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Abstract

Recently, full duplex wireless communication is realized by advanced physical-layer techniques,
thus, a radio can transmit and receive signals on the same frequency simultaneously. Compared
with half duplex communication, the network throughput can be doubled in a single hop wireless
network. However, it is still an open research topic on throughput gains from full duplex
communications in large scale wireless networks. To solve this problem, we employed tools
from stochastic geometry to analyze network capacity in two types of wireless networks, ad hoc
networks and cellular networks.

As for ad hoc networks, the network topology is modeled as a Poisson cluster point process
and the aggregate interference is calculated using a shot-noise process. To measure the net-
work capacity, the notion of transmission capacity is utilized, which is the maximum successful
transmission throughput in a unit area, subjecting to a constraint on outage probability. Based
on our proposed model, performances of both half and full duplex wireless networks under
three communication scenarios are presented. Firstly, transmission throughput is plotted for
the same network density and transmission rate requirements. Results indicate that full duplex
communication outperforms half duplex communication in the low transmission rate region
and half duplex communication outperforms full duplex communication in the high transmis-
sion rate region. Secondly, under the same network density and the same outage requirement,
transmission capacity, i.e. maximum transmission throughput, is presented by increasing the
transmission rate. The results are consistent with transmission throughput in the first case.
At last, fixed transmission rate and outage requirement are set to be the same for half du-
plex and full duplex wireless networks. Transmission capacity by maximizing network density
is given. Results show that full duplex transmission capacity is always larger than half du-
plex transmission capacity, indicating that full duplex communication outperforms half duplex
communication via more concurrent transmission opportunities.

As for cellular networks, assume full duplex radios installed on base stations, and a new
technique mutual interference cancelation (MIC) is put forward to combat mutual interference
between transmission pairs. Perfect MIC is defined and implemented on base stations for full
duplex cellular network. The Network topology is modeled as two-layer Poisson point process
with two identical density for each layer and the aggregate interference is analyzed following
shot-noise process. Coverage probability and average rate of a typical uplink and downlink

are derived. Comparisons of coverage probability and average rate are conducted between



ii

half duplex communications and full duplex communications with/without MIC. Numerical
results are run in two scenarios, zero background noise and nonzero background noise. In
the zero background noise scenario, coverage probability is expressed in closed-form, and it is
independent with network density. Thus, network capacity gain of full duplex communication
is independent with network density when noise is neglected. In the nonzero noise background
scenario, the coverage probability is expressed by closed-form related to Q-function, the tail
probability of the standard normal distribution, when path-loss parameter is 4. The numerical
results show that network capacity gain of full duplex communication degrades when network
density is increased, which is consistent with the situation in wireless ad hoc network. Moreover,
the network capacity gain also degrades when signal to noise ratio (SNR) increases, and is
improved significantly when adopting MIC at the base stations. Thus, network capacity gain
from full duplex communication is very limited and MIC can improve the network capacity

gain significantly.
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Chapter 1

Introduction

With the rapid development of wireless communication technologies, wireless networks (e.g.,
WiFi, and cellular systems) have been widely deployed all around our daily life. Increasing
demands for high speed data applications (e.g., online chatting) and growing numbers of users
require wireless networks to support high data rate services effectively and efficiently. To achieve
this goal, researchers have studied the feasibility of full duplex communications by combatting
self-interference in [Everett et al. (2011); Choi et al. (2010); Jain et al. (2011); Bharadia et al.
(2013)]. While most works strive to design high performance full duplex radios, we focus on
analyzing network layer capacity gain of full duplex communications in large scale wireless

networks in the thesis.

The following three sections will firstly introduce a brief history of full duplex wireless
communication technique while presenting challenges to study network layer capacity gain of
full duplex communication in large scale wireless networks, then show three network capacity
analysis approaches and explain the key reason to adopt the approach of stochastic geometry,

and give the organization of the thesis at last.



4 Introduction

1.1 Brief History of Full Duplex Wireless Communication

During the past two decades, full duplex wireless communication is one of the most emerg-
ing techniques in the area of wireless communication and networking. The first full duplex
communication system is implemented as full duplex relay by exploiting antenna directionality
in [Everett et al. (2011)], but it is limited to directional communications. To achieve omini-
directional full duplex communication, self-interference needs to be canceled on the radio, which
essentially is to subtract known self-interference signal from the target received signal.

The first practical full-duplex wireless system [Choi et al. (2010)| was realized through the
combination of antenna cancelation, radio frequency (RF) cancelation, and digital cancela-
tion technologies. Three antennas, including one receiving and two transmitting antennas, are
employed for antenna cancelation. The locations of antennas need to be placed carefully, so
that the same transmitting signals from two antennas superpose destructively at the receiving
antenna. The noise cancelation chip (Qhx220) [Radunovic et al. (2010)], an interference can-
celation circuit, is used to remove the known analog interfered signal from the received signals,
and RF cancelation is performed before digital cancelation so that no saturation happens at
the digital-to-analogue converter (ADC). Digital cancelation technique, that subtracts known
transmitted samples from received digital samples, have been widely studied in literatures, such
as ZigZag [Gollakota and Katabi (2008)]. Due to precise location requirement of antennas for
cancelation, this primary prototype for full duplex communication is restricted within a small
bandwidth. To solve these problems, a new full duplex radio is designed in [Jain et al. (2011)]
by introducing signal inversion technique through the balun circuits, i.e. balun cancelation.
Thus, the design in |[Jain et al. (2011)] can achieve full duplex communication with wider band-
width. The most advanced design and implementation of full duplex radio is the first in-band
full duplex WiFi radio [Bharadia et al. (2013)], which can simultaneously transmit and receive
on the same channel using standard WiFi 802.11ac PHYs.

Theoretically, full duplex communication doubles the link throughput due to the feasibility
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Simultaneous Transmission Simultaneous Transmission
A A
O——n—F— ®O——F—
Source “  FullDuplex ¢  Destination Source : F“‘;\Jgsé’le‘
Node
a. Full Duplex Relay Mode b. Bi-Directional Exchange Mode

Figure 1.1: Two modes of full duplex communications.

of simultaneous transmission and reception on the same frequency. Practical implementation
verifies this expectation and shows 84% improvement of link throughput in [Choi et al. (2010)].
However, it is still an open research topic to identify the network capacity gain of full duplex
communication in large scale wireless networks. In [Ju et al. (2012)], end-to-end delay and
throughput are analyzed for a multi-hop network. But the analytical model is based on the
assumption that any interfering pair of nodes are located at the same position asymptotically
as the network density approaching zero in the full duplex network. Thus, it cannot reveal the

network capacity for a given network density.

The key challenge to study network capacity gain of full duplex communication is the com-
plicated aggregate network interference. Compared with half duplex communication, more
opportunities are created for possible transmissions and receptions in full duplex wireless net-
works. Moreover, for any wireless terminal with a full duplex radio, two communication modes
[Ju et al. (2012)] can be chosen for full duplex communications, i.e., full duplex relay (FDR)
mode and bi-directional exchange (BDE) mode (see Fig. 1.1), thus, making the research topic

more challenging.



6 Introduction

1.2 Capacity Analysis of Wireless Networks via Stochastic

Geometry

The most popular approach to model specific physical layer techniques’ effects on wireless
network capacity is the scaling law framework, which is firstly proposed by Prof. P. R. Kumar
in [Gupta and Kumar (2000)]. The network capacity is measured by transport capacity, defined
by the sum of products of information bits and transmission distances in unit area. The network
topology is modeled as n identical randomly located nodes on a specific two dimensional disk,
or a three dimensional sphere with unit area. The analytical results are derived in scaling
law forms, which state that transport capacity of wireless network scales with n follows some
rule of O(f(n)), where f(n) is a polynomial of n. In other word, no exact results can be
computed by this framework. Thus, limited design insight can be gained. If we utilize the
scaling law framework, it is impossible to identify the specific network capacity gain of full
duplex communication over half duplex communications, which supposedly lies in the range
[1,2].

Another approach is the network analysis with fixed geometry, such as the Wyner model
for cellular networks [Wyner (1994)|, where one-dimensional linear cellular array and two-
dimensional hexagonal grid array are used to model the network topology. Concrete capacity
results are derived. However, the generality is lost, because the proposed framework can not be
applied to another wireless network if the network topology doesn’t fit fixed geometry model.

Moreover, it is impossible to enumerate all network geometry models.

The approach we adopt in this thesis is via stochastic geometry [Martin et al. (2009)], where
network topology is modeled as a random point process and derive the network capacity via the-
ory of stochastic geometry [Stoyan et al. (1995); Martin (2012)]. It has two-fold advantages over
the two approaches, scaling law approach and network analysis with fixed geometry approach.

Firstly, random point process generalizes the network topology assumption and eliminates the
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effects of network topology on network capacity. Secondly, since accurate model for physical
layer setting and medium access control protocol are described via stochastic geometry theory,

insights for network design are easy to obtain from closed-from analytical results.

Varieties of random point processes are used to model network topology [Martin and Ganti
(2009)|. The most popular point process is homogeneous Poisson point process with intensity A
on the plane, which describes an independent and uniform deployment of wireless terminals for
the basic topology of wireless network. To achieve the spatial distribution of active concurrent
transmissions, the theory of operations on point process is adopted to model the function of
medium access control protocols (MAC). Widely adopted MAC protocol is slotted ALOHA
[Abramson (1970)], which is simple and effective. When a terminal has a packet to send, it
decides to transmit with access probability p independently. Independent thinning theory from
stochastic geometry is applied for the wireless networks using ALOHA protocol, and a new
Poisson point process is used to model the concurrent transmitters [Baccelli and Blaszczyszyn
(2009)]. Widely used CSMA /CA protocol [Colvin (1983)] is modeled by introducing the Hard-

core point process based on Poisson process [Nguyen et al. (2007)].

To calculate network capacity, the aggregate interference on a typical link from all the
other concurrent transmissions needs to model. Under the framework of stochastic geometry,
Palm theory [Stoyan et al. (1995)], i.e. conditional probability of point process, can help to
identify the aggregate interference through the spatial distribution of interfering terminals from
the view of the typical receiver. As for the interference from a specific terminal, all physical
layer settings need to consider, including transmitting power, and wireless channel fading. The
wireless channel fading is modeled into two types of fading, the large scale fading and the
small scale fading [Tse and Viswanath (2005)]. Rayleigh fading with unit mean is assumed
for the small scale fading, while large scale fading is represented by a path loss function g(r)
respecting to link distance r. Then, the closed-form aggregate interference is presented and

proved to following a shot-noise process [Lowen and Teich (1990)]. Campbell theory [Campbell
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(1909)| provides theoretical basis to investigate properties of the aggregate interference, such

as the mean and variance.

Different from network capacity model via stochastic geometry for half duplex wireless
networks, no aggregate interference model exits for full duplex wireless networks, which is the
research task we will work on to identify network capacity gain of full duplex communication.
In this thesis, two new aggregate interference models are put forward to fit for two types of
full duplex wireless networks, ad hoc network with BDE mode and cellular network with FDR

mode, respectively.

1.3 Organization of the Thesis

The rest of this thesis is organized as follows.

In Chapter 2, network capacity of a full duplex wireless ad hoc network, measured by trans-
mission capacity, is investigated. The tail probability of the aggregate interference is presented,
and it is indicated that severe network interference is more likely happened in full duplex com-
munication networks. Comparison between half duplex and full duplex transmission capacity
is conducted, and analytical and numerical results indicate the limited network capacity gain

of full duplex communication in the large scale ad hoc network.

In Chapter 3, network capacity of a full duplex wireless cellular network, measured by av-
erage rate of a typical link, is investigated. Mutual interference cancelation technique is put
forward between the base stations to relieve severe aggregate interference. Based on proposed
model, average rate and coverage probability of a typical uplink and downlink in half duplex
and full duplex communication scenarios are derived and compared. Analytical and numerical
results indicate the limited network gain of full duplex communication, and the effective im-
provement of mutual interference cancelation technique on network capacity in the large scale

cellular network.



1.3 — Organization of the Thesis

The thesis is concluded in Chapter 4.






Chapter 2

Transmission Capacity of Full Duplex

Wireless Ad Hoc Networks

In this chapter, transmission capacity of full duplex wireless ad hoc networks via stochastic
geometry is presented. Taking BDE mode of full duplex communications into consideration,
Thomas cluster point process is set as network topology and simplified slotted ALOHA is the
medium access control protocol. Inter-cluster aggregate interference on the typical link can no
longer be modeled by Palm theory, but redefined cluster palm theory. moreover, traditional
transmission capacity is generalized into double cases: original maximum transmission through-
put by maximizing concurrent transmission density for fixed transmission rate and maximum
transmission throughput by maximizing transmission rate for fixed network density. For both
definitions of transmission capacity, design aspects of full duplex communication and half com-

munication are compared and analyzed in the wireless ad hoc network.

2.1 Motivation

Wireless ad hoc network is a network formed without any centralized control and self-organized

to communicate with each other. Each wireless terminal participates in routing by forwarding
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data to other nodes dynamically based on the connectivity of the networks. Emerging full du-
plex communication techniques bring another degree of freedom on data transmission schemes,
since there are two full duplex communication modes, BDE mode and FDR mode, to choose
for any node with full duplex radio. Thus, compared with half duplex communication, network

capacity of full duplex communication is more challenging to explore.

The vital factor on analyzing network capacity gain is complicated aggregate interference in
wireless ad hoc network, since the interference affects link decoding process, which follows the
Shannon capacity rule [Shannon (2001)]. Thus, to study the network capacity gain of full duplex
wireless ad hoc networks, we first need to fix the model for the complex aggregate interference,
then to identify properties of the aggregate interference, such as the statistical distribution
function [Win et al. (2009)] and the tail distribution [Ganti and Haenggi (2009)]. However,
all existing models for the aggregate interference are conducted for half duplex wireless ad hoc
networks and related work on aggregate interference analysis for full duplex wireless networks
is lacking. Therefore, modeling aggregate interference in full duplex wireless networks is the

primary challenging problem to network capacity gain.

To evaluate network capacity, transmission capacity is widely adopted as the performance
metric, which is first introduced for half duplex wireless networks in [Weber et al. (2005)]
and defined as the maximum throughput in an unit area, subjecting to a fixed link rate and
a constraint of outage probability. Transmission capacity characterizes the maximum spatial
transmission throughput that can be supported under certain quality of service (QoS) in wireless
networks. However, transmission capacity in full duplex wireless network is still not defined.
Thus, how to characterize transmission capacity in full duplex wireless networks is the second

challenging problem for us to get the network capacity gain.

Most of existing work on network throughput in full duplex wireless networks are based
specific network topologies within small scale, such as Contraflow |[Radunovic et al. (2009)]

and FD-MAC [Kim and Stark (2013)]. In [Ju et al. (2012)], end-to-end delay and throughput
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are analyzed for a large scale multi-hop network. However, the analytical model is based on
the assumption that an interfering pair of nodes in full duplex networks are located at the
same position asymptotically as network density approaching zero. Thus, it cannot reveal
the network throughput gain for large scale full duplex wireless networks. To the best of our
knowledge, the impact of full duplex communications on network capacity gain has not been

researched for large scale full duplex wireless networks. To study this problem, we need to

e Find an appropriate spatial point process to characterize the network topology for the

large scale full duplex wireless ad hoc networks;

e Construct modified Palm theory to construct the shot-noise process for aggregate inter-

ference in large scale full duplex wireless ad hoc networks;

e Derive the transmission capacity for both half duplex and full duplex communications.

The main contributions of this section are summarized as follows. We leverage the Thomas
cluster point process to model the wireless terminals in full duplex wireless networks. Based
on the Thomas cluster point process, a new aggregate interference model is developed and the
property of the aggregate interference’s tail distribution is explored. The transmission capacity
is derived based on this interference model. Comparisons between transmission capacity half
duplex and full duplex networks are conducted numerically, which reveal the limitations of full
duplex communications in large scale wireless ad hoc networks.

The rest of this chapter is organized as follows. System models are described in Section
2.2. The new aggregate interference model and the asymptotic property of interference’s tail
distribution are derived in Section 2.3. Based on the aggregate interference model, the successful
transmission probability of the typical link is presented in Section 2.4. The equivalence for
transmission capacity analysis between Poisson cluster point process and Poisson point process
under half duplex communications is illustrated in Section 2.5. Transmission throughput and

transmission capacity are derived in Section 2.6. Numerical results are presented in Section
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2.7, where limitations of full duplex communications are revealed. The chapter is summarized

in Section 2.8.

2.2 System Model

The system model is described in four aspects, including the network topology, the physical

layer setting, the distance of typical link, and medium access control protocols.

2.2.1 Network Topology

For half duplex communications, the network topology model is usually Poisson point process,
which assumes that the transmitters are distributed in the space uniformly [Martin et al. (2009)].
Considering a full duplex wireless network with BDE mode, every two terminals are paired
within a communication distance to achieve full duplex communications. This feature leads to
a network topology with clustering property. Thus, Thomas cluster point process [Stoyan et al.
(1995)] is adopted as the network topology model on a two-dimensional plane. It is constructed
by homogeneous independent clustering, which are applied to a parent point process. The
parent point process @, = {x;,Xs, ...} is stationary Poisson process with intensity \,, as showed
by five-pointed stars in Fig. 2.1. The clusters are of the form C* = C; +x; = {x+x; : x € C;}
for each x; € ®,. The {C;} are a family of identical and independently distributed finite point
sets. In this paper, there are two points in each C};, which are scattered independently and

identically following normal distribution f(x) around the origin. The normal distribution f(x)

is given by
1 |1
= — ) 2.1
) = gz (-, 2.)
o2
with mean (0, 0), and variance matrix . Thus, there are two daughter points scattered

0 o?

around its parent point with normal distribution in each cluster, depicted as green circles in
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Figure 2.1: Thomas cluster point process with two daughter points in each cluster.

Fig. 2.1. Note that Thomas cluster process only includes daughter points and parent points

are just virtual marks. Hence, Thomas cluster point process is given by

o= | J o™ (2.2)

X;€P)p

where C% = C; + x; = {x + x; : x € C;} and x follows normal distribution f(x).

2.2.2 Physical Layer Setting

Assume all terminals transmit with the same power P, and the transmission bandwidth is
B, while the background noise W is Gaussian with power spectrum density %. Hence, the
received noise power is Ny. To model signal propagation through the wireless channel, two

types of fading are considered: small-scale fading and large-scale fading. Rayleigh channel

fading with unit mean captures small scale fading, while large-scale fading is represented by a
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path attenuation model. If a transmitter X at location x tries to send symbols to a receiver
Y at location y, the received power at Y is P - hyy - g(y — X), where hxy is the power fading
coefficient associated with the wireless channel between terminal X and Y, and g(x) : R*> — R*
is the path-loss function, representing the path attenuation model and satisfying following the

conditions [Ganti and Haenggi (2009)]:

1. g(x) is a continuous, positive, non-increasing function of ||x| and

/ g(x)dx < 00, Ve >0
R2\B(0,e)

where B(o, €) is a ball of radius € around the origin.

2. lim 2% —1 vyecR2

Il =00 9C<=Y)

Commonly used path-loss functions include x|~ (1 + [|x]|*)~!, and min{1, ||x||~*}, which

are all normalized for the practical implementation. It is widely accepted that the wireless

communication distance is bigger than one wavelength, and the received power attenuates if

the communication distance is larger than one wavelength [Schwinger et al. (1998)]. Hence, the
a

path-loss function is chosen as g(x) = % in the two dimensional network with a > 2 and

BEE

|x|| > a, where a is the wavelength of the electromagnetic wave.

2.2.3 Distance of Typical Link

To derive transmission capacity of wireless networks, we need to focus on the transmission
of one link in the wireless network, which is called the typical link. The transmission of the
typical link is determined by the aggregate interference from concurrent transmission, Rayleigh
channel fading for small scale fading and path attenuation model for large scale fading. The
link distance is one of the key factors that determine the path attenuation model. Hence, the

link distance affects the transmission of the typical link.
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In the network topology of Thomas cluster point process, link distance d; is the distance
between the two points in the cluster. It is known that both two points at locations x; and

Xy are distributed identically with two dimensional normal distribution f(x) of zero mean and

2
o° 0

variance around the virtual parent node zg, i.e., (xo — zg) and (z¢9 — x;) are two
0 o?

dimensional Gaussian random vectors. Hence, vector (x2 —xX;) is also a Gaussian random vector

202
with mean (0,0) and variance matrix . Thus, the link distance d; = ||x2 — x3]| is

0 202
Rayleigh random variable with parameter v/20:

t ¢

fa,(t) = ﬁe—m, (2.3)

2.2.4 Medium Access Control

Slotted ALOHA is considered as the medium access control protocol. To evaluate transmission
capacity, it is assumed that every terminal always has packets for its paired target receiver.

Link transmissions are active with medium access probability p independently.

In Full duplex communications, the two terminals in one cluster can communicate with each
other simultaneously in the same frequency. To make full use of full duplex communications,
paired terminals are assumed to start transmission simultaneously. In any time slot, all the
potential transmitters forms Thomas cluster point process with two daughters in each cluster.
Thus, the networks density is 2\,, where A, is the density of Parent point process for Thomas

cluster point process.

To compare full duplex transmission capacity with half duplex transmission capacity, a
slotted ALOHA protocols is designed for half duplex communications under the same network
topology of Thomas cluster point process. If the wireless terminal’s radio is half duplex, at

most one transmission between two paired terminals is permitted in the cluster. Hence, TDD
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scheme is used to guarantee both directions of transmission in the cluster. The paired terminals
in the cluster take turns to access the spectrum in one time slot. Thus, in any time slot, the
potential transmitters form Thomas cluster process with one terminal in each cluster and the

network density is A, for half duplex communications.

2.3 Aggregate Interference Model

The active transmitters form a new point process after the execution of slotted ALOHA proto-
cols in full duplex communications, which is called independent thinning of the original point
process. In the case of Poisson point process model for half duplex communication with den-
sity A, according to independent thinning theorem [Stoyan et al. (1995)], independent thinning
with medium access probability p results in a new Poisson point process with density pA for the
active transmitters. For the full duplex communications, due to the assumption of correlation
between daughter points in the cluster, the independent thinning of Thomas cluster point pro-
cess can be represented by the independent thinning of virtual Poisson parent point process.
The new active virtual parent point process is Poisson point process with density pA,. Thus,
the independent thinning of Thomas cluster point process also results in Thomas cluster point

process with density of 2pA, in full duplex communications.

To derive full duplex transmission capacity, interference on the typical link from concurrent
transmission needs to be investigated. In order to determine the interference, the distribution of
all transmissions from the view of the typical link, i.e. palm distribution [Stoyan et al. (1995)],
needs to be derived. In the half duplex communications with Poisson point process, Slivnyak’s
theorem [Stoyan et al. (1995)] provides theoretical basis for the palm distribution. It states
that palm distribution of Poisson point process is also Poisson point process with the same
density. Thus, all the transmitters that generate interference to the typical link also follow the

Poisson point process in half duplex communications.
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In the full duplex communications, all wireless terminals are transmitter and receiver at
the same time in the network topology of Thomas cluster point process. Therefore, the typical
link’s receiver is also transmitter in the full duplex network, making the aggregate interference
on the typical link to be inter-cluster interference. Traditional Slivnyak’s theorem cannot help
to derive this inter-cluster aggregate interference. In this section, this problem is solved via
the unique construction of Thomas cluster process and Slivnyak’s theorem. Based on this new
model for the full duplex inter-cluster aggregate interference and the traditional model for half
duplex aggregate interference, the asymptotic tail probabilities are derived and comparison of
aggregate interference’s distribution between full and half duplex communications is conducted

at the end of this section.

2.3.1 Inter-cluster Interference in Full Duplex Communications

With slotted ALOHA protocol, active transmitters form Thomas cluster Point process &' with
density 2pA,. Since Thomas cluster point process is stationary, the transmitter of the typical
link can be assumed to be located at the origin o of the plane. We denote the typical cluster as
®,, which contains the typical link, the location of virtual parent point in typical cluster ¢, as
z,,, and location of the paired receiver as z. Thus, typical link distance is d = ||z||. Aggregate

interference 1(z) on the typical receiver is inter-cluster interference, given by

I(z) = Z P-hyx-g(x—1z),
x€®' /{¢o}
where P is the transmitting power, hx is the power fading coefficient associated with the
wireless channel between terminal X and Z, and g(x) is the path-loss function, representing
the path attenuation model.
Note that the virtual parent process of Thomas cluster process is Poisson point process.

According to Slivnyak’s theorem, from the view of typical parent point z,, all the other parent
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points form Poisson point process with density pA,. Thus, from the viewpoint of z,, the
daughter points from all the other clusters form Thomas cluster point process with density
2pA,. Since Thomas cluster process is stationary, linear transformation of space cannot change
the distribution of point process. Therefore, from the view of typical receiver z, the daughter
points from all the other clusters also form Thomas cluster process with the density 2pA,.
Thus, The aggregate interference on the typical link is equal to interference from all the points

in Thomas cluster process. Therefore,
I(z) =) P-hy-gx—2)=Y P-hx-g(x), (2.4)

The last equation in E.q. (2.4) results from the fact Thomas cluster point process is stationary.

Based on inter-cluster interference model, the mean and variance of inter-cluster aggregate

interference on the typical link are derived in full duplex wireless ad hoc networks.

Theorem 2.1. Let ® C R? be a Thomas cluster Point Process with two daughters in each
cluster. Assuming the parent process density is \,, the mean and variance of inter-cluster

aggregate interference on typical link for full duplex communications are as follows:

E[I(2)] = 2pA\pP [g. g(x)d.

(2.5)
var[I(z)] = 5pA P[5, g% (x)d.
Proof. First, the mean of inter-cluster aggregate interference is derived.
E[I(z)] =E {Z Phyg(x — z)]
xed
= PE gx—1z
yez‘bp (x—%NO ( )>] (26)

=20 P Jzo Jpe 9(x + ¥ — 2) f(y)dydx
=20, P[5, g(x — z)dx.
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As for variance of inter-cluster aggregate interference, var|I(z)] = E[I*(z)] — E*[I(z)]. We need

to calculate E[I%(z)].

E[[2(z)] = E

(5 Phastoc—)) (z Phygly - >>]

xcd yed

#
> hxhyg(x —z)g(y — 2)

x,y€®

— P2E [Z (hyxg(x — z))Q} + P°E

xed

The first term in E.q.(2.7) is calculated as follows

PE| T (hao(x - )" = EIVE | 5 %0x - )]

xed xcd
= AN P? [oo [oe P (x +y — 2) f(y)dxdy (2.8)
=4\, P? [0 *(x — z)dx.

The second term in E.q.(2.7) is decomposed into two sub-terms A and B by whether x and y

lie in the same cluster Ng:

E i hxhyg(x —z)g(y — z)

x,ye®

— A+ B. (2.9)

Sub-term A contains the situations when x and y lie in the same cluster NVg:

A=E 5;@ hxhyg(x —z)g(y — Z)]
=E GZ(; hxhyg(x —2z)g(y — Z)] (2.10)

=X\ fR2 gz(x — 7)dx,
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Sub-term B contains the situations when x and y lie in the different clusters IVj:

s#t

Z hxhyg(x —2z)g(y — Z)]

xENSCP,yeN{CP

_iE| 3 gls—2)glt— z>] (2.11)

s,ted),

B=E

=4[\ [ g(x — z)alx}2 .

Thus,

var(I(z)) = E[I*(2)] — E2[I(2)] = 5P?\, [ 0%(x — z)dx. (2.12)
]

For half duplex communications, mean and variance of the interference on the typical link are
derived in [Martin (2012)]. Comparing those two results, we find that: 1) Mean interference
on the typical link in full duplex communications is twice as much as that in half duplex
communications with Poisson point process with density A,; 2) If half duplex communication
network density doubles, i.e. Poisson network density is 2),, the interference on the typical
link in half duplex communications and full duplex communications are equal, but the variance
of interference on the typical link in full duplex communications is 2.5 times as much as that
in half duplex communications.

Thus, compared with half duplex communications, full duplex communications allow more
transmission opportunities, but double the mean interference on the typical link and much

larger variance.

2.3.2 Aggregate Interference’s Tail Probability

To compare the distribution of aggregate interference in half and full duplex wireless networks,
the tail probability (CCDF) of aggregate interference I(z), represented by F;(y) = P(I(z) > y),

is planned to explored in this subsection. As transmission power P is constant, it is set to be
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unit value to make the analysis simple to derive, i.e. P = 1. Firstly, a general theorem is de-
rived for the bounds of interference tail probability when all interferers follow a general spatial
point process. Then, the general spatial point process is restricted to Poisson point process for
half duplex communications, or Thomas cluster point process for full duplex communications.
Comparison on asymptotic order of the aggregate interference’s tail probability is conducted be-
tween half duplex communications and full duplex communications, which leads to the dispersal
of interference in the full duplex wireless network.

Based on the derivation in [Ganti and Haenggi (2009); Sousa and Silvester (1990)|, a general

results for the bounds of interference’s tail probability is presented.

Theorem 2.2. Let ® C R? be a stationary spatial point process. Assume that all the points
in the process contribute to the interference on a typical link, represented by I(z). The tail

probability Fy(y) of 1(2) is lower bounded by F'(y) and upper bounded by F}(y):

Fity) =1-6 (7 (55))

Fi(y) =1—(1—¢(y)g (Fh (ﬁ)) :
where Fy(z) denotes the CDF of the power fading coefficient h, G(f(-)) is the generating func-
tonal of (). defind by G(/() = B | T[ f(a) and

zed’

(2.13)

y/g(x)
1
go(y)—g]EweZ@,g(:E) 0/ vdF(v). (2.14)

Proof. To obtain the lower and upper bounds of tail probability F;(y) of I(z), the interferers
are divided into two sets, one set ¢, with the interferers, whose individual interference is larger
than y and the other set ¢; with the interferers whose individual interference is no more than
Yy, l.e.

¢y = {x € P hyg(x) >y} (2.15)
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¢y = {x € ', h.g(x) <y} (2.16)

Thus, 1(z) = Iy,(z) + Iy (2), where Iy, (z) corresponds to the interference due to the set ¢,
and Iy (z) corresponds to the interference due to the set ¢;. Then, by the definition of tail

probability, we can get

(
( (2.17)
(
(

Based the results of (2.17), we need to calculate the probability P(¢, = 0). This probability

can be transformed into a Laplace functional of the point process:

(2.18)

So the lower bound for the tail probability Fi(y) is

Fily)=1-6 <Fh (%)) . (2.19)

Following the derivation for upper bound of tail probability in [Ganti and Haenggi (2009)],

we get

Fily) =1- (1= P(I(2) > ylly, <9)G (F (55)) (2.20)
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and
P(I(z) > ylly, <y) =P(I(z) > ylp, = 0)
< ]E(I(Z)|¢y:®)
- Yy

= 1E 3 hoeg(x) gy

xed’

(2.21)

=1E Y g(x) [ vdF (v).

xeP/

Hence, we get the upper bound for tail probability Fj(y):

Friy) =1-(1—-2w)d (£ (55)). (2:22)

where ¢(y) = *E Y g(x) Oy/g(x) vdFy(v). O

v x€P’

In half duplex networks, the wireless terminals are assumed to follow Poisson point process,
meaning that they are distributed in the space uniformly. From the view of typical receiver,
the interferers form Poisson point process with the same density as the original point process,
which follows the Palm theory. If the network density is A\, we can get the lower and upper
bounds of tail probability F;(y) of I(z).

Corollary 2.2.1. Let the half duplex network topology follows a Poisson point process ® C R?
with density X. The tail probability Fy(y) of I(2) is lower bounded by F* (y) and upper bounded
by Fpt(y):

where  GH (Fh (%)) = exp [—/\ Jzo (1 — B, <g(%>) dw} and o (y) =
A [ g(@) [ vdFy (v)da.

Proof. The results are based on the generating functional of Poisson point process and the

mean sum over the point process [Martin (2012)]. O
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In the similar way, we can get the lower and upper bounds of tail probability F;(y) of 1(z)
when the general point process is restricted to Thomas cluster point process for full duplex

communications.

Corollary 2.2.2. Let ® C R? be a Thomas cluster point process with parent node density A,
and two daughter nodes in each cluster. The tail probability Fr(y) of 1(z) is lower bounded by

FY¥ (y) and upper bounded by F* (y):

Fi') =1-9" (£ (37)) 220
FF(y) =1 — (1 — P (y)G"

where GF (Fh (%)) = exp (_)\p Jr2 [1 - <fR2 Fy, (@) f(z)dZ>2] d-’E) and " (y) =
2e [ g(@) [ vdFy (v)da.

Proof. The results are based on the generating functional of Thomas cluster point process and

the mean sum over the point process [Ganti and Haenggi (2009)]. O

To confirm the tightness of the lower and upper bounds for the tail distribution of inter-
ference in both half duplex and full duplex networks, we derive the asymptotic order for the
bounds when y approaches infinity. The following theorem shows that aggregate interference in
full duplex networks has the same asymptotic order as the aggregate interference in half duplex

networks.

Theorem 2.3. For g(x) = 2 with o > 2 and ||z| > a, where a is the wavelength of the

ER

electric wave. The lower and upper bounds to CCDF Fy(y) of the interference in full duplex
and half duplex networks scales as follows for y — oo:
Fif(y) ~ mAa?[Fy(y) — 1] + mha?y = C(y)

i 2 (2.25)
F (y) ~ wAa?[Fu(y) — 1] + Z25mha®y == C(y).
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and

FiF(y) ~ mAa®[Fy(y) — 1] + mha*y~ = C(y) (226
FrP(y) ~ 2mAa®[Fi(y) — 1] + 251 ay~ = C(y).

where C(y f tadFy(t).

Proof. For the lower bound FY(y), the Laplace function term is expanded as follow:

6" (B (35)) =exp [N i (1= B (35) ) ] (2.27)

When y — oo, then Fj, (ﬁ) — 1, making the whole parameter in exponential function to

be 0. Due to the fact exp(—xz) ~ 1 — x, when x — 0, hence

6" (B () ~ 1= M) = 1=\ fu (1= B (55) ) e (2.28)

Therefore, taking the form of path-loss function g(x) into the lower bound F!# (y), we can get:

FIZH( ) ~ MH /\fR2 <1 - F, <L)>> dx
— 27\ [ (1 — Fy (22)) dr (2.29)
— mha2y [F[1 - Fy(1)]det

= 7 [Fu(y) — 1] + ma*y~a [* tadF,(t).

For the upper bound F“F(y), let’s consider the asymptotic order of ¢ (y) when y — oo

sDH =2 [o2 g(x) [/ vd Fy (v)dx
yllx IIO‘
=y JIxlza ||x|\a Jo © vdFy(v)dx
T 20

- @foo foov % Tﬂj—ilvdrth(v)

= ey f vadFy(v).
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Based on the representation of upper bound F# (y), we can get

Fpity) =1 (1= o (1)g" (P (5))
~1—(1—¢"(y)L—-M(y))

= o™ (y) + M (y) — " (y) - M (y) (2.31)
~ oM (y) + M"(y)

= T a?[Fy(y) — 1] +Mf vadF,(v).

For the lower bound F!¥'(y), the Laplace function term is expanded as follow:

6" (F () ~ 1= MP(g) = 1= fyo [ (feo P (5555) f(z)dz)Q] dx.  (2.32)

y
g(x+2)

According to the property of cumulative distribution function, F, ( ) € [0, 1], then the

value of [,, F}, f(z)dz lies in [0, 1], ¥x € R2. So
R

_ Yy
g(x+z)

1= (foo B (k) Fl2)dz)
= [1 + (fRa B (g<x+z)> f(Z)dz)] X [ (fRz Fh< (x+z)> f(z)dz)] (2.33)

Then
1= MF(y) <1- ), [, [1 (fRQ Fh( (m)) f(z)dz)} dx
—)\ fRQ[ (—) }dx (2.34)
— 1 Mt(y)

Based on the representation of lower bound FY'(y), we can get

FFy) =1-6 (B (35)) ~ M"(y) = M (y)

o (2.35)
= AP [Fy(y) — 1] + mha’y~« [F tadFy(t).
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For the upper bound F}*¥'(y), let’s consider the asymptotic order of o' (y) when y — oo:

= 2 [ g(x) [0 vdF (v)dx = LS 12020, (1),

(2.36)

To get the upper bound F*¥'(y), we make use of boundedness of cumulative density function.

Jeo Fr ( (x+z)) f(z)dz lies in [0, 1], Vx € R?. So

1— <fR2 F, (ﬁ) f(z)dz 2
1+ (oo P (555) £@)n) | - [1 = (o P (77 ) £
< [ (1 (i) )]

Then
1= MP () 2 1=2), oo [1= (oo B (5555 ) f(2)dz) | ax
—1=2), o [1- B ()] dx
=1- 27r)\pa2y_% [— a[l = Fu(y)] + f tadFy(t )] :

Hence,

MF(y) < 2nha2y~ 2 [—y%u — Fu(y)] + [ tadF(t )] .

Similar to the derivation for upper bound F}(y), we can get

FF(y) ~ o™ (y) + MF(y)
< 27Na?[Fy(y) — 1] + M] vadFy(v).

Then, we can loose the upper bound so that

Fpf(y) ~ 2mha®[Fy(y) — 1] + 2‘“““—‘“ S vRdF,(v).

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)
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Figure 2.2: Interference Distributions of full duplex and half duplex communications.

Theorem 2.3 implies that the lower bounds of interference’s tail probability in full duplex
and half duplex networks are equal, and upper bounds of interference’s tail probability in full
duplex and half duplex networks are in the same order. Moreover, in both half duplex and full
duplex communication networks, the upper and lower bounds on interference’s tail probability
have the same asymptotic order. Therefore, the tail probabilities of interference in half duplex

and full duplex networks are approximately the same when interference is large enough.

From the Theorem 2.1, the means and variances of interference full duplex networks are
larger than that in half duplex networks. Depicted in Fig. 2.2, when the value of interference
are large enough, the tail probabilities of interference in half duplex and full duplex networks
are approximately the same. So it can be concluded that full duplex communication makes
the distribution of aggregate interference more dispersed when comparing with half duplex

communications in wireless ad hoc networks.
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2.4 Successful Transmission Probability in Full Duplex

Networks

2.4.1 Successful Transmission Probability

As depicted in E.q. (2.4), the aggregate interference on the typical link is equal to interference

from all clusters in Thomas cluster point process, i.e.
I(z)= > P-hx-g(x).

Thus, the aggregate interference I(z) follows a shot-noise process [Lowen and Teich (1990)].
Successful transmission occurs if the received signal interference plus noise ratio (SINR) is large
than a threshold 7', which is decided by a fixed transmission rate requirement. The transmission
distance is d. Hence, the probability of successful transmission Py,.(z) is represented by

Fu _ P-h-g(d)
PEul (@ T) =P (—No () > T) . (2.42)

Assume network is interference-limited, i.e., I(z) > Ny. Thus, noise is negligible. For calcula-

tion convenience, redefine scaled aggregate interference by

So the probability of successful transmission is

Full _ h-g(d) _ Ti(z)
PFull (g, T) _P( 9D > T) _IP(h > )

= [T/ P(I(z) < ) (2.43)

= L1@)(5)]s=1/g(a),
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where Ly(s) is the Laplace transform function of random variable X, defined by Lx(s) =

Ele—*X].

As depicted in Eq.(2.43), successful transmission probability of the typical link in a full
duplex network is based on Laplace function of inter-cluster aggregate interference Lj,)(s) =

E[e~*/(®)]. The Laplace function of inter-cluster aggregate interference is derived as follows:

—sl(z) —5< Zth'Q(x)>
Li(s) =E[e "] =E |e \xc¢

where v(s, ) = Ey, [e s 9] = due to Rayleigh channel fading. Thus, Laplace

1
I+sg(x)’

function of inter-cluster aggregate interference is equal to generating functional G/ (v) of v(s, %),

ie. By { T (s, x)} .

xed’

The generating function of v(s,x) of Thomas cluster process @’ is given by [Stoyan et al.
(1995)]
Gu () =& ( T o))

xed’

=exp (—pAp fpo [1 = M (Jpo v(s,x +y) f(y)dy)] dx) (2.44)
= exp (—p)\p Jae [1 - <fR2 mf(}’)dy) 2] dX)

o

where M (n) = > p;n' is the moment generating function of the number of points in the typical
i=0

cluster. In this paper, there are two fixed points in the cluster, so M (n) = n?. The last equation

holds because f(—y) = f(y).

Combining E.q. (2.43) and E.q. (2.44), the successful transmission probability of full duplex
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network is given by

Pl (d, T) = Ly (s)ls=r/9(a)
2

= exp {—pNp [ [1 = B*(x:d, T)] dx }

where (x;d,T) = [go mf(wdy

2.5 Successful Transmission Probability in Half Duplex

Networks

In this section, successful transmission probability of half duplex with TDD slotted ALOHA
is derived. Its equivalence with that of half duplex slotted ALOHA in Poisson point networks
is proved. This result validates our framework of applying Thomas cluster point process to

transmission capacity analysis.

2.5.1 Successful Transmission Probability

TDD slotted ALOHA is considered as the medium access control protocol when the radio
is half duplex in Thomas cluster process. The transmitters form Thomas cluster process ¥,
with one node in each cluster. The network density is p),. Following the similar derivation
in the full duplex communications, successful transmission probability of the typical link is

Laplace function of inter-cluster aggregate interference I;(z). Hence, the successful transmission



34 Transmission Capacity of Full Duplex Wireless Ad Hoc Networks

probability of the typical link in a half duplex network is given by

Pg%lf(d T)= LI1(z)(3)|s:T/g(d)
= exp (=0 o |1 (oo Tomsya /)y )| ) (2.46)
= exp {—p\y [ao [1 — B(x:d, T)] dx}

2.5.2 Equivalent Model of Half Duplex Transmission

Under the half duplex TDD scheme, the transmitters form Thomas cluster process with one
point in each cluster. We prove in Theorem 2 that the network point process is equivalent to

Poisson point process with the same network density.

Theorem 2.4. Let &, be the Thomas cluster process with one point in each cluster, the density
of virtual parent point process of ®1 be \,, and Py be Poisson point process with density \,.

Then, ®1 and ®y are equivalent with the same spatial distribution.

Proof. In the Thomas cluster process ®;, the virtual parent point process is Poisson point
process with density ),, and the one cluster point is placed around its virtual parent point with
the normal distribution, and the distribution function, as showed in E.q. (2.1), only depends

n (y —x). According to the displacement theorem [Martin (2012)], treating the virtual parent
point process as the original process, the one cluster point process as the displaced point process,
the displaced point process is also Poisson with the same density, i.e. Thomas cluster process
®, is also Poisson point process with the same density. Thus, ®; and ®, are equivalent with

the same spatial distribution. O

In Poisson point network with density \,, successful transmission probability P,.(d,T") of

the typical link in half duplex communications is given by [Weber et al. (2005)]

Poue(d, T) = exp{)\ fRz [ (8, X)|s=7/4( Z)} dx}

= exp (—)\ Jeo (1 - m) dx) '

(2.47)



2.5 — Successful Transmission Probability in Half Duplex Networks 35

After the slotted ALOHA protocols, successful transmission probability Pg,.(d, T') of the typical

link in half duplex Posson point network is given by

Pyue(d, T) = exp (—p)\p Jeo (1 — W) dx) (2.48)

According to E.q. (2.46), in the Thomas cluster point process with one point in each cluster
and density \,, after slotted ALOHA, successful transmission probability P29/ (d, T') of the

suc

typical link in half duplex Thomas cluster network is given by

suc

= exp ( —PAp e [fRz ( = m) f (Y)dy} dX) (2.49)
= exp (—p)\p fRQ ( — m) dx)

PHoF(d, T) = exp {—pAp [po [1 — B(x;d, T)] dx }

Comparing E.q. (2.48) and E.q. (2.49), we can get

PA (4, T) = Pyye(d, T).

suc

Thus, our analysis based on Thomas cluster point process achieves the same result from the
Poisson point process.

To simplify the derivation results later on, let

ol = oo [1 = B(x;d,T)] dx
aF(d, T) = Jpo [1 = B%(x;d,T)] dx

Lemma 2.1. o'(d,T) < ¥ (d,T) < 221 (d,T),VT,d € R.
Proof. From the form of 3(x;d,T), we can know that

B(x;d, T) <1,¥y € R* d € RT.
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moreover,

1= f%(d,x;T) = (1 - B(d,x; 7)) (1 + B(d, x; T)).

Thus we know that

o(d,T) < a¥(d,T) < 2a"(d, T),¥T,d € RY.

2.6 Transmission Throughput and Transmission Capacity

Transmission throughput, which represents mean throughput in a unit network area, is defined
for both full duplex and half duplex random wireless network. If the transmission link density

is A, then the transmission throughput (TH) is defined as
TH(d,T) = Mog(1l + T)Ps..(d,T),

where T' is the SINR threshold, and Pg,.(d,T) is the successful transmission probability for
the typical link with distance d. E.q (2.45) and E.q (2.46) are the formula results of Pg,.(d,T")
for full duplex communications and half duplex communications respectively. In this paper,
the transmission link density is pA, for half duplex network, while in full duplex network, the

transmission link density is 2pA,,.

Transmission capacity is another network metric, which is defined as the maximum trans-
mission throughput, subject to a constraint on the transmission outage probability of the typ-
ical link. Let e be the outage probability constraint of the typical link, i.e. Py, (d,T) =

1 — Pyuc(d, T) < €. Then the transmission capacity is defined as

TC(d,e) = max Alog(1+T)(1—e), (2.50)

(AT):Pout<e
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where A is the transmission link density.
E.q. (2.50) is a two-dimensional optimization problem. Instead of getting an optimal result
for both A\ and 7', we are more intested in the optimal result when either A or T is fixed. When

node density A is fixed,we have the following capacity:

max pA,(1 —e€)log(1+7), Half Duplex
TC(d, My, €) = Fout = (2.51)
max 2pA,(1 —€)log(1 + T, Full Duplex.

Tpul<e

out

When transmission rate is fixed, we have following capacity:

max pA,(1 —e€)log(l1+7T), Half Duplex

Ap: PP <
TC(d,T,e) = piPout” < (2.52)
max  2pA,(1 —€)log(1+7), Full Duplex.
)\p:]lj’gzﬁlgs
In this case, the transmission capacity can be derived in closed-forms.
(1—6) ln(l—e) lOg(1+T) Ha,lf DupleX
TC(d,T,€) = I‘XHWi (2.53)
2(1=¢) r;(;(_df;;)g(HT), Full Duplex.
From Lemma.1l, we can conclude that
TCOH (T, e) <TCH(d, T, e) < 2TCH* (d, T ¢). (2.54)

2.7 Numerical Results

In this section, numerical results are presented on transmission throughput and transmission
capacity of half duplex and full duplex wireless networks. A few common parameters are fixed

throughout the numerical simulations and given as follows. In normal distribution function,
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Figure 2.3: Transmission throughput of full duplex and half duplex communications.
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the variance % = The path-loss function is g(x) =

with a = 4 and ||z|| > a, while
a = 0.125m represents the wavelength of the electric wave. Typical link distance is set to be

the mean value,i.e. \/7o.

2.7.1 Transmission Throughput

In Fig. 2.3, transmission throughput of half duplex and full duplex communications are shown
by solid lines and dash lines, respectively, under the slotted ALOHA protocol with four trans-
mission probabilities p = 0.1,0.4,0.7,1.0. Network density is 2, = 1.0.

Given fixed transmission probability p, transmission throughput increases in the low trans-
mission rate region, reaches a saturation point at a certain transmission rate R,, and then
decreases in the high transmission rate region for both half duplex and full duplex communica-

tions. The reason is that transmission links can tolerate high aggregate interference in the low
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transmission rate region. Then, the advantage of full duplex communications, i.e. the number
of active transmitters is twice as many as that in half duplex communications, is well taken.
Thus, full duplex communications outperform half duplex communications in the low trans-
mission rate region. In the high transmission rate region, transmission link can only tolerate
low aggregate interference. Then, the advantage of half duplex, i.e. less interference experi-
enced by a link, is more dominant. Thus, half duplex communications outperform full duplex

communications in the high transmission rate region.

Results in Fig. 2.3 also show that a higher transmission probability p leads to lower satu-
ration transmission rate R, e.g. p = 0.1, R, = 8.7 bit/s/use, p = 0.4, Ry = 5.3 bit/s/use in
full duplex communications, and p = 0.7, Ry = 3.2 bit/s/use, p = 1.0, Ry = 2.8 bit/s/use in
half duplex communications. The reason is that a higher transmission probability results in
more active transmitters in the network, making the network reach the saturation state at a
lower transmission rate. For the same transmission probability p, the full duplex transmission
throughput is larger than that of half duplex system in the low transmission rate region, but

lower in the high transmission rate region.

Transmission throughput ratio between full duplex and half duplex communications is shown
in Fig. 2.4. Similar to Fig.2.3, transmission throughput ratio decreases from almost 2 to 0 as
transmission rate increases for each probability p. Define the point R; as the transmission rate
where the full duplex transmission throughput is equal to half duplex transmission throughput.
As shown in Fig. 2.4, R, decreases as transmission probability p increases, e.g. R; equals to 10.2,
6.6, 5.1, 4.8 bit/s/use for p = 0.1, 0.4, 0.7, 1.0. It reflects the fact that a higher transmission
probability p introduces more active transmitters, making R; be located at lower transmission
rate where the full duplex transmission throughput and the half duplex transmission throughput

are equal.
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Figure 2.4: Transmission throughput ratio between full duplex and half duplex under different
ALOHA probability.

2.7.2 Transmission Capacity

Transmission capacity is defined as maximum transmission throughput under an outage

probability constraint. Here, outage probability constraint is set to be e = 0.02.

(1) Transmission Capacity under Optimal Transmission Rate and Fixed Net-
work Density

Network topology is the same for half duplex and full duplex communications, and network
throughput is maximized by optimizing the transmission rate to get transmission capacity. To
show different transmission capacity versus network density, network density varies from 0.0001
to 0.30.

The maximum transmission rates for half duplex communications and full duplex communi-

cations are shown in Fig. 2.5. As the network density increases, the transmission rate decreases
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Figure 2.5: Transmission rate of full duplex and half duplex under different network density
requirement.

in both half duplex and full duplex communications, because a higher network density causes
more aggregate interference. Because there exist more transmissions in full duplex communi-
cation under the same network density, aggregate interference in full duplex communications is
more severe than that in half duplex communications. To tolerate the severe interference, the
maximum transmission rate in full duplex communications is lower than that in half duplex
communications. As shown in Fig. 2.5, the gap between maximum transmission rates in half

duplex and full duplex communications becomes larger as network density increases.

In Fig. 2.6, half duplex and full duplex transmission capacities are shown. As the network
density increases, the co-channel interference also increases. In the low network density region,
interference is very limited in the network. Moreover, increasing network density provides more
transmissions. Thus the transmission capacity increases as network density increases in the

low network density region. However, in the high network density region, severe aggregate
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Figure 2.6: Transmission capacity of full duplex and half duplex under different network
density requirement.

interference gradually reduces the transmission rate, resulting in the decrease of transmission
capacity. Moreover, considering the point )\; as the network density where the full duplex
transmission throughput is equal to the half duplex transmission capacity, )\; also decreases as
transmission probability p increases. For example, )\; equals to 0.150, 0.046, 0.035, 0.026 for
p=0.1,04, 0.7, 1.0. The reason is that a higher transmission probability p means more active
transmitters, making )\; be located at lower network density where full duplex and half duplex
transmission throughput are equal.

As shown in Fig. 2.7, the transmission capacity ratio between full duplex and half duplex
communications decrease from 2 to a number less than 0.6 as network density increases. It
indicates that, under a fixed network density, full duplex communications outperforms half
duplex only in the low network density region, but lose the advantage in the high network

density region.
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Figure 2.7: Transmission capacity ratio between full duplex and half duplex under different
network density requirement.

(2) Transmission Capacity under Optimal Network Density and Fixed Transmission

Rate

The transmission rate is fixed and the same for half duplex and full duplex communications.
The transmission throughput is maximized by varying the network density to reach transmission
capacity.

The maximum network density for full duplex and half duplex communications are shown in
Fig. 2.8. Results show that, under the same transmission probability p, a higher transmission
rate can be satisfied at a lower network density. In Fig. 2.9, transmission capacity under
different transmission probability is shown for both half and full duplex communications. The

trends of this case is similar to that of transmission capacity versus transmission rate under a
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Figure 2.8: Network density of full duplex and half duplex under different transmission rate.

fixed network density.

For both half duplex and full duplex communications, if the network is in the low transmis-
sion rate region, then the optimized network density is very high, because nodes can tolerate
high interference. However, due to low transmission rate, the overall transmission capacity is
low. When the network is in the high transmission rate region, then the network density is very
low, which also makes the overall transmission capacity low. As a result, when the transmission
rate increases from the low region to the high region, the transmission capacity increases at
first and then decreases. In other words, there exists an optimal point of the network density

to achieve the maximum transmission capacity.

Different from transmission capacity under a fixed network density, transmission capacity

in this case does not change with a different transmission probability p. The reason is that the
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Figure 2.9: Transmission capacity of full duplex and half duplex under different transmission
rate.

maximum density of active transmitters that the network can support keeps unchanged with
different transmission probabilities p. For a different transmission probability, the network
density is optimized to reach the same maximum number of active transmitters to achieve the
transmission capacity under a fixed transmission rate. Thus, transmission probability does not

affect transmission capacity in full duplex and half duplex communications in this case.

Based on results in Fig. 2.9, the transmission capacity ratio is depicted in Fig. 2.10. We find
that the transmission capacity of full duplex communication is always larger than that of half
duplex communication under the same transmission rate requirement. Moreover, transmission
capacity ratio varies from 1.00 to 1.38, indicating that the network capacity gain from full

duplex communications is limited in large scale networks.
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Figure 2.10: Transmission capacity ratio between full duplex and half duplex under different
transmission rate.

2.8 Summary

In this chapter, the aggregate interference and transmission capacity of a full duplex wireless
network were derived via stochastic geometry, and comparisons with half duplex communica-
tions were conducted to present one solution to how much network throughput gain full duplex
communications can bring. The network topology was set to follow Thomas cluster point pro-
cess with two daughter point in each cluster, and full duplex and half duplex Slotted ALOHA
medium access control protocols were fixed to fit for half and full duplex communications. It
is prove that the half duplex communication with network topology of Thomas cluster point
process is equal to commonly used half duplex communication with network topology of Poisson
point process. Analytical results show the close-form derivation for the mean and variance of

aggregate interference in full duplex networks and the upper and lower bounds for the aggregate
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interference’s tail probability for both half and full duplex networks. The asymptotic order of
aggregate interference’s tail probability was proved be the same for both half and full duplex
communication networks, which leads to more dispersal aggregate interference distribution in
full duplex networks than in half duplex networks. Then, two definition of transmission ca-
pacity, including commonly used transmission capacity, were derived to measure the maximum
network throughput in both half duplex and full duplex communication networks.

Numerical results showed that, under the conditions of the same network density and the
transmission rate with outage constraint, transmission throughput of full duplex wireless net-
works outperforms that of half duplex wireless networks in low transmission rate region. How-
ever, the performance of full duplex wireless networks is lower in high transmission rate re-
gion. The transmission capacity gain in full duplex communications is limited, as revealed
from analytical results. The major reason behind this issue is that the aggregate interference
is severe in full duplex communications. This issue indicates the importance of developing
mutual-interference cancelation techniques for full duplex communications. Capacity analy-
sis considering both self-interference and mutual-interference cancelation is also an interesting

topic for future work.






Chapter 3

Full Duplex Cellular Network and

Mutual-interference Cancelation

In this chapter, average rate and coverage probability of typical uplink and downlink are pre-
sented in a full duplex cellular network . Consider FDR mode on base stations for full duplex
communication. Mutual interference cancelation technique is put forward and assumed to con-
duct between uplink transmission pairs via functionality of base stations. Two-layer Poisson
point process is proposed to model the network topology. Properties of Poisson point process
are utilized to derive the aggregate interference for both typical uplink and downlink. For both
typical uplink and downlink, comparisons of average rate and coverage probability between
the half duplex cellular network and the full duplex cellular network with/without mutual

interference cancelation are presented.

3.1 Motivation

3G and 4G cellular networks has been widely deployed to meet rapidly increased mobile commu-
nication demands. New network structures and physical techniques are proposed to improve

network spectrum efficiency. Emerging full duplex wireless communication is one of these
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Figure 3.1: Mutual interference in full duplex communication networks.

promising techniques that have the potential to increase capacity of cellular networks. It is still
an open research problem on how much network capacity gain full duplex communication can

be obtained in cellular networks.

Theoretically, full duplex communication can double the link throughput due to the fea-
sibility of simultaneous transmission and reception in the same frequency. But it is hard to
determine the network capacity gain of full duplex communications in cellular networks. Differ-
ent from wireless ad hoc networks, cellular networks have relatively stable structure, which is
dominated by base stations. Full duplex communication technique introduces more transmis-
sion links, thus causes severe aggregate interference with high probability, which is confirmed
in [Wang and Huang (2014)]. One of the key reasons is severe mutual interference between full
duplex communication pairs in the wireless networks, depicted in Fig. 3.1. Node A and B,
C and D are two full duplex communication pairs. A and C are too closed and cause mutual

interference to each other, labeled by red dash line.

To combat severe mutual interference problem in full duplex communication networks, two
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Figure 3.2: Self interference cancelation mechanism V.S. mutual interference cancelation
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main approaches are put forwards, interference avoidance and interference cancelation. Interfer-
ence avoidance is mostly implemented by proper medium access control(MAC) protocols, such
as Contraflow in [Radunovic et al. (2009)] and FD-MAC in [Kim and Stark (2013)]. On the
other hand, interference cancelation can be done by the same mechanisms as self-interference
cancelation techniques. The system requirement is that the mutual interference nodes know
each other’s transmitting signals. Name such cancelation technique as mutual interference can-
celation (MIC) techniques, showed in Fig. 3.2. Acquisition of the mutual interference signal can
be implemented by both wire and wireless communication techniques, such as signal feedback
via optical fiber, or directional antennas [Ramanathan et al. (2005)| over the air, which is not
the focus of this thesis. Thus, another target of this chapter is to analyze how much network
capacity gain of full duplex communication can be improved by mutual interference cancelation
in the cellular network.

The key challenges to study network capacity gain of full duplex communication cover fol-
lowing two aspects, how to choose the full duplex communication mode and model complicated
aggregate interference on typical uplink and downlink in cellular networks. For the first chal-
lenge, we adopt a simplified version of full duplex cellular network with full duplex radios

installed on base stations to exploit, and FDR mode is chosen for uplink and downlink trans-
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mission. As for the aggregate interference, there exit two approaches to present closed-form
derivation. The first approach is traditional fixed topology model, in which cellular networks
are modeled by placing the base stations according to a regular geometry, such as Wyner model,
hexagonal grid. However, these highly idealized models are far from accurate in terms of in-
terference and capacity [Xu et al. (2011)]. The second approach is General models based on
stochastic geometry for cellular networks by assuming that base stations and/or mobile users

follow a certain spatial point process, such as Poisson Point Process [Martin et al. (2009)].

We adopt two-layer Poisson point process as the network topology to model uplink mobile
users and base stations in full duplex cellular network. Due to the stable network structure,
uplink and downlink distances are affected by network topology in cellular networks, whose
distribution is calculated via property of Poisson point process. The aggregate interference
is modeled as shot-noise process with careful consideration on interferers’ distributions in the
network. Tools from stochastic geometry are used to derive closed-form aggregate interference

model.

Network capacity is measured by coverage probability of the typical uplink and downlink,
defined by the probability that the link state achieve target SINR requirement 7. Thus, it
represents the probability that a randomly chosen user can receive information bits successfully.
Due to the random network topology model, coverage probability also represents the mean
fraction of area in successful reception pattern, i.e. the average fraction of wireless terminals
which achieve target SINR requirement 7" at any time, i.e. P.(T) = P(SINR > T). Based
on coverage probability, average rate of the typical link is derived, which represents mean data

rate that are achievable for a cellular network cell.

R = E[logy(1 + T)] /1og2 (14 T)d(1 — P,(T))dT. (3.1)

0

The rest of this chapter is organized as follows. System models are described in Section 3.2.
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Coverage probability of downlink and uplink in the half duplex cellular network are derived
in Section 3.3, while Section 3.4 presents coverage probability of downlink and uplink in the
full duplex cellular network. Mutual interference cancelation’s effect on coverage probability
is analyzed in Section 3.5. At last, numerical results are plotted and discussion on network
capacity gain of full duplex communications with /without mutual interference cancelation are

presented in Section 3.6. The chapter is summarized in Section 3.7.

3.2 System Model

In this section, transmission schemes, network topology model, and physical layer setting are

introduced for half and full duplex cellular networks.

3.2.1 Transmission Schemes

Single channel transmission schemes are considered in both half duplex and full duplex cel-
lular networks. Under half duplex communication condition, Time Duplex Division (TDD)
transmission scheme |[Esmailzadeh and Nakagawa (2003)] is adopted for uplink and downlink
transmissions, i.e. downlink and uplink transmissions take turns to be activate in half duplex
communication cellular network. For full duplex communication, full duplex radios are assumed
to install on the base stations, while all mobile users have traditional half duplex radios. Then,
full duplex base stations make it reality to operate uplink and downlink transmission simulta-
neously in a single channel. Assume every base station always has one downlink mobile user
and one uplink mobile user to serve.

Intuitively, full duplex communication introduces more aggregate interference for both up-
link and downlink transmission in the cellular network. Considering the powerful functionality
of base stations, mutual interference cancelation can be conducted at the base stations. When

mutual interference cancelation is conducted in full duplex communication cellular network,
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the aggregate interference from concurrent transmissions of base stations is canceled. It can be
concluded easily that mutual interference cancelation at the base stations only improves the
uplink data transmission. We assume that perfect cancelation is planed to explore, where the

aggregate interference from all base stations are canceled completely.

3.2.2 Network Topology Model

A two-layer spatial point process is used to model cellular network topology. At first, a homo-
geneous Poisson point process (PPP) &5 with density A is modeled as the spatial distribution
of base stations. Then, the two dimensional space is divided into Voronoi cells, which form
Voronoi Tessellation [Stoyan et al. (1995)]. To model our single channel transmission schemes,
one active uplink mobile user and downlink mobile user lies in each cell, depicted in Fig. 3.3.
As for the downlink transmission in the half duplex cellular network, a mobile user is assumed
to locate at origin, and it is treated as the typical receiver. The typical transmitter is the
base station associated with typical mobile users. All active transmitting terminals are base

stations, which form Poisson point process. As for the uplink transmission in the half duplex
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cellular network, a base station is assumed to locate at origin, and it is treated as the typical
receiver. All the active transmitting terminals are uplink mobile users, which is also assumed
to be Poisson point process (PPP) &y with density A,. Due to the single channel communica-
tion assumption, the density of uplink mobile users is equal to density of mobile stations, i.e.
A = A

In full duplex cellular networks, the active transmitting terminals include both uplink mobile
users and base stations, which are modeled by a two-layer Poisson point process. Poisson point
process ®p is for base stations while ®;; is for uplink mobile users. Since there is only one base
stations and uplink mobile that can be active in single channel full duplex cellular network, both
Poisson point process have the same density A. Moreover, the locations of mobile users and
base stations are correlated, thus, careful attentions are called when calculating the aggregate

interference from both active mobile users and base stations.

3.2.3 Physical Layer setting

Assume that all base stations transmit with the same power Ppg, while all the mobile users
transmit with the same power P;. The channel bandwidth is B and the background noise W
is Gaussian with power spectrum density %. Hence, the received noise power is Ng. To model
signal propagation through wireless channels, two types of fading are considered: small scale
fading and large fading. Rayleigh channel fading with unit mean captures small scale fading,
while large-scale fading is described by a path-loss attenuation model |[Ganti and Haenggi
(2009)], represented as path loss attenuation function g(x) : R*> — R*. The most common used
forms of g(x) are ||x| =, (1+|x[|*)~!, and min{1, ||x||"*}, among which the first one is chosen
as the path loss attenuation model in this chapter.

Thus, if a transmitter X at location x tries to send symbols to receiver Y at location y,
the received power at Y is P - hxy - g(y — x), where P is the transmitting power, hxy is the

power fading coefficient associated with the wireless channel between terminal X and Y, and
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g(x) : R*> — R is the path loss attenuation function. For the link transmission, successful
transmission occurs only if the link signal-interference plus noise ratio (SINR) is above a fixed
threshold T'. According to the Shannon Capacity theorem [Shannon (2001)], the SINR threshold

T is determined by the rate requirement of the cellular network.

3.3 Coverage Probability in the Half Duplex Cellular Net-
work

In this section, coverage probability of the typical link for downlink and uplink communications
in half duplex cellular network is presented, defined as the probability of the typical link’s
successful transmission, i.e. the typical link’s SINR is above a fixed threshold 7. Hence,
coverage probability of the typical link is expressed as P.(T) = P[SINR > T.

Considering the downlink transmission, the typical receiving mobile user ug is assumed to
place at the origin of the plane, and the typical transmitting base station is denoted as by.
Under the topology setting, base station by is the nearest base station to the mobile user uq.

The downlink typical link’s SINRZ is expressed as

Pghor=
SINRE = ~ 5200 (3.2)
No+ I.5
where r = ||bg]| is the link distance, hg is the power of rayleigh fading channel between b

and ug, and I*Z is the aggregate interference from concurrent downlink transmissions of base

stations, described as

I'P = > Pyhyllx| ™ (3.3)

xeEdp /bo
Note that all the channels {hy : x € ®p} are Rayleigh fading with unit mean.
Due to the Poisson point process deployment of base stations, the link distance r is a random

variable. Its probability density function (PDF) is derived in following lemma [Andrews et al.
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(2011)].

Lemma 3.1. The probability density function of link distance r is f.(t) = o2mhte ™

Proof. Since bg is the nearest base station to typical receiving mobile user ug, no base station

lies in the region Q(o,t) := {x € R?: ||x|| < t}. Thus, we get

Plr <t]=1-—P[r > {

=1—-P[®(Qo,r)) = 0] (3.4)

@ 1— €—>\7Tt2

)

where equality (a) is due to the property of Poisson point process. Hence, the probability

density function of link distance r is f,.(t) = df:l—gt) = 2w Ate ™ O

Tools from stochastic geometry are employed to derive the downlink coverage probability,

which is showed in following theorem [Andrews et al. (2011)].

Theorem 3.1. The downlink coverage probability of the typical link in half duplex cellular

network 1s

oo

Tr*N,
PAD — /27r)\r exp (— :D 0 _ rr?p(T, 5)) dr, (3.5)
B

0

where p(T,6) = 7 + Ex[(Th)’(D(1 — 6) — T(1 — 6, Th)] with h following unit exponential
distribution, T'(x) = [ t* e 'dt is the Gamma function and T'(x,z) = [ t* e 'dt is the

mcomplete Gamma function.

Proof. By definition of conditional probability, the downlink coverage probability is expressed
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as

PP = E,[P[SINRE > T|r|]
= / P[SINRE > T|r]f.(r)dr

0
oo

a dp
@ / Plhy > L (N]g; L)1t ryar.

(3.6)

—~
N

0

Equality (a) results from substitution of E.q. (3.12). Due to Rayleigh channel fading with unit

mean, hg follows unit exponential distributions. Thus

Tre(Ng + I*5 Tre(Ng + I*5
Plhg > ( ]g )] =Ko, [P[ho > ( Jg >|®B]]
B B
Tre(Ny + 122
=Eo, [exp (— ( ]‘; >>\@B} (3.7)
B

B Tr*Ny I Tre
- eXp PB I;I)B PB I

where L a5 (s) is the Laplace transformation of random variable I,’® evaluated at s. By sub-

stituting E.q. (3.3), we get

—S v B —a
Lyps(s) =Eaple™" | = Epge, |exp [ —s > Pehylx|
XECPB/IJO

(a) —a
SEmas | 1] (e (—sPshlx]|™)]
XE‘PB/bQ

. (3.8)
U Epexp [ —27A /[1 — exp (—sPght™®)]tdt

T

0
© Ey, exp —W)\(SPB}Z)% / 11— exp(—z)]dz’%

sPghr—«

Equality (a) is due to i.i.d. random variables {hy : x € ®/by}, equality (b) is derived by uti-
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lizing probability generating functional(PGFL) of Poisson point process [Stoyan et al. (1995)],
and conducting the resolution from cartesian to polar coordination. Note that the integration
starts at ¢ = r, not the origin, because all the active base stations contributing to I?# lies in
the region {x € R? : ||x|| > r}, and equality (c) is due to z = —sPght~®. Let S = sPghr™,

and consider the integration of (a) in E.q. (3.8).

0 s
/1 — exp(— Ta /exp z_%
s 0

l\')

s
3.9
= [ [exp(—2) — 1]2_%|g + /z_i exp(—z)dz (3.9)
0
_2 2 2
=lexp(=9) = 1]57= + (T'(1 = =) = T'(1 = =, 9)).
o o
Substitute E.q. (3.9) into E.q. (3.8) and let s = &3 Hence
Lo (s)|s:€%a:exp (=mAr? =1+ p(T,5)]), (3.10)
r B
where p(T,6) = 37 + E,[(Th)’(T'(1 —6) — T'(1 — 8, Th)].
Hence, the coverage probability of typical downlink is
PAP = E,[P[SINRZ > T|r|]
i Tre N, , )
= [exp|— —Amre|—=1+ p(T, 0 (r)dr
0/ p( — =1+ (T, )] ) £,(7) -
[ TroN,
= /27r)\rexp (— il — A2 p(T, (5))dr.
Pp
[

If background noise is neglected (i.e. Ny = 0), then the coverage probability of typical

downlink is derived in closed-form: IP’H D—_1
= (1)



60 Full Duplex Cellular Network and Mutual-interference Cancelation

As for uplink transmission in half duplex cellular networks, the typical receiving base station
by is assumed to locate at the origin of the plane, while the typical transmitting mobile user
is denoted as ug. Similar to downlink transmission, ug is the nearest mobile user to the base

station by. Then, the uplink typical link’s SINRY is expressed as

Prhor—©

SINR{] = ——,
No+ IV

(3.12)

where r = ||ug|| is the link distance, hq is the power of rayleigh fading channel between b, and
ug, and I*V is the aggregate interference from concurrent downlink transmissions of mobile

users stations, described as

IP = Y Pyhyx|™ (3.13)

xEDy /uo
After similar derivation with downlink coverage, the uplink coverage probability is presented

in following theorem.

Theorem 3.2. The uplink coverage probability of the typical link in half duplex cellular network
18

TrN,
PAV — /27r)\r exp (— ZD 0 _ M2 p(T, 5)>dr (3.14)
U

0

where p(T,8) = 17 + Ex[(Th)’(D(1 — 6) — T(1 — §,Th)] with h following unit exponential

distribution.

Consider the analytical results of Theorem 3.1 and Theorem 3.2. When noise is neglected,
the coverage probability of typical uplink and downlink are independent of network density,
and the coverage probability of typical uplink and downlink are equal. When the noise needs
to considered, the signal to noise ratio (SNR) affects the coverage probability. If SNR is
decreased, then the coverage probability decreases for both typical uplink and downlink, which

is corresponding to the practical results.
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3.4 Coverage Probability in the Full Duplex Cellular Net-

work

In this section, we analyze the coverage probability of downlink and uplink in full duplex
cellular networks. Base stations are equipped with full duplex radios, making it reality to run
uplink and downlink transmission simultaneously on the same frequency. For a typical uplink
or downlink transmission, the aggregate interference is from both base stations and uplink
transmitting mobile users. To capture the aggregate interference, a two-layer Poisson point
process is modeled as the full duplex cellular network, with Poisson point process ®g for base

stations and Poisson point process ®;; for uplink mobile users with the same density .

Considering a typical uplink transmission, assume that receiving base station by of the

typical link is located at the origin. The typical link SINRY is expressed as

PUhor_O‘
SINRf = 3.15
v N0+Iup+ldown’ ( )

where r = |Jugl| is the link distance, I, is total interference received from all uplink mobile
users except ug, and I, is the total interference received from all downlink base stations ®p.

The downlink interference I,,, and uplink interference I,, are formulated as

Ly = > Pubx|x]™,
xE2y fuo (3.16)
[down = Z PthHXH_a.

XE(DB/()Q
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Then, the uplink coverage probability PV is expressed as

PEV = E,[P[SINR}; > T|r]]

- /]P[S]NRg > T|r]fr(r)dr

0
:/P[h0> PN ¥ Ly - Laoun) ¢ 10 gy
Py
0
— [ lexp(=580) Ly (9 iy (5 g £ )
0
Refering to Theorem 3.2, we can get
Llup(5)|S:2La = exp [Arr? (14 p(T,9))] . (3.18)

U

According to Palm theory [Stoyan et al. (1995)], all the base stations but by that contribute to

Liown also follows Poisson point process when viewed from typical node by. Thus,

i PyTroht—
Lty (8)]s_1e =g exp [ —2A / 1 exp (_L)W
Py PU

oo

a 21 PgTr®h 2
DRy exp | -2 /[1—exp <——B d y)]yaldy
(0% PU

0

2 0
® exp <_MEh[h5]I‘(1 _ 5))
Py

2 1
9 exp <—W#r(1 +OD(1 - 5))
U

B B T2 PgT? %)
o Py sin(md) )

(3.19)

Note that equality (a) follows that y = ¢t~ equality (b) follows that z = PB%:'W and the

definition of Gamma function, and equality (c) is due to Rayleigh fading channel.
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Substitute E.q. (3.18) and E.q. (3.19) into E.q. (3.17), we get follow theorem:

Theorem 3.3. The typical uplink coverage probability in the full duplex cellular network is

PV = /27r/\rexp (—TT Yo i [o(T',9) +<P(TP 5”)‘” (3.20)
Py Py '
r>0

where cp(TPB J) = Pﬁgé . Sin’z—fr&), and p(T,8) =

+EL[(Th)(T(1 — §) — T(1 — 6, Th)] with h

1+T

following unit exponential distribution.

As for downlink transmission, the typical receiving base station by is located at the origin.

The link SINRJ can be expressed as

PBhoTia
No+ I + 1

SINRE = : (3.21)

own

where I, is total interference received from all uplink mobile users except ug, and I}, is the

total interference received from all downlink base stations except by, expressed as

Lp= > Puhylx]79,
xe2y fuo (3.22)
Idown = Z PthHX”ia.

XE@B/I)O

Derive the downlink coverage probability similar to uplink transmission. We get following

theorem.

Theorem 3.4. The typical downlink coverage probability in the full duplex cellular network is

I'r* N, TP
DF 0 _ 2 + u
PPF — /27r)\7" exp( B, M2 [p(T, 8) + o(—— P 5)])(1 (3.23)

r>0

where (,O(TPU )) = Pyl | _x6 g p(T,0) = 7 + Eu[(Th)’(T(1 — 0) — (1 — 6, Th)] with h

Pp sin(7d)’

following unit exponential distribution.
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It can be concluded that the transmission power ratio between base stations and mobile
terminals affects the coverage probability of both typical uplink and downlink in full duplex
cellular network, and the coverage probability is independent with network density when noise

is neglected.

3.5 Mutual Interference Cancelation at Base Stations

Full duplex communications create more opportunities for transmissions and/or receptions in
wireless networks, but the severe aggregation limits the network capacity improvements. Here,
mutual interference cancelation is put forward and analyzed. Due to the power functionality
of base stations, assume that base stations can realize mutual interference cancelations via

exchanging information signals through smart antennas or optical fiber.

Mutual interference cancelation at a base station only empowers the base station to cancel
the interference from current active base stations’ uplink transmissions, hence, only improves
the uplink data transmission. We assume perfect cancelation where the aggregate interference
from all base stations are canceled completely, and present the improvement on the typical

uplink transmission.

Perfect mutual interference cancelation on the base stations makes typical uplink trans-
mission escape interference from active base stations’ uplink transmissions in the full duplex
cellular networks, i.e. lgun = 0 in E.q (3.22). Thus, the SINR of the typical uplink after
perfect mutual interference cancelation in full duplex cellular network is equal to the SINR of
the typical uplink in half duplex cellular network. Thus, it is concluded that perfect mutual
interference cancelation improves the uplink coverage probability equal to that in half duplex

cellular network, i.e. PMUF = pUH,

C
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3.6 Numerical Results and Discussions

In this section, numerical results are presented on coverage probability and average rate of
a typical link in a large scale full duplex cellular network, and comparison with half duplex
communication is conducted to depict the network capacity gain of full duplex communication.
Two scenarios are considered, zero background noise scenario and nonzero background noise

scenario. The path loss model is set as g(x) = with o = 4. Then, § = 3 and the common

IIXII"

used parameter p(7,§) can be derived into following closed-form,

p(T,6) =14 VT (x/2 — arctan(1/VT)),

which can be obtained by deriving E.q. (3.8) with first variable expectation calculations of h,

and @ later.

3.6.1 Zero Background Noise Scenario

When the background noise is zero, we can get the coverage probability of typical uplink and

downlink in half duplex and half duplex cellular networks.

UH _ 1 _ 1 .
]Pc (T) = p(T9) T 14T (n/2—arctan(1/V/T))’
DH _ 1 _ 1 .
I[Dc (T) — p(Ty9)  14+VT(n/2—arctan(1/V/T))’
PO (T) — X B . _ (3.24)
o(T,8)+¢ (TPB ,6) 1+\/T(7r/2—arctan(1/\/f))+g£5 VT’
DF _ 1 - 1
L IIEDC (T) - o(T, (5)-"-50( TPU ,6) - 1+\/T(7r/2—arctan(1/\ﬁ))+ 2£U \/7

It can be easily obtained that the coverage probability and average rate is independent of
network density in zero background noise scenario.
Coverage probability of typical uplink and downlink is showed in Fig. 3.4 with three down-

up-link transmission power ratio 1;—5 = 1,4,0.25. Conclusions are drew as follows. Firstly,



66 Full Duplex Cellular Network and Mutual-interference Cancelation

Power Ratio PBIPU=1 Power Ratio PB/PU=4
1 T T
HD-UL/DL
- = = FD-UL >
09 i FD-DL H
[
Q
<]
0.8 o
()
D
o
0.7 $
o
O
2
% 0.6
< 0 20 40 60 80 100
T SINR Threshold T
° 0.5
2 Power Ratio P,/P =1/4
g 1
3 0.4 . .
o HD-UL/DL
208 - = = FD-UL
0.3 5 0 [== FD-DL
S 0.6
0.2 <
2 0.4
g
0.1 802
o
= —— e ——— .
0 i i i i i 0
0 20 40 60 80 100 0 20 40 60 80 100
SINR Threshold T SINR Threshold T

Figure 3.4: Coverage probability of typical uplink and downlink in half duplex and full duplex
cellular networks with zero background noise.

Coverage probability of typical uplink and downlink are equal with each other in half duplex
cellular network, and coverage probability of typical link in half duplex is always larger than
that in full duplex for both uplink and downlink. Secondly, in full duplex cellular network,

coverage probability of typical uplink is larger than coverage probability of typical downlink

if down-up-link transmission power ratio ]12—5 less than 1, larger if down-up-link transmission
power ratio i—i, and equal when down-up-link transmission power ratio ;;—5 = 1. Thirdly, if

down-up-link transmission power ratio 113—3 approaches 0, coverage probability of full duplex
uplink approaches that of half duplex uplink, and if if down-up-link transmission power ratio
%‘ approaches oo, coverage probability of full duplex downlink approaches that of half duplex

downlink. The reason is that full duplex uplink becomes the dominant transmission if 1;—1;
approaches 0, while otherwise if % approaches oco.

Average rate of typical uplink and downlink is showed in Fig. 3.5 that corresponding to
setting in Fig. 3.4. Legend HD and FD represents half duplex and full duplex cellular network,

UL and DL represents typical uplink and downlink. HD-UL/DL represents average rate of
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Figure 3.5: Average rate of typical uplink and downlink in half duplex and full duplex cellular
networks with zero background noise.

typical uplink or downlink in half duplex cellular network, and FD-UL+DL represents sum
average rate of typical uplink and downlink in half duplex cellular network. We can conclude
following statements from Fig. 3.5. Firstly, average rate of typical uplink and downlink in half
duplex cellular network are always larger than those in full duplex cellular network. Secondly,
for both full duplex and half duplex cellular networks, average rate of typical downlink is larger
than that of uplink if down-up-link transmission power ratio % is larger than 1, and otherwise
if down-up-link transmission power ratio % is less than 1. Thirdly, sum average rate of uplink

and downlink in full duplex cellular network is always larger than that of uplink or downlink
in half duplex cellular network, but the difference is not so large.

Network capacity gain of full duplex communication, defined by the cell average rate ratio
between full duplex and half duplex cellular networks, is presented in Fig. 3.6 for different down-

up-link transmission power ratio 1%” where average cell rate is the sum average rate of uplink
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Figure 3.6: Network capacity gain of full duplex communication in cellular networks with
zero background noise.

and downlink in a cell. Due to equality of uplink and downlink in half duplex cellular network,
network capacity gain doesn’t change alternatively. Firstly, network capacity gain of full duplex
communication, represented by the dotted dash line, just lies in (1, 1.2), thus it is very limited.

Moreover, the network capacity gain get the maximum value when i—B = 1. Secondly, the rate
U

ratio of uplink between full duplex communication and half duplex communication decreases

from 1 to 0.2 and the rate ratio of downlink between full duplex communication and half duplex
Pp
Py

Pp
Py

communication increases from 0 to 0.9 when increase from 0.1 to 5.1. The key reason is

that downlink transmission is dominant when is large.

In Fig. 3.7, the network capacity gain of full duplex communication in cellular network
with/without mutual interference cancelation is depicted. It can be concluded that mutual
interference cancelation improve the network capacity gain significantly and the improvement

becomes larger as % increase from 0.1 to 5.1. The reason is that perfect mutual interfer-
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Figure 3.7:

Network capacity gain of full duplex communication in cellular network

with /without mutual interference cancelation of zero background noise.

ence cancelation is assumed to conduct between full duplex downlink transmission pairs, and

downlink transmission dominates when is large.

3.6.2 Nonzero Background Noise Scenario

As for nonzero background noise scenario, coverage probability can be derived to a closed-from

result when o = 4, since

/exp —ax) exp(— ba?) :/exp \/_33—|——
0 0 2vb
2 o
-y~
0
T a2 a
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Figure 3.8: Coverage probability of typical uplink and downlink in half duplex and full duplex
cellular networks with nonzero background noise. SNR = 10dB and network density is 0.1.

where Q(z) = \/%fxooexp(—%). Let Kp = A;SBT, Ky = ]\%T’ Cy = 7\p(T,0) ,CY% =

TA[p(T,6) + @(%,6)] and CF = w[p(T,0) + @(%,6)]. The coverage probability of typ-

ical uplink and downlink in full duplex and half duplex cellular networks are expressed as

o0 - 1}2 —_ v T 2
]P)CUH(T) = fO ahe  Kuve=Crv y = /K_Uexp(fKLU)Q(\/g%);
(

0 _Kr? —Cuaw o 2 .
POM(T) = [y~ e e Cnvdu = | /35 exp()Q(757): (3.25)
UF (Y _ [ —Kyv?,—ClYvg, _ [ @ cy? Cy '
P (T)—fo 2 e rtdy = | [ 2= exp(4KU)Q( 2KU)

0 _Kru? —CDy p cp? cb
POF(T) = [y e frve rrdv = | [ exp(55)Q(5=).

Thus, under the communication scenario with background noise, the coverage probability is
related to network density in both half duplex and full duplex cellular networks. Denote
SNR = 10log 10(Py/Ny) as the signal to noise ratio of mobile users in the cellular networks.

Coverage probability of typical uplink and downlink is showed in Fig. 3.8 with three down-



3.6 — Numerical Results and Discussions 71

up-link transmission power ratio % = 1,4,0.25. Similar to zero noise scenario, coverage prob-
ability of typical link in half duplex is always larger than that in full duplex for both uplink
and downlink. But coverage probability of typical uplink is larger than coverage probability of
typical downlink if down-up-link transmission power ratio % less than 1, larger if down-up-link
transmission power ratio 113—5, and equal when down-up-link transmission power ratio ]13_5 =1
in both half duplex and full duplex cellular network. Moreover, coverage probability of typical
downlink in full duplex communication is larger than that of typical uplink in half duplex com-
munication when down-up-link transmission power ratio ]12—5 = 4, and coverage probability of
typical uplink in full duplex communication is larger than that of typical downlink in half duplex
communication when down-up-link transmission power ratio % = 0.25. It indicates that net-
work capacity gain of full duplex communication is relatively large when compared with uplink
transmission of half duplex communication in high down-up-link transmission power ratio re-

gion and downlink transmission of half duplex communication in low down-up-link transmission

power ratio region.

Based on Fig. 3.8, average rate of typical uplink and downlink is showed in Fig. 3.9. Leg-
end HD and FD represents half duplex and full duplex cellular network, UL and DL represents
typical uplink and downlink. FD-UL-+DL represents sum average rate of typical uplink and
downlink in half duplex cellular network. Firstly, average rate of typical uplink and downlink
in half duplex cellular network are always larger than those in full duplex cellular network for
all down-up-link transmission power ratio 1;_57 but the average cell rate of full duplex commu-
nication is always larger than that of uplink or downlink in half duplex cellular network, and

the average uplink rate of full duplex communication is much less than that of half duplex

Pp _

communication when P

4, indicating aggregate interference was very severe for uplink in

full duplex communication. Similar results happen to average downlink when Ilz—i = 0.25.

In Fig. 3.10, the network capacity gain of full duplex communication in cellular network

with /without mutual interference cancelation is depicted. From the left sub-figure, it can be
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Figure 3.9: Average rate of typical uplink and downlink in half duplex and full duplex cellular
networks with zero background noise. SN R = 10dB and network density is 0.1.

concluded that as down-up-link transmission power ratio increases, the average uplink ratio
between full duplex and half duplex cellular networks decreases from 1.0 to 0.2, while average
downlink ratio between full duplex and half duplex cellular networks decreases from 0.2 to 0.9.
The key reason is that high down-up-link transmission power ratio introduce severe aggregate
interference on uplink transmission. Thus, the ratio between mean cell rate of full duplex cellular
network and uplink transmission in half duplex cellular network decreases, showed from 2.2 to
1.1. In the same time, the ratio between mean cell rate of full duplex cellular network and
downlink transmission in half duplex cellular network increases, showed from 1.1 to 1.4. Thus,
depicted in right sub-figure, the mean network capacity gain of full duplex communication is
very limited, and decreases from 1.45 to 1.18, while Mutual interference cancelation improve

the network capacity gain significantly and the network capacity gain increase from 1.5 to 1.9.

In Fig. 3.11 network capacity gain of dull duplex communication is exploited in cellular
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Figure 3.10: Network capacity gain of full duplex communication in cellular network
with /without mutual interference cancelation of nonzero background noise.

network under different uplink SNR value. The network density is 0.1 and 1;_5 = 1.5. Con-
clusions are made for left sub-figure: network capacity gain of full duplex communication in
cellular network decreases as SNR increases; The ratio of uplink transmission, and the ratio of
downlink transmission between full duplex and half duplex cellular networks, decreases as SNR
increases; As for average cell rate, the ratio between full duplex communication and uplink or
downlink transmission decreases as SNR increases. For the right sub-figure, we can conclude
that mutual interference improves the network capacity gain significantly, but can’t change the
trend with SNR.

Fig. 3.12 presents the relationship between network density and network capacity gain of

full duplex cellular network with SNR = 10dB and down-up-link transmission power ratio

Py _

e = 2. Firstly, the network capacity defined by network density times average rate is drew

in the left figure, and the network density increase almost linearly with network density. For

both right figures, it can be seen that network capacity gain from full duplex communication
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Figure 3.11: Network capacity gain of full duplex communication in cellular network
with/without mutual interference cancelation of nonzero background noise under different SNR.

decreases as network density increases. Moreover, the ratio of uplink transmission, and the
ratio of downlink transmission between full duplex and half duplex cellular networks, decreases
as network density increases. So do the ratio of average cell rate between full duplex cellular
network and uplink or downlink transmission in half duplex cellular network. But the change is
relatively insignificant. From the bottom of the right figure, mutual interference cancelation’s
improvement is become more significant as network density increases. Thus, high transmission
density for cellular network reduce network capacity gain of full duplex communication. The
reason is that large network density introduces severe aggregate interference as the bottleneck

for network capacity.
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3.7 Summary

In this chapter, network capacity gain of full duplex communications is analyzed in a large
scale cellular network, and mutual interference cancelation technique is put forward to combat
severe aggregate interference. Two-layer Poisson point process is designed for the network
topology, and the coverage probability and average rate of typical uplink and downlink are
derived. Numerical simulations are presented for niose and noise-free communication scenarios.
For noise-free cellular networks, the average rate and coverage probability of typical uplink and
downlink are expressed in closed-form and proved to be correlated with transmission power
ratio between base stations and mobile users, while independent of network density. As for

full duplex cellular networks with background noise, derivation of some special case (o = 4) is
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presented in closed-from based on norm distribution function. Our analytical and numerical
results reveal the limitations of full duplex communications in cellular networks and the effective
improvement of perfect mutual interference cancelation technique. Thus, it is confirmed that
severe aggregate interference limits the network capacity gain of full duplex communications in
a large scale cellular network. More practical details on mutual interference technique are left

for future research.



Chapter 4

Conclusion

Full duplex communication introduces a new degree of freedom for theoretical analysis in wire-
less networks. In this thesis, network capacity gain of two types of full duplex wireless networks
were studied via stochastic geometry, including ad hoc wireless network and cellular wireless
network. We first investigated the transmission capacity of a full duplex wireless ad hoc network
with BDF mode, defined as the maximum throughput in an unit area, subjecting to a fixed
link rate and a constraint of outage probability. Network topology were modeled by Thomas
cluster point process and we proposed new Palm theory, cluster Palm theory, to assist the de-
scription for the aggregate interference of a typical link. Analytical results on two generalized
transmission capacity definitions, maximum transmission throughput via maximizing network
density for fixed link rate and maximum transmission throughput via maximizing link rate
for fixed network density, were derived for both half duplex and full duplex ad hoc networks.
Our numerical results show that network capacity gain of full duplex communication over half
duplex communication is very limited and provide insights for system conditions to utilize full

duplex communication’s advantage completely.

In the second topic, average rate and coverage probability of typical uplink and downlink

were studied in a full duplex cellular network with FDR mode. Two-layer Poisson point process
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was adopted to be the network topology. The aggregate interference on the typical link was
derived carefully with the consideration for unique deployment of base stations and mobile users
in cellular network. Mutual interference cancelation technique was put forward and assumed
to conduct between uplink pairs via functionality of base stations. Analytical derivation of
average rate and coverage probability for the uplink and downlink were presented in closed-
form in noise free half duplex and full duplex cellular networks. For some typical case, the
results are in closed-form when considering non-zero noise cellular networks. Numerical results
show the limited network capacity gain of full duplex communication in cellular network and

the significant improvement of mutual interference cancelation technique.

4.1 Contributions

The following contributions are made in this thesis:

e In Chapter 2, Thomas cluster point process was leveraged to model the network topol-
ogy of a large scale full duplex cellular network. Tail probability function of aggregate
interference of typical link were derived, and compared with half duplex ad hoc network,
analytical results shows that full duplex communications make the interference distribu-
tion more dispersed. Two generalized types of transmission capacity of full duplex wireless
ad hoc network were derived. We found that in high density networks, full duplex net-
work capacity gain over half duplex communication is very low, less than 0.6, which is
far from expected gain 2.0, while in low density networks, the network gain approaches
expected gain 2.0, but the network lack spatial reuse. Moreover, we also found that net-
work capacity gain of full duplex communications always larger than 1.0, and increases
as link rate increase. But the maximum gain in our numerical results is just 1.35, which
is far less than expected. Thus, our analytical and numerical results show the limitation

of network capacity gain of full duplex communication in wireless ad hoc network. To
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our best knowledge, this is the first paper to analyze full duplex network capacity gain in
large scale ad hoc network via stochastic geometry. Research work from this topic results

in a paper (Wang and Huang, 2014).

e In Chapter 3, two-layer Poisson point process was designed for the network topology for a
large scale full duplex cellular network, and mutual interference cancelation technique was
put forward to combat severe aggregate interference. Coverage probability and average
rate of typical uplink and downlink in a full duplex cellular network were derived. Based
on closed-form derivation, precise numerical results were run for two scenarios, zero and
nonzero background noise. For the zero noise cellular networks, we found that network
density doesn’t affect the coverage probability and average rate in both half duplex and
full duplex cellular networks. But for the nonzero noise cellular networks, network density
is a factor, and network capacity gain of full duplex communication decreases as network
density increases. Moreover, down-up-link transmission power ratio was investigated and
we found that severe aggregate interference impairs uplink transmission in high down-
up-link transmission power ratio region and downlink transmission in low down-up-link
transmission power ratio region. With fixed down-up-link transmission power ratio, the
effect of uplink’s signal to noise ratio (SNR) on network capacity gain of full duplex was
studied. Results show that the network capacity gain reduce as SNR increases. Our
analytical and numerical results reveal the limitations of full duplex communications in
cellular networks and the effective improvement of perfect mutual interference cancelation
technique. Thus, it is confirmed that severe aggregate interference limits the network
capacity gain of full duplex communications in a large scale cellular network. More

practical details on mutual interference technique are left for future research.
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4.2 Future Works

Despite the contribution that we have made so far, a lot of challenging problems still remains,
which can be topics for future research.

In Chapter 2, we simplify the MAC protocols as slotted ALOHA, while wireless used MAC
protocol is CSMA /CA in wireless ad hoc networks. It is big research topic to design good MAC
protocols under full duplex communication scenarios. Theoretical analysis on how to evaluate
the performance of new designed full duplex MAC protocols in large scale wireless networks
is very critical research topic. Moreover, another interesting topic is the analysis on network
capacity improvement via mutual interference cancelation in full duplex ad hoc network via
stochastic geometry.

In Chapter 3, we assume that mobile users are with half duplex radios. It is also impor-
tant research topic to identify the network capacity gain of full duplex communication when
all terminals are installed with full duplex radios in large scale cellular networks. Moreover,
practical design of mutual interference cancelation and the joint process with self interference

cancelation technique of half duplex communication is still an open problem.
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