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Abstract

With significantly growing demand for wireless networks and services in recent
years, the issue of spectrum efficiency has taken a more and more important role
in the design of communication systems. To achieve more dynamic, efficient and
intelligent use of the scarce wireless spectrum resource, the concept of coopera-
tion has been formalized into several hierarchical network models in future mobile
networks, including cognitive radio networks and Internet of Things. Cooperative
communications, such as cooperative relaying, can potentially increase communi-
cation efficiency and spectrum utilization by overhearing and cooperating with the
transmission due to the broadcast nature of wireless networks. On the other hand in
hierarchical networks, cooperation of users may lead to a better support for diverse
communication modes with flexible spectrum sharing. In this thesis, we investi-
gate the cooperation between users with different priorities in hierarchical wireless
networks. Especially, by coinciding the idea of relaying and network coding, we
explore cooperation schemes from several aspects.

First we discuss orthogonal time-frequency access for cooperation between pri-
mary and secondary users in a cognitive radio network, where two binary network
coding schemes are developed over packet-based wireless links. We analyze the
transmission process and propose a novel methodology for performance evaluation
by approximating the distribution of the number of transmission attempts. From
the study in two cases of different definitions on frame size, the performance eval-
uation method provides an efficient way to estimate spectrum resource sharing
between the primary and secondary systems.

Second we propose a selective cooperation mechanism for intelligent resource
sharing under different circumstances, based on the work in the previous chap-
ter. By evaluating the system throughput with the approxiamtion method, we
further discuss the spectrum sharing strategy by formulating an optimization prob-
lem to maximize the secondary system throughput. Besides, we extend our model
to larger cognitive radio networks with multiple primary/secondary transmitter-
receiver pairs. In each scenario, we investigate best relay selection criteria, con-
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iv Abstract

sidering proper spectrum sharing strategies in practical applications. A network
with users experiencing different service levels owing to different priority levels is
delineated.

Finally we investigate non-orthogonal multiple access combined with orthogonal
multiple access in cooperative communications with hierarchical users. We define
and study two cooperation schemes, where we propose a joint multiple access pro-
tocol. We derive the achievable rate regions with diverse communication modes
supported by the users with lower-priority transmission request trading cooperating
with the higher-priority transmission for the opportunity of its own transmission.
We formulate a problem jointly optimizing the strategy on time sharing and trans-
mit power allocation at transmitters, which allows us to study in more common
application scenarios in hierarchical wireless networks.

Throughout the thesis we progressively reveal the importance of smart cooper-
ation in hierarchical wireless networks, through rendering our models more realistic
with smart strategies. Albeit mainly been of theoretical importance, our study
brings forth some interesting ideas for enhancing the system performance and im-
plementing the actual application systems.



Sammanfattning

Senaste tidens växande efterfrågan på trådlösa nätverk och tjänster har resulterat
i att effektivitet spelar en allt större roll inom design av kommunikationssystem.
För att uppnå en dynamisk, effektiv och intelligent användning av det begränsa-
de trådlösa spektrumet har koncept för kooperation formaliserats för ett flertal
hierarkiska nätverksmodeller, exempelvis för kognitiva radionätverk samt saker-
nas internet (eng. Internet of Things). Kooperativ kommunikationsteknik kan, till
exempel genom användandet av kooperativa reläer, potentiellt förbättra kommuni-
kationseffektiviteten samt utnyttjandet av spektrumets resurser genom att enheter
lyssnar och samarbetar med pågående transmissioner, något som möjliggörs av det
öppna trådlösa mediet. Ytterligare fördelar i hierarkiska nätverk är att kooperativa
användare kan möjliggöra skiftande kommunikationslägen där spektrat delas på ett
dynamiskt sätt. I denna avhandling undersöks kooperation mellan användare med
olika prioriteringar i hierarkiska trådlösa nätverk. Mer specifikt sammanlänkar vi
idéerna om kommunikationsreläer med nätverkskodning och utforskar kooperativa
metoder ur flera olika perspektiv.

Först diskuteras kooperation mellan primära och sekundära användare i ett
kognitivt radionätverk där resurser delas ortogonalt i tid och frekvens. För detta
scenario utvecklas två binära nätverkskodningsmetoder för paketbaserade trådlö-
sa länkar. Vi analyserar överföringsprocessen samt utvecklar en helt ny metodik
för att utvärdera prestandan genom att approximera för delningen av antal trans-
missionsförsök. Genom att studera två fall med olika definitioner för paketstorlek
tillhandahåller metoden ett effektivt sätt att estimera resursdelningen av spektru-
met mellan det primära och det sekundära systemet.

Fortsättningsvis föreslår vi, baserat på de utvecklade metoderna i tidigare ka-
pitel, en utökad selektiv kooperationsmekanism för intelligent resursdelning under
olika förhållanden. Vi diskuterar strategier för delning av spektrum genom att for-
mulera ett optimeringsproblem där det sekundära systemets datatakt maximeras.
Dessutom utökar vi vår modell för större kognitiva radionätverk med flertalet par
av sändare och mottagare. För varje scenario studeras kriterier för bästa val av relä,
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där hänsyn tas till lämpliga strategier för spektrumdelning i praktiska tillämpning-
ar. Fortsättningsvis beskrivs ett nätverk där anv ändare på grund av olika priori-
teringsnivåer upplever varierande servicekvalitet.

Slutligen undersöks en kombination av icke-ortogonala och ortogonala metoder
för multi-användaraccess inom kooperativ kommunikation med hierarkiska använ-
dare. Vi definierar och studerar här två lägen för kooperation i ett förenat multi-
användar-protokoll. Vi härleder regionerna av uppnåeliga datatakter med varieran-
de stöd för olika kommunikationslägen när användare med lägre prioritet avväger
kooperation med transmissioner av högre prioritet mot möjligheten att överföra sin
egen transmission. Vi formulerar ett problem som simultant optimerar strategin för
tidsdelning samt allokering av effekt i sändarenheterna. Detta gör det möjligt att
studera vanliga tillämpningsscenarier i hierarkiska trådlösa nätverk.

Genom denna avhandling synliggör vi vikten av smart kooperation i hierarkiska
trådlösa nätverk genom att med smarta strategier successivt anpassa mer realis-
tiska modeller. Trots att resultaten är främst teoretiska visar vår studie upp flera
intressanta idéer för förbättrad systemprestanda samt implementering av verkliga
system.
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Chapter 1

Introduction

1.1 Background and Motivation

The Internet facilitates communications worldwide with communication networks
extensively developed. Especially, wireless technology applied in communication
networks is and will still be the pervasive access strategies nowadays and in the
future. Wireless communications enable the emergence of many rising up-to-date
concepts, such as smart city [POBY16], and Internet of Things (IoT) [AIM10,
MSPC12], etc., which constitute the future mobile networks. Evidently, not only the
human-to-human communication, but also more complex communication modes in-
cluding device-to-device, machine-to-machine communications and the interaction
of these communications are expected to play an indispensable role in the future
mobile networks. As in Figure 1.1, future mobile networks enable to serve a much
broader range of use cases, leading to high connectivity of individuals and commu-
nities. It is the inter-networking of objects of the physical world (physical things)
or the information world (virtual things) which enables advanced services based
on existing and evolving interoperable information and communication technolo-
gies. To offer advanced connectivity of devices, systems, and services, meanwhile
to support consumer demand for data grows, hierarchical network infrastructure
and intelligent use of resources are required. While future mobile networks have
many anticipated advances, challenges are also incurred to conventional wireless
networks.

Wireless signals will be received by every potential user in communications as
a consequence of the broadcast nature. In that case, multiple users with diverse
communication requests and objectives are involved. Within limited spectrum re-
sources, supporting the increasing data traffic from different users and services still
poses significant challenges. Therefore, some key technologies are essential in wire-
less systems, such as the proper management of users, the efficient schemes for
transmission reliability and the intelligent strategies for resource utilization. For
example, in a dense network, users from different systems coexisting in the same
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2 Introduction

Figure 1.1: Envisioned architecture for future mobile networks.

area may need to share the same resource; to extend the coverage of services, the
multi-hop transmission may be employed; to improve resource utilization, the spa-
tial reuse of the spectrum is unavoidable. As a result, these new features and
trends of wireless networks bring us more requirements on performance modeling
and analysis, as well as more demands for designing and developing new solutions
to improve spectrum efficiency. To this end, a promising direction towards achiev-
ing efficient communications in wireless networks is studied in this thesis, named
smart cooperation in hierarchical wireless networks.

In this thesis, a basic view of the system with a limited number of terminals is
considered, which is a theoretical proof-of-concept model, providing justification for
further studies. This system model is capable of capturing important characteristics
and features of wireless networks, and can therefore be served as a building block
and provide a basis for better understanding of more general networks.

Cooperative Communications Due to the broadcast nature of wireless com-
munications, some nodes in the network might overhear the transmitted message
from a source to a destination. Those nodes can help re-establish or enhance the
communication between the source-destination pair by taking advantage of over-
heard messages. The nodes taking part in the transmission are called relays. Relay-
based cooperative communication enables nodes in a wireless network to share their
resources for each other to collaboratively forward messages. The classical three-
node relay channel [vdM71] is depicted in Figure 1.2. Developed from [vdM71],
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Relay

Source Destination

Figure 1.2: The relay channel.

cooperation in multi-node channel models and various cooperative strategies have
been investigated in a tremendous number of works, e.g., [LTW04], [KGG05]. Sim-
ilar concept such as cooperative diversity [NHH04] has been introduced as a means
to enhance the reliability of communications. By allowing nodes in the system to
relay each other’s message to the destination, a distributed antenna array can be ef-
fectively formed which emulates the spatial diversity gains achievable by centralized
multiple-input and multiple-output (MIMO) systems.

Cognitive Radio Networks Cognitive radio technology, introduced by Mitola
in [Mit99, Mit00], opens new communication paradigms that allow dynamic spec-
trum access to increase the efficiency of spectrum utilization. In cognitive radio
networks, secondary users are allowed to use the licensed spectrum as long as they
do not degrade the data transmission of the primary users, which are the legacy
owners of the spectrum. Therefore, the cognitive radio system is aware of its sur-
roundings and dynamically adapts its transmission parameters, e.g., its frequency
bands and coding schemes, to changes of the environment. An example of a cog-
nitive radio network with both the primary and secondary systems consisted of
a single transmitter-receiver pair is depicted in Figure 1.3. Cognitive radio allows
controlled spectrum sharing among different networks and users, and thus in a hier-
archical network, primary and secondary users coexist and share the same spectrum
resource. In recent years, numerous cognitive radio techniques have been proposed
for spectrum sharing [ALVM06, GJMS09, TZFS13]. One of the spectrum sharing
paradigms is shown in Figure 1.3, through cooperating with the primary users’
transmission, the secondary users obtain the opportunity to access the licensed
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Figure 1.3: Cognitive radio networks.

spectrum for their own transmission.

Network Coding To improve transmission efficiency, the concept of network
coding was first introduced in [ACLY00], which is essentially to combine and for-
ward multiple messages together at intermediate nodes. In [ACLY00], network
coding is shown to be able to achieve the max-flow min-cut bound in single-source
multicast networks. A classic example of network coding is depicted in Figure 1.4
with a butterfly network. b1 and b2 are information bits transmitted from a given
source s to two sinks d1 and d2 simultaneously. Assume the capacity of each chan-
nel is one bit per second, the min-cuts between the source and each sink are two
bits per second. Thus, the maximum possible flows are transmitting two bits per
second, by the max-flow min-cut theorem. In traditional multicast approach with
routing, the maximum flow capacity cannot be achieved due to the bottleneck link
w → v. However, coding at intermediate node w makes the capacity-achieving
multicast feasible. The encoder at w XORs (modulo-2 add) two incoming bits (b1

and b2) into one output bit (b1 ⊕ b2). In each sink, decoding operation, i.e., XOR,
is performed to reproduce the information bits. Further in [LYC03] for the same
setup in multicast network, linear network coding is proved sufficient to achieve
the optimum, i.e., the max-flow. An algebraic approach is introduced in [KM03]
to simplify the analysis of data network capacity. For general multicast networks,
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Figure 1.4: An example of network coding.

[HMK+06] introduced a distributed random linear network coding approach. Along
with the development of network coding theory, the problems addressed by network
coding are not limited to multicast anymore. In hierarchical networks with cooper-
ative users, network coding can be applied flexibly in accordance with the exploited
cooperation schemes to improve efficiency of communications.

1.2 Outline and Contributions

This section outlines the thesis and summarizes the main contributions along with
references to the corresponding publications. In this thesis we introduce cooperation
in hierarchical networks. We utilize the features of user priority and service level
to construct a fundamental component of hierarchical networks, supporting diverse
communication modes. The aim of this thesis is to investigate cooperation strategies
thoroughly focusing on different fundamental aspects. For the purpose, several
important concepts are put into practice in this thesis, as in Figure 1.5, to analyze
the key problems described in the following outline.

Chapter 2

In this chapter we give a review of the theoretical foundations of the work presented
in this thesis. We introduce the fundamental notions of cooperative communica-
tions, while spectrum sharing, as a cohabitation paradigm, supports simultaneous
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communication of all network parties. In particular we adopt the network coding
technique as the transmission strategy in cooperation. This study grounds us for
the models investigated in the thesis.

Chapter 3

In this chapter we analyze the performance of binary network coding strategies in
cooperative communications with cognitive users. The impact of smart cooperation
with the primary system to gain more transmission opportunities for the secondary
system is investigated. Over packet-based wireless links, we design a three-session
transmission process in which a non-network-coding (ARQ) scheme, and two bi-
nary network-coding (StNC and AdNC) schemes are developed. We propose a
novel performance evaluation methodology by analyzing the transmission process
with the distribution of the number of transmission attempts and its normal ap-
proximations. Through the approximation method, the importance of estimation
on resource sharing in the practical case of truncated frame size is indicated, derived
from the case of adaptive frame size in theoretical means.

The material in this chapter is based on the following papers:

• [LXR14] N. Li, M. Xiao and L. K. Rasmussen, “Cooperation-based Net-
work Coding in Cognitive Radio Networks”, in Proc. of IEEE 80th
Vehicular Technology Conference (VTC-Fall), Vancouver, Canada, Septem-
ber 2014.

• [LRX] N. Li, L. K. Rasmussen and M. Xiao, “Performance Analysis of
Cognitive User Cooperation Using Binary Network Coding”, sub-
mitted to IEEE Transactions on Vehicular Technology, May 2017 (revised in
November 2017).

Chapter 4

In this chapter we extend the network model in previous chapter with lenient legit-
imate users to a more practical scenario with multiple users. Besides, with a light
shed on probing tradeoffs between the primary system and the secondary system,
we delineate how a secondary system cooperates with a primary system where each
system experiences a distinct level of service owing to different level of priorities. A
selective cooperation mechanism for intelligent spectrum sharing is proposed con-
sidering the priority of legitimate users. We also investigate the system performance
through an optimization problem, in which the performance evaluation is done on
the basis of the method in the previous chapter. Furthermore, we extend the sys-
tem model with a single pair of users in each system to multiple-user scenarios,
i.e., multiple secondary-user scenario and multiple primary-user scenario, indicat-
ing a hierarchical network supporting diverse communication modes. The problem
is highly relevant for the design of next generation networks such as 5G, aiming to
serve users with different priorities and service requirements.
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The material in this chapter is based on the following papers:

• [LRX] N. Li, L. K. Rasmussen and M. Xiao, “Performance Analysis of
Cognitive User Cooperation Using Binary Network Coding”, sub-
mitted to IEEE Transactions on Vehicular Technology, May 2017 (revised in
November 2017).

• [LXRb] N. Li, M. Xiao and L. K. Rasmussen, “Spectrum Sharing With
Network Coding for Multiple Cognitive Users”, accepted to IEEE In-
ternet of Things Journal.

Chapter 5

In this chapter we investigate non-orthogonal multiple access (NOMA) in coop-
erative communications with hierarchical users, in contrast with the orthogonal
multiple access (OMA) in previous chapters. After introducing how NOMA can be
applied in cooperative communications, especially how it supports coexisting di-
verse communication modes, we propose a joint OMA and NOMA protocol in the
design of transmission process. Conditioning on the status of cooperative users,
two cooperation schemes with and without decoding the relay message are devel-
oped. We derive the achievable rate regions under the Rayleigh fading channel
model and provide insights on resource allocation strategies for NOMA signaling
at transmitters. We then formulate and solve an optimization problem for joint
time sharing and transmit power allocation, meanwhile, we illustrate our results
through numerical examples based on a geometrical model, highlighting the impact
of user geometry on the achievable rates as well as the optimal resource sharing of
the joint OMA and NOMA protocol. The application of NOMA also gains a lot of
attention in 5G standization activities.

The material in this chapter is based on the following papers:

• [LXRa] N. Li, M. Xiao and L. K. Rasmussen, “Optimized Cooperative
Multiple Access in Industrial Cognitive Networks”, accepted to IEEE
Transactions on Industrial Informatics.

• [LXR18] N. Li, M. Xiao and L. K. Rasmussen, “Diverse Communication
Modes in Cooperative Downlink Non-orthogonal Multiple Access”,
to appear in Proc. of IEEE 87th Vehicular Technology Conference (VTC-
Spring), Porto, Portugal, June 2018, invited paper.

Chapter 6

In the last chapter we conclude the thesis by summarizing the main contributions
of our work and by discussing potential directions for future research.
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Figure 1.6: Cooperation for secrecy in cognitive radio networks.

Contributions Outside the Scope of This Thesis

The following publications are related to the study in this thesis on a basis of
similar network models. However, those works investigate different problems from
the aspect of secrecy. For the consistency of the thesis structure, they are not
included here.

A cognitive radio channel with secrecy constraints on the primary message is
investigated as in Figure 1.6. First, how a cognitive transmitter can improve the
secrecy of primary transmissions in cognitive radio networks is described. Then, for
the additive white Gaussian noise (AWGN) cognitive radio channel model with and
without primary message knowledge at the secondary transmitter, the achievable
rate regions with secrecy constraints are derived and insights on the power allocation
strategies for the two scenarios are provided.

• [GSG+12] F. Gabry, N. Schrammar, M. Girnyk, N. Li, R. Thobaben, and
L. K. Rasmussen, “Cooperation for secure broadcasting in cognitive
radio networks”, in Proc. of IEEE International Conference of Communi-
cations (ICC), Ottawa, Canada, June 2012.

• [GLS+12] F. Gabry, N. Li, N. Schrammar, M. Girnyk, E. Karipidis, R. Thob-
aben, L. K. Rasmussen, and M. Skoglund, “Secure Broadcasting in Co-
operative Cognitive Radio Networks”, in Proc. of Future Networking
and Mobile Summit (FutureNetw), Berlin, Germany, July 2012.

• [GLS+14] F. Gabry, N. Li, N. Schrammar, M. Girnyk, L. K. Rasmussen and
M. Skoglund, “On the Optimization of the Secondary Transmitter’s
Strategy in Cognitive Radio Channels with Secrecy”, IEEE Journal
on Selected Areas in Communications, March 2014.
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1.3 Notation and Acronyms

In this section we describe the notation and the acronyms used in the thesis.

Notation

Variables and Measures

X random variable
X alphabet or set
|X | cardinality of a set X
x realization of X

PX or PX(x) or p(x) probability mass function (pmf) of X
X ∼ p(x) random variable X with pmf p
PX,Y joint probability mass function of X and Y
P (Y |X) conditional probability of Y given X
EX expected value over random variable X
Xn vector of n random variables X1, . . . , Xn

xn vector of n realizations x1, . . . , xn

P{X} probability of event X
Pout(X) outage probability of event X

Functions and Operators

N B(B,N, p) negative binomial distribution with B trials that occur for
a given number of N successes in the probability of success 1 − p

N (µ, σ) normal distribution with mean µ and standard deviation σ

T N (µ̂, σ̂; B̂) truncated normal distribution with mean µ̂ and

standard deviation σ̂ within the upper-truncated interval B ≤ B̂
CN (µ, σ2) complex normal distribution with mean µ and variance σ2

|x| absolute value of a complex number x
log logarithm to the base 2

XOR/⊕ binary sum
GF(·) Galois field

Communication Channels

Ri achievable rate for node i
Pi transmission power at node i
xi transmitted signal from node i
yi received signal at node i
z0 additive white Gaussian noise
hij complex Gaussian variable with zero mean and unit variance
dij Euclidian distance between node i and node j
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α path-loss exponent

gij channel coefficient between node i and node j, gij = hijd
−α/2
ij

pij outage probability of channel between node i and node j
Γij instantaneous SNR between node i and node j

Cognitive Radio Network Model

PT primary transmitter
PR primary receiver
ST secondary transmitter
SR secondary receiver
Ip primary message
Is secondary message
Np number of packets in primary message
Ns number of packets in secondary message
ηp throughput of primary system
ηs throughput of secondary system
B instantaneous number of transmissions

B̂ predefined frame size
PTm primary transmitter m
PRm primary receiver m
Ip,m message of PTm

STm secondary transmitter m
SRm secondary receiver m
Is,m message of STm

D decoding set
ρ resource allocation factor for primary transmission
β resource allocation factor in secondary transmission

Single-cell Hierarchical Network Model

BS base station
UE user equipment
β time-sharing factor
θ transmit power allocation factor at BS
ω transmit power allocation factor at UE2
ρi transmit SNR at node i
γ normalization factor
R0 target rate for successive decoding
Rth threshold of rate for UE1
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Acronyms

Ack/Nack Acknowledgement/Negative-acknowledgement
AF Amplify-and-forward
ANC Analog network coding
ARQ Automatic repeat request
AWGN Additive white Gaussian noise
cdf Cumulative distribution function
CF Compress-and-forward
CSI Channel state information
D2D Device-to-device
DF Decode-and-forward
DMC Discrete memoryless channel
IoT Internet of Things
MIMO Multiple-input and multiple-output
MRC Maximum ratio combining
MSE Mean squared error
NC Network coding
NOMA Non-orthogonal multiple access
OFDM Orthogonal frequency-division multiplexing
OMA Orthogonal multiple access
pdf Probability density function
pmf Probability mass function
QoS Quality of service
RF Radio frequency
SIC Successive interference cancellation
SINR Signal-to-interference-plus-noise ratio
SNR Signal-to-noise ratio





Chapter 2

Review

In this chapter we give a review of the theoretical foundations of the work presented
in the thesis. As for every chapter in the following, we elaborate the list of the
objectives of this chapter.

• Establish the notations and definitions used throughout the thesis.

• Provide fundamentals in probability and communication with some
performance metrics proposed for the understanding of the thesis.

• Introduce the notions of cooperative communications and hierarchical
networks further on.

• Connect cooperation with network coding and motivate the network
model investigated throughout the thesis.

Objectives of the Chapter.

Organization of the Chapter This chapter consists of 4 sections. In Section
2.1 we review fundamental notions of communication theory, in particular we define
some performance metrics. Section 2.2 is devoted to cooperative communications,
i.e., relaying for cooperation. In Section 2.3 we introduce two representative models
of hierarchical networks, cognitive radio networks and Internet of Things; especially
we give an overview of spectrum sharing in these networks. In Section 2.4 we
discuss the concept of network coding and the interaction between network coding
and cooperation in communication networks.

15
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2.1 Fundamentals of Communication Theory

In this section we summarize some of the most fundamental results in commu-
nication theory which will be widely used in this thesis. In Subsection 2.1.1 we
introduce the basic elements of probability theory. In Subsection 2.1.2 we investi-
gate the point-to-point communication channel introduced by Shannon [Sha48]; in
particular, we define the notion of channel capacity. Finally, in Subsection 2.1.3,
we introduce some performance metrics including achievable rate, throughput and
outage probability used throughout this thesis.

2.1.1 Probability Theory

In this section we introduce some necessary definitions in the field of probability
theory required for the understanding of this thesis. We refer the reader to [Fel71],
[Bil95] and [WHH06] for a more comprehensive introduction to the fundamental
concepts of probability theory.

Discrete Random Variables Let X be a discrete random variable with finite
alphabet X . We write its probability mass function (pmf) as PX(x) or more con-
veniently p(x) which we denote as X ∼ p(x). If X and Y are two discrete random
variables, we denote similarly their joint pmf PX,Y (x, y) or p(x, y).

Let (X,Y ) ∼ PX,Y (x, y) with X ∈ X and Y ∈ Y. X and Y are called
independent if

PX,Y (x, y) = PX(x)PY (y). (2.1)

Definition 2.1 (Independence).

Let X and Y be two discrete random variables with joint pmf PX,Y (x, y) and
marginal pmf’s PX(x) and PY (y). We define the conditional probability of Y given
X as follows.

The conditional probability PY |X(y|x) for (X,Y ) ∼ PX,Y (x, y) is defined
as

PY |X(y|x) =
PX,Y (x, y)

PX(x)
. (2.2)

Definition 2.2 (Conditional Probability).

The expected value of X is the probability-weighted average of all possible val-
ues.
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The expected value of the discrete random variable X ∼ PX(x) is defined
as

E(X) =
∑

x∈X
xPX(x). (2.3)

Definition 2.3 (Expected Value).

Key Concept for Large Numbers We now introduce two important theorems
for a large number of trials in probability theory, namely law of large numbers and
central limit theorem.

The law of large numbers is a theorem that describes the result of performing
the same experiment a large number of times where the average being stable.

The average of the results obtained from a large number of trials should be
close to the expected value, and will tend to become closer as more trials
are performed.

Theorem 2.1 (Law of Large Numbers [Poi37]).

Suppose that a sample is obtained containing a large number of observations,
each observation being randomly generated in a way that does not depend on the
values of the other observations, and that the arithmetic average of the observed
values is computed. If this procedure is performed many times, the central limit
theorem says that the computed values of the average will be distributed according
to a normal distribution.

Let {X1, ..., Xn} be a set of n independent and identically distributed (i.i.d)
random variables and each has an arbitrary probability distribution with
mean µ and finite variance σ2. By the law of large numbers, the average
Sn = X1+···+Xn

n of these random variables approaches a normal distribution
with mean µ as n → ∞.

Theorem 2.2 (Central Limit Theorem [Fel71]).

When independent random variables are added, their properly normalized sum
tends toward a normal distribution even if the original variables themselves are not
normally distributed. The theorem is a key concept in probability theory because it
implies that probabilistic and statistical methods that work for normal distributions
can be applicable to many problems involving other types of distributions.
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Figure 2.1: A point-to-point communication system with channel coding.

2.1.2 Point-to-Point Communication

In this section we consider the communication system introduced by Claude E.
Shannon [Sha48], depicted in Figure 2.1. Shannon introduced a probabilistic ap-
proach to model the communication channel which he represented as a discrete
memoryless channel (DMC), defined by two finite sets X and Y and the channel
transition probability p(y|x). The memoryless property signifies that the output of
the channel at time i depends only on the input at the time i via the transition
probability p(yi|xi),

p(yn|xn) =
n∏

i=1

p(yi|xi). (2.4)

Assume that the message W to be transmitted is chosen uniformly at random from
the message set W , the goal of communication is to reliably convey the message W
to the destination in n channel uses.

Channel Capacity To accomplish this task, an essential parameter of the com-
munication system, namely the communication rate, is defined through designing
three main components:

• A message set W = {1, 2, ..., 2⌈nR⌉}, where ⌈x⌉ denotes the smallest
integer that is no smaller than x;

• An encoder to map the message W to Xn by assigning a codeword
xn(w) ∈ X n = {xn(1), xn(2), ..., xn(2⌈nR⌉)};

• An decoder to map the received signal Y n to an estimate Ŵ of trans-
mitted message.

Having designed a communication strategy according to above, the com-
munication rate is given by

R =
1

n
log |W| bits per channel use. (2.5)

Definition 2.4 (Communication Rate).
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Figure 2.2: The Rayleigh fading channel.

The rate R is achievable, if there exists a (2nR, n) channel code, such that the
average probability of error

P (n)
e = P{Ŵ 6= W} (2.6)

at the decoder tends to zero as n → ∞. Reliable communication at rate R means
that one can design codes at that rate with arbitrarily small error probability.
The maximum data rate at which reliable communication is possible is called the
capacity of the channel.

The capacity C of the DMC is defined as the supremum of all achievable
rates R, as

R ≤ C = lim inf
n→∞

1

n
log |W|. (2.7)

Definition 2.5 (Capacity).

Fading Channels In wireless communications, the effects of a propagation envi-
ronment on a radio signal are usually characterized by path loss, small-scale fading
and large-scale fading [Rap02]. Path loss describes the main attenuation on the re-
ceived signal when it propagates through space. A commonly used path loss model
follows a power law, i.e., the ratio between the average power of received and trans-
mitted signals is proportional to d−α, where d is the transmission distance and α is
the path-loss exponent usually taking a value between 2 and 4. Small-scale fading
is the rapid fluctuation on the received signal power caused by combining the trans-
mitted signal replicas through multiple paths. It is usually characterized by some
specific statistical distributions such as Rayleigh, Ricean, Nakagami-m, etc.. Large-
scale fading describes the variation on the average received signal power caused by
shadowing from large obstructions. Usually, a lognormal distribution with zero
mean and an environment-dependent standard deviation (typically from 2 to 4 dB)
is used for modeling.

In this thesis, we mainly consider the slow fading situation so that the channel
is modeled as a quasi-static Rayleigh fading channel, i.e., channel coefficient re-
mains constant within one protocol cycle. As in Figure 2.2, the complex baseband
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representation of a flat fading channel is:

yj = gijxi + z (2.8)

where gij is the fading process and z is the additive white Gaussian noise at each
node is modeled as independent and identically (i.i.d) distributed CN (0, σ2).

If we denote the Euclidian distance between node i and node j by dij , the

channel coefficient gij = d
−α/2
ij hij with α > 0 being the path-loss exponent and hij

being a complex Gaussian variable with zero mean and unit variance. Thus, we
have hij ∼ CN (0, 1) and gij ∼ CN (0, d−α

ij ). Therefore, the signal-to-interference-
plus-noise ratio (SINR) of a link from node i to j can be expressed by the geometric
SINR model [GOW07]:

With channel coefficient gij ∼ CN (0, d−α
ij ), the instantaneous SINR is de-

fined as

Γij =
Pi |gij |2

∑
k 6=i Pk |gkj |2 + σ2

(2.9)

where Pi is the transmit power of node i, k denote the nodes that transmit
simultaneously with node i in the same frequency band according to the
medium access protocol. Γij is exponentially distributed.

Definition 2.6 (Geometrical Model for Rayleigh Fading Channels).

2.1.3 Performance Metrics

To evaluate the transmission efficiency over Rayleigh fading channel, several per-
formance metrics are proposed on link level and system level.

Achievable Rate The maximum data rate that can be achieved with reliability
is defined as achievable rate. Shannon provided a mathematical formula to map the
instantaneous SINR to the achievable rate [Sha48], i.e., the bandwidth-normalized
achievable rate (bits/s/Hz) of a point-to-point channel from node i to j is

Rij = log (1 + Γij) . (2.10)

Throughput Throughput is the rate of reliable communication over a communi-
cation channel, usually measured in bits per second, and sometimes in data packets
per second or data packets per time slot. Throughput of a single-hop transmission
is defined as the achievable rate.
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Outage Probability Conditional on a realization of the quasi-static Rayleigh
fading channel gij , the maximum rate of reliable communication supported by this
channel is log (1 + Γij) bits/s/Hz. This quantity is a function of the random channel
gain gij and is therefore random. Now suppose the transmitter encodes data at a
rate R bits/s/Hz. If the channel realization is such that log (1 + Γij) < R, then
whatever the code used by the transmitter, the decoding error probability cannot
be made arbitrarily small. The system is said to be in outage. In other words, if
the channel allows log (1 + Γij) bits/s/Hz of information through, reliable decoding
is possible as long as this amount of information exceeds the target rate.

For fading channels, an outage event happens when the transmission rate R
exceeds the capacity of the channel, which is reflected in the SINR at the receiver not
exceeding a certain threshold. The outage probability is defined as the probability
of such an event. For a fading channel between a source (s) and a destination
(d) with instantaneous signal-to-noise ratio (SNR) Γsd between the source and the
destination, the outage probability is defined as [TV10]:

Pout(R) = P {log (1 + Γsd < R)} or Pout(Γ) = P {Γsd < Γmin} (2.11)

where Γmin is the threshold for SNR. If the SNR/SINR of a link is known a priori,
it can be mapped to the achievable rate so that a proper R can be designed to avoid
outage considering the adopted transmission scheme and channel model.

Link Outage Probability In a time-slotted system, transmission success on a
link can be represented by a link outage probability, i.e., Psuc = 1−Pout. We define
pij = Pout {Γij < Γmin}, which is the probability that SNR at the receiver is less
than a certain threshold Γmin. Given the link outage probability, the transmission
success on a link in a time-slotted system can be modeled by a Bernoulli process.

While the capacity for the point-to-point communication model of Figure 2.1
has already been derived by Shannon in [Sha48], for many other communication
networks of interest, the problem stays open. In the following section we introduce
cooperative communications and in particular the relay channel, a 3-node network
whose capacity is still unknown.

2.2 Cooperative Communications

Cooperation in communication networks is an emerging technique to boost both the
communication coverage and data rate. In particular for wireless communications,
involving multiple parties assisting each other in the decoding and transmission
of messages due to the broadcast nature, communications can potentially benefit
from the cooperation of nodes that overhear the transmission. Since the classic
three-node relay channel [vdM71] as in Figure 2.3, capacity bounds of different
relay strategies have been studied in [CG79]. We refer the reader to [GK11] for
a comprehensive review of the advances, techniques and existing results for relay-
based cooperative communications. The proposed concept of cooperative relaying
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Figure 2.3: Block diagram of relay channel.

includes three fundamental relaying schemes: decode-and-forward, amplify-and-
forward and compress-and-forward.

2.2.1 Fundamental Relaying Schemes

Considering a time-slotted system composed of a source (s), a relay (r) and a
destination (d) with equally divided time fractions. We give a recap of the three
relaying schemes and their achievable rates.

Decode-and-Forward Relaying With decode-and-forward (DF) relaying, a re-
lay decodes the message received from a source, and re-encodes it before forwarding
it to the destination. The rate achieved by DF is given by [KGG05]:

RDF = min

{
1

2
log (1 + Γsr) ,

1

2
log (1 + Γsd + Γrd)

}
, (2.12)

where Γij =
Pih2

ij

σ2
j

with i, j ∈ {s, r, d}. We observe that the rate achievable by the

DF strategy is limited by the quality of the source-relay link. For the achieved rate
in (2.12), the relay chooses the same codewords as the source, i.e., repetition coding.
This strategy for DF relaying is mathematically equivalent to a 1 × 2 single-input
multiple-output system, with maximum ratio combining (MRC) being performed
at the destination.

Amplify-and-Forward Relaying Under amplify-and-forward (AF) relaying, the
relay simply forwards its received signal yr after a power scaling such that the trans-
mitted signal xr satisfies the relay power constraint Pr,

xr =

√
Pr

Psh2
sr + σ2

r

yr.

The rate achieved by AF is then given by:

RAF =
1

2
log

(
1 + Γsd +

ΓsrΓrd

Γsr + Γrd + 1

)
. (2.13)
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Compress-and-Forward Relaying With compress-and-forward (CF) relaying,
the relay compresses the received signal, based on the side information that the
destination has from the source. The rate achieved by CF with Gaussian codebooks
and Gaussian Wyner-Ziv quantization is given by [GMZ06]:

RCF =
1

2
log

(
1 + Γsd +

Γsr

n̂r + 1

)
(2.14)

with

n̂r =
Γsd + Γsr + 1

Γrd(Γsd + 1)
.

We discussed the three fundamental relaying schemes on a simplest cooper-
ative network model, which provides insights on the design and implemen-
tation of cooperation schemes in future wireless communication systems.
In this thesis, we consider the network environment over Rayleigh fading
channels, existing work such as [MK08] has provided important assistance
for future studies.

Remark 2.1.

2.2.2 Potential Applications of Relaying

We briefly introduce some potential applications of relaying.

Relay-assisted Cognitive Radio Networks Cognitive radio aims to solve the
under-utilization problem of scarce spectrum resource. The idea is to utilize the
licensed spectrum in a way not to harm the licensed users. Relaying, as a promis-
ing method, is capable of achieving more reliable and efficient communications to
provide more opportunities for cognitive users. Cooperation can happen between
the cognitive users and the licensed users, or within the cognitive/licensed users
separately.

Relay-assisted Cellular Networks In future cellular networks, diverse com-
munication modes are expected to be supported, such as uplink/downlink trans-
missions, with device-to-device (D2D) transmission. The deployment of relaying
enables the system benefit from larger coverage of a single cell and higher flexibility
of communication modes assisted. Furthermore, relaying can improve interaction
between cells through the collaboration among users and devices.
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2.3 Hierarchical Networks

In this section we discuss cooperation-based hierarchical networks, in particular
the network models we study in the following chapters of this thesis. First we
introduce cognitive radio networks in Subsection 2.3.1, then in Subsection 2.3.2
we describe the Internet of Things supporting diverse communication modes. In
Subsection 2.3.3 we briefly discuss spectrum sharing in hierarchical networks.

2.3.1 Cognitive Radio Networks

Cognitive radio (CR) [Mit99, Mit00] has received considerable attention as a po-
tential means to mitigate the growing pressure on limited spectrum resources.
Within the cognitive-radio pattern, knowledge of spectrum usage can be intelli-
gently collected and utilized to improve spectrum utilization [ALVM06]. As defined
in [Hay05]: “Cognitive radio is an intelligent wireless communication system that
is aware of its surrounding environment (i.e., outside world), and uses the method-
ology of understanding-by-building to learn from the environment and adapt its
internal states to statistical variations in the incoming RF stimuli by making cor-
responding changes in certain operating parameters (e.g., transmit-power, carrier-
frequency, and modulation strategy) in real-time, with two primary objectives in
mind: highly reliable communications whenever and wherever needed; efficient uti-
lization of the radio spectrum.”

Two classes of users are distinguished in cognitive radio networks, the licensed
(primary) users which are the legitimate users of some spectrum band, and the
cognitive (secondary) users which seek opportunities to access the spectrum in
accordance with pre-specified rules.

Cognitive radio has three main paradigms depending on the criterion used to
allow secondary users to access the licensed spectrum [GJMS09]:

Underlay Paradigm: Secondary users are allowed to transmit simultaneously
with the primary users as long as the interference caused is below an ac-
ceptable limit.

Overlay Paradigm: Secondary users can transmit simultaneously with the pri-
mary users, the interference can be offset by relaying the primary users’ mes-
sage.

Interweave Paradigm: Secondary users opportunistically exploit spectrum holes
to transmit without disrupting primary users’ transmissions.

From the above classification of paradigms, we find that for underlay/interweave
cognitive radio networks, cooperation only happens within the primary/secondary
users. A lot of works have discussed the relaying-based cooperation in such net-
works [JVVM10, SLH11, BDdC+13, FLD+14] with interference control as the main
concern. For overlay cognitive radio networks, cooperation between the primary
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and secondary users results in hierarchical spectrum sharing strategies including
many different techniques. Relaying, as one of the many techniques, act as an im-
portant means to enable collaborations between users [AKK11, JAH12, DYB+12,
BDdC+13, DEY+14, FLD+14, CLL+15]. The combination of user cooperation and
cognitive capabilities for improving both spectrum utilization and transmission per-
formance has been considered. In this case the relay node is required to have some
level of information about the source message being transmitted in order to suc-
cessfully forward it to the destination. A cognitive node may be able to acquire
such information from the source node or by listening to the channel.

2.3.2 Internet of Things (IoT)

The IoT offers advanced connectivity of devices, systems, and services, and also
supports a large amount of data exchange, hierarchical structures, and intelligent
use of resources. In that context, different types of networks and systems coexist
for better scalability and data management, whilst within each system, more users
and devices are expected to be connected efficiently. With the tremendous growth
of communication demands, many current technical advances including the fifth
generation of cellular networks (5G) and beyond technologies aim to constitute hi-
erarchical networks. In 5G networks and beyond, higher capacity and coverage can
be achieved with the cooperation of different communication systems. Specifically,
cooperation can be implemented by a flexible use of resources, the emerging new
communication scenarios, such as D2D [AWM14] transmission, and advanced in-
terference cancellation techniques. To accommodate massive amounts of devices,
spectrum sharing may have to be employed between different devices. Meanwhile,
some devices may have higher transmission priority, which are equal to primary
users. Other devices with lower priority can be seen equally as the secondary users.

2.3.3 Spectrum Sharing in Hierarchical Networks

As we introduced in Subsection 2.3.1, cognitive radio technology allows controlled
spectrum sharing among different systems and users, e.g., [ALVV08] in an inter-
weave paradigm, [TH17] in an underlay paradigm, [AGA+16, TDAB16] in an over-
lay paradigm. An exhaustive survey on spectrum assignment techniques can also
be found in [TZFS13]. In this thesis, we will focus on the overlay cognitive ra-
dio networks. Considering the sophisticated interplay between two systems, many
techniques are employed including economic games [NH08, WWL10, JVVM10],
multiuser diversity [FSG+14], energy efficiency [ZYZ+16] and joint resource alloca-
tion [KLH08, SK11]. In cellular networks, supporting D2D communications along
with uplink/downlink transmissions has been studied [PHK13]. In particular, the
advanced techniques of managing spectrum resource allocation in 5G networks have
been surveyed [ZXW+17].

In this thesis, we will mainly exploit the user diversity in cooperations. Mean-
while, we will consider spectrum sharing in multiple resource domains.
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2.4 Network Coding

The concept of network coding was proposed in [ACLY00] to address the prob-
lem of multicast network capacity. The result shows that the rate from a source
to a set of sinks can achieve the minimum of the min-cut capacity of individual
sink with network coding, if the alphabet size of the codes goes to infinity. After
the development of network coding in [LYC03, KM03, HMK+06], the core idea is
to combine messages into a new one at intermediate nodes and then forward it by
various methods. Coincided with the objective of cooperative communications, net-
work coding could be incorporated to cooperative communications, namely network
coded cooperation fully surveyed in [BKUA16].

In wireless networks with cooperative users, different messages mix up at the
relay node by nature and various network coding approaches can be introduced at
the relay node to boost system performance. From the original idea of network
coding for error-free channels [ACLY00, LYC03], network coding in wireless net-
works with transmission error introduced due to wireless nature, such as, errors by
noise and packet erasure due to link outage, has been motivated to a practical point
of view. We will discuss network coding methods from two aspects, packet-based
network coding and signal-based network coding.

Digital Network Coding Given k messages (packets in data network) with
length L bits for each, linear combination can be carried out over finite field GF(2q),
where q is a positive integer. For each message, we group q consecutive bits together
and treat them as a symbol in GF(2q). The resulting vector of symbols vi, i =
1, ..., k and the coefficient ci selected from GF(2q) are linearly combined as the
network coded vector

u =

k∑

i=1

civi. (2.15)

For the case q = 1, the summation implies the XOR operation. The network coded
vector u is then computed to a vector of bits and forwarded together with the
combination coefficients [c1, c2, ..., ck]. The destinations, upon receiving sufficient
number of linearly independent combinations of messages, can recover the original
messages by performing Gaussian elimination on the matrix. If the field size 2q

is sufficiently large, the probability that the destinations will obtain linearly in-
dependent combinations (and therefore obtain innovative information) approaches
1.

In wireless networks, gains from network coding are strongly impacted by the
underlying scheduler, therefore, network coding needs attentive design and thoughts
to exploit the advantages of packet mixing [KRH+08]. By wrapping the issues in
physical layer and media access control layer, we consider packet-based network
coding where packets are XORed and a packet is considered erased when the link
is in outage.



2.4 Network Coding 27

Analog Network Coding In wireless networks, signals from different transmit-
ters can be overheard and combined at the receiver by nature. Thus, network
coding can be done in analog domain, i.e., based on the received signals directly.
In this case, the relay mixes signals instead of bits or packets and broadcasts the
superimposed signals corrupted by additive noise. For the destinations, by sub-
tracting the known signal overheard or already had, they can recover the original
message transmitted by the transmitters. The coding operation is performed in
the complex number set (hence the term “analog”), instead of a finite field GF(2q).
Analog network coding (ANC), as proposed in [KGK07, KMG+07], has been proved
to be asymptotically optimal [MGM10, MGM12] in multihop relay networks. It al-
lows for a (noisy) linear combination of signals simultaneously sent from multiple
sources to be forwarded in the network, therefore providing an efficient way of net-
work coding in wireless networks. It alleviates the need of decoding and mapping
the received signals that the intermediate users are not interested, or not able to
decode, by simply scaling the received signals where amplify-and-forward relaying
has been utilized.

Remark on Network-coding-based Networks So far, most of the current
works consider “many-to-one” scenarios when combining network coding technolo-
gies. For unicast wireless networks with a single relay assisted, a space-time coding
cooperation is studied in [Kao14], a strategic use of random linear network coding
in the wireless packet erasure channel is explored in [SML13], and a superposition
coding scheme is investigated in [PdC08]. For wireless networks with more complex
infrastructures, wireless network coding in future cellular networks [TdCP15] has
been studied. Meanwhile, the use of network coding is proved as an enabling tech-
nology for enhanced communication efficiency for D2D communication [PHP+14].
However, for multiple-unicast scenario, very few works have been addressed al-
though it is a key communication model in hierarchical networks. Therefore, in
this thesis, we propose network-coding-based cooperations in different hierarchi-
cal network models, considering multiple-unicast transmissions. In the following
chapters of this thesis, we will study both the packet-based network coding and
signal-based network coding.
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Conclusions

We investigated the cooperative schemes introduced in Section 2.2 for hierarchical
networks modeled in Section 2.3. Our model takes into consideration on the fading
nature of the channels, therefore taking the transmission error in wireless networks
into account when exploiting network coding, as in Section 2.4. Based on our study,
we are able to highlight some key points in this thesis.

1. Hierarchical Network Model: Taking the current demand of networking
into account, we will study two representative network models consisting of
hierarchical users.

2. Spectrum Sharing Problem: Hierarchical spectrum sharing will be inves-
tigated through considering hierarchy of users, service levels, resource features
and spectrum access modes.

3. Cooperation with Network Coding: Combining the idea of relaying and
network coding is another important development in this thesis. Based on
different network models, different network coding methods will be designed
accordingly.

In the following chapters, we will investigate cooperation in hierarchical net-
works from various perspectives, all in a smart way.



Chapter 3

Cognitive User Cooperation Using

Binary Network Coding

In this chapter, we analyze the performance on binary network coding strategies in
cooperative communications with cognitive users over packet-based wireless links.
We further present a list of objectives of the chapter.

• Describe how a secondary system can cooperate and improve the
performance of primary transmissions in cognitive radio networks.

• Design a three-session transmission process in which a non-network-
coding (ARQ) scheme, as well as two binary network-coding (StNC
and AdNC) schemes are investigated.

• Propose a novel performance evaluation methodology by analyzing
the transmission process with the distribution of the number of trans-
mission attempts and its normal approximations.

• Illustrate our results through numerical examples, showing the ac-
curacy of approximations and the impact of intelligently choosing
network coding schemes in different scenarios.

• Indicate the importance of estimation on resource sharing through
approximation method in the practical case of truncated frame size,
derived from the case of adaptive frame size in theoretical means.

• Shed a light on probing tradeoffs between the primary system and
the secondary system.

Objectives of the Chapter.

29
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Organization of the Chapter This chapter consists of 6 sections. In Section 3.1
we introduce the cooperative communications applied in overlay cognitive radio net-
works. The network model is presented in Section 3.2, and two cooperation-based
binary network coding schemes for multiple unicast transmissions are designed. A
thorough performance analysis in terms of throughput and outage probability is
detailed in Sections 3.3 and 3.4, where the transmission process is analyzed sub-
ject to the effects of different assumptions on the frame size. Besides, a normal
approximation method is proposed in analyzing the performance and the accuracy
of approximations is verified. Numerical results are provided in Section 3.5, taking
into account the comparison between schemes and the impact of varying scenarios.
Conclusions are given in Section 3.6.

3.1 Introduction to Network Coding-based Cooperation

Cooperation in Overlay Cognitive Radio Networks In cognitive radio net-
works, depending on the specific knowledge, the cognitive (secondary) users seek to
interweave, underlay or overlay their signals with those of non-cognitive (primary)
users without causing detrimental impact. In this chapter, we consider the overlay
paradigm, as summarised in [GJMS09]: “In overlay systems, the cognitive radios
use sophisticated signal processing and coding to maintain or improve the commu-
nication of non-cognitive radios while also obtaining some additional bandwidth
for their own communication.” The overlay paradigm has so far mainly been of
theoretical importance. However, our system model represents an overlay scenario
based on a simple mode of retransmission cooperation, exploiting a novel method of
performance evaluation. Our main objective is to establish a theoretical proof-of-
concept system, providing justification for further studies. Towards this objective,
a collection of simplifying assumptions and approximations are made to arrive at an
analytically tractable model. A number of performance tradeoffs have been defined
and evaluated subject to this model, demonstrating that the concept has potential
under these simplifying assumptions.

In cognitive radio networks, multiple transmitter/receiver pairs from so-called
primary and secondary coexisting systems may cooperate to obtain communal ben-
efits. Consequently, the combination of user cooperation and cognitive capabilities
for improving both spectrum utilization and transmission performance has been
considered. A cognitive relay node may be able to acquire some level of informa-
tion from the source node or by listening to the channel, in order to successfully
forward it to the destination. In some works dedicated relay nodes are part of the
network and are typically equipped with cognitive abilities. An example of such
cognition is the relay node in [JAH12], which is able to decode both primary and
secondary signals. Using an opportunistic adaptive relaying scheme the relay can
decide whom to cooperate with. With multiple relays, as in [ZZZY10], the best
relay is selected by an adaptive cooperation diversity scheme to improve the per-
formance of secondary transmissions, while ensuring the Quality of Service (QoS)
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of the primary communication. In other works, the secondary system accesses the
spectrum along with the primary system and cooperates to transmit as a relay.
Both Amplify-and-Forward (AF) [HPT08] and Decode-and-Forward (DF) [HPT09]
relaying are studied to facilitate secondary usage of spectrum.

Network Coding in Cooperative Communications In this chapter we fo-
cus on delay-insensitive data network services, where Automatic Repeat reQuest
(ARQ) is typically applied for packet error recovery. With error-control, ARQ
enables the application of network coding in broadcast [NTNB09, GT09] and mul-
ticast [FZWL09] networks. Here intermediate nodes combine several packets for
transmission, instead of simply relaying the packets of information they received.
In this context, network coding has a strong potential to improve network through-
put, efficiency and scalability. The need for network coding in cognitive radio
networks was surveyed in [NRS+17]. Furthermore, Birk and Kol proposed network
coding in multiple-unicast networks [BK98, BK06] for efficiently supplying differ-
ent data packets from a central server to multiple caching clients. We advance
this view by establishing a cognitive radio network with cooperative transmission
by the secondary transmitter, where the advantage of network coding is accom-
plished by combining the relaying to the primary receiver and the transmission to
the secondary receiver. However, different from the coding algorithms in [GT09],
the primary system, as the legitimate user, has no intention to support the trans-
mission of the secondary system while the secondary system can only cooperate
upon request. The transmission process is more complex based on the feedbacks
from the receivers concerning the packet transmissions. We explore in particular
that the secondary transmitter is able to receive and decode the primary message,
as well as combining its own message with the primary message in a network-coded
transmission to increase the efficiency of both systems, so that the primary system
is assisted by allowing the secondary system to access limited spectrum resources.
In our study, the secondary system is assumed to be able to access the resources
whenever the primary system has a message to deliver, at the cost of relaying the
primary message.

Binary Network Coding Binary encoding can eliminate complicated opera-
tions over large Galois fields as required by linear network coding [LYC03] and can
also simplify the decoding process at the receivers as each receiver can simply can-
cel out the packets it already knows. This eliminates the need for matrix inversion
at the receivers, which is a computational bottleneck in linear and random linear
network coding [HMK+06], thus allowing the design of simple and cost-efficient
receivers. We notice that XOR encoding is also applied in instantly decodable
network coding and index coding, commonly in wireless broadcast and multicast,
or multiple unicast from one transmitter. In instantly decodable network coding
[LTDM13, SV15], received packets are allowed to be decoded only at their reception
instant and cannot be stored for future decoding. Thus, no buffers are needed at
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the receivers and it works efficiently for real-time applications. There have been a
lot of studies on minimizing the completion delay of instantly decodable network
coding. Index coding [BYBJK11], as a special case of network coding, is developed
based on the work by Birk and Kol [BK98, BK06] to identify an optimal encoding
scheme that minimizes the number of transmissions necessary to satisfy all client
nodes. The two network codes assume the receivers have prior side information
about the source messages and solve the problem by introducing a side informa-
tion graph. However, it requires high complexity in computing and updating the
graph. Therefore, in this paper, we propose a novel analytical method to measure
the system performance when binary network coding is used for transmission.

Our Contribution We build an overlay cognitive radio network model consid-
ering individual transmission requirement for the primary and secondary system,
which provides insight into the performance improvement by applying network cod-
ing in cooperative communications. We propose two network coding schemes com-
pared to a plain ARQ scheme, in each scheme we model the transmission process in
packets into three sessions and formulate the number of transmission attempts with
a binomial distribution. We investigate the three schemes in two cases by analyzing
the distribution of the number of transmission attempts and a normal approxima-
tion is further developed as a novel method of performance evaluation. Our results
are illustrated through numerical examples on several comparisons, including the
comparison amongst three transmission schemes, the comparison between the dis-
tribution of practical transmissions and its approximation, the comparison between
the two cases with different frame size constraints, and the comparison on varying
environments.

Notations Unless otherwise defined, the following notational rules are used. The
negative binomial distribution, with parametersB (total number of trials), N (num-
ber of successes) and p (probability of failure), is denoted as N B(B,N, p) and pro-
vides the distribution of the total number of independent and identically distributed
Bernoulli trials before a specified number of successes occurs. The probability mass
function (pmf) is PB(B) =

(
B−1
N−1

)
pB−N(1 − p)N for fixed N and p, and the mean

value is E[B] = N/(1 − p). The normal distribution with mean µ and variance σ2

is denoted as N (µ, σ), based on which, the truncated normal distribution with an

upper limit B̂ is denoted as T N
(
µ̂, σ̂; B̂

)
, where mean µ̂ and variance σ̂2 can be

derived by µ and σ2 within the interval −∞ < B ≤ B̂.

3.2 System Model

We consider a cognitive radio network consisting of a single secondary transmitter
(ST) and receiver (SR) pair coexisting with a single primary transmitter (PT)
and receiver (PR) pair, as shown in Figure 3.1. Each transmitter has information
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Figure 3.1: Cognitive radio system comprised of primary users and cooperative
secondary users with packet caches, where to store packets to be transmitted and
received separately.

to be delivered to the given receiver. Assume the PT and PR operate on the
licensed spectrum while the ST and SR are allowed to share part of the licensed
band. A common case of application is a cell in 5G cellular networks: the primary
transmission refers to the transmission between the base station and a terminal
device, which denote the PT and PR; while the secondary transmission refers to
the D2D transmission mode between two terminal devices, which denote the ST
and SR. Here, the ST cooperates as a relay to assist in delivering the primary
message (Ip), while in return accessing a share of the licensed resources to transmit
the secondary message (Is). All users have finite buffers to store their packets
to be transmitted and received. The secondary source node is assumed saturated
to avoid excessive details on queue interaction. It implies that the arrival rate
of packets at the ST is always equal to the departure rate, which eliminates the
fluctuation in waiting time and queue size. Qp is the set of successfully received
packets from Ip at the PR, where Qp is the complement of Qp, thus denoting the
lost packets at the PR; the SR and the ST also receive packets from Ip which are
stored in Pp and I ′

p, respectively. Similarly for Is, Qs is the set of successfully
received packets at the SR and Ps for the received packets at the PR. The primary
message is comprised of Np packets, and the secondary message of Ns packets,
denoted as Ip = {Ii

p | i = 1, 2, ..., Np} and Is = {Ii
s | i = 1, 2, ..., Ns}. The notation

is summarized in Table 3.1.
Each link in the network is modeled as an independent Rayleigh fading channel,

the signal-to-noise-ratio (SNR) of a link from node i to node j is

Γij =
Pid

−α
ij |hij |2
σ2

, (3.1)

where Pi denotes the transmission power of node i, σ2 is the power density of the
additive white Gaussian noise, dij is the distance between i and j, α is the path-
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Table 3.1: Notation

Notation Description

Ip Primary message

Is Secondary message

I ′
p Set of primary packets received at ST

Qp Set of primary packets received at PR

Qs Set of secondary packets received at SR

Pp Set of primary packets received at SR

Ps Set of secondary packets received at PR

loss exponent, and hij is the fading coefficient which is typically i.i.d for all the
links. Under Rayleigh fading, hij is an i.i.d complex Gaussian variable with zero
mean and unit variance, so hij ∼ CN (0, 1) and such that |hij |2 is exponentially
distributed. We define a link outage probability pij = P {Γij < Γmin}, which is the
probability that SNR at the receiver is less than a certain threshold Γmin. Given the
link outage probability, the transmission success on a link in a time-slotted system
can be modeled by a Bernoulli process as an abstraction of various transmission
schemes and channel models. Assume that all nodes have the same transmission
power and the noise power is the same everywhere, we use Γ = Pi/σ

2 to denote the
SNR at the transmitter. In that case, the link outage probability can be derived as
follows:

pij = P
{

Γd−α
ij |hij |2 < Γmin

}

= P

{
|hij |2 < Γmin

Γ
dα

ij

}

= 1 − e− Γmin
Γ dα

ij . (3.2)

Here, p11 and p22 in Figure 3.1 denote the link outage probabilities for the direct
links between respective transmitters/receivers where d11 and d22 denote the direct
distances, while p12 and p21 denote the link outage probabilities for the cross links
where d12 and d21 denote the corresponding distances, and p0 denotes the link
outage probability for the link between the PT and the ST with d0 denoting its
distance. We assume that each transmitter is aware of all packet losses in the
network through ARQ acknowledgements (Ack/Nack), where all Ack/Nacks are
instantaneous and error-free for simplicity. In practice a control channel is used for
all information exchanges.

For ease of exposition, we model the available spectrum resources in terms of
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Figure 3.2: OFDM frame structure in three transmission sessions slotted on the
time domain.

resource units (RUs), representing time-frequency blocks, where all packets are of
equal size and each packet can be transmitted within one RU by properly adjust-
ing the allocation of subcarriers, transmit power and constellation sizes [ZL04]. A
general time-frequency frame model for an Orthogonal Frequency-Division Multi-
plexing (OFDM) system is shown in Figure 3.2. We assume time division access to
divide each frame into three sessions to support the transmission of both systems.

Consider a frame of size B RUs that are shared between the primary and sec-
ondary systems through three transmission sessions. Note that the size of each
session is constrained to an integer number of RUs. In Session 1 (the primary
transmission session) the PT transmits the primary message Ip using a certain
fraction of the B RUs, while the PR, the ST and the SR are receiving, and feeding
back Ack/Nacks. The PT continues transmitting until all packets from Ip have
been received successfully by either the PR or the ST jointly, characterized by
I ′

p ∪ Qp = Ip. Since the ST cooperates as a relay to assist in delivering Ip in order
to access the resource for its own transmission, the remaining RUs are granted to
the ST in the following sessions.

In Session 2 (the secondary transmission session) the ST transmits the sec-
ondary message Is and in Session 3 (the retransmission session) the ST takes on
the role as a relay and retransmits all lost primary and secondary packets from
the previous sessions, using one of the three retransmission strategies described in
Subsection 3.2.1.

We consider two philosophically different constraints on the instantaneous frame
size B. In the first case we require that all primary and secondary packets should
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be successfully received. Therefore, B < ∞ is determined as the total number of
transmission attempts required for successful reception of all packets. It follows
that the instantaneous frame size is a random variable B with the pmf PB(B),
which is adapted to the prevailing transmission conditions. Here PB(B) = 0 for
B < Np+Ns. In this case there is no packet loss as the size of each frame is adapted
to allow for successful reception. However, there is a non-zero probability that the
reception delay may be excessively large as B < ∞. This case of no-packet-loss
is therefore mainly of theoretical significance, and is referred to as the adaptive
frame-size (afs) case. To avoid large reception delays, we restrict the instantaneous

frame size in the second case to be no larger than B̂; in other words, B ≤ B̂.
However, there is now a non-zero probability that we are not able to successfully
receive all primary and secondary packets within a frame. Such an unsuccessful
frame is defined as being lost due to a frame outage, and therefore the system is
associated with a certain frame outage probability Pout(B > B̂). We refer to this
case as the truncated frame-size (tfs) case.

3.2.1 Retransmission Strategies

As mentioned earlier, we consider the conventional ARQ scheme as a baseline
strategy. To improve the overall throughput, by providing additional cooperative
throughput gain, we further consider two network coding schemes. Session 1, as
described above, is the same for all three schemes. Session 2 is the same for the two
network coding schemes, but different for the conventional ARQ scheme. Session
3 is different for all three schemes. Assume that the index of every packet being
transmitted is known error-free to the receivers, so that each receiver can extract
its required packet from the network-coded one.

Conventional ARQ

In Session 2 the ST relays all the packets lost at the PR until all primary packets
have been successfully received. Here the ST gives strict priority to the primary
packets and relays them before its own initial transmission. Subsequently, in Session
3 the ST transmits its own packets to the SR until all secondary packets have been
successfully received.

Static Network Coding (StNC)

To enable network coding in Session 3, the ST will transmit all secondary packets
with no retransmissions in Session 2, while both the PR and the SR are receiving
and feeding back Ack/Nacks. During Session 3, the retransmission session, the ST
generates a sequence of as many new packets as possible by XORing a primary
packet lost at the PR but received at the SR with a secondary packet lost at the
SR but received at the PR. More formally, a coded packet is formed by combining
a packet from Qp ∩ Pp with a packet from Qs ∩ Ps. This sequence of coded packets
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Figure 3.3: Combined packets for the StNC scheme and AdNC scheme, respec-
tively, in Figure 3.3a and 3.3b. Here the index of the primary packet is denoted as
{1, 2, ..., 10}, and the index of the secondary packet is denoted as {a, b, ..., j}.

is then transmitted to the two receivers. The PR (SR) is able to recover its lost
packets since the secondary (primary) packets involved in the coding process are
known at the PR (SR).

The combined packets may get lost during retransmission, thus triggering yet
another retransmission. The ST will keep retransmitting a combined packet until
it is successfully received at both receivers. In other words, the indices of coded
packets will not alter during the whole transmission process. The ST can organize
the retransmissions in the beginning of each retransmission session. Once all coded
packets have been successfully delivered, the packets left in Qp and Qs are trans-
mitted individually, as for the conventional ARQ scheme, to the PR and the SR.
A pattern of lost packets for the PR and the SR is shown in Figure 3.3a. All the
lost packets are denoted by circles (o) and crosses (x), in which “o” indicates the
packet lost at the corresponding receiver but received by the other one, whereas
“x” indicates the packet lost at both receivers. Obviously, only the “o” packets can
be network coded. The combined packets are 4 ⊕ f and 10 ⊕ h. The PR recovers
packet 4 by f ⊕ (4 ⊕ f) and packet 10 by h ⊕ (10 ⊕ h); the SR recovers packet f by
4 ⊕ (4 ⊕ f) and packet h by 10 ⊕ (10 ⊕ h).

Adaptive Network Coding (AdNC)

Session 2 of the AdNC scheme is the same as the StNC scheme whereas Session 3 is
different. Session 3 in the StNC scheme is fixed since the ST is required to retrans-
mit the same coded packet even if one of the receivers has successfully recovered
the involved packet. Instead, in the AdNC scheme, the ST can dynamically form a
new packet by XORing the unrecovered packet with another one of the packets left
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in the encodable packet set. With reference to Figure 3.3b, suppose that packet
4 ⊕ f is received at the PR but lost at the SR. In the next transmission attempt
the ST transmits 6 ⊕ f instead of 4 ⊕ f. The number of transmission attempts using
the AdNC scheme is therefore generally reduced as compared to the StNC scheme.
However, since the encoding packets vary depending on the receiving status of each
receiver, the ST needs to update the indices of packets constantly during the whole
transmission process. The overhead exchange increases accordingly, as well as the
operation complexity.

Optimality of Binary Network Coding

In our proposed network coding schemes, we exploit binary network coding. It is a
special case for linear network coding operated in a finite field GF(2q) with q = 1.
Since network coding-based transmission only takes place in Session 3, it can be
modeled as a broadcast process with two receivers. In this case, binary network
coding is the optimal coding strategy, and the proof is given in Appendix 3.A.

3.2.2 Performance Metrics

In wireless networks, there are many important performance metrics. Here our
main focus is on throughput-delay/outage-probability tradeoffs and their relation-
ship with our two constraints on the instantaneous frame size. For a cognitive radio
network, we typically define the throughput for the primary system and secondary
system separately by ηp and ηs, as the average number of packets that are success-
fully delivered per RU in each system. With the assumption of an adaptive frame
size we have the throughputs as:

ηafs
p =

Np

E[Bafs]
, ηafs

s =
Ns

E[Bafs]
, (3.3)

where

E[Bafs] = EB [B | B < ∞] =

∞∑

B=1

B · PB(B), (3.4)

which is also known as the average completion time as a metric of delay perfor-
mance. With the assumption of a truncated frame size we have the throughputs
as:

ηtfs
p =

Np

E[Btfs]
, ηtfs

s =
Ns

E[Btfs]
, (3.5)

where

E[Btfs] = EB[B | B ≤ B̂] =
1

1 − Pout(B̂)

B̂∑

B=1

B · PB(B), (3.6)
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and the outage probability is determined as

Pout(B̂) = P{B > B̂} =

∞∑

B=B̂+1

PB(B). (3.7)

To avoid confusion in evaluating the system performance, as well as that we take
the two coexisting systems operating in one protocol cycle, the throughput of each
system is measured on a basis of every complete protocol cycle, i.e., the length of
every frame. In that context, difference between the two network coding schemes,
which is mainly related to the individual variation of corresponding channels, be-
comes less significant.

In the following two sections, we first consider the analysis of the throughput
performance for the adaptive frame-size case. As clear from the performance met-
rics, the task is therefore to determine the average frame size E[B], subject to each
transmission strategy.

3.3 Performance Analysis for Adaptive Frame Size

As previously defined, each transmission frame is divided into three sessions. For
each session, we denote by B1, B2 and B3 the instantaneous number of transmis-
sions, where the frame size B = B1 + B2 + B3. Variables related to the analysis
of conventional ARQ are distinguished by a superscript C, the StNC scheme by a
superscript S, and the AdNC scheme by a superscript A.

3.3.1 Conventional ARQ Scheme

In Session 1 the PT keeps transmitting until the Np primary packets have been
received by either the PR or the ST. This is a simple case of ARQ over a link
with a link outage probability of p0p11. The number of transmissions required by
the PT follows a negative binomial distribution, namely Bc

1 ∼ N B(B1, Np, p0p11),
the same observation was discussed in [Lar08]. Similarly, in Session 2 the number
of retransmissions Bc

2 follows a negative binomial distribution, depending on the
number of packets lost by the PR, where we denote by Lp, corresponding to Np −
Lp packets received by the PR. In Session 3 of the secondary transmission, the
number of transmissions Bc

3 also follows a negative binomial distribution as Bc
3 ∼

N B(B3, Ns, p22). The pmfs of the number of transmissions for each session are
defined as:

P {Bc
1 = B1} =

(
B1 − 1

Np − 1

)
(p0p11)B1−Np(1 − p0p11)Np (3.8a)

P {Bc
2 = B2 | Lp = kp} =

(
B2 − 1

kp − 1

)
p

B2−kp

21 (1 − p21)kp (3.8b)

P {Bc
3 = B3} =

(
B3 − 1

Ns − 1

)
pB3−Ns

22 (1 − p22)Ns , (3.8c)
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in which Lp is a binomial distributed random variable, with the pmf

P {Lp = kp} =

(
Np

kp

)(
p11(1 − p0)

1 − p0p11

)kp
(

1 − p11(1 − p0)

1 − p0p11

)Np−kp

. (3.9)

The unconditional pmf of Bc
2 can be determined jointly by (3.8b) and (3.9) as

P {Bc
2 = B2} =

Np∑

kp=0

P {Bc
2 = B2 | Lp = kp} · P {Lp = kp} . (3.10)

As the three sessions operate independently of each other in terms of the number
of packets transmitted, the expected frame size is determined as:

E[Bc
afs] = EB [Bc

1 +Bc
2 +Bc

3 | B ≤ ∞]

= EB [Bc
1 | B ≤ ∞] + EB [Bc

2 | B ≤ ∞] + EB [Bc
3 | B ≤ ∞]

=
∞∑

B1=1

B1P {Bc
1 = B1} +

∞∑

B2=1

B2P {Bc
2 = B2} +

∞∑

B3=1

B3P {Bc
3 = B3}

=
Np

1 − p0p11
+

Npp11(1 − p0)

(1 − p0p11)(1 − p21)
+

Ns

1 − p22
. (3.11)

Even though we can determine the expected frame size, the sum of negative bino-
mial random variables is not necessarily negative binomial distributed. So for the
analysis of the two remaining schemes, as well as for the truncated frame size, we
consider the following Lemma to obtain a tractable analytical framework.

As B and N increases and with δ < p < 1 − ǫ for appropriately small δ
and ǫ, the negative binomial distribution N B(B,N, p) approaches a normal
distribution N (µ, σ), where µ = N/(1 − p) and σ =

√
Np/(1 − p)2.

Lemma 3.1.

Proof. The approximation follows Central Limit Theorem [Fel71] and the detailed
proof for this lemma appears in [Bar66]. Since the frame size is limited to (Np+Ns ≤
B < ∞), a lower-truncated normal distribution [Bur14, JKB94] may be a better
approximation. However, when (Np + Ns) is sufficiently large, the probability of
frame sizes smaller than (Np +Ns) is negligible. We therefore consider a standard
normal distribution to allow for notational clarity. In Section 3.4 we consider the
use of an upper-truncated normal distribution to analyze the performance for an
upper-bounded frame size. �

Note that the normal approximation works better when N and p fall within proper
bounds. In a real communication system, link qualities are rarely extremely good
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or bad. Therefore, here we assume that the outage probability of each link is nei-
ther too large nor too small, so that the normal approximation is more reasonable.
It follows that the number of transmissions in each session can be approximated
by a normal distributed random variable when Np and Ns are sufficiently large.
Furthermore, as the transmissions in different sessions are independent from each
other, the total number of transmissions is also normal-distributed with additive
mean and variance. For the conventional ARQ scheme, the number of transmis-
sions in each session can be approximated by a normal distribution with mean and
standard deviation as follows:

Bc
1 ∼ N

(
µc

1 =
Np

1 − p0p11
, σc

1 =

√
µc

1p0p11

1 − p0p11

)
(3.12a)

Bc
2 ∼ N

(
µc

2 =
Npp11(1 − p0)

(1 − p0p11)(1 − p21)
, σc

2 =

√
µc

2p21

1 − p21

)
(3.12b)

Bc
3 ∼ N

(
µc

3 =
Ns

1 − p22
, σc

3 =

√
µc

3p22

1 − p22

)
, (3.12c)

which make the total number of transmissions Bc
afs ∼ N {µc, σc} with µc = µc

1 +
µc

2 + µc
3 and (σc)2 = (σc

1)2 + (σc
2)2 + (σc

3)2. We note that the expected frame size
is the same as in (3.11).

3.3.2 Static Network Coding (StNC) Scheme

For the StNC scheme, Session 1 is the same as for conventional ARQ, and thus
Bs

1 ∼ N B(B1, Np, p0p11) (approximated by (3.12a)). Furthermore, Session 2 is
just to forward all secondary packets without any retransmissions with Bs

2 = Ns.
Therefore, to determine the expected frame size, we only need to determine the
average number of transmissions in Session 3, concerning E[Bs

afs] = EB [Bs
1 | B ≤

∞] + EB [Bs
2 | B ≤ ∞] + EB [Bs

3 | B ≤ ∞]. Let Lp and Ls be the number of lost
packets at each receiver after the first two sessions, i.e., Lp = |Qp| = Np − |Qp| and
Ls = |Qs| = Ns − |Qs|. The probability that the PR has lost kp packets and the
SR has lost ks packets is determined as

P {Lp = kp, Ls = ks}

=

(
Np

kp

)(
p11(1 − p0)

1 − p0p11

)kp
(

1 − p11(1 − p0)

1 − p0p11

)Np−kp

·
(
Ns

ks

)
pks

22(1 − p22)Ns−ks .

(3.13)

The lost packets can be divided into three subsets for retransmission. The
network-coded packets are defined by the set C, where the number of possible
network-coded packets is the minimum of |Qp ∩ Pp| and |Qs ∩ Ps|. We further de-
note kmin as |C|, determined as min

{
|Qp ∩ Pp|, |Qs ∩ Ps|

}
. The remaining primary
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packets in Qp\C and secondary packets in Qs\C are to be transmitted separately
to the PR and the SR. So far, the ST can arrange the retransmission session based
on the three subsets in which the transmission order is determined and the indices
of the encoded packets are settled.

Given that kp primary and ks secondary packets are lost, the conditional prob-
ability of the number of retransmissions of the StNC scheme is determined as

P {Bs
3 = B3 | Lp = kp, Ls = ks}

= P
{
Bs

3(C) +Bs
3(Qp\C) +Bs

3(Qs\C) | Lp = kp, Ls = ks

}
, (3.14)

where Bs
3(C) is the number of transmissions of the network-coded packets in C.

Bs
3(Qp\C) and Bs

3(Qs\C) denote the number of transmissions of the separately
retransmitted primary and secondary packets. The unconditional probability is
determined as

P {Bs
3 = B3}

=

Np∑

kp=0

Ns∑

ks=0

P {Bs
3 = B3 | Lp = kp, Ls = ks} · P {Lp = kp, Ls = ks} . (3.15)

For the two subsets, Qp\C and Qs\C, the transmission processes can be charac-
terized by appropriate negative binomial distributions. However, for the network-
coded packet subset C, the transmission process is characterized as a random vari-
able Bs

3(C). In our case, the retransmission of the network-coded packets from the
ST to the PR and the SR is considered as a two-receiver broadcast process, where
each packet should be received successfully by both receivers. For each packet in
C, the transmission is characterized by the maximum of two independent negative
binomial random variables. For kmin = |C| packets, this transmission needs to be
repeated for kmin times. Moreover, the sum over kp and ks of these random vari-
ables are not simply negative binomial distributed. We therefore again consider the
use of Lemma 3.1.

The number of transmissions for delivering kmin packets is a random variable
Bs

3(C) =
∑kmin

n=1 max{XPR,n, XSR,n}, where XPR,n and XSR,n represent the number
of transmission attempts for delivering the nth packet to the PR and the SR,
respectively. Both XPR,n and XSR,n are negative binomial distributed with the
probabilities

{
P {XPR,n = m1} = pm1−1

21 (1 − p21), for m1 = 1, 2, ...

P {XSR,n = m2} = pm2−1
22 (1 − p22), for m2 = 1, 2, ...

(3.16a)

(3.16b)

and by Lemma 3.1, they can be approximated by normal distributions with means
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and standard deviations as




XPR,n ∼ N
(
µXPR,n

=
1

1 − p21
, σXPR,n

=

√
p21

(1 − p21)2

)

XSR,n ∼ N
(
µXSR,n

=
1

1 − p22
, σXSR,n

=

√
p22

(1 − p22)2

)
.

(3.17a)

(3.17b)

Let Y = max{XPR,n, XSR,n} be the number of transmissions to ensure that both
receivers successfully receive this packet with

P {Y ≤ k} = P {XPR,n ≤ k}P {XSR,n ≤ k}

=

k∑

m1=1

pm1−1
21 (1 − p21)

k∑

m2=1

pm2−1
22 (1 − p22)

=
(
1 − pk

21

) (
1 − pk

22

)
.

Therefore,

P {Y = k} = P {Y ≤ k} − P {Y ≤ k − 1}
=
(
1 − pk

21

) (
1 − pk

22

)
−
(
1 − pk−1

21

) (
1 − pk−1

22

)
,

and the average number of transmission attempts per packet is

µmax(n) = E[Y ] =

∞∑

k=1

kP {Y = k}

=
1

1 − p21
+

1

1 − p22
− 1

1 − p22p21
. (3.18)

(See Appendix 3.B for a detailed derivation of Equation (3.18).) When there
are kmin network-coded packets to be transmitted, the expected number of trans-
missions to ensure that both receivers successfully receive these packets is simply
kminµmax(n).

For the distribution of the maximum/minimum of two independent normally
distributed random variables, the moments of order statistics were determined in
the 1950’s [Cla61]. Numerical results show that when the difference between the
standard deviations is small, the distribution of the maximum is well approximated
by a normal distribution [NK08]. In our case, the standard deviation of XPR,n and
XSR,n is related to the corresponding link qualities, with the link outage probabil-
ities p21 and p22. Thus we show the normal approximation to max{XPR,n, XSR,n}
as a function of the link qualities when Γmin/Γ = 0.2 in Figure 3.4. Without loss of
generality, considering the possible range of values of p21 and p22, we compare the
probability density function (pdf) of max{XPR,n, XSR,n}, denoted by the solid line,
with its normal approximation, denoted by the dashed line, in three cases when
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(c) d21 = 1.5d22

Figure 3.4: Normal approximation to the distribution of max{XPR,n, XSR,n} in
different link quality cases.

d22 = 1: (a) d21 = 0.5d22; (b) d21 = d22; (c) d21 = 1.5d22. We assume that d is
the normalized distance between two nodes throughout the thesis. For all cases,
the normal approximation matches the main characteristics of the practical pdf.
Since the link outage probabilities are constrained to 0 ≤ p ≤ 1, the deviation
between the approximation and the practical pdf can be neglected. We approx-
imate max{XPR,n, XSR,n} by a normal distribution with mean µmax(n) in (3.18)
and standard deviation

σ2
max(n) =

(
σ2

XPR,n
+ µ2

XPR,n

)
Φ

(
µXPR,n

− µXSR,n

θ

)

+
(
σ2

XSR,n
+ µ2

XSR,n

)
Φ

(
µXSR,n

− µXPR,n

θ

)

+
(
µXPR,n

+ µXSR,n

)
θφ

(
µXPR,n

− µXSR,n

θ

)
− µ2

max(n), (3.19)

where Φ and φ denote the the cumulative probability function (cdf) and the pdf of

the standard normal distribution respectively (see (3.20)) and θ =
√
σ2

XPR,n
+ σ2

XSR,n
,

in which erf (x) is the error function defined as the probability of a random variable
with normal distribution of mean 0 and variance 1/2 falling in the range [−x, x].

φ(x) =
1√
2π
e− x2

2 , Φ(x) =
1

2

(
1 + erf

(
x√
2

))
(3.20)

Since the transmission for each packet is independent, Bs
3(C), as the sum of kmin

normal distributed random variables, is also normally distributed with µ (Bs
3(C)) =

kminµmax(n) and σ2 (Bs
3(C)) = kminσ

2
max(n).

Based on the analysis above, the number of retransmissions for each subset can
be found by approximating its corresponding conditional probability by a normal
distribution separately, with the moment parameters in (3.21) below.

Bs
3(C) ∼ N (µ (Bs

3(C)) , σ (Bs
3(C))) (3.21a)
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Bs
3(Qp\C) ∼ N

( Npp11(1−p0)
1−p0p11

− kmin

1 − p21
,

√(
Npp11(1 − p0)

1 − p0p11
− kmin

)
· p21

(1 − p21)2

)

(3.21b)

Bs
3(Qs\C) ∼ N

(
Nsp22 − kmin

1 − p22
,

√
(Nsp22 − kmin) · p22

(1 − p22)2

)
(3.21c)

Moreover, to derive the moment parameters, we need to determine kmin, a
random variable of the number of network-coded packets conditioned on kp and ks.
The number of the encodable packets in Qp and Qs is binomial-distributed,

P
{

|Qp ∩ Pp| = i
}

=

(
kp

i

)
(1 − p12)ip

kp−i
12 , for i = 0, 1, ...

P
{

|Qs ∩ Ps| = j
}

=

(
ks

j

)
(1 − p21)jpks−j

21 , for j = 0, 1, ...,

which can be approximated by normal distributions

|Qp ∩ Pp| ∼ N
(
µi = kp(1 − p12), σi =

√
kpp12(1 − p12)

)

|Qs ∩ Ps| ∼ N
(
µj = ks(1 − p21), σj =

√
ksp21(1 − p21)

)
.

kmin = min{i, j} indicates the maximum number of coded packets by matching
pairs of lost packets in Lp and Ls. Here we apply the mean value of kmin. As we
mentioned above, for the distribution of the minimum of two independent normally
distributed random variables, the moments of order statistics can be determined
[Cla61]. Thus, the mean value of kmin is derived as

µ(kmin) = µiΦ

(
µj − µi

θkmin

)
+ µjΦ

(
µi − µj

θkmin

)
− θkminφ

(
µi − µj

θkmin

)
, (3.24)

where µi and µj are the mean value of the number of the encodable packets in

each subset and θkmin =
√
σ2

i + σ2
j . Thereby we can substitute kmin by the result

µ(kmin) in the approximation in (3.21).
The expected number of transmission attempts for the retransmission session

can be determined by EB[Bs
3 | B < ∞] =

∑∞
B3=1 B

s
3 ·P {Bs

3 = B3}. However, as the
unconditional probability of Bs

3 in (3.15) is computationally challenging, we apply
instead the law of total expectation [WHH06] to derive the conditional expected
value of Bs

3 as

EB[Bs
3 | B < ∞] = E{Lp,Ls} [EB[Bs

3 | Lp = kp, Ls = ks]]

=

Np∑

kp=0

Ns∑

ks=0

EB [Bs
3 | Lp = kp, Ls = ks] · P {Lp = kp, Ls = ks}. (3.25)
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Here P {Lp = kp, Ls = ks} is given in (3.13) and the conditional expected value of
Bs

3 is

EB[Bs
3 | Lp = kp, Ls = ks]

= EB [Bs
3(C) +Bs

3(Qp\C) +Bs
3(Qs\C) | Lp = kp, Ls = ks]

=

kp∑

i=0

ks∑

j=0

(
kp

i

)
(1 − p12)ip

kp−i
12 ·

(
ks

j

)
(1 − p21)jpks−j

21

·
(
kminµmax(n) +

kp − kmin

1 − p21
+
ks − kmin

1 − p22

)

= µ(kmin) · µmax(n) +
kp − µ(kmin)

1 − p21
+
ks − µ(kmin)

1 − p22
. (3.26)

3.3.3 Adaptive Network Coding (AdNC) Scheme

In the first two transmission sessions, the AdNC scheme performs the same as the
StNC scheme with Ba

1 = Bs
1 and Ba

2 = Bs
2. In the retransmission session, for the

AdNC scheme, the ST dynamically forms another coded packet based on which
receiver has received the previous one. In contrast to the StNC scheme, here we
define Lp and Ls as the number of packets that could be encoded by XORing, i.e.,
Lp = |Qp ∩ Pp| and Ls = |Qs ∩ Ps|. The probability of kp encodable packets at the
PR and ks at the SR is given by

P {Lp = kp, Ls = ks}

=

(
Np

kp

)(
p11(1 − p0)(1 − p12)

1 − p0p11

)kp
(

1 − p11(1 − p0)(1 − p12)

1 − p0p11

)Np−kp

·
(
Ns

ks

)
(p22(1 − p21))

ks(1 − p22(1 − p21))Ns−ks . (3.27)

In this case, all the required packets can be classified into three subsets: the
encodable packets in Qp ∩ Pp and Qs ∩ Ps, defined by the set C, the individual
primary packets in Qp ∩ Pp and the individual secondary packets in Qs ∩ Ps to be
transmitted to the PR and the SR separately. Differing from the StNC scheme, the
order of transmissions here depends on the receiving status of every packet at each
receiver. Thus, the ST needs to keep tracking of and re-arranging the encoding
packets. To implement the AdNC scheme, the secondary users are required to be
capable of dealing with instant overhead exchanges and complex operations.

Given kp and ks encodable packets, the conditional probability of the number
of retransmissions is

P {Ba
3 = B3 | Lp = kp, Ls = ks}

= P
{
Ba

3 (C) +Ba
3 (Qp ∩ Pp) +Ba

3 (Qs ∩ Ps) | Lp = kp, Ls = ks

}
, (3.28)



3.3 Performance Analysis for Adaptive Frame Size 47

where Ba
3 (C) is the number of transmissions for all encodable packets. The uncon-

ditional probability is accordingly determined as

P {Ba
3 = B3}

=

Np∑

kp=0

Ns∑

ks=0

P {Ba
3 = B3 | Lp = kp, Ls = ks} · P {Lp = kp, Ls = ks} . (3.29)

The transmission processes for the two individually transmitted packet subsets,
Qp ∩ Pp and Qs ∩ Ps, are independently negative binomial-distributed. Follow-
ing Lemma 3.1, a normal approximation can be applied appropriately. For the
transmission of the encodable packet subsets Qp ∩ Pp and Qs ∩ Ps, the number of
transmissions to ensure that both receivers successfully receive kp and ks encod-
able packets is Ba

3 (C) = max {XPR, XSR}. We denote by random variables XPR

and XSR the numbers of transmissions needed to independently deliver kp pack-
ets to the PR and ks packets to the SR, respectively. Note that even though the
philosophy of the derivation for Ba

3 (C) here is the same as Bs
3(C), the practical

meaning is different. In the AdNC scheme, the combinations of the encodable
packets are adaptive based on the feedback of both receivers. Thus, the number
of transmissions for the coded packets can be represented by the maximum num-
ber of transmissions for each receiver requiring its lost packets respectively, with
P {Ba

3 (C) ≤ k} = P {XPR ≤ k}P {XSR ≤ k}. We compute the probabilities for ar-
bitrary values of XPR and XSR as shown in (3.30a) and (3.30b), which are both
negative binomial-distributed as





P {XPR = kp + i} =

(
kp + i − 1

i

)
pi

21(1 − p21)kp

P {XSR = ks + j} =

(
ks + j − 1

j

)
pj

22(1 − p22)ks .

(3.30a)

(3.30b)

Both distributions can subsequently be approximated as




XPR ∼ N
(
µXPR

=
kp

1 − p21
, σXPR

=

√
kpp21

(1 − p21)2

)

XSR ∼ N
(
µXSR

=
ks

1 − p22
, σXSR

=

√
ksp22

(1 − p22)2

)
.

(3.31a)

(3.31b)

Therefore, we derive

P {Ba
3 (C) = k} = P {Ba

3 (C) ≤ k} − P {Ba
3 (C) ≤ k − 1}

= P {XSR = k}
k−kp∑

i=0

P {XPR = kp + i} + P {XPR = k}
k−1−ks∑

j=0

P {XSR = ks + j} .

(3.32)
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Considering again that the distribution of the maximum can be approximated
by a normal distribution when the difference between the two standard deviations
is small, as in Subsection 3.3.2, we approximate Ba

3 (C) by a normal distribution
with mean and standard deviation as

µ (Ba
3 (C)) = µXPR

Φ

(
µXPR

− µXSR

θ

)
+ µXSR

Φ

(
µXSR

− µXPR

θ

)
+ θφ

(
µXPR

− µXSR

θ

)
,

(3.33a)

σ2 (Ba
3 (C)) =

(
σ2

XPR
+ µ2

XPR

)
Φ

(
µXPR

− µXSR

θ

)
+
(
σ2

XSR
+ µ2

XSR

)
Φ

(
µXSR

− µXPR

θ

)

+ (µXPR
+ µXSR

) θφ

(
µXPR

− µXSR

θ

)
− µ2 (Ba

3 (C)) . (3.33b)

As a result, we can approximate the number of retransmissions for each subset
in (3.29) by a normal distribution with the moment parameters in (3.34) below.
Subsequently, the expected frame size for the AdNC scheme can be determined.

Ba
3 (C) ∼ N (µ (Ba

3 (C)) , σ (Ba
3 (C))) (3.34a)

Ba
3 (Qp ∩ Pp) ∼ N

(
Npp11(1 − p0)p12

(1 − p0p11)(1 − p21)
,

√
Npp11(1 − p0)p12

1 − p0p11
· p21

(1 − p21)2

)

(3.34b)

Ba
3 (Qs ∩ Ps) ∼ N

(
Nsp22p21

1 − p22
,

√
Nsp22p21 · p22

(1 − p22)2

)
(3.34c)

The expected frame size for the AdNC scheme E[Ba
afs] is similar to the StNC

scheme, only with the difference in expected number of transmission attempts for
the retransmission session, derived as

EB[Ba
3 | B ≤ ∞] = E{Lp,Ls} [EB[Ba

3 | Lp = kp, Ls = ks]]

=

Np∑

kp=0

Ns∑

ks=0

EB[Ba
3 | Lp = kp, Ls = ks] · P {Lp = kp, Ls = ks} , (3.35)

where P {Lp = kp, Ls = ks} is given in (3.27). The expectation in the double sum-
mation is

EB[Ba
3 | Lp = kp, Ls = ks]

= EB [Ba
3 (C) +Ba

3 (Qp ∩ Pp) +Ba
3 (Qs ∩ Ps) | Lp = kp, Ls = ks]

=

∞∑

k=max{kp,ks}
kP {Ba

3 (C) = k} +
kpp12

(1 − p12)(1 − p21)
+

ksp21

(1 − p21)(1 − p22)
. (3.36)
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3.3.4 Throughput Improvement of Network Coding Schemes

In Subsection 3.2.1, we described the transmission strategies for the conventional
ARQ scheme and the two network coding schemes, and a performance compari-
son was provided based on an example shown in Figure 3.3. It demonstrated that
applying network coding can provide performance improvements and the conven-
tional ARQ transmission may provide a lower bound on the system throughput,
which is the case that no retransmitted packet is encodable. In this section, we
detail a throughput analysis of the improvements. As the throughput decreases
when more transmission attempts are needed for delivering a certain number of
packets, we show that less transmission attempts are required using the network
coding schemes as compared to the ARQ scheme.

In our work, the network coding process is developed in the retransmission
session, thus we mainly analyze the number of retransmissions. Starting with the
StNC scheme, the expected number of transmission attempts for the retransmission
session can be derived by its conditional expectation as shown in (3.25). Obviously,
in the worst case when there is no encodable packet, i.e., kmin = 0, the conditional
expectation in (3.26) becomes

EB [Bs
3 | Lp = kp, Ls = ks] ≤ kp

1 − p21
+

ks

1 − p22
,

and obviously in the worst case when there are no encodable packets, EB[Bs
3 | Lp =

kp, Ls = ks] =
kp

1−p21
+ ks

1−p22
. Therefore, the upper bound of EB[Bs

3] becomes

EB [Bs
3] ≤

Np∑

kp=0

Ns∑

ks=0

P {Lp = kp, Ls = ks} ·
(

kp

1 − p21
+

ks

1 − p22

)

=
Npp11(1 − p0)

(1 − p0p11)(1 − p21)
+

Nsp22

1 − p22
.

Together with the expected number of transmissions in the first two transmission
sessions,

E[Bs
afs] ≤ Np

1 − p0p11
+

Npp11(1 − p0)

(1 − p0p11)(1 − p21)
+

Ns

1 − p22
. (3.37)

We observe that this result is exactly the same as the expected frame size of the
ARQ scheme in (3.11), which reflects the worst case that all the retransmitted
packets need to be transmitted separately.

Likewise for the AdNC scheme, the expected number of transmission attempts
for the retransmission session is shown in (3.35). The item of infinite summation
in (3.36) can be bounded as

∞∑

k=max{kp,ks}
kP {Ba

3 (C) = k} ≤ kp

1 − p21
+

ks

1 − p22
,
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a detailed derivation is provided as Equation (3.44) in Appendix 3.C. Thus we can
simplify the conditional expectation for Ba

3 as

EB[Ba
3 | Lp = kp, Ls = ks] ≤ kp

(1 − p21)(1 − p12)
+

ks

(1 − p21)(1 − p22)
.

Plugging this result back into (3.35), we derive the upper bound of E[Ba
3 ] as (see

Equation (3.45) in Appendix 3.C)

E[Ba
3 ] ≤ Npp11(1 − p0)

(1 − p0p11)(1 − p21)
+

Nsp22

1 − p22
, (3.38)

and accordingly E[Ba
afs], which is the same as the StNC scheme. The systems

applying the StNC scheme or the AdNC scheme generally require a smaller average
frame size than the ARQ scheme for delivering the same amount of packets. As a
consequence the network coding schemes almost always offer some gain in terms of
system throughput.

Furthermore, we provide an analytical proof showing that the AdNC scheme
almost always achieves a better throughput than the StNC scheme in Appendix 3.C.
As we observed, the only difference for the two network coding schemes lies in
the retransmission session. In addition, the combination pattern of the encodable
packet sets of each scheme differs. The encodable packet sets Qp∩Pp and Qs∩Ps are
the same for both schemes and so is the probability of kp and ks encodable packets,
as shown in (3.27). Therefore, the throughput improvement of the AdNC scheme
over the StNC scheme is established by showing that the conditional expected
number of transmissions of the encodable packets sets for AdNC scheme is no larger
than the one for StNC scheme. However, this improvement is traded by enhanced
operation complexity at the secondary users and more overhead exchanges. Based
on a tradeoff between the throughput improvement and the complexity, to choose
a scheme intelligently is of great interest. We further discuss the comparison of the
two schemes in Section 3.5 with experiments in different scenarios.

We now provide some numerical results in Figure 3.5 to support our analysis.
We compare the performance of the two network coding schemes to the conven-
tional ARQ scheme as a function of the quality of channels related to the PR. As
shown in (3.2), the channel quality is represented by the link outage probability,
which is related to the distance between the transmitter and the receiver. To keep
consistency in numerical experiments, here and in the following experiments, we fix
the location of the PT, PR, ST and SR at the coordinates (0, 1), (1, 1), (0, 0) and
(1, 0). We assume the path-loss exponent α = 3. The power constraints at both
transmitters and receivers are Γmin/Γ = 0.2. Theoretical results are shown by lines,
while numerical results are indicated by markers. We observe a perfect match, thus
validating our derivation above. The performance of the primary system is shown
by a solid line, and the secondary system by a dashed line. Black curves denote
the conventional ARQ scheme, magenta curves denote the StNC scheme and blue
curves denote the AdNC scheme. In Figure 3.5a we compare the packet through-
put performance of the three schemes as the direct primary link varies. When d1
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Figure 3.5: Throughput comparison as a function of the distances d11 and d21, which
determine the link qualities p11 and p21, showing the performance improvement of
the network coding schemes when Np = 50 and Ns = 30 in afs case.

varies, the performance of the primary system degrades vastly from 0.6 to 0.35 as
the distance of the direct link from the PT to the PR gets longer. Figure 3.5b
shows the performance comparison as a function of the cross link quality from the
ST to the PR. As the cross link gets worse, the gain from network coding is van-
ishing. The comparison gives us an indication that the performance improvement
depends on the existence of coding opportunities, which themselves depend on the
link qualities.

3.3.5 Accuracy of the Normal Approximation

We provide a normal approximation method, detailed in Lemma 3.1, in the analysis
of determining the average completion time to obtain a closed-form expression. To
show the accuracy of the approximation to the original distribution, we compare
the experimental results of the total number of transmissions for three schemes
to the approximations by the probability distribution and the normalized mean
squared error (MSE) function. To keep consistency of the numerical experiments,
the simulation environment is a stationary network with the PT, PR, ST and SR at
fixed positions. Firstly we compare the probability distributions when Np = 50 and
Ns = 30. Then we consider the accuracy of the approximation in MSE function with
varying transmit power constraint. As shown in (3.2), the link outage probability
depends on the relation of Γmin/Γ. Thus, here we assume the normalized Γmin/Γ
regarding the accuracy analysis.

Figure 3.6 shows the probability of the total number of transmissions when
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Figure 3.7: MSE of Bafs to its normal approximations.
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Γmin/Γ = 0.2. Squares denote the experimental results while lines denote the cor-
responding normal approximations with the same mean value. It is shown that
a normal distribution can approximate the practical distribution of B fairly well.
With larger Np and Ns, this approximation is expected to perform better which
we did not show in this figure due to experimentle time limit. All results match
well with each other, because the average frame size is applied in the definition of
throughput in (3.3) which is the mean value of the normal approximation. Mean-
while, Figure 3.7 shows the accuracy of the normal approximations as a function
of MSE. We notice that the MSE value is small enough in general, at 10−4 level,
especially when Γmin/Γ increases, the MSE can be neglected.

3.4 Performance Analysis for Truncated Frame Size

In Section 3.3, we considered the adaptive frame-size case where the frame size is
allowed to grow infinitely large as (Np + Ns) ≤ B < ∞. The distribution of B is
well approximated by a normal distribution, B ∼ N (µ, σ), allowing for frame sizes
in the interval −∞ < B < ∞. In order to limit reception delays due to arbitrarily
large frame sizes, we now truncate the instantaneous frame size within the interval
(Np + Ns) ≤ B ≤ B̂, with a maximum frame size of B̂. However, as discussed in
Subsection 3.2.2, when enforcing such a constraint the resulting scheme is no longer
lossless. There is now a non-zero probability of outage, Pout(B̂) = P{B > B̂}, that
some primary and/or secondary packets may not be delivered successfully within a
frame. The truncated scheme is therefore characterized by an averaged throughput
under the constraint of a given acceptable outage probability.

For the analysis of the truncated frame-size case, we follow a similar approach
as for the adaptive frame size. Applying the same reasoning we can again neglect
the lower limit on the frame size, and thus consider the frame-size interval −∞ <
B ≤ B̂ instead. However, due to the upper-truncation, we now approximate the
distribution of B by an upper-truncated normal distribution, simply by truncating
the general normal approximation for the adaptive case.

Let φ(0, 1;x) and Φ(0, 1;x) denote the pdf and the cdf of a standard normal dis-
tribution with argument x, respectively. Following the definitions of truncated nor-
mal distributions in [Bur14, JKB94], the mean and variance of the upper-truncated
normal distribution are

µ̂ = µ− σ · φ(0, 1;β)

Φ(0, 1;β)
,

σ̂2 = σ2 ·
(

1 − βφ(0, 1;β)

Φ(0, 1;β)
−
(
φ(0, 1;β)

Φ(0, 1;β)

)2
)
,

respectively. Here β = (B̂ − µ)/σ, while µ and σ are the mean and standard
deviation of the general normal distribution N (µ, σ). Then, formally the upper-
truncated normal pdf and cdf can be evaluated by the general normal distribution
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as:

ψ(µ̂, σ̂;B) =

{
φ(µ,σ;B)

Φ(µ,σ;B̂)
if B ≤ B̂

0 if B > B̂
, (3.39a)

Ψ(µ̂, σ̂;B) =

{
Φ(µ,σ;B)

Φ(µ,σ;B̂)
if B ≤ B̂

1 if B > B̂
. (3.39b)

For each of the three transmission schemes, the transmission process can be ap-

proximated by an upper-truncated normal distribution as B ∼ T N
(
µ̂, σ̂; B̂

)
.

3.4.1 Throughput-delay Tradeoff Analysis

In a truncated system with fixed frame size B̂, the throughput-delay tradeoff can
be balanced by an upfront evaluation of the packet transmissions. If the outage
probability is controlled within a certain range, a corresponding throughput can be
achieved by estimating the number of packets to be transmitted in the following
frame. At the beginning of each frame a pair of (Np, Ns) is estimated, based
on the averaged behaviour determined by the outage probability. Given a value
0 < Pout(B̂) < 1, we seek B ≤ B̂ satisfying:

Pout(B̂) = 1 − ψ(µ, σ; B̂) = Q

(
B̂ − µ

σ

)
. (3.40)

Note that the cdf of the general normal distribution can be represented by a Q-
function, and thus B̂ can be represented by the inverse Q-function as

B̂ = µ+ σ · Q−1(Pout). (3.41)

With the frame size B̂ fixed, the mean and variance of the approximated general
normal distribution N (µ, σ) can be derived.

In the truncated frame-size case, there is no transmission when B > B̂. As a
consequence, the approximation of the transmission process needs to be adjusted
to the upper-truncated normal distribution with P{B | B > B̂} = 0. Based
on the general normal distribution N (µ, σ), the approximated truncated normal

distribution T N
(
µ̂, σ̂; B̂

)
can be determined by (3.39). Accordingly, the adjusted

number of packets (N̂p, N̂s) is obtained. Arranging the number of packets to be
transmitted at the beginning of each frame properly can reduce the risk of big
latency.

3.4.2 Accuracy of the Upper Truncated Normal Approximation

We now provide more numerical results to investigate the application of the trun-
cated normal approximation. In Figure 3.8 we show the truncated normal approx-
imations to the experimental results of the throughput for the three schemes when
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Figure 3.8: Throughput comparison as a function of the distances d11 and d21 in
tfs case when Np = 50 in B̂ = 120, with Pout(B̂) = 10−3.

the link quality p11 and p21 varies, i.e., varying d11 and d21. Markers denote the
experimental results while lines denote the corresponding approximations. We ob-
serve a match with little deviations yet can be neglected, indicating the truncated
normal approximation in our study is appropriate. In the same simulation envi-
ronment as the adaptive frame-size case, we assume B̂ = 120 and Np = 50 when

Pout(B̂) = 10−3 in the general normal approximation. In this case, the number of
secondary packets which can be delivered in each frame determines the throughput
performance. Thus, the throughput of the primary system keeps constant whilst
the throughput of the secondary system differs conditioning on varying link qual-
ities. We hereafter focus on the secondary system throughput. We notice that
the throughput decreases vastly when d11 or d21 achieves a certain value. In Fig-
ure 3.8a, the secondary throughput degrades from 0.45 to 0.1 since d11 goes larger
than 1. In contrast with d11, the secondary system starts degrading when d21 is
larger than 1.5. Besides, the reduction of performance is less, shown as 0.4 to 0.2.
This observation indicates that when the link quality gets worse, the retransmission
session is impacted seriously, so as to the threshold of outage probability unable to
meet. More interestingly, even though the network coding gain is vanishing as d21

increases, it is much more sensitive to variations in d11 than in d21. This is because
when the number of primary packets is fixed, more efforts are made for primary
transmissions to satisfy the outage threshold. Therefore, the experiments provide
insights on the effectiveness of a proper estimation at the beginning of transmission.

From Equation (3.40) and (3.41), we can derive the mean and variance of the
general normal approximation as a function of Np and Ns. In Section 3.3, we pro-
vided the result of the average number of transmissions which is the same as the
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Figure 3.10: MSE of Btfs to its normal approximations.

mean of its normal approximation. Truncated by B̂, the truncated normal approx-
imation is obtained. the frame size as B̂ = 120 and the number of primary packets
to be transmitted predefined as Np = 50 when Pout(B̂) = 10−3, Ns for each trans-
mission scheme can be calculated. The accuracy of the upper truncated normal
approximation is further shown by an example in Figure 3.9, squares denote the
experimental results while lines denote the corresponding truncated normal approx-
imations. To satisfy the requirement on the outage probability, the experimental
results show that 34 secondary packets can be delivered successfully when applying
the ARQ scheme, while 38 secondary packets can be delivered when applying the
StNC scheme and 40 secondary packets delivered with the AdNC scheme. Besides,
the performance improvement by the network coding schemes is indicated, the ac-
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curacy of the truncated normal approximation is shown conditioning on different
number of secondary packets delivered of each scheme.

Differing from Figure 3.7, the MSE function in truncated normal approximation
starts increasing when Γmin/Γ achieves around 0.3, as shown in Figure 3.10. This

is caused by the predefined frame size B̂. As we know, the link outage probability
gets larger when Γmin/Γ increases, which indicates more transmission attempts are

required to successfully deliver a packet. Within a certain B̂, the deviation of the
truncated normal approximation goes larger. However, in general it varies at a very
low level around 10−4, so the approximation is still reasonable and feasible.

3.5 Numerical Results

In previous sections, we have provided results on the accuracy validation of the
proposed approximations. Besides, we have given a touch on performance variation
with changing link quality. In this section, we investigate the performance through
three aspects. Firstly, we investigate the impact of number of transmit packets,
which evidences the necessity of a proper estimation on resource allocation. Sec-
ondly, we show intelligent decision on transmission schemes, through a geometric
model with varying positions of secondary users. Finally, we propose a tradeoff
discussion between the primary and secondary system by an optimization problem.

3.5.1 Throughput Comparison on Number of Transmit Packets

We first consider the impact of the number of packets to be delivered on through-
put performance in the adaptive frame-size case. After that we investigate the
throughput performance with varying frame size in the truncated frame-size case.

Since here throughput is defined as the packet transmission efficiency, then for
each pair of (Np, Ns), there is a pair of (ηp, ηs) denoting the system performance
correspondingly. In the adaptive frame-size case, we fix Np = 50 to show the
throughput variation as a function of Ns, and vice versa to show the through-
put performance for Ns = 50 as a function of Np. We also show the accuracy
of normal approximations by comparing the experimental results and the approx-
imations. The circles denote the experimental results for the throughput of the
primary system, the triangles denote the experimental results for the throughput
of the secondary system. Meanwhile, the solid lines denote the normal approxima-
tion for the primary system and the dashed lines denote the normal approximation
for the secondary system. The overall throughput of the network is denoted by the
stars. Obviously, the normal approximation we applied matches the experimental
results quite well. Figure 3.11a provides the throughput comparison for the three
transmission schemes when Np is fixed as 50. With increasing Ns, the secondary
throughput increases while the primary throughput decreases. Similarly in Fig-
ure 3.11b, an increasing Np leads to increasing primary throughput and decreasing
secondary throughput. In both cases, the use of network coding provides an im-
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Figure 3.11: Throughput comparison as a function of Np and Ns respectively, in
the adaptive frame-size case (afs) and the truncated frame-size case (tfs).
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provement in performance for both primary and secondary systems and the AdNC
scheme outperforms the StNC scheme.

In the truncated frame-size case, we fix Np = 50 in Figure 3.11c and Ns = 50

in Figure 3.11d to show the throughput variation as a function of B̂. The results
show that the upper-truncated normal distribution can properly approximate the
experimental transmissions. When the number of primary packets Np is fixed, the
throughput variation is mainly determined by the secondary packet transmissions
as the size of each frame is predefined. Thus the throughput of the secondary
system increases with increasing B̂. Besides, the primary throughput of the three
schemes coincide when both Np and B̂ are fixed.

Furthermore, there are some interesting observations of the overall throughput
performance in both cases. We see that both network coding schemes perform bet-
ter than the ARQ scheme, whilst the AdNC scheme outperforms the StNC scheme
especially when Np ≥ Ns. This is because in the experimental environment we
assume the link between the ST and the PR performs better than the link between
the ST and the SR, i.e., p21 ≤ p22. It reflects that the link quality affects the
transmissions with different schemes applied, as we compared in Figure 3.5, and it
is an important factor to consider when making decisions on resource sharing and
collaboration between the primary and secondary system. In addition, the overall
throughput keeps consistent when applying the ARQ scheme while it achieves an
optimum at some point when applying the network coding schemes. It indicates
that an appropriate management of cooperative communication between the pri-
mary system and the secondary system can lead to a better performance when
network coding is applied. In the next two subsections, we further investigate the
cooperation between two systems on link quality and resource sharing.

3.5.2 Performance Analysis on Varying Link Qualities

We now provide some numerical results in Figure 3.12 as a function of the link
qualities. As defined in (3.2), the link quality is represented by the link outage
probability, which is related to the distance between the transmitter and the re-
ceiver. We design the experimental environment with the PT and PR located at
the coordinates (0, 1) and (1, 1), while assuming there is one pair of ST and SR
randomly located in a square area between [−2, 2] on the x-axis and [−1, 3] on the
y-axis. Without loss of generality, we also normalize the distance between the ST
and SR as 1. The normalized transmit power constraint Γmin/Γ is assumed as 0.2.
To provide an insight into the cooperation corresponding to the link quality, we
fix Np = 10 and Ns = 10 as a sample value and B̂ = 25 as the frame size in the
truncated frame-size case.

Figure 3.12 is comprised of two columns. To measure the performance for two
frame-size cases, the first column shows the system throughputs in the adaptive
frame-size case, while the second column represents the outage probability in the
truncated frame-size case. Through the throughput performance, we observe that
when the secondary user gets closer to the primary receiver, both the primary and
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Figure 3.12: Throughput comparison with varying positions of the secondary users,
showing the performance improvement of the network coding schemes when Np =
10 and Ns = 10.
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secondary systems perform better. As the link quality depends on the distance be-
tween the transmitter and receiver, the ST far away from the PT and PR indicates
that the cooperation-related channels experience worse condition than the direct
channel of the primary transmission. That is, p0, p21, p12 ≫ p11. In this case, coop-
eration by the secondary system could not achieve the performance improvement
as expected. Therefore, the primary system prefers direct transmission. Besides,
from the comparison of contour levels, the ARQ scheme starts degrading when the
location of ST closer to x = 0, for the StNC scheme it is around x = −0.5 and
for AdNC scheme even further. We demonstrate the distinction by a dashed line
when x = −0.5. There is a significant improvement from the ARQ scheme to the
StNC and AdNC scheme. However, the difference between the StNC and AdNC
scheme is not as significant as the ARQ scheme because of the limits on the exper-
imental area and the number of packets. On the other hand, in practice we can
choose StNC scheme instead of AdNC scheme for lower complexity of operation
when the quality of channels does not experience big differences from each other.
The improvement on outage probability in truncated frame-size case is more intu-
itive. Network coding efficiently decreases the completion time/delay so that it is
less possible to cause the system in outage.

3.5.3 Tradeoffs Between Primary and Secondary Systems

Through all the analysis we have done and all the experiments demonstrated, the
goal is to properly estimate the resource allocation beforehand and intelligently
choose the transmission scheme on environment variation. To achieve this goal,
a key practical tradeoff between the primary and secondary system is to balance
the allocated resources, respectively, in the number of primary packets Np and sec-
ondary packetsNs, subject to the link qualities p11, p22, p12, p21 and p0. Figure 3.11
indicated that properly balancing the number of packets to deliver for each system
can maximize the throughput gain from cooperation.

In Figure 3.12, we also observed that for certain circumstances, the gain by
network coding is vanishing, e.g., when p21 is large. As our system model is built on
the premise that cooperation by the secondary system is always permitted once the
primary system is transmitting, the primary system gets to save its transmission
power. However, in practical settings, sharing the resources with the secondary
system might not be always beneficial, such as when the primary traffic load is
extremely heavy. Therefore, it is demanded practically to select cooperation and
allocate the spectrum resources intelligently so as to trade off between the two
systems in system operations. We set up an optimization problem here to illustrate
a spectrum sharing policy on selective cooperation. Subject to no degradation to
the primary performance, we maximize the throughput of the secondary system:

max ηs (3.42a)

s.t. ηp ≥ ηth
p . (3.42b)
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Figure 3.13: Optimal throughput of the secondary system as a function of d11

and d21, exploiting StNC scheme and AdNC scheme, where AdNC scheme slightly
outperforms StNC scheme.

where ηth
p is the primary system throughput when no secondary system is active

and all spectrum resources are used for direct transmission of primary users,

ηth
p =

B̂(1 − p11)

B̂
= 1 − p11. (3.43)

Note that cooperation by the secondary system is only employed when the primary
system does not get degraded.

Numerical solution of the optimization problem is given in Figure 3.13 on d11

and d21. As long as d21 ≤ d11, the secondary system gains on its performance as
cooperation helps maintain the performance of primary system. This result provides
insights on the tradeoffs between the primary and secondary system, which is also
a promising direction for the future study.
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3.6 Conclusions

Summary In this chapter we investigated the impact of smart cooperation to
gain more transmission opportunities for the secondary system in cognitive radio
networks over packet-based wireless links. By relaying the primary message during
the retransmission phase, the secondary transmitter obtains opportunities for its
own transmission. Compared to a conventional ARQ transmission scheme, we de-
veloped two network coding schemes in which the secondary transmitter cooperates
by conducting the retransmission sessions for both the primary and the secondary
systems.

We first divided the transmission process into three transmission sessions for the
three transmission schemes, and subsequently analyzed each of the sessions. The
performance of each scheme was investigated analytically for two cases, the adap-
tive frame-size case and the truncated frame-size case. In the adaptive frame-size
case, the system throughput was measured by the total expected number of trans-
mission attempts and the system is lossless; in the truncated frame-size case, both
the throughput and the outage probability were considered where the system was
defined as in outage when there exists packet loss. As a novel method on perfor-
mance evaluation, we approximated the distribution of the number of transmission
attempts by normal distributions. For the case of adaptive frame size, a general
normal approximation was proposed, based on which, a truncated normal approxi-
mation is further generated for the case of truncated frame size. We also compared
the accuracy of the approximations to experimental results. The results showed
that a normal distribution can approximate the transmission process well and it
can reduce the complexity of computations. This smart methodology provides an
efficient way to estimate the resource sharing between the primary and secondary
systems.

Remarks The network model investigated in this chapter is the simplest yet
most typical cognitive radio network with a single pair of primary transmitter
and receiver coexisting with a single pair of secondary transmitter and receiver.
It is the starting framework for the study of cooperation between the primary
system and the secondary system and it is easy to be extended to more complicated
scenario, e.g., the cooperative system with multiple users. Here we assume the
occasion that once the secondary system has a message to deliver, the primary
system always allocates a share of the licensed spectrum resource to it. However,
it is not economic considering the expense of the spectrum resource the legitimate
user paid. Therefore, we endue the primary system a priority of service accessing
the licensed spectrum resource so that it can decide whether and how to share its
resource with the secondary system. Based on the existing study of cooperation
mechanism, a spectrum sharing policy will be investigated in Chapter 4.
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3.A Proof of Optimality of Binary Network Coding in A

Two-receiver Case

Proof. Assume coding operated in a finite field GF(2q) with λ = 2q elements. Each
of the M users have received N − 1 composite data packets (CPs) and the rank of
each user is N − 1. We further assume that each CP is received only by a single
user, or equivalently that every row of each Wm (weight matrix for user m) differs
from any other row for Wm′ .

With these two assumptions, we have out of the λN − 1 total potential weight
vectors (with all-zero word excluded) limited the choices of finding a new (for all
users) rank increasing weight vector as much as possible. If we can find at least
one weight vector that increases the rank for all users, and the CP based on this
weight vector is received by at least one user, this user will have full rank and can
be excluded in subsequent rank considerations. If the set of users are diminished,
the problem of finding a permissible weight vector is eased, and hence the situation
where all users have received all but their last CP is the worst and limiting case.

In this case, we have λN possible weight vectors, and we remove the all-zero
word, that is λN − 1. We subtract the number of all possible permutations of
λN−1 − 1 weights of the N − 1 rows in Wm (with all-zero word excluded), and we
do so for all M users. The remaining number of weight vectors must be at least
one to ensure that all users achieve full rank in the end, as

λN − 1 −M ·
(
λN−1 − 1

)
≥ 1.

Accordingly we get

{
λ ≥ M if M ≥ 2 and N ≥ 2

λ = 2 otherwise.

In our study, we treat the retransmission initiated by ST as a broadcast process
to two receivers, the PR and SR, hence M = 2 here. We then substitute it back
and have

λN − 1 − 2 ·
(
λN−1 − 1

)
≥ 1,

the resulting constraint is λ ≥ 2. Therefore, we can conclude that when there are
M = 2 users, coding operation in GF(2) is optimal. �

3.B Proof of Transmission Efficiency of A Two-receiver

Broadcast Channel in Equation (3.18)

Proof. For a two-receiver broadcast channel using typical ARQ scheme, the receiver
immediately sends a Nack when there is a packet loss and this packet has not been
received successfully before. In our system of retransmission session, the PR and
the SR are with link outage probabilities of p21 and p22 from the ST. XPR,n and
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XSR,n represent the number of transmission attempts for delivering the nth packet
to the PR and the SR, respectively. Y = max{XPR,n, XSR,n} is the number of
transmissions to ensure that both receivers successfully receive this packet with

P {Y = k} =
(
1 − pk

21

) (
1 − pk

2

)
−
(
1 − pk−1

21

) (
1 − pk−1

2

)
,

and the transmission efficiency is derived as

µmax(n) = E[Y ] =

∞∑

k=1

kP {Y = k}

(a)
=

∞∑

k=1

k
(
pk−1

21 (1 − p21) + pk−1
22 (1 − p22) − pk−1

21 pk−1
22 (1 − p21p22)

)

(b)
=

1

1 − p21
+

1

1 − p22
− 1

1 − p22p21
.

In (a) we let the power series
∑∞

k=1 kp
k−1
21 in the first item denoted by S and it can

be transformed as

S =

∞∑

k=0

(k + 1)pk
21 =

∞∑

k=0

kpk
21 +

∞∑

k=0

pk
21 = S · p21 +

1

1 − p21
.

Eventually we get S = 1
(1−p21)2 . Accordingly, the first item

∑∞
k=1 kp

k−1
21 (1 − p21) =

1
1−p21

as shown in (b). The closed-form results of the left two power series can be
derived likewise. �

3.C Proof of Throughput Improvement of Network Coding

Proof. When analyzing the performance improvement of the AdNC scheme over the
conventional ARQ scheme, we derive an upper bound of the expected number of
retransmissions E[Ba

3 ] by simplifying EB [Ba
3 | Lp = kp, Ls = ks] in (3.36), in which

the infinite summation can be reduced as shown in (3.44). With the probability of
Ba

3 (C) derived in (3.32), (a) follows from defining the partial sum as the difference
of two infinite sums; (b) follows from omitting the last two summations; and (c)
applies the fact that the infinite summation starting from max{kp, ks} is no larger
than one starting from kp or ks, since there are always |kp − ks| items less.

∞∑

k=max{kp,ks}
kP {Ba

3 (C) = k} (3.44)

=

∞∑

k

kP {XSR = k}
k−kp∑

i=0

P {XPR = kp + i}

+

∞∑

k

kP {XPR = k}
k−1−ks∑

j=0

P {XSR = ks + j}
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(a)
=

∞∑

k

kP {XSR = k}
∞∑

i=0

P {XPR = kp + i} +

∞∑

k

kP {XPR = k}
∞∑

j=0

P {XSR = ks + j}

−
∞∑

k

kP {XSR = k}
∞∑

i=k−kp+1

P {XPR = kp + i}

−
∞∑

k

kP {XPR = k}
∞∑

j=k−ks

P {XSR = ks + j}

(b)

≤
∞∑

k

kP {XSR = k} +
∞∑

k

kP {XPR = k}

=

∞∑

k

k

(
k − 1

ks − 1

)
pk−ks

22 (1 − p22)ks +

∞∑

k

k

(
k − 1

kp − 1

)
p

k−kp

21 (1 − p21)kp

(c)

≤ kp

1 − p21
+

ks

1 − p22
.

Moreover, in (3.45) a detailed derivation of the upper bound of EB[Ba
3 ] in (3.38)

is provided. By substituting the upper bound above, the terms on kp and ks can
be divided and polynomial expansion is then applied.

E[Ba
3 ] =

Np∑

kp=0

Ns∑

ks=0

P {Lp = kp, Ls = ks}E[Ba
3 | Lp = kp, Ls = ks]

≤
Np∑

kp=0

Ns∑

ks=0

P {Lp = kp, Ls = ks} ·
(

kp

(1 − p21)(1 − p12)
+

ks

(1 − p21)(1 − p22)

)

=
Npp11(1 − p0)

(1 − p0p11)(1 − p21)
+

Nsp22

1 − p22
(3.45)

For the StNC scheme, in the worst case when no packet is encodable, i.e., kmin = 0,
(3.26) is bounded as

E[Bs
3 | Lp = kp, Ls = ks] ≤ kp

1 − p21
+

ks

1 − p22
. (3.46)

Inserting the results into (3.25), we have the same result as in (3.45) for the
AdNC scheme. Therefore, each network coding scheme can achieve a higher packet
throughput than the conventional ARQ scheme. The conclusion indicates that
network coding can improve the system performance.

Furthermore, when analyzing the throughput improvement of the AdNC scheme
over the StNC scheme, a mathematical induction method is applied as the only
difference of the two schemes lies in the transmission of the encodable packets.
We only need to show that the expected number of transmissions of the encodable
packets for the AdNC scheme is no larger than for the StNC scheme to indicate
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the throughput improvement. As we defined Lp and Ls as the number of packets
in each encodable packet set, the probability of kp encodable packets at the PR
and ks at the SR is given by (3.27), which is the same for both schemes. Thus the
expected number of transmissions of the encodable packetsE[Bs,a

3 (C)] is determined
by EB[Bs,a

3 (C) | Lp = kp, Ls = ks], which is analyzed in the following cases.

1. When kp = 1, ks = 1: in this case, there is only one encoded packet to be
transmitted, thus for either the SNC scheme or the ANC scheme, EB [Bs,a

3 (C) |
Lp = kp, Ls = ks] = 1 · µmax(n) where we had µmax(n) as in (3.18). The
deduction holds.

2. When kp = 1, ks = 2: in this case, for the SNC scheme, there is one encoded
packet and one secondary packet to be transmitted separately, thus

EB[Bs
3(C) | Lp = kp, Ls = ks]

= 1 · µmax(n) +
1

1 − p22

=
2

1 − p22
+
p21(1 − p22)(1 − p22p21)

(1 − p21)(1 − p22p21)2
.

For the ANC scheme, we have the pmf

P {Ba
3 (C) = k} = P {Ba

3 (C) ≤ k} − P {Ba
3 (C) ≤ k − 1}

=

k∑

i=1

pi−1
21 (1 − p21) ·

k∑

j=2

(
j − 1

1

)
pj−2

22 (1 − p22)
2

−
k−1∑

i=1

pi−1
21 (1 − p21) ·

k−1∑

j=2

(
j − 1

1

)
pj−2

22 (1 − p22)
2
,

in which we can transform
∑k

j=2

(
j−1

1

)
pj−2

22 (1 − p22)
2

into
∑k−2

j′=0(j′+1)pj′

22 (1 − p22)
2

and accordingly get a closed-form result for this partial summation. Similarly
to the rest of the partial summations, we get the probability function above
in a closed-form expression

P {Ba
3 (C) = k} = (1 − p21)pk−1

21

(
(k − 1)pk

22 − kpk−1
22 + 1

)

+ (1 − p22)2pk−2
22 (k − 1)

(
1 − pk−1

21

)
.

And then the conditional expected number of transmissions of the encodable
packets is derived as

EB[Ba
3 (C) | Lp = kp, Ls = ks]

=

∞∑

k=2

kP {Ba
3 (C) = k}
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=

∞∑

k′=0

(k′ + 2)P {Ba
3 (C) = k′ + 2}

=
2

1 − p22
+

−(p22p21)3 + (p22p21)2 + p22p
2
21 − p21

(1 − p22p21)
3 .

Comparing the results for two schemes, we find that EB[Ba
3 (C) | Lp =

kp, Ls = ks] ≤ EB[Bs
3(C) | Lp = kp, Ls = ks]. Thus the deduction holds.

3. When kp = 2, ks = 1: similar to case 2), the deduction holds in this case.

4. When kp = 2, ks = 2: in this case, there are two encoded packets for trans-
mission, using the idea of derivation in the previous cases, the deduction can
be shown holding.

5. When kp and ks continue increasing, we find that the idea of derivation is
similar and the deduction should hold for all the following cases.

�



Chapter 4

Spectrum Sharing with Binary

Network Coding-based Cooperation

In this chapter, we extend the network model in Chapter 3 with lenient legitimate
users to a more practical application scenario with multiple users adopting an in-
telligent spectrum sharing policy. We present a list of objectives of the chapter as
follows.

• Delineate how a secondary system cooperates with a primary system
where each system experiences a different level of service owing to a
different level of priority.

• Propose a selective cooperation mechanism for intelligent spectrum
sharing considering the priority of legitimate users.

• Investigate the system performance through an optimization problem
based on the performance evaluation in the previous chapter.

• Extend the system model with a single pair of users in each system to
multiple-user scenarios, i.e., a multiple secondary-user scenario and
a multiple primary-user scenario, indicating a hierarchical network
supporting diverse communication modes.

• Illustrate the results by experiments, showing the condition for the
secondary system accessing the spectrum resources and the applica-
tion in practical scenarios.

Objectives of the Chapter.

69
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Organization of the Chapter This chapter consists of 6 sections. In Section
4.1 we introduce spectrum sharing in overlay cognitive radio networks. The system
model is presented and the transmission process is reviewed in Section 4.2. A spec-
trum sharing policy for the scenario of a single pair of secondary users is analyzed
in Section 4.3 and an optimization problem is investigated accordingly. The exten-
sion to a multiple user scenario is discussed in Section 4.4 and Section 4.5, where
a multiple secondary-user scenario and a multiple primary-user scenario is studied
respectively. Conclusions are given in Section 4.6.

4.1 Introduction to Spectrum Sharing in Cognitive Radio

Networks

Review of Chapter 3 In Chapter 3, we considered a cognitive radio network
scenario where a primary transmitter and a secondary transmitter, respectively,
communicate a message to their respective primary receiver and secondary receiver
over a packet-based wireless link, using a joint ARQ error control scheme. The
secondary transmitter assists in the retransmission of the primary message, which
improves the primary performance, and is granted access to the transmission re-
source. In this scenario, the primary system always allocates a share of spectrum
resources to the secondary system as long as it has a transmission request, which
we define as a lenient legitimate user case. However, in practical applications, the
spectrum resource is limited such that the legitimate users would not voluntarily
offer it to other users, especially when they have paid for the authorization of spec-
trum use. To acquire the opportunity of accessing the spectrum resource, cognitive
users should at least not be detrimental or even be beneficial to the primary users.
An intelligent spectrum sharing policy is thence initiated.

Besides, in Chapter 3, a theoretical proof-of-concept model was considered where
a single pair of users in each system coexist. In practical wireless networks, e.g.,
5G networks, diverse communication modes are supported, in which multiple users
coexit in each cell. An extension to multi-user scenario from the previous model is
essential.

Spectrum Sharing on Cooperation Cooperation among users enables the use
of spectrum sharing to achieve a more efficient resource usage. In cognitive radio
networks, based on the resource features and user priorities, spectrum resources
can be shared among equal primary users or between primary and secondary users
[Peh09, ZJZ09]. The latter case is the most common model where the primary sys-
tem has been authorized exclusive rights through licensing. The secondary system
may be provided part of this spectrum on a basis of cooperation without causing
harm. There have been a lot of studies, most of them considered underlay cognitive
radio networks which allow secondary users transmitting under an interference cap
set by the primary users [KLH08, CYZ+08, LZZQ11, KZLG11]. In our work, we
study overlay cognitive radio networks where secondary users exploit a proactive
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way to offset the interference they may cause. In that context, by allowing the
secondary system to access to limited spectrum resource, the primary transmis-
sion can be enhanced through the cooperation by the secondary transmitter. In
other words, if the secondary system assists in maintaining, or even improving the
primary system performance, a share of the resources will be granted for its own
transmission. In [WLX+10], an auction-based spectrum sharing is studied, where
multiple secondary users bid for part of the licensed bandwidth provided by pri-
mary users with a payment proportional to allocated bandwidth. In [AKK11] and
[SSS+08], the primary system leases a fraction of time to the secondary users in
exchange of cooperation from the secondary users, while the relay of primary traffic
and the transmission of secondary traffic are separated at the secondary users. We
find that current works in overlay paradigm are mostly developed from the view of
economy and therefore complicated in implementation.

Our Contribution In this chapter, we establish a cognitive radio network with
cooperative transmission by the secondary transmitter, where the advantage of
network coding is accomplished by combining the relaying to the primary receiver
with the transmission to the secondary receiver. Advanced from the work in Chap-
ter 3, we propose a transmission process with a spectrum sharing policy, where the
optimal resource allocation can be determined using the performance evaluation
method from the previous chapter. An extension to multiple users in the primary
and secondary systems is further compared to the scenario with a single pair of
users in each system.

4.2 System Model and Transmission Process

4.2.1 System Model

We recap the network model with a single pair of users in each system and the
transmission process on binary network coding schemes in this chapter. The ST
may cooperate as a relay to assist in delivering the primary message (Ip), while in
return accessing a share of the licensed resources to transmit the secondary message
(Is). The primary message is comprised of Np packets, and the secondary message
of Ns packets, denoted as Ip = {Ii

p | i = 1, 2, ..., Np} and Is = {Ii
s | i = 1, 2, ..., Ns}.

Notations are consistent with Table 3.1. The primary system can decide to use all
available resources for its own transmission from the PT to the PR, or to share a
fraction of the resources with the secondary system in exchange for a performance
gain created by cooperation. In this case, the secondary user is allowed limited
access to the licensed resources as long as the primary transmission is not degraded.
Hence, the objective is to optimize the overall system performance gain under the
constraint that the primary system maintains a throughput at least at the same
level as when the secondary system is inactive.

Each link in the network is modeled as an independent Rayleigh fading chan-
nel with the link outage probability pij defined in Equation (3.2), where ij =
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Figure 4.1: An example of transmission process.

{0, 11, 22, 12, 21} denoting the link outage probabilities between different users. For
ease of exposition, we model the available spectrum resources in terms of identical
RUs, representing a time-frequency block, where all packets are of equal size and
each packet can be transmitted within one RU. Consider a frame of size B RUs that
are shared between the primary and secondary systems through three transmission
sessions, the size of each session is constrained to be an integer number of RUs. In
this case, a virtual timer is used for synchronization among the users, especially for
the transmission between the primary system and the secondary system.

4.2.2 Transmission Process

In Session 1 (the primary transmission session) the PT transmits the primary mes-
sage Ip using a certain fraction ρ of the B RUs, where 0 < ρ ≤ 1, while the PR,
the ST and the SR are receiving, and feeding back Ack/Nacks. The PT continues
transmitting until all packets from Ip have been received successfully by either the
PR or the ST jointly, characterized by I ′

p ∪ Qp = Ip. Since the ST may cooperate
as a relay to assist in delivering Ip in order to access the resources for its own trans-
mission, the remaining (1−ρ)B RUs are granted to the ST in the following sessions
and split with a factor β. In Session 2 (the secondary transmission session) the ST
will transmit the secondary message Is with no retransmission in β(1 − ρ)B RUs,
while both the PR and the SR are receiving and feeding back Ack/Nacks. During
Session 3 (the retransmission session) with the remaining (1 − β)(1 − ρ)B RUs, the
retransmit packets for each receiver are divided into two subsets: the encodable



4.3 Spectrum Sharing Strategy on Performance Evaluation Method 73

packet set Qp(s) ∩ Pp(s), and the remaining packet set Qp(s) ∩ Pp(s) which requires
individual transmissions. The ST generates a sequence of new packets by XORing a
primary packet with a secondary packet, each from the encodable packet set. This
sequence of coded packets is then transmitted to the two receivers. The PR (SR) is
able to recover its lost packets since the secondary (primary) packets involved in the
coding process are known at the PR (SR). Again an example of the binary network
coding based transmission process for the PR and the SR is shown in Figure 4.1.
Based on the feedbacks from Session 1 and 2, the ST transmits an XOR-encoded
packet and it is received by the PR. This enables the PR to extract its desired
packet I1

p by I1
s ⊕ (I1

p ⊕ I1
s). In Chapter 3 we designed two binary network-coding

schemes, of which the adaptive network coding (AdNC) scheme outperforms the
static network coding (StNC) scheme. When exploiting the AdNC scheme, the ST
transmits a new encoded packet I3

p ⊕ I1
s after one of the receivers received I1

p ⊕ I1
s in

the previous transmission. The PR and the SR can extract their required packet I3
p

by I1
s ⊕ (I3

p ⊕ I1
s) and I1

s by I3
p ⊕ (I3

p ⊕ I1
s). In the StNC scheme the encoded packets

are fixed and the ST keeps transmitting I1
p ⊕ I1

s until both PR and SR receive it.

The remaining packets, e.g., I2
p, are retransmitted individually to their destined

receivers.

4.3 Spectrum Sharing Strategy on Performance Evaluation

Method

In this section, we first review the performance analysis on normal approximations
derived in Chapter 3, based on which, we propose an intelligent spectrum sharing
policy.

4.3.1 A Review on Performance Evaluation

In the scenario with lenient primary users, a part of RUs are assumed always granted
to the ST (1 − ρ > 0) for analytical tractability. In Session 1 the PT keeps trans-
mitting until the Np primary packets have been received by either the PR or the
ST. Session 2 simply forwards all secondary packets without any retransmissions.
In Session 3, we proposed two binary network coding-based schemes conditioning
on the encoding process.

In each session, the transmissions can be represented by a negative binomial dis-
tribution on the number of transmission attempts for successively receiving required
packets. However, we notice that the sum of negative binomial random variables is
not necessarily negative binomially distributed. Therefore, to obtain a tractable an-
alytical framework, we approximate the negative binomial distribution by a normal
distribution due to Central Limit Theorem [Fel71] following Lemma 3.1.

As the three sessions operate independently of each other in terms of the number
of packets transmitted, the expected frame size is determined as E[B] = E[B1] +
E[B2] + E[B3]. The average number of transmissions in each session is the same
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as the mean value of its corresponding normal approximation. With the resource
allocation factors on time domain, it can be represented as

E[B1] =
Np

1 − p0p11
= ρE[B] (4.1a)

E[B2] = Ns = β(1 − ρ)E[B] (4.1b)

E[B3] =

∞∑

B3=1

B3P {B3} = (1 − β)(1 − ρ)E[B] (4.1c)

where the closed-form result of the mean value for each session was derived for the
StNC and AdNC scheme in Chapter 3. The throughput is then given based on
the mean values above. Furthermore, for a pre-determined frame size in practical
applications, the throughput-delay tradeoff can be balanced by an upfront evalua-
tion of the transmission scheme. Given a value 0 < Pout(B̂) < 1, we seek B ≤ B̂
satisfying:

Pout(B̂) = 1 − ψ(µ, σ; B̂) = Q

(
B̂ − µ

σ

)
.

Note that the cdf of the normal distribution can be represented by a Q-function
which is well tabulated. With the frame size B̂ fixed, the mean of the approxi-
mated normal distribution can be easily derived. Based on the average behavior
determined by the outage probability, a pair of (Np, Ns) can be estimated at the
beginning of each frame. Thus, a corresponding throughput for each system can be
achieved. In that context, how to choose a reasonable estimation on the number of
transmit packets, concerning the allocation of RUs for each session, is of importance
in achieving a better performance. Hence a spectrum sharing policy is triggered.

4.3.2 Selective Cooperation in Spectrum Sharing Strategy

As we defined previously, the total B RUs in each frame are allocated to three
transmission sessions with parameters ρ and β, where 0 ≤ ρ, β ≤ 1. From the
analysis of the lenient primary user case, it contradicts the authority of the primary
users on resource use if the licensed resources are shared to the secondary system
when the traffic load of the primary system is heavy. Therefore, studying how to
allocate the spectrum resources intelligently is necessary.

In our network model, the secondary system works as a cooperator and the
primary system works as a leader. The leader decides if, and how much of, the
licensed spectrum resources can be shared with the secondary system based on
some certain criteria ηth

p . The criteria is set as the average throughput when all the
spectrum resources are used for direct transmission of the primary users,

ηth
p = 1 − p11. (4.2)
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Figure 4.2: Throughput variation as a function of Np and Ns, when user nodes

locate in the coordinate system with d11 = 3
2 , d0 = d21 = 1, d22 =

√
2

2 and

d12 =
√

5
2 .

Note that cooperation by the secondary system is only allowed by the primary
system when the performance of the primary system does not get degraded. This
spectrum sharing policy is therefore denoted as selective cooperation.

Before we go deeper into the mathematical analysis on our spectrum sharing
strategy, the necessity of intelligently allocating resources between the primary and
secondary systems is visualized by examples. First we probe the impact of transmit
packet number on the performance of the primary system. As we discussed before,
properly estimating the number of transmit packets could result in a better resource
utilization. How the number of transmit packets in both systems influencing the
decision on spectrum sharing is visualized in Figure 4.2. Since the proposed AdNC
scheme achieves the best performance and requires the highest operation complexity
out of the two network coding schemes, we choose it as an exemplar in the following
analysis and therefore omit the superscript. The red plane denotes ηth

p , the solution

locates on the intersecting line of ηp and ηth
p , and the corresponding point on ηs is

the optimal value it can achieve. ηp (denoted by the magenta/yellow plane) and ηs

(denoted by the green/blue plane) depend on Np and Ns jointly and when Np/Ns

increases, ηp increases whilst ηs decreases. Either ηp or ηs achieves its optimum
when there are packets to transmit only in its own system. The secondary system
competes with the primary system and only when Np/Ns is large, it gains without
harming.
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To provide a thorough analysis on the optimal spectrum sharing strategy, we
start with two special cases. In the threshold case where no spectrum resource
is granted to the secondary system, i.e., ρ = 1, the primary throughput is ηth

p

as one extreme of the primary performance, while the secondary throughput is 0
as no secondary transmission is allowed. Instead, if a fraction of the spectrum
resources are granted to the secondary system, i.e., 0 < ρ < 1, there should exist
a certain value of the primary throughput, defined as ηsc

p , which is no smaller than

the non-cooperative throughput ηth
p . Otherwise, the performance of the primary

system will be degraded and no resource will be shared to the secondary system.
Furthermore, if the secondary system is only permitted to use all the spectrum
resources it has been granted for supporting the primary transmission, the other
extreme of the primary performance will be achieved as the full cooperation case,
ηfc

p . To summarize, the throughput of the primary system is given by

ηp(ρ, β) =





ηth
p for ρ = 1
ηsc

p for 0 < ρ, β < 1
ηfc

p for 0 < ρ < 1, β = 0
, (4.3)

and the corresponding throughput of the secondary system is

ηs(ρ, β) =





0 for ρ = 1
ηsc

s for 0 < ρ, β < 1
0 for 0 < ρ < 1, β = 0

. (4.4)

Considering both the threshold case and the full cooperation case, we note that
ηsc

p should be located in the interval of
[
ηth

p , η
fc
p

]
. Retreated from the expected

number of transmissions in (4.1) for the selective cooperation case, we get the
result for the full cooperation case as

E[Bfc
1 ] =

Np

1 − p0p11
,

E[Bfc
3 ] =

Np(1 − p0)p11

(1 − p0p11)(1 − p21)
.

Thus, the spectrum allocation result can be easily derived as

ρfc =
1

1 − p0p11
, βfc = 0. (4.5)

Accordingly, the throughput of the primary system is

ηfc
p =

(1 − p0p11)(1 − p21)

(1 − p0)p11 + 1 − p21
. (4.6)

To guarantee that there is a feasible ηsc
p , i.e., ηsc

p ∈
[
ηth

p , η
fc
p

]
, a constraint ηfc

p ≥ ηth
p

is required. Inserting the results of ηfc
p and ηth

p into the inequality, we get

p21 ≤ p11. (4.7)
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Figure 4.3: Throughput of primary system in threshold case, full cooperation case,
and selective cooperation case when ρ = 0.5.

It implies that cooperation by the secondary system can maintain or improve the
primary performance only when the quality of the relay link is better than the direct
link. Although exploiting cooperation can facilitate some gains on the secondary
system performance, the primary system will not share if its own performance is
jeopardized. This conclusion coincides with the implication from the results of the
optimization problem in Figure 3.13.

In all cases discussed above, we notice that the throughput of the primary system
only depends on the spectrum sharing factor ρ, as the transmission in Session 1
remains the same:

ηp = ρ(1 − p0p11). (4.8)

To get a feasible spectrum sharing strategy with selective cooperation, we con-
fined ηsc

p within certain interval limited by (4.2) and (4.6) above and the resulting
spectrum resource allocation is then confined as

1 − p11

1 − p0p11
≤ ρsc ≤ 1 − p21

(1 − p0)p11 + 1 − p21
. (4.9)

An example of the primary system throughput performance is provided in Fig-
ure 4.3 with ρ = 0.5. Here ηsc

p corresponds to the cyan plane, where cooperation is
exploited. The feasible area for possible spectrum sharing is determined jointly by
ηth

p and ηsc
p , which is reflected in figure as the part of cyan plane located between the
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green and red plane where around d11 > 2 and d21 < 1.5. We note that the plane
of ηth

p and the plane of ηfc
p coincide when d21 = d11, or equivalently, p21 = p11, ver-

ifying the condition of selective cooperation by the secondary system. As a result,
the feasible area of the selective cooperation mechanism starts from d21 = d11.

When the primary system achieves the minimum throughput in the threshold
case, the secondary system is not active due to no access to the spectrum resources,
and thus ηth

s = 0; yet when the primary performance achieves its maximum in the
full cooperation case, the secondary system uses all the spectrum resources granted
for relaying the primary message, and still, ηfc

s = 0. From the analysis, we deduce
that there exists some spectrum sharing strategy (ρ, β) for which ηsc

s > 0 and can
be maximized. However, the primary system and the secondary system are not
able to achieve their respective optimal performance gains simultaneously. To gain
insights into a proper spectrum sharing policy, we set up an optimization problem.

4.3.3 Optimization on Secondary System Performance

We formulate the optimization problem for a scenario consisting of services with
different levels. In this scenario, the primary and secondary transmitters jointly
find the optimal operation strategy for the given constraints that depend on the
behavior of the primary system. Both systems are served by the same resource-
holder, but with different service levels. The primary system, as the legitimate user,
requires to have a guaranteed performance at all times, while the secondary system
cooperates to secure the primary performance to access the resources in return for
its own transmission. Assume that the primary system is “selfless” and only requires
that its performance in the absence of the secondary system is maintained. The
secondary system is therefore able to maximize its own throughput, while ensuring
a primary throughput of ηth

p . This optimization problem is defined as OP, for
maximizing the secondary system performance, subject to no degradation to the
primary system performance.

(OP) : max
ρ,β

ηs(ρ, β) (4.10a)

s.t. ηp(ρ, β) ≥ ηth
p (4.10b)

0 ≤ ρ, β ≤ 1 (4.10c)

There is a set of feasible spectrum sharing strategies each corresponding to a pair of
(Np, Ns).We notice that even though this problem is not convex, the objective func-
tion ηs and the constraint function of ηp are monotonic with varying ρ. Therefore,
the optimal solution can be found by searching the meeting point of the constraint
function and its threshold. Accordingly, the optimal result of the objective func-
tion is obtained. Constraint (4.10b) easily gets us to the result on ρ in (4.9). For
0 ≤ p0, p11 ≤ 1, it is easy to show that 0 ≤ ρsc ≤ 1, which means there exists
a feasible ρ as the optimal spectrum sharing strategy of this problem. From the
previous analysis, ηs is apparently increasing whilst ηp is decreasing as ρ decreases.
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Figure 4.4: Numerical results of system throughput and resource allocation param-
eter on varying user positions for maximizing the secondary system performance.

The maximum ηs is then achieved when ρ makes ηp meet the threshold, and thus
the solution of spectrum resource allocation is obtained as

ρ⋆ =
1 − p11

1 − p0p11
. (4.11)

We present the numerical results of the spectrum resource allocation by showing
the maximum throughput of the secondary system and the solution of the optimal
strategy. To keep consistency of the numerical experiments, the simulation environ-
ment is set as a stationary network with the quality of the selective cooperation-
related channels varying while the quality of other channels staying consistent.
Taking the selective cooperation into account, here we observe the performance
by the secondary system throughput ηs and the resource allocation parameter ρ
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as functions of the quality of two links (p11, p21) and (p0, p21), respectively, which
are related to the distances between users, i.e., (d11, d21) and (d0, d21). In the
simulations, we mainly consider the influence of the quality of cooperation-related
channels, together with the correlation between cooperation by the secondary sys-
tem and self-assistance of the primary system. In the Rayleigh fading channel
model, the pass-loss exponent is assumed as α = 3. dij is the normalized distance
between the respective transmitters and receivers. This normalization is done with
respect to distance between PT and PR, i.e., d11 = 1, or between ST and SR, i.e.,
d22 = 1. The normalized transmit power constraint Γmin/Γ is assumed as 0.2. The

size of each frame is predefined as B̂ = 30 (RUs) for simulation efficiency.

In Figure 4.4a, we set the PT, ST and SR at the coordinates (0, 1), (0, 0) and
(1, 0) as the location of the PR moves. In this case, d11 and d21 vary while the other
distances keep untouched. The maximum throughput η⋆

s gains a significant increase
when d21 goes smaller and d11 goes larger, which means the link outage probability
p21 decreases while p11 increases. Obviously, this is because the secondary system
can provide better assistance when its relay link performs better. The corresponding
result of the resource allocation ρ further proves that the better the relay link
performs, the less resources are allocated to the secondary system. Besides, we can
see the feasible region for the selective cooperation mechanism is originated from
d21 ≤ d11. We notice that even though d21 is small, the primary user still tends
to allocate more resources for its own when its direct link is equally good. This
observation triggers a further discussion on the system-interfaced link from the PT
to the ST.

As shown in Figure 4.4b, the PT, PR and SR are located at the coordinates
(0, 1), (1, 1) and (1, 0) whereas the ST moves with a consistent distance d22 to its
SR. Here, d0 and d21 change with ST, considering these two links determine the
relay capability by the secondary users. Since the quality of the direct link is fairly
good here, we see the feasible region is restricted within the area d21 ≤ 1. Unfortu-
nately, even if the ST is sufficiently close to PT, it can only gain a small portion of
resources for its own transmission as the performance constraint on primary system
throughput ηp here is relatively high. Therefore, when p11 decreases, η⋆

s decreases to
meet the requirement of the primary system as the secondary system only achieves
its optimal performance on the constraint of the primary system performance. Ac-
cordingly, the feasible solution of ρ clearly shows the selective cooperation when
p21 ≤ p11. Once the direct link of the primary transmission gets worse, the co-
operation from the secondary system can make up to satisfy the requirement of
the primary system. Thus the primary system allocates more resources to the
secondary system at the cost of relaying.

4.4 Extension to Multiple Secondary-user Scenario

In this section, we extend our study to a network comprised of a primary system
with a single pair of transmitter and receiver and a secondary system with multiple
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Figure 4.5: An example of hierarchical networks, e.g., a cellular cell in 5G net-
work with a downlink transmission, coexisting with multiple pairs of users in D2D
communication mode.

pairs of transmitter and receiver. In future mobile networks such as 5G network,
higher capacity and coverage can be achieved with the cooperation of different users
with overlapped coverage by the option of a flexible use of resources, and the option
of direct D2D, M2M transmission. Our system model indicates the properties of a
hierarchical network, e.g., a cellular cell in 5G network, with multiple pairs of sec-
ondary users transmitting in D2D communication mode. An example of network
architecture is shown in Figure 4.5. Amongst all the secondary users with trans-
mission requirements, the primary system determines to share a part of licensed
resources with one/some of them based on a certain criteria. Mostly, the current
study focuses on underlay cognitive radio networks with an interference limit to
the primary users [HTP12, VSB15]. In our study, we consider a proactive overlay
paradigm where interference does not exist because of orthogonal transmissions on
proper spectrum sharing strategy proposed in Section 4.3. The system model is
further standardized as in Figure 4.6.

Assume there are M pairs of secondary transmitter and receiver where each
STm has information Is,m to be delivered to the given SRm with m ∈ {1, 2, ...,M}.
Similar to the single user-pair scenario, the secondary users always listen to the
transmission of the primary system and try to cooperate in order to gain some
opportunities for their own transmission. Within all secondary users, how to choose
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Figure 4.6: Cognitive radio system with multiple pairs of secondary transmitter
and receiver.

one or several of them to access the licensed resources by relaying the primary
message is our main concern. The transmission process of the multiple secondary
user scenario can be divided into three sessions as well. In Session 1 (the primary
transmission session) the PT transmits Ip while the PR, the STs and the SRs are
receiving until all packets from Ip have been received successfully by either the
PR or the (selected) STs jointly, characterized by I ′

p,1 ∪ I′
p,2 ∪ ... ∪ I′

p,M ∪ Qp =
Ip. In Session 2 and Session 3, the selected STs take on the role of relay for the
primary message meanwhile get rewarded for their own transmission. As there are
multiple STs that may receive the primary message successfully, we propose two
relay selection algorithms here, namely the best relay selection and the best relay
group selection.

4.4.1 Best Relay Selection

As in Subsection 4.3.2, the selection of ST as a relay and the decision of resource
sharing is shown related to the quality of corresponding links p0 and p21 with
respect to p11, which decide the performance of the ST on receiving and relaying
the primary message. When p0 increases, the probability of the ST successfully
receiving the primary message decreases; when p21 increases, the probability of the
ST successfully relaying the primary message decreases. This is a pattern of typical
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decode-and-forward relay. Both circumstances indicate less opportunities for the
secondary system accessing the licensed resources. Therefore, jointly considering
the effect of these two links, we propose a best relay selection out of a set of
secondary transmitters on the criterion

STm∗ = arg min max
m∈{1,2,...,M}

{p0,m, p21,m} . (4.12)

As the link condition is known at the receivers, the best relay is selected accordingly
at the beginning of every transmission frame. Thus in the primary transmission
session, only the best relay and the PR send back the acknowledgements, which
makes the following transmission sessions identical to the scenario of a single pair
of ST and SR. The pmf of the number of transmissions for Session 1 becomes

P {Bsr
1 } =

(
Bsr

1 − 1

Np − 1

)
(p11p0,m∗)Bsr

1 −Np(1 − p11p0,m∗)Np (4.13)

with the expected value

E [Bsr
1 ] =

Np

1 − p11p0,m∗

. (4.14)

The best relay selection algorithm provides flexibility and diversity in cooper-
ative communications when there are multiple secondary users capable of helping
while looking for opportunities. Clearly, jointly considering the quality of the two
links related to the relay leads to a possibly larger fraction of spectrum resources
that the secondary system can access. In that context, we further consider more
secondary users when relaying the primary message such that the secondary system
can attain more opportunities for its own transmission.

Algorithm 1 Best Relay Selection Algorithm

choose STm∗ from the ST set by the related links min max
m∈{1,2,...,M}

{p0,m, p21,m}
repeat

PT transmits packet Ik
p ∈ Ip

until PR or STm∗ receives packet Ik
p

repeat
STm∗ relays the primary message meanwhile transmits its own secondary

message
until all the packets in Ip received by the PR successfully

4.4.2 Best Relay Group Selection

To accommodate more STs in a relay group, we first define a receiving set with all
the STs which have received the primary message successfully as D. Assume that
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the PT transmits a primary packet until it is either received by the PR or by any
of the STs, the pmf of the number of transmissions in Session 1 is

P {Bgr
1 } =

(
Bgr

1 − 1

Np − 1

)
(p11

M∏

m=1

p0,m)Bgr
1 −Np(1 − p11

M∏

m=1

p0,m)Np , (4.15)

with its average significantly decreased compared to the best relay selection algo-
rithm, as

E [Bgr
1 ] =

Np

1 − p11

∏M
m=1 p0,m

. (4.16)

The number of lost packets Lp at the PR is correspondingly with the pmf

P {Lp = kp} =

(
Np

kp

)(
p11(1 −∏M

m=1 p0,m)

1 − p11

∏M
m=1 p0,m

)kp

·
(

1 − p11(1 −∏M
m=1 p0,m)

1 − p11

∏M
m=1 p0,m

)Np−kp

, (4.17)

in which Lp = | ∪M
m=1 I ′

p,m|. Furthermore, for each packet Ik
p ∈ ∪M

m=1I ′
p,m, there is

a set of STs receiving this packet successfully, denoted as D(k). The probability of
any STm receiving packet k is defined as

P {STm ∈ D(k)} = 1 − p0,m,

and accordingly the probability of the receiving set D(k) can be determined as

P {D(k)} =
∏

STm∈D(k)

P {STm ∈ D(k)} ·
∏

STm /∈D(k)

(1 − P {STm ∈ D(k)})

=
∏

STm∈D(k)

(1 − p0,m) ·
∏

STm /∈D(k)

p0,m. (4.18)

Within the receiving set, the primary system can choose one best secondary trans-
mitter to relay each packet Ik

p in the retransmission session. Here the best relay is
selected based on the relay link from each STm to the PR, which is

STm∗(k) = arg min
D(k)

{p21,m} . (4.19)

In that case, we have the set of best relays for all the lost packets at PR as

D∗ =
{

STm∗(k) | Ik
p ∈ ∪M

m=1I ′
p,m

}
. (4.20)

The retransmission triggered by each secondary transmitter in D∗ is the same as the
single secondary transmitter scenario. In general, we can still treat the group of STs
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as a single ST, the transmission process is the same only the relay link p21 may vary
packet to packet. The algorithm of the best group of relays selection is organized
as below. Obviously it is complicated to trace the derivations for the following
retransmission session in this non-i.i.d case, and it is straightforward to address a
lower bound on the system performance by choosing STm∗(k) = arg max

m∈{1,2,...,M}
{p21,m}

as the worst link simply limits the throughput.

Algorithm 2 Best Relay Group Selection Algorithm

repeat
PT transmits packet Ik

p ∈ Ip

until PR or any STm ∈ D(k) receives packet Ik
p

for any packets lost at PR but received at any ST, i.e., Ik
p ∈ ∪M

m=1I ′
p,m do

choose STm∗ from the receiving ST set by the best cross link p21,m and drop
the packet from the caches of other STs
end for
repeat

STm∗ ∈ D∗ relays the primary message meanwhile transmits its own sec-
ondary message
until all the packets in Ip received by the PR successfully

4.4.3 Comparison of Experimental Results

To obtain a better description on the system performance, we design an exper-
imental environment with the PT and PR located at the coordinates (0, 1) and
(1, 1), while assuming there are M = 2K pairs of ST and SR randomly located in
a square area between [−2, 2] on the x-axis and [−1, 3] on the y-axis. Without loss
of generality, we normalize the distance between every ST and its corresponding
SR as 1. The channel model and power constraint is consistent with the settings of
the experiment in Section 4.3. Here the frame size is pre-determined as B̂ = 30 as
well, for the ease of implementation complexity. We mainly observe the through-
put performance on varying Np and different M to investigate the influences of the
transmission requirements of primary users and the number of secondary users.

In Figure 4.7a, the total throughput of the secondary system is interpreted,
where the solid line denotes the best relay selection algorithm and the dotted line
denotes the best relay group selection. With each marker, the best relay is selected
out of M = 2K STs for cooperating with the primary transmission with different
K. First of all, exploiting multiple secondary users can introduce the secondary
throughput improvement compared to the single user pair scenario. Yet when the
number of secondary users increases, the improvement gets smaller. We speculate
that it is because of the limited scope of our experimental network, since the density
of users affects the difference of link qualities between each other. Secondly, we
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Figure 4.7: Comparison of system throughput for two relay selection algorithms on
the number of M = 2K randomly located pairs of ST and SR.
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compare the two relay selection algorithms. As the throughput difference of varying
K for the multiple-relay selection is even smaller, we choose one of them with K = 2
as a demonstration. When the number of transmitted primary packets is small, the
advantage of the best relay group selection algorithm is not shown significantly.
However, when Np keeps increasing, the stability of the secondary system with
more potential relays is better retained and the secondary system can gain more
spectrum resources for its own transmission.

In our experiment, we determined the frame size and the number of primary
packets, and thus the throughput performance of the primary system maintains the
same level no matter how many secondary users exist. Therefore, in Figure 4.7b, the
curves for two relay selection algorithms almost coincide with all K values. Except
that when Np goes larger and almost approaches the frame size, the throughput
performance for the multiple-relay selection keeps increasing, while the single relay
selection is infeasible anymore. This result provides us an optimistic inference that
with more potential relays, more primary traffic loads can be delivered in the same
amount of resources. With enlarged network scope and number of transmitted
packets, the best relay group selection algorithm will perform better.

4.5 Extension to Multiple Primary-user Scenario

In this section, we extend our study to a network comprised of multiple pairs
of primary users and one pair of secondary users. In contrast to the multiple
secondary-user scenario in Section 4.4, here we consider another application sce-
nario commonly existed. In practical wireless networks, the transmission coverage
of different devices may overlap with each other. One user located in an over-
lapped area may receive several messages from different transmissions based on the
broadcast characteristic in wireless communications. In cognitive radio systems,
this property brings more opportunities for cognitive users accessing the spectrum
resources. An example of a network architecture is shown in Figure 4.8, where the
secondary system chooses one primary transmission pair to cooperate with among
all the detected primary transmissions. Current study on multiple primary users
mostly considers underlay cognitive radio networks, where only the interference is
considered [DYB+12, DEY+14]. Our study proposes a strategy on best coopera-
tion selected by the secondary users to maximize the performance gain for both
systems. The system model is standardized as in Figure 4.9.

Assume there are M pairs of primary transmitter and receiver where each PTm

has information Ip,m to be delivered to the given PRm with m ∈ {1, 2, ...,M}.
Within all primary user pairs, how to choose one of them by the secondary users to
cooperate with is our main concern. The transmission process is divided into three
sessions as well. In Session 1 the PTs transmit, and in Session 2 the ST transmits.
In Session 3, the ST takes on the role of relay for the selected PT-PR pair meanwhile
getting rewarded for its own transmission. Different from the two relay selection
algorithms in multiple secondary-user scenario, we decide to choose only one pair of
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Figure 4.8: An example of a primary system with overlapping cells, coexisting with
a pair of secondary transmitter and receiver seeking the opportunity to access the
spectrum by cooperating with the primary transmission.

PT-PR to cooperate with. Due to the limited capability on caching and operating
at the secondary users, choosing a single pair of primary users to cooperate with
can efficiently reduce the complexity attached to user equipment.

As we discussed, the system performance is related to the quality of correspond-
ing links, which determines the condition of receiving and relaying at the secondary
users. Therefore, we propose a best cooperative strategy on a criterion jointly con-
sidering the relay-related channels,

PTm∗ = arg min max
m∈{1,2,...,M}

{p0,m, p21,m, p12,m} . (4.21)

As the link condition is known at the receivers, the primary transmission selected
by the ST to cooperate with is determined accordingly at the beginning of every
frame. The analysis on the transmission process is then identical to the scenario
with a single pair of PT and PR.

To obtain a better demonstration on the system performance in multiple pri-
mary user scenario, we design an experimental environment with the ST and SR
located at the coordinates (0,−1) and (1,−1), while assuming there are M = 2K

pairs of PT and PR randomly located in a square area between [−2, 2] on the x-
axis and [−3, 1] on the y-axis. The channel model and power constraint are kept
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Figure 4.9: Cognitive radio system with multiple pairs of primary transmitter and
receiver.

consistent. We mainly observe the throughput performance against varying Np

and different M to investigate the influences of the transmission requirements and
the number of primary users. As shown in Figure 4.10a, with each marker, one
pair of primary transmitter and receiver is selected out of M = 2K pairs by the
secondary user with different K. The secondary throughput is significantly im-
proved with more options to choose from for cooperation. Secondary users can
obtain more opportunities for their own transmissions by cooperating with one pri-
mary transmission with the best relay-related channel qualities. In our experiment,
we still determine the frame size and the number of primary packets, and thus
the throughput performance of the primary system maintains the same. In Fig-
ure 4.10b, throughput of the chosen primary transmission by the secondary users
is depicted. From both plots we see, when more potential primary users exist, both
the primary and the secondary system maintain a better stability as the spectrum
efficiency gets increased. Besides, the performance of multi-user scenario (denoted
by solid lines) is tremendously better than single-user scenario (denoted by dashed
line).
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Figure 4.10: Comparison of system throughput on the number of M = 2K randomly
located pairs of PT and PR.
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4.6 Conclusions

Summary In this chapter, we investigated a smart spectrum sharing policy on
the basis of smart cooperation with binary network coding studied in Chapter 3.
To probe the applications in practical wireless communications, we extended the
system to multi-user scenarios. With all the efforts, we promoted the study on
cooperative communications with cognitive users to a more realistic use case with
hierarchical service levels and smart resource allocations.

Based on the network coding schemes and the performance evaluation method
in the previous chapter, we proposed a selective cooperation mechanism. By ana-
lyzing cooperation cases under different circumstances, this mechanism was shown
to be able to realize an intelligent spectrum sharing in cognitive radio systems.
Accordingly, we studied an optimization problem on resource allocation: the maxi-
mization of the secondary system throughput under the constraint of no detrimental
impact on the primary system. Both analytical solutions and numerical results were
provided with applying the adaptive network coding scheme as an exemplar. We
discussed the feasible area for the selective cooperation by the secondary system
and it showed that the secondary system can maintain or improve the primary per-
formance only when the quality of relay channel is better than the direct channel for
primary transmission. Our main conclusion is that the system performance can be
optimized with an appropriate spectrum sharing policy. Extensions to a multiple
secondary-user network and a multiple primary-user network were studied respec-
tively. In the multiple secondary-user scenario, with the selection of the best sec-
ondary transmitter(s) assisted, a better performance of the primary system can be
achieved and more opportunities for the secondary users can be obtained to access
the resource for their own transmission. Meanwhile, in the multiple primary-user
scenario, only one primary transmission pair is selected on a best selection criterion,
considering a proper requirement on extra capability for the secondary users. Both
scenarios signified smart cooperations between hierarchical user systems.

Remarks This chapter is an extended and deepened work on the basis of Chap-
ter 3, as well as a supplement. Fully applying the cooperation on binary network
coding schemes and the performance evaluation method, we establish a smart net-
work infrastructure with an intelligent spectrum sharing policy. Our work provides
guidelines and solutions for more complex hierarchical networks in practical appli-
cations.

So far, we have discussed the issues in packet-based networks, where channels
were modeled in Rayleigh fading model but considered in time-frequency blocks as
a unit of packet transmission. For each transmission of a packet, we defined a link
outage probability to model the transmission success as a Bernoulli process. This
channel model is discrete and similar to digital channel models, such as, packet
erasure channels. For a more realistic network environment, we induce the channel
model from discrete to continuous by considering bit rate over Rayleigh fading chan-
nel in Chapter 5. In this circumstance, we study resource sharing strategy from the
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time-frequency domain further to power domain. Furthermore, we generalize the
network model into more common applications supporting diverse communication
modes, with a more common definition on user hierarchy.



Chapter 5

Non-orthogonal Multiple Access on

Conditional Cooperation

In this chapter, we investigate non-orthogonal multiple access (NOMA) in coop-
erative communications with hierarchical users, in contrast with the orthogonal
multiple access (OMA) in Chapter 3 and 4. First we present the goals of this
chapter as in the following list.

• Describe how NOMA can be applied in cooperative communications,
especially how it supports coexisting diverse communication modes.

• Propose a joint OMA and NOMA protocol in the design of transmis-
sion process, based on a network model with hierarchical users.

• Propose two cooperation schemes with and without decoding the re-
lay message conditioning on the status of cooperative users.

• Derive the achievable rate regions under the Rayleigh fading chan-
nel model and provide insights on resource allocation strategies with
NOMA at transmitters.

• Formulate and solve an optimization problem for joint time sharing
and power allocation.

• Illustrate our results through numerical examples based on a geomet-
rical model, highlighting the impact of user geometry on the achiev-
able rates as well as the optimal resource sharing of the joint OMA
and NOMA protocol.

Objectives of the Chapter.

93
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Organization of the Chapter This chapter consists of 8 sections. In Section 5.1
we introduce non-orthogonal multiple access in cooperative communications, espe-
cially with smart users applying a smart resource allocation strategy. In Section 5.2
we define a generalized system model and two use cases. In Section 5.3 an idle-relay
case is analyzed with the cooperative user staying idle during the transmission of
high-priority users. An optimization problem is studied on determining the opti-
mal resource allocation strategy in Section 5.4. On the contrary, a busy-relay case
is analyzed in Section 5.5 and 5.6 where the cooperative user has a transmission
request from the source at the same time as other users. In Section 5.7 we illustrate
our results through numerical simulations taking into account the geometry of the
users. In Section 5.8 we close the chapter with concluding remarks.

5.1 Introduction to NOMA in Cooperative

Communications

Review of Chapter 3 and 4 In Chapter 3 and 4, we studied hierarchical net-
works with cognitive users seeking opportunities to access the licensed spectrum
resources. We divided the transmission frame into 3 sessions in the time domain, so
that the cognitive users orthogonally access the spectrum resource with legitimate
users. In that case, the systematic analysis could be approached on packet level,
on which the binary network coding schemes could be implemented. Our study
therefore rendered insights into network services and showed a great potential on
extensive use.

On other hand, to access spectrum resource in the time domain orthogonally,
transmitters with different transmission requests are not allowed to transmit simul-
taneously. Therefore, the flexibility and efficiency of wireless networks get limited.
We then consider a non-orthogonal multiple access for hierarchical users, which
allows all users coexisting in the same time, frequency or code domain, and thus
offers a number of advantages accordingly.

OMA and NOMA Traditional orthogonal multiple access (OMA) [LTW04,
NHH04] is commonly used in cooperative communications, exploiting space di-
versity. Recently, there has been a substantial interest in applying non-orthogonal
multiple access (NOMA) in future wireless networks [DWY+15, DLC+17]. In con-
trast to OMA, NOMA allows all users coexisting in the same time, frequency or
code domain, and thence offers a number of advantages, including improved spec-
tral efficiency, higher throughput, and lower transmission latency. However, it does
not mean OMA schemes will be entirely replaced by NOMA since OMA might be
preferred over NOMA for certain occasions such as small cells with a small num-
ber of users. Both OMA and NOMA will coexist to fulfill varied requirements of
different services and applications.

In power-domain NOMA, empowered by superposition coding, the signals of
multiple users are superimposed at the transmitter with distinct power allocation
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Figure 5.1: An example of future mobile network connections with different types
of systems coexisted such as WPAN system, cellular system and WLAN system,
etc..

factors, and successive interference cancellation (SIC) is implemented at the re-
ceiver. In this regard, the integration of cooperative communications with NOMA
can further improve system efficiency in terms of capacity and reliability. Cur-
rent studies on cooperative NOMA mainly focus on a multicast downlink, where
users with better channel conditions decode the messages for the others, and there-
fore, these users act as relays to improve reception reliability for users with poor
connections to the base station [Cho14, KL15a, KL15b, DPP15].

Our study inquires into supporting diverse communications by hierarchical users.
In the future mobile network connections, e.g., IoT, advanced connectivity of de-
vices, systems and services is required to support a large amount of data exchange,
hierarchical structures, and intelligent use of resources. An example is shown in
Figure 5.1. In this network, different types of devices coexist within small areas
and may have to share transmission spectrum. From the previous studies, we have
learnt that the cognitive radio network is one typical definition for hierarchical net-
works by categorizing users and services into two systems with different priorities.
Our work employs the correlation and advantages of both NOMA and cognitive
radio, hence appropriately combines NOMA in a relay-based hierarchical network,
but not limited by the cognitive radio network model.

Spectrum Sharing with NOMA To support diverse communications by hi-
erarchical users, spectrum resources need to be shared based on service levels. In
underlay cognitive radio networks, secondary users are admissible only if the inter-
ference they caused does not exceed a threshold for primary users. The application
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of NOMA in secondary transmissions [LDEY16] and a combination of primary and
secondary transmissions [ZYZ+16] are investigated, respectively. In overlay cogni-
tive radio networks, secondary users serve as relays via spectrum sharing transmit-
ting a mixture of primary message and secondary message. A dynamic cooperative
scheme with secondary user scheduling strategies is proposed in [LCND17], while
[LNDC17] investigates the performance over Nakagami-m fading channels. An en-
ergy efficient relay selection and power allocation problem is studied in [CLL+15].
It is worth noting that in all these works, the transmissions of primary systems and
secondary systems are separated, where an equally divided time slot is allocated to
each system. Different from the works mentioned above, we consider supporting
hierarchical communication here. In this regard, the users are not classified strictly
into different systems with different priorities and the resource sharing should be
intelligently managed. Thus, we design a joint time-sharing and power allocation
problem to optimize the resource use in a generalized hierarchical network model.

Analog Network Coding In addition, the property of combining multiple mes-
sages in NOMA coincides with the principle of combining messages at interme-
diate nodes of network coding [ACLY00]. Extending the idea of network coding
to wireless networks, analog network coding [KGK07] allows for a (noisy) linear
combination of signals simultaneously sent from multiple sources to be forwarded
in the network. Compared to digital network coding, users applying analog net-
work coding mix signals instead of bits and forward the observed noisy superposed
signal, maybe after some processing. It alleviates the need of decoding and map-
ping the received signals that the intermediate users are not interested, or not able
to decode. In this context, analog network coding can outperform decode-and-
forward when the relay user experiences poor channel conditions from the source;
whilst decode-and-forward nevertheless avoids the impact of propagated noise if the
channel of the relay user is in good conditions. To obtain a precise measurement
on the cooperation schemes introducing analog network coding-based forward and
decode-and-forward, we compare the performance on achievable rates in different
use cases.

Our Contribution In this chapter, we consider optimized cooperation with joint
OMA and NOMA strategies in a network supporting diverse communication modes.
Based on a generalized system model, we define two use cases conditioning on the
status of the cooperative users; in each case, achievable rate regions are found
when employing different cooperation schemes. Furthermore, we investigate an
optimization problem jointly considering OMA and NOMA with time sharing and
power allocation. We solve the problem of jointly managing the spectrum resources
with time and power for each use case and discuss the optimal strategy adopted in
different application scenarios.
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5.2 System Model

We first consider a generalized cooperative network consisting of hierarchical users.
Typically the users with a higher level of service demand are defined as having
higher priority and assigned spectrum resources for transmission. Yet once they
experience poor channel conditions, the QoS is hard to be satisfied. Meanwhile,
other coexisting users demanding a lower level of service do not get a spectrum
resource assignment, and thus need to seek for transmission opportunities. Com-
pared to the direct transmission for higher level service, if the users with lower
priority experience better channel conditions, they can trade for the transmission
opportunities by providing cooperation to users with higher priority. A common
application scenario is in a cell of future cellular networks, both the uplink and
downlink transmission and D2D transmission are supported but with different ser-
vice levels. When a base station attempts to deliver a message to one user yet
the channel is weak, another user with better channels takes on the role as a re-
lay. Meanwhile, the relay can accomplish its own transmission in the D2D mode
together with transmitting the relay message. The scenario is similar to an overlay
cognitive radio network, where the uplink/downlink transmission happens in the
primary system while the D2D transmission in the secondary system.

Taking this application scenario as an example, on which we build a cooperative
network model consisting of a base station (BS) and three users (UEs) in one cell, as
shown in Figure 5.2. The BS attempts to deliver a message I1 to UE1 and(/or) I2 to
UE2. Meanwhile, UE2 has a transmission request in the D2D mode to UE3. Thus,
UE2 utilizes the opportunity of relaying I1 to UE1 to transmit its own message
I3 to UE3. With NOMA signaling at the BS, the transmission of I1 and I2 are
accomplished simultaneously. Similar to the relaying of I1 and the transmission of
I3 at UE2. The transmit power at the BS and the users are limited by Pb and Pu,
respectively. Conditioning on the status of UE2, we define an idle-relay case when
the BS only transmits I1 to UE1 and a busy-relay case when the BS transmits I1

to UE1 and I2 to UE2 at the same time.
Denote by d11, d22, d21, and d23 the distances from the BS to UE1, BS to

UE2, UE2 to UE1, and UE2 to UE3, respectively. All channels in the network
experience independent but not necessarily identical (i.n.i.d) Rayleigh fading, with

the corresponding channel coefficients gij = d
−α/2
ij hij where ij ∈ {11, 22, 21, 23}.

gij characterizes the effect of fading, with α > 0 being the path-loss exponent and
hij being a complex Gaussian variable with zero mean and unit variance. Thus,
we have hij ∼ CN (0, 1) and gij ∼ CN (0, d−α

ij ). We assume that perfect channel
information is always available at the receiver side. All channels are quasi-static
such that channel coefficients remain constant within one protocol cycle. For the
ease of exposition, the additive white Gaussian noise z0 at each user is modeled as
independent and identically (i.i.d) distributed CN (0, σ2).

The cooperative transmission process consists of two phases where a time-
division multiple access scheme is exploited for the BS transmitting in Phase I
and UE2 transmitting in Phase II. Assume that the BS decides to transmit a mes-
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Figure 5.2: System model of cooperative transmission in joint orthogonal multiple
access and non-orthogonal multiple access.

sage I1 in a fraction β (0 ≤ β ≤ 1) of the time in one protocol cycle and share the
remaining 1 − β of time to UE2. In the idle-relay case, UE2 simply listens to the
transmission of I1. In the busy-relay case, the BS transmits I1 intended for UE1
and I2 for UE2 with a split of transmit power Pb. UE2 needs to extract its own
message before relaying to UE1. In Phase II, UE2 broadcasts the superimposed
signals with a fraction of its total power Pu for relaying I1 and the remaining of
Pu for transmitting I3. Note that when UE2 is idle, the NOMA scheme is applied
at UE2 only. For the whole transmission process, the protocol we designed is joint
OMA and NOMA.

In this chapter, we study decode-and-forward and analog network coding-based
forward applied at UE2 for the relaying scheme. Two schemes are proposed as
Decode-and-Forward based NOMA (DF-NOMA) and Analog-Network-Coding based
NOMA (ANC-NOMA). In the DF-NOMA scheme, UE2 needs to decode the signal
it received before relaying. This scheme can induce a certain outage probability
for failing to decode. Therefore, it is worth discussing if it is necessary for UE2 to
decode I1. To alleviate this problem, we design an analog network coding method
applied at UE2 for simply forwarding the signal it receives without decoding re-
quired. Aside from the power allocation at UE2 in Phase II, jointly considering the
power split at BS in Phase I for the busy-relay case introduces a different resource
allocation strategy compared to the idle-relay case.

Intuitively, NOMA intends to provide a reasonable rate to the user with a strong
channel, while achieving close to the single-user bound for the weak user. We will
further show the principle of NOMA by deriving the achievable rate regions in the
following sections.
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5.3 Achievable Rate Regions in Idle-relay Case

In this section, we consider the case when UE2 stays idle, that is, the BS has
no message to deliver to UE2. Once UE2 receives I1, it will relay to UE1 whilst
transmitting I3 to UE3 simultaneously. We denote by β the factor of time sharing
for OMA and ω as the factor of transmit power allocation at UE2 for NOMA.

In Phase I, the BS transmits x1 intended for UE1 while both UE1 and UE2 are
receiving, where x1 is the signal for UE1 with zero mean and unit-power E[x⋆

1x1] =
1. Therefore, the signals y1,I received at the UE1 and y2 at the UE2 are

y1,I =
√
Pbg11x1 + z0 and y2 =

√
Pbg22x1 + z0.

Correspondingly, the signal-to-noise ratio (SNR) at each user is given by

Γ11 =
Pb|g11|2
σ2

= ρb|g11|2

Γ22 =
Pb|g22|2
σ2

= ρb|g22|2,

where ρb = Pb/σ
2 represents the transmit SNR of BS.

In Phase II, UE2 broadcasts the superimposed signals with a fraction ω (0 ≤ ω ≤
1) of its total power Pu for relaying I1 to UE1 and 1−ω of Pu for transmitting I3 to
UE3. We compare decode-and-forward and analog network coding-based forward
applied at UE2 as relaying schemes. In the DF-NOMA scheme, the decoded signal
x1 of I1 is combined with the transmit signal x3 of I3 during the transmission in
Phase II. In the ANC-NOMA scheme, the received signal y2 is combined with x3

and transmitted. Hence, the signal x13 encoded by x1 and x3 is different in each
case, given by

xd
13 =

√
ωPux1 +

√
(1 − ω)Pux3, (5.1)

xa
13 =

√
ωPu

y2

γ
+
√

(1 − ω)Pux3, (5.2)

where γ is the normalization factor used to ensure that the transmit power for
the superimposed primary signal always equals to ωPu. Thus, we have γ =√
Pb|g22|2 + σ2 and x3 is the signal of I3 transmitted by UE2 to UE3 with zero

mean and unit-power E[x⋆
3x3] = 1. Correspondingly, the received signal y1,II at

UE1 and y3 at UE3 can be denoted as

y1,II = g21x13 + z0 and y3 = g23x13 + z0.

According to the principle of NOMA, the receivers may have two decoding
strategies based on the quality of the channels. When |g21|2 ≥ |g23|2, UE1 can
decode x3 first, and then strip this interference off the received signal before decod-
ing x1; while UE3 will treat x1 as noise and decode x3 directly. Vice versa when
|g21|2 < |g23|2.
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For DF-NOMA, if UE2 can decode x1 from Phase I, the received signal yd
1,II at

UE1 in Phase II is superimposed with x1 and x3 degraded by g21,

yd
1,II =

√
ωPug21x1 +

√
(1 − ω)Pug21x3 + z0;

and similarly, the received signal yd
3 at UE3 is the same superimposed signal but

degraded by g23. Hence, the corresponding SNR at UE1 and UE3 for each decoding
strategy is derived as

{
Γd

21 = ωρu|g21|2
Γd

23 = (1−ω)ρu|g23|2

ωρu|g23|2+1

if |g21|2 ≥ |g23|2; (5.3)

{
Γd

21 = ωρu|g21|2

(1−ω)ρu|g21|2+1

Γd
23 = (1 − ω)ρu|g23|2

if |g21|2 < |g23|2, (5.4)

where ρu = Pu/σ
2 represents the transmit SNR of UE2.

For ANC-NOMA, UE2 simply forwards y2 from Phase I, the received signal
ya

1,II at UE1 in Phase II is superimposed with x1 and x3 and the propagated noise
degraded by g21,

ya
1,II =

√
ωPbPug22g21

γ
x1 +

√
(1 − ω)Pug21x3 +

√
ωPug21

γ
z0 + z0.

Similar to the received signal ya
3 at UE3, the corresponding SNR at UE1 and UE3

for each decoding strategy is

{
Γa

21 = ωρu|g21|2ρb|g22|2

ωρu|g21|2+ρb|g22|2+1

Γa
23 = (1−ω)ρu|g23|2

ωρu|g23|2+1

if |g21|2 ≥ |g23|2; (5.5)

{
Γa

21 = ωρu|g21|2ρb|g22|2/(ρb|g22|2+1)
(1−ω)ρu|g21|2+ωρu|g21|2/(ρb|g22|2+1)+1

Γa
23 = (1−ω)ρu|g23|2

ωρu|g23|2/(ρb|g22|2+1)+1

if |g21|2 < |g23|2. (5.6)

From the aforementioned analysis, we see that with the NOMA scheme, the
receiver with a better channel can decode any data that the other receiver can
successfully decode. Thus, it is able to perform SIC to decode the transmit signal
for the other receiver and proceed to subtract this signal and then decode its own
data. The other receiver with a weaker channel treats the signal for the strong user
as noise and then decodes its own data directly.

5.3.1 Decode-and-Forward NOMA

As we discussed in the previous section, for the decode-and-forward protocol, UE2
needs to fully decode x1 from its received signal in Phase I. Thus, the achievable rate
R1 for UE1 is constrained by both the direct link and the relay link. Meanwhile,
the achievable rate R3 for UE3 is only related to the transmission in Phase II.
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The achievable rate pair (Rd
1 , R

d
3) is given in the following region:

Rd
1 = min

{
R12, R̄1

}
(5.7a)

Rd
3 = (1 − β) log (1 + Γd

23) (5.7b)

for every possible time sharing factor β and power allocation factor ω.

Proposition 5.1.

Proof. The achievable rate region can be interpreted as follows. Firstly, R12 implies
the maximum rate at which UE2 can reliably decode the message for UE1 with

R12 = β log (1 + Γ22) , (5.8)

where β is the time-sharing factor denoting the fraction of degree-of-freedom al-
located to the transmission in Phase I. R̄1 represents the maximum rate at which
UE1 can reliably decode the message given repeated transmissions from the BS and
UE2. Requiring both the UE2 and UE1 to decode the signal without error results
in the minimum of the two maximum rates in (5.7a). By exploiting maximum-ratio
combining (MRC) at the receivers, R̄1 is given by

R̄1 =β log (1 + Γ11 + Γd
21)

+ (1 − 2β) log (1 + Γd
21) , β ∈ [0, 0.5] ; (5.9a)

R̄1 =(1 − β) log (1 + Γ11 + Γd
21)

+ (2β − 1) log (1 + Γ11) , β ∈ [0.5, 1] . (5.9b)

Secondly, the D2D transmission only shares 1 − β of degree-of-freedom in Phase
II, where 1 − ω of the total transmit power is allocated to transmit the message to
UE3. Therefore, the maximum rate at which UE3 can decode the message reliably
is represented as in (5.7b). �

5.3.2 Analog-Network-Coding NOMA

To alleviate the need of fully decoding the received signal at the relay users, we
propose analog network coding to simply forward the received signal. However, the
system performance is limited by the propagated noise. To investigate the impact
of noise, we derive the achievable rate region in detail.
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The achievable rate pair (Ra
1 , R

a
3) is given in the following region:

Ra
1 (see (5.11)) (5.10a)

Ra
3 = (1 − β) log (1 + Γa

23) (5.10b)

for every possible time sharing factor β and power allocation factor ω.

Proposition 5.2.

Proof. Different from DF-NOMA, it is not necessary for UE2 to decode the message
for UE1 based on the transmission in Phase I here. In this case, the transmission
rate of the BS is not limited by the link to UE2. The maximum rate at which
UE1 can reliably decode the message is determined by the repeated transmissions
from the BS and UE2 with MRC. The UE2 simply superimposes the received signal
from Phase I to its own signal and transmits it in Phase II. As shown in (5.2), the
relayed signal is normalized by γ with the additive noise. The achievable rate for
UE1 is then impacted by the propagated noise as

Ra
1 =β log (1 + Γ11 + Γa

21)

+ (1 − 2β) log (1 + Γa
21) , β ∈ [0, 0.5] ; (5.11a)

Ra
1 =(1 − β) log (1 + Γ11 + Γa

21)

+ (2β − 1) log (1 + Γ11) , β ∈ [0.5, 1] . (5.11b)

For the D2D transmission, it is similar to the DF-NOMA scheme except that UE3
is impacted by the propagated noise as well. �

5.3.3 Comparison of Two NOMA Schemes

Based on the achievable rate regions derived above, we compare the performance
of two NOMA schemes in an experimental environment. Considering that the D2D
communication mode is more flexible and the users employing D2D communications
are moving more frequently, we assume that the location of the BS and UE1 are fixed
at coordinates (0, 0) and (1, 0). The distances between other users are normalized
w.r.t the BS-UE1 distance. Without loss of generality, the distance between the
UE2 and UE3 is also fixed as 1. The pass-loss exponent α is assumed as 3 in the
channel model. The power constraints at both transmitters are Pb = Pu = 10.
The additive white Gaussian noise at each receiver is assumed with unit-power,
i.e., σ2 = 1. Therefore, ρb = ρu = 10dB. Each possible set of (β, ω) yields a
pentagon-shaped rate region. We vary the parameters over a sufficiently fine grid
and take the convex hull over all corresponding rate regions.

In Figure 5.3, we plot the rate regions for varying positions of UE2. The solid line
corresponds to the first rate region we plotted with the UE2 located at (0.4,−0.4),
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Figure 5.3: Rate regions for DF-NOMA and ANC-NOMA schemes with varying
positions of UE2 in the idle-relay case. For each position, the corresponding d22 =
{0.57, 0.4, 0.8, 1.26} and d21 = {0.72, 1.08, 1.28, 1.34}.
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denoted by region 1, the dotted line corresponds to region 2 at (0,−0.4), the dash-
dotted line to region 3 at (0,−0.8), and the dash line to region 4 at (−0.4,−1.2).
The corresponding UE3 varies its location with UE2 but keeps a fixed distance
d23 as 1. We can see that the rate region alters with the position of UE2, which
determines the quality of relay-related channels w.r.t the distance between corre-
sponding users. Figure 5.3a depicts the rate regions achievable by the DF-NOMA
scheme while Figure 5.3b depicts the rate regions by the ANC-NOMA scheme. We
observe that the ANC-NOMA scheme performs strictly better than the DF-NOMA
scheme, except for the corner point of R3 as the distance d23 between the UE2
and UE3 is fixed. For example, with UE2 located at (0.4,−0.4), while maintaining
R3 at 1.5 bits/s/Hz, ANC-NOMA can provide R1 a rate of around 4.3 bits/s/Hz
while DF-NOMA can only provide a rate of around 2.7 bits/s/Hz. With a varying
position of the UE2, the distance d21 between the UE2 and UE1 increases. That
is, the contribution from relaying becomes less when the relay channel gets worse.
The advantage by NOMA diminishes and thus the achievable rate region for both
schemes decreases.

Furthermore, one can show that there are two rate regions of the DF-NOMA
scheme and three rate regions of the ANC-NOMA scheme coincided even though
the position of UE2 varies. Especially, it is the boundary of rate regions achiev-
able with optimal orthogonal schemes. Herein, d21 between the UE2 and UE1 is
larger than the direct distance d11 between the BS and UE1. That is, the relay
channel is weaker than the direct channel. Accordingly, even if the UE2 is allowed
to use only a small amount of transmit power for its transmission to UE3 and to
cause small amount of interference to UE1, the UE1 will not benefit from relaying
because of the poor channel quality and the UE3 will also get a large degradation
on its performance. On the contrary, to achieve near single-user performance, the
transmissions of both users require a significant fraction of the channels. Therefore,
when the relay channel does not sustain a better performance than the direct chan-
nel of transmission to UE1, the performance of NOMA schemes degrades to the
optimal OMA schemes. Additionally, since the DF-NOMA scheme has to decode
the message I1 first, it is limited by the quality of the channel between the BS and
UE2. In other words, the rate region of the DF-NOMA scheme is limited by both
d22 and d21. In Figure 5.3a, we see that the regions decrease with growing d21 in
general. Moreover, when d21 > d11, the regions are outbounded by the boundary
of optimal OMA schemes even though d22 is small (see rate regions 2 and 3 in
figure). Eventually, with increasing d22, the rate region of the DF-NOMA scheme
decreases as rate region 4. In contrast to Figure 5.3a, the regions in Figure 5.3b
are bounded by the same boundary of optimal OMA schemes, as the performance
of ANC-NOMA is not influenced by the channel with d22 (see rate regions 2, 3 and
4 in figure). The experimental results clearly show that ANC-NOMA outperforms
DF-NOMA, and our proposed joint OMA and NOMA protocol has a pronounced
gain in performance than OMA schemes in certain scenarios.
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5.4 Optimal Resource Sharing in Idle-relay Case

In the previous section, we compared the achievable rate regions of two relay
schemes. The performance gain of NOMA and analog network coding was ana-
lytically shown. Yet the gain is limited in certain scenarios. Thus, we formulate an
optimization problem on maximizing the achievable rate of UE3 while maintaining
the performance of UE1. By solving this problem, we further discuss the applica-
tion scenarios where the performance gain can be optimized with an appropriate
strategy on time sharing together with transmit power allocation.

5.4.1 Optimization Problem on D2D Rate Maximization

The legitimate users with higher priority decide to share the spectrum resource to
low-priority users only if their performance is not degraded. Under this constraint,
the D2D users can cooperate to jointly find the optimal strategy. We formulate an
optimization problem to maximize the performance of the D2D communication as
OP:

(OP) : max
β,ω

R3(β, ω) (5.12)

s.t. R3 ≥ R0, (5.13)

R1 ≥ R0, (5.14)

R1 ≥ Rth, (5.15)

0 ≤ β ≤ 1, (5.16)

0 ≤ ω ≤ 1. (5.17)

The first two constraints determine that for a target rate R0, the receivers can
successfully decode the received signal. Constraint (5.15) shows that the D2D
communication must not degrade the performance of the legitimate users. For
the purpose, we define Rth = log(1 + Γ11) as a threshold, which is the achievable
rate of UE1 in full direct transmission without resource sharing. Constraint (5.14)
and (5.15) indicate that the requirements on legitimate users should be satisfied
simultaneously, i.e., decoding the received signal successfully and maintaining the
performance no worse than the case without resource sharing.

We notice that in general, the objective function R3 is neither a convex nor a
concave function of β and ω, and it is not amendable to a convex formulation. This
makes OP very difficult to solve. Therefore, we decompose this optimization prob-
lem into two sub-optimization problems. If both sub-optimization problems can
be solved, then a feasible solution for OP may be obtained. One sub-optimization
problem is to optimize the time sharing for a given transmit power allocation at
UE2, i.e.,

(OP1) : max
β

R3(β)

s.t. (5.13), (5.14), (5.15) and (5.16),
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and the other is to optimize the power allocation at UE2 for a given time-sharing
period 1 − β, i.e.,

(OP2) : max
ω

R3(ω)

s.t. (5.13), (5.14), (5.15) and (5.17).

Solving the Joint Optimization Problem Since it is difficult to obtain a joint
optimal solution on (β∗, ω∗), we try to make use of the solutions of OP1 and OP2.

Denote the mapping from A to B by function f as A
f7−→ B,

The joint optimal time sharing and power allocation strategy (β∗, ω∗) sat-

isfy β∗ (OP1)7−−−−→ ω∗ and ω∗ (OP2)7−−−−→ β∗.

Theorem 5.1.

Proof. We prove this theorem by contradiction. Assume there exists another fea-

sible β or ω other than (β∗, ω∗) satisfying β∗ (OP1)7−−−−→ ω or ω∗ (OP2)7−−−−→ β, the corre-
sponding R3(β∗, ω) should be larger than R3(β∗, ω∗). Similarly, there should exist
R3(β, ω∗) > R3(β∗, ω∗). This proposition obviously is a contradiction, which proves
that R3(β∗, ω∗) is optimal. �

We then develop a linear search algorithm to solve the joint optimization prob-
lem. Firstly, we find a β∗ on the feasible interval of ω and substitute it back
into problem OP1, the corresponding local optimal R3(β∗) and ω(β∗) are ob-
tained. Secondly, we find and substitute ω∗ into problem OP2 and obtain the
corresponding local optimal R3(ω∗) and β(ω∗). Finally, we determine the maxi-
mum R∗

3 = max{R3(β∗), R3(ω∗)} with the corresponding optimal solution (β∗, ω∗).
This decomposition solution leads to a more tractable optimal result.

Next, we will solve the optimization problem for the system exploiting the DF-
NOMA scheme and the ANC-NOMA scheme, respectively. Through the optimal
strategy for each scheme, we will further discuss the applications in different sce-
narios.

5.4.2 Optimization for DF-NOMA Systems

Following the decomposition method, we first solve OP1 which can be reformulated
in the system exploiting DF-NOMA scheme as

(OP1-D) : max
β

Rd
3(β)

s.t. R12 ≥ Rm,
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R̄1 ≥ Rm,

(5.13) and (5.16).

Since Rd
1 = min

{
R12, R̄1

}
, constraints (5.14) and (5.15) can be rewritten as two

inequalities with R12 and R̄1 separately. Besides, as R0 and Rth are not related to
β or ω, we denote Rm = max {R0, Rth} for simplification. Furthermore, with β on
different intervals, R̄1 has two expressions as in (5.9a) and (5.9b) which needs to
be considered in the following discussion.

Without loss of generality, we assume |g21|2 ≥ |g23|2 in solving the optimization
problems. In this case, UE1 can decode and remove the signal x3 from the received
signal; while UE3 treats the signal x1 as noise and decodes x3 directly. The objective
function can be expressed in β and ω as

Rd
3 = (1 − β) log (1 + Γd

23)

= (1 − β) log

(
1 +

(1 − ω)ρu|g23|2
ωρu|g23|2 + 1

)
,

which is monotonically decreasing with β; and the constraint function

R12 = β log (1 + Γ22)

= β log
(
1 + ρb|g22|2

)

is monotonically increasing. Meanwhile, R̄1 for β ∈ [0, 0.5] is monotonically in-
creasing when (c1) : u1 − 2u2 > 0 and decreasing when (c2) : u1 − 2u2 < 0 with
u1 = log (1 + Γ11 + Γd

21) and u2 = log (1 + Γd
21). For β ∈ [0.5, 1], R̄p is monotoni-

cally increasing when (c3) : 2u3 − u1 > 0 and decreasing when (c4) : 2u3 − u1 < 0
with u3 = log (1 + Γ11).

As Rd
3 is monotonically decreasing with β, the UE2 tends to access full degree-

of-freedom for its own transmission to maximize the achievable rate. In contrast
to the D2D communication, the UE1 only requires a threshold for its achievable
rate Rd

1 . Theoretically, the optimal β locates on the intersection of Rd
1 and Rm

if Rd
1 is increasing. However Rd

1 is limited by both R12 and R̄1, it is not obvious
if Rd

1 is monotonic or not. But we could obtain a feasible interval for β under
each condition (c1), (c2), (c3) and (c4) as in (5.18). Within the feasible interval,
the optimal solution β∗ locates on the minimum value where the maximum Rd∗

3 is
obtained.

max

{
Rm

log (1 + Γ22)
,
Rm − u2

u1 − 2u2

}
≤ β ≤ min

{
1 − R0

log (1 + Γd
23)

,
1

2

}
(c1)

(5.18a)

Rm

log (1 + Γ22)
≤ β ≤ min

{
1

2
, 1 − R0

log (1 + Γd
23)

,
Rm − u2

u1 − 2u2

}
(c2)

(5.18b)
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max

{
1

2
,

Rm

log (1 + Γ22)
,
Rm − u1 + u3

2u3 − u1

}
≤ β ≤ 1 − R0

log (1 + Γd
23)

(c3)

(5.18c)

max

{
1

2
,

Rm

log (1 + Γ22)

}
≤ β ≤ min

{
1 − R0

log (1 + Γd
23)

,
Rm − u2 + u3

2u3 − u1

}
. (c4)

(5.18d)

We then reformulate OP2 as

(OP2-D) : max
ω

Rd
3(ω)

s.t. R12 ≥ Rm,

R̄1 ≥ Rm,

(5.13) and (5.17).

The objective function Rd
3 is monotonically decreasing as ω increases. Further-

more, we notice that R12 is irrelevant to ω, while R̄1 is increasing as ω increases.
Therefore, from constraint (5.13), we see that Rd

3 is lower-bounded by R0 and thus

we can determine the upper bound of ω as min

{
(1+ρu|g23|2)/2

R0
1−β −1

ρu|g23|2 , 1

}
. Besides,

Rd
3 is supposed to be bounded by certain ω where Rd

1 and Rm interject. However,
it is difficult to derive a closed-form solution on ω. Thus we try to slightly loosen
the bound by applying Jensen’s inequality on R̄1 following Lemma 5.1.

R̄1 is concave in terms of ω for 0 ≤ ω ≤ 1.

Lemma 5.1.

Proof. Take the case β ∈ [0, 0.5] as an example,

R̄1 = β log
(
1 + ρb|g11|2 + ωρu|g21|2

)
+ (1 − 2β) log

(
1 + ωρu|g21|2

)
.

To prove R̄1 is a concave function, take the first derivative of R̄1 w.r.t ω, we have

∂R̄1

∂ω
= β

ρu|g21|2
1 + ρb|g11|2 + ωρu|g21|2 + (1 − 2β)

ρu|g21|2
1 + ωρu|g21|2

and the second derivative is

∂2R̄1

∂ω2
= −β

(
ρu|g21|2

1 + ρb|g11|2 + ωρu|g21|2
)2

− (1 − 2β)

(
ρu|g21|2

1 + ωρu|g21|2
)2

,

which is negative. Similarly for β ∈ [0.5, 1]. Thus, R̄1 is concave. �
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As a result, R̄1 is loosened using Jensen’s inequality as

R̄1 ≤ R̄†
1 = log

(
1 + βρb|g11|2 + (1 − β)ωρu|g21|2

)
.

Correspondingly, the constraint R̄1 ≥ Rm becomes R̄†
1 ≥ Rm. The relaxed feasible

interval for ω is

max

{
0,

2Rm − 1 − βρb|g11|2
(1 − β)ρu|g21|2

}
≤ ω ≤ min

{
(ρu|g23|2 + 1)/2

R0
1−β − 1

ρu|g23|2 , 1

}
. (5.19)

The optimal ω∗ is determined by the minimum value of this interval to obtain the
maximum Rd∗

3 .
So far we have analyzed two sub-optimization problems and gained some clues

on their solutions. Notice that for both sub-problems, the objective functions are
monotonic and the feasible interval of β and ω is derived respectively. Following
Theorem 5.1, we substitute β∗ into problem OP1-D and the corresponding local
optimal Rd

3(β∗) and ω(β∗) are obtained. Then, we substitute ω∗ into problem
OP2-D and obtain Rd

3(ω∗) and β(ω∗). In the end, we determine the maximum
Rd∗

3 = max{Rd
3(β∗), Rd

3(ω∗)} with the corresponding optimal solution (β∗, ω∗).

5.4.3 Optimization for ANC-NOMA Systems

Compared to DF-NOMA, the ANC-NOMA scheme avoids the need of decoding
the UE1’s message at UE2. As shown in (5.11), Ra

1 is not limited by the channel
quality from the BS to the UE2, but related to propagated noise. We decompose
the optimization problem as before and in this case, OP1 is reformulated to

(OP1-A) : max
β

Ra
3(β)

s.t. Ra
1 ≥ Rm,

(5.13) and (5.16).

We determine feasible β by discussing the monotonicity of the objective function
and the constraint functions. Interestingly, we find that the objective function Ra

3

has the same expression as Rd
3 ,

Ra
3 = (1 − β) log (1 + Γa

23)

= (1 − β) log

(
1 +

(1 − ω)ρu|g23|2
ωρu|g23|2 + 1

)
,

which is monotonically decreasing with β. On the other hand, Ra
1 for β ∈ [0, 0.5]

is monotonically increasing when (c̃1) : v1 − 2v2 > 0 and decreasing when (c̃2) :
v1 − 2v2 < 0 with v1 = log (1 + Γ11 + Γa

21) and v2 = log (1 + Γa
21). For β ∈ [0.5, 1],

Ra
1 is monotonically increasing when (c̃3) : 2v3 − v1 > 0 and decreasing when

(c̃4) : 2v3 − v1 < 0 with v3 = log (1 + Γ11).
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Similar to problem OP1-D, the transmission from BS to UE1 has a conflict of
benefits with the D2D transmission from UE2 to UE3 as it requires a rate threshold.
Intuitively, the optimal β is determined by the intersection of Ra

1 and Rm. However,
the monotonicity of Ra

1 varies with different conditions and further discussion is
demanded. The feasible interval of β under each condition (c̃1), (c̃2), (c̃3) and (c̃4)
is derived respectively, as in (5.20), and the optimal β∗ is the minimum value within
the interval.

max

{
0,
Rm − v2

v1 − 2v2

}
≤ β ≤ min

{
1 − R0

log (1 + Γa
23)

,
1

2

}
(c̃1) (5.20a)

0 < β ≤ min

{
1

2
, 1 − R0

log (1 + Γa
23)

,
Rm − v2

v1 − 2v2

}
(c̃2) (5.20b)

max

{
1

2
,
Rm − v1 + v3

2v3 − v1

}
≤ β ≤ 1 − R0

log (1 + Γa
23)

(c̃3) (5.20c)

1

2
≤ β ≤ min

{
1 − R0

log (1 + Γa
23)

,
Rm − v1 + v3

2v3 − v1

}
(c̃4) (5.20d)

On the other hand, OP2 can be reformulated as

(OP2-A) : max
ω

Ra
3(ω)

s.t. Ra
1 ≥ Rm,

(5.13) and (5.17).

Similarly, the objective function Ra
3 is monotonically decreasing as ω increases.

Thus, from constraint (5.13), Ra
3 is lower-bounded by R0 and the upper bound of ω

can be derived accordingly. However, we notice that although Ra
1 is monotonically

increasing but it is difficult to derive a closed-form solution on ω. Therefore, we
try to relax the constraint on Ra

1 by the following lemma:

Ra
1 is concave in terms of ω for 0 ≤ ω ≤ 1.

Lemma 5.2.

Proof. The proof is similar to Lemma 5.2 and therefore omitted. �

By applying Jensen’s inequality, we have

Ra
1 ≤ Ra†

1 = log

(
1 + βρb|g11|2 + (1 − β)

ωρu|g21|2ρb|g22|2
ωρu|g21|2 + ρb|g22|2 + 1

)
.

Constraint Ra
1 ≥ Rm is relaxed to Ra†

1 ≥ Rm, the lower bound on ω is therefore
derived. We have the feasible interval for ω in (5.21) and the optimal ω∗ is the
minimum value of this interval.
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max



0,

2Rm −1−βΓ11

1−β (ρb|g22|2 + 1)

ρu|g21|2
(
ρb|g22|2 − 2Rm −1−βΓ11

1−β

)



 ≤ ω ≤ min

{
(ρu|g23|2 + 1)/2

R0
1−β − 1

ρu|g23|2 , 1

}
,

if ρb|g22|2 > 2Rm − 1 − βΓ11

1 − β
; (5.21a)

0 ≤ ω ≤ min





2Rm −1−βΓ11

1−β (ρb|g22|2 + 1)

ρu|g21|2
(
ρb|g22|2 − 2Rm −1−βΓ11

1−β

) , (ρu|g23|2 + 1)/2
R0

1−β − 1

ρu|g23|2 , 1



 ,

if ρb|g22|2 < 2Rm − 1 − βΓ11

1 − β
. (5.21b)

Following Theorem 5.1, a joint optimal (β∗, ω∗) can be found by the linear search
algorithm with two local optimal solutions on β and ω. Substituting β∗ into problem
OP1-A and ω∗ into problem OP2-A, the resulting local optimal (Ra

3(β∗), ω(β∗))
and (Ra

3(ω∗), β(ω∗)) are derived. By choosing the maximum of two local optimal
Ra∗

3 = max{Ra
3(β∗), Ra

3(ω∗)}, we determine the corresponding (β∗, ω∗) as the joint
optimal solution. The numerical results will be given in Section 5.7.

5.5 Achievable Rate Regions in Busy-relay Case

In the previous sections, we discussed the use case where the users having D2D
transmission request to trade for transmission opportunities by cooperating with
other users’ transmission. Owing to the assumption that UE2 has no other commu-
nication request, it is fully dedicated to listening and relaying the message delivered
by the BS for UE1. Thus, we define it as an idle-relay case. In this section, we
consider the case when UE2 is busy, that is, the BS has a message I2 to be deliv-
ered to UE2 at the same time as to UE1. It describes a more complicated scenario
when downlink transmission and D2D transmission take place simultaneously. For
a user in idle state, it is natural to seek opportunities of spectrum access for D2D
transmission. However, when there are different network services at different levels
to support, how to accomplish the transmission request for all users is our concern.
Here we also propose a joint OMA and NOMA protocol. Different from the one in
the idle-relay case, now both the BS and UE2 apply NOMA in their transmissions.
We denote by β the factor of time sharing for OMA and θ, ω the factor of transmit
power allocation at BS and UE2 for NOMA, respectively.

In the busy-relay case, the BS transmits x1 to UE1 and x2 to UE2 in Phase
I where x2 is the signal of I2 with zero mean and unit-power E[x⋆

2x2] = 1. With
power split parameter θ, the signal transmitted by BS is a mixture of x1 and x2,

x′
12 =

√
θPbx1 +

√
(1 − θ)Pbx2.



112 Non-orthogonal Multiple Access on Conditional Cooperation

Accordingly, the signals y′
1,I received at UE1 and y′

2 at UE2 are

y′
1,I = g11x

′
12 + z0 and y′

2 = g22x
′
12 + z0.

Similarly, based on the channel quality, UE2 has two decoding strategies. When
|g22|2 ≥ |g11|2, UE2 is able to decode x1 first, and then extract the interference out
of the received signal before decoding x2; while UE1 treats x2 as noise. For decoding
x1, the SNR at the UE2 is

Γ′
1,2 =

θρb|g22|2
(1 − θ)ρb|g22|2 + 1

. (5.22)

Conditioning on successfully decoding x1, UE2 subtracts x1 and decodes x2. Then,
the SNR at UE1 to detect x1 and at UE2 to detect x2 is given by

Γ′
11 =

θρb|g11|2
(1 − θ)ρb|g11|2 + 1

, (5.23)

Γ′
22 = (1 − θ)ρb|g22|2. (5.24)

On the other hand, when |g22|2 < |g11|2, UE2 treats x1 as noise but UE1 will decode
x2 before x1. In this case, the SNR at the UE1 to decode x2 is

Γ′
2,1 =

(1 − θ)ρb|g11|2
θρb|g11|2 + 1

. (5.25)

Thus, the SNR at UE1 to detect x1 and at UE2 to detect x2 is given by

Γ′
11 = θρb|g11|2, (5.26)

Γ′
22 =

(1 − θ)ρb|g22|2
θρb|g11|2 + 1

. (5.27)

An interesting observation here is, when the receiving channel of UE2 performs
better than UE1, UE2 is able to decode both messages from the BS. As a result,
UE2 can exploit the decode-and-forward scheme to relay the message to UE1 in the
next phase. When the receiving channel of UE1 outperforms UE2, although UE2
could not decode x1, it can extract x2 out of the received signal and then relay the
remaining part to UE1. Obviously the analog network coding-based scheme can be
exploited for relaying. Through the analysis above, we find that the transmission
process in the busy-relay case can still be classified as two schemes, the DF-NOMA
scheme and the ANC-NOMA scheme. Therefore, we re-denote the SNRs above as
Γd′

11 in (5.23), Γd′

22 in (5.24), Γa′

11 in (5.26) and Γa′

22 in (5.27).
Same as the idle-relay case, in Phase II, UE2 broadcasts the superimposed

signals with a fraction ω (0 ≤ ω ≤ 1) of its total power Pu for relaying I1 to UE1
and 1 − ω of Pu for transmitting I3 to UE3. In DF-NOMA scheme, the decoded
signal x1 of I1 is combined with the transmit signal x3 of I3. In ANC-NOMA
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scheme, the signal extracted from y′
2 is combined with x3 and transmitted. Hence,

the transmit signal x′
13 encoded by x1 and x3 is different in each case, given by

xd′

13 =
√
ωPux1 +

√
(1 − ω)Pux3, (5.28)

xa′

13 =
√
ωPu

√
θPbg22x1 + z0

γ′ +
√

(1 − ω)Pux3, (5.29)

where γ′ is the normalization factor used to ensure that the transmit power for the
signal of I1 always equals ωPu. Thus, we have γ′ =

√
θPb|g22|2 + σ2. Correspond-

ingly, the received signal y′
1,II at UE1 and y′

3 at UE3 can be denoted as

y′
1,II = g21x

′
13 + z0 and y′

3 = g23x
′
13 + z0.

When |g21|2 ≥ |g23|2, UE1 can decode x3 first, and then strip this interference off
the received signal before decoding x1; while UE3 will treat x1 as noise and decode
x3 directly. Vice versa when |g21|2 < |g23|2.

5.5.1 Decode-and-Forward NOMA

For DF-NOMA, since UE2 has decoded x1 in Phase I, the transmit signal xd′

13 is
directly superimposed with x1 and x3 in Phase II, and the received signal at UE1
is degraded by g21,

yd′

1,II =
√
ωPug21x1 +

√
(1 − ω)Pug21x3 + z0;

and similarly, the received signal at UE3 is the same but degraded by g23. With
the same decoding strategies as in the idle-relay case, the corresponding SNR at
both receivers for each decoding strategy are derived as

{
Γd′

21 = ωρu|g21|2
Γd′

23 = (1−ω)ρu|g23|2

ωρu|g23|2+1

if |g21|2 ≥ |g23|2; (5.30)

{
Γd′

21 = ωρu|g21|2

(1−ω)ρu|g21|2+1

Γd′

23 = (1 − ω)ρu|g23|2
if |g21|2 < |g23|2. (5.31)

We notice that the received signal and the corresponding SNR at each receiver in
Phase II here is exactly the same as in the idle-relay case, shown in (5.3) and (5.4).
Then the difference lies in the transmission in Phase I only when deriving the rate
regions.

Specifically, there is an additional message I2 delivered to UE2. We then con-
sider the achievable rates as follows.
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The achievable rates
(
Rd′

1 , R
d′

2 , R
d′

3

)
is given in the following region:

Rd′

1 = min
{
Rd′

1,2, R̄
d′

1

}
(5.32a)

Rd′

2 = β log
(

1 + Γd′

22

)
(5.32b)

Rd′

3 = (1 − β) log
(

1 + Γd′

23

)
(5.32c)

for every possible time sharing factor β and power allocation factors θ and
ω.

Proposition 5.3.

Proof. Different from the idle-relay case, UE2 needs to decode both x1 and x2 since
the BS transmits a combined signal with a power split factor θ. In our study, UE2
decodes x1 first, then x2. The transmission rate of the BS is therefore limited by
the link to UE2 as

Rd′

1,2 = β log
(
1 + Γ′

1,2

)
. (5.33)

R̄d′

1 represents the maximum rate at which UE1 can reliably decode I1 given re-
peated transmissions from the BS and UE2. Requiring both the UE2 and UE1 to
decode the signal without error in two phases results in the minimum of the two
maximum rates in (5.32a). By exploiting MRC at the receivers, R̄d′

1 is given by

R̄d′

1 =β log
(

1 + Γd′

11 + Γd′

21

)

+ (1 − 2β) log
(

1 + Γd′

21

)
, β ∈ [0, 0.5] ; (5.34a)

R̄d′

1 =(1 − β) log
(

1 + Γd′

11 + Γd′

21

)

+ (2β − 1) log
(

1 + Γd′

11

)
, β ∈ [0.5, 1] . (5.34b)

Additionally, the achievable rate for UE2 reliably decoding x2 is determined by
the transmission in Phase I only as in (5.32b), while for UE3 it is determined by
the transmission in Phase II only as in (5.32c). In the following discussions, we
mainly focus on Rd′

1 and Rd′

3 in comparison to the idle-relay case. �

5.5.2 Analog-Network-Coding NOMA

For ANC-NOMA, UE2 only decodes x2 and subtracts it from y′
2 in Phase I. With

x3 superimposed, the received signal ya′

1,II at UE1 in Phase II is impacted by the
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propagated noise from UE2 as

ya′

1,II =

√
θωPbPug22g21

γ′ x1 +
√

(1 − ω)Pug21x3 +

√
ωPug21

γ′ z0 + z0,

and similar to the received signal ya′

3 at UE3. The corresponding SNR at UE1 and
UE3 for each decoding strategy is

{
Γa′

21 = θρb|g22|2ωρu|g21|2

ωρu|g21|2+θρb|g22|2+1

Γa′

23 = (1−ω)ρu|g23|2

ωρu|g23|2+1

if |g21|2 ≥ |g23|2; (5.35)

{
Γa′

21 = θρb|g22|2ωρu|g21|2/(θρb|g22|2+1)
(1−ω)ρu|g21|2+ωρu|g21|2/(θρb|g22|2+1)+1

Γa′

23 = (1−ω)ρu|g23|2

ωρu|g23|2/(θρb|g22|2+1)+1

if |g21|2 < |g23|2. (5.36)

We then derive the achievable rate region in detail.

The achievable rates
(
Ra′

1 , R
a′

2 , R
a′

3

)
are given in the following region:

Ra′

1 (see (5.38)) (5.37a)

Ra′

2 = β log
(

1 + Γa′

22

)
(5.37b)

Ra′

3 = (1 − β) log
(

1 + Γa′

23

)
(5.37c)

for every possible time sharing factor β and power allocation factors θ and
ω.

Proposition 5.4.

Proof. Different from DF-NOMA, UE2 is not able to decode the message for UE1
for the poor channel condition here. In this case, the transmission rate of the BS
is not limited by the link to UE2. The maximum rate at which UE1 can reliably
decode the message is determined by the repeated transmissions from the BS and
UE2 with MRC. The UE2 extracts its own signal x2 out of the received signal and
then superimposes the remaining part to x3 aimed for UE3. As shown in (5.29),
the relayed signal is normalized by γ′ with the additive noise. The achievable rate
for UE1 is therefore impacted by the propagated noise as

Ra′

1 =β log
(

1 + Γa′

11 + Γa′

21

)

+ (1 − 2β) log
(

1 + Γa′

21

)
, β ∈ [0, 0.5] ; (5.38a)

Ra′

1 =(1 − β) log
(

1 + Γa′

11 + Γa′

21

)
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+ (2β − 1) log
(

1 + Γa′

11

)
, β ∈ [0.5, 1] . (5.38b)

For Ra′

2 and Ra′

3 , the derivation is similar to that of the DF-NOMA scheme. �

5.5.3 Comparison of Two NOMA Schemes

A major difference of the busy-relay case from the idle-relay case is that, the relay
scheme is determined naturally by the quality of the channels in coefficients g11 and
g22. Therefore, in this use case, how to choose the cooperation scheme is not our
concern anymore, compared to the idle-relay case. Based on the achievable rate
regions derived above, we compare the performance of two NOMA schemes in an
experimental environment. All the parameters of experiments are consistent with
the ones in Subsection 5.3.3 and we depict the rate regions for UE2 with varying
positions.

In Figure 5.4, we plot the rate regions for varying positions of UE2 on two rate
pairs. Figure 5.4a depicts the achievable rate regions on (R′

1, R
′
3) while Figure 5.4b

depicts the rate regions on (R′
1, R

′
2). According to each user position, we calculate

the distance of d22 and compare it to d11, since channel quality is with regard
to distance in our channel model. As we defined before, when d22 ≤ d11, UE2
is able to decode x1 so that DF-NOMA scheme is applied. In our experiment,
rate regions 1, 2 and 3 represent the performance when exploiting DF-NOMA as
herein d22 < d11; while region 4 represents the performance when exploiting ANC-
NOMA with d22 > d11. There are three rate regions coincided in Figure 5.4a even
though different schemes are exploited here. It is also the boundary of rate regions
achievable with optimal orthogonal schemes. If we look back on Figure 5.3 for the
idle relay again, the difference lies in a smart switch of relay schemes based on
channel quality variation. When d22 increases, UE2 will choose ANC-NOMA to
avoid decoding x1 so that it is not limited by the quality of channel between the
BS and UE2. Meanwhile, with d21 increasing, the relay channel does not sustain
a better performance than the direct transmission to UE1, the performance of
NOMA schemes is bounded by the the boundary of optimal OMA schemes but not
influenced by the channel with d22. Furthermore, we notice that with an additional
requirement on decoding x2 at UE2, UE1 can only achieve a rate with DF-NOMA
scheme as in the idle-relay case. Thus in Figure 5.4b, we discuss the relation
between R′

1 and R′
2. We observe that R′

2 is simply determined by the quality of
channel between BS and UE2. As shown in the plot, rate region 2 performs the
best on R′

2 because d22 is the shortest in this case.

Through the analysis above, we get insights into the impact of channel qualities
on the achievable rate of each user. Moreover, considering varying channel qualities,
the resource allocation strategy should be adjusted. We then form an optimization
problem to find an appropriate resource sharing strategy in certain application
scenarios.
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Figure 5.4: Rate regions on different rate pairs with varying positions of UE2 in
the busy-relay case. For each position, the corresponding d22 = {0.57, 0.4, 0.8, 1.26}
and d21 = {0.72, 1.08, 1.28, 1.34}.
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5.6 Optimal Resource Sharing in Busy-relay Case

To contrast with the discussion in the idle-relay case, in this section, we also for-
mulate an optimization problem on maximizing the achievable rate of UE3. Differ-
ently, the resource allocation strategy considered in busy-relay case includes three
factors. Other than the time-sharing factor β and transmit power allocation factor
ω at UE2, another transmit power allocation factor θ is also considered at the BS.

5.6.1 Optimization Problem on D2D Rate Maximization

Similar to Subsection 5.4.1, we formulate an optimization problem to maximize the
performance of the D2D communication:

(OP′) : max
β,θ,ω

R′
3(β, θ, ω) (5.39)

s.t. R′
3 ≥ R0, (5.40)

R′
2 ≥ R0, (5.41)

R′
1 ≥ R0, (5.42)

0 ≤ β ≤ 1, (5.43)

0 ≤ θ ≤ 1, (5.44)

0 ≤ ω ≤ 1. (5.45)

An additional constraint (5.41) on R′
2 is considered here to ensure the successful

decoding for I2 at UE2. With this decoding requirement, we adjust the threshold
on performance of UE1 in contrast to Rth in the idle-relay case. As we analyzed
in Section 5.5, BS sends I1 and I2 simultaneously to UE1 and UE2 with a power
split; therefore, choosing the full power transmission rate for UE1 as a threshold
is not appropriate anymore, such as constraint (5.15) in OP. In our scenario, we
simply assume that for a target rate R0, UE1 can successfully decode the received
signal, as in (5.42). Under this condition, UE1 and UE2 are in equal priority.

Similar to the idle-relay case, the objective function R′
3 is neither a convex nor

a concave function of β, θ and ω, and it is not amendable to a convex formulation.
Therefore, we decompose this optimization problem into three sub-optimization
problems, each of which determines on one resource allocation factor while the
other two are assumed fixed. If all sub-optimization problems can be solved, then
a feasible solution for OP′ may be obtained. One sub-optimization problem is to
optimize the time sharing for a given transmit power allocation at BS and UE2,
i.e.,

(OP1′) : max
β

R′
3(β)

s.t. (5.40), (5.41), (5.42) and (5.43).
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The second one is to optimize the power allocation at the BS for a given time-
sharing period and transmit power allocation at UE2, i.e.,

(OP2′) : max
θ

R′
3(θ)

s.t. (5.40), (5.41), (5.42) and (5.44).

And the last one is to optimize the power allocation at UE2, i.e.,

(OP3′) : max
ω

R′
3(ω)

s.t. (5.40), (5.41), (5.42) and (5.45).

Solving the Joint Optimization Problem In Section 5.4, we proved the op-
timal solution of OP can be obtained by searching on the feasible intervals of each
resource allocation factor individually. In this section, there are three factors to
be optimized instead of two. We then advance Theorem 5.1 from a double-factor
solver to a triple-factor one, as

The joint optimal time-sharing and power allocation strategy (β∗, θ∗, ω∗)

satisfy β∗ (OP1
′)7−−−−−→ (θ∗, ω∗), θ∗ (OP2

′)7−−−−−→ (β∗, ω∗) and ω∗ (OP3
′)7−−−−−→ (θ∗, β∗).

Corollary 5.1.

Proof. Employing the same methodology, we prove this corollary by contradic-
tion too. Assume there exists another feasible β, θ or ω other than (β∗, θ∗, ω∗)

satisfying β∗ (OP1
′)7−−−−−→ (θ, ω), θ∗ (OP2

′)7−−−−−→ (β, ω) or ω∗ (OP3
′)7−−−−−→ (β, θ), the correspond-

ing R′
3(β∗, θ, ω) should be larger than R′

3(β∗, θ∗, ω∗). Similarly, there should exist
R′

3(β, θ∗, ω) > R′
3(β∗, θ∗, ω∗) and R′

3(β, θ, ω∗) > R′
3(β∗, θ∗, ω∗). This proposition is

a contradiction, which proves that R′
3(β∗, θ∗, ω∗) is optimal to be true. �

To solve the joint optimization problem, a two-dimensional linear search al-
gorithm is developed. Firstly, we find a β∗ on the feasible interval of (θ, ω) and
substitute it back into problem OP1′, the corresponding local optimal R′

3(β∗) and
(θ(β∗), ω(β∗)) are obtained. Secondly, we find and substitute θ∗ into problem OP2′

and obtain the corresponding local optimal R′
3(θ∗) and (β(θ∗), ω(θ∗)). Thirdly, we

find and substitute ω∗ into problem OP3′ and obtain R′
3(ω∗) and (β(ω∗), θ(ω∗)).

Finally, we determine the maximum R′∗
3 = max{R′

3(β∗), R′
3(θ∗), R′

3(ω∗)} with the
corresponding optimal solution (β∗, θ∗, ω∗). Note that the resource allocation fac-
tors in our settings are independent with each other; besides, the objective function
and constraint functions are mostly monotonic on each factor, which we will analyze
in the following discussions. All these properties enable us to derive an tractable
result through decomposition.
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Analysis on Optimization for DF-NOMA and ANC-NOMA Systems
Since the relay scheme is determined by the channel quality, the system exploits
DF-NOMA scheme and ANC-NOMA scheme in different use cases. When the
channel from BS to UE2 outperforms the one to UE1, i.e., |g22|2 ≥ |g11|2, UE2 is
able to decode x1 and forward it. It is then defined as a DF-NOMA system. In
this use case, we analyze the objective and constraint functions w.r.t the resource

allocation factors one by one. As Rd′

1 = min
{
Rd′

1,2, R̄
d′

1

}
, constraint (5.42) can be

rewritten as two inequalities with Rd′

1,2 and R̄d′

1 separately. We find that Rd′

1,2 is

on (β, θ), while R̄d′

1 on (β, θ, ω). In addition, Rd′

2 is on (β, θ) and Rd′

3 is on (β, ω).
Firstly, we solve the sub-optimization problem OP1′. When (θ, ω) is fixed, we find
that Rd′

3 is monotonically decreasing with β while Rd′

2 increasing; for Rd′

1 , Rd′

1,2 is

increasing with β too, yet R̄d′

1 varies in different conditions, similar to (5.18). It
is worth noting that the methodology to solve this problem is the same as in the
idle-relay case, i.e., through analyzing the boundary for each monotonic function.
Same to the other two sub-optimization problems OP2′ and OP3′. We will omit
the derivation of closed-form solution for DF-NOMA systems then.

In ANC-NOMA systems, the channel from BS to UE2 is weaker, i.e., |g22|2 <
|g11|2, UE2 applies analog network coding to combine the received signal to its own.
In the same way, we observe that the objective function Ra′

3 is w.r.t (β, θ) when
|g21|2 ≥ |g23|2 but on (β, θ, ω) when |g21|2 < |g23|2, while Ra′

1 and Ra′

2 are the same
as in DF-NOMA systems. To obtain a general solver for the optimization problem in
busy-relay case, we hold the scenario when |g21|2 < |g23|2 in ANC-NOMA systems
as a paragon and provide thorough analysis in the following.

5.6.2 Closed-form Solution for ANC-NOMA Systems
When |g21|2 < |g23|2

To determine the time-sharing factor β, we reformulate OP1′ to

(OP1′-A) : max
β

Ra′

3 (β)

s.t. (5.40), (5.41), (5.42) and (5.43).

As we discussed above, the feasible interval is determined by analyzing the mono-
tonicity of the objective function and constraint functions. When |g21|2 < |g23|2,
Ra′

3 is a function of three factors as

Ra′

3 = (1 − β) log
(

1 + Γa′

23

)

= (1 − β) log

(
1 +

(1 − ω)ρu|g23|2
ωρu|g23|2/(θρb|g22|2 + 1) + 1

)
,

which is monotonically decreasing with β. Jointly considering constraint (5.40), to
achieve the maximum of Ra′

3 , β∗ should locate on the minimum value of interval
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[
0, 1 − R0

log(1+Γa′

23)

]
. Meanwhile,

Ra′

2 = β log
(

1 + Γa′

22

)

= β log

(
1 +

(1 − θ)ρb|g22|2
θρb|g22|2 + 1

)
,

which is monotonically increasing with β. With constraint (5.41), the lower bound

of feasible β is further refined as

[
R0

log(1+Γa′

22)
, 1 − R0

log(1+Γa′

23)

]
.

On the other hand, Ra′

1 for β ∈ [0, 0.5] is monotonically increasing when (c1′) :

u1′−2u2′ > 0 and decreasing when (c2′) : u1′−2u2′ < 0 with u1′ = log
(

1 + Γa′

11 + Γa′

21

)

and u2′ = log
(

1 + Γa′

21

)
. For β ∈ [0.5, 1], Ra′

1 is monotonically increasing when

(c3′) : 2u3′ − u1′ > 0 and decreasing when (c4′) : 2u3′ − u1′ < 0 with u3′ =

log
(

1 + Γa′

11

)
. The feasible interval of β under each condition (c1′), (c2′), (c3′)

and (c4′) is derived respectively, as in (5.46), combined with the previous interval
derived by the other two constraints.

max

{
R0 − u2′

u1′ − 2u2′ ,
R0

log
(
1 + Γa′

22

)
}

≤ β ≤ min

{
1 − R0

log
(
1 + Γa′

23

) , 1

2

}
(c1′)

(5.46a)

R0

log
(
1 + Γa′

22

) ≤ β ≤ min

{
1

2
, 1 − R0

log
(
1 + Γa′

23

) , R0 − u2′

u1′ − 2u2′

}
(c2′)

(5.46b)

max

{
1

2
,

R0

log
(
1 + Γa′

22

) , R0 − u1′ + u3′

2u3′ − u1′

}
≤ β ≤ 1 − R0

log
(
1 + Γa′

23

) (c3′)

(5.46c)

max

{
1

2
,

R0

log
(
1 + Γa′

22

)
}

≤ β ≤ min

{
1 − R0

log
(
1 + Γa′

23

) , R0 − u1′ + u3′

2u3′ − u1′

}
(c4′)

(5.46d)

Within the feasible interval, β∗ is supposed to be the minimum value.
To determine the power allocation factor θ at BS, OP2′ can be reformulated as

(OP2′-A) : max
θ

Ra′

3 (θ)

s.t. (5.40), (5.41), (5.42) and (5.44).

In this case, Ra′

3 is monotonically increasing as θ increases. The optimal θ∗ should
be the maximum value it can achieve in theory. Together with constraint (5.40), a

feasible interval is derived as
[

(2R0/(1−β)−1)(1+ωρu|g23|2)−(1−ω)ρu|g23|2

((1−ω)ρu|g23|2−(2R0/(1−β)−1))ρb|g22|2 , 1
]
.
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Meanwhile, Ra′

2 is decreasing with θ. Thus, constraint (5.41) refines the feasible

interval with an updated upper bound as θ ≤ ρb|g22|2−2R0/β+1

ρb|g22|22R0/β . For Ra′

1 , which is

also increasing with θ, a closed-form result is difficult to obtain for the two logarithm
functions existed in one expression. We try to relax constraint (5.42) by resolving
the concavity of Ra′

1 .

Ra′

1 is concave in terms of θ for 0 ≤ θ ≤ 1.

Lemma 5.3.

Proof. Take the case β ∈ [0, 0.5] as an example,

Ra′

1 = β log

(
1 + θρb|g11|2 +

ωρu|g21|2θρb|g22|2
∆

)

+ (1 − 2β) log

(
1 +

ωρu|g21|2θρb|g22|2
∆

)
,

where ∆ = θρb|g22|2((1 − ω)ρu|g21|2 + 1) + ρu|g21|2 + 1. To prove Ra′

1 is a concave
function, take the first derivative of Ra′

1 w.r.t θ, we have

∂Ra′

1

∂θ
= β

ρb|g11|2 + ρu|g21|2+1
∆2

1 + θρb|g11|2 + ωρu|g21|2θρb|g22|2

∆

+ (1 − 2β)
ρu|g21|2+1

∆2

1 + ωρu|g21|2θρb|g22|2

∆

,

which is positive, and the second derivative
∂2Ra′

1

∂θ2 is derived and proven to be
negative, where we omit the full expression for its overlength. Similarly for β ∈
[0.5, 1]. Thus, Ra′

1 is concave. �

By applying Jensen’s inequality, we have

Ra′

1 ≤ Ra′†
1 = log

(
1 + βθρb|g11|2 + (1 − β)

ωρu|g21|2θρb|g22|2
∆

)
.

Constraint Ra′

1 ≥ R0 is relaxed to Ra′†
1 ≥ R0, a lower bound on θ is therefore

derived.
Combined all the results above, we have the feasible interval for θ in (5.47) and

the optimal θ∗ is the maximum value of this interval.

max

{
0,

(2R0/(1−β) − 1)(1 + ωρu|g23|2) − (1 − ω)ρu|g23|2
((1 − ω)ρu|g23|2 − (2R0/(1−β) − 1))ρb|g22|2 ,
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Λ(ρu|g11|2 + 1)

ρb|g22|2(ωρu|g21|2 − Λ((1 − ω)ρu|g21|2 + 1))

}

≤ θ ≤ min

{
ρb|g22|2 − 2R0/β + 1

ρb|g22|22R0/β
, 1

}
, if ωρu|g21|2 > Λ((1 − ω)ρu|g21|2 + 1)

(5.47a)

max

{
0,

(2R0/(1−β) − 1)(1 + ωρu|g23|2) − (1 − ω)ρu|g23|2
((1 − ω)ρu|g23|2 − (2R0/(1−β) − 1))ρb|g22|2

}

≤ θ ≤ min

{
Λ(ρu|g11|2 + 1)

ρb|g22|2(ωρu|g21|2 − Λ((1 − ω)ρu|g21|2 + 1))
,
ρb|g22|2 − 2R0/β + 1

ρb|g22|22R0/β
, 1

}
,

if ωρu|g21|2 < Λ((1 − ω)ρu|g21|2 + 1) (5.47b)

where Λ = 2R0 −1−βρb|g11|2

1−β .

Finally, we reformulate OP3′ to determine the power allocation factor ω at
UE2:

(OP3′-A) : max
ω

Ra′

3 (ω)

s.t. (5.40), (5.42) and (5.45).

We notice that Ra′

2 is not related to ω as the transmission to UE2 only happens
in the first phase, therefore, constraint (5.41) can be eliminated from this problem.
Constraint (5.40) provides us an upper bound on ω as Ra′

3 is decreasing, which is,

ω ≤ (ρu|g23|2−2R0/β+1)(θρb|g22|2+1)

ρu|g23|2(2R0/(1−β)+θρb|g22|2)
.

Again, when we discuss Ra′

1 , we find that it is increasing with ω but only
a relaxed lower bound could be obtained through Jensen’s inequality. Following
Lemma 5.4, we find that Ra′

1 is concave on ω.

Ra′

1 is concave in terms of ω for 0 ≤ ω ≤ 1.

Lemma 5.4.

Proof. The proof is similar to Lemma 5.3 and therefore omitted. �

The constraint is then relaxed and a lower bound of ω is derived. We combine the
upper bound together and a feasible interval is obtained as follows:

max

{
0,

(2R0 − 1 − βθρb|g11|2)(θρb|g22|2 + 1)(ρu|g21|2 + 1)

(2R0 − β − βθρb|g11|2)θρb|g22|2ρu|g21|2
}

≤ ω ≤ min

{
(ρu|g23|2 − 2R0/β + 1)(θρb|g22|2 + 1)

ρu|g23|2(2R0/(1−β) + θρb|g22|2)
, 1

}
. (5.48)
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With all the results derived from (5.46), (5.47) and (5.48) above, following
Corollary 5.1, a joint optimal (β∗, θ∗, ω∗) can be found by the two-dimensional
linear search algorithm. We will further show the numerical results in Section 5.7
for both use cases.

5.7 Numerical Results

In this section, we evaluate the performance on joint optimal resource sharing cor-
responding to the varying position of the cooperative users. We study the D2D
transmission rate and the time-sharing and power allocation strategy in an opti-
mization problem. In particular, we are interested in how the system behaves for
different locations of the cooperative users; in this study, we depict the results on
the coordinates of the UE2’s. We discover the performance altering with the po-
sition of UE2 and the corresponding receiver UE3 in D2D communication, which
determines the quality of relay-related channels w.r.t the distance between corre-
sponding users. On the basis of the solution to the optimization problem we derived
in the previous sections, the numerical results are demonstrated for each use case
correlated with relations between user positions.

To keep consistency of the numerical experiments, the simulation environment
is set the same as in Section 5.3 and 5.5. We fix the location of the BS and UE1
at coordinates (0, 0) and (1, 0), the distances between other users are normalized
w.r.t the BS-UE1 distance. Without loss of generality, the distance between the
UE2 and UE3 is also fixed as 1. The pass-loss exponent α is assumed as 3 in the
channel model. The power constraints at both transmitters are Pb = Pu = 10. The
additive white Gaussian noise at each receiver is assumed with unit-power, i.e.,
σ2 = 1. Accordingly, ρb = ρu = 10dB. We build a geometrical model as a spatial
area. The position of UE2 varies within a rectangle with [−0.5, 2] on the x-axis and
[−1, 1] on the y-axis, indicating the correlation between channels. Especially, the
target rate for receivers is set as R0 = 0.5 bits/s/Hz.

5.7.1 Optimal Resource Sharing Strategy in Idle-relay Case

Figure 5.5 compares the achievable rate R3 of the D2D transmission and the optimal
time sharing and power allocation for different positions of the cooperative user
UE2, when BS has the transmission request to UE1 only. Each plot depicts the
same spatial region, where the positions of BS and UE1 are marked by white circles.
The colors show how the achievable rate of UE2 and the resource fractions change
as the users in D2D communication changing their position. The first column
of Figure 5.5 depicts the outcome when the cooperative user exploits DF-NOMA
scheme, and the second column represents the outcome when ANC-NOMA scheme
is exploited. Figure 5.5a shows the achievable rate R3 of the D2D transmission,
Figure 5.5b corresponds to the time fraction β allocated to the BS and Figure 5.5c
to the power fraction ω allocated for relaying the message of UE1 at the UE2.
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Figure 5.5: Optimal solution of (a) D2D transmission rate and resource sharing
fractions in (b) time domain and (c) power domain on maximizing the D2D rate on
the constraint of maintaining the rate of direct transmission to UE1. Depending on
the correlation of user positions in a geometrical topology, the results are presented
for DF-NOMA scheme and ANC-NOMA scheme, respectively.
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First, we compare the achievable rate R3 for the optimization problem. As
expected, the feasible region with ANC-NOMA is much larger than the one with
DF-NOMA. When the UE2 goes further away from the UE1, the quality of the
channel between them severely affects the decoding capability for the message I1

at the UE2. Thus, Rd
3 is limited. The feasible region for DF-NOMA locates sym-

metrically between the BS and UE1 where the peak of the achievable rate is located
exactly at the middle point of d11, which reflects the fact that it is the shortest dis-
tance as min(d22, d21). Interestingly, in contrast to this result, for the ANC-NOMA
scheme, the optimal location that maximizes the rate Ra

3 is shifted further away
from the BS to the nearby area of the UE1. To conclude this analysis, we note the
low propagated noise from the BS to UE2 which justifies the shifting of Ra

3 . The
ANC-NOMA represents balancing between the propagated noise and the allocated
relaying power. We also note that for the peak of R3, ANC-NOMA achieves a
higher rate than DF-NOMA from 1.6 to 3 bits/s/Hz.

Second, we compare Figure 5.5b and 5.5c, corresponding to time and power
fractions. The DF-NOMA scheme relies on the time fraction allocated to the trans-
mission of BS in Phase I considerably, as a threshold of transmission rate is required
at the BS for UE2 to decode I1. Therefore, we see when UE2 is close to the UE1
but far away from the BS, a larger time fraction is allocated to the transmission by
the BS but less power is needed for relaying. On the contrary, ANC-NOMA almost
fully relies on the relay of I1 by the UE2 for alleviating the necessity of decod-
ing. With more degree-of-freedom shared to the cooperative users in Phase II, UE2
obtains better opportunities for the D2D transmission to UE3 so as to achieve a
better performance than using DF-NOMA scheme. For transmit power allocation,
UE2 can allocate more power for the D2D transmission as it gets closer to UE1,
since the performance threshold of UE1 can be easily satisfied. Considering the
tradeoff between the downlink transmission and the D2D transmission, we notice
that with DF-NOMA scheme, a larger fraction of time is shared to the cooperative
users so that more transmit power is allocated for relaying at the UE2 as a compen-
sation. However, with ANC-NOMA scheme, a big portion of time is shared to the
cooperative users in general whenever the UE2 locates in the feasible region. The
downlink transmission benefits from relaying by giving off the resource of transmis-
sion time. The requirement of decoding vastly changes the trading methodology
the two systems exploit.

One more observation to be noticed is that if UE2 is closer to the BS than to
the UE1, basically in the range where x < 0.5, the DF-NOMA scheme achieves
a better performance on larger feasible region and higher achievable rate. This is
because small d22 results in great capability of decoding the message to UE1. On
the other hand, the ANC-NOMA scheme is impacted severely by the propagated
noise when d22 is small. Yet for x > 0.5, ANC-NOMA performs better than DF-
NOMA reversely. Finally, choosing relay schemes in different scenarios intelligently
can provide higher capacity and coverage, greater efficiency and scalability.
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Figure 5.6: Optimal solution of (a) D2D transmission rate and resource sharing
fractions in (b) time domain and (c),(d) power domain at BS and UE2 on maxi-
mizing the D2D rate in the busy-relay case.

5.7.2 Optimal Resource Sharing Strategy in Busy-relay Case

Figure 5.6 compares the achievable rate R′
3 of the D2D transmission and the opti-

mal time sharing and power allocations when BS has transmission requests to UE1
and UE2 simultaneously. Each plot depicts the same spatial region, where the po-
sitions of BS and UE1 are marked by white circles while the position of UE2 varies.
Figure 5.6a shows the achievable rate of the D2D transmission R′

3, Figure 5.6b
corresponds to the time fraction β allocated to the BS and Figure 5.6c and 5.6d
to the power fractions θ and ω allocated for transmission to UE1 at the BS and
relaying to UE1 at the UE2. Note that in the busy-relay case, the relay scheme
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is determined naturally on the location of cooperative users. Therefore, the plots
indicate the output of an intelligent scheme selection.

With an additional transmission request from BS to UE2, we adjusted the per-
formance constraint according to the altering application scenario. In this case, all
the receivers simply require a target rate R0 for successively decoding the received
signal. Therefore, the feasible region enlarges significantly, compared to the idle-
relay case. In Figure 5.6a, the D2D transmission could obtain a higher rate once
UE2 locates within the area closer to the BS than UE1. Especially in a small area
between the BS and UE1, the peak performance is achieved as both the receiving
channel and the relay channel are in good conditions, w.r.t small (d22, d21). More-
over, the additional transmission request to UE2 limits the D2D rate when UE2
locates closer to UE1 but further from BS. In the idle-relay case, the peak rate
of R3 is obtained in this area when ANC-NOMA scheme is applied. Yet in the
busy-relay case, UE2 needs to receive and decode its own message I2, such that
when it locates far away, the BS has to allocate more resource for the transmission
of I2 and thereby affects the transmission efficiency for other users.

The tendency to time sharing for the transmission phase of the BS is altering
reversely to the D2D transmission rate in Figure 5.6b. Obviously, when the cooper-
ative users are closer to the BS, less resource is required for the transmission of I1

and I2, as UE2 is able to decode both messages and compensate by relaying in the
next phase. For power allocation in Figure 5.6c, BS allocates the transmit power
in accordance with the channel quality. If the UE2 has a better receiving channel,
the BS will leave more power for transmission to UE1. It implies a strategy that in
the cooperation phase, UE2 is able to allocate more power for D2D transmission to
UE3 as less is demanded for relaying to satisfy the requirement of UE1. Therefore,
in general the power allocation for relaying at UE2 is small as most of the power
can be shared for the D2D transmission, as shown in Figure 5.6d.

Through the optimization problem in two use cases, we design and illustrate
the resource allocation strategy applied in the scenarios with different transmission
requests. The results verified that D2D communication mode can be supported
fairly well as long as a proper resource allocation strategy is applied.



5.8 Conclusions 129

5.8 Conclusions

Summary In this chapter, we investigated non-orthogonal multiple access (NOMA)
combined with orthogonal multiple access (OMA) in cooperative communications
supporting diverse communication modes with hierarchical users. To enhance the
system performance, we proposed a joint OMA and NOMA protocol in a sys-
tem model with D2D transmission coexisting with downlink transmission but with
different service levels. In this case, the D2D transmission and the downlink trans-
mission share the resource in time domain orthogonally, where the users with D2D
transmission request trade cooperating with the downlink transmission for trans-
mission opportunities in D2D mode. A cooperative user transmits a mixture of
relayed message and its own message with split power fractions to each receiver.
Compared to decode-and-forward based relaying, we exploit analog network coding
to avoid decoding the received message. We derived the achievable regions for both
relaying schemes and the results consolidate the advantage of applying NOMA.

Considering practical application scenarios, we defined and developed two use
cases corresponding to the status of cooperative users. If the base station has only
the transmission request to the destined user, the cooperative user stays idle in the
downlink transmission phase and seeks opportunities for its own transmission in
D2D mode by helping relay the downlink transmission. This use case, we defined
it as an idle-relay case. On the other hand, if both users receive the transmission
request from the base station, the cooperative user stays busy and is required to
decode its own message before relaying and gaining the opportunities for D2D
transmission. We defined this use case as a busy-relay case. With an additional
transmission request, the performance constraints and transmission strategy differ
from the idle-relay case.

We then formulated an optimization problem which jointly optimizes the strat-
egy on time sharing and transmit power allocation at the base station and/or the
cooperative user. The D2D transmission rate is maximized on condition that the
performance constraints at other users are satisfied. Solutions were found both
analytically and numerically. In a varying geometrical topology, we discussed the
impact of user positions, i.e., correlated channel conditions, on the achievable rates
and the resource sharing strategies. In the idle-relay case, the results showed that
in different application scenarios, intelligently choosing relay schemes can improve
performance and therefore is a promising methodology. In the busy-relay case, the
relay scheme is determined naturally by the channel quality, therefore, the opti-
mal resource allocation strategy is altered compared to the idle-relay case. We
thoroughly demonstrated the significance of applying NOMA jointly with OMA in
possible application scenarios and proposed a resource allocation strategy, showing
the efficiency and practicality of intelligent cooperation in hierarchical networks.

Remarks This chapter studies a more generalized network model with hierarchi-
cal users supporting diverse communication modes, compared to Chapter 3 and 4.
The users are not classified strictly as “primary” or “secondary”, but supporting di-



130 Non-orthogonal Multiple Access on Conditional Cooperation

verse communication modes with different service levels. Furthermore, the resource
sharing strategy is extended from time-frequency domain by resource unit to a joint
consideration on time domain and power domain. It enables further study on more
common application scenarios in hierarchical wireless networks; besides, it reveals
the importance of smart cooperation through smart strategies.



Chapter 6

Conclusions

In this chapter we summarize the main contributions of the thesis in Section 6.1.
We then suggest future promising research directions in Section 6.2.

6.1 Summary of Contributions

In this thesis we studied cooperation between users in hierarchical wireless networks
to enhance the efficiency of communications and the utilization of resources in the
scenario where diverse communication modes get supported. Two network models
were considered with different user hierarchical modes and transmission request
modes, known as cognitive radio network and a single cell of hierarchical network
(a cellular cell). Cooperation between users with different priorities was shown to
maintain the performance of users with higher priority, while the users with lower
priority benefited from accessing the spectrum for its own data transmission. We
investigated this scenario from multiple perspectives throughout this thesis. Our
results were illustrated through numerical examples based on a geometrical setup,
highlighting the impact of the node geometry on the system performance, the op-
timal strategies, and the impact of the interaction between users on the system
performance. In Figure 6.1 we provide an overview of the key questions investi-
gated in the thesis and the different methods utilized to answer those questions
using a chronological chart. In addition to this illustrative representation of our
contribution, we summarize each chapter’s contributions in the following.

Chapter 2: We gave a thorough review of the fundamentals for the understanding
of this thesis and motivated the network model considered in this thesis by
tracking down the problems in a basic component of hierarchical wireless
networks.

Chapter 3: We introduced the cognitive radio network with a single primary
transmitter-receiver pair and a secondary transmitter-receiver pair. As a
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Figure 6.1: A chart representation of the key problems and the dependency in the
thesis.

starting framework, we considered orthogonal time-frequency access for coop-
eration between users where two binary network coding schemes were devel-
oped over packet-based wireless links. We analyzed the transmission process
and measured the throughput performance by the average number of trans-
mission attempts. On the basis of which, a novel methodology was proposed
for performance evaluation by approximating the distribution of the number
of transmission attempts by normal distributions. From the case of adaptive
frame size to the truncated frame size, the importance of estimating resource
sharing was indicated in practical use case. In that context, the performance
evaluation method converting discrete distribution to continous distribution
further provided an efficient way to estimate spectrum resource sharing be-
tween the primary and secondary systems.

Chapter 4: Based on the work in previous chapter, we proposed a selective coop-
eration mechanism to implement intelligent resource sharing under different
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circumstances. An optimization problem on resource allocation was studied to
maximize the secondary system throughput. We illustrated the feasible area
for the selective cooperation mechanism by deriving the condition of chan-
nel quality correlations. Besides, we extended the cognitive network model
from previous chapter to larger cognitive radio networks with multiple pri-
mary/secondary transmitter-receiver pairs. In each scenario, we investigated
best relay selection criterions, considering proper spectrum sharing strategy
in practical applications.

Chapter 5: A more generalized network model taken a cellular cell with down-
link transmission and D2D transmission as an example application scenario
was discussed. Motivated by the orthogonal spectrum resource allocation in
previous chapters, we investigated non-orthogonal multiple access in power
domain combined with orthogonal multiple access in time domain. We consid-
ered supporting diverse communication modes by the users with D2D trans-
mission request trading cooperating with the downlink transmisson for the
opportunity of its own transmission. We derived the achievable rate regions
for decode-and-forward and analog-network-coding based relaying. In par-
ticular, we formulated an optimization problem which jointly optimized the
strategy on time sharing and transmit power allocation at the base station
and/or the cooperative user. From the packet-wise perspective in previous
chapters to the signal-wise perspective in this chapter, the fundamental to
communication problems was revealed.

6.2 Future Research Directions

In this section we present the topics of interest for future research, which can be
viewed as natural extensions of the work presented in the thesis.

MIMO Techniques in Wireless Networks In this thesis we assumed that
the users in the networks were equipped with single antenna, i.e., that they could
not benefit from the advantages of multi-antenna transmission. Especially, we
focused on a basic component of networks in which the communication applied
multi-user MIMO onto relay techniques. MIMO communications, such as multi-user
MIMO [NHH04] and massive MIMO [LETM14], have gained considerable interest
in recent years, both within the research community and within industry. As a
consequence of coverage and efficiency issues becoming increasingly important in
wireless communications, a lot of works have been focusing on the applications of
MIMO techniques, such as, MIMO in cooperative networks [GHH+10], MIMO for
spectrum sharing in cognitive radio networks [ZL08], and MIMO in future cellular
networks [SPSH04]. There are many powerful tools to design and analyze the
MIMO systems, e.g., number of antennas of massive MIMO in cellular networks as
investigated in [HtBD13] and optimal design of energy-efficient multi-user MIMO
systems as in [BSHD15].
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Stability Analysis with Queueing Theory In this thesis we discussed a cog-
nitive radio network over packet-wise links, by throughput and outage probability
we measured the system performance. To alleviate system outage, queueing theory
provides an option to arrange the transmissions above the physical layer by confin-
ing the arrival rate no larger than the service rate. The study on stable throughput
and delay has been investigated for cooperative networks [RE09, RE12], as well as
cognitive radio systems [SLE07, FE13].

Caching for Communication Systems and Networks With the increasing
volume of data traffic and the proliferation of services with stringent performance
requirements, the deployment of multi-tier wireless systems and the novel interplay
of caching [ADI+12] with physical layer techniques can create novel opportunities
for reducing this demand. Considering novel network architectures emerged such
as 5G and beyond systems, storage and caching [WCT+14] can play a fundamental
role in this emerging era in communication systems and networks. With proper
cooperation schemes in multiple access systems, the performance of the offered
services can be increased and operating expenditures can be reduced.

Wireless Transfer of Information and Power Recent research advocates that
the future of wireless networking goes beyond conventional communication-centric
transmission. In the same way that wireless has disrupted mobile communications,
wireless will disrupt the delivery of mobile power. Recognizing that radio waves
carry both energy and information simultaneously, imagine instead a wireless net-
work where information and energy flow together through the wireless medium.
A unified design of wireless information and power transmission would have the
ability to softly evolve in between those two extremes to make the best use of
the radio-frequency spectrum/radiation and the network infrastructure to commu-
nicate and energize [Var08]. Rate-energy region and tradeoff have been studied
for architecture design [ZZH13] and MIMO techniques [XWL17]. In hierarchi-
cal networks, wireless transfer of information and power through multiple access
strategies is also investigated for 5G networks [TK15] and cognitive radio networks
[LZ15, YQWL17, YDFAD17] with more efficient resource allocations.
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