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Abstract

For the past few years, 5G heterogeneous networks (HetNets) have gain phe-
nomenal attention in the wireless industry. Millimeter wave (mmWave) tech-
nology integrated with HetNets has emerged as a new wave to overcome the
thirst for higher data rates and severe shortage of spectrum. In this thesis,
we analyze the performance of HetNets exploiting various 5G technologies
including mmWave communication, user-centricity and dual-slope path loss
model. We propose a hierarchical framework for the optimal resource alloca-
tion on the uplink of a heterogeneous network and optimize the access policy
of the small cells. The proposed approach allows users to decide their con-
nectivity between the small cell base stations (BSs) and the macrocell base
station (MBS) with the goal of maximizing their rates and the overall net-
work performance. This network-assisted user-centric approach distributes
intelligence and control to the users; thereby, reducing the monitoring com-
plexity associated with centralized control. This model is further integrated
with mmWave technology to form a hybrid HetNet exploiting both microwave
(kW) and mmWave frequency bands and formulate a two layer game theo-
retic framework to maximize the energy efficiency (EE) while optimizing the

network resources. It ensures energy efficient user association method subject
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iii
to the minimum rate and maximum transmission power constraints by using
dual decomposition approach. Next section focuses on the impact of dual
slope path loss model on the user association. Currently, the user associa-
tion techniques are under the influence of single slope path loss model. The
densification of networks and irregular cell patterns have increased the vari-
ations in both the link distances and interferences; making single slope path
loss models less accurate. We study multi-slope path loss model, with the
focus on dual-slope, and proposes a user association scheme on the downlink

of a HetNet. Simulations are performed to validate the theoretical results.
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Chapter 1

Introduction

This chapter presents a brief introduction about fifth generation (5G) net-
works. After that, thesis contribution is presented and then, thesis organi-

zation concludes this chapter.

1.1 5G Technologies

The future of connectivity, in the next generation of mobile networks, is
extending beyond connecting people- it’s about connecting everything. In
this regard, 5G will bring the today’s generation style of 4G networks into the
new era of wireless communication with an addition of a globally standardized
radio access technology.

In this thesis, we discuss the technologies like ultra-dense networks (UDN),
millimeter wave (mmWave) technologies, user-centric approaches and multi-
slope path loss model. The UDN allows the fusion of technologies, frequency

bands, diverse cell sizes and network architectures to handle the drastic pro-
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Figure 1.1: A heterogeneous network.

liferation of data traffic and expanded cell coverage. This UDN paradigm
has paved the way of bandwidth expansion by enabling the coalition of fre-
quency bands. The integration of mmWave frequency band with microwave
frequency band has stolen the limelight as a promising solution to provide
ubiquitous high data rates to the users. This flexibly of air-interfaces and
increasing network scalability has made the centralized control a challenging
task. User-centric approaches have come to aid to overcome the complex-
ity of centralized monitoring and in realizing trenchant users’ preferences
and requirements. This article attempts to provide insights on advantages
and challenges associated with these technologies and proposes framework to

realize the importance of these technologies.

1.2 Thesis Contribution

The main contributions of this paper can be listed as:

e This thesis models the preferred access policy of the small cells among
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open, closed and hybrid. The main focus is to analyze the conflicting
interests of the small cell base stations (BSs). This selection of access
policy on the uplink is a tradeoff between interference avoidance and
saving resources and has a significant impact on the performance of the

network.

e [t further implements the user-centric approach to overcome the cen-
tralized monitoring complexity and compares it with network-centric

approach.

e We propose a hybrid heterogeneous network (HetNet) scheme exploit-
ing the mmWave frequency band which improves the sum-rate and
energy efficiency (EE) in comparison to the scenario where all the net-
works operate at sub-6 GHz frequency band using Lagrangian Dual

Decomposition approach.

e The user association and load balancing is analyzed and we prove that
the multi-slope path loss model outperforms the conventional single
slope path loss model. The dual slope path loss model lead to steering
of users to nearby small cells, thus off loading the traffic from macrocell

base station.

1.3 Thesis Organization

The rest of the thesis is organized as follows: Chapter 2 presents the back-
ground and existing literature on the future technologies of 5G wireless net-

works. In chapter 3, we formulate a framework to maximize the data rates in
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HetNets, in a user-centric fashion. Chapter 4 presents a HetNet coupled with
mmWave technology and proposes a framework for energy efficient resource
allocation in a hybrid HetNet. Chapter 5 introduces the multi-slope path
loss model and analyzes it’s impact on user association in HetNets. Chapter
6 generalizes the conclusion drawn from the above frameworks along with

the concluding remarks.



Chapter 2

Background and Literature

Review

This chapter presents the background and literature review on the future
technologies of next generation mobile network. It discusses the key tech-
nologies of 5G wireless networks including small cell networks, higher fre-
quency bands, user-centric approaches and multi-slope path loss models. It
also discusses the capabilities of these technologies and their impact on 5G

mobile communications.

2.1 Heterogeneous Networks

With the drastic increase in wireless data traffic, the demand for higher data
rates has become a key necessity for the next generation mobile network. To
manage this staggering growth of wireless data traffic, HetNets have drawn

tremendous attention in the next generation mobile systems. Heterogeneity
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in the wireless environment allows low power BSs, deployed in small cells of
diverse sizes overlaid on a macrocell, to operate at different frequency bands
that makes an efficient use of the radio resources [1,2]. This overlay deploy-
ment of low power BSs, to complement the conventional cellular network, has
a great potential to cope with the drastic proliferation of wireless data traf-
fic by allowing the fusion of technologies, frequency bands, diverse cell sizes
and network architectures [3]. They ensure significant enhancement in the
overall network performance that include high data rates and expanded cell
coverage [4,5]. Nevertheless, these perks are accompanied by new technical
challenges namely hardware expenses, interference management, user asso-
ciation, load balancing, radio resource management, energy efficiency along
with the others [6-8,10,11,46].

The deployment of small cells (microcells, picocells and femtocells) helps
in increasing the sum-rate of the network but makes interference and cen-
tralized control a challenging issue [12]. A considerable amount of literature
is available to address this concern of interference as seen in [14] and the ref-
erences therein. The concern related to centralized control can be overcome
using user-centric approaches.

The femtocell access points(FAPs) can operate in different modes: closed,
open and hybrid [15], as shown in Fig .2.1. In closed access scheme, resource
sharing is not allowed and FAPs dedicate all of their resources to their home
subscribers. Whereas, in open access scheme, FAPs share their resources
with the macrocell users in order to avoid interference and to enhance the
network performance. The hybrid access policy puts a limit on the resource

allocation to macrocell users [16]. The selection of access policy on the uplink
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Figure 2.1: A HetNet with different access policies of the FAPs.

is a tradeoff between interference avoidance and saving resources and has a
significant impact on the performance of the network. Several existing works
used the game theoretical models to optimize the performance of femtocells

in the HetNets [17].

2.2 Millimeter Wave Technology

The fusion of frequency bands in HetNets has paved the way of bandwidth
expansion, by integrating mmWave bands into the current cellular network,
to overcome the problem of capacity shortage. MmWave technology repre-
sents the next advance in the wireless industry [18,19]. This fragment of
spectrum, ranging from 30 — 300 GHz, has stolen the limelight as a promis-
ing solution to provide ubiquitous high data rates to the users [21,22, 37].
While improving network performance, it faces many challenges including
hardware expenses, non-line-of-sight (NLOS) signal range and large distance
connections [23]. However, with the help of highly directional antennas and
beamforming, significant signal strength can be achieved within a range of

about 150-200 meters. Significant advancements have also been seen in the
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manufacturing of low cost mmWave hardware. The coalition of mmWave
small cells with conventional microwave (uW) network in a hybrid HetNets
will resolve the hardware problem along with bolstering network capacity

and improving the mobile user experience [24,25].

2.3 User-Centric Approaches

This flexibly of air-interfaces and increasing network scalability has made the
centralized control a challenging task. In this regard, user-centric schemes
have emerged as a potential solution to overcome the complexity of cen-
tralized monitoring by authorizing users to make decisions at less compu-
tational complexity [26]. Traditional cellular networks are inherited with
network-centric approaches, which usually falls short in providing trenchant
user requirements. User-centric approaches have come to aid in realizing
users’ preferences and requirements [27,28]. In a user-centric approach, user
is on top of all that makes decision with or without network-assistance. It
requires less computational complexity whereas network-centric scheme can
make more informed decisions at the cost of monitoring overhead. The amal-
gamation of user-centric approach-which focuses on the interest of users and
network-centric approach-which focuses on the interest of network, can gen-

erate interesting results [29].
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2.4 Multi-slope Path Loss Model

Recently, numerous studies have focused on the mixed deployment using
macrocell and distributed small cells, which have shown significant results
to get higher throughput gains in dense networks. To manage the high user
density and to increase the capacity, it is desirable to shift the traffic load
from macrocell to small cells. HetNets, consisting of small cells with smaller
coverage range, allow small cell BSs to communicate at lower powers which
limits the fraction of users connected to them, resulting in congestion at the
macro-tier. Different load balancing techniques are studied to offload the
traffic from macro-tier [30,31]. One promising way to resolve this issue is
through static cell biasing that allows users to offload to small cells using a
biased measured signal. This suboptimum offloading technique is known as
cell range expansion. However, the traffic demand in hot spots in the dense
networks often varies with time, which calls to dynamically adjust the biases,
resulting in enhanced load balancing gains [32,33].

Most of the existing literature uses single slope path loss model to repre-
sent the path loss over the entire coverage range. While the single slope model
is easy to study and analyze, it sometimes characterize the network unrealis-
tically. This performance degradation occurs as this model does not capture
the dependence of path loss exponent on the link distance perfectly [34].
However, in the most recent works, this trend is shifted more towards dual
slope path loss model. This migration is influenced by the network densifi-
cation [35], irregular cell patterns [36] and recent work on millimeter wave

(mmWave) communications because of highly intermittent links [37]. The
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mmWave spectrum, ranging from 10-300 GHz, improves the network per-
formance but faces many challenges including sensitivity to blocking. Dual
slope path loss model has a great potential to better approximate the line of
sight (LOS) and NLOS links, in mmWave systems, using different path loss
exponents.

Multi-slope models apply different slopes for different link distances, which
result in improved performance for dense networks. This model was first
studied for LOS environment for free space reference distance model in [3§]
and for indoor scenario in [39]. In [40], dual slope model has been proposed
to reduce the root mean square (RMS) error between local mean path loss
samples and the path loss model, for NLOS environment. In [41], coverage
probability and network throughput has been analyzed and studied under
multi-slope path loss model on a downlink of a cellular network. In [42], dual
slope path loss models are used to study the coverage probability with vary-
ing user density. The authors in [43] extended this work to user association
in HetNets using dual slope path loss model. It further analyzed the impact
of biasing and uplink/downlink decoupling with dual slope model on user

association.



Chapter 3

5G HetNets Exploiting

User-centric Approaches

In this chapter, we present a hierarchical game theoretical framework con-
sisting of two sub-games for resource allocation to optimize the sum-rate of
a heterogeneous network. This scheme starts by modeling the FAPs pre-
ferred access policies to optimize the performance of their registered users in
the first game, given the state of the network. The main focus of this part
is to analyze the conflicting interests of the FAPs in the selection of their
optimized access policies. The second game uses user-centric approach by
allowing macrocell users to finalize their association in order to maximize
their interest while keeping in view the network performance. To solve this
hierarchical game framework, we devise a distributed scheme which always
reaches a pure strategy Nash equilibrium (PSNE). The coalition of two games
optimises the data rates for macrocell users and femtocell users, at the ex-

pense of increased complexity of the game problem. Simulations have shown

11
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that this proposed scheme outperforms the network-centric scheme by a huge

margin.

3.1 System Model

Consider the uplink of a single cell HetNet having M femtocell access points
(FAPs) overlaid on a macrocell, as shown fig. in 4.1, having N macrocell user
equipments (MUFESs). Let M = {1,2,..., M} be the set of FAPs and N =
{1,2,...., N} be the set of macrocell users. We assume that a single femtocell
user equipment (FUE) is connected to each FAP. The system bandwidth, B,
is divided among FAPs in such a way that each FAP has K subcarriers
available, where K = B/M. This implies that the FUEs do not create
interference on the uplink to other FAPs as different FAPs are allocated
orthogonal bands using OFDMA. The same bandwidth, B, is also used by
the macro base station (M BS), where each MUE gets L subcarriers (L =
B/N), which introduces cross-tier interference between the femtocells and
the macrocell.

In this paper, we assume a Rayleigh fading channel with path loss. The
channel between the m'* FAP and n'® MUE on k' subcarrier is denoted by
hnm|k], whereas the distance between them is denoted by d,,,,. Similarly, the
channel between the FUE and its corresponding FAP on the k' subcarrier
be hg,[k] and the distance between them is symbolized by dg,,. Assume the
channel between n'" MUE and MBS on ["" subcarrier to be hy[l] and the
distance between them be d,;,. The channel between the FUE of m'* FAP

and MBS is denoted by h,,,[l] separated by the distance d,,,;. The transmit
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power of n'* MUE is signified by P, and transmit power of each FUE by P.
A Gaussian noise with zero mean and o2 variance is added to all subcarriers
at all FAPs and MBS.

The signal-to-interference-plus-noise ratio (SINR) for the FUE at the m'"

FAP is given by

SINR,[K] = tn| ] (3.1)
" o2k + SN (T L o) K]

and the SINR for n'* MUE at m'* FAP is given by

[1— (TT, 1y o)1 K]
o?[k] + EnNzl(Hij\il 1, (k=0) i K]

SIN Ry mlk] = : (3.2)

where pi,[k] = (hom[k])?PoW (dom)~? is the received power from FUE at
m!" FAP on k' subcarrier and p™[k] = (hpm[k])?Pu(dpm) @ is the received
power from n!* MUE at m'* FAP on the k' subcarrier. The value W < 1 is
the wall penetration loss, o and 3 are the path loss exponents.

Let p™[k] € {0, 1} signifies the connection of n'* MUE to m'* FAP on the
k" subcarrier. The connectivity between n'* MUE and m!* FAP on the k'

subcarrier occurs when 0'[k] = 1 and vice versa. The indicator function, 1,

Figure 3.1: A heterogeneous network with femtocells overlaid on a macrocell.
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is defined as
Ly =
Here SINR of the n'* MUE at MBS is expressed as

(Hivjllp [1]= o)p'n[]
o2 [+50_y 1= (TT21 L, (o) Ib [0+ S0y b 1)

SINR,[l] = (3.3)

where pb[l] = (hp[l])*Pu(dap) ™ is the received power at MBS from n'"
MUEs on " subcarrier and p8,[l] = (hmp[l])? Po(dpmp) @ is the received power
at MBS from FUE of m'* FAP on I*" subcarrier.

In our proposed approach, a hierarchical game consisting of two non-
cooperative games is being played in a sequential order. In the first game,
each FAP decides among open, closed and hybrid policy. Open access policy
allows MUEs to connect to FAPs to reduce interference at the expense of
resources. The closed access saves resources at the price of interference,
whereas the hybrid policy is the trade off between interference and the cost
of resources. This decision of FAPs depends on the interference from the
MUEs and also on the choice of other FAPs, e.g., multiple FAPs cannot
serve the same user as it would end up in resource wastage. Thus, the FAPs
form a non-cooperative game with the goal of maximizing the rate of their
FUEs by deciding its access policies. The strategy vector of FAP is the
fraction of frequency band allocated to each MUE and utility function is the

rate of its FUE, which can be written as

K
(s o) = D

1, w—o)log(1 + SINR,,[K]), (3.4)

=
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where p,,, = [p1.m[1], -, PN ml1]; Pr.m[2], - pv.m[K]]T is strategy vector of m-th
FAP, p_., = [pl,...pL_1,PL 1, pi)t shows the strategy vector of other
FAPs and [.]7 denotes the transpose operator.

In the other game, the MUEs re-evaluate their connectivity obtained
from previous game, forming another non-cooperative game with the goal
of maximizing their rates without affecting the overall network performance.
The strategy vectors of the MUEs are the fraction of band allocated to them
by FAPs and MBS and the utilities are their rates. The utility function can

be expressed as

(P ) = D (1= (] [ Losmi=0)llog(1 + SIN Ry, [k])+
k=1 =1 (35)

Z[(H 1, 1m=0)llog(1 + SIN Ryl]),

where p,, = [p1,n[1], -, parnlL], pral2], s Paral2]: s oz KT, o (L] ooy pon [L]])
is strategy vector of n'* MUE and p_, = [p,..,pr_,, pL. 1, .., pk]" includes
the strategy vectors of other MUEs.

The rate obtained by the MUE should not be less than a minimum ac-
ceptable rate, R,, which is fixed for all MUEs in the network. In case of

connectivity between m‘* FAP and n'* MUE, this constraint is given by

K
1 — H 1. i, [k]= 0 Z lOg N ’uzjv[[k] y
Q[k] + En:l(Hi:l 1%[@:0)#1{‘[%]

k=1

(3.6)
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and for n'» MUE connectivity with MBS, this constraint is written as

M L bl
1, l|l= Rmin S Z 1)1 1+ y :u’n[ y .
IS e S i 23— (T S
(3.7)
Now the strategy space for m‘* FAP in the first phase is given as
N
Xom = {plk) € (0, = 3 (k) < 1}, (3.8)
n=1

The above constraint makes sure that not more than one MUE can be con-
nected to m'™ FAP on k' subcarrier. For given strategy vectors of other

FAPs, we can define the optimization problem solved by m‘* FAP as

max (0, Pm)- (3.9)

Pm E)zm

Strategy space of n'* MUE for the second game is

Ko = {pall) € (0, )MV (o [1] + 1)) < 1} (3.10)

This constraint ensures that the MUE cannot be connected to a FAP and

MBS simultaneously. We can thus write the optimization problem as

max (p,,, P_,,)- (3.11)

pneicn

We have solved the above games using Nash equilibrium. Nash equilibrium
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is attained by (x*;, *_;) when

filx™, ") > fi(mi;m*—i);vxi € Xi, (3.12)

where z; represents the strategy vector of i'® player with the utility function

fi-

3.1.1 Proposed Algorithm

We propose a distributed solution, which aims at maximizing the rate given to
the users by optimizing the trade off between interference and the resources.
The algorithm always reaches a pure strategy Nash equilibrium (PSNE) while
achieving stable action profiles. It starts by allowing FAPs to select their
strategies while knowing the strategies of other FAPs at any point in time,
which is done using a parallel update technique. Using the information of
other FAPs from the (i — 1) iteration, each FAP selects its own strategy
at the " iteration. The first step is to form an initial strategy vector Ao,
without seeking equilibrium. In this vector, optimal resources are allocated

to all MUE while satisfying (3.6) using

m Rmin

= 3.13
" log(1+ ‘;—3) ( )

After that, each FAP explores the favorable set of MUEs (N!)) in each
iteration, given the strategies of other FAPs from (i — 1) iteration. The
selection of N, (N} can be empty) is done in order to maximize the rates

of FUEs (utility function of the FAPs). In case of open access, each FAP
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needs to optimize the selection of N’ by checking the utility from servicing
a certain set of MUEs. To avoid complexity, the FAP could find optimal
set of MUEs with the help of greedy algorithm as used in [44] rather than
testing all possible combinations of MUEs. Greedy algorithm helps FAPs
by finding highly interfering MUEs. Each iteration ends with the assurance
that multiple FAPs are not allocating resources to a single MUE as it would
result in the waste of resources. The connectivity between FAPs and MUEs
ensures the best interest of the users of FAPs. These iterations continues

until convergence, which can also be achieved using other schemes, such as
in [49].

Algorithm 3.1
Find \g.
REPEAT
form =1 to Mdo
Find N, given p_,, from (i — 1).
Allocate sub-band ¥ n € N} .
Discard association ¥ n & N .
end for
if Som_y piy[k] > 1 then
Set ppmlk] = py, k] for which py'[k] is maz.
Set pp,—m[k] = 0.
end if
Repeat till PSNE is achieved.
END
Find data rates for FUEs at FAPs.
Find data rates for MUFEs at open FAPs and MBS.
N*=N{UNSU...UNj},

¢1 = Sum-rate when the nt* MUE is connected to the MBS.
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¢y = Sum-rate when the n*™ MUE is connected to the m" FAP.
REPEAT
forn=1to N* do
if (Rate from MBS>Rate from m'" FAP) then
if (c1 > ca) 68 (Rate from MBS> Ryin) then
Set ppall] = 7 ll] & praall] = 0.
else
Set punnlll = i nll) & pyall] = 0.
end if
else
Set pmnl] = prnlll & poull] = 0.
end if
end for
Repeat till PSNE is achieved.
END
forn=1to N* do
if (Rate from MBS< R,..,) then
Set pppn[l] = 0.
end if

end for

After maximizing the rates of FUEs, MUEs play the next game to maxi-
mize their rates using user-centric approach. MUEs which are connected to
FAPs, as a result of previous game, examine the rates they are getting from
FAP and MBS. MUEs stay connected to FAPs if the utility is greater for that
case. If the rate that the MUE is getting from the MBS is greater, then the
sum-rate is calculated for both cases with MUE connected to MBS and with
FAP. Each MUE opts for the case where system is not affected and it gets

the rate greater than a defined threshold of R,,;,. If the constraint of R, is
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not met, the particular MUE goes into outage. At the end of this game, each
MUE ensures that it is not connected to FAP and MBS simultaneously, thus
saving resources. The above steps are continued until all MUEs, which were
previously connected to FAPs, finalize their strategies in the best interest of

the network and themselves.

3.2 Simulation Results

In this section, we present the numerical results of our proposed algorithm
with respect to various network parameters. We consider a cell of 1000m
radius where the FAPs and the MUEs are uniformly scattered over the area.
The FUEs and the MUEs are assured to have same transmit power of 0.2
W. The path loss exponent o = 2, f = 2.5 and the wall penetration loss
W = 0.5 is assigned. The distance between each FAP and its corresponding
FUE is 1Im. It is assumed for simplicity that each FAP has one FUE. The
noise variance is set to o2 = 10714, The system bandwidth, B = 10MHz and
the minimum acceptable date rate for the MUEs is 500kbps unless stated
otherwise.

We have compared our proposed scheme with two other schemes. The
first comparison is done with an all-closed access policy scheme, where all
the FAPs have adopted a closed access that results in connecting all the
MUESs to the MBS. On the other hand, the second comparison is with the
network-centric optimized scheme. This scheme allows FAPs and MBS to
decide the connectivity of their users. Hence the central entity reserves all

the control. In our proposed scheme, we have merged the network-centric



CHAPTER 3. 5G HETNETS EXPLOITING USER-CENTRIC APPROACHES21

and user-centric approach by spreading the control and intelligence in the
network rather than keeping it to the central entity. This user-centric scheme
not only overtakes the network-centric scheme in terms of performance but
also offloads the complex computation from MBS and distributes it to the
network, thus requiring less computational and monitoring complexity.

Fig. 3.2 shows a comparison of the achieved sum-rate of the proposed
scheme with closed access and network-centric optimized schemes. We can
see that as M increases, the sum-rate increases for the proposed scheme.
This is because the likelihood of the FAPs playing open access increases with
an increase in the number of FAPs, which in return service the interfering
MUESs; thus improving the performance of the system and decreasing the
outage probability. The same trend of sum-rate is followed in the network-
centric scheme but user-centric scheme yields a significant improvement in
terms of utilities. In the case of all closed access scheme, the sum-rate almost
remains constant, although the number of FAPs increases. This is due to the
fact that as the density of FAPs increases in the network, the MUEs appear
closer to them resulting in increased interference. This, in turn, decreases
the data rates of the FUEs and also forces the MUEs to go in outage as seen
in Fig. 3.3. The outage probability trend is same for both user-centric and
network-centric schemes as demonstrated in Fig. 3.3, however, the proposed
approach performs better in terms of achieved data rate. Thus, we can say
that our scheme is as fair as network-centric though more capacity oriented.

Fig. 3.4 shows the comparison of sum-rate for an all closed scheme, op-
timized network-centric scheme and proposed scheme against different mini-

mum rate requirements. The percentage of users in outage for the proposed
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Figure 3.2: Sum-rate of an all closed, optimized network-centric and proposed
optimised user centric schemes for varying number of FAPs and N=7
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Figure 3.3: Outage probability of an all closed, optimized network-centric
and proposed optimised user centric schemes for varying number of FAPs

with N=7.

and network-centric schemes is same although the sum-rate for proposed
scheme is better as described earlier. This difference in sum-rate decreases
as the minimum required rate increases because the condition of R, is not

satisfied and MUEs do not participate in the optimization of sum-rate. How-
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Figure 3.4: Sum-rate of an all closed, optimized network-centric and proposed
optimised user centric schemes vs the minimum rate requirement for N=12
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Figure 3.5: Number of FAPs playing open access versus the varying number
of FAPs.

ever, for increased number of users, this difference will again prevail. In case
of all closed scheme, the sum-rate remains constant while the outage percent-
age increases. This trends shows that for small value of minimum required
rate e.g. 250kbps, lesser users are in outage while for high value of rate

requirement, e.g., 1Mbps, more users are in outage, however, each serviced
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user is getting four times the data rate than the previous case. Hence the
overall rate attained remains the same.

In Fig. 3.5, the number of FAPs playing open access policy are shown for
our proposed approach. We can see that as M increases, the number of open
FAPs starts increasing to service the MUEs till it reaches a saturation point.
This trend shows that as the number of FAPs start getting larger than the
MUEs, additional FAPs should not play open to save their resources. We
can observe that the number of FAPs playing open increases when M < 6
for a total of N = 7. However, for N = 10 this increasing trend continues

for M < 8 and this number increases for M < 3 in case of N = 4.



Chapter 4

5G Hybrid HetNets Exploiting

mmWave Capabilities

Drastic increase in the data traffic and substantial growth of network infras-
tructures has aggravated the concern of energy consumption [45,46]. This
challenge has made developing energy efficient system, a key necessity for
the next generation mobile networks. HetNets, consisting of small cells with
smaller coverage range, allows BSs and user equipments (UEs) to communi-
cate at lower powers which results in the reduction of energy consumption
and also the interference [47,48].

In this chapter, we formulate a two layer framework for energy efficient
resource allocation in a hybrid HetNet. In the first game, each femtocell
access point (FAP) models its preferred access policy for both mmWave and
UHF frequency bands, given the state of the network, to optimise the data
rates of its home users. Then, these FAPs opt for one of these bands in

the best interest of the network using a network-centric approach. To solve

25
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this game, we devise a scheme, which always reaches a PSNE. It is then
followed by the next game where MUESs finalize their association, in a user-
centric fashion with network assistance, while maximizing energy efficiency
(EE) considering the power and minimum rate constraints. This game is
solved using Lagrangian dual decomposition approach. The performance of

this hybrid HetNet is compared with the stand alone UHF networks.

4.1 System Model

Consider the uplink of a two-tier HetNet having M FAPs overlaid on a macro-
cell, as shown in Fig. 4.1, where a total of N macrocell user equipments
(MUEs) are randomly distributed. Let M = My U My be the set of FAPs
where My represents the set of FAPs operating on mmWave band and My be
the set of FAPs operating on UHF band whereas My = {m,} be the singleton
set representing macrocell base station (MBS). Similarly, let N = Ny U Ny
be the set of MUEs where N, be the set of MUEs connected to MBS and
Ny = LAj Ni, be the set of MUEs connected to the m* FAP. On the other

m=1
hand, F = LAﬂ Fm denotes the set of femtocell user equipments (FUEs) where
each Fp, :?TjQ, ..., F'} is the set of FUEs connected to a single FAP. Also
let I = NUF be the set of all the users in the network and J = MU M, be
the set of all the base stations in the network.

The FAPs operating on mmWave band split the bandwidth, B,,, into
identical K, sub-bands depending on the number of users connected to them.

On the other hand, FAPs operating on UHF band assign entire bandwidth

B consisting of K subcarriers to all connected users. The same bandwidth,
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B, is also used by the MBS operating on UHF band. Hence, each MUE
gets bandwidth B comprising of L subcarriers, which introduces cross-tier
interference on UHF band.

The path loss models for this system are expressed by the following equa-

tions for mmWave and UHF links, respectively

b+ 10ay log(d) + €2, if link is LoS
Lymw (d)[dB] = (4.1)
b+ 10a log(d) + Qn otherwise.

Lynr(d)[dB] = 201og(§F) + 108 log(d) + ¥, (4.2)

where d is the distance in meters, €1, and )y are zero mean log normal ran-
dom variables for line-of-sight (LoS) and non-line-of-sight (NLoS) mmWave
links, respectively. ¥ represents the log normal random variable in the case
of UHF links. In (5.2), b = 32.4 + 20log(f.) shows the fixed path loss for
mmWave links, where f, is the carrier frequency. Similarly in (5.1), A, corre-
sponds to the carrier wavelength in case of UHF link. The path loss exponents
for LoS and NLoS mmWave links are indicated by ay and ay, respectively,
whereas the path loss exponent for UHF links is denoted by f.

To maintain the quality-of-service (QoS) requirements of the users, a

Figure 4.1: A heterogeneous network with femtocells overlaid on a macrocell.
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constraint on the cross-tier interference is applied to find the optimal transmit
power of the users. Let p![x] € {0, 1} denotes the connection between any it
user and any j* BS on any subcarrier z. In case of connectivity, pz [z] =1,
otherwise p/[z] = 0. Let I[z] denote the interference threshold for the m®™

BS on the zt" subcarrier and we have

> D Allgsllpll) < Inla], Y, (4.3)
jed iel
J#m

where g;; is product of the magnitude squared of the channel gain and the

inverse of the path loss between the i user and the j* BS and pf represents

the optimal transmit power of the ¥ user with the constraint that
pi < PV (4.4)

where PP is the maximum transmit power of the i** user.
The received power of the i** user at the j** BS, separated by the distance

d;j, on z'" subcarrier is given as

o 1%’%“3”2 mmWave,
plla] = -

Pl |hij[z]]?
LUHF](dij) UHF,

where p/ is the transmit power and hj;[z] represents the channel. G(.) is
the antenna gain and 6; is the azimuthal angles of BS beam alignment.
Here, a sectored approximation to the beam pattern is assumed. If 6 €

(6o — %, 0o + %], where Aw is the half power beamwidth, then the perfect
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alignment of the transmitter beam is considered and its gain is denoted by

Gmax- The gain, in case of a misaligned beam, is G,,;,. The channel gain h

follows Rayleigh or Rician distribution for LoS or NLoS links, respectively.
The signal-to-interference plus noise ratio (SINR) of the i'* user on the

2" subcarrier at the j* BS is given by

SINR![z] = % (4.6)

where I7[z] represents the interference at the 5% BS for the i*" user on the
2" subcarrier.
The interference for the i*" user on subcarrier k,, at the m! FAP oper-

ating on mmW band is given by

SR RS IR (8 R

a:l
aF#m ];ém

(4.7)

whereas the interference of the i user on subcarrier k at the m'* FAP

operating on UHF band is given by

1K = i&(l—ﬂl o) 1+ﬁ1pﬂk]zoumk]} (18)

u=1 =1
Ui

where the indicator function 1y, = 1 if and only if p = 0.
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The interference for the n'® MUE at MBS is given by

13[5]222(1—1_[1 ¢ [k]= o)#f +ZH11 otin ] (4.9)

=1 j=1
i#n

The transmission power of all the users is limited to P™**. Each link
between the user and the BS causes individual circuit power. In macrocell,
it is denoted by Pcaugs) and it is represented as Pg(y,) in the mt femtocell

where Pops) = Pom) = Po. Thus, the total power is written as

Pr=eY > 3 plalpllz] + (N + FM) x P, (4.10)

jed iel zeX
where € represents the inverse of power amplifier efficiency. The EE, in
bits/sec/Watt, is the amount of energy required by the system to transmit

data and is expressed as

> > X Rlla]
NEE — Max jeJdiel zeX

v ey > > pllalplla] + (N + FM) x Po’

jeJiel zeX

(4.11)

4.2 Problem Formulation

In our proposed scheme, two games are played in a hierarchical order. In the
first game, each FAP decides between mmWave and UHF frequency bands
with the goal to optimise its data rate forming a non-cooperative game. In
the start, all FAPs have open access policy which allows them to connect
with the MUEs to reduce the interference and maximise their rates. Let

the fraction of the band allocated by the m'* FAP to the i** user is de-



CHAPTER 4. 5G HYBRID HETNETS EXPLOITING MMWAVE CAPABILITIES31

noted by w; . This frequency band assignment to the FUEs and the MUEs
by the FAPs forms the strategy space of FAPs in this game. Here, w,, =
[Wiy ima s <oy Wiy 10y Wrig miom s =+ Wiy s W F1 s s W f s W fy mom s -3 W fpmmn | - 19
the strategy vector of m** FAP where m,, represents the m!* FAP operating
on UHF band and m,, represents the m** FAP operating on mmWave band.
W = [w], . wl_ L wl . wl]T shows the strategy vector of the other

FAPs and [T denotes the transpose operator. The utility function of the

m!" FAP is the sum-rate of the FUEs and the MUEs connected to it.

F
Um(wm, W) = Z wy, mlog(1 + SINR™)+
i=1
! (4.12)
Z W, mlog(1 + SINR™).
i=1

The strategy space in this game for the m! FAP is given as

Ny UFp,

Xm = {wm € [0,B]" : Z W™ = B}. (4.13)

The above constraint makes sure that frequency allocation is well defined by
each FAP. The optimization problem for the m' FAP, given the strategy

vectors of other FAPs, is

max (W, wW_n). (4.14)
WmEXm
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This non-cooperative game achieves convergence using the solution of PSNE.

A player achieves Nash equilibrium when

U (W s @™ ) > Up (Wi, 0* )3 Y € Xoms (4.15)

where w,, represents the strategy vector of the m* player and U, represents
the utility function.

The next game incorporates user association to maximise the sum-rate
and EE of the network, where users evaluate their connectivity with the goal
of maximizing their rates without affecting the network performance. The

single-objective optimization problem becomes

max 7Egg
J
p;

s.t. Z Rf[w] Z Rmim VZ,

jed

D Pl <PV,

jed

> glelpllel < I, Voo
ing% i€l

(4.16)

where first constraint ensures the achieved rate of the user is at least as high
as Ryin. Second and third constraints limit the maximum transmit power of
the users to maximise EE. Here, we have replaced the subcarriers with the
fraction of band, (w; ;), allocated to the i"" user by the j BS. Let the index

set of frequency band allocated to users be W = {wy, ws, .., wr }.
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The objective function can then be expressed as

U(nsr) = max {ZZZRJ —merle) > D

7j€d i€l weWw 7€J el wew (417)

pf;j)[w] +(N+ FM) x PC)}

The Lagrangian function of the above equation becomes

Loy =S 3N R nEE(ezzzpz[w]

mjed i€l weW jeJd i€l wew
+(N + FM) x Pc> +Z)\,-<ZZRfM —Rmin) +) (4.18)
el j€J weW el
(P = Sl ) + 3 v (11 = X Sl ).
Jj€J weW weW J€J i€l

where A = {A, Ao, o, Ar}, o= {p, poy oo pr b and v = {v,, Viyy ooy Vi,
are the Lagrange multiplier vectors associated with R, optimal transmit
power and cross-tier interference threshold constraints, respectively.

The Lagrangian dual function is

g(A, p,v) =max  L(pl, A p,v). (4.19)
p;
g, v) =Y gu(A p,v) — en(N + FM)Po+
wew (4.20)

D v+ P = AR,

weB i€l i€l
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where g, (X, p,v) is defined as

wO ) = | S R - e Y S pilel+

| i JjeJ ‘iel jeJI 'iEI (421)
S AR - Y el - Y g M} .
el jed i€l jed el jedJ
w i) = (35 Bulon(1 + Alplle)[1+ 1]
P jed i€l | (4'22)
=5 S s+ enen + vagu W) M) .
jeJ i€l

where 3/ represents channel-to-interference and noise ratio of the i user
connected to j* BS.

We have decomposed the above dual problem into a hierarchical frame-
work of two sub-problems. The master sub-problem uses sub-gradient method
to update the Lagrangian multipliers whereas the slave sub-problem consist-
ing of K sub-problems solved in parallel is responsible for computing power
for given values of ngp and Lagrange multipliers. The first derivative of

(4.22) w.r.t pllw] is

09o(\, p,v)  Bu[1+Ni]B!p][w]

: = — . (4.23)
Op; [w] In2(1 + fipi[w])
Now, by applying KK'T conditions, we get
A
agw( 7/-1'7’/) =0 (424)

Opilwl |yl wl=pife
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Hence,

( B 12 _ L)+ w>0
pg [w] = In2 (ui+€nEE+Vw9ij [w]) I )

0 otherwise.

The optimal solution of (4.17) can be expressed as
p" = min(p[w], ) (4.25)
Now, we can update the Lagrange multipliers as

Ni(k+1) = (/\i(k;) — %(Z > Rlw] - Rmm)) : (4.26)

j€IJ weWw

) = () = 2o (e =SS pl)) L

vo(k+1) = (uw(k) — %(I[w] — Z Zp{[w]gij[w])) . (4.28)

where « is the step length and 7 is the iteration number. These equations

continues to update until convergence is achieved.

4.3 Simulation Results

We consider a two-tier HetNet with a single macrocell of radius 500 m where
femtocells with the radius of 50 m each are uniformly overlaid on it. The
users are also uniformly scattered over the area. The bandwidth, Bj, for
mmWave band is 2 GHz and for UHF band the bandwidth, By, is 20 MHz

[22]. The maximum transmit power Py, is set to be 0.4 W and the minimum
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acceptable data rate for the MUESs, Ry, is 0.25 Mbps. These thresholds are
same for all users. The value of Pr is fixed to be 0.1 W, € is 38% and
the interference threshold is 1.1943 x 10~ W unless stated otherwise. The
parameters for path loss models are listed in Table. 5.2.

We have analysed the sum-rate and EE of the proposed hybrid HetNet
and all-UHF HetNet with and without power control mechanism. This pro-
posed scheme allows FAPs to decide their access policy in the best interest
of their users and MUEs to finalize their connectivity to maximise the EE
while fulfilling all the constraints. It outperforms the all-UHF scheme as
shown in Fig. 4.2 and Fig. 4.3 because the UHF network shows better cov-
erage probabilities at lower SINR thresholds as they provide higher SINR at
the BS for the cell edge users. The mmWave network, on the other hand,
provides better coverage when users are located near the BS as it undergoes
lower interference from the neighbouring users. Thus, a fusion of both net-
works leads to better performance. The increasing trend in all schemes in the
sum-rate and EE with increasing number of FAPs is due to the fact that as
FAPs increases, they connect more MUEs and thus reduce the interference in
the network. The performance of this hybrid scheme further improves when
power control is applied. By limiting transmit power to an optimal value,
the cross-tier interference reduces, which increases the SINR; thus improving
sum-rate and EE.

Fig. 4.4 reveals that the EE of a hybrid HetNet increases as the value
of interference threshold decreases. The trend shows that as the threshold
level decreases, the corresponding transmit power of the users decreases,

which reduces the interference. This reduction in the interference leads to
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Table 4.1: Simulation Parameters.

Parameter Value Parameter Value
fe(mmW) | 73 GHz | f.(UHF) | 2.4 GHz
ar, 2.2 N 3.3
oq, 5.2 dB Tan 7.38 dB
oy 4 dB K-factor 4 dB

(Rician)

—HB— Hybrid scheme (With power control)
—©— Hybrid scheme (Without power control)
2| | =~ All-UHF scheme (With power control)
All-UHF scheme (Without power control)

15F

Sum Rate (bits/sec)

0.5

Number of FAPs (M)

Figure 4.2: Sum-rate of a hybrid HetNet and all-UHF HetNet with and
without power control with varying number of FAPs for N=100 and F=5.

—H8— Hybrid scheme (With power control)

—©— Hybrid scheme (Without power control)
=== All-UHF scheme (power control)
All-UHF scheme (Without power control)

Energy Efficiency(bits/sec/Watt)

i i i i i
5 10 15 20 25
Number of FAPs (M)

w
o

Figure 4.3: Energy Efficiency of a hybrid HetNet and all-UHF HetNet with
and without power control with varying number of FAPs for N=100 and
F=5.
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the increment in the SINR; thus improving sum-rate and EE.

Fig. 4.5 shows that the trend of EE associated with the density of
mmWave FAPs. We can observe that the EE is very low when the den-
sity of mmWave FAPs is zero i.e. all UHF scheme. As the density of FAPs
operating on mmWave increases, the users located near the FAPs will get
better coverage and thus data rates and EE increases. This trend becomes
steady after a while as the FAPs serving the MUEs start dominating. This
is due of the fact that the mmWave FAPs restrict their ability to form links
over long distances due to greater path loss associated with mmWave and it
is in the best interest of the network that these FAPs should operate on UHF
band. Thus, a hybrid approach offers better data rates and EE than all-UHF
and all-mmWave femto-tier network. From the figure, we can also observe
that as the radius of the network increases, the distance between the MUESs
and the FAPs increases, which will reduce the interference. Thus relatively
less MUESs connect with the FAPs and the near located users play the major
role making more FAPs to operate on mmWave due to better coverage. This
trend follows up to a certain radius of the network, then it starts decreasing

if we further increase the radius as the SINR start decreasing.
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Chapter 5

5G HetNets Exploiting
Multi-Slope Path Loss Model

In this chapter, we extend the dual slope analysis on the downlink of a Het-
Net with picocells overlaid on a macrocell. The user association in done to
offload the traffic to pico-tier using dual slope path loss model. We have con-
sidered different slopes before and beyond the critical distance, which can be
used to approximate the two regimes of LOS and NLOS links. This distance
is environment dependent, which increases with less blocking environment,
but can be approximated by taking the average LOS link distance. The
performance enhancement with dual slope model is significant in achieving
better offloading compared to single slope model in HetNets. The user as-
sociation and load balancing is analyzed and we show that the biasing with
dual slope path loss model outperforms the conventional biasing schemes.
The dual slope path loss model leads to steering of users to the nearby small

cells, thus offloading the traffic from macro-tier.

40
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5.1 System Model

Consider the downlink of a two-tier HetNet composed of M — 1 picocell base
station (PBSs) overlaid on a macrocell. A snapshot of a two-tier HetNet
is shown in Fig. 5.1 where both tiers use dual-slope path loss model. The
path loss models are explained in detail in Section 5.1.1. The macrocell base
station (MBS) is represented by m, whereas the set of all the base stations
(BSs) in the system is given as M = {m,, mq,...,mp_1}. Let N =Ny UN,
be the set of all users deployed randomly over the entire area. The set of

macrocell user equipments (MUEs) is denoted by N, and the set of picocell

M-1
users equipments (PUEs) is represented by Ny = (J N,, where N,, is the

m=1

set of PUEs served by the m!" PBS.

Figure 5.1: A two-tier heterogeneous network with red circles showing the
critical radius of picocell and macrocell.
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5.1.1 Path Loss Models

In this section, we present different path loss models to model the large scale

fading in the network. The single slope path loss model is given as

L(d)[dB] = 2010g10(i—7r) + 10 logo(d) + &, (5.1)

c

where \. corresponds to the carrier wavelength, « is the path loss exponent
and ¢ is a Gaussian random variable (RV) with zero mean and o2 variance.

The single slope path loss model is the standard model, which falls short
in accurately capturing the path loss exponent dependence on the physical
environment in dense and millimeter wave capable networks. These lim-
itations lead to the consideration of dual-slope path loss model in future
networks.

The dual-slope path loss model is given as

B+ 10y logo(d) + & d <r.
L(d)[dB] = § B+ 10a; logo(r.) ; (5.2)

+10a, log(r%) +& d>r.

where d is the distance in meters and 7. is the critical distance. [ represents
the floating intercept, a; and as are the slopes for below and beyond critical

radius, 7.
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This dual slope model can be generalized into N-slope model as

lL(d) = B+ 10a;logo(d) + & 0<d<rl!
L(rl,d) = L (rl)+

100, log () r <d<r?
10,12, d) = (1 ?)

+10a3 log( d2)) 7"9 <d< r?’

rd

L(d)[dB] = { . - (5.3)

lN(rﬁl), 7'9), o rngl), d) =

Inoa (r e eV

10y log(T(N%i_l)) d>rY

where «,,, n = {1,.., N}, is the path loss exponent such that 0 < a; < ap <
... < ay. The critical distance is denoted as 7./, n = {1,.., N — 1}, such
that 7.V <. < . <y W),

— lc

5.1.2 User Association

This paper considers different approaches for user association. We assume
open access, which allows users to connect to any tier. We analyze the cell
association based on minimum path loss, maximum biased received power

and maximum biased rate.
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Table 5.1: Parameter Notation.

Parameter Symbols
Set of Tiers I
Set of BSs M
Set of Users N
Transmit Power Dnm
Channel Gain honm
Channel-to-interference-plus- Ynm
noise
Ratio
it" tier Biasing Factor 0;
Critical Radius Te
Path Loss Exponent «
(Single-Slope Model)
Path Loss Exponents [aq, ag]
(Dual-Slope Model)
Floating intercept (Dual Slope) I6;
m' BS Power Budget Prax
Noise Power Ny
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Minimum Path Loss

We first consider the association on the basis of path loss, where users are
associated with the BS which gives the lowest path loss. The n'* user is

associated with the m!™ BS that maximizes

arg max

m L(dn,m) 7

where d,, ,,, is the distance between the n'™ user and the m' BS.

Maximum Biased Received Power

The association is determined on the basis of received power, where users
are associated with the BS that serves the maximum biased received power.

The n'" user is associated with the m** BS that maximizes

0, P 55)
arg ma. —_— .
& Ty

where P i the maximum transmit power of the m™ BS and 6; is the bias
factor for the " tier and all the BSs in the particular tier use the identical
bias value. This case can be reduced to maximum received power association
by putting 6; = 1. This paper assumes the bias value for macro-tier, #; = 0
dB and it varies between 0 dB to 30 dB for pico-tier, in case of biased received

power association.
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Maximum Biased Rate

The user association is decided on the basis of achievable rate. The n'" user

is associated with the m!™ BS that gives the maximum biased rate, i.e,

arg max 60, R, n, (5.6)

m

where 6; is the bias factor for the i** tier. This paper assumes the bias value
for macro-tier, §; = 1, in case of biased rate association. The achievable rate,

Ry,m, in (b/s/Hz) can be formally defined as

Rn,m = 1Og2(1 + pn,m’Yn,m), (57)

where p,, ., is the transmit power from the m BS to the n'* user. Vnm 1S
the channel-to-noise ratio between the m! BS and the n'" user.

The channel-to-noise ratio is defined as

_ Nhaml?
’Yn,m NO 9

(5.8)

where N, represents the noise power and h,,,, corresponds to the channel
gain. In this paper, we assume that each user is associated with one BS at a

time.

5.2 Simulation Results

We consider a two-tier HetNet with a single macrocell of radius 500 m where

picocells are uniformly overlaid on the edge of it. The maximum transmit
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Table 5.2: Simulation Parameters.
Parameter Value Parameter Value
15} 42.1 dB o¢ 6.9 dB
o 3 fe 2.4 GHz
rm(macrocell 350 m | r,,(picocell)| 50 m

Uniform User Deploymnet
1

T T T T
Macro-tier Single-slope, Pico-tier Single-slope]
0.95r =—H8— Macro-tier Dual-slope, Pico-tier Dual-slope
—©— Macro-tier Dual-slope, Pico-tier Single-slope

0.7r

0.65

Fraction of users connected with pico-tier

0.6

0.55

0.5

5 10 15 20 25 30
Biasing factor of pico-tier (dB)

Figure 5.2: Fraction of users connected to pico-tier when biased received
power association is used across varying biasing factor of pico-tier, 6y, for N =
100, M =4, 6; = 0 dB, [y, as](Macro-tier) = [4, 5] and [aq, as](Pico-tier) =
[3,4].
power of MBS and PBS, P is set to 46 dBm and 30 dBm, respectively.
The power spectral density of noise is —174 dBm/Hz. The parameters used
for path loss models are listed in Table 5.2 [50], unless stated otherwise.
For user deployment, two different schemes are considered. In the first
scheme, users are uniformly scattered over the entire area whereas, in the
second scheme, high user density exists outside the critical radius of the
macrocell.

Fig. 5.2 and Fig. 5.3 show the fraction of users associated with pico-tier

for maximum biased received power association and uniform user deploy-
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ment. The values of path loss exponents used in these figures represent
harsh and moderate environment conditions, respectively.

In Fig. 5.2, biasing effect is investigated by varying the bias factor of the
pico-tier with no biasing of the macro-tier for harsh environment conditions.
An increasing trend in user offloading can be observed with the increasing
pico-tier bias factor as biasing improves the received signal strength origi-
nating from PBSs. The figure reveals that biasing with both single and dual
slope models is beneficial for offloading. However, with dual-slope model,
this effect is stronger as dual slope model better approximates the links.
This figure also compares the offloading performance of the network while
exploiting single-slope and dual-slope path loss models. The figure shows
that the offloading is maximum with dual slope model in the macrocell, as
higher path loss exponents of the macro-tier directs the users to the nearby
BSs due to highly attenuated long distance links between users and MBS.
As the user leaves the critical radius of the macrocell, the NLoS path loss
exponent increases, which further decreases the signal strength and users are
offloaded to pico-tier. In harsh environment conditions, applying dual slope
model in the macrocell offloads the traffic to pico-tier and if dual slope model
is applied on picocells too, it prevents the offloading up to some extent as
NLoS exponent of pico-tier is greater than the PLE used for single slope
model.

Fig. 5.3 shows the fraction of users associated with pico-tier for moderate
environment conditions and rest of the assumptions are same as used in Fig.
5.2. This figure reveals that the performance of the scheme with dual slope

model in both tiers is better than the scheme where dual slope model is
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Uniform User Deploymnet
0.95
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Macro-tier Single-slope, Pico-tier Single-slope|
0.9t . =——8— Macro-tier Dual-slope, Pico-tier Dual-slope F
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Figure 5.3: Fraction of users connected to pico-tier when biased received
power association is used across varying biasing factor of pico-tier, 6y, for N =
100, M =4, 6; = 0 dB, [y, as](Macro-tier) = [3, 4] and [aq, as](Pico-tier) =
[2,4].
applied on macro-tier only, unlike the previous case. This is because of
the fact that in moderate environment conditions, lower path loss exponent
within the critical radius induces less attenuation. The offloading to pico-
tier is comparatively less when dual slope model is used in macro-tier only as
some users residing within the critical radius of the macrocell might prefer
MBS over PBSs because smaller PLE is used within the critical radius of the
macrocell, resulting in reduced attenuation. The offloading improves when
dual slope model is applied on pico-tier too, as more users are pushed toward
nearby PBSs with less attenuated coverage region.

Fig. 5.4 shows the fraction of users associated with pico-tier across vary-
ing biasing factor of pico-tier. Maximum received power association and high
edge user density is considered with moderate environment conditions. The

figure shows that the offloading is relatively high in this case as compared
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90% users outside the critical radius of the macrocell

0.95
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Macro-tier Single-slope, Pico-tier Single-slope|
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Figure 5.4: Fraction of users connected to pico-tier when biased received
power association is used across varying biasing factor of pico-tier, 6y, for N =
100, M =4, 6; = 0 dB, [y, as](Macro-tier) = [3, 4] and [aq, ag](Pico-tier) =
[2,4].

to the previous case where uniform user deployment is used as shown in fig.
5.3. This is due to the fact that the picocells are deployed on the edge of
the macrocell where the density of users is high for this case and thus, the
offloading improves. This figure further reveals that the dual slope model
needs less biasing to achieve a particular offloading as compared to single
slope model.

In Fig. 5.5, the path loss association is considered to show the impact
of BS density on the user offloading to pico-tier. The figure shows that
as the density of PBSs increases, the distances of the users from the PBSs
decreases, which in turn decreases the path losses and the load is shifted to
the less congested PBSs. The trend is sharp in the start as the edge users
start connecting to the pico-tier, which is more rapid in case of dual slope

model. This offloading almost becomes invariant with further increase in the
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Uniform User Deploymnet
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Figure 5.5: Fraction of users connected to pico-tier when path loss associa-
tion is used across varying density of PBSs for N = 100, 6; = 6, = 0 dB,
[a1, ag](Macro-tier) = [4, 5] and [, as](Pico-tier) = [3,4].

90% users outside the critical radius of the macrocell
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Figure 5.6: Fraction of users connected to pico-tier when association is
done based on biased maximum rate across varying pico-tier bias factor,
Oy, for N = 50, M = 4, §; = 0 dB, [, as](Macro-tier) = [4,5] and
[a1, ] (Pico-tier) = [3,4].

PBSs density in case of dual slope model.

Fig. 5.6 shows the user association in case of rate maximization for high
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90% users outside the critical radius of the macrocell
T
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Figure 5.7: Fraction of users connected to pico-tier when biased received
power association is used across varying critical radius of picocell for N =
100, M =4,6, =6, =0dB
edge user density. Similar trend as in Fig. 5.2 can be seen here. The fraction
of the users associated to pico-tier increases with the dual slope model but
the improvement in offloading, is comparatively less when compared to other
two association schemes. This is because of the fact that the dual slope
model is more beneficial for median users as compared to the edge users in
terms of high data rates. Thus, less number of users offload to pico-tier in
order to maximize their rate, however, the offloading is better as compared
to the single slope model. This figure also reveals that the increase in the
bias factor for pico-tier improves the offloading, as users get better biased
rate from the pico-tier.

In fig. 5.7, we demonstrate the impact of critical radius of the picocell
on the performance of the network for high edge user deployment. As the
critical radius of the picocell increases, more users start entering within 7.,

the attenuation decreases due to smaller PLE and the users residing within
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r. prefer PBSs due to less attenuated links. However, the increasing trend in
the sum rate is sharp in the beginning and then it starts slowing down with
further increase in r.. This is because of the fact that as r. increases, the user
offloading to pico-tier increases but the distance between the PBSs and the
users also increases and the approximation of LoS links within the critical
radius of picocells start affecting. The figure further reveals the impact of
path loss exponents of the dual slope model on user offloading. It can be
seen from the figure that the case with larger path loss exponents shows
better offloading as they induce higher attenuation in the cell and users prefer
nearby BSs. The user offloading in case of single slope model is minimum
as it does not accurately characterize the network, which cause performance

degradation.



Chapter 6

Conclusions

In this thesis, we discussed and analyzed various promising technologies for
5G wireless communication systems. This work proposed QoS aware resource
optimization to maximize data rates and EE in HetNets integrated with
mmWave technology, user-centricity and dual slope path loss model. This

thesis can be concluded in three parts

e Firstly a game-theoretic framework for resource allocation is formulated
in chapter 3, which allows the FAPs to strategically decide between the
conflicting access modes while optimizing their allocated resources. It
also enables the MUEs to decide their connectivity while acquiring
their stable action profiles. The main focus of the players is to opti-
mize the tradeoff between reducing interference and the cost of allo-
cated resources. This hierarchical game framework optimizes the data
rates of the FUEs and the MUEs while achieving the Nash equilibrium.
We have applied low complexity user-centric distributed approach to

improve the performance of the network and the simulation results

o4
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have proved that the proposed algorithm significantly outperforms the

network-centric scheme.

e Secondly, a hierarchical framework to optimise EE in a two-tier hy-
brid HetNet is proposed, in chapter 4, while incorporating maximum
transmit power and interference constraint. This scheme allows FAPs
to decide their access policy along with the selection of frequency band
in between sub-6 GHz and mmWave. The user association method is
then carried out to maximise the EE. The proposed game framework
is solved using PSNE for outer layer and dual decomposition approach
for inner layer. Simulation results show that in contrast to the all-UHF
network, hybrid networks promise performance enhancement in terms
of EE. The performance of the proposed design can be further improved
using power control mechanism that aims at limiting the interference

and increasing the SINR.

e Lastly, in chapter 5, we analyzed the impact of dual slope path loss
model on the performance of a downlink multi-tier HetNet where dif-
ferent path loss exponents are used for different ranges. The user asso-
ciation is done to offload the traffic from macro-tier to pico-tier under
single and dual slope path loss models. Simulation results suggest that
the dual slope model shows significant improvement in terms of load
balancing in comparison to single slope model, which does not measure
the path loss exponent dependence on the link distance accurately.
With the dual slope model, more users offload to pico-tier with lower

biasing as compared to single slope model. We also observed the effect



CHAPTER 6. CONCLUSIONS 26

of path loss exponents of dual slope model on the user association in
multi-tier network. The above results strengthen the position of multi
slope path loss model as a potential substitute for standard path loss

model in the ever denser future networks.
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