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Abstract

Resource Allocation in Relay Networks

Anahid Attarkashani, Ph.D.

Concordia University, 2018

Demand for high data rates is increasing rapidly, due to the rapid rise of mobile data traffic vol-
ume. In order to meet the demands, the future generation of wireless communication systems has to
support higher data rates and quality of service. The inherent unreliable and unpredictable nature of
wireless medium provides a challenge for increasing the data rate. Cooperative communications, is
a prominent technique to combat the detrimental fading effect in wireless communications. Adding
relay nodes to the network, and creating s virtual multiple-input multiple-output (MIMO) antenna
array is proven to be an efficient method to mitigate the multipath fading and expand the network
coverage. Therefore, cooperative relaying is considered as a fundamental element in the Long Term
Evolution (LTE)-Advanced standard.

In this thesis, we address the problem of resource allocation in cooperative networks. We pro-
vide a detailed review on the resource allocation problem. We look at the joint subcarrier-relay
assignment and power allocation. The objective of this optimization problem is to allocate the re-
sources fairly, so even the cell-edge users with weakest communication links receive a fair share of
resources. We propose a simple and practical algorithm to find the optimal solution. We assess the
performance of the proposed algorithm by providing simulations. Furthermore, we investigate the
optimality and complexity of the proposed algorithm.

Due to the layered architecture of the wireless networks, to achieve the optimal performance it
is necessary that the design of the algorithms be based on the underlying physical and link layers.

For a cooperative network with correlated channels, we propose a cross-layer algorithm for relay

iii



selection, based on both the physical and link-layer characteristics, in order to maximize the link-
layer throughput. The performance of the proposed algorithm is studied in different network models.
Furthermore, we investigate the optimum number of relays required for cooperation in order to
achieve maximum throughput.

Buffering has proven to improve the performance of the cooperative network. In light of this,
we study the performance of buffer-aided relay selection. In order to move one step closer to the
practical applications, we consider a system with coded transmissions. We study three different
coding schemes: convolutional code, Turbo code, and distributed Turbo code (DTC). For each
scheme, the performance of the system is simulated and assessed analytically. We derive a closed-
form expression of the average throughput. Using the analysis results, we investigate the diversity
gain of the system in asymptotic conditions. Further, we investigate the average transmission delay

for different schemes.
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Chapter 1

Introduction

1.1 Cooperative Communication

With the advent of easily accessible personal wireless devices that support a variety of wireless
services, more and more people rely on these devices for their daily activities. The increasing
number of mobile broadband subscribers leads to the rapid growth of mobile data traffic. According
to [1], between 2016 and 2022, the traffic generated by smart phones will increase by a factor of
% 10. In order to provide the required data traffic, the target data rate is increased in every generation
of wireless mobile telecommunications technology. In addition to data rate, mobile broadband
subscribers require reliable communication, increase in mobility, and higher quality of service.

One barrier to achieve high data rates while satisfying the requisite quality of service is the
unpredictability and unreliability of the wireless medium. An emitted signal through the wireless
medium arrives at the receiver from multiple paths, therefore the received signal suffers from dis-
tortion. This effect is known as multipath fading. This channel characteristic varries with time, if
the transmitter, receiver, and the obstacles blocking the line-of-sight path are moving [2]. Multipath
fading has detrimental effects on the network performance. One of the most effective techniques to
mitigate the effects of fading is diversity.

The main idea behind the diversity technique is to transmit the same signal over independent fad-
ing channels. One method to provide independent fading channels is to use multiple transmit and/or

receive antennas, which are separated in space. In applications where placing multiple antennas



at transmitter/receiver sides is challenging due to the limitations of size or power, the independent
channels are established by adding relay nodes to the network. These single antenna nodes share
their antennas and create a virtual multiple-input multiple-output (MIMO) antenna array. This tech-
nique is known as cooperative diversity. Substantial studies on cooperative communication confirm
its advantages. First, significant diversity gain is achieved. Furthermore, communication through
a relay node reduces the distance between the transmitter and the receiver nodes, hence the effect
of path loss is reduced. In addition, the network coverage is enhanced by providing reliable com-
munication links for cell edges users. Considering these advantages, in the study performed by the
Third Generation Partnership Project (3GPP) for the Long Term Evolution (LTE)-Advanced stan-
dard development, cooperative relaying is included as an essential element in cellular networks [3].
However, with the advantages offered by relay communications, many challenges need to be ad-

dressed.

1.2 Motivation

The motivations behind this study are to:
(1) study the challenges in cooperative networks;

(2) propose practical solutions in order to enhance the performance of cooperative networks,

while respecting the limitations;
(3) provide analytical and simulation frameworks for the proposed algorithms.

In design of wireless networks, one of the most important considerations is the allocation of
resources, such as power and bandwidth. Optimal power allocation plays a key role in performance
improvement of the network. It is known that the data rate and coverage of a network are improved
by more power consumption, however the increased interference and cost appear as restricting fac-
tors. In the context of cellular networks, power consumption at the user ends is considered an
important issue, in order to maximize the battery life time. Another network resource that should be
considered is the radio spectrum. The radio spectrum is a scarce resource, therefore, it is regulated

by regulatory authority to guarantee the efficient use.



Second challenge in design of wireless networks is the layered architecture. Network layers
are associated with different system operations. The physical layer administers the transmission
and reception of bits over the physical medium, the data link layer insures the reliable transmission
over the physical layer, network and transport layers handle routing, addressing, and connectivity,
and the application layer manages data rates and delay constraints related to the applications [2].
These layers are designed in a separate manner, in order to reduce the intricacies of the design,
and to simplify the standardization. Nevertheless, the overall network performance is not always
optimal, in the absence of a global optimization [2]. The performance of the layered network can
be enhanced by a cross-layer design that considers the quality of service requirements of different
layers, at the same time.

Recently, the application of buffer-aided relays in cooperative networks has attracted atten-
tion [4]. Substantial studies in this area indicate significant improvement in the performance of
cooperative networks. It has been proven that buffer-aided relays improve the networks throughput,
diversity, stability, and balances the traffic load passing through each relay [4]. Equipping relays
with data buffers enable them to store and transmit packets in appropriate link condition. The main
drawback of buffering is additional total transmission delay. However, in the applications that delay
is tolerated, the system can benefit from many advantages of buffer-aided relaying. Considering the
above challenges and techniques, the focus of this thesis is design of proper algorithms to improve

the performance of the cooperative network with efficient exploitation of resources.

1.3 Thesis Contributions

The contributions of this thesis can be summarized as follows.

e We consider a cooperative network combined with orthogonal-frequency-division multiplex-
ing (OFDM). For this model, we study the problem of joint power allocation and subcarrier-
relay assignment. This resource allocation problem is a non-convex optimization problem
and can be solved through an exhaustive search. We propose a practical algorithm to find the

optimal solution with polynomial time complexity [5, 6].



e Considering both the physical and link-layer characteristics, we propose a cross-layer algo-
rithm for relay selection in order to maximize the link-layer throughput. We consider a system
model with equally spatially correlated channels, featuring closely placed relays (or a relay
cluster). We show that the cross-layer design significantly improves the system performance

in comparison to the capacity-based design [7].

e As a step to get closer to practical applications, and in consideration of the advantages of
buffering, we study the performance of buffer-aided relay selection in a system with coded
transmissions. We consider a general model for channels where channels are independent
but not identically distributed, reflecting different distances among the nodes. We study three
coding schemes: convolutional code, Turbo code, and distributed Turbo code (DTC). For
each coding scheme, we derive a closed-form expression for the average throughput. Using
this average throughput, we analyze the asymptotic behavior of the system for infinite buffer
size and in high-SNR regime, which provides us with an important insight on the maximum

achievable diversity gain [8,9].

1.4 Thesis Organization

The rest of the thesis is organized as follows:

In Chapter 2, we present some background on cooperative network and different methods of
relay selection and resource allocation. Then, we briefly present the OFDM transmission technique.
The principles of channel coding techniques including convolutional code, Turbo code and DTC are
covered. At last, we present the basics of buffer-aided relaying and the related works on this topic.

In Chapter 3, we propose an optimal algorithm for the joint power allocation and subcarrier-
relay assignment problem in OFDM relay networks, with L half-duplex (HD) decode-and-forward
(DF) relays, and M subcarriers. Our objective is to find the best subcarrier-relay assignment and
power allocation, that maximizes the minimum received SNR. This non-convex optimization prob-
lem could be solved by exhaustive search, which is not practical when the number of subcarriers
and relays is large. Suboptimal methods, that solve the relay assignment problem and power alloca-

tion separately have less time complexity at the expense of performance degradation. We propose



a simple algorithm to jointly solve the subcarrier-relay assignment and power allocation problem.
We show that the proposed algorithm finds the optimal solution with complexity order of O(M?3L).

In Chapter 4, we propose a cross-layer-based relay selection scheme in a wireless sensor net-
work (WSN) with equally spatially correlated channels. The equally correlated model can be used
as a worst-case benchmark or as a rough approximation by assuming equal correlation coefficients
for all channels. By considering the physical and link layer characteristics, one or multiple relays
are selected to maximize the link layer throughput. Based on the channel characteristics, the best
performance is achieved by using one cooperative relay in poor links and multiple relays in high
quality links. We compare the performance of the proposed scheme with the capacity-based scheme
and we see that considerable improvement in performance is achieved in both correlated and un-
correlated channels. We examine the proposed scheme for both DF and amplify-and-forward (AF)
relaying, and for relay selection and subcarrier allocation in OFDM-based systems. In all cases, the
cross-layer technique is shown to offer significant improvement relative to physical-layer optimiza-
tion techniques.

In Chapter 5, we study the performance analysis of a relay selection scheme in a buffer-aided
multi-relay network with coded transmissions. We consider three different coding schemes: convo-
lutional codes, Turbo codes and DTC. Moreover, it is assumed that the channels undergo quasi-static
Rayleigh fading and all the links are independent but non-identically distributed. For each of the
coding schemes, we analyze the performance of the system in terms of the average throughput,
and derive a closed-form expression. In addition, simple and explicit approximations of the average
throughput for infinite buffer size and in the high-SNR regime are obtained to provide some insights
on how various system parameters impact the system performance. An analysis of the asymptotic
average throughput provides the maximum achievable diversity gain of the system. Finally, we ver-
ify the accuracy of the derived analytical framework by providing Monte-Carlo simulations. We
show that analytical average throughput holds tight under different system parameters.

In Chapter 6, we summarize the results and contributions described above. We also suggest

different areas for future studies.



Chapter 2

Background and Literature Review

In this chapter, we present a brief background on topics related to this thesis, and we provide a

literature review on the related works.

2.1 Cooperative Communication

Cooperative communication is based on the work done on relay networks proposed in [10]. In
this work, the capacity of the network consisting of one source node, one destination node, and one
relay node is analyzed. The benefits of relaying networks have been widely acknowledged in [11].
First, using relays reduce the communication distance between nodes. A reliable direct transmission
in long distances requires high power, which causes faster battery drainage and increased interfer-
ence. Adding relay nodes to the network reduces the communication distance. Therefore, less
power is required for reliable transmission and the network coverage expands. Apart from that,
relays add independent paths to the network, therefore, spatial diversity is achieved. Diversity is of
high importance due to the inevitable fading effect in wireless networks. The schematic of a relay
network is shown in Fig. 2.1.

In [12], the authors suggest that spatial diversity can be achieved by cooperation of mobile users
and call it User Cooperation Diversity. In the suggested scheme, mobile users share their antenna
and act as a relay for other users (see Fig. 2.1). Cooperative network is similar to relay network

in many aspects, although the main difference is that in cooperative network users are responsible



User Cooperative Network Relay Network

Figure 2.1: Cooperative Networks

for transmitting their own information, while acting as a relay for other users. However, in relay
networks the only role of a relay is receiving and forwarding the information from other source
nodes. In this work, we consider a relay network for simplicity, but the proposed methods can be

extended to cooperative networks.

2.1.1 Cooperative Signaling Methods

There are two main transmission protocols in cooperative networks:

e Decode and forward: In this protocol, the relay decodes and re-encodes the received signal
before forwarding (Fig. 3.9). The relay nodes require the knowledge of channel state in-
formation (CSI) in order to decode the received signal. In this protocol, in case of incorrect

decoding the cooperation would result in error propagation.

e Amplify and forward: In this protocol, the relay amplifies the received signal before for-
warding (Fig. 3.9). The advantage of this protocol is its simplicity. However, when the relay
amplifies the received signal, the noise is also amplified. Furthermore, sampling, amplifying

and transmitting an analog signal is difficult.

2.2 Resource Allocation

The resource allocation problem in cooperative networks has been widely addressed in the liter-

ature [13—17,17-20]. Resource allocation is an optimization problem with an objective of achieving
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Figure 2.2: Cooperative signaling methods

the best performance, given the available resources. There are two main resources in cooperative

networks: relays and power.

2.2.1 Relay Selection

The relay selection problem deals with the selection of one or a set of relays based on different
metrics to satisfy different criteria. A proper technique for relay selection can improve the perfor-
mance of a wireless network by achieving full diversity. Relay selection problem has been widely
studied in literature [13, 14,21-25]. Two main schemes proposed are, the single relay selection
(SRS) and multiple relay selection (MRS). In SRS, the best relay is selected according to a certain
criterion. It is shown that employing this scheme, full diversity is achieved [13]. In MRS, a subset
of reliable relays is selected. In this scheme, the weakest paths are excluded, therefore better per-

formance is achieved compared to conventional cooperative networks [14].

Although multi-relay transmission offers better performance than single relay transmission, its
implementation requires additional resources and increased complexity. Multiple relays utilize ei-
ther orthogonal subchannels (in time or frequency) or space-time codes to transmit their information
to the destination node. Orthogonality in time or frequency, leads to consumption of scarce re-
sources and results in performance loss in terms of transmission rate or spectral efficiency. To over-
come this problem, space-time coded protocols are proposed for cooperative relaying in [26-30].

Design of space-time codes for multi-relay networks is different from MIMO schemes and difficult



in practice. Different from MIMO schemes, in a multi-relay network, antennas belong to dispersed
terminals. Therefore, the creation of a virtual MIMO terminal from distributed relays requires
coordination and additional synchronization among different nodes. In addition, in a multi-relay
network, the number of participating relays is variable. A relay may not participate in cooperation
if the it has not received the signal successfully [13]. To avoid the complexity of the space-time
code design, and the excessive use of resources (e.g. time and bandwidth), single relay selection
or best relay selection (BRS) schemes have been proposed in [13]. It has shown that BRS achieves
the same diversity gain as a multi-relay transmission. Substantial work has been done based on the
BRS scheme. This method is also adapted to various applications, for instance, in [31-33], BRS is
employed under the concept of cognitive radio, and in [34] it is combined with network coding.
Different selection criteria are used to select the best relay [13,21-25]. The commonly used

selection metrics in the literature are categorized as follows:

e Geographical location: By this metric, relays are selected based on their spatial distribution.
It is assumed that the locations of the relays are known or can be estimated. This metric is
used in [21-23]. The disadvantage of this metric is that the effects of shadowing and fading

are neglected.

e Average channel characteristics: By this metric, relays are selected based on an estimate of
the average channel fading, or average SNR. While this method works well for static termi-
nals, it is not recommended for mobile terminals, since channels are subject to considerable

change.

¢ Instantaneous channel characteristics: By this metric, relays are selected based on an esti-
mate of instantaneous channel characteristics. This metric is vastly used in numerous works
like [13,24,25]. The main drawback of this metric is the large amount of overhead commu-

nicated between terminals, to propagate the channel information.

The relay selection algorithms proposed in the literature follow different criteria [13,35-41]. The

most commonly used criteria are:

e Max-Sum criterion: By this criterion, a relay or a set of relays are selected that maximize



the sum of data rates. This criterion is used in [35-38] to maximize the summation of data

rates.

e Max-Min criterion: By this criterion, a relay or a set of relays are selected in order to

maximize the minimum SNR or date rate. This method is used in [13,39—41].

2.2.2 Joint Relay Selection and Power Allocation

The problem of resource allocation in cooperative networks is not limited to relay selection.
Power allocation is another issue, that with the proper solution could enhance the system perfor-
mance as well. The problem of joint relay selection and power allocation is described to be non-
convex. To find the optimal solution to this non-convex optimization problem, different solutions

are proposed in the literature:

e Exhaustive search: This method selects the best relay or relays among all the possible se-
lections. The solution is optimal, however, the complexity of this method increases with the

increase in the number of relays [15, 16].

e Dual decomposition method: This method results in an asymptotical solution. With the
increase in the number of relays, the solution asymptotically reaches to the optimal solution.

However, the complexity is still an issue with the increase in the number of relays [17,18].

The main problem of these methods is the increase in time complexity of the algorithm, with an
increase in the number of relays. In communication systems, the number of relays or users could
be very large, which makes the aforementioned methods impractical. To deal with this issue, some
suboptimal algorithms are proposed. These algorithms provide less complexity, at the expense of

performance degradation. Suboptimal methods can be categorized as follows:

e Two part method: In this method, relay assignment and power allocation are performed

separately. In [17,19,20], different suboptimal algorithms are proposed based on this method.

o Partial relay selection: In this method, the complete knowledge of the system is not being
considered in the selection process. In [42], the authors propose a partial relay selection (PRS)

algorithm. In this algorithm, first a subset of relays is pre-selected based on the average CSI,
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then the best relay is selected based on the instantaneous CSI out of the pre-selected subset.
In [15], the authors propose another PRS algorithm that uses only the knowledge of relay to

destination node channels.

e Other methods: Other suboptimal methods are proposed that address the problem of joint re-
lay selection and power allocation. In [16], the authors propose a suboptimal algorithm based
on a relay ordering function, similar to the greedy approximation algorithm for knapsack

problems [43].

2.3 Assignment Problem

The problem of resource allocation in cooperative networks can be considered as an assignment
problem. Assignment problem deals with the question of how to assign n items to n other items [43].
An assignment problem can be described mathematically as a mapping 7 between two finite sets
U and V of n elements. 7 is called a permutation. Each permutation can be represented by a

permutation matrix X = [x;;], defined by

1 element j is assigned to element ¢
Tij = (2.1)

0 o.w

This permutation matrix is described by a system of linear equations

E?:l Ti5 = 1 1= 1,2, N
S miy=1 j=1,2,...n (2.2)

xi; € {0,1} forallz,5 =1,2,...,n

This means that every row and every column of the permutation matrix has sum of 1. Ann X n cost
matrix C' = [c;;] measures the cost of assigning element j to element ¢. The assignment problem can
be defined as an optimization problem that searches for the best permutation to satisfy an objective

function. The objective functions vary with different applications. If the objective is to minimize
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the total cost, the objective function is defined by

n n
mlnz Z cijxij, (23)

i=1 j=1
2.4
or if we show each permutation with 7, the objective function can be written as
min Z Tk, (2.5)

in which 7, represents the k" permutation out of whole K = n! permutations. This problem
is called linear sum assignment problem(LSAP) [43] and it corresponds to the max-sum criterion
mentioned in section 2.2.1. The min function can be easily replaced by the max function.

Another objective is to minimize the maximum cost. This objective function is defined by

min max ¢;;T;;. 2.6
1<i,j<n 7Y (20
2.7)
or as another representation
min maxm 2.8
k=12,..K b 2:8)

This problem is called linear bottleneck assignment problem(LBAP) [43] and it corresponds to the
max-min criterion mentioned in 2.2.1 by substituting the min function and max function. The

algorithms for solving the LSAP and LBAP are presented in the following subsections.

2.3.1 Hungarian Algorithm

The Hungarian algorithm is proposed in [44] to solve LSAP. The algorithm is based on this
theorem: ”If a number is added to or subtracted from all of the entries of any row or column of a
cost matrix, then an optimal assignment for the resulting cost matrix is also an optimal assignment

for the original cost matrix.” [43]. The following algorithm applies this theorem to a n X n cost
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matrix to find an optimal assignment. It is shown that the time complexity of this algorithm is

Algorithm 1 Hungarian Algorithm

step 1: Subtract the smallest element in each row from all the elements of the same row
step 2: Subtract the smallest element in each column from all the elements of the same column
step 3: Draw lines through appropriate rows and columns so that all the zero elements of the cost
matrix are covered and the minimum number of lines is used
step 4:
if the minimum number of covering lines is n then
The assignment is possible. Go to step 6
else
go to step 5
end if
step 5: Determine the smallest element not covered by any line. Subtract this element from each
uncovered row, and then add it to each covered column
go to step 3
step 6: The assignment is the zero element of the cost matrix

O(N*). The best time complexity of Hungarian algorithm is O(N?3) [45].

2.3.2 Threshold Algorithm

The Threshold algorithm is proposed to solve LBAP [43]. This algorithm consists of two phases.
In phase 1, a threshold value c¢* is chosen from the elements of the cost matrix, and a threshold matrix

C' = [¢;;] is formed as follow

B 1 Cij > c*
Cij = (29)

In phase 2, it is checked whether the threshold matrix C' contains an assignment with the total cost
of 0. If this assignment is found, the search is completed. If it is not found, phase 1 is repeated
with a different threshold value c*. Phase 1 can be performed using the binary algorithm. In this
case, the time complexity of the threshold algorithm is O(T'(n) log(n)), in which T'(n) is the time
complexity for checking if the cost matrix contains an optimal assignment or not. The threshold
algorithm with the binary search is presented as follows:

If the corresponding assignment is needed, the method proposed in [46] can be used. This

n2-5 )

method has the time complexity of O( Tosn)
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Algorithm 2 Threshold Algorithm

Initialize 4,,,;, = the minimum element of C'
Initialize %,,,,, = the maximum element of C'
repeat
m =
Define C' using (2.9)

Z.nn'n‘f‘imaar
[ Frnsyimes |

if C contains an assignment with cost 0 then

Umin = M
else

lmaz = M
end if

until The smallest ¢* is found

24 OFDM

Multicarrier modulation is a technique where a wide-band signal is divided into a number of
narrow-band signals and sent through different orthogonal subchannels [2]. The data rate and the
bandwidth of each subchannel is much smaller than the total date rate and bandwidth of the system.
In multicarrier modulation, the effect of inter-symbol interference (ISI) can be alleviated, if the
bandwidth of each subchannel is smaller than the coherent bandwidth of the channel [2]. In this
case, each subchannel experiences flat fading.

OFDM is a digital implementation of multicarrier modulation that uses fast Fourier transform
(FFT)-based modulator and cyclic prefix. This technique is used substantially in wireless commu-
nications, for instance in Wi-Fi, WiMax, LTE, and LTE-Advanced [47]. The advantages of OFDM
technique include the elimination of ISI, low complexity of FFT algorithms, and the omission of
the complex equalizers [2].

The block diagram for OFDM transmitter and receiver is shown in Fig. 2.3 and 2.3. In the trans-
mitter, the input data bits are modulated, usually with a quadrature amplitude modulation (QAM) or
phase-shift keying (PSK) modulator. This symbol stream goes through a serial-to-parallel converter.
The output is a sequence of N parallel symbol streams. Each symbol stream is transmitted through
each subchannel, therefore these streams are frequency components of the output of the transmitter.
By passing these symbol streams through an IFFT block, frequency components are converted into

time samples. Then, cyclic prefix is added and samples are put back into one sample stream. This
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stream is digital-to-analog converted and transmitted over the carrier frequency of f..

At the receiver, the received signal is down converted and passed thorough a low pass filter
(LPF) to remove the carrier frequency. An analog-to-digital (A/D) converter samples the signal,
then the cyclic prefix is removed and the samples are passed through a serial-to-parallel converter.
The result is a sequence of N parallel streams. These streams are passed through an FFT block,

parallel-to-serial converted and demodulated to recover the transmitted data bits.

2.5 Wireless Sensor Network (WSN)

WSN consists of many sensor nodes that are randomly distributed and communicate wirelessly
over short distances. These sensors are usually low-cost, low-power and multifunctional [48]. Two
main different architectures are used in sensor networks: flat architecture and hierarchical architec-

ture. In flat architecture, each node is responsible for sensing, routing and transmitting its own data
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to the base station. In a hierarchical architecture, each node belongs to a cluster. Each cluster con-
sists of a cluster head and multiple sensor nodes. Each sensor transmits data only to the cluster head,

and the cluster head gathers all the information in a cluster and transmits to the base station [49].

2.5.1 Relaysin WSN

The use of relays in WSNs has drawn a lot of attention. Relay nodes fight multipath fading by
adding cooperative diversity to the system. In addition, relay node can shorten the distance between
a sensor node and the destination. Therefore, by an optimal power allocation scheme, the power
consumption of sensor node decreases, which results in extended lifetime of the network. Moreover,
relay node can balance data gathering by lessening loads from overloaded nodes. Adding relays to
the network provides some extra routes. By finding an optimal route we can redirect burden from
some overloaded nodes to more powerful relays.

By providing each sensor node with more than one disjoint connection, deploying relays makes
network fault tolerant. If one connection is lost, an alternative connection saves sensor from dying
[50]. In two-tiered cluster-based networks, high-power relays are placed in upper tier and sensors
are placed in lower tier. Sensors in the lower tier communicate only with relays in the upper tier.
The objective of the optimization problem is to find the minimum number of relays so that each
sensor is connected to at least two relays. An alternative objective in order to maximize scalability
is to find the minimum number of relays so that each sensor is connected to at least one relay [49].

In some sensor networks, usually with flat architecture, relay nodes are nodes similar to sensor
nodes. The role of each node can be pre-defined as a sensor/relay or it can be changed by a role-
assignment algorithm according to current network status, in order to achieve higher performance.
In other networks, usually with hierarchical architecture, relays can be special nodes with higher
capacity. Unlike sensor nodes that only gather information from surrounding information and trans-
mit to the relays which usually are located closely, relay nodes repeatedly receive and transmit data
from multiple sensors to another relay node or base station located in farther distances. Therefore,

using a more powerful node for relays helps improve network performance [49].

16



2.6 Buffer-aided Relays

In a conventional cooperative network, it is assumed that relays can store only one packet for the
duration of one time slot. Therefore, the source-relay (SR) and the relay-destination (RD) transmis-
sions occur in two consecutive time slots, independent of the channel characteristics. In a system
where channels vary with time, this scheduled transmission inhibits the system from using the best
possible SR or RD links. This restriction can be removed by equipping relays with buffers. Buffer-
aided relay can benefit a reliable SR link by receiving multiple packets and storing them in its buffer.
Similarly, when RD link is reliable, relay can transmit multiple packets that are previously stored in
its buffer.

Buffer-aided relays introduce significant improvements to the system performance in terms of
throughput and stability, and balances the traffic load passing through each relay [4]. However,
these improvements are achieved at the expense of an increase in total transmission delay, that
should be handled in the applications that are delay-sensitive. Moreover, the relaying protocols
for buffer-aided relaying are more complicated than conventional relaying, since the status of the

buffers should be considered.

2.6.1 Single Relay Network

In order to get a better perspective of buffer-aided relays, initially we consider a single relay
network where the relay node is equipped with buffer. In this network, a single source node is
communicating with a single destination through a DF relay. We assume that direct communication
is not possible. Channels are modeled as quasi-static fading, where fading gains are constant during
one time slot, but change from one time slot to another.

In contrast with the conventional relaying transmission protocol where the source and the relay
nodes transmit in consecutive time slots, in the buffer-aided relaying network, at each time slot a
node with better link quality is selected for transmission. If the SR link has better quality than
the RD link, the source node transmits, otherwise the relay node transmits. Fig. 2.5 depicts these
transmission modes. This protocol is known as buffer-aided relaying with adaptive link selection

and was introduced in [51-53]. Based on the nodes knowledge of CSI, the adaptive or fixed rate

17



Buffer Buffer

@ oG

(a) A buffer-aided relaying when the relay receives a (b) A buffer-aided relaying when the relay transmits a
packet packet

Figure 2.5: A buffer-aided single relay network

transmissions are proposed.

Adaptive Rate Transmission

This protocol requires all the nodes to be aware of the CSI of their transmitting and receiving
channels. In this scheme, based on the CSI of the SR and RD links, the decision is made whether the
source or the relay node transmits. The source and the relay nodes while selected for transmission,
transmit with data rate equal to the capacities of SR or RD channels, respectively. In [51], it is
assumed that the buffer size is infinite, and the buffer is never empty nor full. Denoting the capacity
of SR and RD links by C'sr and C'gp, respectively, and a constant p > 0, the transmission protocol

is as follows:
e The source node is selected for transmission if Csg > pCrp
e The relay node is selected for transmission if Csg < pCrp

where p is a decision threshold that should be optimized. It has been shown that this scheme has
diversity order of two, which provides considerable gain in comparison to conventional relaying.
In a more practical scenario, it is assumed that buffer size is limited. Therefore, the transmission

protocol is modified as follows:

o If the buffer is empty, the source node is selected for transmission
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o If the buffer is full, the relay node is selected for transmission
e Otherwise, the selection policy is similar to finite buffer size scenario

In this protocol, the transmission delay is limited by reducing the buffer size.

Fixed Rate Transmission

For fixed rate transmission, the source and the relay do not have CSI knowledge of their trans-
mission link, therefore the transmission rate is fixed. In order to decide which node to transmit, the
relay node has the knowledge of the outage state of the SR and RD link. The outage state of the SR
and RD links are determined by the relay and the destination nodes, respectively, and sent as a one
bit feedback to the source and relay nodes. In [53], the following transmission protocol is proposed

based on the outage states.
o [f the SR link is in outage and RD link is not, the relay transmits.
e [f the RD link is in outage and SR link is not, the source transmits.

e [f both links are not in outage, the relay transmits P percent of the times and the source transmits

100 — P percent of the times.

In this protocol, the transmission delay can be adjusted by the parameter Po

2.6.2 Multi-relay Network

The performance of the system is improved in a network equipped with multiple relays. As
mentioned in section 2.2.1, with a proper relay selection technique, the benefits of multi-relay net-
work are achieved without excessive use of scarce resources. The BRS scheme is adapted to the
buffer-aided relay network has first been proposed in [54] wherein the authors propose the max-
max relay selection algorithm. In the max-max scheme, a relay with the best available SR channel
is selected for reception, and the one with the best RD channel is selected for transmission.

The max-max algorithm is constrained by scheduled transmission, where the source and the

relay transmit in consecutive time slots. This constraint is removed in [55], with the aim of providing
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additional degrees of freedom (DoF) in relay selection. In [55], the authors propose the max-link
algorithm where the best link is selected among the available SR and RD channels. Also, it is shown
that a diversity gain twice the number of relays, is achieved. In [56], the authors consider a more
realistic model where the source and the destination nodes can communicate directly. Furthermore,
the modified max-link algorithm is proposed, where the relay selection scheme is similar to [55]
with the RD transmission being conditioned to unsuccessful SD transmission.

Different from [54-56] where nodes transmit with fixed rate, in [57] the source and the relay
nodes transmit with data rate equal to the capacities of SR and RD links. The best relay is the
one that maximizes SR or RD channel capacity, similar to the selection criterion proposed in [51].
In [58], the authors propose a max-ratio policy, to optimize the secrecy transmission. In this scheme,
the best relay is the one that maximizes the SR or RD signal to eavesdropper channel gain ratio.

In [59], the authors propose the balancing relay selection algorithm to balance the arrival and
departure rates at each buffer. By keeping the buffers in non-full and non-empty states, more links
are available for selection, therefore, the outage probability is reduced. Based on this idea, the
relay selection algorithm selects a link with highest channel gain, while keeping buffers in non-
full and non-empty state. In [60] and [61], the authors propose a priority-based max-link selection
algorithm. In this algorithm, links are prioritized into three classes: 1) R-D links with full buffers,
2) S-R links with empty buffers, and 3) SR and RD links with non-full or non-empty buffers. The
link with highest channel gain is selected among the links in each class. It has been shown that
prioritizing reduces the outage probability in comparison with the max-link algorithm. In another
work in [62], the authors introduce the max-weight algorithm, where each link is assigned a weight
according to the relevant buffer status. The weight of each S-R (R-D) link is equal to the number
of empty (occupied) buffer spaces. Then, the algorithm selects a link with the largest weight. It
has been shown that the max-weight algorithm can achieve more diversity than max-link when
buffer size is small. In [63], an improved max-weight algorithm is proposed as an extension to
the max-weight algorithm. In this algorithm, if weight of more than one links are equal to the
maximum weight, the link with highest channel gain is selected. Moreover, to reduce the delay, R-
D links are prioritized to S-R links when having equal weights. In another work in [64], the authors

propose an algorithm based on the max-weight algorithm. However, the proposed algorithm allows
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simultaneous transmission of multiple S-R or R-D links.

Buffer-aided relay selection is also adapted to cognitive networks to select the best relay for the
secondary network [65,66]. In [65], one relay is selected for the secondary reception or transmis-
sion based on the max-link policy. However, the selection is constrained by a maximum tolerable
interference level at the primary receiver. In [66], the authors propose a max-ratio scheme that se-
lects the relay with highest SR or RD channel signal-to-interference ratio (SIR), while keeping the

interference to the primary nodes below a certain threshold.

2.7 Channel Coding

In design of a communication system, the reliable transmission of the information from one
point to another at an acceptable rate is a major task. Channel coding is a useful tool to fulfill this
task. The idea behind channel coding is increasing the distance between constellation points, by
mapping the constellation points of the input sequence to a higher dimensional signaling space [2].
This added redundancy provides error detection and correction capabilities. However, the addition
of this redundancy increases the required bandwidth for transmission and the complexity of the
encoder/decoder design. Therefore, the trade-off in designing a channel coding is to attain low
error rate while considering the bandwidth and system complexity. There are two main classes of
codes: block codes and convolutional codes. In the remaining of this section the principals of the

convolutional code and Turbo code are briefly presented.

2.7.1 Convolutional Code

A convolutional code is generated by passing the information bits through a linear finite-state
shift register [2]. Fig. 2.6 shows the diagram of a convolutional encoder, consists of K stages
of k bits shift registers and n addition operators. A k-bit information sequence enters and shifted
into each stage of the shift register. For each k-bit input, a code word of length n is generated.
Therefore, the code rate is equal to R, = % The parameter K is defined as constraint length of the
convolutional code.

A convolutional code is described by its generator matrix. This generator matrix consists of
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Figure 2.7: Convolutional encoder (5,7)

n vectors, representing the generator polynomial for each addition operator. The entries of these
vectors represent the connection of the corresponding addition operator to each stage. For instance,
consider the convolutional encoder depicted in Fig. 2.7, with k = 1, K = 3, and n = 2. The
generator polynomials for this convolutional encoder are g; = [1,0, 1] and g2 = [1, 1, 1]. It is more
convenient to present the generator polynomials in octal form as (5, 7).

Traditionally, there are three graphical methods to describe the properties of a convolutional
code: the tree diagram, the trellis diagram and the state diagram. Fig. 2.8, shows the trellis diagram
for convolutional code (5,7), assuming that the encoder is in all-zero state initially. The solid
lines indicate the input bit S; = 0, and the dashed line indicate the input bit S; = 1. The term
S2.53 denotes the current state of the shift register, and the output bits C;C'y are written next to the
transition lines. The stages are denoted by ¢;. Starting at the all-zero state 52535 = 00 at stage tg, if
the input is 0, after the transitioning to the stage t1, the new state will remain S5.55 = 00, and the

output bits will be C'1Ca = 00. Conversely, if the input is 1, after the transitioning to the stage ¢1,
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Figure 2.8: Trellis diagram for convolutional code (5,7)

the new state will become 5555 = 10, and the output bits will be C;Cy = 11. Fig. 2.8 shows that

the trellis repeats itself after stage ¢3, which is expected when the constraint length is K = 3.

Viterbi Algorithm

The Viterbi algorithm is a maximum-likelihood decoder for decoding a convolutional code, by
selecting a path in the code trellis which has minimum difference with the received sequence. This
algorithm calculates a metric for every path in the trellis. For hard decision decoding, this metric
corresponds to the Hamming distance between the coded bit sequence of each path and the received
sequence. At each state, the algorithm compares the metrics of all paths entering that node (state).
The path with the lowest metric is retained and all the other paths are removed. The path that is

not removed is called the survivor path. At each state, 251

survivor paths are kept, one for each
state. These calculations are repeated for all the stages. When the trellis reaches the termination
point, the path with the smallest value is selected. Then, the related sequence of symbols to this

path constitutes the decoded bits.

Error Probability of Convolutional Codes

A state diagram is one of the methods to describe the properties of a convolutional code, in-

cluding the distance properties. Fig. 2.9, depicts the state diagram of the convolutional code (5,7).

23



2
F-w d=11
L |
DL ! DL
|
{ \
DL DL DL
a=00 p--=-=-- = c=10 » b=01 = =00

Figure 2.9: State diagram for convolutional code (5,7)

This diagram includes all the possible transitions from the all-zero state to the all-zero state. It is
assumed that the input to the convolutional encoder is an all-zero sequence. Due to the linearity of
the convolutional code, this assumption is made with no loss of generality. Each branch is labeled
by branch gain D?L!, where the exponent of D denotes the Hamming distance of the corresponding
branch’s output with respect to the all-zero sequence, and the exponent of L denotes the length of
the branch. Here, the exponent of L is always equal to 1, since the branch lengths are 1. The state

equations for the state diagram in Fig. 2.9 are written as follows:

X, = DLX,+ DLX,,
X.=D*’LX,+ LX,,
Xy=DLX.+ DLX,,

X. = D?*LXy, (2.10)

where X,, ..., X¢ denote the node signals. The transfer function for this diagram is defined as
T(D,L) = X./X,. After solving the state equations given in (2.10), the transfer function is
obtained as

X, D°L3

X, 1-DL(+1L) 11
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Using the binomial expansion and setting L = 1, the transfer function becomes

T(D,1) = D°+2D%+4D7 + ...
(2.12)
This transfer function can be written in the form of
o0
T(D)= Y asD", (2.13)

where ag denotes the number of paths with Hamming distance d from the all-zero path, and d,;,,
denotes the minimum Hamming distance. By the aid of the transfer function and the distance prop-
erties of a convolutional code, the probability of error of a convolutional code can be calculated. An
error-event is defined as the event that an erroneous path is selected at the decoder. The probability

of the error event is upper-bounded by [67]

Po< > agPy(d), (2.14)

where, P»(d) is called the pairwise error probability, and defined as the probability of the oc-
currence of the path with Hamming distance d. This probability depends on the channel model,
modulation scheme, and whether the soft-decision or hard-decision decoding is employed. For in-
stance, for an Additive White Gaussian Noise (AWGN) channel, Binary Phase-Shift Keying (BPSK)

modulation, and soft-decision decoding, the pairwise error probability is given as

Py(d) = Q(v/27R.d), 2.15)

where ()(.) is the Gaussian ()—function, and 7 is the average bit SNR. The upper bound given in
(2.14) gives the probability of an error event, while it is more common to use the probability of

bit-error. The probability of the bit-error for a convolutional code is given by
o
Po= Y aqf(d)Ps(d), (2.16)
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where f(d) denotes the number of bit errors in each erroneous path.

2.7.2 Turbo Code

Turbo codes are parallel concatenated convolutional codes that can achieve near-capacity per-
formance with feasible complexity and code word length [67]. The turbo encoder shown in Fig.
2.10, consists of two constituent systematic encoders separated by an interleaver. Commonly, the
recursive systematic convolutional (RSC) encoders are used as constituent encoders. An example
of an RSC encoder with constraint length 3 is shown in Fig. 2.11. The RSCs are described with a
ratio of polynomials (%)’ where g; and gs represent the parity and the feedback polynomials. The
encoder in Fig. 2.11 has generator polynomial (1, %)

The interleaver is an essential component of the Turbo code. This block generates the output
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sequence by permuting the input sequence. Therefore, the output consists of the same symbols as
the input, but in a different order. There are many different types of interleavers. For a Turbo code
with small block length, it is advantageous to design the interleaver. Conversely, for large block
lengths, pseudo-random interleavers are shown to perform best [68].

Unlike convolutional code, Turbo code is a block code. In order to determine the beginning
and the ending of a block, the Turbo encoder is always initialized in all-zero state. Moreover, after
encoding a block of data, a number of tail bits enter the encoder to make it return to the all-zero
state.

Fig. 2.12 shows the block diagram for the Turbo decoder. The Turbo decoding algorithm iterates
between two decoding stages. Each stage consists of a soft-decision decoder for the RSC encoders
used in the Turbo encoder. The information sharing between the two stages are through an inter-
leaver. The most commonly used decoding algorithms for a Turbo decoder are soft output Viterbi
algorithm (SOVA), or the Bahl, Cocke, Jelinek, and Raviv (BCJR) algorithm. The BCJR algorithm
is a soft-input soft-output maximum a posteriori probability (MAP) detection algorithm. Unlike the
Viterbi algorithm that maximizes the likelihood of the whole sequence, the BCJR algorithm max-
imizes the a posteriori probabilities of each individual bits [67]. Therefore, the BCJR algorithm
shows slightly better performance than Viterbi algorithm. Since the BCJR is a soft-output algo-
rithm, after completing a certain number of iterations, the output of the decoder is passed through a

hard limiter to achieve the decoded bits.
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Error Probability of Turbo Codes

The upper bound of the Turbo code is commonly driven by the Union bound method, given the
weight distribution function A(d). Obtaining A\(d) of the Turbo code for a particular interleaver is
complicated. In [69], the authors obtain the average weight distribution \(d), by averaging over all
possible interleavers. As Fig. 2.10 shows, a turbo code consists of three fragments: the systematic
(input) bits s , first parity bits sequence p1, and second parity bit sequence po. If the interleaver Z is

known, the union upper bound for a block code with rate k/n is given as

Py(Z) < > AdIT)Py(d), (2.17)
where A(d|Z) is the number of codewords with Hamming distance d, given a specific interleaver Z.

The average P, is obtained by averaging P,,(Z) over all the interleavers, as

P, < A(d)Py(d), (2.18)

where \(d) is the average weight distribution function. The \(d) is obtained by averaging over all

the interleavers. For a specific interleaver Z, the conditional weight distribution is given as

k
Ad|Z) = dli, T 2.19
am) = 3 ()i 2 @.19)
where p(d|i,Z) is the probability of generating a codeword with weight d, from an input sequence
with weight ¢, given the interleaver Z. As the Turbo code consists of three fragments, the weight of

the output sequence can be written as d = i + dy + dy, where d; is the weight of the parity set p1,

and ds is the weight of the parity set pa. Therefore, A(d|Z) is written as

A => 3N (’;) p(i,dy, doli, T), (2.20)

i dp dp

d=i+di+d2

where p(i, dy, da|i,Z) is the probability that an input sequence with weight 7 is mapped to a code-

word with fragment weights d; and ds. If the interleavers are selected randomly and uniformly from

28



all the possible permutations of k elements, the p(i, d1, d2|i,Z) is given as
By averaging over all the interleavers, the A(d) is obtained as

Ald) = E[Ad|T)]

= ZZZ< > p(dali). (2.22)

i dy do

By substituting (2.22) into (2.18), the average upper bound is obtained as

WS D ZZZ<> p(da|i) Po(dD). (2.23)

d= dmzn 2 d1 dQ

The p(d, /2]i) denotes the probability of generating a codeword fragment of weight d; 5, given

an input sequence of weight ¢, and it is given by

(k’iadl/Q) ~ t(k7i7d1/2)
Zd1/2 (k ‘ d1/2) (k) ’

7

p(dyali) = (2.24)

where t(k, i, d) denotes the number of paths of length k, input weight ¢, and output weight d, when
the trellis starts and ends in all-zero state. In [69], the authors show that for any block length k& = [,
the ¢(l,7,d) can be derived from the transfer function of the convolutional encoder T'(L, I, D),

defined as

T(L,1,D) ZZZLZPD% l,i,d). (2.25)

>0 i>0 d>0

By solving (2.25) recursively, ¢(l, i, d) is obtained. For instance, the transfer function for a convo-
lutional code (1,5/7) is given by

1—LI—I2]—L3D? - I?)

Ts7(L,1,D
w7 )= 1—L(i+1)—L3(D2—1—1I2+I3D2) 4+ LA(D? — I?> — I?D* + I'D?

(2.26
{ )
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With some manipulations, (2.26) can be written in form of (2.25), then ¢(l, 7, d) is calculated recur-

sively, as

t(li,d) =t(1—1,i—1,d) +t(l — 1,i,d)
+t(1—3,i—3,d—2) —t(l—3,i—2,d) —t(l—3,i—1,d) +t(1—3,i,d — 2)
—tl—dyi—A,d—2) +t(l—4i—2,d—4) +t(1—4,i —2,d) — t(l — 4,i,d — 2)
+6(1,i,d)— 61— 1,i—1,d) — (1 —2,i— 1,d) — 6(1 — 3,i,d —2) + 6(1 — 3,i — 2,d)

(2.27)

where §(l,i,d) = 1ifl =i =d = 0 and §(l,4,d) = 0 otherwise, and ¢(l,,d) = 0 if any index is

negative.

2.7.3 Distributed Turbo Code

Distributed coding techniques are introduced in [70-72] to improve the performance of the
cooperative networks. The distributed Turbo code introduced in [73, 74] represents an important
member of distributed codes. In [73, 74], the authors propose a DTC scheme for a single-relay
network with one source and one destination nodes. The source node broadcasts a convolutionally
coded block to the destination and relay nodes. The relay decodes the received signal, interleaves
the information bits, and re-encodes with a convolutional encoder and forwards the coded bits to
the destination node. At the destination node, the received codeword from the source and the relay
constitute a Turbo code word. The destination uses a Turbo decoder to decode the received signal.
Different DTC scheme are proposed in the literature [73-77]. In [73, 74], the author assumed
that error-free decoding is performed at the relay. In [75], the relay calculates the a posteriori
probabilities of the information bits. Then the soft estimate of the parity bits are generated and
forwarded to the destination node. In [76], the relay calculates the log-likelihood ratio (LLR) of the
information bits. Then, by applying a threshold on LLRs, the relay only forward the reliable bits
and discard the others. In [77], the authors consider a network with multiple relays. The relays who
can successfully decode the received signal, interleave and re-encode the decoded bits and forward

to the destination. The rest of the relays amplify and forward the received signal. The destination
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node combines all the received signals to form a DTC codeword.

2.8 Markov Chains

Markov chain is a process for which the future results are affected by all the preceding results.
A Markov chain is defined as a sequence of states: { X, X1, ...}. Each state X is a random variable
that can take any value in state space S = {1, 2, ..., N} [78]. The process begins from one state and
moves to the next state. A transition from current state X; to the next state X; is called a step. The
probability of this step is called the transition probability, which is denoted by Tj; = P(X,41 =
j| X, = 1). The process can remain in the same state with the probability of T;;.

The transition probabilities do not depend on the past states that Markov chain was in, before

the current state. That means
T;; = P(Xpi1 =7 Xn=0,Xn1=1—1,..., Xg =1p) = P(Xpy1 = j| X, = 7). (2.28)

This property is called the Markov Property [78]. A transition matrix is defined as a N x N square
matrix T for which the entities are transition probabilities T7;.

At each time n, the probability distribution of the chain is denoted by a vector 7(™), for which
the entities are defined as ﬂ'in) = P(X,, = i). To predict the behavior of the process at any time,
we need to obtain this probability distribution vector w),

At time 0, the probability distribution of the process is defined by the Initial distribution vector
denoted by 7(9). This initial distribution 7(?) is a vector whose i‘" entry is 771(0) = P(Xy = i),

where

0<r¥ <1 vies, (2.29)
Sl =1, (2.30)
i€S

For a Markov chain, the probability distribution at time n is given by [78]

a1 = O, (2.31)
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Equation (2.31) indicates that any probabilistic behavior of the Markov chain can be obtained by
performing matrix operations.

Suppose a Markov chain with distribution 7r such that, if the initial distribution is 7#(®) = =
then the distribution at time 1 is also w(1) = 7. Then 7 is called the stationary distribution defined

as [78]

w=m7T, (2.32)
Z 7= 1. (2.33)
€S

The existence of the stationary distribution is proven for special types of Markov chain, in

Fundamental Limit Theorem. The definition of the special types of Markov chains are as follows:

e Ergodic or irreducible Markov chain: A Markov chain is irreducible if it is possible to go to

every state from every state [78].
e Aperiodic Markov chain: For each state i, we define the period d; as the greatest common
divisor (GCD)
d; = GCD{n : T} > 0}. (2.34)
where 77 denotes the entity (,4) of T™. An irreducible Markov chain is called aperiodic if
its period is 1 [78].

Fundamental Limit Theorem: For an irreducible and aperiodic Markov chain with transition ma-

trix T, the stationary distribution 7 exists and it is a unique vector [78]. Then we have

lim T" = II, (2.35)

n—o0

where I is a matrix with each row equal to 7.

In order to find the stationary distribution vector, linear equations (2.32) and (2.33) should be
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solved. Expression (2.33) can be written as

Brm =b, (2.36)
Bi; = 1,Yi, j, (2.37)
b=[1,1,1,..,1]7, (2.38)
where T is the transpose operator. By adding (2.32) to (2.36) we have
Tm—m+ B =b, (2.39)
then
w= (T -1+ B) b (2.40)

2.9 Conclusion

In this Chapter, we presented a general background on cooperative network and its elements.
Different relaying protocols used in the literature are discussed. We also presented a literature re-
view on different methods of relay selection and resource allocation. Then, we presented the basics
of the assignment problems and related algorithms. These algorithms are later used in Chapter 3.
Further, we briefly presented the OFDM transmission technique. Moreover, a brief review on WSN
and its elements are also included. We have used the WSN model in Chapter 4. We presented the
basics of buffer-aided relaying and the related works on this topic. The principles of channel coding
techniques including convolutional code, Turbo code and DTC are covered. At last, we provided a

summary on Markov chains. The Markov chain model is used in the analysis presented in Chapter

5.
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Chapter 3

Joint Power Allocation and
Subcarrier-Relay Assignment for

OFDM-based Decode-and-Forward

Relay Networks

OFDM is a well-known technique to combat frequency selective fading. By combining relaying
with OFDM, we can have the advantages of both techniques. However, in order to achieve the
improvements to the fullest extent the resource allocation should be optimized. Power allocation
plays a key role in performance improvement by optimally distributing power among subcarriers.
However, the problem of resource allocation is not solely defined by power allocation. In a network
with multiple relays, the problem of subcarrier-relay assignment arises.

Various methods are proposed to solve the resource allocation problem. Graph-based methods
are widely used [79,80], where the addressed problem is formulated as a problem of finding a perfect
matching in a bipartite weighted graph. Another vastly used method is Lagrange dual decomposition
that finds an asymptotically optimal solution [81, 82]. Although it is proven that the duality gap is
negligible for large number of subcarriers, the high amount of calculations and time complexity

makes this method not applicable. To deal with this problem, suboptimal algorithms are proposed.
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In [82, 83], the joint optimization problem is decomposed into multiple simpler subproblems which
are solved separately. In [79, 80], power allocation is not pursued to simplify the problem. These
suboptimal algorithms reduce the complexity at the expense of performance degradation.

The criterion mostly used for resource allocation is maximizing the total capacity of the system
known as max-sum criterion [79, 80, 82]. In a cooperative network, relays can represent other users
that shared their antennas in order to create a virtual MIMO antenna array. These users require
fair share of resources. The weak point of the max-sum criterion is that cell edge users with poor
link qualities achieve less resources. To achieve the fairness more resources should be allocated to
the users with poorest channels. This objective can be achieved by a criterion known as max-min
which is addressed in few previous works [83—85]. This drew us to address the problem of resource
allocation with max-min fairness objective.

In [86], the author proposed an optimal solution for joint power allocation and relay-assignment
problem subject to the sum-power constraint. This work is based on the assumption that the relay-
destination channel is perfect which is not a valid assumption when the channel quality is poor.
Also, this algorithm is designed for AF relays.

Motivated by aforementioned shortcomings, in this chapter we investigate the joint optimization
problem of subcarrier-relay assignment and power allocation to maximize the SNR of the poorest
channel in an OFDM-based DF relay network. An optimal algorithm with polynomial time com-
plexity is proposed to solve this problem. The optimality of the proposed algorithm is proved.

The rest of the chapter is organized as follows. In section 3.1 the system model is presented
and the problem is formulated. In section 3.2 the proposed algorithm is presented and explained
in details. In section 3.4 the simulation results are presented and discussed. Finally section 3.5

concludes the chapter.

3.1 System Model and Problem Formulation

The system model is depicted in figure 3.1. We consider an OFDM-based network with one
source and one destination nodes and L half-duplex DF relay nodes denoted by S, D, and R;(i €

{1, ..., L}), respectively. The communication takes place in two phases. In phase one, the source
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Figure 3.1: System model

node transmits data over all M subcarriers to relays. Each relay decodes a selected set of subcarriers.
In phase two, each relay re-encodes and forwards the received data using another set of selected
subcarriers to the destination node.

It is assumed that there is no direct communication link between source and destination nodes
because of the poor link quality. All channels are considered to be Rayleigh fading with path loss. A
centralized resource allocator with the knowledge of all the instantaneous CSI performs two tasks:
1) assigns subcarriers to relays and 2) distribute the power among subcarriers. The objective of
the resource allocator is to reach max-min fairness between subcarriers, that means maximizing
the SNR of the poorest (or bottleneck) subchannel at the destination node. We define two binary
variables w;; and v;;. If subcarrier j is assigned to relay 7 in phase 1, u;; = 1 otherwise u;; = 0.
Similarly, if subcarrier j is assigned to relay ¢ in phase 2 v;; = 1 otherwise v;; = 0. In order to
avoid interference, it is assumed that each subcarrier is only assigned to one relay. The number of

subcarriers assigned to relay R; is denoted by b;. These conditions are formulated by

L M
ug=1 Vi, > uy=b Vi, uye{0,1} (3.1
i=1 j=1
L M
D wig=1 Vi, Y wyy=b; Vi, wvy;€{0,1} (3.2)
i=1 i’=1

Each selection of relays is denoted by a permutation matrix u, = [u;j]arx 7, in phase 1, and vy, =

[virjlmxr in phase 2, k € {1,2,..., K}, K is the total number of permutations in each phase,
_ M

K T bylbo!lbp!”

Let Sy, denote a set of (7, j) pairs indicating the indices of the elements of the permutation uy,

and S,, denote a set of (¢/, j) pairs indicating the indices of the elements of the permutation vy,
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(i, j)|uij =1,e € {1,...,L},j € {1, ..., M},s.t.(1)}, (3.3)

Sve ={(,9)|vi; =1, € {1,...,L},j € {1,..., M}, s.t.(2)}. (3.4)

The SNR of the SR; channel when subcarrier j is assigned to relay ¢ is denoted by %SjR, and the
SNR of the R; D channel when subcarrier 5’ is assigned to relay 7 is denoted by W’Z%D . The power P
is available at the source node and distributed among subcarriers using the Water-filling algorithm.

All 'yiSjR can be improved by using power F;; according to

Pi'
%-S;-R(new) =(1+ ?;)%SjR(old) (3.5)
> Pj<P (3.6)
(i,j)ESuk
P.>0

)

Py is an initial power assigned to each subcarrier to avoid zero power allocation. The power P, is
available at each relay and distributed among subcarriers using the Water-filling algorithm, in phase

two. All fyi,R]D can be improved by using power P, j according to

P
v (new) = (1+ p) (old) 3.7)
> P,<Prvj (3.8)
(7,3) €Sy,
Pp; >0

The optimization problem can be formulated as

: - SR : RD
maxmin{ min 2 "(new), min ;5 (new)}. 3.9
k {(iu‘)esu,C i ) (i,5) €Sy, R ( )} G2

This optimization problem is subject to (3.1),(3.2),(3.6),(3.8). Due to independence of ,yisz and

%%D , the optimization problem is divided into two sub-problems (3.10) and (3.11) without losing
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optimality. In section 3.2 we propose a joint optimization algorithm to solve these subproblems.

. SR

S £.(3.1), (3.6 3.10

m]ftlx (Zyiglelguk fy” (new) ’ ( ) ( ) ( )
. RD

1.(3.2), (3.8 3.11

ml?X (Z’:I]I)HE%UI@ 71-7 (new) ’ ( ) ( ) ( )

3.2 Proposed Optimization Algorithm

The idea of the proposed algorithm comes from the Threshold algorithm used to solve the max-
min assignment problem on a cost matrix C' [43] . A threshold algorithm has two stages. In the
first stage an element from cost matrix is selected as a threshold ¢* and applied to the cost matrix to

define the threshold matrix.

1 Cij < c*

ol
Il

(3.12)

0 o.w

In the second stage, the feasibility of an assignment with zero cost is checked for this threshold
matrix. The largest value of the threshold is the optimum value.

In the proposed algorithm, the cost matrix is an SNR matrix I'5% = [y2] or TRP = [yiP],
Each assignment can be improved by using the available power. An assignment is considered feasi-
ble, if the required power to reach a specific threshold is less than the available power.

Using 7y, as a threshold, matrix "B is broken into two matrices A and U by thresholding
with p,-. This threshold is selected so the best permutation in A can reach the target SNR (7¢1,)
consuming less power than the available power P. The parameters A and ¥ are given by

i < s
A = Yij Yij Ythr 3.13)

0 o0.w

Yij Yij > Vthr

0 o.w

By this approach, the optimization problem is divided into two parts. First, we apply the joint
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power allocation and subcarrier-relay assignment on A until all the power is used. Then, we apply
the max-min algorithm on ¥ when no extra power is available. The ~y, is calculated by Search
for Threshold Algorithm. The threshold value can be any element of M/ L elements in T'S7. Binary
search algorithm is utilized to find the threshold:

1) Let us sort all the values of ', When a matrix or array is indexed by a single argument (1), we
refer to this as the 7" smallest element of that array or matrix. ~, is initialized by the midpoint
value v, = F(Sr? = F(S@J).

2) Matrix ®, = [¢;;] contains the required power for each element of I'SE to reach Y.

( YS‘TR - 1)P0 ’Y{qu <
P, = ij 3.14)

0 0.w
3) The best permutation in ®,. denoted by u,., requires minimum power to reach -,. Therefore the
optimization problem can be written as (3.15). This problem is known as semi-assignment problem

and it is solved by the Shortest Augmenting path algorithm proposed in [87]. The complexity order

of this algorithm is O(M?2L).

L M L M
minZquijuij, Zuij =1 Vjy, Zuij =b; Vi, Ujj € {0, 1} (3.15)
i=1 j=1

j=1 i=1

If the required power for this permutation is less than the available power P, we search for a higher

F*(gﬁl) : F?f}m}, otherwise, the searching span is [Fa}f‘ : F*(gﬁl)].

threshold in the searching span of |

The Search for Threshold algorithm returns the index of the highest reachable threshold with the
available power P. However, the power is not totally consumed. It is viable that by consuming the
whole power we reach a higher SNR (7)) , I'(,) < T" < I'(;.41). The Joint Optimization algorithm
performs a fine-tuning process on 7T to reach the highest achievable SNR. In this algorithm, first
we start with a target SNR achieved from the Search for Threshold Algorithm Ty and the min-sum
permutation is found. In the next step, the whole power is used to improve this permutation to reach
a new higher target SNR (77). It is viable that another permutation exists that can reach 77 with

less power. The search continues until the selected permutation does not change in consecutive

iterations.
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Algorithm 3 Search for Threshold

1: Input: 5%
2: Output: r
3: Initialize 7,5, = 1 and 1y,q0, = ML
4: repeat
r = eringrmazJ

5
6: Y= FSTR

7. Calculate ®, with the threshold of ~,
8

9

Find u, as the min-sum permutation in P,
if Z(i,j)eSuT pij < P then

10: Tmin =T
11:  else

12: Tmaz =T
13:  endif

14: until Z(i,j)eSur pij < P and Z(i7j)esur+1 pij > P
15: return r

Algorithm 4 Joint Optimization

1: Input: SE , Py

2: Output: 7', ug

3: Initialize T' = ~,

4 k=1

5: repeat

6:  Calculate ® with T" as threshold

7:  Find uy as the min-sum permutation in ®

8 if E(i,j)esuk Dij < P then

9 Calculate fng(new) using Water-filling algorithm

10: T = ming jes,, {’yiSjR(new)}
11:  else

12: Ul = Uk—1

13: Convergence = true

14:  end if

15: k=k+1

16: until up = ug_1
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The Joint Optimization algorithm ensures that we have achieved the highest possible bottleneck
SNR (denoted by 7") and the power is consumed completely. To this point, the elements of T'*
which are greater than 7" are not considered in the optimization process. Therefore, in the next
step the ¥ matrix is calculated, and the optimum assignment is found by performing the max-min
algorithm. It should be noted that in this step no power allocation is needed. This procedure is
illustrated in Main Algorithm. The similar algorithm is used to find the best permutation in phase 2,

denoted by T'; . The highest achievable SNR at the destination node is calculated using (3.16)

The time complexity of the proposed algorithm is analyzed as follows: the complexity of Search

Algorithm 5 Main Algorithm

1: Input: T5F

2: Output: T,

3: Call Search for Threshold algorithm and find r

4: Call Joint Optimization algorithm and find 7" and uy,

5:
*)/Z-SjR 'yg?R >T

=4 T (,7) € Su,

0 0.w.

6: Calculate u;, = maz-min permutation in ¥
Y A S SR

7. Tgp = ming jes,, Vi

8: return TGy,

for Threshold algorithm, Joint Optimization, and max-min are O(M?2Llog(M L)), O(M3L), and

O(M?Llog(ML)), respectively. It can be seen that the time complexity of each iteration of the

main algorithm is dominated by O(M?3L). In comparison with the complexity order of the exhaus-
M!

tive search which is O(W)’ the proposed algorithm has less complexity for large number of

subcarriers.
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3.3 Proof of Optimality

In this section, it is proved that Joint optimization algorithm reaches the optimal 7'. Assume that
the algorithm stops after J iterations reaches the SNR value of T}, but the optimal SNR is Ty 1.
The required amount of power for the optimal permutation to reach Ty is Px41. Two cases are
possible:
1) Px4+1 < P: In this case the algorithm cannot stop at iteration J, since the condition at line 10 is
satisfied. This contradicts the first assumption.
2) Pxy1 > P: Inthis case 1)1 is not feasible, therefore cannot be the optimal solution.

By rejecting the assumption it can be concluded that 7}, is the optimal solution.

3.4 Simulation Results

In this section, simulation results are presented to evaluate the performance of the proposed
algorithm. The model used in simulation complies with the system model presented in section 3.1.
In all the simulations, it is assumed that for all the relays b; = % This assumption is for simplicity,
however, b; can take any integer value.

In Fig. 3.2 the performance of the proposed algorithm is compared with the Exhaustive search
algorithm, in terms of error probability to validate the optimality of the proposed algorithm. It can
be seen that the performance of our algorithm matches the Exhaustive search, for different number
of relays, subcarriers and various values of SNR.

In Fig. 3.3, the performance of our algorithm is evaluated in terms of the achievable minimum
SNR across the subcarriers at the destination node. The performance of the proposed algorithm
is compared to the :Relay assignment + equally distributed power (EDP) algorithm. The Relay
assignment + equally distributed power (EDP) algorithm is a two-step algorithm. In the first step,
relays are assigned according to max-min criterion. This method is an optimal relay selection for
DF relays and it is often used as a baseline relay selection scheme as a means of comparison [13].
In the second step the power is allocated equally between subcarriers. It can be observed that the
minimum SNR achieved by the proposed algorithm is considerably higher that the Relay assignment

+ equally distributed power (EDP) algorithm. It can also be seen that by increasing the number of
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Figure 3.2: Error probability of the proposed algorithm in comparison with Exhaustive search

70 1 1 T T
—— Proposed Algorithm, L=2
= © =Relay assignment + EDP, L=2
60 Proposed Algorithm, L=4
o~ = P =Relay assignment + EDP, L=4
% =3¢ Proposed Algorithm, L=6
50 - Relay assignment + EDP, L=6
% —¢— Proposed Algorithm, L=10
E = A =Relay assignment + EDP, L=10
.5 40
=1
B=
=
@ 30
=
>
ﬁ 20
(&}
<
10

Figure 3.3: Achievable minimum SNR across the subcarriers in a system with L = {2,4,6,10}
relays, 60 subcarriers, Ps =6, Py =1, P, =1

relays, the achievable minimum increases, as expected.

In Fig. 3.4, t he performance of the proposed algorithm is compared to theRelay assignment
+ Waterfilling, in terms of the achievable minimum SNR. TheRelay assignment + Waterfilling is
a two-step algorithm. In the first step relays are assigned according to max-min criterion and in

the second step power is distributed by Water-filling algorithm. It can be seen that the proposed
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Figure 3.4: Achievable minimum SNR across the subcarriers in a system with L = {2,4,6,10}
relays, 60 subcarriers, P, =6, Py =1, P, =1

algorithm achieves higher minimum SNR than the Relay assignment + Waterfilling, for different
number of relays and various values of SNR. The reason for this improvement is that in the proposed
algorithm, the subcarrier-relay assignment and power allocation problem are solved jointly, where
in the Relay assignment + Waterfilling, the optimization problem is solved separately.

In Fig. 3.5 the performance of our algorithm is compared with the Relay assignment + EDP
and Relay assignment + Waterfilling algorithms in terms of the achievable minimum SNR across
the subcarriers at the destination node, for different number of relays. It can be seen that the for
various number of relays the proposed algorithm achieves higher minimum SNR that the other two
algorithms. It can also be seen that for larger number of relays, the improvement in the achievable
minimum SNR is more considerable.

In Fig. 3.6 it is shown that the Joint Optimization algorithm converges to the optimum value in
less than 3 iterations.

In Fig. 3.7, the performance of the proposed algorithm is compared to the Relay assignment
+ EDP, in term of the outage probability. An outage event occurs when in each transmission, the
minimum SNR is lower than a certain threshold. Here, we assume that the SNR threshold is 0dB.

It can be observed that the proposed algorithm achieves considerable improvement in terms of the
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Figure 3.6: Convergence of the Joint Optimization algorithm, in a system with 5 subcarriers and
different number of relays

outage probability. Also, it is shown in this figure that the performance improvement becomes more
noticeable, as the number of relays increases.
In Fig. 3.8, the performance of the proposed algorithm is compared to the Relay assignment

+ Waterfilling, in term of the outage probability. This figure shows that the proposed algorithm
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Figure 3.8: The outage probability of the proposed algorithm in comparison with the max-min

algorithm, in a system with 60 subcarriers and different number of relays

outperforms the Relay assignment + Waterfilling one for all the values of SNR and for different
number of relays. It can be observed that similar to Fig. 3.7, the performance improvement becomes
more noticeable, as the number of relays increases.

In Fig. 3.9, the performance of our algorithm is compared with the algorithm proposed in [86]
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Figure 3.9: The error probability of the system with DF relays in comparison with AF relays, in a
system with 3 subcarriers

for a system with AF relays. As AF relays amplify and forward the received signal, they are re-
stricted to use the same subcarrier for reception and transmission. The proposed algorithm is not
restricted by the same limitation. However, to make a fair comparison, we add an extra condition
to our algorithm that states relays are constrained to use the same subcarriers for transmission and
reception. Fig. 3.9 shows that even by adding this extra condition, the proposed algorithm outper-
form the algorithm proposed in [86], for different values of SNR and various number of relays. The
performance improvement is more significant in low SNR regime. The reason is that in an AF relay
noise is amplified besides the signal. This effect is more detrimental when the noise level is higher.

The proposed algorithm is based on the max-min fairness to ensure that each subcarrier secures
a fair part of the resources. To evaluate the fairness of the proposed algorithm, we used Jain’s
fairness index given by M In Fig 3.10 the fairness of our method is compared with the
Max-min algorithm and the Max-sum algorithm. In the Max-sum algorithm the selection criterion

is to maximize the total capacity. It is observed in this figure that the proposed algorithm achieves

higher fairness.
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Figure 3.10: The Jain’s fairness index of the proposed algorithm in comparison with Max-min and
Max-sum algorithms

3.5 Conclusion

We proposed an algorithm for the joint power allocation and relay assignment problem in re-
lay networks. The relay assignment is based on the max-min criterion and the power allocation is
performed by the water-filling algorithm. We analytically proved the optimality of the proposed al-
gorithm. It was also shown by simulation results that the performance of our algorithm matches the
performance of the exhaustive search. Since the proposed algorithm acts iteratively, we performed
convergence investigation and showed that the algorithm convergences in less than three iterations.
By performing complexity analysis, we showed that the algorithm that we proposed offers polyno-
mial time complexity that makes it practical for a larger number of relays or subcarriers. Moreover,
we provided various comparisons between our algorithm and the max-min algorithm when power
is equally distributed among subcarriers, and the max-min algorithm when power allocation fol-
lows waterfilling algorithm. Our algorithm showed significant improvement in terms of the outage
probability and the achievable minimum SNR, in comparison with these two algorithms. It can be
inferred from the simulation results that as the SNR and/or the number of relays increase, the per-
formance improvement of the proposed algorithm with respect to the other two algorithms becomes

more significant. It was also shown that our algorithm secures more fairness in comparison with the
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max-min and max-sum algorithms.
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Chapter 4

Throughput Maximization using
Cross-Layer Design in Wireless Sensor

Networks

4.1 Introduction

In WSN, depending on the application, there are three main metrics that are the objective of
optimization: network lifetime is maximized, data latency is minimized, and network throughput is
maximized. Due to the recent improvements in energy harvesting technique in WSN (EH-WSN),
the sensor nodes can harvest energy from resources like wind, solar or vibration in their surrounding
environment [88], therefore, in EH-WSN mostly the objective of optimization is network throughput
rather than lifetime maximization. The throughput optimization is investigated in [88-90]. The
problem is NP-hard. Therefore, in [89] the authors derive a bound rather than optimal solution.
In [90] an exact solution for throughput optimization is obtained for medium-sized networks, but
for large network a heuristic algorithm is proposed.

The many benefits of relays in WSN are previously discussed in Chapter 2. A proper relay se-

lection technique in a WSN with multiple relays can improve the performance of the network. The
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relay selection techniques that improve the performance of the wireless network from a physical-
layer point of view, do not consider the quality-of-service (QoS) requirements of the data-link layer
like packet error rate (PER) or total throughput. A proper cross-layer technique could guarantee
these requirements. In [91], a cross-layer relay selection algorithm is proposed to select the optimal
relay in device-to-device (D2D) communications, while addressing the problem of buffer manage-
ment. Both channel-state-information (CSI) in the physical-layer, and queue state information (QSI)
at the data-link layer are considered. In [92], a cross-layer relay selection for cooperative network is
proposed. The algorithm uses exhaustive search at the destination node to select a subset of relays
that maximizes the link-layer throughput. In [93], a Q-learning-based algorithm is proposed for
relay selection problem to maximize the link-layer transmission efficiency. In [94], a distributed
optimal relay selection scheme is proposed to improve multimedia transmission, while optimizing
the application layer QoS and distortion. In [95], a cross-layer design for relay selection and power
control is proposed for a multi-cell network to maximize the total capacity while considering the
inter-cell interference. It is assumed that relays are affected by the nodes in adjacent cells. In [96],
a cross-layer relaying transmission framework is proposed to maximize the effective capacity. In
the same paper, the authors also propose a cross-layer fixed power allocation scheme based on the
particle swarm optimization.

Previous works on relay selection assume independent channels. This is a valid assumption
when relays are sufficiently separated, although in scenarios when relays are placed closely these
channels tend to be correlated. In [97], the performance of a system with SRS with correlated
channels is analyzed. It is assumed that SR channels are equally correlated, as well as RD channels,
but for each relay, SR and RD channels are independent. This correlation model is used as a worst-
case benchmark. In [98], the performance of a single relay network is analyzed. It is assumed that
SR, RD, and SD channel are correlated. In [99], a relay selection scheme for OFDM based system
is proposed over equally spatially correlated channels within the same hop and independent channel
in two hops.

In this chapter, we propose a cross-layer-based scheme for relay/sensor selection to maximize
the link-layer throughput. In this scheme, no limit is put on the number of relays. Taking into

account the physical and link-layer characteristics, one or multiple relay sensors are selected. The
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objective of the scheme is to maximize the link layer throughput. Unlike many works that assumed
independent channels, we consider equally spatially correlated channels. Correlation among dif-
ferent sensors become significant when sensors are closely placed (a relay cluster). The equally
correlated model can be used as a worst-case benchmark or as a rough approximation by assuming
equal correlation coefficients for all channels.

The rest of the chapter is organized as follows. In section 4.2, the system model is presented
and the problem is formulated. In section 4.3, the proposed scheme for cross-layer sensor/relay
selection is presented and discussed in details. In section 4.4, the simulation results are presented

and discussed. Finally, section 4.5 concludes the chapter.

4.2 System Model

We consider a two-hop wireless sensor network with a single source node S, L half-duplex DF
relays/sensors R;,i = 1, ..., L and single destination node D (see Fig. 4.1). All nodes are equipped
with single antennas. Each hop includes L channels which are equally correlated in space. Channels
from different hops are statistically independent. Channels are modeled as Rayleigh fading with
equally correlated gains as proposed in [100]. This model can be used for systems with closely
placed sensor network (i.e., relay cluster). Many techniques are proposed for relay clustering. One
of the mostly used methods is geographic approach which places closely placed sensors in one
cluster. By this method, sensors in a cluster experience correlated fading. The equally correlated
model can be used as a worst-case benchmark or as a rough approximation by assuming equal
correlation coefficients for all channels [100], [97,99]. For the it" relay, R;, we denote the SR
gain by hZSR and RD channel gain by h*P. According to [100], we can model equally correlated

Rayleigh fading channel as

RISREDY — (1= pai + /pwo) + (/1 — pyi + v/Po) (4.1)

where i = /—1, z; and y; ~ N(0,02/2) are independent, zg and 39 ~ N (0,02 /2) are indepen-
dent and used to correlate all channels. Correlation coefficient is denoted by p = E[h; 1]/ /E[h;h}]E[h;h}]

where E is the expected value operator and 0 < p < 1.
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Figure 4.1: The block diagram of the system with 5 relays; 3 relays are selected for cooperation

It is assumed that channels are quasi-static and fixed during a single packet transmission. Also,
a perfect CSI is assumed. The relay/sensor selection takes place at the destination node. A subset of
K best sensors are selected, and this selection is sent to the source node through a reliable error-free
feedback link.

The transmission takes place in two hops. In the first hop, the source node sends a packet with
the length of V. Using a spatial multiplexer, this packet is split into K streams. The source node
uses orthogonal transmission (in time, code, or etc.) to send each stream to relays. It is assumed that
due to the poor link quality, a direct communication link between the source and the destination node
does not exist. Each of the selected relays decodes the received signal. In the second hop, sensor
relays transmit the re-encoded signal to the destination node. The received signal at the i*" sensor

from the source node, and the received signal at the destination node from R; are, respectively, given

P.
Ysr; = th\/fss + NSR;, (4.2)

yr,p = hFP\/P.5 +nr,p

as
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where Pg is the available power at the source node, P, is the available power at each sensor node,
N{SR,,R,D} 1S Zero-mean complex Gaussian noise with variance Ny/2, and 3 is the estimated value

of s. Equivalent instantaneous SNR at the destination node, received from relay R; is given by

¥ = min{yF, 4P}, (4.3)
Sh Py |h B

i KNy
ARD By |hfiPP2

3 NO N

4.3 Cross-Layer Relay/Sensor Selection

In this section, we present a cross-layer relay selection technique that uses CSI at physical layer
to maximize the throughput at the data-link layer. It is assumed that Go-Back-N (GBN) protocol is
used with the transmit window size of .

For each stream sent through relay R;, the received symbol error rate SER; at the destination

node assuming BPSK modulation is given by

SER; = Q(y/27") (4.4)

where ()(.) denotes Gaussian Q-function. The packet error rate (PER) at the destination node is

given by (4.5).
K
PER=1-[[[(1 - SER)N¥, (4.5)

=1

The instantaneous throughput at the destination node using GBN protocol is given as

1 - PER
1+ PER(W — 1)

NGBN = (4.6)
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Using (4.4) and (4.5) into (4.6), the instantaneous throughput is given by

(V2K
(V2IVEYW —1)

e K T (

4.7
T @0

1-Q
1-@Q
At the destination node, the best set of sensors is selected to maximize the instantaneous through-
put given in (4.7) for each packet. In this case, the total number of possible sensor selections is
L L

> K=1 (K)

In order to verify the improvement of the cross-layer based sensor selection scheme, we use a
capacity-based scheme for comparison. The general formula for the instantaneous capacity is given

as [2]

C = log, det[I;c + YH H] (4.8)

Py

where [ is K x K identity matrix, 7 is the average SNR 7 =

, and H denotes conjugate
transpose. H represents the equivalent channel matrix and is given by (4.26). In a system with DF
relays, H derives from the minimum of normalized SR and RD channel matrices. It can be seen that

constant K, source power Ps and sensor power P, are absorbed into channel matrices.

H = min{HE HEP} (4.9)
rR
1 ]’

VK
HRD _ [\/f:hRD}]

4.3.1 Cross-Layer Relay/Sensor Selection for AF Relaying

HSR — [

The proposed scheme is based on the DF relaying protocol. Another widely used relaying
protocol is the AF. Although DF relaying shows promising results, the AF protocol attracts attention
due to its simplicity, and is widely used in many works. In this section, we show that the proposed
cross-layer scheme can be applied to AF relaying networks with some modifications.

In a system with AF relaying, the received signal at the i sensor/relay from the source node,

denoted by ysg,, and the received signal at the destination node from R;, denoted by yg,p, are
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respectively given by

P
YSR, = hiSRy/fss—FnSRi, (4.10)

yr.p = WP Biysr, + nr,p

where [3; is maximum achievable gain at sensor ¢ and is given by

P,
= : 4.11
’ \/thPP/k + No @1

The equivalent instantaneous SNR at the destination node, received from sensor node R; is given
by

eq e
7 1
P S A 4.12)
i ,YZSR_i_,yiRD_'_l
SR LA
! KNy ’

o BIREPE,
No
Assuming BPSK modulation and GBN protocol at data-link layer, (4.4)-(4.7) can be applied to
calculate the SER, PER, and throughput.
To verify the improvement of the cross-layer based sensor selection scheme, we use a capacity-
based scheme for comparison. According to [101], the instantaneous capacity for a system that

could be described by y = Az + Bn is given as

C = log, det[I + (AR A)(BR,B) 1], (4.13)
R, = E{xx},
R, = E{nn’’},

where R, is the covariance matrix of the transmitted vector, and R,, is the noise covariance matrix.
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For each sensor node i, the received signal at the destination node is given by

P,
YR,D = hﬁDﬁith,/fser hEPBingr. + ng,p. (4.14)
The received signal from all k£ sensor nodes at the destination node can be described as
NSR,y
yR1D Tl
YR>D €2 NSR,
e N e Y (4.15)
NRD,
| YRy D | | Zk |
_nRDk_
In which A and B are defined as follows
thﬁl h{{D 0 .. 0
0 hSR By D 0
A — 2 2 (4.16)
0 0 hi R BphitD
REPB 0 10
0 hEP g, 0 1
B — 2
0 0 REPB, 0 ... 1
covariance matrices of the transmitted vector and noise are defined as follows
P,
R, = ?S.IM 4.17)
R, = Nologxok.
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The instantaneous capacity becomes

Py
kNg

C = log, det[I + (AATY (BB 1], (4.18)

4.3.2 Cross-layer Relay/Sensor Selection and Subcarrier Allocation

In this section, we consider an OFDM-based network with single source node, single destination
node, L half duplex DF relays/sensors, and M orthogonal subcarriers. In each hop for a given
subcarrier, there are L channels that are equally correlated in space [99]. Channels for different
subcarriers are statistically independent. Channels are modeled as Rayleigh fading with equally

correlated gains. The SR and RD channel gains for the i*" relay and j** subcarrier is given by

hz{fR’RD} = (V1= pzij + /pxos) +i(v/1 = pysj + /Pyoj) (4.19)

where z;; and y;; ~ N(0,0%/2) are independent, zo; and yo; ~ N(0,0?/2) are independent and

used to correlate all channels. Correlation coefficient is denoted by p = E[h;;h7 ]/ \/ Elhi;hi;[Elhy jhi)-
It is assumed that, at the source node by using a multiplexer, a packet of length NV is split

into M streams, and each stream is transmitted by one subcarrier. The source node uses all the

subcarriers to transmit information to K selected sensors. Each sensor decodes the received data

from a pre-selected set of subcarriers. This selection is done by the destination node and sent to

sensor relays using an error-free feedback channel. In order to avoid interference it is assumed that

each subcarrier can be allocated to only one sensor node. It is also assumed that each sensor node

uses the same subcarriers in the second time slot as the first time slot. The received signal at the i‘"

relay from the source node and using j*" subcarrier, and the received signal at the destination node

from R; using the same subcarrier are given as

P
yo = hify Mss + ik, (4.20)

| P,
RD RD " a RD
m;

It is assumed that the available power at the source node P, and the available power at each sensor

58



node P, are equally distributed among subcarriers. The number of subcarriers assigned to relay
sensor R; is denoted by m;.

Equivalent SNR at the destination node, received from relay R; using subcarrier j is given as

vl = min{~" 7"}, (4.21)
VSR = il
i MN,
RD |hRD|2
’YZj m@No

For each stream sent by subcarrier j through relay R;, the received symbol error rate SER;; at the

destination node assuming BPSK modulation is given as

SER;; = Q(y/27{]). (4.22)

We define a binary variable «;;, when subcarrier j is assigned to relay ¢, o;; = 1, otherwise «;; = 0.

The PER at the destination node is given by

L M
PER=1- H H (1 — SER;;a;;)V™M. (4.23)

Using (4.22) and (4.23) into (4.6), the instantaneous throughput for the GBN protocol is given as

15 TI, (1 = SERjay)| VM
L (1= [Ty T2 (1 = SERijau)NA) (W - 1)

n=K (4.24)

In order to verify the improvement of the proposed scheme, we compare it with the capacity-

based scheme. The general formula for instantaneous capacity is given as

C = log, det[I; + yH H] (4.25)
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where ¥ = %, and matrix H, the equivalent channel matrix is given as

H = min{H? HFP}, (4.26)
hoR
HSR _ [ %) ]7
VM
P,
HP = T plD).
[ Psmz (%) }

4.4 Simulations Results

In this section, simulation results are presented to evaluate the performance of the proposed
scheme. The model used in simulation complies with the system model presented in section 4.2.
The system performance is evaluated in terms of the system throughput with respect to Es/Ny. It
is assumed that the system has four relay sensors L = 4, packet length is N = 120, window size is
W = 4, source and sensor powers are P, = P, = 1, and average channel gain is 02 = 1.

To verify the improvement achieved by the proposed scheme, the system performance is evalu-
ated in terms of the link-layer throughput using cross-layer-based and capacity-based relay selection
schemes. The results are shown in Fig. 4.2. In this figure, it is assumed that the channels are un-
correlated p = 0. It can be seen that the cross-layer approach leads to considerable improvement in
terms of the system throughput. In the second scenario, it is assumed that channels are correlated
with correlation coefficient p = 0.8. The results are shown in Fig. 4.3. It can be seen that the
system performance degrades with channel correlation, however, the cross-layer-based scheme still
outperforms the capacity-based considerably.

Fig. 4.4 shows the performance of the proposed scheme using AF transmission. Similar to the
DF case, it can be seen that the cross-layer-based scheme outperforms the capacity-based.

Fig 4.5 shows the results of the proposed scheme for relay sensor selection and subcarrier allo-
cation. For simplicity, an OFDM-based system is considered with 4 subcarriers and 4 relays. Two
scenarios are considered: uncorrelated channels p = 0 and correlated channels p = 0.8. It can be
seen that in both scenarios the proposed scheme outperforms the capacity-based scheme.

In Fig. 4.6-4.8, the percentage of the relay usage is demonstrated for each value of SNR. These

results compare the relay/sensor usage percentage in cross-layer and capacity-based schemes in a
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Figure 4.2: Throughput of the cross-layer-based relay selection in comparison with capacity-based
scheme in a system with 4 DF relays for different values of SNR

system with four relay sensor nodes . = 4, and for two scenarios, with uncorrelated channels
p = 0 and with correlation p = 0.8. It can be inferred from Fig. 4.6-4.8 that in the cross-layer-
based scheme and in case of poor channels, the maximum throughput is achieved when only one
relay node is used for cooperation (SRS). However, for higher values of SNR better performance is
achieved by letting more than one sensor node transmit to the destination. A similar trend is seen
for correlated channels. In the capacity-based scheme, no meaningful difference is seen in relay

usage percentage for different values of SNR.

4.5 Conclusion

We proposed a cross-layer-based scheme for sensor node selection in wireless cooperative sen-
sor networks with equally spatially correlated channels. The objective is to maximize link layer
throughput. The performance of the proposed scheme is compared with the physical-layer capacity-
based scheme. The results show that the proposed scheme outperforms the capacity-based scheme,
considerably, for both correlated and uncorrelated models. In the proposed scheme, no limit is put
on the number of selected sensor nodes. The simulation results show that for poor channels with

low SNR, the best performance is achieved by selecting one relay (SRS) while in channels with
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Figure 4.3: Throughput of the cross-layer-based relay selection in comparison with capacity-based
scheme in a system with 4 DF relays with correlated channels for different values of SNR
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Figure 4.4: Throughput of the cross-layer-based relay selection in comparison with capacity-based

scheme in a system with 4 AF relays for different values of SNR

higher SNR, letting more relays to cooperate is more beneficial (MRS). The proposed scheme is
applied to both DF and AF relaying where performance gains are achieved in both cases. We also
used the proposed scheme for sensor selection and subcarrier assignment in OFDM-based system

where a large gain was observed compared to physical-layer based optimization techniques.
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Figure 4.5: Throughput of the cross-layer-based relay selection in comparison with capacity-based
scheme in a system with 4 DF relays and 4 subcarriers for different values of SNR
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Figure 4.6: Relay usage percentage of Average number of selected relays in a system with 4 DF
relays for different values of SNR with p = 0, a) Cross-layer-based , b) Capacity-based
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Figure 4.7: Relay usage percentage of Average number of selected relays in a system with 4 DF
relays for different values of SNR with p = 0.8, a) Cross-layer-based , b) Capacity-based
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Chapter 5

Performance Analysis of Convolutional
codes, Turbo Codes and Distributed
Turbo Codes in Buffer-Aided Relay

Selection

5.1 Introduction

Buffer-aided relays introduce significant improvements to the system performance in terms of
throughput and stability, and balances the traffic load passing through each relay [4]. As mentioned
in Chapter 2, buffer-aided relay selection algorithms are studied in substantial works. Although
channel coding is an integral part of any communication system, there have been few works reported
on the problem of coded buffer-aided relaying in the open literature. In [102], the authors propose
an adaptive modulation and coding scheme in a cognitive buffer-aided relaying network, where the
communication from the secondary source to the secondary destination switches between the direct
and relaying transmission based on the instantaneous channel conditions. In [103], the authors
propose a link selection protocol based on the quality of the links and buffer status in a buffer-aided

relaying system that combines bit-interleaved coded modulation (BICM) with OFDM. Different
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from [102] and [103], where the system includes a single relay, the authors in [104] consider a
cooperative system with two half-duplex (HD) DF relays with the BICM transmission. In this
system, the relays alternate between transmission and reception, and a detection algorithm based on
the iterative parallel decoding is used at the destination node.

To further improve the performance of the relay networks, a coded cooperation technique is
proposed in [105], where channel coding is integrated into cooperative transmission. Coded co-
operation networks employ distributed coding schemes to encode and transmit the data. Among
various distributed coding schemes, distributed Turbo code (DTC) has shown to perform close to
the capacity of relay channel [74]. DTC scheme in a multi-relay network has been considered
in [106-110]. In [106], the authors consider a multi-relay network with Nakagami-m fading chan-
nels, where the source node broadcasts a turbo-coded frame to the destination and relay nodes. All
the relays receive the first part of the frame, and the ones who successfully decode the received
signal, generate the second part of the codeword and forward it to the destination node. In [107], the
authors propose an AF turbo-coded relay selection scheme, where the relay with the highest end-to-
end instantaneous SNR amplifies and forwards the received signal to the destination node. In [108]
and [109], the authors present the bit error rate (BER) and outage analysis for a Turbo-coded relay
selection scheme, in Rayleigh and Nakagami-m fading channels. In their proposed scheme, the
relays listen to a fraction of the codeword, and among a set of relays who decoded successfully,
known as the decoding set, the one with the highest instantaneous R-D channel SNR is selected for
transmission of the remaining bits. In [110], the authors propose a DTC scheme with two ordered
best relays, where two relays with the highest and second highest R-D link qualities, respectively,
are selected for transmission. The best relay uses an interleaver and a recursive systematic con-
volutional (RSC) encoder to encode the received signal; the second-best relay uses a similar RSC
encoder, without interleaving. The two code segments are combined and decoded by an iterative
decoder at the destination node.

In this work, we are motivated by observing that in [106—110] buffering capability is not as-
sumed for the relay nodes. Therefore, these systems do not benefit from numerous advantages

offered by data buffers. Different from the above-mentioned works, we consider a relay selection
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problem in a system with multiple buffer-aided relays combined with three distinct coded transmis-
sions, i.e., convolutionally coded, Turbo-coded and DTC transmissions. To the best of our knowl-
edge, convolutionally coded, turbo-coded and DTC transmissions in the context of buffer-aided
relay selection has not been investigated in the open literature. We assume that all the transmissions
experience quasi-static Rayleigh fading, which is a realistic model for users that are stationary or
moving slowly. To model the fading gains, we consider a general case, where channels are indepen-

dent but not identically distributed (i.n.i.d). The contributions of this chapter are as follows:
(1) For each coding scheme, we analyze the average throughput of the underlying system.

(i) Simple and explicit expressions of the asymptotic throughput for infinite buffer size and in
the high signal-to-noise ratio for the aforementioned schemes are derived. Using the derived

asymptotic expression of the throughput, the maximum achievable diversity gain is obtained.

(iii) Furthermore, we provide a comparison between the DTC scheme and a convolutionally coded
scheme for various number of relays in terms of throughput and average delay. Finally, we
verify the accuracy of our analytical framework by Monte-Carlo simulations for various sys-

tem parameters.

The rest of this chapter is organized as follows. In Section 5.2, the system model is presented,
and the relay selection scheme is discussed. In Section 5.3, the performance analysis of the system
in terms of the average throughput is presented. In Section 5.4, the simulation results are presented

and discussed. Finally, Section 5.5 concludes the paper.

5.2 System Model

Fig. 5.1 shows the block diagram of the system model. We consider a multi-relay network con-
sisting of a single source node .5, a single destination node D, and L HD DF relay nodes denoted by
R;,i =1,..., L. All nodes are equipped with a single antenna, and they are subjected to the same
power constraint P. In our model, we assume that the direct transmission from the source to the
destination node is possible. We assume that channels are quasi-static Rayleigh fading, i.e., they

remain constant during the transmission of a frame but change from one frame to another. The SD,
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Figure 5.1: Buffer-aided relaying system.

SR, and RD channel gains are denoted by hsp, hsr, and hg,p, which are modeled as circularly
symmetric complex Gaussian distributed with zero mean and variances a?g D» J?g g, and 012%1_ D> Te-
spectively. In addition, AWGN with zero mean and variance % for each channel is considered. We
assume that the destination node has perfect knowledge of the SR and RD channel state information
(CSI). The link selection is performed at the destination node on the basis of the instantaneous SR

Plhsr,|? Plhr,pl? .
N, and yr,p = — respectively.

and RD channel SNRs, which are denoted by ysg, =
This decision is sent to the relays through a reliable error-free feedback link.

Here, the relay selection policy is based on the modified max-link scheme proposed in [56]. In
the modified max-link scheme, at each time slot, instead of selecting the best relay, the best link is
selected among all the available links. The available links are all the SR links with non-full buffers
and all the RD links with non-empty buffers. We assume that each relay is equipped with a buffer of
size (). The parameter ¢; € [0, Q] denotes the number of packets stored in relay R;. This parameter
is incremented when relay R; has successfully received a packet and decremented when R; has

successfully transmitted a packet. Let us denote the subset of all the relays with non-empty buffers

by NE = {R; : ¢; > 0}. Similarly, a subset of all the relays with non-full buffers is denoted by

70



NF ={R; : ¢ < Q}. Given this, the relay R} associated with the selected link is given by

R} = argrr}%ax{{’ygm : Ry e NFYU{yr,p : Ri e NE}}. 5.1

We denote by v* the SNR of the selected SR or RD channel, associated with R;. Considering

quasi-static Rayleigh fading channels, v* follows the cumulative distribution functions (CDF)

—*\ ANF —*\ Ave
FSR,RD('}’*) — <1_6WSR> <1—€’YRD> . (5.2)
By taking derivative of CDF, the probability density function (PDF) is written as

* A —1 * A *
A N\ ANF o\ Anve x
fsrrp(r) = 22 (1—67“) <1—€7RD> evsR

VSR
5.3)
Ak A/\/‘]: Ak ANg—l Ak
+W<1—67;R> <1—e”1;D> eﬁ%.
YRD
For the direct SD link, the PDF of channel SNR is given as
fsp(y) = e Tp. (5.4)

In the modified max-link scheme, the data communication switches between two transmission
modes: source transmission and relay transmission. The transmission mode is determined based
on the selected link. If the selected link is an SR link, node S broadcasts a frame to node D and
relay R}, otherwise, relay R; transmits a frame to node D. The received signals at 2 and D (in

the first and second time slots) are respectively given by

ysr: = VPhgr-x +ngsg:, (5.5
ysp = VPhspxinsp, (5.6)
yr:p = VPhgepi+ng:p, (5.7
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where x and & denote the BPSK modulated symbol transmitted from the source and the relay nodes,
respectively, ng R MSD, and n RED denote the AWGN. To ensure the successful reception of the
data, ACK/NACK signaling is used between nodes, through an error-free feedback link. In the
source transmission mode, where both D and R receive the same frame, if D successfully decodes
the received frame, it sends an ACK signal to R}, and R; discards the received frame. In the case
of unsuccessful decoding at node D, a NACK signal is sent to R}, at which time, if the frame is
successfully decoded at R}, it is stored in its buffer, and an ACK signal is sent to node S. In the
relay transmission mode, the relay I} transmits one of its stored frames to node D, and if it is
received successfully, an ACK is sent to the R}, therefore 12} drops the frame from its buffer.

We consider three channel coding and transmission schemes: convolutional code, Turbo codes
and DTC. Fig. 5.2 shows the block diagrams of these schemes. In the convolutionally coded scheme,
the source and the relay nodes use the same convolutional encoder to encode a K -bit message into
an N-bit codeword. The selected relay and the destination node decode the received signal by a
Viterbi decoder. The success of the decoding process is determined by the Cyclic Redundancy
Check (CRC) code. The selected relay then, uses the same convolutional encoder to re-encode the
received K-bit message if NACK signal is received.

In the Turbo-coded scheme, the source and the relay nodes use the same Turbo encoder to
encode a K -bit message into an N-bit codeword. The Turbo encoder with rate R = 1/3, consists
of the parallel concatenation of two RSC encoders with rate Rc = 1/2, separated by a random
interleaver. The received signal is decoded by a Turbo decoder and consists of two constituent
soft-input soft-output RSC decoders that exchange extrinsic information, iteratively.

In the DTC scheme, the source node uses an RSC encoder with rate Rc = 1/2 to generate the
first constituent of a Turbo-coded codeword. The received frames, at nodes R; and D, are decoded
by a conventional Viterbi decoder. If the decoding process at node D is unsuccessful, then the relay
node R;, using the same RSC encoder with the source node and a random interleaver, generates
the second constituent of a Turbo-coded codeword. The turbo decoding is performed at node D by
combining the first and the second constituent of a Turbo-coded codeword.

It should be noted that in the Turbo-coded and DTC scheme, at node D the received frame from

the relay is combined with the frame directly received from node S by a maximal-ratio combining
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Figure 5.2: Block diagram of the system with three coding schemes

(MRC). However, in the convolutionally-coded scheme, MRC is not used. Although it is possible to
use MRC in all three schemes, not using it results in a simpler expression for the average throughput.
Therefore, we present the analysis for the convolutionally coded scheme without MRC, and the

other two schemes with MRC.
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5.3 Performance Analysis

In this section, we analyze the performance of the system model presented in Section II in terms
of the average throughput. We define the throughput as number of error-free frames over the total

number of frames, received by node D. Considering this definition, throughput is given as
1
n= Ro(1 —PSD)p5+§R0(1—PRD)(1 - Ps), (5.8)

where Ry is the source transmission data rate, Pgp is the probability that an error occurs at node D
in the source transmission mode, Prp is the probability that an error occurs at node D in the relay
transmission mode, and p, is the probability of the source transmission mode. Note that in the relay

transmission mode,

5.3.1 Throughput Analysis of the Buffer-aided Relay Selection scheme

In what follows, we use a Markov chain analysis to study the performance of the coded system.
In an L-relay system whereby each relay is equipped with a buffer of size (), each state of the
Markov chain is denoted by Z, = (p, q1,¢2, ..., qr), 1 < u < 2(1 + Q)*, where p € {0,1}is a
binary variable that changes value when the direct transmission from .S to D is successful.

In the construction of the Markov chain, we follow the following rules:
Rule 1) In the relay transmission mode, if node D successfully decodes the received frame, g; is
decremented.
Rule 2) In the source transmission mode, if the direct transmission from S to D fails, but R
successfully decodes the frame, g; is incremented.
Rule 3) In the source transmission mode, if the direct transmission from S to D is successful, p
changes from 0 to 1, or 1 to 0, depending on its current value, and g; stays unchanged.

As an example, in TABLE I, states S7 — Sg of Markov chain for a system with L = 2, Q) = 2 are

shown. It should be noted that this Markov chain has 2(1 +Q)L = 18 states. States S19—Sg are not
shown in the table, since they have similar buffer status as S; — Sy, however the value of the variable

spissp = 1. The transition matrix of the Markov chain is denoted by T' € R2(1+Q)"x2(1+Q)* jp
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Table 5.1: States of Markov chain for a system with L = 2,Q = 2

Si spqigz Anr(i) Ane(i)
S1 000 2 0
Sy 001 2 1
S3 010 2 1
Sy 002 1 1
S5 011 2 2
Se 020 1 1
Sz 012 1 2
Sg 021 1 2
So 022 0 2

which the entry

Tw =P(Z, = Zy,),

(5.9

is the probability of moving from state Z,, to state Z,,, and P{e} denotes the probability operator.

For each state, Axrr and Apng denote the number of relays with non-full and non-empty buffers,

respectively. The transition probabilities from state Z,, to state Z,,, following each rule, for u # v

are given by

Crp(1 — Prp), Rule 1
Csr(1 — Psr)Psp, Rule2
(5.10)
CsrAnF(1— Psp), Rule3
0, O.W.
and for the case u = v
Tpo=1-Y Tuw=1-AneCrp(1 — Prp) — Ax7Csr(1 — PspPsr), (5.11)

v#u

where Csp and C'rp are probabilities that a certain SR or RD link is selected for the transmission,

Psp and Prp are the average frame error rate (FER) over the selected SR or RD channel, Psp
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is the average FER over the SD channel. The expressions for Psr, Prp and Psp depend on the
coded scheme. We derive these expressions in the following sections. Considering that SR and RD

channels are independent and non-identically distributed, C'sp and Crp are calculated as

Rl - AnrF—1 —~ Ane  —4*
CSR:/ VSR (1—eWSR) (1—e@RD) evsr dry, (5.12)
0

o0 - AN}' = A_,\/’g—l —~*
Crp = / YRrRD (1 - WSR) (1 - e*RD) e rD d, (5.13)
0

where 7, = E{7.} is the average SNR with E{e} denoting the expectation operator, and x =

{SR, RD}. With some manipulations, we have

AnrF—1Ane it~
A/\/']-' - 1) <AN.€) (-1)""9rp
Csr = ) - - —, 5.14
e ; ]z% ( j )i+ 1D3rD + sk o1

— = i )+ (G + Disr’
(5.15)

Note that if the SR and RD channels are independent and identically distributed (i.i.d.), (5.14) and

(5.15) can be simplified to
Crp =Csr = —, (5.16)

where A = Ay r + Ape.
It is to be noted that the transition matrix is stationary, irreducible and aperiodic, therefore a

steady state w € R20+Q)" exists; wT = 7. Therefore, it is given as

w= (T -1+ B)'b,

b=[1,1,..,1]T, (5.17)

where I is identity matrix and T is transpose operator [55]. Each entity of 7, denoted by m,, approx-

imates the probability of being at state Z,, in the long run.
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In order to calculate 7 in (5.17), the inverse of a square matrix of size 2(1 + Q)% should be
calculated. For large values of buffer size and large number of relays, the inverse calculation is
complicated. To address this problem, an efficient way to calculate the steady state probabilities is

proposed in [55]. For each state u, m, is given by

2(14Q)L 1

Tt
W (u,0y)
Ty = Z Hte : (5.18)

weW(v,0y )va

where 0, is a set of states u for which the steady state probability is the same, and ¥ (v, ,,) denotes
a set of states that state v has to pass through to reach state u € 6,,.

According to the definition of 1, the throughput at each state Z,, is given as
Ry
N = RoAn7Csr(1 — Psp) + 7ANECRD<1 — Prp). (5.19)

Therefore, the average throughput can then be calculated as

Qr
ullu

2(1+
7= >

S
—

5
R
- T (RDAN;CSR(l — Psp) + 7“ANSCRD@ _ PRD). (5.20)

7
O

)L

I
Il
—

5.3.2 Performance Analysis of the Convolutionally coded Scheme

In this section, we derive an approximation of the FER for a convolutional code in a Rayleigh
block fading channel. The exact evaluation of FER in a block fading channel is complicated. The
commonly used bounding methods for FER are the Jenson’s inequality and the Chernoff upper
bound [111], where these bounds are shown to be loose. In [111], a tight bound on FER is proposed
for both uncoded and coded schemes. This bound is tight only in the high-SNR regime. In [112],
an approximation of the FER for an uncoded system in a block fading channel using Extreme value
theory is proposed. This method proposes a tight approximation of the FER for any value of SNR

and packet length. Using the same method, we calculate a bound on the FER of a convolutional
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code in a block fading Rayleigh channel. The FER of a convolutional code over a quasi-static

fading channel is bounded by [112]

Psprp <1 — / (1- Pe(’Y*))KfSR,RD(’Y*)d’Y*, (5.21)
Psp <1-— / (1- Pe(’YSD))KfSD('YSD)d'YSDa (5.22)

where K is the message length. P.(y € {7*,vsp}) denotes the error event probability which is

upper bounded by

o0

Pe(y) < Y a(d)Pa(dl]y), (5.23)
d:dfree

where a(d) represents the number of error events with distance d, d free 18 the minimum free dis-

tance, and P»(d|h) is the conditional pairwise error probability given by

Py(d]y) = Q(v/2RAd). (5.24)

For large values of SNR, P,(+y) in (5.23) can be approximated by its dominant term, when d = djree.

Using the Extreme value theory as in [112], the Psp can further be expressed as

Psp<1—¢ 3T <1+_5>, (5.25)
YSD

where I'(e) is the standard Gamma function, v and 3 are given by

2
1 2
a = erf ! (1 - > ,
Redfree ( K a(dfree) )

2
1 2
= erf~! <1 — ) — a, (5.26)
IB Rcdfree ( K a(dfree)e >

where erf(e) denotes the error function, and e is the Euler’s number. The expression for Psg gp is

given in (5.27).
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AnrF—1Ane it
Ayvr—1\ (A —1)ty
Psrrp < YrRDANF § § < ]; ) ( Ng) it 1(_ )

= = J J¥RD + JVSR
% [1 _ evrpass GHDIRDHIVSR) (1 + B(Z + 1_)'71%[_) +]'YSR>}
YRDVYSR

5.27)

AnF Ane—1 i+
A Apne — 1 —1)"t
FaspAve Y Y (Nf)(Nf_ ) D

pr Sl J iYrp + (J + 1)Ysr

[1 e ARo+ G+ )AsR) <1 L pmD U+ 1)753)}

YRDYSR

By substituting (5.25) and (5.27) in (5.20), the average throughput of the system is calculated.
If the source-relay and relay-destination channels are i.i.d., ¥ysg = Arp = 7, (5.27) could be

further simplified as

A-1 .
A . 7(1(7,'4»1) /B(Z _l_ 1)
P < —1)"|1— I 1l+—=]. 5.28
SR,RD_§<Z.+1>( ) [ e 7 ( + 5 (5.28)
Using (5.10) and (5.18) and after some manipulations, the steady state probability of state ¢ is
given by
2014Q)* :
1 — Psp RrD A(j) 5,171

- e — M/ pli 5.29
i A() ; 1 — Psgrp P17 (5-29)

where 0;; = 0; — J;, and d; denotes the number of packets stored in all buffers in state 7.

Using (5.20),(5.28), and (5.29), the average throughput is given by

2(1 2(1+Q)
(gf (1 — Psp) Avra) +0-5( — Psr.rp)Ane (i) | (f) AG)  po1 g
P 1 = Psr,.rD ‘= 1-Psrrp 5b -
(5.30)
Diversity Analysis

Having obtained an analytical expression of the 7, one can evaluate the asymptotic behavior of
the 17, as Ysr = Ysr = Ysp = 7 — 00, and assuming that all buffers are never full or empty,

therefore, all the relays are available for transmission and reception. This assumption is made in the
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literature to simplify the mathematical framework [54]. For all states A r(u) = Axe(u) = L and
A(u) = 2L. Under these assumptions, the steady state distribution is uniform and the probabilities

forall u € {1,...,2(1 + Q)"} are given by [55]

1

= SO (5.31)

Ty

the 7 is written as

R R
=5 (1=Psp)+ (1= Prp), (5.32)

For large values of 7, the expression of Psp in (5.25) and Psr rp in (5.28) can be approximated as

Pspr~1—e 5, (5.33)

Psprp~ (1—e 725 (1 — 7 5)2L, (5.34)

Using 1 — e =~ x, when z — 0, (5.34) becomes Psg rp ~ (%)QL“. Therefore, the diversity
order of D ~ 2L + 1 is achieved. This maximum achievable diversity given is attained when all
the SR and RD links are available and can participate in the selection process. The diversity gain

offered by these links is twice the number of relays, in addition to the source-destination link.

Buffer Size Analysis

Diversity analysis showed that buffering improves the diversity order. The maximum diversity
order is achieved when all the SR and RD links are available to participate in the relay selection
scheme. In other words, none of the buffers are full or empty. We denote by 7 the probability that

all the buffers are full. This probability is given by

2(14+Q)" !

1 — Psgr,rD A(7) 5f
_ 7 A0 p , 5.35
s L ; 1—Psgprp P (5:33)
5 = 8(j) — QL. (5.36)
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For large values of 7, 7y can be approximated by

2(1+Q) - -1

)
m~LPGY | > AGPE,| (5.37)
j=1

As shown in (5.37), in a system with L relays, 7 is a function of Psp and (). It is obvious in
(5.37) that 7 increases as the SNR of the SD channels decreases. In a system with low SNR SD
link, the probability of having full buffers is higher than a system with high SNR SD link. That
is, having full buffers decreases the number of available links in the selection process. Therefore,
the offered diversity gain degrades. On the other hand, an increase in buffer size can compensate
for this degradation, where the performance of the system improves as buffer size increases, at the

expense of an increased transmission delay.

5.3.3 Performance Analysis of the Turbo coded Scheme

In [113], an analytical approximation for the FER of the Turbo code over the quasi-static

Rayleigh fading channel is obtained, and is given by

Py =P(y < ), (5.38)

where v is the instantaneous channel SNR, and 7y, is the minimum SNR required for iterative
decoder convergence in AWGN channel [113]. Given (5.38), for each state, the FER over the

selected SR or RD channel, and over the SD channel are given by

Psr = P(vsr < )
“Yth

= fsr(Ysr)dVsR, (5.39)
0
Prp =P(yrp + 75D < V)
Yth Yth
= / fro(vrD) fsp(vsp)dvrpdYsD, (5.40)
o Jo

Yth
Psp = fsp(vsp)dysp, (5.41)
0
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respectively. Hence, the average Psr rp and Psp can further be obtained in closed-form as

_ O N\ ANF _m N\ Ane
Pop = <1_€ m) (1_6 wRD) : (5.42)

AnF Ane . . _1 . .
A A g 1 —Tth —Yth® _ YthJ
Pro= 3 > (M) (M) cangh (e L LY (R o),

i—0 =0 J VSR YRD YSD
(5.43)
_ _th
Psp=1—¢ 7sp. (5.44)

The average throughput of the system is achieved by putting (5.42)-(5.44)in (5.20)and (5.18).

Diversity Analysis

Similar to the convolutionally-coded scheme, we evaluate the asymptotic behavior of 7 of the
Turbo-coded scheme, under the same assumptions. The steady state probabilities are given as in

(5.31), and the 7 is written as

R, R,
ﬁ:TO(l—PSD)-I-ZO(l—PRD)a (5.45)
where
- 2L+1
Prp ~ () (5.46)
v
l (5.47)
v

Approximations (5.46) and (5.47) emerge from: 1 — e™* =~ x, when £ — 0. By substituting (5.46)

and (5.47) into (5.20), the asymptotic throughput is approximated by
_ R Vih Ry 1 Tt 2L
1-— = — | 1- . 5.48
> ( 5 )4 2L + 1 (>-4%)
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According to (5.48), the 7 is approximated by the average of two terms. The first term representing
the direct SD transmission, and the second term representing the relay transmission mode. It is
important to note that (5.48) shows that in relay transmission mode, the diversity order of 2L + 1 is
achieved. By equipping relays with buffers, 2L links participate in the selection process. Therefore,

the diversity order is twice the number of relays in addition to the SD link.

5.3.4 Performance Analysis of the DTC Scheme

In the performance analysis of the DTC scheme, the Markov chain is constructed by following
the same rules as the Turbo-coded scheme, however, the transition probabilities are different. In this

case, the transition probabilities from state Z,, to state Z,,, for u # v, are given by

Crp(1 - Pprc), Rule 1
CSR(l - Pccmv)PSD, Rule 2
Tuw = (5.49)
CsrAnF(1 — Psp), Rule3

0, O.W.

and foru = v

Ty =1—AneCrp(1 — Pprc) — ANrCsr(1 — PeonwPsp), (5.50)

where Crp and C'sp are defined according to (5.14) and (5.15), respectively. P..,, is the aver-
age FER of convolutional code over the selected SR or RD channel, Psp is the average FER of
convolutional code over the SD channel, and Ppr¢ is the average FER of the DTC at node D. By
calculating the transition matrix 7', following the transition rules and using (5.18), the steady state

7 is calculated. The probability of error for each state Z,, is given as

R
Ny = RoAnFrCsr(1 — Psp) + TOANgcRD(l — Ppre). (5.51)
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Given (5.18) and (5.51), the i for DTC scheme can be calculated as

R
= Ty (ROANJ—‘CSR(l — Psp) + %ANSCRDO - PDTC))- (5.52)
The P,y is calculated similar to (5.27). In the following, we derive the bounds on Pprc.

Bound on Pprc  We derive the upper bound on FER of the DTC scheme using the union bound

given by

Ppre < ) AaPa(d), (5.53)
d:d'min

where \; represents the number of codewords with Hamming weight d, d,,;, represents the min-
imum free distance of the Turbo code, and P5(d) denotes the pairwise error probability (PEP) be-
tween the all-zero sequence and a sequence with weight d.

On the quasi-static channel with known CSI, the conditional PEP at node D, can be written

as [114]

Py(d|vsp,7") = Q <\/2RC (vsp(do + di) + v*(do + dz))> : (5.54)

where d denotes the Hamming weight of the systematic bits, d; and do denote the Hamming weight
of the parity bits sent through the SD and RD channels, respectively, d = dy + di + d2, and Q(e)

is the tail integral of a standard Gaussian distribution defined as Q(z) = [°° L e=#/24z. To

T \2r
simplify (5.54), we consider the Q-function bound,
1
QVEFY) < 5Qa)e 659
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and use the @)-function representation from [115],

1 7|'/2 7L
Qx) = / e 25?9 (g, (5.56)
0
By substituting (5.55) and (5.56) into (5.54), we have

7/2 _R (dg+dq) )
Py(d|ysp,7") < 2i / e e gy, (5.57)
T Jo

The unconditional PEP is obtained by averaging (5.57) over the fading distributions, and it is given

by
Py(d) :/o /0 Py(d|vsp, ") fsp(vsp)fsr,rp (Y )dyspdy*. (5.58)

By substituting (5.3), (5.4), and (5.57) into (5.58), and evaluating the integrals, the closed-form

expression of the upper bound for P,(d) is given by (5.59).

Rc(do + d1)¥sp
Py (d) < 1-—
2( ) = ( \/1+Rc(do+d1)’ys[)

1
4
Anro1 A o )
i i) (i+1)YrD + jysr + Rc(do + d2) '
A

i=0 j=0 J

Ane_ L
+ 3 szl (AN7> <AN5 - 1) (1) AneTsr
= = i J sk + (7 + 1)¥rp + Re(do + da)

The upper bound in (5.53) is tight for the AWGN channels, however, for a quasi-static Rayleigh
channel, it provides a loose bound. To get a tighter bound, one can use the limit-before-averaging

method proposed in [116]. The Ppr¢ using limit-before-averaging method is written as

PDTCS/ / min { 1, Z NP (dlvsp,v*) ¢ fsp(vsp)fsr,rp(Y")dyspdy*. (5.60)

This integration is calculated numerically as no closed form expression can be obtained. It should

be noted that in (5.60), the order of integration and summation cannot be interchanged, due to the
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minimization. Nevertheless, the analytical expression of the average PEP given in (5.59) is helpful,

since it presents insight into the asymptotic behavior of the performance of the coding scheme.

Diversity Analysis

Similar to the Turbo-coded scheme, we evaluate the asymptotic behavior of 77 of the DTC
scheme, under the same assumptions. The steady state probabilities are given as in (5.31), and

the 7 is written as

R R
i = 70(1 — Psp) + Zo(l — Ppre), (5.61)
where
Psp =~ g, (5.62)
5
Pore < Y AdPa(d), (5.63)
d:dmin
9LT (2L
Po(d) ~ ) (5.64)

T (do + dv)(do + da)?L (Roy) 2

Given the expression in (5.64), the diversity order for the relay transmission mode is 2L + 1.

5.4 Simulations and Results

In this section, we present the simulation results in terms of the average throughput for all three
coding schemes, under various system parameters. The model used in the simulations complies with
the system model presented in Section 5.2. In the convolutionally-coded scheme, we considered an
8-state (13, 15) convolutional encoder with rate of R, = 1/2, at source and relay nodes. In the
Turbo-coded scheme, we considered a 4-state (1,5/7)s Turbo code with overall rate R = 1/3,
whereas in the DTC scheme, we consider a 4-state (1,5/7)g convolutional encoder with rate R, =
1/2, at source and relay nodes. For all three schemes, we consider message block length K = 1000.
For the Turbo-coded and DTC scheme the interleaver size is 1000. It is assumed that the source and

relay nodes transmit with normalized power P = 1. Channels are modeled as quasi-static Rayleigh
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Figure 5.3: The average throughput of the convolutionally coded scheme versus SNR, L =
{1,2,3,5,7},Q =2

fading with E{|hsg,|*} = E{|hr,p|*} = 1,E{|hsp|?} = 0.1. The value of v, for (1,5/7)s
Turbo code is 0.134 dB, according to [113].

5.4.1 Simulation and Results for the convolutionally coded scheme

In Fig. 5.3, for the convolutionally coded scheme, the analytical results of the average through-
put are compared with simulation results. The number of relays are L = {1,2,3,5,7} and buffer
size is () = 2 for all relays. It is clear from these results that our analytical results match perfectly
with the simulated ones. As it can be observed from Fig. 5.3, increasing the number of relays im-
proves the average throughput, since more links are available for selection. It can also be seen that
in high SNRs, the average throughput converges to one, due to the successful transmission through
the SD link.

Fig. 5.4 plots the average throughput versus SNR for different buffer sizes. Systems with two
relays and buffer sizes of @ = {1,2,4,12} are considered. As we can see in Fig. 5.4, increasing
the buffer size improves the average throughput. The reason is that increasing buffer size decreases
the probability of buffers being full. Therefore, more links are available for selection. As the buffer

size increases, the average throughput approaches the case where () — co. Moreover, we can see
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that the analytical results closely follows the simulated ones.
In Fig. 5.5, we show the probability of buffers being full versus the SD channel SNR, in a system

with two relays and different buffer sizes. We compare the simulation results to the analytical ones

given in (5.37). In addition to the accurate analytical results, Fig. 5.5 shows that in a system with
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low SNR SD channel the value of 7 is larger compared to high SNR channels. One can note that
in a low SNR channel, the probability that the transmission through the direct link fails is higher.
Hence, the transmitted packets are stored in the buffers more often. As a final remark, one can see
that increasing buffer size decreases the probability of buffers being full, 7. As a result, the total
number of the channels available in the selection process increases, therefore higher diversity gain
is achieved as shown in Fig. 5.4.

In Fig. 5.6 we show the minimum required buffer size versus E{|hgp|?}, to achieve a fixed
average throughput 77 > 0.25. In these results, we consider a system with two relays, and the
channels are modeled as % = 4dB, and E{|hsr|*} = E{|hsr|?} = 1. Fig. 5.6 shows the
minimum required buffer size for different values of E{|hgsp|?}, in order to maintain the system
performance at 7 > 0.25. We can see that smaller buffer size is required when the SD channel has
higher SNR. This becomes an important issue as determining the minimum required buffer size is

important since it minimizes the transmission delay.

5.4.2 Simulation and Results for the Turbo coded scheme

In Fig. 5.7, the performance of the Turbo-coded system is shown in terms of the average

throughput versus the average SNR for different number of relays L = {1, 2, 3,5}, and buffer size
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Figure 5.7: Average throughput for Turbo-coded scheme for a system with L. = 1,2,3,5, and
Q=2

(@@ = 2. The analytical results obtained in section 5.3.3 are compared with the simulation results.
It is evident from these results that the simulated throughput corroborates our analytical framework
as an approximation on the throughput is seen to be tight over the entire SNR regime. We also note
that in low SNR regime, as the number of relays increases, the throughput performance improves,
as expected. However, as illustrated in Fig. 5.7, in high SNR regime the curves corresponding
to various relays converge. The reason is that in high SNR regime, the error probabilities in S-R
and R-D links are very low. Thus, the throughput in (5.19) can be approximated as a function of
Psp, and independent of the number of relays. Moreover, due to the dominance of the direct link
transmission in high SNR regime, full throughput is achieved.

In Fig. 5.8, we investigate the impact of relay buffer size on the average throughput of the
underlying system. Here, we consider a system with two relay nodes, i.e. L = 2, and buffer sizes
Q = 1,2,6,12 and () = oco. As can be observed in Fig. 5.8, in low SNR regime, the average
throughput improves as the buffer size increases. The reason is that buffers increase the number of
available links for selection. Each relay can provide two available links when the related buffer is
neither full nor empty. The probability of buffers being full is diminished by increasing the buffer

size. Therefore, performance improvement is achieved. However, for sufficiently large buffer sizes,
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Figure 5.8: Average throughput for Turbo-coded scheme for a system with L. = 2, and () =
1,2,6,12,00

when the probability of buffers being full is very small, increasing the buffer size further, would
result in insignificant performance improvement. As depicted in Fig. 5.8, the achieved gain when
increasing buffer size from () = 6 to () = 12 is insignificant. Fig. 5.8 also shows that for different
buffer sizes, the analytical results closely follow the simulated ones.

In Fig. 5.9, we plot the average delay of the Turbo coded scheme. The average delay is measured
in terms of the number of time slots required for each packet to reach the destination node. It
is shown in Fig. 5.9 that the average delay increases with an increase in the buffer size and the
number of relays. It can also be observed that as SNR increases, the average delay decreases.
The reason is that in high SNR regime, the FER decreases. Thus, fewer time slots are required to
successfully deliver a frame to the destination node. As it was shown in Fig. 5.8, in a system with
E{|hsr,|?} = E{|hr,p|>} = 1,E{|hsp|?} = 0.1 and L = 2, increasing buffer size more than
() = 6 results in insignificant improvement in average throughput. In Fig. 5.9, it can be seen that
average delay continues to increase for buffer sizes larger than ) = 6. Therefore, in system design

it is better to maintain the buffer size to a minimum when the throughput requirement is satisfied.
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5.4.3 Simulation and Results for the DTC scheme

In Fig. 5.10, we compare the average throughput of the DTC scheme with a system with con-
volutional encoders at the source and relay nodes, and no interleaver. In the convolutional scheme,
the received signals at node D are combined by a MRC and sent to a Viterbi decoder. We consider
a system with L = {1,2,4}, and buffer size ) = 2. We can see that significant performance
improvement is achieved at the expense of higher complexity at the destination node decoder. The
importance of this comparison is that both the DTC and convolutionally coded schemes use the
same code rate 1/2, therefore, the extra coding gain achieved by the DTC scheme is the result of
the interleaver at R; and an iterative decoder at node D.

In Fig. 5.11 and 5.12, we present the average throughput of the DTC in buffer-aided relay
system versus the average SNR for various number of relays and different buffer sizes. We show
a comparison between the simulation and analytical results. It should be noted that the analytical
throughput is calculated from the general formula given in (5.20), and the analytical expression of
the Pprc is calculated by the limit-before-averaging method, given in (5.60). It can be observed
in Fig. 5.11 and 5.12, that analytical results follow the simulated ones, after the divergence at low

SNR values. This divergence is due to the false convergence behavior region of the union upper
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Figure 5.11: Average throughput of DTC scheme for a system with L = 1,2,4, and Q) = 2

bound on the Turbo code. At high SNR values, the analytical results follow the simulation ones. It
can be seen that the analytical framework describes the behavior of the DTC scheme for different
number of relays and buffers. As seen in these figures, the performance improves when the number

of relays or buffer size increases.
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In Fig. 5.13, the average delay of the DTC scheme is compared with the convolutionally coded
scheme vs channel SNR. As it can be seen, in all the cases the convolutionally coded scheme has
higher delay than the DTC scheme. The average delay of the two schemes converge in high SNRs.
This is because in high SNR regime, the frames are delivered to the destination node successfully
through the SD channel.

In Fig. 5.14, we compare the average delay of the DTC scheme and the convolutionally coded
scheme for different buffer sizes. The channel SNR is set to 2dB. It can be observed that the average
delay increases linearly with an increase in buffer size. Also, it is shown that for the convolutionally

coded scheme, the average delay increases with a higher rate compared to the DTC scheme.

5.5 Conclusion

In this chapter, we studied a buffer-aided relay selection scheme, in a multi-relay network with
coded transmissions. We considered three coding schemes: convolutionally coded, Turbo-coded
and DTC. For each scheme, we analyzed the performance of the system in terms of the average
throughput. By providing the Monte-Carlo simulation results, we showed that the analytical results

closely follow the simulation ones, for all the values of SNR, and various number of relays and
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buffer sizes. In the DTC scheme we observed a gap between the analytical results and the simulation
ones, due to the false convergence behavior region of the union upper bound. However, it can be
observed that the analytical results follow the similar trend as the simulation ones. By further

investigating the analytical results in high-SNR regime and infinite buffer size, we obtained the
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achievable diversity order of the system. We showed that the achievable diversity order is twice the
number of relays, plus the additional direct link. For finite buffer sizes, we analyzed the probability
of buffers being full. We showed the impact of buffer size and different system parameters on
this probability. We also investigated the minimum required buffer size for achieving a certain
average throughput. Since one of the parameters of concern in buffer-aided relaying network is
the inevitable transmission delay, we demonstrated the average delay in different schemes and for
different values of SNR and various number of relays and buffer sized. Finally, we provided a
comparison between the DTC and convolutionally coded schemes in buffer-aided relaying network,
in terms of the average throughput and average delay. We showed that in all cases the DTC scheme

outperforms the convolutionally coded one.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The application of cooperative relaying in LTE-A standard is suggested by 3GPP in order to im-
prove the performance of the cellular networks. Equipping a network with relays alleviates the effect
of multipath fading by establishing independent channels. Moreover, the communication distance
is shortened by adding relay nodes. Therefore, the effect of path loss becomes less destructive. As
a result, the network coverage is expanded and the number of under coverage users are augmented.
In this thesis, we have tackled the problem of resource allocation in relay networks. We proposed
efficient algorithms for resource allocation to improve the performance of the cooperative network
and supported them with the analytical and simulation frameworks. Firstly, we proposed an opti-
mal algorithm for joint subcarrier-relay assignment and power allocation. Secondly, we proposed a
cross-layer design for throughput maximization. Lastly, we provided analysis framework for coded
buffer-aided relay selection system. In what follows, we summarize the contributions of this thesis.

In Chapter 3, we considered a cooperative network combined with OFDM. We investigated the
problem of joint power allocation and subcarrier-relay assignment. The objective of this allocation
problem is to find the best subcarrier-relay assignment and power allocation, that maximizes the
minimum received SNR, representing the cell-edge users with weakest channels. This optimiza-
tion problem is non-convex, and the optimal solution can be obtained through an exhaustive search.

However, the time complexity of the exhaustive search increases exponentially with an increase in
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the number of subcarriers and relays, hence, making it impractical for cellular network applications.
We provided a simple and practical algorithm with polynomial time complexity that finds the opti-
mal solution. We proved the optimality of the proposed algorithm and assessed its performance for
different system parameters and provided comparisons with two other algorithms. The simulation
results showed the superiority of our algorithm.

While in Chapter 3 we focused on maximizing the physical layer characteristics, in Chapter 4
we considered both the physical and link-layer characteristics. We considered a relaying network
where channels are equally spatially correlated. We proposed a cross-layer algorithm, where by
considering the physical and link layer characteristics, one or multiple relays are selected in order
to maximize the link layer throughput. We provided simulation results to compare the performance
of the proposed scheme with the capacity-based scheme. We showed that the cross-layer design
significantly improves the system performance compared to the capacity-based design, for different
values of SNR and correlation coefficients. We investigated the performance of the cross-layer-
based algorithm in various network models, including AF and DF relaying networks. Furthermore,
we investigated the performance of the cross-layer based algorithm for relay selection and subcarrier
allocation in an OFDM-based system. Finally, we studied the optimum number of relays required
for cooperation in order to achieve maximum throughput, for different values of SNR.

In chapter 5, we considered a buffer-aided multi-relay network with coded transmissions. We
considered a network with independent but non-identically distributed links and assumed that chan-
nels undergo quasi-static Rayleigh fading. We looked at three different coding schemes: convolu-
tional codes, Turbo codes and DTC. For each coding scheme, we studied the performance analysis
of the system in terms of the average throughput and derived a closed-form expression. Further-
more, by analyzing the asymptotic behavior of the average throughput for infinite buffer size and in
the high-SNR regime, we obtained an approximation on the maximum achievable diversity gain of
the system. We provided the Monte-Carlo simulations to corroborate the derived analytical frame-
work. We showed that analytical average throughput follows the simulation results under different
system parameters, such as channel SNR, number of relays and buffer sized. Finally, we investi-
gated the average delay in different scheme and for different values of SNR and various number of

relays and buffer sized.
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6.2 Future Work

In this thesis, we have studied the challenges in the cooperative network and designed algorithms
for performance improvement. We considered a cooperative network with one source and one
destination nodes where all the nodes are equipped with single antenna. These assumptions limit
the applicability of the scheme in practical applications. Considering a multi-user network with
multi-antenna nodes can be an extension to this work.

The relay selection schemes that we proposed are based on the availability of the perfect and
instantaneous CSI estimation, which is not always feasible in practical applications, due to the high
amount of overhead. Thus, it is useful to investigate the performance of the network under statistical
CSI or under the impact of outdated channel estimation. Furthermore, we considered Rayleigh flat
fading channels. Study on the performance of the proposed algorithms on other fading channels like
Nakagami-fading is of interest.

For the system with coded transmissions, we assumed fixed rate and fixed packet length during
the transmission. However, in actual communication systems such as the LTE-A standard, different
code rates and packet sizes are supported. Thus, investigating the adaptability of the system to
variable rate and packet lengths can be considered in the future work. Furthermore, in this work,
the BPSK modulation scheme is employed. Considering higher level modulations might be part of
the future work.

In this thesis, we mainly put focus on improving the physical layer or data link layer characteris-
tics. In more practical situations, the energy efficiency is considered an issue of concern. Designing
an energy efficient network is challenging and requires significant modifications to the algorithms
at each layer. Studying these challenges and proposing an energy efficient algorithm can be con-
sidered a possible direction to the future work. Moreover, in this work we considered orthogonal
channels in frequency. However, such schemes suffer a poor spectral efficiency. Since the spectrum
is a scarce and valuable resource considering the problem of resource allocation in a cooperative

network with non-orthogonal channels is another direction to the future work.
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