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Abstract

With the rapid growth of multimedia services, future generations of cellular communications
require higher data rates and a more reliable transmission links while keeping satisfactory quality
of service. The data rate and reliability of wireless communication links can be improved by
employing multiple antennas at both ends, thereby creating Multiple-Input Multiple-Output
(MIMO) channels. However, the use of multiple antennas in mobile terminals may not be very
practical. Certainly there is limited space and other implementation issues which make this a
challenging problem. Therefore, to harness the diversity gains order by MIMO transmitter
diversity techniques, while maintaining a minimal number of antennas on each handset,
cooperative diversity techniques have been proposed. The main drawback of cooperative
diversity is the throughput loss due to the extra resources needed for relaying. Therefore,
cooperative MIMO together with adaptive modulation is used to meet the demands for high data

rate and transmission reliability.

This thesis presents performance analysis of a cooperative MIMO schemes with adaptive
modulation for different detection techniques in Long Term Evolution network. In this scheme,
each link uses MIMO Vertical Bell-Labs Layered Space Time architecture over Rayleigh flat
fading channels and the cooperation strategy uses amplify and forward protocol with one relay
node. For cooperative and non-cooperative MIMO, the SNR criterions to switch from one
modulation order to the next for attaining maximum spectral efficiency subject (SE) at a target
bit-error rate are determined. The simulation results shown that the cooperative MIMO system
with adaptive modulation not only compensate for the throughput loss but also achieve
considerable throughput gain compared with fixed modulation at comparable complexity. The
switching criterion of optimal schemes for adaptive modulation of cooperative hybrid network
with minimum mean square error (MMSE) detection, as it has a lower complexity compared to
maximum likelihood (ML) detection, is also investigated. As an example, in the downlink
scenario adaptive modulation based cooperative and non-cooperative MIMO network have
shown optimal SE performance for SNR < 36dB and for SNR > 36dB respectively, while
satisfying target BER constraint, BER;, < 1072,

Key words: Adaptive Modulation, Cooperative Diversity, MIMO, LTE, SNR, Spectral
Efficiency
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Chapter 1

Introduction

From the first generation analog Nordic mobile telephony (NMT) system in the early 1980°s to
the current wireless broadband systems like 3GPP-long term evolution (LTE) and LTE-
advanced, the peak data rates for wireless communication have increased many orders of
magnitude. Significant advances have been made in many aspects during this evolution in the
last three decades. Some of these advances are in terms of channel access methods, modulation
methods and efficient signal processing algorithms. The main contributions to this evolution
involve the usage of multi-carrier modulation techniques and the invention of multi-antenna

systems [20].

Reliable and efficient communication over wireless networks has been the focus of research in
the telecommunications field for a long time. Often, reliability over wireless networks is affected
by fading, which causes the signal strength to vary at the receiver and these results in a loss of
data packets. Even though fading is not good for reliable communication, the idea of independent
fading channels lead to the concept of diversity. Diversity is an approach used in wireless

systems to combat the effects of fading and thereby to provide reliable data transfer [1], [2].

Multiple-input multiple-output (MIMO) can also overcome the signal fading in wireless
channels, and therefore holds the potential to drastically improve the capacity and reliability of
wireless communication system. MIMO wireless systems exploit the spatial dimension in rich
scattering environment by using multiple transmit and receive antennas. Multiple streams of data
are transmitted in the same time and frequency channel. The result is an extraordinary
bandwidth-efficient approach to wireless communication especially in rich multi-path
environment [3]. Due to the increasing capacity obtained, MIMO has already started to find
applications in commercial wireless products and networks such as broadband wireless access
systems, wireless local area network (WLAN), and third-generation (3G) cellular networks and
beyond. Although the advantages of MIMO systems have been widely acknowledged, this option
requires co-located antenna elements with sufficient antenna spacing. Due to the size or

Hardware limitations of terminals, it may be impractical to apply multiple antenna techniques in

the uplink of wireless communication systems.
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To solve this problem, cooperative communication is proposed. Cooperative communication can
generate spatial diversity by using a collection of distributed antennas belonging to multiple
users. The basic idea of cooperative communication is that one user may receive other users’
signals due to the broadcasting nature of wireless communications, in which case it can forward
some version of the “overheard” signal along with its own information, which emulates a virtual
Multiple- Input-Multiple-Output (MIMO) system. But cooperative communication has a
disadvantage that the transmission rate is decreased for relaying in cooperation phase. So a

hybrid MIMO cooperative communication system is proposed to compensate the disadvantage.

As stated above, wireless multimedia services require good link reliability and high spectral
efficiency through the communication systems. Adaptive modulation is a promising technique to
increase the data rate that can be reliably transmitted over fading channels. Adaptive modulation
denotes the matching of modulation/protocol parameters to the conditions on radio link in
wireless communication especially over fading channels. An adaptive scheme increases the
energy and spectral efficiency when implemented with proper codes [4], [5]. It also improves
rate of transmission and Bit Error Rate (BER). In [6], the adaptive coded modulation facilitating
bandwidth efficient multimedia communication in wireless system was observed, according to
which maximum spectral efficiency is utilized in coding schemes which adapt the information
rates according to the quality of wireless rates. Adaptive modulation and cooperative MIMO
combining schemes can be jointly used for finding low hardware complexity, bandwidth-
efficient, and processing-power efficient transmission schemes for future wireless networks. The
modulation constellation size, the number of combined MIMO, and the needed power level are
jointly determined to achieve the highest spectral efficiency with the lowest possible processing
power consumption quantified in terms of the average number of combined paths, given the
fading channel conditions and the required bit error rate (BER) performance. This research
analyzes the performance of adaptive modulation based cooperative MIMO systems in LTE

technology under fading channel.

1.1. Problem Statement

The major challenges in wireless communication are include spectral efficiency, link reliability,
coverage and energy efficiency. This is due to the limited available bandwidth, the fading nature

of the propagation channel and the mobility and autonomy of the wireless nodes. The rapid
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growth in demand for high speed and high quality multimedia services with diverse QoS
requirements is also creating the opportunities and challenges for the system designers.
Providing diverse QoS guarantees to the mobile users and various applications is an important
objective of next generation wireless networks. However the wireless channel is affected by
time-dispersive effects, Doppler and multipath fading, as a result the spectral efficiency of the

wireless system is degraded.

In order to increase the data rates offered, a simple approach is to increase the allocated
bandwidth. This approach is difficult, since the radio-frequency spectrum is scarce resource.
Therefore, research over the last years has been focused towards improving spectral efficiency,
so that higher data rates can be achieved within a given bandwidth. To improve the spectral
efficiency, the conventional scheme and the new MIMO cooperative scheme are used adaptively

according to channel condition between source and destination.

1.2. Objectives
1.2.1. General Objective

Hence the primary objective of this thesis is to analysis the performance of cooperative MIMO
communication with and without of adaptive modulation for fading channel in LTE networks

based on different parameters.

1.2.3. Specific objectives

The specific objectives of this thesis are to:

» Investigate the performance of cooperative MIMO in fading channel based on BER
and spectral efficiency

» Investigate the performance of adaptive modulation using BER and spectral
efficiency in cooperative MIMO systems

» Comparing the result of adaptive modulation with that of fixed modulation in
cooperative MIMO system for LTE technology

» Analyze the complexity versus performance improvement trade-off cooperative
MIMO with and without adaptive modulation

» proposed selection of the optimal modulation and cooperative scheme based on the

results
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1.3. Literature Review

Based on the improvement of spectral efficiency, a lot of researches have been done which most
of them are focused on adaptive modulation for MIMO or cooperative system. Here are some of

researches that are conducted on adaptive cooperative and MIMO Systems.

The work in [7] offered a new joint AM and MIMO transmission algorithm for link adaptation in
a MIMO-OFDMA cellular system under factual conditions (spatially correlated fading and
imperfect CSI at the transmitter owing to user mobility). Modulation order and MIMO
transmission mode are together chosen in order to optimize the ASE when conservation the BER
under the specific target. A systematic study of AM schemes in MIMO-OSTBC systems for the
improvement of the spectral efficiency were investigated in [8]. The authors demonstrated the
optimal SNR thresholds for maximizing the ASE under the average bit error rate (ABER)
constraint. So that, for the reduced complexity of the optimal algorithm, a suboptimal solution
based on the instantaneous bit error rate (I-BER) constraint was proposed which can attain
approximately the same execution as the optimal method, and these methods are applied in a
practical situation. The channel estimation noise which affected the overall system execution is

also investigated.

In [9], the performance of adaptive modulation for OFDM system over frequency selective fast
fading channel was analyzed. The performance has been investigated in terms of BER and
throughput. In this work a perfect feedback channels was considered. The performance analysis
of adaptive modulation for MIMO system based Imperfections CSI is investigated by [13]. The
result showed that rate adaptation provides significant gains even with imperfect CSI. In this

work both the transmitter and receiver have two antennas.

The work in [12] analyzed the performance of adaptive modulation with multiple inputs multiple
output orthogonal space time blocks coding MIMO-OSTBC over frequency selective fading
channel using Bit Error Rate (BER) and spectral efficiency (SE) as performance measures. The
results showed that, as SNR increases, the spectral efficiency increases while the BER reduces
for different antenna configurations. In this model constant power (CP) adaptation scheme is
considered. The authors in [10] analyzed rate adaptation of MIMO systems for both perfect and

imperfect CSI, with variable-power adaptive modulation (VP-AM) and antenna selection (AS)
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over Rayleigh fading channels. The result showed that the evaluation of the SE of the VP-AM
system will provide execution best than the counterpart and the VP-AM system with STBC.

In reference [11] the authors suggested a novel hybrid cooperative AMC mechanism in which
adaptation is designed for the hybrid link quality. The authors aim at evaluating the energy
saving achieved through cooperation due to the improvement in average bit/symbol transmission.
Furthermore, the authors studied the performance improvement as a function of cooperating
user’s location to identify areas where cooperation is useful. In this work, all the terminals have
only one transmit and receive antenna. In [14], the performance of cooperative MIMO system
based WiMAX technology was analyzed. The result showed that BER performance of
cooperative MIMO system using MMSE detection better that cooperative diversity or MIMO.
This paper studied for fixed modulation schemes only and also throughput loss of the system due

to the relaying scheme is not considered.

Adaptive modulation techniques, where the constellation size of the transmitted signal is adapted
to the changing channel conditions that can track time varying characteristics of wireless
channels. Therefore, by transmitting more bits under good channel conditions and smaller bits
under poor conditions, a higher spectral efficiency without sacrificing performance can be
achieved. Moreover, adaptive modulation of cooperative MIMO system for LTE technology
under Rayleigh fading channel has not been previously analyzed and is the major contribution of

this thesis.

1.4. Thesis Contributions and Outline

The main contributions of this thesis are summarized as follows:

» A cooperative virtual-MIMO system using two transmits and receive antennas that
implements VBLAST transmission and AF cooperation protocol for different detection
schemes is presented. The system throughput expression and BER over Rayleigh fading
channels are derived. With different detection scheme, the cooperative MIMO achieve

better performance.
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» The achievable spectral efficiency and BER are computed for AF 2x2 V-BLAST MIMO
system, when Zero Forcing (ZF), minimum mean square error (MMSE) and Maximum
Likelihood (ML) detections are used at the destination. Due to the relaying node it is
shown that throughput of cooperative MIMO system is low. Accordingly, an adaptive
modulation is proposed, adopting constellation size based on SNR Switching criterion
strategy. The system could therefore adapt its modulation type to the prevailing channel
conditions. It is shown that the proposed scheme enables the system to achieve better
performance.

» The optimum switching levels for adaptive modulation of AF hybrid cooperative in LTE
technology are found. The performance analysis for adaptive modulation of AF
cooperative and non-cooperative MIMO with given target of BER are compared.
Specifically Rayleigh fading environments are considered. To enhance the performance
of cooperative communications, a hybrid cooperative schemes combining with adaptive
modulation is proposed.

» The complexities analyze of cooperative MIMO with and without adaptive modulation

are considered.

The remainder of this thesis is organized as follows:

Chapter 2, 3 and 4 includes the background studies of the MIMO system, cooperative diversity
networks and adaptive modulation respectively are provided in detail. In chapter 5, the
Performance Assessment of adaptive modulation in cooperative MIMO for LTE technology
over Rayleigh fading channel is investigated. At the end of this chapter, complexity analysis of
adaptive modulation cooperative MIMO for all combining and detection schemes that have been
described and discussed in previous chapter is presented. Chapter 6 provides the simulation
results and discussion of adaptive modulation in cooperative MIMO for system including the
proposal of optimal modulation and cooperative scheme based hybrid cooperative MIMO

system. Finally, in chapter 7, the conclusion and suggestions for future work were presented.
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Chapter 2

Multiple Input and Multiple Output Systems

2.1. Introduction

In this chapter, a basic background for the thesis is provided. Some fundamental principles of
multiple-input multiple-output (MIMO) systems are introduced. The MIMO system model will
firstly be described, followed by an introduction to the benefits from using multiple antennas at
the transmitter and receiver. A study of MIMO channel capacities when the channel is known or
unknown to the transmitter will be illustrated. This study will also be carried out for both
deterministic and random channels. The content of this chapter includes three main parts, MIMO
wireless systems, MIMO system capacity, and benefits of MIMO technology. This chapter will
provide the reader with a basic background of the current state of the art and will be frequently

referred to in the rest of the thesis.

2.2. MIMO Wireless Systems

The performance of wireless communication systems is mainly governed by the wireless channel
environment. As opposed to the typically static and predictable characteristics of a wired
channel, the wireless channel is rather dynamic and unpredictable, which makes an exact
analysis of the wireless communication system often difficult [22]. In recent years, optimization
of the wireless communication system has become critical with the rapid growth of mobile
communication services and emerging broadband mobile Internet access services. In fact, the
understanding of wireless channels will lay the foundation for the development of high
performance and bandwidth-efficient wireless transmission technology. The use of multiple
antennas at the transmitter and receiver in wireless systems, known as the multiple-input
multiple-output (MIMO) techniques (Figure 2.1), has been shown to provide significant
improvements in terms of both higher channel capacity and better link reliability [45]. In this
section, we will firstly introduce fading channels and then investigate the MIMO system model.
This will be followed by a discussion of the benefits of MIMO technology and a study of MIMO

channel capacity results.
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Figure 2.1: N,. X N; MIMO system

2.2.1. Wireless Fading Channels

A unique characteristic in a wireless channel is a phenomenon called ‘fading,” the variation of
the signal amplitude over time and frequency. In contrast with the additive noise as the most
common source of signal degradation, fading is another source of signal degradation that is
characterized as a non-additive signal disturbance in the wireless channel. Fading may either be
due to multipath propagation, referred to as multi-path fading, or to shadowing from obstacles
that affect the propagation of a radio wave, referred to as shadow fading, form a large-scale
fading. In addition, the signal amplitudes and phases also suffer from small-scale fading which is
caused by the constructive and destructive interference of the multiple signal paths between the
transmitter and receiver. Large-scale fading is more relevant to issues such as cell-site planning.
Small-scale fading is more related to reliable and efficient communication systems design [15].

Thus, in this thesis, channel with effect of small-scale fading is considered.

Small-scale fading is normally frequency dependent. An important characteristic for small scale
fading is coherence bandwidth of the channel B.. If B is larger than the bandwidth of the

transmitted signal, the channel fading is referred to as flat fading channel. All frequency
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components of the signal experience the same magnitude of fading. On the other hand, if B is
smaller than the bandwidth of the signal, the signal is said to undergo frequency-selective fading.
Different frequency components of the signal therefore experience uncorrelated fading. For this

work, flat fading channels is used.

2.2.2. MIMO System Model

Consider a point to point MIMO system with N, transmit antennas and N, receive antennas. The
channel state information (CSI) is perfectly known at the receiver. The channel H is assumed to
be flat Rayleigh fading, where the channel matrix entries are constant during each block, but
independently Rayleigh distributed on different blocks.. The discrete-time baseband equivalent
model can be written as:
Y1 [ h11 h12 tht ] X1 nq
Y2 | h21 hzz hZNt X2 + n;
t nNr

I X 2.1)

er |th1 h'NTZ thNt XN

Where yy is the received vector and xy, is the transmitted vector, n is additive white Gaussian
noise with covariance a2/ and the component hj; is the fading coefficient from the it" transmit

antenna to the j* receive antenna.

The CSI at transmitter can be obtained by communicate a training information to the transmitter
from the receiver via a feedback channel. When CSI is known at transmitter, an optimal energy
allocation algorithm will be used to assign various levels of transmitted power to the transmitting
antennas. However, it should be noted that the feedback requirements are not only affected by
the channel fading states, but also grow with the number of transmit and receive antennas .
Because of the limitation on the feedback channel, it is not always possible to obtain CSI at the

transmitter in realistic wireless systems [1].

2.2.3 MIMO System Capacity

The system capacity is defined as the maximum possible transmission rate for which arbitrarily
small error probability can be achieved [16]. In other words, capacity is the maximum attainable

mutual information between the channels input-output. In this section, at first, we derive the most
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general formula to calculate the channel capacity for both cases where channel coefficients are
known as well as unknown at the transmitter. Based on this general formula, we will then derive
the formulas for channel capacity in some particular cases. The most general formula for
calculating channel capacity in the case where channel coefficients are either known or unknown

at the transmitter is:

C = 1 [d t(I +H O HT>] bits H 2.2)
MIMO = tryr(r(lﬁigs- 082 (aet | i, N, S /Hz (2.
Where HT denotes the conjugate transpose of H. Here, try(Q,) < E, holds to provide a global

power constraint.
2.2.3.1 Channel Unknown to the Transmitter

When the channel is not known at the transmitter but known at the receiver side, the transmitting
signal x is chosen to be statistically non-preferential, which implies that the N, components of
the transmitted signal are independent and equip-powered at the transmit antennas. If the channel
knowledge is unknown at the transmitter, we assume that the signals transmitted from each
antenna have equal powers of Eg/N;, where E is the total transmitted power. From the general
formula of the deterministic channels in Equation 2.2 we will compare SISO, MISO, SIMO, and
MIMO capacities in table 2.1 [30].
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Table 2.1: MIMO System Capacity

Multi antenna type

Channel capacity (C) in

Description

SISO: means that the

transmitter and receiver of the

radio system have only one

2
o1+ 2 ]
og2 |1+ In

Similar to the Shannon capacity
formula approximated

theoretically the maximum

antenna. achievable transmission rate for a
given channel

SIMO: means that the The capacity N, of SIMO

receiver has multiple Nr increasing the value of only

antennas while the transmitter

has one antenna

Eg
log, |1 —Z ho|2
ng +No | l|

i=1

results in a logarithmic increase
in average

Capacity than of SISO.

MISO: means that the

transmitter ~ has  multiple
antennas while the receiver

has one antenna

E
log, |1+ —= Zh-z
ng +N0Nt_ 1| ll
i=

Compared to the SIMO case
where the channel energy can be
combined coherently. Again,
note that the capacity increases

logarithmic with N;.

MIMO: means that the both
the transmitter and receiver

have multiple antennas

min(N¢,Ny)

Z ] (1+ Es /1)
0g» N.N, i

i=1

Where A; is eigenvalue of

HH?T

capacity of the MIMO channel as
a sum of the capacities of
min(N;, N,.)

equivalent parallel SISO

channels

2.2.3.2 Channel known to the Transmitter

Consider a MIMO channel where the channel parameters are known at the transmitter. The

channel capacity can be increased if channel coefficients are known at the transmitter. In this

case, the transmitted power is assigned unequally to the transmitter an antenna, according to the

“water-filling” rule, i.e., a larger power is assigned to a better sub-channel and vice versa. This is

an optimal energy allocation algorithm [17].the capacity of MIMO channel is:
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min(N¢,Ny)

E.
Cuimo-wr = Z log, (1 + N—lli) (2.3)
o

i=1

Where E; is power that allocated for transmitter antenna i*" and A; is eigenvalue of HH. For

this work, the CSI at transmitter is unknown.

2.2.4. Benefits of MIMO Technology

The performance improvements resulting from the use of MIMO systems are due to spatial
diversity gain, and spatial multiplexing gain. We briefly review each of these benefits of MIMO

in the following, considering a system with N, transmit antennas and N, receive antennas.

2.2.4.1 Spatial diversity

Diversity techniques help to mitigate the effects of fading by providing multiple copies of the
same signal to the receiver via different branches or paths (in frequency, time or even space) so
that the probability that all paths will undergo the same amount of fading, or even deep-fades, is
reduced to a great extent [18]. Thus the receiver can be provided good versions of the signal

through one or more paths.

In wireless communications systems, there are three types of diversity: time diversity, frequency
diversity, and spatial diversity. In time diversity, data is transmitted over multiple time slots. In
frequency diversity, the same data is transmitted multiple spectral bands to achieve diversity
gain. Time diversity and frequency diversity techniques require additional time resource and
frequency resource, respectively. However, antenna or space diversity techniques do not require
any additional time or frequency resource. Depending on the diversity side we have two types of

diversity, transmitter and receiver diversity.

Receiver diversity: The simplest method to achieve spatial diversity is to use multiple antennas at
the receiver. The scheme is based on the assumption that the receiver has perfect channel
knowledge. Maximum ratio combining (MRC) is a frequently used scheme in receivers to obtain

receives diversity gain.

Fig. 2.2 shows that receive diversity with two antennas at the receiver side. At a given time, a

x, signal is sent from the transmitter. The channel between the transmit antenna and the receive
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antenna one is denoted by h; and between the transmit antenna and the receive antenna two is
denoted by h, . Assuming that the channels have flat fading, received signals with additive noise

are expressed by

yi=hixy + 1y 2.4)
Ya=hox1 + 1,
The MRC uses the CSI and the received signals y; and y, to compute the estimated value of x;.

The MRC obtains an estimate of x; using the relation [19]
% = htyy + Ry, (2.5)

Where the asterisk (*) indicate complex conjugation. Then the maximum likelihood decision or
other rule at the receiver is used for these received signals in order to obtain the transmitted

signal.

Y1
Maximal Ratio

2 Combining X

: ]

Channel State
Information

Figure 2.2: Maximal Ratios Combining for a 1x2 Systems

Transmitter diversity: is type of spatial diversity which uses multiple antennas at the transmitter
to obtain diversity at the transmitter. It requires complete channel state information at the
transmitter. But by using advent type of space time coding such as alamouti space time coding,
the diversity can takes place without need of channel state information at the transmitter.

Alamouti scheme is one of the first space coding schemes developed for the MIMO systems.
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Alamouti Scheme for 2x1 Systems: Fig. 2.3 shows the alamouti scheme for a system with two
transmit antennas and a single receive antenna. Two consecutive symbols x; and x, are
transmitted simultaneously during the first symbol period (at time = t). During the next symbol
period (at time =t + T ), —x™, and x*; are transmitted from antenna 1 and 2, respectively, where

the asterisk * is the complex conjugate operation. The transmission sequence is shown in Table

2.2.

hl —7 M M M
— / X4,X3,X2,X;
h Alamouti
—X"4,X3, =X 2 — —>
Ve decoder
X4, X3, X2, X1 Alamouti Y01
> encoder
X*3, X4, X1, Xy Channel State
Information

Figure 2.3: Alamouti Scheme for a 2x1 System

The received signal at time t, which is the superposition of the two incoming signals, can be

expressed by

Vi=hixy + hoxy + 14 (2.6)

Assuming that the channel is constant across two consecutive symbol periods, we can express

the received signal at time t+T as
Vohyx™; — hix™, +n, (2.7)
Where n; and n, is the additive complex noise component.

Two consecutive received signals and the CSI are employed at the Alamouti decoder. The

estimates of the transmitted symbols are computed by
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% =Ry + eyt
(2.8)
Xy = Ry —hiy™,

Substituting Equations (2.6) and (2.7) into Equation (5.7), we can rewrite the decoder equations

as

0 = (Iha]? + |ha]®)xy + h*yny + hon”, 2.9)

%y = (Ihq|? + |hy|P)x, + R 0y — yn*,

The resulting combined signals in Equation (2.9) are equivalent to that obtained from two-branch
MRC. The only difference is phase rotations on the noise components which do not degrade the
effective SNR. Therefore, the resulting diversity order from the new two-branch transmit

diversity scheme with one receiver is equal to that of two-branch MRC.

Table 2.2 : Transmission Sequence of the 2x1 Alamouti Scheme

AntennaTx Time _—

\l/ t t+T
1 Xq —x*

Alamouti Scheme for 2x2 Systems: We can extend the 2x1 Alamouti scheme to a 2x2 system by
adding one more receiving antenna. Fig. 2.4 shows a schematic of the Alamouti scheme for a
2x2 system scheme with two transmit and two receive antennas. The transmission sequence is
identical to the one in the 2x1 system, but the decoding scheme will be different. Table 2.3

defines the notation for the received signal at the two receive antennas.
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h’ll 2
X4,%X3,%5,%,
_x*4; X3, _x*Zr X1 h’12 Y3-Y1 Alamouti
= —>
" hy, decoder
X4, X3, X0, X1
Alamouti
> encoder Ya-Y2
X3, X4, X" 1, %
Channel
State
Information

Figure 2. 4: Alamouti Scheme for a 2x2 system

Assuming that the channel is constant across consecutive symbol periods, the received signals

can be expressed by

Yi=hi1%1 + hipx, + 1y
)’2=h21x1 + h22x2*+ n, (2.10)
Y3=—h11X"; + hypx*; + ng

Ya= — hp1 X5 + hppx™y + 1y

Where n;, i = 1,2,3,4 are the complex noise components and the channel impulse responses hj;,
1, ] =1,2 , represent the four possible paths in the scheme.
Table 2. 3: Received Signals in 2x2 alamouti Scheme

Antenna Time ——> T
+

Rx
\L t ”
1

Y1 Y3

2 Y2 Va4
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The alamouti decoder constructs the estimates of x; and x, using the CSI, the received signals

and the decoding equations given by

’-55_1 =h"11y1 +h'y, + hlzy*3 + hzzy*4
= h*12y1 — h 22y, + h11y*3 - h21y*4 (2.11)

Substituting Equation (2.10) into Equation (5.3), we can rewrite the decoder equations as

%1 = (Ihga|? + [hiz|? + [haq |2 + [hga|®)xg + h*yqny + hion®; + h*1m,
?C} = (lhq1]® + [h12]? + |hpa|? + [hp2]®)xy + A a0y — h11n*3 + h™5om, (2.12)

*
— hyn'y

Clearly, it can be seen that the estimates mostly depend on the magnitudes of the channels so that

the scheme is resistant to phase changes.

2.2.4.2 Spatial Multiplexing and BLAST Architectures

As stated above, the advantage of a MIMO system is: to increase the reliability of the system by
providing a diversity gain and/or to increase the data rate by providing multiplexing gain. The
term spatial multiplexing gain refers to the fact that one can use multiple antennas to achieve a
higher throughput at the cost of an increased SNR requirement [3]. In 1996 Foschini proposed a
multi-layer MIMO structure, known as the Bell Labs’ Layered Space-Time (BLAST) scheme,
which is in principle capable of approaching the substantial capacity of MIMO systems.

There are several BLASTS coding architectures exist, including Horizontal Bell Laboratories
Layered Space-Time (HBLAST), Vertical BLAST (VBLAST), and Diagonal BLAST
(DBLAST) architectures. A simplest method to achieve spatial multiplexing, pioneered at Bell
laboratories as one of the Bell Labs Layered Space Time (BLAST) architectures for MIMO
channels [21], is parallel encoding, illustrated in Figure 2.5. The source bit sequence at the
transmitter side is split into N, sequences, which are modulated and then transmitted
simultaneously from the N; transmit antennas using the same frequency band. This process can

be considered to be the encoding of the serial data into vertical vectors, and hence also referred
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to as vertical encoding or V-BLAST. Each receive antenna observes a superposition of the
transmitted signal sub-streams, and the detector recovers these individual sub-streams and
combines them to recover the original bit stream. Various detector architectures, such as ML,
zero-forcing (ZF), minimum mean-squared error (MMSE), and successive interference
cancellation (SIC) detector etc., can be used to realize the spatial multiplexing gain. Each of the

detection method for spatial diversity and spatial multiplexing will be discussed in the next

section.
Modu. ;‘ Demodu. BN
> -
Demultiplex Detector Multiplex
I: N, : ML, ZF, . Ne: 1
W MMSE
] Demodu.
>, Modu H >

Figure 2. 5: Spatial multiplexing with parallel encoding: VBLAST

2.2.5. Detection techniques for MIMO system

The received signal vector can be expressed as the product of the channel matrix with the
transmitted signal vector corrupted by the noise vector. Therefore the received signal at each
receive antenna is a superposition of all the transmitted signals corrupted by the channel fading
and additive noise. The objective of the detection is to separate the transmitted signals based on
the observation of the received signal vector and the channel matrix. Many detection algorithms
have been proposed for MIMO systems. These detection algorithms can be classified as linear
detections and non-linear detections [32]. The most practical operating condition is the

transmission channel itself. Linear detectors do not require prior knowledge of the channel unlike
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nonlinear detectors. Nonlinear detectors would normally require knowledge of the channel gains
of each user. The transmission channel is never constant and varies over time; hence,
determining the channel gains leads to added complexity. The standard linear detection methods

include the zero-forcing (ZF) technique and the minimum mean square error (MMSE) technique.

A major drawback of linear equalizers is their vulnerability and ineffectiveness to deep fades
[24]. In other words, linear equalizers suffer when the frequency response of the frequency
selective channel contains deep fades. This is not apparent in nonlinear equalizers and their
performance under deep fades can also be harnessed significantly. Maximum Likelihood (ML),
Successive Interference Cancellation (SIC), Ordered Successive Interference Cancellation
(OSIC) and Sphere Decoding Algorithms (SDAs) are examples of non-linear detection
techniques. Here, some of the detection techniques for MIMO systems used in this thesis are

study.

Linear Detector: Linear signal detection method treats all transmitted signals as interferences
except for the desired stream from the target transmit antenna [22]. Therefore, interference
signals from other transmit antennas are minimized or nullified in the course of detecting the
desired signal from the target transmit antenna. To facilitate the detection of desired signals from
each antenna, the effect of the channel is inverted by a weight matrix W such that % = Wy.

That is, detection of each symbol is given by a linear combination of the received signals.

Zero-Forcing: ZF technique nullifies the interference by Wy matrix, which is the pseudo inverse

of channel matrix H [23].
Wy = (HTH) *HT (2.13)
Where (.)Tdenotes the Hermitian transpose operation.

= Wyry

x
- (2.14)
X=x+ (H'H)™'H™n

Note that the error performance is directly connected to the power of the noise .The noise
enhancement effect plaguing the ZF detector can be reduced by using the minimum Mean square

error (MMSE) detectors.
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Minimum Mean Square Error (MMSE): This is an algorithm which performs better than the ZF
under noisy conditions. Although, it does not fully eliminate ISI like the ZF algorithm; it
substantially reduces the total noise power experienced at the receiver [47]. The MMSE filter can

be found by minimizing the mean-square error (MSE) as

WMMSE ES (HTH + O-ZIN)_lH-I-

Thus, the result of MMSE detector is

X =x+ (H'H + o?Iy)"*Htn (2.15)

Where o represent the ratio of received signal power to noise power and Iy represent an identity
matrix. It should be noted that when noise power is much greater than of received signal power;

the MMSE estimate equates to the ZF estimate.

Nonlinear Detector: Non-linear detectors provide good results as compared to that of linear but

with a little bit more complexity. Nonlinear decoders are complex but the performance is good.

Maximum Likelihood (ML): The decision is taken according to the minimum Euclidean distance.
The Euclidean distance is calculates between the received signal vector and the product of all
possible transmitted signal vectors with the given channel H, and finds the one with the

minimum distance.

X = argmin||y — Hx||? (2.16)

xecNt

Where ||y — Hx||? corresponds to the ML metric and C and N, denote a set of signal
constellation symbol points and a number of transmit antennas, respectively. The ML method is
the optimal detector for MIMO systems. It gives the best BER performance but the complexity is
increases exponentially as modulation order and/or the number of transmit antennas increases

[25].
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Chapter 3

Cooperative Communication

3.1 Introduction

As discussed in chapter 2, MIMO systems have recently emerged as one of the most significant
wireless techniques, as they can greatly improve the channel capacity and link reliability of
wireless communications. However, these improvements come at the cost of requiring the
antennas on a MIMO device to have sufficient spacing for uncorrelated fading. If the antenna
spacing reduces, i.e. independent fading cannot be obtained for each pair of antennas, the
efficiency will be degraded, resulting in lower MIMO capacity. Moreover, practical
implementation of multiple antennas in a small device is unrealistic or cost ineffective because of

the requirement of additional radio-frequency hardware [26].

To overcome the difficulty, a new Cooperative communication is a practical alternative to a
MIMO system is used, which allows the source node communicates with the destination node by
making use of wireless relays. With the help of node cooperation, relay-based wireless networks
are able to achieve spatial diversity in a distributed manner [27-29]. This similar to MIMO,

cooperative communication could generate diversity, but in a new and interesting way.

Figure 3.6 shows that two mobile users communicating with a base station. Due to the inherently
broadcast nature of wireless communications at the base station, it may be possible for one user
to receive the information intended for another user, in which case it can help to forward some
version of the received information to the destination. Because the fading channels to the two

users are statistically independent, this could generate receive diversity.

Because of diversity, the negative effects of shadowing and small scale fading can be effectively
combated [27]. Furthermore, due to cooperation diversity, the error probabilities at the
destination will be reduced. However, one of the main challenges of cooperative diversity is the
throughput loss due to the extra resources needed for relaying. For instance, for a single- relay
system, throughput is reduced by 50% (compared with that of direct-transmission) for the same
bandwidth. To combat this effect adaptive modulation is proposed. This will be study in next
chapter.
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Figure 3.1: Cooperative communications

3.2. Cooperation Configurations and Operation Types

Many options arise for cooperative Configurations in wireless settings. The 3-node relay channel
was introduced by Van der Meulen, but we start our literature review with Cover and El Gamal’s
landmark paper “Capacity theorems for the relay channel”, which introduces most of the
concepts that are used in the thesis on the so called one way relay channel or a classical relay
channel. This channel involves three nodes: a source (S), a relay (R) and a Destination (D) as
shown in Figure 2.7. For this thesis assume that all nodes operate in the same band. From the
viewpoint of the source, the system becomes to a point to multiple point channel, which is often
called a broadcast channel (BC). And from the viewpoint of the destination, it represents a
multiple-point to point channel which behaves like the so-called multiple access channel (MAC)

[31].
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Source S

D Destination

Figure 3. 2: A time-division one-relay network

There are three types of classical relay channel operations , which implement by varying degrees
of broadcasting and receive collision in the network. The degree of broadcasting is given by the
number of nodes simultaneously (i.e., in the same time slot) sending to the source node (i.e., 2 if
both R and D received, 1 if only R or D receiver). Furthermore, receive collision is said to be

maximum if the destination node receives information simultaneously from both S and R.

Type I: the source terminal communicates with the relay and destination terminals during the
first time slot (phase one). In the second time slot (phase two), both the relay and source
terminals communicate with the destination terminal. Type I realize maximum degrees of

broadcasting and receive collision [29].

Type II: only the relay terminal communicates with the destination terminal in the second time
slot. This type realizes a maximum degree of broadcasting but exhibits no receive collision [33].

Thus, for analyzing the classical (three-terminal) relay channel is Type I is uses.

Type III: The third type is identical to type I apart from the fact that the destination terminal
chooses not to receive the direct S — D signal during the first time slot. This type does not

implement broadcasting but realizes receive collision [34].

A typical cooperation strategy can be modeled with two orthogonal phases, either in TDMA or

FDMA, to avoid interference between the two phases [48]:
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» In phase 1, a source sends information to its destination, and the information is also
received by the relay at the same time.
» In phase 2, the relay can help the source by forwarding or retransmitting the information

to the destination.

3.3. Cooperation transmission Protocols

Cooperative transmission protocols describes that how the received data is processed at the relay
station, before forwarding it to the destination, employ different types of processing at each relay

terminal. In this subsection, we will review and compare several cooperative strategies.

3.3.1 Amplify-and-Forward (AF)

As the name suggests, the Amplify and Forward technique simply amplify the signal received by
the relay before forwarding it to the destination [46]. This scheme is ideal when the relay station
has minimal computing power. The relay does the amplification by simply scaling the received

signal by a factor that is inversely proportional to the received power, which is denoted by

p (3.1)

adA= |—m—"FT
plhsrlz +NO

This term has to be calculated for every block and therefore the channel characteristic of every
single block needs to be estimated. Depending on CSI the AF protocol divided in to two. These

arc:

e (Sl-assisted AF scheme: the relay uses instantaneous CSI of the source-relay link to
scale its received noisy signal before forwarding. In this case we assumed that the
channel state information at the relay is known.

e Blind AF scheme does not have access to CSI and employs fixed power constraint. No

need CSI at the relay.

The signal transmitted from the relay is thus given by ay, and has power p equal to the power of
the signal transmitted from the source.
One major drawback of this technique is that the noise in the signal is also amplified at the relay

station, and the destination receives two independently faded versions of the signal. Although the
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noise of the relay is amplified, the destination still receives two independently faded versions of
the signal and is thus able to make better decisions for the transmitted symbols. A potential
challenge in this scheme is that sampling, amplifying, and retransmitting analog values may be
technologically non-trivial. Nevertheless, amplify-and-forward is a simple method that lends
itself to analysis, and therefore has been very useful in furthering the understanding of

cooperative communication system.

3.2.2. Decode and Forward (DF)

In DF the received signal is first decoded and then re-encoded. So there is no amplified noise in
the sent signal, as is the case using Amplify and Forward protocol. There are two main
implementations of such a system. The relay can decode the original message completely. This
requires a lot of computing time, but has numerous advantages. If the source message contains
an error correcting code, received bit errors might be corrected at the relay station. Or if there is
no such code implemented a checksum allows the relay to detect if the received signal contains

errors. The relay now demodulates, decodes, re-encodes and retransmits the signal [49],
X, = X (3.2)

Where X denotes the relay’s estimate of x, . Depending on the implementation an erroneous
message might not be sent to the destination. But it is possible that detection by the relay is
unsuccessful, in which case cooperation could be detrimental to the eventual detection at the
destination terminal. To avoid the problem of error propagation, Laneman et al. [33] proposed an
adaptive relaying scheme where the relay only transmits when it successfully decodes the

transmitted data.

3.2.3. Compress and Forward (CF)

The main difference between compress and forward and decode/amplify and forward is that
while in the later the relay transmits a copy of the received message, in compress and forward the
relay forwarding a quantized and compressed version of the received signal. The relay node can
employ standard quantization, or some source coding technique, when compressing the signal.
Source encoding operation at the relay falls into the realm of the set of coding techniques known

as distributed source coding, Sleppian—Wolf coding, or Wyner—Ziv coding [35]. Therefore, the

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 25



Electrical and computer engineering communication stream

destination node will perform the reception functions by combining the received message from

the source node and its quantized and compressed version from the relay node.

Compared to AF, the CF protocol can provide better performance, but it is a little more
complicated as the relay needs to quantize the signal before forwarding. Moreover, the DF

protocol outperforms CF when the relay is closer to the source.

For this work the amplify and forward relaying (AAF) technique is considered, because it is
efficient in fading environments where the cost of decoding (DAF) the signal would be

expensive.

3.3. Combining Techniques

Diversity methods implemented at the receiver are effective in combating the effects of
multipath. If there is more than one incoming transmission with the same burst of data, the
incoming signals have to be combined before they will be compared [29]. In section, the
implementation of popular combining techniques like the equal gain combining, signal to noise

ratio combining, maximum ratio combining and other combining techniques are studies.

3.3.1. Equal Gain Combiner (EGC)

Where the signals received on the antenna array at the receiver are just combined with unit
channel gain at each array element. This is the easiest way to combine the signals, but the
performance will not be that good in return because the fluctuations caused due to small scale

fading is ignores [1]. The combining signal is:

k
Ya= ) i (33)
i=1

If one relay station is used, so the equation simplifies to
Ya = Ysa T Yra (3.4)

Where y,; denotes the received signal from the sender and y, the one from the relay. This

technique can be used where the channel quality information is not known.
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3.3.2. Fixed Ratio Combining (FRC)

If channel gains can be approximated to have a fixed ratio on the multi-path channels based on
little knowledge of channel quality, then the equal gain diversity can be converted to fixed ratio
combining [36]. In FRC the incoming signals are weighted with a constant ratio then adding up
together. The ratio should represent the average channel quality and therefore should not take
account of temporary influences on the channel due to fading or other effect. But influences on
the channel, which change the average channel quality, such as the distance between the deferent

stations, should be considered. The combining signal can be represented

K
Ya = Z WidYid (3.5)
i=1

For one relay station the above equation is simplified to
Yd = WsaVsa T WraYra (3.6)

Where wyy; and w,.; determine the fixed channel weights (or gain) applied to the respective

direct and relay paths.

This combining technique is less used in practical as the ratio cannot be determined without
estimating the channel quality but it gives an idea about how significant it is to estimate the

channel quality for better diversity.

3.3.3. Signal to Noise Ratio Combining (SNRC)

The channel quality is generally measured in terms of signal to interference noise ratio (SINR)
for the transmission of the signal over a fading channel. The output SNR at each channel is used
to weight the received signals, and the interference from the co-channels is ignored. The SNRC

can be expressed as [50]

k
Ya = Z SNR;igYiq (3.7)

=1
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Using one relay, the equation can be written as
Ya = SNRsqYsa + SNRyqYrq (3.8)

Where, SNR, represents output SNR on direct path and SNR,; represents SNR on relay path.

3.3.4. Estimated SNR Combining (ESNRC)

This technique is a variation of the SNR combining technique where only that symbol sequence
is considered output SNR is better than another by a factor while combining. This technique can
also be referred as sort of selection diversity but more sophisticated as estimation of the channel

quality is considered. The combining signals can be expressed as [50]

ygd SNRSd/SNer > 10
Ya ={Ysa T Yra 0.1 <SNRg;/SNRyq < 10 (3.9)
Yrd SNR;4/SNR,4 < 0.1

3.3.5. Maximum Ratio Combining (MRC)

In MRC, each radio channel is weighted with the complex conjugate of the respective channel
gain [37]. This assumes that the channels' phase shift and attenuation is perfectly known by the

receiver. The MRC can be expressed as

k
Ya = Z h*iaYia (3.10)
i=1

For classical relay channel, this equation can be written as

Ya = h'sa¥sa + Vs raVra (3.11)

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 28



Electrical and computer engineering communication stream

Chapter 4

Adaptive Modulation

The goal for future wireless networks of mobile communications system is to seamlessly
integrate a wide variety of communication services (i.e. high speed data, voice, and multimedia)
via electromagnetic waves in free space is changing the way people interact in their daily lives.
This requires high speed wireless data transmission for efficient communication which must be
robust and spectrally efficient. But the wireless channel faces a lot of problem of channel
impairments such as noise, interference and these impediments change over in unpredictable
ways due to used movements, which result in distorted received signal [15]. A radio channel
behaves like a time-varying filter; the received version of the transmitted signal is a distorted
version of the transmitted signal, and the distortion varies with time. A typical realization of a
fading signal over time is represented in Fig. 4.1. Link adaptation techniques, where the
modulation, coding rate, and/or other signal transmission parameters are dynamically adapted to
the changing channel conditions that can track time varying characteristics of wireless channels,
carry the promise of significantly increasing data rates, reliability, and spectrum efficiency of

future wireless networks.
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Figure 4.1: Fading Signal
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In this chapter, adaptive modulation with wireless networks especially LTE is introduces.
Adaptive modulation scheme aims to improve link spectral efficiency by adjusting the
modulation order depending on the quality of fading channels. Nevertheless for a high quality
radio link condition the higher modulation scheme will be utilized which provides the highest
throughput of the system or the best spectral efficiency. During a signal fade, the wireless
network system may be shifted to a lower modulation scheme in order to maintain the
connection quality and link stability. In comparison to fixed modulation order strategy, where
signal to noise ratio on channels is varying means that the bit error rate is changing with the
channel quality, this scheme is advantageous because it can achieve higher rate and more

efficient use in the resources, e.g., time, frequency, and power.

Link adaptation has been widely used in wireless networks, e.g., Universal Mobile
Telecommunications System (UMTS), Wireless Local Area Network (WLAN) and 3GPP Long
Term Evolution (LTE), to boost the spectral efficiency. In particular, in frequency selective
channels, an adaptive allocation of time and frequency resources based on users’ channel quality
can significantly improve the system throughput [38]. Long Term Evolution (LTE) is the latest
standard in the 3rd Generation Partnership Project (3GPP), mobile network technology tree that
produced the GSM/EDGE and UMTS/HSPA network technologies. The LTE specification
provides downlink peak rates of at least 100 Mbps, an uplink of at least 50 Mbps and RAN round
trip times of less than 10 ms. LTE supports scalable carrier bandwidths, from 1.4 MHz to 20
MHz and supports both frequency division duplexing (FDD) and time division duplexing (TDD)
[39] . The main advantages with LTE are:

e Decrease the traffic communication while sending data (low latency)

e FDD and TDD in the same platform, an improved end user experience and a simple
architecture resulting in low operating costs

e allows more users to use with same frequency in a cell (high throughput)

e To optimized terminal power efficiency

e Offers fastest data transfer which in higher download and upload rate

e Support seamless passing to cell towers with older network technology such as GSM,

CDMA, UMTS, and CDMA2000
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e Enables spectrum flexibility: depending on the available spectrum the transmission
bandwidth will selected from 1.4MHz to 20MHz.
e The multiple access schemes in LTE is
e Downlink - Orthogonal Frequency Division Multiple Access (OFDMA)
e Uplink- Single Carrier Frequency Division Multiple Access (SC-FDMA).
e Both in uplink and downlink the resource allocation is 180 kHz which is in frequency

domain

In LTE the quality of the received signal depends on path loss, shadowing, multipath fading,
interfering signals, and sensitivity of the receiver [39]. Link adaptation is used to alleviate the
negative impacts of such variations, guarantying the QoS, and maximizing the system
throughput. For this thesis, LTE network in fading channels with link adaptation (LA) will be

used.

The general principle of LA is to define a channel quality indicator, or so called channel state
information (CSI), that provides some knowledge on the channel and feedback it to the
transmitter. The CSI makes it possible to adapt transmissions to current channel conditions,
which is crucial for achieving reliable communication with high data rates in wireless networks.

The feedback accomplished by two ways [40]:

» Feedback the CSI to transmitter so that the transmitter can adjust the parameters based on
the feedback information with respect to the channel conditions. This technique is
consumes resource

» Only the adaptive parameter is feedback to the transmitter. This option is usually more
efficient since there are typically a small number of modes, thereby limiting the amount

of feedback. For this reason, this method will be used.

Adaptive Techniques
Based on the measurement of the parameters describing the quality of the transmission channel

and on the selection of transmission parameters we have different type adaptive techniques [15]:

7

¢ Variable power adaptation:

o Through power control, only the transmission power level is varied compensate

for SNR variation due to fading

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 31



Electrical and computer engineering communication stream

o It maintains constant rate and adapts its power to the inverse of the channels
fading
o The goal is to minimized transmission power with fixed bit error probability

(BER) or constant received SNR

% Variable Rate adaptation:
o The goal is to maximized spectral efficiency by varied The Rate and modulation
or constellation size according to the channel condition with fixed BER
v’ Fixing the symbol rate of the modulation and using multiple modulation
schemes or constellation sizes.
v’ Fixing the modulation and changing the symbol rate (varying signal

bandwidth is impractical)

®,

¢ Variable coding adaptation:

o The coding scheme can be changed so as to respond to the channel state by
selecting the optimum code rate

o Can be implemented by multiplexing together codes with different error
correction capabilities

o The goal is to minimized BER with fixed rate

Among adaptive transmission techniques, adaptive modulation plays a central role, because it
increases the data transmission efficiency without increasing the multi-access interference power
[3]. The receiver needs only to calculate the total SNR and select the appropriate transmission
rate and send this information back to the transmitter. This makes adaptive techniques based on
adaptive modulation such as those proposed in [41] viable. To maximize the spectrum efficiency
or total throughput for the AF cooperative MIMO system in LTE network with adaptive

modulation under the constraint of the received BER requirement is formulated as:
P, < BERyy (4.1)

Where BER,;, is the predefined target BER, P, is the error probabilities. The set of adaptation/
switching thresholds is then obtained by reading the SNR points corresponding to a target BER
after that feedback the selected SNR threshold to the transmitter. The throughput of adaptive

modulation is determined by constellation size used for transmission signal.
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Chapter 5

Performance Assessment of adaptive modulation in cooperative
MIMO for LTE technology

5.1. Introduction

As mentioned in Chapter 3, the cooperative diversity system has been proposed as an alternative
to a point to point MIMO system, to improve channel capacity and link reliability of wireless
communications. However, cooperative diversity schemes usually decrease the spectrally
efficiency of the system because of their repetition based structure and channel variations. It is
well known that, adapting the transmission parameters such as the modulation and coding rate to
the changing channel conditions have recently emerged as a powerful technique for improving
the system in terms of the data rate. For potential increasing the system throughput, adaptive
modulation combining with cooperative MIMO system is used. This chapter studies the
performance of the cooperative MIMO system using adaptive modulation scheme over the

Rayleigh fading channel under perfect CSI.

5.2. Cooperative MIMO system over Rayleigh fading channel Simulation
model

To focus on the performance assessment cooperation MIMO with all nodes placed at equal
distance, simplify the system to the N, = N; = 2 antennas case, as shown in Figure 5.1. The
communication takes place through a relay with N, = 2 antennas. Where Ng, N; and N, are
number of antennas at source, destination and relay respectively. Where the number of receive
antennas must be equal or greater than the number of transmit antennas (N; = N; = N,) in order
to separate and detect the x transmitted signals. Assume that the channels are half-duplex, which
means that terminals, and in particular relay, cannot receive and transmit at the same time. The
channels between them are block fading, which is practical and particularly relevant in wireless
communications situations .Thus a block fading channel model with N fading blocks is assumed
here, with each block having length L symbol periods. Fading is flat and constant on each block,
but independently Rayleigh distributed on different blocks.
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Figure 5.1: System model of cooperative MIMO

Furthermore, to investigate the effect of the path loss into the channel model, the variance of the
average powers of the channel coefficients source-relay and relay-destination respectively given

by [51]:

d
O'sr2 = Gsdz (d_Sd> (5.1)
sr
d B
Org” = 05q” (d_SZ) (5.2)
r

Where 0,2, 0,42 variance and dy, , d,4 distance, of the fading coefficient source to relay and
relay to destination respectively. Assume that the variance of source to destination o4;% = 1 and
the path loss exponent f= 1. If all terminals are placed at equal distance( dsq = dg = dygq )

then Equations (5.1) and (5.2) become 0.

A uniform energy distribution between the sources and relay that means a fixed power per user is
considered. To provide a fair comparison platform for the cooperative diversity network, the

classical direct transmission system will uses the same total energy consumed in the two

networks. Let E is the Symbol Energy of the source in direct transmission. Then, E = % is the
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transmitted symbol energy for each of the source and relay. Also assume that perfect CSI is

available only at the receiver side.

The communication is assumed to take place through two phases. In the first phase the source
broadcasts a message. The transmitted signal undergoes fading and is received by relay and
destination. In the second phase, using its own process employed, depending on relative channel
condition, transceiver complexity and user location, relay cooperates with source by sending the
signal received in the first phase to destination [42]. Because of the low complexity and short

delay in signal processing at the relay node, AF strategy is used.

In the first phase, the received signal is:

E h h
Vrnt = = Hsrnlxnl + Ngrnl » with Hsrnl = 1rsnl 12 rsnl] (5'3)

2 h21 rsnl h22 rsnl

. hll dsnl hlZ dsnl
Yainl =+ EsHsaniXni + Nsgni , With Hegny = hyy dsnl h,, dsnl] (5.4)
sn sn

Where y,; and y4 1 n; are the received signals at the relay and destination during the first phase,
respectively, Es is the average power per antenna of each symbol at the source.Hg,,; and Hggp;
denotes the n'™ block fading channel matrix of source-relay and source-destination link
respectively, with each h;j,gy and hyjgen (i, jE{1,2}) are independent and identically
distributed. Also define the vector Xx,;=[xX;n,Xim 17, Where x;,; (i'€ [1,2]) presents the
[*" M — ary symbol transmitted on the n‘"* channel from the i"**antenna. The vectors ng,,; and
Ngan are the noise due to source transmit the signal to relay and destination respectively. The
noise vector is represent by 1y = [Mq;jni, N2ijni 1% (i=s; j=r, d), which is composed of a zero
mean complex Gaussian random variable with variance N,. Note that the index notation (nl) is

used to emphasize the block fading nature of the MIMO channel.

The transmit signal from relay is:

Xrnl = AiYrnl (5.5)
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The relay terminal can be classified based on the different amplifying gains in the relay terminal.
In general, the relay terminal is categories into two. One is the fixed relay gain category, the
other one is the variable relay gain category. In the former case, the relay gain is always a
constant, which means whatever receives at the relay terminal is sent to the destination terminal
without any change. In the latter case, the relay gain is a variable. In this thesis, variable relay

gain is considered.

An amplifying relay must use a gain factor ay; ,

Er 1 (5.6)
Anp = NN, .
Es ”Hsrnl”F2 + No ’

2
”Hsrnl”F = |h11 rsnl|2 + |h12 rsnl|2 + |h21 rsnl|2 + |h22 rsnll2

Where ||Hgp || is the Frobenius norm of the fading channel Hg,.,; [42], E, is the average power

of each symbol at the relay, and Iy, is the 2 X 2 identity matrix.

For second phase, the relayed signal at the destination is given by:

ES . hll drnl h'12 drnl
Ydaznl = — HrgniXeni + Npany » With Hygy = ™ m (.7

2 ha1armi M2z arm

Where Mygn; 1S [Mirdni» Naran ]T Noise vector that is measured at the destination during the
second time slot , y;,5; 1s the received signal at destination during the second phase and
H, 4, denotes the nt" block fading channel matrix of relay to destination, with each h; jarnt (1,

J€{1,2}) is independent and identically distributed.

When we insert Equations (5.5) and (5.3) into Equation (5.7) then the received signal for second

phase at destination is:

E; E; (5.8)
Yda2n = Z Hrdnl aansrnlxnl + ?Hrdnl AniNsrni + Nyrant :
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The equivalent cooperative MIMO NN, X Ny, (4 X 2) with NyN, (4) virtual receiving

antennas representation of the proposed MIMO relaying system is given as follows [42]

Ingw, 0 0

ydlnl] EsHgan [ ] Msant

Ydznl ZS ranl @niHsrm l ? Hram @m INsNrJ Nydani ( )
Heqnl

Therefore, the equivalent channel matrix for relayed link is:

Heqrsdnl = F = HyrguHgrm

While equivalent noise that is measured at the output is:

neqrsdnl = Hrdnl AniNgrni + Nygni

After two phases of transmission, the receive signals at the destination will be combining by one
of the techniques which are considered in section 3.3. In this thesis, MRC and EGC will be use.
Since the two networks, i.e., the source-destination and source-relay-destination links are
separable we perform independent combining for each networks and then the resulting estimates

are summed to yield the final decision.

5.3. Cooperative transmission using space time code architectures

There exist two main approaches to apply the Space time technique in cooperative systems. In
the first one, i.e., cooperation using distributed STBC (alamouti code), is applied to create a

virtual transmit array in a distributed multiple transmitter network. In the second approach, the

STC matrix (VBLAST) is completely broadcast to the relay and destination.

5.3.1. Cooperation based on space time block coding scheme

In this scheme the source terminal is broadcast an alamouti space time code to the relay and
destination terminals in the first phase. During the second phase, relay terminal retransmits the
modify signal to destination. An alamouti STBC, a cooperative relaying network with a single
relay system and two receive antennas can be considered as a virtual MIMO system with four
receive antennas. Thus, the performance of the cooperative diversity system is improved without

increasing the number of receives antennas.
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5.3.2. Cooperation based on VBLAST scheme

In the cooperative VBLAST transmission scheme, during the first phase the source transmits
independent STC matrix messages over two antennas. During the second phase, the relay
forwards the modify signal to the destination. It achieves high spectral efficiencies by spatially
multiplexing coded or uncoded symbols over the fading channel. Since increasing the bit rates is

the goal of this thesis, transmission based on the VBLAST scheme is considered.

At the receiver, since the paths source- destination and source —relay-destination are separable,
we perform independent combining on both channels then the estimates signal from both paths
after two phases of transmission are summed up to yield the total receive signal [52].Using MRC

technique the total receive signal at the destination is given as follows
_ yH H
Vi = Hsdnlyd,l nl + Heqrsdnl }’d,z nl (5-10)

For EGC technique, the total receive signal:

Yni = Ydain T Yarn (5.11)

Since y is in the form of y = Hx + n to detect transmits signal x launch y into ZF, MMSE and
ML detection schemes that studied in chapter 2.

5.4. Adaptive modulations in cooperative MIMO

As mentioned in Chapter 4, the basic idea of the adaptive modulation is to adjust the modulation
scheme based on the current channel state information. When the channel is in good state, a
higher modulation scheme is chosen to communicate. Otherwise, a lower modulation scheme
will be employed. There are various metrics that may be used as channel state information (CSI).
Typically, signal to noise ratio (SNR) or signal to noise plus interference ratio (SINR) may be
available from the physical layer. At the link layer, packet error rates (PERs) are normally
extracted from the cyclic redundancy check (CRC) information. BERs are sometimes available.

In this thesis, the post detection of SNR at the output of ZF, MMSE and ML detection is used as
the metric since it directly determines the performance of communication system. This SNR
information will convert into BER information for each mode candidate then we select SNR
Threshold Based on the mode that yields the largest throughput while remaining within the BER

target bounds.
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Since the exact SNR at the receiver side is impossible to know in advance, the only way to do
this is to estimate the post SNR before each transmission. However, the estimation of the post
SNR requires the knowledge of current CSI, which can be obtained by sending a pilot sequence
through the channel. In this thesis, assume that source to relay, relay to destination and source to
destination channels are perfectly known on the destination terminal (receiver terminals have

perfect knowledge of channels state information).

5.4.1.Adaptation based SNR in assisted cooperative AF MIMO with VBLAST transmission

To determine the threshold of SNR for selection suitable modulation based on the target of BER,
at the output of the ZF, MMSE and ML, first derive the post detection of SNR at the ZF, MMSE
and ML, output considering the direct link and indirect links together. Consider a VBLAST with
zero forcing, MMSE and ML at the destination only. This corresponds to many practical
scenarios, including those where there is cooperation at the destination nodes. In addition, the
source nodes send independent data streams to the relay and destination nodes, which then
forward them to the destination node. The destination node then collaboratively processes the

signal to recover the desired data.

The modified matrix Hgy,; and F,,; describing the equivalent channels matrix for direct and
relayed links respectively. Applying the MRC or EGC technique to the received signals from
two links, then the estimated signal [49], [52] are:

For MRC technique the receive signal is

E _
Yni =+ Eg HHSdansdnlxnl + Zs FH anlanlxnl + Ny (5.12)
n

When we rearrange above equation, the receive signal is

Ny
E
Y = Z\/Fs(lhu dsnll2 + Ihiz dsnllz) +Isanl (lfilnllz + |f12 nllz) Xni (5 13)
i=1 '

+ iy
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Where F,;; = H, g Hsrpand 71, is the equivalent noise channel that is measured at the output of
the MRC, i.e.

My = FHnl (Hyq@nMsrny + Npgni) + HHsdnl Nsq (5.14)
While the entries f; ;,,; of the matrix product F,; are given as follows:
N. ; .
fi,jnl = Zk;1 hikdrnl hkjrsnl , 1<i< Nr and 1 =Jj= 2

In matrix form Equation (5.13) can be written as:

ylnl U1 ny ] X1nl [ﬁllnl]
yZTLl] \/—I: Uzo nit [Xan]+ 1 (515)

Na1ni

Hpg

Ui =+ E s(1h11 asml® + 1h21 asml? )"‘ anl( lfil® + o1 ul?)

Uzt =+ E s(1h12 asml® + 1ho2 asmil? )+ 2 dnl (fizl® + 1 f2z ul®

The covariance matrix of the equivalent noise 7 (noise power) is

Ny

E{ﬁnlﬁan} = NO Z(lfllnllz + |f12nl|2 1+ a nl Zlhlkdrnll

i=1

. (5.16)
+ Zlhil dsnll2 + |hi2 dsnll2

Where E{. } the expectation of {. }.

Next we perform the similar operation for EGC technique the receive signal is:

E
Y =V Es HsaniXn + Zanlanlxnl + Non (5.17)
The equivalent noise channel 7i,; at output of EGC is given by

Nont = Hrani @Tulsrnt + Nypant + Nsani (5.18)
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In matrix form Equation (5.17) can be written as:

3’1nz] [911 nl 912 nl] [xl nl] [ﬁonnl]

- +1.

Yonl g21nt Y221l X2 No21nl
Gnl

(5.19)

Eg . .
Gijnl = \/Fshijdsnl-l'z Anifijnt » 1<i<Nyand1<j<2

Using Equation (5.18) the covariance matrix of the equivalent noise fiy,; at the output of EGC is

Ny

E{ﬁOnlﬁOan} = NO 2+ azanMil drnl|2 + Ihiz alrnll2 (5-20)

=1

Zero Forcing detection scheme:
The received signal in Equations (5.15) and (5.19) can be viewed as the sum of the desired signal
X, together with the noise. Extract X,;; out of the received signal by estimate the values that

minimize the least square of y,,; — Hy; X;; and vy, — GiX [43].
tmrent = 1y — Hudmll?

HEGen = ”ynl - Gnlfr?lnz

This is solved by multiplying by a pseudo inverse matrix:

WMRCanl = (HHannl)_lHHnl (5:21)

WEGsznl = (GHannl)_lGHnl (5.22)

To estimate the transmitted signals %,; multiplying Equation (5.15) by Equation (5.21) and
Equation (5.19) by Equation (5.22), this given as

flnl _ X1ni H —117H [ﬁllnl] o)
2| = ]+ ot [ (5.23)
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" X _
[x1nl] _ [ 1nl] +(GH1G)GH [73011711] (5.24)

Xonl X2nl Nop21nl

The post SNR detection j P*receive antenna at the output of ZF detector obtained from Equations

(5.23) and (5.24) given by:

Eg
Yint = 5.25
" NolWossmcaratlly (1Fontl, + @l Fol MHiranal o + WHisamalF,) €2
Eg
Yimi = (5.26)

NO”WL',EGsznl”ZF (2 + aznl”Hi,rdnllle)

MMSE detection scheme: In this scheme the transmitted signal x,; for Equations (5.15) and

(5.19) can be estimate by minimizing the mean square error (MSE), MMSE detection matrix as

[22]

-1
Wyrremmse mt = (HHannl + NOINS) HHnl (5.27)

-1
WeGemmse nl = (GHannl + NOINS) GHnl (5.28)

Multiplying Equation (5.15) by Equation (5.27) and Equation (5.9) by Equation (5.28), the

estimate signal X,,; is

ylnl] - Ui 0 ] [x1 nl] [ﬁnnz]

YVoni - MRCmmse nl 0 U ni Xyl MRCmmse nl ﬁZlnl (5'29)
Hpy

Vinl] _ i1 Yrzn] [*¥1n No11nl

yan] — "WEGCmmsenl |g,, 1 oo nl] [xz nl] + Wecemmse ni [ﬁ021nl] (5.30)
Gni

From Equations (5.29) and (5.30) the post SNR detection for MMSE detection are given by:
YVint
2 2 2y o Es 2 2
_ |VVi,MRCmmse nll (Es(lhil dsnll + |hi2 dsnll ) + Tanl (lfll nll + |f12 nll ))

NOHWi,MRCmmse nl”zF (”Fi,nllle + aznl”Hi,rdnllle + ”Hi,sdnl”ZF)

2

(5.31)
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Yini

E 2
Eshil dsnl + TS anlfil nl | +

2
2 E 2
Es|Wi pcemmse nl| ( Eshiz as + Zs Anifiz nl| ) (5.32)

N0||Wi,EGCmmse nl”ZF (2 + aznl”Hi,rdnllle)

ML detection scheme: Maximum likelihood (ML) detection calculates the Euclidean distance
between the received signal vector in Equations (5.15) and (5.19), and the product of all possible

transmitted signal vectors with the given channel H,;, G,,;, and select the X,;; with the minimum

distance metrics [25]
A (V1np WaamiXin) + A2 Vanp UzaniXom) (5.33)

d*Yint G11imXany) + A*YVoni G22m1Xan1) (5.34)

The ML detection determines the estimate of the transmitted signal vector x as

X = argmin ||yn; — HyXp||? (5.35)
{Z1nuX2nidec
fnl = argrnin ”ynl - Gnlxnl”2 (5-36)

{Z1nixanidec

Where c is set of signal constellation symbol point possible value of {X1,;, X251}

The post detection SNR  y;,; MRC and EGC of the receive signal at the output of ML
respectively from Equations (5.35) and (5.36) given by

E 2
(Es(lhil dsnll2 + |hi2 dsnllz) + Tsanl (lfll nll2 + |f12 nllz)) (5.37)
No((firmul? + iz ) (1 + a2y Zn7 ik armil?) + 1hix asml? + [Riz asn]?)

[

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 43

Yin =

E 2
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2
E 2
Eshiz asnl T Ts anlfiz nl| ) (5.38)
NO( 2+ aznl(lhil drnll2 + |hi2 drnllz))

Yini =
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The adaptive modulation threshold for AF VBLAST ZF, MMSE and ML detection using MRC
is determined by the post detection SNR constraints given by Equations (5.25), (5.31) and (5.37)
respectively evaluated for each of the modulation types in use as a function of channel state

information. In next chapter their performance simulations will be considers.

5.5. Complexity Analysis

General Adaptive modulation and cooperative MIMO techniques bring about substantial gains in
rate and reliability performance, although usually at the expense of prohibitive algorithmic
complexity. In the multi-dimensional delay and outage limited channels brought to the fore by
radio networks, the aspects of rate, reliability and algorithmic complexity constitute interrelated
bottlenecks that need to be jointly analyzed and handled. A complexity analysis and comparison
will be carried out for the most promising MIMO algorithms. This allows to estimate the
potential cost of such systems and to identify possible bottlenecks for the hardware
implementation. Complexity is commonly measured in floating point operations, i.e., flops
(summations, multiplications, etc.), which are required to compute the estimate of the transmitted
vector or the running time of the algorithm when implemented on some specific platform [44].
This running time, may be defined in literature as time latency or CPU. The comparison of the
EGC and MRC in terms of the detectors complexity design will be investigated in this section.
This complexity will be computed in terms of real summations and multiplications, which is
measure proportional to the running time. Before determining the complexity of adaptive
modulation of cooperative MIMO VBLAST algorithms, first will introduce a number of general

rules [13], [44], namely,

» Two complex multiplications requires 4 real multiplications and 2 real summations
whereas two complex summations consists of only 2 real summations

» Product of two complex matrices A and B with dimensions M X N and N X P equals
2MP (2N — 1) real summations and 4M NP real multiplications

> Inverses of Matrices of C with dimensions N X N has a complexity of 4N?3 real
summations and 4N?3 real multiplications

» Complexity of a slicer is minimal in terms of real summations is log, M , for M-PSK
and M-QAM constellation scheme

» Finding the minimum N value has a complexity of N — 1 real summations
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5.5.1. Computational complexity of adaptive modulation for cooperative MIMO with
different detection mechanisms
Based on these general assumptions given in section 5.5, the complexities of ZF, MMSE and ML
for adaptive cooperative MIMO VBLAST detection techniques are determined and compared in
the following section. From Equations (5.10) and (5.11), the equivalent channel matrices H,,; and

G, are

Hnl = HHsdansdnl + (Hrdansrnl)HHrdnlaansrnl (5-39)

5.40
G = Hsani + Hrani@uHsrn ( )

The dimension H,; is Ny X N; for MRC and G,; is N; X Ng for EGC techniques are used to
analyze the computational complexity of the ZF, MMSE and ML detection. The complexity
figures are split in complexity number for preamble processing (computing the pseudo inverse of
the channel matrix and SNR calculation) and a complexity number for the payload processing
(linear convolution of equalizer weights and received signal vector). The detail of computational

complexity of each mechanism is presented in the following sub sections.

Complexity of Zero-Forcing:

From Equations (5.21) and (5.22), the Zero Forcing technique is based on calculation of the
pseudo-inverse of the channel transfer matrices H,;and G,;. Because it is assumed that the
MIMO system is operating in quasi-static environment, i.e., channel state information is
constant during transmission of symbols, the pseudo-inverse of the channel transfer
matrices Hand G,,; needs to be calculated only once per transmitted MIMO vector. We
consider separated the calculation of the pseudo-inverse of the channel transfer matrix, i.e.,
preamble processing from the payload processing. For determining the complexity of the

calculation of the pseudo-inverse (preamble), equation 5.21 and 5.22 are used.
Warczpm = (HY uHp) " HY 3 and Wegezpm = (G Gr) 716y

The dimensions of Wyrczni» HY,, and H,; are N, x N, for MRC technique and WeGezfni

,GH,, and G, are N; X Ny, Ng X N; and N; X N, respectively for EGC technique.
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The process to calculate the ZF equalizer filter matrix Wggc,rniis divided into four steps.

Step 1 involves multiplication of G, with G, it requires 4N,°N, real multiplications

and 2N,%(2N,; — 1) real summations.

Step 2 involves Gaussian elimination matrix inversion of G,;G,; . According to general rules
given in section 5.5, the computational complexity of Gaussian elimination matrix inversion
G",,G,, with dimension Ng X Ng has 4N real multiplications and 2N *(2N; — 1) real

summations.

Step 3 performs multiplication of (G",;G,;)~' with G, it requires 4N,*N,; Real

multiplications and 2NgN4 (2N — 1) real summations.
Finally, the total real arithmetic operations of ZF preamble process is equal to
4Ng® + N,2(8N; — 4) — 2N,N; Rgyys and 4Ng* + 8NNy  Ruyuws (5.41)
Using similar approach we can find the complexity of MRC combining
12Ns® — 6N2 Rgyms and 12Ns®  RyuLs (5.42)

The decoded symbols with ZF mechanism (payload processing) are calculated by multiplying
equalizer filter matrices Wygcyrn and Wege,rn With the receive vector yy,; . Which is consists
of a matrix with vector multiplication per transmitted vector and a slicing step to translate the
estimated elements of x,; to the possible transmitted symbols. The Matrix with vector

multiplication is given by
X = WEGsznl Yni

It needs 2Ng(2N,; — 1) real summations and 4NgN,; real multiplications. As stated in section
5.5, the complexity of slicing N; M — ary constellation points equals Nglog, M real

summations.

So, the total number of real arithmetic operations per transmitted vector x,; for ZF payload

processing is given as

2N;(2N; — 1) + Nglog, M Rgyms and 4NgNg Ryys for EGC (5.43)
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2N,(2N; — 1) + Nlog, M Reyus and 4N*Ryyus for MRC (5.44)

Complexity of Minimum mean - squared error (MMSE): The complexity of the MMSE
algorithm is almost equal to the complexity of the ZF method described in the previous sub

section. For preamble processing, Equations (5.27) and (5.28) are used.
_ (pyH 1w
WMRCmmse nl — (H annl + NOINS) H nl

-1
Wecemmse ni = (GHannl + NOINS) GHnl

The calculation of this complexity has almost the same complexity as the determination of the
pseudo-inverse in case of the ZF algorithm. N, Is real, the only different is in the preamble
processing real summations, which consists of N additional summations. The total complexity
of MMSE in the preamble process is given in Equations (5.45) and (5.46) for EGC and MRC

techniques respectively.
4Ng® + Ng*(8Ny — 4) — 2NgN; + Ny Rgyys and 4Ng® + 8N*Ny Ryys  (5.45)
12Ns® — 6N;% + Ny Rgyys and 12N> RyuLs (5.46)

During the payload processing, the complexity MMSE is equal to that of ZF. Which is consists

of a matrix by vector product with the same dimensions and slicing.
Complexity of Maximum Likelihood (ML):

In this scheme the transmitted signal x,; can be estimated by calculates Euclidean distance
between the received signal vectors and the product of all possible transmitted signal vectors
with the given channel and finds the one with the minimum distance. This detection can be
carried out by exhaustively searching for all the candidate vectors and selecting the maximum
likely one with the smallest error probability (smallest Euclidean distance).However, it has the
highest computational complexity which moreover exhibits exponential growth in the number of
transmit antennas. When the memory is not large enough, not all candidates can be stored and
they have to be calculated for every transmitted vector to perform ML. So, the complexity of ML

largely depends on the amount of memory used [13].

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 47



Electrical and computer engineering communication stream

Computational Complexity of Equations (5.35) and (5.36) can be divided into two parts: the

processing during the preamble and processing of the payload.

In the preamble processing all the candidate vectors are determined; this will be performed by

two steps,

Step 1 involves multiplication of every column of equivalent channel matrix G,; with every

constellation point x ,;, which requires 2ZMN;N; real summations and 4MN N, real

multiplications.
. . Ng—1_
Step 2 adding all the candidate vectors has a complexity of 2 ¥ MIN, = 2MIN v L real
p g p y =1 d d M-1
summations.
The total complexity of the preamble processing is given
NS
2MNyNg + 2 Z M'N,; = 2MN4N;
i=1 (5.47)
Ng—1 __ 1
+ ZMZNd ﬁ RSUMS and 4MNdNS RMULS
Using same technique for MRC is
NS
2MNS* + 2 Z MEN,
i=1 (5.48)

MNs~1— 1

= 2MN,? 4+ 2M?N, Rsyms and 4MNs*>  RyuyLs

M-1

During payload processing the vector subtraction, square norm of the result and minimum of the
squared norms have to be determined for the M¥s possible x,,;vectors. This can be done in three

steps

Step 1 computing of the vector subtraction y,; — Gp;X,; has a complexity equal to 2N;M"s real
summations.
Step 2 performs the norms of V,; — Gpxn; for i = 1,2.....M"s has a complexity (2N, —

1)MP™s real summations and 2N,y M™s real multiplications.
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Step 3 finding the minimum  M"s of the norms value has a complexity of M"s — 1 real

summations.

The total complexity of payload processing per transmitted vector x,; for EGC and MRC are

respectively given by
4‘NdMNS - 1 RSUMS and ZNdMNS RMULS (5.49)
4‘NSMNS - 1 RSUMS and ZNSMNS RMULS (5.50)

Note that the complexity of MLD grows exponentially with the number of transmit antennas

resulted in the search for less complex algorithms.

The computational complexities of ZF, MMSE and ML in the preamble and payload processing
were analyzed and discussed in previous sub sections. Based on that, next we will compare the
complexity of adaptive modulation of cooperative MIMO VBLAST algorithms for each of
detection techniques with different combining schemes. In order to compare the complexities, we
have to express the complexity as single number in terms of equivalent summations. Expressing
the number of multiplications in terms of summations is depends on the numbers of bits
operation we used [45]. Assume that the algorithms will be implemented with 8-bits operation as
basis; thus, the complexity of an 8-bits multiplier is ten times higher than that of an 8-bits adder.

In addition we will look at the complexity of post SNR calculation. The computational
complexity of SNR calculation will be evaluated based on post-detection SNR studied in Section
5.4.1. For example, Equation (5.25) with 2 X 2 VBLAST ZF cooperative has 57 Ryy.s and

41 Rgyys which results 611 equivalent summations.

Based on above Equations, the overall complexity, i.e., the sum of the SNR calculation,
preamble and payload processing complexity, of the adaptive modulation of cooperative 2 X 2
VBLAST algorithm with different detection and combining techniques is summarized in the

Table 5.1 [13].

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 49



Electrical and computer engineering communication stream

Table 5.1: Overall complexity of adaptive modulation cooperative 2 X 2 VBLAST

Combini | Detection Complexity of preamble Complexity of | overall
ng Techniqu | Complexity of Complexity of | payload in complexity
schemes | es channel matrix in | SNR Terms in terms
terms of Egyms calculation in | of Eg s of Egyms
terms of Eg s
EGC ZF 1080 137 172 1389+
+ 2log, M 2log, M
MMSE 1082 469 172 1723+
+ 2log, M 2log, M
ML 4M? + 168M | 363 48M? — 1 52M?
+ 168M
+ 362
MRC ZF 1032 611 172 1815+
+ 2log, M 2log, M
MMSE 1034 712 172 1918+
+ 2log, M 2log, M
ML 4M?* + 168M | 642 48M? 52M?
+ 168M
+ 642

From table 5.1, it can be seen that the complexity of ZF and MMSE detection scheme is similar
and also significantly reduces the arithmetic complexity compared to ML detection mechanisms
with EGC and MRC techniques. It can be also observed that the performance improvement of
the scheme with adaptive modulation is paid by a complexity increase compared to the scheme
without adaptive modulation. For example, adaptive 4-QAM with MMSE detection scheme and
EGC technique has a complexity of 1727 Eg, s but without adaptive modulation the complexity
1s 1258 Egyms , 1.€., adaptive one is 1.37 complexes than of non-adaptive one. However, this

complexity increase factor of less than 0.5 and therefore in general it is manageable.
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Chapter 6

Simulation Results

6.1. Introduction

In this chapter, Simulation results of adaptive modulation system based on cooperative MIMO in
matlab environment with parameters set according to LTE standard, as highlighted in Table 6.1,
are presented. Bandwidth has been fixed according to LTE specifications. In this subsection,
Cooperative and non-cooperative transmissions are compared for what concerns both BER and
spectrally efficiency performance metrics. For all simulations, classical relay model is
considered and the channel matrix elements are independent identically distributed (i.i.d)
Rayleigh fading. Suppose that the source and relay nodes are transmits with equal power. In
Section 5.2 simulation parameters and assumptions are described. The physical layer parameters
used for simulation of MIMO and cooperative MIMO systems are given Table 6.1.

Table 6.1: Simulation Parameters

Parameter Type / Value
Channel Rayleigh flat fading
Transmit, receive and relay antennas number | 2,2,and 2 respectively
Transmit power normalized at all nodes
Modulation Scheme BPSK,QPSK,16QAM and 64QAM
Combining techniques MRC and EGC
Detectors ZF MMSE and ML
MIMO scheme Spatial multiplexing with VBLAST
Relay protocol AF protocol
Threshold BER or BER,, BER;, < 1072
Performance Metrics BER and SE
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6.2. Performance of 2x2 V-BLAST scheme with MRC

Figure 6.1 illustrates the BER performance of 2x2 V-BLAST with MRC using BPSK
modulation for different detection scheme. It is inferred that, for a fixed BER of 1073 ZF,
MMSE and ML detection techniques requires SNR value approximately 24.5, 21.5 dB and 11.5
dB respectively. The Performance of ZF and MMSE detection techniques are almost same but
the performance of ML is better than ZF and MMSE detections. For optimal solution of ML
detection, all M N, possible combination of transmitted symbols must be searched.

The analysis results of ZF detection is exactly match with the simulated performances. This
shown that the simulation results of MIMO system for various scenarios are accordance with that

the numerical results.

10 3 r
—k— ZF :
—%— MMSE ]
L,
AL —k— ML |
p theory ZF =

BER

g J
'
i

SNR,dB

Figure 6. 1: BER performance of 2x2 V-BLAST MIMO using BPSK modulation for different

detection scheme
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6.2.1. Performance of 2x2 V-BLAST scheme with MRC for MMSE detection

The BER performance of 2x2 V-BLAST MIMO system with various modulations, using MMSE
detection is shown in Figure 6.2. From the figure, one can see that an increase in the
constellation size M affects the system’s error performance. It can be seen that a transition from
M = 6 to M =2 leads to a performance improvement close to 8.5 dB at a BER = 1073. From the
general modulation theory, the BER performance is better for less order modulation technique as
compared to high order modulation. Same behavior is also observed in simulation results of 2x2
V- BLAST MIMO system using MMSE detection. Performance is same for all modulation

schemes at small value of SNR but when the SNR value increase the performance gap goes on

increasing.
10° : : ;
—%— BPSK MMSE %
—%— QPSK MMSE 7
o —%— 16QAM MMSE
0 ‘ 640AM MMSE %
10 , X
o
L
o
10°
10" =
107" : ' ' ' ' ' '
0 5 10 15 20 25 30 35 40
SNR,dB

Figure 6. 2: BER performance of 2x2 V-BLAST MIMO system using MMSE detection

For different modulation
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Figure 6.3 shows the simulated throughput curves of the MMSE detection using 2x2 V-BLAST
MIMO for different modulation schemes. The throughput of 2x2 MIMO with VBLAST scheme
at high SNR value is approach to N, log, 2" .where N; and M are the number of transmit antenna
and size of modulation respectively. The simulation results of MIMO with V-BLAST scheme

shown in figure 6.3 is exact match with the theoretical value.

From figure 6.3, SNR Switching criterion and the corresponding modulation types are obtained,
as shown in table 6.2, which is set up according to the target BER threshold. Assumed that the
threshold ¢ = 1072 so that the realistic BER will be smaller than 102 or BER,, < 1072.

12 : : : : : :
—%— BPSK MMSE [

—3%— QPSK MMSE
—¥%— 16QAM MMSE
64QAM MMSE

10

SE
o

0V A A AT Ty v v

20 25 30 35 40 45 50

A A,

Figure 6. 3: Spectral efficiency of 2x2 V-BLAST MIMO system using MMSE detection

For different modulation
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Table 6. 2: SNR switching criterion of 2x2 V-BLAST MIMO system using MMSE detection

SNR, dB, For BER,;, < 1072 | Modulation Type
<11 No transmission
[11,22] BPSK
(22,32] QPSK
(32,40] 16 QAM
> 40 64 QAM

Corresponding to the criterion in Table 6.2, the simulation results of the adaptive modulation
2x2 V-BLAST MIMO system for MMSE detection is presented in Figure 6.4. The probability of
choosing different modulation types is shown in Figure 6.4 at low SNR, BPSK and QPSK are
always selected to provide reliable communication with acceptable throughputs. As the SNR

increases, 16QAM and 64QAM are chosen more frequently to obtain high throughputs.

12

2x2 V-BLAST MMSE with adaptive mod. { -

m e
8 /
//

4 /
2 /
L L ’/ L L L L L L
0 5 10 15 20 25 30 35 40 45 50
SNR,dB

SE
o

Figure 6.4: Spectral efficiency of adaptive modulation 2x2 V-BLAST MIMO using MMSE

detection
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In cases of fixed modulation schemes are used as shown in figure 6.3, the bandwidth efficiency
is cut in half. For example if QPSK modulation is used, the system would be in outage for SNR
regions between 0 and 10 dB, and would be under utilization of throughput for SNR values
above 33dB for BER,, < 1072. Compare with the cases of fixed modulation, the adaptive
modulation scheme allows the 2x2 V-BLAST MIMO system using MMSE detection to achieve

a high throughput with reliable communication.

6.2.2. Performance of 2x2 V-BLAST scheme with MRC for ML detection

Figure 6.5 depict the Performance of 2x2 V-BLAST with MRC for ML detection under different
modulation schemes. Comparing the performance of ML in figure 6.5 with MMSE detection
techniques in figure 6.2 using QPSK modulation, it can be seen that at BER of 1073, the ML
improves the performance of MMSE by 10dB.

—— BPSK ML

—%— QPSK ML

—%— 16QAM ML
64QAM ML

v
vl

0 5 10 15 2 2 30

Figure 6. 5: BER performance of 2x2 V-BLAST MIMO system using ML detection for

different modulation
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From figure 6.2 and 6.5, the required SNR to achieve the BER of 1072 for different modulation
scheme summarized in Table 6.3, it is seen that performance of ML is better than MMSE
detection. The detector type affects the performances of system.

Table 6. 3: Required SNR to achieve BER equal to 10™2 of 2x2 V-BLAST MIMO system for
different modulation

System Detector SNR gain using
Modulation type | MMSE ML ML
BPSK 11dB 6dB 5dB
2x2 MIMO QPSK 15dB 10dB 5dB
16QAM 23.5dB 18dB 4.5dB
64QAM 29.5dB 25dB 4.5dB

Figure 6.6 depicts the throughput performance of adaptive modulation 2x2 V-BLAST MIMO
system with MRC for ML detection compared to the fixed modulation for BER,,, < 1072,

In cases of fixed modulation schemes are used (for eample 16QAM modulation), the spectral
effiency for SNR greater than 32dB is limited to 8bits/sec,but in adaptive modulation spectral
effiency can reach the upper limit of 12 bits/s. It is clearly seen that the throughput performance

for the adaptive system is better than of fixed modulation system.

From Figures 6.4 and 6.6, adaptive modulation MIMO system for MMSE and ML respectively,
it can be seen that at SNR of 20 dB the ML has throughput improvement of 26.3% over MMSE
detection in 2x2 V-BLAST MIMO system. The MMSE detection technique has to pay 12 dB to
achieve the same throughput. At high SNR the difference in throughput is constant of around
Ibit/sec. In generally, for 2x2 V-BLAST MIMO system ML detection have greater throughput
than of MMSE detection.
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Figure 6.6: Spectral efficiency of adaptive modulation 2x2 V-BLAST MIMO using ML

detection

6.3. Performance of Cooperative 2x2 V-BLAST scheme with MRC

Figure 6.7 shows the BER vs. SNR for the various Cooperative and 2x2 V-BLAST MIMO
systems with BPSK modulation. The figure shows the theoretical BER values obtained in
previous chapter for the cooperative systems with single antenna relay nodes as well as those
obtained through simulations for all the systems. Good agreement between theoretical
expectations and simulation results is observed for the cooperative diversity. From this figure, it
is clear see that the simulation results of cooperative diversity for various scenarios are

accordance with that the numerical results.
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Figure 6. 7: BER performance of cooperative diversity, 2x2 V-BLAST MIMO, and SISO with
BPSK modulation

As expected, when the number of antennas of each node increases, the BER performance
improves. For example, at BER equal to 1073, increasing the number of single antenna source
and destination nodes from 1 to 2 provides approximately 6dB gain. Moreover, at the same BER,
Adding one additional AF relay node provides a 7 dB gain over the non-cooperative 2x2 V-
BLAST MIMO system. This is due to two branches diversity that is resulted from direct link and
the assistance link from relay. This decreases the amount of losing bits in decoding and thereby

decreases the BER.

6.3.1. Performance of Cooperative 2x2 V-BLAST scheme with MRC for MMSE detection

The BER performance of the AF 2x2 V-BLAST MIMO with various modulations for MMSE

and ZF detection technique is shown in Figure 6.8. From this figure, the BER performance for
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both detection schemes i.e., ZF and MMSE with BPSK modulation have almost the same
performance in the range of SNR < 18dB , this due to enhancement of the received signal in

cooperative scheme.

10

‘ —%— BPSK AF MMSE |
—k— QPSK AF MMSE |
_ —%— 16QAM AF MMSE
10 —k— 64QAM AF MMSE %
: —%— BPSK AF ZF 1
10°
o K
o %
10° y\
X
10"
10! . . . *\k\k .
0 5 10 15 20 40
SNR,dB

Figure 6. 8: BER Performance of Cooperative 2x2 V-BLAST MIMO system using MMSE and

ZF detections for different modulation schemes

BER comparison of the non cooperative and cooperative 2x2 V-BLAST MIMO system using
MMSE detection techniques are given in Figures 6.2 and 6.8 respectively. From these figures,
the advantage of cooperation is well noticed by improving system performance where
improvement is increase with SNR increase. For example, to have 1072 BER in 2x2 V-BLAST
MIMO system with BPSK modulation is used, it needs 6.5 dB more than that required without
cooperation schemes. The required SNR values of the non-cooperative and cooperative 2x2 V-

BLAST MIMO system using MMSE detection schemes to fulfill the target BER of 1072 are
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given in Table 6.4. As observed from table 6.4, significant signal-to-noise ratio (SNR)
improvements can be obtained by the cooperative 2x2 V-BLAST MIMO system compared 2x2
V-BLAST MIMO system to reach a target BER values.

Table 6.4: SNR gain of AF 2x2 V-BLAST MIMO over 2x2 V-BLAST MIMO system

System
Modulation MIMO with Cooperative MIMO SNR gain for Cooperative
type MMSE with MMSE MIMO
BPSK 11dB 5dB 6dB
QPSK 15dB 8dB 7dB
16QAM 23.5dB 15dB 7.5dB
64QAM 29.5dB 21dB 8.5dB

Figure 6.9 depicts the Throughput performance of Cooperative 2x2 V-BLAST MIMO system
using MMSE detection as a function of SNR for different modulation and at target of BER <
1072, It is clear seen that, the spectral efficiency saturates to the half of the maximum spectral
efficiency of 2x2 V-BLAST MIMO scheme shown in Figure 6.3 ,this is due to that the half-
duplex transmission mode is used. From Figure 6.3, a spectral efficiency of 3 bit/sec can be
achieved with a SNR of about 31 dB with 16 QAM; for the same modulation this value is
reduced to about 22 dB if Cooperative 2x2 V-BLAST MIMO with MMSE scheme is used as
shows in Figure 6.9. Generally noting to Figure 6.9, as the SNR increases, the system

throughputs of the cooperation for all modulation mappings reach a limit of M bits/s.

The SNR switching thresholds values for adaptive modulation of Cooperative 2x2 V-BLAST
MIMO system using MMSE detection are generated from figure 6.10 and listed on Table 6.5,
where the target BER is setto BER < 1072,
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Figure 6.9: Throughput performance Cooperative 2x2 V-BLAST system using MMSE detection

for different modulation

Table 6. 5: SNR switching criterion of AF 2x2 V-BLAST MIMO system using MMSE

detection
SNR, dB ( for BER,;, < 1072) | Modulation Type
<5 No transmission
[5,12] BPSK
(12,20] QPSK
(20,27] 16 QAM
> 27 64 QAM
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Figure 6.10 illustrates the Throughput performance of adaptive modulation cooperative 2x2 V-
BLAST MIMO system using MMSE detection for SNR Switching criterions are stated in Table
6.5. This clearly shows that the dynamic switching of the modulation orders can enhance the

system performance and capacity per given bandwidth with the expected BER performance.

AF 2x2 V-BLAST MMSE with adaptive mod.
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SNR,dB

Figure 6.10: Throughput performance of adaptive modulation cooperative 2x2 V-BLAST
MIMO system using MMSE detection

6.3.2. Performance of Cooperative 2x2 V-BLAST scheme with MRC for ML detection

Figure 6.11 illustrates the beneficial effect increasing the number diversity gain; this is due to the
presence of cooperative AF MIMO relay in LTE network with optimal detection scheme.

Observe in Figure 6.11 that the BER performance of cooperative 2x2 V-BLAST MIMO system
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using ML detection for different modulation improves in comparisons with that of cooperative
2x2 V-BLAST MIMO using MMSE detection and 2x2 V-BLAST MIMO systems. This figure

also shows that the performance of the system degrades with the increase in the constellation size
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Figure 6.11: BER Performance of Cooperative 2x2 V-BLAST MIMO system using ML

detection for different modulation schemes

Figure 6.12 also presents the BER performance results of cooperative AF 2x2 V-BLAST MIMO
system using ZF, MMSE and ML detection techniques with QPSK modulation scheme. The
2x2 V-BLAST MIMO system for same detection is also illustrated for comparison purposes.
The result revealed that at BER of 1072, there is approximately 1dB SNR difference between
the ZF and MMSE detectors in 2x2 V-BLAST MIMO system. In the case of cooperative 2x2 V-

BLAST MIMO system is used, the performance curves of these two detectors are close to each
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other, especially when the SNR is less than 11dB. The cooperative 2x2 V-BLAST MIMO
system with ML detection yields a gain of about 4.5 dB over the corresponding 2x2 V-BLAST
MIMO system with ML detection at a BER of 1072, The SNR gains of cooperative MIMO
using QPSK modulation over non cooperative for ZF, MMSE and ML detections at a BER of
1072 are listed in Table 6.6.
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Figure 6.12: BER Performance curves of cooperative 2x2 V-BLAST MIMO system for
different detectors (ML, ZF and MMSE)

Table 6. 6: SNR Gains of cooperative over non cooperative MIMO system at BER of 1072

Modulation Systems SNR Gains Cooperative
type MIMO Cooperative MIMO MIMO

ZF MMSE | ML ZF | MMSE | ML ZF MMSE | ML
QPSK 16dB 15dB 10dB | 8dB | 8dB 5.5dB | 8dB | 7dB 4.5dB
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Figure 6.13 shows the Throughput performance of the ML detection scheme of Figure 6.11, at
target of BER < 1072. From this figure, there is no modulation scheme that gives us
performance below 1072 at an SNR below 3dB. In the range of 11 to 19 dB, there was only one
scheme that gives us our desired performance that was QPSK. In the range of 20 to 26 dB, 16
QAM gives us performance below 1072 at a better spectral efficiency. And for SNR higher than
27 dB, 64QAM provides us our desired BER performance with the best spectral efficiency. The
selection of the optimal algorithm depends not only on the SNR, channel correlation, but also the

target BER.
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Figure 6.13: Throughput performance of Cooperative 2x2 V-BLAST system using ML

detection for different modulation

Generally, with target BER < 1072, and Throughput performance plots in Figure 6.13 have the

following SNR ranges for each modulation scheme:
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Table 6.7: SNR switching criterion of AF 2x2 V-BLAST MIMO system using ML detection

SNR, dB ( for BER,;, < 1072) | Modulation Type
<4 No transmission
[4,11) BPSK
[11,20) QPSK
[20,27) 16 QAM
> 27 64 QAM

Figure 6.14 shows the Throughput performance curve of the adaptive modulation Cooperative
2x2 V-BLAST system in conjunction with different modulation schemes for ML detection at

various SNR values, as outlined in Table 6.7.

AF 2x2 V-BLAST ML with adaptive mod.

N

0 5 10 15 20 25 30 35 40

Figure 6.14: Throughput performance of adaptive modulation cooperative 2x2 V-BLAST
MIMO system using ML detection
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The Throughput performance of adaptive modulation cooperative 2x2 V-BLAST MIMO with
MMSE and ML detections are compared in Figure 6.15. It is observe that the ML Detection
technique, in contrast to the MMSE Detection technique, improves spectral efficiency by
approximately 2.5dB at medium or low SNRs. However, for SNR greater than 35 dB the gap is
approximately to 0dB.

SE

1 /
AF 2x2 V-BLAST ML with adaptive mod.

ol ‘ S I AF 2x2 V-BLAST MMSE with adaptive mod.

0 5 10 15 20 25 30 35 40
SNR,dB

Figure 6.15: Throughput performance of adaptive modulation cooperative 2x2 V-BLAST
MIMO using MMSE and ML detection

Generally, when cooperative 2x2 V-BLAST MIMO or 2x2 V-BLAST MIMO system is
integrated with ZF, MMSE and ML detectors, the system with ML is achieved best performance

with cost of complexity.
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6.4. Performance comparison of Cooperative 2x2 V-BLAST scheme with
MRC and EGC for MMSE detection

In this section, the simulation results for the AF 2x2 V-BLAST scheme with EGC and compare
it with AF 2x2 V-BLAST scheme with MRC is presented. A MMSE detection Scheme for
BPSK and QPSK modulations is considered. Figure 6.16 compare the BER simulation results
with the MRC results obtained in the previous section for various modulation schemes. As
expected, MRC outperforms the EGC for MMSE detection technique. The SNR improvement of
MRC is typically about 5 dB better than with EGC.
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Figure 6.16: BER comparison of the Cooperative 2x2 V-BLAST scheme over MMSE detection
with EGC and MRC

Generally, the performance of MRC is greater than of EGC in cooperative 2x2 V-BLAST

system with MMSE at comparable complexity, as studied in section 5.5.
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6.5 Adaptive Modulation of Hybrid Cooperative Networks

In previous section, simulation results of cooperative and non-cooperative MIMO combined with
adaptive modulation in terms of performance metrics are considered. It is clear that the adaptive
modulation is able to compensate the expense of required average spectral efficiencies due to the
relaying. Moreover, it is important to decide the optimal schemes are used by the source terminal

for the next transmitted frame in different SNR margins.

Hence, as a contribution of this thesis, it is advisable to investigate the optimal schemes among
the adaptive modulation of hybrid cooperative MIMO schemes with MMSE detection simulated
using LTE standard based cellular network were conducted in two typical scenarios. The option

of ML detection is not considered further, due to its increased complexity.

Uplink Scenario

Figure 6.17 shows the throughput performance of 2x2 V-BLAST MIMO system using MMSE
detection with the adaptive modulation and cooperation scheme for Uplink scenario utilizing the
best modulation modes for each scheme. This figure illustrated results for cooperative MIMO at
different position of relay node, dy = dsq = 1,dyg = 0.2, dg, =dsq =drg =1 and dg =
dsqg = 1,d,q4 = 2.4.From figure 6.18, a notice remarkable that the optimum throughput is
achieved when the relay is close to the destination. In fact, if the relay is very far from the
destination, the sent signal will be greatly weakened before reaching the destination and hence,
its cooperation cannot be effective. From this figure, it can be clearly seen that the throughput
performance of the adaptive modulation cooperative MIMO network is optimal than that of the
non-cooperative for SNR < 35dB. On the other hand, the throughput of the direct transmission
scheme becomes better at higher SNR. This due to that the largest modulation mode (64QAM) is
used, error probability and path loss effect decrease. Therefore, cooperation is activated only
when the performance of 2x2 V-BLAST MIMO system is not good (at low and medium values
of SNR) enough to support the aimed spectral efficiency.

Generally, It is clear to see that among cooperative 2x2 V-BLAST MIMO and 2x2 V-BLAST
MIMO using MMSE detection, when the SNR is [3bB 36dB], adaptive modulation of
cooperative 2x2 V-BLAST MIMO using MMSE detection for relay is close to the destination is
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optimal scheme; when the SNR is greater than 36dB, 2x2 V-BLAST MIMO using MMSE

detection is optimal.
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Figure 6.17: Throughput performance of 2x2 V-BLAST -MIMO system with the adaptive

modulation and cooperation scheme for Uplink scenario

The objective of this thesis is to choose a constellation size M with optimal scheme (cooperative
or non-cooperative scheme) that maximizes the spectral efficiency while satisfying a prescribed
BER constraint. Thus, from Figure 6.17, the look up table for adaptive algorithms of uplink
scenario given in Table 6.8 is proposed. This table shows the decision rule of optimal hybrid

cooperative networks fora BER < 1072,
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Corresponding to the criterion in Table 6.8, the simulation results of the adaptive optimum

hybrid cooperative networks for uplink system is presented in Figure 6.18.

Table 6.8: SNR switching criterion of optimal hybrid cooperative networks for uplink scenario

SNR, dB ( for BER;, < 1072) | Modulation and transmission type
<3 No transmission
[312) AF 2x2 V-BLAST with BPSK
[12 20) AF 2x2 V-BLAST with QPSK
[20 27) AF 2x2 V-BLAST with 16QAM
[27 36] AF 2x2 V-BLAST with 64QAM
(36 40] 2x2 V-BLAST with 16QAM
>40 2x2 V-BLAST with 64QAM
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Figure 6.18: Throughput performance of optimum hybrid cooperative networks for uplink

scenario
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Downlink Scenario

Figure 6.19 shows the throughput performance of 2x2 V-BLAST MIMO system using MMSE
detection with the adaptive modulation and cooperation scheme for Downlink Scenario. It shows
that the throughput reach its optimum when the relay is close to the destination ( dg, = dgq =
1,d,q4 = 0.2). It is clear to see that if the relay is very far from the destination (ds, = dgq =
1,d,4 = 2.4.), cooperative MIMO does not have any advantage over 2x2 V-BLAST MIMO in
terms of throughput for SNR region of [24dB 27dB] and SNR> 32dB . As a result of this, we do
find that for SNR between 4 dB and 36 dB, adaptive modulation of cooperative 2x2 V-BLAST
MIMO using MMSE detection for relay is close to the destination is optimal scheme(cooperation

is activated) and for SNR greater than 36 dB, 2x2 V-BLAST MIMO is optimal scheme.
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Figure 6.19: Throughput performance of 2x2 V-BLAST -MIMO system with the adaptive

modulation and cooperation scheme for downlink scenario

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 73



Electrical and computer engineering communication stream

Therefore, for a further characterization the lookup Table 6.9 can be proposed as a contribution

of this thesis for downlink scenario, for BER,, < 1072 .

Table 6. 9: SNR switching criterion of optimal hybrid cooperative networks for downlink

SNR, dB ( for BER,, < 1072) Modulation and transmission type
<3 No transmission
[311) AF 2x2 V-BLAST with BPSK
[11 20) AF 2x2 V-BLAST with QPSK
[20 26) AF 2x2 V-BLAST with 16QAM
[26 36] AF 2x2 V-BLAST with 64QAM
(36 40] 2x2 V-BLAST with 16QAM
>40 2x2 V-BLAST with 64QAM
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Figure 6.20: Throughput performance of optimum hybrid cooperative networks for downlink

scenario
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The spectral efficiency of optimum hybrid cooperative networks in downlink system based on
Table 6.9 is shown in Figure 6.20. In conclusion, best performance is always reached when using
adaptive modulation of hybrid cooperation at comparable complexity. Furthermore, the hybrid

scheme alleviates the throughput performance loss of cooperation in the SNR >36dB regions.

Finally, if several modulations and cooperation schemes are simultaneously available at
transmitter, the SNR operating point of the system will be used to make the right modulation and

cooperation scheme choice from the lookup Tables 6.19 and 6.20.
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Chapter 7

Conclusions and Future Work

7.1. Conclusions

In this thesis, the performance of cooperative MIMO networks together with adaptive
modulation for LTE uplink and downlink system over Rayleigh fading channel are investigated.
Even though cooperative communication is very important for the future of wireless networks to
fight multipath effects, it suffers from an inherent decrease in throughput while attaining
diversity. As a solution for this problem, adaptive modulation with target of BER to get the SNR
Switching criterion margin was suggested. The particular focus was on the performance that can
be achieved by using adaptive modulation and hybrid cooperation. To demonstrate the
achievable performance improvements, assumed that S R and S D paths are equal distance;

simplify the system to the Ny = N; = N,. = 2 antennas case.

The simulation results of cooperative and non-cooperative 2x2 V-BLAST MIMO system using
MRC technique over Rayleigh fading channel for ML, MMSE, and ZF detection schemes are
analyzed. It showed that, the proposed cooperative 2x2 V-BLAST MIMO system, compared
with the non-cooperative 2x2 V-BLAST MIMO, is capable of achieving superior BER
performance. This performance gain comes at no penalty in complexity. The optimal detector is
developed as an ML detector with prohibitive computational complexity. To overcome this
complexity, a linear detector is used, namely the MMSE detector. Besides the BER results, gain
in spectral efficiency of cooperative schemes with different modulations also introduced.
Furthermore, the adaptive modulation were applied to different cooperation schemes to
supplement the throughput loss of the system. This led to the exploration of the optimal
modulation and cooperation schemes that achieves the highest spectral efficiency with cost of
low complexity. The SNR Switching criterion margins of optimum adaptive modulation of
hybrid cooperative networks for uplink and downlink LTE system were chosen to

fulfill BER,, < 1072,

An illustrative example for simulation results of different relay position ( dg = dgg = 1,d,q =

02,dsy =dgqg =dyg=1and dg, =dsq = 1,d,4 = 2.4) is presented. The illustrative example
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showed how to find the appropriate switching criterion and the system performance for uplink
and downlink LTE system. The simulation result showed that, for uplink scenario, 3 < SNR <
11 region , AF 2x2 V-BLAST with BPSK is optimal; 12 < SNR < 19 region , AF 2x2 V-
BLAST with QPSK is optimal; 20 < SNR < 26 region , AF 2x2 V-BLAST with 16QAM is
optimal; 27 < SNR < 36 region , AF 2x2 V-BLAST with 64QAM is optimal; 37 < SNR <
40 region , 2x2 V-BLAST with 16QAM is optimal;SNR > 41 region , 2x2 V-BLAST with
64QAM is optimal. And for downlink scenario , 3 < SNR < 10 region , AF 2x2 V-BLAST
with  BPSK is optimal; 11 < SNR <19 region , AF 2x2 V-BLAST with QPSK is
optimal; 20 < SNR < 25 region , AF 2x2 V-BLAST with 16QAM is optimal; 26 < SNR < 36
region , AF 2x2 V-BLAST with 64QAM is optimal; 37 < SNR < 40 region , 2x2 V-BLAST
with 16QAM is optimal; SNR > 41 region, 2x2 V-BLAST with 64QAM is optimal.

In conclusion, adaptive modulation of cooperative 2x2 V-BLAST MIMO system with
comparable complexity provided a better throughput in low SNR, high SNR regime for adaptive
modulation of 2x2 V-BLAST MIMO system. It was also shown that the location of the relay is
crucial to the performance. The best performance was achieved when the relay is slightly closer

to the destination. In general, the relay should not be too far from the destination.

Finally, for practical implementation of LTE uplink and downlink system Table 6.8 and 6.9
respectively are recommendable to ensure reliability and high throughput during data demanding

service provision.

7.2. Suggestions for Future Work

Several possible extensions of the research work presented in this thesis are listed below:

» This thesis focused on 2x2 MIMO with only one relay terminal. Further improvements
are expected for the case of more than two antennas and more relay terminals.

» The investigation is limited to transmission without power allocation. However, the
power allocation among those cooperative terminals should be considered to guarantee
fairness and efficiency of the cooperative communications. Further work will focus on
the power allocation techniques.

» This thesis focused on AF relay protocol. This can be extended to other cooperative

protocols, such as DF and CF relay protocols.
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» This study deal with Rayleigh flat fading channel. OFDM provides an attractive and
practical solution for high speed future wireless networks. It combines the data rate and
spectral efficiency enhancements of SDM with the relatively high spectral efficiency and
the robustness against different channel impairments. Thus, this analysis can be extended

to frequency selective fading channel using OFDM technique.

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 78



Electrical and computer engineering communication stream

References

[1]
[2]
[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

A. Goldsmith, Wireless Communications, England: Cambridge University Press, 2005.

J. G. Proakis, Digital Communications, New York: McGraw-Hill, 1995.

G.J. Foschini and M.J. Gans, "On limits of wireless communications in a fading
environment when using multiple antennas," Wireless Personal Commun., vol.6, pp.311-
335, Mar.1998.

Y. W. Marye, R. Sun and H. A. Zhao, "CSI assisted and modulation adaptive wireless
cooperation for increased spectral efficiency," Int.Symp .Commun. Inf. Technol., Surat
Thani, 2013, pp. 85-90.

S. H. O. Salih and M. M. A. Suliman, "Implementation of adaptive modulation and coding
techniques using Matlab," Proc. ELMAR, Zadar, 2011, pp. 137-139.

K. J. Hole and G. E. Aien, "Adaptive Coding and Modulation: A Key to Bandwidth-
Efficient Multimedia Communications in Future Wireless Systems," Norway Proc.
Int.Zurich Seminar Broadband Commun., 2000.

D. Morales-Jimenez, G. Gomez, J. F. Paris and J. T. Entrambasaguas, "Joint Adaptive
Modulation and MIMO Transmission for Non-Ideal OFDMA Cellular Systems," /EEE
Globecom Workshops, Honolulu, HI, 2009, pp. 1-5.

X. Yu, S. H. Leung, W. H. Mow and W. K. Wong, "Performance of Variable-Power
Adaptive Modulation With Space Time Coding and Imperfect CSI in MIMO Systems,"
IEEE Trans. Veh. Technol., vol. 58, Iss. 4, pp. 2115-2120, May 2009.

A. Tesegaye, "Adaptive Modulation based OFDM System in Doubly Selective
Channel," MSc. thesis, Dept. Elect. Eng and Comp., University of Addis Ababa, Ethiopia,
2012.

X. B. Yu, S. H. Leung, and W. K. Wong, "Performance analysis of variable-power
adaptive modulation with antenna selection over Rayleigh fading channels,” [ET
Commun., vol. 5, Iss. 10, pp. 13941404, Jul. 2011.

E. C. Strinati, S. Yang and J. C. Belfiore, "Adaptive Modulation and Coding for Hybrid
Cooperative Networks," Int. Conf. Communications, Glasgow, 2007, pp. 4191-4195.

R.O. Abolade and Z. k Adeyemo, "Adaptive Modulation Performance In MIMO- OSTBC
Over Rayleigh Fading Channel,” Int. J. Eng. & Computer Science, vol.12, Iss. 6, Apr.
2013.

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 79



Electrical and computer engineering communication stream

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

E. Yohannes, "Adaptive Modulation-based MIMO systems for fading channels in LTE,"
MSec. thesis, Dept. Elect. Eng and Comp., University of Addis Ababa, Ethiopia, 2012.

S. Medhn, "Cooperative MIMO System for WiMAX Technolog," MSc. thesis, Dept.
Elect. Eng and Comp., University of Addis Ababa, Ethiopia, 2012.

D. Tse and P. Viswanath, Fundamentals of Wireless Communication, New York:
Cambridge University Press, 2005.

T. S. Rappaport, Wireless Communications: Principles and Practice, 2nd Ed., United
State: Prentice Hall, 2009.

I. E. Telatar, "Capacity of multiantenna Gaussian channels,” Euro. Trans. Commun., vol.
10, Iss. 6, pp. 585-595, Dec.1999.

H. Muhaidat and M. Uysal, "Cooperative Diversity with Multiple-Antenna Nodes in
Fading Relay Channels," IEEE Trans. Wireless Commun, vol. 7, Iss. 8, pp. 3036-3046,
Aug. 2008.

S. M. Alamouti, "A Simple Transmit Diversity Technique for Wireless Communications,"
IEEE J. Sel. Areas Commun, Vol. 16, Iss. 8, pp. 1451-1458, Oct.1998.

B. kalra and Dr. D. K. Chauhan, " A Comparative Study of Mobile Wireless
Communication Network: 1G to 5G," Int. J. Computer Science and Inf. Technol.
Research, vol. 2, Iss. 3, pp. 430-433, Jul.2014.

G. J. Foschini, "Layered space-time architecture for wireless communication in a fading
environment when using multi-element antennas,” Bell Labs Technol. J., pp. 41-59, 1996.
Y. S. Cho, J. Kim, W. Y. Yang and C. G. Kang, MIMO- OF DM Wireless Communications
with MATLAB, Singapore: John Wiley, 2010.

M. Matthaiou, N. D. Chatzidiamantis, G. K. Karagiannidis and J. A. Nossek, "ZF
Detectors over Correlated K Fading MIMO Channels," IEEE Trans. Commun., vol. 59,
Iss. 6, pp. 1591-1603, Jun. 2011.

H. Vikalo, "Sphere Decoding Algorithms for Digital Communications," Ph.D.
dissertation, Dept. Elect. Eng., Stanford University, California, 2003.

J. Kim, Y. Kim and K. Kim, "Computationally efficient signal detection method for next
generation mobile communications using multiple antennas," SK Telecommun. Review,

vol. 17, Iss.1C, pp.183-191, Feb. 2007.

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 80



Electrical and computer engineering communication stream

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

I. F. Akyildiz, Weilian Su, Y. Sankarasubramaniam and E. Cayirci, "A survey on sensor
networks," IEEE Commun. Mag., vol. 40, Iss. 8, pp. 102-114, Aug. 2002.

A. Sendonaris, E. Erkip and B. Aazhang, "User cooperation diversity-Part I: System
description," IEEE Trans. Commun., vol. 51, Iss. 11, pp. 1927-1938, Nov. 2003.

A. Sendonaris, E. Erkip and B. Aazhang, "User cooperation diversity-Part II:
Implementation aspects and performance analysis," IEEE Trans. Commun. , vol. 51, Iss.
11, pp. 1939-1948, Nov. 2003.

J. N. Laneman, D. N. C. Tse and G. W. Wornell, "Cooperative diversity in wireless
networks: Efficient protocols and outage behavior," IEEE Trans. Inf. Theory, vol. 50, Iss.
12, pp. 3062-3080, Dec. 2004.

L.C.Tran, T.A. Wysocki, A. Mertins, and J. Seberry, "multiple-input multiple-output
Systems with space-time codes, " Complex Orthogonal Space-Time Processing in
Wireless Communications, New York: Springer,2006, pp. 9-58.

R. U. Nabar, H. Bolcskei, and F. W. Kneubuhler, "Fading relay channels: performance
limits and space-time signal design," IEEE J. Sel. Areas Commun., vol. 22, pp. 1099 —
1109, Aug. 2004.

J. Wang and B. Daneshrad, "A Universal Systolic Array for Linear MIMO
Detections," IEEE Wireless Commun. Networking Conf., Las Vegas, NV, 2008, pp. 147-
152.

R. U. Nabar and H. Bolcskei, "Space-time signal design for fading relay channels," Global
Telecommunications Conf-, San Francisco, CA, 2003, pp. 1952-1956.

J. N. Laneman, G. W. Wornell and D. N. C. Tse, "An efficient protocol for realizing
cooperative diversity in wireless networks," Proc. IEEE Int. Symp. Inf. Theory,
Washington, DC, 2001, pp. 294-.

S. Simoens, O. Munoz-Medina, J. Vidal and A. Del Coso, "Compress-and-Forward
Cooperative MIMO Relaying With Full Channel State Information," IEEE Trans. Signal
Process., vol. 58, Iss. 2, pp. 781-791, Feb. 2010.

B. Schein and R. Gallager, "The Gaussian parallel relay network," [EEE Int. Symp.
Inf.-Theory, Italy, 2000, pp. 22-.

D. N. Mitiku, "cooperative communication techniques in wireless networks," MSc. Thesis,

Blekinge Institute of Technology, Blekinge, 2010.

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 81



Electrical and computer engineering communication stream

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

M. Sterna, et al., “Towards systems beyond 3G based on adaptive OFDMA transmission,”
Proc. IEEE, vol. 95, Iss. 12, pp. 2432-2455, Dec. 2007.

H. Holma and A. Toskala, LTE for UMTS — OFDMA and SC-FDMA Based Radio Access,
UK: John Wiley .2009.

S. Cho, et al., "Feedback-Topology Designs for Interference Alignment in MIMO
Interference Channels," IEEE Trans. Signal Process. , vol. 60, Iss. 12, pp. 6561-6575,
Dec. 2012.

M. S. Alouini and A. J. Goldsmith, "Adaptive modulation over Nakagami fading
channels," Wireless Personal Commun., Vol. 13, Iss. 2, pp. 119-143, May 2000.

A. Abdaoui, S. S. Ikki, M. H. Ahmed and E. Ch?telet, "On the Performance Analysis of a
MIMO-Relaying Scheme With Space-Time Block Codes," IEEE Trans. Veh. Technol. ,
vol. 59, Iss. 7, pp. 3604-3609, Sep. 2010.

J. L. Huang, "Adaptive MIMO Systems with Channel State Information at Transmitter,"
PhD Thesis, KTH School of Information and Communication Technology, Sweden, 2009.
A. M. Elshokry, "Complexity and Performance Evaluation of Detection Schemes for SM
MIMO Systems," MSc. Thesis, Islamic University Gaza, Palestine, 2010.

A. V. Zelst, "MIMO OFDM for Wireless LANs," Ph.D. dissertation, Eindhoven
University of Technology, Netherlands, 2004.

L. J. Rodriguez, N. Tran, T. Le-Ngoc, Amplify-and-Forward Relaying in Wireless
Communication, New York: Dordrecht London, 2015.

N. Kim, Y. Lee and H. Park, "Performance Analysis of MIMO System with Linear
MMSE Receiver," IEEE Trans. Wireless Commun., vol. 7, Iss. 11, pp. 4474-4478, Nov.
2008.

P. K. Kharatl and J. D.Gavade, "Cooperative Communication: New Trend in Wireless
Communication," Int.J. Future Generation Commun. Networking, vol. 6, Iss.5, pp. 157-
166, 2013.

A. S. Ibrahim, A. K. Sadek, W. Su and K. J. R. Liu, "Cooperative communications with
relay-selection: when to cooperate and whom to cooperate with?,"IEEE Trans. Wireless

Commun., vol. 7, no. 7, pp. 2814-2827, Jul. 2008.

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 82


http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Harri+Holma
http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Antti+Toskala
https://link.springer.com/search?facet-creator=%22Tho+Le-Ngoc%22

Electrical and computer engineering communication stream

[50] S.S. Sreeja Mole, A. Kasthur and B. G. Ram, "Improving Multimedia Transmission in 3G
Wireless Networks Using Cooperative Diversity Technique,"Int .J. Computer
Applications, vol. 1, Iss. 1, pp.6-11, Apr. 2012.

[51] L Sahnoun, I. Kammoun and M. Siala, "Performance analysis of adaptive modulation in
cooperative networks," Int. Conf. Commun. Networking, Tozeur, 2010, pp. 1-7.

[52] R. Ramachandran, D. Reynolds, and B. D. Woerner, "Performance of cooperative diversity

using MIMO systems," Proc. Annual Wireless Symp., Morgantown, 2006, PP.1-5.

Adaptive modulation based cooperative MIMO in fading channel for future wireless technology Page 83



