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Over the past decade, stochastic geometric models, and most notably
the planar Poisson point process (PPP) model, have become popular for the
analysis of spectral efficiency in wireless networks, in both the D2D and the
cellular contexts [1]. By modeling base station (BS) and user locations as
spatial point processes, stochastic geometry has recently been recognized as
a tractable and efficient analytical tool to quantify key performance metrics.
This tool provides a natural way of defining and computing macroscopic prop-
erties of multiuser information theory. These properties are obtained by aver-
aging over all node patterns found in a large random network of the Euclidean
plane. For example, some key performance metrics such as signal to interfer-
ence and noise ratio and data rate depend on the network geometric config-
urations. This tool has thus been widely adopted for analyzing the network

performance and broadening network design.

vil



This thesis proposes new models to represent several new scenarios.
Three main scenarios are considered: 3-D inbuilding networks, MIMO ad-
hoc networks, and multihop communication under mmWave networks. To
do so, mathematical tools such as Poisson point processes, Poisson line pro-
cesses, Boolean models and Poisson bipolar models are used. Each model is
1) generative in that it has a clear physical interpretation, 2) leads to explicit
analytical representations of important wireless performance metrics, and 3)
highly parametric, with parameters expressing the geometric characteristic of
the elements of networks. Physical interpretations from these models are quite

different from previous results.

The core of this thesis is focused on the effects of correlated shadowing.
Shadowing is the effect that the received signal power fluctuates due to objects
obstructing the propagation path. By introducing an independent shadowing
term over links, it is possible to model the effect of shadow fading. Most
previous papers analyzing urban networks assume that shadowing fields are
independent over links. With this assumption, it is possible to derive simple
closed-form expressions of important network performance metrics. However,
this assumption cannot capture that shadowing fields are spatially correlated.
This thesis goes beyond the independent shadowing approximation and ana-

lyzes the effects of correlated shadowing on various performance metrics.
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Chapter 1

Introduction

In order to evaluate the performance of wireless networks, system level
simulation is crucial. By implementing a vast set of network topologies, wire-
less channel models, network protocols and traffic models, system level sim-
ulation can accurately evaluate key performance metrics. However, a major
limitation of simulations is that each wireless scenario should be simulated
separately when different system parameters are used. As networks become
complicated, system level simulation consumes much time and becomes ex-

pensive.

Thus, it is necessary to capture essential characteristics of wireless net-
works with high accuracy and low complexity. As an alternative to system
level simulation, stochastic geometry is now recognized as a tractable analyt-
ical tool for deriving key performance metrics of networks by utilizing spatial
point process to model the location of users and base stations. In this ap-
proach, the locations of the network elements are seen as the realizations of
some point processes. Stochastic geometry, in particular point process the-
ory, can provide an analytically approach for characterizing important key

metrics of wireless networks and for performing optimizations more efficiently



than simulation. Over the last few decades, several studies in this field have

contributed to a better understanding of network behaviors.

The main goal of this thesis is to provide new insights on some physical
phenomena (e.g. correlated shadowing) and wireless network scenarios (e.g.
3-D in-building networks) which have not been discussed sufficiently in the

stochastic geometric framework.

This introductory chapter consists of four parts. Section 1.1 discusses
some effects of the shadowing in modern wireless networks whereas 1.2 dis-
cusses MIMO ad-hoc networks, respectively. Section 1.3 summarizes the key
contributions of this dissertation. Finally, Section 1.4 presents how the rest of

this dissertation is organized.

1.1 Analysis of Blockage Effects

The main focus below is on the penetration loss of radio signals due
to obstruction by obstacles. Such blockage effects make it hard to predict
network performances and become more severe in higher frequencies such as
millimeter-wave (mmWave) networks. Therefore, the modeling and analysis

of blockage are crucial in modern wireless networks.

Typically, blockage effects are incorporated into the shadowing field,
and shadowing of each link is often modeled by using a log-normal random
variable with some measured variance. However, this approach cannot capture

the effect of network topologies. To understand the effect of network topolo-
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Figure 1.1: An example of Boolean model. Triangles are centers of blockages and
squares are base stations.

gies, many previous papers took a stochastic geometry approach as in [2-4].

Especially, [4] proposed a new mathematical framework to model ran-
dom blockages and analyzed the impact on network performance. In this
paper, the authors modelled the obstacles by a Boolean model [5]. More pre-
cisely, obstacles have a random shapes and centers which form a homogenous
Poisson point process as in Figure 1.1. In this figure, the shape of obstacles is
a disc with a random radius and centers of disc (triangles) and users (squares)
form independent homogeneous Poisson point processes (PPP). By leverag-
ing the random shape theory, the authors obtained that the distribution of

the number of obstacles obstructing a link is a Poisson random variable with
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Figure 1.2: Comparison of the correlated shadowing model and the independent
shadowing model. A boolean model is generated per each link under the independent
model, while is generated per each user process under the correlated model.

mean which depends on its length of the link. By incorporating this result into
a path loss model, the authors analyzed the performance of cellular networks
such as coverage probability, and the average rate. This approach provides
significant intuitions to interpret network behaviors and the impact of shad-
owing effects. Also, important metrics are obtained by simple closed form

expressions.

Shadowing is spatially correlated. For example, let us consider two
nearby links with the same length as in Figure 1.2. If the probability that
one of these two line segments, AB, is not blocked by any obstacles is p, the

probability that both two links, AB and C'D, are not blocked is almost p under



the correlated shadowing model (or in real environment), while that proba-
bility is p? in the independent shadowing model. So, the previous stochastic
models cannot capture this spatial shadowing correlation since they assign in-
dependent shadowing coefficients over links. Motivated by this, the first three
contributions of this dissertation investigate the effect of correlated shadowing

by proposing new models.

In Chapters 2, 3, and 4, I propose new mathematical models which aim
capturing the shadowing correlations. In Chapter 2, I propose a new model for
3-D in-building network, called the Poisson building. By leveraging Poisson
line processes, walls (obstacles) parallel to xy, yz, and zz planes are randomly
constructed. This model leads to explicit analytical representations of the
interference field and of its correlation induced by common obstacles. This
chapter shows that the distributions of interference of the correlated and the
independent shadowing are quite different. Chapter 3 focuses on the effect of
shadowing correlation on wireless network performance. I propose a concept of
Shadowing cell where base stations in the same Shadowing cell have the same
shadowing random variable. Interestingly, previous independent shadowing
approximation leads to pessimistic evaluation for a wide variety of metrics
such as coverage probability and Shannon throughput. Chapter 4 analyzes
connectivity of multihop communications in mmWave bands. This chapter
provides some connectivity results in the correlated and independent blockage

models.



1.2 MIMO Communications in Ad-Hoc Networks

The capacity of MIMO mobile ad-hoc networks (MANET) has been
thoroughly analyzed. MANETS are self-organizing wireless networks in which
mobile devices do not need any infrastructure such as base stations and MIMO
is a method for multiplying the capacity of a wireless link. It has been stud-
ied where a finite number of transmitter and receiver pairs communicate in a
deterministic network topology. To increase the capacity, optimal power al-
location strategies were proposed in [6-8]. However, the common assumption
in these studies is that the distances between any two nodes in the network
are deterministic or identical. Thus, this approach cannot be used in large

random MANETS to evaluate the gain of MIMO transmission.

To model such large random MANETS, a Poisson network has been
considered, in which the locations of interferers form a realization of a ho-
mogenous PPP. Under this network model, the transmission capacity [9], which
quantifies the maximum allowable spatial density of successful transmissions
per unit area given an outage constraint, was characterized. With the trans-
mission capacity, [10] showed that interference cancellation techniques at a
receiver employing multiple antennas can provide a linear increase of the trans-
mission capacity with respect to the network density. In [11], it was shown

that a single stream transmission is optimal under the MIMO setting.

Transmission capacity is a natural and intuitive metrics for analyzing
wireless networks under such a Poisson configuration. However, it cannot

capture the effects of rate adaptation techniques. Motivated by this, Chapter



5 defines Ergodic spectral efficiency under Poisson configuration with MIMO
transmission techniques and analyze network behaviors. Especially, Ergodic
spectral efficiency quantifies the achievable Shannon transmission rate while
transmission capacity computes a maximum successful transmission density
under a reliability constraint. Chapter 5 will show that a new insight such as
gains from spatial multiplexing transmission can be obtained with this new

performance metric.

1.3 Contributions

This dissertation mainly aims at utilizing stochastic geometry to model
and analyze wireless networks. The main technical contributions of this dis-

sertation are covered from Chapter 2 to 5, and can be summarized as follows.

Modeling a New 3-D In-building Wireless Networks with Cor-

related Shadowing

This topic is addressed in Chapter 2. In this work, I present a new
stochastic geometric model, namely Poisson building, for representing 3-D in-

building wireless networks.

The main technical challenge for obtaining a tractable 3-D spatial
model for in-building wireless networks lies in the proper handling of the shad-
owing correlation created by the static physical objects compared to the clas-
sical planar models such as [12]. As most of the planar models are designed

to study outdoor networks, the shadowing correlation is typically ignored and



path loss is simply modeled through independent log-normal shadowing coef-
ficients [2,3] or distance-dependent function combined with independent shad-

owing random variables [4, 13].

The Poisson building model explicitly handles the shadowing correla-
tion. This model is compatible with the empirical lognormal shadowing model
in that the marginal shadowing component converges to lognormal distribution
as the link distance grows. Under this model, I demonstrate the tractability
by deriving the interference distribution and its spatial correlation. This leads
to analytical characterizations of the SINR distributions of D2D underlay net-
works and the coverage probability of in-building networks. I also consider a
couple of important variants, namely the finite Poisson building and the semi-
infinite Poisson building. The latter allows one to analyze the interference in
a window office, which is a boundary office in a large semi-infinite building.
The analysis of these variants further reveals fundamental differences between

3-D and 2-D correlated shadowing analysis.

On the Effect of Shadowing Correlation on Wireless Network

Performance

As I said above, many previous studies use independent shadowing ap-
proximation to analyze shadowing effects in model wireless networks since it
is possible to obtain simple exact expressions of network performances with
this approximation. Motivated by this, in Chapter 3, I investigate the ef-
fect of shadowing correlation on important wireless network performances to

complement the independent shadowing approximation.



To do so, I propose a new shadowing field model to capture spatial cor-
relations. In order to represent the spatial correlation property, I provide two
intuitive network examples where shadowing variables are assigned based on
the network topology. With these network examples, I compute and compare
the interference distributions under the correlated and independent shadow-
ing models in the stochastic ordering sense. To provide a fair comparison,
the same marginal shadowing laws are used in both cases. I first compute
the Laplace transforms of the interference observed by the typical user under
both the correlated and the independent shadowing models. Then, I provide
stochastic ordering relation of three widely used metrics (coverage probabil-
ity, Shannon throughput, and local delay) which will be shown completely
monotone functions of interference between two shadowing models by using
well known results on the relation between the Laplace transform ordering and

completely monotone functions.

From these ordering relations, I conclude that when ignoring the spatial
correlations of shadowing, widely used metrics such as coverage probability,
Shannon throughput, local delay are systematically evaluated in a possibly
quite pessimistic way.

Multihop Connectivity of Millimeter-Wave Networks

Chapter 4 presents some connectivity results of mmWave multihop
communications. Even though multihop communication is a promising tech-

nique to improve coverage and network connectivity, it has not been sufficiently

analyzed under mmWave networks.



In Chapter 4, the main analysis is focused on network connectivity, and
it concerns both ad-hoc and cellular multihop networks. To model and analyze
the blockage effect, a Poisson-Boolean model is used. In order to get simple an-
alytical expressions, I first assume blockage process is independent over links,
and then consider effects of blockage correlation, which is closer to real en-
vironments. I refer to these as independent blockage model and correlated
blockage model, respectively. Under the independent blockage model, I obtain
exact expressions for the distributions of the users connected to the typical
user or to the typical base station. Especially, I provide exact expressions of
the mean numbers of k-hop paths starting from (or ending to) the typical user
and the distribution of users connected to the typical base station in 2 hops.
Then, the condition of the user density for having a cluster of infinitely many
connected users is obtained by using percolation properties of the random con-
nection model. Finally, the correlated blockage model is also considered. It
is shown that the mean numbers of users connected to the typical user, the
typical base station or any base stations in one hop are the same under the
independent and correlated blockage models. Unlike the independent blockage
model, even though the user density is high enough, there exists no cluster of

infinitely many connected users under certain blockage conditions.

Scaling Laws for Ergodic Spectral Efficiency in MIMO Ad-hoc

Poisson Networks

The benefits of multiple antenna communication in random wireless

networks are considered in Chapter 5. In many previous papers, MIMO ad-
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hoc networks have been analyzed in stochastic geometric model. Most of them
focused on transmission capacity as in [11] which is constrained by a reliability
condition, and not many papers analyzed Shannon throughput of MIMO ad-
hoc networks. Motivated by this, I analyze ergodic spectral efficiency of MIMO

ad-hoc networks under several network scenarios.

The setting is that of the Poisson bipolar model introduced in [14],
which is a natural model for ad-hoc and device-to-device (D2D) networks.
With knowledge of channel state information at receiver, I derive ergodic spec-
tral efficiencies with a function of the number of antennas, the node density,
and the path loss exponent, when a zero forcing receiver or a zero forcing

successive interference cancellation receiver are used.

The primary finding is that, with knowledge of channel state informa-
tion between a receiver and its associated transmitter, by zero-forcing suc-
cessive interference cancellation, and for appropriate antenna configurations,
the ergodic spectral efficiency can be made to scale linearly with both 1) the
minimum of the number of transmit and receive antennas, 2) the density of
nodes, and 3) the pathloss exponent. This linear gain is achieved by using the
transmit antennas to send multiple data streams (e.g. through an open-loop
transmission method) and by exploiting the receive antennas to cancel inter-
ference. Further, when a receiver can learn channel state information from a
certain number of near interferers, higher scaling gains can be achieved when
using a successive interference cancellation method. A major implication of

the derived scaling laws is that spatial multiplexing transmission methods are

11



essential for obtaining better and eventually optimal scaling laws in multiple
antenna random wireless networks. This is a new insight which is not obtained
with transmission capacity view. Since transmission capacity is a performance
metric with a reliability constraint, transmitting one data stream is optimal

for enhancing reliability.

1.4 Organization

The rest of dissertation is organized as follows. Chapter 2 introduces
the Poisson building model, a 3-D tractable comprehensive 3-D spatial model
for in-building networks. Chapter 3 analyzes the effect of correlated shadow-
ing and provides the ordering of some important performance metrics under
spatially correlated and independent assumptions. Chapter 4 presents connec-
tivity results on multihop relaying in mmWave networks. Chapter 5 provides
new insights on MIMO ad-hoc networks using Ergodic spectral efficiency. The
dissertation is concluded in Chapter 6 by summarizing the key contributions

and discussing potential research directions.
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Chapter 2

A 3-D Spatial Model for In-building Wireless
Networks with Correlated Shadowing

In this chapter!, I propose Poisson building model which captures the

complex in-building shadowing correlations.

2.1 Introduction

Analyists predict in-building wireless networking to be one of the fastest
growing markets of the wireless industry. Since traffic increase is expected
to come from indoor networks, mobile operators are investigating in-building
network deployment in recent and upcoming years [18]. The potential of the
in-building wireless market largely comes from the complement it offers to
conventional outdoor network deployments, and from the exponential growth
of mobile traffic demand. On the contrary, the spatial modeling of in-building
wireless networks largely remains an uncharted area despite the great progress
in the planar (2-D) modeling of wireless networks over the past decade. This

contribution presents a first attempt toward getting a tractable comprehensive

!This chapter has been published in [15,16]. T am the primary author of these works.
Coauthor Dr. Xinchen Zhang has provided many discussions and insightful feedbacks to
this work, and Dr. Franccois Baccelli is my supervisor.
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Figure 2.2: Transmitter deployments in
2-D. Room 1 and 2 share one line seg-

Figure 2.1: One realization of Poisson ment but physically 2 transmitter pro-

grids for 2-D and 3-D. Typical room is ¢esses along that line are built and as-
highlighted with a solid box. signed one to room 1 and the other to

room 2.

3-D spatial model in this context.

2.1.1 Related Works
2.1.1.1 3-D Network Models

The 3-D Poisson building model is not the only 3-D model for wireless
networks; nor the simplest one. One obvious alternative is to generalize the
usual 2-D model directly by distributing nodes as a Poisson point process in the
3-D space and applying a distance-based path loss function [17,18]. This will
be referred to as the free-space 3-D model. While such a model is analytically
convenient, it may appear to be inadequate in some contexts. Distance-based
path loss models are usually derived using free space propagation assumptions
(Friis” equation) and a simplified ground reflection model (e.g., the 2-ray model
or the Hata model [19,20]). Therefore, applying this model to the 3-D in-
building context amounts to ignoring the major path loss contributor, namely

(spatially correlated) blockage. In contrast, the Poisson building model is built

14



in order to represent blockage effects and to provide a compact mathematical

model for in-building networks with variable size rooms.

The free-space 3-D and the Poisson building are compared in Sect.
2.5.3, where important metrics pertaining to the distribution of interference
created by the very same collection of wireless nodes are shown to lead to

arbitrarily large discrepancies.

2.1.1.2 Ray-tracing

Accurate in-building network analysis can be achieved by 3-D ray-
tracing [21,22]. As a site-specific approach, 3-D ray-tracing requires sophis-
ticated software packages and an exact building geometry. In contrast, the
stochastic geometric modeling approach of this chapter is based on analyzing
a random structure of obstacles with a small number of key parameters. It
thus works without a complete description of the propagation environment
and is more flexible in obtaining general design guidelines for 3-D in-building
networks. In fact, in the long term, this approach might provide a theoretically
justified and rather simple alternative to 3-D ray-tracing software platforms

which are often difficult to build and use.

2.1.2 Contributions

Compared to classical planar models, the main technical challenge for
obtaining a tractable 3-D spatial model for in-building wireless networks lies in

the proper handling of the shadowing correlation created by the static physical
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objects that shape the way wireless signal propagates and attenuates over the
Euclidean space. As most of the planar models are designed to study outdoor
networks on the scale of a city, the shadowing correlation is typically ignored
and path loss is simply modeled through independent log-normal shadowing
coefficients [2,3] or a distance dependent function combined with independent
fading/shadowing random variables [4, 13]. In contrast, in-building networks
are typically much denser and heavily-shadowed by physical objects (floors
and walls). The scale of these objects is comparable and often much larger

than inter-node distances, resulting in highly-correlated shadowing in space.

This work presents the Poisson grid model, which explicitly handles
the shadowing correlation, and is one of the main challenges of in-building
network modeling. The Poisson grid is dimension-scalable in that it can be
constructed and analyzed for 2-D, 3-D and even higher dimensional networks
in a consistent fashion (Sect. 2.3.1, 2.3.2). The prominent application of the
Poisson grid is its 3-D version, also referred as the Poisson building, which is
particularly useful to study the performance of 3-D wireless networks in large
buildings. This model is compatible with the empirically supported lognormal
shadowing model in that the marginal shadowing component converges to

lognormal distribution as the link distance grows (Sect. 2.3.3).

In this chapter, the tractability of the Poisson building model is pro-
vided by explicitly deriving the interference distribution and its spatial cor-
relation (Sect. 2.4, 2.5). This in turn leads to analytical characterizations of

the success probability (SINR distributions) of D2D underlay networks and
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the coverage probability of in-building cellular networks (Sect. 2.6). Finally,
a couple of important variants, namely the finite Poisson building and the
semi-infinite Poisson building (Sect. 2.7) are considered. The latter allows
one to analyze the interference in a window office, which is a boundary office
in a large semi-infinite building. The analysis of these variants further reveals

fundamental differences between 3-D and 2-D correlated shadowing analysis.

2.2 System Model
2.2.1 The Poisson Grid

The Poisson grid is constructed on the n-dimensional? Euclidean space
R™ n € NN[2,00). It consists of a collection of (hyper-)planes perpendicular
to the axes of the Euclidean space. This is a generalization of the (2-D) Man-
hattan Poisson Line Process (MPLP) [23]. n Cartesian axes are considered and
named them vy, vo, ..., v,. Independent homogeneous Poisson Point Processes
(PPP) are built along the vy, vs, ..., v,-axis, with intensities pq, o, . . ., fin, r€-
spectively. At each point of these processes, an infinite hyperplane grows per-
pendicular to the axis on which the point is located. This random structure
is denoted by U = (J_, ¥;, where U; is the collection of hyperplanes grown
from the points on v;. This divides the space into infinitely many rectangular
boxes or rooms. Fig. 5.1 gives an example of the 2-D (MPLP) and the 3-D

(Poisson building) cases.

2Below, n will be 2 or 3, but since there is no cost handling the general case, this chapter
keeps n general in the model and most of the derivation.
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2.2.2 Transmitters on Room Corners and Ceiling Lines

To reflect realistic network deployments, it is assumed that all trans-
mitters (infrastructure nodes, also referred as BSs) are located on some of
the one dimensional facets of W, as in [15,24]. This is inspired by the fact
that most real-life wireless infrastructure nodes (small cell BSs or WiFi access
points) are often mounted along ceiling lines of rooms or placed at the corners
of rooms. Since each intersection line segment meets 2"~ rooms, 2" ! inde-
pendent transmitter processes are built along each line segment and assign
each of them to one adjacent room as in Fig. 2.2. For example, in 2-D as in
Fig 2.2, two transmitter processes are built on the wall between room 1 and
room 2, with the left one representing the one in room 1 and the right one in

room 2.

On the lines parallel to v; (i € [n])?, the transmitters are distributed
as a homogeneous PPP with intensity A;.* The resulting point process (trans-

mitters) is denoted by ®, which is a stationary Cox point process in R"™. The

3[n] is used to denote the set [1,n] N N.

4 Assuming each of the adjacent 27! processes having the same density ); is only for
convenience and can be easily generalized. In fact, as will become obvious later in the
chapter, all of the results will stay the same if different densities A\; 1, Ai2,...,Aj2n—1 to

n—1
these processes are applied but keep 2"~ 1\; = Z?:l Aij
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mean number of BSs per unit volume® is

(mean number of BSs in a room)
(mean volume of a room)

= (S ) (M) 1)

>\cwg

2.2.3 Path Loss Model
2.2.3.1 Blockage-Based Path Loss Model

A blockage-based path loss model is considered, where the received sig-

nal power at y from the transmitter at x (x,y € R") is
Py =P,h [ KTV, (2.2)

i=1

where P, is the transmit power, h is the channel fading coefficient between x
and y, K; € [0,1),7 € [n] is the penetration loss of the hyperplanes perpendic-
ular to the v; axis, and N;, i € [n] is the number of hyperplanes grown from the
point process on the v; axis between = and y. To be precise, N; = [Ty N V],
where 7y is the open line segment connecting x and y and | - | denotes the
cardinality of a set. Without loss of generality, P, = 1 is assumed, which does
not affect the SINR distribution after proper rescaling of the thermal noise

power.

One possible concern on this model is the absence of distance-based

path loss term. This is justified by the fact that blockage dominates distance-

5This will be used in Sect.2.5.3 to compare SIR distribution of our Cox point process
model in the Poisson grid and the previous PPP models in free-space. (2.1) is the ratio of
the mean number of BSs in one room to the mean size of a room.
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based loss in indoor environments, which aligns with intuition and is corrob-
orated by ray-tracing studies [25]. However, this path-loss model does not
neglect the distance at all. In fact, the exponents V,, N,, N, are functions of
the distance between TX and RX. Especially, N, is a Poisson random variable
with mean p,dcos(,) where d is ||[TX — RX| and 6, is angle between the

link and x-axis.

2.2.3.2 Compatibility with Log-normal Shadowing

For an arbitrary link © — y with given Euclidean length ||z — y|| =
d, and angle (w.r.t. wv;,i € [n]) 9;, N; is Poisson distributed with mean
pid cos(d;). Thus, the path loss can be rewritten as exp (— SN log(K%_))
where log(K%_) > 0. As u; — oo or as d — oo, N; can be well approximated by
a normal random variable. In other words, combining a blockage-based path
loss model and the Poisson grid indoor geometry creates a marginal shadowing
distribution which is lognormal, and thus connects the model with the data

supported lognormal shadowing.

2.2.4 Coverage and Success Probability

This chapter considers two communication scenarios. The first is a
cellular downlink scenario, and deriving the coverage probability P[SINR, > 6]

is considred, where

SINR, £ FPaor
‘ Zted)\{d} Pt—)r + 02
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Here, d is the serving BS, r the receiver, and o2 the thermal noise power. This
is the probability that a chosen user observes an SINR higher than a threshold
0. As a function of 6, P[SINR. > 6] can be interpreted as the complementary

cumulative distribution function (CCDF) of SINR.

A D2D wunderlay scenario is also considered, where a mobile user at-
tempts to connect to another user using the cellular spectrum. the success

probability, P[SINR, > 6], is analyzed where

SINR, £

with Py, being the received power of the target D2D link.

2.3 Interference in the Typical Room

Define the total interference as the sum of the received power from all
transmitters. When the channel coefficients are h = 1 (i.e., without fading),
the interference is the same at any point of a given room according to our
model. Under Rayleigh fading, (i.e., h ~ exp(1)), the interference measured
at two points in the typical room is almost surely different due to small-scale
fading, but the first moment of interference is the same. This section focuses
on the interference in the typical room (formally defined below), and give the

moments and the distribution of the total interference.

Precisely, the intersection points of n-orthogonal planes are considered.
This stationary point process is denoted by & and considered the Palm version

of £, Under its Palm version, ¢ has a point at the origin of R™. This part
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the 3-D case where r; = A= 0.1 and
K;=Kfori=1,2,3
in) € Z™. (0,0,...,0) is the

one containing the origin and located in the positive orthant. This chapter

refers to this room as the typical room, and label the other rooms by their

relative position with respect to the

room is a uniformly randomly chosen

In the case without fading, the interference observed in room (i1, 7o, . . .

is denoted by I(;, 4,,....i,)

A . . . . .
=Y sew P, where r is any point in room (41, 4z, . .

typical room. Intuitively, the typical

room in the Poisson grid.

7211)
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2.3.1 Interference Moments

Proposition 1 (Mean Interference). In the absence of fading (h = 1), the

mean interference observed in the typical room is

|

n— n Aj n ;
E[l0...0) = 2" (Zj:l u_j> (Hizl }t§> :

Proof. Let N, 4....i,) be the number of the BSs in room (i1, 4o, . . ., i,,). Denote

the side lengths of this room by dy, ,ds . dn,, where dj, (j € [n]) are

ig? "t

independent exponential random variables with mean /%’ denoting the length
J

of the side parallel to the v;-axis. For a given structure ¥,

in)) = E[E[NG, iy, ...i) | Y]]

-----

n— n n— n o Aj
=E[2 ! Zj:l )\jdjij] =21 Zj:l i

Since the attenuation from room (iy, is, . . ., 7,,) to the typical room is H?Zl K}ij|,

El0,0,.0] = 2oy, ez BWNG1 o i) | TTj—1 K

n— n o Aj n f
=21 (Zj:l ﬁ) <Hi:1 ﬁ_ﬁ) :

Klil — 1K N

The last step comes from the fact that > T

1€EZ

Example 1. The mean interference observed in the typical room is

2 (Hle }J_r?) (Z?Zl ;%) for n = 2, and 4 (Hle }fﬁ;) (Z?Zl //\7@) for n = 3.

In the 3-D case, when there are no BS along the vs axis, (i.e. A3 = 0), the ratio

of the interference in the 3-D typical room to that of the 2-D typical room is

2 (%) The factor 2 comes from the fact that there are twice more BSs in
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any of the vy, vy directions in the 3-D model (e.g., those on the ceiling lines,

1+ K3

R reflects the interference leaked from other

and those on the floor lines);

floors.

Fig. 2.3 illustrates the mean interference observed by the typical room
in the 2-D and the 3-D cases. This part assumes all penetration losses are the
same (i.e., K; = K, Vi) and the ratios of the transmitter density to the wall
density are identical (i.e. r; = ;/\7 = r, Vi). Since there are more edges in a
higher dimensional room, the mean interference of 3-D is larger than that of
2-D, under the same K and r. Also, as K decreases, the mean interference in
3-D decreases faster compared to that of 2-D. As K goes to 0, the hyperplanes
shield the interference from other rooms perfectly. So, when K — 0, the mean

interference converges to the mean number of the transmitters in the typical

room of the Poisson grid.

Proposition 2 (Interference Joint Moment). In the absence of fading (i.e.,
h = 1), the joint moment of the interference between the typical room and

room (7;17 i27 s ,Zn) 18
n— n o Aj n .
E1(0,0,..0) L in,im)] = 2771 <Zj=1 ﬁ) LAY
n— n a2 no A3b; (i)
+ 222 ([T @) ((23:1 ﬁ) T (Zj:l Ju?JajJ ) ’

where

2 " 2
ai = (B) " biw) = K (Jo] + 155

T

for i € [n].
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Proof. See Appendix 2.8.1. ]

Corollary 1 (Interference Variance). By Propositions 1 and 2 with (i1, 2, ..., 4,) =

(0,0,...,0), the variance of the interference observed in the typical room is

VarlZoo,..0) = 2" ()1 32 ) (ITi-, 8i(0))

\20,(0)

+ 2272 (E?:l W) ([T @) -

Remark 1. Due to the stationarity of the Poisson grid, the correlation co-
efficient between the typical room and room (iy,ig,...,1,) is Plir iysin) =

COV[I((LO,...,O)» I(i1,i2,...,in)]/Var[I(O,O,...,O)]-

Fig. 2.4 shows the interference correlation coefficient in the 3-D case
(P©,0,6) and pes,5)) where § € NU{0}. As expected, when the penetration loss
K goes from -10dB to 0 (-codB), p,0,5) and psss) decrease. Furthermore, 1)
P0,0,5) does not go to zero when K = 0 (i.e., no interference leakage between
rooms), and 2) p(0.s) does not go to zero even if § goes to infinity. Both
observations can be explained by the correlation of the room sizes along the
corresponding axis directions. Intuitively, a large room is more likely next to
a large room due to the shared building frame. On the other hand, p¢s4)
goes to zero if K goes to zero and 0 goes to infinity as the typical room and
room (4, 4,d) do not share side(s). This intricate behavior of interference cor-
relations highlights the impact of room size correlation in a typical in-building
environment. This impact is well manifested in Fig. 2.4, but is impossible to

capture using conventional (free-space) models.
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Remark 2 (Scale-invariance). By Propositions 1, 2 and Corollary 1, the in-

terference moments of two Poisson grids are the same if the ratios of the trans-

mitter density to the wall density r; = ;/\Tvl € [n] as well as the penetration

losses K;,i € [n] are identical.

2.3.2 Interference Distribution

Proposition 3 (Interference Distribution without Fading). Without fading
(i.e., h = 1), the Laplace transform of the interference observed in the typical

room is

n by n—1
Lrooo8) = Tiey f (52, (Kirn=n) oy )

where m = n denotes m modulo® n, and

f(S,LC, (Kl):l:l) = f(87x7K17K27 .. 7Kn) =

—_sTI™ ligl —1

Proof. The Laplace transform of the interference given W is

n n—1
‘C](O,O 0)“11(‘9) = Hk:l fC (Su )\/m (K(i—i-k)zn)i:()) ;

,,,,,

where

fc (Sa x, (Kz)?;ol) =

Hi1€Z <2n_137 Z(ip)g=2€zn—1 (1 —exp(—s HZ:I KJ;“))) :

6In this chapter, the range of modular operation by an integer N is 1 to N.
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Since the random variable d;; are i.i.d. exponential, the Laplace transform by

deconditioning is obtained with respect to the Poisson grid. [

in) be the interference in room (i1, s, . . ., ,) when the chan-

------

nel is subject to Rayleigh fading.

Proposition 4 (Fading). Under Rayleigh fading (h ~ exp(1)), the Laplace

transform of the interference observed in the typical room is

n r A n—1
'Cf(o,o ,,,,, 0 Hk:l f (S’ ;L_:’ (K(iJrk)E”)i:O) ’

where

f (vaa (Kz)?:l) = f(S,ZE, Kla K2, cen 7Kn)

- Hilez(l +2 Z(z'p)gﬁeznﬂ(l - ———)) "

lig|
1+s 2:1 Ky

Proof. The proof is analogous to that of Proposition 3, except that the in-
terference from room (i1,1s,...,4,) is the sum of i.i.d. exponential random

variables with mean ] _, Kl O

This part also provides the joint interference distribution at two rooms.
Characterizing the joint distribution is important for analyzing the Quality of
Service (QoS) of users when they travel across rooms and is non-trivial under

the previous stochastic geometric models.

Proposition 5 (Joint Laplace Transform). Under Rayleigh fading (i.e., h ~

Exp(1)), the joint Laplace transform of the interference in the typical room

27



and in room (l1,ls,...,1,) is

1:(0,0 AAAAA o)f(zl,lQ AAAAA zn)(81782>

n r n—1 n—1
= Hk:l fJ (817 52, %’ (K(i+/f)5n)i:o ) (li)i:O ) ’

where

fj (817 52, T, (Ki)?:l ) (ll)?:l)

:f}(SbSan,Kl,KQ, ey Knylb l2, Ce 7ln)

=L,z (142" Z(i,,)gﬂeznfl

~1
1 — L L)
n lig| n lig—lql ?
1+s1 Hq:1 Kq 1+s2 Hq:l Kq
and the subscript j stresses the joint distribution.

The proof follows the line of thought in [26] and is omitted.

2.4 Interference at a Typical User

At the beginning of Section 2.3, the point process £ is defined and
discussed its Palm distribution. This section is focused on the stationary
distribution case or equivalently takes the perspective of the typical user. The
typical user is located at the origin of the n-dimensional Euclidean space, and
the room containing origin has biased size, which is the 3-D analogue of the
1-D bus paradox [27]. Without fading (i.e., h = 1), the interference at the
typical user is denoted by I, = erq, P,_,,, where o is the origin. It is denoted

by I, under Rayleigh fading.
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dj,

_______________________________________________________________________

dj;

di_,

di—p di—q dip djp

Figure 2.5: Labeling system for Section 2.4

As indicated in Fig. 2.5, a different labeling system is used for the
stationary distribution of £. The main difference between this labeling system
and the one in Section 2.3 is that the size of edges of the room containing o
is the sum of two exponential random variables and this room is divided into
2™ pseudo rooms. By construction, each of the pseudo rooms has identically,

exponentially distributed sides.

2.4.1 Interference Distribution

Proposition 6 (No fading). Without fading, i.e., h = 1, the Laplace transform

of the interference I, observed by a typical user is
n n—1
L1,(8) =TT 9 (.25 (Kaw=n) oy )
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where

g (S,LU, (K”L)szl) - g(S,I’, K17 K27 S Kn)

= HileN (1 +2" Z(z‘p)gﬁeZ%l

n lig| —2
(- ()

Proof. The proof is analogous to that of Proposition 3. The main difference
is that the edges of the typical room have lengths distributed like the sum of

two exponential random variables. O

By differentiating the formula of Proposition 6, the following result is

obtained.

Proposition 7. In the absence of fading, the mean interference observed at

the typical user is

n— n 7 n /\j _
E[L,) = 2! <H¢=1 }iﬁi) <Zj:1 ,Tj1+2Kj) '

Remark 3 (n-D Feller's Paradox [27]). By comparing Propositions 1 and
7, the amount of interference observed by the typical user is larger than the
interference in the typical room. This result comes from the fact that the
size of the typical room is smaller than the room containing the typical user,
which makes the user “see” a larger number of strong (near) interferers. More
formally, the zero-cell (cell which contains the origin) is chosen with a size bias
with respect to the typical cell under Palm distribution, and this favors larger

cells, which have in turn more chance to cover a fixed point.
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Proposition 8 (Interference Distribution with Fading). Under Rayleigh fad-

ing, the Laplace transform of the interference I, at the typical user is

n ~ n—1
'Cjo(s) - Hk:l g (87 2_27 (K(l‘f'k)z’l’b)l:o) )

where
g(s,x, (K =g(s,x, K1, Ky, ..., K,)
_ n—1 . K, —2
= [Len(1 4272 Z(ip)gzzeznfl(l KitsT Ty Ky N
Proof. The proof is analogous to that of Proposition 4 and is omitted. ]

2.4.2 Comparison of Correlated and Uncorrelated Shadowing

In classical stochastic geometric models, the shadowing coefficients of
different links are modeled using i.i.d. log-normal random variables [2, 3] or
depend only on the lengths of each link [4]. In these models, the shadowing
correlation is typically ignored. In this subsection, the statistical differences
between our correlated model and the distance-based uncorrelated shadowing
model are compared. 3-D case will be mainly considered 7, and denoted the
interference observed by the typical user under correlated and uncorrelated

shadowing by I, cor and I, ,n., respectively.

2.4.2.1 Poisson Grid with Correlated and Uncorrelated Shadowing

For a fair comparison, the uncorrelated case with the same Cox node

distribution as in the Poisson grid model is considered. That is the transmitters

Tt is possible to generalize this to the n-dimensional case.
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(x1;' ") (XZI' ")

v

Figure 2.6: Uncorrelated Shadowing model. The number of vi-orthogonal walls
from the origin to p; is Poiss(uix1), and to pe is Poiss(uize). With a positive
probability, Poiss(uiz1) can be larger than Poiss(pixs).

are also distributed on the lines of a Poisson grid made of planes parallel to
the axes. In the uncorrelated model, the penetration losses of the transmitters
are independently sampled from the marginal distribution of the number of

walls that block their link.

Let us first focus on the nodes on the lines parallel to v; and denote
these nodes by ®,,. For each transmitter z € ®,, with v;-coordinate xz,,, the
number of planes orthogonal to v; between this transmitter and the typical
user is a Poisson random variable with mean p|z,,|. To analyze the difference
between the correlated and the uncorrelated models, this section considers two
transmitters p; and p, with v;-coordinates x, and x5 respectively and such that
0 < x1 < x5. In the correlated model, there are always fewer v;-orthogonal

walls between x; and the typical user than between x5 and the typical user, a
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property which is not guaranteed under the uncorrelated model (See Fig. 2.6.)

The difference can result in non-trivial discrepancies in interference statistics.

2.4.2.2 Mean Interference

From Proposition 7,

Corollary 2. Without fading, in the 3-D case, the mean interference at the

typical user under correlated shadowing is

. A
E[Io,cor] =4 (H:iszl }—i—_II§2> (Z?:l ,LL_]'1+2K]'> ’

Proposition 9. Under the 3-D uncorrelated shadowing model without fading,

the mean interference observed by the typical user is
E[Io,unc] = E[[o,cor]- (23)

Proof. For z € ®,, with v; coordinate z,,, the expectation of the power at-
tenuation by vi-orthogonal walls is

o0
ZK{L <1U’1|I:)1‘)neu1|xvl| ol 0K
n.

n=0

Since ® is the union of independent PPPs; this chapter computes the interfer-
ence moments from one PPP and aggregate the contributions of all PPPs. By
Campbell’s formula [5], in the uncorrelated case, the mean interference from
the transmitters on one vi-parallel line such that that there is no vy and v3

orthogonal wall between this line and the origin is

Ells, ] =M\ fR ezl A=K gy = N\, — 2

v11
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when this chapter denotes these transmitters by ®,,, and the interference from
®,,, by Iy, . If all transmitters are aggregated on the v;-parallel lines, the

mean interference is
Ells,,] = Ella,,,] x 4 (L K5 (2 K7
3 i
=\ M1(12*K1)4 Hi:Q (1i_§2>

— 3 1+K; M2
=4 (Hi:l 1-K; w1 1+ Ky )

(2.3) is obtained by using the same line of thought, for all transmitters (in-

cluding transmitters on the lines parallel to the v,-axis and the vs-axis). [

2.4.2.3 Variance

From the formula of Proposition 6,

Corollary 3. For the correlated shadowing case, in the absence of fading, the

variance of the interference observed by the typical user in the 3-D case is

2 2
3 ; 3 32(1—K;) N
Var [l cor] = (Hi:l i%) (Zj:l (1(+Kj)J3)FT§)
3 1+K? 3 8 Aj
+ <Hi:1 14{3) (ijl 1+KJ2 ﬁ) :
Proposition 10. For the 3-D uncorrelated shadowing case, the variance of

interference is

3 14K? 3N MK
var[jo,unc] =4 <Hi=1 1—K2-2> (Ej:l M_j 1+Kj2> ’

34



Proof. The expectation of the square of the interference from ®,,, is

2
E[I%MJ =F |:<ZX€<I>U11 €—|X\u1(1—K1)> ]
=E _(ZXeb e*|XW1(1*K1)> (ZZed> 67|Z|M1(1*K1))]

:E'<ZX@ €*2|X|m(1*K1)>}
+E ZXﬂ —(IX |+ 2D (1~ Kn}

X, 2Py,

V11 v11

V11

=\ [ e Aelm=K) gy 4 2 [ [ e~ (elHlzDm (=KD grqy

Ny [y e 2l =KD g (A [ e lelim(1-ED)) 2

So, the variance of interference from ®,,, is

Var(lp, ] =N [pe 20Ky — o

Since the PPPs on different lines are independent, the variance of the inter-

ference from transmitters on the vi-parallel lines is

Var[ls, | = Var[ly, | x 4 <Zi€Z Kglﬂ) (ZjeZ Kglil)

_ My 1+K2 1+K2
p1(1-K1) 1-K2 1-K2 ) *

]

Remark 4. In general, the variances of the correlated and uncorrelated shad-
owing cases are different. If Ay, A3 = 0, the variance ratio between the corre-

lated and uncorrelated cases can be simplified into

Var[Io, cor] 2 (1 + 4\ (1+K3)® (1+K3)° ) . (24)

Varllpune]  1+K1 w1 (1=K2)(1+K2) (1-K3)(1+K2)
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Equation (2.4) shows that the tail of I, ., is heavier than that of I, ., which
aligns with the observation in [28, Corollary 3]. As % decreases and K; ap-
proaches 1,% the variance ratio goes to 1. Intuitively this is explained by the
fact that in Fig. 2.6, if there is no penetration loss through v;-orthogonal
walls, and the probability that the path loss between the origin and p; is
larger than that between the origin and py becomes 0. For a special case,
when Ky, K3 = 0, (i.e., all vy, vz-orthogonal walls totally shield the signal
2

stemming from the next rooms), the ratio becomes -7 (1 + 4%) The factor

2
1+ K4

shows the effect of the penetration loss of v;-orthogonal walls and %
represents the effect of correlated shadowing by common obstacles. As both
A1 and gy can be arbitrarily configured, (2.4) shows that the two models can
yield arbitrarily different variances, highlighting the importance of including

correlation.

2.5 Success and Coverage Probabilities

This section derives the coverage probability under the cellular network
scenario and the success probability under the D2D underlay scenario, both
in Poisson grid networks. The main assumption is that all BSs (and also all
D2D links, in the D2D underlay scenario) share the same spectrum. In the
cellular network setting, the typical user associates with one of the BSs and

the other BSs act as interferers. In the D2D underlay setting, all signals from

8K, can be arbitrarily close to but not equal to 1, as the derivation used the fact that

7] _ 14K,
EjGZKl ~1-K;
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Figure 2.7: In-room link success prob-
ability (D2D transmission within room
(0,0,0)) under the 3-D case, with Pois-
son building parameters r; = A 0.1,
K; = K fori=1,2,3, and network pa-
rameter v = 1 and 0% = 0.

BSs are considered interference.

SIR ccdf w fading

1 :
P ——K=0 (Simul)
O  K=0 (Analytical)
[ "™ | K=-10dB (Simul)
208 X K=-10dB (Analytical)
= = = = K=-20dB (Simul)
E +  K=-20dB (Analytical)
o6l 1
o
@
[
8
So04r
]
E
o
bl 0.2F
0 : : X Pppp
-20 -15 -10 -5 0 5 10
SIR Threshold (6) (dB)
Figure 2.8: In-room link joint suc-

cess probability (Two D2D links attempt
from (0,0,0) to itself) under the 3-D
case where Poisson building parameters
ri=2 =01, K; = K fori=1,2,3, and

o
network parameter v = 1, § = ¢ and
02,03 =0.

For the D2D underlay scenario, the results on interference statistics

obtained in the previous sections can be directly applied. For the case of

cellular networks, the signal from the serving BS should be excluded from

interference. First, the D2D underlay case and then the cellular network case

under several association scenarios are considered. It is assumed that all D2D

transmit powers are equal to P, /v (i.e., P = 1/v).

2.5.1 Success Probability

2.5.1.1 Success Probability for a Single D2D Link

The labeling system of Section 2.3 is used.
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i,=0 ip=1 =2

Conditional
Conditional

Conditional
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room index iy 547 room index i2 54 room index i2 54

room index i, room index i, room index i,

Figure 2.9: Conditional probability that the SINR of a in-room D2D link in room
(i1,12,13) is larger than 0dB given the SINR of a in-room D2D link in the typical
room is larger than 0dB (i.e. P[SINRg > 1|SINR; > 1]) when K; = —10dB, r; = 0.1
fori=1,2,3, and a%,ag =0.

Proposition 11. Under Rayleigh fading, the success probability of a D2D

transmission from room (iy, is,...,%,) to room (0,0,...,0) is
2
P[SINRS >6] :Ejoo o nV—Gllj‘ exp _nyﬁ—o‘ij‘ ,
0.0 \ T2, K] [T, &)

where £ Too... O)(-) is given in Proposition 4, 6 is the SINR threshold and o2 is

the thermal noise power.

Proof. Since the path loss model is (2.2), the interference power from room
(1,99, ..,4y) to the typical room is h[[;_, Kjl-ijl, where h is an exponential

random variable with mean 1, the success probability is

ligl ~
h~H;L:1 K7 v —v0(l0,0,....00+02)

> 0| =Eexp .
1, +02 n ]
(0.0....0) I, K,
2
- Lj(oo 0) n = I exp | — nVeU li1
=1 K j=1K;
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Fig. 2.7 illustrates the in-room link success probability when the both
transceivers are in (0,0,0) in the 3-D case. v =1, K; = K, r;, = 0.1 for
i =1,2,3 and 0? = 0 are assumed. As K decreases from —10dB to 0 (—oo
dB), the interference power from other rooms is more attenuated and the
success probability increases. When K = 0, the success probability does not

converge to 0 as # tends to oo but converges to the probability that there exists

no BS in room (0,0, 0).

2.5.1.2 Success Probability for Multiple D2D Links

Multiple D2D communications with normalized transmit powers are
considered. For a simple case, there are two D2D links and these links are

in-room links (i.e., a pair of TX and RX are in same room).

Proposition 12. Consider two in-room D2D links, one in (0,0, ...,0) and the
other in (iy,1s,...,4,) # (0,0,...,0). Under Rayleigh fading, the probability

that the SINRs of two D2D links are larger than 6 and @', respectively, is

BISINR, > 0,5INR, > 0] = £, (00009
1 1 _ 2 12
X T R e T T &P (—v(bo}+6'03)),

where L; (-,-) is given in Proposition 5, o7 and o3 are the ther-

(0,0,..., O)i(il,ig ..... in)
mal noise powers of the first and the second link respectively. Here, SINR;
and SINR; are the SINRs of the two D2D links. The first term represents the

interference from the BSs, the second and third terms the interference between

the two D2D links, and the last one the thermal noise, respectively.
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Figure 2.11: Strongest association. The
Figure 2.10: Nearest association. The thickness of arrows from BSs to the typi-
typical user associates with the BS in cal user implies power from each BS. The
a red dotted circle which is the (graph- typical user associates with the BS in
distance) nearest one. the red dotted circle which provides the
strongest power.

In Fig. 2.8, the joint in-room success probability of two D2D links is
plotted in the 3-D case. As in Fig. 2.7, the joint in-room success probability

also increases as K goes from —10dB to 0.

Fig. 2.9 illustrates the conditional probability that the second in-room
D2D link (in room (iy,19,13)) is successful (SINRy > 0dB) given the first
D2D in-room link (in the typical room) is successful (SINR; > 0dB). The
conditional success probability decreases as the room distance increase but
in a non-isotropic manner, and the same room distance does not necessarily
imply the same conditional success probability due to the intricate spatial

interference correlation.?

9Tf two D2D links are in the same room (0,0,0), this leads to severe interference between
these two links. Due to the randomness of channel fading coefficient, P[SINR; > 0dB] does
not guarantee the highest P[SINRy > 0dB] when the second link is in the room (0, 0, 0).
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2.5.2 Coverage Probability

In this part, the labeling system of Section 2.4 is used. Two scenarios
are considered: One is the strongest BS association and the other is the nearest
(graph-distance) BS association. If all K; are the same and there is no fading
(h = 1), these two scenarios are the same. With fading, the nearest BS is not

always the strongest one. These scenarios are illustrated in Fig. 2.10 and 2.11.

2.5.2.1 Strongest BS Association

First, this part consider the case where the typical user associates to
the BS which provides the best (strongest) instantaneous signal.
Proposition 13. Under Rayleigh and strongest BS association, the coverage
probability is

n—1

Shea PO Ny (Kirm=n) iy 2" (Fiy=n) g ): (2.5)

where 6 > 1 and

PO, (Ky=a) =y » (roy=n)ig)

:p(67 )\7K17K27 ey Kn7rlar27 cee 7Tn)

K602
=2"A D eN 2oy ez eXP(—W)

1
1
X (1 +r; Z(lt)?:QEZ"_I T, KT\r];m\—\lrrﬂ/g)

X H;:l ( HlmeN(l +Tm Z(lt)f:"f

_ 1/Km _ )72)
l/Km—l-K‘lJll_”l‘_l HZL:2 Klrﬂlm\*”m‘/e

mEanl

,,,,,
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Here o2 is the thermal noise power. If § < 1, the equality in (2.5) should be

replaced by <.

Proof (sketch). For any BS t € @, let Ny(t), Na(t), ..., N,(t) be the number
of hyperplanes between ¢ and the typical user. Let d € ® be the serving

transmitter. The aggregated received power from all transmitters except d is

n N (t
I =3 o qay e Ty Kom ",

where h; is the channel fading coefficient between transmitter ¢ and the typical

user. Then, the coverage probability is

I!d+0'2
(a) n
<E> ico ]l(hd Hf!rrllila[;m > 0)
h N Km
- E[Zde@um ]1( dHﬁiﬂ > 9>

where hg is the channel coefficient between d and the typical user, and ©;, i € [n]
are the line segments parallel to the v; axis. (a) comes from the fact that if
0 > 1, there is (almost surely) at most one BS serving SINR > 6 [29]. If the
BSs on v, are considered in the given structure ¥, the conditioned expression

becomes

hg TT7 _ KN™
E[Zde@um 1(% > 9)|\If]
n— 140 ha T, K™
=2\ sz'j?zlezn llip(% > 0),
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Figure 2.12: Coverage Probability under Figure 2.13: Coverage Probability under

the 3-D case and the strongest associa- the 3-D case and the nearest association

tion scenario. K; = K, r; = % = 0.1 for scenario. K; = K, and r; = & = r for
T

i
i=1,2,3 and 0% = 0. i=1,2,3 and % = 0.
by Slivnyak’s theorem [5,30] and the construction of the Poisson grid. It is
obtained that the result by deconditioning with respect to the Poisson grid,

the channel coefficients. O

2.5.2.2 Nearest (Room-Distance) BS Association

In the case where the user connects to the BS with strongest average
signal, the BS selection process boils down to finding the nearest (w.r.t. room-
distance) BS. More precisely, let K; = K, i € [n], and define the graph distance
between two rooms as the number of hyperplanes between these rooms. The
typical user is associated to the minimal graph distance BS. Denote this dis-
tance by . If there are several BSs at distance 9, the user associates randomly

with one of them.

Remark 5. Given the Poisson grid ¥ and 4, one can compute the coverage
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probability in closed form. In the 3-D case, assume 6 = 0 and define N to be

the number of BSs in the tagged room (or (0,0,0)). Then,
PN =1]6 = 0,%] = 52.2, A x exp(= 322, Ad)/Peor

where \;,i € [1,12] is the mean number of BSs on the edges of the tagged
room and P,,; = P[6 = 0|¥]. For the cases N = 2,3,..., it is possible to
compute these quantities. So, conditional on the given Poisson grid V¥, the
Laplace transform E[e™*!|¥, § = 0] can be computed using Proposition 8 and
PN = n|¥,6 = 0]. The conditional interference Laplace transform under

these conditions is given in Appendix 2.8.2.

Proposition 14. Under Rayleigh fading, the coverage probability of a typical

user, P[SINR. > 0] is asymptotically equal to

Zmzo exp(—%)
X (H:il hl (m, 2n_17"i, %)2 — H?ll hg(m, 2n_17’i, I;Lm)z> 3 (26)

as r; goes to infinity, where o2 is the thermal noise power and

hy(m,r,s)
= ([Len1+7r((1+ 27 (m + 1 —4y)(m —iy))

% Vm(Zl) + Zi1+2?:2 \it\Zn—H(l .

K ~1
O rrcem)))
hao(m,r, s)
= ( HileN 1 + T’((l + 2”71(m + 2 — 21)(m + 1— Zl))

) i1+ pg 1| >n+1 -1
X Vina (i) + 2yt (= s )

and V() is 1if z =1,2,...,m and 0 otherwise.
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Proof (sketch). Assume there exists at least one BS on a specific line segment.
Denote the number of BSs on that line by N and the density by A. Then,
P(N =n+ 1N > 0) = e"\%. As )\ increases, this distribution
converges to P(N = n + 1), and P(N = 0) goes to 0. With this result and
Proposition 8, it is possible to obtain the asymptotic conditional coverage

probability given the Poisson grid, and then obtain (2.6) by deconditioning.
]

Fig. 2.13 describes the coverage probability under the nearest room-
distance BS association scenario in the 3-D case. It is assumed that K; = K,
r; =7 fori=1,2,3 and 0% = 0. As r increases, the gap between (2.6) and the
simulation result decreases. Fig. 2.13 shows that our expression (2.6) matches

well with the simulation result when » > 0.1.

Remark 6. For the case of K = —10dB,r = 0.1 in Figs. 2.12 and 2.13, the
coverage probability under the strongest BS association case is higher than
the nearest room distance BS association case, which is inline with intuition.
The difference between these two cases provides quantitative guidelines for

determining the worthiness of pursuing instantaneous cell reselection.

2.5.3 3-D Free-space and Poisson Building

This subsection provides a justification of our model for in-building net-
works, by comparing the SIR distribution of a classical stochastic geometric

model without correlated shadowing and our new model. Fig. 2.14 compares
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Figure 2.14: SIR coverage scaling over network density under the nearest BS
association cases for 3-D free space (PPP) and Poisson building (Cox Point process).
The z-axis represents Aqyg in (2.1) for Poisson building case and a density A of a
3-D homogeneous PPP for the 3-D free space case.
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Figure 2.15: A Finite Size Poisson Building. The typical user is located at the ori-
gin. Along the v;-axis (i € [1,2,3]), the size of the finite size building is [—d.,, , dy,,]
and there are n,,;, and n,,, walls in the positive and negative directions, respectively.
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the 3-D free space model with distance-based path loss function and the Pois-
son building with blockage-based path loss function under the nearest BS (or
nearest room-distance) association. The free space model is the 3-D extension
of the network model in [12] with path loss exponents aw = 3.5,4. The Poisson
building is constructed with p; = 1 and K; = —10, — 20dB for ¢« = 1,2,3. The

34\

i=1 5= the mean number of BSs

average BS density (2.1), Aawg = fapiopis Y

per cubic meter in the Poisson building is used.

In the free-space model, the SIR scale invariance, i.e., the fact that the
SIR at the typical user does not depend on the infrastructure density, which
was observed in 2-D in [12,20], can be generalized in 3-D as shown in Fig.
2.14, whereas under the Poisson building model, the SIR coverage decreases
rapidly with the average BS density. Clearly, 3-D in-building model cannot be

reduced to a 3-D free-space model from the above observation.

2.6 Finite Poisson Structures

The analysis so far focuses on an infinite network, which circumvents
the boundary effects and thus brings extra tractability. While such a modeling
approach is justifiable for low dimensionality (2-D) networks, which represent
large cities, the boundary effects kick in much sooner in higher dimension (3-
D). Fortunately, the Poisson grid model can be tailored to analyze networks
of finite sizes (with acceptable loss of tractability). This section analyzes
the interference observed by the typical user and compare it with the results

Section 2.4.
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2.6.1 Finite Size 3-D Poisson Building

It is assumed that the dimension of the building is [—d,,, , dy,, | X [—dyyy s doyy ] X
[—dys,, doy,] € R3. As in Fig. 2.15 denote by nyy, (Mursy Musrs Mogss Mugys Mg
resp.), the number of walls between the typical user and building boundary

toward —uv; (+v1, —ve, +v2, —v3, +v3, resp.)-axis direction.

Under the finite model as described above, first it is possible to char-

acterize the distribution of the interference measured at the typical user.

Proposition 15. Under Rayleigh fading, the Laplace transform of the inter-
ference at the origin in a finite size Poisson building given d,,; (7 € [1,2,3],j €

[1,2]) is E [e=*|dy,,, I, (i € [1,2,3],5 € [1,2])] =

i=[1,2,3],j=([1,2] 1 ) ‘
vaijzl__.oo [ H(z,]) 1+SIuij Kinuij l(,uz, d’uij; >\’L7 n’l}z‘jv

nv(i+1)53,(j)52’ nv(i+1)53,(j+1)527 n”(i+2);3,(j);27 n”(i+2)53,(j+1)527

K, K(i11)=3, K(i+2)=3, 5)]7

where
l(,ua d7 )\7 Ny115 Mgy s Mwgg s Mgy s Thuga s Kx? Ky? KZ? S)
nyi11 —1 _ —ud ;
_opttIL T e M ctjoo My
- 27j fc—joo exp(zd) [[;2
1 d
—1 n -1 Z.
PEWY 7}322 V32 1— 1
="y 1 ’“**"%1“( 1+SK¥‘_1K‘2]|KL|,)M)
Proof (sketch). See Appendix 2.8.3. ]
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Example 2. The special case is considered where d,,,, dy,,, duyy, dugys Ao,

= 00. By Proposition 8, Proposition 15 reduces to E [6*31|de} =

n—1 —,udvll i
2:;1 % fCC_J];O eXp(Zde)

00 )\
o] A o]
oo 4\ K:

* [Tt <1 o 2 ij=—oo(l = K3+sK'1i3K2j'K§>>

This is a simplified version of Proposition 15 with elements from Proposition
8. Fig. 2.16 illustrates the Laplace transform of the interference observed by
the typical user when d,,, = 3, dy,,, dpyy, vy s gy, Ay, = 00, A1, A2y, Az = 0.1,
p1, po, 3 = 1, Ky, Ko, K3 = K. Also it represents the success probability of a
D2D link if 1) when D2D link is in the same room with the typical user and

2) the thermal noise power is ignored.

2.6.2 Window Office

In a real environment, even if interference does not penetrate the floors
(i.e., K3 = 0), the interference from other floors can enter a room through
paths outside the building, e.g., by reflecting on the neighboring buildings. To
analyze this type of interference, this chapter proposes a semi-infinite Poisson
building which is only deployed on the positive half plane of the v;-axis. This

building has a boundary wall at v; = 0 and the rooms with this boundary wall
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Figure 2.16: Laplace transform of the interference distribution at the typical user
when dy,, = 3, dyy, = dpyy = dyyy = diy; = dyyy, =00, \; = 0.1, p; =1, and K; = K
fori=1,2,3.
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Figure 2.17: A Semi-infinite Poisson
Building with the signal paths from a
transmitter in room (i, j, k) to the typi-
cal window room (0, 0,0). The left figure
describes that signal from a transmitter
passes to the outside through the shortest
path. The right one describes the graph-
distance based path loss model used in
the free-space region.
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will be referred as window rooms.
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Success Probability
o
=

o
[N}

[ K=-5dB, -10dB,
-20dB, 0 »
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Figure 2.18: In-room link Success Prob-
ability (D2D transmission attempts from
(0,0,0) to itself) in the typical window
room of semi-infinite Poisson building.
Ki=Ky=K, K3=0,l, =05% 1, =
—3dB (except the reference curve with-
out interference from outside the build-
ing), r; = % = 0.1 for ¢ = 1,2,3, and
o2 =0.

This part chooses a window room which contains the origin of the 3-

D Euclidean space and labels this room as (0,0,0) (this is the typical room

perspective as in Section 2.3), and labels the other rooms according to their

relative position with respect to room (0,0, 0). This part only considers (short-

est) graph-distance paths of signals to the outside!®. For example, if a BS is

in room (4,7, k), then a signal from this transmitter predominantly emits to

outside through a window room (0, 7, k). See the left figure in Fig. 2.17. Since

10This is justified by the dominance of penetration loss over free-space loss in indoor.
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room sizes in our Poisson building model are random, here a hypothetical path
loss function is applied. This chapter defines the path loss from a window room
(0,4, k) to (0,0,0) through out of building paths to be ;15 € [0,1]*". Denot-
ing the window loss by [, the signal from a BS in room (i, j, k), k # 0 to the

typical window room (0,0, 0) is hl|j|+|k|lqu¥|, where h is the fading coefficient.

Now consider a signal path from a BS on the floor of the typical window
room. It is considered that two paths from room (7, j,0) to (0,0,0). The first
one is the direct path which penetrates the walls between room (7, 7,0) which
contains a BS and the typical window room. The second one is the indirect
path which radiates outside of the building through a window room (0, j, 0) and
then goes to (0,0,0) through the outside. So, the path loss model from room
(,7,0) to (0,0,0) becomes thl“Kgl +hil‘j‘l§}K|1i| where hy and h; are channel
fading coefficients. With this path loss model, the interference distribution

and the success probability can be computed as in Section 2.3 and 2.5.

Denote the interference measured in the typical window room (0, 0, 0)

1Since the Poisson grid is a discrete random structure, it is hard to combine distance-
based functions with it. Instead of this, a general path loss level-set function is taken using
graph distance as indicated in the right of Fig. 2.17.
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by I 7 under Rayleigh fading. The Laplace transform of I 5 is

A
_ 1 1 -1
a 1K) Ky K 1+Sl\]’|+\k|l12uK|1”))
4\
X HJEZ(l + u_j ZieNu{O} Zkez
(1- 1 ))—1

1

Vs i R RE 1st g2 K
s

X [Trez (1 + 3 ZiENU{O} Zjez

_ 1 1 1
O SRR vt
This is obtained by adjusting indices with the new path loss model in Propo-

sition 4. Since 0° = 1, the direct and indirect path losses can be combined as

above.

The success probability from room (i, j, k) to room (0,0, 0) becomes

P[SINR, > 0] = L}, (m) exp (—ﬁ) .
Fig. 2.18 plots the in-room link success probability when K, Ko = K, K3 =0,
r1,1r9,73 = 0.1, 02 = 0, I, = 0.5%, and [, = —3dB. As K decreases, the to-
tal interference from all transmitters decreases and the success probability
increases. When K = 0, all walls and floors block signals perfectly and in-
terference comes through the outside of building only from transmitters in
window offices. For cases K = 0, K = —10dB, and K = —20dB, the success
probabilities are almost the same, which suggests that interference coming
through the outside dominates the interference coming through the walls in

the same floor. By ignoring the interference leakage from through outside of
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building paths (i.e., [, = 0), the success probability for K’ = —5dB is higher
than K = —20dB with interference from outside. This shows interference
leakage through outside of building paths is an important factor in the 3-D

case.

2.7 Conclusions

This chapter propose a Poisson grid based framework for analyzing
urban indoor networks. The Poisson grid allows one to model general n-
dimensional structures with randomly (but dependently) sized rooms, captur-
ing the fact that more users are located in larger rooms. While the indoor
propagation is dominated by shadowing and blockage, the framework facili-
tates the study of the correlated shadowing field and node distribution, which
are one of the distinctive aspects of urban indoor geometry. The interference
field associated to this environment is no more a shot noise field, because of

common randomness by the shared static obstacles in the Poisson grid.

This chapter obtains exact analytical expressions for the interference
field and characterizes the spectral efficiency of two basic communication sce-
narios in this context. This chapter compares our correlated shadowing field
and previous research (uncorrelated shadowing and free-space models) and
observe very different moments and scaling laws. Thanks to its finite-size or
semi-infinite size 3-D variants, the Poisson grid can be tailored for 1) comput-
ing the interference field given the building size and 2) analyzing interference

leakage through the outside of the Poisson structure.
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The nature of Poisson grid does not allow it to cover all possible build-
ing realizations. However, this model opens a new way of analyzing urban
indoor networks. Several variants can be derived from it to study more realis-
tic architectural scenarios and wireless technologies. One possible example is
representing more complex building structure by removing some line segments
in the Poisson grid. Another possible future direction might be considering
Matérn-type grids [5,30] for preventing 1) lots of transmitters in a given room

or 2) generating too small rooms.

2.8 Appendix
2.8.1 Proof of Proposition 2

Lemma 1. For all K € [0,1) and k € NU {0},

S, K=k = Ik (W 4 1+K2) 7

11 i — 2
S e K = (B)2 R ([ 4 22

Leveraging this lemma, it is possible to obtain the joint moment of the inter-

ference between the typical room and room (i1, g, . .., i)
Let N, 4s,...in) be the number of the BSs in room (31,49, ...,14,). Since

it is the sum of Poisson random variables, E[N(; i,....i,) V@it i....i0)] =

2" 1(27 1:U‘J>Hk 1 Ligp=1y, + 2%~ 22] 1_32 ij=1}
+22n 2(2 )\j>2
J=1p; ) -

56



By leveraging Lemma 1, ]E[I(O’Op‘.’o)[(il,2-27“.7%)] =

n .'ml
B o ez ((ey K NGy i)
n |G —iml
2 ez (Lmay K™ Nt gy t)]
— n A n .
=2 (S50 32) (T i)
n— n n o Aj 2 n o A7b;(iy)
(T ) (S ) + (S ) ).

Hia;z

2.8.2 Interference Laplace Transform Conditioned on § =0 and ¥

In this section, the proof of the formula for coverage probability under
the nearest room-distance BS association is provided, conditioned on § = 0

and the given Poisson grid V.
P[5 =0]¥] = 300 PIN =n|d =0,0] =1 — e~ Tz N
PIN =116 = 0, 9] = (3,2, \s) x exp(— 32121 Ai)/ Prot - -
Combining these results, the interference Laplace transform becomes
Ele=*!|6 = 0, V]
=3 Ele™*!IN =n,6 =0, V|P[N = n|d =0, V]
= 3% e SRS PN = n|d = 0, 0]
ANy (zita ) (1—shKiFiFIkI1)

X HieN,j,keZ,z‘HjIHk\Z? €

— 4o (y;+y_ ;) (1—shKH+i+IkI=1)
X HjeN,i,keZ,ﬁHij\zQ € e

—4X3(zp+2_p) (1—sh K+ +IkI=1)
X erN,i,jeZ,|i\+|j|+k22 € 5

where x;, y;, 21, are the dimension of room (i, 7, k). The condition i+|j|+|k| > 2

(or |i| + 7+ |k| > 2,|i| + |j| + £ > 2) implies considering the interference from
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the BSs out of the nearest room (6 = 0). By deconditioning w.r.t. the channel

coefficients h ~ exp(1),

Ele=*/|6 = 0,0] = Y°°° | (<2)""'P[N = n|§ = 0, V]

1+s

i+ |+ |k >2

X Hielle,lj,k‘e‘z eXp(_2)\h(xi + x—i)(l - 1+5K|i\ij+\k|_—1))
i|4-j+|k[>2

X HL"GNJ,ULG‘Z eXP(—Q)\h(Z/j + y,j)(l - _1+3Ku|_ij+|k\—1))

Ll k2
x TTRENEZ? exp(— 42 + 20) (1 — Trereree=r))-

2.8.3 Proof of Proposition 15

Lemma 2. Let t1,t5,--- ,t,_1 € R be n—11i.i.d. random variables uniformly
distributed on [0,d], where d € RT. These n — 1 points divide [0, d] into n
intervals of length y1,ys - - - , yn, Where y; is the length of left-most interval and

Yn is the right-most one. The Laplace transform of (y1,ya,...,yys) is

E?Jl,y%'" »Yn (817 827 st 7Sn)
_ (n=1)! 1 petjoo qyn 1
= a1 2m fc—joo ol | el 22

where ¢ > R{s;},Vi € [n].

Proof. The Laplace transform of (y1,92,...,Yn) 15 Ly yoryn (51,52, .., 8,) =
EJ[., e *¥. Since the random variables {¢;} are i.i.d. with pdf f;,(z) =
Lp,q(x)/d, the n! possible orders of the n — 1 random variable happen with

equal probability and the Laplace transform can be written as

_ (n—l)' d pxpn—2 [Tn-3 x2
£yl,yz,...,yn (Sla 5254, Sn) — gn—1 fo 0 0 e fo

[T, e si@i—=i-dp day . .. dz,_,,
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where 2o = 0 and z,, = d. Let g;(z) = e~**. Then,

Eyl,yg,.l.,yn(sh 52, ... 7Sn) - (25_11)!91 * g2 koeeo gn<d)7

1

where * denotes convolution. Since L, (z) = ——,
z2+s;

_ 1 [etioo dTn 1
gl*gQ**gn(x) = % c—joo [ H’i:l Z+Sid2’

where Mellin’s inversion formula is used for the inverse Laplace transform. [J

Due to the symmetricity of our network model, only interference coming
from the BSs on the line segments which are parallel and negative direction to
the vy-axis is considered and then it is extended to the result without loss of
generality. Let {z;} be the length of line segments divided by v;-orthogonal
walls. Given d,,, and n,,, which is the number of v;-orthogonal walls including
the outermost walls, the interference distribution from the transmitters on line
segments which are parallel to the vi-axis and located on the +wv; direction

(which is denoted by I7,,) becomes

E[e_ifu |dU11>nv117 {jl}] = H:L:vlll eXp(_4)‘1i‘i

S 1 ok (U= )
J= =gy +1 Lak=—nug, +1 sk KPR

and by deconditioning w.r.t. {z;},

-1 _ (e, =D g ctjoo .4
E[e fnldvnvnvn] ot 27 Je—joo € o
11

H"Un 1 dz
=1 nvgg—1 nvgy—1 1 )

z+4A o e 1— s .
12 =S gy +1 2ok=— gy +1( 1+SK\11|—1K|23\ng|)
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where Ny, , Nygy s Nugy » Mg, are the numbers of walls along the —v,, vy, —v3 and vs

directions respectively. Since the probability mass function of n,,, is f,, (k) =

(u1dv11)k715_“1d7’11 o . . . .
=) , by deconditioning w.r.t. n,,, and considering interference

from all transmitters, the result of Proposition 15 is obtained by considering

all BSs in a finite size Poisson building.
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Chapter 3

On the Effect of Shadowing Correlation on
Wireless Network Performance

This chapter! proposes and analyzes a new shadowing field model meant
to capture spatial correlations. This chapter shows that the evaluation of the
considered metrics under the independent approximation is systematically pes-

simistic compared to the correlated shadowing model.

3.1 Introduction
3.1.1 Motivation

In wireless system level analysis, most models analyze propagation us-
ing distance-based path loss functions [32,33]. Such a modeling is justified
in the free space case but does not capture real-world environments with ob-
stacles. By introducing a shadowing term, it is possible to model the effect
of obstacle blockage. This term accounts for the fact that the received signal
power is strongly attenuated by obstacles on the propagation path between
transmitter and receiver. For a single link, this attenuation is typically mod-

eled by a log-normal distribution [33], which is justified by the multiplicative

!This chapter has been published in [31]. T am the primary author of this work. Coauthor
Dr. Frangcois Baccelli is my supervisor.
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blockage loss and the central limit theorem [34]. However, this does neither
capture the fact that nearby links are often blocked by common obstacles nor
the fact that the shadowing statistics highly depend on the spatial geometry

of obstacles.

Stochastic geometry has been widely studied to analyze the perfor-
mance of both infrastructure (e.g., cellular) and infrastructureless (e.g., D2D)
networks. The papers in this research field provide highly tractable perfor-
mance evaluation results in several scenarios. Since shadowing is a significant
part of wireless communication, it is important to incorporate this feature in
stochastic geometric models. However, as explained above, even though the
shadowing effect is spatially correlated in real networks [35], most previous
stochastic geometric models assume that shadowing is spatially independent

over links.

The main purpose of this chapter is to question this independence as-
sumption and to analyze the effect of correlated shadowing fields when using
stochastic geometry. For this, this chapter provides the Laplace transforms of
the interference associated with Poisson networks under spatially correlated
and independent shadowing assumptions, and prove general ordering relations
between them. Using the Laplace stochastic ordering [36], this chapter also
gives the ordering of some important performance metrics of the two shad-
owing models. Especially when the metric is coverage probability, Shannon
throughput or local delay, this chapter shows that the performance metric un-

der the independent shadowing is in fact always evaluated in a pessimistic way
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compared to the correlated case.

3.1.2 Related Works
3.1.2.1 Correlated Shadowing

In real networks, shadowing fields are spatially correlated [33]. How-
ever, few generative or tractable models have been proposed to represent this
correlation. Gudmundson proposed the first model of correlation [35] to model
the lognormal shadowing random process between a fixed base station and
a moving user by an autoregressive process with an exponentially decaying
autocorrelation. As a result, the spatial dependence of shadowing can be
formulated by joint Gaussian distributions. The multi-base station [37] and
multi-hop network [38] cases were also considered based on similar ideas. This
approach also forms the basis of the models suggested by the 3GPP [39] and

the 802.11 standardization groups [40].

These models have shortcomings. It is hard to give a clear physical
interpretation to the joint Gaussian distribution used to model spatially cor-
related shadowing. These models give limited intuition on large and dense

wireless networks. Also, complex simulation platforms are required.

3.1.2.2 Stochastic Geometry and Shadowing Models

Over the past decades, stochastic geometric models, and most no-
tably the planar Poisson point process (PPP) model, have become popular

for the analysis of network performance in wireless communications, in both

63



the D2D [41-44] and the cellular contexts [12,29,45]. While an independent
shadowing field can easily be incorporated into the basic models [2-4], there is
no known approach to combine general stochastic geometry models with cor-
related shadowing where links at nearby locations can be blocked by the same
physical obstacles. Recently, by using a Poisson line process, correlated shad-
owing fields of urban networks [46,47] and inbuilding networks [16] have been
analyzed in a way taking this correlation into account. However, these models
use blockage-based path loss functions and fail taking the distance based-term

into account.

3.1.2.3 Comparison of Point Processes

Stochastic comparison tools have been used to investigate the cluster-
ing properties among point processes by evaluation of the Ripley K function,
the pair-correlation function or the empty space function [48]. To quantify the
impact of clustering properties among point processes, the directionally con-
vex order on point processes [49] and the properties of positive and negative
association [50,51] have been proposed. This was for instance used to compare

certain point processes with the Poisson point process [52].

This chapter considers a new type of comparison which is that of in-
terference fields when a shadowing random field is introduced to model the
blockage effects. The cases where this random field is spatially correlated or
not are compared. Other propagation effects such as reflection are not consid-

ered.
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3.1.3 Problem Statement and Main Contributions

As already explained, most of the previous research papers assigned
shadowing variables to links independently by using an empirical distribution
[33] or based on link length when topology is incorporated [2—4]. these models

will be called (spatially) independent shadowing models.

A typical instance of the independent shadowing model is provided
in [4]. Under this model, both the centers of blockages and the base stations
are deployed as Poisson point processes. The shadowing random variable of
a given link is determined by an independent Poisson random variable with

mean proportional to the length of the link.

In contrast, in this chapter, in order to represent the spatial correlation
property, some shadowing values based on the obstacle topology are assigned.
For example, in Fig. 3.1, obstacles are random segments and the plane is di-
vided into cells in which all base stations are blocked by the same number
of obstacles, when seen from the origin. Such cells are not necessarily con-
vex but connected. Another example is depicted in Fig. 3.2, when the base
stations form a cluster process. In this network, the same shadowing random
variable to the base stations which share the same mother point are assigned.
In contrast to the situation of Fig. 3.1, even very close-by points can have
different shadowing random variables. This is meant to model the situation
where each cluster is located at a different altitude and has different shadow-
ing properties. From these observations, this chapter introduce the concept of

Shadowing cell where base stations in the same Shadowing cell have the same
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shadowing random variable. Each base station should not belong to more than

one Shadowing cell.

The main question of this chapter is the comparison of the interference
distribution under the correlated and independent shadowing models in the
stochastic ordering sense. To provide a fair comparison, the same marginal
shadowing laws are used in both cases. This chapter computes the Laplace
transforms of the interference observed by the typical user which is located
at the origin under these two models, and then provides the ordering rela-
tion of the three metrics for the typical user, i.e., 1) coverage probability, 2)
Shannon throughput, and 3) local delay. These three metrics will be shown
completely monotone functions of the interference. From well known results
on the relation between the Laplace transform ordering and completely mono-
tone functions, the ordering relations are assigned under the two shadowing

assumptions.

For the case where base stations form either a homogeneous Poisson
point process or a Matérn cluster process on R?, exact expressions are pro-
vided for the Laplace transform of interference. These expressions are provided
conditioned on the Shadowing cells, but provide a general ordering relation of
the above metrics by deconditioning. Especially, if the Shadowing cells are
Matérn disks [30], further closed form expressions can be obtained by decon-

ditioning with respect to the Shadowing cells.

Our key findings can be summarized as follows:
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e This chapter provides closed-form expressions for the Laplace transform
of the interference measured at the origin under the two shadowing as-

sumptions for some generic network examples.

e This chapter investigates the Laplace transforms of interference and their
ordering relationship for point processes with the same point configura-

tion but different joint shadowing distributions.

e By using the Laplace stochastic ordering and the formalism of com-
pletely monotone functions, this chapter also give the ordering relation
of the three key performance metrics under the two different shadowing

assumptions.

3.2 Laplace Stochastic Ordering and Completely Mono-
tone Functions
This chapter first introduces some mathematical preliminaries. The
following results and definitions are borrowed from [53]. They will be used
to investigate the ordering of the network performance metrics in the next

sections.

Definition 1 (Laplace stochastic ordering). Let X and Y be random variables
in RT. X is said to be less than Y in the Laplace stochastic ordering (written
X <y, Y), if the Laplace transforms Lx(s) = Efe™*¥] and Ly (s) = E[e™*Y]
satisfy

Lx(s) > Ly(s) forall s > 0. (3.1)
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Remark 7. For X,Y which satisfy Lx(s) > Ly(s) for all s > 0, generally,
E[X] < E[Y] by definition of Laplace stochastic ordering relation. By using
Taylor expansion,
1
Lx(s)=1-sE[X]+ §S2E[X2] + (higher order terms),
1
Ly(s)=1-sE[Y]+ 532E[Y2] + (higher order terms).
Since Lx(s) > Ly (s) even for very small s > 0, we can obtain E[X]| < E[Y].

On the contrary, if E[X]| > E[Y], it is counterintuitive by definition of Laplace

stochastic ordering.

Definition 2 (Completely monotone function). A real function f is called

completely monotone if all its derivatives f exist and satisfy
(=1)"f™(z) >0 for all z and for all n =0,1,2,. .. (3.2)
Example 3. The following functions are completely monotone:

e, for a > 0; for A\, pu, v > 0;

(A + pz)”’
ln(b+ ¢ ) forb>1, ¢, d>0.
Tz +d

Remark 8. If f(x) and g(z) are completely monotone functions, so are fol-

lowing functions:
af(x)+bg(x), with a,b >0,

f(z)g(x), fo(@), — fO ().

The following theorem states the connection between the expectation

of completely monotone functions and the Laplace transform order.
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Theorem 1. X <y Y holds if and only if
Ef(X) = Ef(Y), (3.3)

for all functions f with a completely monotone derivative, for which the inte-

gral exists.

Proof. See [53]. O

3.3 System Model
3.3.1 Network Model, Signal Model and Interference

This chapter considers a generic point process which features an infinite
collection of base stations scattered on the 2-dimensional Euclidean space (R?).
Let ® = {X;} be the point process giving the locations of base stations.
This point process is assumed stationary and with intensity A. A typical user
is located at the origin (0) of R% To circumvent technical difficulties, it is
assumed that the serving base station of the typical user is not part of the

point process, P.
A path-loss model based on a distance-based power law is used. The

received signal power at y from = (z € R?) is

Py vy = PrxchaySeyds® (3.4)

Ty

where Prx is the transmit power, hg,, Sy, and d, are the channel fading
coefficient, the shadowing coefficient, and the length of the channel from x to

y, respectively. Here, « is the path-loss exponent. a > 2 is assumed. Without
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loss of generality, Prx = 1 is assumed, since this does not affect the signal
to interference power plus noise ratio (SINR) distribution after proper rescal-
ing of the thermal noise power. The fading coefficients of different links are
assumed independent and it is assumed that all links are subject to Rayleigh
fading, which is caused by multipath reception. The channel fading coefficients
are hence modeled as exponential random variables, (i.e., hy, ~ exp(1)). A
separate term S, is introduced to model the blockage effect. Since this chap-
ter only computes the sum interference measured at o, for simple notation,
h., S, and d, are used for representing the fading coefficient, the shadowing

coefficient, and the distance of channel from x to o.

In previous wireless stochastic geometric research, the shadowing ran-
dom variable, S, is either following a log-normal distribution or is a function
of the length of that link which implicitly counts the number of obstacles.
However, these assumptions cannot capture common blockages by the same
obstacles. In contrast, the correlated shadowing model is obtained by assign-
ing the shadowing random variables in function of the obstacle topology. For
example, in Fig. 3.1, there are 2 common blockages between all points of region
R3 and the origin, which defines the correlated shadowing field. One of the
main simplifications in this chapter is to only consider blockage and to ignore

other effects such as scattering, reflection and so on.

Let {R; }ien be the set of shadowing cells in which base stations share a
common shadowing random variable to the origin. One example is illustrated

in Fig. 3.1. In this example, the shadowing cells are determined by the position
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of the end points of the segments. Here, shadowing cells are connected but not
necessarily convex. Another example is given in Fig. 3.2, where ® is a Matérn
cluster process. In this example, each R; is a logical partition which is a set
of daughter points sharing a common mother point. It is assumed that each
mother point assigns a common shadowing variable to her daughter points.
Further, instead of the realization of obstacles, consider a network in which
the base stations with the same shadow are clustered. By assigning a shadow
random variable 7; which follows the distribution fr,(-) to all z in R;, namely
by taking S, = T; for all x € R;, it is possible to give different shadowing

properties to different clusters.

For a fair comparison between the correlated and the independent shad-
owing fields, in both models, the same shadowing probability law is used for
the points in the same shadow cell. The main difference between these two
shadow assumptions is that the shadowing random variables are pathwise the
same for all points in the same shadowing cell under the correlated shadowing,

while they are i.i.d. under the independent shadowing model.

This chapter provides results for general T}, but for computational anal-
ysis, some specific examples are considered. For example, this chapter will
consider the case where the shadowing random variable of all base station in
R; by T; = K™ where K(< 1) is the attenuation factor and n; is the number
of obstacles between the typical user and base stations in R;. Another possible
scenario is that where this part picks a representative point for each R; and

assign the shadowing random variable as a function of the link length between
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(Same Shadow)

ndependent

“~¢LLD. Shadow)

3,2
— Obstacle
Base station

Figure 3.1: A network example with shadowing cells which are generated by line
obstacles. Base stations in the same cell share a common shadowing random variable
under the correlated shadowing model while base stations have i.i.d. shadowing
random variable under the independent shadowing model.

this point and the origin.

Associated with a point process @, the interference field measured at

the typical user is defined as
L) £ Piso=D) Y hTiud,",
z€d i TEPNR;

where T; , follows the distribution fr.(-). T}, is the shadowing coefficient of x
seen by the typical user when z is in ;. Under the correlated model, T; , = T;
for all x in R;, while under the independent model, the random variables 7; ,
are i.i.d. The main comparison results bear on the difference of the distribution

of I(0) under independent and correlated S,.
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Figure 3.2: A network example based on a Matérn cluster process. In this example,
shadowing cells are assumed as the Matérn disks.

3.3.2 SINR Distribution and Performance Metrics

The performance metrics considered in this part are all related to the

SINR of the typical user, which is defined as

P5—>o
SINR, = - (35)
> Yowcong, heliadz® + N

Here, ¢ is the serving base station which is not included in ® and N is the

thermal noise power.

In this chapter, the following metrics are investigated.

3.3.2.1 Coverage Probability

The coverage probability of the typical user is

P [SINR, > T7, (3.6)
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where 7" is some target SINR for reliable communication. This can be thought
as 1) the probability that the SINR of a random user exceeds T'; 2) the average
fraction of the network area within reliable communication at any time. This

is the complementary cumulative distribution function (CCDF) of the SINR.

3.3.2.2 Shannon Throughput

The coverage probability is an outage-based metric. However, if a trans-
mitter can adjust its coding rate with respect to the quality of its channel, in
the so called adaptive coding case, the Shannon throughput [14] is a more

relevant quantity. The Shannon throughput of the tagged user is
E [log(1 + SINR,)] . (3.7)

This can be thought as the expectation of the bit rate of a random user in the

network when adaptive coding is used.

3.3.2.3 Local Delay

A packet model is also considered. One of the important metrics in
this model is the mean time to transmit a packet, which is referred as the local

delay [14]. This model requires a time-space structure.

In this setting, the realization of the set of transmitters ® remains un-
changed over time, while channel coefficients vary over time. More precisely,
for a sequence of time slots n = 1,2,..., ®(n) = ®, where ®(n) is the trans-
mitter process at time n but hyy(n) for all x,y € R? are i.i.d. channel random

variables with respect to n.
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The local delay given ® is defined as the first n when the SINR of the

typical link at the n-th time is larger than some threshold T, i.e.,
Lo = inf{n > 1: SINR,[n] > T'|P}. (3.8)

Here, SINR,[n] is the typical user’s SINR measured at time n:

_ hs [n]T(;dgo‘
> erqui ho T o d; ™ + N’

where hy[n], T, d, are the fading coefficient of the link between y and the

SINR,[n] (3.9)

typical user at time n, the shadowing random variable of ¢ seen by the typical
user, and the link length between y and the typical user, respectively, where

y € {x € ®,0 (serving base station)}.

3.4 Interference Field of Poisson Shadowing with Com-
mon Randomness
This section provides the Laplace transforms of the interference field
at the origin under Poisson assumptions for both the correlated and the inde-

pendent shadowing fields.

There are several types of Poisson networks modeling both cellular
and ad-hoc networks. Two types of networks are mainly considered where
® is modeled by 1) a homogeneous PPP or 2) a Poisson cluster process
(PCP). These point processes are widely used to model communication net-
works [12,54]. The interference measured at the origin under the homogeneous

PPP model with the independent and the correlated shadowing are denoted
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by linap(0) and I, ,(0), respectively, and by Ijnac(0) and I..(0) under the

homogeneous PCP model. respectively.

3.4.1 Poisson Point Process Network Model

Consider the case where ® is a homogeneous PPP.

Theorem 2. When ¢ is a homogeneous PPP with intensity A and the channels
are subject to Rayleigh fading, the conditional Laplace transforms of 1(0) given

the shadowing cells {R;} are

Lra @R} (5)

- Hexp <_A/Ri (1 —Er, {WD d:v) : (3.10)

under the independent shadowing assumption, and

L1 p(0){R:}(S)

— HETi {exp (_A/Ri(l — m)mﬂ , (3.11)

under the correlated shadowing assumption.

Proof. See [55]. O

Corollary 4. The mean interferences observed by the typical user under the

correlated shadowing and the independent shadowing are the same.
ElLcorp0)] = Ellind p(o)]- (3.12)

The means of the interference fields under the two shadowing assump-
tions are the same. This substantiates the claim of fairness of the comparison

between the two shadowing assumptions.
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Corollary 5. The variance of the interferences observed by the typical user

under the correlated shadowing and the independent shadowing satisfy

var[Leorp(0)] > var[lingy(0)]. (3.13)

Proof. The mean and variance of a random variable can be obtained by dif-
ferentiating its Laplace transform at s = 0.
E[X] = - d Lx(s)] (3.14)
= X 8)ls=0; :
var[X] = E[X?] — (E[X])*
& d 2
— fx(ollea — (Lx(o)ln) 515

By leveraging these relations, it is possible to obtain the conditional mean and

the variance of the interference given the shadowing cell {R; }ien as

Elleorp(0) { RiYien] = Ellingp(0)[{ Ri}ien]
= )\ZE / (3.16)

UCLT’[ mdp( >|{R }zEN]

=2)\) E[T7] / r7dr + Y E[T) </R x_o‘dx)Q, (3.17)

ieN €N
var| corp( J{Ri}ien] — var] mdp( Y Ri}ien]

=X war(T; (/R _O‘da:)2 > 0. (3.18)

€N g

(3.12) and (3.13) are obtained by deconditioning with respect to {R;};en. O

Remark 9. When two random variables, X and Y have the same mean but

X has bigger variance, the Laplace transform of X is bigger than that of Y
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T

for very small s. This comes from a Taylor series expansion of e™*, and higher
order terms are neglected for small s. So, for small s, £, (s) > Ly, ().

The following and stronger ordering relation are obtained in the next corollary.

Theorem 3. For all s > 0,
£Icor,p( ( ) £Izndp0)< ) (319)

Proof. This relation simply comes from Jensen’s inequality by comparing Equa-
tions (3.10) and (3.11). (3.19) is obtained by deconditioning with respect to
{Ri}ien+ O]

Remark 10. From Corollary 5, the difference between var|l . ,(0)|{ R;}ien]
and var(lingp(0)] {Ri}ien] 18 A2 Y-, var (T, (fR _O‘dx) Since var[T;] # 0,
equality holds if and only if ( S R x‘%lx) . This is achieved when the sizes of
each R; goes to zero. This relates to the fact that when all R; are very small,
all points have independent shadowing random variables almost surely and the

model converges to the independent model.

3.4.2 Matérn Cluster Process Network Model

The PCP model is also widely used in wireless communications. Es-
pecially in urban networks, users tend to move to hot spot areas and this
is quite well represented by PCPs. In this model, it is assumed that the
shadowing cells are equivalent to the collection of daughter points sharing the
same mother point. This is a quite reasonable assumption since the mother

point can be thought as the representative point of that area. As already
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explained, two daughter points with different mother points may be close in
the Euclidean sense and yet have different shadows; this can be considered as
the situation where these transmitters are at different heights and hence have

different shadowing.

There are several types of PCP models. In what follows, this part
mainly considers the Matérn cluster process. In this model, the daughter
points are uniformly located in a disk with radius r4 centered on its mother
point. However, the result may be generalized to other PCP models by chang-
ing the function f(-). The only assumption on f(-) is that [o, f(z)dz < oo,
which means the mean number of daughter points per mother point is finite.
f(-) is used below to represent the density of the first moment measure of

daughter points relative to their mother point.

The density of the mother point process is denoted by \,,, and each
mother point has some daughter point process which is a nonhomogeneous
point process with intensity % in a disk of radius r4 centered on the mother

d

point, and 0 outside. So, the density of the PCP is A, \q.

Let T}, be the shadowing random variable of the shadowing cell centered

at y.

Theorem 4. In the Poisson cluster process with independent marks on each

cluster, under independent shadowing, the Laplace transform of the interfer-
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ence measured at the typical user is

Elind,c(o) (S)

= exp —)\m/ [1—exp<—)\d
RQ

1

/Rz (1-Eg {1 +s(jz + y,)aTJ )f(x)daf)} dy> , (3.20)

where

0, otherwise.

L
f(@) = {Td H ] < o (3.21)

In the Poisson cluster process with under correlated shadowing, the Laplace

transform of the interference measured at the typical point is

£Ico'r,c(o) (8)

:exp(—/\m/ {1—]ETy[exp(—)\d
RQ

/R? =13 s(jz i y|)aTy)f($)d$)H dy) : (3.22)

Proof. See [55]. O

Theorem 5. As in Theorem 3, it is possible to obtain the following ordering

relation by Jensen’s inequality.

Elcor,c(o) (S> Z Elind,c(0)<8)' (323)

Corollary 6. The mean interferences observed by the typical user under the
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correlated shadowing and the independent shadowing are
E[leorc(0)] = E[lina (0

=\ )\d/R? /R2 x4+l f(x)dxdy. (3.24)

Corollary 7. The variances of the interference observed by the typical user

under the correlated shadowing and the independent shadowing are

var{Tnge(0)] = 2AmAa / / Ex, (2|2 + y|~2° f (z)dudy
R2 JRR2

+)\m/\2/ |z + y| B[, )2 f (z)dxdy, (3.25)
R2

var(leorc(0)] = var[Lipg.(

+ Am 2 /R2 /R2 |z + y| **var[T,) f(z)dxdy. (3.26)

Remark 11. When A\ = A\, \; is fixed, as A, increases (or equivalently as Ay
decreases), the variances become the same. Since as \; decreases, the shad-
owing random variable of points become more independent and the correlated

model converges to the independent one.

3.5 Performance Metrics Analysis
3.5.1 Coverage Probability

In these network models, this chapter assumes that the serving base
station of the typical user, 9, is not included in ®. It is assumed that the
distance between the typical user and 0 is dj. The links between z € &
and the typical user are assumed to be subject to Rayleigh fading, whereas
the channel between ¢ and the typical user is subject to any of the following

fading conditions.
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3.5.1.1 Rayleigh Fading

The instantaneous signal power is an exponential random variable with

mean 1. So, the coverage probability under Rayleigh fading is

(3.27)

P[SINRO > 9] = E](@(S)‘S:dae .

link

3.5.1.2 Rician Fading

Rician fading is similar to Rayleigh fading except for the existence of
a dominant component. This component, for instance, can be the line-of-
sight wave. When the power ratio of the dominant component over the other
component, the so called Rician factor, is k, the coverage probability is

e e K" st d!
P[SINR, > 0] = ¢ ZZ(—nlmﬁ@ﬁl(o)(s)yS:dﬁ : (3.28)

n=0 1=0 link

which comes from the CCDF of Rician distribution.

Since the Laplace transform of a random variable X, Lx(s) = E[e %],
is a completely monotone function, from Remark. 8, the expressions in Equa-
tions (3.27), (3.28) are also completely monotone functions. So, it is possible
to apply Theorem 1 to get the following ordering relations of coverage proba-

bilities under these fading cases.

Theorem 6. When the channel fading of the signaling link is Rayleigh or
Rician, the coverage probability under correlated shadowing is better than

under independent shadowing for all 6 > 0:

P[SINR, cor > 0] > P[SINRy,ina > 0], (3.29)
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where SINR, ., and SINR,, ;,,4 are the SINR measured at the typical user under

the correlated and the independent shadowing field, respectively.

3.5.2 Shannon Throughput

Shannon throughput is one more example of completely monotone func-

tions of interference. The following ordering result then follows:

Theorem 7. The mean Shannon throughput is always larger under the cor-

related shadowing than under the independent shadowing, i.e.,

E[log, (1 + SINRy cor)] > Eflog,(1 + SINR, ). (3.30)

3.5.3 Local Delay

Lemma 3. Let [ = )\ 4 Gi/l(|X;]) denote the spatial interference field
measured at the typical user, where ¢ is some homogeneous PPP with intensity
A on R?, {G;} are i.i.d. random variables with Laplace transform Lg(s) and
I(r) is any response function. Let L;(s|®) = E[e~*!|®] denote the conditional

Laplace transform of I given ®. Then,

E {m} — oxp (—2m /OOOU (1 - m) dv> o (331)

The proof can be found in [14].

The local delay expression is given under fast Rayleigh fading. Fast
Rayleigh fading is the case where fading coefficients are resampled at every

time slot.
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Theorem 8. Under the network ® with fast Rayleigh fading, the local delay

of the tagged user is

1

E[Ls] = exp(NOdz ) (L1 (0di™)) (3.32)

where N is the thermal noise power, [(+) is the path-loss function and dj is

the distance between the typical receiver and its associated transmitter.

Proof. In the fast Rayleigh fading case,
PlFdyy = (N + 1(0))] = exp(=NOdy5) L1(o) (Odyic),

where F' is the Rayleigh fading coefficient of the serving base station with

mean 1. So, the conditional expectation of the local delay given & is

E[Ls] = P[L >n|®]

n>1
=D (1= exp(=NOd5) L1y (Bdy5))" ™
n>1
—a —ay—1
= exp(N0dy ) (El(o) (6dhnk>) : (3.33)
O
Corollary 8. From Theorem. 8, it is possible to conclude that
ElL 1o (0)] < E[Lz,400)]; (3.34)

since the local delay is proportional to the inverse of the Laplace transform.
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Figure 3.3: An example of random division of R2.

3.6 Computational Results
3.6.1 Comparison Settings

3.6.1.1 Poisson Point Process on Grid Shadowing Tessellations

For the shadowing tessellation case, this part focuses on the example
of Fig. 3.3, where {R;} consists of squares with length A and the origin is

located at the center of one square.

Three cases are considered: A = 1,5,15 with a =4, A =1, K = 0.1.
For the correlated shadowing model, as A increases, more points will be in
a square, which implies more points will share the same shadowing random
variable. As A goes to zero, the shadowing random variables of different points

become independent and the model converges to that in [4].
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Denote the square which contains the origin by Ry, and label the other
squares by their relative positions with respect to Ry as on Fig. 3.3. The
shadowing random variable of R;; is assigned by T;; and assumed T;; = K"/,
where 0 < K < 1 and r;; is a Poisson random variable with mean A\, A \/m .
Here, K is the attenuation factor when signal crosses an obstacle, and 7;; is
the number of obstacles between the origin to any point in R;;. In numerical
evaluation, K = 0.1 is assumed. The underlying assumptions on r;; are that
the number of obstacles is Poisson distributed for a given link, as in [4]; Ay is
the implicit obstacle density and A\/W is the distance between the center

of R;; which is the representative point of R;; and the origin. Here, A, = 1.

For the independent shadowing model, it is assumed that the shadowing
random variables of points in R;; are ii.d. with distribution that of K™%

instead of assigning one T;; to all points in R;;.

Further, the distance from the typical user to its serving base station,
d, is assumed to be 0.5 and it is assumed that there is no obstacle between
the typical user and its serving base station. The Rayleigh fading case is only

considered.

In the following part, I provide the justification of how I chose the

values of each parameter.

First of all, K = 0.1 comes from the typical penetration loss of brick
walls at 1.8~2.6GHz. The values of Ay, Agpg and d are not from real network

parameters. The followings are main rationale for choosing A\, = 0.5, Agg =1,
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and d = 0.5.

1. In Figure 3.3, Ry is LOS region when the shadowing probability law for
Rij is fr,;(-) = K" where 7y; is a Poisson random variable with a mean
)\bA\/m where A is the height of each square. Since I assume the
serving signal is not affected by the shadow, I want to locate the serving
base station in Ryy. Since the minimum A in my presentation was 1, I

chose d = 0.5.

2. I designed A to investigate the following cases: A) many base stations
share the same shadowing random variables and B) most base stations
do not share the same shadowing random variable. When Agg is fixed,
these cases can be generated by changing A. I assigned Ags = 1, and
it is possible to make the second case with A = 1 and the first case
with larger A. Basically, I randomly chose Agg, A, and \,, but these

parameters are scalable especially for interference-limited networks.

Remark 12 (log-normal compatibility). With some examples of shadowing
cells, {R;;}, and their associated shadowing probability laws, fr, (-) including
the example in Figure 3.3, the path loss model is compatible with the lognormal
shadowing model in the following sense. The received power at the origin form
x € Ryjis
Prso = Sehg |||~
= K" hy|xf| ™

= exp(ry log(K))he||z|| ™7,
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where r;; is a Poisson random variable with a mean A\yA4/i? + j2. As A, or
i, 7 goes to infinity, r;; can be well approximated by a normal random variable
and this model is hence compatible with a lognormal shadowing distribution

asymptotically.

3.6.1.2 Matérn Cluster Shadowing Cell

For the correlated shadowing model, the common shadowing random
variable of daughter points of the i-th mother point is denoted by 7;. T; = K™
is assumed where 0 < K < 1 and r; is a Poisson random variable with mean
Ao| X;| where | X;| is the distance between X; and the origin. As in Sec. 3.4.1,
the shadowing random variable of a daughter point of the i-th mother point is
an i.i.d. Poisson random variable with mean A\;|X;|. In numerical evaluation,
Ay = 1 and K = 0.1 are assumed. For the link between the typical user and its
serving base station, it is assumed that its length is 0.5 and that it is subject

to Rayleigh fading with no blockage.

In order to compare interference among networks with the same density
but different amounts of the correlation, this part fixes the base station density
by taking \,,A\y = 1 and varies A\; = 1,5,10. Under correlated shadowing, as
Aq increases, more transmitters are in the same shadowing cell and the amount

of common randomness also increases. Further, r; = 1.
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Figure 3.4: Coverage Probability under the model in Sec. 3.4.1. The link distance
is 0.5 and A =1,5,15.
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Figure 3.5: Coverage Probability under the model in Sec. 3.4.2. The link distance
= 0.5 and Ay =1, 5,10.
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Figure 3.6: Comparison of coverage probability for Fig. 3.1 under Monte Carlo
simulation and independent link assumption where A =1, K = 0.01, N = 0.

3.6.2 Interpretations of Simulation Results

3.6.2.1 Coverage Probability

Fig. 3.4 and 3.5 illustrate the coverage probabilities under the model
in Sec. 3.6.1.1 and Sec. 3.6.1.2, respectively. Two facts are observed from
these simulation results which are in line with or extending our mathematical

derivations:

e the coverage probability under the correlated shadowing is larger than
that under the independent shadowing, which confirm what is proven in

Theorem. 6, and

e the gap of coverage probabilities between correlated and independent

settings decreases as A and Ay decrease.
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Remark 13. In Remark 10 and 11, it was shown that the variance of the
correlated model converges to that of the independent model as the sizes of all
R; or A\, decrease. From Fig. 3.4 and 3.5, it is possible to observe more general
results about the convergence of higher order moments of interference between
the two shadowing assumptions. The coverage probability is proportional to
the Laplace transform with some positive argument when the link between the
typical user and the serving base station is subject to Rayleigh fading, since

hd 5

P
[[—i—N

> T = e % x L£1(5)]s=rq

(o3
link

where h ~ exp(1) is the channel fading coefficient. In Fig. 3.4 and 3.5, the gap
of coverage probability between the two shadowing assumptions is reduced as
A (equivalently R;) decreases or \y decreases. From these experimental results,
it is possible to see that the Laplace transforms (or equivalently higher order
moments) of the interference of the two shadowing models become asymptot-

ically similar.

Now, this chapter provides the coverage probability results of the well
known network example which is discussed in [4]. The base stations form a
homogeneous PPP with a density A, and the obstacles are represented by a
Boolean model [5], where the centers of obstacles are distributed as a homoge-
neous PPP with intensity \,. It is assumed that the obstacles are line segments
with length [. See Fig. 3.1. For this network, the path loss model presented in
(3.4) is used under both the correlated and the independent shadowing. Fur-

ther, it is assumed that the shadowing random variable of base station x € ®
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seen by the typical user is KN+, where 0 < K < 1 is the attenuation factor

and N, is the number of obstacles on the path between x and the typical user.

In Fig. 3.6, the simulation results on the independent setting and the
Monte Carlo simulation of the ground truth are given. Under the indepen-

dent setting, N, is distributed as a Poisson random variable with a mean

Ap X (link length of %)

o Under the Monte Carlo simulation, all base stations and

obstacles are deployed, and N, is counted for each = € ® of the realized net-
work. For both cases, A = 1, K = 0.01, N = 0 are assumed and the cases
with (Ap,{) = (0.1,5), (0.5,5), and (0.5, 10) are considered. Also, it is assumed
that all channels are subject to Rayleigh fading. Further, dj;, = 0.5 with no

obstacles is assumed.

Again, from Fig. 3.6, it is possible to see that the coverage probability
under the correlated model is better than that under the independent approxi-
mation. Also, as A\, or [ increase, the coverage probability becomes larger since
more interference power is blocked by obstacles. For a quantitative result, the
case with (A, 1) = (0.5,5) is considered. In this case, the Monte Carlo simula-
tion of the ground truth compared to the independent approximation is 23%

better at 0dB and 79% better at 10dB.
3.6.2.1.1 Numerical Validation

Figures 3.7 and 3.8 show the comparison of coverage probabilities un-
der 1) the real obstacles (line segments with a length % for a fair comparison)

deployment 2) the independent shadowing field and 3) the correlated shadow-
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Figure 3.7: A =1 Figure 3.8: A =0.1

ing field when A = 1 and 0.1. For both figures, I assume d = 0.5, A\, = 0.5,
Aps = 1 and K = 0.1. Again, fr, (-) = K" where r; is a Poisson random
variable with mean A\,A+/7% + j2 which is the implicit number of blockages

between the origin and the center of r;;.

When A = 1, since the shadowing cell model is a two stage model (de-
signing R;; and assigning fr, (-)), coverage probabilities under the correlated
and independent shadowing models exceed that under the real deployment sce-
nario unlike the previous independent shadowing approximation. This comes
from the fact that 1) the shadowing cell is too big, so sampling the number
of obstacles at the center point of each cell cannot reflect the real situation
and 2) fr,,(-) should be correlated to capture real networks as Dr. de Veciana

mentioned. However, at least for some effective region such as 8 > 0dB, we
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can see that the coverage probability under the independent shadowing model
is evaluated pessimistically compared to both the correlated blockage model

and the real deployment scenario.

When A = 0.1, the discrepancy between the two shadowing fields is
very small since the two shadowing models converge to the independent shad-
owing model as I explained in my defense. Under these two models, the cov-
erage probability is evaluated in a pessimistic way, but the correlated case is

slightly closer to the real deployment scenario.

My contribution is to provide mathematical rationale for why the inde-
pendent approximation provides pessimistic performance metrics. It is hard to
quantify the exact performance metrics under the correlated shadowing field.
Further, my model has certain amount of independence (shadowing over cells),
so it is hard to obtain the exact values. At least, my model provides answers on
the comparison of the previous independent approximation and the correlated

model closer to real network environments.

3.6.2.2 Shannon Throughput

The results for Shannon throughput under the models of Sec. 3.6.1.1
and 3.6.1.2 are summarized in Table. I. The network setting is the same as
that of Fig. 3.4 and Fig. 3.5. For both models, the mean Shannon throughput
under the correlated shadowing is larger than that under the independent
approximation as shown in Theorem. 7. As for the coverage probability, as A

and )y decrease, the Shannon throughput of the correlated case converges to
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PPP PCP
cor ind AmAg = 1 cor ind
1.9370 | 1.8942 | Ng=1 | 2.0180 | 1.9075
2.7300 | 1.6358 | Ag=5H | 3.5615 | 2.9402
2.7737 | 1.6101 | Ay =10 | 5.2018 | 4.1043

aCﬂD—‘D

Table 3.1: Shannon Throughput

that of the independent approximation. Under the model in Sec. 3.6.1.1, the
mean Shannon rate of the correlated case compared to that of the independent
approximation is from 2% to 72% better as A increases from 1 to 15, and
under the model in Sec. 3.6.1.2, the benefits of the correlated case over the
independent approximation ranges from 6% to 27% as A4 increases from 1 to

10.

3.6.2.3 Local Delay

Fig. 3.9 and Fig. 3.10 illustrate the local delays under the models in-
troduced in Sec. 3.4.1 and Sec. 3.4.2. In both figures, the z-axis is in dB scale
for a better visualization, and the y-axis is the probability that the local delay
is larger than x. For example, in Fig. 3.9, when A = 5 under the independent
case, the probability that the local delay is larger than 1 is 0.45. From this
interpretation, it is possible to see that the local delay under the correlated
case is less than that under the independent approximation. The probabilities
that the local delay is larger than 1 under the correlated case are from 3.3%
to 11.7% below those under the independent approximation when A = 1,15
in Fig. 3.9 and from 1.7% to 7.6% when \y = 1,10 in Fig. 3.10.
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Figure 3.9: Local delay under the model in Sec. 3.4.1.

For both figures, it is possible to see that the probabilities that the
local delay exceeds 100 are nonzero. It is considered that if a network with a
given topology cannot succeed in transmitting a packet in 100 time slots, it is

possible to transmit packets in that topology.

3.7 Conclusions

In this chapter, the impact of correlated shadowing fields is analyzed
using stochastic geometry and stochastic ordering. It is shown that the Laplace
transform of the interference experienced by the typical user is always larger
than under the independent approximation. From this Laplace stochastic or-
dering, further ordering results on network performance are derived. The

main result is that when ignoring the spatial correlations of shadowing, widely
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Figure 3.10: Local delay under the model in Sec. 3.4.2.

3.8 Appendix

3.8.1 Probability Generating Functional of a Poisson Point Process

used metrics such as coverage probability, Shannon throughput, local delay
are systematically evaluated in a pessimistic way. For better understanding
this physical phenomenon, this chapter has provided two network examples
by deriving the exact Laplace transform of the interference distribution under
the correlated and independent assumptions. By using the fact that the three
key metrics are completely monotone functions, this chapter could also prove

ordering results on these metrics under the two shadowing settings.

A classical lemma is given for the a probability generating functional

(PGFL) [30] of a Poisson point process (PPP).
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Lemma 4. Let ® be a homogeneous PPP with intensity A on R? and f(-) :
R? — [0,1]. Then,

E

11 f(X,.)] — exp (—A/R2(1 - f(x))dx) . (3.35)

X, €P

In Equation (3.35), X; denotes both point X; and its coordinate.

For the proofs in the next chapter, the definition of an independent

marking of a point process [5] and a lemma are used.

Definition 3 (Independently marked point process). A marked point process
is said to be independently marked if, given the location of the points, the
marks are mutually independent random vectors, and if the conditional distri-
bution of mark M; of a point x; € ® depends only on the location of z; it is
attached to; i.e., P[M; € A|®| = P[M; € Alx;] = F,,(dM) for some probability

kernel function.

Lemma 5. For an independently marked homogeneous PPP with density A

on R? and marks with distribution F,(dm) on R!, its Laplace transform is
La(f) = Ble 2 /trtt]
= exp {—)\/ (1 — / ef(x’M)Fz(dM)ﬂ , (3.36)
R2 R!
for all functions f : R** — R*.

From Lemma 4 and 5, it is possible to obtain the Laplace transform of
the interference fields of Poisson networks. There are several types of Poisson

networks modeling both cellular and ad-hoc networks. Two types of networks
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are mainly considered where ® is modeled by 1) a homogeneous PPP or 2) a
Poisson cluster process (PCP). These are widely used point processes to model
communication networks. The interference measured at the origin under the
homogeneous PPP model with the independent and the correlated shadowing
is denoted by I;nap(0) and I...,(0), respectively, and by ing.(0) and Ieo..(0)

under the homogeneous PCP model. respectively.

3.8.2 Proof of Theorem 2

When ¢ is a homogeneous PPP with intensity A, the conditional Laplace

transform of I;,q,(0) given {R;} is

L1, @ (s) = E[e*mar @ [{R;}]
— ]E[e_s > wee hoSzdz @ ’{Rz}]

— ]E[e_s > 2zeennr; haTidz ’{Rz}]

By deconditioning h, ~ exp(1l) and using Lemma 5, the conditional Laplace

transform of I;,q4,(0) given {R;} becomes

Lra @R} (5)

=exp | —A 1 —Eqp, |e7sh=lel™Ti ) gy
2y

o (‘AZi [, (12 [z ‘“)
- Hexp <—>\/Ri <1 — Ep, {WD dx) . (3.37)
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In the same manner, it is possible to obtain the Laplace transform of 1., ,(0)

as

e :e—szmmi hzTida?“HRi}}
=TT [oo (2 [ (- B i)
~T[E :exp <—>\ /R - W)d:@ﬂ | (3.38)

The main difference between (3.37) and (3.38) is the location of the

expectation, Er,.

3.8.3 Proof of Theorem 4

For a given mother point, its daughter points and their common shad-
owing random variable (for the correlated case) or their i.i.d. shadowing ran-
dom variables are independent mark of the mother point. So, by applying

Lemma 5, it is possible to obtain the Laplace transform of interference.

Let ® be the Matérn cluster process with a Matérn radius Ry, the in-
tensity of mother Poisson point process A,,, and the mean number of daughter

points per mother \;. The generating functional of Matérn process is also

given by [48, 56]

E[]] 9(=)]

zed

~ exp (—/\m /R 2 [1 M ( /R gl +y) f(y)dy)] d:v) , (3.39)
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where M (z) = exp(—Aq(1 — z)) and f(-) is in (3.21).

Under the independent shadowing field, the Laplace transform of /;,,4..(0)

is
L1 (o)(s) = E[e ] = E[J T et 177
zed

@ exp - A771/ 1-— M(

RQ

Ep, 1, [/ h.T, ||z + y||‘0‘f(y)dy]>] d;p)
]R2

(:b)exp —)\m/ [l—exp(_/\d/

R2 R2

(1 — Er, L H(’xiy')aTyD f(m)dx)]dy). (3.40)

where (a) comes from Lemma 5 and (3.39), and (b) is by deconditioning the

channel fading coefficient h, and the shadowing random variable 7). In the

same manner, the Laplace transform of I.,..(0) is obtained as

£ICO’V‘,C(O) (S)

— exp <_A’”/RQ |1 Eq, exp (—/\d
/R? (1 1+ s(|x i y|)aTy> f<“’)dm)]} dy) : (3.41)

As in Theorem 2, the main difference is the location of the expectation of T},

induced by common and independent random variables.

101



Chapter 4

Multihop Connectivity of Millimeter-Wave
Networks

4.1 Introduction

Millimeter wave (mmWave) is the band of spectrum from 30 to 300GHz,
where wavelengths are from 1 to 10mm [57]. The main applications in this
band so far were radio astronomy, remote sensing, and radar. However, it is
currently being seriously considered for 5G wireless communication systems
[58], since the spectrum in the sub 3GHz bands is saturated and not sufficient
to meet the expected increase in wireless data traffic. Further, the mmWave
band is still rather underutilized and a huge bandwidth is available. Even
though the mmWave band has a great potential for the future 5G network,
there are many critical issues to overcome for commercial applications. For
example, the fact that mmWave signals cannot penetrate certain blockages

due to physical properties makes coverage one of the main challenges.

In multihop wireless networks, one or more nodes along a path receive
and forward data packets over wireless links. Compared to single hop net-
works, there are several benefits. First of all, multihop wireless networks can

extend coverage and improve connectivity [59,60]. So, multihop relaying is
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essential in future mmWave communications. Also, transmitting over several
short links might use smaller transmit power than over a single long link.
This is particularly important since transmit power is one of main issues in
mmWave bands due to severe path loss and wide-band utilization. Further,
multihop communications enable higher data rates and efficient use of the
wireless medium. In addition, several paths are available which increases the

robustness of the network.

In this contribution, I propose a stochastic geometric approach to ana-
lyze mmWave multihop networks in the presence of blockages. The modeling
of blockage is critical for analyzing connectivity of mmWave networks. To
do so, I use a random Boolean model [5] for representing spatially distributed
blockages. More precisely, the centers of the blockages are modeled by a homo-
geneous Poisson point process (PPP) and the shapes of blockages are assumed

to be random.

I consider two blockage models: independent blockage model and cor-
related blockage model. The independent blockage model is considered in order
to get exact analytical expressions of connectivity results. In this model, the
blockage process is independent over links as in [4] even though two links are
close to each other. Then, I consider the correlated blockage model which is
induced by common blockages, and closer to real environments. I provide ex-
act expressions of connectivity results under the independent blockage setting
and compare some of these results between two blockage models since it is

hard to obtain exact expressions under the correlated blockage model. To the
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best of our knowledge, this comparison has not been discussed in the mmWave

multihop setting.

Further, I consider both ad-hoc and cellular networks. In ad-hoc net-
work model, there is only a single point process for representing users while
there are two independent point processes for modeling users and base sta-
tions in cellular network model. 1 mainly consider the distributions of users
connected to a typical user, a typical base station or any base stations. The
derived results shed light on the system capacity and cell planning in the

mmWave networks.

4.1.1 Related Works
4.1.1.1 Stochastic Geometry and Millimeter Wave Networks

In order to evaluate the performance of wireless networks, system level
simulation is crucial. However, a major limitation of simulations is that each
wireless scenario should be simulated separately when different system pa-
rameters are used. As networks become complicated, system level simulation
consumes much time and becomes expensive. As an alternative to system
level simulation, stochastic geometry is now recognized as a tractable analyt-
ical tool for deriving key performance metrics of networks by utilizing spatial
point process to model the location of users and base stations. With this
point process theory, it became possible to analyze the performance of cellu-
lar networks [12,29,45,61] and ad-hoc networks [41-43] for legacy microwave

networks.
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However, these mathematical frameworks cannot directly be applied to
mmWave networks since the path loss models are quite different. Especially
at mmWave frequencies, Line-of-Sight (LOS) signals and Non Line-of-Sight
(NLOS) signals have very different distributions. In particular, a link subject
to blockages may be too weak to be established. Stochastic geometry has
already been used for system level performance of cellular networks [13,62,63]
and ad-hoc networks [64] under mmWave assumptions. In this literature,
blockages are modeled by Boolean models [4]. However, the analysis in these

works is restricted to a single hop transmission.

4.1.1.2 Multihop Communication and Connectivity

Multihop communication [33] is a basic technique to improve the per-
formance of wireless networks. It is used to extend coverage and improve
connection quality such as robustness with several available paths. Also, as
already mentioned, transmission over multiple short links requires less trans-
mit power and energy. These are essential in mmWave communications since

mmWave has several issues due to severe path loss.

Multihop communication networks have been analyzed under the stochas-
tic geometric approaches. The optimum transmission range maximizing through-
put in multihop packet radio networks was analyzed in [65,66]. In [67], the
authors computed bounds on the end-to-end delay, the optimum hop lengths
in TDMA, and ALOHA multihop networks. Also, ALOHA type access control

mechanisms for mobile multihop wireless networks were analyzed in [42,68].
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The optimization problem for the product of the successful transmission per
unit space by the average range of the transmission was also considered. Fur-
ther, the gain of opportunistic routing schemes compared to classical routing

schemes was analyzed in [69].

However, there are not many attempts to analyze mmWave multihop
communications in the spatial network modeling context. [70] provides the
connection probability between two points with given Euclidean distance, but
it only considers one hop paths and no multiple users or base stations. To
the best of our knowledge, this paper is the first to provide general multihop
connectivity results for both ad-hoc and cellular networks in the mmWave

context.

4.1.1.3 Correlated Shadowing (Blockage)

Even though shadowing fields are spatially correlated [33], only few
tractable models have been proposed to represent this correlation. In [35],
Gudmundson proposed the first model of correlation between a fixed base sta-
tion and a moving user by using an autogressive process with an exponential
decaying autocorrelation. The correlation effect was also considered in the mul-
tiple base station setting [37] and for multihop networks [38]. The 3GPP [39]
and IEEE 802.11 standardization groups [40] also suggest models for corre-
lated shadowing based on similar ideas. However, these models give limited
intuition on large and dense wireless networks. Also, complex simulation tools

are required.
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Over the past decades, the shadowing field was incorporated into ba-
sic planar PPP models, but the field was assumed independent over wireless
links since this approximation leads to simple analytical expressions [2-4]. A
first approach to combine correlated shadowing and stochastic geometry was
proposed in [46,47] for urban networks and in [16] for in-building networks.
These models analyzed the correlation effect in the special case of blockages
represented by Poisson line processes. They are however restricted to blockage
based path loss functions and do not allow one to use a distance based term in
the path loss function. In [31], a new stochastic geometric model for capturing
the spatial correlations was suggested, and the effect of correlation on wireless

performance metrics was discovered under single hop communications.

4.1.2 Main Contributions

In this paper, I propose a new mathematical framework for analyzing
connectivity of mmWave multihop communications, and more generally in all
situations where obstructing by blockages is critical. Under the stochastic
geometric framework, the distributions of users connected to the typical user,

the typical base station or any base stations are investigated.

I consider the independent and correlated blockage models. Under the
independent blockage model, the blockage process is generated per link. So,
the blockage process is independent over links. The independent blockage
model can be analyzed in terms of the random connection model [71] in which

the blockage probability of a link is a function of its length. Using well known
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results on this random connection model, it is possible to obtain exact ex-
pressions on network connectivity. However, it is hard to provide exact forms
of metrics under the correlated blockage model. The main new results on the
matter are comparing results between the independent and correlated blockage

models.

I summarize our contributions as follows.

e [ first consider the independent blockage model, which is an approxi-
mation of real networks allowing one to derive closed form analytical
expressions. Under this model, the connectivity results of multihop ad-
hoc networks are analyzed by leveraging classical results of the random
connection model [7T1]. 1 randomly choose a user and refer to this user
as the typical user. It is shown that users connected to the typical user
in one hop form an inhomogeneous PPP. From this result, I obtain 1)
the mean number of users connected to the typical user in a single hop
and 2) the distribution of the distance between the typical user and its
nearest connected user. Further, by leveraging classical results on the
random connection model, I provide the mean number of k-hop paths
starting from (or ending to) the typical user. Finally, I will discuss the
critical user density for the existence of an infinite cluster of connected

users by using percolation theory [72].

e Under the independent blockage model, I also analyze the multihop cellu-

lar networks [73]. Similar to the definition of the typical user, I randomly
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choose a base station and refer to this base station as the typical base
station. I first compute the distribution of base stations connected to the
typical user in one hop and that of users connected to the typical base
station in one hop. Then, I provide exact expressions of the distributions
of users which are connected to any base stations in exactly one hop and
two hops, which have not been discussed in previous studies. Also, I
derive the distribution of isolated users, neither connected to any base
stations nor to any other users. Finally, I also consider a multihoming

scenario for a user in an infinite cluster of connected users.

e [ also consider the connectivity results of the correlated blockage model.
I show that the mean numbers of users connected to the typical user,
the typical base station or any base stations in one hop are the same
under two blockage models. I also discuss the existence of an infinite size
cluster of connected users under the correlated blockage model. Unlike
the independent blockage model, there exists no critical user density
under some blockage conditions. As in the independent blockage model,
a multihoming scenario for a user in a cluster of infinitely many connected

users is considered if such cluster exists.

4.2 System Models
4.2.1 Network Model: Ad-hoc Networks and Cellular Networks

In this contribution, I consider two network architectures: ad-hoc net-

works and cellular networks. In ad-hoc networks, there is only one network
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element type, namely mobile users, while in cellular networks, there are two
types of network elements, mobile users and base stations. All network ele-
ments may act as a source, a relay, and a destination. As in most previous
papers on the modeling of wireless networks using stochastic geometry, such
network entities are modeled as independent homogeneous PPPs [5]. T also
assume that mobile users and base stations form independent homogeneous
PPPs in the 2-dimensional Euclidean space (R?) with positive and finite in-
tensities A\, and Agg, respectively. Let @, and ®gg denote the locations of the

mobile users and the base stations.

In order to represent blockages, I consider a Boolean model [5]. Let ¥,
be the set of blockages; each element s € W, represents an blockage. Let ®,
be the center points of ¥,, which forms a homogeneous PPP with intensity
Ap. Each blockage has a random shape. In this paper, I mainly consider two
examples which are 1) line segments with isotropic orientation and length I,

and 2) balls with radius ry.

4.2.2 Connectivity in Millimeter Wave Networks with Multi-Hop
Communications

4.2.2.1 Line-of-Sight (LOS)

In this paper, I assume that NLOS mmWave signals are too weak to
reach receivers, and LOS is needed for a link connection. Although it has
been shown that high data rate can be supported by NLOS links through
reflected paths in mmWave networks [74], there still could be a considerable

performance degradation compared to LOS links. It becomes more crucial
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to maintain a LOS link for users requiring very high data rate to support
the 5G immersive experiences [75]. In this paper, I mainly consider the LOS
connectivity of mmWave networks and will remain the NLOS connectivity for

future works.

4.2.2.2 Signal-to-Noise Ratio

Due to the directivity of mmWave signals, signal-to-noise (SNR) ratio
might be more appropriate than signal-to-interference-plus-noise ratio (SINR)
in order to measure the quality of wireless connections. Instead of using SNR
threshold for a link connection, I equivalently consider a communication range
from transmitters. For a link connection, the link distance should be less than

R.! T assume transmit powers from all users are the same.

The validity of this SNR-based model under mmWave systems is pre-
sented by [59,76-78] which showed that thermal noise dominated interference.
The simulation studies in [59] showed the noise-limited nature of these net-

works and [63] provided similar obsevation in analytical approaches.

4.2.2.3 Multihop Communications

[ assume that a link is connected if a) that link is LOS and b) the length

of that link is less than R. In the ad-hoc network model, I mainly consider the

In cellular networks, the transmit power of base stations is usually much larger than
that of mobile users. However, a cell size is determined by the uplink RF coverage for link
connection. So, R can be understood as the maximum reachable range from a mobile user.
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(a) Ad-hoc network model with ball blockages.  (b) Cellular network model with line segment block-
ages.

Figure 4.1: Network model

distributions of users connected to the typical user located at the origin?. A
point in @, is defined as a k-th order connected user (to the typical user) if it
can reach the origin in k-hops and not in less. Similarly, in cellular networks,
I define k-th order connected users as users in ®,, which are connected to any

base stations in k-hops and not in less. See Figure 4.1.

4.2.3 Correlated and Independent Blockage Models

[ analyze networks under the correlated and independent blockage mod-
els. Under the independent blockage model, each link is independently blocked

with a probability function which only depends on its length. This is an ex-

2By Slivnyak’s theorem [5], it is possible to add the typical user at the origin.
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ample of independent shadowing approximations which ignore blockage corre-

lations.

I define a LOS probability function, L(a,b), which is the probability
that the link connecting a and b is LOS under the independent blockage model.

Depending on the shape of blockages, there are different L(a,b) functions.

Example 4. When the blockages are line segments with isotropic orientation
and length [, the probability that a given link between a and b is LOS is
L(a,b) = exp (—ulla — b||), where p; = 22 Also, when the blockages are
balls with radius ry, L(a,b) = exp(—A\yrim)exp (—pualla —b||), where puy =
27 Ap.

Proof. The probability function L(a,b) with line segment blockages is derived
in [4]. For ball blockages, let us consider a link connecting O and A with
length z as in Figure 4.2. With ball blockages, this link is LOS if and only if
there exists no point of ®;, in the shadowed region of Figure 4.2. Since &, is a
homogeneous PPP with intensity )\, and the width of the shadowed region is
2ryx +rim, the probability that the link is LOS is exp(—\y X (2ryz +73m)). O

I will use a connectivity probability function C(a,b) = L(a,b)Lje—s|<r
for the independent blockage model. Here, 1,gument is the indicator function
which takes value 1 if the argument is true and 0 otherwise. With this function,
I will analyze the connectivity of networks under the independent shadowing

model.
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ing model, even though two links, A and
B are very close, it is possible that one
of them is only connected and the other
is not.

This independent blockage model is a good approximation if the size
of blockages is small or the density of blockages are low, since correlations in-
duced by common blockages are reduced. However, this independent blockage
model cannot capture the spatial correlations of networks. Figure 4.3 shows
a comparison between the correlated and independent blockage models. Let
us assume that two line segments A and B are very close to each other with
the same length. Assume that one of them is blocked by blockages with prob-
ability p. Then, the probability that both links are blocked is p? under the
independent blockage model while is almost p under the correlated blockage
model. So, the independent blockage model may provide limited intuitions
on real networks even though it is possible to obtain simple expressions of

important wireless performance metrics.
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4.3 Independent Blockage Model

I first consider the independent blockage model. As explained above,
a link between a,b € R? is connected with a probability C(a,b) which only
depends on the link distance, ||a —b||. So, the model used in this section is an

instance of the random connection model [72].

4.3.1 Ad-Hoc Networks

A first interesting question is how many users are connected to the
typical user in one hop or in multiple hops. To analyze this, I use Palm
calculus [5] and focus on the typical user which is located at the origin (o) of
R2. The distribution of users connected to the typical user provides insights

on the connectivity properties of the whole ad-hoc network.

4.3.1.1 First Order Connected Users Process

The next lemma provides the distribution of the first order connected

users to the typical user.

Lemma 6 (Connected user process). The first order connected users to the

typical user form an inhomogeneous PPP with intensity measure
Ay (B) = / M\C(z,0)dr, B € B(R?).
B

Proof. This theorem can be proven by the independent thinning of PPPs [5].
The retention function of the independent thinning is p,(xz) = C(z,o0) for

r € R?%. Since ®, is a homogeneous PPP with intensity measure \,dz, I can
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obtain the intensity measure of the first order connected users as

A(B) = /B pa(z)\udz — /B MC(z,0)dr, B e B(R?).

[

Since the first order connected users forms a PPP, the number of users

connected to the typical user in one hop is a Poisson random variable with a

mean A, (R?).

Corollary 9. The mean number of first order connected users to the typical
user is A,(R?), and the probability that there are no connected users to the

typical user is exp(—A,(R?)).

Before I give an example, I define a function to be used in the remaining

of this paper:

2ma 1+ be
U L
m(a,b,c) b2 < exp(bc)) ’

and especially, when ¢ = oo,

2ma
2

m(a, b, 00) =

0o pigi—2

since exp(be) = 1+ be+c* Y o0, &5

Example 5. When the blockages are line segments with isotropic orientation
and length [,, the mean number of first order connected users to the typi-

cal user is m(\,, p1, R) and the probability that no user is connected to the
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typical user is exp(—m(Ay, i1, R)). When the blockages are balls with ra-
dius 74, the mean number of first order connected users to the typical user is
m(A\, exp(—\pri7), 12, R) and the probability that there is no connected user

is exp(—m(A\, exp(—\yri7), 12, R)).

I can obtain the statistics of LOS users to the typical user by plugging

in R = oo since when R = oo, C(x,0) = L(x,0)1jjz—0|<c0 = L(z,0).

Corollary 10. The LOS users from the typical user’s view form an inhomo-

geneous PPP with intensity measure

ALOS,a(-B) = / )\uL(ZE,O)dJZ, B e B(RQ)
B

Also, the mean number of LOS users from the typical user’s perspective is
A10s.o(R?), and the probability that there exists no LOS user to the typical

user is exp(—Aros..(R?)).

Example 6. When the blockages are line segments with isotropic orientation
and length [,, the mean number of LOS users with respect to the typical

user is m(Ay, p1,00) = 2’;2‘“ and the probability that there is no LOS user to
1

the typical user is exp(—m(A,, p1,00)) = exp (—%) When the blockages
1

are balls with radius r,, the mean number of LOS users with respect to the

typical user is m(\, exp(—A\pr7), o, 00) = W and the probability that
b 2

there is no LOS user to the typical user is exp(—m(\, exp(—N\yri7), fi2,00)) =
27 Ay,
exp (_ exp(Am%ﬂ)y%) :
The next interesting property is the distribution of the distance between

the typical user and its nearest connected user.
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Figure 4.4: Distribution of the distance between the typical user and its near-
est connected user. In this figure, blockages are line segments with length [, and
uniformly random orientation.

Corollary 11. The distribution of r; which is the distance between the typical

user and its nearest connected user is
Piry <r]=1—exp(—A,(B(0,r — (r — R)1,~R))),
where B(z,d) is a ball centered at = and with radius d.

Proof. Since the first order connected users form an inhomogeneous PPP,

P[ry > r] = P[no connected user in B(o,r)] = exp (—A.(B(o,7 — (r — R)1,~Rr))) .
(4.1)

]

Some examples of the distribution of r; are illustrated in Figure 4.4. For

all cases, the cumulative distribution functions do not converge to 1 since the
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typical user may not have any connected users under some PPP configurations.
Further, as the density of users decreases or the size of blockages increases,
the horizontal asymptote, which is the probability of the existence of at least

one connected user, also decreases.

Remark 14. Corollary 11 is related to the result in Corollary 9 which provides
the probability that no users are connected to the typical user. By plugging
inr=Rin (4.1), I get

P[Tl > R] = exXp (_Aa(8<07 R)))

which is the probability of no connected users. (a) is by the fact that C(z,0) =
0 for ||z|| > R. With r = R = oo, (4.1) becomes the probability of no LOS

users to the typical user in R2.

4.3.1.2 Mean number of k-th order multihop paths

A k-th order multihop path is a path with &£ hops between a k-th order
connected user and the typical user. By definition, a k-th order connected user
may have more than one k-th order path to the typical user. The following
lemma is a classical result for counting k-hop paths in random connection

model.
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Lemma 7 (k-th order multihop paths). The mean number of k-th order mul-

tihop paths starting from the typical user is

Aﬁ/R?.../RQ< 11 C(X¢+1,Xi)> (’*ﬁ‘ (1—C(Xj,Xi))> dX,dX, . ..dXy,

i=0,....k—1 i=0,....k—2
(4.2)
where Xg = o.

Proof. 1 focus on the case with £ = 2, and it can be easily extended to k > 2.
The mean number of the second order multihop paths is

Xi#X;

E E ]]-X,L- and o are connected.I]-Xj and o are not connected. ]]-Xi and X; are connected.
X; ,Xj ed,

(4.3)
In (4.3), X; is a second order connected user and X; is a relay between x;
and the typical user, respectively. (4.3) considers all such X;, and X; pairs.
So (4.3) is the mean number of 2-hop paths to the typical user. (4.2) with

k = 2 is obtained by leveraging Campbell’s formula for higher order moment

measures of PPPs [5].

For general k, (4.2) counts the paths starting from Xy = o, X3, ... to

X}, with the same manner. O

Remark 15. The mean number of the second order multihop paths starting
from the typical user, (4.3), is an upper bound on the mean number of second
order connected users to the typical user since one second order user may have

several second order paths. However, I can obtain tighter upper bound to
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Figure 4.5: Mean numbers of second order multihop paths with line segment block-
ages when R = oo.

the mean number of second order connected users by removing some of these

paths.
Xi# X X # X, X # X
E E ILXZ' and o are connected. ILXJ' and o are not connected. ILXk and o are connected.
X, X5, X €Pu

ILXJ' and X, are connected.]lXj and X, are connected.]1||Xi—Xj||<||Xk—X]-]

=\3 C(zx,0)|[l — C(y,0)|C(z,0)C(x,y)C(y, z)dydxdz |.
( Ll ol =l o)l o n) ey )
(4.4)

In (4.4), X; is the second order user and X;, Xj, are connected to both the
typical user and Xj, and I remove a second order multihop path connecting
0, X}, and X; by multiplying by 1| x, x| <|x,-x;|- This expression is still not
the exact value but is tighter. However, if the blockage process is very dense or

the size of the blockages is large enough, (4.3) and (4.4) converge to the mean
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number of second order connected users since the probability that a second

order connected user has multiple second order paths will decrease.

4.3.1.3 Percolation

In this part, I focus on a global property of networks related to perco-
lation theory [72]. The most common percolation model is to take a regular
lattice and make it into a random network by randomly occupying sites (ver-
tices) or bonds (edges) with an independent probability p. When p is larger
than a critical threshold p,, large clusters and long-range connectivity appears
and p, is called the percolation threshold. Several studies considered percola-

tion problem under networks generated by PPP instead of a regular lattice.

In terms of connectivity, I are interested in multihop paths supporting
infinite long distance communication and this question would reduce to a bond-
percolation problem [79] under the independent blockage model. Generally,
the connectivity funcion C(-,-) is a decreasing function with respect to the
length. So, I can expect that there exists an infinite cluster of connected users
when the density of users is very high. In this part, I present the existence
of a critical density 0 < A. < oo such that, if A\, > A., then an infinite
connected component of users exists with probability one whereas if A\, < A,
no infinite cluster exists almost surely. This phenomenon is the percolation

phase transition [5] of the random connection model [72].

The following theorem is the phase transition of the existence of an

infinite cluster of connected users under the random connection model.
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Theorem 9 (Percolation for ad-hoc networks). There exists a critical density
A2 € (0,00) such that

1
Ao > ———
7 Jp C(z,0)dx’

where if A, > A, then the there exists almost surely an infinite cluster of users

while if A\, < AZ, there is almost surely no infinite cluster of connected users.

Proof. See Appendix 4.6.1. ]

Remark 16. In Theorem 9, I assume that all users may work as a repeater
for delivering other’s messages. However, in some case, a user may not be
willing to work as a repeater for other users. Let p® be the probability that
each user works as a repeater.® There is a critical value p? = % such that if
p® > p?, then there exists almost surely an infinite cluster of idle users while if
p® < p?, there is almost surely no infinite cluster of idle connected users. From
the independent thinning of PPPs, users who can work as repeaters form a
homogeneous PPP with intensity p®\,. So by Theorem 9, if p* > p?% = %, ie.,

Doy > A2, then there exists an infinite size user cluster with probability 1,

while if p® < p?, there exists almost surely no infinite connected component.

4.3.2 Cellular Networks

Now, I consider the multihop cellular network model [73]. I recall that
in this model, there are two network entities, base stations and users, which

form independent homogeneous PPPs with intensity Ags and \,, respectively.

3So Theorem 9 is the case with p® = 1.
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In this part, I define a connected user as a user connected to any base
stations. Further, a k-th order connected user is a user connected with any

base stations in k-hops and not in less.

4.3.2.1 Typical User and Typical Base Station

I start to analyze connectivity of the typical user and typical base sta-
tion. As in Section 4.3.1.1, distributions of users connected to the typical base
station in one hop and base stations connected to the typical user in one hop

can be obtained from the next lemma.

Lemma 8. Under the Palm probability of ®,, the point process of base sta-
tions connected to the typical user in one hop is an inhomogeneous PPP with

intensity measure

AJB) = /B NssC(, 0)d,

where B € B(R?). So, the mean number of connected base stations to the
typical user in one hop is A.(R?) and the probability that no base stations are
connected to the typical user in one hop is exp(—A.(R?)). Similarly, under
the Palm probability of ®pg, users connected to the typical base station in one

hop is an inhomogeneous PPP with intensity measure

Aa(B):/B)\uC(x,o)dx,

as in Lemma 6. So, the mean number of connected users to the typical base
station in one hop is A,(R?) and the probability that no users are connected

to the typical base station in one hop is exp(—A,(R?)).
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Proof. This theorem is a rephrasing of Lemma 6. ]

Remark 17. From Lemma 8, it is possible to obtain 1) the mean number of
base stations connected to the typical user, 2) the probability that no users are
connected to the typical base station, and 3) the distribution of the distance
between the typical base station and its nearest connected user as the results

in Corollaries 9 and 11.

4.3.2.2 First Order Connected Users Process

From now, I will investigate properties of the user process. In this part,
I focus on the first order connected users. Denote the first order connected

users by ®! and the other users by ®.7. So, ! U ®lT =@,

Theorem 10 (Distribution of ®! and ®!* conditioned on ®pg). Conditioned
on ®ps = {X,}ien, L and ®LT are independent inhomogeneous PPPs. The
conditional intensity measures of ®. and ®. given ®pg are
Ai@BS(B) = / A (1 - H (1— C(:z:,Xi))> dx, (4.5)
B X, €dpg
and
ALt (B) = / v T (-G, X)), (4.6)
B X—LECDBS

with B € B(R?), respectively.

Proof. Conditioned on ®pg = {X; }icn, a user located at x is connected to any

base station with probability 1 —[]x ¢ (1 — C(x, X;)). By the independent
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thinning theorem of PPPs, I can obtain the conditional intensity measures of

¢l and L as (4.5) and (4.6). O
Next, I give the distribution of ®. and ®.* after deconditioning with

respect to Ppg.

Theorem 11 (Distribution of ®L, ®l*). ®! and ®.* are stationary point

processes with intensities

Ay = Ay (1 —exp (—A(R?))),

u

and
)\,T_ = )‘u exXp (_AC(R2)) )
respectively.

Proof. First, I will show that ®! is a stationary point process. For A € B(R?),
P[®,(A) = k] = P[®,(A+1t) = K],

for any t € R? and k € NU {0}, since @, and ®pg are homogeneous PPPs and
the same connectivity function is used for both ®}(A) and ®}(A+1t). Further,
under the independent blockage model, the connectivity function only depends
on the link distance. So ®! is a stationary point process. Similarly, ®1* is a

stationary point process.

From Lemma 8, the Palm probability that the typical user is connected

to any base stations in one hop is 1 — exp(—A.(R?)). It follows from results
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in Palm calculus [80] that the densities of ®} and ®}* are the product of the
user intensity, A,, and the Palm probability that the typical user is connected

in one hop or not, respectively. UJ

Remark 18. Conditioned on ®pg, . and P+ are independent PPPs. How-
ever, after deconditioning with respect to ®gg, ®. and ®1* are no more PPPs.

! and ®!T are Cox point processes [48] after deconditioning.

4.3.2.3 Second Order Connected Users Process

Let ®2 be the second order connected users. Since 1 = &\ &L T

have 2 C OLF.

Theorem 12 (Distribution of ®2 conditioned on ®gg). Conditioned on ®pg =

{X,}ien, the intensity measure of ®2 is

No®) = [ (1-ew(- [ 1= c@apan) TT 0~ X

X, eEdpg
where B € B(R?).

Proof. See Appendix 4.7. ]

In next theorem, I give the distribution of ®2 after deconditioning ®gs.

Theorem 13 (Distribution of ®2). ®2 is a stationary point process and its

density is

Ao = Ay /B e Bs Je2 Ca)do g, ) /B e~ Juz Clz)dy [Z k_7 /R2 . /R2 C(z,1)
k=0

« e BS fRQ(1—1‘[;?:1(1—C(yj,x))(1—0(z,x)))dxdyl _ ..dyk] dz,
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where B is any Borel set with |B| = 1.

Proof. From Theorem 11, ®. and ®!* are stationary point processes. Since I

use the independent connectivity function over links, I obtain that
P[D7(A) = k] = P[®;(A +t) = k],

for any t € R? and k € NU {0} and this implies that ®2 is a stationary point

process.

For the density of ®2, see Appendix 4.7.1. O

4.3.2.4 Isolated User

I define a totally isolated user as a user which is not connected to any

base station or any other users.

Theorem 14 (Isolated users). The probability that the typical user is totally

isolated is
eXp (_(Aa(R2) + AC(RQ))) .

Proof. As in Lemmas 6 and 8, base stations and users connected in one hop

to the origin form an inhomogeneous PPP with intensity measure
/ (O + Ans)C (2, 0)dz = A (B) + A(B),
B

for B C R?, since the superposition of ®zg and @, is a homogeneous PPP

with intensity Ags + A,. Since the number of users or base stations connected
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to the user at the origin is a Poisson random variable, the probability that this

user is isolated is exp (— (A, (R?) + A (R?))). O

Corollary 12. Denote the isolated user process by ®5°. Then ®*° is a sta-

tionary point process and its density is A\, exp (—(Aq(R?) + A.(R?))).

Proof. 1 will skip the proof of the stationarity but it is similar with the proof
of Theorem 11. Since ®*° is a stationary stationary point process, its intensity

is A, exp (—(Aq(R?) + A.(R?))) as in Theorem 11. O

4.3.2.5 Multihoming

This part is motivated by multihoming [81]. For enhancing reliability,
users try to maintain multiple simultaneous associations with different base
stations and this is referred to as multihoming. In this part, I assume there
exists an infinite cluster of connected users, i.e., A, is larger than A% in Theorem
9. I focus on a user in this infinite size cluster and answer how many base
stations are connected to this user using multihop connections. For obvious
reason, I only consider multihop paths from this user to base stations with no
intermediate base station node. Simply, I might think base stations are end

nodes of multihop links starting from the considered user.

Theorem 15 (Multihoming for a user in an infinite user cluster). If A, > A%,
there exists a cluster of infinitely many connected users. Then, each user in

this infinite cluster are connected to infinitely many base stations.
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Proof. To prove this theorem, I will show that infinitely many base stations

are connected to the infinite user cluster for any given realized user process.

Denote by U the set of users in the infinite user cluster. Among U, I can
select infinitely many users such that the distance between any pair is larger
than 2R. Denote the set of these users by ;. Since the communication range
is R, a base station cannot be connected in one hop to more than two users in
U,. Since the probability that each user in U, is connected to any base station
in one hop is positive and the cardinality of U is infinite, there are infinitely
many base stations connected to Us, which means infinitly many base stations

can support multihoming service to users in this infinite cluster. ]

4.4 Effects of Blockage Correlation

In this section, I revisit the results in Section 4.3 under the correlated
blockage setting. As in Section 4.3, blockages are modeled by a Boolean model.
In Section 4.3, blockage process is independently generated for each link, but

not in this section.

I present three results in this section. First, I will show that the mean
numbers of the connected links given any n links are the same under the cor-
related and independent blockage models. Then, I will investigate percolation
under the correlated blockage model. Finally, multihoming result under the

correlated blockage model is presented.
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Figure 4.6: Under the independent blockage model with ball blockages, Ry U Ry
is not considered.

4.4.1 Preliminary

Before I compare the connectivity results between the correlated and

independent blockage models, I present the following theorem.

Theorem 16. Given n links, the probability that these n links are either all
LOS or all NLOS is less than under the independent blockage model that under
the correlated blockage model. Further, the probability that these n links are
either all connected or all non connected is less under the independent blockage

model than under the correlated one.

Proof. 1 start from the case n = 2. A link connecting a and b is denoted by
ab. 1 prove when blockages are balls with radius r, but it can be extended to

the case with line segments.

Let us consider 7y and wz with their lengths [, [,,., respectively. Also,

let R,, and R, be regions for determining zy and zw are LOS or NLOS as
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in Figure 4.2. If the blockages are balls, then, the areas of R,, and R, are

rim + 2rplay, r2m + 2rpl,., respectively. See Figure 4.6.

Under the correlated blockage model, the probability that both links
are LOS is

Pno ®, in Ryy U Ry] = exp (—Ap|Ray U Rz |) > exp (—o(| Reyl| + [Ru:|))

which is that under the independent blockage model.

The probability that both links are NLOS under the correlated blockage

model is

P[Both 7y and wz are NLOS.]

21— exp(=Ao(| Ry N Rusal)

+ exp(=Mo([Ray 1 Rue))(1 = xp(—Au(| Rey 0 REDI)(1 — exp(= (| RS, N Rue])))
=1 — exp(=Ap|Rayl) — exp(=Ap| Ruz|) + exp(—=Ap| Ray U Rz )

> (1 = exp(=Ap| Ry ) (1 — exp(=As| Ru:])),

which is that under the independent blockage model. The first line of (a)
means considering the case that at least one center of blockage is in Ry, N R,

and the second line of (a) is considering the case that no center of blockage is

in Ry N Ry

The case with general n can be proved by induction. Let us assume
that the case with n = k is proved. I will add one new link where k links are

deployed. Denote the region for the existing & links is Ry and the region for
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the new link is Ry,1. In order to prove the case with n = k + 1, it is enough
to follow the above arguments by plugging Ry, into R,, and R4, into R,,.. So

the statement is proved for general n by induction.

Since the connectivity condition consists in satisfying both 1) the LOS
condition and 2) that the link distance is less than R, the connectivity part

can be naturally extended by considering links with a length less than R. [

4.4.2 Connectivity of the Typical User/Base Station

In the next theorem, I show that the mean numbers of connected links

for given n links are the same for both blockage models.

Theorem 17 (Blockage model comparison: mean number of the connected
links). For given n links ((x;,y;), i = 1,...,n, x; # y;Vi), the mean numbers

of the connected links are

under the two blockage models.

Proof. See Appendix 4.7.2. [

Corollary 13. In the ad-hoc network model, the mean numbers of users
connected to the typical user are the same under the independent and the
correlated blockage models when z; is the typical user and y; are the other
users. Similarly, in the cellular network model, the mean numbers of users
connected to any base stations are the same under two blockage models when

x; are users and y; are base stations.
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Remark 19. In Lemma 6, I show that users connected to the typical user in
one hop form an inhomogeneous PPP under the independent blockage model.
However, from Theorem 16 and Corollary 13, it is no more PPP under the
correlated blockage model since the distributions of the first order connected

users are different for both blockage models.

4.4.3 Percolation

The existence of the critical density for percolation, A\?, is investigated
under the independent blockage model in Section 4.3. By Theorem 9, under the
independent blockage model, when A\, > A%, there exists almost surely a cluster
of infinitely many connected users for any size and density of blockages. The
next theorem results that there is no infinite user cluster under the correlated

blockage model when the volume fraction of blockages exceeds a certain value.

In this part, I assume that blockages are balls with a radius r,. As
in [82,83], I consider the void space which is a space not occupied by blockages.
Especially, the void percolation problem is investigated for the existence of

infinitely connected void space.

Theorem 18 (Percolation in the Correlated Blockage Model). When there
is no infinite connected void space, there is no cluster with infinitely many
connected users when the density of users is finite. In other words, there

exists no finite critical user density.

Proof. By the connection rule, two network elements are connected only when
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a) independent, A, = 0.1, R = 20,)\, =(b) correlated, A, = 0.1,R = 20,)\, =
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Figure 4.7: User percolation model: In above figures, lines are connected links,
dotted circles in Figure 4.7b are blockages and points are users.

these are on the same connected void space. Since )\, is finite, there is no
infinite size cluster of connected users on any finite size connected void space.

]

Remark 20. The void percolation problem has been investigated numerically
in several papers. Especially, when the blockages are spheres with the same
radius, there is simulation evidence there exists no infinitely connected void
space when the volume fraction of blockages is larger than 0.968 4 0.004 [82].
Figures 4.7a and 4.7b illustrate this case. In these figures, the same realized
point process is used when the volume fraction of blockages is larger than
0.968 + 0.004. Unlike the independent case (Figure 4.7a), there is no infinite
cluster of connected users since each void space is surrounded by blockages in

the correlated case (Figure 4.7b).
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Figure 4.8: User critical density vs blockage density (\)

In the next part, I will present the case when there exists an infinite

size connected void space.

Conjecture 1. When there exists an infinite size connected void space with
dominant blockage effects, the independent blockage model has more chance
to have an infinite size connected users cluster than the correlated blockage

model under the same network parameters.

Remark 21. Figure 4.8 illustrates the user critical densitiy A with respect to
the blockage density, Ay, under the correlated and independent blockage mod-
els. I obtained A{ when the radius of blockages r, = 5, and considered three
cases: A, = 0.001 (low blockage effect), 0.004 (intermediate blockage effect),

and 0.007 (dominant blockage effect). For the correlated blockage model, I
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generated 100 blockage processes and obtained user critical density for each
blockage process. Since I consider [—100, 100] x [—100, 100] networks, I assume
that there exists an infinite connected user cluster if there exists at least one
multihop path connecting from leftmost to rightmost and at least one multihop
path from bottom to top. As it can be shown in Figure 4.8, when the block-
age effect is dominant, the user critical density under the independent case is
smaller than that under the correlated case. Further, it is harder to check the
ordering relation of critical densities between the correlated and independent
model when the blockage effect is small. Nevertheless, this simulation result

supports the conjecture in my thesis.

In the above methodology, I changed A, under fixed r;, for investigating
the blockage effects on the user percolation problem. Another way to observe
the blockage effects is changing r, under fixed \,. Even though the latter case
may provide interesting physical intuition, the former case is more relevant to

the real wireless network environments.

4.4.4 Multihoming

I revisit the multihoming scenario. In Theorem 15, I showed that in-
finitely many base stations are connected to a user in a cluster of infinitely
many connected users under the independent blockage model. The following

theorem answers the same question but under the correlated one.

Theorem 19 (Multihoming under the correlated blockage model). If there

exists a cluster of infinitely many connected users under the correlated blockage
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model, infinitely many base stations are connected to a user in this cluster.

Proof. Theorem 15 shows that the number of connected links between a user in
an infinite cluster and a base station is infinite under the independent blockage
model, and Theorem 17 states that the mean numbers of connected links
among any set of links are the same under the two blockage models. So, I can
conclude that infinitely many base stations are connected to this cluster under

the correlated one. O]

4.5 Conclusion

I investigated the connectivity results of multihop mmWave commu-
nication using stochastic geometry. Under the independent blockage model,
I provided general results on the distribution of connected users to the typi-
cal user or the typical base station by leveraging classical results in random
connection model. By using the percolation theory of the random connection
model, the condition for existing an infinite connected user cluster is presented.
For the cellular network model, I obtained the distribution of users connected
to any base stations in one hop and two hops, and considered multihoming
scenario where an infinite users cluster exists. Finally, the correlated blockage
model is considered. I showed that the mean numbers of the connected links
to the typical user/base station are the same for both blockage models. Unlike
the independent blockage model, under a certain condition of blockages, there

is no infinite connected user cluster. Multihoming scenario in the correlated
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blockage setting is also considered.

4.6 Appendix

4.6.1 Lemma for Theorem 9

Lemma 9 (Percolation for the random connection model). Let ® be a homo-
geneous PPP in R? of intensity A > 0 and f : RT™ — [0, 1] be a nonincreasing
function. Assume that each pair of points z,y € ® is connected with proba-
bility f(||z —y]|), independently of other pairs. Then, this graph has a critical
density A\ € (0, 00)

A > !
F= 27Tfooo rf(r)dr’

such that, if A > A, then there exists a.s. an infinite connected component in

this graph while, if A < Ay, then there is a.s. no infinite connected component.

The details of proof are in [72]. By plugging our connectivity func-
tion C(+,-) and changing integral range from polar coordinate to Cartesian

coordinate, Theorem 9 is obtained.

4.7 Proof of Theorem 12

The conditional intensity measures of ®. and ®. given ®pg = { X, }ien

are

Aljpps(B) = /B/\u (1 - ] a- C(a:,XZ-))> dr,

X, €Ppg
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and

B Xedps
as in (4.5) and (4.6).
So by independent thinning of PPPs, the conditional intensity measure

of ®2 given Ppg = {X; }ien and @, = {Y] }jen is

Moot ® = [ T] (=0 [] (- Clo X

Y;edl X;€PBs
where B € B(R?).
Finally, the conditional intensity meausre of ®? given ®ps = {X,}ien

1S

Moe8) = [ (1= [ @ =Claman) T[ (- Cox)as

X;€Pps

and obtained by Laplace functional of PPPs [5].

4.7.1 Proof of Theorem 13

To compute the density of ®2, Xy, the expectation of the number of

points of ®2 in B will be computed where |B| = 1. Since ®pg and ¢} are PPP
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conditioned on ®gg, the properties of PPP are used for computing As.

MEYEY Les(1- [[ - Claw)

2Lt y; €D,
=Eop |E Z Leep | 1 - H (1-C(z,5)) | |PBs
zedlt Y €L
b
D B [Egie | S Les [1—Eos | [] 0= CGu))| | IPes

zedLT Y, EDL
(4.7)
In (a), (1 —11,,ce: (1 = C(z, yj))) is the probability that z is connected to at
least one point of ®L. (b) comes from the fact that ®. and ®.* are condition-
ally independent. By probability generating functional (PGFL) of a PPP [30],

the expectation term over ®! in (4.7) becomes

Eay H (1 —=C(zy;)) (©) = fr2 (I-(1=CEDNAL g (d9)
y; €EPL

— ¢ 2 Do (W) (4.8)
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(c) comes from the fact that ®; is a PPP conditioned on ®gg, and Acl%s( ) is

defined in (4.5). By plugging (4.8) into (4.7),

)\2 = IECI’Bs ECI)L‘F Z ﬂzeB <1 —e fR2 C(z,y)Ains(dy)) |(I)BS

zedlt
= EQBS |:/B (1 _ ei f]R2 C(Zvy)Aa@BS > Aii{;BS (dZ):|

/ (1 _ ok C<z,y)xu<1—nzie%s(1—c<y,xi>>)dy> A TT (1 Oz
B

z;,€Ppg

- IE‘i’Bs

: )\U/EQ’BS
B

AU/E% 11 (1—0(2,573,.))] i

|z, €PBs

-\ /E(DBS 6_/\" fRQ C(z7y)(1—Hzie¢BS (1-C(y,zi)))dy H (1 _ C(Z,ZEZ))] dz
B

1 e Jr2 C(Z)y)(l_na:ie@Bs(I_C(y@i)))dy> H (1—C(z l'z))] dz

xiE‘PBS

=

o]

z;,€Ppg

(é) )\u/e—)\Bszg C(zw)dzdz
B

— A\ / e Jr2 C(z’y)dy]Eq>BS Mo Jrz O I eaps (1-Clusm))dy H (1-0C(z, Iz))] dz.
B

z;€EPpg
(4.9)

(+) is defined in (4.6). (e) is by PGFL of

(d) is by Fubini’s theorem and A};E

a homogeneous PPP [30].
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The expectation term over ®gg in (4.9) is

Egyg 6)‘“ Jr2 € e caps (1-Cly:zi)dy H (1 — C(Z, Iz))]

z,EPRg
(X (N fp2 C(2,9) [ ey (1 — Cly, mi))dy)*
@E‘I’BS Z ( fR ( )H 162;38( ( )) ) H (1 - 0(27131))
| k=0 ’ z;EPpg

-5~ fean | (3 [ e TL 0= Cnnpan) ] 1-Ctey

z;€PBs

(f) is by Taylor’s expansion.

The k-th order term is

%E‘DBS ( 2 C(Z, y) H (1 — C(y, Jil))dy> H (1 — C(Z’xz))

z;EPpg

/R [ G TT ((1—C(y1,xi))...(1—C’(yk,xi))

x(1— C(z,xl))) dyy ... dy

k
:% / o / C(z,11)...C(z, yp)e oS fR2(1’H§=1(1*0(%‘”))(1*0(2"”))“)dy1 . dyy
. RQ RQ

(4.10)
By plugging (4.10) into (4.9),

AQ — )\u / 6—>\BS f]R2 C(Z7x)d$dz
B

—/\u/e_’\“flRQC(z’y)dy g —“/ / C(zyy1)...C(z,yx)
B k" R2 R2
k=0

x o~ Bs fR2(1—1_[?:1(1—C(yj7$))(1—C(z,$)))dwdy1 N .dyk] dz,
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where |B| = 1.

4.7.2 Proof of Theorem 17

n links with length less than R are considered and let R; be the region
for determining the i-th link is connected as in Figure 4.2. Then, the mean
numbers of the connected links among them are

S exp(—IRi),

i=1...n

for both the correlated and the independent cases.

The proof is simple for the independent case, since the ¢-th link is
connected with probability exp(—|R;|) and the connectivity is independent

over links.

Now let us consider the correlated case. The i-th link is connected if

and only if any points in ®, are not in R;. The probability that only the k

links with length Lq, Lo, ..., Ly are connected is
=0, and |P, N R >1forl = (k+1),...,n]

d
, ) — Z exp (—Ab
Jie{l,...,n}\{1,....k} i
+ ...+ (_1)n—k Z exp —)\b U RZ U U Rj 5

J1yeensn—k€{L,ec;n\{1,....k} 1=1,..k J=I15e0dn—k

on | B

i=1,...,k

when there exists n links.
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(4.11) can be proven by induction. The case with n = 1 is simple since
the probability that k = 1 is exp(—Ay|R1|) and the probability that & = 0 is
1 —exp(—Ap|R1]). Now, it is assumed that (4.11) holds for k& € {0,1,...,m}
for n = m. Now, (4.11) for the case with k € {0,1,...,m+ 1} forn=m +1

will be proven.

First, the case with k € {1,...,m + 1} is considered when n = m + 1.

The probability that only £ links with Ly, Lo, ..., L are connected is

IP’[(I)bﬁ U &

=0, and | P, N R >1forl=(k+1),....m+1

i=1,...,k
:IP’[CI)bﬁ U Ri:O]xP[q)bﬂ(Rlﬂ(U Ri>)21forl:(k+1),...,m+1
i=1,...k i=1,...k

0)><<1— Z exp(—)\ijlf‘I(U Ri> )
J1€{k+1,....m+1} i=1,....k

+...+(—1)m“‘k‘ > e » U <ij(iU Rl)c) )

o (1) > exp|-M| | RU | R,

Jlseees jm+17k€{1 ::::: erl}\{l ~~~~~ k} i=1,..., k T=T15e Jm+1—k
where A€ is the complement set of A. (a) is obtained by the induction assump-

tion with index changing.
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Under the case for k = 0 when n =m + 1,

m+1
P [(no link is connected)] = 1 — Z P[(j links are connected.)]

=1

=1— ) exp(—=MI[R;))

s€{l,...m+1}

+ .4 (=)™ Z exp [ =\ U R;

Tlgeees jm+1€{1 ..... m+1} J=J1sees Jm+1

More precisely, the coefficient of a randomly chosen term

exp(—)\b U Ri),

=1 izl
for il <m+1and {iy,...,54} € {1,...,m+ 1} is

— (1 — (i) + (é) — (=D (l _l 1)) =—(1-1)'+ (=1 =(-1)"

(4.12)
In (4.12), (i) comes from the probability of the sum of [ — i connected links.

Now, it will be shown that the mean number of connected links un-

der the correlated shadowing is > ., . exp(—Xy|R;|). The mean number of

.....

connected links is

Z s Z P[j1, ..., js-th link are connected.]

= s[ Z (exp (—)\b
s=1 l1,..ls€{l,....,n}

-----

U

i=l1,..., ls

----------

+ . (=) > exp|-N| | RU | B >]

J1yeesdn—s €{1,;n I\ {l1,.,ls } i=l1,...,ls J=J15esdn—s

—
=
=

Il
D
»

=
|
>
s
=
e
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> — Z exp (—/\b
JrE{L, i\ {in,.0s} =

-----




(b) is obtained since the coefficient of

exp <—)\b U R; ) ,
for k>1is

k — (T)(k—lH(g)(/f—Q)—-~+(—1)’“_1(k51)
:k;<1—(kzl)Jr(k;l)—...+(—1)’€—1(Z:D>

=k(1-1F' =0,

and the coefficient of exp(—M\y|R;|) is 1 which is obtained the probability of

only ¢-th link is connected.
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Chapter 5

Scaling Laws for Ergodic Spectral Efficiency in
MIMO Poisson Networks

This chapter! considers MIMO ad-hoc networks modeled by a Poisson
bipolar network. This chapter shows that spatial multiplexing transmission
methods are essential for obtaining better ergodic spectral efficiency in random

wireless networks with multiple antennas.

5.1 Introduction

A multiple-input-multiple-output mobile ad hoc network (MIMO-MANET)
is an infrastructure-less network in which a large number of transmit-and-
receive pairs, each with multiple antennas, communicate by sharing some com-
mon spectrum [85,86]. Such networks are fundamental in a variety of applica-
tions including car-to-car and device-to-device communication systems [87-89).

It is therefore of great importance to characterize the system-level performance

of such networks [6,7,90].

Despite extensive research over a few decades, analytical expressions

!This chapter has been published in [84]. T am the primary author of these works.
Coauthor Dr. Namyoon Lee has provided many discussions and insightful feedbacks to this
work, and Dr. Frangcois Baccelli is my supervisor.
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for the spectral efficiency of such systems are still missing. The principal
difficulty has been the lack of a tractable model quantifying uncoordinated
inter-node interference together with inter-stream interference at a receiver
equipped with multiple antennas. In this chapter, this chapter leverages two
analytical tools to cope with this difficulty. The first one is stochastic geome-
try which models the locations of links as Poisson dipoles [14] and allows one
to compute the distribution of the interference power. The second one is ran-
dom matrix theory [91], which is exploited for calculating the distribution of
inter-stream interference power under different MIMO detection techniques.
Combining these tools, this chapter characterizes the ergodic spectral effi-
ciencies and the scaling laws of a super-dense MIMO-MANET system, under
Poisson assumptions on the node locations, and when considering two types
of channel knowledge at receivers. By leveraging the integral-form expressions
which are derived, this chapter highlights the interplay among four key system
parameters determining the scaling laws, namely the number of antennas at
the transmitter, the number of antennas at the receiver, the node density, and

the path-loss exponent.

5.1.1 Related Works

There has been extensive work on the capacity of MIMO-MANETS.
MIMO-MANETSs can be modeled as MIMO interference networks in which
a finite number of transmit-and-receiver pairs communicate by sharing the

same spectrum, without transmitter cooperation. [6] studied the capacity of
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a MIMO-MANET by treating inter-node interference as additional noise at
a receiver, and derived the optimal power allocation strategy for the MIMO
transmission. For instance, in a certain range of interference-to-noise ratios,
it turns out that allocating the whole power to one antenna (i.e., using a sin-
gle stream transmission) is optimal. [7] and [8] extended the result of [6], and
demonstrated that the asymptotic spectral efficiency is improved by sending
multiple data streams. A common assumption of these studies is that the
distances between any two nodes in the network are deterministic [6] or iden-
tical [7], which is unrealistic to model MANETS in practice. This approach
cannot be used to assess which MIMO transmission techniques provide the

highest gains in large random MANETS.

When considering more realistic random network topology assump-
tions, the rates achievable in MANETS have been studied in [85,90,92-96].
The study of scaling laws within this context was initiated by Gupta and
Kumar’s seminal paper [85]. Under the assumption that n nodes are ran-
domly located in the unit disk, Gupta and Kumar showed that multihop
routing based on a decode-and-forward scheme can reach to a total through-
put which scales as @(W). By using percolation theory, it was later
shown in [92] that a better scaling law of order ©(y/n) is achievable. Sub-
sequently, improved scaling results were derived in MANETS, assuming that
some specific additional assumptions hold on mobility [94], bandwidth [95],
or node-cooperation [90]. The main differences between our work and this

line of research are the following: (1) our model is based on Poisson dipoles
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and assumes that source-destination pairs communicate with each other rely-
ing upon single-hop transmissions, i.e., neither multi-hop routing schemes nor
node-cooperation are allowed (in a sense, this chapter is more focussed on D2D
than on MANETS). (2) this chapter focuses on the use of multiple antennas
at both transmitters and receivers, while this line of research was centered on
the scenario with a single antenna at both transmitters and receivers. (3) our
performance metric is spatially-averaged ergodic spectral efficiency, while the
work alluded to above focused on transport capacity. (4) even if new scaling
laws are our main results, our approach also provides exact formulas for the
mean Shannon rate of a typical link and the spectral efficiency per unit area
(see e.g. Theorems 20 and 21 below), and goes hence beyond the scaling law

setting.

This chapter assumes that the interferer locations are Poisson dis-
tributed over the plane [5,97], which is an appropriate model for e.g. D2D,
where transmitters are randomly located in an uncoordinated manner. Using
this model, the transmission capacity of ad hoc networks, which quantifies
the maximum allowable spatial density of successful transmissions per unit
area, subject to a given outage probability constraint, was characterized in
certain settings. For example, the transmission capacity expressions of ad
hoc networks were found when adopting spread spectrum techniques [9, 98],
interference cancellation [99-101], and multiple-antenna transmission meth-
ods [10,11,102-107]. In particular, in [10], it was demonstrated that inter-

ference cancellation techniques at a receiver employing multiple antennas can
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provide a linear increase of the transmission capacity of ad hoc networks with
the node density. In [11], it was shown that for a MIMO setting, a single stream
transmission is optimal in terms of transmission capacity, when all the degrees

of freedom of the receive antennas are used for interference cancellation.

Arguably, a common shortcoming of the transmission capacity metric
is that it cannot capture the effects of rate adaptation techniques, which are
the key features used in many modern wireless systems to track and exploit
channel variations [108]. The main novelty of this chapter compared to this
line of thought is the analysis of the ergodic spectral efficiency (rather than
transport capacity), which quantifies the achievable Shannon transmission rate
per unit area when adapting the rate to the different local conditions. For a
single-input-multiple-output (SIMO) setting, the recent work in [109] showed
that the sum spectral efficiency can increase linearly with both the density and
the path loss exponent provided the number of antennas is a linear function of
the density. For a MIMO setting, however, it is still unknown whether spatial
multiplezing transmission techniques [110] can improve the scaling laws of the
sum spectral efficiency. This chapter recalls that spatial multiplering consists
in transmitting different data streams on the transmit antennas and in iden-
tifying/discriminating between these streams at the receiver, while transmit
diversity consists in sending the same data symbols over multiple transmit
antennas to enhance the reliability. The main qualitative achievement of this
chapter is a proof that the answer to this question is positive and more pre-

cisely the identification of the network densities and antenna configurations
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for which spatial multiplexing strategies achieve higher sum spectral efficiency

per unit area than the methods based on transmit diversity.

5.1.2 Main Contributions

This chapter considers a random network with a topology modeled by
a Poisson bipolar network [14] with density A on R% In this model, each
transmitter has its receiver at some random distance. Also, each transmitter
has N, antennas and is assumed to send N, data streams to its associated
receiver which has N,(> Vi) antennas. Our key findings can be summarized

as follows:

e This chapter first considers the case where each receiver has knowledge
of the state of the channel between its transmitter and itself only. This
chapter refers to this channel knowledge assumption as direct channel
state information (CSI) at receiver (DCSIR). Under the premise of this
channel knowledge, and under zero-forcing (ZF) detection and ZF-based
successive interference cancellation (ZF-SIC) detection respectively, this
chapter derives analytical expressions for the sum spectral efficiency as
a function of 1) the network density A, 2) the number of transmit and
receive antennas (NVy and N,), 3) the path-loss exponent «, and 4) the
signal-to-noise ratio (SNR). By deriving closed forms of lower and upper
bound on this sum spectral efficiency, this chapter shows that, as A goes
to infinity, when N; = ¢; M\, N, = c,A? for some constants c¢;,co > 0,

B1 < By and a > 2, the scaling laws of the ergodic spectral efficiency per
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link is
O(N" logy(1 + A»2F172)),

for both ZF and ZF-SIC. One important implication of this scaling law is
that when 3y > 8 + 5, transmitting multiple streams is more beneficial
in the scaling law sense than sending just a single stream, which strongly
contrasts with the result derived on transmission capacity [11]. In fact,
this result agrees with the intuition that it should be possible to improve
the data rates per link by having N; = ¢;A* and by transmitting mul-
tiple data streams (multiplexing gain), provided the remaining degrees
of freedom at the receiver are sufficient to cancel both inter-stream in-
terference and inter-node interference and to discriminate between the
independent data streams. Furthermore, this scaling law expression gen-

eralizes the result for the SIMO case derived in [109] to the MIMO case.

This chapter also considers the case where each receiver is able to learn
the CSI of its L-nearest interferers with (0 < L < L%J — 1)%, which
is referred to here as local CSI at receiver (LCSIR)3. Using a ZF-SIC
detection technique for suppressing both inter-stream and inter-node in-

terference, this chapter gives an exact expression of the sum spectral

2| 2] denotes the largest integer no more than x.

3This assumption can be justified by a practical protocol, FlashlinQ [111]. FlashlinQ
operates using a protocol, in which each transmitter sends pilot signals using orthogonal re-
sources across neighbors and the receivers estimate the neighbors’ channel state information
to perform the SIR-aware scheduling, which is referred to as transmit and receive yieldings.
It was showed that the protocol can successfully discover up to a few thousand devices over
a 1 km radius. By leveraging this protocol, the receiver is able to learn CSIR locally.
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efficiency. By leveraging this expression, an achievable scaling law of the

sum spectral efficiency per link is obtained as:
QA" (logy (1 + AP2P17D%))),

when N, = ¢;A\? and N, = c,\%, for some constants ¢;,c; > 0 and
B1 < B, a > 2, and for L = L%j — 1. This result also demonstrates
that MIMO transmission improves the scaling law of the ergodic spectral
efficiency per link by increasing multiplexing gains, provided Sy > (5, +1.
Comparing to DCSIR, it is possible with LCSIR to increase the sum
spectral efficiency when acting on both the path-loss exponent and the
number of transmit antennas. This multiplicative gain in the achievable

scaling law comes from the fact that the receiver exploits LCSIR.

This chapter is organized as follows. The network model, the perfor-
mance metrics, and the receiver schemes are discussed in Section 5.2. The
exact expression and the scaling law for ergodic spectral efficiency are pro-
vided in Section 5.3 in the DCSIR case and in Section 5.4 in the LCSIR case.

This chapter concludes in Section 5.5.

5.2 System Model
5.2.1 Network Model

This chapter considers a Poisson bipolar network model which features
an infinite number of transmitter-receiver pairs scattered in the Euclidean

plane. Let ® = {X,};cn denote the locations of the transmitters, which are
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Figure 5.1: A snapshot of bipolar MANET where A = 0.00004/m? and Ry = 50m.

assumed to form some realization of a homogeneous Poisson point process
(PPP) with positive and finite intensity A on R% Let ® = {Y;};cy denote the
locations of the receivers. Y;, the receiver of X;, is assumed to be uniformly
distributed on a ring with inner radius 1 and outer radius R, centered at
X;, where Ry > 1. Fig. 5.1 provides a snapshot of network topology with
Rg = 50m and X\ = 0.000004/m?. This chapter assumes that each receiver
is equipped with a fixed number of N, antennas, whereas transmitters have
a random number N; in [1, N,] € N of antennas. The probability of having
k transmit antennas is denoted by pi, where Zg;lpk = 1. The number of
transmit antennas is assumed independent and identically distributed (i.i.d.)

over links.
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5.2.2 Signal Model

A transmitter X, € ® communicates with its associated receiver Y,
and sends a signal s, € CM#*! when X}, has Ny, antennas, (1 < Ny, < N,),
with power constraint E[||s;|?] = P. Here, it is assumed that the transmit
power is equally allocated to all antennas. Assuming a frequency-flat channel,

the received signal at the k-th receiver, y, € CN*1 is
Vi = Z d,;l%Hk’lsl + 7z, (5.1)

1,X,€®

where Hy; € CM>*Nut is the channel matrix and dy; the distance from X;
to Y}, respectively. Moreover, z, € CM*! is the noise vector at receiver Y.
Furthermore, it is assumed that all entries of Hy; are i.i.d. complex Gaussian
random variables with zero mean and unit variance, i.e. CN(0,1), and that

all entries of zj, are i.i.d. CN(0,0?), where o2 is the noise variance.

5.2.3 Receive Filters and Performance Metrics

It is assumed that receiver Y, can measure CSI from its associated
transmitter X; and from the Lj nearest transmitters, i.e. {X }2*,, where
0 < Ly <max{n|> ;" Nij, < Ny — Ny }*. It will be assumed that X, sends

Ni  data streams without using any precoding, i.e., that an open-loop MIMO

transmission is used, and also that the receiver uses linear receive filters to

4With this condition, the number of received data streams at Y}, is no larger than N,.
This assumption is necessary for decoding the independent data streams in ZF and ZF-SIC.
If all transmitters are equipped with Ny antennas, Ly = L%tJ —1,Vk € K. Further, the j-th
nearest interferer from Y} is denoted by Xy ;.
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detect the desired data symbol by eliminating the inter-stream interference

and the inter-node interference.

Let vi(m) € CN>1 m = 1,..., Ny}, denote the receive filter vector
used at Y for detecting the m-th data stream from its transmitter. Then,
the resulting signal-to-interference-and-noise ratio (SINR) for the m-th data

stream of the k-th link is

SINRy(m) = ’ va (5.2)

where

La(m) =Y [IVi(m)Hex(, )] dis,
”L—l, A,Nt’k

Iio(m) = Z ||V2(m)Hk,l||2d1;(lla
lE{kl,kQ,...7kLk}

Iy3(m) = Z IIVZ(m)szHQd;Z?

LXIE{\X ke Xy X s X, }
Here, the conjugate transpose is denoted by * and the i-th column of the matrix
A by A(:,7). As can be seen in (5.2), the total amount of interference at the
receiver can be decomposed into three factors: 1) the inter-stream interference
Ii1, 2) the inter-node interference from the Lj-dominant interferers, I, and
3) the inter-node interference, I3, which is the interference from the other

nodes. Then, the achievable rate of the k-th link is

Ny Ny
Cr =Y _ Ci(m) =) log,(1+ SINRx(m)).
m=1 m=1
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The main target performance metric in this chapter is ergodic spectral

efficiency. The sum spectral efficiency per unit area is defined by

C= |_j\|CA = ﬁE [Zk,YkeA Ck}

= \EY Z log, (1 + SINRO(m))] : (5.3)

m=1

where for any A C R?, | A| is the area of A, Cy4 is the sum spectral efficiency
of A, and E° denotes the Palm expectation [5] of the receiver PPP. The fact
that the last expression does not depend on the choice of A results from the
stationarity assumptions [5]. Here, SINR( denotes the SINR measured at the
receiver located at the origin®. Furthermore, the spectral efficiency of the

typical link, or equivalently the spectral efficiency per link is defined by

N0
1 )
Clink = XC = ]EO > 10g2(1 + SINRo(m))

Here, for the above quantities, the terms ergodic spectral efficiency or ergodic
spectral efficiency per link will be used, respectively. The ergodicity is over
both the time-domain (averaging over the small-scale multipath fading) and

over space (averaging over all Poisson configurations).

The sum spectral efficiency per unit area will be denoted by C%" under

ZF, and by C%¢ under ZF-SIC, the sum spectral efficiency in region A C

5By Slivnyak’s theorem [5], it is possible locate the typical receiver at the origin. the
typical transmitter and the typical receiver are labelled by X, and Yy = 0, respectively.
The distance between Yy and { X} }reqoyun, the channel matrix Ho,l € {0} UN, the linear
receiver filter vo(m), Io(m), and the j-th nearest interferers from Yp, i.e., Xo, are defined
similarly.
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R? with ZF by C4 under ZF and by C5¢ under ZF-SIC, and the spectral
efficiency per link by CZE under ZF by C2I under ZF-SIC.

5.2.3.1 ZF detection

The main idea of the ZF-decorrelator [110] is to construct vi(m) so as
to remove both I;(m) and Ijo(m) simultaneously by projecting the received
signal vector onto the subspace orthogonal to that spanned by the vectors
Hy . (:,1),. .., Hex(c,m — 1), Hex(c,m + 1), ..., Hg 1 (5, Nig), and the column
vectors of Hyy,, . .. 7Hk7kLk' Let Ug(m) be the null space of these column
vectors; the dimension of Ug(m) is Ny x (N — (Nyyp — 1) — ZZL:’H Nik,) with
probability 1.6 By definition of Ly, Ny — (Nygx — 1) — S35 Ny, > 1.

This chapter considers maximizing the desired signal power by choosing
vi(m) in the space spanned by Ug(m). More precisely, vi(m) is designed for
2.

maximizing |vy(m)Hyx(:, m) If the columns of Ug(m) are orthonormal

bases of the null space, then the following filter maximizes |v;(m)Hy x(:, m)|?:
vi(m) = Up(m)Uy(m)Hy x(:, m).

By applying this filter, I;(m) and Ijs(m) are suppressed and the resulting
SINR becomes

Hk k m)d_o‘
SINRZF () = Rk
Ti(m) + s
k P
6N, —1 comes from the dimension of the subspace spanned by Hy, . (:,1), ..., Hy (s, m—

1), Hy o (:,m+1),...,Hg (5, Ny ) and Z{;’“l Ny i, from the dimension of Hy, 1, , . . . Hi g, -
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where

I(m) = Iis(m) = Z Hyoy(m)d s

L,X1€{ P\ Xp, Xi, 7Xk27---7XkLk}

and Hyx(m) = ||vi(m)Hg||? is a Chi-squared random variable” with 2(N, —
Nig — S2F% N, + 1) degrees of freedom [110] and Hyy(m) = ||vi(m)Hy,|?
is distributed as a Chi-squared with 2/N;; degrees of freedom [110]. Since
ZF receivers does not change the interference power distribution from each
interferer, interference is the sum of i.i.d. N;; exponential random variables.
This is the main reason why the interferemce measured at the typical receiver
is the sum of Ayy,,. The sum spectral efficiency per unit area hence becomes

Nio0
C™" = XCI, = AE” | > " log,(1 4 SINRE" (m)) | - (5.4)

m=1

5.2.3.2 ZF-SIC detection

The key idea of ZF-SIC decoding [110] is to recover and to subtract
a data stream successively for obtaining the remaining data streams. This
provides a power gain as well as an interference cancellation gain. For decoding

the m-th data stream of the k-th link, the 1st to (m — 1)-th data streams are

"The probability density function of the Chi-square distribution with 2n degrees of free-

dom, X%, is fng (x) = % Further, since the decoding procedure is performed at

each receiver with known information, the randomness of the number of transmit antenna
N i, disappears. Therefore, it is possible to conclude that Hy, j,(m) is a Chi-squared random
variable.
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subtracted off from the received vector y, and the decorrelator for the m-th
data stream is applied to the subtracted vector for suppressing the (m+1)-th to
N p-th streams of the k-th link. In other words, the corresponding projection
is onto the subspace orthogonal to Hy i (:,m+1), ..., Hy i (:, Nes) (say Ug(m)),
as opposed to being to the subspace orthogonal to Hy x(:, 1), ..., Hy x(:,m —
1), Hy,(c,m+1), ..., Hy,(:, Ny ) and the column spaces of Hyj,, . . . 7Hk'7k7Lk
in the previous subsection. By choosing vj(m) in Ug(m) to maximize the

signal power, the resulting SINR becomes

Hyn(m)d ¢
SINRSIC () — o4 )N’“”; -
where
I(m) = Iiz(m) = > Hy,y(m)dy. S,
l7Xle{<I)\Xk7Xk17Xk27---7XkLk}
and Hy,,(m) = ||¥;(m)Hyx||? is a Chi-squared random variable with 2(N, —
Ny +m) degrees of freedom® and Hy (m) = ||[vi(m)Hy,||? is distributed as a

Chi-squared with 2/NV;; degrees of freedom.

Similarly, the sum spectral efficiency per unit area achieved by the ZF-
SIC is given by

Nto
CSIC = ACHIY = AE° | ) " log,(1 + SINRF“(m)) | . (5.5)

m=1

8With the SIC structure, the subspace spanned by Hy p(:,m + 1),...,Hg x(:, Ny ) is
suppressed for recovering the m-th data stream.
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Even though neither ZF nor ZF-SIC are optimal in the information theoretic
sense, these are quite commonly used and in addition amenable to analysis.
With these receiving architectures, the exact expressions of the sum spectral

efficiency and the corresponding scaling laws are given in the following sections.

5.2.4 Transmision Capacity and Ergodic Spectral Efficiency

The definitions of transmission capacity and ergodic spectral efficiency

are as follows:

e Transmission capacity (TC): Maximal spatial density of successful trans-
missions per unit area (A) subject to a given outage probability constraint

P[SIR < 0] < ¢

e Ergodic spectral efficiency (ESE): achievable Shannon transmission rate:

Nt

E[) log,(1+ SIR(i))], (5.6)

i=1
where N; is number of transmit antennas and STR(7) is the SIR of the

i-th data stream.

Both metrics are used to analyze wireless networks. TC is more focused on the
amount of simultaneous successful transmit links whereas ESE is more focused

on achievable information theoretical capacity.
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5.3 Direct CSIR

In this section, the exact analytical expressions of the sum spectral
efficiency for both ZF and ZF-SIC detection are obtained with DCSIR, i.e.,
L, = 0 for all X}, € ®. Then, a lower and an upper bounds are derived with
closed-forms. The announced scaling laws will be obtained from these closed

from expressions.

In our closed-form expressions, the Gamma function is used, which is

defined as I'(z) = [ t" te " dt.

5.3.1 Sum Spectral Efficiency

Theorem 20 (ZF with DCSIR). When using ZF detection, the sum spectral

efficiency per unit area of DCSIR is

CZF _ ZNr alvpy, [Rd fOOO

v=1 2In2 J1

I(k+2)r(1-2)

() (1 ”

u

L T(e2)r(a-2)\ "2\ Nrtv-l .
()\7?1“2 S pk%) ) > duRg_ldr. (5.7)
Proof. See Appendix 5.6.2. [

Theorem 21 (ZF-SIC with DCSIR). When using ZF-SIC detection, the sum
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spectral efficiency per unit area of DCSIR is

SIC _ M | adpy [Ra oo
C _szl [2ln2 1 fO

r(k+2)ra-2)

o
2 -2
;%(*”2&1 Pkw) e
u Zm:l 1— 1+

a —Ny+v—m
D(k+2)T(1-2)\ " 2 .
(/\7T7“2 chv;l pk%> ’ > ) du Példr] : (5.8)

Proof. See Appendix 5.6.2. ]

Corollary 14. When all transmitters have N; antennas, i.e. py, = 1, (5.7)

simplifies to

el
_NtPJ2 </\WF(NF1E(%N)I')‘(17%)> 2
(OZF — AN Rq oo ¢ v 1—

~ 2In2 J1 0 u

1 A 2F(Nt+%)r(1_%) —2 e d 2r d 5.9
+ (A = ugz=dr, (5.9)

and (5.8) reduces to

Nio? [ T(Ng+2)ra-2)\ "%
_ AVt AT a a —u

P T(Ny)u
SIC _ _a\ [Ra oo Nt
C T 2ln2 J1 0 u Zm:l
NI-—Nt—f—m
(1— s )duRE’“ldr. (5.10)
T(Ng+5)T(A-2) 4
1+()\WT2W)

These explicit formulas show how the sum spectral efficiency is de-
termined by the system parameters. Fig. 5.2 plots the sum spectral effi-
ciency of transmitters in region A4 C R? for a path-loss exponent o = 4,

|A] = ©500%(m?), Rg = 50m, P = —20dBm, py, = 1 and 0®> = —104dBm.
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Sum Spectral Efficiency (ZF, Direct CSIR)
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Figure 5.2: The sum efficiency with DCSIR when |A| = 7500%(m?), a = 4, Rq =
50(m), P = —20(dBm), 0 = —104(dBm), py, = 1
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The gain of the SIC decorrelator can be found by comparing the two figures
in Fig. 5.2.

Remark 22. A drawback of ZF-SIC is error propagation. In the high SNR
regime, however, ZF-SIC detection always provides a higher sum spectral effi-

ciency than ZF detection, as can be checked in Fig. 5.2.

One of the interesting observations is that increasing the number of
streams V; for a given NV, and A does not necessarily increase the sum spectral
efficiency. On the one hand, for a small node density A, it is possible to
increase the sum spectral efficiency per area linearly with the number of spatial
multiplexing streams N;. On the other hand, the sum spectral efficiency per
area increases sub-linearly with A as shown in Fig. 5.2. This implies that, for
fixed N; and N, increasing \ will degrade the spectral efficiency per link due

to large interference.

To further obtain insights from the derived expressions, it is instructive

to consider some examples:

Example 7. When dj;, = d for all £ € K and pn, = 1, Equations (5.9) and
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(5.10) can be simplified as follows

2In2 —— n
Fe (/\ (Nt+F T(1-2)md? )n%
8 / u (1+( F(Nt) )%)Nr—NtHdu (5.11)
0 A'(Ny+= )F(1 2)7rd2
Ne—Ny+m
CSIC Z fj N, =Ny +m
21n2 n
> gu (et yns
¢ AL(Ne+2)P(1=2)md
8 / u 1 tlﬂ(Nt)u NN, Netm du, (5.12)

in the interference-limited case (02 = 0). This simplified single integral form
provides a better intuition on the impact of network design parameters on
sum spectral efficiency. For example, increasing N, always provides higher
performance, and optimizing N; for fixed N, is an important and interesting

question.

Example 8. Following Example 7, it is assumed that Ny = N,, a = 4. In this

case, the sum spectral efficiency per unit area with the ZF-receiver is

O%F = 21?1];“ {sin (k) (% — Si (@) — cos (k) Ci (m)} , (5.13)

mAd?T(Ny+3)0(3)

TN G)Si(z) = J7EmO g and Ci(z) = — [* <Dt are

where Kk =

the sine integral and cosine integral functions, respectively.

In Example 8, if d = Wﬁ?)ﬂé)’ which means that the distance of

communication links is of order of /\_%, the sum spectral efficiency per unit
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area becomes

B 22N, (

C7F = =5 T g (g)) ~ 0.5772\N;. (5.14)

2

So, if the assumptions in Example 8 and the above relation of d and A hold,
it is possible to guarantee that the sum spectral efficiency per unit area is at

least 0.5772N; .

Throughout this chapter, the main scaling is that of the number of
transmit and receive antennas with respect to the network density A, while
this example scales the link distance with respect to A. In what follows, the

distance d will be kept fixed.

5.3.2 Scaling Law

This section provides both a lower and an upper bound with a closed-
form on the sum spectral efficiency. This allows us to obtain the announced

scaling law. This part focuses on the case where py, = 1.

Theorem 22 (Direct CSIR, ZF, Scaling Law). Assume that py, = 1, Ny =
1M\ N, = co\%2, for some constants ci, ¢, > 0, and that #; < 5. Then, in

the interference limited regime,
O™ = O\ log, (1 + A27A=3)), (5.15)

Proof. See Appendix 5.6.3. ]
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Theorem 23 (Direct CSIR, Scaling Law, ZF-SIC). Under the same assump-

tions as in Theorem 22, in the interference limited regime,

CS1C = @M1+ og, (1 + N2=H=3%)). (5.16)
Proof. See Appendix 5.6.3. ]

C?%F and CS€ are functions of A\ but here this chapter just uses them
instead of C#¥(\) and C51¢()) for simple notations and the consistency with

the previous notations.

Remark 23. The first observation is that, in the DCSIR case, the sum spec-
tral efficiency per unit area is identical for ZF and ZF-SIC in a scaling law
sense. This is because the signal power of the m-th data stream under ZF is
E[Hyx(m)] ~ Ny — N, + 1 and under ZF-SIC is E[Hj(m)] ~ N; — N, +m
with m < N;. Consequently, in our setting, the array gain obtained by ZF-SIC
detection, m — 1 = (N — N, +m) — (N, — Ny + 1)(< ¢;)\%1), is negligible in the
scaling law sense since N, (= 02)\52) is dominant. To obtain a gain from the
SIC structure, the signal power gain by ZF-SIC should be at least the order
of N;, and this will actually be the case for LCISR (see Section 5.4).

This scaling law can be explained intuitively from the definition of the

ergodic spectral efficiency. The ergodic spectral efficiency

Ny

E° |} " logy(1 + SINR(m))

m=1

with independent N; data streams, is approximated by N;log, (1 + SINR(1)).

Since the signal power is x§< NoeNet1) and the interference power scales as Ny A2,
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the ergodic spectral efficiency scales as V; log, (1 + %) As X\ goes to
infinity with the assumption 5 > ) which leads N, — Ny + 1 ~ N, (5.16) is

obtained.

The next corollary, on per link spectral efficiency, follows immediately

from the two theorems stated above.

Corollary 15. When the receive scheme is ZF or ZF-SIC, under DCSIR, the

scaling law of the sum spectral efficiency per link is

O\ log())) for B — 1 — % >0, (5.17)
O(\™) for By — B — % — 0, (5.18)
O(N2~%) for By — B — % <0. (5.19)

Here are important observations following from this corollary.

e Whenever 3,—f1—5 > 0, the spectral efficiency per link is determined by
N; or 31 alone. So, in this regime, spatial multiplexing, namely increasing
the number of data streams, is beneficial; to the best of our knowledge,

this result is new.

e Whenever 8, — 81 — 5 < 0, the spectral efficiency per link scales with
order of ©(M272). So the scaling law can be in super-linear region

(B2 > ), linear region (5 = §), or sub-linear region (3, < §).

e For given 3, and «, the optimal scaling law is acheived when 3, = f,— 7,

and the corresponding scaling law is ©(\?27%).
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e For fixed Ny and N, (i.e. 1,62 = 0), the scaling law is O(A~2).

Remark 24. For fixed N; and N,, the signal-to-interference ratio (SIR) scale
invariance, i.e., the fact that the SIR at the typical user does not depend on
the infrastructure density, was observed in cellular network with the nearest
base station association scenario and with power law attenuation [12]. So, one
could expect that the ergodic spectral efficiency, which is a function of SIR, to
be also constant in the present situation, but this is not compatible with our
scaling result ©(A~2). The main difference between the model in [12] and ours
is that there is no interferer closer than the serving base station (i.e., there is
a guard zone) in the cellular network model of [12] while the closest interferer

in our model may be very close as A increases.

Example 9. Assume that py, = 1. For fixed values of Vi, N, and «, what
is the optimal node density in our model? This part answers this question in
a heuristic way by maximizing the lower bounds obtained above. For the ZF
case, the density maximizing the lower bound of the sum spectral efficiency

per unit area in (5.30) is’

o AN, AN\
)\ZF—Mgm;flX a log, <1+(F(Nt+§)F(1—§) ")

_ Nrth 3 ~ 3
where 1 = e For large z, since log,(1 + ) ~ log,(z), the optimal

link density in the high SIR regime is

. L(v) (N, = N’
ZF 7 9ln2-1 2 2 2 )

9Here, € is ignored.
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Hence, the optimal medium access probability under the spatial Aloha protocol
[14] is

ZF)'

A

pEF = min(lv

For the ZF-SIC case, by using the lower bound in (5.35) and the relation
logy(1 + x) ~ logy(x) for large z, the optimal A given Ny, N;, and A in high
SIR regime is

2\ 2T (N,) SN, — Ny +m—1
A§j¢ = arg max — log, [ 1+ ( ) =
SIC Aoa mz::l 2 ( (N +2T(1—-2))  (AMr(R:+1))%
L2 ( 20 (V) >£V
>~ ar e
B B TV + P = DR + 1)

Nt
< [T = N+ m — 1)A—°EM>

m=1
_2

_ I'(Ny) i B B Nea
— 21n2_1P(Nt + %)1‘\(1 _ %)W(Rz + 1) (H(Nr Nt +m 1)) ,

m=1

and the optimal medium access probability under the spatial Aloha protocol

1S

AEIC )

a1 = min(1,
Dsic ( \

Example 10. Assume py, = 1. For fixed N, A, and «, What is the optimal
value for N;? This can be obtained by using the formulas in Theorem 20 and
21. A simple way consists in maximizing the lower bounds as in Example 9.

By using the Gamma function relation

(F(Nt +F§)Vrt)(1 _ 5)) ’ > Nit
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Equation (5.30), which is the lower bound of sum spectral efficiency per unit

area when ZF-receiver is applied, becomes fZ5 (N;) where

2\ N, —
) = o, (1+b - ) (5.20)

when

2 (7o) oo

— 2 Since fZ¥(z) is a concave
ﬂ‘RéF(l*%) fLB( )

One interesting case is b = 1, i.e., A =
function, the optimal Ny is [2:] or [2:] + 1. Another intersting case is that
b ~ 0 or equivalently A is very big. By using a relation log(1l + z) ~ x for
a small z, fZ(z) ~ 22(N, — 2). So, the optimal N; is 1. This means, for

a very dense network, transmitting one data stream is the best strategy for

enhancing the reliability.

Remark 25. The physical meaning of scaling law can be obtained as follows.
The scaling law of ESE of the typical link with respect to the network density
is

O\ log, (1 + )\52’51’%)).

Since my target performance metric, ergodic spectral efficiency, is defined as
E°[SN log,(1+ STR(0))], this is approximately N, log, (14 &==Nttl) in the in-
terference limited regime. The interference distribution of Poisson field under
distance-based power law is a-stable!®. In other words, the interference distri-

bution with network density A is A2 times that with density 1. Furthermore,

10Here, « is not the path-loss exponent
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since each interferer send N; independent data streams from the same location,
by plugging N;A? into I, we obtain the above scaling law, since N, — N, + 1

is approximated by N, when A — oo.

Remark 26. One of the results in [10] is that network throughput can be made
to scale linearly with the number of receive antennas in the SIMO setting.
However, in [10], the main different assumptions with are 1) using partial
zero forcing receiver to obtain the optimal scaling law 2) when each receiver
knows all channel state information. If I use a partial zero forcing receiver for
achieving the optimal scaling law in SIMO setting (i.e., 81 = 0), the scaling

law of ESE per link will become
QN logy (1 4+ AP2=A17D5)) = Q(log, (1 + AP27D%)), (5.21)

and the linear gain (constant per-link performance) can be achieved when S,

= 1. This result can be connected with one of the results in [10].

Remark 27. Also in [11], the authors claim that no multiplexing gain is
obtained under the transmission capacity view. Both this contribution and [11]
compute the post-processed SIR distribution of a certain data stream. So,
the interference power when k data streams are sent will be k times larger
compared to transmitting just 1 data stream. Under the TC view, due to the

outage probability constraint which is
P[SIR < 6] < e,

transmitting multiple data streams will reduce the maximal density of trans-

mitting nodes concurrently. In other words, the outage constraint under TC
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can be thought as a reliability condition. For increasing the reliability of each
stream, transmitting one stream is the optimal strategy. ESE does not con-

sider this reliability. There is no term related to guaranteed SINR in ESE.

Remark 28. Under the cellular network scenario with the nearest BS asso-
ciation [12], the coverage probability improves as « increases which is counter
intuitive to the scaling law ©(A~2) when N; and N, are fixed. However, under
the cellular network scenario, there is no interferer closer than the serving base
station (i.e., there is a guard zone). So, in interference-limited networks, SIR
ratio will be improved for fixed as increases. However, in my ad-hoc network

setting, there is no guard zone. So, when « is big, the closest interfer may be

very close which explains why increasing o will be detrimental.

5.4 Local CSIR

LCSIR denotes the situation where Lp > 0, i.e., Y, knows the Lj-
nearest interferer CSIs in addition to the CSI of its own channel. Through

this section, it is assumed that all transmitters are equipped with Ny antennas

(ie.,py, =1)and Ly = L forall Y}, € ® with 1 < L < L%J -1

5.4.1 Sum Spectral Efficiency

In the LCSIR case, the sum spectral efficiencies per unit area are de-

noted by C#F under ZF and by C?'° under ZF-SIC.

Theorem 24. In the LCSIR case, under ZF detection, the achievable sum
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spectral efficiency per unit area with L dominant interferer CSI is

ozr _ MV /Rd/
Cr In2 Nt‘”

2z
(1 T (1t sz o)~ r—<L+1>Nt+1>£fk(L¥ s)ds gy de. (5.22)
where
= > 1 M 2(\mr?)E 2
- L = _ )\ 1 _ _ d S P d .
Ezk( ;S) /0 exp ( s /ur2 (—1 n su_2> u> —rF(L) e r
Proof. See Appendix 5.6.4. =

Theorem 25. In the LCSIR case, the achievable sum spectral efficiency per

unit area with L dominant interferer channel information using ZF-SIC detec-

tion is
SIC _ fia
ot / /
ln2 seNt; s
2x
<1— 15se )Nr Nt+m>£1~k(L,s)ds 3_1da;,
where
0o 00 1 Ny
L: (L;s) = —TA 11— ——= d
= [en(on [ (k) )
20t
—ATT d
T ¢
Proof. See Appendix 5.6.4. ]

Here as in the DCSIR case, the sum spectral efficiency increases with
the network density, for both ZF and ZF-SIC. This can be checked in Fig. 5.3

where the sum capacity increases sub-linearly with the average number of links.
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Figure 5.3: The sum spectral efficiency with LCSIR when |A| = 75002 (m?), «
R4 =50(m), P = —20(dBm), 0® = —104(dBm) with L = [ {] — 1.
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Remark 29. For the ZF case, the fading power of the desired signal is lower
for LCSIR than for DCSIR because the remaining degrees of freedom at the
receiver are used to suppress the inter-node interference from the L-dominant
interferers. Therefore, leveraging all channel information is not always benefi-
cial. This can be checked in the first figures of Fig. 5.2 and Fig. 5.3. For the
ZF-SIC case, however, utilizing all information is always beneficial, since the
fading power of the m-th data stream of the k-th link is X%( Ne—Nitm)? rather
than X%(Nrf( L) Net1) in ZF. This observation can be checked on the second

figures of Fig. 5.2 and Fig. 5.3.

5.4.2 Scaling Law

In this section, L = L%J — 1 which is the maximum possible number

for nulling the interference from other nodes.

Theorem 26 (Local CSIR, Scaling Law, ZF). Assume that py, = 1, and
Ny = i\, N, = ¢\ with with some constants c,co > 0 and B; < fo.

Then, under ZF detection, the sum spectral efficiency per unit area scales as

CH = QA log, (1 4+ AP2=Ar-le =By (5.23)
when L = %J —1.
Proof. See Appendix 5.6.5. ]

Remark 30. When o = 4, under ZF, the scaling law of spectral efficiency
per link is ©(A%1 log,(1 + A?27A171)) for DCSIR, whereas it is (A% logy(1 +
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N2=261-2)) for LCSIR In this case, it can be observed that nulling all inter-
ference from other nodes is not useful in the sense of scaling laws. This is
because the receiver wastes the spatial degrees of freedom to cancel the near-
est inter-node interference. This chapter concludes that, when ZF detection is
employed, in the scaling law sense, treating the nearest inter-node interference

as noise is a better strategy than canceling it.

Theorem 27 (Local CSIR, Scaling Law, ZF-SIC). The assumptions for the
number of antenna configurations are the same as in Theorem 26. When
L= L%J — 1, the sum spectral efficiency per unit area with ZF-SIC detection

scales as
CPC = QN1 gy (1 + APy, (5.24)
Proof. See Appendix 5.6.5. [

The main difference between (5.23) and (5.24) is the recovered degrees

of freedom of signal power by the successive cancellation architecture.

Corollary 16. Under ZF-SIC and LCSIR, the scaling law of the ergodic spec-

tral efficiency per link is

QA log(\)) for B =1 —1>0
Q) for fo—fh—1=0
Q()\51+(52—,31—1)%) for By — (1 —1<0.
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The conclusions are similar to those of Corollary 15. In particular, for
given (2 and «, the best ; in the scaling law sense is hence g7 = [ — 1,
and the corresponding scaling law is Q(M271). Since o > 2 is assumed, by
comparing with the scaling law in Corollary 15, LCSIR can achieve higher
performance than DCSIR case in the ergodic spectral efficiency per link in the

scaling law sense. 1!

Example 11. When N;, N;, A, and L are given, the density maximizing the
lower bounds in (5.37) for ZF and (5.38) for ZF-SIC under LCSIR can be
obtained as follows. As in Example 9, in the high SIR regime, the optimal
densities for ZF and ZF-SIC are

2
. N, — (L + 1)N, a1
Azpy = 20— %) - L— 5) 2 oin2
-y (27) 2 M
2 2
* (L—3)i - "
ASIC,L - 2(1_R37¢1) (QW)%Nt 7nH1<Nr - Nt +m — 1) 211’12’

(a—2)(R%2-1)

and the optimal medium access probabilities under the spatial Aloha are

* . AEF L
pzpp = min | 1, )\’

* . AEIC,L

"UEven though LCSIR achieves higher scaling law over DCSIR, a large amount of CSI is
required, which is the cost of the enhanced scaling law. As A goes to infinity, the required
amount of CSI also goes to infinity in asymptotic region.
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5.5 Conclusions

This chapter considered a random wireless network with multiple trans-
mit and receive antennas and examined the benefits of using MIMO techniques
for obtaining multiplexing gains from the ergodic spectral efficiency point-of-
view. Assuming two different types of CSI at receivers, this chapter gave exact
analytical expressions and scaling laws for the ergodic spectral efficiency. The
main finding is that the scaling of the ergodic spectral efficiency can be made a
function of both the density of nodes and the number of transmit streams, pro-
vided that the number of antennas scales in a particular polynomial function
with the density. Especially, when LCSIR with ZF-SIC detection is employed,

the scaling law is enhanced compared to that of DCSIR case.

There are many interesting directions left as future work. One possible
direction is to consider antenna correlation effects in both transmit and receive
antennas, and to analyze how the correlation effects change the scaling laws.
Assuming a MIMO random network with finite feedback, it would also be
interesting to investigate the benefits of a closed-loop MIMO transmission
technique over the open-loop transmission method examined here. Another
direction is to assume a MIMO heterogeneous network and to investigate the

optimum number of data streams as a function of the density of nodes.

5.6 Appendix
5.6.1 A Lemma for Capacity Analysis

The following lemma presented in [112] will be useful below.
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Lemma 10. Let x1, ..., 2N, 1, - ., Yy be arbitrary non-negative random vari-

ables. Then

> My( 2y(2)
In (1 + S 1) / exp(—z)dz,

where M, (z) =E [efzzfjgzlym} and M, ,(2) = E [efz(zgzlx"+2%:19m) :

E

Proof. See [112]. O

The following lemma, proved in [109, Appendix B], will also be used:

Lemma 11. Let X > 0 and Y > 0 be independent non-negative random

variables such that E[X] < oo, E[Y] < oo, and E[5+] < co. Then,

log, (1 1 e@(El(X)]) )])) <Exy {logz (1 + ;)]

E[Y]
< log, (1 + E[X]E [%D |

5.6.2 Proof of Theorem 20 and 21

Let X and Y be two independent non-negative random variables with

a € RT, Lemma 10 becomes

E {m (1 + Y‘)j a)] _ /0 T 1 B R ]d. (5.25)

z

Theorem 20 is proven first. Given dyo = d for the typical link and Ny = ¢,

applying (5.25), the ergodic spectral efficiency for the m-th data stream of the
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typical link is

H
E [log, | 1+ O’O(TZZ vz | |dop =d, Nyp =1t
dg o Io(m) + 22527
0,040 P
data2
1 (o) —_—— 2 -
:E e ZP (1 B E[eszO,o(m)])E[efzd IO(m)]dZ. (5.26)
0

Let us define Io(m) = Io1(m) + Ioo(m) + ... + Iy, (m), where Iop(m) comes
from nodes with k-transmit antennas. Then, the Laplace transform of the

interference Iy(m) is

Liym)(8) = E[G_SIO(m)] =E[e™* EIIeVQJOk(m)}

Ny B Ni
= HE[G_SIO’“(m)] = H Ly m)(8)-
k=1 k=1

The Laplace transform of In;(m) is

2 00
U exp (—)\pk/ / E,[1— e_svi]rdraW)
0

Bl [0

«Q u1+5

184



(a) comes from the thinning, the displacement theorem, the independent mark-
ing of PPP, and the probability generating functional (PGFL) of PPP [5]; p
is the inter-node interference power when vo(m) is applied. (b) is obtained by
changing from Cartesian coordinates to polar coordinates; (c¢) is by Fubini’s
theorem. (d) follows from the change of variable u = £; (e) comes from the
integration by part; (f) is by the definition of the Gamma function and (g)

comes from the fact that p is a Chi-squared random variable with 2k degrees

of freedom.

So, the Laplace transform of the interference Io(m) at zd® is

N; 5
—2zd*Ip(m)] __ . 2,2 Py _
Ele | = ,!:ll exp ( TApRd* 2 T ra a)) : (5.27)

which comes from the independent thinning and the superposition of PPP. By
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plugging (5.27) into (5.26),

oy 2
dtdz

1 e
In2 J, z

N,
2 = L'(k
X exp (—Wkdzzag pk(r(——'— — )
k=1

2
8]
daw r(k+2)ra-2)
_21n2/0 u

2ypr1-2y\ "2
Amd2 SN k%) Ho.o(m)
<1_E ( k=1P T'(k) du
o 21— 2y ~ 2
o e (e i)
= 1—
21112/0 u

Ny—t+1

(1 — E[e=footm))

! — ) du, (5.28)
1+ <)\7rd2 Zk 1D k_F(H ()J)S_i)> ’
where (a) comes from a variable change, and (b) follows from deconditioning
Hyo(m) which is a Chi-squared random variable with 2(N, — ¢ 4 1) degrees of
freedom. Since Y} is uniformly distributed in the ring centered at Xy, (5.9) is

obtained by considering all data streams and deconditioning with respect to

the number of transmit antennas of the typical link.

For the ZF-SIC detection method, the main difference in the proof is

that Hyo(m) is distributed as a Chi-squared with 2(N; — ¢ + m) degrees of
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freedom, and (5.28) is changed to

Qo2 Fbt2)r(1—2)\ "2
_d%t (Aﬂ—d22£];1pk ( a) ( a)) _u

. - . L T'(k)u
21n 2 /0 Y
Ne—t+m
1
P(k+2)rA-2)\ "2
14+ (/\7Td2 ijv;l pk%)

and (5.10) is obtained similarly.

5.6.3 Proof of Theorem 22 and 23

Proof. The lower and upper bounds of (5.9) will be derived first. By applying
Lemma 11, the sum spectral efficiency over the network is lower bounded as

follows:

AE°

Nt
> log, (1 + SINRgF(m))]
m=1

N —_
t H070<m)d078[
=AD" Entypimydosotm) {10g2 (1 T o)

m=1
N E[ln(Ho,o(m))]
e )
> >\§ E |1 1+ — 1.
I oonlof ){Og2( * dg o Io(m) )}

Since Hyo(m) is a Chi-square random variable with 2(N, — N; + 1) degrees of

freedom,
E[ln(Hoo(m))] = Y (Ny — Ny + 1),
where
n—1 1
1/’(”) = -7 + )
=1
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with v ~ 0.577, Euler’s constant. By [113, Theorem 3.1],
V@ > p 1, (5.29)
and

eEln(Ho,o(m))] - N; — N; + ¢,
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where € is some positive number!2. Thus, the lower bound of the sum spectral

efficiency per unit area is

Ny
N, — Ny + €
AN E m) |1 T =T
Z do,0,10( )|:0g2( + d&ojo(m) ):|

m=1

a A L > ]. —z _ € —z [e% m
- E Z/ ;(1 — € (e=Net ))Edo,o,lo(m)[e @B.0%0t )]d’z

I Z /°° 1 — ¢ FNTNANE, {exp( )wrd%oz* 2 T(V: F(])\/S)(l — é)ﬂ dz

) 1 , T(N, + 2)(1 — 2
> LZ\/ _(1_6—Z(Nr—Nt+6))eXp( AWE[CZ(Q)O] 2 ( an ) ( Oé))dZ

—
=

—~
o
=

—

T 2= J, 2 L(Ny)
[e73
N¢ 00 _( 2T (Ny) )7 Nr—Nite &
@ 2)1\042 § / le—u 1—e TNi+EITA-3) ) (an(R341)) 2 du
n 0 U
m=1

w\p

o
( 2F(Nt) ) 2 Ny—Npte us
D(Ny+2)r(1—2) <)\7T(R(21+1))% du

S [

) 2)\Nt 2 (V) NNk
e log, (1 + (F(Nt i %)F(l _ 2)) ()\W(Rfl + 1))3)

«

(@) 2\N;, 1 p 2 N, — N, +e
s log, [ 1+ — -, 5.30
=T ( N, (m - §)> (Or(R2 + 1))2> (5:30)

where (a) follows from Lemma 10, (b) comes from the expression for the in-

terference of the Laplace functional of PPP, (c) follows from Lemma 11, (d)

RZ+1
2

comes from a variable change and the fact that E[df,] = , (e) comes

o

from the fact that e™ > 2¢7* when u > 0 and o > 2, (f) is obtained by

12With a numerical approach, the gap of e¥(*) and z — 1 is lower bounded by 0.4. For
obtaining lower bound of the sum spectral efficiency (and scaling law of it), € is put to
prevent the lower bound becoming 0.
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(<3 Q@
2 2

o te " (1 —e ™ )du = 2log(1 +b), and (g) comes from
F(Nt)2 Z Nt_%-
(N, + 5)

Using the assumption that N; = ¢;\? and N, = ¢\,

lim C%F = QA"+ og,(1 + N27A72)), (5.31)

A—00
as A goes to infinity.

In the interference limited regime,

Nt
AE | > log,(1 +SINR§F(m))]
m=1
N —
t Hyo(m)dy g
= )\;-EHoyo(m),dO,O,Io(m) |:10g2 (1 + W)w>:|
< ANilogy | 1+ E[dy g E[Hoo(m)] o
- 20— Fg™) I(1+ 2)0(N,)$
= ANV 1 1+ (N - N+ 1 2 A
i 1ogy ( (@ =2)(R;—1) Rg( 6 )()\WF(Nt +2)0(1— 2))2
(5.32)
where (a) comes from Lemma 11, and (b) follows from E[d,g] = (2(_12—)(—1%22‘3 ’
: 312

E[Hoo(m)] = N, — Ny + 1, and the relation of E [¢] = E [ [ e™*¥ds] for any

positive random variable X. The negative moment of Io(m) is

1 o
E = / E[e*0m)ds
) = ) e
0 A r(Ng+2)ra-2) 2
:/ e T T(Ng) *ds
0

L1+ 2T(N)?
(ATT(Ny + 2)T(1 — 2))% "
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Therefore, the upper bound on the sum spectral efficiency per unit area is

ZF _ \N 1o 2(1 - R7*) B T(1+ 2)0(N,)3
C% = AN, log, (1 R ) (N: — Ny + 1) AT, O = 2]
2(1-R7%)

< AN log, <1+ (Ny = N + 1) F(H%)»g (v =1)7%) )

(a—2)(R%2-1) (Ml(1—2

where the last inequality comes from

I'(x)
[(z+ 2)

o

< (z—1)=. (5.33)
By letting A tend to infinity,

lim C%F = O(A* ! og,(1 + N27A72)), (5.34)

A—00

Equations (5.31) and (5.34) conclude the proof of Theorem 22.

The proof of Theorem 23 is analogous to that of Theorem 22. The

main difference consists in changing Hyo(m) ~ X%(Nr_NtJrl) to Hoo(m) ~

X%( No— Notm)- The lower bound of the sum spectral efficiency per unit area
m))]

2\ 2T (V) )gNr—Nt+m—1+e
> — lo 1+ =
23 (1 (ramies)

2AN, 1 2 2 N, — N, +e
> 1 1+ — = |, 5.35
a 0g2< N (F(1—§>> wr(RzH))z) (5.8

becomes

Nt
AE ) " log, (1+ SINRF(

m=1
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and the upper bound becomes

2 log, (1+ SINRglc(m))]

m=1

<A Zt log, (1 + ( e (Ne — Ny +m) PO+ UV 3)

AE

a—2) (R 1)

m=1

21— R T+ LV) \*
T (1 o oo e () )
20—-R;")  TO+23) N .
< AN log, (1+(a—2)(R§—1) T 2N -1 )

where the last inequality comes from (5.33). With the foregoing assumptions,
the scaling law of the sum spectral per unit area with respect to the density

becomes @()\51+1 logy (1 + )‘52_61_%))' -

5.6.4 Proof of Theorem 24 and 25

Lemma 10 is used again. First, the ZF-receiver case is derived. Con-
ditioned on di; = d, the spectral efficiency of the m-th data stream of the

typical link is

Hyo(m)d: o
E |log, [ 1+ '“070<—)1V0f_2 |doo = d
1 00 7Nt‘722
e P
_ 1 — Ele—#Hoo(m) g—a
ln 2 0 Z ( [e ])
% ]E[e—z Z;’;L+1 HO,OJ' (m)d(;,gj]dz’ (536)

by Lemma 10. Since Hyo(m) is Chi-square distributed with 2( N, — (L+1) N, +

1) distributed,

1
(1 + Zd—a)Nr—(L—&-l)Nt-i-l'

]E [e—zgoyo(m)dfo‘] —
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The Laplace transform of Iy(m) for the given L is
Liym(Liz)=E [e_zz?img“’oj(m)d&g}
o(m ’

Under the condition that the L-th nearest interferer’s distance is r, the Laplace

transform is obtained as

ﬁio(m)uo,% _(L;2)

—z25° Hoo.(m)d- <.

(a) 1
“EL L gy ldon =
do,0,;€P\B(0,7) 0,05

®) > 1
=exp | —7TA 1l———du ),
P ( /vu:r2 (1 _|_ Zu_f)Nt )

where (a) comes from the fact that FIO’OJ. (m) ~ x3y, and (b) follows from
PGFL. The distribution of r is given in [114] and by unconditioning with

respect to it,

00 00 1

2(\mr?)k -
rI'(L)

_ 2
e M dr

Thus, the sum spectral efficiency conditioned on dj ;, = d can be written as

Hyo(m)d—
10g2 <1 + ,.07()(—)(;2]\“> |{d0’0 = d}]

sNto'2
1 e~ 1
"~ In2 0 S (14 2d—o)Ne=(L+1D)Ne+1

E

| 23 zisyas.

It is obtained that the announced result when using the fact that dy is uni-

formly distributed in a ring with radii (1, Ry).
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The result for ZF-SIC follows by the same arguments, using the fact

that Hoo(m) is Chi-square random variable with 2(N; — N; + m) degrees of
freedom.
5.6.5 Proof of Theorem 26 and 27

Proof. First, the proof of Theorem 26 is considered. The lower bound of (5.22)

18

Ny
AE | 3 log, (1 + stngm))]

m=1

N ] —

t Hoo(m)dys

R e e
@ M E[In(Ho,0(m))]
>)\Zlog2(1+ e,a _ )

m=1 E[dy o [E[lo(m)]

L+1)N, +¢€
AzlogQ (1 R( @ ) . ’

%E[Ik(m)]
where (a) comes from Lemma 11, and (b) comes from the inequality (5.29),

2—« ~
Eldyg] = % The expectation of I, conditioned on dyg, = 7 is

27T>\Nt 2«
—_—T .

E[lo(m)|do, = 7] = 7 o

By unconditioning with respect to dy, whose distribution is given in [114],

~ 20 ANy [ 2(Amr2) L 2
Blfo(n)] = 5 [ B ey

2 —« rI'(L)
o  T(1-54+1L)
= (27T/\)2NtT.

194



By leveraging

HE s -2,
- 5+ L) 2
the lower bound becomes

Ny
AE Z log, (1 + SINRgE(m))]

m=1

N, — (L +1)N, (L
> )\Nt ].Og2 1 + 5(1__]:21) ‘ + ‘ (23 ( ) o
2 (27A)z N I(1 — 5+ L)

(a—2)(R%—1)
N, — (L+1)N; +¢

2(1-R?~@ a
re e (LA

By plugging N; = c;\*, N, = ¢\ into (5.37),

> AN, log, | 1+ (L - %)%*1 . (5.37)

lim C7" = QA logy (1 4+ AP AmD5=0),

A—00

since L = [%j -1

The proof of Theorem 27 is almost identical to the proof of Theorem

26. The main difference is in the distribution of ﬁo’o(m). The lower bound

becomes
Nt
AE | ) logy(1 + SINRG'Y (m)
m=1
i N, —Ny+m—1+c¢€ a
> A log, |1+ ———ts (L—=)2""]. (5.38)
2(1-R;™) a 2
m=1 oo (2TA) 2 Ny
(a—2)(R2—1)

With the foregoing assumptions,

lim ¢ = QA" log, (1 + A7 De)),

A—00

195



Chapter 6

Conclusion

This dissertation mainly aims at using stochastic geometry to model
and analyze emerging wireless networks. The first contribution of this disser-
tation is the development of new mathematical models for studying wireless
networks scenarios which have not been discussed sufficiently. Chapter 2 pro-
posed the Poisson building for 3-D in-building networks using Poisson line
processes. Chapter 3 introduced the concept of shadowing cell where base
stations in the same shadowing cell have the same shadowing random vari-
able. The second contribution of this dissertation is the analysis of correlated
shadowing in stochastic geometry models. The new mathematical models in
Chapters 2, 3 allow one to study the impact of spatially correlated shadowing
fields. Especially, Chapter 3 showed that widely used performance metrics are
evaluated in a pessimistic way under the independent shadowing assumption.
Chapter 4 investigated multihop communications in mmWave networks and
compared some connectivity results between the correlated and independent
shadowing models. Finally, Chapter 5 showed that spatial multiplexing is
beneficial under MIMO ad-hoc networks with a newly defined metric, Frgodic

spectral efficiency.
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In the rest of this chapter, I summarize the main contributions and

discuss the prospective future works.

6.1 Summary

In Chapter 2, I proposed a new 3-D spatial model for in-building wire-
less networks which capture spatial shadowing correlation created by the static
physical walls. Most previous models studied outdoor networks on the scale of
a city and the shadowing correlation is typically ignored and path loss is sim-
ply modeled through independent log-normal shadowing coefficients [2, 3] or
a distance dependent function combined with independent fading/shadowing
random variables [4,13]. These models ignore shadowing effects generated by

spatial geometry.

This new 3-D model for in-building wireless networks is the Poisson
building model, which explicitly handles the shadowing correlation. This
model is compatible with the empirically supported lognormal shadowing model
in that the marginal shadowing component converges to lognormal distribu-
tion as the link distance grows. The tractability of the Poisson building model
is provided by explicitly deriving the interference distribution and its spatial
correlation. Under this model, analytical characterizations of the coverage
probability of in-building cellular networks. The analysis of these variants
further reveals fundamental differences between 3-D and 2-D correlated shad-

owing analysis.

In Chapter 3, I proposed a new network model, Shadowing cell to
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analyze the correlated shadowing field in general outdoor wireless networks.
The Poisson building model can capture the correlated shadowing field, but
it is limited to in-building wireless networks and blockage-based path loss
function. As already explained, most of the previous research papers used the
independent shadowing approximation to analyze the shadowing effects. In
contrast, in order to represent the spatial correlation property, some shadowing
values are assigned based on the obstacle topology. Especially, base stations

in the same Shadowing cell have the same shadowing random variable.

The main contribution is the comparison of the interference distribution
between the correlated and independent shadowing models in the stochastic
ordering sense. Chapter 3 computed the Laplace transforms of the interfer-
ence observed by the typical user which is located at the origin under these
two models, and then provides the ordering relation of the three metrics for
the typical user, i.e., 1) coverage probability, 2) Shannon throughput, and 3)
local delay. These three metrics were shown completely monotone functions of
the interference. From well known results on the relation between the Laplace
transform ordering and completely monotone functions, the ordering relations
were obtained between the two shadowing assumptions. One interesting obser-
vation in this Chapter was that the evaluation of the considered metrics under
the independent approximation was systematically pessimistic compared to

the correlated shadowing model.

In Chapter 4, I proposed a new stochastic geometric approach to an-

alyze mmWave multihop networks in the presence of blockages. The multi-
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hop connectivity under the mmWave networks has not been widely discussed
in previous papers. I considered two blockage models: independent blockage
model and correlated blockage model. The independent blockage model was
considered in order to get exact analytical expressions of connectivity results.
In this model, the blockage process is independent over links even though two
links are close to each other. Then, I considered the correlated blockage model
which is closer to real environments. I provided exact expressions of connectiv-
ity results under the independent blockage setting and compare some of these
results between two blockage models since it is hard to obtain exact expres-
sions under the correlated blockage model. To the best of my knowledge, this

comparison has not been discussed in the mmWave multihop setting.

Further, I provided new percolation results under the correlated block-
age model. Under the independent blockage model, there always exists a user
critical density for the existence of an infinite size connected user cluster. How-
ever, under the correlated blockage model, the critical user density does not
exist under certain blockage conditions. This comparison provides new insight

of percolation theory under the more realistic network scenarios.

In Chapter 5, I analyzed MIMO ad-hoc networks modeled by a Pois-
son bipolar network. In previous works, under this setting, the transmission
capacity which quantifies the maximum allowable spatial density of successful
transmissions per unit area subject to a given outage probability constraint
was characterized. However, a common shortcoming of the transmission ca-

pacity metric is that it cannot capture the effects of rate adaptation techniques,
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which are the key features used in many modern wireless systems to track and
exploit channel variations. The main novelty of this contribution compared to
this line of thought is the analysis of the ergodic spectral efficiency (rather than
transport capacity), which quantifies the achievable Shannon transmission rate

per unit area when adapting the rate to the different local conditions.

For a MIMO setting, I derived the exact expressions of ergodic spectral
efficiency under a Poisson bipolar setting. One key message in this chapter
was that spatial multiplexing transmission techniques [110] can improve the
scaling laws of the sum spectral efficiency which cannot be obtained under the

transmission capacity view.

6.2 Future Directions

Based on the stochastic geometry frameworks in this dissertation, vari-
ous performance metrics of wireless networks can be analyzed with fundamen-
tal approaches. As wireless networks evolve with more features, this mathe-
matical tool can still serve as an important analytical tool. These advanced
features lead more challenging stochastic geometry analysis such as new net-
work scenarios and new physical phenomena. Motivated by these, I propose
some prospective research directions that extends contributions in this disser-

tation.
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6.2.1 Effects of the Shadowing Correlation: Quantifying, Multihop
Networks, mmWave Networks

One core result of this dissertation is the analysis of the effect of corre-
lated shadowing using stochastic geometry. I proposed new models (Poisson
building and Shadowing cell) and presented some network connectivity results
in mmWave multihop networks for understanding the impact of the shadow-
ing correlation. Especially, the main result of Chapter 3 is that when ignoring
the spatial correlations of shadowing, widely used metrics such as coverage
probability, Shannon throughput, local delay are systematically evaluated in a
pessimistic way. This was proved by using stochastic ordering and completely
monotone functions. This result is new and provides a better qualitative un-
derstanding of the effect of shadowing correlation. However, Chapter 3 does
not quantify how much different these metrics are under the independent and
the correlated shadowing. From this point, one interesting possible direction
would be to quantify the impact of correlated shadowing on the important

metrics.

Another possible research direction is to understand the effect of shad-
owing correlation in multihop networks. All results in Chapter 3 are focused
on the typical user’s performance under single-hop networks. By investigating
this effect under multihop scenarios, it should be possible to analyze the im-
pact of correlated shadowing on other important results such as connectivity
(partly discussed in Chapter 4), delay and so on. Since multihop communi-

cation is a promising technique to extend coverage in emerging 5G networks,
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understanding the impact of the correlated shadowing on this type of commu-

nications is particularly important.

In Chapter 3, the path-loss model is exactly that used in [4] and con-
nected to the blockage-based path loss model in [16,115,116]. The results in
this contribution can be directly applied for lower frequencies networks. In the
path loss model used in this chapter, the channel path loss exponent is fixed.
In the analysis of mmWave networks using stochastic geometry, different path-
loss exponents are used for LOS and NLOS signals. So, the results cannot be
directly applied to general mmWave networks. However, if we admit inde-
pendence between NLOS and LOS signals as in previous papers, by assuming
interference to be the sum of two independent interference process (LOS and
NLOS signals), it is possible to extend our results to general mmWave net-
works. In this case, since £;(5) = L1,,4(5) X Liy,0s(S), the ordering relations
of some performance metrics between the correlated and independent shad-
owing models will be the same. The analysis of the correlation between LOS
and NLOS signals can be another interesting research direction in connection

with mmWave networks.

6.2.2 mmWave Multihop Communications: More Metrics, MAC
Protocols, NLOS signals, and Interference

As already mentioned, multihop communication is a very promising
technique in emerging 5G networks in terms of coverage extension. Chapter 4 is

motivated by this and mainly presented the connectivity results by leveraging
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stochastic geometry tools.

In classical studies on multihop networks, the following metrics are

typically considered.

1. Per-hop transmission success probability [14]: The probability that the

SINR at the receiver is above a particular threshold;

2. Normalized average forward progress [117]: The average distance trav-

eled by the packet towards its final destination;

3. End-to-end delay [14]: the time taken for a packet to be transmitted

across a network from source to destination.

One particularly interesting research direction would consist in analyzing the
above metrics under multihop communications in mmWave networks. Com-
bined with the connectivity results in Chapter 4, the analysis of these perfor-
mance metrics will provide a way to progress on network management and cell
planning. Further, it would be quite useful to use this framework to design
new MAC protocols which aim at reducing or preventing collisions by limiting

interference in these networks.

In Chapter 4, I only analyzed the LOS connectivity of mmWave net-
works. However, it is known that high data rate can be supported by NLOS
links through reflected paths [74]. So, analyzing the connectivity of NLOS
signals which support the 5G immersive experiences [75] will be another in-

teresting future direction. Further, the connectivity results in Chapter 4 are
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analyzed under the noise-limited networks. However, interference is not neg-
ligible with certain network parameters. It should be stressed that when con-
sidering interference, the connection rules become more complicated functions

of network topology.

6.2.3 Network Analysis under Clustered Poisson Networks

In classical stochastic geometrical models, the underlying node distri-
bution is often assumed to be the homogeneous Poisson point process, which is
equivalent to assuming complete spatial randomness for node locations. This
assumption neglects the dependencies among node locations in practical sys-
tems [118]. I analyze the correlated shadowing effect under the Matérn cluster
process in Chapter 3. Similarly, it is possible to analyze MIMO ad-hoc net-
works modeled by clustered networks such as Poisson cluster process as in

Chapter 5.

The Matérn cluster process, an example of Poisson cluster processes,
consists of mother homogeneous PPP of intensity A,, and daughter points,
which are marks of each mother point with parameter A\;. The daughter points
are uniformly distributed in a circle centered at their mother point and with
radius Ry. Two scenarios are applicable for this Matérn cluster process: 1)
body area network and 2) vehicular ad-hoc networks. It is possible to assume
that the daughter points (potential transmitters) transmit to their mother
points (potential receivers), see Figure 6.1. So, each person (or each monitor)

can be thought as a mother point and its body networks can be thought of as
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daughter points. Another appropriate scenario is that of vehicular networks.
The roadside units (RSU) are distributed as a homogeneous PPP (mother pro-
cess) and cars in communication range from a certain RSU can be modeled as
a finite-size PPP (daughter process). This network model is highly correlated
with the model in Chapter 5. The main differences are 1) the number of the
potential data streams for each receiver is not fixed and 2) the sources of data

streams are spatially separated.

The expected results in this research direction are: 1) comparing the
ergodic spectral efficiency under PPP and PCP networks to understand the
clustered networks 2) examining the benefits of using MIMO techniques in
PCP networks and 3) connecting the results to the previous results such as

Laplace ordering of point processes [49,119].
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m Mother Points

A Daughter Points

Figure 6.1: Matérn cluster process
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