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Abstract

Cooperative communication has attracted much attention of the researchers for being one of
the potential candidates for the 5G and future generations of wireless communications. It
forms a virtual MIMO antenna array by utilizing a third terminal called relay which assists
the direct communication. Benefits of multiple inputs multiple outputs (MIMO) designed
specifically are reaped by the cooperative communication using spatially distributed
antennas. The exorbitant cost of multiple antenna installation and system complexity are thus
avoided in cooperative communications. There are added advantages of increased data rates,
network capacity, reliability, network range, etc at the cost of system and computational
complexity. The distributed space time block codes (DSTBC) is a scheme where the signals
arriving from the relays are stacked as individual rows of STBC at the receiver. Due to the
random spatial positioning and different times of transmission from the relays, the DSTBC
system is prone to timing delays, thereby introducing asynchronicity to it. Thus cooperative
communications are inherently asynchronous in nature. Several delay tolerant techniques
which maintain diversity benefits in asynchronous cooperative communication have been
presented in the existing literature.

The objectives formulated and achieved in this thesis are based upon an asynchronous
DSTBC (ADSTBC) system which yields diversity and capacity gains in terms of Average Bit
error Rate (ABER) and Ergodic capacity respectively, in delay prone environment. The
ADSTBC system is designed using Optimized Asynchronous Linear Dispersion (OALD)
matrices. The basic system model is improved by employing Optimal Relay Selection (ORS).
Results show that the dual relay selection provides significant performance gains in terms of
increased diversity and reduced complexity as compared to ADSTBC systems. Also from the
results, it is concluded that as the number of candidate relays increase, the performance
increase along with.

The error performance of the system improves significantly by concatenating it with
powerful error correcting codes such as Low Density Parity Check (LDPC) codes in this
work. The concatenated LDPC-ADSTBC system shows enhanced reliability in terms of
Outage Probability and Pair wise Error Probability (PEP). The LDPC-ADSTBC system
overrides the ADSTBC system in terms of power saving for a given value of performance

index/value/criteria. The error performance of the proposed concatenated DSTBC system is



compared against another time domain technique TR-STBC designed for asynchronous
scenario. The results confirm the better results of the former against the latter. The
performance of LDPC-ADSTBC system can further be increased by joint relay and transmit-
receive antenna selection (RTRAS) as RTRAS-LDPC-ADSTBC system.

The ADSTBC as well as the concatenated LDPC-ADSTBC systems are analyzed in different
fading scenarios such as Rayleigh and Rician. The simulated results show conformity with

their analytical versions.
Keywords:

Average bit error rate, average post processed SNR, Distributed space time block codes
(DSTBC), Ergodic Capacity, Linear dispersion (LD) codes, Low density parity check
(LDPC) codes, Outage probability, Pair wise error probability, Relay Selection, Transmit-

receive antenna selection
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Chapter 1

Introduction to Cooperative Communications

1.1 Introduction

Wireless communication is developing with a great speed so as to cater to the ever
growing demand for newer, faster and more reliable applications and services [1]. The Fifth
generation of wireless communications (5G), promise a comfortable and smart living with
reduced cost and complexity [2, 3]. The aim of 5G is to provide 100% connectivity and high
data rates of the order of several gigabit-per-second (Gbps) to tens of billions of wireless devices
by spending 90% lesser energy as compared that used by 4G. There is a need for high data rates
along with ultra high reliability which calls for extensive research and innovations at the wireless
system design. Multiple-Input Multiple-Output (MIMO) [4] is one such technique which yields
spatial diversity and multiplexing due to the co-located multiple antennas at the transmitter and
receiver. MIMO is a powerful technique for interference mitigation and reduction. MIMO was
part of 3G and existing 4G wireless communications standards like IEEE 802.11n (Wi-Fi), IEEE
802.11ac (Wi-Fi), HSPA+ (3G), WIMAX (4G), and Long Term Evolution (4G),etc and holds
potential in future the 5G as in Massive MIMO [5-7]. Hence for future wireless communications,
MIMO antenna capabilities are must for associated wireless devices. In order to meet the
requirements of next generation wireless communications the wireless networks are preferable to
be equipped with MIMO antenna capabilities.

However, there are several scenarios where it is difficult to implement MIMO concept
because of the size of the mobile devices, requirement on the distance between antennas,
hardware complexity and cost. Also, with the high mobility of the user and evolving of concepts
of Device-to-device (D-D) communication in Internet of things (IoT), it becomes difficult to
install multiple antennas on the user device. One solution to these challenges is cooperative
communication which implements the concept of MIMO in distributed manner. Cooperative
communication is thus an alternative cost-effective technique to the MIMO systems where

several single-antenna relay nodes share their antennas to achieve spatial diversity.


https://en.wikipedia.org/wiki/IEEE_802.11n-2009
https://en.wikipedia.org/wiki/IEEE_802.11ac
https://en.wikipedia.org/wiki/IEEE_802.11ac
https://en.wikipedia.org/wiki/Evolved_HSPA
https://en.wikipedia.org/wiki/WiMAX_MIMO
https://en.wikipedia.org/wiki/LTE_Advanced

Cooperative Communication [10] is a technique where devices with single antenna share

their antenna with other devices acting as nodes for efficient communication to reap the benefits

of MIMO. The neighbouring nodes aid in relaying and range extension, create diversity and

multiplexing gains in scenarios where MIMO system cannot be installed. Cooperative diversity

has been extensively explored by the researchers which has led to the emergence of various

cooperative transmission protocols to further increase the bandwidth efficiency and cooperative

diversity. The evolution of cooperative communication is discussed next.

1.2 Evolution of cooperative communications

The journey of the cooperative communications can be sectioned on the basis of theoretical

researches and applications [12] is shown in Table 1.1.

Table 1.1: Evolution of Cooperative Communications

Evolution SystemModel Features
Theoretical = Introduction of relay channel in a three
foundations of terminal network [9] in 1971.
cooperation
(70’s-80’s) = The subject got a major boost by the

works done by [8]and[13].

Extensions to the
theory
(Late 90’s-21st
century)

Relay1 Relay? Relay N1 Relay N

Driven by wireless
Cooperative diversity
Half-duplex/full-duplex
Multiuser channels
Cellular networks
Large networks.

Applications in5G
(probably by 2020)

Server for Real-Time
communication

Abundant DoF

More spectrum (licensed+ unlicensed,
mmWave)

More antennas (massive MIMO)
Full-duplex




From the above table it is clear that since the early studies in cooperative relaying,
cooperative communication has come a long way through 4G LTE evolution to ad hoc networks,
wireless sensor networks, vehicle to vehicle communications, under water communications,
cognitive radios, etc [33-38]. Cooperative MIMO has been considered extensively in and hold
potential in 5G and next generation wireless communications [7] such as 10T, non-orthogonal
multiple access, mmWave technique etc[45-47].

Thus, Cooperative communications is thus a promising technique for the present and
future wireless applications given the fact that the cooperating nodes share their resources with
each other, thereby leading to savings of overall network resources. Extension in the range of
coverage area is another major advantage of the relay channel. For the cooperative systems,

selecting an appropriate relay node is of prime importance which is discussed in the next section.

1.3 The Relay Channel

The concept of communication three terminal network, through a relay, first presented by van
der Meulen [9] laying the foundation of the relay channel. The three-terminal network is the
most basic model of the cooperative communication, in which Terminal 2 (relay) cooperates in
transmitting the information of the Terminal 1 (source) aims to Terminal 3 (destination). The
relay provides an auxiliary channel to assist the communication between the source and the
destination by providing another path via itself, other than the direct channel as shown in Figure
1.1.

Direct Link Two Hop Channel Relay Channel

§ O— 0D
Terminal 1 Terminal 3 Terminal 3
(Source) (Destination) T;rmmal 1 (Destination) | Terminal 1 Terminal 3
(Source) (Source) (Destination

Terminal 2

(Relay) Terminal 2
(Relay)
Direct Link Two Hop Channel Relay Channel

Figure 1.1: Direct link, two hop channeland relay channel




Cooperative communication becomes relevant when the source (S) to destination (D) link suffers
is poor. It exploits the broadcast nature of a wireless transmission, where the k" relay having
good channel condition for R, — D link, re-transmits the over-heard messages to the destination.
Cooperative communication thus, in its most basic implementation, helps a failed packet to reach
the target destination, thereby improving the communication reliability. Figure 1.2 illustrates the
basic block diagram of a cooperative communication system, where communication between S
and D can be boosted by multiple relays or helper nodes, denoted by R, --- R;. In a case with
multiple helpers the destination node D combines multiple signals from all the helpers for
detection. Cooperative transmission from the neighbouring relay nodes of an S - D pair enhances
the throughput and transmission reliability of system. A basic cooperative system is studied in
two phases.
Phase I  Phase Il

A
\/

Figure 1.2: System structure for a two-phase cooperative Communications

In Phase 1, the source broadcasts information to the relays and to the destination. In phase 11, the
relays forward the receive signal to the destination. In cooperative communications the users
share the role of source and relaying nodes according to the needs of the systemapplication. The

ways in which the relays process the received signal and forwards them to the destination are



known as cooperative communiaction protocols [14-15]. Various protocols have been introduced

so far. The widely used relaying protocols used are summarized in the following section.
1.4 Cooperative Communication Protocols

The cooperative communication protocols are basically categorized as follows

» Repetition based protocols [11] -The repetition based relaying protocols process the
incoming signals such that the information is repeated while re-transmitting to the
destination. These techniques are simple to implement and yield full spatial diversity
benefits, but come at a price of decreasing bandwidth efficiency since each relay requires its
own sub-channel for repetition.

» Space-time coded protocol [22] - This is an efficient technique based upon space—time codes
which improves the bandwidth efficiency of the algorithms by allowing all relays to transmit
on the same sub-channel. The space time coded techniques yield full spatial diversity
benefits without requiring feedback, at the price of added computational complexity.

The details of these two protocols are discussed in the next section.

1.4.1 Repetition based Protocols

The various repetition based protocols are classified in figure 1.3 below.

Repetition based protocols
|

Fixed Relaying Adaptive Relaying

|

Fixed Amplify-and-Forward i |

Fixed Decode-and-Forward Selective Decode- Incremental
Compress and Forward and-Forward Relaying
Coded Cooperation Relaying

Figure 1.3: Repetition based protocols



14.1.1 Fixed Relaying
In fixed relaying schemes, the channel resources are divided in a fixed and pre-determined

manner between the source and the relays.

(a) Amplify-And-Forward Relaying

Amplify-and-forward (AF) [11], as the name suggests, is a simple cooperative signaling where
each user overhears signal affected by noise transmitted by its partner and then retransmits after
amplification as shown in figure 1.4. The amplifying or the scaling factor is made inversely

proportional to the received power so as to equalize channel fading effect between the source and

the relay. Hence, it is also known as scale and forward relaying.

Relay "
YW

il ]

L "

Destination
R
)

Py
A T

LI
Figure 1.4: Amplify and forward relaying

(b) Decode-And-Forward Relaying
In decode-and-forward (DF) relaying protocol[11], the partner tries to decode the source

transmission and then re-encodes the same before retransmitting as shown in figure 1.5. DF

technique is optimal when the channel conditions between source and relay are excellent

otherwise there are chances of propagating errors.

Relay
!

MM"H‘H P

S /“!.." ”Jﬂ.‘ﬁ"r’fﬁ”lh\

Destination
T
((§2)
-
A

AU Y

Source

1

N
S

Figure 1.5: Decode and forward relaying




As in AF protocol, the partner provides a second data path in DF as well enriching diversity.

Decode and forward relaying provides advantage of noise immunity.

(c) Compress-and-Forward

In Compress-and-Forward (CF) relaying, [14] the received signal at a relay is quantized and
compressed using source coding and retransmitted to the destination. This protocol ensures
security and capacity in the transmission link. In CF the requirement of decoding at the relay

end, is omitted.

(d) Coded Cooperation

Coded cooperation [17] is a technique of harnessing the benefits of channel coding [65] in
cooperative communication. Here, the first partition of the codeword or the information bits is
transmitted to the partner relay and the destination in the first time slot. The second code
partition or the parity bits of partner’s code word are generated and sent by a user in the second
time slot as shown in figure 1.6 For unsuccessful decoding of partner’s second code partition,

user transmits its parity bits.

| W, bits tor Lsae 1 | M, bl forUsor2 |

Usar 1

//....M,

| N, bits for User2 | N, bitsforUser |

|-'— Frama 1 —!-I"— Fr:rm:?——l

Figure 1.6: Coded Cooperation

Although complex, but coded cooperation is highly efficient since the code design is such that it
avoids any sort of feedback. In the second frame of transmission, the users act independently

without bothering whether their own first partition was correctly decoded or not.



1.4.1.2 Adaptive cooperation protocols

The fixed protocols have advantage of easy implementation, but they also have disadvantages
which are low spectral efficiency and error propagation. There are adaptive cooperative protocols
[11][19-20] that try to overcome the disadvantage of fixed protocols category and increase the
overall performance. The main adaptive protocols, selective relaying and incremental relaying
are discussed next.

(a) Selective Relaying

As the name suggests, in elective relaying technique, only those relays which satisfy certain
threshold criteria are selected to retransmit the source message [19]. In case of fixed DF, if the
channel between the source and the relay has severe fading then the nodes will detect incorrect
symbols and retransmit these incorrect symbols to the destination,. Figure 1.7 shows the block

diagram of a Selective Relaying protocol.

Selective Relaying (SR) Method

X _ -
| i[9 [
Siowrce ._'—“‘-'-|—-—-—-_.___._ 0
| 5-d channel » s-r-d channel

s Destnation
T 51 T _—
Source _J_l_"_ﬁ._l_____..
O{':_nd == 0' \ Relay
‘E Destination éﬁurc 0
. 0
j'_'"-,_r.-'_-"/,/,D:sti|1a1jrc:nn

RelayQ s-d channel < s-rd channel > r [l
Relay Q"

-
[
]

\_ X
Figure 1.7: Selective Relaying

\

/

N\

The error propagation problem is diminished in selective relaying by introducing a threshold
value of SNR at the relay node such that if the SNR of the received signal at the relay exceeds

the threshold only then the relay participates in the cooperation, otherwise the relay sits idle.

(b) Incremental relaying
In fixed protocol category, even if the destination correctly detects the transmitted symbols in
phase 1, the channel resources, such, as the transmitting power, bandwidth etc are divided

between the source and relay nodes thereby wasting the resources and reducing the overall data



rate of the system. This issue can be overcome by providing feedback information from the
destination to the relay nodes. This is called incremental relaying [11].

In this technique, the destination acknowledges the relays through feedback channel whether it
receives the transmission of the source in phase 1 correctly. If yes, then the source utilizes the
second time slot to transmit new frame, while the relay node is idle. If the source transmission
fails in the first phase, any of the fixed relaying protocols may be opted by the relay to forward
the source information received in the first phase, to the destination.

In repetition based protocols the information transmitted by the relays make use of separate sub
chanrels, which is an inefficient utilization of the bandwidth .therefore space time coded

protocols optimally utilize the bandwidth to improve overall spectral efficiency of the system.

1.4.2 Space Time Coded Cooperative Protocol

Space time coded (STC) system is one where the relays transmit on the same sub channel. In
cooperative communications, it relies on the implementation of space time codes in distributed
fashion among the relay nodes [21]. This is known as the Distributed Space Time Coded (DSTC)
system [22]. The space time block codes (STBC) [23] when implemented in cooperative
communications are named Distributed Space Time Block Coded (DSTBC) system[26] . Linear
dispersion (LD) matrices [30] play a vital role in the design of STBC exhibiting diversity as well
as capacity gains. The signals received from the source to the relays are linearly modulated by
multiplying them with suitable LD matrices [31]. The DSTBC system yields the advantages of
MIMO such as higher reliability, higher spectral efficiency and higher performance gain, in a
distributive topology in cooperative communications [26-29]. The design of LD matrices takes
into account several factors depending upon the desired results.

In this work, Optimized Asynchronous Linear Dispersion (OALD) matrices have been used to
space time modulate the signals received at the relays. The linearly modulated signals from each
participating relay arrive at the receiver as an individual row of the STBC thereby yielding

spatial diversity.

1.5 Advantages of cooperation

» Resource saving- Given the fact that the cooperating nodes share their resources with each

other, thereby leading to savings of overall network resources.



» Range Extension- The cooperative communication in its nascent stages was basically a
relaying technique. The relays acted as repeaters thereby increasing the coverage area and
also overcoming shadowing. Figure 1.1 shows a cellular cooperative system highlighting the
role of the relay nodes (RNs).

» Performance Gains-The distributed nodes with single antennas cooperatively translate into
a virtual MIMO. The pathloss gains, diversity and multiplexing gains can be achieved by
cooperation. These performances can be traded off to lower transmission power
requirements, depending on the needs of the application./ service

» Distributed Infrastructure-There are certain situations or scenarios where deployment of
collocated antennas is not feasible such as in ad-hoc networks, or small size of the device, or
may be due to cost constraints cooperative communications play a crucial role.

> Cost effective-For a given value of QoS cooperative relaying has proved to be more
economical than traditional techniques.

» Mobility- Cooperative communications provide high performance gains in dynamic and
mobile scenarios. Vehicle to vehicle communications demanding high reliability are catered
through cooperation.

Along with the numerous advantages, cooperative communication has some challenges such as
with extra relay traffic, there is requirement of complex schedulers and tight synchronisation
increased overheads in terms of pilot signals, cost, etc. chances of interference and end to end
latency also increases.

1.6 Asynchronous Cooperative Communication

Majority of existing literature [26-29] concerned with cooperative communications, consider an
idealistic assumption that the signals from various relays arrive at the receiver without any delay
I.e are synchronous in nature. However, due to the distributed locations of the cooperating nodes,
the signals arriving at the destination are not synchronous. Hence cooperative communication is
an inherently asynchronous system [52]. In the existing literature several delay tolerant
techniques have been introduced which are categorised into three classes[55][57][62-66] as
following:

1. Equalizers

2. Frequency domain approaches

3. Time domain approaches
10



These are such schemes which provide with diversity benefits despite the delays underlying the

systems. These techniques are discussed in chapter 2.

The present work emphasizes on the time domain approach, which represent the techniques
exploiting the ‘time’ dimension to combat the ill-effects of asynchronous communication. The
new system proposed in this thesis is designed to meet the following requirements in

asynchronous scenarios:

> Yielding capacity and diversity gains.
» Reduction of the systemresources and the overall system complexity.

» Reduction of the error floor by channel coding

Keeping above defined challenges in our mind, the following objectives are formulated in this
research work.
Objectives
1. To evaluate the performance of Distributed space time block codes in asynchronous
cooperative MIMO system
2. To evaluate the performance of Channel coded distributed space time block codes in
asynchronous cooperative MIMO system
3. To evaluate the performance of the proposed concatenated DSTBC scheme in Rayleigh
and Rician fading channels.
4. To evaluate the performance of concatenated DSTBC in time reversal (TR) and Linear

dispersive (LD) structures respectively.

1.7 Contributions of the Thesis

By meeting the requirements of the formulated objectives, the thesis contributes in
general, the performance analysis of ADSTBC system. The performance of the system can be
improved in terms of coding gain by concatenating with channel codes such as LDPC codes. The
LDPC-ADSTBC system thus designed is compared with an LDPC concatenated TR-DSTBC
system which is an existing time domain technique used in asynchronous environment. The
system resources such as transmit power and complexity is reduced by optimal relays selection
(ORS) and joint relay and transmit-receive antenna selection (RTRAS). The system is studied

under different fading scenarios by using TWDP fading model whereby Rayleigh and Rician
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fading are special cases of the former. The main contributions of this thesis can be structured and

summarized as follows

Contribution 1:

(a) Design of Optimized Asynchronous Linear Dispersion (OALD) matrices

(b) Performance evaluation and analysis of an Asynchronous Distributed Space Time
Block coded (ADSTBC) system based on OALD matrices.

(c) Performance evaluation and analysis of an Optimal Relay Selection (ORS) based
ADSTBC system

In this work, Optimized Asynchronous Linear Dispersion (OALD) matrices are designed which

are optimized upon tight frame, equal power and rank-determinant criteria for asynchronous

environment. The OALD matrices linearly modulate the incoming signal at the relays by simple

multiplication. The product signal is made delay delay tolerant by introducing intentional delays

and transmitted to the destination using suitable relaying protocol. The signals from different

relays are stacked as rows of the Asynchronous Distributed Space Time Block coded (ADSTBC)

system at the receiver. The ADSTBC system analyzed on the basis of average bit error rate

(ABER) and Ergodic capacity.

The performance of the ADSTBC system improves significantly by optimal relay selection

(ORS). ORS leads to power saving as well as increases efficiency, reliability and throughput.

The improvement has been evaluated in terms of ABER, average post processing SNR and

Ergodic capacity. The results obtained show that both the performance depends on the number of

candidate relays.

Contribution 2:

(@) To evaluate the performance of Channel coded distributed space time block codes in
asynchronous coope rative MIMO system

(b) To evaluate the performance of Channel coded distributed space time block codes in
asynchronous cooperative MIMO system using joint relay and transmit-receive
antenna selection (RTRAS)

The ADSTBC system yields diversity and capacity gain but lacks sufficient coding gain. Using

channel codes such as Shannon limit approaching Low Density Parity Check (LDPC) codes [76]

significant coding gain can be incorporated in the ADSTBC system. In this thesis, the ADSTBC
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system is concatenated with LDPC codes and thus is known as LDPC-ADSTBC system.
Comparative analysis of LDPC concatenated LD based ADTBC and TR-DSTBC has been done
and it is observed that LDPC-ADSTBC outperforms concatenated TR-DSTBC system in
asynchronous scenarios. The performance of the LDPC-ADSTBC system is demonstrated using
pair wise error probability (PEP) as the metric.

The performance of the LDPC concatenated ADSTBC system can further be increased by joint
relay and transmit-receive antenna selection (RTRAS) in case of multiple antenna nodes. Upper
and lower bounds on outage probability and PEP have been investigated. The performance of

RTRAS-LDPC-ADSTBC system is a function of number of candidate relays and antennas.

Contribution 3:

(@) To evaluate the performance of the proposed DSTBC scheme in Rayleigh and Rician
fading channels.

(b) To evaluate the performance of the proposed concatenated DSTBC scheme in Rayleigh
and Rician fading channels.

The ADSTBC systems are analyzed in different fading scenarios adopting two wave diffuse

power (TWDP) fading model. Rayleigh and Rician fading are special cases of TWDP fading

channel. The severity of fading channels can be changed by varying the values of certain key

parameters of the TWDP fading model. The LDPC-ADSTBC system has been evaluated in

terms of PEP in Rayleigh and Rician fading environments.

1.8 Thesis organization

The structure of the thesis is listed as

Chapter | presents introduction to cooperative communication systems, relaying protocols,
asynchronous cooperative communications and techniques to combat effects of asynchronous
communication. It also presents motivation for research, aims, objectives and organization of the

thesis.

Chapter Il introduces existing research literature on cooperative communication,
asynchronous/delay tolerant techniques, channel codes (LDPC), relay selection, transmit and

receive antenna selection and TWDP fading channels.
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Chapter Il presents design and performance analysis of DSTBC in asynchronous environment.
The system is analyzed both mathematically, using Mathematica and by Monte-Carlo
simulations using MATLAB. The performance of the system is enhanced by using optimal relay
selection (ORS).

Chapter IV deals with design and analysis of LDPC-ADSTBC system. This system provides
significant coding gain to the ADSTBC system. This chapter also presents the results for LDPC
concatenated ADSTBC and Time —Reversal-DSTBC (TR-DSTBC) systems. The performance of
the LDPC-ADSTBC system is increased by adopting joint relay and transmit-receive antenna
selection (RTRAS). The mathematical and simulated analyses of the proposed systems have been

done.

Chapter V analyzes the Selective Decode and forward based ADSTBC and LDPC concatenated
ADSTBC systems in different fading scenarios such as Rayleigh and Rician. Mathematical and

simulation analysis of the system is presented.

Chapter VI presents the conclusion and the potential future scope of the research.
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Chapter 2

Literature Survey

This chapter is sectioned into four parts. Sections 2.1 presents existing literature related to the
cooperative communications, various protocols and applications of cooperative communications.
Section 2.2 deals with the asynchronous cooperative communication, and various technigues to
combat asynchronism in cooperative communications. Section 2.3 describes channel coding in
cooperative communication to improve the performance of the system. Section 2.4 discusses
various relay selection and transmit-receive antenna selection techniques in cooperative

communication.

2.1 Introduction to Cooperative Communications

The advent of cooperative communications dates back to 1971 with the proposal of a three
terminal communication channel by van der Mueulen [9]. Major boost to this field of study was
given by authors in [8][13]. The technique of forwarding signals from the relays to the
destination is known as relaying protocols. In [11] authors introduced the most popular fixed
relaying schemes AF and DF relaying protocols as well as the adaptive incremental relaying. The
authors in [14] have investigated the performance of an AF relaying-based MIMO STBC system
with a two stage receiver over frequency-selective channels. The authors in [15] discuss the
performance of fixed DF and CF relaying protocols. In [16], the authors proposes low
complexity decoders for DF MIMO systems. In [17] the error performance of an DF based
mobile-to-mobile (M2M) system over N-Nakagami fading environment is studied. Coded
cooperation, which incorporates channel coding within itself, was introduced in [17]. In [18] the
space-time and turbo based coded cooperation is investigated for their error performance. The
fixed relaying techniques suffer from non- optimal usage of resources. Varshney et al. In [20]
considers an adaptive protocol i.e. selective DF based MIMO-STBC cooperative system using
single and multiple relays. Distributed space time coded (DSTC) relaying technique was first
proposed by [21]. DSTCs achieve better spectral efficiency than their repetition based protocols
by transmitting in the same sub-band but the price paid is higher complexity. STBCs have

advantage of being simple and efficient [23-25] and are implemented in the cooperative case as
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distributed STBC (DSTBC) [26-29]. Linear dispersion (LD) codes are used for the design of
DSTBCs because of their inherent simplicity, diversity and capacity gains [30-31]. Having
proved a reliable candidate for 4G wireless communication, cooperative communications has
secured its place in next generation wireless networks (NGWNSs) such as in smart grid, ad-hoc
networks, vehicular networks, cognitive radios, etc[32-37]. The potential areas of applications
envisioned for the future wireless communications are Device to device and machine to Machine
communication in Internet of Things (loT)[40-44], Non-Orthogonal Multiple Access
(NOMA)[46], mmWave and cmWave communications[48], Massive MIMO[50] etc.

2.2.1 Exisiting work on Cooperative communications, relaying protocols and its
applications

Cooperative communication, which is viewed as a virtual Multiple-Input-Multiple-Output
(MIMO) channel, provides diversity to increase robustness against channel impairments. Since
the cooperative communication scheme depends on the relay nodes to forward the transmission,
the manner in which the system resources are utilized in a particular relaying protocol becomes a
determining factor to obtain optimal performance of the system. A brief overview of relaying

protocols and cooperative communication is given below:

Nosratinia et al.in [10] introduce wireless cooperative communication as scheme to replicate the
benefits of MIMO with single antenna mobiles by resource sharing. Various signalling schemes,

design perspectives and their implications laid down in this work are seminal in character.

In [11] J. N. Laneman et al.proposed several cooperative protocols including fixed (AF and
DF), selection relaying and incremental relaying schemes for single antenna terminals to achieve
spatial diversity in cooperative system. The performance characterization is done with respect to
outage probability in the high SNR regime. Results show that barring fixed DF, all the proposed

protocols achieve full diversity.

Sendonaris et al. in [13] used a DF based CDMA framework to propose cooperative algorithms
and study their achievable rate regions and outage probabilities. Results show that cooperation
leads to capacity gains for users and the rates are less sensitive to channel variations and noise.
The first part presents an analytical study that demonstrating a trade-off between capacity and
cell coverage. The second part investigates the practical issues related to the implementation of

cooperative communication.
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In [14] J. Gao et al. have analyzed the performance of an AF -based MIMO-STBC with a novel
two stage receiver, achieving full diversity order over frequency-selective channels Using the

diversity-combining technique, space and multipath diversity can be achieved.

G. Kramer et al. in [15] propose decode and forward (DF) and compress and forward (CF)
strategies. The DF technique is suitable when the relays are in proximity to the source and the CF
scheme work wells in cases where relays are near the destination. Further, the paper shows that
DF achieves the ergodic capacity as in many wireless channels, provided the relays are close to
the source and availability of phase information is ensured.

Ankur Bansal et al. in [16] have derived an maximum likelihood (ML) and a suboptimal
piecewise linear (PL) decoders. The proposed decoders are designed for the multi-antenna DF
based cooperative MIMO systems utilizing OSTBCs for data transmission. The proposed system

tries to achieve maximum diversity.

T. Hunter et al. in [17] have proposed coded cooperation, where a user, instead of repetition of
the symbols transmitted by another user, sends the additional parity bits for its partner in
accordance with a preset coding scheme. Bit and block error rate have been used for performance

analysis showing significant improvement over non cooperation transmission.

In [18] Janani et al. have introduced space-time and turbo-based cooperation in coded
cooperation thereby making the latter even more effective. Space-time cooperation achieves
spatial and temporal diversity in fast fading whereas the turbo based cooperation leverages the
two-code structure typical of coded cooperation for improved performance. Bounds on BER and

BLER of the proposed schemes are developed.

In [20] N. Varshney et al. analyze single and multiple relay based selective DF MIMO STBC
system in terms of PEP diversity order, and optimal power allocation. Optimal source relay
power allocation is done by minimizing the end-to-end decoding error of the system. The authors

extend the system from two-phase to multi-phase communication.

P.A. Anghel and M. Kaveh in [22] propose a DSTC system based on the Alamouti codes. The
symbol error rate (SER) and optimum the power allocation for one and two non-regenerative

relays are investigated in high SNR regime. The asymptotic SER shows that for the same
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information rate, the proposed system outperforms the AF cooperative and convolutional

encoded systems by achieving 1.5 times the diversity gain.

In [26] Y. Jing and B. Hassibi have devised an STC is devised for multiple-antenna two-stage
cooperative communications where the relays encode the incoming signals into a “distributed”
LD code before transmitting them to the destination. The PEP behaves as (log P/P) min {T, R}in
high SNR region which, except for the log P/P factor, is same as that of MIMO with R antennas.
It is further shown that for a given power budget large number of relays, the optimal power
allocation is to share equal halves of total power between the source and all relays together. At

low and high SNR, the coding gain equals that of MIMO with R antennas.

In [27] Pierluigi Salvo Rossi et al. have proposed a packet-based Distributed Linear Block
Codes (DLBC) for cooperative communications. The performance of the system is investigated
in terms of BER and outage probability under the effects of the number of pilots, decoding and

channel estimation errors.

In [28] Shengbo Zhang et al. have studied distributed linear dispersion based AF DSTBC
wireless relay networks with varying number of. The upper and lower bounds of symbol (or
codeword) error rate and diversity gain are derived. Power allocation, path loss and different
coding matrices are other considerations for the system. Further, an OFDM-based space-time

scheme for asynchronous environment is also studied.

In [33] K. Yu. et al. have developed methods for increasing the two-way transmission capacity
of ad hoc networks. Mathematical expression for the transmission capacity of the given system
has been derived, for efficient packet acknowledgement and channel feedback. Fixing
transmission distance by adjusting two-way outage and rate requirements has been implemented.
To maximize the transmission capacity, the concepts of guard zone and cooperative

communication have been used.

In [34] P. Wan et al. have concluded that deployment of charging base stations in wireless
rechargeable WSNs is an important factor which if optimized can significantly reduce the cost.
In this work, the greedy algorithm and the location based behavior among the sensor nodes are

used to present a new algorithm dealing with the plan of the charging base stations. The
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problems of combinatorial explosion and point coverage are taken care of by the proposed

algorithm.

In [35] E. Ahmed and H. Gharavi discuss in detail the evolution and future prospects of
cooperative vehicular networking (CVN). The various perspectives in designing CVN such as
physical, MAC, routing schemes, link scheduling, power/resource allocation and security have
been taken into account. The challenges imposed on CVNSs are high-speed mobility, trade-offs
among parameters, and node selection. The main design objectives are to improve performance
of the system with respect to transmission reliability, throughput, and interference reduction

incorporating cooperative communication among nodes of VN.

In [40] M. A. Abd EI-Gawad et al. have highlighted the prospect of the terminal relays playing
an important  role in assisting the communication between base stations and cellular 10T
devices. An autonomous sequence-based resource block assignment scheme has been designed

for the 10T devices to work efficiently in the absence of CSI.

In [42] A. Ghosh et al. have suggested the concept of off loading to relax the 10T devices from
the burden of transmitting large scale data to a remote site. In this scheme, a part of data is
shifted from the primary channels and transported through opportunistic terminal-to-terminal
(T2T) networks. Such a scheme is prone to data loss and delay. Hence, three novel prediction-
based offloading schemes are suggested by the authors taking into account the mobility patterns
and time-based contacts of nodes thereby predicting next data transfer opportunities. The
performance analysis of the proposed schemes is done on account of delivery ratio, latency, and

overhead.

In [43] Weijun Xing et al. investigate the possibility of using finite-field network codes by the
relays for information transmission in D2D communication. The authors have proposed
algorithms for the system outage probability derivation. They have and analyzed the trade-off

between energy efficiency and spectral efficiency of the proposed system for 5G communication.

In [44] J. W. Raymond et al. have done implementation of cooperative communication in
machine to machine (M2M) communication. The various challenges of the future wireless

communications such as scheduling design, increasing message overheads, intra and inter
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network interferences, end-to-end latency, and redundancy have been considered. Relays and

cluster based protocols are presented as solutions to the problems evoked in the work.

In [46] Y. Zhou et al. have introduced a dynamic DF based cooperative NOMA scheme. The
performance analysis is done on the basis of outage probability; diversity order and the sum rate

have for random and distance-based user pairing schemes.

W. Yue et al, in [49] perform diversity gain analysis of millimeter-wave (mmWave) massive
MIMO systems using distributed antenna sub array design consisting of Kt and Kr sub arrays at
the Tx and Rx respectively. It is assumed that all the sub channels have L propagation paths and
Ns number of data streams. A diversity gain of KrKtL — Ns + 1 is achieved which is comparable
to the diversity gain of KrKt as in the case of MIMO systems. Making use of the proposed design
the diversity gain in case of distributed topology may be made equal to that of the MIMO system

and may outperform the latter.

In [50] A. Minasian et al. deals with a distributed massive MIMO (DM-MIMO) system where
numerous distributed remote radio heads (RRHSs), equipped with antennas reflect a massive
MIMO within the coverage area providing uniform coverage and enabling macro-diversity. In
order to achieve the maximum possible average rate in the downlink (DL) of a DM-MIMO
system, the authors employ zero-forcing for the optimal RRH placement. An expression for the
DL rate has been derived to formulate the optimal RRH placement. Two sub-optimal RRH
placement schemes have been proposed for a homogeneous and non-homogeneous propagation

environment respectively.

It is to be concluded that cooperative communications and its various advantages leads to its
usage in myriad applications. It provides MIMO like spatial diversity in numerous scenarios like
ad-hoc networks, WSNs, CVNs etc. The other advantages are deployment in distributive
topology, reduced complexity and cost, range extension, efficient power utilization, high
reliability, etc. The distributive topology of cooperative communications adds to it an

asynchronous feature, which is discussed next.

2.2 Asynchronous Cooperative Communication

In the cooperative communication, the locations of the cooperating relaying nodes are randomly
distributed. Also the times of transmission as well as the local oscillator associated with them are
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different. Hence the signals from different relays are arriving at different times at the receiver.
Therefore, we can say that cooperative communications is basically asynchronous in nature [52].
Asynchronous relay transmissions in a communication system destroy the code structure
designed specifically for optimal diversity gain and eventually diminishing the latter. For
example in the case of DSTBC, these delay bound signals, which eventually are stacked as
different rows of the DSTBC matrix, distort the rank of the said matrix [53, 54]. The diversity of
the system which is dependent on the rank of the DSTBC matrix thus is low.
There are several approaches, presented in existing literature, used for obtaining optimal
performance in asynchronous cooperative environment. The first is to make use of equalizers
[55, 56] at the receivers which try to negate the harmful impact of the channel on the signals.
This approach is not cost effective. Another approach is the frequency domain approach, where
OFDM technique is used to combat the asynchronism [57-59]. Orthogonal frequency division
modulation (OFDM) is the technique of converting a frequency selective channel into multiple
flat fading channels. Here a cyclic prefix (CP) is appended to the signals at the source and
removed at the destination. This technique entails complex IFFT and DFT computations at the
source and the destination, respectively. The time domain approaches exploit the ‘time’
dimension of the system, hence the name [60-73]. These techniques are also known as delay-
tolerant space time codes where the performance of the system becomes insensitive to delays
among the received signals from each relay. The time domain techniques which combat the
problems arising due to the asynchronismare discussed below.

» Time reversal space time block codes (TR-STBC)[62-64] — In this approach a block of B
symbols are substituted for a symbol of the STBC codeword. To explore the orthogonality,
the conjugation of symbol is obtained by transmitting the corresponding block in a time
reversed order.

> Distributed Threaded algebraic space time code (TAST) [65] - This approach makes use of
a suitable algebraic number for each layer. Different layers are hence laid in different
algebraic space.

» Linear asynchronous distributed space-time block codes (LA-DSTBC) [66]- these codes
employ a linear dispersive structure using sufficient guard intervals for combating the

imperfect synchronization.
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A brief overview of the work done on asynchronous cooperative communication is presented

next.

S Wei et al. in [52] deal with the performance analysis of an ad hoc wireless network in
asynchronous environment. Two delay diversity protocols and a nowvel joint DFE-MMSE
equalizer were proposed in this work to attain diversity gains. Results show improvement over
single hop schemes and those employing strict symbol synchronization. Outage probability has

been considered for the performance analysis.

X. Guo and X.-G. Xia in [54] introduced the DSTC for synchronous cooperative systems to
asynchronous relay communications. A novel set of DSTBCs able to achieve full spatial

diversity in asynchronous cooperative networks has been proposed.

In [55], R. Vahidnia et al. take into account the ISI at the transceivers due to the asynchronous
reception in a cooperative system. This ISI manifests into inter-block-interference (IBI) for
block transmissions. Pre- channel block equalization along with relay beamforming weight
vector are obtained at the transceivers so as to minimize the mean square error. The results of the

pre-equalization are comparable to that of post equalization.

In [56] Z Liu et al. have implemented an underwater decode-interleave-forward (UDIF)
protocol for underwater acoustic system in asynchronous environment. A novel joint multi-
branch combining and turbo equalization detector is presented in this paper. Without even having
perfect CSI, the detector effectively performs the combining of signals due to the regular

updation of combining coefficients based on the steady-state mean square error.

Z. Liand X.G. Xia in [57] propose an OFDM scheme for an asynchronous cooperative system
achieving second-order diversity gain, where cyclic prefix (CP) at the source node and time-
reversion and complex conjugation are implemented at the relay nodes. At the -has the fast
symbol-wise ML decoding. It should be emphasized that the relay nodes only need to implement
the time-reversion, sign changes, and/or the complex conjugation to the received signals at the
relays relaxes the destination of the IDFT or DFT operations.

Z. Li et al. in [58] propose an OFDM based system for an asynchronous environment where a
cyclic prefix (CP) is added to the source node, time reversion, complex conjugation done at the

relays and removal of CP done at the destination to combat the frequency selective fading
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channels and the timing errors. The signals received at the destination having the orthogonal
code structure on each subcarrier result in ML decoding and can achieves full spatial diversity in
high SNR regime.

In [59] C. Sexton et al. explore the possibility of the use of multiple waveforms in 5G, where
each service shall employ a waveform best suited for it. A device-to-device (D2D)
communication is employed in a 5G machine type communication (MTC) scenario. The large
number of machine-type D2D user equipment (DUE) renders synchronous communication
infeasible. Hence, the asynchronous performances of all the candidate waveforms are considered
with synchronous OFDM as the reference. It is concluded that the asynchronous D2D
communication when employ FBMC/OQAM, the average achieved rate is greater than that of
the synchronous OF DM.

In [60] S. Wang et al. have proposed Polynomial cancellation coded orthogonal frequency-
division multiplexing (PCC-OFDM) and universal filtered multi-carrier (UFMC)to protect
against intercarrier interference (ICI) in the 5G uplink . PCCOFDM and UFMC minimize the
sidelobes of the OFDM signal. This paper also propose overlap and add UFMC (O A-UFMC) and
a variant of UFMC using infinite impulse response prototype filter banks (IIR-UFMC) It
relaxes the synchronization requirements in massive machine type communications (MTC). This
paper provides closed-form expressions for time offsets interference, SINR, achievable rate and
BER. UFMC improves the ICI and intersymbol interference (ISI) protection performance.

J. Wang et al. in [61] have based onthe zero prefix and zero suffix ZPZS pre-coding structure,
compatible both to single carrier transmission and OFDM, a block transmission algorithm,
proposed for distributed space time codes in the asynchronous cooperative transmissions under
frequency selective fading channels. Further, an improved QR decomposition-based recursive
interference cancellation (QRD-RIC) detector is employed where the spatial and multipath
diversities are acquired.

In [62], Y. Liuetal. propose a family of zero-padded time-reversal STC through analog network
coding and ML decoding for an asynchronous two-way relay network. For two-relay scenarios,
three code designs and for three-relay scenarios, one code design. Decoding complexity order,

bit-error-rate performance and full diversity is analyzed for all four designs.
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Mojtaba Rahmati and T.M.Duman in [64] proposed a new TR-STBC scheme for the
asynchronous cooperative communications which achieves full diversity for flat fading channels.
To combat the asynchronism, a smaller over head needs to be added in transmitting every pair of
data blocks. Further, a sub-optimal detector is also proposed for the proposed TR-STBC
technique . Results show that the proposed scheme achieves full diversity and high spectral

efficiency.

Nan Wu et al. in [66] propose a family of CLDCs using linear dispersion structure which
achieve full spatial diversity in asynchronous reception. To accommodate the dynamic topology
of cooperative networks, guard intervals and block encoding/decoding techniques are employed.
as well as to. A novel time-domain delay-tolerant ACLDC scheme is designed by exploiting the
interference signals rather than discarding them to achieve higher throughput than conventional

space—time codes based on orthogonal designs.

S Zhong et al. in [67] propose a novel family of DSTTC that achieves full cooperative and
multipath diversities under asynchronous cooperative communications. Sufficient conditions are
given to construct such family of DSTTC with the minimum memory order. Through the
exhaustive computer search, optimal DSTTCs are found which give full diversity, coding gain,

enhance transmission energy efficiency and reduce synchronization cost

Yi Liu et al. in [68] propose two DSTC schemes exploiting cross-talks between the relays. A
partial distributed linear convolutive space time block code (DLC-STC) scheme is proposed to
make use of the cross-talks instead of removing them. The authors also propose a a DLC-STC

scheme without cross talks which uses signal from the loop channels.

In [72] R. Cao, et al. have designed an asynchronous relaying protocol using asynchronous
amplify-and-forward relaying for underwater acoustic communication (UAC) channels. Also,
precoded orthogonal frequency division multiplexing used to combat doubly selective fading in
UAC. Performance of the proposed protocol has been done using the end-to-end signal-to- noise

ratio, the average pair-wise error probability and the maximum collectable diversity.

In [73] R. Rahimi and S. Shahbazpanahi, have proposed an asynchronous cooperative
communication system consisting of two transceivers and multiple multi-antenna relays. A

beamforming matrix is multiplied to the signal vector received by the relays and then transmitted
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further. Selection of symmetric relay beamforming matrices and the transceivers’ transmit
powers is done such that the total consumed power is minimized while the data rates are
increased. It is concluded in the paper that there exists an optimal number of antennas per relay

which results in the lowest power consumption in the network.

This section shows that cooperative communications is inherently an asynchronous system and
there are several techniques to mitigate its effect. From the three basic delay tolerant techniques,
this work focuses on the Linear Dispersion codes based DSTBC system for the asynchronous

scenarios.

2.3 Channel coding in cooperative communication

The next generation of wireless communications[74],[75] calls for high level of reliability. The
cooperative communication system and its variants discussed in the previous section offer
diversity as wells as capacity gains. Channel coding [77] is a technique of introducing coding
gain to the system. In this work, the authors conclude that LDPC codes are the most suitable FEC
codes for high performance Wi-Fi applications. LDPC codes have been selected in the 5G draft
[78]. These are very powerful channel codes approaching Shannon limits. In [79] Quasi Cyclic
LDPC (QC-LDPC) codes in particular have been accepted as the standard code for data
transmission for 5G applications. [81] study the girth of Tanner (J; L) QC-LDPC design. [82]
deals with maximizing the code rate of the bi-layer expurgated LDPC codes. In [83] two shaping
techniques for obtaining LDPC lattices have been presented. Table 2.1 enlists the various

wireless standards having LDPC codes as FEC

Table2.1 Wireless standards having LDPC codes as FEC

Year 2006 2009 2012 2012 2015 2016
Wireless IEEE IEEE IEEE IEEE WIA-FA 5G draft
Std. 802.16e 802.11n 802.11ac 802.11ad

The literature pertaining to the channel codes, particularly LDPC codes in cooperative
communications has been discussed in the next section.

In [77] M. Zhan et al. propose four principles to select most suitable channel coding and its

variants as demanded by high-performance wireless networks. Bit-error rate, packet error rate,
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and throughput are the performance metrics which are used to evaluate the system on the basis of

increasing reliability and decreasing latency.

In [78] Uchoa and Lamare discuss the use of LDPC codes in future bandwidth-hungry Wi-Fi
applications. Efficient and effective use of these codes demand reduction of encoding and
decoding complexity, improved design and the decoding and high-performance decoding
algorithms which have been discussed in this work. LDPC codes are suggested as the most
potential solution for the future high bandwidth and high performance demanding Wi-Fi

standards.

In [80] H.Li et al. propose an algebra-assisted method for constructing Quasi-cyclic LDPC
(QC-LDPC) codes which are selected as standard codes for data transmission in the 5G wireless
broadband data channel. Apart from reviewing the encoding mechanism and requirements, the
cycle analysis for 5G LDPC codes are laid down. Based on the proposed metric known as
weighted average number of cycles (WANC) and algebraic methods QC-LDPC codes are

constructed that can support multiple lifting sizes or different information lengths and code rates.

In [81] H.Xu, et al. study the girth of Tanner (J; L) quasi-cyclic low-density parity-check (QC-
LDPC) codes with finite code lengths so as to generalize the laws of the girth distributions. Girth
Is an important factor in the design of low LDPC codes where J and L is any two positive
integers. The paper proposes an algorithm to determine the girth of Tanner (J; L) QC-LDPC
codes. Using the exponent matrices of Tanner (J; L) QC-LDPC codes, column selection and/or

masking methods are used for the construction of to construct LDPC codes.

In [82] S. Mehrizi et al. propose a bilayer-expurgated low density parity check (LDPC) codes in
the relay channel. These codes are optimized for maximizing the code rate using a fast
procedure. The code optimization also guarantees the convergence of the density evolution

relations in upper and lower layer codes and lower complexity.

In [81] H. Khodaiemehr et al. employ the encoding and decoding of the LDPC lattices in a
cooperative communication system. Hypercube and Voronoi shaping techniques are used to
obtain LDPC lattice codes. Further, block Markov encoding is proposed for uni and bi-
directional relay networks using these codes. The lower decoding complexity allows increasing

the dimension of the lattice.
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In this section we have studied channel coding in cooperative communications in various
applications. From the literature we learn that LDPC codes are very powerful FEC and have
been accepted for data transmission in 5G wireless applications. In this work we have
concatenated the new ADSTBC system with LDPC for asynchronous cooperative

communications which is very less explored.

2.4 Relay and Transmit-Receive Antenna Selection in cooperative communication

One of the major aim of the communication systems is to save resources without compromising
with the performance. Optimal Relay and/ or antenna selection are techniques available in the
literature [84-97] to enhance the performance of the system. The overhead incurred in the
selection procedure is masked by the high performance gains obtained. In [85] dual relay
selection method has been presented whereby reducing the BER of a DSTC system. [86] lays
down a technique of selection in a multi-user dual-hop DF based cooperative communication
system. [89] present an AF STBC system for asynchronous environment. Performance of the
system is increased further by an outer convolutive coding. [90] proposes a relay selection
scheme for dynamic D2D communication. In [91] and [92] the author relay selection methods
for cooperative NOMA system. [93] deals with relay selection in an underwater acoustic sensor
networks (UASNS). The authors in [94] propose two relay selection strategies for a DSTC based
cooperative NOMA network. In [95] the authors present relay selection based on minimum path
loss for Poisson point process (PPP) distributed relays. In [96] an adaptive multiple-relay
selection scheme for Vehicular Delay Tolerant Networks is proposed. The performance of the
cooperative system can be increased further in terms of increased spectral efficiency, power
saving and reduced complexity by combining antenna selection [97] to relay selection [98]. In
the literature there are several works dealing with joint relay and antenna selection for different
applications [98-102].In [102] the secrecy performance of an energy harvesting technique using
antenna selection and relay selection schemes has been presented. In [103], the authors have
studied the performance of information and power transmission in shadowed Nakagami fading
channels. [104] discusses energy harvesting of cooperative communication system in Rician
fading channel. The following section deals with the available literature related to relay and

antenna selection in cooperative communications.
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S. Alabed in [85] present a bi-directional dual relay selection strategy with high reliability and
very low decoding complexity for the wireless cooperative framework. Dual relay selection is
performed by maximizing the BER performance of the system. Then bi-directional
communications take place through the selected relay nodes that apply distributed orthogo nal
STC and/or network coding.

In [86] K. Xiao et al. propose an opportunistic relay selection in the multi-user dual-hop DF
based cooperative networks with fixed power budget. The relay selection is done on the basis of
the instantaneous signal-to-noise ratios over the relay links, the power load (PL) of the relays and
the weight factor for ensuring fairness. The average channel capacity has been derived

approximately.

Walid Qaja et al. in [89] discuss the interference cancellation creteria in AF based single bit
closed- loop extended orthogonal space-time block coding (CL EO-STBC) system. The system
implements dual relay selection, each having two antennas, out of Ngr available. Outer
convolutive coding is used to improve performance. A near-optimum detection scheme is used at
the destination which effectively eliminates the interference components induced by

asynchronism.

In[90], P. K. Mishra et al. propose a D2D communication using relay selection in a dynamic
environment, provided the system has more than one relay. The communicating devices
exchange neighbor tables and find common relay for continuing the information transmission
after reaching the maximum distance threshold. This selection scheme is based SNR, SINR,

residual battery power, buffer space, and reliability.

In[91] P. K. Mishra et al. investigate the joint user and relay selection algorithm for AF based
cooperative NOMA networks. An optimal selection criterion is proposed at the user-relay pairs
to improve the outage performance of system. Further, the closed-form analytical expressions on
the outage probability, as well as the asymptotic expressions for large transmission power have
been derived.

In [93] X. Li et al. have proposed a model of multi-user relay selection under a multiuser multi-
armed bandit (MU-MAB) framework for underwater acoustic sensor networks (UASNSs) which

exempts the receiver of perfect CSI. The authors propose a novel DSMU-MAB algorithm for
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relay selection and a DSMU-rMAB, a derivative of DSMU-MAB for achieving a high quality

transmission and avoiding collisions.

In [94] J. Zhao et al. propose two relay selection strategies, namely: two-stage dual relay
selection with fixed power allocation (DRS-FPA) and two-stage dual relay selection with
dynamic power allocation (DRS-DPA) for the DSTC based multi-relay cooperative NOMA
network. Lower and upper bounds on the outage probability and the exact outage probability
have been derived for the DRS-FPA and the DRS-DPA, respectively. The proposed two-stage
DRS achieve better outage performance, spectral efficiency and full diversity gain than the

existing single relay selection schemes without sacrificing, but can also.

In [95] K. Belbase et al. study the effect of deployment of DF relays, distributed as a 2-D
homogeneous Poisson point process (PPP) in contrast to the fixed point locations of the source
and the destination, to improve the coverage probability, rate coverage and spectral efficiency of
a millimeter wave network. A set of 2-D inhomogeneous PPP is obtained from the randomly
distributed decoding relays having SNR greater than the minimum SNR threshold. From this set,

arelay isselected that has minimum path loss to the receiver.

In [96] S. H. Ahmed et al. propose an adaptive multiple-relay selection scheme for Vehicular
Delay Tolerant Networks.. To cover the long highways, a Roadside Unit (RSU) is enabled to
select one relay wvehicle to carry on unhindered communications for the which is unable to

receive signals from the corresponding RSU.

In [102] N. Nguyen et al. investigate the secrecy performance of a time-switching-based radio
frequency energy harvesting technique using antenna selection and relay selection schemes.
Specifically, two relay selection schemes based on the partial and full knowledge of channel state
information and two antenna selection schemes for harvesting energy at source and relays are

proposed enhance the security of the system and to achieve full secrecy diversity order.

This section highlighted the significance of relay and antenna selection in cooperative
communication. The system performance increases manifolds by such selection schemes. The
system complexity reduces and hence the system resources as well as cost of implementation.
Motivated by this fact, we have implemented relay selection in chapter 3 and joint relay and

antenna selection scheme on LDPC-ADSTBC system in chapter 4.
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Chapter 3

Performance Evaluation and Analysis of Asynchronous Distributed Space
Time Block Coded system

The contribution of this chapter is the design of and analysis of Asynchronous Distributed Space
Time Block Coded (ADSTBC) system designed using Linear Dispersion (LD) matrices optimized
for asynchronous environment. The performance analysis of the proposed system has been done
using Average Bit Error Rate (ABER) and the Ergodic capacity. It is shown that the performance
of the system improves with Optimal Relay Selection (ORS). As the number of candidate relays

for optimal selection is increased, performance will improve further.

3.1 Introduction

Cooperative communication [10] in recent years has put its foot firm and forward in the
wireless communications. Catering to the huge demands due to its capability of providing
diversity and capacity gains, it has found its way in the state of art technologies like LTE and 5G
[5-7]. The geographically distributed relay nodes are able to achieve cooperative diversity by
creating a distributed space time block coded system (DSTBC) [26]. The benefits of diversity
gains in a distributed topology come with a price of added complexity. The existing literature
assumes cooperative communication in synchronous environment whereas the latter is basically
asynchronous in nature. The distributed nature of a cooperative communication system leads to
timing offsets among the geographically distributed nodes [52] which degrade the system
performance thereby losing the diversity benefits. The existing literature presents that optimal
performance is achieved even in the asynchronous scenarios using equalizers, frequency domain
(OFDM) and time domain techniques [55-66]. Delay tolerant codes are time domain techniques
which yield diversity gain in delay prone or asynchronous environment,

This chapter presents the design and performance analysis of a delay tolerant Distributed Space-
Time Block Coded (DSTBC) system in asynchronous environment. The Asynchronous DSTBC
(ADSTBC) system is designed using an Optimized Asynchronous Linear Dispersion (OALD)
matrix. The performance as well as the resource saving of the proposed ADSTBC system can

further be increased by relay selection [84]. Hence, an Optimal Relay Selection (ORS) technique
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has been employed in the work. The analytical expressions for the proposed ADSTBC and ORS-

ADSTBC systems has been derived and simulated. The contributions of this chapter are listed

below:

» Optimized Asynchronous Linear Dispersion (OALD) matrices have been designed by
optimizing the linear dispersion (LD) matrices [30] with constraints such as tight frame,
equal power and rank-determinant criteria in asynchronous scenario.

» An Asynchronous DSTBC (ADSTBC) system has been designed using the OALD matrix.

» Optimal Relay Selection (ORS) technique based ADSTBC (ORS-ADSTBC) system has
been designed by maximizing the end to end instantaneous SNR.

» Probability density functions (PDF) for the ADSTBC and ORS-ADSTBC systems have been
derived to analyze the system performance.

> Based upon the PDFs, closed form expressions for average bit error rate and ergodic
capacity have been derived for the proposed systems.

The system model for the ADSTBC and ORS-ADSTBC systems have been discussed in the

following sections.

3.2 Framework for Asynchronous Distributed Space Time Block Coded
(ADSTBC) System

We study the ADSTBC system considering R+2 nodes, where the transmitter, receiver and each
of the R relay nodes are designed for single antenna system. The proposed system is analyzed in
two phases as shown in figure 3.1.

Phase 1: Broadcasting phase

In the first phase, the information bits, b, are BPSK modulated as s = [s; ... ........sy]T in the
codebook {s; <+ e - s, } where s, = 2by- 1. The average power used at the transmitter for any
transmission is assumed to be P,. The transmitter broadcasts N symbols, \/Fl Sy e ..,\/ﬁsN to
each relay. The signal received at k*" relay has the effect of both the fading h, , as well as the
noise n,. The fading coefficients and the noise are circularly symmetric Gaussian distributed

with mean 0 and variance 1(CNV'(0,1)).

Phase 2: Cooperative Phase
In the second phase, the signal received at the k" relay is given as:
T = /P1hisS + 1y (3.1)
31



Phase I  Phase Il (STBC)
|

Source

Y > Destination

Figure 3.1: Block diagram of ADSTBC system

The k™ relay linearly modulates the received signal r, by combining it with an Optimized
Asynchronous Linear Dispersion (OALD) matrix 4, to form x, . Further, Amplify and Forward
(AF) protocol is used for relaying the signal to the destination which scales the signal with a

1
P +1

factor . The signal transmitted by the k" relay is given as

P
X, = ’PlﬁAkrk (3.2)

aklll e ak‘lN
Where P, is the average power used at the k" relay for transmission, 4, = :

Apr1 - Qgrn
for k=1.........R. N and T are the coherence interval for phase 1 and 2 respectively, during

which the fading coefficients remain constant for N and T transmissions. The dispersion matrix
A, distributes the N symbols among T channel uses. The OALD matrix used in this work is
represented using the theory of unitary matrices [31] and optimized for tight frame, equal power,
rank and determinant criteria in the asynchronous scenario. The design of OALD matrix has been

discussed in Appendix-A.
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In a cooperative communication system, there are timing offsets at the receiver due to the
random spatial positioning of the relay nodes. These delays cause owverall performance
degradation of the system. The relays and receiver are assumed to have full knowledge of the
delay profile and the OALD matrices A4,. The signal, y(t), with delayed symbols received at the

destination at any given time t, is

y(O) = Xk=1 X(£ = 8 )y, + (D) (3.3)

Substituting (3.1) and (3.2) in (3.3)

YO = Sr [ A [Pl 5= 80 41 by 400 @4
where h, , is the path gain between the k*" relay node and the destination, v(t) is the additive
white Gaussian noise with variance N,. &, is the delay observed for the k™ relay at the receiver,
relative to the first relay. The delay introduced in the system distorts the arrangement of the
DSTBC matrix formed at the destination thereby causing loss of the diversity gain. Hence in case
of asynchronous DSTBC system, delay tolerant codes are designed where each relay pads extra
zeros, equivalent to a delay of (8,,,, — ), to the total T symbol periods to make the system

delay tolerant [69]. Therefore the signal received from all relays after (T +§,,,,) Symbol

durations is given as

y =3¢, / ﬁi 2 (AD(8,)Ays) +w (3.5)
Where, h = h, ® I, , h, = hy 1 hy, , ® denotes the kronecker product and I, is an identity

matrix of size Ts XTs, Ts=T+ 6 Omax denotes the maximum delay incurred and is

max*

denoted by, 6,,,, = max {8, .....85 }. The receiver is synchronized to the firstrelay i.e. §, = 0.

O(SkXT

The delay matrix is given as D(§,) = I , O denote a zero matrix and

(Omax—8K)XT

PZ
P +1

w= k=1 D6 ATy, + v

Equation (3.5) is rewritten by vertically stacking the matrices as



= [X2HD(Q)S+w (3.6)

where, H = HQ I, H = [h, ..... hg], D(2) = diag (D(5,),D(5,), ..., D(5z)),
s [(A1S)T

, S =", where s is stacked R number oftimes and § =

Ap

]
|
| l.
|
l(ARs)TJ

3.3 Analytical expressions of ADSTBC system

To derive the analytical expression of the given system with respect to SNR (y) let,R,., denotes
the k" relay with instantaneous end-to-end SNR (y, ). The cumulative distribution function
(CDF) of the instantaneous end-to-end SNR of each S - R, - D link is, computed with respect to
the CDFs of the S - R, and R, - D links .

Fy ) =1-(1=F¥s_2,)) (1= F(yg,-p)) 3.7)

It is assumed that the CDF between S - R, and R, - D links experience Rayleigh fading having

Y2,k

ik _rak
F(ys—g,)=1—e @ ,F(yy,_p)=1—e @, 7 isthe average SNR of all the links. Assuming

Yik = Y2k = Yk (3.7) is rewritten as

2V

Flp)=1-e @ (3.8)
Differentiating (3.8) with respect to v, , we obtain the PDF of the end to end instantaneous SNR
as
2Yk

2e‘_-(17T

f(Vk) = 7
Assuming that the proposed system has two relays, the joint PDF of the two independent links (k

(3.9)

=X, y) contributing in ADSTBC is given as:
fO,y) = ff() (3.10)
flx,y) = ;—Ze(_%e('ZTy) (3.11)
To analyze the medium and high SNR regimes, it is important to have simple closed form

bounds, therefore the upper and lower bounds on received total SNR y, are considered as
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Yiow = Ya < yupper (3.12)

Where Yiow :% I;EV;{ and yupper = gyk [105]
Therefore, to find the joint PDF at the receiver side, let z <x+y, be the upper bound on the joint

CDF (F(z)) of the proposed system is given as in [105]

F() = [ [ f (o y)dx dy (3.13)

Putting the values of f(x,y) from (3.11)

2y

Lizya () (D
F(Z)=f02fyz y?—ze T'e 7 dxdy

2Z
— l _ 9_7()7+22) (314)

2 2y
Differentiating the above, we obtain the joint PDF of the ADSTBC system given below

4 2z

N

f(Z) - _ e v + 9_17(]_/+2Z) (3'15)

¥ 7>

In asynchronous system, apart from the fading, a delay incurs the major factor that affects the

system performance. The delay of each resolvable path from the relay to the destination is

assumed to be uniformly distributed on (6,,,;,, 0.max), @Nd is mutually independent, where, §

max

is the maximum delay incurred by the system and §,,,, is the minimum delay. Assuming the
signals from the two relays arrive at the destination via two resolvable paths, the PDF of the

delay profile is given [106] as

1

: (3.16)

(6max _Smin )

The final joint PDF of the ADSTBC system is given as
2z 2z

f(@) = G— <— A 6_7(72“2)) (3.17)

max~ 6min)2 Y Y

The final joint PDF has been used to analyze the various performance metrics of the given

system.

(a) Average Bit Error Rate (ABER)
The bit error rate (BER) is defined as the error probability of a detection scheme. BER is a very

important measure to examine the reliability of the wireless communication system. The average
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bit error rate (ABER) is obtained by averaging the received error conditioned on the fading
channel (P,(z)), w.r.t. the PDF of the system.
P, = [ P.(2)f(2)dz (3.18)

—4z

An approximate expression for the conditional error is given by [107] as P,(z) = ie‘z + %eT

for BPSK modulation. Putting the value of f(z) from (3.17) in (3.18), we obtain

—4z

z oz
oo 1 1 5,1 —) e v e ¥ (y+22)
Pe N fo (6max—6min)2 (6 ¢ * 2 . ( Y " ]72 )dZ

_ 1 ( 1 n 27 ) (3.19)

3(6max_5min)2 (Z'H_/)Z 4(3"'27)2

Fromthe (3.19), it is observed that probability of error depends on

e Delay: It is system specific and therefore cannot be directly controlled.

e Average SNR: Depends on the average transmitted power of a system and is a vital resource
which must be used optimally and increasing the same is not a good option.

Hence, in order to relax the burden on the transmitted power, we have to further optimize the

proposed system model.

(b) Ergodic Capacity
Ergodic capacity is the average capacity obtained by assuming the source information is
transmitted at a constant rate over many independent channel realizations. The ergodic capacity
of ADSTBC system is given as

Cerg = Ep{Csys) (3.20)
Where, Ey , refers to expectation with respect to different channel realizations and delay profile.
Csys Is the Capacity of the given system, given by the Shannon capacity formula[106], C,s =
log2(1+SNVR). For the proposed ADSTBC system

Cops = {310, (1 + 2)} (3.21)
Where z is the total SNR of the system. We have employed the PDF obtained in (3.17) for
averaging the capacity of the system to obtain the ergodic capacity. The ergodic capacity is

approximated using the Taylor series expansion of the logarithmic function [38] as

- _ log, ex(var{z})
Cerg ~ logz(l + ]E{Z}) 2*(1+]E{Z})2 (322)
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Where, var{z} = E*{z} — (E{z})? and  [E?*{z} = %. Using Mathematica, the Ergodic

4
capacity is given as

_ 2Mel'1'€TG({{—2},{—1}}»{{—2.—2,0}.{}}-)2:,)

erg — 72(5max_6min)zln2

C

,Re[7] > 0 (3.23)

In is the natural logarithm

As we compare the (3.19) and (3.23), both parameters ABER and C,,, depends on the delay
difference and transmitted power. The delay is always system specific, whereas the power is
constrained. Hence, to improve the system performance, we have improvised the proposed

system model using optimal relay selection discussed in the following section.

3.4 Optimal Relay Selection based ADSTBC (ORS-ADSTBC) System

In a cooperative communication system, since the relay nodes are positioned at randomly
distributed locations, there are chances that some relays may cause deep fades at the receiver.
The transmitted power of the system has to be increased to get optimal performance which puts a
constraint on the system resources.

Relay selection been used in this work to increase the system performance and saving of the
resources. The relay selection technigue is based upon selecting a set of optimum reIays(R) out
of total R relays, which satisfy certain desired criteria. In this work, instantaneous end to end
SNR at the receiver from all the relays is maximized to create an Optimal Relay Selection based
Asynchronous Distributed Space Time Block Coded (ORS-ADSTBC) system. For optimal relay
selection, arrange the instantaneous end-to-end SNR (y, ) of each S - R, - D link y,, in ascending
order as ... ¥e;2 < Vser1- IN this work, R = 2, i.e. two best relays are selected. The first best and

second best selected relays’ (R sei1, R ser2) instantaneous end-to-end SNRs are given as

Ysern = max,{y} and yee, = max,_i{y_1} (3.24)
P s | P Il
where, y, = min(ys_g,, ¥, -p)» Where vs_g = N’:'l V- = % assuming P, = P, =

P. The joint PDF ofthe selected relays using order statistics [108] and (3.8) and (3.9) is givenas
f()/sell' YSelz) = R(R - 1)F(yselz)R_2 f()/sell)f(yselz)

2yse12 \ R—2 _Zy(sf)ll _ZY(sia)lz
i Y ()2
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3.5 Performance analysis of ORS-ADSTBC system

Considering the delay profile to be independent of the system, the overall PDF of the ORS-

ADSTBC system is the product of the PDF of the delay profile (£2) given in (3.16) and the relay
selected system PDF given in (3.25). Thus

4R (R-1)

(amax _Smin ) 2 72

f(yselll)/selZ“Q) = [1- e(

_2Vsel2 ) (_ 2Ysel1+2Vsel2 )
v ]R—Z 72

(3.26)

Let y,.;; = x and y,,;,=Y. The PDF given in (3.26) is approximated using [107] and written as

R _ R-2 _2x+2y
oy = D (50 557 (3.27)

max~ Omin 14

The upper bound of on the joint CDF is given as

- [[[ 7 R0 (07 (5 4

2 R
max mln) y

2z

_2z R
2 Ryr-1)R 2Re 7(157) 2r(R—1) Zr(_l"'R'?)

B (5max_5min)2 zZ—Rz + ¥y - % (328)

The joint PDF is obtained by differentiating (3.27) w.r.t. zas

2z

27Rp(R — DR / 2fe ?(%) 2 7(1-R) (%)R

f(Z) - (6max - (Smin)2 2 - (Z - RZ)Z

2z

2Re VR (%)R_1 2R+1, 7Y (%)R \

v(z — Rz) B v(z — Rz) )

(3.29)
Using the joint PDF given in (3.29), we analyze the system performance in terms of Average

post processing SNR, Average Bit Error Rate (ABER) and Ergodic capacity. The following

section discusses the derivation of the analytical expressions of these performance metrics.
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(a) Average Post Processing SNR
Signal to noise ratio (SNR) is a very important performance measure in the digital

communication system. It serves as an effective indicator of the overall fidelity of the system and

is defined as the power ratio of a signal to the noise, as y ——, y denotes the instantaneous SNR,

Ps is the signal power and N, is the noise power. The average post processing SNR is the mean

of the total instantaneous SN R at the destination obtained from the two best selected relays.

z‘R(%)R)—/“R RI(1+R)

(6max _amin) 2

E{z} = [z f(2)dz = (3.30)

(b) Average Bit Error Rate (ABER)

The conditional bit error rate or ABER for M-ary modulation is givenas [108]

P,=AXxerfc (JB(Z)) (3.31)

Where, A and B are constants, erfc is the complementary error function, erfc(-) =1 —
erf(-)[110, 8.250.4]. By changing the values of A and B conditional bit error for different
modulation techniques is found. For further analysis, we consider the case of BPSK for

simplicity for which A=2 and B=1. Using a tight approximation for erfc(\/z_) as in (3.19) the

conditional BER is given as

P, =2erfc(\Nz) =%e‘z+§e_?z (3.32)
Using (3.32), The ABER can thus be obtained as

P - j P, f(2)dz

R
2Re” V(l R) )

p-—ED OO(l 1 4)/ i i Z—R2)?

e — 2 3 | Z_R
(6max - 6min) 0

ge‘z+§e 3

<l

y(z — R2) B y(z — R2) dz (3.33)

_2z R-1 R
2Re T/R(z_) 2R+1g7 y \|
v V |
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After solving (3.33), the closed form expression for ABER is given as

P (5) (R (a+5) "+(3) Jrasn) (3.34)

3 (5max_ 5min) 2

(c) Ergodic Capacity

The ergodic capacity, C,,, of a system is defined as the average system capacity over all the
realizations of the fading channel expressed as follows
I (3.35)

The ergodic capacity is approximated using the Taylor series expansion of the logarithmic

erg — [E{Csys }

functionas in (3.22)

- __ logyex(var{z})

z‘R‘l(l)RT/Z *RRr(2+R)

4
(5max _5min ) 2

where, var{z} = E*{z} — (E{z})? and E?{z} = f(:ozz f(2)dz =

Solving (3.36), we obtain the closed form expression for the ergodic capacity of the ORS-
ADSTBC system as

R R
(%) }72+RR<2(%) VRRF(1+R)2—2R(8max—6min)2F(2+R)> z‘R(l,)R71+RRr(1+R)
—= +2in(1+—L >
C 2(2R (6max —Smin) +(%) y1*RRr(1+R))? Smax—Smin) (3 37)
erg = 2In(2) '

where, In is the natural logarithm.

As from the expressions, (3.30),(3.34) and (3.37 ), it is clear that the performance of the ORS-
ADSTBC system also depends on the delay factor, average SNR and the number of selected
relays. It will be verified in the Results and Discussions section (Table 3.2) that significant power

saving is obtained by relay selection as compared to ADSTBC system.

3.6 Results and Discussions
The results of the simulations have been obtained for the ADSTBC system for a
transmitter-receiver pair and R relays, each equipped with single antenna. A frame consisting of

N=2, BPSK modulated bits are broadcast to the relays. We further assume that in phase 1

transmission, there is no error at the relays i.e. the information received at the relays is the same
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as what the source terminal had sent. The relays also do not decode the message. The results
have been obtained using Monte Carlo simulation from 1000 independent iterations of each
frame, for each value of SNR varying from 0 to 20 dB. For both systems( ADSTBC and ORS-
ADSTBC), the channel is assumed to be quasi-static flat fading subjected to maximum time

delay of 6,,,, symbol durations w.r.t. the OALD coded symbol vector transmitted from the

max
relays to the destination. The system parameters considered for Monte-Carlo simulation are
enlisted in table 3.1.

Table 3.1: Parameters for Monte-Carlo simulation of ADSTBC and ORS-ADSTBC system

S.No. | Parameters Values

1 Number of bits 1000

2 Number of iterations 10°

3 Maximum delay 2 symbol periods
4. Minimum delay 0 symbol periods
5 SNR considered 1-20 dB

6 Number of candidate relays(in case of ORS) 45,6

7 Number of selected relays(in case of ORS) 2

8 Number of antennas per relay 1

9 Modulation technique BPSK

10. Detector ML detector

The analytical results have been verified by the simulation results. The results of the simulations
have been obtained for the ORS-ADSTBC system for a transmitter-receiver pair and R relays,
each equipped with single antenna. The performance is evaluated with respect to the average post

processing SNR, average bit error rate and the ergodic capacity (C,,,) for binary phase shift

erg
keyed (BPSK) information symbol. The channel information is perfectly known to the receiver
where as the relays are aware of the maximum delay incurred by the system as well as the
indices of the best relays via a feedback channel from the destination to the relays.

Figure 3.2 depicts the ABER of the ADSTBC system with varying relays. It is observed from the
figure that for ABER of 1073, as the number of relays increase from 2 to 3 to 4, there is a gain of
5 dB and 8dB respectively. The diversity gain thus obtained leads to enhanced error performance

with reduced power requirements.
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Figure 3.2: ABER of the ADSTBC system with varying number of relays

Figure 3.3 shows the result for the Ergodic capacity while increasing the number of relays and

number of symbols transmitted.
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Figure 3.3: Ergodic capacity of ADSTBC for different values of R and N
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Figure 3.4: Average Post processing SNR of ADSTBC (R=2) and ORS- ADSTBC system

It is observed from figure 3.4 that at SNR of 10dB at the transmitter, the average post processing
SNR is 12 dB for ORS-ADSTBC system versus 2 dB that of the ADSTBC system. Further, it is
verified from the results that the average post processing SNR gain increases by 5dB and 8.5dB
as the candidate relays for selection are increased from four to five and six respectively. The

increased SNR gain leads to improved system performance for a given value of transmitted
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Figure 3.5 demonstrates the average bit error rate of the ADSTBC and ORS-ADSTBC sytems.
For a ABER of 1073, the ORS-ADSTBC system having four candidates relays for selection
shows a remarkable performance of 8dB over the ADSTBC system. The power saving increases
further by 1.5dB and 2dB as the number of candidate relays increases to five and six
respcetively. If we further increase the number of candidate relays from 4 to 5 or 6 the gain will
increase further.

In figure 3.6, the ergodic capacity of the ORS-ADSTBC system is compared with the ADSTBC
system. For SNR 10dB, the ADSTBC system has a capacity of 0.395 bits/s/Hz. For the ORS-
ADSTBC,R=4 system for same value of input SNR, the capacity is 3.57 bits/s/Hz. Upon
increasing the number of relays to 5 and 6, the ergodic capacity improves by 2.5 and 4.4
bits/s/Hz respectively. By increasing the number of candidate relays from 4 to 5 to 6, there is

further improvement in the capacity.
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Figure 3.6: Ergodic capacity of ADSTBC(R=2) and ORS-ADSTBC system for R=4, 5, 6

Table 3.2 depicts the comparison of performance of ORS-ADSTBC with ADSTBC with respect
to the performance metrics viz. average post processing SNR, ABER and ergodic capacity. It is
observed that there is considerable improvement in error performance of ORS-ADSTBC as
compared to the ADSTBC system. The average post processing SNR gain of 10 dB is obtained
for SNR=10dB. At ABER of 1073, a gain of 8 dB in SNR is obtained in ORS-ADSTBC, R=4
over ADSTBC. For the ergodic capacity, there is an improvement of 3.18 bits/s/[Hz when
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compared to ADSTBC. The performance improves when the candidate relays for relay selection
are increased. It is observed from the table 3.2 that as the number of candidate relays are
increased from four to five there is a further gain of 5dB, 1.5 dB and more than 80 % for
average post processing SNR, ABER and ergodic capacity respectively. The analytical results
are validated by the Monte-Carlo simulation results and show closed conformity with each other.
Hence it is concluded that the performance improves considerably by relay selection in

asynchronous cooperative communication systems.

Table 3.2 Comparison of ORS-ADSTBC with ADSTBC system

Proposed System Average Post | Average Bit Error | Ergodic  Capacity
(different values of R) | Processing SNR | Rate(ABER) of | gain over ADSTBC
(SNR=10dB) gain| 103 gain over | for SNR= 10dB (in

over ADSTBC ADSTBC bits/s/Hz)
ORS-ADSTBC,R=4 10 dB 8 dB 3.18
ORS-ADSTBC, R=5 15dB 9.5dB 5.68
ORS-ADSTBC, R=6 18.5dB 11.5dB 7.58

3.7 Conclusion

In this work, we have analyzed the performance of the proposed ADSTBC system in terms of

ABER and Ergodic capacity. The performance of the proposed system is improved by optimal
selection of relays, thereby reducing the system complexity. Analysis of optimal relay selection
based asynchronous distributed space time block coded (ORS-ADSTBC) system has been done
with respect to the performance metrics viz. average post processing SNR, average bit error rate
and the ergodic capacity. The two best relay selection based proposed system is compared with
an ADSTBC system in a Rayleigh fading environment. It is concluded that in spite of the un-
intentional delay experienced in the asynchronous environment, the proposed delay tolerant
ORS-ADSTBC system offers improvement over ADSTBC. Further it is verified that the
performance of the proposed system improves by increasing the number of candidate relays. The
simulation and analytical results verify the performance of the proposed system over the
ADSTBC system
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Chapter 4

Performance Analysis of Low Density Parity Check coded —Asynchronous
Distributed Space Time Block Codes

This chapter investigates the performance of Low Density Parity Check (LDPC) concatenated
ADSTBC system by incorporating joint Relay and Transmit-Receive Antenna pair Selection
(RTRAS). The error performance of the system is evaluated using metrics viz. Pair wise error
probability and Outage probability. Results corroborate that the system performance is a

function of number of candidate relays, transmit and receive antennas

4.1 Introduction

Chanrel coding is a means to provide coding gain by adding redundant parity bits to the
transmitted STBC which lowers the transmission power requirements and increases the
reliability thereby eliminating the need for retransmission in many cases. Low Density Parity
Check (LDPC) codes are highly efficient linear error-correcting codes [76]. LDPC codes are
characterized by very sparse parity-check matrices yielding efficient decoding, hence, low error
floors. The parallelizable decoder structure makes them suitable for high-speed applications.
LDPC codes have been adopted for data channels for the 5G wireless communications [77, 78 ].
In this chapter, the scheme proposed in chapter 3 is extended to the channel coded scenario
having variable number of receive antennas at the destination. Although the ADSTBC system
enjoy low complexity, these codes have low coding gain. Therefore to achieve significant coding
gain, the ADSTBC system is concatenated with channel codes, known as LDPC-ADSTBC
system. The cooperative scenario is basically an asynchronous system where delay constraints
and deep fades may make one or many links unsuitable for further relaying. In such cases relay
and/or antenna selection is an optimum solution.

In this work, a selection based technique is used to choose the best two relays using order
statistics provided that there are more than two relays. Apart from relay selection, assuming the
source, relays and the destination to have multiple antennas, best antenna at each such node is

selected for transmission and/or reception of signals. The Relay and Tx-Rx Antenna Selection
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(RTRAS) has been done jointly to improve the overall system performance of RTRAS-LDPC-

ADSTBC system.. The contributions of this chapter are listed below:

> Design of a joint Relay and Transmit-Receive Antenna Selection based (RTRAS-LDPC-
ADSTBC) system.

» Error performance analysis of the proposed systems has been done in terms of pair wise
error probability (PEP) and Outage probability.

The system models for the LDPC-ADSTBC and RTRAS-LDPC-ADSTBC systems have been

discussed in the following sections.

4.2 System model for the LDPC-ADSTBC system
In this work, a Low Density Parity Check codes based Asynchronous Distributed Space Time
Block Coded (LDPC-ADSTBC) system has been proposed constituting of ‘R+2’ nodes, as

shown in figure .1

Phase | Phase Il (STBC)

(LDPCcoded BPSK (Linear Dispersion
modulated symbols) LDPC symbols)

STBC LDPC
decoding decoding

) h2 1 h,,
~—
(LDPC coding)

8, Yi
Transmitter

R

Figure 4.1: Block diagram of LDPC-ADSTBC system
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It is assumed that the transmitter and each of the R relay nodes have single antenna whereas the
receiver may employ variable number of antennas (N,;). An (JV[]) LDPC code having code rate
1/2 is employed here, where M refers to the length of the information vector and ] is the length
of the LDPC codeword. The LDPC coded information bits, b; are BPSK modulated as s =
[51 wer on .....s]]Jr in the codebook {s, «- -+ s.}, where 2s; = 2b;- 1(j € 1..J). The received

signal y at the receiver with N, antennas is given as

R Ng
P
Y= > iz /P—jlu(ak)Ak(ﬁl hiys + M)+
1

k=1n=1

_ [2Pppys+v (4.1)

P +1

Where, H = H ® I. In this chapter number of antennas at the receiver is N, so H representing

the overall channel gain from the source to the destination is given as

[h1,1h1,2,1 evenihpihp g 1
I - : I
H= |

P.
I and V= Pl-zkl I]§=1 Z-,I:Id=1 hk,Z,nD(Sk)Ak L +v

l h1,1h1,2,Nd ""'hR,lhR,Z,NdJ

Manipulating equation (4.1) for the vertical stacking of the columns of y as done in gives the

following equivalent matrix

HS+V 4.2)

The symbols pertaining to equation (4.1) and (4.2) have same notation as used in (3.5) and (3.6)
of chapter 3. The transmitted symbols are detected using a Maximum Likelihood (ML) Decoder

as:

2 2
= arg ming, ||y — AR H D) ¥s

P +1

P, P,T
P +1

§=arg ming, ||y — HS 4.3)
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The output of the ML decoder is given to the LDPC decoder which outputs the estimated
information vector.

LDPC Decoding

LDPC decoding calls for determining the log- likelihood ratio (LLR):

Pr (s;=03)
Pr (si=1|§)

L(s;) £ log (4.4)

Let, the posterior LLR be computed as:

L(¢;) = L(s;) + updated information (4.5)
The details of computation of posterior LLR and the updated information based upon the
message passing algorithm (MPA) are omitted here owing to the complexity involved. Further, a

hard decision is made based on the posterior LLR in every iteration:

5= {1 L@ <0 (4.6)

t 0 else

The iterative decoding algorithm continues till all the parity check equations are satisfied by the
hard decisions or when the number of iteration reach a pre-set value, whichever occurs earlier.
The output is analyzed for various parameters such as capacity, diversity, etc. The ADSTBC
system is LDPC coded which enhances the error performance of the system. In this chapter we
analyse the LDPC-ADSTBC system using the Pair wise Error Probability (PEP). PEP holds

significance in space-time systems as the reliability of the codeword is desired criteria.

4.3 Performance Analysis of the LDPC-ADSTBC System

Pair wise Error Probability

We begin by deriving the PEP for LDPC-ADSTBC with two relays (ie. R=2). Let {S =S,}
denote the LDPC-ADSTBC codeword set, each S, < C®*T, 1< k <|(| and |C|denotes the
cardinality of the codeword set C. Let P, be the probability of mistaking a delayed codeword

S, by Sz, where S, and S, are elements in the ADSTBC set conditioned on the fading

channel matrix H and the delay profile 2 is given as

PiP3

A, -sp)|°
P(Sa—Sp/ H2) = Q j“”“” _—

@4.7)

2(noise variance)
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where the noise variance = [ijl ’,§=1|h,\,,,2|2 + 1] 1. The eigen value decomposition of the
1

delayed codeword difference matrix M, = (S, — Sz) be given as
Where M, contains the eigen values 1, , 4, , of the codeword difference matrix. UU" = v v*

and represent Identity matrix. Simplifying the frobenious norm
I8 3. - 31,
= TI‘{ H (SO( - SB) (ga - SB)HﬁH}

= Tr{ A UN,V"VN g U" A}

= Tr{N,,* HH"}
~ 2
= X1 Aan Zialh gl (4.9)
g1 O 0
Ny?=|0 A, 0 | contains the eigen values 4., , 4,, of the codeword difference
0 0 ... Agg

matrix. The coefficient h g, is the (k, k)™ entry of the matrix H = HUfor 1 <k, k <R.

Therefore, the above expression for the PEP conditioned on H is simplified by substituting (4.9)

2
for ”H(fa - 55) ” . in (4.7), thus PEP is given as

P1P 2
p (fa—jg) =0 P Zie=1 Ak SRR gl (4.10)
H.Q z([Pfilz‘;zllhle +1] 17) '

The average PEP is obtained by taking the expectation of the above PEP over H. The

unconditional PEP over H is given by

s L/ PPy 2 Aae ZE R sl \
P(aTﬁ>=EH QI (1+ ) |}

L \ 2 (g Zhoilheal” +1) ))l

/ P1P2211§=11a,k 2:Iii‘=1|’~1f€,k|2
=0 (P1+1) (4.11)
2(P1i1R+1)
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As given in [26], the expectation over all |hk,2|2 is approximated by its mean, ‘R’ which is the
number of relays. Let pdenote the average power gain of the coefficients, A zx Of the Rayleigh

distributed effective channel matrix H. Rewriting the above equation using Craig’s bound

—(P1P2u3R_ 2q1)

P (gaggé) < %f:/z e+(+P1+RP)sin?26 (O (412)

Further the unconditional average PEP with respect to all delay profiles is given as

E, <p (P2 )) =y (I, (1 + ke _y) (4.13)

4(1+P;+RP, )sin?0
Where, ¥(n(0)) = %f://z 7](1—9)d9 [20] . The total PEP for decoding at the destination is upper
bounded using the union bound which is the sum of the PEPs over all codewords S, ¢ C is given

as

P(S, - 5) < YU wp, 1+ kel __y, (4.14)

@ 4(1+ P, +RP, )sin? 6

For high SNR the total PEP is approximated as

d
< < (PPt o)
P(5, > 8)< ) Wk '
(82 = 35) 1 T=1 31+ P, 1 RP, s
a=

or,  P(S, = 55) < N W (I (i ——)7) (4.15)

a=1 4(1+P; +RP, )sin? @

where r is the rank of codeword difference matrix M, and equals R for all delay profiles in case
of full diversity ADSTBC. The result is extended to multiple antennas receiver with number of

antennas equal to N, and achieving full diversity is given as follows

Ng
P(s, - fﬁ) < ZIaS=|1 ¥ ((—4(1(+P;figl),2 )) Mg, (la,k)RNd) (4.16)

4.4 Results and Discussions of ADSTBC system

The analytical results have been obtained for the LDPC-ADSTBC system for single
transmitter-receiver pair and R relays. We assume that the source and relays are equipped with
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single antenna each whereas the receiver has variable number of antennas, N,. The number of
symbols transmitted in one frame is ‘N’. In this work, an irregular LDPC with column weight 3
has been employed. Monte- Carlo simulations using MATLAB validate the analytical results
obtained using Mathematica. A frame consisting of LDPC coded bits is sent from the LDPC
encoder with all the bits with random values 0 and 1 which has further been BPSK modulated
and broadcast to the relays. The results have been obtained from 1000 independent iterations of
each frame, for each value of SNR varying from 0 to 20 dB.

Figure 4.2 shows the plot of error performance of the synchronous DSTBC, ADSTBC and
LDPC-ADSTBC with varying N, at the receiver. It is observed that, at PEP of 1073 for single
antenna, the synchronous DSTBC requires an SNR 0f 19.25 dB, the ADSTBC requires 16.25 dB
whereas LDPC coded the ADSTBC requires 14.75 dB.
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Figure 4.2: Error performance of different systems by varying number of antennas (N,) at the
receiver
The comparison among the given schemes has been tabulated in Table 4.1. The results show an
improvement of 1.5 dB in SNR for PEP of 107 for the case of LDPC coded asynchronous
DSTBC system (LDPC-ADSTBC) over asynchronous DSTBC system and 4.5 dB owver
synchronous DSTBC.
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Table 4.1. SNR (dB) required for diffe rent trans mission sche mes for N=R=2

andvaring N, at PEP of 107

Scheme SNR(indB) required at PEP of10°
N,=1 N, =2
DSTBC 19.25 13
ADSTBC 16.25 9
LDPC-ADSTBC 14.75 8.25

When, N, is increased from a single antenna to 2, we observe an increase in diversity as well as
coding gain. At a given PEP for two antennas, SNR required LDPC-ADSTBC shows an gain of
1.25 dB in over ADSTBC system and approximately 4.5 dB over synchronous DSTBC. Figure
4.3 shows the PEP of the LDPC-ADSTBC with delay of two and one symbol period at the two

relay nodes with number of modulated symbols=2 and 3 and N, =1 and 2.
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Figure 4.3:Error performance of the LDPC-ADSTBC with varying number of symbols (N)

From Table 4.2, it is observed that, for the given PEP, LDPC-ADSTBC with N=2, Ny =1
requires an SNR of 14.75 dB whereas the LDPC-ADSTBC N=2, N, =2 requires an SNR of 8.5
dB . When we increase the number of modulated symbols from 2 to 3, the transmission rate

increases thereby leading to a fall in diversity. However the SNR required for N=3, in case of
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LDPC-ADSTBC N=3, N, =1 is approximately 17 dB whereas in the LDPC-ADSTBC N=3, N,
=2 case an SNR 0f 9.5 dB is required.

Table 4.2. SNR (dB) required for LDPC-ADSTBC for varying N and N,
and fixed R at PEP of 10

No. of modulated SNR (indB) required atPEP of10~°
symbols (N) with R=2

Nd =1 Nd =2
N=2 14.75 8.5
N=3 17 9.5

From Figure 4.4, it is observed that there is significant improvement in error performance of the
LDPC-ADSTBC with 3 relays(R) and 2 antennas at the receiver and the asynchronous LDPC-
DSTBC with 2 relays and 1 antenna at the receiver.
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Figure 4.4: Error performance of the LDPC-ADSTBC with varying number of relays (R)

In Table 4.3, it is evident that, for the given PEP and N, =1, the SNR required by LDPC-

ADSTBC at R =2 and 3 are 14.75 dB and 11.5 dB respectively, whereas with N,=2, the required
SNR decreases by 6.25 and 4.5 respectively. The performance of the LDPC-ADSTBC system
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approximates the results of [20] ,which is the case of PEP of synchronous scenario, even in the

asynchronous environment.

Table 4.3. SNR (dB) required for LDPC-ADSTBC for varying R
and Ny and fixed N at PEP of 10

No. of relays (R) SNR(indB) required at PEP of 10
with N=2
Ng =1 Ng =2
R=2 14.75 8.5
R=3 115 7

4.5 Comparison between LDPC concatenated ADSTBC and TRSTBC systems

The significance of the proposed work is highlighted only when it is compared to
other contemporary techniques designed for similar scenarios. As discussed in chapter 1, there
are different types of time domain approaches to combat the ill-effects of the asynchronous
nature of cooperative communications. Out of these, DSTBC systems in time reversal (TR) and
Linear dispersive (LD) structures find mention in this work. Time-reversal (TR) also known as
phase conjugation in frequency domain is a simple method of preparing a message such that it
appears at a particular time at a particular location in space and nowhere else. In TR, a signal is
pre filtered such that it focuses in space and time at an intended receiver. This is achieved by
using a time reversed complex conjugate of the channel impulse response at the receiver as a
transmitter pre filter. TR-STBC protects the Alamouti’s scheme by transmitting blocks instead
of symbols in the time domain.

In this work, we compare our proposed ADSTBC and LDPC-ADSTBC system with a
zero padded time reversal system [63] and its channel coded version, in terms of error
performance. Figure 4.5 shows the ABER results of proposed systems viz. ADSTBC and LDPC-
ADSTBC. The results have been compared with a TR based cooperative system and LDPC

coded TR system for asynchronous system.
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Figure 4.5: Comparison of ABER results of LDPC coded ADSTBC and TR system

From the figure 4.5, we observe that the ADSTBC system outperforms the TR system, with and
without channel coding. The LDPC-ADSTBC system shows a gain of approximately 10 dB over
the LDPC concatenated TR-STBC system. The performance of the LDPC-ADSTBC system is
improved further in terms of reliability and reduced complexity by joint selection of best
antennas and best transmit receive antenna pairs considering the system containing multiple

antennas. The improvised system is discussed in the next section.

4.6 System Model for RTRAS-LDPC-ADSTBC System
In the previous section we studied the design and analysis of LDPC-ADSTBC system. The

system shows improvement in terms of the ADSTBC system discussed in chapter 3. The
performance of the system is increased further by antenna selection namely the Joint Relay and
Transmit- Receive Antenna Selection (RTRAS) in this section.

The Joint Relay and Transmit-Receive Antenna Selection for Low Density Parity Check -
Asynchronous Distributed Space Time Block Coded (RTRAS-LDPC-ADSTBC) system is
shown in figure 4.6 which consists of a source transmitter, R relays and a destination, each

having N, N, and N, antennas respectively.
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Figure 4.6: Block diagram of RTRAS-LDPC-ADSTBC system

The cooperative communication exploiting amplify and forward (AF) protocol, is analyzed in two
phases as discussed in section 4.2.

Phase I: Let the source information s be the signal broadcasted using power P,. The signal
transmitted by the i** antenna of the source to the j* antenna of the k" relay where, k €

(1...R), and is received as
r! =Pk s+m, (4.17)

g ”'N]*, n, represents noise at the k" relay and is assumed to be AWGN

where, r) = [ .1,

with mean zero and variance o, . hgl represents fading between the i " transmitting and the jt"
receive antenna of the source and the k" relay, respectively.
hiy
hly€h, =+ = (4.18)
’ ’ . th Ny
k,1
The fading coefficients are Gaussian distributed random variables with mean 0 and variance 1.
Phase I1: The STBC symbols are transmitted, by the m‘"* antenna of k" relay to I** antenna of

P_Rpl, where P is the total power. The destination has

the destination with average power P, =

full information of the fading gains and respective delays from the relays. The coherence interval

is N and T for phase | and Il respectively. The signal transmitted by the k" relay is given by
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xpl = [P kA, T (4.19)

where, u, = — is the amplification factor atthe k*" relay , g, being the noise power at
Pllh;:’1| +a,
hics
the k" relay. R’ € hy, = ¢~ i | represent the channel coefficient between by the
. pNr Na
k,2

m™ antenna of the k*" relay and the [*" antenna of the destination. 4, is the OALD matrix of
size (T x N), for the k" relay, which distributes the N symbols among T channel uses. The signal
received at the destination is made delay tolerant by introduction of intentional delay at the k"
relay. The AF signal received at the destination from the source via k" relay is given as

Y = D(5k)x’;Z” +ny
= /P RED (8, )A, T + ny (4.20)

Where, n, is the AWGN at the destination being added to the signal from the k" relay. All the

other symbols hold their meaning same as in (3.5). Substituting rﬁf in equation (4.20), we obtain

the following expression for the received signal at the destination

Y =+ P1Pz#khg1h?5D(5k)Aks + \/qukhk'fél)(%)flknk +n
= PPk WL D(8,)As + w, (4.21)

where, n; is the noise present at the {*" antenna of the destination w;, = \/P,u, hftD(8,) A,y +

nl, is the total equivalent noise at the destination with respect to the k" relay .

4.6.1 Joint Relay and Transmit-receive antenna pair selection for RTRAS-LDPC-
ADSTBC system

For the given system model, a joint selection technique is used to select the best two relays using
order statistics provided that there are more than two relays. Apart from relay selection,
assuming the source, relays and the destination to have multiple antennas, best antenna at each
such node is selected for transmission and/or reception of signals. The relay and antenna
selection is done jointly. Prior to transmission of the information, the best transmitting, receiving

and receiving-transmitting antennas of the source, destination and selected relays respectively are
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chosen by maximizing the end to end SNR y,. The bold lines in figure 4.5 denote the selected
paths.

Using relay and transmit-receive antenna selection(RTRAS), LDPC coded information broadcast
from the source is being padded with suitable delay, multiplied with suitable OALD matrices,
amplified and relayed by the best two relays via their respective best transmit-receive antenna
pairs thereby forming distributed space time block codes at the destination in the asynchronous
environment (RTRAS-LDPC-ADSTBC).

The indices of the best relay(k), the best transmit-receive antenna pair between the source and
the selected relay(i, j), best transmit-receive antenna pair between the selected relay and the
destination (rh, [) are computed as follows [97]

{k, (&, ), (M, 1)} = argmax 1<k<R (y7™) (4.26)

1<i<Ng,1<j,m<N, 1<I<Np

Where,yk"j‘ml is the instantaneous end-to-end SNR through the k" relay obtained using RTRAS.
k={pa}r+q

@n, (k1) = { (1), (M, L)for k= p (4.27)

(1)), (¥,L) for k = q,q #

Here, p and q represent the best and second best relay respectively. (I,)) is the best transmit-
receive antenna pair between the source and p, whereas (M, L) is the best transmit-receive
antenna pair between p and the destination. Similarly, (1,]), (M, L) are the best transmit-receive
antenna pair of the ‘source - q” and ‘q- destination’, respectively. The total received SNR at the

destination i.e. y, is bounded as in (3.12) and given as

1
Y =¥ t¥ 2va 251 +¥ ) =W (4.28)

Where, y,, and y,,, arethe lower and upper bounds on the total end-to end instantaneous SNR.
4.6.2 CDF and PDF of the instantaneous SNR of RTRAS-LDPC-ADSTBC system

The CDF and the PDF of the best transmit-receive antenna pair between the source and k' relay

are defined by order statistics [108] and given as follows

59



Yk N, Nr

F)’hij ) = <1 —e Mka > (4.29)

k,1

Ng Ny—1

__Yk __Yk
Yh Yh
Ng Nye ""k1 (1—6 k.1 >

7hk,1

fyhij ) = (4.30)

Similarly, the CDF and PDF of the best transmit-receive antenna pair between the k" relay and
the destination is given as

Nr ND

7
Fyh% (v) = (1 —e k2 > (4.31)

Ny Np—-1

(4.32)

Yk Yk
N, Npe "Mz (1—e Yhi,z )
]_/hk,z

where, 7, = E{thl}a”d Vi, = Bk

f yhk’fé (YR

Since the source to relay and relay to destination links are independent, the CDF for end to end
SNR is computed exploiting its relationship with outage probability as given in [105]. CDF of
end to end SNR(y, ) via the k" relay = outage probability of y at y, is givenas

Fn)=1-Pr (Vhiél > 1) Pr(ngs > n)

—1- [1 — Pr (Vhi;ﬁ < yk>] [1-Pr (yh,’g <y)] @39

Since, Pr (yhff,l < )/k) = Fyh;'jl and Pr (Vh’,lfé < )/k) = Fyhk’fé’ therefore the above equation is

written using the values of CDFs from (4.29) and (4.31) in the (3.7), as

N,

E(y)=1- (1 = (1 - e_ﬁ> )(1 - <1 _ e_@> ) (4.34)

Considering Vhe, = Vn., =Yk (4.34) is re-written as

Yk
+ <l—e Vk)

v Ns Ny N, Np _vie\ Ns Np+N;. Np
E,(y) = (1 —e Vk) - (1 —e Vk) (4.35)

60



We differentiate the above CDF with respect to y, to obtain the end to end PDF through the k"

relay as

fy (yk) =

kg Ye\Ns N .
Ns Ny.e Vk<1—e Vk) 1—(1—9

S|
Ll t

Ny Np Yk Yk Ny Np-1 Vi Ng Ny
) +N, Npe Vk<1—e Yk) 1—(1—e Yk

Yk
The selection of the two best relays is not mutually independent events. Therefore we apply

) (4.36)

Order Statistics to compute the joint PDF of the two best selected relays

£, (v ) = RR = DIE, (v )IF2f, (5,)f, (v,) (4.37)

Taking into account the PDF of the delay profile (2) given in (3.16), (4.35), (4.36) and (4.37),
the overall PDF of the RTRAS-ADSTBC system is given as

_Y_q Ng Np. _Y_q N, Np
/(1—3 7k> +<1—e 7k> —\

_ R(R-1)
f(y,ﬂ) (Vp'yq' 6k) T 5 2 _vq\Ns Nr+Ny Np
(1 —e Vk)

max~ min)
Yq g\ Ns Nr-1 yqNr Np Yq YqNr Np-1 Yq\Ns Nr
Ny Npe Yk( Vk) <1—(1—e Vk) >+Nr Npe Yk<1—e Vk) (1—(1—e Vk) >
s Np-e

R-2

(
\
l/N A
\

The upper bound on CDF is given as

Fyup (2) = f(); fqu—yq foo (Vp' Yq, 6k)dyp dy, (4.39)

Where, z = yP + y2. Similarly, the lower bound on the CDF is computed as

2 —_
Fm (2) = foz fyqz " f(y.S) (yp' ¥q '5k)dyp qu (4.40)
Using the derived bounds on the CDF, we have plotted the results for upper and lower bounds on

PEP and Outage Probability in the results section.
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4.7 Performance Analysis of RTRAS-LDPC-ADSTBC System

(a) Outage Probability

Outage probability is another measure that is widely used in wireless channels for the evaluation
of the performance of wireless communication systems. The probability that the total
instantaneous SNR at the destination being less than a given threshold y,, is defined as the
outage probability (Pout).

PRTRAS = Pr(z <vy,,) (4.41)

The outage probability can directly be obtained from the CDF of the total instantaneous SNR at

the destination as:

PETFAS = F (1) (4.42)

pub — (3 [Yen=d 5, )dy, d 4.43

ot = o2 I, for) (oo Yo Si )y (4.43)
2 -

Poe = f(:/th fq v qf(y,S) (Vp’yq"sk)dyp dv, (4.44)

(b) Pairwise Error Probability
Let P,z be the probability of mistaking S, by S; , where S, and S, are codewords in the
RTRAS-LDPC-ADSTBC code set conditioned on the fading channel matrix H and the delay

profile Qis given as:

22 H (5.~ s I,

Pap = (S, =S5/ H2) = Q J T

(4.45)

2(noise variance)

where the equivalent noise variance is given by ——+ o, g, is the noise power at the relay

P.
P, +g,  0'70

and destination.

P1P2 H (Sq—Sg) (Sa—Sp)HHH

P(S,— Sg/H,02) =Q j ” g ) (4.46)
Pi+op 0

By using the Craig’s bound, where Q(x) = > f;r/z

T

—x2
easin?6 df on Py, :

-(P1P3 H (Sa- Sg) (Sa—Sp)H!)

P(Se—>Sp/HD) <= (e AP 1+P2)Sin? 6 do (4.47)
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Simplifying (4.49) using the Eigen value decomposition of the codeword difference matrix
Mop = (Su— Sp) = S@NEH (), () §() = §¥ (0) §(0) =Identity matrix

H Sy~ Sp) (S — Sp)"H" = T2 _1 Ay Tiy [ il (4.48)
Where, A5, are the eigen values of the codeword difference matrix M,z and h r, are the
elements of the equivalent matrix H = H{(2) . Substituting (4.48) in (4.47),

2 2 1= |2
_P1P22k=1)“,8,k 2:i=1|h E,k|

4(P1+P3)sin2 6 do (449)

n/2

P(Sy— Sg/H.) <~ [

Since,

5 2
PP, 2E=1‘7il€k|
(Py+P3)

=yP+yl=z (4.50)

The bounds on the average PEP is obtained using as:

Zk 11 kZ
P(S,— Sp) < —f f 4sm29 F,, (2)dodz

_Aﬁ,kz
Or, Py (ub) < = [ T2, []"* e %70 F, (2)d6dz (4.51)

_}‘B,kz
Pu(lb) = = [ TI2_, [/ ewn?0 F, (2)d0dz (4.52)

Owing to the complexity involved in simplifying the power series involved in the joint PDF,
numeric values of upper and lower bounds on the outage probability(Poy:) and the pair-wise error

probability is computed .

4.8 Results and Discussion of RTRAS-LDPC-ADSTBC System

In this section we provide the analytical results which are verified by the simulation results.
Figure 4.6 depicts the PEP of the ORS-LDPC-ADSTBC system.
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In figure Fig. 4.7, we observe an increase in the diversity gain by increasing number of candidate

relays suitable for selection. Considering the lower bound on the PEP, there is a gain ofover 1dB

and 2.4 dB at PEP of 10™* respectively as number of candidate relays are increased from four to

five to six.
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Figure 4.8: PEP bounds of RTRAS-LDPC-ADSTBC for N, = 1,N, =2 ,N, = 2and varying R



In figure 4.8, we study the effect of joint relay transmit-receive antenna selection (RTRAS) on
the LDPC-ADSTBC system. It is observed that TRAS further improves the performance of the
relay selection based system. The analytical results are supported by the simulation results. For
PEP of 107, there is a gain of 6dB in the lower bound of the system for four candidate relays,
assuming N, =1,N, =2 and N, = 2, for the RTRAS-LDPC-ADSTBC system compared to
the RS-LDPC-ADSTBC system. The performance increases with increasing the size of the set of
relays(R) for selection. In this work, we have considered R=4, 5, 6 respectively. At low SNR
values, the improvement in error performance is not as significant as at higher SNR values. As
we increase the number of candidate antennas for TRAS, there is further increase in the error
performance.

In figure 4.9, by increasing N, from one to two, without changing N, and N,, ie. N, =
2and N, = 2, there is observed a gain of approximately 2dB in the lower bound for PEP of
107> for R=4. As we increase the number of relays to 6, there is a power saving of 3dB. The
analytical and simulated results are compared in figure 4.8 for RTRAS-LDPC-ADSTBC for
R=4,5,6, Ny=2,N. =2and N, = 2.
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Figure 4.9: PEP bounds of RTRAS-LDPC-ADSTBC for N, = 2, N. =2, N; = 2and varying R

In figure 4.10, we study the performance of the ORS-LDPC-ADSTBC system with respect to the

outage probability. For the evaluation, y,, =3.
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Figure 4.10: Outage Probability bounds of ORS-LDPC-ADSTBC without TRAS

We compare the simulated P, results with the derived lower and upper bounds on it. As in
PEP, the outage probability also shows significant performance gain with relay selection. As we
increase R, there is observed marked improvement in the performance. For P, 107%, there is a
saving of approximately 3.3 dB if we increase R from 4 to 6. For the upper bounds, a gain of

approximately 4dB is obtained for the same situation.
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Figure 4.11: Outage Probability bounds of RTRAS-LDPC-ADSTBC for N, =1,N, =2 ,N,; =
2 and varying R
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In figures 4.11 and 4.12, we observe the advantage of RTRAS over plain relay selection with
respect to the outage probability. Although relay selection offers significant performance gain
which is bettered by increasing R or the freedom of degree, application of TRAS over it leads to
higher performance gains. This is justified by figure 4.11, which shows the lower and upper
bounds of RTRAS-LDPC-ADSTBC for R=4, 5,6, N, =1,N, =2 and N, = 2. ForP,,,, 107*,
considering the lower bound, a gain of approximately 8dB is obtained for R=4 in the RTRAS
system over the RS system. This gain is further increased by increasingN, ,N, ,N,. In figure
4.12, we observe that by increasing N, from 1 to 2, increased power saving by more than 2.5 dB

is obtained over that obtained in figure 4.11.
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Figure 4.12: Outage Probability bounds of RTRAS-LDPC-ADSTBC N, =2,N, =2 ,N, = 2
and varying R

Table 4.4 depicts the performance of the ORS as well as joint RTRAS based LDPC-ADSTBC
system. It is observed from the table that RTRAS provides gain over ORS. Further by increasing
the number of relays and antennas lead to better performance in terms of improved PEP and

P

out*
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Table 4.4: Performance comparison of ORS-LDPC-ADSTBC
and RTRAS-LDPC-ADSTBC

System Bound | ORS-LDPC-ADSTBC | RTRAS-LDPC-ADSTBC
N, =N, =N, =1, N, =1,N, = N, =2,
SNR(dB) SNR(dB)

Parameters

No. of Relays(R)

R=4 R=5 R=6 R=4 R=5 R=6

Pairwise Error Probability Ib 17 16 14.6 11 10.5 10
(107%) ub 20 19 18 14 135 13

Outage Probability (107%) Ib 16.6 14.6 13.3 8.8 7.7 7
ub 20 18 16.3 11.8 10.8 10

4.9 Comparison of LDPC and Turbo coded asynchronous cooperative systems

The 3GPP study report [74] lays down the requirements of next generation access technologies
which include high throughput, low latency, strong error correction capability and low
implementation complexity. During the study phase of 5G standardization, many coding schemes
including 4G’s were evaluated based on the aforementioned requirements, such as the Turbo,
LDPC and Polar codes. Erstwhile, for the implementation of 3G and 4G wireless technology,
Turbo codes were used for channel coding. Hence it becomes a realistic step to do a qualitative
and quantitative comparison between the proposed LDPC-coded system with a turbo coded
system for asynchronous cooperative communication system present in literature. In this section
the error performance of the a Turbo coded multiple relay aided Loosely synchronous
Cooperative Differential Space Time Spreading (LS CDSTS) [75] system has been compared
against the RTRAS LDPC ADSTBC system.
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4.9.1 Block diagram of the Loosely synchronous Cooperative Differential
Space Time Spreading (LS CDSTS) system

In the broadcast phase the source message is differentially-encoded by using Recursive
Systematic Convolutional (RSC) code, interleaver , a recursive Unity-Rate Coder (URC) and the
DPSK mapper block. Further, the DPSK-modulated symbols are spread using a source-specific

direct sequence spreading code.
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Figure: 4.13 Schematic of Source and relay nodes of CDSTS system [74]

In the cooperative phase-I1, the received signals at the receiver are dispread and decoded, making

use of inner and outer decoder as shown in figure 4.14.
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Figure 4.14: The Three stage iterative detector at the destination [74]

4.9.2 Error performance comparison of LS CDSTS and the RTRAS LDPC
ADSTBC systems

It can be observed from figure 4.15 that the LDPC coded system shows higher reliability over the
Turbo aided system. At the SNR of 10 dB, the LS CDSTS system shows an error of 2.5 x 10~*
whereas the RTRAS LDPC ADSTBC system has an error of approximately 10~*. The error
performance is further improved by increasing number of source antennas from one to two. The

error thereby reducesto 2.5 x 1075,
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Figure 4.15: Comparison of Turbo and LDPC coded system in asynchronous cooperative

scenario
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Table 4.5: Error Performance of RTRAS LDPC-ADSTBC and LS CDSTS systems

SNR (dB)required for BER 1073

LS CDSTS RTRAS-LDPC-ADSTBC
N.,=1,N, =N, =2 N,=N, =N, =2
8 7 7.6

From table 4.5, it can be observed that the proposed RTRAS LDPC ADSTBC system
outperforms the turbo coded LSCDSTS system by an SNR gain of 0.4 dB. If the number of
source antennas in proposed system is increased from one to two, the gain is of 1dB.

4.10 Conclusions

In this chapter, we have analyzed the error performance of LDPC codes concatenated with
ADSTBC system. The PEP of the system under study is analyzed using Craig’s bounds.
Analytical results verify the performance of the LDPC-ADSTBC system. We obtain an SNR
gain of over 5 dB with LDPC-ADSTBC as compared to synchronous DSTBC system.
Performance further improves by increasing number of relays. It is concluded that LDPC-
ADSTBC codes perform better than their synchronous counterpart. In this work, we have
compared the proposed LDPC-ADSTBC system with an LDPC concatenated TR-STBC system.
Results show that former outperforms the latter. We have also derived the bounds on the CDF
and PDF of the RTRAS-LDPC-ADSTBC system. We have analyzed the performance of the
system in terms of pair-wise error probability (PEP) as well as the outage probability (P,,,). The
analytical and the simulation results confirm that by increasing the number of candidate relays
and antennas at the source, relays and the destination, the performance of the system improves

considerably. Results corroborate that RTRAS provides increased performance gain over ORS.
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Chapter 5

Performance Analysis of ADSTBC and LDPC-ADSTBC systems using
Selective Decode and Forward relaying in Different Fading channels

In the present chapter, the Amplify and forward based ADSTBC and LDPC-ADSTBC system
models studied in Rayleigh fading environment, presented in chapter 3and 4 respectively, have
been extended in Rician fading channel. The above mentioned systems show versatility not only
in terms of fading scenarios, but also in the methods of relaying. A non-regenerative relaying
protocol, Selective Decode and Forward relaying has been used in the present system design.
The performance analysis has been done using average bit error rate (ABER) for the ADSTBC

system and pair wise error probability (PEP) for the LDPC concatenated ADSTBC system.

5.1 Introduction

As discussed earlier, cooperative communication systems play a very significant role in

providing a reliable and high rate wireless communication. With the emerging of several 5G

technologies such as device-to-device communication in loT or wvehicle to vehicle

communication, there are cases of line of sight (LoS) and non- line of sight (NLoS) scenarios.

The existing literature presents cooperative systems in different channels[109-112] Two-wave

with diffuse power (TWDP) fading is used to model LoS (Rician fading), Rayleigh fading and

severe fading environment [112]. The distributed random locations of the relaying nodes and

differing times of transmission from them makes cooperative communication an asynchronous

system [52]. The present work analyses the performance of a selective decode and forward (DF)

[20] based asynchronous distributed space time block coded (ADSTBC) system in TWDP fading

channel.

Contributions of this chapter are as follows:

» Analysis of the selective DF based ADSTBC systemon the basis of ABER in Rayleigh and
Rician fading channels.

» Analysis of selective DF based LDPC-ADSTBC system on the basis of PEP in Rayleigh and

Rician fading channels.
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5.2 System Model of Selective DF based ADSTBC system

The Selective DF based ADSTBC system consisting of a transmitter, a receiver and ‘R’ relays.
The information signal is broadcasted to the relaying nodes. The cooperative communication
process is realized using the Selective decode and forward (DF) protocol. In Selective DF, only
‘R> nodes out of ‘R’ nodes participate in the relaying phase which have successfully decoded
the information and have received signal to noise ratio (SNR) greater than a threshold. The
codeword s is decoded as vector r, by the k" relay. This decoded symbol vector is linearly
modulated using dispersion matrix A, , re-encoded and transmitted with average power P,as x;,

is given below
xk =\/F2Akrk (51)

In order to make the system, depicted in figure 3.1, delay tolerant, the received signal at the

destination becomes:
y=XR  JP,(AD(5) AT, )+ W (5.3)

where, H = h® 1,, I1,=Identity matrix of size(T+ maximum delay), ® denotes the kronecker

product, h = [hL2 o hgy], O is TWDP fading coefficient from k** relay to destination,

05k><T
D(6,,) = delay matrix= I, , O denote a zero matrix. &, is the delay observed for

0(6max—6k)><T
the k" relay at the receiver relative to the first relay and w is the additive white Gaussian noise
with variance N,,.
Two Wave Diffuse Power (TWDP) channel
In this work, the Two Wave Diffuse Power (TWDP) channel has been used to realize different
fading channels such as Rician and Rayleigh. Owing to the non availability of the exact closed
form expression, an approximate probability density function for the instantaneous SNR of the
TWDP channel is given as [113]

K’*Yk

Py y——
f, (vi) ::_]—,Z?ﬂzzl):o ace 707 I0(2\/ Fg,v) (5.4)
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where, k = K + 1, K here denotes the total specular power to the diffuse power, y is the average
SNR of all relay to destination links.
Py =—-D1+a,), Ppy=k-1D(1-a), (5.5)

n(c 1)

where a, = Acos ( )and A is the relative strength the specular components. Z defines the

order of the TWDP fading. a, are constant coefficients related with the fading and first five

values are tabulated in [112]. I, is the modified zeroth order Bessel function of the first kind and

I, = Pag=v¥X Tpg joint PDF of R statistically independent relay nodes which have successfully
) 2y

decoded the information and have received SNR greater than a threshold, is given as
e w) =11 (), v=1,...,R (5.6)

In this work we assume that the value of R=2. Lety, = x and y, = y. The joint PDF of the

instantaneous SNR from the two relaying nodes through the TWDP channel is expressed as the

product of their respective marginal PDFs, owing to statistical independence between them

f,ey) = £, f, )
_< IZL =0 p PZP_L 4 I (2\/7)> (2), (u Oanse_ Zn_w_x_;xlo(z\/ Yﬂ,w)) (57)

The joint PDF in (5.7) is approximated using [108 eqn(9.6.47)] as

Z 1
f,(xy) = ZZape Pro-y oF,(G1;0.25
p=11=0
2 Z 1 2
—P,y_ X
‘ (2 /XN) ) Z Z a,e " TT O, (1;0.25 *(2 ) | 58)
n=1w=0

Where (F, (Ga;z) is the Confluent Hypergeometric function. An approximate result for the
above PDF may be obtained by expanding the Confluent Hypergeometric function to its first two
values. We proceed with the mathematical analysis with respect to the upper bound on the CDF
and PDF.

5.2.1 CDF of the total instantaneous SNR

Assuming, z < x+y, is the total instantaneous SNR at the destination, the upper bound on the

CDF may be obtained as follows

F, (2) =f0 f f.,(x,y)dxdy
y
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z—y ; Z 1 _Pzp_L_K_LX y Z 1 _Pzn_w_K_Ly
f 2—)72 Zape Y I <2 ’XN) 2—}72 Z ame Y I (2 /Yn,w) dxdy

Il
P

<

1 Z Z 1 1 1 zK+]7P2p__L+7P217—w =
:47—42222 52¢ 7 va,ay By (4y((=1+e¥)y

ZK
—zK) + (6(=1+eY)y? — 6yzKk — 32*k*)P,,_,) + P,,_,(37(2(~1
ZK

+e¥)y? —2yzK — 2%Kk%) + 2(6(—1+ ez)7_x)]73 — 6722k — 3722K?
= 2°K%)Pyp_y))
(5.9)
We obtain the joint PDF by differentiating (5.9) with respect to z as
1.2 1 ZK+]7P2p_L+7P2n_w 2
(@)= Z Z Z 96y4 v va,a, B7(4y(—k + e ¥ k) + (—67k

= = =0 w=0

ZK
+ 6e ?)7 — 62K*)P,, ) + Py, (B7(—27K + 2e 7 ik — 22%) + 2(—67K
ZK

+6e7 yxk — 67z — 32°K3)P,, )

ZK+7P2p—L+]7P27‘] -w ZK

—e v a,a, (37(47((—1+ eV )y — ziK) + (6(— 1+8V)V

ZK

— 6yzK — 32°k*)P,, ) + Py, (37(2(—1+ eV )y? — 27zK — z%K?)

2p—t

ZK
+2(6(=1+ e7)y® — 6y2zk — 3yz%Kk* — 2°k®)P,,_,))) (5.10)

The overall PDF of the Selective DF based ADSTBC system takes into account the PDF of the
delay profile (3.16) and is givenas

ZK+7P2p—L+7P2T]—(lJ

12 1220 0= 096y4 (e Y va,a, B7(47(—k + eV k) +

f:s‘ys (2) =

(6‘”1[1)(_6171111) 2

(—6yK + 66?)7}c — 62K2)Pyy_ ) + Pop—, BV (—27K + 2e 7 7K — 2zK%) + 2(—67 %K +
ZK+YP2p—1+YP2n-w

6e7 vk — 6yzK% — 322K3)Pyy_,,)) — € ¥ 7a,a,BY(47((—1+e7)y — zx) +

(6(=1+ e7 7% — 6yzKk — 322k2)Pyy_y) + P2p- (37 (2(—1 + €7 )7? — 272k — 2%K?%) +
2(6(—1 +e7)y3 — 6y2zk — 372%k? — 23k3)Pyp_,))) (5.11)
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Using the derived PDF, we analyze the Selective DF based ADSTBC system on the basis of
ABER in the following section.

5.2.2 Average bit error rate (ABER) of ADSTBC system in different fading channels

The average bit error rate (ABER) is obtained by averaging the received error conditioned of the

system with respect to the PDF of the system.
P, = fooo P,(2)f;ys(2)dz (5.12)

P,(z) is the system error conditioned on the fading channel. An approximate expression for the

-4z
1 -z

conditional error is given in (3.19) as P,(z) = ce+ %eT for BPSK modulation.

1 -4 1 Zz Z 1 1 1 ZKA Pap_ HT Py zx
+§e 3 )(6 5 222296\?‘*(6 14 ya,a, By(4y(—k + e Y k)

ZK ZK

+ (—67K + 6e 7 yk — 6zK2)P,, ) + Py, (37(—27k + 27V 7Kk — 2zK?) + 2(—67°K

ZK ZK'+]_/P2p_L+]_/P2n_w ZK

+ 6e7 y2k — 6yzK* —3z%K*)P,, ) — e v ya,a, B7(47((—1+e7 )y — zk)

ZK ZK
+ (6(—1+ e¥)y? —6yzk — 32%k*)P,, ) + P,  (B37(2(—1+ eV )y? — 2yzK — 2°K?)
ZK

+2(6(—1+e7)y®—6y%zk — 37z%Kk? — 2°Kk3)P,, ) dz

: (
1 27

yA 1 1
1
— —P2p—=P2n—w 32 2 _4< + )
967% (Brmax — Omin)? Z Z Z Z ¢ apay| 27\ G a7t Gy 1 302

p=1n=11=0 w=0

3y %k 9yk
+ Py, _
F+K)3 (§+E)3 an-e
37
P _4( 1 N 81 )+ 274K N 6K p \i
e\ TG0 T Gy 4303 T o Gy )
37

(5.13)
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This is the closed form equation for the ABER of the system.

5.3 Results of ADSTBC system in Rayleigh and Rician fading channels

The new derived closed form expressions are validated by Monte-Carlo simulations. The ABER
derived in (5.13), has been plotted in figure 5.1. At the source the information bits with random
values 0 and 1 has been BPSK modulated and broadcast to the relays. The results have been
obtained from 1000 independent iterations of each frame, for each value of SNR varying from 0
to 20 dB. TWDP fading is used to model the channels. It is assumed that the receiver has full
channel and delay information from the relay nodes to the destination. The performance curves
are plotted for TWDP fading channels for different values of K and A. The Rayleigh and Rician
fading channels are special cases of TWDP fading. By decreasing the value of K= 0, one
approaches scenario closer to Rayleigh, whereas Rician fading is modeled by reducing the value
of A to zero and K>0. ABER curves for the above mentioned fading channels have been plotted
along with other cases of TWDP fading.

In figure 5.1 we, plot the ABER curves for K=1 and differing values of A with respect to the
Rayleigh case obtained by putting K=0. It is observed that as we decrease the value of A
i.,e.move closer to the Rician type , the ABER reduces. By decreasing A from 0.8 to 0.5, we
observe a gainof 0.5 dB for 10dB average SNR for ABER of 10~*. We observe that for A=1 i.e.

the TWDP case is depicting the worst case scenario.

i

Ray.,K=0 1
—HB— Ric. K=1,A=0 |7
—— Ric.,K=1,A=05 |]
—%— Ric.,k=1,A=0.8 ||
—O— TWDP,K=1,A=1 ]

Simulation

Avg. Bit Error Rate

X t \
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e

N
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0 2 4 6 8 10 1 16 18 20
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Figure 5. 1: ABER for ADSTBC system for K=1 and different values of A
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In figure 5.2 ABER results for K=3 and different values of A is plotted. We observe from the

figure that as we decrease the values of A from 1 to 0, the performance improves.

10"

—— Ray.,K=0
—B— Ric.,K=3,A=0
—— Ric.,K=3,A=0.5
—¥— Ric.,K=3,A=0.8
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SNR(dB)

Figure 5.2: ABER for ADSTBC based system for K=3 and different values of A
Comparing figure 5.1 and 5.2 we observe that this improvement becomes more pronounced
when K increases from 1 (figure 5.1) to 3(figure 5.2). Figure 5.3 illustrates the ABER results for

K=5 and various values of A. We see that the performance improves while decreasing A.
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Sk —B— Ric. K=5,A=0 |
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Figure 5.3: ABER for ADSTBC system for K=5 and different values of A
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Also a comparative analysis of figures 5.1, 5.2, and 5.3 make clear that as K increases the
improvement in the performance is registered in the form of coding gain. We also observe that
for K=5, for SNR below 13 dB, TWDP fading shows better results as compared to the Rayleigh
fading. Table 5.1 tabulates the values of ABER for different values of K and A. For an ABER of
10™* deterioration of approximately 3 dB to 5 dB is observed as we move from Rician fading
with K=3, A=0, to K=3, A=0.5 to TWDP fading with K =3, A =1. The system improves in case of
Rician fading as K increases, whereas we can observe deterioration in performance for the

TWDP cases while increasing K.

Table 5.1 Performance of ADSTBC systemin terms of ABER for Rayleigh and Rician

fading channels

Channel Rayleigh Rician

K =0 K=1 K=3 K=5
Metric

A =0 A=0 | A=0.5 | A=1 | A=0 | A=0.5 | A=1 | A=0 | A=0.5 | A=1

ABER for 107 16.8 154 | 158 | 172 | 11 14 16 5 9 16.9

5.4 LDPC concatenated ADSTBC system in different fading channels

In this work Low Density Parity Check codes based Asynchronous Distributed Space Time
Block Coded (LDPC-ADSTBC) system has been presented where the source information is
LDPC coded and then broadcasted to the relays. The relays employ Selective DF to forward the
incoming signal to the destination. It is assumed that the source to relay link suffers no error and
relays are selected on the basis of an SNR threshold. In this work, R refers to the number of
relays selected for relaying, out of the total R relays. It is assumed that the receiver may have N,
antennas as contrast to the single antenna source and relay nodes. The signal received at the

destination are detected using a Maximum Likelihood (ML) Decoder and given as
N , — = |2 . — — ——_q2
s=arg mmsk”y - JP,HC| =aryg mmsk”y — JP,HD() 75| (5.14)

The output of the ML decoder is given to the LDPC decoder which outputs the estimated

information vector.
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5.5 Performance Analysis of LDPC-ADSTBC system on the basis of Pair wise
Error Probability (PEP) in Rayleigh and Rician Fading Channels

The Pair wise Error Probability (PEP) for Selective decode and forward (DF) relaying protocol,

it is given as

JE G, -5 IIZF) (5.15)

2 2
2(P, TR o] +1)

P(Sy— S5/ H,Q) = Q<

where the P, 21‘,§=l|hk_2|2 + 1 denotes the noise variance. Using (4.8)-(4.10), (5.15) may be

written as
: _ 2
505 _ o ({7 Sh e SR
P( H,0 ) Q( 2(P, 2RIy, |" +1) (5.16)

Using Craig’s bound [106] and (4.), (5.16) is re-written as
_PZZ§=17\a'k Z§=1|Hﬁk|2

2
P(Sy — Sp/H,2) < %fon 2 g #®2Tfs|rial +sin?o g (5.17)

Let the expectation over all |hk,2|2 is approximated by its mean, R which is the number of

selected relays. The average PEP is given as

P(S, » S)< ¥ w1+ ek, (5.18)

a 4(1+RP, )sin?0

For high SNR the total PEP is approximated as

- - Is| A Pyt Ag i
P( Sq = S,B) S Z:oz=1 ¥ (= 4(1+}§P2 )sinze)

For, large number of selected relays i.e. R »1

_ _ Ay
P(S, > 5p) < I8 Wk, ek (5.19)

a 4Rsin? 6

5.6 Results and discussion of LDPC-ADSTBC System in different fading

channels

This section demonstrates the PEP performance in Rayleigh and Rician fading channels. The
Monte Carlo simulation results have been obtained for 1000 iterations. Different values of K

characterize different channels. Figure 5.4 depicts the error performance of the ADSTBC and
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LDPC- ADSTBC systems in Rayleigh (K=0) and Rician (K=1) fading channels. It is observed
that for PEP of 10, a coding gain of approximately 2 dB is achieved with the concatenated
LDPC-ADSTBC system over the ADSTBC system in different fading environments. For a PEP
of 10, the gain is of approximately 1 dB. For the LDPC-ADSTBC system, we assume N, =
1,2 antennas at the receiver and R = 2. From the figure 5.4 it is observed that the LDPC-
ADSTBC systems improves by approximately 6 dB in Rayleigh fading channel, when
Ny increases from 1 to 2. A gain of about 3.5 dB is obtained when there is a change of channel

from Rayleigh to Rician.

PEP of ADSTBC and LDPC-ADSTBC with Nd=1,2 in Rayleigh and Rician channels (K=1)

--©-- ADSTBC(Ray.),Nd=1
LDPC-ADSTBC(Ray.),Nd=1
—©— ADSTBC(Rcn.),Nd=1 —
LDPC-ADSTBC(Rcn.),Nd=1 |—]
ADSTBC(Ray.) ,Nd=2
--4--' DPC-ADSTBC(Ray.) ,Nd=2 |
ADSTBC(Rcn.),Nd=2
—&— | DPC-ADSTBC(Rcn.),Nd=2

0 2 4 6 8 10 12 14 16 18 20
SNR(dB)

Figure 5.4: PEP of ADSTBC and LDPC-ADTBC system in Rayleigh and Rician (K=1) fading

channels

Figure 5.5 depicts the PEP performance of the ADSTBC and its LDPC coded version for Rician
(K=3) channel with varying number receive antennas. We observe in figure 5.5 that for a PEP of
10™* the LDPC-ADSTBC shows a gain of 5.5 dB in Rician fading while increasing number of
receive antennas from 1 to 2. While shifting from Rayleigh to Rician there is a gain of 5 dB and4
dBfor N;y=1to N, = 2.
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PEP of ADSTBC and LDPC-ADSTBC with Nd=1,2 in Rayleigh and Rician channels (K=3)
10 r r r

--©-- ADSTBC(Ray.),Nd=1
--©-- LDPC-ADSTBC(Ray.),Nd=1
—O6— ADSTBC(Ren.),Nd=1
—O6— LDPC-ADSTBC(Rcn.),Nd=1
ADSTBC(Ray.) ,Nd=2
4~ LDPC-ADSTBC(Ray.) ,Nd=2
ADSTBC(Ren.),Nd=2
—&— LDPC-ADSTBC(Rcn.),Nd=2

P N W R

I

P AR T
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Figure 5.5: PEP of ADSTBC and LDPC-ADTBC system in Rayleigh and Rician (K=3) fading

channels

PEP of ADSTBC and LDPC-ADSTBC with Nd=1,2 in Rayleigh and Rician channels (K=10)
10 r r r

--©-- ADSTBC(Ray.),Nd=1
--©-- LDPC-ADSTBC(Ray.),Nd=1
—©— ADSTBC(Rcn.),Nd=1
—©&— LDPC-ADSTBC(Recn.),Nd=1
ADSTBC(Ray.) ,Nd=2
--4-- LDPC-ADSTBC(Ray.) ,Nd=2
ADSTBC(Rcn.),Nd=2
+— LDPC-ADSTBC(Rcn.),Nd=2
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Figure 5.6: PEP of ADSTBC and LDPC-ADTBC system in Rayleigh and Rician (K=10) fading

channels
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Figure 5.6 illustrates the error performance of the ADSTBC and LDPC-ADSTBC systems in
Rician(K=10) channel as compared to their performance in Rayleigh channel for N, = 1,2. The
performance increases by about 9.5 dB when the ADSTBC system is observed in Rician channel
as compared to that in the Rayleigh scenario for N, = 1. Similarly for the LDPC —ADSTBC
system this gain corresponds to 9 dB. While increasing N, to 2, gain is of 5dB for the channel
coded system. Table 5.2 tabulates the SNR (dB) requirement for PEP of 10™. From the table we
observe that the LDPC —ADSTBC system out performs the ADSTBC system in all the different
channel scenarios. We can generalize that the error performance improves with increasing value
of K in the Rician channel. By increasing the number of receive antennas at the destination,

further improves the performance.

Table 5.2 Error performance of LDPC-ADSTBC system for Rayleigh and Rician fading

channels
SNR (dB) required for PEP of 10™
Channel Rayleigh | Rician

System (K=0) (K=1) | (K=3) (K=10)

Ng=1 |18 155 13.6 9.6/9.3
ADSTBC Ng=2 | 10.2 6.6 6.3 4.8/5

Ng=1 |17 13.4 12 7.8/7.9
LDPC-ADSTBC | Ng=2 | 9.6 6 5.5 4.3/4.4

5.7 Conclusion

In this work, we have investigated the performance of a Selective decode and forward based
ADSTBC and LDPC-ADSTBC in different fading scenarios. TWDP channel model suffices the
worst case scenario, with Rayleigh and Rician as special cases. Closed form expression has been
derived for the average bit error rate for ADSTBC system. The AF based LDPC-ADSTBC
system introduced in chapter 4 has been evaluated for the above mentioned adaptive relaying
protocol in Rayleigh and Rician fading environments. Analytical expression for PEP has been

derived and error performance of the system been evaluated using the same.
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Chapter 6

Conclusions and Future scope

6.1 Conclusions

The basic requirements of a wireless communication system are high data rates, high reliability
with reduced power requirements, complexity and latency. In this thesis, we have proposed a
DSTBC system for asynchronous environment known as ADSTBC system. The proposed system
is based on linear dispersion codes which are optimized for asynchronous scenario. The basic
model of the ADSTBC system is improvised using Optimal Relay selection (ORS), joint Relay
and Transmit-receive Antenna Selection (RTRAS), Selective Decode and forward which leads to
efficient utilization of system resources, reduced system complexity, power consumption and
overall implementation cost. The proposed system fulfils all the aims of this research work

defined at Section 1.5, as follows:

» Design of a versatile DSTBC system yielding capacity and diversity gains in asynchronous
scenarios.
The first aim i.e. To design a versatile DSTBC system for the asynchronous scenarios is
achieved first by designing an optimized linear dispersion (OALD) matrices and using the
same for creating the desired DSTBC system. The proposed system is capable of performing
with random number of relays, number of symbols, number of receiver antennas, relaying
protocols and different fading channels.

» Reduction in system resources and the overall system complexity.
The second aim i.e. To reduce the system resources and the overall system complexity is
achieved by Optimal Relay Selection (ORS) and joint Relay and Transmit —Receive antenna
pair selection (RTRAS)

» Reduction in the error floor by channel coding.
The third aim of Reducing the error floor by channel coding has been catered to by
concatenating the ADSTBC system with Low Density Parity Check (LDPC) codes. The
LDPC codes are very powerful codes and thence significantly reduce the error in the system.
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First of all, Linear dispersion matrices are optimized for asynchronous scenario and designed to
yield optimal capacity and diversity gains. In this work these are known as OALD matrices.
These OALD matrices are used to linearly modulate the signals received by the relays and play
an important role in the design of a versatile ADSTBC. The ADSTBC system is analyzed after
deriving its PDF which is used to evaluate ABER and Ergodic capacity. This system is
improvised using relay selection technique and called ORS-ADSTBC system. Closed form
expressions of ABER, average post processing SNR and ergodic capacity have been achieved

after deriving the PDF of the system. This meets our objective 1.

The ADSTBC system designed in chapter 3, has been concatenated with a powerful error
correcting channel codes, Low Density Parity Check (LDPC) codes to yield the LDPC-ADSTBC
system. The system is analyzed on the basis of PEP. In order to improve the system performance
and reduce the complexity, joint Relay and Transmit-Receive Antenna Selection (RTRAS) has
been incorporated in the above mentioned system to get RTRAS-LDPC-ADSTBC system.
Objective 2 is achieved by analyzing the performance of the system using materics viz. PEP and
Outage Probability. Further we compare the error performance of the LDPC-ADSTBC and a
LDPC-TR-STBC system on the basis of ABER fulfilling objective 4.

Objective 3 is achieved by analyzing the ADSTBC and LDPC-ADSTBC system in different
fading scenarios such as Rayleigh and Rician fading channels. Selective Decode and Forward
relaying protocol is used to analyze the system. A Two wave Diffuse Power fading model is
used to obtain different fading channels. The PDF of the system is derived and based upon the
same ABER is evaluated to analyze the ADSTBC system. The LDPC-ADSTBC system is
analyzed based on PEP.

Table 6.1 gives the summary of the work done in this thesis.
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Table 6.1 Summary of achieved results at a glance

Proposedsystems Parameters | Results obtained Conclusions
for analysis
ADSTBCsystem ABER e SNR gain of 5dB and 8dB | The performance of the
respectively  when ‘R’ | system improves while
(Objective-1) increases from 2 to 3 to 4. increasing the number
Ergodic e Capacity gain of 100% and | of relays and/or number
Capacity 60% respectively  with | of symbols
‘R’and N increasing from 2
to 3
ORS-ADSTBC ABER e SNR gain of 10dB over | Performance increases
system ADSTBC. with increase in number
Average Post [e APPSNR gain of 8dB over | of candidate relays.
Proc. SNR ADSTBC.
Ergodic e Capacity gain of 3.18
Capacity bits/s/Hz over ADSTBC
LDPC-ADSTBC e SNR gain of 4.5 dB and 2.5 | Channel coding
system PEP dB over  synchronous | reduces error  floor.
(Objective-2) DSTBC and ADSTBC. Performance  improves
e SNR loss of 2.25 dB when N | with increase in ‘R’,
increases from 2 to 3. and/or Nj.
e SNR gain of 3.25 dB when | Data rate increases with
R increases from 2 to 3. N but with reduced
reliability
Comparison
between LDPC - | ABER SNR gain of 10dB for BER | Better error
ADSTBC and 0.01 of LDPC-ADSTBC over | performance of LDPC-
LDPC-TR-STBC LDPC-TR-STBC ADSTBC over LDPC-
(Objective-4) TR-STBC
RTRAS- LDPC-| PEP e SNR gain of 6 dB over| Performance Improves
ADSTBCsystem ORS-LDPC-ADSTBC further by increasing
Outage e SNR gain of 8.2 dB over | number of candidate
Probability ORS-LDPC-ADSTBC relays and Tx and/or Rx
antennas.
ADSTBC system in e SNR gain of 7.8 dB of | Performance improves
different fading | ABER Rician (K=5, A =0) over | with increasing K and
channels Rayleigh deteriorates with
e SNR loss of 0.1 dB of Rician | increasing A.
(K=5,A=1) over Rayleigh Worst Rician case(A=
1)
LDPC-ADSTBC in e SNR gain of approx. 9 dB of | Performance increases
different fading | PEP Rician (K=10) over Rayleigh | with increasing values
channels e SNR gain of 1 dB for| of Kand Ny
(Objective-3) LDPC-ADSTBC over

ADSTBC in Rayleigh

e SNR gain of approx. 2 dB

for LDPC-ADSTBC over
ADSTBC in Rician (K=10)
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6.2 Future Scope

The present research work considers design and analysis of a DSTBC system in asynchronous

environment. The proposed system can be improved further by Optimal Relay Selection. The

reliability of the system can be increased by concatenating with LDPC codes and improved

further by RTRAS. In future this work can be extended to the following domains:

>

In this work a fixed (AF) and an adaptive (Selective DF) has been considered for analysis.
Other relaying techniques such as non-regenerative relaying protocols may be used as these
put less processing burden on the relay as compared to regenerative mode of operation.

The present work assumes half duplex and two hop cooperative scenario which may be
extended to full duplex system and multi- hop communication.

Power optimization using energy harvesting and integration of the same with simultaneous
wireless information and power transfer (SWIPT) in asynchronous cooperative
communication may be exploited.

The present thesis considers Time Domain Multiple Access (TDMA) for accessing the
channel resources. Other techniques such as Code Division Multiple Access (CDMA), Non-
Orthogonal Multiple Access (NOMA) can be considered in future.

In a multi-entity system co-channel and adjacent channel interference are prospective
deterrents. Future work may consider the impact of interference and mitigation of the same,
may be optimum Combining (OC).

Depending upon the different application scenarios such as cognitive radios, massive
MIMO, mmWave ,loT different fading channels such as Weibull, k — u fading , FSO, etc
may be considered.

The present work relies mainly on the physical layer. Cross layer design may be done for
enhanced services and features. But layering demands for more power, hence, investigation

of cross-layer optimization may serve asa future work .
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Appendix-A

The Proposed design of Optimized Asynchronous Linear Dispersion (OALD) matrices under
various constraintsis given as follows.

Let g be the number of random orthogonal matrices £, = [4, ...A; |, of dimension ((T xN)
xR). From these matrices, a matrix would be selected that fulfils all the constraints such as tight
frame and equal power. The matrix fulfilling the given constraints is termed as optimized OALD
matrix. To apply various constraints, Let

e From £, random matrices, £, matrices are satisfying the Tight frame criteria, given by
(£ X £} =1, ,k<g (A1)

e Out of £, matrices as defined by eq.(A.1) £, , where v< k , matrices are selected which

are scaled to satisfy the equal power constraint criteria as given by

A, xAY =1, i €1,.....,R (A2)

e In order to achieve the full diversity gain, selected £, are further tested for full rank and
determinant criterion. Thus the codes are said to be diversity optimal. The finally chosen
optimized matrix £, must satisfy the following criteria

max||det(e — &)||? (A.3)
Where, &= [(A;p)T- (Axpr)T]Tis LD codeword and & is estimated LD codeword
respectively. p, is pilot symbol vector from source to destination via k™ relays. Diversity gain is
estimated from the rank of the codeword difference matrix. Therefore the matrix should be full
rank. Among the matrices having full rank, that matrix would be selected that contains the
maximum value of minimum determinant of the codeword difference matrices. Therefore the
selected £, matrices are optimized out of which one is selected as the which is referred as
OALD matrix and is given by
Al

x= (A4)

Ap

88



References

10.

11.

12.

A. Goldsmith, “Wireless Communication”, 1st edition, New York, Cambridge University
Press, 2005.
G. Naik, J. Liuand J. M. Park, "Coexistence of Wireless Technologies in the 5 GHz Bands:
A Survey of Existing Solutions and a Roadmap for Future Research,” IEEE Comm. Surveys
& Tutorials, vol. PP, no. 99, pp. 1-1,2018.doi: 10.1109/COMST.2018.2815585
M. Patzold, "It?s Time to Go Big with 5G [Mobile Radio]," in IEEE Vehicular Technology
Magazine, vol. 13, no. 4, pp. 4-10, Dec. 2018.
doi: 10.1109/MVT.2018.2869728
A. J. Paulraj, D. A. Gore, R. U. Nabar, and H. Bolcskei, “An overview of MIMO
communications— a key to Gigabit wireless,” Proceedings of the IEEE, Vol. 92, No. 2, pp.
198-218, Feb. 2004.
3GPP TR 36.814 V1.2.1, “Further advancements for EUTRA: Physical layer aspects,”
Technical Specification Group Radio Access n/w, June 20009.
Yang Yang; Honglin Hu; Jing Xu; Guoqiang Mao, “Relay technologies for WiMAX and
LTEAdvanced mobile systems,” IEEE Communication Magazine, vol. 47, no. 10, pp. 100—
105, October 2009.
Ramjee Prasad, “5G: 2020 and Beyond”, River Publisher, 2014.
T. M. Cover and A. El Gamal, “Capacity theorems for the relay channel” IEEE
Transactions on Information Theory, Vol. 25, No. 5, pp. 572-584, Sep. 1979.
E. C. van der Mulen, “Three-terminal communication channels,” Advances in Applied
Probability, Vol. 3, pp. 120-154, 1971.
A. Nosratinia, T. E. Hunter, and A. Hedayat, ~“Cooperative communication in wireless
networks," IEEE Communication Magazine, pp. 74-80, Oct. 2004.
J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “"Cooperative diversity in wireless
networks: efficient protocols and outage behavior,” IEEE Transactions on Information
Theory, Vol. 50, pp. 3062-3080, Dec. 2004.
Elza Erkip, "From Shannon to 5G: Theory and Practice of Cooperative Wireless
Networking", New York University, 2016.

89



13

14.

15.

16.

17.

18.

19.

20.

21.

22.

.A. Sendonaris, E. Erkip, and B. Aazhang, "User cooperation diversity - Part III:
implementation aspects and performance analysis,” IEEE Transactions on Communications,
Vol. 51, pp. 1927-1948, Nov. 2003.

J. Gao, Y. Zhangand Y. Liu, "A Novel Diversity Receiver Design for Cooperative
Transmission System,"in IEEE Access,\Vol.6, pp.27176 — 27182, 2018.
D0i:10.1109/ACCESS.2018.2832189

G. Kramer, M. Gastpar, and P. Gupta, “Cooperative strategies and capacity theorems for
relay networks,” IEEE Transactions on Information Theory, Vol. 51, No. 9, pp. 3037-3063,
2005.

Ankur Bansal, Manav R. Bhatnagar, Are Hjerungnes, and Zhu Han, “Low-Complexity
Decoding in DF MIMO Relaying System”, IEEE Transactions On Vehicular Technology,
Vol. 62, No. 3, March 2013.

L. Xu, H. Zhang, J. Wang and T. Aaron Gulliver, " Performance Analysis of DF Relaying
M2M Cooperative System ",in Journal of Applied Science and Engineering, Vol. 19, No. 2,
pp. 215-220,2016. Doi: 10.6180/jase.2016.19212

T.E. Hunter, A. Nosratinia, “Diversity through coded cooperation, IEEE Transactions on
Wireless Communications”, Vol 5, No. 2, pp. 283-289, 2006.

M. Janani, A. Hedayat, T.E. Hunter, A. Nosratinia, “Coded cooperation in wireless
communications: Space-time transmission and iterative decoding”, IEEE Transactions on
Signal Processing Vol. 52, No. 2, pp. 362-370,2004.

N. Varshney, A.V. Krishna and A.K. Jagannatham, “Selective DF protocol for MIMO
STBC based single/multiple relay cooperative communication: end-to-end performance and
optimal power allocation” .IEEE Trans. Comm., vol. 63,n0.7, 2458 — 2474, 2015.doi:
10.1109/TCOMM.2015.2436912

J. N. Laneman and G. W. Wornell, " Distributed space-time-coded protocols for exploiting
cooperative diversity in wireless networks,"” IEEE Transactions on Information Theory, Vol.
49, pp. 2415-2425, Oct. 2003.

Anghel PA, Kaveh M, “On the performance of distributed space—time coding systems with
one and two non-regenerative relays”, IEEE Transactions on Wireless Communications,
Vol 5, No 3,pp. 682-692, 2006 .

90


https://doi.org/10.1109/TCOMM.2015.2436912

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block codes from orthogonal
designs,” IEEE Transactions on Information Theory, Vol 45, No. 5, pp. 1456-1467, July
1999.

Y. Jing and H.Jafarkhani, “Using Orthogonal and Quasi-Orthogonal Designs in Wireless
Relay Networks”, IEEE Transactions On Information Theory, Vol. 53, No. 11, November
2007.

S. M. Alamouti,” A simple transmit diversity technique for wireless communications” IEEE
Journal on Selected Areas in Comms., Vol. 16, No. 8, pp. 1451-1458, Oct. 1998.

Y. Jing and B. Hassibi, “Distributed space-time coding in wireless relay networks,” IEEE
Transaction on Wireless Communication, Vol. 5, No. 12, pp. 3524- 3536, Dec. 2006.
Pierluigi Salvo Rossi, “On the performance of cooperative systems with distributed linear
block coding”, Physical Communication, Vol. 3,pp. 81-86, 2010.

Anghel PA, Kaveh M, “On the performance of distributed space—time coding systems with
one and two non-regenerative relays”, IEEE Transactions on Wireless Communications,
Vol 5, No 3,pp. 682-692, 2006 .

M.Dohler and Y. Li, Cooperative Communications: Hardware, Channel and Phy, John
Wiley & Sons, U.K. 2010.

B. Hassibi, B.M. Hochwald, “High-rate codes that are linear in space and time”, IEEE
Transactions on Information Theory, Vol. 48, No. 7, pp. 1804-1824, July 2002.

R.W Heath and A.J. Paulraj, “Linear dispersion codes for MIMO systems based on frame
theory”, IEEE Transactions on Signal Processing, Vol.50, No. 10, pp. 2429-2441, Oct 2002.
K. Ma, X. Liu, Z Liu, C. Chen, H. Liang and X. Guan, "Cooperative Relaying Strategies
for Smart Grid Communications: Bargaining Models and Solutions,” IEEE Internet of
Things Journal, vol. 4, no. 6, pp. 2315-2325, Dec.2017

K.Yu, G. Li, J. Yuand L. Ni, Methods of increasing two-way transmission capacity of
wireless ad hoc networks, EURASIP Journal onWireless Communications and Networking,
Vol.2018, No.1, pp.1, 2018.10.1186/s13638-018-1304-1

P. Wan, Y. Cheng, B. Wuand G. Wang, " An algorithm to optimize deployment of charging
base stations for WRSN", EURASIP Journal on Wireless Communications and Networking,
Vol.2019, 2019. Doi: 10.1186/s13638-019-1393-5

91



35.

36.

37.

38.

39.

40.

41.

42.

43.

E. Ahmed and H. Gharavi, "Cooperative Vehicular Networking: A Survey,” in IEEE
Transactions on Intelligent Transportation Systems, vol. 19, no. 3, pp. 996-1014, March
2018. doi: 10.1109/T1TS.2018.2795381

M. A. Abd EI-Gawad, M. Elsharief and H.W. Kim, " A cooperative V2X MAC protocol for
vehicular networks™,in EURASIP Journal on Wireless Communications and Networking,
V01.2019,2019. Doi: 10.1186/s13638-019-1382-8

H.-S. Nguyen, M.-T.Nguyen and M.Voznak, "Successful transmission probability of
cognitive device-to-device communications underlying cellular networks in the presence of
hardware impairments" Eurasip Journal on Wireless Communications and Networking, art.
no. 208, 2017. DOI:https://doi.org/10.1186/s13638-017-0994-0

K.V. Bindra., S. Sharma and R. Khanna, "Performance Analysis of Combined Space Time
Block Coding with Generalized Selection Combining in Underlay Cognitive Radio”,
Wireless Pers. Commun., pp.1-13, 2017.

H.-S. Nguyen, M.Voznak, , M.-T.Nguyen, and L. Sevcik, “Performance analysis with
wireless power transfer constraint policies in full-duplex relaying networks” Elektronika ir
Elektrotechnika, vol. 23, no. 4, pp. 70-76, 2017. Doi: 10.5755/j01.eie.23.4.18725

Y. M. M. Fouad, R. H. Gohary and H. Yanikomeroglu, "Chinese Remainder Theorem-
Based Sequence Design for Resource Block Assignment in Relay-Assisted Internet-of-
Things Communications,” in IEEE Transactions on Wireless Communications, vol. 17, no.
5, pp. 3401-3416, May 2018. doi: 10.1109/TWC.2018.2811798

Guest Editorial Special Issue on Internet-of-Things for Smart Cities, IEEE Internet of things
Journal, VOL. 5, NO. 2468-472, APRIL 2018

A. Ghosh, O. Khalid , R. N. B. Rais, A. Rehman, S. U. R. Malik and I. A. Khan, Data
offloading in 0T environments: modeling, analysis, and verification, EURASIP Journal on
Wireless Communications and  Networking,Vol.2019, No.l,pp.1, 2019. Doi:
10.1186/s13638-019-1358-8

W. Xing, F. Liu, C. Wang, M. Xiao and P. Wang, "Multi-source network-coded D2D
cooperative content distribution systems," in Journal of Communications and Networks, vol.
20, no. 1, pp. 69-84, Feb. 2018.doi: 10.1109/JCN.2018.000007

92


http://dx.doi.org/10.1007/s11277-016-3934-0
http://dx.doi.org/10.1007/s11277-016-3934-0

44

45.

46.

47.

48.

49.

50.

o1.

52.

53.

J. W. Raymond, T. O. Olwal and A. M. Kurien, "Cooperative Communications in Machine
to Machine (M2M): Solutions, Challenges and Future Work," in IEEE Access, vol. 6, pp.
9750-9766, 2018.doi: 10.1109/ACCESS.2018.2807583

H. Dai, H. Zhang, W.Wu and B. Wang, A game-theoretic learning approach to QoE-driven
resource allocation scheme in 5G-enabled 10T, EURASIP Journal on Wireless
Communications and Networking,VVol.2019,No.1,pp.1-10,2019. doi:10.1186/s13638-019-
1359-7

Y. Zhou, V. W. S. Wong and R. Schober, "Dynamic Decode-and-Forward Based
Cooperative NOMA With Spatially Random Users,” in IEEE Transactions on Wireless
Communications, vol. 17, no. 5, pp. 3340-3356, May 2018.
doi: 10.1109/TWC.2018.2810083

T. F. Rahman, C. Sacchi, S. Morosi, A. Mazzinghi and N. Bartolomei, "Constant-Envelope
Multicarrier Waveforms for Millimeter Wave 5G Applications,” in IEEE Transactions on
Vehicular ~ Technology, wol. 67, no. 10, pp. 9406-9420, Oct. 2018
doi: 10.1109/TVT.2018.2854723

T. S. Rappaport, G. R. MacCartney, Jr., S. Sun, H. Yan, S. Deng, "Small-Scale, Local Area,
and Transitional Millimeter Wave Propagation™, vol.65, no.12, pp. 6474 — 6490.

D.W. Yue, S. Xu and H. H. Nguyen, " Diversity gain of millimeter-wave massive MIMO
systems with distributed antenna arrays",in. EURASIP Journal on Wireless Communications
and Networking,Vol. 2019,pp.1-13, 2019. doi:10.1186/513638-019-1366-8

A. Minasian, R. S. Adve ,S. Shahbazpanahi and G. Boudreau, On RRH Placement for
Multi-User Distributed Massive MIMO Systems, in IEEE Access,Vol.6,pp. 70597 — 70614,
2018. Doi: 10.1109/ACCESS.2018.2880149

H. Zhi and X. Ding, " Pilot allocation scheme based on coalition game for TDD massive
MIMO systems", in EURASIP Journal on Wireless Communications and Networking,Vol.
2019,2019. Doi: 10.1186/s13638-019-1372-x

S. Wei, D. L. Goeckel, and M. C. Valenti, ~Asynchronous cooperative diversity," IEEE
Transactions on Wireless Communication, Vol. 5, pp. 1547-1557, June 2006.

H. M. Wang and X.-G. Xia, “Asynchronous cooperative communication systems: A survey
on signal designs,” SCIENCE CHINA Inf. Sciences, Vol. 54, No. 8, pp. 1547-1531, Aug.
2011.

93



54,

55.

56.

S57.

58.

59.

60.

61.

62.

X. Guo and X.-G. Xia, “A distributed space-time coding in asynchronous wireless relay
networks”, IEEE Transactions On Wireless Communications, Vol. 7, No. 5, pp. 1812-1816,
May 2008.

R. Vahidnia, S. Shahbazpanahiand A. Minasian, "Pre-Channel Equalization and Distributed
Beamforming in Asynchronous Single-Carrier Bi-Directional Relay Networks," in IEEE
Transactions on Signal Processing, vol. 64, no. 15, pp. 3968-3983, Aug.1, 2016. doi:
10.1109/TSP.2016.2523456

Z Liu, F. Bai, and L. Song, "Underwater Decode-Interleave-Forward Cooperative
Strategy for Underwater Acoustic Communication”, IEEE Access, Vol.7, pp. 19698-19708,
2019. Doi: 10.1109/ACCESS.2019.2897110

Z. Liand X.-G. Xia, “A simple Alamouti space-time transmission scheme for asynchronous
cooperative systems,” IEEE Signal Processing Letters, Vol. 14, No. 11, pp. 804-807, Nov.
2007.

Z. Li, X.-G. Xia, and M. H. Lee, “A simple orthogonal space-time coding scheme for
asynchronous cooperative systems for frequency selective fading channels,” IEEE Trans.
Comms., Vol. 58, No. 8, pp. 2219-2224, Aug. 2010.

C. Sexton, Q. Bodinier, A. Farhang, N. Marchetti, F. Bader and L. A. DaSilva, "Enabling
Asynchronous Machine-Type D2D Communication Using Multiple Waveforms in 5G,"
in IEEE Internet of Things Journal, vol. 5, no. 2, pp. 1307-1322, April 2018.
doi: 10.1109/J10T.2018.2806184

S. Wang, J. S. Thompson and P. M. Grant, "Closed-Form Expressions for ICI/ISI in Filtered
OFDM Systems for Asynchronous 5G Uplink,” in IEEE Transactions on Communications,
vol. 65, no. 11, pp. 4886-4898, Nov. 2017.doi: 10.1109/TCOMM.2017.2698478

J. Wang, Q. Yu, Z. Liand C. Bi, "Distributed Space Time Block Transmission and QRD
Based Diversity Detector in Asynchronous Cooperative Communications Systems," in IEEE
Transactions on Vehicular Technology, vol. 67, no. 6, pp. 5111-5125, June 2018.doi:
10.1109/TVT.2018.2812901

Y. Liu, W. Zhang and P. C. Ching, "Time-Reversal Space-Time Codes in Asynchronous
Two-Way Relay Networks," in IEEE Transactions on Wireless Communications, vol. 15,
no. 3, pp. 1729-1741, March 2016. doi: 10.1109/TWC.2015.2495347

94



63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

.Y. Liu, W. Zhang and P. C. Ching, "Time-Reversal Space-Time Codes in Asynchronous
Two-Way Relay Networks," in IEEE Transactions on Wireless Communications, vol. 15, no. 3,
pp. 1729-1741, March 2016.doi: 10.1109/TWC.2015.2495347

Mojtaba Rahmati and Tolga M. Duman, “spectrally efficient Alamouti code structure in
Asynchronous Cooperative Systems”, IEEE Signal Processing Letters, Vol.21, No.5, May
2014.

M. O. Damen and A. R. Hammons, “ Delay-tolerant distributed-TAST codes for
cooperative diversity,” IEEE Transactions on Information Theory, Vol. 53, No.10, pp.
3755-3773, Oct. 2007.

Nan Wu and Hamid Gharavi, “Asynchronous Cooperative MIMO Systems Using a Linear
Dispersion Structure”, IEEE Transactions On Vehicular Technology, Vol. 59, No. 2,
February 2010.

Zhong, S. Zhu, and A. Nallanathan, “Distributed space-time trellis code for asynchronous
cooperative communications under frequency-selective channels,” IEEE Transactions On
Wireless Communications, Vol. 8, No. 2, pp. 796-805, Feb. 2009.

Yi Liu, Xiang-Gen Xia, and Hailin Zhang, “Distributed Space-Time Coding for Full-Duplex
Asynchronous Cooperative Communications”, IEEE Transactions On Wireless
Communications, Vol. 11, No. 7, July 2012.

W. Wang, F. C. Zheng and M. Fitch, "Design of Delay-Tolerant Space—Time Codes With
Limited Feedback,” IEEE Transactions on Vehicular Technology, vol. 64, no. 2, pp. 839-
845, Feb. 2015. doi: 10.1109/TVT.2014.2322623

X. Li, C. Xing, Y.-C. Wu, and S. C. Chan, "Timing estimation and resynchronization for
amplify-and-forward communication systems, " IEEE Transactions on Signal Processing.,
Vol. 58, No. 4, pp. 2218-2229, Apr. 2010.

X. Li, “Space-time coded multi-transmission among distributed transmitters without perfect
synchronization,” IEEE Signal Processing Letters, Vol. 11, No. 12, pp. 948-951, Dec. 2004.
R. Cao, F. Quand L. Yang, "Asynchronous amplify-and-forward relay communications for
underwater acoustic networks,"” in IET Communications, vol. 10, no. 6, pp. 677-684, 14 4
2016. doi: 10.1049/iet-com.2014.

R. Rahimi and S. Shahbazpanahi, "Asynchronous Two-Way MIMO Relaying: A Multi-
Relay Scenario,” in IEEE Transactions on Wireless Communications, vol. 17, no. 7, pp.

4270-4287, July 2018. doi: 10.1109/TWC.2018.
95



74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

3GPP:TR 38.913 Study On Scenarios And Requirements For Next Generation Access
Technologies 2017

S. Sugiura, S. X. Ng, L. Kong, S. Chen and L. Hanzo, "Multiple-Relay Aided Distributed
Turbo Coding Assisted Differential Unitary Space-Time Spreading for Asynchronous
Cooperative Networks," 2010 IEEE 71st Vehicular Technology Conference, Taipei, 2010,
pp. 1-5.

doi: 10.1109/VETECS.2010.5494066

R Gallager, "Low-density parity-check codes",IRE Transactions on Information Theory,
Vol.8, pp.21-28, 1962.

M. Zhan, Z. Pang, D. Dzungand M. Xiao, "Channel Coding for High Performance
Wireless Control in Critical Applications: Survey and Analysis”, in IEEE Access, Vol.6, pp.
29648 — 29664, 2018. Doi: 10.1109/ACCESS.2018.2842231

A. G. D. Uchoa and R C. de Lamare, Coding Techniques for Future Wi-Fi, 2019.

H.Li.,, B. Bai, X. Mu,J. Zhangand H. Xu, "Algebra-Assisted Construction of Quasi-
CyclicLDPC Codes for 5G New Radio"”, IEEE Access, Vol.6, pp. 50229 — 50244, 2018.
Doi: 10.1109/ACCESS.2018.2868963

Y.Liu, P. M. Olmosand D. G. M. Mitchell, "Generalized LDPC Codes for Ultra Reliable
Low Latency Communication in 5G and Beyond", Vol. 6, pp. 72002 — 72014, 2018. Doi:
10.1109/ACCESS.2018.2880997

H. Xu, H. Li, B. Bai, M. Zhuand B. Zhang, "Tanner (J; L) Quasi-Cyclic LDPC Codes:
Girth Analysis and Derived Codes”, IEEE Access, Vol7, pp. 944-957, 2019
D0i:10.1109/ACCESS.2018.2886045

S. Mehrizi, S. Khosravi and M. Ahmadian, "An Efficient Procedure for Bilayer-Expurgated
LDPC Codes Design in Cooperative Relay Channels,” in IEEE Communications Letters,
vol. 21, no. 10, pp. 2114-2117, Oct. 2017. doi: 10.1109/LCOMM.2017.2708699

H. Khodaiemehr, D. Kiani and M. R. Sadeghi, "LDPC Lattice Codes for Full-Duplex Relay
Chanrels,” IEEE Trans Comm, wvol. 65, no. 2, pp. 536-548, Feb. 2017.doi:
10.1109/TCOMM.2016.2638839

M. Asshada, S. A. Khan, A. Kavak, K. Kuc",uk, and D. L. Msongaleli, " Cooperative

Communications Using Relay Nodes for Next-Generation Wireless Networks with Optimal

96


https://ieeexplore.ieee.org/author/37290479800
https://ieeexplore.ieee.org/author/37085785195
https://ieeexplore.ieee.org/author/37086195882
https://ieeexplore.ieee.org/author/37085654431
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639
https://ieeexplore.ieee.org/author/37547202600
https://ieeexplore.ieee.org/author/37319558000
https://ieeexplore.ieee.org/author/37085654431
https://ieeexplore.ieee.org/author/37085638324
https://ieeexplore.ieee.org/author/37290479800
https://ieeexplore.ieee.org/author/37085610490
https://ieeexplore.ieee.org/author/37086560545
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639

85.

86.

87.

88.

89.

90.

91.

92.

93.

Selection Techniques: A Review ", leej Transactions On Electrical And Electronic
Engineering, 2019. DOI1:10.1002/tee.22852

S. Alabed, " Performance analysis of bi-directional relay selection strategy for wireless
cooperative communications ",in EURASIP Journal on Wireless Communications and
Networking , vol.2019, 2019. Doi: 10.1186/s13638-019-1417-1

K. Xiao, J. He and Z. Zhou, "Fairness-adjustable opportunistic relay selection in the power-
constrained cooperative networks with adaptive transmission,” in IET Communications, vol.
12, no. 4, pp. 449-457, 6 3 2018. doi: 10.1049/iet-com.2017.0729

Ma, R., Chang, Y.-J., Chen, H.-H., & Chiu, C.-Y. (2017). On Relay Selection Schemes for
Relay-Assisted D2D Communications in LTE-A Systems. IEEE Transactions on Vehicular
Technology, 66(9), 8303-8314. doi:10.1109/tvt.2017.2682123

Manoj, B. R., Mallik, R. K., & Bhatnagar, M. R. (2018). Performance Analysis of Buffer-
Aided Priority-Based Max-Link Relay Selection in DF Cooperative Networks. IEEE
Transactions on Communications, 66(7), 2826—-2839. doi:10.1109/tcomm.2018.2808287
Walid Qaja, Abdulghani Elazreg and Jonathon Chambers, ‘Near-Optimum Detection for
Use in Closed-Loop Distributed Space Time Coding with Asynchronous Transmission and
Selection of Two Dual-Antenna Relays”, Proceedings of the 19th European Wireless
Conference (EW), April, 2013.

P. K. Mishra, S. Pandey and S. K. Biswash, "A Device-Centric Scheme for Relay Selection
in a Dynamic Network Scenario for 5G Communication,™ in IEEE Access, vol. 4, pp. 3757-
3768, 2016. doi: 10.1109/ACCESS.2016.2581920

D. Deng, L. Fan, X. Lei, W. Tan and D. Xie, "Joint User and Relay Selection for
Cooperative  NOMA Networks," in IEEE Access, vol. 5, pp. 20220-20227, 2017.
doi: 10.1109/ACCESS.2017.

Xu, P., Yang, Z, Ding, Z., & Zhang, Z. (2018). Optimal Relay Selection Schemes for
Cooperative NOMA. IEEE Transactions on Vehicular Technology, 67(8), 7851-7855.
doi:10.1109/tvt.2018.2821900

X. Li, J. Liu, L. Yan, S. Hanand X. Guan, "Relay Selection for Underwater Acoustic Sensor
Networks: A Multi-User Multi-Armed Bandit Formulation,” in IEEE Access, vol. 6, pp.
7839-7853, 2018. doi: 10.1109/ACCESS.2018.2801350

97


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6582749
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6582749

94.)J. Zhao, Z. Ding,P. Fan, Z. Yang and G. K. Karagiannidis,"Dual Relay Selection for
Cooperative NOMA With Distributed Space Time Coding",in IEEE Access,Vol. 6,
pp. 20440 — 20450,2018. Doi: 10.1109/ACCESS.2018.2820146

95. K. Belbase, Z. Zhang, H. Jiangand C. Tellambura, "Coverage Analysis of Millimeter Wave
Decode-and-Forward Networks With Best Relay Selection,” in IEEE Access, vol. 6, pp.
22670-22683, 2018. doi: 10.1109/ACCESS.2018.2827026

96. S. H. Ahmed, D. Mu and D. Kim, "Improving Bivious Relay Selection in Vehicular Delay
Tolerant Networks,” in IEEE Transactions on Intelligent Transportation Systems, vol. 19,
no. 3, pp. 987-995, March 2018. doi: 10.1109/T1TS.2018.2791925

97. G. Li, F.K.Gong, and X. Chen, "Dual-antenna selection with distributed space—time block
codes in two-way relaying networks", IET Communications, Vol.11, No.7, pp. 1053-1060,
2017.  doi:10.1049/iet-com.2016.1065

98. M.Ju, H.K. Song and .M. Kim,"Joint relay-and-antenna selection in multi-antenna relay
networks", in IEEE Transactions on Communications, Vol.58, No.12, 3417-3422, 2002.

99. G.Amarasuriya, , C.Tellambura and M. Ardakani, "Joint Relay and Antenna Selection for
Dual-Hop Amplify-and-Forward MIMO Relay Networks",in IEEE Transactions on
Wireless Communications, Vol. 11, No. 2, 493-499, 2012.

100. J. Li, J. L. Cimini, J. Ge, C. Zhang and H. Feng, "Optimal and Suboptimal Joint Relay
and Antenna Selection for Two-Way Amplify-and-Forward Relaying" IEEE Transactions
on Wireless Communications, Vol.15, No.2, pp. 980-993, 2016.

101. R. Swaminathan, G. K. Karagiannidis and R.Roy, "Joint Antenna and Relay Selection
Strategies for Decode-and-Forward Relay Networks", IEEE Transactions on Vehicular
Technology, Vol.65, No.11, pp. 9041-9056, 2016.

102. N. Nguyen, T. Q. Duong, H. Q. Ngo, Z. Hadzi-Velkov and L. Shu, "Secure 5G Wireless
Communications: A Joint Relay Selection and Wireless Power Transfer Approach,™ in IEEE
Access, vol. 4, pp. 3349-3359, 2016. doi: 10.1109/ACCESS.2016.2582719

103. Y. Feng, V. C. M. Leung and F. Ji, "Performance Study for SWIPT Cooperative
Communication Systems in Shadowed Nakagami Fading Channels," IEEE Trans. Wireless
Commun., vol. 17, no. 2, pp. 1199-1211, Feb.2018.

104. T. N. Nguyen, T. H. Quang Minh, P. T. Tran and M. Voznak, Energy Harvesting over

Rician Fading Channel: A Performance Analysis for Half-Duplex Bidirectional Sensor

98


https://ieeexplore.ieee.org/author/37086366152
https://ieeexplore.ieee.org/author/37085751507
https://ieeexplore.ieee.org/author/37277801400
https://ieeexplore.ieee.org/author/37085650789
https://ieeexplore.ieee.org/author/37271227900
https://ieeexplore.ieee.org/document/8327573/
https://ieeexplore.ieee.org/document/8327573/
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6287639

Networks under Hardware Impairments, Sensors 2018, 18(6),
1781; https//doi.org/10.3390/s18061781

105. M. M. Eddaghel, U. N. Mannai, G. J. Chen and J. A. Chambers, "Outage probability
analysis of an amplify-and-forward cooperative communication system with multi-path
channels and max-min relay selection”, IET Commun., vol. 7, no. 5, pp. 408-416, 2013.

106. U. Charash, "Reception through Nakagami fading multipath channels with random
delays", IEEE Trans. Commun., vol. 27, no. 4, pp. 657-670, 1979.

107. M.Chiani, D.Dardari, and M. K. Simon,"New exponential bounds and approximations for
the computation of error probability in fading channels”, IEEE Transactions on Wireless
Communications, Vol. 2,No. 4, 840-845, 2003.

108. M. K. Simon and M. S. Alouini, Digital Communication Over Fading Channels, 2nd
edition, Hoboken, Wiley, 2005.

109. S.S. Ikki, M. A. Ahmed,” Performance analysis of Adaptive Decode and Forward for best
relay selection” IEEE Transactions On Communications, Vol 58, No. 1, Jan2010.

110. I. S. Gradshteyn and I. M. Ryzhik, Tables of Integrals, Series and Products, 6th ed. San
Diego, CA, USA: Academic Press, 2000.

111. Fan Ding , Hui Wang, Yongming Zhou, and Chunlong Zheng, " Impact of Relay’s
Eavesdropping on Untrusted Amplify-and-Forward Networks Over Nakagami-m Fading "in
IEEE Wireless Communications Letters, Vol. 7, No. 1, pp.102-105, February 2018.

112. Shreesh Srivastava, Sujata Sengar and Shree Prakash Singh, “A New Switching scheme
for Hybrid FSO/RF Communication in the presence of Strong Atmospheric Turbulence”
August 2018, Photonic Network Communication (Springer) . Doi.org/10.1007/s11107-018-
0792-6

113. Hemani Kaushal, VK Jain, Subrat Kar, Free space optical communication, Springer
India, Vol. 18, 2017

114. G. D. Durgin, T.S. Rappaport, and D.A. de Wolf, "A.: New analytical models and
probability density functions for fading in wireless communications”,IEEE Transactions on
Communications, Vol 50, pp. 1005-1015, 2002.

115. D. Singh and H. D. Joshi, "BER Performance of SFBC OFDM System Over TWDP
Fading Channel", IEEE Communication. Letters, vol. 20, no. 12, pp. 2426-2429,Dec.2016.

99


https://doi.org/10.3390/s18061781
https://link.springer.com/content/pdf/10.1007/978-81-322-3691-7.pdf

