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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
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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.
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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 2 and Chapter 3, 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 [1–3]. 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 [2]. 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.
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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 [5]. 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 [10] 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 [11]. 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 πD2/4. 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 πD2/4, with unit being bps/(Hz ·m2).

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 [5, 12]. Recently, the ASE
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metric was intensively applied to characterizing the performance of two-tier heteroge-

neous cellular networks. In [13], 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 [14]. 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 [15]. 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 [17], 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 [18], 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 [19]. 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 4, 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
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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 [11]. 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/Km2) 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 tradeoff

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 2 and Chapter 3, we analyzed the spatial spectral efficiency of cellular

networks with relays using the ASE performance metric. Note that the area used in
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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 5, 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 4, we use GASE to evaluate the spectral efficiency as well as spatial utilization
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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 [31–34], packet

throughput [35], error probability and link capacity [36, 37]. 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 α-stable distribution. Following this work,

α-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
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a minimum distance between each active transmitter. In this scenario, we introduce

Matèrn point process [44] to model the spatial distribution of transmitter-receiver

pairs in CSMA/CA networks. Matèrn 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 [45].

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 [48, 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.
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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 Pr at distance d from a transmitter is given

by Pr = Pt·Z
(d/dref)a

, where Pt 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 dref is the reference distance. Without loss of generality, we set

dref = 1m. The term 1/da 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 ∼ E(1).
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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

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

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

is shown in Fig. 2.1. 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 Dbr 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 [5]. The inner zone is approximated

by a circle with radius Rbs while the outer zone by an annulus with radius Rrs =

R − Rbs, 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 Rbs and Dbr 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 Aaff, i.e. [10]

ASE =
C

Aaff

. (2.1)

The affected area Aaff 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
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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

C(r) =

∫ ∞

0

log2(1 +
p

N
)

1

p̄(r)
e−

p
p̄(r)dp, (2.2)

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

C(r) =
1

ln 2
E1

(
N

Pbs

ra
)
e

N
Pbs

ra
, (2.3)

where Pbs is the transmission power of BS, r is the distance from BS to the user,

E1(·) is the exponential integral function, which is given by

E1(x) =

∫ ∞

x

e−t

t
dt.

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

Cinner =

∫ Rbs

0

C(r)fr(r)dr, (2.4)

where fr(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

fr(r) =
2r

R2
bs

, 0 ≤ r ≤ Rbs. (2.5)
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Finally, the average capacity is obtained after substituting (2.3) and (2.5) into (2.4)

as

Cinner =

∫ Rbs

0

1

ln 2
E1

(
N

Pbs

ra
)
e

N
Pbs

ra 2r

R2
dr. (2.6)

For a particular received signal power threshold pmin, we define the affected prob-

ability Paff at distance r as

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

Over Rayleigh fading channels, this probability is given by

Paff(pmin, r) = e−
pmin
p̄(r) . (2.7)

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

area of BS transmission can be calculated as

ABS
aff = 2π

∫ ∞

0

Paff(pmin, r)rdr. (2.8)

Substituting (2.7) into (2.9), we can arrive at

ABS
aff =

2πΓ
(
2
a

)
a · (pmin/Pbs)

2/a
. (2.9)

According to (2.1), ASE of the inner zone can be calculated as

ASEinner =
Cinner

ABS
aff

, (2.10)

where Cinner is given in (2.6).

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. 2.2, we use d denote the distance from RS to the target user at

distance r from the BS. Given the angle θ between BS-RS and BS-user directions, d

can be calculated as

d =
√
r2 +D2

br − 2rDbr cos θ. (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

C(d) =

∫ ∞

0

log2(1 +
p

N
)

1

p̄(d)
e−

p
p̄(d)dp. (2.12)

Over Rayleigh fading channels, it can be written as

C(d) =
1

ln 2
E1

(
N

Prs

da
)
e

N
Prs

da , (2.13)

where Prs 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 =

∫ π
6

0

∫ R

Rbs

1

ln 2
E1

(
N

Prs

da
)
e

N
Prs

dafr(r)fΘ(θ)drdθ. (2.14)

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

zone are given by fr(r) = 2r
(R−Rbs)

2 , Rbs ≤ r ≤ R

fΘ(θ) =
6
π
, 0 ≤ θ ≤ π

6
.

(2.15)

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

ARS
aff =

Γ
(
2
a

)
a · (pmin/Prs)

2/a
. (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 (2.14) and (2.16), ASE of the relay transmission mode is given by

ASEouter =
1

2

(
1
2
Couter

ABS
aff

+
1
2
Couter

ARS
aff

)
. (2.17)

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

ASE of the system as

ASErelay =
ÂBS

Âtotal

· ASEinner +
ÂRS

Âtotal

· ASEouter (2.18)
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where ÂBS and ÂRS denote the service area of the BS and RS, given by ÂBS = πR2
bs

and ÂRS = πR2 − πR2
bs respectively, and Âtotal = ÂBS + ÂRS.

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

ASEconv =
Cconv

Aconv
aff

(2.19)

where Aconv
aff denotes the affected area given in (2.9). The ergodic capacity of conven-

tional cell is

Cconv =

∫ R

0

C(r)p′r(r)dr =
2

R2

∫ R

0

rC(r)dr. (2.20)

The system parameters are listed in Table 2.1.

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

Item Nominal Value
BS transmission power Pbs 36 dBm
RS transmission power Prs 29 dBm
Minimum received power pmin -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.



18

In Fig. 2.3, we compare the ASE of relay enhanced system with conventional

system. In particular, we set Rbs = 1
2
R, Dbr = 3

4
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

Cconv, whereas for relay enhanced system, spectral efficiency is given by

SErelay =
ÂBS

Âtotal

· C inner +
ÂRS

Âtotal

· Couter

2
(2.21)

We also compare the spectral efficiency performance of these two systems in Fig.

2.3. 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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Figure 2.4: ASE/spectral efficiency of relay enhanced system as function of inner zone
radius Rbs.
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In Fig. 2.4, we plot ASE and spectral efficiency of relay enhanced system as the

function of inner zone radius Rbs with cell radius R fixed to 2000m and Dbr = 3
4
R.

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

value. On the other hand, the optimal Rbs 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.
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Figure 2.5: ASE/spectral efficiency of relay enhanced system as function of normalized
BS-RS distance Dbr/Rbs.
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Figure 2.6: ASE of relay enhanced system as function of inner zone radius Rbs and
BS-RS distance Dbr.
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In Fig. 2.5, we plot ASE and spectral efficiency of relay enhanced cell as the

function of the normalized BS-RS distance Dbr/Rbs with cell radius R fixed to 2000m

and Rbs = 1
2
R. It shows that the optimal value of Dbr in terms of maximizing

spectral efficiency also maximizes ASE. This is due to the fact that Dbr affects only

the capacity of relay transmission given in (2.14). Finally, as an additional numerical

example, Fig. 2.6 plots ASE as function of both the inner zone radius Rbs and the

BS-RS distance Dbr, which helps jointly select the optimal values of Rbs and Dbr 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. 3.1, there are six dominant co-channel cells, affecting the trans-
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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 BSi,

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 2, as shown in Fig. 2.1.

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, θ) are given by
pr(r) =

2r
(Rbs+Rrs)2

, 0 ≤ r ≤ Rbs +Rrs,

pθ(θ) =
1
2π
, 0 ≤ θ ≤ 2π.

(3.1)
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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 Pd =
πR2

bs

π(Rbs+Rrs)2
. The probability that the scheduled user

is in the outer zone is then equal to Pr = 1− Pd.

(a) Without in-cell frequency reuse

(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 T . 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 τ ,

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 −τ . 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. τ ≤ T/2. Fig. 3.3 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

π(D/2)2. Then ASE of the cellular system, denoted by η, can be calculated as

η =
C

π(D/2)2
, (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, θ) over the cell

coverage area Ω, i.e.

C =

∫∫
Ω

C(r, θ) · pr(r) · pθ(θ) dr dθ, (3.3)

where C(r, θ) is the ergodic capacity of an MS at coordinates (r, θ). Let Γ denotes

the instantaneous received SINR at coordinates (r, θ). Considering co-channel inter-

ference, Γ can be written as

Γ =
Prx

Itotal +N
, (3.4)

where Itotal denotes the total interference power from co-channel cells and N is the

noise power. It follows that C(r, θ) can be calculated using the probability density

function (PDF) of Γ, fΓ(γ), as

C(r, θ) =

∫ ∞

0

log2(1 + γ) · fΓ(γ) dγ. (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

Itotal for conventional systems is simply the total received signal power from the six

dominant co-channel BSs. For relay enhanced systems, Itotal 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 Itotal, which is then applied

to the evaluation of C(r, θ).

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 Pd and Pr, 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 un denotes the index set of cells in direct

mode and un = S − un, where S = {0, 1, · · · , 5}, is the complementary set of un.

Therefore, for a particular set un, the total interference Itotal|un 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.

Itotal|un =
∑
k∈un

IBSk +
∑
t∈un

IRSt . (3.6)

where IBSk and IBSt denote the interference from the kth co-channel cell that per-

forms direct transmission and tth co-channel cell that performs relay transmission,

respectively.

When the kth co-channel cell is operating in direct mode, the amount of inter-

ference power IBSk that it generates to the MS in the target cell is an exponential

random variable with average given by

IBSk = PBS/d
a
BSk

, (3.7)

where dBSk is the distance from the BS of the kth co-channel cell to the MS, which

can be calculated, with reference to Fig. 3.1, as

dBSk =
√
r2 +D2 − 2rD cos θk, (3.8)
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whereD is the reuse distance and θk is the angle between serving BS to co-channel BSk

and serving BS to MS directions. Note that the distance dBSk to different co-channel

BSs varies as the value of θk changes.

We now consider IRSt , 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 jth (j = 0, 1, · · · , 5)
RS of tth co-channel cell, denoted as RStj, is given by IRStj = PRS/d

a
RUtj

, where PRS

is the transmission power of RS and dRUtj
is the distance from RStj to the target MS.

According to the geometry shown in Fig. 3.2, we have

dRUtj
=
√
r2 + d2BRtj

− 2rdBRtj
cos(θt − αj), (3.9)

where dBRtj
=
√
d2br +D2 − 2dbrD cos(π

3
j) is the distance from RStj to the central BS,

and αj = arcsin
{

dbr
dBRtj

sin(π
3
j)
}
is the angle between BS-BS and BS-RStj 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 τ/T percent of the time and from one of the six RSs for (T − τ)/T

percent of the time, as illustrated in Fig. 3.3a. Therefore, the interference from tth

co-channel cell that performs relay transmission is given by

IRSt =
τ

T
× IBSt +

T − τ

T
× 1

6

5∑
j=0

IRStj . (3.10)

Note that we allow the operation of different co-channel cells to be unsynchronized

here.

Finally, the total interference conditioning on un, Itotal|un , is the summation of

received signal power from transmitting BS and/or RS of the co-channel cells. Sub-

stituting (3.10) into (3.6) and after some simplifications, Itotal|un can be written as

Itotal|un =
∑
k∈un

IBSk +
τ

T

∑
t∈un

IBSt +
T − τ

6T

∑
t∈un

5∑
j=0

IRStj . (3.11)



30

Ergodic capacity analysis

In this section, we derive the ergodic capacity C(r, θ) for an arbitrary MS at location

(r, θ) in the target cell under Rayleigh fading. We first show that under Rayleigh

fading model, the statistics of Γ can be expressed in terms of the MGF of total

co-channel interference Itotal.

Statistics of SINR over Rayleigh fading channel

The cumulative distribution function (CDF) of Γ given in (3.4), FΓ(γ), can be written

as

FΓ(γ) =

∫ ∞

0

Pr

{
Prx < (y +N) · γ | Itotal = y

}
fItotal(y) dy. (3.12)

Note that for Rayleigh fading environment,

Pr

{
Prx < (y +N) · γ | Itotal = y

}
= 1− e−(y+N)γ/Prx , (3.13)

then FΓ(γ) can be obtained, after applying the definition of MGF, as

FΓ(γ) = 1− e−Nγ/PrxMItotal(−γ/Prx), (3.14)

where MItotal(s) denotes the MGF of total co-channel interference Itotal. Under

Rayleigh fading assumption, IBSm and IRStj are exponential random variables with

mean IBSk and IRStj , respectively. It follows that the MGF of total interference

Itotal|un , given in (3.11), is given by

MItotal|un
(s) =

( ∏
k∈un

MIBSk
(s)

)
·

( ∏
t∈un

MIBSt

( τ
T
s
))

·

( ∏
t∈un

5∏
j=0

MIRStj

(
T − τ

6T
s

))
,

(3.15)

where the MGFs of IBSk and IRStj are given by

MIBSk
(s) = (1− IBSk · s)−1, (3.16)

and

MIRStj
(s) = (1− IRStj · s)−1, (3.17)
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respectively. Let Un denotes the set of all possible un’s, i.e. elements of power set

℘(S) with n entries. Noting that the probability of each un is Pn
dP6−n

r , the MGF of

total interference Itotal can be finally obtained as

MItotal(s) =
6∑

n=0

∑
un∈Un

Pn
dP6−n

r

{ ∏
k∈un

(
1− IBSk · s

)−1

×
∏
t∈un

5∏
j=0

(
1− IBSt ·

τ

T
s
)−1

·
(
1− IRStj ·

T − τ

6T
s

)−1
}
. (3.18)

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

FΓ(γ) =1− e
− Nγ

Prx

6∑
n=0

∑
un∈Un

Pn
dP6−n

r

{ ∏
k∈un

(
1 +

IBSk

Prx

γ

)−1

×
∏
t∈un

5∏
j=0

(
1 +

IBSt

Prx

· τ
T
γ

)−1

·

(
1 +

IRStj

Prx

· T − τ

6T
γ

)−1}
. (3.19)

Average ergodic capacity

The ergodic capacity C(r, θ) for an arbitrary MS at location (r, θ) in the target cell

can be calculated using the CDF of the received SINR FΓ(γ) given in (3.5). For users

in the inner zone, i.e. 0 ≤ r ≤ Rbs and 0 ≤ θ ≤ 2π, Ci(r, θ) can be calculated, after

integration by part and some manipulations, as

Ci(r, θ) =
1

ln 2

∫ ∞

0

e−N ·γ

γ + 1/Pi

MItotal(−γ) dγ, (3.20)

where Pi is the average received signal power from the serving BS given by PBS/r
a.

The users in the outer zone, i.e. with Rbs ≤ r ≤ Rbs + Rrs and 0 ≤ θ ≤ 2π, 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 T − τ time period in each time interval T , C(r, θ)

for user in the outer zone can be calculated as

Co(r, θ) =
T − τ

T ln 2

∫ ∞

0

e−N ·γ

γ + 1/Po

MItotal(−γ) dγ, (3.21)
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where Po is the average received signal power from the serving RS given by PRS/d
a
r

where, as illustrated in Fig. 3.2, dr =
√
r2 + d2br − 2rdbr cos β and β is the angle

between BS-RS and BS-MS directions, given by β = mod (θ, π
6
).

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

averaging over the whole cell coverage area as

C = Pd

∫ 2π

0

∫ Rbs

R0

Ci(r, θ) · pr(r) · pθ(θ) dr dθ

+ Pr

∫ 2π

0

∫ Rbs+Rrs

Rbs

Co(r, θ) · pr(r) · pθ(θ) dr dθ. (3.22)

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. 3.3b, 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 Cmul, 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 τ when performing relay transmission.

Therefore, the total interference for inner zone user conditioning on un, Ĩ i
total|un

, can

be written as

Ĩ i
total|un

=
5∑

k=0

IBSk +
T − τ

6T

∑
t∈un

5∑
j=0

IRStj , (3.23)

where IBSk and IRStj are exponential random variables. Thus for users in the inner

zone, the ergodic capacity Ci(r, θ) can be calculated using (3.20) with the MGF of
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Ĩ i
total, given by

MĨi
total

(s) =
6∑

n=0

∑
un∈Un

Pn
dP6−n

r

{
5∏

k=0

MIBSk
(s)×

∏
t∈un

5∏
j=0

MIRStj

(
T − τ

6T
s

)}
.

(3.24)

Analysis for outer zone user

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

As illustrated in Fig. 3.4, the BS generates an extra interference Io
BS to MS1

at (r1, ψ1) in the outer zone of target cell, which can be modeled as an exponential

random variable with mean Io

BS = PBS/r
a
1 . The total interference for MS1, denoted

as Ĩo
total, is given by Ĩo

total = Ĩ i
total + Io

BS. Thus for users in the outer zone, the ergodic
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capacity Co(r, θ) can be calculated using (3.21) with the average received signal power

of Po = PRS/d
a
r1

and the MGF of Io
total, given by

MĨo
total

(s) =
6∑

n=0

∑
un∈Un

Pn
dP6−n

r

{
5∏

k=0

MIBSk
(s)×

∏
t∈un

5∏
j=0

MIRStj

(
T − τ

6T
s

)}
×MIo

BS
(s),

(3.25)

where MIo
BS
(s) =

(
1− Io

BS · s
)−1

is the MGF of Io
BS. Meanwhile, for MS2 at (r2, ψ2)

in the inner zone served in parallel by BS, the interference generated by trans-

mitting RS, Imul
RS , is an exponential random variable with mean PRS/d

a
r2
, where

dr2 =
√
r22 + d2br − 2r2dbr cos(ψ2 − (ψ1 − β)). Therefore, the total interference for

MS2, denoted as Ĩmul
total, is given by Ĩmul

total = Ĩ i
total+Imul

RS . The ergodic capacity Cmul(r, θ)

can be calculated using (3.21) with the average received signal power of Pmul = PBS/r
a
2

and the MGF of Ĩmul
total, given by

MĨmul
total

(s) =
6∑

n=0

∑
un∈Un

Pn
dP6−n

r

{
5∏

k=0

MIBSk
(s)×

∏
t∈un

5∏
j=0

MIRStj

(
T − τ

6T
s

)}
×MImul

RS
(s),

(3.26)

where MImul
RS

(s) =
(
1− Imul

RS · s
)−1

is the MGF of Imul
RS .

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

C = Pd

∫ 2π

0

∫ Rbs

R0

Ci(r, θ) · pr(r) · pθ(θ) dr dθ

+ Pr

∫ 2π

0

∫ Rbs+Rrs

Rbs

Co(r, θ) · pr(r) · pθ(θ) dr dθ

+ Pr

∫ 2π

0

∫ Rbs

R0

Cmul(r, θ) · pr(r) · pθ(θ) dr dθ, (3.27)

which can then be applied in (3.2) 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 3.1.

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

Item Nominal Value
BS transmission power PBS 36 dBm
RS transmission power PRS 29 dBm
Minimum received power pmin -40 dBm
Path-loss exponential a 4
Time division τ 0.4
Noise power N -100 dBm
Inner zone radius Rbs 1000 m
Outer zone radius Rrs 400 m
Relay position dbr 1200 m
Reuse distance D 4200 m
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Figure 3.5: The effect of relay position dbr on the system overall ASE performance.
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In Fig. 3.5, 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, dbr, while

keeping Rbs and Rrs 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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Figure 3.6: The effect of time slot τ on the system overall ASE performance.
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In Fig. 3.6, we plot the system ASE performance as function of subslot duration for

BS-RS transmission, τ , while fixing relay location at the center of the outer zone. Fig.

3.6 shows that ASE for both with and without in-cell reuse cases are monotonically

decreasing as τ increases from 0.1T to 0.5T . When τ is 0.5T , 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 τ . 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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Figure 3.7: The effect of number of channel subsets N on the system overall ASE
performance.
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In cellular systems with hexagon cell structure, the reuse distanceD and cell radius

R = Rbs+Rrs are related as D =
√
3NR, where N is the number of channel subsets,

satisfying N = p2+ q2+pq (p, q ∈ Z). In Fig. 3.7, we plot the ASE of relay enhanced

cellular system as function of the number of channel subsets N . 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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Figure 3.8: The effect of inner zone radius Rbs on the system overall ASE performance.
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In Fig. 3.8, we plot ASE as function of the inner zone radius Rbs. The result

shows that Rbs 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 Rbs. This is due to smaller Rbs 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 Rbs, the system relies on relay

transmission most of the time, and the penalty on capacity dominates; while for too

large Rbs, 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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Figure 3.9: The effect of the BS transmission power PBS on the system overall ASE
performance.
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In Fig. 3.9, we plot ASE as function of BS transmission power PBS. As we

increase the BS transmission power, the system overall ASE performance increases

as well. This is because for small PBS, the system coverage is poor and thus the

capacity is small. As PBS increasing, the system capacity is limited by inter cell

interference. Another interesting observation is that, for small values of PBS, the

system benefits from the in-cell frequency reuse scheme. However, this benefit shrinks

as PBS 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 PRS. 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 [50–53], three-node cooperative relay transmission [40, 54–59], two-user

X channels [60–62], and underlay cognitive radio transmission [45, 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 Pt 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 η, we have η = C/A. The affected area refers to the area where a

significant amount of transmission power is observed, i.e., the received signal power Pr

is greater than a certain threshold value Pmin, which will lead to significant amount of

interference to neighboring transceivers. The value of Pmin 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, Pmin may be set to a large value. Otherwise, it

should be set to the same order of magnitude to background noise. The same Pmin

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, Pr(r),

is greater than Pmin, i.e., P
{
Pt · Z/ra ≥ Pmin

}
. It follows that the affected area of

point-to-point transmission can be determined as

A =

∫ 2π

0

∫ ∞

0

∫ ∞

Pmin·ra/Pt

fZ(z) dz rdrdθ

= 2π

∫ ∞

0

(
1− FZ

(
Pmin · ra/Pt

))
rdr. (4.1)
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Meanwhile, the instantaneous link capacity between source S and destination D is

given by C = log2
(
1 + Pt

Nda
· 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

C =

∫ ∞

0

log2

(
1 +

Pt

Nda
· z
)
dFZ(z), (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 Pmin 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

η =

∫∞
0

log2
(
1 + Pt

Nda
· z
)
dFZ(z)

2π
∫∞
0

(
1− FZ

(
Pmin · ra/Pt

))
rdr

. (4.3)

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

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

of [67, Eq. 3.326.2], to

A =
2π

a
Γ

(
2

a

)(
Pt

Pmin

)2/a

, (4.4)

where Γ(·) denotes the Gamma function. As we can see from (4.4), the affected area

for the point-to-point link over Rayleigh fading is proportional to P
2/a
t , where a is

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

given by

C =
1

ln 2
E1

(
daN

Pt

)
exp

(
daN

Pt

)
, (4.5)

where E1(x) =
∫∞
x

e−t

t
dt is the exponential integral function [67]. Finally, we can ob-

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

fading as

η =

1
ln 2

E1

(
daN
Pt

)
exp

(
daN
Pt

)
2π
a
Γ
(
2
a

) (
Pt

Pmin

)2/a . (4.6)



49

It worths noting that, by including the factor P
2/a
t 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/Pt for point-to-point

transmission, is roughly equivalent to the special case of GASE metric with a = 2.
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Figure 4.1: The effect of transmission power Pt on η.

In Fig. 4.1, we plot the GASE of point-to-point link under Rayleigh fading en-

vironment as function of the transmission power Pt for different path loss exponent

a. The threshold Pmin = −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 η is not a monotonic function of

Pt in general. Only when a is very small will GASE η be a monotonically decreasing

function of the transmission power Pt. For medium to large a, GASE is proportional

to Pt when Pt is relatively small, which implies that the ergodic capacity increases

faster than the affected area in this region. When Pt becomes large, the affected area

increases faster, which leads to a decreasing GASE. As such, an optimal Pt value

exists in terms of maximizing the GASE of point-to-point transmission. These be-



50

haviors of η can be mathematically verified with the following limiting results based

on (4.6),

lim
Pt→0+

η =


∞, a < 2;

log2 e · Pmin

πNd2
, a = 2;

0, a > 2,

(4.7)

and

lim
Pt→∞

η = 0. (4.8)

It is straightforward although tedious to verify that η is a concave function of Pt. As

such, there exist optimal values for Pt that maximize the GASE for point-to-point

link for a > 2 cases, which can be analytically obtained by solving d
dPt
η = 0 for Pt.

After substituting (4.6) into it and some manipulations, we arrive at the following

equation that the optimal P ∗
t satisfies(

daN

P ∗
t

+
2

a

)
E1

(
daN

P ∗
t

)
exp

(
daN

P ∗
t

)
= 1. (4.9)

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

that the optimal transmitting power value is proportional to the product daN , but

independent of the minimum power threshold Pmin. Essentially, for a certain propa-

gation environment and source-destination distance, P ∗
t 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. 4.1 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 Pt. 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. 4.2. 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 T . The distance from source to relay and relay to destination are

denoted by dSR and dRD, 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 PR,

respectively. The ergodic capacity of the relay transmission can be calculated, noting

the half-duplex constraint, as

CR =
1

2

∫ ∞

0

log2(1 + γ) · fΓeq(γ) dγ, (4.10)

where fΓeq(·) denotes the PDF of the equivalent end-to-end SNR Γeq. For DF relaying

protocol, ΓDF
eq is equal to min {ΓSR,ΓRD}, whereas for AF protocol, ΓAF

eq is given

by ΓAF
eq = ΓSR·ΓRD

ΓSR+ΓRD+1
[53], where ΓSR and ΓRD 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 ASR and ARD, can be calculated using (4.4) with

correspondent transmission power PS and PR, respectively. Note that ASR and ARD

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

ηR =
1

2

{
CR

ASR

+
CR

ARD

}
. (4.11)

Under Rayleigh fading environment, the received SNR Γij (i ∈ {S,R}, j ∈ {R,D}
and i ̸= j) can be expressed as Γij = γ̄ij · Z, where γ̄ij = Pi

daij ·N
is the average received

SNR related to the distance from the transmitter i to receiver j, dij. Z is an expo-

nential RV with unit mean. It follows that the PDF of ΓDF
eq can be obtained, noting

that ΓDF
eq is the minimum of two exponential RVs, as

fΓDF
eq
(γ) = α1 · e−α1γ, (4.12)

where α1 =
1

γSR
+ 1

γRD
. Then the ergodic capacity for DF case can be derived as

CDF =
1

2 ln 2
E1(α1) exp(α1). (4.13)

Finally, GASE of DF relay transmission for Rayleigh fading scenario is given, after

applying (4.4) and (4.13) into (4.11), by

ηDF
R =

1

4 ln 2

 E1(α1) exp(α1)

2π
a
Γ
(
2
a

) (
PS

Pmin

)2/a +
E1(α1) exp(α1)

2π
a
Γ
(
2
a

) (
PR

Pmin

)2/a
 . (4.14)

For AF relaying, the PDF of the equivalent SNR ΓAF
eq is approximately obtained

as [68, eq. (18)]

fΓAF
eq
(γ) = 2β1γe

−α1γ

{
α1K1(2β1γ) + 2β1K0(2β1γ)

}
, (4.15)

where β1 =
1√

γSR·γRD

, K0(·) and K1(·) is the second kind modified Bessel function of

the zero-order and first-order, respectively [67]. Substituting (4.15) into (4.10), we
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can calculate ergodic capacity of relay transmission with AF protocol as

CAF =

∫ ∞

0

log2(1 + γ)β1γe
−α1γ ×

{
α1K1(2β1γ) + 2β1K0(2β1γ)

}
dγ. (4.16)

The GASE performance of AF-based relay transmissions can be similarly calculated

by applying (4.16) in (4.11).
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Figure 4.3: Comparison of the dual-hop relay transmission and point-to-point trans-
mission.

In Fig. 4.3, we compare the GASE of dual-hop relay transmission with point-

to-point transmission. The distance between source to destination dSD = 1000 m,

between source to relay dSR = dRD = 500 m, and the angle θ = 0. Specifically, the

GASE of both DF and AF cases are plotted as function of common transmission

power PS = PR = Pt 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 Pt 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
PS ,PR∈R+

ηR (4.17)

s.t. PS < Pmax, PR < Pmax,

where Pmax is the maximum transmission power of the nodes. For DF relaying under

Rayleigh fading environment, after applying (4.13) and (4.4), the objective function

specializes to

ηDF
R =

a

8π ln 2 · Γ
(
2
a

) E1(α1) exp(α1)×

((
PS

Pmin

)−2/a

+

(
PR

Pmin

)−2/a
)
. (4.18)

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

from Fig. 4.3 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} , (4.19)

where Cd and Cr are the instantaneous capacity of direct transmission and relay

transmission, respectively. Cd is related to the instantaneous received SNR of S-D

link, ΓSD, as

Cd = log2(1 + ΓSD), (4.20)

The instantaneous capacity of relay transmission Cr is given by

Cr =
1

2
log2(1 + Γeq), (4.21)

where Γeq is the equivalent received SNR of the relay channel, and the factor 1
2
is

due to the half-duplex constraint. Substituting (4.20) and (4.21) into (4.19), the

instantaneous capacity specializes to

Cinst =
1

2
max

{
log2(1 + ΓSD)

2, log2(1 + Γeq)

}
=

1

2
log2

{
1 + max

{
Γ2
SD + 2ΓSD,Γeq

}
︸ ︷︷ ︸

ΓC

}
, (4.22)

where ΓC 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 ΓC, i.e.,

C =

∫ ∞

0

1

2
log2

(
1 + γ

)
· fΓC

(γ) dγ, (4.23)

where fΓC
(γ) is the PDF of ΓC. Meanwhile, the probability that the system performs

direct transmission is equal to the probability that Cd > Cr, i.e.,

Pd = P
{
Γ2
SD + 2ΓSD > Γeq

}
. (4.24)

Accordingly, the probability that the system performs relay transmission is given by

Pr = 1− Pd.

The GASE of three-node cooperative transmission, denoted by ηC , can be cal-



56

culated, while noting that the affected areas of source and relay transmissions are

different, as

ηC = Pd ·
Cd

ASR

+ Pr ·
1

2

(
Cr

ASR

+
Cr

ARD

)
, (4.25)

where ASR and ARD are the affected areas for the source and relay transmission steps,

which can be calculated using (4.4) with correspondent transmission power; Cd and

Cr are the average ergodic capacity under direct and relay transmission. In what

follows, we will calculate Cd and Cr for DF and AF relaying protocols under Rayleigh

fading environment.

4.3.1 DF Relaying Protocol

Under Rayleigh fading environment, ΓSD = γSD ·Z and Z ∼ E(1), Pd can be special-

ized to

Pd =
1

γSD

∫ ∞

0

FΓeq(x
2 + 2x) exp(−x/γSD) dx. (4.26)

With DF relaying, the PDF of equivalent received SNR over relay link, ΓDF
eq , is given by

(4.12). Substituting (4.12) into (4.26) and carrying out integration, we can obtain the

probability that the system performs direct transmission with DF relaying protocol,

as

PDF
d = 1− 1

γSD
D(α1, α2), (4.27)

where α1 =
1

γSR
+ 1

γRD
, α2 =

2
γSR

+ 2
γRD

+ 1
γSD

, and D(α1, α2) is defined as

D(α1, α2) ,
∫ ∞

0

e−α1t2−α2tdt =
1

2

√
π

α1

e
α2
2

4α1 erfc(
α2

2
√
α1

), (4.28)

where erfc(x) = 2√
π

∫∞
x
e−t2dt is the complementary error function [67].

The equivalent SNR of the three-node cooperative network with DF protocol is

given by

ΓDF
C = max

{
Γ2
SD + 2ΓSD,Γ

DF
eq

}
. (4.29)

It can be shown that the PDF of ΓDF
C under the condition Γ2

SD +2ΓSD > ΓDF
eq is given

by

fΓDF
C
(γ | Γ2

SD + 2ΓSD > ΓDF
eq ) =

γSD · fΓSD
(ξ) · FΓDF

eq
(γ)

2(ξ + 1) · (γSD −D(α1, α2))
, (4.30)

where ξ =
√
γ + 1 − 1. Substituting (4.30) into (4.23) and making some manipula-
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tions, we can obtain the average ergodic capacity of direct transmission as

C
DF

d =
1

ln 2 (γSD −D(α1, α2))

{
γSD ·e

1
γSD E1(

1

γSD
)−
∫ ∞

0

ln(1+t)e−α1t2−α2t dt

}
. (4.31)

Following the same procedure, we can arrive at the PDF of ΓDF
C under the condition

Γ2
SD + 2ΓSD < ΓDF

eq as

fΓDF
C
(γ | Γ2

SD + 2ΓSD < ΓDF
eq ) =

γSD · fΓDF
eq
(γ) · FΓSD

(ξ)

D(α1, α2)
. (4.32)

It follows that the average ergodic capacity of relay transmission is given by

C
DF

r =
1

ln 2 ·D(α1, α2)

{
γSD ·eα1 E1(α1)−

∫ ∞

0

ln(1+ t) ·e−α1t− 1
γSD

(
√
1+t−1)

dt

}
. (4.33)

4.3.2 AF Relaying Protocol

With AF relaying protocol, the PDF of the equivalent received SNR over relay link,

ΓAF
eq , is given by (4.15). Substituting (4.15) into (4.26), we can obtain the probability

that the source node performs direct transmission, denoted by PAF
d , i.e.,

PAF
d = 1− 1

γSD
A(β1, β2), (4.34)

where A(β1, β2) is defined to be

A(β1, β2) ,
∫ ∞

0

2β1(t
2 + 2t)e−β2(t2+2t) K1(2β1(t

2 + 2t)) dt, (4.35)

where β1 =
1√

γSR·γRD

, β2 =
1

γSD
+ 1

γSR
+ 1

γRD
.

The equivalent SNR of the three-node cooperative transmission with AF protocol

is given by

ΓAF
C = max

{
Γ2
SD + 2ΓSD,Γ

AF
eq

}
. (4.36)

The PDF of ΓAF
C under the condition Γ2

SD + 2ΓSD > ΓAF
eq can be obtained as

fΓAF
C
(γ | Γ2

SD + 2ΓSD > ΓAF
eq ) =

γSD · fΓSD
(ξ) · FΓAF

eq
(γ)

2(ξ + 1) · (γSD − A(β1, β2))
. (4.37)

Correspondingly, we can calculate the average ergodic capacity of direct transmission
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C
AF

d by averaging the instantaneous capacity over the PDF of ΓAF
C under the condition

Γ2
SD + 2ΓSD > ΓAF

eq given in (4.37), as

C
AF

d =

∫ ∞

0

1

2
log2

(
1 + γ

)
·

γSD · fΓSD
(ξ) · FΓAF

eq
(γ)

2(ξ + 1) · (γSD − A(β1, β2))
dγ. (4.38)

Similarly, the PDF of ΓAF
C under the condition Γ2

SD + 2ΓSD < ΓAF
eq is given by

fΓAF
C
(γ | Γ2

SD + 2ΓSD < ΓAF
eq ) =

γSD · fΓAF
eq
(γ) · FΓSD

(ξ)

A(β1, β2)
, (4.39)

which can be applied to the calculation of C
AF

r . The resulting expression is omitted

for conciseness.

4.3.3 Numerical Examples

10 12 14 16 18 20 22 24 26 28 30
2

3

4

5

6

G
A

S
E

 η
C
 [b

ps
/H

z/
km

2 ]

P
s
 [dBm]

 

 

10 12 14 16 18 20 22 24 26 28 30
0

1

2

3

4

5

6

S
pe

ct
ra

l E
ffi

ci
en

cy
 [b

ps
/H

z]

10 12 14 16 18 20 22 24 26 28 30
0

1

2

3

4

5

6

10 12 14 16 18 20 22 24 26 28 30
0

1

2

3

4

5

6
DF relay
AF relay
No relay

           GASE
− − − − Spectral Efficiency

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. 4.4 we plot the GASE and spectral efficiency as function of the source

node transmission power PS for DF and AF relaying protocol. The relay transmis-

sion power PR = 10 dBm, the distances between source, relay and destination are

dSD = 1000 m, dSR = dRD = 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 PS, 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. 4.5. Specifically, two transmitters, S1 and S2, send information to

two receivers, D1 and D2, 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 Si to Dj, i, j ∈ {1, 2} are denoted by

dij and |hij|2, respectively. Assuming that the same transmitting power Pt is used at



60

Figure 4.5: Two-user X channels

S1 and S2, the instantaneous sum capacity of the X channel is given by

CX = log2 (1 + Γ1) + log2 (1 + Γ2) , (4.40)

where Γi, i = 1, 2, denote the received signal to interference plus noise ratio (SINR)

at receiver Di, given by

Γ1 =
Pt|h11|2

Pt|h21|2 +N
, Γ2 =

Pt|h22|2

Pt|h12|2 +N
. (4.41)

It follows that the ergodic capacity of the X channel can be calculated as

C
X
=

2∑
i=1

∫ ∞

0

log2(1 + γ) · fΓi
(γ)dγ, (4.42)

where fΓi
(·) is the PDF of SINR Γi. 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 Pmin. Specifically, the probability that an area of distance
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r1 to transmitter S1 and distance r2 to transmitter S2 is affected can be calculated

as the probability that the total received signal power Pr(r1) +Pr(r2) is greater than

Pmin, i.e. Pr[Pr(r1) + Pr(r2) ≥ Pmin]. It follows that the affected area of parallel

transmission can be calculated as

AX
aff =

1

2π

∫ 2π

0

∫ ∞

0

Pr[Pr(r1) + Pr(r2) ≥ Pmin]r1dr1dθ, (4.43)

where r2 =
√
r21 + d20 − 2r1d0 cos θ and d0 is the distance between S1 and S2. Note

that we use the location of S1 as the origin in the about integration. The GASE of

two-user X channels can finally be calculated as ηXg = C
X
/AX

aff.

For Rayleigh fading environment, |hij|2 are modeled as independent exponential

random variables with mean 1/daij. Then CDF of Γi can be derived as

FΓi
(γ) = 1− ρi

γ + ρi
exp(−γ/γ̄ii), i = 1, 2, (4.44)

where γ̄ii = Pt/(Nd
a
ii), ρ1 = (d21/d11)

a and ρ2 = (d12/d22)
a. It follows that the ergodic

capacity ofX channel over Rayleigh fading can be calculated, after substituting (4.44)

into (4.50) with applying integration by part, as

C
X
=

2∑
i=1


1

ln 2
ρi

1−ρi

{
E1(

ρi
γ̄ii
) exp( ρi

γ̄ii
)− E1(

1
γ̄ii
) exp( 1

γ̄ii
)

}
ρi ̸= 1

1
ln 2

{
1− 1

γ̄ii
E1(

1
γ̄ii
) exp( 1

γ̄ii
)

}
ρi = 1.

(4.45)

Specifically, the ergodic capacity is a function of ρi and γ̄ii, which are determined by

transmission power Pt, path loss exponent a and the distance between the transmitter

Si and receiver Dj. It is easy to verify that when ρi → ∞, which means the interfering

transmitters are far from the desired receiver, the sum capacity ofX 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 r1 to transmitter S1 and distance r2 to transmitter S2,

Z = Pr(r1) + Pr(r2), can be obtained as

fZ(z) =


1

Pt/ra1−Pt/ra2

(
e
− ra1

Pt
z − e

− ra2
Pt

z

)
, r1 ̸= r2

zr2a1
P 2
t
e
− ra1

Pt
z
, r1 = r2.

(4.46)
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Accordingly, the probability that this location is affected is determined as

Pr[Pr(r1) + Pr(r2) ≥ Pmin] =

 1
1−(r1/r2)a

e
−Pminra1

Pt + 1
1−(r2/r1)a

e
−Pminra2

Pt , r1 ̸= r2

(Pminr
a
1/Pt + 1)e

−Pminra1
Pt , r1 = r2.

(4.47)

Substituting (4.57) into (4.55), we can numerically calculate the affected area, which

can then be applied, together with (4.45), 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 Pt on η
X
g .

Fig. 4.6 plots the GASE of X channels over Rayleigh fading as the function of

the common transmitting power of both transmitters Pt for different value of ρ1 =

ρ2 = ρ. The distance d = d0 = 1000 m, d11 = d22 = 1000 m, respectively. Note

that ρ 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 ηSg with the

same system configuration. As we can see, two-user parallel transmission can achieve

higher GASE than single user transmission only when ρ 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 ρ 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 ρ. Finally,

when comparing the curves for X channel with ρ = 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 Pt increases, mainly due to the increasing

level of interference.
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Figure 4.7: The effect of distance d0 on ηXg .

In Fig. 4.7, we examine the effect of the distance between two transmitters d0 on

the GASE performance for X channel. Note that the distance between the receiver

and the interference transmitter d21 should satisfy |d0 − d11| < d21 < |d0 + d11|,
Therefore, ρ1 = d21/d11 should be bounded as |d0/d11 − 1| < ρ1 < |d0/d11 + 1|.
Similar bound applies to ρ2. We can see that the GASE slightly decreases as d0

increases when ρ is small and the decrease becomes more noticeable as ρ becomes

larger. We also observe that the effect of the distance ratio ρ on the area spectral
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efficiency of X channels is much more significant than d0.

4.5 GASE Analysis for Underlay Cognitive Radio

Transmission

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. 4.8. The

primary user SP transmits to the primary receiver DP with transmission power P1.

Meanwhile, the secondary user SS opportunistically communicates with the secondary

receiver DS using the same frequency bandwidth with transmission power P2. 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 (SS) and DP (DS) is denoted as dP

(dS); whereas the distance of the interference link between SP (SS) and DS (DP )

is denoted as dPS (dSP). The distance between PT and ST is denoted as d0. 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 Ith. 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 Ith. Based on the path loss and fading model adopted in this work, this

interference power is given by P2 · Z/daSP. As such, the probability that the parallel

transmission occurs is then given by P = P {P2 · Z/daSP < Ith}. Under Rayleigh fading

environment, this probability specializes to

P = 1− exp

(
−Ith · d

a
SP

P2

)
. (4.48)

Ergodic capacity analysis

In the underlay cognitive transmission scenario, the total instantaneous capacity

of both primary and secondary transmissions is given by CCR = log2 (1 + Γp) +

log2 (1 + Γs) , where Γp and Γs denote the received signal-to-interference-plus-noise

ratio (SINR) at primary receiver DP and secondary receiver DS, respectively. Based

on the adopted path loss and fading models, Γp and Γs can be shown to be given by

Γp =
P1 · ZP/d

a
P

P2 · ZSP/daSP +N
, Γs =

P2 · ZS/d
a
S

P1 · ZPS/daPS +N
, (4.49)

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

can be calculated as

CCR =

∫ ∞

0

log2(1 + γ) · dFΓp(γ)︸ ︷︷ ︸
C

p
CR

+

∫ ∞

0

log2(1 + γ) · dFΓs(γ)︸ ︷︷ ︸
C

s
CR

, (4.50)
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where FΓ(·) denotes the cdf of SINR Γ.

Under Rayleigh fading environment, the cdf of Γp, FΓp(·), can be derived, while

considering the interference constraint on DP , as

FΓp(γ) = 1− exp

(
−d

a
SP · Ith
P2

)
− ρp
γ + ρp

exp

(
−d

a
P ·N
P1

γ

)
×
{
1− exp

(
−d

a
SP · Ith
P2

)
exp

(
−d

a
P · Ith
P1

γ

)}
, (4.51)

where ρp =
P1

P2

(
dSP
dP

)a
. It follows that the ergodic capacity of the primary user in the

parallel channel over Rayleigh fading can be calculated, after substituting (4.51) into

the first part of (4.50) and applying integration by part, as

C
p

CR =



1
ln 2

ρp
1−ρp

{
F
(

daPN

P1
ρp

)
− F

(
daPN

P1

)
− exp

(
−daSPIth

P2
ρp

)
×
{
F
(

daP(N+Ith)

P1
ρp

)
− F

(
daPN

P1

)}
, ρp ̸= 1,

1
ln 2

{
1− daPN

P1
F
(

daPN

P1

)
− exp

(
−daSPIth

P2

)
×
{
1− daP(N+Ith)

P1
F
(

daP(N+Ith)

P1

)}}
, ρp = 1,

(4.52)

where F(x) , exp(x) · E1(x).

The cdf of Γs can be similarly obtained, but without the interference power con-

straint, as

FΓs(γ) = 1− ρs
γ + ρs

exp

(
−d

a
SN

P2

γ

)
, (4.53)

where ρs = P2

P1

(
dPS

dS

)a
. Finally, the ergodic capacity of the secondary user with the

presence of primary user interference is given by

C
s

CR =


1

ln 2
ρs

1−ρs

{
F
(

daSN

P2
ρs

)
− F

(
daSN

P2

)}
, ρs ̸= 1,

1
ln 2

{
1− daSN

P2
F
(

daSN

P2

)}
, ρs = 1.

(4.54)

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

Pmin. Specifically, the probability that an incremental area of distance rp to the
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primary transmitter SP and distance rs to secondary transmitter SS is affected can

be calculated as the probability that the total received signal power Pr(rp)+Pr(rs) is

greater than Pmin, i.e., P
{
Pr(rp) + Pr(rs) ≥ Pmin

}
. It follows that the affected area

of parallel transmission can be calculated as

Apt
CR =

∫ 2π

0

∫ ∞

0

P
{
Pr(rp) + Pr(rs) ≥ Pmin

}
rpdrpdθ, (4.55)

where rs =
√
r2p + d20 − 2rpd0 cos θ. 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 rp to transmitter SP and distance rs to transmitter SS,

X = Pr(rp) + Pr(rs), can be obtained as

fX(x) =


1

λp−λs

(
e−λpx − e−λsx

)
, λp ̸= λs,

x
λ2
p
e−λpx, λp = λs,

(4.56)

where λi = Pi/r
a
i , i ∈ {p, s}. Accordingly, the probability that this location is affected

is determined as

P
{
Pr(rp) + Pr(rs) ≥ Pmin

}
=

 1
1−λp/λs

e−Pmin/λp + 1
1−λs/λp

e−Pmin/λs , λp ̸= λs

(1 + Pmin/λp)e
−Pmin/λp , λp = λs.

(4.57)

Substituting (4.57) into (4.55), we can numerically calculate the affected area of

underlay cognitive radio transmission with parallel transmission, Apt
CR. The GASE of

parallel transmission over Rayleigh fading channel can be calculated as

ηptCR =
C

p

CR + C
s

CR

Apt
CR

. (4.58)

When the parallel secondary transmission is prohibited, i.e., the interference power

constraint P2 · Z/daSP < Ith 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 ηstCR is given by (4.6) with the

transmission power Pt and distance d substituted by P1 and dP, respectively. Finally,



68

GASE for underlay cognitive radio transmission can be written as

ηCR = P · ηptCR + (1− P) · ηstCR. (4.59)

Note that the GASE expression derived above for underlay cognitive radio transmis-

sion will reduce to that for theX channels, resulted from insufficient spatial separation

between receivers [60–62], when the interference threshold approaches infinity. In par-

ticular, when Ith → ∞, P approaches to 1, which means two transmitters, SP and

SS, always transmit simultaneously over the same frequency band. The GASE of X

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

ηX =
C

p′

CR + C
s

CR

Apt
CR

, (4.60)

where

C
p′

CR = lim
Ith→∞

C
p

CR =


1

ln 2

ρp
1−ρp

{
F
(

daPN

P1
ρp

)
− F

(
daPN

P1

)}
, ρp ̸= 1,

1
ln 2

{
1− daPN

P1
F
(

daPN

P1

)}
, ρp = 1.

(4.61)

and C
s

CR and Apt
CR are given in (4.54) and (4.55), respectively.

Numerical examples

In Fig. 4.9, we investigate the effect of the maximum tolerable interference power Ith

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 κp = dSP/dP and that for the secondary receiver

by κs = dPS/dS. Note that the distance of the interfering link between SS and DP ,

dSP, should satisfy |d0 − dP| < dSP < |d0 + dP|. Therefore, κp = dSP/dP should be

bounded as |d0/dP − 1| < κp < |d0/dP + 1|. Similar bound applies to κs. In Fig.

4.9, we plot GASE of underlay cognitive radio transmission as function of Ith while

fixing κp = κs = κ = 1.5. The transmission power P1 = P2 = 20 dBm, the threshold

Pmin = −100 dBm, and the distance d0 = dP = dS = 100 m. We can see that as Ith

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 Ith → 0, the probability of parallel transmission P given in (4.48) approaches to
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Figure 4.9: The effect of the max tolerable interference power Ith on GASE.

0. On the other hand, when Ith → ∞, 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 P2 on the system
overall spectral efficiency and GASE.
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In Fig. 4.10, we compare GASE metric with conventional spectral efficiency of

underlay cognitive radio systems. The primary transmission power P1 = 20 dBm,

the threshold Pmin = −100 dBm and interference threshold Ith = −80 dBm, and

the distance dP = dS = 100 m. Specifically, we plot overall spectral efficiency in

Fig. 4.10a and GASE in Fig. 4.10b as function of the transmission power of sec-

ondary user P2 for different system parameters. As we can see, when the interfering

transmitter is close to the target receiver, i.e., κ 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 κ 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. 4.10a. 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. 4.10b. 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 P2. This is

because when P2 → ∞, the probability of parallel transmission P given in (4.48)

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 P2

region in Fig. 4.10.
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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.



73

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

MGF 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 R2. The trans-

mitters in the network are distributed according to Poisson point process Π = {ri} of

intensity λ, where ri’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 (dl, dh), whose

PDF is given by

f(d) =
2(d− dl)

(dh − dl)2
, dl < d < dh. (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 R0

located at the origin of R2 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 R2. The aggregate interference experienced by the origin is given, under the

assumption of non-coherent addition of interference power, by

I =
∑
i∈Π

γi · zi, (5.2)

where γi = Pt/r
a
i and zi is the fading power gain for the ith 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 R2 according to

Poisson point process Π = {ri} of intensity λ. Therefore, the aggregate interference

power I can be modeled as shot noise [38]. It follows that the MGF of the aggregate



75

interference power I from the area of rl ≤ ri ≤ rh is given by [35]

ΦI(s) = exp

{
− πλΨI(s)

}
, (5.3)

where ΨI(s) is given by

ΨI(s) = r2h EZ

[
1− e−γhzs

]
+(Pts)

2
a EZ

[
z

2
aΓ
(
1− 2

a
, γhzs

)]
︸ ︷︷ ︸

Ψh(s)

−
{
r2l EZ

[
1− e−γlzs

]
+ (Pts)

2
a EZ

[
z

2
aΓ
(
1− 2

a
, γlzs

)]}
︸ ︷︷ ︸

Ψl(s)

, (5.4)

where EZ [·] is the expectation with respect to Z, and Γ(α, x) =
∫∞
x
e−ttα−1 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

EZ

[
1− e−γhzs

]
=

γhs

1 + γhs
. (5.5)

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

EZ

[
z

2
a Γ

(
1− 2

a
, γhzs

)]
=

(
γhs
)1− 2

a

(1 + 2
a
)(1 + γhs)

2
F

(
1, 2; 2 +

2

a
;

1

1 + γhs

)
, (5.6)

where F (µ1, µ2; ν; t) is the Gauss hypergeometric function defined in [67, 9.111]. Sub-

stituting (5.5), (5.6) into (5.4) and applying [67, 9.137.4], ΨI(s) can be simplified

to

ΨI(s) =
γhr

2
hs

1 + γhs
F

(
1, 1; 1 +

2

a
;

1

1 + γhs

)
− γlr

2
l s

1 + γls
F

(
1, 1; 1 +

2

a
;

1

1 + γls

)
. (5.7)

Finally, after substituting (5.7) into (5.3), we can obtain the MGF of the aggregate

interference power I over Rayleigh fading channels, as

ΦI(s) = exp

{
−πλ

[
γhr

2
hs

1 + γhs
F
(
1, 1; 1+

2

a
;

1

1 + γhs

)
− γlr

2
l s

1 + γls
F
(
1, 1; 1+

2

a
;

1

1 + γls

)]}
.

(5.8)



76

From (5.4), we can also derive MGF of the aggregate interference for several special

cases as follows.

Infinite space

When rh → ∞, the transmitters are distributed in an infinite space. It can be shown

that Ψ∞
h (s) = k(sPt)

2
a , where k = 2π/a

sin(2π/a)
. MGF of the aggregate interference in

infinite area is given by

Φ∞(s) = exp

{
− πλ

[
k(sPt)

2
a − γlr

2
l s

1 + γls
F
(
1, 1; 1 +

2

a
;

1

1 + γls

)]}
. (5.9)

Continuous space

When rl = 0, the space is continuous without singular point at the origin. It can be

obtained that Ψ0
l (s) = 0, and MGF of aggregate interference in continuous area is

given by

Φ0(s) = exp

{
− πλ

γhr
2
hs

1 + γhs
F
(
1, 1; 1 +

2

a
;

1

1 + γhs

)}
. (5.10)

Continuous infinite space

For nodes distributed in continuous infinite space, its aggregate interference MGF is

given by

Φ(0,∞)(s) = exp
{
− πλk(sPt)

2
a

}
. (5.11)

The PDF of the aggregate interference I, fI(x), can be derived by applying the

inverse Laplace transform on ΦI(s), i.e. fI(x) = L−1
{
ΦI(s)

}
. Due to the complexity

of ΦI(s), no generic closed-form expression is known for fI(x). However, for special

case (rl = 0, rh → ∞, and a = 4), its PDF can be derived from (5.11), and is given

by

fI(x) =
λ

4

(
πPt

x

) 3
2

exp

{
−Ptπ

4λ2

16x

}
, (5.12)

which is equivalent to [35, eq. 11]. Correspondingly, its CDF expression, FI(x), is

given by

FI(x) = erfc

(√
Ptλπ

2

4
√
x

)
. (5.13)
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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

Ctotal =
λΩ∑
i=1

Ci(di), (5.14)

where λ is the intensity of the transmitters, Ω is the total area of R2, di ∈ [dl, dh] is the

distance among the ith transmitter-receiver pair, and Ci(di) is the ergodic capacity

of individual transmitter-receiver pair. It follows that the ergodic capacity Ci(di) can

be calculated by averaging the instantaneous capacity, C = log2(1 + Γi), over the

distribution of the received signal-to-interference-plus-noise ratio (SINR), Γi, as

Ci(di) =

∫ ∞

0

log2(1 + Γi) dFΓi
(γ), (5.15)

where Γi =
Pi

I+N
, Pi is the received signal power, I is the aggregate interference power,

N is the noise power, and FΓi
(γ) is the CDF of Γi. Over Rayleigh fading channels,

the received signal power Pi follows exponential distribution with average received
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signal power determined by the path loss, i.e. Pi ∼ E(dai /Pt). It can be shown that

the CDF of the SINR at the receiver is given by

FΓi
(γ) = P

{
Pi

I+N
< γ

}
= 1− exp

(
−Nd

a
i

Pt

γ

)
ΦI

(
dai
Pt

γ

)
, (5.16)

where ΦI(·) is the MGF of the aggregate interference given by (5.8). Substitute

(5.16) into (5.15) and make some manipulations, the ergodic capacity of individual

transmitter-receiver pair can be written as

Ci(di) =
1

ln 2

∫ ∞

0

e
−Ndai

Pt
γ

1 + γ
ΦI

(
dai
Pt

γ

)
dγ. (5.17)

When λΩ is sufficiently large, Ctotal can be approximately calculated as

Ctotal = λΩ

∫ dh

dl

C(d)f(d) dd, (5.18)

where f(d) is the PDF of the distance d among a pair of transmitter-receiver given

by (5.1). Substitute (5.1) and (5.17) into (5.18), we can arrive at

Ctotal = κ

∫ dh

dl

∫ ∞

0

λe
−Nda

Pt
γ
ΦI

(
da

Pt

γ

)
d− dl
1 + γ

dγ dd, (5.19)

where κ = 2Ω
ln 2·(dh−dl)2

. For continuous infinite space, substituting (5.11) into (5.19),

we can arrive at

C(0,∞) = κ

∫ dh

dl

∫ ∞

0

λ exp(−πλkd2γ
2
a )︸ ︷︷ ︸

FI

× exp(−Ndaγ/Pt)︸ ︷︷ ︸
FN

(d− dl) / (1 + γ) dγ dd,

(5.20)

where FN = exp(−Ndaγ/Pt) presents the effect of transmission and noise power on

ergodic capacity, and FI = exp(−πλkd2γ 2
a ) presents the effect of aggregate interfer-

ence on ergodic capacity. Note that when N/Pt → 0, FN → 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 Ith. Mathematically speaking, the affected area can
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be calculated as

Aaff =

∮
R2

Pr[I > Ith]dS. (5.21)

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

the affected area can be written as

Aaff =

(
1− FI(Ith)

)
Ω, (5.22)

where FI(Ith) is the CDF of the aggregate interference. Finally, with (5.18) and

(5.22), the overall GASE is given by

η =
Ctotal

Aaff

=
λ
∫ dh
dl
C(d)f(d) dd

1− FI(Ith)
. (5.23)

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

PRTS. 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 RRTS, proportional to PRTS. As such, the distance between two active

transmitters should be larger than RRTS. 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 Matèrn point process [44] to model the spatial distribution of active

transmitters in CSMA/CA network.

Matèrn point process can be obtained by thinning an underlying Poisson point

process. Specifically, we consider a collection of potential transmitters {Xi}i=1,...,K

independently and uniformly distributed in R2, where K is an RV describing the total

potential transmitters in R2 and follows a discrete Poisson Law. The K potential

transmitters constitute the underlying Poisson point process Π0 with intensity λ0. To
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build Matèrn point process Θ(K), the transmitters X1 is first selected into the active

transmitters set X . At the ith step, the transmitters Xi is selected into X if and only

if none of the previous i − 1 transmitters lies in a circle centered at Xi with radius

RRTS. The procedure stops when all the K transmitters have been considered. As

such, the transmitters {Xj}j=1,...,N(K) constitute a Matèrn point process Θ(K), where

N(K) is a RV describing the number of active transmitters selected into Θ(K) from

the total K potential transmitters in Π0. Without considering the boundary effect,

the active transmitter intensity of Matèrn point process λm can be calculated as

λm =
1− e−λπR2

RTS

πR2
RTS

. (5.24)

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

aggregate interference as well as the ergodic capacity by substituting λ with λm.

The affected area of wireless ad hoc network that implements CSMA/CA mecha-

nism is given by

ACSMA/CA =
∪

Xi∈Θ

BXi
+

∮
R2\

∪
Xi∈Θ BXi

Pr{I > Ith}dS. (5.25)

The first part,
∪

Xi∈Θ BXi
, represents the union area of circles BXi

’s centered at the

active transmitters, Xi’s, with radius RRTS. According to [44], it approximates to

∪
Xi∈Θ

BXi
≈ (1−e−λπR2

RTS)Ω− Ω

πR2
RTS

∫ 2RRTS

RRTS

F1(y)

(
1− e−λF2(y)

F2(y)
−e

−λπR2
RTS − e−λF1(y)

F2(y)− πR2
RTS

)
2πydy,

(5.26)

where F1(y) = ν(Bo ∩ By) = 2R2
RTS cos

−1( y
2RRTS

)− 1
2
y
√
4R2

RTS − y2,

F2(y) = ν(Bo ∪ By) = 2πR2
RTS − ν(Bo ∩ By).

(5.27)

The second part represents the area outside
∪

Xi∈Θ BXi
and the aggregate interference

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

as ∮
R2\

∪
Xi∈Θ BXi

Pr{I > Ith}dS =

(
Ω−

∪
Xi∈Θ

BXi

)(
1− FI(Ith)

)
. (5.28)

Substituting (5.28) into (5.25), we can arrive at the affected area of CSMA/CA net-
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work, as

ACSMA/CA =
∪

Xi∈Θ

BXi
· FI(Ith) +

(
1− FI(Ith)

)
Ω. (5.29)

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

η =
λmΩC∪

Xi∈Θ BXi
· FI(Ith) +

(
1− FI(Ith)

)
Ω

. (5.30)

5.2.4 Numerical Examples
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Figure 5.1: Ergodic capacity, affected ratio and GASE as function of the node inten-
sity λ.
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We consider a wireless ad hoc network in continuous infinite area of Ω = 1000×
1000 m2, a = 4, N = −40 dBm, RRTS = 40 m. The transmission power Pt = 10 dBm,

the interference threshold Ith = −20 dBm. The average number of transmitters is

given by λΩ. The receivers are assumed to be uniformly distributed in an annulus of

radius dl = 1m and dh = 20m centered at the transmitter. The simulation results are

shown as discrete dots, which match well with the analytical results. In Fig. 5.1, we

plot the ergodic capacity, affected ratio as well as GASE of wireless ad hoc network

as function of the Poisson point process intensity λ.

Fig. 5.1a shows that there exists a maximal value of ergodic capacity with re-

spect to the intensity λ, which implies the ergodic capacity does not always increase

with λ. As λ 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. λ is small, the

benefit on capacity incurred by increasing λ is more significant than the negative

effect incurred by the increasing interference level. Therefore, the ergodic capacity

is an increasing function of λ in sparse network. On the contrary, in dense network,

the interference effect dominates and thus the ergodic capacity decreases with re-

spect to λ. Fig. 5.1a also shows that for small value of λ, 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 λ 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 Matèrn point process to model the distri-

bution of active transmitters. As Matèrn point process is a thinning progress of the



84

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. 5.1b shows that the affected area is an increasing function of λ. 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 λ, CSMA/CA network has fewer active

transmitters than that of non CSMA/CA network. Finally, Fig. 5.1c 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 λ. 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.



85

−40 −30 −20 −10 0 10 20 30 40 50 60
0

100

200

300

400

500

600

700

800

Transmission Power P
t
 [dBm]

E
rg

od
ic

 C
ap

ac
ity

 [b
ps

/H
z]

 

 

Non CSMA/CA
CSMA/CA
Non CSMA/CA (N=0)
CSMA/CA (N=0)

(a) Ergodic capacity

−40 −30 −20 −10 0 10 20 30 40 50 60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Transmission Power P
t
 [dBm]

A
ffe

ct
ed

 R
at

io

 

 

Non CSMA/CA
CSMA/CA

(b) Affected area

−40 −30 −20 −10 0 10 20 30 40 50 60
0

200

400

600

800

1000

1200

1400

1600

1800

Transmission Power P
t
 [dBm]

G
A

S
E

 [b
ps

/H
z/

K
m

2 ]

 

 

Non CSMA/CA
CSMA/CA

(c) GASE

Figure 5.2: Ergodic capacity, affected ratio and GASE as function of the transmission
power Pt.
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In Fig. 5.2, we analyze the effect of transmission power Pt on network performance.

The node intensity λp = 200 nodes/Km2. From (5.20), we can see that if Pt ≫ N ,

i.e. the transmission power Pt is sufficiently larger than the noise power N , then

FN = lim
N/Pt→0

exp(−Ndaγ/Pt) → 1. Under this circumstance, the network ergodic

capacity is function of transmitter intensity λ and path loss exponent a, irrelevant

to individual transmission power Pt, which means even we continue increase Pt, we

cannot achieve higher network ergodic capacity. This observation can be justified

by Fig. 5.2a. It shows that the ergodic capacity of wireless ad hoc network is an

increasing function of Pt. However, when Pt ≫ N , the ergodic capacity converges to

a constant value, which equals to the value calculated from (5.20) with FN = 1.

The affected area of CSMA/CA network is calculated by (5.22), as Aaff = (1− FI(Ith))·
Ω. For the special case a = 4, FI(Ith) = erfc

(
λπ2

4

√
Pt

Ith

)
, which is function of trans-

mitter intensity λ, transmission power Pt and aggregate interference threshold Ith. If

Pt ≫ Ith, FI(Ith) = 0, then the affected area Aaff = Ω, which means all R2 is affected.

Fig. 5.2b justifies this observation. With Fig. 5.2a and Fig. 5.2b, we conclude that

too large Pt saturates the network distribution area without help in increasing the

system ergodic capacity. On the other hand, too small Pt leads to small ergodic

capacity and insufficient utilization of the network spatial spectrum resource.

Fig. 5.2c shows an maximum GASE value with respect to transmission power

Pt. By considering ergodic capacity and affected area together, GASE measures the

relationships between Pt, N and Ith 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 λ. 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

5.2.3. The transmitter intensity of primary network is λp, and the transmission power

is Pp. These primary transmitters define the primary affected area Ap given by (5.29).

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

Φp(s) = exp
{
−πλpk(sPp)

2
a

}
. (5.31)

The secondary network is distributed in R2 according to Poisson point process Πps

with λps, independent from the primary network. However, only those secondary

transmitters located outside the primary affected area Ap can transmit with power

Ps. The active secondary transmitters constitute a new Poisson point process with

intensity λs = (1 − Ap

Ω
)λps. The MGF of aggregate interference generated by active

secondary transmitters is given by

Φs(s) = exp
{
−πλsk(sPs)

2
a

}
. (5.32)

The total interference of the two-tier cognitive network Ic is the summation of the

interference generated by both primary and secondary network, i.e. Ic = Ip+Is. 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 Φc(s) = Φp(s) ·Φs(s).

With (5.31) and (5.32), we can arrive at

Φc(s) = exp
{
−πk

(
λpP

2
a
p + λsP

2
a
s

)
s

2
a

}
. (5.33)

The total ergodic capacity of two-tier cognitive network is given by

Cc = κ

∫ dh

dl

∫ ∞

0

{
λpe

−Nda

Pp
γ · Φc

(
da

Pp

γ

)
+ λse

−Nda

Ps
γ · Φc

(
da

Ps

γ

)}
d− dl
1 + γ

dγ dd. (5.34)

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

Acog =
∪

Xi∈Θ

BXi
· FIc(Ith) +

(
1− FIc(Ith)

)
Ω. (5.35)
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Figure 5.3: Ergodic capacity, affected ratio and GASE as function of the secondary
transmitter intensity λs.
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In Fig. 5.3, we plot ergodic capacity, affected area and GASE of two-tier cognitive

network as function of the secondary intensity λs. The primary transmitter intensity

λp = 1000 nodes/Km2 with transmission power Pp = 10 dBm. The secondary trans-

mission power Ps = 5 dBm. For comparison, we also include these values of one-tier

network that has the same system parameters as in primary network. Fig. 5.3a 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. 5.3b 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 λs, as shown in Fig. 5.3c. 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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Figure 5.4: Ergodic capacity, affected ratio and GASE as function of the secondary
transmission power Ps.
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In Fig. 5.4, we plot the ergodic capacity, affected ratio and GASE as function

of the secondary transmission power Ps. For practical reason, we assume Ps is not

larger than Pp = 10 dBm. The primary and secondary transmitter intensity are λp =

200 nodes/Km2, λs = 1000 nodes/Km2, respectively. In small Ps region, secondary

network has negligible effect on ergodic capacity, as shown in Fig. 5.4a; but the

affected area slightly increases with Ps, as shown in Fig. 5.4b. As such, GASE

is a decreasing function in small Ps region. However, when Ps is the same order of

magnitude as primary transmission power Pp, both ergodic capacity and affected area

significantly increase. Moreover, GASE is an increasing function of Ps 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. 5.4c. In order to

achieve higher ergodic capacity as well as more effectively utilize the spatial spectrum

resource of wireless network, the secondary transmission power Ps 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 2, 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 3,

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 4, 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 5, 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

• 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.

• 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.

• 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.



95

Appendix A

List of Publications

A.1 Conference Paper

• 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.

• 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.

• 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.

• 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.

• 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.

• 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.

• 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

• 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

• 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..
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