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Abstract

The increasing demand for data traffic can be answered by effective utilization
of spectrum through Full Duplexing(FD) Heterogeneous Networks(HetNets).We
can achieve better results bys using both Full Duplex and Half Duplex(HD)
as Half Duplex gives better results in regions where self interference for FD
is higher.We in this paper are presenting distance based duplexing schemes
exploiting multi slope path loss models with power control mechanism.Multi
slope path loss models captures the effect of environment in better way as
compared to single slope path loss models.In our proposed scheme,user will
connect to Base Station(BS) based on maximum received power.After con-
nection,the value of critical distance is analyzed after which user can best
operate in FD.Open loop power control was implemented for maintaining
the fairness of system.Simulated results shows the agreement with assump-
tions of FD performing better than HD in interference limited models.Results
for sum rate & percentage improvement is given for both uplink & downlink.
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Chapter 1

Introduction

Mobile connection in the world are increasing at greater rate.According to

industry experts, growth in traffic volume will increase by 1000X by the end

of 2020.The surging demands for connectivity provides opportunities as well

as network operators will also face unprecedented risk.Users require qulal-

ity and reliability from network operator.Network operators are trying hard

to meet this requirements by increasing network coverage and capacity but

with limited resources.Mobile operators in the world are investing heavily on

faster 4G infrastructures.LTE 4G is delivering quantum gains.But this is not

enough to meet demands.Traditional macro cells build outs are not able to

scale profitably for meeting these demands.Networks operators have to find

new and efficient ways of increasing capacity,coverage and quality by reduc-

ing cost requirements.

We can meet these demands by either adding more spectrum to the sys-

1



CHAPTER 1. INTRODUCTION 2

tem or using current spectrum efficiently.The latter can be addressed using

radio link & by through network evolution towards small cells.For the in-

creasing demand for data rate & effective usage of available spectrum com-

munication networks have to move towards radio link techniques such as Full

Duplex Communication.Full Duplex Communication systems are emerging

as attractive solutions for answering spectral efficiency problems.Full Duplex

systems theoretically doubles the capacity of system by using same resource

for signal transmission and reception.

One emerging strategy that can be for meeting such demand and for min-

imizing the cost/capacity gap is to provide Full Duplex Based Heterogeneous

access networks.

This chapter presents a brief introduction of Heterogeneous Networks &

Full Duplex Schemes in Heterogeneous Networks.After this contribution is

presented and then thesis organization concludes this chapter.

1.1 Heterogeneous Networks

Heterogeneous Networks have already been proven to provide higher data

rates User demands high data rates with low latency.The increasing demands
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of data rates can be addressed by deploying Heterogeneous Networks.In Het-

erogeneous Networks we deploy small cells.This improves capacity as well

as coverage of a network.Heterogeneous Network brings network close to the

user.Heterogeneous Networks offloads traffic from macrobase station by shift-

ing load to small cells(femto cells,pico cells,micro cells).According to analysts

around 11 million small cells will be in use by the end of 2018.

1.1.1 What is HetNet

The capacity of network can be increased by deploying small cells.Small

cells can be used effectively for meeting user demands.They can be used for

providing coverage to area left by macro network. Network performance and

service quality can be improved by balancing the load of macro cells.Load

sharing schemes are used for small cells. These features results in increased

bit rates per unit area in a heterogeneous network in which large macro-cells

are used in combination with small cells. Cells in Heterogeneous Networks

differ from each other on the basis of size and are called macro-, micro-, pico-

and femto-cells.Macro base station have highest base station power while

femto cells have least base station powers. The actual size of cell dependson

the following factors:
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Figure 1.1: Heterogeneous Network

• eNB power

• antenna position

• location environment; e.g. rural or city, indoor or outdoor .

The HeNB (Home eNB) was introduced in LTE Release 9 (R9).

1.1.2 Why moving to Heterogeneous Networks

• Installation of Base station in a dense area is a challenging task.Base

Station needs to be placed where maximum users can benefit.

• User at cell edge shows limited performance due to higher interference
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level and low received power.

• Reduced in power consumption in Heterogeneous Networks.Both base

station and user will be operating at low power levels.

• Reduced installation as well as maintenance cost.

1.1.3 Benefits of Heterogeneous Networks

Heterogeneous Networks provide following benefits:

• Spectrum reuse

• Better coverage and capacity

• Improved Performance

1.2 Full Duplex Communication Networks

Currently wirelss communication systems are performing bi directional com-

munication using separate resource for uplink and downlink.Most commonly

used duplexing schemes are Frequency Division Duplexing (FDD) & Time

Division Duplexing(TDD).

In Frequency division duplexing, two different frequencies are used for up-

link and downlink that are isolated with each other.With this technique both
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nodes share information at same time between each other by using different

frequencies.This prevents interference between two nodes because both fre-

quencies are spatially isolated.4G Long Term Evolution (LTE) uses FDD.The

use of two frequencies s cost inefficient as network operators have to buy li-

cense for both uplink and downlink frequency.In Time Division Duplexing

two nodes communicate with each other using same frequency but in differ-

ent time slots.Interference is avoided by using separate time slots for uplink

and downlink.Communication using TDD is not simultaneous and hence is

known as half duplexing.Wireless Local Area Networks (WLAN 802.11) uses

TDD.

Problems in TDD and FDD can be addressed using Full Duplex tech-

nology.Full Duplex technology is appearing as future of next generation net-

works due to its distinguished features.In Full Duplex(FD) ,both nodes can

communicate with each other at a time using same frequency.Using same

frequency resource for uplink and downlink causes self interference prob-

lems. Simultaneous and reception are deemed unfeasible until recently due

to self interference problems.But now there are self interference cancellation

schemes which are making FD radio’s a reality.
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1.2.1 Features of Full Duplex Communication

Features of FD technology include theoretically doubling the capacity of the

network ref [4, 29], reducing feedback delay [31], decreasing end-to-end de-

lay [27], improving secrecy of network [62], & increasing the efficiency of

higher layers network protocols [5], in addition to the possibility of merg-

ing FD technology with other proposed solutions to accomplish significant

improvements in the performance of wireless networks.

1.3 Distance Based Full Duplex Schemes

In Distance based full Duplex schemes,user connects with base station having

greater received power.After initial connection,user operates in Full Duplex

mode based on critical distance set by operator.If user lies within the radius

of critical distance it will operate in full duplex mode.Other wise user will

operate in half duplex mode.

1.4 Thesis Contribution

Hybrid Duplexing Scheme with multi slope path loss model is presented in

this thesis.Both user and base station are half duplex & full duplex capa-

ble.Key contributions are:
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• Values of Critical Distance is analyzed after which user can best operate

in full duplex mode.

• Sum rate is optimized by minimizing interference.

1.5 Thesis Organization

The rest of the thesis is organized as follows: Chapter 2 presents the existing

literature on Full Duplex communication & Heterogeneous Networks. In

chapter 3, system is presented.Chapter 4 will have results and chapter 5

have conclusion & future directions.



Chapter 2

Literature Review

This chapter presents the literature review for Heterogeneous Networks,Full

Duplex Communication and Hybrid Duplexing in Heterogeneous Networks.It

will also discuss these with models having dual slope path loss models.

2.1 Heterogeneous Networks

Network operators are exploiting the concept of heterogeneity for meeting

ever increasing traffic demands.In this small cells are deployed having dif-

ferent transmit powers.ref [13, 33, 47, 51, 56] Macro only systems were ex-

pensive & difficult to deploy due to large power requirements for transmis-

sion.There was also restriction on choosing location for installation as macro

base stations needs to installed at place where maximum area can be cov-

ered.Flexible & economic deployment can be achieved using Heterogeneous-

networks (HetNets) [12].Coverage dead zones are created with macro base

9
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stations.These dead zones are covered with the help of small cells.Small cells

are also used for alleviating traffic hot zones [19].Small cells gives us wider

coverage area.Authors in [59] proposed Reverse Frequency Allocation for bet-

ter spectrum utilization & interference avoidance.The performance of device

to device (D2D) cooperative heterogeneous was analyzed by [55].They pro-

posed strategy for enhancing coverage to macro cells by utilizing idle femto

cells.Authors in [58] showed that coverage probability of femto user can be en-

hanced by dividing coverage area into multiple regions.Femto user equipment

on cell edge suffers greatly from interference which can degrade networks

performance.Authors in [37] gave game theory based optimal resource allo-

cation schemes for such femto cells that are at the edge of macro cell.Authors

optimized the networks resources for improving sum rate & maximizing the

energy efficiency in [38].The performance of system also showed improvement

with power control mechanism.The performance of Heterogeneous Networks

was enhanced when Macro stations used massive MIMO with small cells op-

erating on mm Wave. [54].

The reduced distance between transmitter and receiver enhances the ra-

dio link quality, and.Efficient spectrum reuse can be achieved by using larger

number of cells which reults in larger data rates. [36].The system capacity

of a wireless link can be improved by bringing the transmitter and receiver
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closer to each other.We can also achieve higher link quality and better spec-

trum reuse by bringing the transmitter and receiver closer. [9].

Significant technical issues and substantial challenges arise along with

the attraction of HetNets [36].The sum-rate of the network can be increased

by delpoying small cells .But interference and centralized control in such

a scenerio becomes a challenging issue. [9].Authors in [24] gave scheme for

mitigating the effect of interference by efficient utilization of resources. The

key technical challenges faced by HetNets are Self-organization, backhauling,

handover, and interference . [36].

Mobile traffic has reached 1,000 petabytes per month according to re-

search study carried by Mobile Experts, Cisco VNI and Ericsson. [7].Mobile

Networks are being upgraded based on Long term Evolution(LTE) which

promises higher spectrum efficiency.LTE was introduced in release 8 of 3GPP.

Heterogeneous Networks are being employed in parallel with LTE due to bet-

ter throughput and efficiency.By Deploying HetNets, LTE is delivering max-

imum peak down link rate of 300 Mbps.LTE is providing 15 bits/s/Hz. [7].

In LTE HetNets uplink and downlink uses different resource blocks.This

causes inefficient utilization of spectrum.Full Duplex exploits this by provid-
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ing single resource block for uplink and downlink.

2.2 Full Duplex Communication

In full duple (FD) communication nodes communicate with each other using

same frequency band.This doubles the spectral efficiency of communication

system measured by number of information bits per second per Hz. [45].Re-

search achievements regarding implementation of Full Duplex in practical

system have been proposed in ref [11, 16].In [28], some devices are proposed

which are FD capable.Theoratically FD systems are supposed to provide

twice the capacity gains than that of Half Duplex(HD) systems.In real-

ity Full duplex systems are unable to provide double capacity gains due

to the self interference problems.Self Interference(SI) is caused due the use

of same resource block for both uplink and downlinkref [22, 43]. The per-

formance of FD systems suffer from SI.Large SI causes capacity of FD to

fall below HD [50]. Self interference cancellation will be key to the im-

plementation of FD system ref [2, 3, 41].SI is main hurdle in implementing

FD.To remove this hurdle,various SI cancellation schemes have been stud-

ied in ref [10, 11, 17, 41, 42].Techniques used for mitigating the effect of self

interference are i.e,passive suppression [43] and digital or analog cancella-
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tion.ref [11,17]

Full Duplex gives better results in terms of throughput and lower out-

age probability but at the cost of increased implemenatation complexityref

[32, 44].Half Duplex is suitable for implementation in less complex scenar-

ios [48].The study regarding achievable throughput and capacity of FD as

compared to HD is given in ref [8, 11, 26, 46].FD always gives better per-

formance if self interference can be made less than noise.But HD performs

better in scenarios where SI is higher due to smaller value of SINR [44].

In some cases where SI has greater influence HD can perform better than

FD.In such cases hybrid HD/FD scheme can be used [61].

2.3 Hybrid Duplexing Heterogeneous Networks

FD-enabled HCNs have been recently attracting growing interest [30].Mathe-

matical expressions were derived for finding the throughput of heterogeneous

networks capable of operating in both HD & FD.Heterogeneous Network is

composed of K-tiers , with Base Stations operating in each tier with dif-

feren trasnmit powers.Base stations can operate in FD mode or in down-

link HD mode.with the advancement in FD communication,idea of hybrid
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duplexing heterogeneous network was presented in [34].The rate coverage

probability for a downlink user is derived in [52].Small cell network having

same transmit power with massive MIMO wireless backhauls was used for

derivation [52].Previously interference mitigation schemes were designed for

macro cells.Authors in [21] presented Full duplex assisted cross-tier inter-cell

interference (ICI) mitigation scheme called fICIC, which operates on small

cells.The performance of FD degards in the cases where self interference is

higher. The closed-form expression was derived for finding the critical value

of the self-interference attenuation power.After this critical value FD users

outperform HD users in hybrid scenarios where all Base Stations(BSs) oper-

ated in FD mode [6].The effect of FD cells on the performance of the mixed

system was presented in [20] for a single tier network in which BSs in small

cells can operate in either FD or HD with users operating in HD. Analysis

was carried out without considering an interference coordination scheme .

2.3.1 Distance Based Hybrid Duplexing Scheme

A novel hybrid-duplexing scheme based on distance for heterogeneous net-

works (HetNets) was presented in [53].Each user is operating in hybrid mode.User

can choose between half or full duplex mode based on the maximum received

power.Rates & coverage probability were derived for this schmes in [53].
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Figure 2.1: Distance Based Duplexing Scheme

2.4 Multi slope path loss models

Performance analysis of cellular networks, especially the ones using optimiza-

tion theory uses single-slope path loss model for characterizing the propaga-

tion environment [15].Analysis with standard path loss models is easy but

they cannot characterize all the links in a cell with a single path loss exponent

(PLE) correctly.Single path loss models lacks precision in urban areas wher

environment is dense [35].Single slope based models are unable to capture

the dependence of the PLE on the link distance perfectly.This degrades with

performance of network [25].Authors in [60] derived the Coverage probabil-

ity and network throughput for downlink of cellular network by using multi-

slope path loss model. Authors in [14] presented the comparison of their

proposed path loss models with standard single path loss models.Authors



CHAPTER 2. LITERATURE REVIEW 16

incorporated both line-of-sight (LoS) and non line-of-sight (NLoS) transmis-

sion in their path loss model. They also calculated coverage probability with

varying small cell densities using dual slope path loss model. They extended

this work for finding the effect on association in HetNets using dual-slope

path loss.The performance of resource allocation technique in a HetNet with

dual slope path loss models was analyzed in [40].Network performance showed

improvement when dual slope path loss was used. [39].

2.5 Power Control

Power control has very important role in HetNets for providing equal power

to cell edge users.Long Term Evolution (LTE)improves systems performance

by using power control mechanism.They improve performance by adjusting

the transmission power [1].Power allocation can be device specific and it also

can vary from cell to cell [57].Power control is the key system design features

for proposing new wireless standards [18]. The LTE power control mecha-

nism can be open ,closed or fractional. The open loop component uses the

fractional power control algorithm to compensate For compensating the path

loss and shadowing,open loop power control mechanism uses fractional power

control algorithm.In fractional power control algorithm,value of alpha plays

important role. The systems performance can be improved by compensat-



CHAPTER 2. LITERATURE REVIEW 17

ing the fast variations of system using closed loop power control.The closed

loop power control uses conventional closed loop algorithms for compensating

these variations. ref [23, 49].



Chapter 3

Implementation

3.1 System Model

A single cell two tier HetNet with BS locations of tier k(k = 1, 2) are dis-

tributed as an independent homogeneous PPP Φk having density λk. Small

cell access points are overlaid on a macrocell. Let B = {1, 2, · · · , B} be the

set of BSs and U = {1, 2, · · · , U} be the set of users. The location of users

also follow an independent PPP Φu with density λu. The system bandwidth,

B, is divided among BSs in such a way that each BS has K = {1, 2, · · · , KB}

subcarriers available, where KB is the number of users connected with spe-

cific BS. So that users connected with particular BS do not interfere with

each other as they are allocated orthogonal bands. The same bandwidth B

is also allocated to rest of all BSs which introduces cross-tier interference

between small and macro cell users. Taking imperfect SIC, the residual self-

interference (RSI) of the BSs in two tiers and that of users are denoted by

18
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{RSIk}k={1,2} and RSIu, respectively.

Small scale fading is assumed to be Rayleigh distribution with dual slope

path loss model. The channel between Bth BS and U th user on Cth subcar-

rier is denoted by hBU [c], where as the distance between them is denoted by

dBU . Every BS of tier k has the same transmit power {Pk}k={1,2}, while the

transmit power of user is Pu. The path loss is taken as PL(d) = d−αt,r , where

d be the distance between transmitter and receiver pair, and αt,r > 2 is the

path loss exponent between the transmitter t and receiver r.

Defining BS set as B = {1, 2, · · · , B} =
⋃
{MBi, SBi} we can write

B = {MB, SB1, SB2, · · · , SBs}, where MB, SBi are macro and small cells BSs

respectively. A user is connected to a BS that provide maximum downlink

received signal power, that is;

UB = argmax

{⋃
B

PBd
−αi{B,u}
B hBU

}
, i = 1, 2 (3.1)

After BS association, users are assigned duplexing based on distance from

the BS. If the distance between a user and its serving BS is less than γdth ,

the user and BS communicate using half-duplex mode, while if it is greater
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than γdth than full-duplex mode will be used.

Ux =


HD, dBU ≤ γdth

FD, otherwise

(3.2)

The reason behind such a duplex mode selection policy is that, with imper-

fect SIC, the full-duplex SINR of a user may be worse than the half-duplex

one. Hence, it may not be suitable for the cell edge users to use full-duplex.

Besides, considering a distance measure to determine the duplex mode can

also reflect the user SINR performance, since the small-scale fading could be

averaged and the path loss is the main factor influencing the SINR in long

term.

A pictorial view of system model is given in figure 3.1.

The SINR of a typical user can be expressed as;

SINRHD
c,DL =

PkhBU [c] (dBU)−α
B
x{B,U}

σ2 +
∑

k Ic
(3.3)

SINRHD
c,UL =

PuhUB[c] (dUB)−α
U
x{U,B}

σ2 +
∑

k Ic
(3.4)

SINRFD
c,DL =

PkhBU [c] (dBU)−α
B
x{B,U}

σ2 +RSIu +
∑

k Ic
(3.5)



CHAPTER 3. IMPLEMENTATION 21

-600 -400 -200 0 200 400 600
-500

-400

-300

-200

-100

0

100

200

300

400

500

Figure 3.1: HetNet with asterisk represent BS, . represent HD users, +
sign FD Users, Red for Macro, Blue for Small. Dotted circle represent dual
path loss exponent value change and dashed circle represent duplex threshold
distance.

SINRFD
c,UL =

PuhUB[c] (dUB)−α
U
x{U,B}

σ2 +RSI+
∑

k Ic
(3.6)

where dBU is same as dUB and denotes distance between BS and user, αBx{B,U}

represent dual slope path loss exponent between BS and user in downlink,

αUx{U,B} represent dual slope path loss exponent between BS and user in

uplink, Ic is the cumulative interference on Cth subcarrier, and σ2 is the

noise power. These cumulative interferences can be expressed as:

Ic =
∑

u∈U[c]\u0

(
Puhuud

−αu
x{u,u}

uu

)
(3.7)
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where U[c] are the users that are assigned same resource, uo is the intended

test user, αux{u,u} is the user-to-user dual slope path loss exponent, and duu

is the distance between users.

3.1.1 Radio Resource Allocation

Interference minimization is one of the key concerns in designing wireless

networks. Scheme used in this piece of work is based on minimizing sum

power of intra-subcarrier bands allocated to group of users. Which can be

further explained as, a user is allocated subcarrier such that it contribute

minimum interference within subcarrier. This interference level is determined

based on received signal power from a typical user on a test user.

Uc = argmin

 ⋃
i∈U\Uc

∑
j∈SC

PU,j

 (3.8)

where Uc is allocated subcarrier to user, SC is the set of subcarrier and PU,j

is the received signal power from intended user to user with jth subcarrier.

3.1.2 Path Loss Models

Single slope path loss model can be expressed as;

L(d)[dB] = 20log10

(
4π

λc

)
+ 10α log(d) + ζ (3.9)
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where λc represents carrier wavelength, ζ is Gaussian random variable, α is

pah loss exponent.

This model captures alot of path losses as experienced by signal while

travelling through a distance d,but gets inaccurate for practical modelling of

the system when it comes to accurately capture the wireless environment.

So these limitation have given rise to analyse and use multi slope path loss

models.

The general form of dual slope path loss model can be expressed as;

L(d)[dB] =


β + 10α1 log10(d) + ζ d ≤ rc

β + 10α1 log10(rc) + 10α2 log(d/rc) + ζ d > rc

(3.10)

where rc is the critical distance, α1 and α2 are path loss exponents and their

value is greater than 2, d is the distance in meters and β denotes floating

intercept.

3.2 Simulation Setup

In this section simulation setup and corresponding results are shown. One

macrocell with radius of 500 meters is placed at the origin of coordinate
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system, and 6 small BS are distributed using PPP within this macro cell. 100

users are also distributed using PPP within this area. details of parameters

are tabulated below:

Macro BS Parameters:

No. of Macro BS 01

Tx Power of Macro 46dBm

Macro cell Far Field Distance 01 meters

Radius of Macro cell 500 meters

Dual Path loss threshold 200 meters

Path loss exponent values [2.5 3]

Small BS Parameters:

No. of Small BS 06

Tx Power of Small 30 dBm

Small cell Far Field Distance 0.4 meters

Radius of small cell 200 meters

Dual Path loss threshold 70 meters

Path loss exponent values [2.7 3.2]
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Users Parameters:

No. of Users 100

Tx Power 23 dBm

User Far Field Distance 0.2 meters

Dual Path loss threshold 50 meters

Path loss exponent values [2.5 3]

No. of UL/DL Users Uniformly distributed

No. of FD/HD Users see equation 3.2

Network Parameters:

Operating Frequency 2.4 GHz

Noise Power -174 dBm/Hz

Residual Self Interference -75 dB

3.3 SINR Distribution

The SINR distribution of half/ full-duplex users are defined as

DHD
c,DL(η) , P(SINRHD

c,DL > η) (3.11)

DHD
c,UL(η) , P(SINRHD

c,UL > η) (3.12)

DFD
c,DL(η) , P(SINRHD

c,DL > η) (3.13)
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DFD
c,UL(η) , P(SINRHD

c,UL > η) (3.14)

where DHD
c,DL(η) and DHD

c,UL(η) are the downlink and uplink SINR distribution

of the half-duplex users in subcarrier c, respectively. Similarly the downlink

and uplink SINR distribution of full-duplex users with subcarrier c are de-

noted by DFD
c,DL(η) and DFD

c,UL(η), respectively. P(X) denotes the probability

that event X happens, and η is the SINR threshold.

3.4 Achievable Rates

Downlink and uplink rates for half and full-duplex systems are given as

RHD
c,DL , E

[
B

Nk
c

log(1 + DHD
c,DL(η))

]
(3.15)

RHD
c,UL , E

[
B

Nk
c

log(1 + DHD
c,UL(η))

]
(3.16)

RFD
c,DL , E

[
B

Nk
c

log(1 + DFD
c,DL(η))

]
(3.17)

RFD
c,UL , E

[
B

Nk
c

log(1 + DFD
c,UL(η))

]
(3.18)

where RHD
c,DL and RHD

c,UL are the downlink and uplink rates of the half-duplex

users in subcarrier c, respectively. Similarly the downlink and uplink SINR

distribution of full-duplex users with subcarrier c are denoted by RFD
c,DL and

RFD
c,UL, respectively. B is the system bandwidth while Nk

c denotes number of
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users connected that are using subcarrier c in all BS of tier k. E[X] denotes

the expected value of event X.

3.5 Power Control

According to 3GPP specification, UE transmit power can be given as:

P = min{Pmax, 10 log10M + P0 + αPL+ δmcs + f(∆i)}[dBm] (3.19)

where:

• Pmax is the maximum allowed transmit power.

• M is the number of physical resource blocks(PRB).

• P0 is the cell/UE specific parameter. In this work, P0 is assumed cell

specific.

• α is the path loss compensation factor. Its range is [0 1].

• PL is the downlink path loss estimate. It is calculated in the UE based

on pilot signal received power.

• δmcs is the cell/UE specific modulation and coding scheme defined in

3GPP.
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• f(∆i) is UE specific closed loop iteration power adjustment value.

P0 is calculated as:

P0 = α(SNR0 + Pn) + (1− α)(Pmax − 10 log10M0)[dBm] (3.20)

where

• SNR0 is the open loop SNR target.

• Pn is the noise power per PRB.

• M0 defines the number of PRBs for which the SNR target is reached

with full power.

3.5.1 Open Loop Power Control

In case of open loop power control methodology, Equation 3.19 becomes;

P = min{Pmax, P0 + αPL}[dBm] (3.21)

and

P0 = α(SNR0 + Pn) + (1− α)(Pmax)[dBm] (3.22)

where M = 1 is assumed. Here α is accountable for compensation due to

path loss. Taking α = 0 will result in no power control, will full conventional



CHAPTER 3. IMPLEMENTATION 29

full power control can be achieved by setting α = 1. Values in between 0 and

1 gives fractional power control. 3GPP specifics follwoing values, α=[0, 0.4,

0.5, 0.6, 0.7, 0.8, 0.9, 1].

Block diagram in Figure 3 gives steps involved in setting UL UE power using

open loop control.

Figure 3.2: Block diagram for methodology for Open Loop Power Control in
UL Channel.



Chapter 4

Results and Analysis

In this chapter Simulation results and analysis will be presented. First section

will be on downlink and uplink rates without power control while second

section is for power control implementation.

4.1 User Rates without Power Control

In this scheme no power control implementation at user uplink channel is

implemented and hence users are transmitting at their fixed nominal value

of 23dBm. Interference model is same as described in Chapter 3. A typical

user experience interferences from all other users who are sharing the same

subcarrier in both tier. SINR distributions are given in equations 3.11 - 3.14,

while achievable rates are given by equation 3.15 - 3.18.

30
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(a) Region of Rate Improvement, Green for FD and Blue for HD

(b) Percentage Improvement in Rates

Figure 4.1: Downlink Rates

Figure 4.1(a) shows region where HD and FD are performing better in

terms of downlink sum rates. It can be seen that when both macro and small
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BS critical distances threshold are less, HD is performing well because most of

the users are connected in HD. After this threshold switching distance most

of the users are connected in FD and region is also quite wider than HD

which shows that for most of the distance combinations, FD is performing

well better than HD in terms of downlink sum rates.

Figure 4.1(b) shows percentage improvement of FD users over HD users in

terms of downlink sum rates. It can be seen than least values are where

most of the users are connected in HD and is roughly equal to -40% which

is equivalent to saying that FD rates are 40% less than HD rates. 0% is

the region where HD and FD rates are same and it is region where blue

and green region in figure 4.1(a) are crossing each other. At extreme points

where critical threshold distances of both macro and small small is maximum,

almost all of the users are operating in FD, FD rates are approximately 90%

more than HD downlink sum rates.
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(a) Region of Rate Improvement, Green for FD and Blue for HD

(b) Percentage Improvement in Rates

Figure 4.2: Uplink Rates

Figure 4.2(a) shows region where HD and FD are performing better in

terms of uplink sum rates. It can be seen that when both macro and small BS
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critical distances threshold are less, HD is performing well because most of

the users are connected in HD. After this threshold switching distance most

of the users are connected in FD and region is also quite wider than HD

which shows that for most of the distance combinations, FD is performing

well better than HD in terms of uplink sum rates.

Figure 4.2(b) shows percentage improvement of FD users over HD users

in terms of uplink sum rates. It can be seen than least values are where

most of the users are connected in HD and is roughly equal to -40% which

is equivalent to saying that FD rates are 40% less than HD rates. 0% is

the region where HD and FD rates are same and it is region where blue

and green region in figure 4.2(a) are crossing each other. At extreme points

where critical threshold distances of both macro and small small is maximum,

almost all of the users are operating in FD, FD rates are approximately 90%

more than HD uplink sum rates.

4.2 User Rates with Power Control

In this scheme user power is controlled through open loop power control

and shown in figure 3.2. In this scheme, first a pilot is sent from BS to all

users, then users estimate the path loss based on pilot received signal power.

Finally the power is adjusted using equation 3.19.
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4.2.1 No. of FD/HD Users:

Graphs below show the no. of FD and HD users in network for varying values

of duplex threshold switching distance for macro and small base station. As

explained in system model, users are connected as either FD or HD based on

this threshold switching distance, so no. of connected users is not dependent

on either target SNR, SNRo or path loss compensation factor, α. Also note

that users will be designated as FD if it is inside this threshold distance else

it will be HD. So from figures below we can observe that when threshold

distance values are small most of the users are in HD, and with increasing

radius of switching distance most of the users operate in FD.
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Figure 4.3: No. of FD and HD Users for different values of Macro and
Small Base station duplex threshold switching distance, SNR0 = 0dB,α =
[0, 0.7, 1].
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Figure 4.3 shows the number of HD and FD users operating when open

loop power control SNR threshold is set to 0 dB for no path loss compensa-

tion, fractional compensation of 0.7 and full compensation. From the figures

it can be seen that when macro and small BS duplexing threshold distances

are less, most of the users are operating in HD mode, while after this thresh-

old distance number of FD users start to increase. Crossing of two plots is

the distance where no of HD and FD users are same. It can be seen that

number of connected HD and FD users are independent of path loss com-

pensation factor which is quite intuitive because users are operating in HD

and FD based on duplex threshold distance but not on power less or path

loss.
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Figure 4.4: No. of FD and HD Users for different values of Macro and
Small Base station duplex threshold switching distance, SNR0 = 10dB,α =
[0, 0.7, 1].

Figure 4.4 shows the number of HD and FD users operating when open

loop power control SNR threshold is set to 10dB for no path loss compensa-

tion, fractional compensation of 0.7 and full compensation. From the figures

it can be seen that when macro and small BS duplexing threshold distances

are less, most of the users are operating in HD mode, while after this thresh-

old distance number of FD users start to increase. Crossing of two plots is

the distance where no of HD and FD users are same. It can be seen that

number of connected HD and FD users are independent of path loss com-

pensation factor which is quite intuitive because users are operating in HD

and FD based on duplex threshold distance but not on power less or path
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loss.
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Figure 4.5: No. of FD and HD Users for different values of Macro and
Small Base station duplex threshold switching distance, SNR0 = 20dB,α =
[0, 0.7, 1].
Figure 4.5 shows the number of HD and FD users operating when open loop
power control SNR threshold is set to 20dB for no path loss compensation,
fractional compensation of 0.7 and full compensation. From the figures it
can be seen that when macro and small BS duplexing threshold distances are
less, most of the users are operating in HD mode, while after this threshold
distance number of FD users start to increase. Crossing of two plots is the
distance where no of HD and FD users are same. It can be seen that number
of connected HD and FD users are independent of path loss compensation
factor which is quite intuitive because users are operating in HD and FD
based on duplex threshold distance but not on power less or path loss.
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Figure 4.6: No. of FD and HD Users for different values of Macro and
Small Base station duplex threshold switching distance, SNR0 = 30dB,α =
[0, 0.7, 1].

Figure 4.6 shows the number of HD and FD users operating when open

loop power control SNR threshold is set to 30 dB for no path loss compensa-

tion, fractional compensation of 0.7 and full compensation. From the figures

it can be seen that when macro and small BS duplexing threshold distances

are less, most of the users are operating in HD mode, while after this thresh-

old distance number of FD users start to increase. Crossing of two plots is

the distance where no of HD and FD users are same. It can be seen that

number of connected HD and FD users are independent of path loss com-

pensation factor which is quite intuitive because users are operating in HD

and FD based on duplex threshold distance but not on power less or path
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loss.

From this section we can conclude that no of users operating in HD and FD

is independent of open loop target SNR threshold and path loss compensa-

tion factor. This is because user duplexing mode is defined on distance from

connected BS. If a user in within duplexing threshold distance, it will be

operating as HD otherwise it will operate in FD.

4.2.2 FD/ HD UL Rates (Plotyy):

Graphs below show the UL rates for FD and HD users. xaxis specifies the

duplexing threshold switching distance of macro cell while left yaxis shows

the UL rates for HD and right yaxis show the UL rates for FD users. while

each line on graph shows duplexing switching threshold distance of small BS.

It can be observed that initially when no. of FD users are less rates are quite

low, but when no. of FD users increase FD rates also start to increase with

respect to HD rates.
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Figure 4.7: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 0dB,α = [0, 0.7, 1].

Figure 4.7 shows the UL rates for HD and FD for open loop SNR target

threshold of 0dB for path loss compensation values of 0, 0.7 and 1 correspond-

ing to no, fractional and full compensation. From figures we can analyse that

UL rates for FD are higher after duplexing switching distance threshold than

HD rates. X-axis corresponds to macro duplex switching threshold values,

left Y-axis corresponds to HD rates while right Y-axis corresponds to FD

rates. Each line in graphs represent corresponding rates for different values

of small BS duplex switching threshold distance.
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Figure 4.8: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 10dB,α = [0, 0.7, 1].

Figure 4.8 shows the UL rates for HD and FD for open loop SNR target

threshold of 10dB for path loss compensation values of 0, 0.7 and 1 corre-

sponding to no, fractional and full compensation. From figures we can analyse

that UL rates for FD are higher after duplexing switching distance thresh-

old than HD rates. X-axis corresponds to macro duplex switching threshold

values, left Y-axis corresponds to HD rates while right Y-axis corresponds

to FD rates. Each line in graphs represent corresponding rates for different

values of small BS duplex switching threshold distance.
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Figure 4.9: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 20dB,α = [0, 0.7, 1].

Figure 4.9 shows the UL rates for HD and FD for open loop SNR target

threshold of 10dB for path loss compensation values of 0, 0.7 and 1 corre-

sponding to no, fractional and full compensation. From figures we can analyse

that UL rates for FD are higher after duplexing switching distance thresh-

old than HD rates. X-axis corresponds to macro duplex switching threshold

values, left Y-axis corresponds to HD rates while right Y-axis corresponds

to FD rates. Each line in graphs represent corresponding rates for different

values of small BS duplex switching threshold distance.
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Figure 4.10: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 30dB,α = [0, 0.7, 1].

Figure 4.10 shows the UL rates for HD and FD for open loop SNR target

threshold of 10dB for path loss compensation values of 0, 0.7 and 1 corre-

sponding to no, fractional and full compensation. From figures we can analyse

that UL rates for FD are higher after duplexing switching distance thresh-

old than HD rates. X-axis corresponds to macro duplex switching threshold

values, left Y-axis corresponds to HD rates while right Y-axis corresponds

to FD rates. Each line in graphs represent corresponding rates for different

values of small BS duplex switching threshold distance.

From this section we can conclude that FD rates are higher than HD rates

after duplex switching threshold distance. Rates are pretty constant through-

out the network area due to open loop power control.
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4.2.3 FD/ HD DL Rates (Plotyy):

Graphs below show the DL rates for FD and HD users. xaxis specifies the

duplexing threshold switching distance of macro cell while left yaxis shows

the DL rates for HD and right yaxis show the DL rates for FD users. while

each line on graph shows duplexing switching threshold distance of small BS.

It can be observed that initially when no. of FD users are less rates are quite

low, but when no. of FD users increase FD rates also start to increase with

respect to HD rates.
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Figure 4.11: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 0dB,α = [0, 0.7, 1].

Figure 4.11 shows the DL rates for HD and FD for open loop SNR target

threshold of 0dB for path loss compensation values of 0, 0.7 and 1 correspond-
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ing to no, fractional and full compensation. From figures we can analyse that

DL rates for FD are higher after duplexing switching distance threshold than

HD rates. X-axis corresponds to macro duplex switching threshold values,

left Y-axis corresponds to HD rates while right Y-axis corresponds to FD

rates. Each line in graphs represent corresponding rates for different values

of small BS duplex switching threshold distance.
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Figure 4.12: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 10dB,α = [0, 0.7, 1].

Figure 4.12 shows the DL rates for HD and FD for open loop SNR target

threshold of 10dB for path loss compensation values of 0, 0.7 and 1 corre-

sponding to no, fractional and full compensation. From figures we can analyse

that DL rates for FD are higher after duplexing switching distance thresh-
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old than HD rates. X-axis corresponds to macro duplex switching threshold

values, left Y-axis corresponds to HD rates while right Y-axis corresponds

to FD rates. Each line in graphs represent corresponding rates for different

values of small BS duplex switching threshold distance.
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Figure 4.13: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 20dB,α = [0, 0.7, 1].

Figure 4.13 shows the DL rates for HD and FD for open loop SNR target

threshold of 20dB for path loss compensation values of 0, 0.7 and 1 corre-

sponding to no, fractional and full compensation. From figures we can analyse

that DL rates for FD are higher after duplexing switching distance thresh-

old than HD rates. X-axis corresponds to macro duplex switching threshold

values, left Y-axis corresponds to HD rates while right Y-axis corresponds



CHAPTER 4. RESULTS AND ANALYSIS 48

to FD rates. Each line in graphs represent corresponding rates for different

values of small BS duplex switching threshold distance.
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Figure 4.14: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 30dB,α = [0, 0.7, 1].

Figure 4.14 shows the DL rates for HD and FD for open loop SNR target

threshold of 30dB for path loss compensation values of 0, 0.7 and 1 corre-

sponding to no, fractional and full compensation. From figures we can analyse

that DL rates for FD are higher after duplexing switching distance thresh-

old than HD rates. X-axis corresponds to macro duplex switching threshold

values, left Y-axis corresponds to HD rates while right Y-axis corresponds

to FD rates. Each line in graphs represent corresponding rates for different

values of small BS duplex switching threshold distance.
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From this section we can conclude that FD rates are higher than HD rates

after duplex switching threshold distance. Rates are pretty constant through-

out the network area due to open loop power control.

4.2.4 FD/ HD UL Rates (meshplot):

Graphs below show the UL rates for FD and HD users. One axis is for macro

and other is for small BS duplex threshold switching distance. Graphs show

that with increasing distance the rates of FD increases.
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Figure 4.15: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 0dB,α = [0, 0.7, 1].
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Figure 4.16: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 10dB,α = [0, 0.7, 1].
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Figure 4.17: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 20dB,α = [0, 0.7, 1].
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Figure 4.18: UL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 30dB,α = [0, 0.7, 1].

4.2.5 FD/ HD DL Rates (meshplot):

Graphs below show the DL rates for FD and HD users. One axis is for macro

and other is for small BS duplex threshold switching distance. Graphs show

that with increasing distance the rates of FD increases.
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Figure 4.19: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 0dB,α = [0, 0.7, 1].
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Figure 4.20: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 10dB,α = [0, 0.7, 1].
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Figure 4.21: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 20dB,α = [0, 0.7, 1].
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Figure 4.22: DL Rates for different values of Macro and Small Base station
duplex threshold switching distance, SNR0 = 30dB,α = [0, 0.7, 1].



Chapter 5

Conclusions and Future
Directions

This chapter is based on conclusions and future directions.

5.1 Conclusions

In this work, we extended the application of full duplex radios with dual slope

path loss model and distance based duplex mode selection,i.e., HD/FD.

• Chapter 1 deals with the basic problem formulation for modelling and

analysis of full duplex HetNets based on dual slope path loss model.

Road map is set up by first discussing the current technological trend

and their corresponding achievements. Then need for moving to full

duplexing is investigated and enlisted the benefits and challenges as-

sociated with it. This work extends and contribute by modelling the

network with distance based threshold setting for mode selection.i.e.

54
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HD/FD.

• Chapter 2 deals with literature review and current research work done

in this field. This chapter first discusses different results contributed in

full duplexing scheme and dual slope path loss model. Advantages of

using this path loss model include more realistic approach to modelling

of wireless channel. Secondly a review of using distance based associa-

tion policies were investigated and finally the power control mechanisms

required for simulation and modelling was presented.

• Chapter 3 deals with system modelling of proposed scheme, that is,

hybrid duplexing scheme with dual slope path loss models and dis-

tance based duplexing association policies. Radio resource management

scheme used is also presented to discuss the interference minimization

and radio block assignment to user.This chapter also enlists the SINR

distribution and Rate convergence in both HD and FD for downlink

and uplink channels. Finally this chapter also describes the open loop

power control mechanism implemented for analytical purpose.

• Chapter 4 presents and discusses the results obtained for uplink and

downlink user rates in hybrid duplexing(HD/FD). This chapter is di-

vided into two main section. First section deals with user rates without

power control implementation and second section deals with results ob-
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tained by implementing open loop power control in uplink channel. Re-

sults include no. of users connected with macro and small cells resulting

from changing the duplexing threshold distance, uplink and downlink

rates, percentage improvement in FD rates over HD after duplexing

threshold distance.

5.1.1 Executive Summary

Insightful results obtained in this piece of literature vigorously show the im-

provement and benefit of using full/ hybrid scheme. Although their are still

some challenges in practical implementation of this scheme, like, residual self

interference, successive channel interference and power control in hybrid cir-

cuitry. Still it is quite evident that significant improvement in radio resource

allocation can be achieved by carefully deploying the scheme

5.2 Future Directions

This section will present future directions and pathway to further explore

full/ hybrid duplexing scheme.

• Current 4G networks heavily rely on MIMO based HetNets. Examin-

ing full/ hybrid duplexing scheme in this context will be a great leap

through advancement and improvement for efficient resource allocation.
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This thesis investigated the scheme with single cell single antenna Het-

Net model. It can be extended to multicell with MIMO based diversity

techniques to further explore the key results.

• Beamforming is also getting great attention for future wireless net-

works which direct the radio wave in particular geographical location.

Integration of full/ hybrid scheme with beamforming will definitely

improve the system performance as interference can be significantly re-

duced with directional beams, which is a key metric for performance

evaluation of this scheme.

• Future wireless technology is also investigating new transmit and re-

ceive waveforms to further improve the spectrum utilization beyond

LTE. Current research include Carrier Bank Multi Filter, windowed

Filters, Index modulation. Full/ hybrid duplexing can also be a good

candidate to investige the mixture of these waveforms.

• mmWave is also under investigation for both indoor and outdoor de-

ployment. A great piece of work can be analysed with these modern

schemes. mmWave along with massive MIMO has proven to be a great

mix for high data rates. Full/ hybrid duplexing provides and helps

to reduce the spectrum utilization, so entangled of two can be further

explored.
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• Ubiquitous networks, sensor networks and IoT based solution are also

getting great popularity nowadays. This scheme can also be mixed and

analysed for the feasibility and analysis with these technologies.
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Lin. Performance impact of los and nlos transmissions in dense cellular
networks. IEEE Transactions on Wireless Communications, 15(3):2365–
2380, 2016.

[15] Olivier Dousse and Patrick Thiran. Connectivity vs capacity in dense ad
hoc networks. In INFOCOM 2004. Twenty-third AnnualJoint Confer-
ence of the IEEE Computer and Communications Societies, volume 1.
IEEE, 2004.

[16] Melissa Duarte, Chris Dick, and Ashutosh Sabharwal. Experiment-
driven characterization of full-duplex wireless systems. IEEE Trans-
actions on Wireless Communications, 11(12):4296–4307, 2012.

[17] Evan Everett, Melissa Duarte, Chris Dick, and Ashutosh Sabharwal.
Empowering full-duplex wireless communication by exploiting direc-
tional diversity. In Signals, Systems and Computers (ASILOMAR), 2011
Conference Record of the Forty Fifth Asilomar Conference on, pages
2002–2006. IEEE, 2011.

[18] Jacqueline J George and Namarig Mohamed Taha. A combined open-
closed loop power control for lte uplink.



BIBLIOGRAPHY 61

[19] Amitabha Ghosh, Nitin Mangalvedhe, Rapeepat Ratasuk, Bishwarup
Mondal, Mark Cudak, Eugene Visotsky, Timothy A Thomas, Jeffrey G
Andrews, Ping Xia, Han Shin Jo, et al. Heterogeneous cellular networks:
From theory to practice. IEEE communications magazine, 50(6), 2012.

[20] Sanjay Goyal, Carlo Galiotto, Nicola Marchetti, and Shivendra Panwar.
Throughput and coverage for a mixed full and half duplex small cell net-
work. In Communications (ICC), 2016 IEEE International Conference
on, pages 1–7. IEEE, 2016.

[21] Shengqian Han, Chenyang Yang, and Pan Chen. Full duplex-assisted in-
tercell interference cancellation in heterogeneous networks. IEEE Trans-
actions on Communications, 63(12):5218–5234, 2015.

[22] Steven Hong, Joel Brand, Jung Choi, Mayank Jain, Jeff Mehlman,
Sachin Katti, and Philip Levis. Applications of self-interference cancella-
tion in 5g and beyond. IEEE Communications Magazine, 52(2):114–121,
2014.

[23] Sajid Hussain. Dynamic radio resource management in 3gpp lte, 2009.

[24] Aneeqa Ijaz, Syed Ali Hassan, Syed Ali Raza Zaidi, Dushantha Nalin K
Jayakody, and Syed Mohammad Hassan Zaidi. Coverage and rate anal-
ysis for downlink hetnets using modified reverse frequency allocation
scheme. IEEE Access, 5:2489–2502, 2017.

[25] Hazer Inaltekin, Mung Chiang, H Vincent Poor, and Stephen B Wicker.
On unbounded path-loss models: effects of singularity on wireless net-
work performance. IEEE Journal on Selected Areas in Communications,
27(7), 2009.

[26] Mayank Jain, Jung Il Choi, Taemin Kim, Dinesh Bharadia, Siddharth
Seth, Kannan Srinivasan, Philip Levis, Sachin Katti, and Prasun Sinha.
Practical, real-time, full duplex wireless. In Proceedings of the 17th
annual international conference on Mobile computing and networking,
pages 301–312. ACM, 2011.

[27] Hyungsik Ju, Eunsung Oh, and Daesik Hong. Catching resource-
devouring worms in next-generation wireless relay systems: Two-way
relay and full-duplex relay. IEEE Communications Magazine, 47(9),
2009.

[28] Hyungsik Ju, Eunsung Oh, and Daesik Hong. Improving efficiency of
resource usage in two-hop full duplex relay systems based on resource



BIBLIOGRAPHY 62

sharing and interference cancellation. IEEE Transactions on Wireless
Communications, 8(8), 2009.

[29] Hyungsik Ju, Xiaohu Shang, H Vincent Poor, and Daesik Hong. Bi-
directional use of spatial resources and effects of spatial correlation.
IEEE Transactions on Wireless Communications, 10(10):3368–3379,
2011.

[30] Dongkyu Kim, Haesoon Lee, and Daesik Hong. A survey of in-band
full-duplex transmission: From the perspective of phy and mac layers.
IEEE Communications Surveys & Tutorials, 17(4):2017–2046, 2015.

[31] Dongkyu Kim, Sungsoo Park, Hyungsik Ju, and Daesik Hong. Trans-
mission capacity of full-duplex-based two-way ad hoc networks with arq
protocol. IEEE Transactions on Vehicular Technology, 63(7):3167–3183,
2014.

[32] Taehoon Kwon, Youngju Kim, and Daesik Hong. Comparison of fdr
and hdr under adaptive modulation with finite-length queues. IEEE
Transactions on Vehicular Technology, 61(2):838–843, 2012.

[33] Xavier Lagrange. Multitier cell design. IEEE Communications Maga-
zine, 35(8):60–64, 1997.

[34] Jemin Lee and Tony QS Quek. Hybrid full-/half-duplex system analy-
sis in heterogeneous wireless networks. IEEE transactions on wireless
communications, 14(5):2883–2895, 2015.

[35] Jialing Liu, Weimin Xiao, and Anthony CK Soong. Dense networks of
small cells., 2015.

[36] David Lopez-Perez, Ismail Guvenc, Guillaume De la Roche, Marios
Kountouris, Tony QS Quek, and Jie Zhang. Enhanced intercell interfer-
ence coordination challenges in heterogeneous networks. IEEE Wireless
Communications, 18(3), 2011.

[37] Hamnah Munir, Syed Ali Hassan, Haris Pervaiz, and Qiang Ni. A game
theoretical network-assisted user-centric design for resource allocation in
5g heterogeneous networks. In Vehicular Technology Conference (VTC
Spring), 2016 IEEE 83rd, pages 1–5. IEEE, 2016.

[38] Hamnah Munir, Syed Ali Hassan, Haris Pervaiz, Qiang Ni, and Leila
Musavian. Energy efficient resource allocation in 5g hybrid heteroge-
neous networks: A game theoretic approach. In Vehicular Technology
Conference (VTC-Fall), 2016 IEEE 84th, pages 1–5. IEEE, 2016.



BIBLIOGRAPHY 63

[39] Hamnah Munir, Syed Ali Hassan, Haris Pervaiz, Qiang Ni, and Leila
Musavian. Resource optimization in multi-tier hetnets exploiting multi-
slope path loss model. IEEE Access, 5:8714–8726, 2017.

[40] Hamnah Munir, Syed Ali Hassan, Haris Pervaiz, Qiang Ni, and Leila
Musavian. User association in 5g heterogeneous networks exploiting
multi-slope path loss model. In Recent Trends in Telecommunications
Research (RTTR), Workshop on, pages 1–5. IEEE, 2017.

[41] B Radunovic, D Gunawardena, P Key, A Proutiereand N Singh,
V Balan, and G Dejean. Rethinking indoor wireless: Low power, low
frequency. Technical report, full duplex. Technical report, Microsoft
Technical Report, 2009.

[42] Taneli Riihonen, Stefan Werner, and Risto Wichman. Comparison of
full-duplex and half-duplex modes with a fixed amplify-and-forward
relay. In Wireless communications and networking conference, 2009.
WCNC 2009. IEEE, pages 1–5. IEEE, 2009.

[43] Taneli Riihonen, Stefan Werner, and Risto Wichman. Mitigation of
loopback self-interference in full-duplex mimo relays. IEEE Transactions
on Signal Processing, 59(12):5983–5993, 2011.

[44] Taneli Riihonen, Stefan Werner, Risto Wichman, and Jyri Hamalainen.
Outage probabilities in infrastructure-based single-frequency relay links.
In Wireless Communications and Networking Conference, 2009. WCNC
2009. IEEE, pages 1–6. IEEE, 2009.

[45] Ashutosh Sabharwal, Philip Schniter, Dongning Guo, Daniel W Bliss,
Sampath Rangarajan, and Risto Wichman. In-band full-duplex wire-
less: Challenges and opportunities. IEEE Journal on selected areas in
communications, 32(9):1637–1652, 2014.

[46] Achaleshwar Sahai, Gaurav Patel, and Ashutosh Sabharwal. Pushing
the limits of full-duplex: Design and real-time implementation. arXiv
preprint arXiv:1107.0607, 2011.

[47] Adel AM Saleh, AJ Rustako, and R Roman. Distributed antennas for
indoor radio communications. IEEE Transactions on Communications,
35(12):1245–1251, 1987.

[48] Rainer Schoenen, Arif Otyakmaz, and Bernhard H Walke. Concurrent
operation of half-and full-duplex terminals in future multi-hop fdd based
cellular networks. In Wireless Communications, Networking and Mobile



BIBLIOGRAPHY 64

Computing, 2008. WiCOM’08. 4th International Conference on, pages
1–7. IEEE, 2008.

[49] Arne Simonsson and Anders Furuskar. Uplink power control in lte-
overview and performance, subtitle: principles and benefits of utilizing
rather than compensating for sinr variations. In Vehicular Technology
Conference, 2008. VTC 2008-Fall. IEEE 68th, pages 1–5. IEEE, 2008.

[50] Yoondong Sung, Junil Ahn, Binh Van Nguyen, and Kiseon Kim. Loop-
interference suppression strategies using antenna selection in full-duplex
mimo relays. In Intelligent Signal Processing and Communications Sys-
tems (ISPACS), 2011 International Symposium on, pages 1–4. IEEE,
2011.

[51] Jerry Sydir and Rakesh Taori. An evolved cellular system architecture
incorporating relay stations. IEEE Communications Magazine, 47(6),
2009.

[52] Hina Tabassum, Ahmed Hamdi Sakr, and Ekram Hossain. Massive
mimo-enabled wireless backhauls for full-duplex small cells. In Global
Communications Conference (GLOBECOM), 2015 IEEE, pages 1–6.
IEEE, 2015.

[53] Weijun Tang, Suili Feng, Yuan Liu, and Yuehua Ding. Distance-based
hybrid duplex in heterogeneous networks. In Global Communications
Conference (GLOBECOM), 2015 IEEE, pages 1–6. IEEE, 2015.

[54] Anum Umer, Syed Ali Hassan, Haris Pervaiz, Qiang Ni, and Leila Musa-
vian. Coverage and rate analysis for massive mimo-enabled heteroge-
neous networks with millimeter wave small cells. In Vehicular Tech-
nology Conference (VTC Spring), 2017 IEEE 85th, pages 1–5. IEEE,
2017.

[55] Atta ur Rahman and Syed Ali Hassan. Analysis of composite fading in
a single cell downlink cooperative heterogeneous networks. In Vehicu-
lar Technology Conference (VTC Spring), 2015 IEEE 81st, pages 1–5.
IEEE, 2015.

[56] Xiaoxin Wu, B Murherjee, and Dipak Ghosal. Hierarchical architectures
in the third-generation cellular network. IEEE Wireless communica-
tions, 11(3):62–71, 2004.



BIBLIOGRAPHY 65

[57] Mohamad Yassin, Samer Lahoud, Marc Ibrahim, and Kinda Khawam. A
downlink power control heuristic algorithm for lte networks. In Telecom-
munications (ICT), 2014 21st International Conference on, pages 323–
327. IEEE, 2014.

[58] Rehan Zahid and Syed Ali Hassan. Stochastic geometry-based analysis
of multiple region reverse frequency allocation scheme in downlink het-
nets. In Wireless Communications and Mobile Computing Conference
(IWCMC), 2015 International, pages 1289–1294. IEEE, 2015.

[59] Rehan Zahid, Atta ur Rahman, and Syed Ali Hassan. On the per-
formance of multiple region reverse frequency allocation scheme in a
single cell downlink heterogeneous networks. In Wireless Communica-
tions and Mobile Computing Conference (IWCMC), 2014 International,
pages 387–392. IEEE, 2014.

[60] Xinchen Zhang and Jeffrey G Andrews. Downlink cellular network anal-
ysis with multi-slope path loss models. IEEE Transactions on Commu-
nications, 63(5):1881–1894, 2015.

[61] Zhongshan Zhang, Keping Long, Athanasios V Vasilakos, and Lajos
Hanzo. Full-duplex wireless communications: Challenges, solutions, and
future research directions. Proceedings of the IEEE, 104(7):1369–1409,
2016.

[62] Gan Zheng, Ioannis Krikidis, Jiangyuan Li, Athina P Petropulu, and
Björn Ottersten. Improving physical layer secrecy using full-duplex jam-
ming receivers. IEEE Transactions on Signal Processing, 61(20):4962–
4974, 2013.


