in the Communication systems studied. More comparative
studies were carried out where all the three systems were compared
against each other keeping the upper and lower bounds, i.e. a MIMO and
SISO systems. The channel model parameters and the antenna structure
parameters like the antenna spacing and the antenna structure has been
studied. The changes in the antenna parameters has been focused on the
BS and RN as the MS’s as changes on the MS’s would be possible but
might not be feasible due to the physical limitations of the MS’s. The
power allocation ration between the direct link and the relay links is
another interesting area of study for the MIMO Relay AF system. As the
total transmission power at the BS has been fixed for all the studied cases,
the ratio of the power going to the direct link and the relay link has been
studied. This is a feasible approach as dividing or directing the
transmitted power is a possible approach for controlling the system
capacity. Changing the antenna structure affects the system capacity. This
has been verified by implementing ULA and UCA antenna configurations
at BS and RN. The antenna spacing is another factor, which has been

considered in the study as well.
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4.4 MIMO Relay AF System Description

relay

We study a general cooperatiwesscheme as depicted in figure 4.1,

where we allow all terminals to be equipped with multiple antennas. The
destination
overall system has been designed to be as close to a realistic system as

possible, thus scatterers were included in all the signal paths. The logical
d drp
representation of the analyzed variation will be shown on case-by-case

basis.

dsp

Figure 4.1, MIMO relay AF system model

Where the MIMO Relay AF model parameters are defined below.
BS: the Base Station equipped with the mTx transmitting antennas.
RN: the Relay Node equipped with mRel relay antennas.

MS’s: the Mobile Stations acting as destination or receivers.

Mryy: total number of transmitting antennas

MRg,: total number of Relay Node antennas

Mgy: total number of receiving antennas for all the Mobile Stations

Hgr: channel matrix between the Source and the Relay Node
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Hrp: Channel Matrix between the Relay Node and the Destination, i.e.
the Mobile Stations.

Scatterers: surrounding obstacles acting on the transmitted signal causing
it to scatter, diffract and refract.

dsr: direct distance between the Source Base Station and the Relay Node
in meters.

drp: average direct distance between the Relay Node and the destination
Mobile Stations in meters.

dsp: average direct distance between the Source Base Station and the
destination Mobile Stations in meters, set at 1000m.

hsource: height of the source Base Station in meters, set at 12m.

hreray: height of the Relay Node in meters, set at 32m.

hpestinaTion: average height of the Mobile Station in meters, set at 2m.
f.: system’s center frequency in MHz, set at 2530 MHz.

K: number of users, i.e. Mobile Stations

P,: transmitter power at the source in Watts, set at 10 W.

V,: average velocity of the Mobile Stations in m/s, set at 1.2 ms™'
spacing_s: source’s inter antenna spacing relative to the system’s
frequency wavelength A set at 41.

spacing_rt: relay node’s inter antenna spacing relative to the system’s
frequency wavelength A set at 0.51.

spacing_d: the mobile stations’ inter antenna spacing relative to the
system’s frequency wavelength A set at 0.5 A.

So these are the physical parameters of the MIMO Relay AF system that
we will analyze. Next we will look into the theoretical modeling of the

system.
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4.4.1 MIMO Relay AF System Modeling

Here we will discuss how the MIMO Relay AF protocol works.
We will start with the two-hop system, as it is a special case of the
general MIMO Relay AF system. As the direct link between the source
and destination is missing, this causes the transmission to takes place over
two phases between the BS and the MS’s. This takes place while the
Relay Node is relaying the signal. In the first phase, the source transmits
signals intended for the destination in a broadcast manner. All relays and
the destination receive faded noisy versions of these signals. In the
second phase, the relays retransmit a processed version of their received
signals to the destination, and the destination combines the signals
received in the two phases. The processing in this MIMO Relay AF case
is just a linear amplification added to the received signal at RN.
Discussing the scalability of the MIMO Relay AF, one need to consider
the theoretical constrains first. The initial constraint, which will face
scaling up the network by adding multiple Relay Nodes, is orthogonality.
In contrast to conventional RF repeaters, small-sized terminals are not
capable of receiving and transmitting simultaneously at the same
frequency due to hardware imperfections (e.g. oscillations). Hence, relays
must be assigned orthogonal resources for their transmit and receive
paths. For purposes of exposition, we assume that such separation is
performed in the time domain; another approach would be to use
frequency relaying where the relays receive and transmit in different
frequency bands. While it is of no concern for our theoretic analysis
which of these methods is chosen, it is crucial to note the important
consequences of assigning orthogonal sub-channels. Consider time-
division relaying as an example. Moving to the direct transmission, this is

the general case of the MIMO Relay systems where we have three links.
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They are the source to the relay, the relay to the destination and the
source to the destination. The source transmits K symbols in a period T to
the destination. For relay transmission that achieves the same end-to-end
delay, the source must transmit its K symbols in a period of T=2, which is
followed by the relay's transmission of these K symbols in the second
half period. As a consequence, the spectral efficiency of the individual
links must at least be doubled compared to that of the direct system. This
holds in the same way for frequency relaying: there, available bandwidth
instead of time is shared among the two phases. The impact of such a rate
increase i1s often neglected. The case where no direct link is available
between the BS and the MS’s is a special case though. In such cases the
entire communication is being divided into two phases; the first is BS to
RN and the second is RN to MS. This results in increasing the
transmission rate and reducing the system capacity as the spectral
efficiency drops by half.

Energy Normalization is another constraint in the simulated system
environment. Simply put, the total consumed energy of the relay system
does not exceed that of the corresponding direct system, this is to
maintain a fair comparison between the direct and relay systems. We note
that this is a strict and conservative constraint; allowing the relays to add
additional power can then only increase the attractiveness of cooperation.
In our continuous-time channel model the source transmits with power P
over a period T in the case of direct transmission. For relay transmission,
the source first broadcasts with power P over a period of T=2; in the
second phase, the relays use again a maximum total power of P over T=2.
In calculating the power received at the relay nodes and at the mobile
stations, the Urban Hata model has been used. As this study case is

restricted to Amplify and forward relay, then we would need two types of
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relay operation. The first type is the amplifying relays, which simply
amplify their received signals essentially acting as active reflectors. This
provides diversity gains, and can be understood as enhancing the rank of
the MIMO channel matrix. Most of the proposed systems employ such
amplifying relays. And these relays are used in systems implementing
one relay node only. Increasing the number of relay nodes requires
complex coding, which is a difficult problem (if not impossible) to solve
as requires transmitting orthogonal waveforms from the relays. The
special case of two relay nodes can be solved using the distributed
Alamouti system, which brings us to the second type of relays, the coding
relays. These are relays that can employ orthogonal coding techniques to
enhance the diversity order of the system. An example is the distributed
Alamouti method proposed in, where two relays retransmit in an amplify-
and-forward manner, and one of the relays additionally conjugates and

negates the signal.

4.4.2 Unified System Description:

As we will discuss different MIMO Relay AF systems let us first
agree on a unified system description as used in. The system will be
referred to as p. Four parameters will be used to describe the subject
system. The number of relays M will indicate how many distinct relay
nodes are being implemented in the system. These relays will be
equipped with m,,,antennas. The Base station will be equipped with m,
antennas and the Mobile stations total number of antennas will be
referred to as mg,. This shown system description method is being
elaborate in describing most of the system parameters. However it has
few shortcomings. For instance, it assumes that all the relay nodes do

have the same number of antennas, which is a fair assumption but should
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not always be true. Another example is that it assumes that the direct link
between the BS and MS’s is always there. Our first model violates this
assumption. But aside from these two points, the system description used

here is sufficient for our analysis. So the system description form used is

p = {M, Mry, mrel'me}-

4.4.3 MIMO Relay AF Studied Systems

Based on the Antenna number and Relay configurations, ten
different variations of the MIMO Relay AF systems were studied. As a
benchmark; three none Relay systems were used to compare the system
performance against. Hence, the full set of systems comprises of thirteen
systems. The systems were named P1 through to P13. Table 4.1 lists all
the systems used with a brief description. The systems will be represented
symbolically later. The total number of antennas used in any given
system was the criteria for paring them for comparison. This and the
number of relays as well were the two basic selection conditions for
comparing any two systems. The first three systems were used as a

benchmark to provide a base line for all the comparisons.
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Table 4.1

Summary of the studied MIMO Relay AF systems

SyStem {M: mel mrel) me}

P1 O: »(*)
{0.1:0 1} SISO

P2
{0,2,0,2} MIMO

2s
{0,3,0,1} MISO

. /@

()

{1111} No Direct Link between Source and Destination
{11511} SRD and SD links

P6

112111

Two transmitting antennas and one Relay
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P7

{2,1,1’1}

Two relays

P8

P9

P10

P11

{1,22,2}

"No Direct Link between Source and Destination
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P12

{1,444}

P13

{2,4,4,4} Based on P7 with More Antennas

The systems presentation will be followed by the system
discussion. The discussion will include the system modeling leading up to
its capacity investigation. The Bench Mark systems P1, P2 and P3 were
selected to present the upper capacity bounds of the studied systems with
a similar number of antennas. The first MIMO Relay AF system
model,psnosp = {1,1,1,1}, is a two hop MIMO Relay AF system without
a direct link between the BS and the MS. Adding the direct link leads to
the second model,ps = {1,1,1,1}. The noSD subscript for p1 indicates the
lack of the direct link between the source and the destination. Adding a
second relay node leads to the third studied model,p, = {2,1,1,1}.
Another variation to the basic MIMO Relay AF systems is to add more
antennas at the transmitter. This resulted in p, = {1,2,1,1}. All the
subsequent MIMO Relay AF systems are based on the three basic

systems, namely p,, ps&p,. More antennas were simply added to these
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analysis.

4.4.4 Mathematical modeling of the studied systems

The mathematical analysis of the MIMO Relay AF models will be
introduced next. This analysis will lead to the capacity evaluation of any
given MIMO Relay AF system. It will include systems P4, P5 and P7.
The rest of the models should follow the same steps. The final capacity
formulas will be presented after words. All the MIMO Relay AF systems
consist of the Source Node, S, the Relay node, R, and the Destination
Node, D. the nodes are communicating over their respected channels. Hgp
is the channel between the source and the destination, Hgg is the channel
between the source and the Relay and Hyp stands for the channel between
the Relay and the destination. The‘ relay introduces a relay gain to the
system; G this gain is the ratio of the power transmitted by the relay to
that received at the relay. The labels were indicated on the three systems

in figures 4.2,4.3 & 4.4.

S
\
: \

Figure 4.2, Detailed model pyposp = {1,1,1,1}
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Figure 4.3, Detailed model ps = {1,1,1,1}

Figure 4.4, Detailed model p, = {2,1,1,1}

4.5 General Capacity Analysis of MIMO Relay AF

systems

Before we start analyzing individual systems let us agree on the
common ground between all the systems and on a common capacity
calculation method for them. As shown previously, the MIMO Relay AF

network can be described using the form below.
Y =Ax + Bn 4.1)

Where “A” and “B” are system Matrices, x stands for the transmitted data
vector and n stands for the noise. The strength of the formula in equation

4.1 is realized when using this form to express the system capacity as
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Hsgr Hrp
shown in e(ﬁlﬁation 4.2 anikithe task of finding out any system capacity
reduct$ to finding out the system matrices A and B and the correlation

) D
matrices Ry and R,,.

C = log,det(I + (AR A")(BR,B!")™1) (4.2)

Where;

A is a system matrix describing the attenuation and changes affecting the
transmitted data.

Rx 1s the auto correlation of the transmitted data signal

B is the second system matrix acting on the noise

Rn is the noise power at the receiver

(.)H is the conjugate transpose operator.

So equation 4.2 is the standard formula in all literature reviewed being
used to calculate the capacity of any given MIMO Relay AF system. In
comparing different systems, the task reduces to putting the system in a
form similar to equation 4.1. Using equation 4.2 can use this result to
estimate the system capacity. The next part works on finding out the
system matrixes for each of the three models used to compare their

performance.

Figure 4.5, Detailed model of py,osp = {1,1,1,1}
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So let us derive the A and B system Matrices for the MIMO Relay AF
system displayed in figure 4.5. The analysis will be based on the
receiver’s prospective of the transmitted data. That is, standing at the
receiver’s end, how does the transmitted data get through the RN and
channel to the transmitter. As the model in hand is the two hop MIMO
Relay AF model, then two points need to be clarified here. The first point
is that each of the MS’s will receive one stream of data coming from the
RN only. And the second point is that the data is received over two time
slots as it hops from the BS to the RN in the first time slot and from the
RN to the MS’s in the second time slot. The received data at the RN can

be modeled as equation 4.3,

y, = HSRx + nq (43)

Where y' is the noise at the RN, the gain introduced by the Amplify and
Forward relay node has a positive real value named G. This amplification
factor acts on the received signal at the RN and gets carried to the

destination MS’s as shown below.

y =HppGy' +n, (4.4)
Rearranging;
Y = HppG(Hspx + ny) + 1, (4.5)
Expanding;
Y = HgypGHgpx + HppGny + n, (4.6)
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So at the receiver, i.e. MS’s, there is one stream of data being received
which is described in equation 4.6. Reshaping it into the standard form as

in equation 4.1, 4.6 becomes as shown next.

y = [HepGHeplx + [HrpG 1] [Z;] (4.7)

So the system matrices A and B are easily found to be as:

A= [HRD GHSR]

(4.8)

B = [HgpG ]
"0 (4.9)

And their transpose pairs are:
AH — [HH GHHH ]

SR RD (4.8)

BH = [GHHED]
I 4.9)

AAH = [HRDGHSR][HSI:;?GHH{QJD] = HRDGHSRHSI:%GHHII;D (410)

H _ GHHE,] _ HyH
BBH = [HppG 1] i (I + Hyp GG HE) (4.11)
R, = E{xx"} = (P, /mz,)-In,_ = Po/(2m,) (4.12)
R, = E{nn''} = ¢? (4.13)
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So if we lump up equations, 4.10, 4.11, 4.12 and 4.13 into 4.2 equation
4.14 will emerge as the capacity equation of the two-hop MIMO Relay
AF system. This equation has been used in (Holakouei, R 2009).

C = 0.5log, det {1 + Hrp GHsg HER GRHEL % (1 + HRDGGHHED)"l} (4.14)

Po
2Ng0%

4.5.1 The Gain Matrix
As this is a non-regenerative relay channel, the total transmitted
power in two time slots is restricted to PO. Thus the amplification factor is

selected to satisfy this constrain as below:

P
g= |7 4.15)
2o |Hggl3 + 2Ngo} (

where the Gain matrix is a diagonal matrix with the diagonal elements
being g and the Frobenius norm or the Hilbert-Schmidt norm. The latter
term 1s often reserved for operators on Hilbert space. This norm can be

defined in various ways:

IAll, = ZZ| S| = trace(a ) (4.16)

i=1 j=1

Where A* denotes the conjugate transpose of A, oi are the singular

values of A, and the trace function is used. Then G matrix is defined as:
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HSR d HRD
, SR g SRD 0
S ® g 0
[G] =
slo 0 g D (4.16)
s - memeX
Next we look at P5.

Figure 4.6, Detailed model of p; = {1,1,1,1}

The introduction of the direct link between the source, and the
destination, leads to the realization of the second simulated system. The
new system communicates over two time slots in the initial transmission
but then the Mobile Stations will receive data from the source directly
and the relay nodes. Hence the initial transmission delay’s effect on the
system’s spectral efficiency is negligible. The system matrices are driven
in a similar manner as done with the first system.

In the first transmission phase; phase I the destination receives the data

stream coming from the source:

Vi = HSDx + Ngp (417)

At the relay, the data received can be modeled as below:
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= HSRx + Nsp (418)

The data stream received at the destination coming from the relay node

can be represented as below:

yz == HRDGTI + TLRD (419)
Y2 = HppG{Hgpx + ngp} + ngp (4.20)
yz = HRDGHSRX + HRDGTLSR + Ngp (421)
Ngsp
_ Y1 _ Hgp ] [1 0 0]
Y = [yz] = [HRD 0 LR PR | L2 (4.22)
Ngp
A= [ HsD ] A € C2MRXMMye (4 23)
HRDGHSR ’ .
_[1 0 0 2mp, x(2mg, +Mmye;)
b= [0 HppG I:IJB € LT o l (4.24)
Myel My )
P 1
b= m Z Z “Hl( )]ik T mralV (4.25)
Tx 121 k=1 '

g = fI_D/_M (4.26)
P,

Next we look at P7.
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Figure 4.7, Detailed model of p, ={2,1,1,1}

Adding another Relay Node to P5 brings us to P7. The addition of more
relay nodes should, intuitively, increase the overall system capacity as the
correlation between the MIMO antennas decrease since they are further
apart. However, this advantage is being faced with the orthogonal codes
hard limits. The problem of finding orthogonal codes for more than two
relay nodes is difficult if not impossible to find. The current solution for
the two relay nodes is using the distributed Alamouti system. Focusing on
Just one symbol period, we note that we can again divide transmission in
two phases. In the second phase, one of the two relays retransmits a
conjugated and negated version of the. Hence our analysis will not
include adding more relay nodes, as it is not feasible right now. But
looking at the bright side, this hard limit opens the way for future work in

looking in to more orthogonal codes.
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Yo Hgp
Y = V1| = |HgypG1Hgpq | x
Y2 Hgyp GZHSRZ
/ 0 0 0 Ngp (4.27)
Ngpy
This is under the assumption that.
Ngip = Ng2p (4.28)
P/2
g1 = 2/ forr € {1,2}
KOl P+N (4.29)

Applying a similar analysis to P6 will lead to its capacity equation

matrices listed in the below table.

Table 4.2
Summary of the capacity equations of systems P4, P5, P6 & P7

i A Matrix B Matrix Gain Factor
Po
HepG 1
p4_ [HRDGHSR] [ RD ] :TollHSR”]z:'i'ZNRG%
S

p [iencise) lo sy 1) i

5 HppGHsg 0 HgpG I B

Hs1p Heyp ] [1 0 0] P /M
Yo HppGHg1g  HppGaHgap 0 HgpG I 5
E(Ihsmlz + lhslez) + N
b7 Hp1pGqHsp, 0 HgipGy 0 I \/——(1) > forr € {1,2}
Hyp Gz Hsgs 0 0 HgypG, I |h"[ P+ N
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For the other systems having the same configurations, the same capacity

equations apply. The more antennas add to larger H matrix dimensions.

The grouping of MIMO Relay AF systems is explained in the Table 4.3.

Table 4.3

Summary of the Studied Systems Groups

Group Systems Common Factor Difference
None Relay
Bench Mark Pl,P2 & P3 Link Structure
systems
1,2&4
Gl P4, P11 & P12 No SD link antennas per
node
1,2&4
Full MIMO Relay
G2 Po P8 & P10 antennas per
AF
node
G3 P6 Two antennas at S | One model only
1,2&4
G4 P PO& P13 Two Relay Nodes antennas per

node

4.6 Channel Modeling Approach

Extending the coverage area of a given wireless network can be

done by introducing relays to the network structure. This improvement in

the performance of infrastructure based network by increasing their

coverage area and exploiting the spatial diversity has been a hot topic in

research recently. The main focus of the existing literatures has been on

studying the various methodologies to obtain better channel performance.
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However, little attention is paid to the channel modeling for relays. The
Rayleigh channel model has been the most accepted channel model for
the relay systems. This model however, holds in the case where the relay
lies in the non-line-of-sight (NLOS) scenario of both the source and the
destination. The channels between the source and relay, and the relay and
destination are considered as the full rank multiple-input multiple-output
(MIMO) channels. Maintaining a full rank for these channels is a goal by
itself in MIMO communications, as the lower the rank leads to a lower
capacity of the given system. The effect of the location of the relay on the
system performance is usually ignored in the analysis; this is why it has
been one topic addressed in our work. (Jiang 2006) investigated the
power and location optimization for decode-and-forward relay network,
but the fading coefficient of the channel is still assumed to be distributed
according to Gaussian distribution. However, to maximize the coverage,
the relay is typically placed in the LOS scenario of the source. Therefore,
the Rayleigh channel model is no longer suitable to analyze practical
relay channels. In addition, since there is LOS component propagating
from the source to relay, in the case of the MIMO communication, the
channel between the relay and the source is correlated. Hence the
capacity performance of the whole system degrades, and it is necessary to
use techniques such as cross-polarized antenna or optimal power

allocation to improve the performance in the channel (Holakouei 2009).

4.7 Channel Model Implementation

Three channel models were implemented in the simulation studies
as explained in chapter 3. The models differ by the amount of complexity
included in each model to realize the real world model as close as

possible. The purpose of having three levels of channel complexity is to
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evaluate the effect of different parameters variations on the system’s
capacity. The first channel model used is the simple channel model. The
second channel model used is the Correlation Channel Model. The third
level of complexity is achieved via the OSSC channel model. Using this

channel model in this simulation is one of the thesis contributions.

4.7.1 Simulation assumptions

To further analyze the position effect of the relay, we simulate with
2 pairs of cross-polarized patch antennas at the source, relay and the
destination. We apply the widely used assumption in the simulation,
(Jiang 2006). The source-relay distance dsg and relay-destination distance
drp are normalized with respect to the source-destination distance dgp
when calculating the path loss. The transmit power is set as 10 Watt. The
element spacing for source is 4, and the spacing for both the relay and
the source is assumed to be 0.5). Intuitively, the relay should lie within
the right semi circle with the source at the center, which radius is
determined by dgp, i.e., 0 < dsg< dsp, and —7/2 < 0s< m/2. O is the angle
between source-relay link and source-destination. The Ricean K factor is
assumed as K = 13-0.03d (dB) as in (Zhao 2004). Furthermore, we
assume that the polarizations of all the antennas at the source, relay and
destination are perfectly matched, i.e., Op = 0. The capacity of the relay
channel with 2 pairs of cross-polarized patch

As most literature focuses on better methods on enhancing the
channel performance, in (Holakouei, R. 2009). The focus was on
redefining the channel model to include the line of site as well as the none
line of site components. The Rayleigh channel model is widely used in
modeling the relay systems as done in (Holakouei, R. 2009). If the Relay

Node lies in the LOS between the BS and the MS’s then this model
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wouldn’t hold. Thus, the channel model adapted in (Holakouei, R. 2009);
combines the LOS and NLOS components in the channel model. Table

4.4 lists the channel models and their differences.

Table 4.4
Summary of the used Channel Models

Channel Model Simulated Parameters

The Path loss via Hata Model
Simple Channel Model The channel matrix elements, random

variables

The Path loss via Hata Model
The channel matrix elements, random
Correlation Channel variables

Model The Ricean K factors
LOS and NLOS components

Antenna correlation, Fixed Value

The Path loss via Hata Model
The channel matrix elements, random
variables
The Ricean K factors

e LOS and NLOS components
Antenna correlation, Rice Steering Matrix
Antenna Configuration, ULA and UCA
MS movement, speed assumed 1.2 KM/h

This is the most math intensive model when

carrying out the simulations.
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4.8 MIMO Relay AF Capacity Investigations
Having introduced the MIMO Relay AF systems and the channel

models used in the simulation, next the simulation approach will be
explained. The capacity investigations aim at studying the advantages of
the MIMO Relay AF systems over the MIMO systems. For this purpose
three none relay systems where selected. A SISO, a MIMO and a MISO
representing the upper and lower bounds of the investigated systems were
used as benchmark systems. The SISO system represents the simplest
transmission system having one antenna at the receiver, and one antenna
at the transmitter. The MIMO system has two antennas at the receiver and
two antennas at the transmitter. The MISO system has three antennas at
the receiver and one at the transmitter. To test the upper and lower
bounds of the benchmark systems, some of the MIMO Relay AF systems
were built. To test for correlation and Antenna structure effect on the
system capacity, more systems were introduced. Table 4.5 summarizes

the different purposes of the MIMO Relay AF systems used.

4.8.1 Capacity Investigations Approach

The capacity investigation aims at studying the effect of changing
some parameters of the studied systems on the overall system capacity.
The standard parameters for any communications systems were included.
This included the signal to noise ratio affect on the capacity and
probability of outage. With the introduction of the OSSC channel model,
more parameters were accessible for investigation. The Angle of Arrival,
antenna structure and antenna array spacing were included in the capacity
investigations. Having a relay system added more dimension to the

communications systems.
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Table 4.5
Capacity Investigations for different MIMO Relay AF systems

System Simulation Role
Bench Mark Systems
Bl P2 & P3 Upper and lower bounds for similar

MIMO Relay AF systems antenna count

MIMO Relay AF system capacity vs none
P4, PS5, P6 & P7
Relay systems

The effect of Correlation on the Capacity
P6, P8, P9, P10, P11, P12& | The effect of adding more antennas on the
B3 Capacity

Ao0A variation on the Capacity

Changing the antenna structure ULA vs
UCA

P10

The Relay Node location and the power allocation between the source to
destination and source to relay links were new factors to be considered
for the capacity investigations. The capacity investigations are listed in
the next paragraphs with the results and conclusions found based on the

simulation runs.

4.8.2 Results Validation
Comparing our work with the published work of (Herhold, P. E

Zimmermann, E. & Fettweis, G. 2004) validates our results. Figure 4.8
shows the published work, our results are shown in figure 4.9. The
aforementioned simulation assumptions and parameters were used to

generate the curves in figure 4.9. The order of the curves is maintained,
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although our channel realizations were limited to 500k realizations only.
The Channel model used here is the simple channel model. This proofs
that our model matches the original work against which we are validating.
All the results after figure 4.9 were based on the same channel model but
with added complexity to investigate different parameters effects on the

system’s capacity.

10 r :
R=1 bits/s/Hz

Correlation p=0
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Figure 4.8, Outage probability versus SNR for P1, P3, P5, P6 & P7
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107 = - - i - 3
107
10°
3
S e L g gl e e e e g
£
o 10°
it
e :
[
§
3 107
L —=—P1;0101 |- SAEENES ]
,5 e o—p3.0301 | \\ SE e N e N e S ]
10 EieE PO T s
f| —8—P6; 1211
=P eI e :
10°¢ i 1 I i I
i 9 10 15 20 25 30
SNR[dB]

Figure 4.9, Outage probability versus SNR for P1, P3, P5, P6 & P7

4.8.3 Relay added resilience to MIMO systems.

Figure 4.10 shows the capacity curves of the systems P1, P3, P5, P6
& P7. The outage probability curves shown figure 4.11 include P1, P4
and P5. The interesting curves here are those of the SISO system
compared with a MIMO Relay system with the same capacity, namely P1
and P5. Both systems do have the same capacity as their capacity curves
run in parallel in figure 4.11. The outage probability curves reveal that the
MIMO Relay system, i.e. P5 is more resilient when compared with the
none SISO system P1, despite the fact that both systems do have almost
the same capacity. This confirms that introducing a relay in a MIMO

system provides increased link reliability.
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System Capacltv with Simple channel model | lterations = SO0k
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Figure 4.10, Capacity versus SNR for P1, P3, P5 P6 & P7 systems
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Figure 4.11, Outage capacity versus SNR for P1, P4 & P5 systems
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4.9 Capacity Investigation with Different system

Parameters

Design elements and system parameters were studied to verify their
effect on the system capacity. The aim of this study is to define the
optimal conditions to operate the MIMO Relay AF systems. The

comparisons are carried among different MIMO Relay systems.

4.9.1 System capacity and outage probability comparisons
Figure 4.12 displays the outage probability curves of systems P1, P2,
P3, P6 and P7. The single relay system, P6, outperforms the dual relay

system P7 when comparing their resilience. Adding more antennas to

0 Outfage Capacity with Simple channelmodel | lterations = 100k

R

P7;2111

| —e—P2;0202 |
| —#—P3;0301
[l B PR g

Cutage Protability P >

15 20 25 30
SNR [dB]

Figure 4.12, Outage probability versus SNR
the systems does not change the order of performance as shown in figure

4.13. Adding another antenna at each node converts P6 into P8, the same
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can be said about P7 and P9. P8 outperforms P9 as clearly shown in
figure 4.14. This favors a single relay system over a two-relay system

assuming similar channel conditions for both systems.

) Outage Capacity wath Simple channel model | lterations = S0k
R — 7 EE He. eI Y (ERET: =

Cutage Probatility P ™"

——P1;0101
.| —e—pP20202
| —*—P3;0301
-| —B8—P8§;1222
—©-—pg:2270. |

0 5 10 15 20 25 30
SNR[dB]

Figure 4.13, Outage probability versus SNR

Being a two-hope system, P4 will have the lowest capacity among the
other systems as shown in figure 4.14. This is due to the fact that
transmission happens over two time slots. The capacity curves of P5 and
P1 coincide. But P5 shows a more resilience response in the outage curve
as indicated earlier. The capacity curves of P6 and P7 hold the same order
as shown in figure 4.15. Figure 4.16 indicates the advantage of a single

relay over two relays, as P8’s capacity is larger than P9’s.
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Figure 4.14, Capacity versus SNR for P1, P2, P3 P4 & P5 systems
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Figure 4.15, Capacity versus SNR for P1, P2, P3 P6 & P7 systems
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System Capacity with Simple channelmodel , lterstions = 50k
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Figure 4.16, Capacity versus SNR for P1, P2, P3 P8 & P9 systems

4.9.2 Changing antenna parameters effect on system
capacity

Studying the effect of antenna structure and parameters on the link
capacity is the focus of this part of the simulations. The antenna
correlation effect on the link capacity is evident in figure 4.17. The curves
show how the capacity degrades as the correlation between the antennas
increase. This simulation was done via the second channel model, i.e. the
correlated channel model shown in equation 3.5. The degradation is
similar to a normal MIMO system. The curves shown are limited to the
direct link between the source and destination. The antenna spacing effect

on the link capacity is shown in figure 4.18. These results were produced
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Figure 4.17, Capacity versus antenna correlation
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Figure 4.18, Capacity versus antenna spacing
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Via the OSSC channel model. From the curves shown, it is clear that
increasing the antenna spacing more than 0.4*Lambda will not affect the
capacity positively. Increasing the number of antennas increases the
threshold for antenna spacing as shown in figure 4.19 were 1.5*Lambda
is the new threshold as the antenna per node doubled. System P8 and P10
share the same structure but P8 has two antenna per node, whereas P10
has four antennas per node. Uniform Linear Array is the antenna structure
simulated in figure 4.19. Uniform Circular Array was simulated in figure
4.20. The curve shown there indicates that 1.5*Lambda is a good

threshold though capacity keeps increasing slowly after that point.

10, terations = 10k

Swstem Caparltv Comon SD P10ULA Antenna Structure; SNR =

Link Capacity Biz/Hz

Source &ntenna Spacing relative to Larmda

Figure 4.19, Capacity versus ULA antenna spacing
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System (.*‘ip-u:lt\,.f Corron 5D P10UCA Antenna Structure; SNR = 10, lterations = 10k

Link Capacity Biz/Hz

n.s 1 15 2 2.5 3
Source Antenna Spacing relative to Lamda

Figure 4.20, Capacity versus UCA antenna spacing

4.9.3 RN location and source power allocation effect on

system capacity

The location of the Relay Node plays a major role in controlling the
capacity of a MIMO Relay AF system. Basically, adding a relay node at
the edge of the cell can increase the cell coverage. In this part of the
simulations study, the optimum RN location was examined. As shown in
figures 4.20 and 4.21, the RN is best located halfway between the source
and destination. The source power allocation between the source-relay
path and the source-destination path has a clear effect as shown in figure
4.22. In this simulation, the source-transmitted power is divided between

the S-D link and the S-R link. As the ratio changes, so does the link
capacity.

88




Chapter 4 MIMO Relay AF capacity Analysis and Cooperative diversity

P12Cws RN Locationvs SNR

¥
E]
w
z
i
3
5

Relay Locationin meters SNR

Figure 4.21. Capacity versus source antenna spacing
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Figure 4.22, Capacity versus source antenna spacing
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4.10 Conclusion

Below is a summary of the finding noted from the capacity investigations
of the MIMO Relay AF systems.

1- The MIMO Relay AF system does not have a capacity advantage
over the MIMO systems. However, they are more resilience and
outperform the MIMO systems in outage probability.

2- The MIMO Relay AF systems are more immune to system
parameters changes on their source to relay and relay to destination
links. Their most vulnerable link is the source to destination.

3- The antenna spacing affects the system capacity significantly when
the spacing is less than a certain threshold. After this threshold, the

antenna spacing does not affect the system capacity. For a ULA

90




Chapter 4 MIMO Relay AF capacity Analysis and Cooperative diversity

antenna structure with two antennas the threshold antenna spacing
is 0.4\. A four antennas array has a higher threshold, 1.5A. UCA
antenna array has a different threshold for the same antennas count.
The Relay Node location significantly affects the system capacity
for MIMO Relay AF systems. In general, the antenna should be
place halfway through closer to the destination to maintain high
system capacity.

Introducing the source to destination link enhances the system

coverage over the two-hop AF system, i.e. P4.
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Chapter 5

Linear Filter Design for Multi-User MIMO-
Relay with Precoding in Correlated Channel

5.1 Introduction
On the edges of a MIMO Network, Relay nodes (RN) can be used to

extend the networks reach so it extends the network coverage.
Alternatively, RN could be used as an alternative way of emulating a
MIMO system by using RN as distributed antennas that have the potential
to cooperate, thus relaxing the hardware complexity at the Base Station,
(BS) and/or the User Terminal (UT). Relay techniques could be deployed
in either of two methods, the one-relay case and multi-relay case. In the
one-relay case, all the antennas are located and attached to the single
relay, and in the multi-relay case, the multi-antennas are distributed
indifferent relays. It has been shown theoretically that both types of
systems are indeed equivalent in many aspects, disregarding the practical
aspects. The amplification factor for the MIMO AF relay has been widely
studied (Jiang, L. 2006). This work provided general analysis of
cooperative amplify-and-forward relay networks with a united and
comparative view of various proposed systems. Based on the first and
second hop Channel State Information (CSI) a good investigation of the
gain allocation of the AF relays has been done. Cooperative transmission
schemes have been presented by (Jiang, L. 2006). Only simple AF relay

without additional filter matrix is considered. The r'" diagonal component
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of amplify gain matrix G is designed according to the 1™ eigenvalue of the
first and second hop channel respectively. This was presented in the work
by (Qingyu, M. Osseiran, A. & Jiansong, G. 2008), where there is only
one relay. They investigated the gain allocation in the multi-relay cases,
where relay switch and selection is also compared. The choice of the
spatial gain and filter matrices (i.e. amplification factor) applied to the
received signal at the relay station has been widely investigated by
(Abdaoui, A. 2010). Furthermore, substantial gains can be obtained in
wireless relay and ad-hoc networks employing terminals with MIMO
capability. Zeros forcing (ZF) relay and linear AF relay are listed as
examples. However, due to the ZF operation, it requires that the number
of antennas at each relay node is no less than that of source and
destination node. The work presented by (Zhao, Y. 2004) discussed the
blinded, MMSE and ZF relay. In the listed analysis, it is assumed that the
CSI and signal can be known in all relays. A QR relay (named after QR-
decomposition) is proposed in (Qingyu, M. 2008) where the performance
1s compared with ZF relay. The QR relay improves the performance since
the destination can easily employ successive interference cancellation
(SIC). Short term and long term SVD is discussed when the instantaneous
or the average CSI of the first hop and second hop is available in relays.
The basic idea of the filter design is that the overall MIMO channel is
diagonalized at the RN. This allows to optimally choosing the gain
coefficient for each eigenmode while fulfilling the transmitting power
constraint. The above proposed SVD; ZF and MMSE relays were
designated to optimize the one-relay case. The performance of the
matched filter relay for the multi-relay case is analyzed where the source
and the destination form a SISO system. The matched filter matrix is

called maximum ratio combining (MRC) on receive and transmit beam
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forming (TB). In (Qingyu, M. Osseiran, A. & Jiansong, G. 2008), various
designs for the relay filter equalization matrices in the multi-relay case

has been proposed and investigated

5.1.1 Filter Matrix Design Study approach

The work carried out in this part of the research looks at utilizing the
OSSC channel model in our MIMO AF Relay model. The focus here is
on the filter equalizers schemes. The gain allocation of AF relays in
cooperative transmission schemes based on the first and second hop
channel state information (CSI) is the target to be investigated. With the
introduction of feedback into the link model, the filter matrix design
(FMD) techniques could be implemented. The main assumption is that
feedback is available at the transmitter and relay node. The channel state
information, CSI, is available to transmitter hence allowing for the filter
coefficients to be determined. The CSI helps the transmitter decide about
the channel before sending out the signal. The signal is further engineered
to counter effect interference from other channels. First the FMD
techniques will be presented and explained. Then an implementation with
a simple channel model will be demonstrated. Theoretically, the OSSC
channel model is more realistic than the simple channel model and hence
this will result in more realistic capacity values. Varying the antenna
arrays as uniform linear array, ULA, and uniform circular array, UCA
will be studied. The effect of changing the number of antennas at the

transmitter, relay and receiver will be investigated as well.
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5.2 Filter Matrix Design Implementation

As wireless channels behave randomly according to the given
characteristics of fading and delay, it would seem rather more intelligent
to know the channel before sending traffic over it. This is a well-known
practice in SISO channels where for example, equalization is used. In
MIMO channels the process is a little but complicated as another source
of noise is present. Not only the transmitter has to account for white noise
and maintain a high SNR to counter its effect. Adjacent transmitted
signals are considered as an added noise source this is also known as
fading correlation, as it presents an in reducing the throughput at the
receiver. In the two-hop AF MIMO Relay, it is assumed that the data is
transmitted over two phases. In the first time slot, the data is transmitted
from the source to the relay node. In the second time slot, the data is
transmitted from the relay to the destination after being amplified .Two
schemes can ne used for AF MIMO, either simple AF uniform relaying
without equalization or using CSI to amplify the signals and choose
spatial gain and filter matrices with variable amplification factors
according to the received signal at the relay station (Mangoud, 2009). The
concept of Filter Matrix Design is to equalize the received signal at the
relay by accounting for the adjacent MIMO channels before relaying it to
its destination. This adds another level of encoding. The FMD work is
done in the relay node by altering the gain matrix, G, to account for the
channel changes. In this chapter, three techniques will be discussed Blind
Amplify Relay, Singular Value Decomposition Relay; SVD and Matched
Filter Relay. All the techniques used depend on the presence of the CSI at
the relay node of both hops. The SR hop and the RD hop. Let us define

the some variables before discussing the FMD techniques ahead.
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GRelay : 18 the basic Gain Matrix produced by the Relay Node

Gpmp: 18 the new Gain Matrix produced as a result of the implemented
FMD technique that is either Ggg, Ggypor Gyp

Fsr: is the first Filter Matrix calculated based on the Channel State
Information of the Source to Relay wireless Channel Link

Fgrp : 1s the second Filter Matrix calculated based on the Channel State

information of the Relay to Destination wireless Channel Link.

5.2.1 Blind Amplify Relay

As the name suggests, Blind Amplify Relay is the simplest of all
types. The received signal from the Source is amplified by the Relay and
forwarded to the Destination. No channel state information is used in this
technique making it the simplest of them all. Both the Filter Matrixes Fsg
and Fgrp are replaced with Identity matrixes. So that the new gain matrix
becomes the original relay gain matrix multiplied by the two identity

matrixes as follows:

Gga = Fsr - GRelay -Frp (5.1)

Where Fgr and Frp are simply identity matrix with the dimension of the

MIMO system;

Fsgp = (5.2)

o o R
N
_ oo

" MS-NR

97




Chapter 5 Linear Filter Design for MU-MIMO Relay with Precoding in Correlated Channel

Frp = (5.3)

oo R
O R o
_ oo

" Mg.Np

5.2.2 Singular Value Decomposition Relay

Singular Value Decomposition, SVD aims at maintaining the gain
matrix at a full rank. Thus, the Gain matrix is kept at its optimal value.
This means that the gain coefficients are chosen in an optimal way for
each eigenmode of the channel matrix. Implementation wise, this is the
most complex as SVD calculations are mathematically involved due to
matrix inversion and the basic decomposition calculations. The first hop
channel matrix Hgg is decomposed into its singular values yielding three

matrixes as follows:

SVD 1/2
HSR = USR' DS{Q .VSHR (5'4)

Similarly for the second hop, Relay to destination,

SVD 1/2 (5.6)

Hgp = Ugp. Dgp 'VﬁlD

Where Hgp is the Source to Relay complex channel matrix, Ugg and Vgg
are unitary matrices

Dsr 1s a diagonal matrix; its diagonal elements are the singular values of
the Hgg and the (.)" operator is the conjugate transpose operator. The

Filter matrices are designed so that:

Fsg = (Ugg)H (5.7)
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And
Frp = Vrp (5-8)
Hence the Gain matrix becomes:
Gsvp = Vrp- GRrelay - (Usg)" (5.9)

5.2.3 Matched Filter

The Matched Filter Relay is the third technique discussed in this
chapter. Basically the Filter is set to match the matched filter of the first
and second hops of the Relay link. Equalization method is used to cancel
out the channel differences. The first filter is set as the conjugate
transpose of the first hop and the second filter is set as the conjugate
transpose of the second hop. The channel state information is needed for
both links in this method as well. However it is less math intensive when

compared with the SVD relay. The Gain matrix becomes as follows:

Fsgr = (Hsp)" (5.10)
Frp = (Hgp)" (5.11)
Gmr = (Hrp)™. Grelay - (Hsp)" (9.12)

5.3 Filter Matrix Design Example
Now that the theoretical concept of the FMD in AF MIMO Relay

has been discussed, let us show some implementation examples and

compare their outcome.
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Figure 5.1, Illustration of MIMO Relay AF with Filter Matrix (G)

5.3.1. System model description

A typical MIMO Relay with FMD is shown in figure 5.1. Basically
it shows a direct link AF MIMO Relay with 4 antennas at the transmitter,
4 antennas at the Relay Node, and two users at the destination each
equipped with two antennas. The traffic will take the path of the source to
the relay then the relay to the destination only. This setup is the two-hops
system. Our analysis will cover the two-hop system and the system with
the direct S-D link. A simple correlated channel model has been used
first, the realistic Outdoor Statistical Correlated Channel Model, (OSSC)
which has been presented in chapter 3 has been used. Capacity analysis
versus SNR has been studied followed by coverage analysis with
different FMDs. Assuming that the total transmit power at BS is equal to
(Py), and the power transmitted in SR and SD links are both equal (Py/2).
It is further assumed that relay node has the full knowledge of channel
characteristics of the backhaul channel. This assumption is practical and
often realized by sending pilot signals in real life communication
systems. The common gain factor g of the Relay Station in the AF mode
is as thus the amplification factor is selected to satisfy this constrain as
below:
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Where the Gain matrix is a diagonal matrix. The diagonal elements
being g defined with squared Frobenius norm of the SR channel
multiplied with relay filter matrix. The entries of noise vectors at the
receiver side are independent zero mean complex Gaussian random
variables. The variances of Noises are assumed to be time-uncorrelated.
The received signal at MS of a narrowband AF relay channel can be

written as
Case (1): SRD model without SD link

This is similar to chapter 4 and Equation (4.2) the capacity of such

MIMO relay system is calculated as below.
C = log,det(I + (ARyA")(BR,,B")™1) (5.10)

Where, A, B, R, and R, are as defined in (4.8, 9, 12 and 13)

Case (2) SRD-SD with SD link
1 -1
C = log,det (IZMS + m(Rn,AF,) Ht Ht”) (5.11)
Where H, is an Equivalent Channel matrix

_ Hgp ]
He = [HRDFlGFZHSR (5.12)
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and R, ar The covariance correlation matrix of noise vector is

- : ] (5.13)

Rn,AF = [
0  H_RD * FIGF2 * Rn * (F1GF2)' » H.RD' + Rn

5.3.2. Results validation

Before proceeding with our results let us validate our proposed
model against a published work. The OSSC channel matrix is more
realistic as explained earlier and thus the resulting system capacity should
be less than that of the other model. We are validating our work against
figure 5.2, this is the work presented by (Qingyu, M. Osseiran, A. &
Jiansong, G. 2008). Three filter designs were simulated, Blind, Matched
filter and SVD. The order of performance starts with the Blind filter then
the SVD and the highest capacity gain was achieved via the matched
filter. The simulated system is similar to our model in several aspects; the
source destination separation being 1000 meter is an example. Similar to
the validation work our results maintained the same order of
performance. This is shown in figure 5.3, where the performance starts
with the Blind filter followed by the SVD and the Matched filter formed
the highest capacity gain. The remaining of the results was produced with
our proposed models. To investigate the effect of antenna correlation on
the order of the performance of the filter designs, the correlated channel
model was used. The resulting curves are shown in figures 5.4 and 5.5.
The figures show performance curves under different correlation
conditions. The general capacity values differ slightly under different

correlation conditions but the order of performance is maintained.
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Figure 5.5, Capacity versus RN for low antenna correlation
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5.3.3. Numerical Results

The Ergodic capacity of different FMD schemes was evaluated in
correlated channel model in flat fading environments. First, the capacity
vs. SNR are presented in figures 5.6,7,8 and 9 for case (1), SRD, and (2),
SRD-SD, for Low SNR [0:10] and High SNR [10:20] ranges. The order
of performance is yet maintained her with a little change of capacity

values due to different system configurations.

AF MIMO Relay Channel Capacity with FMD
12 T T T T ! T !

—#— Blind

"l —8—sYD
——NMatched Filter
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Capacity [bpsiHz)
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Figure 5.6, Capacity versus SNR; case (1)
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Figure 5.9, Capacity versus SNR; case (2)

5.4 Relay Design with Linear Precoding Multiuser
MIMO

The previous work has been concerned with the general capacity of
the MIMO Relay AF system. At the receiver end, multi user
implementation tends to have its own issues, i.e. user interference. As all
users share the same resources, multi user interference becomes an issue.

To address that precoding is used.

5.4.1 MU-MIMO Relay System Description

This Section presents the numerical results for performance analysis
of relay MU-MIMO with simple correlation channel model. Four ‘liner-
precoding techniques for MU-MIMO systems are. Here, a typical MU-

MIMO environment is made up of a single relay serving multiple mobile
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stations (MS). Each MS can have either one or more antennas. The relay
is equipped with (N;) antennas and each of the (K) mobile stations is
equipped with (Ny) antennas. The end-to-end configuration can be
described as a (K.NyxN;) MIMO system. All the coming work is based on
the assumption that K.Ny equals N.. For detailed description of the four
precoding techniques used, the reader is kindly referred to chapter 2.
Displayed in figures 5.10 and 5.11 a comparison between CI and MMSE
precoding techniques under an increasing number of users is presented.
Clearly the simulation reveals the robustness of MMSE as compared to
CIL. The BER performance of the MMSE maintains its shape as more
users enter the system. The case with the CI differs as the BER

performance degrades as the system users double.
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Figure 5.10, BER versus SNR Channel Inversion with precoding
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Different Active Users MU MIMO Precoding with MM SE
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Figure 5.11, BER versus SNR MMSE precoding
The BD precoding BER performance displayed in figure 5.12 follows the

same degradation as CI with a slower rate. DPC and TH precoding
techniques in figures 5.13 and 5.14 show a strong BER performance as

more users enter the system.
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Block Diagonalization Precoding for diff erent active users
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Figure 5.13, BER versus SNR DPC precoding
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TH Precoding for diff erent active users
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Figure 5.14, BER versus SNR TH precoding

5.4.2 Comparing Different Precoding Techniques

In this section different Precoding methods are being compared.
Figures 5.15 through to 5.18 display a comparison between different
precoding techniques. This aims at evaluating the BER performance
under different system dimensions. In the below figure 4 by 4 MU-
MIMO system has been implemented with different precoding. The
MMSE precoding outperforms all the other schemes. TH and DPC seem
to catch MMSE at higher SNR values. This indicates TH and DPC
vulnerability for increasing SNR. Comparing figures 5.7 and 5.8 reveals

that MMSE precoding BER improves with more users
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5.5 Sum Rate Capacity investigations of MU-MIMO

Relay downlink with linear precoding

Because of the complexity of DPC, other suboptimal methods are of
interest to help reduce the interference between users. Linear
beamforming methods are particularly desirable due to their

comparatively low complexity.

5.5.1 MU-MIMO Relay System Model

We consider a MU-MIMO system with K multiple antenna users
MS1, ..., MSK at the receive side which are respectively equipped with
NI, . . ., NK antennas. At the transmit side, a multiple antenna base
station with N antennas transmits data signals x;, . . ., Xg to users MS,, . .

., MSk. The signal for each user can be precoded separately by
multiplying the data (S,&CNx* 1) for the user (k)by a beamforming matrix
(Wy). Then, the transmitted signal X = ), Wi Sy the received signal

vector for user k is given by:

Vi = HiWy Sy + Zjer HeW;S; + 1y for (5.14)
k=1,....,K

where:

* Hp(NXN,) is the complex channel matric between receiver MS,
and the relay station

* n,(N,X1) is additive noise signal vector

* W, (N,X1) is the relay transmitted vector of index k. The Transmit
Beamforming Matrix is
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The goal of linear precoding is to design {W,} based on the channel {H, }

knowledge, so a given performance metric is maximized for each stream.

5.5.2 Sum Rate of ZF Precoding (Channel Inversion)

One linear method is channel inversion, sometimes called zero-
forcing beamforming (ZFB) or zero forcing precoding or channel
inversion (CI), which is designed for users with a single receive antennal.
Channel inversion creates a set of orthogonal, non-interfering channels.
Let H =[HT,HI,..,HE]" be the vertical concatenation of K users’
channels (where K <Nr). Then, the signal transmitted by the base station
is X = H*S, where s is the vector of data symbols for the K users; the k™
entry of s is the data symbol s, for user k. H* is the Moore-Penrose
pseudo inverse of H, given by.H* = H¥(HH")~! The beamforming
matrix Wk for user k is the k™ column of H¥*. An alternative method is to
use regularized channel inversion, also called minimum mean squared

error precoding or MMSE Beamforming. In this case, s is processed by

-1
the matrix HY (H HT + L;—I ) , where p is the SNR. Both methods are

somewhat sensitive to errors in the channel estimate, and can require a
great deal of power to perform the channel inversion with badly
conditioned channels, which can lead to noise enhancement at the
receivers. Assuming equal power allocation over the users with none

correlated. The achievable sum rate is given by
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P
Ryr = Z log,(1+ Wi |®) k=123 ..K (5.16)
k Ko?

5.5.3 Sum Rate of Block Diagonalization

Block diagonalization (BD) is a generalization of channel inversion
techniques when there are multiple antennas at each receiver. When BD
is employed, the precoding matrices Wj,Hj are chosen such that Hk*Wj =
0, Hy # j, thus eliminating the multi-user interference so that K =
HyWy Sk + ng. This requires determining an orthonormal basis for the
left null space of the matrix formed by stacking all Hj , (j#k matrices
together. The transmitter requires that the number of transmit antennas is
at least the sum of all users’ receive antennas to satisfy the dimensionality
constraint required to cancel interference for each user [*]. The sum rate

of BD with equal power allocation is given by

Ry = z log,
k

E HprH —
I+ HWWIH] | k=123 ..K (5.17)

5.5.4 Numerical Results

In Fig 5.19, we compare the performance of a ZF precoder, with BD
based on the empirical cumulative density function (CDF) of the sum
rate. As shown, the CDF of the sum rate of the two UEs with one receive
antenna each. We show results for i.i.d. frequency-flat Rayleigh fading
channel as well as the measured channel. The average SNR is fixed to
10dB for each user. BD gains over 2 bits/sec/Hz compared to CI when the
users are equipped with multiple antennas with different relay transmitted

powers of 0, 10 and 20 dB.
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Figure 5.19, CDF versus Ergodic capacity of Relay MU-MIMO

5.6. Conclusion

Having introduced the Amplify and Forward MIMO Relay system
earlier, this part discussed increasing the system capacity by
implementing Filter Matrix Design techniques. The introduction of the
relay node in the MIMO system will not result in increasing the system
capacity as proven earlier. However the relay node serves as range
extension to better serve the edge customers of the MIMO network. So
increasing the system capacity can be done physically by adding more
antennas to the system as seen when multiplying the number of antennas
and its effect on the system capacity. Alternatively, a more intelligent
design of the gain matrix would result in an increase in the system
capacity. This however comes on the expense of an added cost and design
complexity. Three Filter Matrix Design techniques were discussed. The
Blind Amplify, the Singular Value Decomposition and the Matched Filter

Design were discussed. The SVD being the most complex in
117




Chapter 5 Linear Filter Design for MU-MIMO Relay with Precoding in Correlated Channel

implementation as it involves SVD calculations and multiple matrix
inversions had a performance succeeded by the MF, which is relatively
simpler. The blind amplify is the simples of them all and provides no
advantage over the normal AF MIMO Relay implementation. So it could

act as the reference ground when comparing all the other designs.
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Chapter 6

Conclusions

6.1 Summary

This thesis examined the channel capacity, system performance, and
coverage analysis and relay design issues of MIMO Relay systems under
different channel conditions including the effects of multipath and fading
correlation. The aim was to apply a spatial temporal channel models that
can be used in the simulation of different Relay MIMO configurations in
particular for cellular communication systems. In this chapter,
Conclusions driven from the numerical results of this thesis are presented
in Section 6.1. Some suggestions for future work are recommended in

Section 6.2.

6.2 Conclusion

One of the main objectives of this thesis was to apply a realistic
channel model in the simulations of MIMO Relay systems that can fully
characterize the fading correlation properties of a cellular
communications environment. An outdoor stochastic spatial clustered
(OSSC) channel model (Mangoud, 2009) is adopted, as it is a correlation-
based analytical model, which describes different spatial conditions about
scatterers and includes in the propagation environment and antenna

geometry.
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In this model, the groups of scatterers are modeled as multi-clusters
located around the antenna arrays. Three different Power Azimuth
Spectrum (PAS) were assumed with uniform, truncated Gaussian and
truncated Laplacian distributions can be used. This model was presented
in chapter 3for both Uniform Linear Array(ULA) and Uniform Circular
Array (UCA) geometries Path Loss model that is compatible with SCM
model suits the cellular system is included in the channel model to be
used for relay coverage analysis. This model is an extension to the simple
correlation model for the relay configurations in MIMO Relay outdoor

cellular systems.

Secondly, The effect of the relay position, AS variation and transmitted
power ratio between relay and destination directions on the AF MIMO
relay system capacity has been investigated in this thesis. The system
capacity will be highest when the relay is positioned at an equal distance
from the source and destination. Moving the relay closer to the
destination has a slightly better capacity rather than locating the relay
closer to the source.

AS variation affects the system capacity to a certain level. The
system capacity is then limited by other system parameters. Also, the
effect of varying the AoA at the Relay and Destination on the system
capacity was presented. From the numerical results it is concluded that if
the destination is far enough away from the source to make their central
area NLOS to both of them, it is better to place the relay in the region
close to source. The results are compared with the published work in for
validation and it is found in good agreement. Results, for a single relay
node, showed placing the relay at an equal distance from the source and
destination results in the highest system capacity. However, placing the

relay closer to the destination with more power directed towards relay
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than the direct link results in higher system capacity. The variation of the
AS on the system capacity revealed if the signal arrives with higher AS
exceeding a certain value, this any effect on the system capacity.

It is concluded that MIMO Relay AF systems are more immune to
system parameters changes on their source to relay and relay to
destination links. Their most vulnerable link is the source to destination.
Also, The antenna spacing affects the system capacity significantly when
the spacing is less than a certain threshold. After this threshold, the
antenna spacing does not affect the system capacity. For a ULA antenna
structure with two antennas the threshold antenna spacing is 0.4A. A four
antennas array has a higher threshold, 1.5A. UCA antenna array has a
different threshold for the same antennas count. Moreover, The Relay
Node location significantly affects the system capacity for MIMO Relay
AF systems. In general, the antenna should be place halfway through
closer to the destination to maintain high system capacity. Introducing the
source to destination link enhances the system coverage over the two hop
AF system, i.e. P4.

Thirdly, having introduced the Amplify and Forward MIMO Relay
system earlier, this part discussed increasing the system capacity by
implementing Filter Matrix Design techniques. The introduction of the
relay node in the MIMO system will not result in increasing the system
capacity as proven earlier. However the relay node serves as range
extension to better serve the edge customers of the MIMO network. So
increasing the system capacity can be done physically by adding more
antennas to the system as seen when multiplying the number of antennas
and its effect on the system capacity. Alternatively, a more intelligent
design of the gain matrix would result in an increase in the system

capacity. This however comes on the expense of an added cost and design
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complexity. Three Filter Matrix Design techniques were discussed. The
Blind Amplify, the Singular Value Decomposition and the Matched Filter
Design were discussed. The SVD being the most complex in
implementation as it involves SVD calculations and multiple matrix
inversions had a performance matched by the MF, which is relatively
simpler. The blind amplify is the simples of them all and provides no
advantage over the normal AF MIMO Relay implementation. So it could
act as the reference ground when comparing all the other designs.

At good Signal to Noise Ratio the SVD yields the highest system
capacity them the blind at the optimum distance them the MF. At non-
optimum relay locations the MF outperforms the blind amplify but not
the SVD. Surprisingly, the MF outperforms both the SVD and the blind
amplify at low SNR values. This hints that the MF better serves users at
the edges of the network where the SNR is typically low.

6.2 Future Work

This section describes some possible extensions to the research presented

in this thesis.

> In this thesis, it was shown that two-hop AF relay was considered,
multihop Relay could be considered with different channel model
for higher frequency especially in the range of millimeter waves

which is a trend for the 5G networks.

> The work presented in this thesis only focused on the impact of
fading correlation on the performance of a MIMO Relay system.
Real measurement campaign could be performed and compared

with the simulation model.
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