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ABSTRACT

Spectrum utilization efficiency is one of the primary concerns in the design of
future wireless communication systems. Most performance metrics for wireless com-
munication systems focus on either link level capacity or network throughput while
ignore the spatial property of wireless transmissions. In this dissertation, we focus on
the spatial spectral utilization efficiency of wireless transmissions. We first study the
spatial spectral efficiency of single-cell and multi-cell wireless relay systems using area
spectral efficiency (ASE) performance metric. We then generalize the performance
metric, termed as generalized area spectral efficiency (GASE), to measure the spa-
tial spectral utilization efficiency of arbitrary wireless transmissions. In particular,
we first introduce the definition of GASE by illustrating its evaluation for conven-
tional point-to-point transmission. Then we extend the analysis to four different
transmission scenarios, namely dual-hop relay transmission, three-node cooperative
relay transmission, two-user X channels, and underlay cognitive radio transmission.

Finally, we apply the GASE performance metric to investigate the spatial spectral



v

efficiency of wireless network with Poisson distributed nodes and quantify the spa-
tial spectral opportunities that could be explored with secondary cognitive systems.
Our research on the spatial spectral utilization efficiency provides a new perspective
on the designing of wireless communication systems, especially on the transmission

power optimization and space-spectrum resource exploitation.



Contents
Supervisory Committed ii
[Abhstractl 1ii
Uable of Contents v
[Last of Tables vii
[Cist of Figured viii
IAcknowledgements X
I__Infraducfion 1
[T Cellular Netwaorkd . . . . . . . . . . . . . . 1
L2 Wireless Transmissiond . . . . . . . . . . o o oo 3
IL.o  Randomly Distributed Wireless Networkl . . . . . . . . . . . . .. .. 5
.4 Propagation Channel Model . . . . . . . . . . . .. .. .. ... ... 8
2  dpatial Spectral Eiliciency Analysis for Single-Cell Wireless Relay]
9
P.T Svstem Model . . . . . . . . . . . . ... 10
.2 "ASE Analvsid . . . . . . . . 11
.3 Numerical Exampld . . . . . . . . . . . . .. 16
P4 Conclusion . . . . . . . . L 23
b dpatial Spectral Kiliciency Analysis tor Multi-Cell Wireless Relay]
24
B.T Svstem Model . . . . . . . . . . . . ... 24
B.2 ASE Analvsid . . . . . .. 27

B.3 In-cell Frequency Reusd . . . . . . . . . . . . . . . . ... ... ... 32




b.4 Numerical Exampled . .

Spatial Spectral Eiliciency Analysis ftor Arbitrary Wireless 'lrans-

imissions

B.1  Generalized Area Spectral Bmciencyl . . . . . . . . . . ... ...

k.2  GADE Analysis tor Dual-Hop Relay lransmission . . . . . . . . . ..

k.o GASE Analysis for Cooperative helay lransmission . . . . . . . . . .

d.o.l DF Relaying Protocol . . . . . . . . . . . .. ... ... ...

d.o0.2 Al Relaymg FProtoco| . . . . . . . . . . . ... ...

k.o.o Numerical Exampled . . . . . . . . . . ...

B4  GASBE Analysis for Iwo-User X Channeld . . . . . . . . . .. .. ..

Ao  GADKE Analysis tor Underlay Cognitive hadio lransmission . . . . . .

U6 Conclusion

Spatial Spectral Eificiency Analysis for Randomly Distributed Wire-

b.l  Svystem Model and Interference Statistics . . . . . . . . . . . . .. ..

p.l.1  System Mode] . .

bl? Interterence Statisticd

b.2  GADE Analysis tor Wireless Ad Hoc Networky . . . . . . . . . . . ..

p.2.1  FHregodic Capacity Analysiy . . . . . . . . . . . . . ... .. ..

2272 (ASHE Resulil

b.2.3  Bbffect of CSMA/CAl . . . .. ... ... .o

p.2.4 Numerical Exampled . . . . . . . . . . . .00

b.o  GAbdKE Analysis tor Iwo-lier Cognitive Network . . . . . . . . . . ..

b4 Conclusion

ol Conclusion

b2 _buture Workl

IA.1 Conterence Papen . . . .
A.2 Journal Papey . . . . . .
A.o dSubmitted Journal FPapei

vi

34
45

46
47
51
54
o6
57
o8
99
64
72

73
74
74
74
7
7
78
79
81
86
91

92
92
93

95
95
96
96



bibliography]

vii

97



viil

List of Tables

[Table 2.1 Svystem parameters of single-cell wireless relay system] . . . . . . 16

|Lable o.1 System parameters or multi-cell wireless relay system| . . . . . . 35




List of Figures

E1ioure 2.1

Network architecture of single-cell relay system) . . . . . . . . .

E1gure 2.2

(Geometry of relay transmission mode) . . . . . . . . . .. ...

[Figure 2.3

AbSE /spectral efficiency as function of cell radius f& for conven4

fional and relay enhanced system) . . . . . . .. .. ... ...

[F'igure 2.4

ASE /spectral efficiency of relay enhanced system as function of

[nner zone radius Ryl . . . . . . . ..o

[F'1igure 2.5

ASE /spectral efficiency of relay enhanced system as function of

normalized BS-RS distance Dy, /Ry . . . . . . . . . ...

E'1gure 2.0

ADE of relay enhanced system as function ol 1nner zone radiug

[Fpe and BS-RS distance Dyl . . 0 0 o 0 o o o oo

E1gure o.1

Network architecture of multi-cell relay system/) . . . . . . . ..

E1igure 5.2

Interierence rrom co-channel cells in relay mode). . . . . . . . .

Fioure o.0

‘Iransmission strategies) . . . . . . . ..o Lo L0

fa)

Without in-cell frequency reusq . . . . . . . ... .. ... ...

(b)

With in-cell frequency reusd . . . . . . . . .. ... ...

E1gure o.4

(zeometry tor m-cell Irequency reuse casel . . . . . . . . . . ..

E1gure 5.0

‘T'he elfect of relay position dp. on the system overall ASE perd

E1gure 5.0

'I'he effect of time slot 7 on the system overall ASE performance)

E1gure o.(

'I'he elfect of number or channel subsets JV on the system overall

JADE performancel) . . . . . . . . . Lo Lo

E1igure 5.5

'I'he effect of mner zone radius fiy, on the system overall ASE]

DEIIOTINAINCE., . . . . . .« o v v v e e e e e e e e e e e

E1gure 5.9

‘I'he elfect of the bd transmission power Frg on the system overall

IADE performancel) . . . . . . . ..o

E1gure 4.1

‘I'he effect oI transmission power Fronnl . . . . . . . . . . ..

E1igure 4.2

Dual hop relay transmission) . . . . . . . . . . . . ... .. ..

1X

10
14

17

19

21

22

25
26
26
26
26
33

36
38

40

42

44

49
51



E1oure 4.0 Comparison of the dual-hop relay transmission and point-tod

point tranSmisSION.) . . . . . . . . . . e e e e e e e

E1gure 4.4 'I'he effect of the source node transmission power g on (GASE]
with DF and AF relaying protocol) . . . . . . . . . .. .. ...

E1eure 4.0 Iwo-user X channeld. . . . . . . . . . . . . . ... ... ...

Figure 4.6 The effect of transmission power P, onn'). . . . . . ... . ..
Figure 4.7 The effect of distance dyonn') . . . . ... .. ... ... ...

E1oure 4.5 System model of underlay cognitive radio transmission.) . . . . .

E1gure 4.9 I'he effect oI the max tolerable interterence power Iy, on GASH)

E1oure 4.10'1he effect of the transmission power ol secondary user f» on theg

Bystem overall spectral efmiciency and GASE). . . . . . . . . ..
(a) Spectral Efficiency] . . . . . . ...

i
(b)  GASE . . . .

E1gure o.1 Hrgodic capacity, alfected ratio and (GASE as runction oI theg

node mtensity Al . . . . .. Lo

(a) FErgodic capacityl . . . . . . . . . ... ..
(b) Aftected ared . . . . . . . . . ...

................................

F1gure 0.2 Hrgodic capacity, alfected ratio and GADE as function ol thq

fransmission power fFxl . . . . . . ... L.

(a) Ergodic capacityl . . . . . . . .. ... ...
(b) Affected ared . . . . . . . . . . . . ...

................................

F1gure 0.0 Hrgodic capacity, alfected ratio and (GASE as runction oI theg

pecondary transmitter intensity Ag) . . . . . . .. ...

(a) Ergodic capacityl . . . . . . . . . .. ...
(b) Aftected ared . . . . . . . . . ... .

................................

E1gure 0.4 Hroodic capacity, atfected ratio and (GASE as tunction of theg

pecondary transmission power f.) . . . . . . . . . ... ...

(a) FErgodic capacity] . . . . . . . . . . ...
(b) Affected ared . . . . . . . . . . . ...

................................

53

o8
60
62
63
64
69

70
70
70

82
82
82
82

85
85
85
85

88
88
88
88

90
90
90
90



x1

ACKNOWLEDGEMENTS

My deepest gratitude goes first and foremost to Prof. Hong-Chuan Yang, my supervi-
sor, for his professional academic supervision and constant encouragement. Without
his consistent and illuminating instructions, I could not have finished this dissertation.

Second, I would like to express my deepest gratitude to Prof. Mazen O. Hasna,
my co-supervisor, who inspired me on this research topic during my visiting to Qatar
University.

Last but not the least, I should thank Qatar Telecom and NSERC for their finan-
cial support on my Ph. D. program.



Chapter 1
Introduction

Current and future wireless communication systems are carrying more and more traf-
fics to satisfy the growing demands for wireless data services. However, the radio
spectrum available for wireless communication is extremely scarce and strictly reg-
ulated. Therefore, spectrum utilization efficiency is one of the primary concerns in
the design of future wireless communication systems. Previously, most performance
metrics focus on either link level capacity or network throughput. Seldom do they
consider the spatial property of wireless transmissions. In my dissertation, we study

the spatial spectral efficiency of various scenarios.

1.1 Cellular Networks

In Chapter B and Chapter B, we investigate the spatial spectral utilization efficiency
of single-cell and multi-cell wireless relay systems and provide their accurate quantifi-
cations. Recent researches show that relay transmission is a cost and power efficient
approach to increase the spectral efficiency of cellular systems for high data rate
services [[-3]. Various emerging wireless standards are incorporating relay transmis-
sions into network-level design by introducing infrastructure relay stations (RSs) [4].
For example, IEEE 802.16j Task Group is developing new standards with infrastruc-
ture relaying capacity integrating into IEEE 802.16 systems. Another example is the
wireless media system (WMS), which is a new wireless network architecture using
infrastructure relays to improve cell-edge or shadowed area coverage [?]. The infras-
tructure RSs can usually be installed to enjoy favorable, likely line of sight (LoS),

connections with BS, which greatly reduces their installation and maintenance cost.



Previous works have shown that relay transmission can achieve higher spectral effi-
ciency than direct transmission only if the direct source to destination link experiences
much poorer fading condition than the relay links [6]. The capacity and spectral ef-
ficiency of relay enhanced and conventional systems are compared in [6] for different
cell topologies through simulation study. These results have, as such, generated con-
siderable interest in opportunistic relaying systems [7]. In general, relay transmissions
are carried out in two steps, i.e. i) source to relay step and ii) relay to destination
step, because of the half-duplexing constraint [8]. Both steps will require appropri-
ate time/spectral resource allocation, which leads to a certain penalty to the overall
link spectral efficiency. We would like to note, however, previous analysis of relay
transmission focused on the end-to-end spectral efficiency and neglected the fact that
the two steps of relay transmission will affect much smaller areas than direct one-
hop transmission. Specifically, the source to relay transmission needs only to reach
the RSs, instead of the cell-edge users. In addition, RSs are used to cover a small
near-cell-edge area. The smaller affected areas (or “spatial footprint”) of relay trans-
missions can be exploited to achieve more efficient spectrum reuse and higher overall
spectral efficiency. Specifically, the same spectrum can be used for other transmission
outside the affected area using appropriate technologies, such as dynamic spectrum
allocation and cognitive radios [9].

However, these research focused on either capacity increase or link reliability, sel-
dom did they consider the actual smaller “footprint” of relay transmissions. As such,
the important spatial property of relay transmission was ignored. To combat this
deficiency, we adopt the performance metric of area spectral efficiency (ASE) in the
analysis of infrastructure relay enhanced cellular networks. ASE performance met-
ric was introduced in [I0] to quantify the spectrum utilization efficiency of cellular
wireless systems. In cellular systems, the radio spectrum is systematically reused at
different geometrical areas, i.e. co-channel cells [IT]. Specifically, the co-channel cells
will be separated by a minimum reuse distance of D such that their transmission
will not seriously interfere with one another. As such, the same spectrum will be
used only once over an area of the size of mD?/4. The ASE of cellular systems was
therefore defined as the maximum data rate per unit bandwidth of an user randomly
located in cell coverage area, over the area of 7D?/4, with unit being bps/(H z - m?).
This performance metric captures the tradeoff between spectral efficiency and reuse
distance in cellular systems. Note that the regular frequency reuse based on typical

hexagon cell structure greatly facilitates the ASE analysis [6,12]. Recently, the ASE



metric was intensively applied to characterizing the performance of two-tier heteroge-
neous cellular networks. In [I33], the authors investigated the ASE of the hierarchical
cell structure (HCS) networks consisting of macrocell and local area cell with par-
tial cochannel sharing. Besides, more researches were carried out on conventional
cellular networks overlaid with shorter range femtocell hotspots. Chandrasekhar et.
al. proposed and analyzed an optimum decentralized spectrum allocation policy of
such network with respect to ASE [[4]. Moreover, they presented a comprehensive
dynamic system level simulation based on 3GPP Long Term Evolution (LTE) stan-
dard for heterogeneous cellular networks and showed that the two access schemes,
namely, open access picocells and closed access femtocells, have different impacts on
the system ASE [IF]. In [16], the authors proposed several distributed opportunistic
medium access control policies for femtocell-overlaid cellular networks and analyzed
their performance in terms of ASE. Furthermore, ASE was jointly analyzed with area
power consumption (APC) from a green communication perspective. In [I7], the
authors developed a deployment and operation algorithm for hierarchical cell struc-
ture to minimize the total energy consumption while satisfying the requirement of
ASE. In [I8], the authors carried out a comprehensive analysis for APC and ASE
of green communication system. Through simulation, Arshad et. al. investigated
the optimum deployment strategy in terms of APC given a target ASE [T9]. In [20],
the authors analyzed the tradeoff between ASE and APC in heterogeneous networks
which offload the high QoS users through femtocells. In these papers, ASE was cal-
culated by using either the cell area covered by the macro BS or using the intensity of
the femtocells in a unit area according to a certain distribution, Therefore, the actual
small “spatial footprint” of relay transmissions had not been analytically quantified.

Motivated by these observations, we first derive the analytical expression of ASE
for the downlink transmission of a single-cell wireless system with infrastructure RSs.
Then we analyze the downlink ASE performance of relay enhanced cellular systems

in presence of the co-channel interference over Rayleigh fading environment.

1.2 Wireless Transmissions

In Chapter @, we generalize the ASE metric and develop a new performance met-
ric to evaluate the spatial spectral efficiency of arbitrary wireless transmissions. It
is well known that wireless transmissions generate electromagnetic pollution to the

surrounding environment over its operating spectrum. The size of the polluted area



depends on the transmitting power, the radiation pattern of transmit antenna, prop-
agation environment, and etc. In general, if a particular frequency band is heavily
“polluted”, i.e., a significant level of transmitted signal power is observed, over a cer-
tain area, simultaneous transmission over the same frequency band in the area may
suffer from high interference level. Neighboring transceiver can function properly
only when enjoying high signal to interference ratio (SIR) or equipped with effective
interference mitigation capability. As such, an alternative design goal for future green
wireless systems is to achieve high-data-rate transmissions with minimum electromag-
netic pollution in both spectral and spatial dimensions. To compare the effectiveness
of different wireless transmission schemes in approaching such goals, we need a per-
formance metric that can take into account this spatial effect of radio transmissions
in the evaluation of transmission efficiency.

Most conventional performance metrics for wireless transmissions focus on the
quantification of either spectrum utilization efficiency or link reliability. In particular,
ergodic capacity and average spectrum efficiency evaluate the spectral efficiency of
wireless links, where the former serves as the upper bound of achievable average
spectrum efficiency [I1]. The link reliability is usually quantified in terms of outage
probability, average error rate, and average packet loss rate [21,22]. On another front,
various energy efficiency metrics have been developed and investigated, mainly at the
component and equipment level [23]. In the system/network level, ETSI defined
energy efficiency metric as the ratio of coverage area over the power consumption at
the base station. Recently, area power consumption (W/Km?) is introduced and used
to optimize base station deployment strategies for cellular network in [24]. Note that
most energy efficiency metrics can not be readily related to the link spectral efficiency
or reliability, as they often conflict with each other. For example, a general tradeoft
framework between energy efficiency and spectral efficiency for OFDMA systems was
built to characterize their relationship in [25]. Bit per Joule (bit/J), defined as the
ratio of achievable rate over the power consumption, is a widely used performance
metric to quantify the energy utilization efficiency of emerging wireless systems [26].
Recently, this performance metric is applied to the analysis of CoMP cellular systems
as well as heterogeneous networks [27, 28]. Still, Bit per Joule metric does not take
into account the spatial effect of wireless transmissions and is mainly applicable to
cellular networks.

In Chapter B and Chapter B, we analyzed the spatial spectral efficiency of cellular

networks with relays using the ASE performance metric. Note that the area used in



ASE definition is either the individual cell radius in a single cell scenario or the reuse
distance in cellular networks, not related to the properties of target radio transmis-
sions. The effect of actual “footprint” of wireless transmission was not considered.
Therefore, the application of ASE metric was still limited to infrastructure based
cellular systems. In this chapter, we develop a new performance metric, termed as
generalized area spectral efficiency (GASE), to evaluate the actual “footprint” of ar-
bitrary wireless transmission. GASE is defined as the ratio of overall effective ergodic
capacity of the transmission link under consideration over the affected area of the
transmission. The affected area is defined as the area where a significant amount of
transmission power is observed and parallel transmissions over the same frequency
will suffer high interference level. The affected area characterizes the negative effect of
radio transmission in terms of electromagnetic pollution while transmitting informa-
tion to target receivers. Note that any wireless transmission will generate interference
to neighboring transceivers if they operate over the same frequency band. We use
affected area to quantify such spatial effect of wireless transmissions. The affected
area is directly related to the properties of target transmission and makes the GASE
metric applicable to arbitrary transmissions. Note that the size of the affected area
depends on various factors, including transmission power, propagation environment,
as well as antenna radiation patterns. In particular, the average radius of the affected
area will be proportional to the transmission power. Therefore, GASE also charac-
terizes the transmission power utilization efficiency in achieving per unit bandwidth
throughput and, as such, serves as a suitable quantitative metric for measuring the

greenness of wireless communication systems.

1.3 Randomly Distributed Wireless Network

In Chapter B, we study the spatial spectral efficiency of wireless networks with Pois-
son distributed nodes using the GASE performance metric. With the development of
wireless communication technology, a variety of wireless network models are emerging,
such as ad hoc network, wireless sensor network, cognitive network, and etc. Those
networks are usually confined in a specific geometrical area with dense node distri-
bution. Nodes in the network typically share the same spectrum bandwidth without
centralized coordination, and thus generate interference to each other. Therefore,
spatial property and node intensity are essential to the system performance. In chap-

ter A, we use GASE to evaluate the spectral efficiency as well as spatial utilization



efficiency of arbitrary wireless transmissions. We then extend the analysis to the net-
work scenario. In particular, we take into account the mutual co-channel interference
among the nodes that randomly distributed in the network. We also consider the
impact of node intensity as well as node coordination schemes on the system GASE
performance.

In wireless networks, a collection of nodes share the same spectrum bandwidth
to increase the system spectrum utilization efficiency. From conventional point of
view, the side effect of this approach is severe co-channel interference, which may
deteriorate the system performance. Therefore, knowledge of interference statistics is
essential to the performance analysis of wireless networks. In particular, the statistics
of co-channel interference in wireless networks are affected by the following essential
physical parameters, namely: (1) spatial distribution of interferers; (2) propagation
characteristics of the medium, including path loss, shadowing and fading; (3) spa-
tial region over which the interferers are distributed. Specifically, if no knowledge
regarding to node locations is available a priori, a typical assumption is that the
nodes are distributed according to a homogeneous Poisson point process [29,30]. In-
tensive research has been carried out on the application of Poisson point process
to wireless networks, including network connectivity and coverage [B1-34], packet
throughput [35], error probability and link capacity [38,87]. If we further assume
individual interference power follows a distance-dependent decaying power law, then
the aggregate interference at the receiver can be modeled as shot noise [38] associated
with a particular Poisson point process. In [36], it showed that the shot noise in-
terference from a homogeneous Poisson field of interferers distributed over the entire
space can be modeled using the symmetric a-stable distribution. Following this work,
a-stable distribution has been extensively applied to characterizing the interference
in wireless networks [39-43]. The interference statistics are given by their moment
generating function (MGF'). However, due to the complexities of these MGF expres-
sions, no closed-form PDF and cumulative distribution function (CDF) were given
except for several special cases, limiting the usage of the interference statistics in the
derivation. In this dissertation, we further develop these results and apply them into
the GASE analysis.

We also consider the impact of node coordination on system GASE performance.
First, we consider a more practical wireless network in which carrier sense multiple
access with collision avoidance (CSMA/CA) mechanism is employed. In CSMA/CA

network, two close nodes are prohibited to transmit simultaneously, and thus ensures



a minimum distance between each active transmitter. In this scenario, we introduce
Matern point process [d4] to model the spatial distribution of transmitter-receiver
pairs in CSMA /CA networks. Matern point process is established from its underlying
Poisson point process by dependent thinning operations, which retains certain points
of a Poisson point process in such a way that the distance of any pairs of points are
always greater than a threshold. The statistics we derived in Poisson field is still valid
by imposing a guard zone around the transmitter. However, special treatment should
be exercised on the calculation of the affected area. Through mathematical analysis
and numerical examples, we compare the performance, in terms of ergodic capacity,
affected area, and GASE of wireless ad hoc networks with and without implementing
CSMA /CA mechanism.

Finally, we analyze the GASE of a two-tier cognitive network. Cognitive radio is
used as a promising technology to improve the spectrum utilization by allowing the
unlicensed (secondary) user share a frequency bandwidth with the licensed (primary)
owner under the condition that no harmful interference is caused to the licensee [43].
Typically, there are three main cognitive radio schemes [46]: interweave, overlay
and underlay. With interweave scheme, cognitive users opportunistically exploit the
primary radio spectrum only when primary users are detected to be idle. In overlay
scheme, cognitive users help maintain and/or improve primary users’ communication
while utilizing some spectrum resources for their own communication needs [47]. The
underlay scheme allows cognitive users share the frequency bandwidth of primary
users only if the resultant interference power level at the primary receiver is below
a given threshold [AR,49]. These schemes either explore the time-spectrum hole or
use sophisticated techniques to protect the primary network. In this dissertation,
we propose a new scheme from the spatial spectrum hole perspective. In particular,
primary network first establishes its primary affected area. Secondary nodes can
transmit only if they are outside the primary affected area. This scheme allows the
secondary network fully explore the spatial spectrum resource in the primary network,
but it also increases the interference level of the entire network. Through numerical
examples, we show the effect of secondary cognitive users on the total ergodic capacity
and affected area, the tradeoff of which is best characterized by the GASE metric.



1.4 Propagation Channel Model

In this dissertation, we assume all the transmitters are equipped with omni-directional
antennas and share the same frequency bandwidth. Each transmitter communicates
with one and only one receiver. The transmitted signal will experience path loss
and multipath fading effect. For the sake of clarity, we ignore the shadowing effect.
Specifically, the received signal power P, at distance d from a transmitter is given
by P, = %, where P, is the common transmission power, a is the path loss
exponent, Z is an independent random variable (RV) that models the multipath
fading effect, and d,ef is the reference distance. Without loss of generality, we set
dref = Im. The term 1/d* indicates the path loss model follows a decaying power law
of the distance between transmitter and receiver. For the Rayleigh fading channel

model under consideration, Z is an exponential RV with unit mean, i.e. Z ~ &£(1).



Chapter 2

Spatial Spectral Efficiency Analysis
for Single-Cell Wireless Relay
System

In this chapter, we first introduce the notion of ASE into a single-cell wireless re-
lay system and provide its accurate quantifications. Through accurate mathematical
analysis, we derive the analytical expression of ASE for the downlink transmission
of a single-cell wireless system with infrastructure RSs. Our analysis takes into ac-
count the random distribution of mobile users and the path loss/fading effects of the
wireless channel. We consider the ideal frequency reuse case, where the channel can
be arbitrarily used outside the affected area of each transmission steps. Through
selected numerical examples, we show that relay-enhanced cellular systems, while not
always leading to a higher spectral efficiency than conventional systems, can achieve
much higher overall ASE. We also apply the ASE performance metric to the design
and optimization of relay-enhanced cellular system. Followed by the ASE analysis in
single cell scenario, we further study the ASE performance in multi-cell relay system
in presence of the co-channel interference from the dominant co-channel cells. We
accurately quantify the effect of co-channel interference on the ASE of infrastructure-
relay enhanced wireless networks. In particular, we first determine the interference
power at a particular target mobile station (MS) from an arbitrary co-channel BS
and/or RSs, which is then applied to obtain the exact analytical expression of ASE.
Two transmission strategies for infrastructure-relay assisted systems are considered,

depending on whether the BS will transmit simultaneously during the relay trans-
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mission stage (a simple in-cell frequency reuse strategy) or not. Through selected
numerical examples, we show that the relay-assisted systems can achieve higher ASE
when the reuse distance is relative small, even without simple in-cell frequency reuse.
We also show that for a given target coverage area for BS/RS and reuse distance,

there is an optimal choice of transmitting power for RSs which maximizes the ASE.

2.1 System Model

Cuter Zone

o RS

Mobile I-.Iobil
10 =

Chuter Zone

o

Inner Zone

Cuter Zone

Cuter Zone
]

o]
Cruter Zone

Figure 2.1: Network architecture of single-cell relay system.

The infrastructure-relay enhanced single-cell wireless systems under consideration

is shown in Fig. P. In particular, we consider a circular area served by a central
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BS and six RSs. The RSs are located on a circle of distance Dy, from the BS. In
this scenario, two transmission modes can be applied to serve an user: the direct
transmission mode and the relay transmission mode. We assume the mode selection
is based on user locations. Specifically, the service area is divided into two different
coverage zones: the inner zone and the outer zone [H]. The inner zone is approximated
by a circle with radius Rys while the outer zone by an annulus with radius R, =
R — Ry, where R is the radius of the relay-enhanced cell. In the inner zone, mobile
users are directly served by the central BS, while in the outer zone, they are connected
with the central BS through one of the RSs. All the mobiles are assumed to be
independently and uniformly distributed in the cell. We will consider the optimal
design of R,s and Dy, based on the following analytical results.

We consider a TDMA system where the users are served in different time slots of
equal duration. In each time slot, one user in the coverage area is randomly selected
for service. Specifically, BS directly transmits to the target mobiles in the assigned
time slot if the user is in the inner zone. For outer zone users, we assume the half-
duplex decode and forward relaying operation. Specifically, each RS transmission
operates in two phases: in the first time slot, BS sends data to the RS to which the
target mobile connects. Then in the following time slot, RS relays the received data

to the target mobile while BS remains idle.

2.2 ASE Analysis

In the following, we derive the analytical expression of ASE for the infrastructure-
relay enhanced single-cell system. By definition, ASE can be calculated as the ratio
of average achieved data rate per unit bandwidth, or the equivalent ergodic channel
capacity, denoted by C, over the size of the affected area, denoted by A.g, i.e. [11]
C
Aast

ASE = (2.1)
The affected area A, refers to the area where considerable amount of transmission
power can be received, i.e., greater than a power threshold level, which severely in-
terferes other transmission over the same channel. We assume the channel can be
arbitrarily reused outside of the affected area with, for example, the dynamic spec-
trum access or cognitive radio technologies. As intuitively expected, the affected area

is always larger than the target service area. With the adopted path loss and fading



12

model, the affected area depends on the transmission power and the received signal
power threshold. Note that the transmission power also affects the coverage of the
target area. Therefore, the transmission power and cell radius need to be properly
selected such that the transmissions outside the affected area can both satisfy the
coverage requirement and create negligible interference to other cells. For clarity, we
consider the maximum achievable ASE of relay enhanced system for a given trans-

mission power and target service area.

Direct Transmission Mode

When the target user locates in the inner zone, the user is served in direct transmission
mode. In this mode, the downlink capacity at distance r over Rayleigh fading channel

can be determined as

p

C(r) = /OoiogQ(l + %)%e?m dp, (2.2)

where N is the total noise power. With some manipulations, it can be simplified as

1 N N .a
Cr)y=—F @) et 2.3
1) =gt () (2.9
where P is the transmission power of BS, r is the distance from BS to the user,

E, () is the ezponential integral function, which is given by

[ee) e—t

Therefore, the average capacity over the entire area of the inner zone is given by

_ Rbs
Cinner = C(r) fe(r)dr, (2.4)
0
where f,(r) is the PDF of the distance from BS to a inner zone user. As we assume
that the users are uniformly distributed in the service area, the distribution function
fr(r) is given by
0 <r < Rys. (2.5)
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Finally, the average capacity is obtained after substituting (23) and (235) into (24)

as
_ Ros 1 N N a2

Cinner = —F @ Ppg” —dr. 2.6

/0 1n21(be)eb 2 (2:6)

For a particular received signal power threshold p.;,, we define the affected prob-

ability P.g at distance r as

Paff =Pr {p(T) > pmin} .

Over Rayleigh fading channels, this probability is given by

Pog(Pmin, 7) = € 70 . (2.7)

where p(r) is the average received signal power determined by path loss. The affected

area of BS transmission can be calculated as
AaBg = 27T/ Paﬂ”(pmina T)’I"d?“. (28)
0

Substituting (P=7) into (29), we can arrive at

2rl (2
AR = T (o) s (2.9)
a- (pmin/Pbs)
According to (1), ASE of the inner zone can be calculated as
ainner
ASEjper = AT (2.10)

where Ciyner is given in (Z8).

Relay Transmission Mode

With relay transmission, the information to a mobile user needs to be transmitted
over the same bandwidth in two time slots. Therefore, the achieved data rate to an
user with relay transmission is the half of the minimum of the capacities of BS to RS
link and RS to mobile link. For the sake of clarity, we assume that the bottleneck
is always the link from RS to mobile, which will be justified in the numerical result

section with Monte Carlo simulation. Also note that the infrastructure RS can usually
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Figure 2.2: Geometry of relay transmission mode.

be installed to have good, likely line of sight (LoS), connections with the BS. As a
result, the achieved data rate with relay transmission is simplified to the half of the
capacity of the RS to mobile link in the following analysis.

As shown in Fig. B2, we use d denote the distance from RS to the target user at
distance r from the BS. Given the angle # between BS-RS and BS-user directions, d

can be calculated as

d=\/r? + D}, — 2Dy cos . (2.11)

Following a similar procedure as in previous section, the capacity of relay transmission
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to a user that is distance r away from BS as

1 _»

p(d)e 7@ dp. (2.12)

Over Rayleigh fading channels, it can be written as

C(d) = /O(xfogﬂ + )

1 N a
C(d) = EE <P—da) ePrad s (213)

where P is the transmission power of RS. After averaging over the coverage area of

RS, the average capacity of a user in a RS service area is given by

Couter = / / = 1(—d“) 7" f.(r) fo (0)drdo. (2.14)

With uniform user distribution assumption, the PDF of location for users in the outer

zone are given by

fr( ) (R };b) ) Rbs <r<R (215)

Similar to the previous section, the affected area of RS transmission is given by

(2
Aang — (a) -
a- (pmin/Prs)

(2.16)

Note that the two transmission steps in relay transmission mode affect different areas.
Relay transmission enjoys the smaller “footprint” in the second transmission time slot.
Given (E4) and (218), ASE of the relay transmission mode is given by

]- léouter laou‘cer

Combine the result of direct and relay transmission mode, we can arrived at the
ASE of the system as

A A
ASEre]ay == A—BS . ASElnner ~ RS ASEouter (218)

total total




16

where leS and ARS denote the service area of the BS and RS, given by ABS = WR%S

and ARS = mR? — T R2, respectively, and Atotal = ABS + ARS.

2.3 Numerical Example

In this section, we compare the ASE of infrastructure-relay enhanced single-cell sys-
tem with conventional system. Note that ASE of conventional system can be easily

shown, by following the same process as we derive ASE of the inner zone, as

C(COHV

conv
Aaff

ASEconv =

(2.19)

where AP denotes the affected area given in (29). The ergodic capacity of conven-

tional cell is

R R
6COHV:/OC(7‘)p;(r)d7‘: %/0 rC(r)dr. (2.20)

The system parameters are listed in Table 2T

Table 2.1: System parameters of single-cell wireless relay system

Item Nominal Value
BS transmission power P 36 dBm

RS transmission power P 29 dBm
Minimum received power pyi, | -40 dBm
Path-loss exponential a 4

Noise power N -100 dBm
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Figure 2.3: ASE/spectral efficiency as function of cell radius R for conventional and
relay enhanced system.
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In Fig. 23, we compare the ASE of relay enhanced system with conventional
system. In particular, we set R, = %R, Dy, = %R. The simulation results are
shown as discrete dots, which match well with the analytical results. Note that the
simulation results are obtained assuming that both hops of relay transmission can be
the bottleneck. Therefore, the assumption that the bottleneck is always the link from
RS to mobile in the analysis leads to negligible inaccuracy. We can see that, while
the ASE of both systems decrease as the cell radius R increases, the relay enhanced
cell shows much better performance than that of the conventional one for all values
of cell radius R. Another commonly used performance metric for wireless system
is overall spectral efficiency. For conventional system, spectral efficiency is equal to
Cloony, Whereas for relay enhanced system, spectral efficiency is given by

SErelay = Avs. - Chnner + Ars CT‘“ (2.21)

total total
We also compare the spectral efficiency performance of these two systems in Fig.
3. We can figure that when the cell radius R is small, the conventional cell enjoys
better spectral efficiency than that of the relay enhanced one, partly due to the half
duplexing constraint of relay transmission. We can also see that only when R is large

enough, the relay enhanced system shows better spectral efficiency performance.
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20

In Fig. 4, we plot ASE and spectral efficiency of relay enhanced system as the
3
°R.

1
It clearly shows that for both performance metrics, there is an optimal choice of Ry,

function of inner zone radius R, with cell radius R fixed to 2000m and Dy, =

value. On the other hand, the optimal R, value to maximize ASE is much smaller
than that maximizes spectral efficiency. Intuitively, this can be explained that ASE
metric takes into account the smaller footprints of relay transmission and therefore

encourage more relay transmission in the cell coverage area.



21

3.2 ; | . .

-
—_ -

9.5

[FX]
T

<

p
i

N

(=]

=~

-
i

—Area Spectral Efficiency
---Spectral Efficiency

o
Spectral Efficiency [bpsiHz]

Area Spectral Efficiency [bps/Hz/IKm 2]

2.6; 1.2 1.4 1.6 1.8 o

Normalized BS-RS Distance Dbi/Rbs

Figure 2.5: ASE /spectral efficiency of relay enhanced system as function of normalized

BS-RS distance D,/ Rps.



22

1500 2000

0, | 1000
0 500

Figure 2.6: ASE of relay enhanced system as function of inner zone radius Rps and
BS-RS distance Dy,..



23

In Fig. 23, we plot ASE and spectral efficiency of relay enhanced cell as the
function of the normalized BS-RS distance Dy, / Rys with cell radius R fixed to 2000m
and Rbs =1

2
spectral efficiency also maximizes ASE. This is due to the fact that D, affects only

R. It shows that the optimal value of D, in terms of maximizing

the capacity of relay transmission given in (2214). Finally, as an additional numerical
example, Fig. Z8 plots ASE as function of both the inner zone radius Ry, and the
BS-RS distance Dy,., which helps jointly select the optimal values of Rys and D, for

relay enhanced system.

2.4 Conclusion

In this chapter, we applied the concepts of ASE to study the performance of single-cell
wireless relay system. ASE can capture the small spacial footprint of relay transmis-
sion. We derive the closed-form expression of ASE of the relay-enhanced single-cell
system and the conventional system. In the next step of research, we will develop

more effective frequency reuse strategy to explore the benefit of relay transmission.
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Chapter 3

Spatial Spectral Efficiency Analysis
for Multi-Cell Wireless Relay
System

In this chapter, we investigate the spatial spectral efficiency of multi-cell wireless relay
network while taking into account its smaller spatial footprints. Specifically, we de-
rive the exact statistics of the co-channel interference from dominant co-channel cells,
which may operate in either direct transmission mode or relay transmission mode.
Our analysis takes into account the random distribution of the mobile users and the
path loss/fading effects. In addition, we also consider two transmission strategies
for relay enhanced cellular systems, depending on whether the BS will transmit si-
multaneously during the relay transmission stage (a “simple in-cell frequency reuse”
strategy) or not. For both strategies, the accurate analytical expression of the overall
ASE of relay enhanced cellular systems are obtained. Through selected numerical
examples, we show that the relay enhanced cellular systems can achieve higher ASE
than conventional systems with properly chosen system parameters. We also show
that the quality of BS-RS link can significantly affect the overall system ASE perfor-

mance.

3.1 System Model

We consider the downlink transmission of a multi-cell wireless relay system. As

illustrated in Fig. B, there are six dominant co-channel cells, affecting the trans-
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QOuter Zone

Inner Zone

Target Cell Co-channel Cell

Figure 3.1: Network architecture of multi-cell relay system.

mission of the center target cell. The BSs of the co-channel cells are labeled as BS;,
i€ {0,1,...,5}. The distance between target cell and the dominant co-channel cells
is denoted by D, usually known as reuse distance. For each cell, infrastructure re-
lays have been implemented to enhance the cell edge coverage. The individual cell
architecture is identical to the one we considered in chapter B, as shown in Fig. PI.
We assume that MSs are independently and uniformly distributed in their respective
cells and scheduled in a round-robin fashion to ensure fairness. The PDFs of MSs’

location coordinates (r, 6) are given by

pr(r) - 2—7"2’ 0 <r< Rbs + Rr57
(Rbs+Rr8) (31)
po(0) = 5=, 0<6<2r
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Figure 3.2: Interference from co-channel cells in relay mode.

It follows that the probability that the scheduled user is in the inner zone and served
directly by BS is given by Pyq = M:L%' The probability that the scheduled user

is in the outer zone is then equal to P, = 1 — Pjy.

RS RS = RS =
Transmission MS MS
BS BS > BS =
Transmission BS ->MS RS RS BS ->MS
______
T T 2T 3T AT -
(a) Without in-cell frequency reuse
o _R_S ____________ RS > T RS> |
Transmission MS MS
BS BS > | BS-> |BS->| BS >
Transmission BS ->MS RS MS RS MS BS ->MS _
______
T T 2T 3T AT ==

(b) With in-cell frequency reuse

Figure 3.3: Transmission strategies.

We consider a generic TDMA system, where transmissions to scheduled MSs occur
in time slots of equal duration 7'. In addition, RSs perform half-duplex decode-and-
forward (DF) relaying operation, as they cannot transmit and receive at the same
time. For that purpose, the transmission time slots for MSs in the outer zone are
further divided into two subslots. In the first subslot, assumed to be of duration 7,

BS transmits to the corresponding RS, which then forwards its decoded information
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to the target receiver in the second subslot of duration T'— 7. Since the infrastructure
RSs are usually installed with line-of-sight (LoS) connection to the BS, we assume
that the BS to RS hop always enjoys higher capacity than the RS to MS hop, which
typically does not enjoy a LoS connection. Therefore, the duration of the first subslot
is less than or equal to that of the second subslot, i.e. 7 < T/2. Fig. illustrates

the sample transmission slots.

3.2 ASE Analysis

ASE characterizes the average spectrum utilization efficiency per unit area of the
cellular systems. Mathematically speaking, ASE can be defined as the ratio of the
average ergodic capacity of a cell over the utilization area of the frequency bandwidth
of interest. Since the frequency reuse distance is D, the utilization area is given by
m(D/2)%. Then ASE of the cellular system, denoted by 7, can be calculated as

C
= — 3.2
where C denotes the average ergodic capacity of the target cell and can be evaluated
by averaging the ergodic capacity of an MS at certain location (r,0) over the cell

coverage area €, i.e.

C= //QC('r, 0) - p(r) - pe(0)drdo, (3.3)

where C(r,0) is the ergodic capacity of an MS at coordinates (r,60). Let I" denotes
the instantaneous received SINR at coordinates (r,6). Considering co-channel inter-

ference, I' can be written as
PFX

r—_—=> _
Itotal + N

where Zi.ia denotes the total interference power from co-channel cells and N is the

(3.4)

noise power. It follows that C(r,8) can be calculated using the probability density
function (PDF) of I, fr(v), as

C(r,0) = / T logy(1 4 ) - fr(7) dv. (3.5)
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Therefore, to calculate ASE of cellular systems, we need to obtain the statistics of
the received SINR of the MS at certain location in the cell coverage area. Note that
Tiota1 for conventional systems is simply the total received signal power from the six
dominant co-channel BSs. For relay enhanced systems, Z;.. consists of received signal
power from transmitting BSs and /or RSs of the co-channel cells. In the following, we
first determine the statistics of total interference power Zi.:.1, which is then applied
to the evaluation of C(r,§).

Interference analysis

Based on the system model presented in previous section, every co-channel cell will
be operating in either direct transmission mode or relay transmission mode with
probability Py and P;, respectively. Let n € {0,1,---,6} denotes the number of
co-channel cells performing direct transmission while other 6 — n co-channel cells
are performing relay transmission. Let u, denotes the index set of cells in direct
mode and u, = S — u,, where S = {0,1,--- ,5}, is the complementary set of u,,.
Therefore, for a particular set u,, the total interference Ziytaiu, can be written as the
summation of the interference from the co-channel cells in direct mode and that from

the co-channel cells in relay mode, i.e.

Tooatjun = Y Tns, + 3 Trs,- (3.6)

keu, t€u,

where Zpg, and Zpg, denote the interference from the k" co-channel cell that per-

t'h co-channel cell that performs relay transmission,

forms direct transmission and
respectively.

When the k" co-channel cell is operating in direct mode, the amount of inter-
ference power Zpg, that it generates to the MS in the target cell is an exponential

random variable with average given by
Igs, = Pps/dig, (3.7)

where dpg, is the distance from the BS of the k" co-channel cell to the MS, which

can be calculated, with reference to Fig. B, as

dgs, = /12 + D? — 2rD cos by, (3.8)
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where D is the reuse distance and 6y, is the angle between serving BS to co-channel BSy
and serving BS to MS directions. Note that the distance dgg, to different co-channel
BSs varies as the value of 6, changes.

We now consider Zgg,, the interference power generated by co-channel cells operat-
ing in relay transmission mode. The interference power from a RS transmission is also
an exponential random variable with mean related to the distance from the RS to the
target MS. Specifically, the average interference power from the j* (j = 0,1,---,5)
RS of t™ co-channel cell, denoted as RS;;, is given by TRSU = Pgrs/ d‘ﬁUtj, where Pgrg
is the transmission power of RS and dry,; is the distance from RSy; to the target MS.

According to the geometry shown in Fig. B, we have

dru,, = \/rQ + dZBRtj — 2rdgg,, cos(t; — a;), (3.9)

where dpg,; = \/ d2. + D? — 2d,,D cos(%7) is the distance from RSy; to the central BS,

and a; = arcsin {%P;j sin(g ])} is the angle between BS-BS and BS-RS,; directions.

We assume that the RSs have equal probability to transmit. Based on the relaying
mode of operation, the interference power of the co-channel cell are from the co-
channel BS for 7/T" percent of the time and from one of the six RSs for (T' — 7)/T
percent of the time, as illustrated in Fig. B=3@. Therefore, the interference from ¢

co-channel cell that performs relay transmission is given by

5
T T—7 1
Igs, = = X T X =Y TIgs,.- 3.10
RS: = 7 X LBs, + T 6 JZ:; RSy (3.10)
Note that we allow the operation of different co-channel cells to be unsynchronized
here.

Finally, the total interference conditioning on u,,, Zietalju,, is the summation of
received signal power from transmitting BS and/or RS of the co-channel cells. Sub-

stituting (B10) into (B) and after some simplifications, Ziotaiju, can be written as

5
Liotalju, = Z Ips,, + % Z Tps, + T6;T Z ZIRSU-‘ (3.11)

keuy, teu, teuy, j=0
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Ergodic capacity analysis

In this section, we derive the ergodic capacity C(r,#) for an arbitrary MS at location
(r,0) in the target cell under Rayleigh fading. We first show that under Rayleigh
fading model, the statistics of I' can be expressed in terms of the MGF of total

co-channel interference Ziy;,1.

Statistics of SINR over Rayleigh fading channel

The cumulative distribution function (CDF) of I" given in (84), Fr(7), can be written

as
Fr(y) = / Pr {Prx < W+ N) 7| Liota = y}fzml(y) dy. (3.12)
0

Note that for Rayleigh fading environment,
o {Prx <Y+ N) | Lot = y} =1 e, (3.13)
then Fr(7) can be obtained, after applying the definition of MGF, as

FF(V) =1- eiN’Y/ﬁerItotm(_fY/Frx)? (314>

where Mz, . (s) denotes the MGF of total co-channel interference Zioo. Under
Rayleigh fading assumption, Zgg,, and Zgs,, are exponential random variables with
mean Zpg, and TRSW respectively. It follows that the MGF of total interference

Itotal\una giVen in (BID), is given by

Mztotallun(s) :( H MIBSk <S)> ' ( H Mg, (%8>> . < H HMIRStj (%s) )’

keuy, teuy, teay, j=0

(3.15)

where the MGF's of Zgg, and Zgs,; are given by
Mz (s) = (1—Tgs, -s)7, (3.16)
and

Mz, (s) = (1=Tgs, -5)7", (3.17)
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respectively. Let U, denotes the set of all possible u,’s, i.e. elements of power set
©(S) with n entries. Noting that the probability of each u,, is P7P%", the MGF of

total interference Ziy. can be finally obtained as

Mz u(s) =) ZPQPE—"{ IT (0 Tss, - s) "

n=0 u, €U, keuy,

> 7 7 \"1 7 T—7\"!
x 1- t-—s) (1 -Tgs, - ——Ls) b (3.8
(e 70 (e 5 ) o

Finally, the CDF of the received SINR I is obtained in closed-form as

6 = -1
RTINS (RE)

n=0 u, €U, keun, X

> T - Irs, T -7 -
X HH(1+ 'TV) -<1+ EXJ' o 7) } (3.19)

tet, j=0

BS;
Py
Average ergodic capacity
The ergodic capacity C(r,#) for an arbitrary MS at location (r,0) in the target cell
can be calculated using the CDF of the received SINR Fr- () given in (B3). For users

in the inner zone, i.e. 0 < r < Ry, and 0 < 0 < 27, C;(r,0) can be calculated, after

integration by part and some manipulations, as

1 < e=Ny
Gt =i [ M b (3.20)
where P; is the average received signal power from the serving BS given by Ppg/r®.
The users in the outer zone, i.e. with Ry, < r < Rps + R,s and 0 < 0 < 27, will
be served in the relay mode. As noted earlier, we assume that the RS to MS hop
transmission is always the bottle neck, due to the smaller transmission power and
size of RSs. Since RS transmits for 7' — 7 time period in each time interval 7', C(r, )

for user in the outer zone can be calculated as

T—71 [ e
o(r,0) = = —7) dy, 21
Cor ) = iy | M () (321)
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where P, is the average received signal power from the serving RS given by Pgg/d®
where, as illustrated in Fig. B3, d, = \/7"2 +d2 — 2rdy-cos B and (3 is the angle
between BS-RS and BS-MS directions, given by 8 = mod (6, ).

Finally, the average ergodic capacity of a relay enhanced cell can be obtained by

averaging over the whole cell coverage area as

aen [ /R“ po(r) - po(0) dr 0

P / 2”/RMR” po(r) - po(6) dr do. (3.22)

Ry

3.3 In-cell Frequency Reuse

In this section, we apply a simple in-cell frequency reuse scheme to make full use of
the time slots in relay mode and hence increase the spectral utilization efficiency. As
illustrated in Fig. BZ3H, we allow BS to transmit to another MS in the inner zone
during the time slot that RS communicates with MS in the outer zone. Due to the
simultaneous transmission in relay mode, the total interference will be increased while
an extra multiplexing capacity, denoted as Cy,,1, will be included into the calculation
of the total capacity. We will analyze the effect of this simple in-cell reuse scheme by

evaluating the ASE of the resulting cellular system.

Analysis for inner zone user

As we apply the in-cell frequency reuse scheme to every co-channel cell, BS will

transmit for the entire time slot T" rather than 7 when performing relay transmission.

Therefore, the total interference for inner zone user conditioning on u,, Ztiota”un,

tota1|un Z IBSk Z Z RSy (323)

teu, j=0

can

be written as

where Zgg, and Zgs,, are exponential random variables. Thus for users in the inner
zone, the ergodic capacity Ci(r,0) can be calculated using (B20) with the MGF of
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T} .1, given by

My (-3 Y% 7’5‘7’5‘"{ [ Mo, (% T M, (Z7) }
k=0

n=0 up €y, tET, j=0 6T
(3.24)

Analysis for outer zone user

Figure 3.4: Geometry for in-cell frequency reuse case.

As illustrated in Fig. B4, the BS generates an extra interference Z3¢ to MS;
at (r1,11) in the outer zone of target cell, which can be modeled as an exponential
random variable with mean TOBS = Ppg/r{. The total interference for MS;, denoted

o . . To i o . .
as Ly .1, is given by Z¢ . = T| .., +7134. Thus for users in the outer zone, the ergodic
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capacity C,(r, 0) can be calculated using (B=21) with the average received signal power
of P, = Prg/d? and the MGF of ¢, given by

5
total Z Z PaPy n{ HMIBSk 5) % H HMIRstj (%S) }XMIIOBS(S),

n=0 u, €U, teuy, j=0
(3.25)

where Mz (s) = (1 — T - s)f1 is the MGF of Z3g. Meanwhile, for MSy at (rq,1)9)
in the inner zone served in parallel by BS, the interference generated by trans-
rmttlng RS, 7y, is an exponential random variable with mean Pgrs/d?, where

= /124 d2, — 2rady, cos(yy — (1 — B)). Therefore, the total interference for
MSQ, denoted as Z™Y,  is given by Zm™ = 7} +7Zm% The ergodic capacity Cpy (7, 6)

can be calculated using (321) with the average received signal power of P,y = Ppg/rg
and the MGF of f{g‘tgl, given by

5
Map, (5 Z > PP "{HMIBsk s)x [ 1T Mz, (%s) }xMIﬁng(s),

n=0 u, €U, tew, j=0
(3.26)

=Fmul : mu
where Mzmu(s) = (1 —Iyg - 5> is the MGF of Z83!,
Finally, the average ergodic capacity of a relay enhanced cell with the simple in-
cell frequency reuse scheme can be obtained by properly averaging over the whole cell

coverage area as

21 Ry
C= Pd/ Ci(r,8) - p.(r) - pe(0) dr d6

27 Rbs+Rrs
P / / po(r) - pa(8) dr df

Ryps

27 Rbs
+ P, / / Crut(7,0) - pr(r) - pa(6) dr dé, (3.27)

which can then be applied in (B2) to calculate ASE of the resulting relay enhanced
cellular system with in-cell reuse.

3.4 Numerical Examples

In this chapter, we present several numerical examples to study the ASE performance

of infrastructure relay enhanced cellular systems. Specifically, we first focus on the
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effect of relay position as well as the time duration allocation for relay transmission.
Then we illustrate the effect of cellular system parameters, including the number of
channel subsets, inner zone radius, and BS transmission power. In all the figures, the
simulation results (in dots) and the analysis results (in lines) show good match with

each other. The system parameters are listed in Table B

Table 3.1: System parameters of multi-cell wireless relay system

Item Nominal Value
BS transmission power Pgg 36 dBm
RS transmission power Prg 29 dBm
Minimum received power ppi, | -40 dBm
Path-loss exponential a 4

Time division 7 0.4

Noise power N -100 dBm
Inner zone radius Ry, 1000 m
Outer zone radius R, 400 m
Relay position d, 1200 m
Reuse distance D 4200 m
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In Fig. BH, we examine the effect of relay position on the overall ASE perfor-
mance. We plot ASE as function of the distance between BS and RSs, dj,., while
keeping Rps and R,s unchanged. We can clearly see that the in-cell frequency reuse
scheme offers better ASE performance than without in-cell reuse case. We also notice
that there is an optimal relay position in terms of maximizing ASE for relay enhanced
systems with or without in-cell frequency reuse. With the optimal relay locations,
the relay enhanced cellular systems have much better ASE performance than con-
ventional system. On the other hand, such performance advantage decreases or even
diminishes for without in-cell reuse case if the relay location is not properly chosen.
Therefore, proper selection of RS positions is essential to relay enhanced cellular sys-
tems. Another interesting observation is that the optimal relay location for in-cell
reuse case is closer to cell boundary than without in-cell reuse case, to alleviate the

effect of mutual interference due to parallel transmission in the cell.
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In Fig. B8, we plot the system ASE performance as function of subslot duration for
BS-RS transmission, 7, while fixing relay location at the center of the outer zone. Fig.
B4 shows that ASE for both with and without in-cell reuse cases are monotonically
decreasing as 7 increases from 0.17" to 0.57. When 7 is 0.57, i.e. the subslots for BS
and RS transmission are of equal duration, the ASE performance of relay enhanced
systems is slightly better than that of the conventional system without relaying.
Recall that better BS to RS link quality permits smaller 7. Therefore, for cellular
systems to benefit from infrastructure relay, especially in terms of overall ASE, the
BS-RS link should be designed with good quality.
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In cellular systems with hexagon cell structure, the reuse distance D and cell radius
R = Ry, + R, are related as D = V3N R, where N is the number of channel subsets,
satisfying N' = p?>+¢* +pq (p,q € Z). In Fig. B2, we plot the ASE of relay enhanced
cellular system as function of the number of channel subsets A/. The simulation
result for the first seven possible values of N, i.e. N = {3,4,7,9,12,13,19} are also
plotted. It clearly shows that ASE is a decreasing function of the number of channel
subsets N. As the number of channel subsets increases, the reuse distance between
two co-channel cells increases correspondingly. On one hand, large reuse distance
leads to a decrease in co-channel interference and thus an improvement in capacity;
on the other hand, it also increases the area that a particular frequency bandwidth
occupied. The decreasing curve shows that the improvement in capacity cannot catch
up with the increase in area. For comparison, we also include the ASE performance
of conventional system without relays. The result shows that for all values of N, no
matter with or without in-cell frequency reuse scheme, the relay enhanced systems
enjoy better ASE performance than that of the conventional systems; and the in-cell

frequency reuse scheme is better than the without reuse case.
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In Fig. BR, we plot ASE as function of the inner zone radius R,s. The result
shows that Ry, has different effect on the ASE performance for with and without
in-cell frequency reuse case. With in-cell frequency reuse, ASE is a monotonically
decreasing function of Rp,. This is due to smaller Ry, leads to larger outer zone,
which increases the in-cell frequency reuse opportunity. Under this circumstance,
the system benefits more from the reuse scheme. Without in-cell frequency reuse,
there is an optimal value of the inner zone radius in terms of ASE. Recall that
relay transmission is performed in half-duplex mode, which causes a penalty on the
capacity. On the other hand, the system benefits from the smaller interference of
the relay transmission step. Therefore, for too small Ry, the system relies on relay
transmission most of the time, and the penalty on capacity dominates; while for too
large Ry, the system fail to explore the benefit of smaller interference. As a result,
there is an optimal value of the inner zone radius. We also note that, if the inner zone
is too large, the ASE performance of relay enhanced cellular network is even worse

than that of the conventional network without relays.
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In Fig. B™, we plot ASE as function of BS transmission power Pgg. As we
increase the BS transmission power, the system overall ASE performance increases
as well. This is because for small Pgg, the system coverage is poor and thus the
capacity is small. As Ppg increasing, the system capacity is limited by inter cell
interference. Another interesting observation is that, for small values of Pgg, the
system benefits from the in-cell frequency reuse scheme. However, this benefit shrinks
as Ppg increasing. It can be explained that the capacity generated by the in-cell
frequency reuse cannot compensate the negative effect of the additional interference.
Therefore, in order to implement the in-cell frequency reuse, the BS transmission
power should be carefully chosen. Similar observations have observed for the effect
of RS transmission power Prg. The analytical result in this work can be used to

optimally choose the system transmission power.

3.5 Conclusion

In this chapter, we investigated the ASE performance of multi-cell wireless relay sys-
tem. We analyzed the total interference from the dominant co-channel cells operating
either in direct or relay modes over Rayleigh fading channels, based on which we ob-
tained the statistics of the SINR of an arbitrary MS in the target cell. We then derived
the exact analytical expressions of ergodic capacity and ASE of the relay enhanced
cellular systems with and without in-cell frequency reuse. Through selected numeri-
cal examples, we showed that for relay enhanced system, both the RSs position and
BS-RS links should be properly selected in order to obtain better ASE performance

than the conventional systems without relays.
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Chapter 4

Spatial Spectral Efficiency Analysis
for Arbitrary Wireless

Transmissions

In this chapter, we present a comprehensive study on the GASE metric for various
transmission scenarios of practical interest. We first formally introduce the definition
of GASE by illustrating its evaluation for conventional point-to-point transmission.
Then we extend the analysis to four transmission scenarios, namely dual-hop relay
transmission [60-63], three-node cooperative relay transmission [40,64-59], two-user
X channels [60-62], and underlay cognitive radio transmission [A5, 46, 48 49, 63-66).
Cognitive radio has received significant attention lately as it can help to greatly im-
prove the spectrum utilization of licensed frequency bandwidth [45]. Typically, there
are three main cognitive radio paradigms [46]: interweave, overlay and underlay.
With the underlay paradigm, the secondary cognitive users can access the frequency
bandwidth of the primary radio only if the resultant interference power level at the
primary receiver is below a given threshold [48,49]. Recently, intensive research has
been carried out to quantify the capacity gains of underlay cognitive radio transmis-
sion [63-66]. These research focused on the benefit of spectrum sharing by imposing
a interference constraint on the primary receiver. However, the spatial property of
parallel radio transmissions are overlooked in these analysis. In particular, the area
affected by simultaneous transmission should also be considered when evaluating over-
all system spectrum utilization efficiency, especially in dense frequency reuse scenario.

For each communication scenario, the generic formula of GASE are presented with



47

specific closed-form expressions for Rayleigh fading environment derived whenever
feasible. Selected numerical examples are presented and discussed to illustrate the
mathematical formulation and demonstrate the new insights that GASE metric brings

into wireless system design.

4.1 Generalized Area Spectral Efficiency

In this section, we formally introduce the definition of GASE metric and illustrate
its evaluation for conventional point-to-point transmission. Consider a point-to-point
wireless link between generic source S and destination D. The source S is transmitting
with power P, using an omni-directional antenna. For analytical tractability and
presentation clarity, we assume that the transmitted signal experiences both path
loss and multipath fading effects, ignoring the shadowing effect. We also assume
that the fading channel is slowly varying and, as such, the transmitter can adapt its
transmission rate with the channel condition for reliable transmission.

GASE is defined as the ratio of the ergodic capacity of the link, denoted by C, over
the size of the affected area of the transmission, denoted by A. Mathematically, if we
denote GASE by 7, we have n = C/A. The affected area refers to the area where a
significant amount of transmission power is observed, i.e., the received signal power P,
is greater than a certain threshold value P,;,, which will lead to significant amount of
interference to neighboring transceivers. The value of P.;, should be selected based
on the interference sensitivity of neighboring wireless transmissions. In particular,
if the neighbouring transmission is insensitive to interference, e.g., spread spectrum
or ultra wideband (UWB) systems, P, may be set to a large value. Otherwise, it
should be set to the same order of magnitude to background noise. The same P,
value should be used to compare different design for the target transmission. For
point-to-point link, the probability that an incremental area of distance r from the
transmitter is affected is equal to the probability that the received signal power, P,(r),
is greater than P;,, i.e., ]P’{Pt - Zrt > Pmin}. It follows that the affected area of

point-to-point transmission can be determined as

2 00 e’}
A = / / / fz(z)dzrdrdd
0 0 Pmin-T‘a/Pt

= 27r/ (1 — Fz(Puin - 7*/F;)) rdr. (4.1)
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Meanwhile, the instantaneous link capacity between source S and destination D is
given by C = log, (1 + % . z), where z denotes a particular realization of fad-
ing power gain Z and N is the noise power. As such, the ergodic capacity can be
calculated by averaging the instantaneous link capacity over the distribution of Z.

Mathematically speaking, we have

— o0 P,
C = /0 10g, (1+ thza z> dF,(z2), (4.2)

where Fz(+) is the cdf of Z. Note that we ignore the effect of external interference

from neighbouring transmission in non affected area in the capacity calculation. We
assume that if P,;, is chosen properly, due to the channel reciprocity property, the
neighbouring transmission from non affected area will not generate significant inter-
ference to the target transmission. The effect of such external interference on the
ergodic capacity as well as GASE will be addressed in our future work.

Therefore, the GASE for point-to-point link can be calculated as

~ Jo logy (1+ g - 2) dF(2)
= o fooo(l — FZ<Pmin . r“/Pt)) rdr

(4.3)

Under Rayleigh fading environment, Z is an exponential RV with unit mean, i.e.,

Z ~ &(1). The affected area of point-to-point transmission specializes, with the help

of [67, Eq. 3.326.2], to
2r 2\ [ P \¥°
A:%P(a) (Pt_ ) , (4.4)

where I'(+) denotes the Gamma function. As we can see from (B4), the affected area

for the point-to-point link over Rayleigh fading is proportional to Pt2/ * where a is

the path loss exponent. Meanwhile, the ergodic capacity of the point-to-point link is

— 1 d*N d*N
C—EE1<Pt>eXp<Pt), (4.5)

where E,(z) = [ ?dt is the exponential integral function [67]. Finally, we can ob-

given by

tain the closed-form expression of GASE for point-to-point transmission over Rayleigh

fading as

(4.6)
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It worths noting that, by including the factor Ptg/ “in the denominator, the GASE per-
formance metric also quantifies the energy utilization efficiency of wireless transmis-
sions in achieving certain ergodic capacity while taking into account radio propagation
effects. The conventional bit per Joule metric, specialized to C/P; for point-to-point

transmission, is roughly equivalent to the special case of GASE metric with a = 2.

GASE n [bps/Hz/km?]

| 20 40 60 i 100
Transmission Power F’t [dBm]

Figure 4.1: The effect of transmission power P; on 7.

In Fig. B, we plot the GASE of point-to-point link under Rayleigh fading en-
vironment as function of the transmission power P; for different path loss exponent
a. The threshold P,;, = —80 dBm, the distance between transmitter and receiver
d = 1000 m, and the noise power N = —100 dBm. It is interesting to see that, unlike
conventional spectral efficiency metric, the GASE 7 is not a monotonic function of
P, in general. Only when «a is very small will GASE 1 be a monotonically decreasing
function of the transmission power P;. For medium to large a, GASE is proportional
to P, when P, is relatively small, which implies that the ergodic capacity increases
faster than the affected area in this region. When P, becomes large, the affected area
increases faster, which leads to a decreasing GASE. As such, an optimal P, value

exists in terms of maximizing the GASE of point-to-point transmission. These be-
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haviors of 7 can be mathematically verified with the following limiting results based
on (EB),

00, a < 2;
Pth—I>%+ n=qloge- %7 a=2; (4.7)
0, a > 2,
and
]%iE)noon =0. (4.8)

It is straightforward although tedious to verify that n is a concave function of P;. As
such, there exist optimal values for P, that maximize the GASE for point-to-point
link for a > 2 cases, which can be analytically obtained by solving diptn = 0 for P,.
After substituting (E98) into it and some manipulations, we arrive at the following

equation that the optimal P} satisfies

d°N 2 d*N d*N
—|E =1. 4.
(Pt*+a) 1(Pt*)exp(Pt*) (4.9)

Various numerical methods can be used to solve this integral equation for P;. Note

that the optimal transmitting power value is proportional to the product d*/N, but
independent of the minimum power threshold P,,;,. Essentially, for a certain propa-
gation environment and source-destination distance, P} leads to the largest ergodic
capacity per unit affected area. The transmission power is therefore optimally utilized
with consideration of the spatial effect of radio transmission.

Fig. B also shows that the larger the path loss exponent a, the larger the
maximum achievable GASE. Meanwhile, we need to use higher transmission power
to achieve this maximum GASE. This observation indicates that when the path loss
effect is significant, it is beneficial to use high transmission power as the affected area
is not growing quickly. On the other hand, when there is severe shadowing effect
between the S-D link, the GASE performance will suffer from the excessive increase
of the transmission power P;. In such scenario, relay transmission is the ideal solution
to increase link throughput without significantly increasing the spatial footprint. In

the next section, we examine the GASE performance of relay transmission.
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4.2 GASE Analysis for Dual-Hop Relay Transmis-

sion

Figure 4.2: Dual hop relay transmission.

In this section, we consider the scenario where S transmits data to D with the help
of the intermediate relay node R, as illustrated in Fig. B=4. Specifically, relay R carries
out either decode-and-forward (DF) or amplify-and-forward (AF) operation in a half-
duplex mode. We assume the relay transmission occurs in two successive time slots
of equal duration 7. The distance from source to relay and relay to destination are
denoted by dgr and dgp, respectively. We assume that direct S-D transmission is not
possible, due to for example deep shadowing. The GASE performance of cooperative
three-node network will be considered in the next section.

The transmission power of the source and relay node are denoted by Ps and Pk,
respectively. The ergodic capacity of the relay transmission can be calculated, noting

the half-duplex constraint, as

— 1 [
Cr=g [ Toma(1+9) - (1), (1.10)

where fr,, () denotes the PDF of the equivalent end-to-end SNR I'eq. For DF relaying
protocol, Fe%F is equal to min{l'sg,'rp}, whereas for AF protocol, Fif is given

AF _ _Tsrlprp N i i
by e = RS m— [63], where I'sg and T'gp are the instantaneous received SNR
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of S-R hop and R-D hop, respectively. The affected area for the first and second
relay transmission step, denoted as Agg and Agp, can be calculated using (B4) with
correspondent transmission power Ps and Pg, respectively. Note that Aggp and Agp
will not be affected at the same time as S and R transmit alternatively. Therefore,
the overall GASE for dual-hop relay transmission is calculated by averaging GASE of
source and relay transmission steps, while noting that each step finishes half of data

transmission, as

1{Cr Cg }
=9 t— 4.11
=y (1.11)
Under Rayleigh fading environment, the received SNRT';; (i € {S, R}, j € {R, D}
and i # j) can be expressed as I';; = 7;; - Z, where 7;; = d’.l}..;-iN is the average received

SNR related to the distance from the transmitter ¢ to receiver j, d;;. Z is an expo-
nential RV with unit mean. It follows that the PDF of I'2" can be obtained, noting

that T2F is the minimum of two exponential RVs, as

Frap() = an -7, (112
where oy = =1~ + =2—. Then the ergodic capacity for DF case can be derived as
VTSR YRD
— 1
Cpr= T Ei(a1) exp(ay). (4.13)

Finally, GASE of DF relay transmission for Rayleigh fading scenario is given, after
applying (84) and (E13) into (A1), by

nF 1 E1(aq) exp(ay) E1(aq) exp(ay)
DF —
41n?2 . P 2/a . p 2/a
Br) (£2) " =re) (&)

For AF relaying, the PDF of the equivalent SNR quF is approximately obtained
as [68, eq. (18)]

(4.14)

Jrar(v) = 2517604”{061 Ki1(2617) + 26 K0(2517)}, (4.15)

where (] = \/ﬁ, Ko(+) and K;(-) is the second kind modified Bessel function of

the zero-order and first-order, respectively [67]. Substituting (AI3) into (EI0), we
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can calculate ergodic capacity of relay transmission with AF protocol as

Cup= / logy (1 + ) B1ye™ 7 x {cn Ki(26817) + 26; K0(2517)}d7. (4.16)
0

The GASE performance of AF-based relay transmissions can be similarly calculated
by applying (E18) in (Z10).

0.9

—+— DF Relay
+ —O6— AF Relay
0.8F a=4 , AN —&— No Relay

GASE n_, [bps/Hz/km?]

Transmission Powe Pt [dBm]

Figure 4.3: Comparison of the dual-hop relay transmission and point-to-point trans-
mission.

In Fig. B=3, we compare the GASE of dual-hop relay transmission with point-
to-point transmission. The distance between source to destination dgp = 1000 m,
between source to relay dsg = dgrp = 500 m, and the angle 6 = 0. Specifically, the
GASE of both DF and AF cases are plotted as function of common transmission
power Ps = Pgr = P, for different values of path loss exponent a. The relay node
R is assumed to be at the center point along the line between S and D. As we can
see, similar to the point-to-point transmission case, there exist optimal values for
transmitting power P; in terms of maximizing GASE of dual-hop relay transmission.

Based on the analytical results on GASE, the optimal transmitting power for relay
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transmissions can be obtained by solving the following optimization problem

max  1ng (4.17)

Pg,PRreR+

s.t. PS < Prna)uPR < Pmaxa

where P,y is the maximum transmission power of the nodes. For DF relaying under
Rayleigh fading environment, after applying (E=L3) and (2=), the objective function

specializes to

—2/a —2/a
DF a PS PR
=———F . 4.1
i rln2-T (%) 1(a1> exp(al) 8 ((Pmin> * (Pmin) ) ( 8)

The resulting optimization problem can be easily solved numerically. We also note

from Fig. B3 that the maximum GASE of relay transmission are much higher and can
be achieved with much smaller transmission power than point-to-point transmission.
From this perspective, introducing a relay node can greatly improve the greenness
of wireless transmissions. On the other hand, if the transmission power are set too
large, the GASE of point-to-point transmission becomes slightly larger than that of
relay transmission, partly due to the half duplex constraint on relay transmission.
Therefore, dual-hop relay transmission is more energy efficient than point-to-point

transmission only when the transmission power is adjusted to proper values.

4.3 GASE Analysis for Cooperative Relay Trans-
mission

Previous section investigates the GASE performance of relay transmission and ig-
nores the direct source to destination link. In this section, we utilize GASE metric
to quantify the spectrum as well as power utilization efficiency of cooperative trans-
missions while taking into account the spatial effects of each transmission stage. We
focus on a three-node cooperative relay transmission where relaying is activated only
if it will lead to higher instantaneous capacity. In particular, the source node decides
to perform either direct or relay transmission to communicate with the destination

node based on the instantaneous link capacity. Therefore, the instantaneous capacity
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of such three-node cooperative transmission is given by
Cinst = max {Cd, Cr} ) (419)

where C4q and C, are the instantaneous capacity of direct transmission and relay
transmission, respectively. Cgq is related to the instantaneous received SNR of S-D
link, I'sp, as

Cq =logy(1+T'sp), (4.20)

The instantaneous capacity of relay transmission C, is given by

1
Cp = 5 logy(1+ T, (4.21)

where T'¢q is the equivalent received SNR of the relay channel, and the factor % is

due to the half-duplex constraint. Substituting (A=20) and (E=20) into (1Y), the

instantaneous capacity specializes to

1
Cist = 5 max { log, (1 + FSD)Z, log, (1 + Feq)}

1
~ log, {1 + max {rgD + 20, rcq} } (4.22)

|G

where I'¢ is the overall equivalent received SNR of the three-node cooperative trans-
mission. The ergodic capacity can be derived by averaging the instantaneous capacity

over the distribution of I'¢, i.e.,

C= /O %bgz (14+7) - fre(y) dv, (4.23)

where fr.(7) is the PDF of I'c. Meanwhile, the probability that the system performs
direct transmission is equal to the probability that Cq4 > C,, i.e.,

Py = P{P@D +2Tgp > Feq}. (4.24)
Accordingly, the probability that the system performs relay transmission is given by

7Dlrzl_,]Dd-

The GASE of three-node cooperative transmission, denoted by n¢c, can be cal-
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culated, while noting that the affected areas of source and relay transmissions are

different, as

Cyq 1 ( C, C, >
_ P2 o + , 4.25
e T Agr 2\Asg  Agp (4.25)

where Agr and Agp are the affected areas for the source and relay transmission steps,
which can be calculated using (E4) with correspondent transmission power; Cq and
C, are the average ergodic capacity under direct and relay transmission. In what
follows, we will calculate Cq and C, for DF and AF relaying protocols under Rayleigh

fading environment.

4.3.1 DF Relaying Protocol

Under Rayleigh fading environment, I'sp = g, - Z and Z ~ £(1), Pqg can be special-

ized to . -
Py =— I, (2 + 2x) exp(—z /Y gp) dz. (4.26)
Vsp Jo
With DF relaying, the PDF of equivalent received SNR over relay link, quF , s given by

(A12). Substituting (B12) into (=28) and carrying out integration, we can obtain the
probability that the system performs direct transmission with DF relaying protocol,

as
1
PP =1——D(a1, ), (4.27)
Ysp

|._l

+ 2+

g = =2 4 = , and D(ay, ag) is defined as
VSR YRD

2|

SD

o0 1 ™ L% [6%)
) = —eat—antqy — = [ T cdar erf 4.28
(Oél7a2) /0‘ € 2 Oéle Ler C(2\/Oé_1>7 ( )

where erfc(z) = == e~tdt is the complementary error function [67].
h f \/2; IOO t p y

The equivalent SNR of the three-node cooperative network with DF protocol is
given by
I'8F = max {F%D + 2Tsp, F(%F}. (4.29)

It can be shown that the PDF of I&" under the condition I}, + 2T gp > IR is given
by

Vsp fFSD(g) ) FFQ{(V)
(€+1)- (Ysp — D, a2))’

where £ = /v + 1 — 1. Substituting (8=30) into (E=23) and making some manipula-

(4.30)

frgF(V | T8y + 20 gp > F(%F) =5
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tions, we can obtain the average ergodic capacity of direct transmission as

1 o0

—DF 1 1 1 9
C = — {7 .eisp K e —/ In 1+t 6_O‘1t —axst dt} 4.31
¢ In2(Fgp — D(a, a2)) P 1(’YSD> 0 ( ) ( )

Following the same procedure, we can arrive at the PDF of T'2¥ under the condition
%, + 20sp < FglF as

~ Tsp - Jror(v) - Frg,(€)

I%p+20sp < TR = 4.32
ngF(’}/ | SD + SD eq ) @(al’ a2) ( )
It follows that the average ergodic capacity of relay transmission is given by
—DF 1 _ > —art— =t (VITi-1)
C, = e E - In(1+t)-e " 7 dtp. (4.33
Y et Bila)— [ (1) (4.33)

4.3.2 AF Relaying Protocol

With AF relaying protocol, the PDF of the equivalent received SNR over relay link,
I4F, is given by (EI3). Substituting (EIH) into (E=20), we can obtain the probability
that the source node performs direct transmission, denoted by P47 i.e.,

Pyl =1~ _Lﬂ(ﬂla B2), (4.34)
Vsp

where 24(/31, 52) is defined to be

APy, B2) = / 261 (# + 2t)e PO K, (26, (8 + 2t)) dt, (4.35)
0
_ 1 =1 1 4 1
where f; = YsrVrD P2 = sp + sk + TRD'

The equivalent SNR of the three-node cooperative transmission with AF protocol
is given by
TAF — max {F%D + 2Tsp, rg‘qF}. (4.36)

The PDF of I'¢" under the condition 'y, + 2I'sp > i can be obtained as

Vsp - fFSD (5) ) Frg‘qF(’Y)
(E+1)- (Fsp — A(B1, 2)

frar(y | Tgp +2Tsp > ra) = 5 (4.37)

Correspondingly, we can calculate the average ergodic capacity of direct transmission
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G:;F by averaging the instantaneous capacity over the PDF of T'4" under the condition
I%p+ 20 sp > Lol given in (A237), as

—AF *1 Ysp -« frep(§) - Frar(v)
Cq = /0 3 log, (1+7) - 26+ 1) - (Fgp — A(B1, B2))

Similarly, the PDF of T4" under the condition I'%,, + 2I'sp < quF is given by

dr. (4.38)

Vsp * Jrar(7) - Frg,(€)
fFéF(’Y ‘ F%D + 2PSD < qup) = P ;(51’ /62) -

, (4.39)

which can be applied to the calculation of C, " The resulting expression is omitted

for conciseness.

4.3.3 Numerical Examples
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Figure 4.4: The effect of the source node transmission power Ps on GASE with DF
and AF relaying protocol.
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In Fig. B4 we plot the GASE and spectral efficiency as function of the source
node transmission power Pgs for DF and AF relaying protocol. The relay transmis-
sion power Pr = 10 dBm, the distances between source, relay and destination are
dsp = 1000 m, dggp = drp = 500 m, respectively. For comparison, we include the
GASE curve of conventional point-to-point transmission without relays. It shows that
the cooperative transmission always enjoy better GASE performance than its conven-
tional counterpart. Meanwhile, the DF relaying protocol has slightly better overall
performance than AF relaying protocol. However, this performance gain shrinks as
the transmission power Ps increases. Unlike spectral efficiency, whose performance
curves are monotonically increasing function with respect to Pg, the GASE curves
show a peak as transmission powers increase. This observation indicates that in-
creasing the transmission power can lead to a higher spectral efficiency but can not
necessarily increase GASE. Therefore, GASE provide a new perspective on trans-
mission power selection for wireless transmitters. Another interesting observation is
that the optimal transmission power, in terms of maximizing the GASE, for point-
to-point transmission is much larger than that for cooperative relay transmission.
In summary, cooperative relay transmission can enjoy much higher energy efficiency

than point-to-point transmission when the relay is properly located.

4.4 GASE Analysis for Two-User X Channels

In this section, we generalize the GASE analysis to parallel interference channels, as
illustrated in Fig. B3. Specifically, two transmitters, S; and S5, send information to
two receivers, D and Ds, respectively, over the same frequency band. Such interfer-
ence channels, also known as X channels, occur due to insufficient spatial separation
between transmitters/receivers and as a result, there are mutual interference between
transmissions. There has been growing interest on the capacity analysis and precoder
design for X channels where both transmitters and receivers have multiple antennas,
which can be explored for interference mitigation [60-62]. In this dissertation, we in-
vestigate the area spectral efficiency of the benchmark scenario where all transmitters
and receivers have a single antenna, while leaving the MIMO X channel as a topic for
future research.

The distance and channel power gain from S; to Dj, 4,j € {1,2} are denoted by

dij and |h;;|?, respectively. Assuming that the same transmitting power P, is used at
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S1 > | D1

S2 > D2

Figure 4.5: Two-user X channels
S and Sy, the instantaneous sum capacity of the X channel is given by

CX =log, (1 +T) +log, (1 + 1), (4.40)

where T';, i = 1,2, denote the received signal to interference plus noise ratio (SINR)

at receiver D;, given by

]Dt|h11|2 Pt’h22|2
M=o D=5 4.41
1 Bylhon|? + N ’ Pilhio* + N (4.41)
It follows that the ergodic capacity of the X channel can be calculated as
X 2, [
=2 / logy(1+7) + fr,(7)dy, (4.42)
i=1 70

where fr,(+) is the PDF of SINR I';. Based on definition for affected area adopted in
this work, a particular area is affected if the total received signal power from both

transmitter is greater than P.;,. Specifically, the probability that an area of distance
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r1 to transmitter S; and distance re to transmitter S, is affected can be calculated
as the probability that the total received signal power P,(r;) + P.(r3) is greater than
Puin, i.e. Pr[P.(r1) + P.(r2) > Puu)- It follows that the affected area of parallel

transmission can be calculated as

A% 1

2 0o
F = 2— / / PI‘[PT(T'l) + Pr<7"2> > Pmin]rldrld97 (443>
T Jo 0

where ry = \/ r? + d% — 2r1dg cos @ and dy is the distance between S; and S,. Note
that we use the location of S; as the origin in the about integration. The GASE of

two-user X channels can finally be calculated as ngf =" JAK.

For Rayleigh fading environment, |h;;|> are modeled as independent exponential

random variables with mean 1/d};. Then CDF of I'; can be derived as
Pi

Fr(y) = 1- posrp exp(—y/%), i = 1,2, (4.44)

where ;; = P;/(Nd), pr = (da1/dy1)®* and pa = (d12/ds2)?. It follows that the ergodic
capacity of X channel over Rayleigh fading can be calculated, after substituting (£-24)
into (E50) with applying integration by part, as

In21—p;

o2 e {E (£7) exp(£) = Ea(57) eXp(%)} 7
=3
=1

ﬁ{l - %El(%)exp(%)} =1,

(4.45)

Specifically, the ergodic capacity is a function of p; and #;;, which are determined by
transmission power F;, path loss exponent a and the distance between the transmitter
S; and receiver D;. It is easy to verify that when p; — oo, which means the interfering
transmitters are far from the desired receiver, the sum capacity of X channels becomes
the sum of the ergodic capacity of two point-to-point channels.

For Rayleigh fading environment, the PDF of the total received signal power
at a location of distance r; to transmitter S; and distance ro to transmitter Sy,
Z = P.(r1) + P.(r2), can be obtained as

1 *iz ng)
B EmE\€ e ), T
fa(z) = ( (4.46)

2a "1
2r —5-2
P} e ™7, T = To.
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Accordingly, the probability that this location is affected is determined as

Pminrlll Pmin'r%
D S 1 -5
a€ ¢t + —€ t o, T r
Pr[Pr(rl) + PT(TQ) > Pmin] = 1=(rafrz) Pmli;(%’g/m) ' 7& ?
(Pminr?/Pt + 1)6_ P T = To.

(4.47)

Substituting (E57) into (E753), we can numerically calculate the affected area, which
can then be applied, together with (EZ3), to evaluate the GASE of two-user X

channels over Rayleigh fading environment.
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Figure 4.6: The effect of transmission power P; on 775( .

Fig. @@ plots the GASE of X channels over Rayleigh fading as the function of
the common transmitting power of both transmitters P, for different value of p; =
p2 = p. The distance d = dy = 1000 m, d;; = dys = 1000 m, respectively. Note
that p is the ratio of the distance to interfering transmitter to desired transmitter,
which characterizes the severeness of mutual interference between transmissions. For
reference, we also plot the GASE of single user point-to-point channel 775 with the
same system configuration. As we can see, two-user parallel transmission can achieve

higher GASE than single user transmission only when p is much greater than 1, i.e.
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interfering transmitter is much farther away than desired transmitter. The reason
is that when p is small, the capacity benefit due to parallel transmission is limited
because of mutual interference while the parallel transmission will affect a larger area
than single user transmission. Similar to the single user transmission case, there
is an optimal choice of the transmitting power level for each value of p. Finally,
when comparing the curves for X channel with p = 2 and single user cases, we notice
that although the X channel achieves higher maximum GASE, its GASE performance
deteriorates faster than single users cases as P, increases, mainly due to the increasing

level of interference.
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Figure 4.7: The effect of distance dy on 775( :

In Fig. B74, we examine the effect of the distance between two transmitters dy on
the GASE performance for X channel. Note that the distance between the receiver
and the interference transmitter dy; should satisfy |dy — di1| < do1 < |do + di1],
Therefore, p; = dg;/dy; should be bounded as |dy/dy; — 1| < p1 < |do/dy1 + 1].
Similar bound applies to ps. We can see that the GASE slightly decreases as d
increases when p is small and the decrease becomes more noticeable as p becomes

larger. We also observe that the effect of the distance ratio p on the area spectral
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efficiency of X channels is much more significant than dy.

4.5 GASE Analysis for Underlay Cognitive Radio

Transmission

S, e D,

~dbs o
| N /
o) N7

| dse.” <

S ~
I 7 \a

S, ds . /D,

Figure 4.8: System model of underlay cognitive radio transmission.

So far, we have studied the scenarios where only a single transmitter is operating
at any time. In this section, we generalize the analysis to consider the case where
parallel transmission occurs. Specifically, we extend the GASE analysis to underlay
cognitive radio transmission and examine the effect of interference on overall spectral
utilization efficiency while taking into account the larger spatial footprint of parallel
transmission. We consider the transmission scenario as illustrated in Fig. B8. The
primary user Sp transmits to the primary receiver Dp with transmission power P;.
Meanwhile, the secondary user Sg opportunistically communicates with the secondary
receiver Dg using the same frequency bandwidth with transmission power P%». Both

transmitters use omni-directional antennas. As such, the primary user (secondary
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user) will generate interference on the secondary receiver (primary receiver). The
distance of the transmission link between Sp (Sg) and Dp (Dg) is denoted as dp
(dg); whereas the distance of the interference link between Sp (Sg) and Dg (Dp)
is denoted as dpg (dgp). The distance between Pr and Sr is denoted as dy. In
the underlay paradigm, the secondary user is allowed to utilize the primary user’s
spectrum as long as the interference it generates on the primary receiver is below a
pre-determined threshold I;;,. Otherwise, the secondary user should remain silent.
We assume that, by exploring the channel reciprocity, the secondary transmitter can
predict the amount of interference that its transmission will generate to the primary
receiver.

We first focus on the scenario where parallel secondary transmission occurs, i.e.,
the received interference power from secondary transmitter at the primary receiver
is less than I;;,. Based on the path loss and fading model adopted in this work, this
interference power is given by P - Z/d%p. As such, the probability that the parallel
transmission occurs is then given by P = P{ P, - Z/d%p < I }. Under Rayleigh fading

environment, this probability specializes to

Ly - e
P=1—exp (—%) . (4.48)
2

Ergodic capacity analysis

In the underlay cognitive transmission scenario, the total instantaneous capacity
of both primary and secondary transmissions is given by Cer = log, (1 +1T,) +
log, (1+ 1), where I', and I'y denote the received signal-to-interference-plus-noise
ratio (SINR) at primary receiver Dp and secondary receiver Dg, respectively. Based

on the adopted path loss and fading models, I', and I'y can be shown to be given by

Py Zp/ds, Py Zg)d

F = I s I
P Py Zgp/dip+ N P, - Zps/dbg+ N

(4.49)

respectively. It follows that the ergodic capacity of the parallel transmission channel

can be calculated as

Cer = / logy(1+7) - dFr,(7) +/ logy (1 +7) - dFr, (), (4.50)
0 JO _

g g

Cln Con
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where FT(-) denotes the cdf of SINR T'.
Under Rayleigh fading environment, the cdf of I'y, Fp,(-), can be derived, while

considering the interference constraint on Dp, as

de, - I de . N
Frp(v)zl—exp<— 5P th)— i exp(— E ’y)

Py Y+ pp Py

X {1 — exp <—d5]}; Ith) exp (—dpf.)lth'y> } , (4.51)
2 1

P (dsp
Py dp

parallel channel over Rayleigh fading can be calculated, after substituting (A=) into

where p, = > It follows that the ergodic capacity of the primary user in the

the first part of (E250) and applying integration by part, as

dN d:EN I
s (50) 3 (8) oo (50
d%(N+1, dyN
X{&(%P»—S(E)}a pp#la
dN d4N d% 1
ta{ 1= %5 (%) - o (-5

2

{1 By (B L=

where §(z) £ exp(r) - Ei ().
The cdf of I'y can be similarly obtained, but without the interference power con-

(

P

Chp = (4.52)

\

straint, as

s <N
Frly) = 1— —P exp (— 5 7)7 (4.53)

where p; = % (%) . Finally, the ergodic capacity of the secondary user with the

presence of primary user interference is given by

11321 {3 (dpivp8> S (%) }, ps # 1,

c,, = 4.54
Ceor = dsN dsN , (4.54)
ln2 ) , Ps = L.

Affected area analysis

Based on the definition of affected area adopted in this work, a particular area is
affected if the total received signal power from both transmitters is greater than

Pin. Specifically, the probability that an incremental area of distance 7, to the
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primary transmitter Sp and distance r; to secondary transmitter Sg is affected can

be calculated as the probability that the total received signal power P.(r,) + P.(rs) is
greater than P, i.e., P< Po(r,) + Po(rs) > Pmin}. It follows that the affected area

of parallel transmission can be calculated as

21 [e%¢)
ApCtR = / / P{PT(TP) + PT(TS) Z Pmin}rpdrpdg, (455)
0 0

where r, = \/ 7“12, + d3 — 2r,dy cos§. Note that we use the location of Sp as the origin
in the about integration.

Under Rayleigh fading environment, the PDF of the total received signal power
at a location of distance 7, to transmitter Sp and distance 7, to transmitter Sg,
X = P.(rp) + P.(rs), can be obtained as

1 —Apx —AsT
(o) e,

T ,—A _
/\—%e pm’ )\p = )\5,

fx(x) = (4.56)

where \; = P;/r¢, i € {p,s}. Accordingly, the probability that this location is affected

is determined as

1 _Pmin/)‘ 1 _Pmin/)‘s
P{PT(TP) + P(rs) = Pmin} = S W » A 7 As
(1 + Pmin/)\p>eipmin/>\p, >\p = )\5-

(4.57)
Substituting (E57) into (E53), we can numerically calculate the affected area of
underlay cognitive radio transmission with parallel transmission, AlgR. The GASE of
parallel transmission over Rayleigh fading channel can be calculated as

=P =8

Cep+C

¢ CR CR
MeR = — (4.58)
CR

When the parallel secondary transmission is prohibited, i.e., the interference power
constraint Py - Z/d%p < I, on Dp is not satisfied, the secondary user is not allowed
to utilize the primary user’s spectrum. Therefore, the parallel transmission channel
simplifies to the point-to-point link, whose GASE 7 is given by (d8) with the

transmission power P; and distance d substituted by P, and dp, respectively. Finally,
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GASE for underlay cognitive radio transmission can be written as

Ner =P - U?R + (1 - P) ’ 77‘“’53- (4-59)

Note that the GASE expression derived above for underlay cognitive radio transmis-
sion will reduce to that for the X channels, resulted from insufficient spatial separation
between receivers [60-62], when the interference threshold approaches infinity. In par-
ticular, when I, — oo, P approaches to 1, which means two transmitters, Sp and
Sg, always transmit simultaneously over the same frequency band. The GASE of X

channels is then given by [69, eq. 17]

T+ C
nx = %> (4.60)
CR
where
doN doN

— — ﬁlfi)p {‘S (%pp - S < 11;1 > }a pp 7& ]-7

Iy —300 L) dpN (N —1

may L~ S\ ) ¢ pp=1.

and Cy, and A%, are given in (B54) and (E53), respectively.

Numerical examples

In Fig. B9, we investigate the effect of the maximum tolerable interference power Iy,
on GASE performance of underlay cognitive radio systems. To simplify the notation
and discussion, we denote the ratio of the interfering link distance to transmission
link distance for primary receiver by k, = dsp/dp and that for the secondary receiver
by ks = dps/ds. Note that the distance of the interfering link between Sg and Dp,
dsp, should satisfy |dy — dp| < dgp < |dy + dp|. Therefore, k, = dgp/dp should be
bounded as |dy/dp — 1| < K, < |do/dp + 1|. Similar bound applies to k. In Fig.
A9, we plot GASE of underlay cognitive radio transmission as function of I, while
fixing k, = ks = kK = 1.5. The transmission power P, = P, = 20 dBm, the threshold
Puin = —100 dBm, and the distance dy = dp = dg = 100 m. We can see that as [,
decreasing, the GASE performance of underlay cognitive radio transmission converges
to that of the point-to-point transmission case. This behavior can be explained that

when I, — 0, the probability of parallel transmission P given in (E28) approaches to
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Figure 4.9: The effect of the max tolerable interference power I, on GASE.

0. On the other hand, when I, — oo, the GASE performance of underlay cognitive
radio transmission converges to that of X channels, as expected by intuition. We
also notice that the GASE performance of underlay cognitive radio transmission is
always worse than that of point-to-point transmission case but better than X channel
transmission for the chosen system parameters. In the next numerical example, we
explore under what scenario underlay cognitive transmission will lead to better GASE

performance.
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Figure 4.10: The effect of the transmission power of secondary user P, on the system
overall spectral efficiency and GASE.



71

In Fig. B0, we compare GASE metric with conventional spectral efficiency of
underlay cognitive radio systems. The primary transmission power P; = 20 dBm,
the threshold P,;, = —100 dBm and interference threshold I;;, = —80 dBm, and
the distance dp = dg = 100 m. Specifically, we plot overall spectral efficiency in
Fig. B10a and GASE in Fig. BEI0H as function of the transmission power of sec-
ondary user P, for different system parameters. As we can see, when the interfering
transmitter is close to the target receiver, i.e., k is small, introducing underlay cog-
nitive transmission always deteriorates the overall system spectral efficiency as well
as the GASE performance. Basically, capacity gain incurred by the spectrum shar-
ing through parallel transmission cannot compensate the capacity loss caused by the
mutual interference, even with underlaying interference threshold requirement. The
interference requirement at the primary user may protect the primary user trans-
mission but the secondary transmission will suffer severe interference from primary
user transmission. This observation also justifies the practical understanding that
the radio spectrum should not be simultaneously used by other transmissions very
close to the transmitter and/or the receiver. On the other hand, when & is large,
the underlay cognitive radio transmission results in different behaviors in terms of
spectral efficiency and GASE. First, the underlay cognitive radio transmission always
benefits from the secondary user transmission in terms of spectral efficiency when
the transmission power is not very large, as shown in Fig. B10d. However, with
respect to the GASE performance metric, the underlay cognitive radio transmission
may benefit from the secondary user only if its transmission power is carefully se-
lected. Otherwise, the overall GASE performance may be greatly deteriorated by
the secondary cognitive transmission, as shown in Fig. ET0H. Therefore, subject to
GASE performance metric, the power allocation for spectrum sharing transmission
should be carefully designed. Finally, both of the spectral efficiency and GASE curve
show the same asymptotic approach to point-to-point link as increasing P». This is
because when P, — oo, the probability of parallel transmission P given in (E4R)
approaches to 0. Under this circumstance, the performance of the cognitive radio
transmission approaches to that of the point-to-point link, as shown in the large P

region in Fig. B10.
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4.6 Conclusion

In this chapter, we generalized the conventional ASE performance metric to study the
performance of arbitrary wireless transmissions while considering the spatial effect of
wireless transmissions. We carried out a comprehensive study on the resulting GASE
performance metric by considering point-to-point transmission, dual-hop relay trans-
mission, cooperative relay transmission, two-user X channel as well as cognitive radio
transmission. Through analytical results and selected numerical examples, we showed
that our research provided a new perspective on the design, evaluation and optimiza-
tion of arbitrary wireless transmissions, especially with respect to the transmission
power selection. Meanwhile, we show that relay transmission is power efficient and
can greatly improve the greenness of wireless transmissions. Finally, the study on
underlay cognitive radio transmission implied that, if the power of secondary trans-
mitter is not properly chosen, the secondary user may degrade the GASE performance
of overall system, even worse than that of the point-to-point primary transmission
only case. While the analysis focuses on single antenna per node scenario, the gen-
eralization of the analysis to multiple antenna cases is straightforward. The GASE
metric can also apply to the spectral utilization efficiency of wireless ad hoc network

and femtocell enhanced cellular systems after proper adaptation.
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Chapter 5

Spatial Spectral Efficiency Analysis
for Randomly Distributed Wireless
System

In this chapter, we study the spatial spectral efficiency for randomly distributed
wireless networks. We first develop the aggregate interference statistics in Poisson
field over Rayleigh fading channels. Specifically, we derived the generic closed-form
MGPF expression of aggregate interference. This result is generic and can be applied
both in finite and infinite region. Then we apply the closed-from MGF expression of
aggregate interference in the calculation of ergodic capacity, affected area and GASE
of wireless ad hoc network. Besides, we analyze the effect of transmitter coordination
on the network performance. We find that in sparse network, non CSMA /CA network
achieves better ergodic capacity. However, in dense network, CSMA /CA network can
ameliorate the increase of aggregate interference level and achieve the same amount
of ergodic capacity with fewer transmitters than non CSMA /CA network. We also
analyze the effect of transmission power on the performance of wireless ad hoc network
and provide a new perspective on the transmission power optimization. Finally,
we propose a new cognitive radio scheme to explore spatial spectrum resource of
wireless network. We analyze the effect of this scheme in terms of ergodic capacity,
affected area and GASE of two-tier cognitive network. We find that although it
deteriorates GASE performance of two-tier cognitive network, secondary network
is able to increase ergodic capacity as well as exploit spatial spectrum resource of

wireless network. However, numerical examples show that the network performance
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is sensitive to the number of secondary transmitters and their transmission power.
Moreover, GASE metric offers a new perspective on transmitter intensity selection

and transmission power optimization.

5.1 System Model and Interference Statistics

5.1.1 System Model

We consider a wireless network in two-dimensional homogeneous space R?. The trans-
mitters in the network are distributed according to Poisson point process IT = {r;} of
intensity A, where r;’s are the random distances between the transmitters and the ori-
gin of the space. We assume all the transmitters are equipped with omni-directional
antennas and share the same frequency bandwidth. Each transmitter communicates
with one and only one receiver. For each transmitter-receiver pair, the distance be-
tween transmitter and receiver d is uniformly distributed in the region (d;, d;,), whose
PDF is given by

f(d) = H, d; < d < d. (5.1)
The transmitted signal will experience path loss and multipath fading effect. For the

sake of clarity, we ignore the shadowing effect.

5.1.2 Interference Statistics

With homogeneous assumption, the interference statistics at the reference node Ry
located at the origin of R? is applicable to any other locations in R2. As such,
the interference analysis in the following section is generic and applicable to any
points in R?. The aggregate interference experienced by the origin is given, under the

assumption of non-coherent addition of interference power, by

I=> "7 (5.2)

i€ll

where 7, = P,/r% and z; is the fading power gain for the i*" transmitter. Note that the
individual interference signal is assumed to follow the same power decaying law. In
addition, the random locations of the transmitters are distributed in R? according to
Poisson point process IT = {r;} of intensity A. Therefore, the aggregate interference

power I can be modeled as shot noise [38]. It follows that the MGF of the aggregate
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interference power I from the area of r; < r; <, is given by [35]
®,(s) =exp { - WA\I/I(S)}, (5.3)
where W, (s) is given by

U(s) =ry Ez[1 — e ] +(Pts)% E, {231“(1 — %,ihzs)]

(. J

~~

Uy (s)

_ {7“12 Ey [1— e ] + (Ps)a Ey {zir@ — %ﬁlzs)} }, (5.4)

N J/

,(s)

where E[/] is the expectation with respect to Z, and I'(e, z) = [7" e t* ! dt is the
incomplete gamma function defined in [67, 8.350]. Over Rayleigh fading channels, Z

is an exponential RV with unit mean. It can be shown that

—YnZS 7 s
Ez[1—e ] = Tf%hs (5.5)

Applying [67, 6.455.1], we can further show that

1—2
2 Yps) 2 1
Ez {zi F(l — —,7,,25)] = (%L ) F<1,2;2+ —; — ), (5.6)
a

(14 2)(1+7ys)? a’1+7,s

where F'(pq, o; v;t) is the Gauss hypergeometric function defined in [67, 9.111]. Sub-
stituting (63), (b8) into (64) and applying [67, 9.137.4], ¥(s) can be simplified

to

7, 12 2 1 12 2 1
Up(s)= 0% ply e 2= ) - 0 ply 45 (57)
1+7s a 1+4+7s 1+7;s a 1+7;s

Finally, after substituting (672) into (b33), we can obtain the MGF of the aggregate

interference power I over Rayleigh fading channels, as

~, 12 2 1 ~r? 2 1
<I>1(s)—exp{—m\{l%‘ﬁF(l,l;H—- ) Yris F(1,1;14+5; )]}

+ 78 a 14+7,s" 1478 a 14+7;s
(5.8)
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From (54), we can also derive MGF of the aggregate interference for several special
cases as follows.
Infinite space

When r, — 0o, the transmitters are distributed in an infinite space. It can be shown
that U(s) = k(sP)a, where k = —2X%_ MGF of the aggregate interference in

sin(27/a)
infinite area is given by
= 2
2 Yiris 2 1
P (s) =ex — A k(sP)a — —— F(1,1;1 4+ —; — . 5.9
(s) p{ [( 2 1+7,s ( al—i—%s)]} (5.9)

Continuous space

When r; = 0, the space is continuous without singular point at the origin. It can be
obtained that ¥9(s) = 0, and MGF of aggregate interference in continuous area is

given by

~ .2

VT3S 2 1
1)) = —TmA—>—F(1,1;1 4+ —; . 5.10
o(5) exp{ m 1+7,s (” +a’1—|—7hs)} (5.10)

Continuous infinite space

For nodes distributed in continuous infinite space, its aggregate interference MGF is
given by
P(0,00)(5) = exp { - wAk(sPt)%}. (5.11)

The PDF of the aggregate interference I, fr(z), can be derived by applying the
inverse Laplace transform on ®;(s), i.e. fi(z) = £ '{®(s)}. Due to the complexity
of ®;(s), no generic closed-form expression is known for f;(z). However, for special

case (r; = 0,7, — oo, and a = 4), its PDF can be derived from (5I1), and is given

by )
IPYEIAE Ptz

which is equivalent to [33, eq. 11]. Correspondingly, its CDF expression, Fj(z), is

given by
(5.13)

\/EAW2) ‘

e = e (YT
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5.2 GASE Analysis for Wireless Ad Hoc Networks

GASE is defined as the ratio of overall effective ergodic capacity of the transmission
link over the affected area of the transmission, where a significant amount of trans-
mission power is observed and parallel transmissions over the same frequency will
suffer high interference level [69]. In this dissertation, we extend the GASE analysis
to network level. Specifically, we analyze GASE performance of wireless ad hoc net-
work in Poisson field over Rayleigh fading channels. We first derive the total ergodic
capacity and affected area of wireless ad hoc network by applying the statistics of
aggregate interference obtained in the above section. Then GASE of such network
is given by the ergodic capacity over the affected area. This network-level GASE
analysis not only considers the transmission power of individual node in the network,
but also the node intensity and co-channel interference among them. Furthermore,
we employ CSMA /CA mechanism in wireless ad hoc network and analyze the impact
of node coordination on system GASE performance. Through mathematical analysis
and numerical examples, we compare the system performance of wireless network
with and without CSMA /CA in terms of ergodic capacity, affected area and GASE.

5.2.1 Ergodic Capacity Analysis

The total ergodic capacity of wireless network is given by
AQ
Ctotal = Z Cz(dz)7 (514)
i=1

where ) is the intensity of the transmitters, € is the total area of R?, d; € [d;, dy] is the
distance among the ith transmitter-receiver pair, and C;(d;) is the ergodic capacity
of individual transmitter-receiver pair. It follows that the ergodic capacity C;(d;) can
be calculated by averaging the instantaneous capacity, C = log,(1 + I';), over the

distribution of the received signal-to-interference-plus-noise ratio (SINR), I';, as
Cil(ds) = / logy(1 + I',) dFp, (), (5.15)
0

where I'; = Iij\,,

N is the noise power, and Fr, () is the CDF of I';. Over Rayleigh fading channels,

P; is the received signal power, I is the aggregate interference power,

the received signal power P; follows exponential distribution with average received
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signal power determined by the path loss, i.e. P; ~ £(d?/F;). It can be shown that
the CDF of the SINR at the receiver is given by

P, Nde de
) =Py <o b=1-eo (<) e (). G

where ®;(-) is the MGF of the aggregate interference given by (B8). Substitute

(6M) into (A13) and make some manipulations, the ergodic capacity of individual

transmitter-receiver pair can be written as

Nd¢
1 © TR Y d®
(d) = — O, =L~ | dv. 1

When AQ2 is sufficiently large, Ciya1 can be approximately calculated as

dp,
(%mzAQ/ C(d) f(d) dd, (5.18)
d

where f(d) is the PDF of the distance d among a pair of transmitter-receiver given
by (B). Substitute (A) and (614) into (AIR), we can arrive at

L N d* \ d—d
Coazlﬁ//)\e_PtW(I) (—) d~y dd, 5.19
total v o I Pt’Y 1+~ v ( )
where k = %. For continuous infinite space, substituting (B-) into (519),

we can arrive at

dh o
Clo,00) = :‘i/ / )\exp(—ﬂx\kd27%) x exp(—Nd*y/P,) (d —d;) / (1 + ) dydd,
d Jo N - 7N ~~ d

S1 SN
(5.20)
where §n = exp(—Nd®y/P,) presents the effect of transmission and noise power on
2

ergodic capacity, and §; = exp(—mAkd?y=) presents the effect of aggregate interfer-
ence on ergodic capacity. Note that when N/P, — 0, §y — 1.

5.2.2 GASE Result

The affected area is defined as the area where the aggregate interference power is

greater than a threshold value I;,. Mathematically speaking, the affected area can
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be calculated as
Aaﬁ‘ = % PI[] > Ith]dS (521)
RQ

As we assume the interference statistics is identical on the homogeneous space R2,

the affected area can be written as
A= (1 — FI([th)) Q, (5.22)

where Fj(Iy,) is the CDF of the aggregate interference. Finally, with (BI8) and
(6=22), the overall GASE is given by

| M i O a4

— 5.23
Ag 1 — Fi(Ii) ( )

5.2.3 Effect of CSMA/CA

The above section considered the transmitters in wireless ad hoc networks distributed
according to Poisson point process, which implies that the transmitters’ locations are
independent with each other. However, this strong assumption is not valid in most
practical wireless ad hoc networks. Medium Access Control (MAC) protocol en-
sures that two close transmitters cannot transmit simultaneously by implementing
the CSMA /CA mechanism. Before establishing a successful connection with the tar-
get receiver, the transmitter broadcasts a Request-to-Send (RTS) signal with power
Prrs. Other transmitters that receive the RTS signaling will postpone their trans-
missions. If only considering the path loss effect, the transmitter defines a guard zone
with radius Rgrs, proportional to Prrs. As such, the distance between two active
transmitters should be larger than Rgrg. Poisson point process does not take this con-
straint into account and leads to inaccuracy in the distribution of active transmitters
in wireless ad hoc network that implements CSMA/CA mechanism. Alternatively,
we introduce Matern point process [44] to model the spatial distribution of active
transmitters in CSMA /CA network.

Matern point process can be obtained by thinning an underlying Poisson point
process. Specifically, we consider a collection of potential transmitters {X;}i—1, . x
independently and uniformly distributed in R?, where K is an RV describing the total
potential transmitters in R? and follows a discrete Poisson Law. The K potential

transmitters constitute the underlying Poisson point process I with intensity A\g. To
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build Matern point process ©(K), the transmitters X is first selected into the active
transmitters set X. At the i'" step, the transmitters X is selected into X if and only
if none of the previous ¢ — 1 transmitters lies in a circle centered at X; with radius
Rgrrs. The procedure stops when all the K transmitters have been considered. As
such, the transmitters {X;};-1 . n(k) constitute a Matern point process ©(K), where
N(K) is a RV describing the number of active transmitters selected into ©(K) from
the total K potential transmitters in I1y. Without considering the boundary effect,
the active transmitter intensity of Matern point process A, can be calculated as

1— e—Aﬂ'R%{TS

Am = (5.24)

T Rrg

We can follow the same procedure as previous sections to determine the statistics of

aggregate interference as well as the ergodic capacity by substituting A with \,,.
The affected area of wireless ad hoc network that implements CSMA /CA mecha-

nism is given by

ACSMA/CA = U BXi —F% Pr{] > Ith}dS (525)
X, €0 RQ\UXiee BX,L-

The first part, (Jy,co Bx;, represents the union area of circles By,’s centered at the

active transmitters, X;’s, with radius Rrrs. According to [44], it approximates to

) 2mydy,

2FRrr L o AR2(y) o ATREpg o AFL(Y)
U BXi ~ (1 e )erRTS)Q_ % R§1(g)<1 e Yy e RTS — ¢ 2 Yy
X;€0 TRirs J Rers F2(y) S2(y) — TRyrg
(5.26)
where
S1(y) = v(Bo N By) = 2Rirs cos™ (57ks) — 39/ ARRrs — v, (5.27)

Sa(y) = v(B, U B,) = 2rRpg — v(B, N By).

The second part represents the area outside | J x,co Bx, and the aggregate interference

power of which is greater than Ii;,. Under homogeneous assumption, it can be written

}é Pr{l > I,}dS = (Q - U BXi> <1 - FI(Ith)) (5.28)

2\Uxie@ Bx; X;€0

as

Substituting (6=28) into (B=2ZH), we can arrive at the affected area of CSMA /CA net-
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work, as

ACSMA/CA - U BXz . FI([th) + (1 - F[(Ith)>Q (529)
X, €0

Finally, GASE of the wireless network with CSMA /CA is given by
AmQC

Ux,eo Bx, - Fi(Im) + (1 - FI([th))Q.

n = (5.30)

5.2.4 Numerical Examples
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We consider a wireless ad hoc network in continuous infinite area of {2 = 1000 x
1000 m?, a = 4, N = —40 dBm, Rirs = 40 m. The transmission power P, = 10 dBm,
the interference threshold I;, = —20 dBm. The average number of transmitters is
given by A(2. The receivers are assumed to be uniformly distributed in an annulus of
radius d; = 1m and d;, = 20m centered at the transmitter. The simulation results are
shown as discrete dots, which match well with the analytical results. In Fig. b, we
plot the ergodic capacity, affected ratio as well as GASE of wireless ad hoc network
as function of the Poisson point process intensity .

Fig. BTd shows that there exists a maximal value of ergodic capacity with re-
spect to the intensity A, which implies the ergodic capacity does not always increase
with X\. As ) increases, the average number of transmitters increases correspondingly.
The increasing number of transmitters has two effects on the network performance.
For one thing, it increases network aggregate interference level. For another thing,
more transmitter-receiver pair means more capacity is taken into account of the total
ergodic capacity of wireless ad hoc network. In sparse network, i.e. A is small, the
benefit on capacity incurred by increasing A is more significant than the negative
effect incurred by the increasing interference level. Therefore, the ergodic capacity
is an increasing function of A in sparse network. On the contrary, in dense network,
the interference effect dominates and thus the ergodic capacity decreases with re-
spect to A. Fig. BTa also shows that for small value of A\, the ergodic capacity in
CSMA /CA network is smaller than that in non CSMA/CA network, which tells that
prohibiting close transmitters from simultaneous transmitting decreases the overall
system ergodic capacity. However, when A goes large, without CSMA/CA mecha-
nism, the ergodic capacity decreases dramatically after achieving a maximal value,
while the network with CSMA /CA mechanism decreases slightly. This is due to in
non CSMA/CA network, the transmitters in the network can be activated without
restriction. In dense network, too many transmitters will greatly increase the inter-
ference level and thus decrease the total ergodic capacity of the network. However,
CSMA /CA mechanism prevents excessive transmitters to be activated in dense net-
work. Therefore, when the network distribution area is saturated, no more transmit-
ters are allowed to transmit and thus the ergodic capacity only slightly decreases after
achieving the maximal value. This phenomenon implies that CSMA /CA mechanism
effectively ameliorates the increase of aggregate interference level in dense network.
Note that in CSMA/CA network, we use Matérn point process to model the distri-

bution of active transmitters. As Matern point process is a thinning progress of the
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Poisson point process, the active transmitters in CSMA/CA network is no greater
than its underlying non CSMA /CA network. This means in dense wireless ad hoc
network, CSMA /CA network requires fewer transmitters to achieve the same amount
of ergodic capacity as in non CSMA/CA network.

Fig. BTH shows that the affected area is an increasing function of \. Meanwhile,
the affected area of CSMA /CA network increases slower than that of non CSMA/CA
network. This is due to for the same value of A\, CSMA/CA network has fewer active
transmitters than that of non CSMA/CA network. Finally, Fig. BId shows that
in sparse network, non CSMA /CA network enjoys better GASE performance than
that of CSMA/CA network. However, as the number of simultaneous transmitters
increases, the latter outperforms the former. Meanwhile, GASE of CSMA/CA and
non CSMA /CA network are both monotonically decreasing function of A. This is due
to GASE not only considers the negative effect of co-channel interference incurred by
simultaneous transmissions, but also takes into account the spatial effect of wireless

transmission in terms of affected area.
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In Fig. B2, we analyze the effect of transmission power P, on network performance.
The node intensity A, = 200 nodes/Km?. From (b=20), we can see that if P, > N,
i.e. the transmission power P; is sufficiently larger than the noise power N, then

Sy = N/l})m Oexp(—N d*y/P;) — 1. Under this circumstance, the network ergodic
t—r

capacity is function of transmitter intensity A and path loss exponent a, irrelevant
to individual transmission power P, which means even we continue increase P;, we
cannot achieve higher network ergodic capacity. This observation can be justified
by Fig. bZd. It shows that the ergodic capacity of wireless ad hoc network is an
increasing function of P,. However, when P, > N, the ergodic capacity converges to
a constant value, which equals to the value calculated from (B20) with §y = 1.

The affected area of CSMA /CA network is calculated by (522), as Aug = (1 — Fr(1m))-
Q). For the special case a = 4, Fj(Iy,) = erfc <’\T’T2 \/%), which is function of trans-
mitter intensity A, transmission power P, and aggregate interference threshold Iy,. If
P, > Iy, Fr(Iy) = 0, then the affected area A,g = €2, which means all R? is affected.
Fig. B2H justifies this observation. With Fig. b24d and Fig. E2H, we conclude that
too large P, saturates the network distribution area without help in increasing the
system ergodic capacity. On the other hand, too small P; leads to small ergodic
capacity and insufficient utilization of the network spatial spectrum resource.

Fig. shows an maximum GASE value with respect to transmission power
P,. By considering ergodic capacity and affected area together, GASE measures the
relationships between P, N and [y;, with one generic performance metric, and provides

a new perspective on the transmission power optimization.

5.3 GASE Analysis for Two-Tier Cognitive Net-

work

In the above sections, we investigated the GASE performance of wireless ad hoc
networks with and without implementing CSMA /CA mechanism. From mathemat-
ical analysis and numerical examples, we found that as the number of transmitter
increases, ergodic capacity does not necessarily increase correspondingly, but the af-
fected area does. Besides, the overall GASE performance of wireless ad hoc network
is a decreasing function of transmitter intensity A\. From this perspective, we can-
not fully utilize the spatial spectrum resource and achieve high ergodic capacity at

the same time. In this section, we utilize secondary cognitive network to exploit the
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spatial spectrum potential of CSMA/CA network. We also examine the impact of
secondary cognitive network on system overall GASE.

We consider a two-tier cognitive network distributed in continuous infinite space
R2. In particular, the primary network is the CSMA /CA network described in section
b23. The transmitter intensity of primary network is A,, and the transmission power
is P,. These primary transmitters define the primary affected area A,, given by (529).

The MGF of aggregate interference generated by primary network is given by

®,(s) = exp {—W)\pk(st)%} . (5.31)

The secondary network is distributed in R? according to Poisson point process IT,;
with ), independent from the primary network. However, only those secondary
transmitters located outside the primary affected area A, can transmit with power
P,. The active secondary transmitters constitute a new Poisson point process with
intensity A\; = (1 — %))\ps. The MGF of aggregate interference generated by active

secondary transmitters is given by
O, (s) = exp {—msk(sps)%} . (5.32)

The total interference of the two-tier cognitive network I. is the summation of the
interference generated by both primary and secondary network, i.e. I, = I,,+1;. As we
assume that primary and secondary network are independently distributed, the MGF
of the total interference of two-tier cognitive network is given by ®.(s) = ®,(s)-D4(s).
With (6231) and (B=32), we can arrive at

2 2
B, (s) = exp {—Wk (ApPpa n )\SP;> s%} . (5.33)
The total ergodic capacity of two-tier cognitive network is given by

dp oo _ Nd® d® Nd% d® d—d
— P, [ — TP TP — ! . (0.34
C. /{/dl/o {)\pe C<Pp'y>+)\se P C<Ps )}1+7d’ydd (5.34)

The affected area of two-tier cognitive network is given by

Acg = | Bx, - Fr.(In) + (1 - FIC(Ith)>Q. (5.35)

X,€0
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Figure 5.3: Ergodic capacity, affected ratio and GASE as function of the secondary
transmitter intensity Aj.
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In Fig. B33, we plot ergodic capacity, affected area and GASE of two-tier cognitive
network as function of the secondary intensity A;. The primary transmitter intensity
Ap = 1000 nodes/Km? with transmission power P, = 10 dBm. The secondary trans-
mission power P, =5 dBm. For comparison, we also include these values of one-tier
network that has the same system parameters as in primary network. Fig. b33 shows
that secondary transmitters may degrade the ergodic capacity of existing primary net-
work. The more secondary transmitters there are, the severe degradation there exists.
On the other hand, secondary transmitters can improve the total ergodic capacity of
two-tier cognitive network, but this improvement on ergodic capacity shrinks as the
intensity of secondary transmitters increases. Excessive secondary transmitters even
decrease ergodic capacity of two-tier network. This is due to secondary transmit-
ters can elevate the interference level of two-tier cognitive network, and thus cause
negative effect on the ergodic capacity of existing primary network and the two-tier
network. Fig. BZ3H shows that secondary network increases the affected ratio of
two-tier cognitive network. As the active secondary transmitters are located outside
the primary affected area, this observation implies that cognitive secondary network
can exploit the spatial spectrum resources in primary network. However, secondary
transmitters have less effect on increasing total ergodic capacity than on increasing
the affected area. As such, GASE is a decreasing function with respect to secondary
transmitter intensity Ay, as shown in Fig. b3d. Although cognitive secondary net-
work deteriorates GASE performance of two-tier network, it may increase the total
ergodic capacity as well as exploit the spatial spectrum resources of wireless network

when the number of secondary transmitters is in a proper range.
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In Fig. B4, we plot the ergodic capacity, affected ratio and GASE as function
of the secondary transmission power P;. For practical reason, we assume P; is not
larger than P, = 10 dBm. The primary and secondary transmitter intensity are A, =
200 nodes/Km?, A\, = 1000 nodes/Km?, respectively. In small P, region, secondary
network has negligible effect on ergodic capacity, as shown in Fig. bBZa; but the
affected area slightly increases with P;, as shown in Fig. BZ4H. As such, GASE
is a decreasing function in small P, region. However, when Py is the same order of
magnitude as primary transmission power P,, both ergodic capacity and affected area
significantly increase. Moreover, GASE is an increasing function of P; in this region,
which implies ergodic capacity increases faster than affected area. Therefore, there
exists a minimum GASE value with respect to Ps, as shown in Fig. b4d. In order to
achieve higher ergodic capacity as well as more effectively utilize the spatial spectrum
resource of wireless network, the secondary transmission power P, should be larger

than the value where GASE arrives at its minimum.

5.4 Conclusion

In this chapter, we analyzed the performance of wireless ad hoc network in Pois-
son field over Rayleigh fading channels. We derived the generic closed-form MGF
expression of aggregate interference of such wireless network. We then applied the
statistics into the calculation of ergodic capacity, affected area and GASE metrics. We
also analyzed the effect of CSMA /CA mechanism on network performance. Through
mathematical analysis and numerical examples, we found that in sparse scenario, non
CSMA /CA network shows better performance than CSMA /CA network; however, in
dense scenario, CSMA /CA network can ameliorate the increase of aggregate interfer-
ence, and achieve same amount of ergodic capacity with fewer transmitters. Finally,
we proposed a new cognitive scheme, which only allows the secondary transmitters
located outside the primary affected area to transmit. Numerical examples show that
the number of secondary transmitters and their transmission power are essential to
the network performance in terms of ergodic capacity and affected area. Meanwhile,
we found that GASE provides a new perspective on transmission power selection and

secondary network optimization.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this dissertation, we studied the spatial spectral utilization efficiency of wireless
communication. We carried out the analysis in different wireless communication
scenarios.

In Chapter B, we applied the concept of ASE to studying the spatial spectral
efficiency performance of single-cell wireless relay system. We derived the closed-
form expression of ASE of the relay-enhanced single-cell system and the conventional
system, which captures the small spacial footprint of relay transmission. In Chapter B,
we investigated the ASE performance of multi-cell wireless relay system. We analyzed
the total interference from the dominant co-channel cells operating either in direct or
relay mode over Rayleigh fading channels, based on which we obtained the statistics
of the SINR of an arbitrary MS in the target cell. We then derived the exact analytical
expressions of ergodic capacity and ASE of the relay enhanced cellular systems with
and without in-cell frequency reuse.

In Chapter B, we generalized the conventional ASE performance metric to study
the performance of arbitrary wireless transmissions while considering the spatial effect
of wireless transmissions. We carried out a comprehensive study on the resulting
GASE performance metric by considering point-to-point transmission, dual-hop relay
transmission, cooperative relay transmission, two-user X channels as well as cognitive
radio transmission.

In Chapter B, we analyzed the performance of wireless ad hoc network in Pois-

son field over Rayleigh fading channels. We derived the generic closed-form MGF
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expression of aggregate interference of such wireless network. We then applied the
statistics to the calculation of ergodic capacity, affected area and GASE metrics. We
also analyzed the effect of CSMA/CA mechanism on network performance.

Through analytical research and numerical examples, we showed that

e Relay transmission is power efficient and can greatly improve the greenness
of wireless transmissions. However, both the RSs position and BS-RS links
should be properly selected in order to obtain better ASE performance than

the conventional systems without relays.

e Both ASE and GASE provide a new perspective on the design, evaluation and
optimization of arbitrary wireless transmissions, especially with respect to the

transmission power selection.

e GASE performance metric can be used to exploit the space-spectrum resources
of wireless networks, especially with the help of secondary cognitive radio trans-
mission. However, the secondary transmitters and their transmission power are

essential the network performance in terms of GASE.

6.2 Future Work

In our future work, we will analyze the spatial spectral efficiency performance of wire-
less networks using adaptive transmission techniques. Adaptive transmission enables
robust and spectrally efficient transmission over time-varying channels. The basic
premise is that the receivers estimate the channel and then feed this estimation back
to the transmitters. The transmitters then can adapt their transmission scheme based
on the channel characteristics. Adaptive transmission techniques can increase aver-
age throughput and transmission link reliability, or reduce required transmit power.
Specifically, under favorable channel conditions, the transmitters can either send data
at higher data rates or use lower power; on the other hand, as the channel degrades,
the transmitters can either reduce the data rate or increasing transmission power to
guarantee the average probability of bit error. There are many parameters that can
be varied at the transmitter relative to the channel conditions, e.g. data rate, trans-
mission power, coding schemes, error probability, and etc. In our research, we will
focus on the transmission power adaptation. In particular, as the channel gain varies,

the transmitters adapt their transmission power to adjust to this variation. As such,
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the interference “pollution” they generate to surrounding environment is varying as
well, leading to a time-varying “affected area” of wireless transmission. Therefore,
there will be a tradeoff between transmission power, data rate and the affected area.
We will use GASE performance metric to quantify this tradeoff in wireless networks

using adaptive power transmission techniques.
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e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Area spectral efficiency of
infrastructure-relay enhanced single-cell wireless systems,” in Proc. 2011 IEEE
Pacific Rim Conf. on Commun., Computers and Signal Process., pp. 786-790,
Aug. 2011.

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Analysis of cell spectral
efficiency of infrastructure relay-enhanced cellular system,” in Proc. 2011 Int.

Conf. on Wireless Commun. and Signal Process., pp. 1-6, Nov. 2011.

e Lei Zhang, M. O. Hasna, and Hong-Chuan Yang, “Area spectral efficiency of
cooperative network with opportunistic relaying,” in Proc. 2012 IEEE 75th
Veh. Tech. Conf. pp. 1-5, May 2012.

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Area spectral efficiency
of cooperative network with DF and AF relaying,” in Proc. 2012 Asia-Pacific
Signal € Inf. Process. Association Annual Summit and Conf., pp. 1-6, Dec.
2012.

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Generalized area spectral
efficiency: An effective performance metric for green wireless communications,”

in Proc. 2013 IEEE Int. Conf. on Commun., pp. 5376-5380, Jun. 2013.

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “On ergodic capacity of

wireless transmission subject to Poisson distributed interferers over rayleigh
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fading channels,” in Proc. 2013 IEEE 77th Veh. Tech. Conf., pp. 1-6, Jun.
2013.

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Area spectral efficiency of
underlay cognitive radio transmission over rayleigh fading channels,” in Proc.
2013 IEEE Wireless Commun. and Networking Conf., pp. 2988-2992, Apr.
2013.

A.2 Journal Paper

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Generalized area spectral
efficiency: an effective performance metric for green wireless communications,”
IEEE Trans. Commun., vol. 62, no. 2, pp. 747-757, Feb. 2014.

A.3 Submitted Journal Paper

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Coverage and spectral
efficiency analysis for infrastructure relay enhanced cellular systems,” submitted
to IEEE Trans. Wireless Commun..

e Lei Zhang, Hong-Chuan Yang, and Mazen O. Hasna, “Generalized area spectral
efficiency of wireless networks in Poisson field over rayleigh fading channels,”

submitted to Wireless Commun. and Mobile Computing.
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