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Abstract

It is envisaged that 5G wireless communications will embrace dense small cell networks
(SCNs), which can achieve a high spatial reuse gain, further leading to a high network capacity.
In this Thesis, I firstly analyse the coverage probability and the area spectral efficiency (ASE) for
the uplink (UL) of dense SCNs considering a practical path loss model incorporating both line-
of-sight (LoS) and non-line-of-sight (NLoS) transmissions. Compared with the existing work,
I adopt the following novel approaches in my study: (i) I assume a practical user association
strategy (UAS) based on the smallest path loss, or equivalently the strongest received signal
strength; (ii) I model the positions of both base stations (BSs) and the user equipments (UEs)
as two independent Homogeneous Poisson point processes (HPPPs); and (iii) the correlation of
BSs’ and UEs’ positions is considered, thus making my analytical results more accurate. The
performance impact of LoS and NLoS transmissions on the ASE for the UL of dense SCNs is
shown to be significant, both quantitatively and qualitatively, compared with existing work that
does not differentiate LoS and NLoS transmissions. Moreover, SCNs are envisioned to embrace
dynamic time division duplexing (TDD) in order to tailor downlink (DL)/UL subframe resources
to quick variations and burstiness of DL/UL traffic. The study of dynamic TDD is particularly
important because it serves as the predecessor of the full duplex (FD) transmission technology.
In this Thesis, I secondly study the performance of the dense SCNs with synchronous dynamic
TDD, which has been widely adopted in the existing 4th-generation (4G) systems. I analyse the
coverage probability and the ASE in the DL and UL of dense SCNs considering the synchronous
dynamic TDD transmissions, and the performance impact of dynamic TDD transmissions on
the ASE in the DL and UL of dense SCNs is discussed. Moreover, the performance impact of
interference cancellation (IC) is also explored. Furthermore, SCNs are envisaged to embrace the
FD transmission technology in order to increase the spectral efficiency of wireless systems. In
this Thesis, I thirdly consider the FD communications in a practical SCN scenario, where BSs can
select FD or half-duplex (HD) mode according to the real-time DL/UL traffic. I present analytical
results on the probabilities of BS mode selection, which match the simulation results well. The
analytical results in this Thesis shed new light on the performance of future Sth-generation (5G)

dense SCNs.
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I. INTRODUCTION

In this Chapter, the research background and motivation of the Thesis are introduced.
The main contributions of the Thesis are also clarified.

In recent years, the increase in mobile data traffic has been shown to project an exponen-
tial trajectory, and this trend is expected to continue through the next decade. To meet this
formidable traffic demand, telecommunication networks have marched beyond the fourth-
generation (4G) realm and begun to explore new advanced technologies [1]. By means of
network densification, small cell networks (SCNs) can achieve a high spatial reuse gain,
which further leads to a high network capacity [1]. Particularly, the orthogonal deployment
of SCNs within the existing macrocell network, 1.e., small cells and macrocells operating
on different frequency spectrum (Small Cell Scenario #2a defined in [2]), is prioritized in
the design of the 4th generation (4G) Long Term Evolution (LTE) networks by the 3rd
Generation Partnership Project (3GPP). Furthermore, dense SCNs are envisaged to be the
workhorse for capacity enhancement in the Sth generation (5G) networks due to its large
performance gains and easy deployment [1], [3], [4], [5]. Thus, this research focuses on
studying the performance of these orthogonal deployments of dense SCNs.

In our previous work [6], we conducted a study on the downlink (DL) of dense SCNs
considering a sophisticated path loss model that differentiates line-of-sight (LoS) and non-
line-of-sight (NLoS) transmissions. LoS transmission may occur when the distance between
a transmitter and a receiver is small, and NLoS transmission is more common in office
environments and in central business districts. Moreover, the probability that there exists a
LoS path between the transmitter and the receiver increases as their distance decreases. It
is observed in [6] that the reduction of the distance between the transmitter and the receiver
as the density of small cell base stations (BSs) increases will cause a transition from NLoS
transmission to LoS transmission, which has a significant impact, both quantitatively and
qualitatively, on the performance of DL dense SCNs. Motivated by this finding [6], in this
research, we continue to query whether such NLoS-to-LoS transitions may significantly

affect the performance of uplink (UL) dense SCNs.



Our work distinguishes from existing work [4], [6], [7] on the performance analysis of
UL dense SCNs in three major aspects. First, we assume a user association strategy (UAS)
that each UE is associated with the BS with the smallest path loss to the UE, or equivalently
each UE is associated with the BS that delivers the strongest received signal strength [6].
Note that in our previous work [7] and existing work in the literature [4] , the authors
assumed that each UE should be associated with the closest BS. Such assumption is not
appropriate for the realistic path loss model with LoS and NLoS transmissions, because
in practice it is possible for a UE to associate with a BS that is not the closest one but
with a LoS path, instead of the nearest BS with a NLoS path. Second, we assume that
the BSs and the UEs are deployed according to two independent Homogeneous Poisson
point processes (HPPPs), which is more practical and realistic compared with the previous
work [4], [7]. Third, we consider the correlation of BS and UE positions explained later in
the Thesis, thus making our numerical results more accurate than the previous work [4],

which ignored such correlation. The main contributions of this research are as follows:

o Numerically tractable results are obtained for the UL coverage probability and the
UL area spectral efficiency (ASE) performance using a piecewise path loss model,
incorporating both LoS and NLoS transmissions.

o Our theoretical analysis of the UL of dense SCNs shows a similar performance trend
that was found for the DL of dense SCNs in our previous work [6], i.e., when the
density of UEs is larger than a threshold, the ASE may suffer from a slow growth
or even a decrease. Then, the ASE will grow almost linearly as the UE density
increases above another larger threshold. This finding is in stark contrast with previous
results using a simplistic path loss model that does not differentiate LoS and NLoS
transmissions [4].

o Our theoretical analysis also indicates that the performance impact of LoS and NLoS
transmissions on the UL of SCNs with UL power compensation is significant both
quantitatively and qualitatively compared with existing work in the literature that

does not differentiate LoS and NLoS transmissions. The details of the UL power



compensation scheme will be introduced in Subchapter III-A. In particular, the previous
work [4] showed that a larger UL power compensation factor should always deliver a
better ASE performance in the practical range of BS density, i.e., 10" ~ 103 BSs/km?.
However, our results show that a smaller UL power compensation factor can greatly
boost the ASE performance in dense SCN, i.e., 102 ~ 103 BSs/km?, while a larger UL
power compensation factor is more suitable for sparse SCNs, i.e., 10" ~ 102 BSs/km?.
Our new finding indicates that it is possible to save UE battery and meanwhile obtain
a high ASE in the UL of dense SCNs in 5G, if the UL power compensation factor is
optimized.

Besides SCNs, it is also envisaged that 4G/5G wireless communication networks, e.g.,
LTE Release 12~14 networks, will embrace time division duplexing (TDD), which does
not require a pair of frequency carriers and holds the possibility of tailoring the amount of
downlink (DL)/uplink (UL) radio resources to the traffic conditions. In the LTE Release
8~11 networks, seven TDD configurations, each associated with a DL-to-UL subframe ratio
in a 10-milisecond transmission frame, are available for semi-static selection at the network
side [8]. However, the adopted semi-static selection of TDD configuration in LTE Release
8~11 networks is not able to adapt DL/UL subframe resources to the fast fluctuations in
DL/UL traffic loads. These fluctuations are exacerbated in small cells due to the low number
of connected UEs per small cell and the burstiness of their DL and UL traffic demands.

In order to allow a more dynamic and independent adaptation of TDD SCNs to the
quick variation of DL/UL traffic demands, a new technology, referred to as dynamic TDD,
has drawn much attention recently [9]. With dynamic TDD, the configuration of the TDD
DL/UL subframe number in each cell or a cluster of cells can be dynamically changed
on a per-frame basis, i.e., once every 10 milliseconds. Dynamic TDD can thus provide
a tailored configuration of DL/UL subframe resources for each cell or a cluster of cells
at the expense of allowing inter-cell inter-link interference, e.g., DL transmissions of a
cell may interfere with UL ones of a neighboring cell and vice versa. In more detail,

dynamic TDD allows each base station (BS) to decide its own UL and DL split. However,



this creates two additional sources of interference. First, DL transmissions interfering with
UL receivers causing interference on BS to BS links. Second, UL transmissions interfering
with DL receivers causing interference on user equipment (UE) to UE links. Characterizing
the rate distribution in such networks is important for understanding the trade-off between
these new types of interference versus a more flexible resource allocation. The study of
dynamic TDD is particularly important because it serves as the predecessor of the full
duplex (FD) transmission technology, which has been identified as one of the candidate
5G technologies [10].

From the practical views of realistic network deployment, dynamic TDD exploits syn-
chronous frame structures instead of asynchronous ones. More specifically, in an asyn-
chronous network, e.g., Wireless Fidelity (Wi-Fi), the TDD transmission frames are not
aligned in time and frequency among cells, i.e., the frame structure is not fixed and
each subframe can be DL/UL based on the data requested. Thus the inter-cell inter-link
interference is statistically uniform in the time domain and only depends on the DL/UL
transmission probability. However, in a synchronous network, such as LTE, the TDD
transmission frames from different cells are aligned in time and frequency to simplify
the protocol design of radio networks [11]. As a result, the inter-cell inter-link interference
becomes a function of the LTE TDD configuration structure.

Thus, this research assumes a scenario of orthogonal deployments of dense SCNs with
dynamic TDD, and focuses on studying the system performance. In this research, we
first conduct a theoretical study on the media access control (MAC) layer performance of
synchronous dynamic TDD, which has not been investigated from a theoretical viewpoint
in the literature. Then we carefully investigate the physical (PHY) layer performance of
synchronous dynamic TDD combined with our results on the MAC layer time resource
utilization (TRU), with emphasis on the analysis of inter-link interference and UL interfer-
ence cancellation (IC). Our theoretical study sheds a new light in the interesting question:
what is the true value of dynamic TDD?

Compared with existing work, the main contributions of this research are as follows:



o We derive closed-form expressions of the DL/UL time resource utilization (TRU) for
dynamic TDD, which has been widely adopted in the existing LTE systems.

o We derive closed-form expressions for the coverage probability and the area spectral
efficiency (ASE) of both the DL and UL, considering dynamic TDD in the synchronous
case.

« Based on the above analytical results, the performance of synchronous dynamic TDD

is quantified as SCNs evolve into dense ones.

Note that preliminary results of this work has been presented as a conference paper [11].

Compared with [11], the additional contributions of this research are:

o The probability of inter-cell inter-link interference of dynamic TDD is presented in
this work.

o The physical (PHY) layer performance analysis of dynamic TDD is thoroughly studied
in this work, which was not touched in [11].

o We have combined our results on the MAC layer TRU with the PHY layer SINR

results to derive the total area spectral efficiency for synchronous dynamic TDD.

In addition, it is also envisaged that dense SCNs will embrace full duplex (FD), which
is the successor of the existing half-duplex (HD), e.g., dynamic TDD. Moreover, the FD
communications has been identified as one of the candidate 5G technologies.

With FD, both DL and UL can operate simultaneously in each BS. Compared with HD,
the implementation of FD introduces additional interference to the networks, i.e., the intra-
cell interference and the inter-cell interference. From the aspect of intra-cell interference, the
UL of FD BSs and/or UEs suffer from self-interference (SI) due to the DL signal leakage
resulting from the imperfect isolation between transmit and receive antennas. Moreover,
the HD UEs in a FD cell are affected by the intra-cell inter-link interference. From the
aspect of inter-cell interference, the inter-cell inter-link interference increases because the
number of interfering links increase. Besides this challenge in the PHY layer of FD, it is
important to investigate the MAC layer performance of FD. To the best our knowledge,

the MAC layer analysis of FD has not been investigated from a theoretical viewpoint in



the literature.

In this research, for the first time, we conduct a theoretical study on the MAC layer
performance of FD transmission technology for a realistic SCN scenario, where BSs can
select FD/HD mode according to the real-time DL/UL traffic. More specifically, we focus
on a fundamental question: how will the network densification and the process of replacing
HD UE with FD UE affect the MAC layer performance of SCN with FD? To answer this

question, we present a single contribution in this research as follows:

o We derive closed-form expressions for the probabilities of BS mode selection, consid-

ering a realistic SCN scenario with a hybrid of FD BSs and FD/HD UEs.

TABLE I
NOTATION SUMMARY
| Notation | Ttems
A A Density of BSs and active BSs
Prl (r) LoS probability
AL ANE LoS and NLoS reference path loss
ak, oNt LoS and NLoS path loss exponents
€ Fractional path loss compensation (FPC) factor
PV, AASE [ Coverage probability and area spectral efficiency (ASE)

The symbols used in the Thesis are defined in Table I. The remainder of this Thesis is
structured as follows. Chapter II compares the closest related work to our work. Chapter 111
presents the performance analysis for the UL of dense SCNs. Chapter IV presents the per-
formance analysis of dense SCNs with dynamic TDD. Chapter V presents the performance

analysis of dense SCNs with full duplex. Finally, the conclusions are drawn in Chapter VI.



II. LITERATURE REVIEW

In this Chapter, the closest related works are discussed and compared to the Thesis.

A. UL of Dense SCNs

In the DL performance analysis of cellular networks based on stochastic geometry, BS
positions are typically modeled as a Homogeneous Poisson point process (HPPP) on the
plane [12], and in this case, the coverage probability can be expressed in a closed-form.
Furthermore, an important and novel capacity model was proposed for HPPP random cellu-
lar networks, where the impact of random interference on the cooperative communications
is analyzed by a closed-form expression [13]. In the UL performance analysis of cellular
networks based on stochastic geometry, UE positions are typically modeled as a HPPP on
the plane [4], and BS positions are assumed to be uniformly and randomly deployed in
the Voronoi cell of each UE. The difficulty of modeling both BSs and UEs as a HPPP is
that the BS and UE positions are coupled [4], [14], and the dependence of UE positions
is therefore hard to analyse [15], [16], [17]. Such dependence occurs because if a UE is
associated with a BS that delivers the strongest received signal (or is closest to the UE), it
implies that there are no other BSs that can be located in positions that deliver the strongest
received signal (or in a closer distance than the aforementioned BS). To derive tractable
and closed-form results, previous work ignored this dependence and modeled the distance
between a UE and its associated BS as an independent identical distributed (i.i.d.) random
variable.

In greater detail, in [4], the authors assumed that the UEs are randomly distributed
following a HPPP, and exactly one BS is randomly and uniformly located in each UE’s
Voronoi cell, i.e., each BS associates with its nearest UE. It is also assumed that the distance
between each BS and its serving UE is i.i.d. Rayleigh distributed. The system model of
only deploying UEs as a HPPP [4] makes it difficult to conduct network performance
analysis for UL of SCNs. Furthermore, the association strategy that each BS associates
with its nearest UE [4] is impractical, and the assumption that all of the BS-UE association

distances are i.i.d. Rayleigh distributed [4] is unrealistic.



In [18], the authors considered UE spatial blocking, which is referred to as the outage
caused by limited number of usable channels, and derived approximate expressions for the
UL blocking probability and the UL coverage probability. In [19], the authors proposed a
tractable model to characterize the UL rate distribution in a K-tier heterogeneous cellular
networks (HCNs) considering power control and load balancing. In [20], the authors con-
sidered the maximum power limitation for UEs and obtained approximate expressions for
the UL outage probability and UL spectral efficiency. However, none of the aforementioned
UL related work considered a realistic path loss model with line-of-sight (LoS) and non-
line-of-sight (NLoS) transmissions. In contrast, in this research, we consider a sophisticated
path loss model incorporating both LoS and NLoS transmissions to study their performance
impact on dense SCNs and show that LoS and NLoS transmissions have a significant impact
on the performance of UL dense SCNs.

LoS and NLoS transmissions have been previously investigated in the DL performance
analysis of dense SCNs [6], [21]. One major conclusion of [6] is that the ASE performance
will slowly increase or even decrease in certain BS density regions. It is interesting to
see whether this conclusion holds for UL dense SCNs. In our previous work on the UL
performance analysis of dense SCNs [7], we assume that each UE is associated with its
nearest BS, which may not be a practical assumption when considering LoS and NLoS
transmissions. Compared with [7], in this work we consider a more realistic user association
strategy, in which a UE associates with the BS that has the smallest path loss, or equivalently
delivers the strongest received signal strength. This user association strategy is more realistic
and is particularly important when considering both LoS and NLoS transmissions that are
present in realistic radio environment, because the closest BS may possibly have only a
NLoS path to the UE and therefore may offer a weaker signal than a BS that is further
away but has a LoS path to the UE.

The performance analysis of the dense SCNs has gained increasing interest in the
literature in the past number of years. In [22], the authors investigated the effect of

idle small cells on the signal to interference and noise ratio (SINR) of the cell-specific



reference signal (CRS) and the data signals. In [23], the authors proposed the diversity pulse
shaped transmission technique to enhance the throughput over the correlated multiple-input
multiple-output (MIMO) channels in an ultra-dense SCN. In [24], the authors studied the
transitional behaviors from noise-limited regime to dense interference-limited regime of
dense SCNs considering both NLoS and LoS transmissions. In [25], the authors advocated
to use device-to-device (D2D) communication to facilitate load balancing of dense SCNs
without extra spectrum. In [26], the authors proposed a centralized joint cell association and
scheduling mechanism based on dynamic cell switching to achieve more balanced loads
and increased performance. In [27], the authors studied the performance of cache-enabled
dense SCNs with multi-antenna. In [28], the authors analyzed the amount of harvested
energy and throughput of wireless powered 5G dense SCNs. In [29], the authors designed
efficient interference management strategies to overcome the limitation of multi-user MIMO
in dense SCNs. In [30], the authors investigated the application of FD communications to
dense SCNs to increase the spectral efficiency of wireless systems. In [31], the authors
presented the impact of the absolute height difference between BS antenna and UE antenna

on the network performance of dense SCNss.

B. Dense SCNs with Dynamic TDD

From the media access control (MAC) layer viewpoint, most of the previous works [14],
[32], [33], [34], [35] only investigated the dynamic TDD operating in an asynchronous
network, and did not study the performance of the dynamic TDD operating in a synchronous
one.

From the physical (PHY) layer viewpoint, the signal-to-interference-plus-noise ratio
(SINR) performance of dynamic TDD has been analyzed assuming deterministic positions
of BSs and UEs in [36], and considering stochastic positions of BSs and UEs in [14],
[32] with the homogeneous poisson point process (HPPP) model. However, it is difficult
to directly perform analysis of the inter-cell inter-link interference using the HPPP model.
For example, in [14], the authors scaled the BS density in their analysis based on the

simulation results of coverage probability, to make them match well. Similar tricks were
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adopted in [10] to address the complex problem of inter-cell inter-link interference. In [33],
the energy efficiency of pico BSs equipped with multi-antenna with dynamic TDD was
analyzed based on simulation and analytical results. In [37], the packet throughput of
dynamic TDD with random traffic arrivals was analyzed based on simulation and analytical
results. In [38], the coverage probability and throughput of dynamic TDD with device-
to-device (D2D) were analyzed based on simulation and analytical results. The authors
of [33], [37], [38] assumed a small cell scenario, however, the line-of-sight (LoS)/non-
line-of-sight (NLoS) pathloss model is not considered, and the performance impact of BS
density needs to be discussed in greater details. In [34], the interference performance of
dynamic TDD with distributed interference coordination was analyzed based on simulation
and analytical results; however, the authors assumed a fully loaded SCN, and the BS idle
mode operation was not considered. In [35], the performance impact of self-backhauling
with dynamic TDD was analyzed based on simulation and analytical results. Moreover,
in [35], the authors assumed a piecewise pathloss model to investigate the performance
impact of LoS and NLoS transmission. However, the authors assumed the same pathloss
component and LoS probability for all intra-link and inter-link paths, which is over-simpled

and a more complicated pathloss model needs to be explored.

C. Dense SCNs with Full Duplex

In [39], the authors assumed an FD SCN scenario, and studied the feasibility of interfer-
ence alignment (IA).In [30], the authors assumed a heterogeneous SCN scenario with FD,
where the small BSs (SBSs) worked in FD mode and the UEs worked in HD mode. In [40],
the authors considered a hybrid duplex SCN scenario, where the BSs could select FD/HD
mode and the UEs worked in HD mode. In [41], the authors studied the performance of
FD multiple-input multiple-output (MIMO) SCN, where the BSs worked in FD mode and
the UEs worked in HD mode. Most previous works only assumed HD UE because it is
difficult for UE to perform self-interference cancellation (SIC). However, recent technology
has shown that the UE has potential in reducing the SI to the level of noise power [42],

which makes it possible for manufacturing the FD UE. Moreover, the process of replacing
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HD UE with FD UE may take a long period of time. As a result, it is anticipated that
the FD UEs will coexist with the HD UEs in a FD SCN. Therefore it is interesting to
investigate the performance of SCN with a hybrid of FD BSs, FD UEs and HD UEs.

TABLE 11
CONTRIBUTIONS OF THE THESIS COMPARED TO EXISTING WORKS
Existing works Contributions of the Thesis
Numerically tractable results are obtained for the UL coverage probability
(4] and the UL area spectral efficiency (ASE) performance using a piecewise

path loss model, incorporating both LoS and NLoS transmissions.

The performance of synchronous dynamic TDD is quantified

[14] as SCNs evolve into dense ones.

Derive closed-form expressions for the probabilities of BS mode
[30] selection, considering a realistic SCN scenario with a hybrid
of FD BSs and FD/HD UEs.

The contributions of the Thesis compared to existing works are highlighted in Table II.
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III. PERFORMANCE ANALYSIS FOR THE UL OF DENSE SCNS

In this Chapter, the performance analysis for the UL of dense SCNs is presented.

A. System Model

Different from the assumption that only UEs’ deployment follows HPPP distribution [4],
in this research, we assume that both BSs and UEs are distributed following HPPPs with
densities A BSs/km? and A\YE UEs/km?, respectively. Here, we assume that A\VE > )\ so
that all the BSs are activated to serve at least one UE. Each UE is assumed to associate with
the BS with the smallest path loss. We focus on UL and consider a randomly tagged BS,
which is denoted as the typical BS located at the origin. With the assumption of A\YE > ),
on each time-frequency resource block, each BS has one active UE in its coverage area. The
UE associated with the typical BS is denoted as the typical UE, and the other UEs using
the same time-frequency resource block are denoted as the interfering UEs. The distance
from the typical UE to the typical BS is denoted by R, which is a random variable whose
distribution will be analyzed later. Throughout the Thesis, we use the upper case letters,
e.g., R, to denote a random variable and use the lower case letters, e.g., r, to denote specific
instance of the random variable.

The link from the typical UE to the typical BS has a LoS path or a NLoS path with
probability Pr" (1) and 1 — Pr" (r), respectively, where such probability can be computed

by the following piecewise function [6],

Pri(r), 0<r<d

Pry(r), di<r<d
Prl(r) =4 ' °) (1)

Prk (r), r>dn_y

The distance dependent path loss is expressed as ¢ (r) with r being the distance, and
the path loss gain is ¢ (r)fl, where the path loss of each link is modeled as (2), which is

shown on the top of next page.
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Abret LoS with probability Prk (r)

NL oML . .. L ) 0<r S dl
AYEret” . NLoS with probability (1 — Pry (r))
Abres LoS with probability Pr} (r)

NL,.aNt . e L s d1<7"<d2

C(r) = A5Fre2” ) NLoS with probability (1 — Prs (r)) . Q)
AL ro% | LoS with probability Prk (r) o4
r -

ANFreN' | NLoS with probability (1 — Prf (r)) N

In (2), for n € {1,2,---, N}, AL is the path loss of LoS path at a reference distance of
r =1, AN is the path loss of NLoS path at a reference distance of r = 1, ok is the path
loss exponent of LoS link, and o)™ is the path loss exponent of NLoS link.

The UL transmission power of UE £ located at a distance of r is denoted by P, and
is subject to a semi-static power control (PC) mechanism, i.e., the fractional path loss

compensation (FPC) scheme [8]. Based on this FPC scheme, F; is modeled as

P, = Py (1), (3)

where P, is the baseline power on the considered RB at the UE, ¢ € (0, 1] is the FPC
factor, and ( (r) is expressed in (2).
In (3), the distance-based fractional power compensation term ¢ () is denoted by 3 (r)

and written as

pr)=¢(r) @)

Therefore, the received signal power at the typical BS can be written as

Pt = PyB(R)C(R) g

(5)
= P (R)“ Vg,

where g denotes the channel gain of the multi-path fading channel and is an i.i.d.

exponential distributed random variable. Hence, g follows an exponential distribution with
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unit mean.

As a result, the SINR at the typical BS of the typical UE can be expressed as

Psig

SINR = ———
0—2+[Z’

(6)

where o2 is the noise power, Z is the set of interfering UEs, and I is the interference

given by

Iz =) RB(R.)C(D:) " gs, (7)
A

where ¢, denotes the channel gain of the multi-path fading channel of interferer z €
Z, and is an i.i.d. exponential distributed random variable, which follows an exponential
distribution with unit mean. The distance of interferer z € Z to its serving BS is denoted
by IR, and the distance of interferer 2 € Z to the typical BS is denoted by D.. The details
of the distribution of R, and R are given in Subchapter III-C. Since D, > R,, D, can be

approximated by the distance from the serving BS of interferer z to the typical BS.

B. Analysis Based on the Proposed Path Loss Model

The UL coverage probability for the typical BS can be formulated as

P (A, T) = Pr[SINR > T7, (8)

where 7' is the SINR threshold.

The area spectral efficiency (ASE) in bps/Hz/km? for a given \ can be formulated as [6]

AME (N Tp) = A/ log, (1+z) fx (A z) dz, ©)
To
where 7 is the minimum working SINR for the considered SCN, and fx (), z) is the
PDF of the SINR observed at the typical BS for a particular value of \.

Based on the definition of P (A, 7T"), which is the complementary cumulative distribu-

tion function (CCDF) of SINR, fx (A, x) can be computed as
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9 (1 — P (), 1))

o (10)

Ix ()‘7‘,1;) =

Based on the system model presented in Subchapter III-A, we can calculate P (\,T)

and present it in the following theorem.

Theorem 1. P’ (\,T) can be derived as

=

P (A, T) Z + TN, (11)

n=1
where

py o LoS f}%n (r)dr,

(e=1)
Pog ANLTO‘NL
TNL = [ Pr[ o)

AN G
— fdnn,l Pr [—PM(ALT ) >T

(12)

dn—1 0'2+IZ

NLoS] o (1) dr,

and dy and dy are respectively defined as 0 and <.

Moreover, f§,,, (r) and f§h (r) can be respectively derived as

ffin (1)
=exp (— [;* (1 = Prk (v)) 2muldu)
x exp (— [y Prk (u) 2muidu)

(13)

XPrk(r)2mrX, (d,—1 <1 <d,),

and

o (1)
= exp (— [y 7 Pri (u) 2muldu)
xexp (— [ (1 —Prk(u)) 2ruldu)
x (1= Prk(r) 2mr),  (doy <7 <dy,),

(14)

where r1 and ry are determined respectively by



l/aNL

ry= (At Ay
and

NL 1/a*
ry = <ANL7,,a /AL> )

(e-1)
> T

P()g<ALT’O‘L> Pog(ANLTO‘NL>(€71>

Furthermore, Pr LoS

0‘2+IZ O'2+IZ

and Pr [

respectively computed by

o e LoS

o . To? T
= exp ( _PO(ALWL>(6—1)) O%Z (P()(ALTQL)(e—l)) )

P,,[M>T

and

Pog (ANLTQNL> (e=1)

o2+1y

_ To? T
= exp (— PO(ANLTZNL>(€1)) .,f[z (P()(ANLTQNL)(ED) )

where £1, (s) is the Laplace transform of RV 15 evaluated at s.

Pr >T

NLOS]

Proof: See Appendix A.
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(15)

(16)

>T

NLOS] are

7)

(18)

As can be observed from Theorem 1, the piece-wise path loss function for LoS trans-

mission, the piece-wise path loss function for NLoS transmission, and the piece-wise LoS

probability function play active roles in determining the final result of P (\,T"). We will

investigate their impacts on network performance in detail in the following Subchapters.

Plugging P (A, T') obtained from (11) into (10) , we can get the result of the ASE using

).

C. Study of A 3GPP Special Case

As a special case for Theorem 1, we consider a path loss function adopted in the 3GPP

as [8]
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ALre" LoS with probability PrP (r)
¢r) = , (19)
ANLpe™ - NLoS with probability (1 — Prl (r))

together with a linear LoS probability function of Pr® (r), defined in the 3GPP as [43]

1_dL1’ 0<T‘§d1

Pr' (r) = : (20)
0, r > dp
where d; is the cut-off distance of the LoS link.
For the 3GPP special case, according to Theorem 1, P (), ) can then be computed
by
2

PYNT) =) (T +T0) . (21)

n=1
In the following Subchapters, we will investigate the results of T, THY, Ty, and T'%,
respectively.
1) The Result of T:: Regarding the result of T, which is the coverage probability when
the typical UE is associated with the typical BS with a LoS link of distance less than d;,

we present Lemma 2 in the following.

Lemma 2. When the typical UE is associated with a LoS BS of a distance less than d,

the coverage probability TV can be computed by

TO'2
dy == (e=1) T
Th— / ¢ P4t ) g L (r\dr, (22)
o “\p, (ALTO‘L)(e_l) !

where

fIL%,l (r)

o (23)
—exp (—ma? 4 2mA (1 = 7)) (1= ) 2,
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and the Laplace transform £y, (s) is expressed as

gfz (S>
= e {2 [ (=)
x [ (Hsflpo-ﬂﬂ(u),l 5 e (w) du’ LoS> xdx}
xexp {20 1 () 24)
< Jo <1+s—1P ORI B () du‘NLoS) :cd:c}
Xexp {—27?)\ fd

2NL

According to the HPPP system model, the distribution of R, is the same as R, but

bounded by x. The PDF of R, can be written as

fha(w), LoS, 0<u<uz

FINE (), NLoS, 0 < u <
fr. (u) = ; (25)
S (u), NLoS, y < u < d

KfNiz (u), NLoS, dy <u<zx

where

ffzz,l (w)
— exp <—7r)\u2 42\ (% - %)) (26)
X (1 — —) 2muA,
fivn (w)
= exp < TAuS + 27\ <3d1 %)) 227)
x () 27w,
f?{jﬁ (u) = exp (27T/\ (—dg — 3u_;)) (%) 2TuN, (28)

and
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Fhbs (u) = exp (—mAu?) 2mul, (29)
where

1/aNt

up = (ALuaL/ANL) : (30)

and

Uy = (ANLUQNL/AL> 1/aL, an

Specifically, when the interference comes from a LoS path, f}{; (u) can be derived as

L
TH: () = falu), o5 0<uze (32)
I%’L]ZLl (u), NLoS, 0 <u <

where

1/aNL

T = (AL:EO‘L/ANL> ) (33)

Conditioned on x < dy, when the interference path is NLoS, f}gL (u) can be derived as

£ ()
( ¢
fIL%,l (u) , LoS, 0<u<ua
, m<z<1y
VL () NLoS, O0<u<ux
L (34)
- flL%,l(U)a Los, O<u<d ,

Ilzj,vll‘(u)?NLOSy O<U§y17 y1<$§d1

L 12%1,\/1L (u) , NLoS, 1y <u<lzx

where
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]./OlNL

g = (ALd?L /ANL> , (35)

and

= (A" /AL)I/O‘L. (36)

2NL

Conditioned on x > dy, when the interference path is NLoS, " (u) can be derived as

)
f}L%z,l (u), LoS, 0<u<d

INL
F () froi(u), NLoS, 0 <u <y | 37
2 (u), NLoS, yy <u<d;

INE,(u), NLoS, dy <u<z
\ 2

Proof: See Appendix B. [ ]
2) The Result of T'"': Regarding the result of TN-, which is the coverage probability
when the typical UE is associated with the typical BS with a NLoS link of distance less

than d;, we propose Lemma 3 in the following.

Lemma 3. TM can be derived as

NL h TA(/TLQ 1 T NL
T :/0 e Poro(e= )-iﬂ[z (W) R (r)dr, (38)
where
i (1)
( 2 7"% 73
ex (—7r)\7’2 +27A (@ — 3d1)>

P

X (dL> 2mr A, 0<r<i (39)
P
(

i) 2Tr A, o <r<d
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and the Laplace transform £;, (s) for 0 < r < y; and y; < r < d, are respectively

expressed as

=§f}z (S

27r)\f < >
Y (u) du‘LoS) xdx)

ae (
1—1P,6 @) R

)

exp -

> ( :

( 27 [© @) (40)
(

(-

(=

X exp
X fo Trs 1P, 5 S }:EL (u) du‘ NLoS) :cdx)
X exp | —2wA fd

< Jo

ML (
— B ) du‘NLoS) xdx)

and

e

= exp <—27r)\ frdl ra

X [ <1+s*1P5116(u)’1<(a:) () du‘ NLoS) xdm) 41)
X exp (—27r)\ fdoo 1

2NL
<5 (e AR (v) de| NLoS ) wdz )

1/at
where ro = <ALr°‘NL /ANL> :

Proof: The proof is very similar to that in Appendix B. Thus it is omitted for brevity.

|

3) The Result of T¥: The result of T¥ is the coverage probability when the typical UE
is associated with the typical BS with a LoS link of distance larger than d;. From Theorem

1, T¥ can be derived as

L (E_l)
. o) }%)g (14L741 ) L
Ty = /d1 Pr P > T|LoS| fro (r)dr. (42)

According to Theorem 1 and (20), fIL%J (r) can be calculated by
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f}lfz,2 (r)

=ex 2ruldu
b (= 7 (1= P (1) 2mdd) -
x exp (— [ Prt (u) 27ru)\du) X 0 x 277\
= 0, (7‘ > dl) .
Plugging (43) into (42), yields
Ty = 0. (44)

4) The Result of T)": Regarding the result of T2, which is the coverage probability
when the typical UE is associated with the typical BS with a NLoS link of distance larger

than d;, we propose Lemma 4 in the following.

Lemma 4. T2 can be derived as

oo TO‘2 T
TéVL:/d e POTaN‘L(e—l)D%Z (W) g{é(r) dr, (45)
where
gé (r) = exp (—7?)\7“2) 27\, (46)

and the Laplace transform £, (s) is expressed as

gfz (S)
= exp (—27r)\ foo 1 47)
2VE( du‘ NLOS) xda:)

<o <1+s MR

Proof: The proof is very similar to that in Appendix B. Thus it is omitted for brevity..

|

5) Evaluation Using the Gauss-Laguerre Quadrature: To improve the tractability of the
derived results, we propose to approximate the infinite integral of outer-most integrals in

(45) by the Gauss-Laguerre quadrature [44], expressed as
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/OO f(u)e du =~ szf (u;) , (48)
0 i=1

where n is the degree of Laguerre polynomial, and u; and w; are the i-th abscissas and
weight of the quadrature. For practical use, n should be set to a value above 10 to ensure
good numerical accuracy [44].

To utilize the Gauss-Laguerre quadrature, the outer-most integral in (45) is rewritten by
using the change of variable 7 = w\r2. To evaluate (45) by means of the Gauss-Laguerre

quadrature, we propose Lemma 5 in the following.

Lemma 5. By using the Gauss-Laguerre quadrature as shown in (48), (45) can be approx-

imated and simplified as
oL

n T 2
~ g
~ Zwl eXp - [XNL(€71>

i=1 P0<\/[ui+7r/\(d1)2](7r)\)71>

—mA (dy)?) (49)
M[ L o e— :
’ (Po\/[uﬁm(dl)ﬂ(m)—l o U)
Proof: See Appendix C. [ |

Thanks to Lemma 5, the 3-fold integral computation in (45) can now be simplified as a

2-fold integral computation, which improves the tractability of our results.

D. Simulation and Discussion

In this Subchapter, we present numerical and simulation results to establish the accuracy
of our analysis and further study the performance of the UL of dense SCNs. We adopt the
following parameters according to the 3GPP recommendations [8], [45]: d; = 0.3 km, o
=2.09, o' = 3.75, Py = -76 dBm, 02 = -99 dBm (with a noise figure of 5 dB at each
BS). We first consider a sparse network in Subchapter III-D1, and then we analyze a dense

network in the Subchapters III-D2 and III-D3.
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1) Validation of the Analytical Results of P (\,T): For comparison, we first compute
analytical results using a single-slope path loss model that does not differentiate LoS and
NLoS transmissions [4]. Note that in [4], only one path loss exponent is defined and denoted
by «, the value of which is a = o™t = 3.75. The results of P (\,T) in a sparse network

scenario with A = 10 BSs/ka, a = 3.75, and € = 0.7 are plotted in Fig. 1.

1P ey T T T T T T T
: - % - The analysis in [4]

09k R -+ -The pro.posed analysis using the single-slop path loss model in [4] | |
: %% —e— Simulation

0.8 -

0.7F -

o
(o]
T

Probability of SINR>T
o o
EN o
T T

o
w
T

o
N
T

0.1

0 1 1 v a4
-20 -15 -10 5 0 5 10 15 20
SINR Threshold (dB)

Fig. 1. The coverage probability P°¥ (X, T") vs. the SINR threshold in [4] with A = 10BSs/km?, a = 3.75, and
e=0.7.

In the case of the single-slope path loss model [4], as can be observed from Fig. 1,
our analytical result is much more accurate than that in [4] because our system model
assumptions are more reasonable than those in [4]: first, the distributions of BSs and UEs
are modeled as two independent HPPPs, instead of the assumption that only UEs are
distributed according to a HPPP [4]; second, the dependence of BS and UE positions are
discussed, instead of being ignored [4].

In the case of the 3GPP path loss model [8], the results of PV (X, T) in a sparse network
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scenario with A\ = 10 BSs/km? and in a dense network scenario with A = 10% BSs/km?
are plotted in Fig. 2. As can be observed from Fig. 2, our analytical results match the
simulation results very well, and thus we will only use analytical results of P (\,T) in

our discussion hereafter.

1 1 1 1 1 1
—+—The proposed analysis [A\=10, ¢=0.7] (Analytical)
—&— The proposed analysis [ \=10, ¢=0.7] (Simulation)
—»—The proposed analysis [ A=1000, ¢=0.7] (Analytical)
—— The proposed analysis [ A=1000, ¢=0.7] (Simulation)

o
(o3}
T

Probability of SINR>T
o o o
w N o
1 1 1

o
\V)
T

0.1

O 1 5
-20 -15 -10 -5 0 5 10 15 20
SINR Threshold (dB)

Fig. 2. The coverage probability P°®" (X, T)) vs. the SINR threshold with A = 10 BSs/km? and A = 10® BSs/km?.

As can be seen from Fig. 2, for the case of A\ = 10 BSs/km?, when the SINR threshold
is small (e.g., T' < —4dB), the analytical result of the coverage probability is larger than
the simulation result. This is because in our analysis, the approximation of replacing the
location of UE by that of its serving BS, may exclude the cases of strong interfering UEs
located at the proximity of the typical BS, thus underestimating the total interference, and
overestimating the coverage probability. However, as the SINR threshold increases (e.g.,
T > —4dB), the impact of the overestimation of the coverage probability will decrease,

and our analytical result matches the simulation result well.



26

Another interesting finding as can be observed from Fig. 2 is that the analytical result
with a larger BS density is more accurate than that with a smaller BS density. This is
because in denser networks, the distance between a UE and its serving BS is smaller, and
the approximation of replacing the location of a UE by that of its serving BS has less
impact on the estimation of the total interference, thus making the analytical result more
accurate.

2) The Results of P (A, T) vs. X\: The results of P (\,T) against the BS density for
T = 0 dB are plotted in Fig. 3. From Fig. 3, we can observe that when considering both
LoS and NLoS transmissions, the coverage probability presents a significantly different
behavior. When the SCN is sparse and thus noise-limited, the coverage probability given
by the proposed analysis grows as A increases, similarly as that observed in [4]. However,
when the network is dense enough, the coverage probability decreases as A increases, due
to the transition of a large number of interference paths from NLoS to LoS, which is not
captured in [4]. Particularly, during this region, interference increases at a faster rate than
the signal due to the transition from mostly NLoS interference to LoS interference, thereby
causing a drop in the SINR hence the coverage probability. In more detail, the coverage
probability given by the proposed analysis peaks at a certain density A\o. When \ increases
above )\, interfering UEs become closer to the typical BS and their interfering signals start
reaching the typical BS via strong LoS paths. When X is further increased far above )\,
the coverage probability decreases at a slower pace because both the signal power and the
interference power are LoS dominated and increase at approximately the same rate. There
are still more and more interferers whose signal reach the typical BS via LoS paths but
their effect is smaller than the dominating interferers.

It should also be noted that the coverage probability with different FPC factor e exhibits
different trends. Specifically, when the SCN is sparse, adopting a higher ¢ (e.g., ¢ = 0.8)
leads to a higher coverage probability. This is because the sparse SCN is noise-limited and
hence increasing the transmission power provides better coverage performance. However,

when the SCN is dense, adopting a lower ¢ (e.g., ¢ = 0.6) leads to higher coverage proba-
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Fig. 3. The coverage probability PV (\,T") vs. the BS density with different e and SINR threshold 7" = 0 dB.

bility. This is because the dense SCN is interference-limited, and the network experiences
a surplus of strong LoS interference instead of shortage of UL transmission power, and
hence decreasing the transmission power provides better coverage performance. Therefore,
our results suggest that in dense SCNs, increasing the UL transmission power may degrade
the coverage probability. Such observation is further investigated in terms of ASE in the
following Subchapter.

3) The Results of AE (X, Ty) vs. \: In this Subchapter, we investigate the ASE with Tj
= 0 dB based on the analytical results of P (X, T'). The results of ASE (), Ty) obtained
by comparing the proposed analysis with the analysis from [4] are plotted in Fig. 4.

As can be seen from Fig. 4, the analysis from [4] indicates that when the SCN is dense
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Fig. 4. Area spectral efficiency A*SE (A, To) vs. the BS density with different e and SINR threshold 7o = 0 dB. Ao
and A; correspond to the BS density when the ASE given by the proposed analysis starts to suffer from a slow growth
and when it starts to pick up the growth, respectively.

enough, the ASE increases linearly with A. In contrast, our proposed analysis reveals a
more complicated ASE trend. Specifically, when the SCN is relatively sparse, i.e., 10° ~
10' BSs/km?, the ASE quickly increases with ) since the network is generally noise-limited,
and thus having UEs closer to their serving BSs improves performance. When the SCN
is extremely dense, i.e., around 103 BSs/km?, the ASE increases linearly with A because
both the signal power and the interference power are LoS dominated. As for the practical
range of \ for the existing and the future cellular networks, i.e., 10! ~ 10° BSs/km? [1], the
ASE trend is interesting. First, when X\ € [\, \{]|, where )\q is around 20 and A\; (\; > )g)
is around 125 in Fig. 4, the ASE exhibits a slow-down in the rate of growth due to the
fast decrease of coverage probability shown in Fig. 3. Thereafter, when A > A, the ASE

exhibits an acceleration in the growth rate due to the slow-down in the decrease of coverage
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probability also shown in Fig. 3. Our finding, the ASE may exhibits a slow-down in the
rate of growth as the BS density increases, is similar to our results reported for the DL of
SCNs [6], which indicates the significant impact of the path loss model incorporating both
NLoS and LoS transmissions. Such impact makes a difference for dense SCNs in terms of
the ASE both quantitatively and qualitatively, comparing to that with a simplistic path loss
model that does not differentiate LoS and NLoS transmissions.

Our proposed analysis also shows another important finding. A smaller UL power com-
pensation factor € (e.g., € = 0.6) can greatly boost the ASE performance in 5G dense
SCNs [1], i.e., 102 ~ 10° BSs/km?, while a larger € (e.g., € = 0.8) is more suitable for sparse
SCNG, i.e., 10' ~ 10? BSs/km?. This contradicts the results in [4] where a larger UL power
compensation factor was predicted to always result in a better ASE in the practical range of
BS density, i.e., 10! ~ 103 BSs/km?, as shown in Fig. 4. Therefore, our theoretical analysis
indicates that the performance impact of LoS and NLoS transmissions on UL SCNs with
UL power compensation is also significant both quantitatively and qualitatively, compared
with the previous work in [4] that does not differentiate LoS and NLoS transmissions.
Interestingly, our new finding implies that its is possible to save UE battery and meanwhile
achieve a high ASE in the UL of 5G dense SCNs, if € is optimized. The intuition is that
in dense SCNs, the network experiences a surplus of strong LoS interference instead of
shortage of UL transmission power, and thus reducing the transmission powers of a large
number of interferers turns out to be a good strategy that enhances the ASE. Note that our
conclusion is made from the investigated set of parameters, and it is of significant interest
to further study the generality of this conclusion in other network models and with other
parameter sets.

4) Discussion on Various Values of o: In this Subchapter, we change the value of o
from 2.09 to 1.09 and 3.09, respectively, to investigate the performance impact of a'. In
Fig. 5, the analytical results of P (\,0) with T, = 0 dB and with various o and various
€ are compared.

As can be seen from Fig. 5, the smaller the ot, the larger the difference between the
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Fig. 5. The coverage probability P (), T) vs. the BS density with different € and o’. SINR threshold 7' = 0 dB.

NLoS path loss exponent o™ and ol. As a result, performance impact of the transition of
interference from the NLoS transmission to the LoS transmission becomes more drastic as
A increases. In other words, the slow growth of the P (), 0) is more obvious to observe.
For example, when ol takes a near-field path loss exponent such as 1.09, the decrease of
the PV (X, 0) at A € [\, \;] BSs/km? is substantial and it hardly recovers after \;.

As has been discussed in the Subchapter III-D2, when the SCN is sparse, adopting
a higher ¢ leads to a higher coverage probability. However, as A\ increases, adopting a
lower € leads to a higher coverage probability. The BS density around which the coverage
probability with smaller € surpasses that with larger € is defined as the transition point of
€. As can be seen from Fig. 5, the transition point of various e increases as o’ increases.
It indicates that in dense SCNs with smaller or, the coverage probability using a smaller

e can soon outperform that using a larger € as the SCN becomes denser.
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5) Investigation of a Different Path Loss Model: In this Subchapter, we investigate the
UL ASE performance assuming a more complicated path loss model, in which the LoS

probability is defined as follows [8]

1—5exp(—=&), 0<r<d
Prt (r) = (=) 1, (50)

5 exp (—R%) , r > d

where R; = 0.156 km, Ry = 0.03 km, and d; = 15—110. The simulation results of the area

spectral efficiency A*SF (X, Ty) vs. the BS density is shown in Fig. 6.
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Fig. 6. Area spectral efficiency A*SE (A, To) vs. the BS density with the exponential LoS probability model, different
e and SINR threshold Ty = 0 dB.

As can be seen from Fig. 6, the area spectral efficiency with the exponential LoS
probability model exhibits a slow-down in the rate of growth in certain BS density regions,
which qualitatively confirms our observations in Subchapter III-D3 with the linear LoS

probability model. Specifically, in Fig. 6, the numerical result for )\ is around 102 BSs/km?.
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Furthermore, the area spectral efficiency with the exponential LoS probability model ex-
hibits a similar trend as discussed in Subchapter III-D3 with the linear LoS probability
model, i.e., using a smaller UL power compensation factor ¢ can outperform that using a
larger € as the SCN becomes denser.

6) Investigation of the Performance Impact of Ricean Fading: In this Subchapter, we
investigate the UL ASE performance assuming a linear path loss model including the Ricean
fading. Here we adopt a practical model of Ricean fading [21] with K factor K = 15 dB.
The simulation results of the area spectral efficiency A*SE (), Tp) vs. the BS density is

shown in Fig. 7.
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Fig. 7. Area spectral efficiency AASE (A, To) vs. the BS density with the linear LoS probability model, different € and
SINR threshold 7y = 0 dB, including the Ricean fading.

As can be seen from Fig. 7, the area spectral efficiency with the linear LoS probability
model and the Ricean fading exhibits a slow-down in the rate of growth as the BS density

increases, which qualitatively confirms our observations in Subchapter III-D3 for the linear
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LoS probability model and the Rayleigh fading. Furthermore, the area spectral efficiency
with the Ricean fading exhibits a similar trend as discussed in Subchapter II1I-D3 with the
Rayleigh fading, i.e., using a smaller UL power compensation factor € can outperform that
using a larger € as the SCN becomes denser. Since the simulation results of Ricean fading
and Rayleigh fading are not qualitatively different, we suggest to use a simplified model

with the Rayleigh fading in theoretical analysis.

E. Conclusion

In this Chapter, we have investigated the impact of a piecewise linear path loss model
incorporating both LoS and NLoS transmissions in the performance of the UL of dense
SCNs. Analytical results were obtained for the coverage probability and the ASE perfor-
mance. The results show that LoS and NLoS transmissions have a significant impact in
the ASE of the UL of dense SCNs, both quantitatively and qualitatively, compared with
previous works that does not differentiate LoS and NLoS transmissions. Specifically, we

found that

o The ASE may suffer from a slow growth as the UE density increases in the UL of
dense SCNss.

o The ASE with a smaller UL power compensation factor considerably outperforms that
with a larger UL power compensation factor in dense SCNs. The reverse is true for
sparse SCNs.

As our future work, we will consider other factors of realistic networks in the theoretical
analysis for SCNs, such as the introduction of Ricean fading or Nakagami fading, because

the multi-path fading model is also affected by the LoS and NLoS transmissions.
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IV. PERFORMANCE ANALYSIS OF DENSE SCNS WITH DYNAMIC TDD

In this Chapter, the performance analysis of dense SCNs with dynamic TDD is presented.

A. System Model

1) General Network Scenario: We consider a cellular network with BSs deployed on
a plane according to a homogeneous Poisson point process (HPPP) ¢ with a density
of A\ BSs/km?. Active UEs are distributed as a HPPP ®yr with density Ayg. Here, we
only consider active UEs in the network because non-active UEs do not trigger data
transmissions. In practice, a BS will mute its transmission, if there is no UE connected to
it, which reduces inter-cell interference and energy consumption [46]. Note that such BS
idle mode operation is not trivial, which even changes the capacity scaling law [46]. Since
UEs are randomly and uniformly distributed in the network, we assume that the active BSs
also follow an HPPP distribution ®, the density of which is denoted by A BSs/km?. Note

that 0 < A < ), and a larger Ayg leads to a larger \. From [47], [48], \ is given by

. 1
N § R — (51)

(o5
where ¢ takes an empirical value around 3.5~4 [47], [48].

For each active UE, the probabilities of it requesting DL and UL data are respectively
denoted by pP and pV, with pP + pY = 1. Besides, we assume that each request is large
enough to be transmitted for at least one TDD frame, which consists of 7' subframes. In
the sequel, the DL or UL subframe number per frame will be shortened as the DL or UL
subframe number, because subframes are meant within one frame.

We focus on the UL of a randomly picked BS from ®, named the typical BS, and
the DL of a randomly picked UE from the UEs served by the typical BS, defined as the
typical UE. We assume that at any subframe in any small cell, there is exactly one active
transmission, either on the DL with probability p®, or on the UL with probability pY .

Then the set of transmitting BSs at the subframe of interest is described by a PPP ®P with
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density \P = ApP, and the set of transmitting UEs at the subframe of interest is described

by a PPP ®V with density AV = A\pY. The system model is shown in Fig. 8.

(¢

)) DL

74

DL to DL/UL
interference

DL to DL/UL
interference

UL to DL/UL
interference

Fig. 8. Dynamic TDD scenarios.

Following [6], we adopt a general and practical path loss model, in which the path loss
¢ (r) associated with distance r is segmented into N pieces written as

(
Pir(r), when0<r<d

Dir
, 27 (r), when d; <r <dj
¢ (r) = : (52)

\ Dir(r), whenr > dy_,

where the string variable Dir denotes the path loss direction and takes the value of "B2U’,
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’B2B’ and "'U2U’ for the BS-to-UE path loss, the BS-to-BS path loss and the UE-to-UE

path loss, respectively. Besides, each piece (P (r),n € {1,2,..., N}, is modeled as

(bt (r) = —i%:LL, LoS: Pr2mL (1)

CnDir (7“): r , (53)

Dir,NL

(PirNL (r) = A, NLoS: 1—Prl" (r)

where (Pl (r) and (PN (r) are the n-th piece path loss functions for the LoS trans-

mission and the NLoS transmission, respectively, APl and AP"NL are the path losses

Dir,LL
n

at a reference distance » = 1 for the LoS and the NLoS cases, respectively, and «

Dir,NL

and o,

are the path loss exponents for the LoS and the NLoS cases, respectively. In

practice, ADL ADInNL - DirL and oPirNL are constants obtainable from field tests [8].

Dir,LL

Moreover, Pr,

(r) is the n-th piece LoS probability function for the event that there
is a LoS path between a transmitter and a receiver separated by a distance r.

In this research, we assume a practical user association strategy (UAS), in which each
UE is connected to the BS with the strongest received signal strength (i.e., with the largest
¢ (r)) [6]. Moreover, we assume that each BS/UE is equipped with an isotropic antenna, and
that the multi-path fading between a transmitter and a receiver is modeled as independent
and identically distributed (i.1.d.) Rayleigh fading [6]. Note we have found in previous work
that a general multi-path fading model based on Rician fading has a minor impact on the
performance of SCNs, i.e., change the results quantitatively but not qualitatively, and thus
its incorporation into theoretical analyses is less urgent [49].

2) Synchronous Networks: Regarding TDD frames, we focus on the analysis of the
synchronous networks. Fig. 9 shows an example of such TDD configuration structure in
LTE with 7" = 10 [8]. In Fig. 9, TDD frames of different cells are aligned in the time
domain. One TDD frame is composed of 7' = 10 subframes, and the time length of each
subframe is 1 millisecond [8]. As an example, we assume that BS1 and BS2 use the
TDD configurations with 6 and 8 DL subframes, respectively. Note that the current LTE

behaviour in dynamic TDD is first DL and then UL. For this synchronous network with

TDD frame alignment, we have the following two remarks.
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Fig. 9. An example of the LTE TDD configurations. ("D’ and U’ denote a DL subframe and an UL one, respectively.)

Remark 1: The first few subframes are more likely to carry DL transmissions than the last
few ones. The opposite conclusion applies for the UL. This leads to a subframe dependent
MAC layer performance of dynamic TDD.

Remark 2: The subframes in the middle of the frame are more likely to be subject to
inter-cell inter-link interference than those at the beginning and at the end. This implies a
subframe dependent PHY layer performance of dynamic TDD.

In this research, we explore these two Remarks, and study the system performance of
synchronous dynamic TDD, with the consideration of the DL-before-UL TDD configuration
structure adopted in LTE (see Fig. 9).

3) Performance Metrics:

a) MAC-layer Performance Metrics: For the [-th subframe (I € {1,2,...,T}), we de-
fine the subframe dependent DL TRU and UL TRU as the probability of the BS transmitting
DL signals and that of UEs transmitting UL signals, respectively, which are denoted by ¢’
and ¢/. In other words, ¢ and ¢ characterize how much time resource is actually used
for DL and UL, respectively. Note that we may or may not have ¢° + ¢ = 1, depending
on whether we have a dynamic enough TDD and the traffic conditions.

Moreover, we define the average DL TRU P and the average UL TRU kY as the mean

value of g and ¢ across all of the T subframes:

D_ 1 T D
K _Tlel%

U_ 1 T U
lat —TZz:1CIz

(54)
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Finally, we define the average total TRU & as the sum of x" and kY, which is written

as

k= K>+ rY. (55)

In the following Subchapters, we will investigate the performance of ¢/"*, k"% and &
considering Remark 1, where the string variable Link denotes the link direction and takes
the value of ’D’ and "U’ for the DL and the UL, respectively.

b) PHY-layer Performance Metrics: Based on the system model presented in Sub-
chapter IV-A1, we can define the coverage probability that the typical UE’s DL/UL SINR

is above a designated threshold v as
p (X, ) = Pr [SINR"™ > 4] . (56)

Moreover, the DL/UL SINR is calculated by

mek CIE2U (’f’) h

]LZ‘?’LIC,D ILZ?’L]C,U

SINRLGk — : 7
agg + agg + Pl\lf/znk

(57)

where PY"F is the transmission power, r is the distance from the typical UE to the typical
BS denoted by b,, h is the Rayleigh channel gain modeled as an exponentially distributed
random variable (RV) with a mean of one as mentioned above, PL™* is the additive
white Gaussian noise (AWGN) power, and I7%P (ILn%U) is the DL (UL) cumulative

interference, respectively. It is important to note that:

« For the DL, PL"k takes the value of the BS power, i.e., PP, which is usually a cell-
specific constant to maintain a stable DL coverage [8]. Besides, PZ"* should be the
AWGN at the UE side, i.e., PY.

o For the UL, P takes the value of the UE power, i.e., PY, which is assumed as a
constant in this research [8]. Besides, Pl\’%i”k should be the AWGN at the BS side, i.e.,
P

« Due to the existence of inter-cell inter-link interference, 1), and I, are probabilistic

interference emitted from interfering BSs and interfering UEs, respectively.
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For clarity, the notation of variables is summarized in Table III.

TABLE III
NOTATION OF VARIABLES FOR DYNAMIC TDD

| Notation | Items |
s qf Subframe dependent DL TRU and UL TRU
K, kP, KUY Average total TRU, DL TRU and UL TRU
PP, pY DL and UL transmission power
]afgg”k’D, I fgg’“’U DL and UL cumulative interference
PR, PY. DL and UL AWGN power

c¢) Combined Performance Metrics: According to [6], the SINR-dependent DL/UL

area spectral efficiency (ASE) in bps/Hz/km? can be defined by

+oo
ASE™(A, 7o) =K / logy(1+7) fr™ (A7) d, (58)
0
where x%"* is the DL/UL time resource utilization characterizing how much time resource

is actually used for the DL/UL, 7, is the minimum working SINR for the considered SCN,
and 5% (X, ) is the probability density function (PDF) of SINR*"* at a particular BS
density .

Based on the definition of p°¥:L* () ~) in (56), which is the complementary cumulative

distribution function (CCDF) of the DL/UL SINR, fk™* () +) can be computed by

,‘ a 1— cov,Link /\7
ik () = 202 5 &) (59)

B. Main Results of the MAC Layer Analysis

The main goal of this Subchapter is to derive theoretical results on the DL/UL TRU
defined in Subchapter IV-A3. Note that computing ¢ and ¢ is a non-trivial task for

synchronous dynamic TDD, because it involves the following distributions:

o the distribution of the UE number in an active BS, which will be shown to follow a
truncated Negative Binomial distribution in Subchapter IV-B1;
« the distribution of the DL/UL data request numbers in an active BS, which will be

shown to follow a Binomial distribution in Subchapter IV-B2;
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o the dynamic TDD subframe splitting strategy and the corresponding distribution of
the DL/UL subframe number, which will be shown to follow an aggregated Binomial
distribution in Subchapter IV-B3; and finally

o the prior information about the TDD frame structure, such as the DL-before-UL
structure adopted in LTE [8] (see Fig. 9), which will lead to subframe dependent

results of ¢ and ¢ to be presented in Subchapter IV-B4.

1) The Distribution of the UE Number in an active BS: A Truncated Negative Binomial
Distribution: According to [47], the per-BS coverage area size X can be characterized by
a Gamma distribution [47], [50], [51], and the probability density function (PDF) of X can
be expressed as

fx(@) = <qA>qxq—1%, (60)

where I'(+) is the Gamma function [52]. Note that the Gamma approximation was shown
to be very accurate in [47], assuming a nearest-distance UAS, where an empirical value of
3.5 was suggested for g. In this work, a more realistic received signal strength based UAS
is adopted, and thus the corresponding result in [47] cannot be directly applied. Instead, we
need to derive a new approximation for the adopted UAS considering probabilistic LoS and
NLoS transmissions. Intuitively speaking, from a typical UE’s point of view, the equivalent
BS density of the considered UAS based on probabilistic LoS and NLoS transmissions
should be larger than that of the nearest-distance UAS based on single-slope path loss
transmissions. In other words, the existence of LoS BSs provides more candidate BSs for
a typical UE to connect with, and thus the equivalent BS density increases for each UE.
We have proved that based on the considered path loss model and the adopted UAS, the
per-BS coverage area size can be approximated tightly with the gamma approximation in
(60) [46]. Moreover, the value of ¢ in (60) is obtained according to the derived lower bound
and the upper bound presented in Theorems 3 and 4 of [46], respectively.

Then, the UE number per BS can be denoted by a random variable (RV) K, and the
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probability mass function (PMF) of K can be derived as

fic (k) = Pr[K = K]

y P xp(—pa)f ()

B r(?ii)g)(q) (pquk (piAqA>q> 61)

where (a) is due to the HPPP distribution of UEs and (b) is obtained from (60). It

—
s}

—~
=
=

can be seem from (61) that K follows a Negative Binomial distribution [52], i.e., K ~
NB <q, H—PQA)

As discussed in Subchapter IV-Al, we assume that a BS with K = 0 is not active,
which will be ignored in our analysis due to its muted transmission. Hence, we focus on
the active BSs and further study the distribution of the UE number per active BS, which is
denoted by a positive RV K. Considering (61) and the fact that the only difference between
K and K lies in K # 0, we can conclude that K follows a truncated Negative Binomial
distribution, i.e., K ~ truncNB <q, ﬁ) More specifically, the PMF of K is denoted by
fr <l~c> ke {1,2,..., 400}, and it is given by

fi (k) =Pr|& =] = ff—% (62)

where the denominator (1 — fx (0)) represents the probability of a BS being active, i.e.,
A

2) The Distribution of the DL/UL Data Request Number in an Active BS: A Binomial
Distribution: After obtaining f (/5), we need to further study the distribution of the
DL/UL data request number in an active BS, so that a tailored TDD configuration can be
determined in a dynamic TDD network.

For clarity, the DL and UL data request numbers in an active BS are denoted by RVs

MP and MY, respectively. Since we assume that each UE generates one request of either
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DL data or UL data (see Subchapter IV-A1l), it is easy to show that
MP + MY =K. (63)

As discussed in Subchapter IV-Al, for each UE in an active BS, the probability of it
requesting DL data and UL data is p® and pY, respectively. Hence, for a given UE number
%, MP and MV follow Binomial distributions [52], i.e., MP ~ Bi (lé,pD) and MU ~
Bi (/%, pU>. More specifically, the PMFs of M and MY can be respectively written as

fur (m°) = )" -7 (64)

and

R

fue (m) = ()™ (- (65)

3) The Distribution of the DL/UL Subframe Number with Dynamic TDD: An Aggregated
Binomial Distribution: After knowing the distribution of the DL data request number M
in an active BS, we are now ready to consider dynamic TDD, and derive the distribution
of the DL subframe number in an active BS. For a given UE number l;:, the DL subframe
number in an active BS is denoted by NP. Here, we adopt a dynamic TDD algorithm to
choose the DL subframe number, which matches the DL subframe ratio with the DL data
request ratio [53]. In more detail, for certain values of mP and INC, the DL subframe number

n (mD, l%) is determined by
n (mD l;:) = round (—Wf T) (66)
’ k ’

where round () is an operator that rounds a real value x to its nearest integer. In (66), mTD
can be deemed as the DL data request ratio, because (i) mP denotes the DL data request
number with its distribution characterized in (64); and (ii) k represents the UE number, and

thus the total number of the DL and UL data requests. As a result, mTDT yields the desirable
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DL subframe number that matches the DL subframe ratio with the DL data request ratio.
Due to the integer nature of the DL subframe number, we use the round operator to generate
a valid DL subframe number that is nearest to mTDT in (66).

Based on (66), the PMF of N is denoted by fyo (n”),nP € {0,1,...,T}, and it can

be derived as
fao (nD) =Pr [ND = nD}
k D
(a) m D D
mDZO {roun ( A ) n }fMD (mP) (67)

where (66) is plugged into (a), and 7 { X} is an indicator function that outputs one when X
is true and zero otherwise. Besides, f);p (mD) is computed by (64). Due to the existence of
the indicator function in (67), fyo (nD) can be viewed as an aggregated PMF of Binomial
PMFs, since NP is computed from MP according to a many-to-one mapping in (66).
Because the total subframe number in a frame is 7', and each subframe should be either

a DL one or an UL one, it is apparent that NP + NV = T, and thus we have
fae (nY) = fao (T —nY). (68)

4) The Subframe Dependent DL/UL TRU: In this Subchapter, we present our main results
on the subframe dependent DL/UL TRUs ¢ and ¢’ for dynamic TDD in Theorem 6.

Theorem 6. For dynamic TDD, qP and q are given by

o = 2 (1= X e ) fx (F)

; (69)
A = 50155 s o () fi ()
where fyo(i) and ff(<l~€> are given by (67) and (62), respectively.
Proof: See Appendix D. [ ]

5) The Probabilities of Inter-Cell Inter-Link Interference: With the knowledge on the
probability of each subframe being a DL one or an UL one, we can conduct an interesting

study on the probabilities of inter-cell inter-link interference for dynamic TDD in the
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synchronous case. For clarify, such probabilities are formally defined as follows:

o The probability of the DL-to-UL interference is denoted by PrP?V and defined as
Pr[Z ="D’|S ="U’], where Z and S denote the link directions for the interference
and the signal, respectively. Note that the probability of the UL-to-UL interference is
denoted by Pr"?V and defined as Pr[Z = *U’| .S = *U’]. From the definition of Pr°?V
and PrV?Y, we have Pr”?Y 4+ PrV2V = 1.

« Similarly, the probability of the UL-to-DL interference is defined by
PI,UQD é PI'[Z — ,U’| S = ’D’] )
Besides, the probability of the DL-to-DL interference is defined by

PrP? 2 pr[Z =D’ S = "D’]

Y

with PrV?P + prP?P — 1,

Our main results on Pr”?Y and PrV?" are summarized in Theorem 7.
Theorem 7. PrP?Y and PrY?P can be derived in closed-form expressions as

T D _U
PI'D2U . 2121 9,9

S T (70)
U2D _ S aap
Pr =S p
where qP and q are obtained from (69).
Proof: See Appendix E. [ ]

As discussed at the beginning of Subchapter IV-B, for static TDD, we have Pr”?V =

PrV?P = 0 since all the TDD subframes are of the same sequence and well-aligned. For
dynamic TDD in the asynchronous case, we have PrP??Y = pP and PrV?P = pV [32], due
to the random collision of the dynamic TDD subframes. On the other hand, as shown in
Theorem 7, PrP?Y and PrY?" for dynamic TDD in the synchronous case are much more

complex, which are expected to have a major impact on the evaluation of I and I in

agg agg
(57).



45

6) The Average DL/UL/Total TRU: From Theorem 6, and Equations (54) and (55),
we can obtain the results on the average DL/UL/total TRU for dynamic TDD, which are

summarized in Lemma 8.

Lemma 8. For dynamic TDD, {/@D, kY, /{} is given by

(

= ESL S (1= e ) £z (F)
3 ,{;’i S @) g (B) an

k=1

\
where fxyo(i) and ff(<l~€> are given by (67) and (62), respectively.

Proof: The proof is straightforward by plugging (69) into (54) and (55). [ ]
Lemma 8 not only quantifies the average MAC layer performance of dynamic TDD,
but also shows from a theoretical viewpoint that dynamic TDD can always achieve a full
resource utilization, thanks to the smart adaption of DL/UL subframes to DL/UL data
requests.

D

Next, we present our main results on s, kY and k for static TDD in Theorem 9.

Theorem 9. For static TDD, {k", kY, k} can be derived as

-z 208
pesme-ma@)y
el et )

where f (/%) is obtained from (62), and NY and N\ are the designated subframe numbers

’ﬂ|czd

]

for the DL and the UL in static TDD, respectively, which satisfy N + N = T.

Proof: See Appendix F. [ |

From Lemma 8 and Theorem 9, we can further quantify the additional total TRU achieved
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by dynamic TDD as

1 +o00 i ; ~
RAPP = 3 0) N+ (0°) Y] £ (F). (73)
k=1
where x*PP measures the difference of « in (71) and that in (72).

ADD

In addition, we present the performance limit of s in Lemma 10.

Lemma 10. When \ — +oo, the limit of k*PP is given by

DNU UND
li app _ P Yo P Vo 74

Proof: From (62), we have A1im Pr [f( = 1} = 1. Hence, using Lemma 8, we can
— 400

draw the following conclusion for dynamic TDD:

lim kP =1— fyo (0)=1—pY =pP
Ao . (75)
lim kU =1— fyu (0)=1—pP =pV

A——+o00

Based on /\lirjra Pr [f( = 1} = 1 and Theorem 9, we can obtain the following conclusion
—+00

for static TDD:

lim HD:(l—(l—pD))N_(:M

A—+00 T T . (76)
. NU UNU
,\I—EPOOHU =(1-(1-pY)) 3 =55
Our proof is completed by comparing (75) with (76). [ |

Note that in (74) of Lemma 10, the first and the second terms are contributed from the

DL and the UL, respectively.

C. Main Results of the PHY Layer Analysis

The main goal of this Subchapter is to derive theoretical results on the DL/UL coverage
probability defined in Subchapter IV-A3. Note that computing p=°¥'P (X, ) and p="Y (), 7)
is a non-trivial task for dynamic TDD, because it involves the following characteristics:

o« Two new kinds of inter-cell inter-link interference, i.e., the DL-to-UL and UL-to-DL

interference, are introduced in the analysis of the coverage probability. For accurate
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performance analysis, the dependent relationship between interfering BS and typical
BS, as well as that between interfering UE and typical UE, should be considered
carefully. The details will be shown in Subchapter IV-CI1.

o The UL performance is the bottleneck of dynamic TDD and we need to manage the
detrimental DL-to-UL interference. The UL coverage probability with full IC will be
derived in Subchapter IV-C2. Note that having results cancelling a subset of interferers
would be ideal, and other interference mitigation methods exist, e.g., clustering, UL
power boosting, etc., which are left as possible future work.

« The theoretical analysis of the coverage probability will be applied to a 3GPP special

case, and the results will be shown in Subchapter IV-C3.

1) Coverage Probability without Interference Cancellation: Based on the system model
presented in Subchapter IV-A, we can calculate coverage probability p®":£"* () ~) and

present it in the following theorem.

Theorem 11. p<°¥-L"* (X ~) can be derived as

N
pcov,Link ()\’ ,)/) _ Z (TTIL_J,Link + Trlz\IL’Link) ’ (77)

n=1

where
TLLink — fdn’il Pr [SINRLM“ > 7{ T, LOS] fgn (r)dr,

, (78)
TNLLink — [T pr[SINRM"™ > 4| r,NLoS] f3% (r) dr,

and dy and dy are respectively defined as 0 and oc.
Furthermore, Pr [SINRLmk > 7} LoS} and Pr [SINRM”’“ > 7‘ NLOS} are respectively

computed by
Pr [SINR"™ > | LoS]

= XD\~ prinkgpr0 ) Lk | praw BT (79)
o o

X g Link,U #
Iagg PpLink gf’:UvL ?
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and
Pr [SINR" > 4| NLoS]

= exp (——Punk@w> kgD \ prankPUST (80)
XL —— o
szgglk’U (PLGkCl]?OQU,NL) )
where (a) is due to the independence of RV IL"*P and I"*Y, moreover, £ Linw.v (s) and

agg

ILink,D and ]Link,U

L Link,u (s) are the Laplace transform of RV I} b

i evaluated at s respectively.
g8

Proof: See Appendix G. [ |
Note that the DL-to-DL interference and the UL-to-UL interference of dense cellular
networks have been studied in our previous papers [6], [54]. Different from [6]and [54], in
this research, we focus on the downlink and uplink performance analysis of dense small cell
networks with dynamic TDD. Moreover, the novelties of the PHY layer analysis lie in the
analysis of the inter-cell inter-link interference, i.e., the DL-to-UL interference /, gg’g and the

UL-to-DL interference I a%gU . The Laplace transforms of the inter-cell inter-link interference,

ie., c%gég? (s) and iﬁggg (s), can be characterized by the following two Lemmas.

Lemma 12. The Laplace transform .,iﬂlgég]? (s) of the DL-to-UL interference [gg’g, i.e., the
aggregate interference from DL transmitting BS to the UL typical BS, evaluated at s can

be computed as

agg

Lo (s) = exp (—27rpD5\ [ [W] xdx) : (81)

Proof: By assuming the distance between BSs (x) are larger than the distance from

the typical UE to the typical BS (r), (81) is proved. [ |

Lemma 13. The Laplace transform flgg,gu (s) of the UL-to-DL interference I;ég, i.e., the
aggregate interference from UL transmitting UE to the DL typical UE, evaluated at s can
be computed as

ZLp.u (s) = exp (—27TpU/~\ [ [é} xdx) . (82)

agg 1+(SPU<U2U)_1

Proof: By assuming the locations of UEs are replaced by their serving BSs, and the
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distance between BSs (z) are larger than the distance from the typical UE to the typical
BS (7), (82) is proved. [ |

Note that the UL performance of dynamic TDD is important because the UL SINR is
vulnerable to the DL-to-UL interference [53]. If the DL-to-UL interference is not properly
treated, the UL coverage probability of dynamic TDD will suffer from a performance loss
compared with static TDD. Therefore we propose a simple full interference cancellation (IC)
scheme for the UL of dynamic TDD, which will be addressed in the following Subchapter.

2) Coverage Probability with Interference Cancellation: In this Subchapter, we consider
a simple full interference cancellation (IC) scheme to demonstrate the gain with interference
mitigation. We assume that for the UL of dynamic TDD, all the DL transmitters with

instantaneous interference power above ¢ can be cancelled at the typical BS.

Lemma 14. The Laplace transform with IC f,?lgg,gu (s) of Ia%gU evaluated at s can be

computed as

iy 9)

~exp (—27TpD)\ IS (1 E [ (h < PBcBZBL)

xexp (—sPPCPBL)]) (1-£) ade)

xexp (=27pPA fi" (1= E |1 (h < oo ) (83)
X exp (—sPECENR)]) (£) adr

X exp (—27TpD)\ I (1 _E [1 (h < %)

< exp (—sPRCREM]) )

where the expectation over h can be derived as

E [1 (h < PBCBZB) exp (—SPBCBZBh)}
— OPB<“2” exp (—sPB¢B8h) exp (—h) dh (84)

E) SPBCBZB+1

Proof: By assuming the fading A of interference is smaller than Lemma 14 is

chBZB ’

proved. [ |
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3) Study of A 3GPP Special Case: As a special case for Theorem 11, we consider a
path loss function adopted in the 3GPP as [8§]

A" LoS with probability Pr" (r)
¢(r) = , (85)
ANLpe™ - NLoS with probability (1 — Pt (r))

together with a linear LoS probability function of Prl (r), defined in the 3GPP as [8]

1— dL’ 0<r<d
PrB2UL (p) =PrB2BL (1) = ! , (86)
0, r > d
where d; is the cut-off distance of the LoS link.
In addition, a simple LoS probability function for PrV2V:F (1) is given by [8]

1, 0<r<50m
Pr20k ()= . (87)

0, r>50m
For the 3GPP special case, according to Theorem 11, p<°¥:L?* () ~) can then be com-

puted by
2
pcov,Lmk ()\, ,.Y) _ Z (T;-I,Lmk + Ti\TL,Llnk) ) (88)

n=1

The details of the DL/UL results of 77" WLk pllink “and 705 are inves-

tigated in Appendix H and Appendix I respectively.

D. Simulation Results

In this Subchapter, we present numerical results to validate the accuracy of our analysis.
In our simulation, we adopt the following parameters recommended by the 3GPP [8]. In

(53), N =2 and for n € {1,2}, AB?UL = 1071035, AB2UNL — 1~ 1454 ABIBL _ 1084,

B2B,NL __ —16.94 U2U,L __ —9.85 U2U,NL __ —17.58 B2U,L __ B2U,NL __
AB2BNL _ 1(=1694 AU2UL _ 1985 AU2UNL _ 1-17.58 B2UL — 9 09, oB2UNL = 3 75

b

B2B,L _ B2B,NL _ U2UL _ U2UNL _
o, =2, o, =4, o =2, o =4.

Besides, according to [8], the power values are set to: Pl\l? = —95 dBm, PIE{ = -91

dBm, PP = 24 dBm, and PV = 23 dBm [8]. In addition, the UE density is set to p =



51

T T T T T T T T T

Q --prP2Y g prY2P [synchronous static TDD] (Analytical)
E, O prP2Y [synchronous dynamic TDD] (Simulation)
ﬂt’ —¥-prP2U [Synchronous dynamic TDD] (Analytical)
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Fig. 10. The probability of inter-cell inter-link interference.

300 UEs/km?, which leads to ¢ = 4.05 in (60) [46]. Finally, we assume that v = 1, pP? = %
and T = 10. Thus, for static TDD, we have NP = 7 and N} = 3 in (72), which achieves
the best match with pP and pV, according to (66).

1) Validation of the Results on the Probabilities of Inter-Cell Inter-Link Interference:
The analytical and simulation results of Pr”?Y and PrU?" are plotted in Fig. 10. From this
figure, we can draw the following observations:

o The analytical and simulation results match well, which validates the accuracy of our

analysis.

« For static TDD, PrP?V and PrY?P are zeros.

D2U

o For dynamic TDD in the synchronous case, as the BS density A increases, Pr and

PrV?P gradually grow and converge to the results of dynamic TDD in the asynchronous
case. This is because:

— when ) increases, the UE number in each active BS decreases; and
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— hence, when A is high enough to reach the limit of one UE per active BS, all the
subframes will be used as either DL ones or UL ones, the probability of which

solely depends on pP or pV.

2) Validation of the Results on the Time Resource Utilization: The analytical and sim-

ulation results of xP and Y are plotted in Fig. 11. From this figure, we can see that:

A DL TRU [Static TDD] (Simulation)
—o—DL TRU [Static TDD] (Analytical)

¢ UL TRU [Static TDD]  (Simulation)

—>—UL TRU [Static TDD] (Analytical)

O DL TRU [Dynamic TDD] (Simulation)
1 —¥-DL TRU [Dynamic TDD] (Analytical) | |
09r O UL TRU [Dynamic TDD] (Simulation)|
0.8+ ——UL TRU [Dynamic TDD] (Analytical) |
.

——® ® &

esource utilization (TRU)

0.6 5
05F A =
— & _

0 | | | 1 | 1 | | |
50 100 150 200 250 300 350 400 450 500

Base station density A [BSs/km?] (» = 300UEs/km?, p° = 2/3)

Fig. 11. The average DL/UL TRU P and Y.

« For static TDD, P starts from 0.7 and decreases as \ increases. This is because
NP =7 and T = 10, and thus static TDD maintains N = 3 UL subframes even if
there is no UL data request in a BS, leading to a large time resource waste. Moreover,
the sum of kP and Y is much less than one when ) is large, e.g., A = 500 BSs/km?,
showing the inefficiency of static TDD in dense SCNs.

For dynamic TDD, P converges to p° = % as A increases. This is because when A

is high enough to reach the limit of one UE per active BS, all the subframes will be

used as DL ones with a probability of pP. Moreover, the sum of " and Y always
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equals to one, thanks to the dynamic adaption of DL/UL subframes to DL/UL data

requests.

1 : : . :

— [static TDD] (Analytical)

- O [static TDD] (Simulation)
=087 - - [dynamic TDD] (Analytical) | ]
= O [dynamic TDD] (Simulation)
o
O -
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Fig. 12. The DL coverage probability p°**"" (X, ) vs. the BS density A with SINR threshold v = 0 dB.

3) Validation of the Analytical Results of p®"'X"* (X, ~): In the case of the linear 3GPP
path loss model as proposed in Subchapter IV-C3, the results of p=°¥'P (X, ) and p«"Y (), 7)
against the BS density for v = 0 dB are plotted in Fig. 12 and Fig. 13 respectively. Note
that our analytical results on Pr°?Y and PrY?" are used for the simulation of Ia%g and

Iggg in (57). As can be observed from Fig. 12 and Fig. 13, our analytical results with the

assumptions in Lemma 12 and Lemma 13 match the simulation results well, and thus we

cov,Link ()\7

will only use analytical results of p 7) in our discussion hereafter.

From Fig. 12, we can observe that:
« For static TDD, when considering both LoS and NLoS transmissions, the DL cover-

age probability shows a complicated performance trend. The details are described as
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Fig. 13. The UL coverage probability p°®"*V (X,~) vs. the BS density A with SINR threshold v = 0 dB.

follows:

— When the SCN is sparse and thus noise-limited, the DL coverage probability of

static TDD given by the proposed analysis grows as A increases.

54

— However, when the network is dense enough, the DL coverage probability de-

creases as A increases, due to the transition of a large number of interference

paths from NLoS to LoS. Particularly, during this region, interference increases at

a faster rate than the signal due to the transition from mostly NLoS interference

to LoS interference, thereby causing a drop in the SINR hence the coverage

probability.

— In more detail, the coverage probability given by the proposed analysis peaks

at a certain density A\g. When A is further increased far above )\, the coverage

probability decreases at a slower pace because both the signal power and the
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interference power are LoS dominated and increase at approximately the same
rate. There are still more and more interferers whose signal reach the typical BS
via LoS paths but their effect is smaller than the dominating interferers.

— At last, the coverage probability picks up the increasing speed because the number
of interferers is limited by the UE density p.

« For dynamic TDD, the DL coverage probability presents a similar behavior compared
to the static TDD. Note that the DL coverage probability of dynamic TDD performs
better than the static TDD, due to part of the strong DL interference becomes weak
UL interference in the scenario of DL of dynamic TDD.

From Fig. 13, we can observe that:

e On one hand, when considering both LoS and NLoS transmissions, the UL coverage
probability of dynamic TDD presents a similar behavior compared to the static TDD,
due to the similar reason as the DL.

e On the other hand, the UL coverage probability of dynamic TDD performs worse
than the static TDD, due to part of the weak UL interference becomes strong DL
interference in the scenario of UL of dynamic TDD. Therefore it is necessary to apply
the interference cancellation (IC) scheme to the UL of dynamic TDD. With the IC
proposed in subsec IV-C2, the UL coverage probability of dynamic TDD is enhanced,

although still poorer than the static TDD.

However, from Fig. 13, we should not conclude that for the UL dynamic TDD exhibits
no significant performance gain compared with static TDD due to the detrimental DL-to-
UL interference. Instead, we need to investigate the ASE performance, which includes the
time resource utilization and is shown in the following Subchapter.

4) The ASE Performance: From Fig. 14, we can conclude that:

« For static TDD, the DL ASE also shows a complicated performance trend. The details

are described as follows:

— When the SCN is sparse and thus noise-limited, the DL. ASE of static TDD given

by the proposed analysis grows as A increases.
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Fig. 14. DL area spectral efficiency ASE™ (X, 7o) vs. the BS density A with SINR threshold o = 0 dB.

DL Area spectral efficiency [bps/Hz/ka]

— However, when the network is dense enough, the DL. ASE decreases as A\ in-
creases, due to the decrease of coverage probability and TRU.

— When ) is further increased, the DL ASE picks up the increasing speed, because
the increasing effect of active BS density and coverage probability is stronger
than the decreasing effect of TRU.

« For dynamic TDD, the details of the behavior of the DL. ASE are described as follows:

— When the SCN is sparse and thus noise-limited, the DL. ASE grows as A increases.
When the network is dense enough, the DL ASE increases at a slower rate as
A increases, due to the decrease of coverage probability. Note that the effect of
the decrease of coverage probability is weaker than the increase of active BS
density, as a result, the DL ASE of dynamic TDD keeps increasing and doesn’t

present decrease. When A is further increased, the DL ASE slightly picks up the
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Fig. 15. UL area spectral efficiency ASEY (\,70) vs. the BS density A with SINR threshold v = 0 dB.

increasing speed and increases almost linearly as A increases.

— The DL ASE exhibits performance gain compared with static TDD due to the
beneficial UL-to-DL interference and the TRU gain, especially for 5G dense
SCNs [1], i.e., A > 100 BSs/km®.

From Fig. 15, we can conclude that:

o The UL ASE of dynamic TDD presents a similar behavior compared to static TDD,
due to the similar reason as the DL.

o The UL performance is important because the UL SINR is vulnerable to the DL-to-UL
interference [53]. If the DL-to-UL interference is not properly treated, the UL ASE
of dynamic TDD will suffer from a performance loss compared with static TDD, for
the BS density range of 30 < A < 200 BSs/km?.

« To mitigate such interference, we investigate the effectiveness of the full interference

cancellation (IC), which removes all DL-to-UL interfering signals based on instan-
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taneous DL-to-UL interference power. As discussed in Subchapter IV-C2, the IC
threshold is set as 6 = —50 dBm. Note that the results of full IC, i.e., cancelling
a subset of interferers, would be ideal. The analysis of other interference mitigation
methods, e.g., clustering, UL power boosting, etc., is left as possible future work.

o Dynamic TDD with IC can achieve larger ASE in the UL compared with static TDD,
mainly due to the dynamic adaption of DL/UL subframes to DL/UL data requests.
The performance gain of dynamic TDD with IC in the UL is larger as the BS density
) increases. When A = 500 BSs/km?, the UL ASE of static TDD and that of dynamic
TDD with full IC are around 30 bps/Hz/km? and 70 bps/Hz/km?, respectively.

E. Conclusion

In this Chapter, we have investigated the impact of synchronous dynamic TDD in the
performance of the DL/UL of dense SCNs. Analytical results are obtained for the DL/UL
TRU, coverage probability and ASE. Specifically, we find that

o The DL/UL TRU varies across TDD subframes, and that of dynamic TDD can achieve
an increasingly higher average total TRU than static TDD with the network densifi-
cation of up to 75.4 %.

o With the beneficial UL-to-DL interference and MAC layer gain, dynamic TDD can
achieve an increasingly higher average DL ASE than static TDD with the network
densification of up to 50 %.

o With the MAC layer gain and proper IC, dynamic TDD can achieve an increasingly
higher average UL ASE than static TDD with the network densification of up to 100 %.

As our future work, we will consider other factors of realistic networks in the theoretical
analysis for SCNs, such as the introduction of Rician fading or Nakagami fading, because

the multi-path fading model is also affected by the LoS and NLoS transmissions.
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V. PERFORMANCE ANALYSIS OF DENSE SCNS WITH FULL DUPLEX

In this Chapter, the performance analysis of dense SCNs with full duplex is presented.

A. System Model

1) Network Scenario: In this Subchapter, we present the network scenario considered in
the Thesis. Note that in this research we only focus on the MAC layer performance analysis,
and the considered network scenario is used to derive the distribution of the UE number
in an active BS, which will be shown in Subchapter V-B1. The PHY layer performance
analysis will be left as our future work.

We consider a cellular network with BSs deployed on a plane according to a homo-
geneous Poisson point process (HPPP) ® with a density of A BSs/km®. Active UEs are
also Poisson distributed in the considered network with a density of p UEs/km?. Here,
we only consider active UEs in the network because non-active UEs do not trigger data
transmission, and thus they are ignored in our analysis.

In practice, a BS will mute its transmission if there is no UE connected to it, which
reduces inter-cell interference and energy consumption [46]. Note that such BS idle mode
operation is not trivial, which even changes the capacity scaling law [55]. Since UEs are
randomly and uniformly distributed in the network, we assume that the active BSs also
follow an HPPP distribution ® [47], the density of which is denoted by A BSs/km?. Note
that 0 < A < ), and a larger p leads to a larger \. From [47], [48], \ is given by
A=\ [1 — m] , where ¢ takes an empirical value around 3.5~4 [47], [48].

2) BS Mode Selection: In this Subchapter, we introduce the scheme of BS mode selection
with FD. We consider a realistic SCN scenario with a hybrid of FD BSs and FD/HD UEs,
where all the SBSs are capable of FD communications, and the UEs are composed of a
coexistence of both FD UEs and HD UEs. The active UEs may request FD, HD-DL or
HD-UL type of data, and the serving BSs select mode according to the real-time DL/UL
traffic. For the considered network with a hybrid of FD BSs and FD/HD UEs, we have the

following three remarks.



60

Remark 1: For an active FD UE (FU), it may not always request FD data. When a FD
UE requests DL or UL data, it can be deemed as a HD UE.

Remark 2: For an active HD UE (HU), it can also request FD data, where it demands
both DL and UL data simultaneously. Since the HD UE is not capable of FD communica-
tions, it may be scheduled with another FD-HU, DL or UL data for FD communications.
If there is only one active UE in the cell, and the active UE is a HD UE requesting FD
data, the HU is assumed to have priority of DL communications.

Remark 3: For an active BS, it can work in FD mode only if there exists at least one
FD UE requesting FD data, or there exists at least one DL-UL data pair. The DL-UL data
pair is formed by one DL data request and one UL data request, or by one FD data request
from a HD UE and one DL/UL data request. Otherwise the active BS will work in HD
mode.

We define the four BS working modes as follows.

A /A [FD/HD BS]

@/O [FD/HD UE]

FS Mode:
FD BS

with Single
FD UE

HU Mode:
HD BS

with an UL
UE

FP Mode:
FD BS
with DL-
ULUE
Pair

Fig. 16. A sketch of the four BS working modes.



61

1) FD BS with Single FD UE (FS): For an active BS, it will work in FS mode if there
exists at least one FD UE requesting FD data. Note that we assume the FU requesting
FD data has priority over the DL-UL data pair.

2) FD BS with DL-UL UE Pair (FP): For an active BS, it will work in FP mode if there
exists at least one DL-UL data pair, and there is no FU requesting FD data.

3) HD BS with a DL UE (HD): For an active BS, it will work in HD mode if there
only exists DL data; or there is only one active UE in the cell, and the active UE is
a HD UE requesting FD data, as stated in Remark 2.

4) HD BS with an UL UE (HU): For an active BS, it will work in HU mode if there

only exists UL data.

A sketch of the four BS working modes is shown in Fig. 16. Note that in this research
we focus on the MAC layer performance analysis. Therefore the modelling and analysis
of the PHY layer interference will be left as our future work.

3) Performance Metrics: The propotions of FD UE and HD UE are denoted as p'Y
and p"Y respectively, where p''V + pfU = 1. For each active FD UE, the probabilities of
requesting FD data, DL data and UL data are respectively denoted by p™™", pP¥ and pUF,
where p'F +pPF +pUF = 1. For each active HD UE, the probabilities of requesting DL data
and UL data are respectively denoted by p™™, pPH and pUH, where p'™ 4 pPH 4+ pUH = 1,

We denote the working mode of an active BS by a string variable (), where () takes
the value of 'FS’, FP’, "HD’ and "HU’. For clarity, ’FS’, ’FP’, "HD’ and "HU’ denote
the FD mode with single UE, FD mode with a UE pair, HD DL mode and HD UL mode
respectively. The probability of an active BS selecting the mode of () are denoted by ¢<.
In the following Subchapters, we will investigate the performance of ¢%. The notation of

variables is summarized in Table IV.

B. Main Results of MAC Layer Analysis

1) The Distribution of the UE Number in an Active BS: Considering both active BSs and

inactive BSs, the coverage area size X can be characterized by a Gamma distribution [47].
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TABLE IV
NOTATION OF VARIABLES FOR FD

Notation | Items |

ptY, phv FD UE and HD UE ratios
rr pr _ur | FD data, HD-DL data and HD-UL data
po.p.p request probabilities of FD UE
ru pu .ung | FD data, HD-DL data and HD-UL data
popsp request probabilities of HD UE
FS The probability of an active BS selecting
d the FD mode with single UE
PP The probability of an active BS selecting
q the FD mode with a UE pair
HD The probability of an active BS selecting
9 the HD DL mode
HU The probability of an active BS selecting
1 the HD UL mode

Thus, the PDF of X can be expressed by

fx (@) = (qA)qw%, (9)

where ¢ is a distribution parameter and I'(-) is the Gamma function [52].
Then, we denote the UE number per BS by a random variable (RV) K, and the probability

mass function (PMF) of K can be derived as

i (k)

Pr[K = k]

+00 (e k
y P2 exp(—p) (o)

. F(I;(i Jlr)lz)(q) (pquy (piAqAY’ e

where (a) is due to the HPPP distribution of UEs and (b) is obtained from (89). It can be seen

—
s}

—~
=

from (90) that K follows a Negative Binomial distribution [52], i.e., K ~ NB <q, ﬁ).
As discussed in Subchapter V-A1, we assume that a BS with K = 0 is not active, which

will be ignored in our analysis due to its muted transmission. Hence, we focus on the

active BSs and further study the distribution of the UE number in an active BS. For clarity,

the UE number in an active BS is denoted by a positive RV K. Considering (90) and the
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fact that the only difference between K and K lies in K # 0, we can conclude that &
should follow a truncated Negative Binomial distribution, i.e., K ~ truncNB <q, H%)'
More specifically, the PMF of K is denoted by i ( ) ke {1,2,...,+00}, and it is
given by

jo®) -melr -8 - 20

1 — fx (0)’
where the denominator (1 — fx (0)) represents the probability of a BS being active. Note
that based on the definition of \ in Subchapter V-Al, we have (1 — fx (0)) = %

2) The Distribution of the Data Request Number in an Active BS: A Multinomial Dis-
tribution: After obtaining f </~<>, we need to further study the distribution of the data
request number in an active BS, so that the working mode of the BS can be determined in
a FD network.

For clarity, the FD-FU, FD-HU, HD-DL and HD-UL data request numbers in an active
BS are denoted by RVs MFFVU AFHU - AP and MY, respectively. Since we assume that

each UE generates one request of FD data, DL data or UL data, it is easy to show that
MY 4 MFHE L MP 4+ MY = K. (92)

For each FD/HD UE in an active BS, the probability of it requesting FD data, DL data
and UL data is p"¥/p'™, pP¥/pPH and pUF/pYH, respectively. Therefore, for a given p*'V

for each UE in an active BS, the probability of it requesting FD-FU data, FD-HU data,

DL data and UL data is p*Y, p"V pP and pY, respectively, where p'V = ptUptt,

pFHU pHUpFH’ p pFUpDF + pHU DH

a given UE number &, MFFY, MFHU AP and MV follow multinomial distributions,

and pY = p'UpU¥ 4 pHUpUH Hence, for

e., MFFU MFHU AP AU~ M (l}; pFFU7pFHU,pD,pU) . More specifically, the PMF

of M¥¥U  MFHU AP and MU can be written as

fMFFUVMFHU7MD7MU (mFFU, mFHU, mD, mU)

_ k!

T mFFUIFHUI, DI Ul ©3)
FFU FHU D U

><(pFFU)m (pFHU)m (pD)m (pU)m )
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3) The Distribution of the Mode Selection in an Active BS: After obtaining the PMF
of the DL/UL data request number in an active BS, we can further derive the distribution
of the mode selection in an active BS, i.e., ¢%. In this Subchapter, we present our main

results on ¢% in Theorem 15 - 18.

Theorem 15. The probability of an active BS selecting the FS mode is given by

+oo

¢S = Z (1 - (1 FFU) )fK ( > (94)

where f; (l%) is given by (91).

Proof: Conditioned on K = ];3 QFS =1- fMFFU MFHU /D ppuU (O, mFHU,mD, mU) =

1—(1- pFFU) The unconditional probability is ¢"* = > ¢ fi </~c> u

Theorem 16. The probability of an active BS selecting the FP mode is given by

0 k=1
¢'" = too (] _ HFFU)F , (95)
k=2 <( p ) ) ];3 > 1
|- ") = )" 1z (F)

where f; (l%) is given by (91).

Proof: Conditioned on K = l;:, for k = 1, ¢"F = 0 because there is only one active UE
in the cell and it is impossible for the active BS to find a UE pair for FD communications.

For k > 1, the probability of the active BS selecting FD mode is given by

qg‘S + qIIS‘P

=1- FFU pfFHU pfD pfU mFFU mFHU k‘ mU
M M JMP M ) s fvy (96)

—fMFFU7MFHU7]MD7MU <mFFU, mFHU, mD, k‘)

=1- ()"~ ().
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The unconditional probability is

5 P
=525 (o + o) fic (F) ©7)
=5 (1= ) = 09 1w ().

Plugging ¢''S given by (94) into (97) we can derive (95). m

Theorem 17. The probability of an active BS selecting the HD mode is given by

FHU D 7
P +p k=1
¢ = : (98)

25 (60)) 1 (B) k=1
where f (E) is given by (91).

Proof: Considering the definition of HD mode in Subchapter V-A2, the proof is

straightforward. [ |

Theorem 18. The probability of an active BS selecting the HU mode is given by

¢ = io (")) 1z (k). 99)

k=1
where f (l%) is given by (91).

Proof: Considering the definition of HU mode in Subchapter V-A2, the proof is

straightforward. [ |

C. Simulation and Discussion

In this Subchapter, we present numerical results to validate the accuracy of our analysis
and investigate the performance impact of different parameters.

1) Validation of the Results on the MAC Layer Analysis: In Fig. 17, we plot the analytical
and simulation results of the full duplex BS ratio, i.e., the sum of ¢ and ¢'F. The UE

density is set to p = 300 UEs/km?, which leads to ¢ = 4.05 in (89) [46]. In addition, we

FH

assume that p* = pf'l = UF _ . UH

= p" = 1. Note that our analytical

=
s
|
s
|
N[
o
=
o,
s
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results in this research can work with any value of the MAC layer parameters. From this

. .
0 pY=0(s)
i FU _
08} pV=01A) ||
2 O [p™=0.5](s)
12 ==Y =05](A)
@ 06 O pU=10) |
3 T = 11(A)
S04}l
()
>
0.2
O 2 3
10" 10 10° 10%

BS density A [BSs/km?]
Fig. 17. The full duplex BS ratio.
figure, we can see that:

o The analytical results of the full duplex BS ratio match well with the simulation results.

o The FD BS ratio increases with the increase of the FD UE ratio.

o The FD BS ratio decreases with the increase of the BS density. This is because higher
BS density leads to lower UE number per active BS, thus the probability of FD traffic
existing decreases.

Since our analytical results match the simulation results well, we will only use analytical

results of the FD BS ratio in our discussion hereafter.

2) Discussion of the Performance Impact of FD UE Ratio p*V: In Fig. 18, we plot

the results of the FD BS ratio against the FD UE Ratio p"V. The BS density is set to
A = 300 BSs/km? and the UE density is set to p = 300 UEs/km?. In addition, we assume

, pPF = pPH — % and pUF = pUH

that pt't = pf'tl = = 1. As can be observed from

=
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Fig. 18, the FD BS ratio increases linearly with the increase of p''Y, and thus we may

expect a linear gain in the MAC layer performance with the increase of FD UE ratio.

0.48

e p
N
~ O

o
~
N

Full Duplex BS Ratio
o o
oo EAN

o
w
o)

0 0.2 0.4 0.6 0.8 1
FD UE Ratio

Fig. 18. The full duplex BS ratio vs. the FD UE ratio p'".

3) Discussion of the Performance Impact of FD Data Request Probability: In Fig. 19,
we plot the results of the FD BS ratio against the FD data request probability. The BS
density is set to A = 300 BSs/km? and the UE density is set to p = 300 UEs/km? . We assume
that for FD UE and HD UE, the FD data request probability is the same, i.e., p'" = p'H.
In addition, we assume that for each active UE, the HD-DL data request probability is
twice of the HD-UL data request probability, i.e., pP¥/pUF = 2/1 and pPH/p"H = 2/1.
From Fig. 19, we can see that:

o The FD BS ratio increases with the increase of FD data request probability.

o The increasing speed of the FD BS ratio gradually slows down with the increase

of FD data request probability. Moreover, the increasing speed of the FD BS ratio
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Fig. 19. The full duplex BS ratio vs. the FD data request probability.

with a larger FD UE Ratio p*'V lessens slower with the increase of FD data request

probability, thanks to the contribution of FS mode with FD UE.

4) Discussion of the Performance Impact of UE Density p: In Fig. 20, we plot the results
of the FD BS ratio against the UE density p. The BS density is set to A = 300 BSs/km?,

FH DF DH

besides, we assume that p** = pft = 1 pP¥ = pPH — 2 and pUF = pUH

= i. From
Fig. 20, we can see that:
o For different FD UE ratio p'V, the FD BS ratio first increases gradually with the
increase of UE density p, then picks up the increasing speed, and finally converges to
1 when p becomes large enough.
o For different FD UE ratio p*'Y, the gap of the FD BS ratio decreases with the increase

of UE density p.
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Fig. 20. The full duplex BS ratio vs. the UE density p.

D. Conclusion

For the first time, we analytically study the MAC layer performance of FD in a realistic
SCN scenario, where BSs can select FD/HD mode according to the real-time DL/UL traffic.
The analytical results are shown to match the simulation results well. As our future work,
we will combine our results on the MAC layer BS mode selection with the PHY layer

SINR results to derive the total area spectral efficiency for FD.
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VI. CONCLUSION

In this Thesis, I have investigated the performance of the dense SCNs. I firstly analysed
the coverage probability and the ASE for the UL of dense SCNs considering a practical
path loss model incorporating both LoS and NLoS transmissions. Secondly, I studied the
performance of the dense SCNs with synchronous dynamic TDD, which has been widely
adopted in the existing 4G systems. | analysed the coverage probability and the ASE in
the DL and UL of dense SCNs considering the synchronous dynamic TDD transmissions.
I thirdly considered the FD communications in a practical SCN scenario, where BSs can
select FD or HD mode according to the real-time DL/UL traffic. The analytical results in
this Thesis shed new light on the performance of future Sth-generation (5G) dense SCNis.

As my future work, I will investigate the application of the proposed probabilistic
interference model in a real-time scenario. Moreover, I will consider other factors of realistic
networks in the theoretical analysis for SCNs, such as the unlicensed and asynchronous

SCNss.
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APPENDIX A: PROOF OF THEOREM 1

Given the piecewise path loss model presented in Subchapter III-A, P (\,T)) can be
derived as
P (N, T)
= J; Pr[SINR > T|r] fr (r)dr

= [ Pr -—Pogfz(:_);;il) > T} fr(r)dr
- 0d1 Pr Pog(izf;)“_n > T|LoS| fg, (r)dr
Iy E °g<AZ:’f;ZL)(“) > T|NLoS | /RS (r) dr (100
+ .. _
dfﬂ Pr POQ(?T:TILZ)(EU > T'|LoS f]];LN (r)dr
+ [ Pr Pog(AZZT;ZLYF_l) > T'NLoS| fi'y (r)dr

N
£ (Tr+ 1),
n=1

In the following, we show how to compute ff , (r) and f" (r).
To compute ff,, (), we define two events as follows
Event BY: The nearest BS with a LoS path to the UE is located at distance X". The
CCDF of X" is written as Fy (z) = exp (— [, Pr™ (u) 2ruldu) [6]. Taking the derivative
of (1 — F% (z)) with regard to z, we can get the PDF of X" as
fx (z) = exp (— /x Pr* (u) 27ru)\du) PLr () 2wz . (101)
0
Event CN* conditioned on the value of X": Given that X" = z, the nearest BS with
a NLoS path to the UE is located farther than distance x1, where Atz®" = ANF2¢™ | and
T = (ALIO‘L /ANL) UaNL. The conditional probability of C™* on condition of X* = z can
be computed by
Pr[CNM X = 7]
=exp (— [ (1 = Prl (u)) 2muldu) .

(102)
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Then, we consider the event that the UE is associated with a BS with a LoS path and

such BS is located at distance R};. ff, (r) can be derived as

Srin (1)

= fx (r) Pr{C™ X" =]

= exp (— [ Pr* (u) 2ruddu) Pr* (r) 2mr A (103)
xexp (— [ (1 =Pt (u)

x2muddu),  (dp—1 <1 <d,).

Pog <ALT‘1L) (b

Having obtained f};,, (r), we move on to evaluate Pr [T >T

LoS| in (17)

as

ANCSY
Pr [M > T|LoS

0'2+IZ

i} r(ot1,)

T(o2+1y,
-e{on (505 )
To?
— eXp <_PO (ALTQL>(€71)
TI
< o ()}

_ To? T
= eXp <_PO(ALT’ZL>(€1)) "%Z (P()(ALT‘)‘L)(EI)) )

where .77, (s) is the Laplace transform of RV [ evaluated at s.

(104)

To compute fx5 (1), we define two events as follows
Event BN': The nearest BS with a NLoS path to the UE is located at distance XNt.
The CCDF of XN is written as FY- (z) = exp (— [5 (1 — Pr* (u)) 2ruldu). Taking the

derivative of (1 — F% (z)) with regard to x, we can get the PDF of XN as

X (@)

=exp (— [ (1 = Pr"(u)) 2ruldu) (105)
x (1= Prl(z)) 2ma.
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Event C* conditioned on the value of XN': Given that XN = z, the nearest BS with
a LoS path to the UE is located farther than distance z,, where ALxSL = ANLga™ and
OtL

1/
Ty = (ANanNL /AL> . The conditional probability of C* on condition of X™ = z can

be computed by

Pr[CY XN = 7]

exp ( fo ( ) 27ru)\du) 0<zx <y (106)

exp <— o (Pr (u)) 27Tu)\du) , x>y

0

Then, we consider the event that the UE is associated with a BS with a NLoS path and

such BS is located at distance R}". fx}, (r) can be derived as

(r

)
Pr CL XNL —
X (r) Pr[CY] il (107)
xp (— fy (1— (w)) 2murdu) (1 — Pr™ (r)) 27rA
xexp (— [i° ( ) 2ruddu) ,  (dpoy <7 <dy).
. G
Similar to (104), Pr py > T'|NLoS| can be computed by
oNL (6=1)
pe | ) | NLos
o z

. T(O’2+]Z> 108
= EIZ {exp (—W) } ( )
— To? T

= eXp (_ P (ANLT‘O‘NL>(€_1) ) "?IZ (P0<ANLTO‘NL)(€_1) ) .

Our proof is completed by applying the definition of 7% and T2V in (11).

APPENDIX B: PROOF OF LEMMA 2

Based on (21), TlL can be obtained as
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iy
(e—1)
d Pog ALT(’L
= 01PI' [% > T'| LoS f}L%J (’T‘)dr
109
d1 s (109)

ngz(WWRl“

The Laplace transform .7, (s) is expressed as

1, (s)
=E;, [exp (—slz)]

=i [ow (DRI )0 )]
=E,_. [];[Eg (exp (=sPoB (r2) ¢ (dz)lgz))}

B 1
=E . a. [1;[ 1+sPoB(Tz)C(dz)_1]

- B o . 1
= eXp( 2T A fr (1 ET’Z |:1+SP06(7'z)§(33)71:|) :de>

_ 0 1 (110)
= exp (—27T)\ fr E,, [Hs_lpglﬂ(rz)_lg(x)] :I:dx)
= exp (—QM I (1 - %)
[ 1
XE,. | i rae | LoS| wdr)
X exp (—27?)\ fil (dil)
[ 1
XE,. | frrprheras | NLoS| wdz)
X exp (—27?)\ fdolo 1
[ 1
XETZ i 1+5_1P(;15(T‘z)_1((z) NLOS] :de) y
where the expectation function averaged over 7, is derived as follows
. [1+s TPy B(Tz |L°S} 11D

_fo <1+s 1Py ﬁ( x)‘fRZ( )du)

By plugging (111) into (110), we can obtain (24).
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APPENDIX C: PROOF OF LEMMA 5

By using the change of variable 7\r? — 7, (45) can be rewritten as

NL
T2

:fOO 2 eXp - TOQ NL
wAd2 A (V)" D (112)
X L L NL(— e "dr.
Z(Po( R ) N 1)>

By using the change of variable 7 — 7\ (d;)* — v, (112) can be rewritten as

TNL _ Ooexp . To? .
2 fO ( Po<\/[’U+7T/\(dl)2:|(ﬂ)‘)_1>QNL(€ 1)

T 6_7r)\(d1)26_vd7}.

X%
Iz (po (\/[v-l-ﬂ')\(dl)?] (ﬂ)\)ﬂ)aNL(Gﬂ)

By using the method of Gauss-Laguerre quadrature as shown in (48), we complete the

(113)

proof.

APPENDIX D: PROOF OF THEOREM 6

Based on (67) and conditioned on K = Fk, the probability of performing a DL transmis-

sion in subframe [ (I € {1,2,...,7T}) can be calculated as
qlD]; g PI‘ |:}/2 —= ’ 2 g ];:|
@ Pr[NP> 1] =1—Fyo(I—1), (114)

where Y] denotes the link direction for the transmission on the [-th subframe, which takes
a string value of "D’ and "U’ for the DL and the UL, respectively. Besides, the step (a)
of (114) is due to the LTE TDD configuration structure shown in Fig. 9, and Fyp (nD) is

the cumulative mass function (CMF) of NP in an active BS, which is written as

Fyo (nP) = Pr [NP < nP] ZfND (i). (115)
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Considering the dynamic allocation of subframe to the DL and the UL in dynamic TDD,

the conditional probability of performing an UL transmission in subframe [ is given by
q% :1—q}}€:FND (1-1). (116)

Furthermore, the unconditional probabilities of performing a DL and UL transmissions
on the [-th subframe, i.e., ¢° and ¢, can be respectively derived by calculating the expected
values of q?’; and qu]~~C over all the possible values of k as shown in (69), which concludes

our proof.

APPENDIX E: PROOF OF THEOREM 7

By examining the inter-cell inter-link interference for the [-th subframe (I € {1,2,...,T})

D2U

one by one, Pr can be derived as

Pr??Y =Pr[Z ="D

= U

=) Pr[(Z="D|L=1)|S="U]

«Pr[L=1[8 ="U]
T

éz PrL=1|5="U]

(_)T LPr[S="U|L=1Pr[L=I

_lzl(ﬂ PT[S:’U’]

(—i)zT:qD 1 (117)
=1 TZ] 1qj

where (a) is obtained from

Pri(Z="D L=1=gq,

L=10)S="U]=Pr[Z="D

due to the independence of the events (Z =D’| L = 1) and (S = "U’); (b) is valid because

of the Bayes’ Theorem; and (c) comes from the calculation on the probability of the signal
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being an UL one, which can be written by

Pr[S:’U’]:ZPr[SI’U’|LIJ]PT[LZJ]

j=1
1 T
= ?Zq}?. (118)
j=1

Similarly, it is easy to derive the results for Pr"?", which concludes our proof.

APPENDIX F: PROOF OF THEOREM 9

In static TDD, for a given UE number k in an active BS, the probabilities that no
UE requests any DL data and no UE requests any UL data can be calculated by fj;o (0)
from (64) and f),v (0) from (65), respectively. Even in such cases, static TDD still unwisely
allocates N(])D and Néj subframes for the DL and the UL, respectively, which causes resource
waste. The probabilities of such resource waste for the DL and the UL are denoted by wP"

and wY, and they can be calculated as

P = Si% fuw (0 £5(F) = 235 (-7 1 ()

) (119)
wY = ZZ:; faro (0) f}”{(@ - Z:{ (1 _pU)kff(@)

Excluding such resource waste from N}’ and N, we can obtain P and kY for static TDD

as
D _ (1 —P) M2
K ( )T (120)
RE—

Our proof is thus completed by plugging (119), (64) and (65) into (120), followed by

computing ~ from (55).
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APPENDIX G: PROOF OF THEOREM 11

The proof of pX"* (X, %), fk,, (r) and fi% (r) are given in our previous papers [6],

[54]. Therefore we move on to evaluate Pr [SINR*"™* > y|LoS] in (79) as

Pr [SINR""™ > 7| LoS]

e [ o 2P )

= Pr > PLinkCZE?U(T) o)

B i o d s (2D g
= (Iangnk,D_i_]angnk,U) p PLinkCII)BfU(T)

'7P1£fink )

= eXp <_W}?2U(M (121)

X E(IaLgignk,D_’_IaLgignk,U) exp

= eX _—FYPI\Lf”Lk gL‘ k,D —W(Iélgignk’D)
p PLinkC[])?;QU(T) Iaglgn ’ PLinkCI])SOQU(r)

ngLmk,U (M) .

age pLinkC’?fU (7.)

(e
mekCIE?U (7’)

Pr [SINR"™ > | NLoS] can be derived in a similar way.

APPENDIX H: DL RESULTS OF SUBCHAPTER IV-C3

For the DL, the coverage probability for the typical UE can be formulated as follows.

TP of DL

Lemma 19. The result of T; lL D is the DL coverage probability when the typical UE is

associated with the typical BS with a LoS link of distance less than d,. From Theorem 11,

LD .
11" can be derived as

LD _ pdi VPR Y
=, exp(—W gfggg PDCBIUT

bo

(122)
XLy (W) i (r)dr.
The Laplace transform .ZIDg,gU (s) of [a%g evaluated at s = W can be computed as
ES bo
— _9U 50 1
"%Ie?ggU (5) = exp( 2mp- A (fﬁ [1+(5PUCU2”'L)_1] vde (123)

+ Ja0 [W} xdas)) _
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TP of DL

Lemma 20. The DL coverage probability when 0 < r < dy and the signal is NLoS can be

derived as
NL,D d PP
T =[5 Yexp <_#§2U> "?Ifgg (W)
? (124)

XLy (W) B (r)dr,

where the Laplace transform iﬂlng,; (s) evaluated at s = W can be derived as (123).
a by

T3P of DL

The result of TQL’D is the DL coverage probability when the typical UE is associated
with the typical BS with a LoS link of distance larger than d;. From Theorem 11, T2L D

can be derived as

T, = / Pr [SINRY™ > v
d

1

r,LoS| fi, (r)dr. (125)
Plugging f5, () = 0 into (125), yields
T,° = 0. (126)

TP of DL

Lemma 21. The DL coverage probability when r > dy and the signal is NLoS can be

derived as
NL,D PR
Ty = fdoo exp <—%) Lo | —5mhusT
1 P Cbo agg P Cb
? (127)
XLy (W) i (r)dr,
and the Laplace transform Df[?g,gu (s) of Ia%gU evaluated at s = W can be computed
as
Uy [ 1
fI;Dg,gU (S) = exXp <—27Tp >\f7' [W} I’dl’) . (128)

APPENDIX I: UL RESULTS OF SUBCHAPTER IV-C3

For the UL, the coverage probability for the typical BS can be formulated as follows.
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Y of UL

Lemma 22. The UL coverage probability when 0 < r < dy and the signal is LoS can be

derived as
d Py
TIL»U — fO 1 exXp <_#§2U> cglggg (W)
’ ’ (129)
ngggU( B2UL>fR1<>
and the Laplace transform .,iﬂlgg,gn (s) of Iggg evaluated at s = ﬁiﬂm can be computed
as
g[ggg (S) = exXp < 27TpD>\ fO [W} (1_d£1> l’dl’)
xexp (=20 i | | () de) (130)
X exp ( 27'(']7D>\ fdl [W} $d$> .
™Y of UL

Lemma 23. The UL coverage probability when 0 < r < dy and the signal is NLoS can be
derived as
d Py
TNLU g <—#§w> ZLup <W)

(131)
XXUU (W) g}i‘ (T)dT,

Iagg

——so~t can be derived as (130).

where the Laplace transform £ (s) evaluated at s = Poch
agg

oY of UL

The result of TQL’U is the UL coverage probability when the typical UE is associated
with the typical BS with a LoS link of distance larger than d;. The derivation of T2L Vs

.. L.D .
very similar to 7, and can be derived as

T — g, (132)
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Ty"Yof UL

Lemma 24. The UL coverage probability when r > dy and the signal is NLoS can be

derived as
NL,U _ oo yPE y
T2 = fd1 exp < PD(E?U ‘iﬂlgg‘? PUCIizU,NL

(133)
y NI,
XLy ( PUCZI?OQU»NL> R (r)dr,
where the Laplace transform .,Eflug,? (s) of 1.y evaluated at s = m can be computed
a bo

as

ZLup (s) = exp (—27TpD)\ = [W] xd:v) . (134)

agg
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