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Chapter 1

INTRODUCTION

In this chapter, we present a brief introduction about cellular networks and the challenges
faced during the planning and design of these networks. The problems of base stations
location and configuration and frequency assignment are described. The problem
statement of this thesis is described. Finally the organization of the thesis contents is

given.

1.1 BACKGROUND

The cellular concept was introduced in 1970s and it led to a significant improvement

towards solving the problem of spectral congestion and user capacity. It increases



networks capacity with a limited spectral allocation and without any major technological

changes using the ability of frequency reuse throughout a coverage region. [1]

The coverage area of a cellular network is divided into small geographic areas called cells
where each one of them is allocated a base station (BS). A set of radio channels is
assigned to each BS taking into account that BSs in adjacent cells are assigned different
sets of channels. The antennas of each BS are designed to achieve the desired coverage
within a specific cell. By limiting the coverage area of each cell to be within its
boundaries, the same set of channels can be reused to cover different cells that are far

enough from each other in order to keep interference reduced to tolerable limits. [2]

The planning of cellular mobile networks faces several major challenges, one of which is
the rapidly growing demands for mobile communication services. Another one is the
extremely limited number of available frequencies for radio networks. In addition,
existences of new emerging technologies which require more advanced cellular network
design methods. Moreover, wireless operators are continuously trying to cope with the
steadily increasing demands by upgrading their networks to be in line with the
technology advances. Also, they are looking for minimizing the cost of hardware
investments by reusing as many components as possible from the already existing
networks such as sharing core network elements, base station sites, antenna, etc. which
could reduce the operational expenditure on transmission power, site rental, and

operation and maintenance. [3, 4, 5]



Therefore, an efficient planning and optimization method using the demand node concept
is required to design and implement a cellular network regardless of the applied
technology. It should be able to synthesize efficient, economic and optimal network
configurations. The objective of the optimization is to provide a cost-effective cellular
network taking into account competing factors i.e. area coverage, traffic capacity, and

quality of service requirements.

The demand node concept, which is considered in this thesis, has been used recently as a
simplified traffic load model for cellular networks which describes the traffic
quantitatively. The basic step of this concept involves representing the traffic in a specific
geographical area by a finite number of nodes where each of one of them represents the
same portion of traffic load. Hence, densely populated areas are represented by bulks of

demand nodes lying in far distant corresponding centers. [3, 4, 6]

The planning and optimization of cellular networks design consists of selecting the a set
of sites for base stations from a list of potential candidate sites, finding the optimal
configuration for each BS, and assigning a set of channels to each base station. The
selected sites form the basis of a network which must satisfy certain the requirements of
the cellular networks such as high area coverage, high traffic capacity, and low
interference while the total network cost is minimized. The configuration of each selected

base station includes choosing among different antenna types, e.g., various directional or



omnidirectional antennas, power control, tilt, and azimuth. None of the previous work has

considered the full complexity of the problem i.e. BS location and configuration [7].

In this thesis, we consider the full complexity of the problem and also antenna heights is
included for the BS configuration. Moreover, we solve the integrated problem of location

and configuration of BS and frequency assignment which even harder.

Regarding the channel assignment problem, a frequency reuse scheme is required for
efficient utilization of the radio spectrum. There are two channel assignment strategies:
Fixed Channel Assignment (FCA) and Dynamic Channel Assignment (DCA). In FCA
strategy, which is the case considered in this thesis, each cell is allocated a predetermined
set of channels and if all the channels in that cell are occupied, the call is blocked and the
subscriber does not receive service. On the other hand, in DCA strategy, channels are not
allocated to different cells permanently and whenever there is a call request to be made,

the serving BS requests a channel from the mobile switching center. [2]

Interference is the major limiting factor in the performance of cellular radio systems and
it is more severe in urban areas, which is the considered environment in our work, due to
the large number of BSs and mobiles. There are two types of system-generated cellular
interference: co-channel interference and adjacent-channel interference. Co-channel
interference, which is considered in this thesis, is the interference between signals from

co-channel cells, which are the cells in which the same set of frequencies is used due to



the frequency re-use concept for cellular networks. Adjacent-channel interference is the

interference resulted from signals that are adjacent in frequency to the desired signal. [2]

The performance of a cellular network is mainly characterized by the received signal
strength and signal-to-noise-plus-interference ratio (SINR) for each user. The SINR for
each user must be above the minimum limit, under which a certain level of service
quality might not be reachable. The coverage of the network is highly affected by the
environment of network, i.e. transmit power and radio propagation, and the traffic
distribution. Therefore gain of better coverage and increased SINR in a cellular network

are two of the key objectives of mobile networking industry. [8, 9]

1.2 PROBLEM STATEMENT

The design of cellular mobile networks consists of three major problems which need to
be optimized. The first one is selecting the optimal sites for placing base stations. The
second one is finding the optimal configuration of all used antennas for each selected
base station. The last one is allocating frequencies, group of radio channels, to each

selected base station.

A detailed literature review of the existing related work reveals that there is no well-
designed mathematical model, specifically using mixed integer program, for solving the

problem of cellular mobile network design specifically, finding the optimal location and



configuration of base stations and frequency assignment. Therefore, an efficient planning
and optimization model is required to design and implement a cellular mobile network
regardless of the applied technology, which should provide a cost-effective cellular
network considering competing factors namely, coverage, capacity, and quality

requirements.

The objective of this thesis is to construct a general comprehensive framework for the
problem of designing cellular mobile networks taking into account the constraints of area
coverage, traffic capacity, and quality of service i.e. signal-to-interference-plus-noise
ratio (SINR). In this thesis, we construct four mathematical models using Mixed Integer
Programming (MIP) to solve this problem with the objective of minimizing the total
network costs. We build the framework step by step by constructing different models for
different cases precisely; base stations locations only, base station location and frequency
assignment, base stations location and configuration, and finally location and
configuration of base stations and frequency assignment. Also, we construct MIP models
for three special cases namely, base stations configuration with the existence of base
stations, base stations location with different time intervals, and finally base and relay

stations location. The details of the constructed MIP model are summarized in Table 1-1.



Table 1-1 Constructed Mixed Integer Programming Models in This Thesis

@ Optimization Parameters Constraints
£ | Model 5 - . . li
5_—% No Model Title _&’_)‘ Base Base Stations Configuration Relay S Qucz;\flty
O ' 8 Stations no. of _ _ ) Stations Assiq nmezt Coverage | Capacity Service
Location anténna Azimuth | Tilt | Height | Power | [ocation 9 (SINR)
Base Stations
! Location v v v v
Base Stations
Location and
. Frequency v v v v v
Assighment -
3 Base Stations §
1] Location and << \ \ \ v v v . . \ \ \
Configuration g
Location and E
Configuration of S
v Base Stationsand | \ \ \ \ \ \ . \ \ \ \
Frequency =
Assignment g
N
Base Stations E . . .
! Configuration é v v v v v v v v
Base Stations
Location with
4 . Different Time v * * * * * * * v \/ \/
Intervals
Base and Relay
I Stations Location v v v \/ \/




1.3 THESIS ORGANIZATION

This thesis consists of five chapters where the content of each chapter is briefly described

in this section.

In Chapter 1, we introduce the concept of cellular mobile networks and considered in
their design. We address the problem statement with the objective of this thesis. Finally,

we provide a summary of the constructed mathematical model using MIP.

In Chapter 2, we present some backgrounds about cellular networks, mathematical
programming, and propagation model used in this thesis. Also, we discuss the previous

studies in which similar kind of research is done.

In Chapter 3, we present four different mathematical models using MIP for solving the
cellular mobile networks design. For each MIP model, we present the model formulation,

numerical experiment, and discussion about the results of the numerical experiment.

In Chapter 4, we present three further mathematical models in which MIP is used to solve
some special cases related to the design problem. For each MIP model, we present the
model formulation, numerical experiment, and discussion about the results of the

numerical experiment.



In Chapter 5, we summarize the contributions of the work in this thesis and present some

recommendations for future work and possible extensions.
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Chapter 2

BACKGROUND AND RELATED WORK

2.1 BACKGROUND

In this section, a brief background for the cellular network concept is given. Also,
mathematical programming is briefly discussed and the general form of the mixed
integer program is presented. Finally, the propagation model used in this thesis, i.e.

COST-WI model, for calculating the path losses of the signals is addressed.

2.1.1 CELULLAR NETWORK

The cellular concept is replacing a single large cell with high power transmitter by many

small cells with low power transmitters where each one is providing coverage to only a
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small portion of the service area, see Figure 2-1. So, a cellular network could be defined
as a radio network which consists of small land areas called cells where each cell is
served by fixed-location transceivers called base stations and can provide coverage over a
wide geographic area which enables a large number of portable transceivers, called
mobile stations, to communicate with other transceivers anywhere in the network. These
cells are often shown diagrammatically as hexagonal shapes whereas in reality they have
irregular boundaries due to the terrain over which they travel such as hills, buildings and
other objects which cause to that the signal is attenuated and diminish differently in each

direction. A typical cellular network is shown in Figure 2-2. [1, 10]

A single large cell with high power transmitter Multiple small cells with low power transmitters

Figure 2-1 A Single Large Cell versus Multiple Small Cells
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&\ BS
il
(8] MS

Figure 2-2 A Typical Cellular Network

Multiple frequencies are assigned to each cell within the cellular network which have
corresponding base stations. Those frequencies can be reused in other cells as well with
the condition that same frequencies are not reused in adjacent neighboring cells which
would cause co-channel interference. Hence, adjacent cells must use different frequencies
unless the two cells are sufficiently far enough from each other. Thus, the increased
capacity in a cellular network results from the fact that the same radio frequency can be
reused in a different area with a completely different transmission, see Figure 2-3. On the
other hand, if there is a single plain transmitter, only one transmission can be used on any

given frequency. [10]

As the demand increases, the number of base stations may be increased, thus additional

radio capacity is provided with no additional increase in radio spectrum. Hence with



13

fixed number of channels, an arbitrarily large number of users can be served by reusing

the channels throughout the coverage area [1].

Figure 2-3 Frequency Re-use

There are several techniques to increase networks capacity even more to cope with the
explosive growth of mobile phone users. Cell splitting is one technique that used to
increase the network capacity without new frequency spectrum allocation. Cell splitting
is reducing the size of the cell by lowering antenna height and transmitter power. Also,
another technique to increase the network capacity is sectoring which is dividing the cell,
without changing its size, into several sectors using several directional antennas at the BS
instead of a single omnidirectional antenna; see Figures 2-4 and 2-5. Using the sectoring
technique will reduce the radio co-channel interference; thus the network capacity will be

increased [1, 11].
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Figure 2-4 Omnidirectional Antenna Figure 2-5 Direcitional Antennae

The interference between adjacent channels in a cellular network could be minimized by
assigning different frequencies to adjacent cells. Hence, cells can be grouped together to
form what is called a cluster, see Figure 2-6. It is necessary to limit the interference
between cells having the same frequency. The larger the number of cells in the cluster,
the greater the distance between cells sharing the same frequencies. By making all the
cells in a cluster smaller it is possible to increase the overall capacity of the cellular
system. Hence, small low power base stations should be installed in areas where there are

more users. [12]

Many advantages resulted from using the concept of cellular networks such as increased
coverage and capacity by the ability to re-use frequencies, reduced the usage of

transmitted power, and reduced interference from other signals.
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Figure 2-6 Clusters

2.1.2 MATHEMATICAL PROGRAMMING

Mathematical programming is a modeling approach used for decision-making problems.
Formulations of mathematical programming include a set of decision variables, which
represent the decisions that need to be found and an objective function, a function of the
decision variables, which assesses the quality of the solution. A mathematical program

will then either minimize or maximize the value of this objective function.

The decisions of the model are subject to certain requirements and restrictions which can
be included as a set of constraints in the model. Each constraint can be described as a

function of the decision variables which bounds the feasible region of the solution and it



16

is either equal to, not less than, or not more than, a certain value. Also, another type of

constraint can simply restrict the set of values to which a variable might be assigned.

Throughout this thesis, we use Mixed Integer Programming (MIP) for constructing our
models which is a subset of mathematical programming. We use MIP where the
constraints and objective function are all linear with the restriction that some of the
variables must be integer-valued. Several applications for MIP involve decisions that are
discrete, while some other decisions are continuous in nature. In this thesis, we will refer

to the form of MIP as the standard form which is described as:

Min/Max  f(x)
subjectto g;(x) <0
hi(x) =0
Where:
f(x) isthe objective function to be minimized or maximized
gi(x) are the inequality constraints to the problem fori = 1,2,3,...,m
h; (x) are the equality constraints to the problem for j = 1,2,3,...,n

mand n are the number of the constraints for the inequalities and the equalities,

respectively. [13, 14, 15]
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2.1.3 PROPAGATION MODEL

In this thesis, we use COST-Walfisch-lkegami (COST-W!I) propagation model [16] for
urban city environment. This model has many features such that it can be implemented
easily without expensive geographical database, captures major properties of propagation

and is used widely in cellular network planning.

COST-WI model provides a high accuracy for urban environments where the propagation
over the rooftops is the most dominant part by the consideration of more data to describe
the character of the environment. As depicted in Figures 2-7 and 2-8, it considers

buildings heights (k. ), roads widths (w), buildings separation (b), and road orientation

with respect to the direct radio path (¢). The main parameters of the model are:

- Frequency (f) which is restricted to be in the range of 800 to 2000 MHz

- Height of the transmitter (hyy) which is restricted to be in the range of 4 to 50
meters.

- Height of the receiver (hpy) Which is restricted to be in the range of 1 to 3 meters.

- Distance between transmitter and receiver (d) which is restricted to be in the

range of 20 to 5000 meters.
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Figure 2-8 Definition of the street orientation angle ¢

The model distinguishes between two situations, line-of-sight (LOS) and none-line-of-
sight (NLOS) situations. In this thesis, we consider the situation of NLOS. In the

following, we describe the two cases in more details.
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1- Line-Of-Sight (LOS) situation:

LOS means that there exists a direct path between the transmitter and receiver; see

Figure 2-9. For this case, the path loss (PL) is determined by the following

expression.

ford =20m

d
PL(dB) = 42.6(dB) + 26 - log (E) +20-log (#)

where dB indicates the decibel unit

Building

Base
Station

Building

Building

Line-Of-

Sight ® vobite

Station

Figure 2-9 LOS Situation

2- None-Line-Of-Sight situation:

NOLS means that the path between the transmitter and receiver is partially

obstructed, usually by a physical object such as buildings, trees, hills, mountains, etc,

see Figure 2-10.
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Figure 2-10 NLOS Situation

For this case, the path loss calculation is more complicated where the path loss is the sum

of the free space loss (Ly), the rooftop-to-street diffraction loss (L, ), and the multiple

screen diffraction 10SS (L,sq):

for Ly;s + Lypsqg >0

_ LO + Lrts + Lmsd
PL(dB) a {LO fOT' Lrts + Lmsd <0

The free space loss (L) is determined by:

f

d
Lo = 32.4(dB) + 20 - log (E) 420 log (MHZ>
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and the rooftop-to-street diffraction loss (L,.;) determines the loss occurred on the wave

coupling into the street where the receiver is located and it is calculated by:

w h —h
L. =—16.9(dB) — 10-log (E) +10-log (#) +20-log <%> + Loy,

Lo,; is the orientation loss obtained from the calibration with measurements and

determined by:

( @

~10 4 0.354 -2 ° < °
0+ 0.35 deg. for0° < ¢ <35
¢ . .
Low=<2'5+0'075'(@‘35) for 35° < ¢ < 55

. )
40 —0114- (-2 ° < °
400 (deg_ 55 for 55° < ¢ < 90

The multiple screen diffraction loss is determined by:

d f b
v = L+ o+ k108 () + Lo () = 9w ()

where;

hpy — h.
—18 - logifl + TXTOOf) for hry > hroof
0 fOT' hTX < hroof

Lpsp =
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( 54 fOT' hTX > hTODf
hry —h
~ 4 54— 0.8 - <”Tf> ford = 05km and hyy < Ry
.=
hTX —h d/km
l54 -08 ( - f) : ( 0T ) ford < 0.5km and hrx < hyoof
18 fOT' hTX > hroof
= hry —h
kd 18 — 15 - (TX—rOOf> fOT' hTX < hroof
hroof - hRX
f/MHz , . .
0.7 - ( 975 1) for medium sized city and suburban centers
kf =—4+ f/MHZ '
1.5- ( 975 1) for metropolitan centers

The factor k, represents the increase of the path loss for base station antennas below the
rooftop of the adjacent buildings. The factors and k, and k; control the dependence of
L..sa Versus the distance and radio frequency, respectively. The relationship between the
path loss using COST-WI and the distance for both LOS and NLOS situations is shown

in Figure 2-11.
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Figure 2-11 Path Loss versus distance (km) for COST-WI model

2.2 RELATED WORK

In this section a literature survey is presented of relevant previous work for the papers in
which the problems of base stations (BS) location and frequency assignment for wireless
networks have been studied. The reviewed papers can be classified into three main
categories, namely, BSs location problem, frequency assignment problem, and combined

BSs location and frequency assignment.
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2.2.1 BASE STATIONS LOCATION PROBLEM

In the study of [7], the author developed an optimization framework based on simulated
annealing to select BS sites and configurations for mobile cellular networks where the
configuration of each BS involves antenna type, power, azimuth, and tilt. The
optimization objective is to minimize the site cost while satisfying the coverage, capacity,

handover, and interference constraints.

In the study of [17], the authors used MIP for modeling the problem of the location and
configuration of BSs in a universal mobile telecommunication system (UMTS) network
aiming to minimize the total cost of the network. The MIP model takes into consideration
the constraints of capacity, interference, need for sufficiently strong signals, and potential

gain for mobiles from being in soft hand-over.

In the studies of [18-23], the authors proposed mathematical programming models for
selecting the location and configuration of BSs for UMTS network with the objective of
maximizing the coverage while the total cost is reduced. They also proposed randomized
greedy procedures and Tabu search algorithms to reduce the computational time required
to find an approximate solution. The different models take into account installation costs,

signal quality, power control mechanism and traffic coverage.
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In the studies of [24, 25], the authors studied the planning of UMTS radio networks
taking into consideration the coupling of coverage and capacity through interference.
They provided a local search procedure and a MIP model for planning networks under

quality constraints with the objective of minimizing the total cost.

In the study of [26], the authors solved the BS locations and calculation of service
capacity problems using an integer programming (IP) model with the objective of net-
revenue maximization satisfying the interference constraint. The model considers a set of
candidate BS locations with corresponding costs, a number of customer locations with
corresponding demand for traffic and the revenue potential for each unit of capacity
allocated to each demand point. Also they developed some algorithms for practical

solution.

In the study of [8], the authors presented a constraint satisfaction problem model using
both IP and constraint programming for BSs location in 3G W-CDMA uplink
environments and applied constraint satisfaction techniques such as variable ordering and
value ordering to get good approximate solutions. The model objective is to minimize the

total transmitted power while satisfying the coverage and quality of service constraints.

In the study of [27], the authors integrated a deterministic model for tower section and a

stochastic one for revenue optimization into a stochastic integer programming model that
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optimizes the BS locations under the uncertainty of the demand. They also developed

algorithms using Bender’s reformulation.

In the study of [28], the authors addressed the problems of planning and optimizing for
the characteristics of WCDMA radio networks i.e. power and handover. They developed
IP models for selecting optimal BS locations with the objective of minimizing the
installation cost under while the traffic capacity and coverage are maximized. In addition,

they presented four meta-heuristics that could be used for practical solutions.

In the study of [29], the authors proposed a MIP model for finding the optimal
placements of BSs and Optical Network Units (ONU) in a WOBAN. The objective of
model is to minimize the total cost of the networks taking into consideration coverage,
capacity, and quality of service constraints. They used Lagrangian Relaxation to solve

this MIP with reasonable accuracy.

In the studies of [30, 31], the authors studied the problem of designing Wireless Mesh
Networks (WMN) considering traffic routing, interference, rate adaptation, and channel
assignment. The developed MIP models for realistic size instances with the objective of
minimizing the network installation cost while providing full coverage to wireless mesh

clients. They also proposed a relaxation-based heuristic for large size network instances.
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In the study of [32], the author solved the problem of base station placement in urban
environment using 2-D convolution which searches for the best locations of base stations
based on highest consumption criteria and allows simple user interface and arbitrary

demand and supply patterns of power.

In the study of [33], the author introduced a novel approach for computing the number,
location, and transmission powers of wireless base stations in a 2-D urban setup which
utilizes 2-D convolution to extract the supply—demand correlation. This approach enables
network designers to choose arbitrary antenna propagation and radio demand patterns

using a simple color-coding mechanism.

In the study of [34], the authors proposed a new placement technique for WLAN APs
based on 2-D convolution with the objective of covering the whole area with minimum
number of access points considering the environmental features of the intended area such

as radio propagation model and antenna patterns.

In the study of [35], the authors provided a mathematical model for the problem of
automatic selection and configuration of BSs sites for fixed wireless access networks
considering the net present value (NPV) to produce cost-effective deployments which
maximize the economic performance and taking into account the constraints of coverage,

interference, capacity and availability.
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In the study of [36], the author studied the problem of 3G cellular network design. He
developed a series of optimization models using mathematical programming for
determining the optimal locations of BSs from a set of candidate BS locations and
assignment of mobiles to BSs considering capacity and quality of service constraints. He
concluded that the models require special solution techniques due to its size and

difficulty.

In the study of [37], the authors proposed an optimization framework for the design of
CDMA-based cellular networks to determine the BS selection and BS-to-mobile user
association. The objective of the optimization is to maximize the profit while satisfying

the quality of service constraints.

2.2.2 FREQUENCY ASSIGNMENT PROBLEM

In the study of [38], the authors formulated the fixed channel assignment problem as an
MIP problem with compatibility and requirement constraints. The model goal is to satisfy
the maximum requirements of the BS i.e. traffic constraints. For solving the proposed

MIP model, they used a special branch and bound algorithm.

In the study of [39], the authors proposed an iterative-approach heuristic for assigning

fixed channels in large cellular radio networks. Their approach is to find an initial
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assignment using fast heuristics then splitting the problem into smaller sub-problems

which can be solved using a binary linear program.

In the study of [40], the authors developed a mathematical programming model to
determine the assignment of stations to access points, signal strengths and channel
assignment of both access points and stations for small scenarios of co-existing
CSMAJ/CA-based wireless networks, such that the contention between these networks is
minimized. They also proposed a genetic algorithm specifically tuned to find near-

optimal solutions for large scenarios.

In the study of [41], the authors addressed the problem of channel assignment for multi-
channel multi-interface WMN. They provided two MIP models to find optimal fixed
channel assignment with multiple radios with the objective of maximizing the number of
bidirectional links that can be activated simultaneously considering the interference

constraints.

In the study of [42], the authors addressed the problem of assigning channels to
communication links in multi-hop wireless mesh networks with the objective of
minimizing the overall network interference using designing centralized and distributed
algorithms. They developed a semi-definite program and a linear program formulation of

the problem for obtaining lower bounds on overall network interference.
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In the study of [43], the authors developed an MIP for obtaining the optimal frequency
assignment for each access point (AP) such that the throughput is maximized and the
interference between the various APs is minimized. They assumed that the location of the
APs are known and considered the case where the APs are not in line of sight. They

proposed also two efficient heuristic algorithms to achieve the same results.

In the study of [44], the authors studied the problem of the radio resource assignment in
WMNSs assuming a time division multiple access (TDMA) scheme. They provided an
optimization framework using mathematical programming for routing, scheduling and
channel assignment considering the signal-to-interference-and-noise ratio. They
considered an alternative problem formulation where decision variables represent
compatible sets of links active in the same slot and channel, called configurations and the

optimization goal is to minimize the number of used slots.

223 BASE STATIONS LOCATION AND FREQUENCY ASSIGNMENT

PROBLEMS

In the studies of [45- 47], the authors studied the integrated problem of BS placement and
fixed channel assignment for wireless local area network (WLAN) in an indoor
environment. They proposed mathematical models using MIP with the objective of
maximizing the coverage while the installation costs are reduced taking into

consideration the quality of service constraints.
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In the study of [6], the authors formalized the problem of BSs positions and channels
assignment as a MIP model with the objective of minimizing the interferences or the
number of blocked channels. Also, they developed a simulated annealing as an

approximate optimization technique whenever an exact solution is out of reach.

In the study of [48], the authors solved the problem of designing cellular mobile networks
using combinatorial optimization methods aiming to cover the maximum number of users
considering the traffic capacity with the minimum number of sites. First, they found the

BSs placement and configuration then they allocated the communication channels.

In the study of [49], the authors studied the problem of designing broadband fixed
wireless access networks. They developed an optimization model for BS selection and
configuration with the objective of maximizing the profits considering availability,
coverage, capacity, and interference constraints. The BS configuration includes antenna

type, azimuth, tilt, power, and channel assignment.

In the studies of [50, 51], the authors provided a MIP model for the integrated problem of
the cell site selection and the frequency allocation where the objective is to cover a
maximum amount of traffic at a low interference considering the capacity constraint.
Also, due to the complexity of the problem, they developed a branch-and-bound

algorithm to solve huge size problems.
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In the study of [52], the authors studied the problem of optimizing AP placement and
channel assignment in WLANS. They formulated the problem as a MIP model and the
objective is to minimize the maximum of channel utilization under the constraints of

coverage, capacity, and quality of service.

In the study of [53], the authors developed a MIP model for optimum locations of BSs as
well as frequency channel assignment with the objective of maximizing the coverage
considering the capacity constraints. They proposed also a few greedy heuristics to obtain
quicker solutions. In addition, they developed a Lagrangian heuristic technique which

builds on the obtained solution by the greedy heuristics in order to improve the optimality

gap.

In the study of [54], the authors presented a net-revenue maximization model for cell
locations and channels allocation problems using IP model. The model considers a set of
candidate cell locations with corresponding costs and a number of customer locations
with corresponding demand. Moreover, they developed some procedures to generate tight

bounds for the model.

In the study of [55], the authors used mathematical programming for optimizing AP

placement and channel assignment for WLAN. They developed a MIP model for each
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problem then proposed an integrated one with the objectives of maximizing the average

throughput and minimizing the overlap areas.

In the study of [2], the authors developed a mathematical programming formulation for
channel allocation problem aiming to maximize the coverage taking into account the
interference between adjacent-channel. They considered an interference of a channel with
at most two other channels only. They developed a solution procedure for channel
allocation which uses a heuristic first to locate the cell towers, then allocates the channels
to the towers using a polynomial-time algorithm, and finally improves this allocation

using a simulated annealing procedure.

In the study of [56], the authors provided mathematical optimization models for solving
APs placement and channels assignment problems in WLANSs considering the capacity
and quality constraints. They presented an optimization model for AP location aimed at
maximizing the average user throughput and two modeling approaches for channel
assignment that use different performance metrics. They also discussed integrated models

for joint optimization of AP location and channel assignment.
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Chapter 3

MIXED INTEGER PROGRAMS — MAIN MODELS

3.1 MODEL I: BASE STATIONS LOCATION PROBLEM

In this section, we solve the problem of base stations location. The objective of this
model is to minimize the total cost of the associated base stations taking into account the
constraints of area coverage, capacity of base station, and quality of service requirements
for each user. If the costs of base stations are equal, then problem is to find the minimum

number of base stations which will satisfy all constraints.
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3.1.1 MODEL I: MODEL FORMULATION

We assume that the demand points and candidate sites for the base stations are known.
Denote the ith demand point by DP;, i = 1,2,...,n and the jth candidate site by CS;,
j=1,2,..,m. A base station at candidate site j can serve demand point i, if the power
received at DP; exceeds its minimum power requirements, y, so we define S(i) as the set

of candidate sites that can serve demand point DP; , i.e.

S() ={()|j € S, such that the power received at DP; > y}

where S is the set of candidate sites.

The Mixed Integer Programming model for the base stations location problem can be

described as follow:

1 — The decision variables for Model |

a. The decision variable, ¥, j = 1,2, ..., m is defined as follows:
v = { 1 if a BS is constructed at CS;
/ 0 otherwise

b. The decision variable, X;;, i = 1,2, ...,nand j € S(i), is defined as follows:

ij

Xl” =

{ 1 if a BS at CS; has the strongest signal at DP,
j

0 otherwise
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2 — The objective function for Model |

The function to be optimized is the total cost of the network. The objective function can

be described as:

m
Minimize Z C] 1§ 3-1
=1

where G is the cost of installing a base station at CS;.

3 — The constraints for Model |

The problem has five types of constraints that bound the feasible region of the solution.

These are the following:

a.

Each demand point should be served by at least one base station. This set of

constraints can be represented by:

Z 21, i=12.,n 3-2
jEes()

Each demand point should be assigned to exactly one base station; hence this set

of constraint can be written as:
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A candidate site CS; is assigned to a demand point DP; if it is selected to construct

a base station and it can be represented by this set of constraints:

=
v
S

ijo, =12 wonandj=1.2,..,m 34

Each base station has a capacity of Q channels, so the numbers of demand points
assigned to each base station must not exceed its limit of channels. This set of

constraints can be written as follow:

3-5

The quality of service constraints by which the ratio of the strongest signal
received at each DP; to the received noise and signals from other base stations
should be greater than a minimum requirement of signal-to-interference-plus-

noise ratio, SINR. This set of constraints can be given as follow:

SP(i)
> 105IVR/10 i =12, ..., -
Py, + TP(i) — SP(D) l " 36

where;

SP(i) isthe strongest power at test point DP; and is given by:
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jes@

where P;; is the received power at DP; from a BS at CS§;

TP(i) is the total power received at DP; which is generated by all
base stations at candidate sites that can serve DP; and is

given by:

TP(i) = z Y P; 3-8
=NO)

where P;; is the received power at DP; from a BS at CS;

Py.

L

is the noise power at DP,

SINR is minimum signal-to-interference-plus-noise ratio

The complete MIP model for the base stations location problem can be summarized as

shown in Figure 3-1.
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"
Minimize Z C.Y

Subject to

X; =Y,

Zizlxij =@

SP(i) 1
Py, +TP(i) — SP(i) ~

QSINR/10

X,Y €[0,1]

Figure 3-1 MIP Model I - Base Stations Location Problem

3.1.2 MODEL I: NUMERICAL EXPERIMENT

A case has been studied for an area of 11km x 11km with a map that is converted using
MATLAB into 100 demand points (DP), where each demand point represent multi users

and same load of users considered for all demand points. A set of optimal location for
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base stations (BS) has to be selected from 300 candidate sites (CS). The demand points

and candidate sites are shown in Figure 3-2.
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Figure 3-2 Demand Points and Candidate Sites Condsidered for Model |

None-line-of-sight situation (NLOS) is considered for calculating the path loss using
COST-WI propagation model (Section 2.2.3) with the parameters shown in Table 3-1.
The other parameters used in the numerical experiments such as transmitted power, gains,
receiver sensitivity, and base stations capacity are shown in Table 3-2. The noise power is

assumed to be negligible.



Table 3-1 Parameters Considered for COST-WI Propagation Model

Parameter Value
Frequency 1800 MHz
Height of transmitter 25 m
Height of receiver 2m
Height of building 7m
Buildings separation 50m
Width of streets 25m
Angle 30°

Table 3-2 Parameters used in Numerical Experiment of Model |

Parameter Value
Transmitted power 25 dBm
Transmitted antenna gain 8 dBi
Received antenna gain 2 dBi
Minimum power requirement -95 dBm
Available frequencies 1
Base station capacity 30 channels
SINR 20dB




42

The MIP for base stations location problem is solved using an optimization modeling
software, LINGO, LINDO Systems Inc. The optimal solution resulted into 10 base

stations as shown in Figure 3-3.
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Figure 3-3 Results of Model |

3.1.3 MODEL I: DISCUSSION

As noticed above, this MIP model recommends 10 base stations to cover all the demand

points which is relatively high number considering that each base station has a capacity
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up to 30 demand points. There are two reasons for having a large number of base stations.
The first reason, the height of the transmitter as well as the transmitted power are low in
order to satisfy the quality of service (i.e. SINR) constraint in urban areas, whereas if
higher values are used, it could result in a higher coverage but the SINR constraint will
not be satisfied. The second reason, the inflexibility of this model i.e. frequency and base
stations configuration are not considered. However if the frequency is considered, it
could result in a less number of base stations to cover all the demand points, as will be
shown in Model I1. In addition, if base stations configuration is considered, it could result

in a less number of base stations too.

3.2 MODEL II: BASE STATIONS LOCATION AND FREQUENCY

ASSIGNMENT PROBLEMS

In this model, we solve the integrated problem of base stations location and frequency
assignment. The objective of this model is to minimize the total cost of the network
taking into account the constraints of area coverage, capacity of base station, and quality
of service requirements for each user. This means, if the costs of base stations are equal,
then the problem is to find the minimum number of base stations with optimal frequency
assignment which could achieve the objective of the model while satisfying all

constraints.
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3.2.1 MODEL II: MODEL FORMULATION

We assume that the demand points and candidate sites are known. Denote the ith demand
point by DP;, i = 1,2, ...,n and the jth candidate site by CS;, j = 1,2, ..., m. There is also,
a set of available frequencies, k, to be assigned to base stations, k = 1,2, ..., K. A base
station at candidate site j can serve demand point i, if the power received at DP; exceeds
its minimum power requirements, y, so we define S(i) as the set of candidate sites whose
can serve demand point DP; , i.e.

S{) ={()|j € S,such that the power received at DP; > y}

where S is the set of candidate sites.

The Mixed Integer Programming model for the integrated problem of base stations

location and frequency assignment can be described as follows:

1 — The decision variables for Model Il

a. The decision variable, Y, ,j = 1,2,...,mand k = 1,2, ... K, is defined as follows:

Y, = {1 if aBSis constructed at CS; with a frequency k
/ 0 otherwise

b. The decision variable, X, i = 1,2,...,n,j € S(i) and k = 1,2 ... K, is defined as
follows:

Yo = { 1 if a BS at CS; has the strongest signal at DP; with frequency k
bk 0 otherwise
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2 — The objective function for Model 11

The function to be optimized is the total cost of the network. The objective function can

be described as:

m l
Minimize Z z G Y 3-9
j=1 k=1

where G is the cost of installing a base station at CS;.

3 — The constraints for Model Il

The problem has six types of constraints that bound the feasible region of the solution.
These are the following:
a. Each demand point should be served by at least one base station. This set of

constraints can be represented by:

l
> > Yez1, i=12..n 3-10
jes() L=k=1

b. Each base station should be allocated at most one frequency. So this set of

constraints will ensure that only one frequency is assigned to each BS:

l
zk_llgk <1, j=12,.,m 3-11
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c. Each demand point should be assigned to exactly one base station; hence this set

of constraint can be written as:

l
z z Xijk =1 , [ = 1,2, e, n 3-12
jeS@) k=1

d. A candidate site CS; is assigned to a demand point DP; if it is selected to construct

a base station at it and it can be represented by this set of constraints:

)§k ZXijk ) i = 1,2,...,n,j=1,2,...,m&
3-13
k=12,..K

e. [Each frequency at each base station has a capacity of Q channels, so the numbers

of demand points assigned to each base station must not exceed its limit of

channels. This set of constraints can be written as follow:
n
Z Xje <Q,  j=12..,m&k=12.K 3-14
i=1

f.  The quality of service constraints by which the ratio of the strongest signal

received at each DP; to the received noise and signals from other base stations
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should be greater than a minimum requirement of signal-to-interference-plus-
noise ratio, SINR. This set of constraints can be given as follow:

(l) = 1051NR ] 1 2 &
10 = .
PN1+TP(1)—SP(1)_ ’ ' " n

3-15
k=12, ..,K

where:

SP(i) isthe strongest power at test point DP; and is given by:
jeS(i)

where P;; is the received power at DP; from a BS at CS;

TP(i) is the total power received at DP; which is generated by all

base stations at candidate sites that can serve DP; and is given

by:
jes@

where P; is the received power at DP; from a BS at CS;

Py.

L

is the noise power at DP;

SINR is minimum signal-to-interference-plus-noise ratio

The complete MIP model for the integrated problem of base stations location and

frequency assignment can be summarized as shown in Figure 3-4.



Minimize

Subject to

I
Xop=1
Z;‘ES{;‘] =1 %

Y = X

n
Z X =Q
=1

SP(D) I
Py +TP(D) —SP(D)~

X,Y €[0,1]

Figure 3-4 MIP Model Il - Base Stations Location and Frequency Assignment

Problems

3.2.2 MODEL II: NUMERICAL EXPERIMENT

48

The same case in section 3.1.2 for Model 1 is considered but with more demand points

(DP), 265 demand points, to show the effectiveness of the frequency reuse concept,
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where each demand point represent multi users and same load of users considered for all
demand points. A set of optimal location for base stations (BS) has to be selected from

100 candidate sites (CS). The demand points and candidate sites are shown in Figure 3-5.

¢ ® DP

*CS

Figure 3-5 Demand Points and Candidate Sites Considered for Model 11

Parameters for the COST-WI propagation model are still same as in Table 3-1. The other
parameters used in the numerical experiments such as transmitted power, gains, receiver
sensitivity, and base stations capacity are shown in Table 3-3. We consider a wireless
operator who has 60 radio channels available and they are distributed equally into two

different frequencies where each frequency has 30 completely different channels.



Table 3-3 Parameters used in Numerical Experiment of Model 11

Parameter Value
Transmitted power 25 dBm
Transmitted antenna gain 8 dBi
Received antenna gain 2 dBi
Minimum power requirement -95 dBm
Available frequencies 1,2
Base Station Capacity 30 channels
SINR 20dB
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The MIP for base stations location and frequency assignment problems is solved using an

optimization modeling software, LINGO, LINDO Systems Inc. The optimal solution

resulted into 13 base stations as shown in Figure 3-6. The selected base stations along

with their allocated frequencies are shown in Table 3-4.
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11

10

® DP

+ BS

Figure 3-6 Results of Model 11
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Table 3-4 Selected BS and their Allocated Frequencies for Model 11

as 4 : Location ' I;A;Ielglcj:s;i(;
1 05 35 1
2 05 105 1
3 1.5 9.5 2
4 25 1.5 2
5 25 6.5 1
6 55 0.5 1
7 55 5.5 2
8 6.5 15 2
9 6.5 4.5 1
10 6.5 8.5 1
11 9.5 15 1
12 9.5 9.5 1
13 10.5 55 1

3.2.3 MODEL I1: DISCUSSION

As noticed above, although the capacity of each base station is up to 30 demand points,
this MIP model recommends 13 base stations to cover all the demand points. This
number of recommended base stations resulted because of low height and transmitted
power of the transmitter which are considered to satisfy the quality of service (i.e. SINR)
constraint. Compared with Model I, frequency assignment adds more flexibility to the
model which is indeed demonstrated by covering more demand points as the interference

between the base stations is reduced by using different frequencies.
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3.3 MODEL I1l: BASE STATIONS LOCATION AND CONFIGURATION

PROBLEMS

In this model, we solve the problems of base stations location and configuration where
the configuration of antennas in each base station involves azimuth, tilt, height, and
transmitted power. The objective of this model is to minimize the total cost of the
network taking into account the constraints of area coverage, capacity of base station, and

quality of service requirements for each user.

3.3.1 MODEL Ill: MODEL FORMULATION

We assume that the demand points and candidate sites are known. Denote the ith demand
point by DP;, i = 1,2,...,n and the jth candidate site by CS;, j = 1,2, ..,m. We will
assume that a mast carries [ directional antennas where [ = 1,2, ..., N, i.e. N is either
three with 120° for each sector or six with 60° for each sector. In this thesis, we
consider N = 3, i.e. each base station has at most 3 directional antennas. An antenna has
an azimuth angle, A where 0 < A < 359 and a tilt angle, T € [—15°,0]. Let P denote
the power of an antenna, P,,;, < P < B,,, and H denote the height of an antenna,
H,imm < H < H,,, . Let S(i) be the set of candidate sites that can serve test point TP; by

one of its antennas at a given azimuth and tilt angles, i.e.

(,LA,T,H,P)|jeS,1=120r3,0<A<359,-15<T <0,
S(i): Hpin < H < Hygx, Pin < P < Brax
such that the power received at DP; >y
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where S is the set of candidate sites and y is threshold of minimum power.

The Mixed Integer Programming model for the base stations location and configuration

problems can be described as follow:

1 — The decision variables for Model 111

a. The decision variable, ¥, j = 1,2, ..., m, is defined as follows:

{ 1 if aBS is constructed at CS;

J 0 otherwise

b. The decision variable, X;jjarpp, i = 1,2,...,n,J €S, [=1,2,3, 0 <A<
359,-15<T <0,H,;, <H<H,, ,and P,;,, <P < B,,, isdefined as
follows:

1 if BS at CSj with antenna |, azimuth A, tilt T, height H,

Xijiatup = and power P, has the strongest signal at DP,
0 otherwise

C. The decision variable, Wyarpp, j € S(0), 1 =1,2,3, 0<A<359,-15<T <

0,H,;;, <H<H,, ,and P,;, <P < B, ., s defined as follows:

1 if at CSj, antenna |l has azimuth A, tilt T, height H,

Warup = and power P
0 otherwise
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Note that the difference of azimuth angles of the three antennas at any mast is
120° . Hence:

W 1,410 = W 2mod (4+120,360),T,H,, = W} 3mod (4+240,360),T,H,P

d. The decision variable, Z,, j € S(i) and 0 < A < 359, is defined as follows:

Tix =

{1 if at CS]-, a BS has azimuth A
'

0 otherwise

2 — The objective function for Model Ill

The function to be optimized is the total cost of the network. The objective function can

be described as:

n

Minimize Z C] 1§

j=1
3 360 0 Hinax Prax
LSS S S e
jeS(i) =1 A=0 T=-15 H=Hpin P=Pin

3-18

where:
G isthe cost of installing a base station at CS;
CcP(P) is the cost of having an antenna with power P which might not be a

linear function.
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3 — The constraints for Model 111

The problem has seven types of constraints that bound the feasible region of the solution.
These are the following:
a. Each antenna, if chosen, at any base station has only one value of azimuth, tilt,

height, and power. So this set of constraints can be written as:

DI I S W
WIATHP <Y , ] = 1,2 e, m
a=0Lar=—15 Lapi=p,, Lap=p,;, ! 3-19

andl =1,2,3

b. Each base station at any location has only one azimuth and this condition can be

represented by the following two sets of constraints:

MG‘IATHP < ZjA , JES(),1=1230<A<359,-15<T

3-20
=< O'Hmin <H< Hmax ,and Pmin <P< Pmax

359
Z Z, <1, j=12..,m 3-21

c. Each demand point should be served by at least one base station. This set of

constraints can be represented by:
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3 360 0 Hmax Prax
Do Dts Donn Dar s Do Dy Wiarir =1,
jES() =1 A=0 T=-15 H=Hpn P=Pmin

i=12,..,n

3-22

d. Each demand point should be assigned to exactly one base station; hence this set

of constraint can be written as:

3 360 «—0 Hmax Prax
2pests tos Do D Doy, Dappy, Fiarie =1
JES(i) bmd =1 bmd A=0 bd T=—15 b—d H=H,;,, =dP=P,;

3-23

e. A candidate site CS; is assigned to a demand point DP; if it is selected to construct
a base station which has an antenna [ with azimuth A, tilt T , height H , and power
P . This set of constraints can be represented by :
Wiarup = Xijiarup » 1 =12,..,m,j € S(),1 =123,
0<A<359,-15<T<0,Hy, <H 3-24

SHmax 'andpmin SPspmax

f. Each base station has a capacity of Q channels, so the numbers of demand points
assigned to each base station must not exceed its limit of channels. This set of

constraints can be written as follow:
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n 359 0 Hmax Pmax
i=14=dA=0 &=~IT=-15 H=Hp, P=Ppin

jeS(),andl =1,2,3,

3-25

g. The quality of service constraints by which the ratio of the strongest signal
received at each DP; to the received noise and signals from other base stations
should be greater than a minimum requirement of signal-to-interference-plus-

noise ratio, SINR. This set of constraints can be given as follow:

SPQ@) >100, Q=12 3-26
10 =12, .., -
Py +TPQ) — SP(0) — o PEAA R

where:

SP(i) isthe strongest power at test point DP; and is given by:

3 360 0 Hma.x Pmax
SP(i) = Z Z z Z z Z Xijiarup Pijiatnp 3-21
jes(i) di=14—p=0 {dT=—15 Ld=H,,;, L=P=P,,,

where P is the received power at DP;.
TP(i) isthe total power received at DP; which is generated by all base stations at

candidate sites that can serve DP; and is given by:

3 360 0 Hmax Pmax
TP(i) = Z Z Z Z Z Z Wiarnp Pijiatnp 3-28
jes() bi=14—p=0 LT =—15 Lap=H,,, L=P=P,,,

where P is the received power at DP;.

Py, isthe noise power at DP;

SINR is minimum signal-to-interference-plus-noise ratio
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The complete MIP model for the problem of base stations location and configuration can

be summarized as shown in Figure 3-7.

]
Minimize Z C}}f}
J=1

20 res Do Doreis s Lroms

Subject to

355 w0 Hoax
D i Dores Domens Lopen Wi <
A=pd—iT=—15 Ldy=py

Wiaree = 254

359

Z, <1
A=0

360 Hmnx 'pﬂ"l.ﬂ.t'
;mmp
jesii) =1 T==15 P=Prin

H=Hpmin

360 B o Prax
:;MT'HF'
jesii) =1 T=-15 H=Hp,

==13

Wisarue 2 Xijuarue

359 Hyp g Pmas
E E E E E Xijrarup =@
i=1 r=-15 P=Ppin

H=Hmin

SE(i) SINR.
>1010
Py, +TP(i)—5P(i)

X,Y,W,Z €[01]

Wiiarue CP (P)

IV
.y

Figure 3-7 MIP model 111 - Base Stations Location and Configuration Problems
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3.3.2 MODEL Ill: NUMERICAL EXPERIMENT

The same case in section 3.1.2 for Model I, is considered with the same locations of
demand points and candidate sites. The parameters used for COST-WI propagation
model to calculate the path loss are the same as in Table 3-1 except for the height of the
transmitter as it has two values and is shown in Table 3-4. The other parameters used in
the numerical experiments such as transmitted power, gains, receiver sensitivity, and base
stations capacity are shown in Table 3-4. Tilt is not considered. The noise power is

assumed to be negligible.

Table 3-5 Parameters used in Numerical Experiment of Model 111

Parameter Value 1 Value 2
Transmitted power 20 dBm 25 dBm
Transmitted antenna gain 8 dBi
Received antenna gain 2 dBi
Minimum power requirement -95 dBm
Height of transmitter 20 m 25m
Available directional antennas 1,2,3
Antenna azimuth 0° 60°
Available frequencies 1
Base station capacity 30 channels
Antenna capacity 10 channels
SINR 20dB
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The MIP for base stations location and configuration problems is solved using an
optimization modeling software, LINGO, LINDO Systems Inc. The optimal solution
resulted into 9 base stations as shown in Figure 3-8. The location and configuration of

each selcted base staion are shown in Table 3-5.
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Figure 3-8 Results of Model 111



Table 3-6 Base Stations Location and Configuration for Model 111
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LOCATION
BS # X v AZIMUTH | ANTENNA | HEIGHT | POWER
1 0.5 3 1 L 2 L
' 2 2 1
1 2 1
2 1.5 9 1 2 2 1
3 2 1
3 4.5 2 2 L 2 L
' 2 2 1
1 2 1
4 5 7.5 2
2 2 1
5 6 2 2 1 2 1
1 2 1
6 6 4.5 1 2 2 1
3 2 1
1 2 1
7 8 10 2
2 2 1
1 1 1
8 9 7.5 1
2 2 1
2 2 1
9 10 1.5 2
3 1 1

3.3.3 MODEL I11I: DISCUSSION

As observed from the results above, this MIP model recommends 9 base stations to

cover all the demand points even though the capacity of each base station is 30

channels.

However, we should note that most of the base stations have either one

antenna or two. The average number of antennas is less than two per base station. This
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number of recommended base stations resulted because of low height and transmitted
power of the transmitter which are considered to satisfy the quality of service (i.e.
SINR) constraint. As expected, when compared to Model I, incorporating the
configuration of base stations adds more flexibility to the model resulting in all the
demand points with less number of base stations. Moreover, the recommendation shows
that different configuration is assigned to different base stations to reduce the

interference between them and also not all sectors at each base station are working.

3.4 MODEL IV: LOCATION AND CONFIGURATION OF BASE STATIONS

AND FREQUENCY ASSIGNMENT PROBLEMS

In this model, we solve the integrated problem of location and configuration of base
stations and frequency assignment. The configuration of antennas in each base station
involves azimuth, tilt, height, and transmitted power. The objective of this model is to
minimize the total cost of the network taking into account the constraints of area
coverage, capacity of base station, and quality of service requirements for each user. This
means that the problem is to find the minimum number of base stations with optimal
configuration and frequency assignment which could achieve the objective of the model

while satisfying all constraints.
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3.4.1 MODEL IV: MODEL FORMULATION

We assume that the demand points and candidate sites are known. Denote the ith demand
point by DP;, i = 1,2, ...,n and the jth candidate site by CS;, j = 1,2, ..., m. There is also,
a set of available frequencies, k, to be assigned to base stations, k = 1,2, ..., K. We will
assume that a mast carries [ directional antennas where [ = 1,2,...,N, i.e. N is either
three with 120° for each sector or six with 60° for each sector. In this thesis, we
consider that each base station has 3 directional antennas, i.e. N is three antennas. An
antenna has an azimuth angle, A where 0 < A < 359 and atilt angle, T € [—15°,0]. Let
P denote the power of an antenna, P, < P < P,, and H denote the height of an
antenna, H,,;, < H < H,,,,. Let S(i) be the set of candidate sites that can serve test

point TP; by one of its antennas at a given azimuth and tilt angles, i.e.

G,LAT,H,P)|jeS,1=120r3,0<A<359,-15<T <0,
S@) = Hpin < H < Hypgx, Prin < P < Bpax
such that the power received at DP; = y

where S is the set of candidate sites and y is threshold of minimum power.

The Mixed Integer Programming model for the location and configuration of base

stations and frequency assignment problems can be described as follow:

1 — The decision variables for Model IV
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a. The decision variable, ¥;, j = 1,2, ..., m, is defined as follows:

v = { 1 if aBS is constructed at CS;
/ 0 otherwise

b. The decision variable, Xjarup, i=12,..,n, j€S@), 1=1,273k=

d.

1,2,...,K, 0<A<359,-15<T<0,H,, <H<H,, ,and P,;,, <P <
Pax 1S defined as follows:

1 if BS at CS; with antenna , frequency k, azimuth A,

tilt T, height H, and power P, has the strongest

X,, =
ijlkATHP signal at DP;

0 otherwise

The decision variable, Wjarup, j€S(), 1=1,2,3,k=12,..,K,0<A<
359,-15<T<0,H,, <H<H,, ,and P,;, <P <B,,., is defined as
follows:

1 if at CS;, antenna l with frequency k has azimuth A,

Wiarnp = tilt T, height H, and power P
0 otherwise

Note that the difference of azimuth angles of the three antennas at any mast is
120° . Hence:

Wi ikarap = W2 kmod (4+120,360),7,H,p = W} 3 k,mod (4+240,360),T,H,P

The decision variable, Zy,, j€S(i),k=12,..,K,and 0 <A <359, is

defined as follows:
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A

_ { 1 if at CS;,a BS has a frequency k and azimuth A
kA —

0 otherwise

2 — The objective function for Model IV

The function to be optimized is the total cost of the network. The objective function can

be described as:

n

Minimize Z C] )j

j=1
3 K 360 0 Honax Ponax 3-29
i Dos Do Dona Darss Do Dy Wikarie CP(P)
JES(i) bmd | =1 bemd =1 bomd A=) b T=—15 bomd H=H, ;1 P=Pin

where:
G is the cost of installing a base station at CS;
CcP(P) is the cost of having an antenna with power P which might not be a

linear function.

3 — The constraints for Model IV

The problem has seven types of constraints that bound the feasible region of the solution.
These are the following:
a. Each antenna, if chosen, at any base station has only one value of frequency,

azimuth, tilt, height, and power. So this set of constraints can be written as:
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K 359 <0 Humax Prmax
2 2 Darmss Dy, Dapg, Viran SY, =120
k=14=A=0 =T=—15 &~ H=H,,;, =P=P,;, 3-30

andl = 1,2,3

b. Each base station at any location is allocated with only one frequency has only

one azimuth too. This condition can be represented by the following two sets of

constraints:

MG'lkATHP SijA, jES(i),l:1,2,3,k:1,2,...,K,0SA

<359,-15<T < 0,Hpmn < H < Hpoy ,and Py, 3-31
<P < Py
K 359
Z Zy <1,  j=12,..m 3-32
k=1 A=0

c. Each demand point should be served by at least one base station. This set of

constraints can be represented by:

3 K 360 ~—0 Homax Prnax
DD NI ND WAt Wl R
JES(i) bmd | =1 bomd | =1 bomd A=() bmd T=—15 bmd [{ =] ... bmd P=P, .

i=12,..,n

d. Each demand point should be assigned to exactly one base station; hence this set

of constraint can be written as:
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3 K 360 0 Hpax Prnax
JES(i) bmd | =1 bmmd =1 bmd A=() bd T=—15 bd H=H ;.. &=dP=P, ..

i=12,..,n

3-34

e. A candidate site CS; is assigned to a demand point DP; if it is selected to construct
a base station which has an antenna [ with frequency k, azimuth A, tilt T , height

H , and power P . This set of constraints can be represented by :

MG‘[kATHp = XijlkAT HP» [ = 1,2, ...,n,j € S(l),l = 1,2,3,
k=12 ..,K, 0<A<359,-15<T<0,H,;, <H 3-35

< Hpye ;and Py < P < By

f. Each antenna at each base station has a capacity of Q channels, so the numbers of
demand points assigned to each base station must not exceed its limit of channels.

This set of constraints can be written as follow:

n K 359 0 Hmax Pmax
i=1 k=1 A=0 T=-15 H=Hpm P=Pnin

jeS(),andl =1,2,3,

3-36

g. The quality of service constraints by which the ratio of the strongest signal

received at each DP; to the received noise and signals from other base stations
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should be greater than a minimum requirement of signal-to-interference-plus-

noise ratio, SINR. This set of constraints can be given as follow:

SP(@) >1010, =12 337
10 =12, .., -
Py, + TP(0) — SP(D) — p T AT

where:

SP(i) isthe strongest power at test point DP; and is given by:

3 K 360 0 Himax Prax
SP(i) = Z Z Z Z z z Z Xijikarnp Pijiearnp  3-38
jeS(i) =1 k=1 A=0 T=-15 H=Hpin P=Ppnin

where P is the received power at DP;.

TP(i) is the total power received at DP; which is generated by all base stations

at candidate sites that can serve DP; and is given by:

3 K 360 0 Hmax Prnax
TP(i) = z 2 Z Z Z Z Z Wiarnp Pijwcarnp  3-39
jes(i) bmi=1 Lmip=1 bmip=0 bmaT=—15 Lipy=p,,, L=ip=p,,,

where P is the received power at DP;.
Py, is the noise power at DP;

SINR is minimum signal-to-interference-plus-noise ratio

The complete MIP model for the location and configuration of base stations and

frequency assignment problems can be summarized as shown in Figure 3-9.



b8
Minimize Z G;Y;
i=1

360
jesie) =1 k=1 T==15 H=He i P= P,,..m

Subject to

359 Hmax
Z Z Z Z Z ;ikATHP = F
k=1 T=-15

W'EEATHP = z.r'k'.-i

7

359
S 2 <1
A=0
mMax
Do Dores Do Dorce Do s Do Do Wi 2 1
jesi =1 k=1 T=-15 H=Hp
D o Dres Do Donce e s Do Z"”““ !
IkATHP —
jes(i) =1 k=1 T=-15 U

H’{H kATHP 2 X:)'E EATHP

Z 359 Z Hep ase Prny
i=1 k=1 T=-15

SP(i) SINR
- — > 10 10
Py, + TP(i) — SP(i)

X,Y,W,Z €[0,1]

Figure 3-9 MIP Model 1V - Location and Configuration of Base Stations and

Frequency Assignment Problems
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3.4.2 MODEL IV: NUMERICAL EXPERIMENT

The same case in Section 3.2.2 for Model 1l is considered with the same locations of
demand points and candidate sites. Parameters used for COST-WI propagation model to
calculate the path loss are same as in Table 3-1 except the height of transmitter as it has
two values and is shown in Table 3-7. The other parameters used in the numerical
experiments such as transmitted power, gains, receiver sensitivity, and base stations
capacity are shown in Table 3-7. Tilt is not considered. The noise power is assumed to be

negligible.

Table 3-7 Parameters used in Numerical Experiment of Model 1V

Parameter Value 1 Value 2
Transmitted power 20 dBm 25 dBm
Transmitted antenna gain 8 dBi
Received antenna gain 2 dBi
Minimum power requirement -95 dBm
Height of transmitter 20 m 25m
Available directional antennas 1,2,3
Antenna azimuth 0° 60°
Available frequencies 1,2
Base station capacity 30 channels
Antenna capacity 10 channels
SINR 20 dB
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The MIP for location and configuration of base stations and frequency assignment
problems is solved using an optimization modeling software, LINGO, LINDO Systems
Inc. The optimal solution resulted into 13 base stations as shown in figure 3-10. the
location and configiuration of each selected base stataions along with the allocated

frequencies are shown in Table 3-7.

® DP
+ BS

Figure 3-10 Results of Model 1V
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Table 3-8 Location and Configuration of Base Stations and their Allocated

Frequencies for Model 1V

BS # X Location v Azimuth | Antenna | Height | Power | Frequency

1 1 1

1 0.5 8.5 2 2 2 L !
3 2 1
1 1 1

2 15 25 2 2 2 L 1
3 1 1

3 15 45 2 3 1 L L
1 1 1

4 15 9.5 1 2 1 L 1
3 1 1
1 1 1

5 2.5 6.5 2 2 1 2 2
3 2 1
1 2 1

6 45 25 2 2 2 . !
3 2 1
2 2 1

7 4.5 35 2 3 2 1 2
2 2 1

8 5.5 6.5 2 3 2 1 '
1 1 1

9 6.5 35 2 2 2 . !
3 1 1
1 2 1

10 75 15 2 2 1 L 2
3 2 1
2 2 1

11 75 9.5 2 3 1 1 !
1 2 1

12 8.5 25 2 2 2 L 2
3 1 1
2 2 1

13 9.5 7.5 2 3 2 1 '
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3.4.3 MODEL IV: DISCUSSION

As observed from the results above, this MIP recommends 13 base stations to cover all
the demand points. The recommendation shows that different configuration and
frequency is assigned to different base stations to reduce the interference between them
and also not all sectors of each base station are working. Optimizing the configuration of
each base station adds more flexibility to the model i.e. different azimuth, transmitted
powers, and heights could be used. Also, number of operational sectors can be decided
too. However, the limited capacity of each antenna has complicated the model and
resulted in 13 base stations to cover the service area which is the same result of Model 11
but with different configuration of each base station. Finally, it can be conclulded that
considering the antennas configuration of each base station and the frequency assignment
will add more flexibility to the model and could help in reducing the interference between

the base stations.
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Chapter 4

MIXED INTEGER PROGRAMS — SPECIAL CASES

41 MODEL I: BASE STATIONS CONFIGURATION PROBLEM

In this model, which is a special case of Model Il in Chapter 3, we solve the problem of
base stations configuration using some existing base stations. The configuration of
antennas in each base station involves azimuth, tilt, height, and transmitted power. The
objective of this model is to minimize the total cost of the network taking into account the
constraints of area coverage, capacity of base station, and quality of service requirements
for each user. This means that the problem is to find the optimal configuration of the
existing base stations, i.e. minimum number of antennas and transmitted power, which

could achieve the objective of the model while satisfying all constraints.
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4.1.1 MODEL I: MODEL FORMULATION

We assume that the demand points are known so we denote the ith demand point by DP;,
i =1,2,...,n. In this model, there are some exist base stations at known locations, so the
jth base station is located at location, j = 1,2, ..., m. We will assume that a mast carries [
directional antennas where [ = 1,2, ..., N, i.e. N is either three with 120° for each sector
or six with 60° for each sector. In this thesis, we consider that each base station has 3
directional antennas, i.e. N is three antennas. An antenna has an azimuth angle, A where
0 <A <359 and a tilt angle, T € [—15°,0]. Let P denote the power of an antenna,
Ppin < P < P,., and H denote the height of an antenna, H,,;, < H < H,,,, . Let S(i)
be the set of candidate sites that can serve test point TP; by one of its antennas at a given

azimuth and tilt angles, i.e.

G,LAT,H,P)|jeS,1=120r3,0<A<359-15<T <0,
S@) = Hpin < H < Hypgx, Prin < P < Bpax
such that the power received at DP; = y

where S is the set of candidate sites and y is threshold of minimum power.

The Mixed Integer Programming model for the base stations configuration problem can

be described as follow:

1 — The decision variables for Model 111
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a. The decision variable, ¥;, j = 1,2, ..., m, is defined as follows:

v = { 1 if aBS is constructed at CS;
/ 0 otherwise

b. The decision variable, Xjjjarpp, i =12,..,n, jJES{), [ =1,2,3, 0<A<
359,-15<T<0,H,;, <H<H,, ,and P,;,, <P <P,,, IS defined as
follows:

1 if BS at CS; with antenna |, azimuth A, tilt T, height H,

Xijiatup = and power P, has the strongest signal at DP;
0 otherwise

c. The decision variable, Wjarpp, j € S(i), 1 =1,2,3, 0<A<359,-15<T <

0,Hpin <H < Hygy ,and P, < P < By, is defined as follows:

1 if a BS has an antenna |l with azimuth A, tilt T, height H,
Wiiarup = and power P
0 otherwise

Note that the difference of azimuth angles of the three antennas at any mast is
120° . Hence:

Wivarae =W 2mod (a+120,360),7,HP = Wj 3.mod (4+240,360),T,H,P

d. The decision variable, Z,, j € S(i) and 0 < A < 359, is defined as follows:

(1 if a BS has azimuth A
% = -
0 otherwise
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2 — The objective function for Model 111

The function to be optimized is the total cost of the network. In other words, it means,
considering the base stations are already exist, the objective of this model is to minimize
the transmitted power which could lead to minimizing the number of antennas used and

at each existed base station. The objective function can be described as:

3 360 0 Hmax Pmax
T WD I Y MDD W e
ES(i) bmd | =] bmd A=() bmed T=—15 bmd [{ =] ... P=Pin 4-1

where:

CcP(P) is the cost of having an antenna with power P which might not be a

linear function.

3 — The constraints for Model 111

The problem has eight types of constraints that bound the feasible region of the solution.
These are the following:
a. As the locations of base stations in this model are already known, i.e. there is a

constructed BS at each location j. So this set of constraints can be written as:

b. Each antenna, if chosen, at any base station has only one azimuth value, tilt,

height, and power. So this set of constraints can be written as:
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359 «—0 Hoax Prax
ORI Nl Nl T TR
A=04=T=—15 d =[], &=dp=P,.. 4-3

and | = 1,2,3

c. Each base station at any location has only one azimuth and this condition can be

represented by the following two sets of constraints:

mlATHP < ZjA ) ] € S(l),l = 1,2,3,0 < A < 359,—15 < T
4-4
< 0,Hpy <H < Hpgye sand Py < P < By

359
z Zy <1,  j=12..m 45
A=0

d. Each demand point should be served by at least one base station. This set of

constraints can be represented by:

v
[N

3 360 —0 Homax Prnax
2pests Datcs s Do Doy, D, M
JES(i) bmdl=1 bmd A=0 mdT=—15 bd H=H,;, &=dP=P,,;,

i=12,..,n

e. Each demand point should be assigned to exactly one base station; hence this set

of constraint can be written as:
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3 360 «—0 Hpax Prnax
JES(i) bmd|=1 bmd A=( bmed T=—15 bmd [{=H],;, &=d P=P, .

i=12,..,n

f. A base station BS is assigned to a demand point DP; if it has an antenna [ with
azimuth A, tilt T, height H , and power P. This set of constraints can be

represented by :

Wiarup = Xijiarnp »  1=12,...,n,j €S(1),1 =1,2,3,
0<A<359,-15<T<0,Hy, <H 4-8

< Hpy sand Py < P < B

g. Each base station has a capacity of Q channels, so the numbers of demand points
assigned to each base station must not exceed its limit of channels. This set of

constraints can be written as follow:

n 359 0 Hmax Pmax
i=1 A=0 T=-15 H=Hpy P=Pupin

jeS@),and =123,

4-9

h. The quality of service constraints by which the ratio of the strongest signal

received at each DP; to the received noise and signals from other base stations
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should be greater than a minimum requirement of signal-to-interference-plus-

noise ratio, SINR. This set of constraints can be given as follow:

SP@) >100, =12 4-10
10 = . -
Py +TPQ) — SP(i) — S

where:

SP(i) is the strongest power at test point DP; and is given by:

4-11
3 360 0 Hynax Prax
SP() = Z , Z Z Z Z z Xijiarup Pijiarnp
jES@) =1 A=0 T=-15 H=Hyn P=Pmn
where P is the received power at DP;.
TP(i) is the total power received at DP; which is generated by all base stations
at candidate sites that can serve DP; and is given by:
4-12

3 360 0 Honax Ppoax
TP(i) = Z Z Z Z z z VIGIATHP P ijIATHP
jES(i) fdl=1 b= A=0 =T=—15 e~ H=H,;, P=Ppin

where P is the received power at DP;.
Py, is the noise power at DP;

SINR is minimum signal-to-interference-plus-noise ratio
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The complete MIP for the problem of base stations configuration can be summarized as

shown in Figure 4-1.

3 360 Hens
Minimize Z Z Z Z Z z Wirarup CP(P)
jesii) i=1 A=0 T==15

H=Hmin F=Fmin

Subject to
=1
355 0 Hmax Prax
2o Drecss Doy, Doy, 7m0 <
A=0 T==15 H=Hmin P=Pain

3 Hamax
IS 20 00 I J L 2L
jes(i} =1 T=-15 P=Fpin
3 Hpn o Prmax
T o T T T T T e
jES() =1 T=-15 min P=Pmin

PF,I'MTHP = X[jJATHF

359 0 Hmax
DI D I ML
i=1 T=-15 P= pmm

_HFI'H.:I'I.

SP(i) ]
Py +TP(i) — sp(}‘m

X,W,Z €[0,]

Figure 4-1 MIP Model | - Base Stations Configuration Problem
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4.1.2 MODEL I: NUMERICAL EXPERIMENT

The same case of model I in Section 3.1.2 is considered here except that the locations of
base stations are known as they do exist in this model where we consider 35 existing base

stations. The demand points and base stations locations are shown in Figure 4-2.

11
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Figure 4-2 Demand Points and Base Stations Location Considered in Model |

Same parameters for COST-WI propagation model are used as shown in Table 3-1 to
calculate the path losses except the height of the transmitter as it has two values and is

shown in Table 4-1. The other parameters used in this numerical experiment such as
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transmitted power, gains, receiver sensitivity, and base stations capacity are shown in
table 4-1. Also, each base station could have up to three directional antennas and the
configuration of each antenna involves azimuth, height, and transmitted power. Tilt is not
considered in this experiment. In this experiment, we consider two values, to choose
from, for each of antennas azimuth, heights, and transmitted power which are also

included in table 4-1.

Table 4-1 Parameters used in Numerical Experiment of Model |

Parameter Value 1 Value 2
Transmitted power 20 dBm 25 dBm
Transmitted antenna gain 8 dBi
Received antenna gain 2 dBi
Minimum power requirement -95 dBm
Height of transmitter 20 m 25m
Available directional antennas 1,2,3
Antenna Azimuth 0° 60°
Available frequencies 1
Base station capacity 30 channels
Antenna capacity 10 channels
SINR 20dB
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The MIP for base stations configuration problem is solved using an optimization
modeling software, LINGO, LINDO Systems Inc. The optimal solution resulted into 18
base stations as shown in Figure 4-3. The configuration of each selceted base station is

shown in Table 4-2.
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Figure 4-3 Resuls of Model |
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Table 4-2 Configuration of Selected Base Stations for Model |

Location . .
BS # X Y Azimuth Antenna Height Power

0.5 15 1 1 1
0.5 8.5 3 2 1
2 2 1

3 15 2.5 2
3 2 1
4 15 8.5 2 3 2 1
5 2.5 9.5 2 1 2 1
6 35 55 2 1 1 1
7 4.5 2.5 2 1 2 1
8 55 15 2 2 2 1
9 55 45 1 3 1 1
10 6.5 25 2 3 2 1
11 6.5 3.5 2 1 2 1
1 2 1

12 6.5 8.5 2
3 2 1
13 75 75 3 2 1
14 8.5 2.5 2 2 1
15 95 15 3 1 1
1 2 1

16 95 95 2
3 2 1
17 105 55 2 1 1
18 6.5 6.5 2 2 1

4.1.3 MODEL I: DISCUSSION

As noticed from the results above, even though that there are 35 existing base station, this
MIP model recommends to use only 18 out of them in order to achieve the objective of

the model while satisfying all the constraints. Also, even though in this we consider some
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existed base stations but still same issues as raised before that this recommendation of 16
base stations is high due to the low height of the transmitter and low transmitted power
used in order to satisfy the quality of service constraint. Moreover, the solution shows
that different configuration is assigned to different base stations to reduce the interference

between them and also not all antennas at each base station are working.

4.2 MODEL Il: BASE STATIONS LOCATION WITH SEVERAL TIME

INTERVALS

In this model, we solve the problem of base stations location with several time intervals.
Each time interval has a group of demand points that may have different locations. The
objective of this model is to minimize the total cost of the network taking into account the
constraints of area coverage, capacity of base station, and quality of service requirements

for each user at each time interval.

4.2.1 MODLE Il: MODEL FORMULATION

We assume that the demand points and candidate sites are known. Denote the ith demand
point by DP;, i = 1,2,...,n and the jth candidate site by CS;, j = 1,2, ..., m. There is also,
a set of considered time intervals, t, to be studied in this model, t = 1,2, ...,T. A base

station at candidate site j can serve demand point i, if the power received at DP; exceeds
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its minimum power requirements, y, so we define S(i) as the set of candidate sites that

can serve demand point DP; , i.e.

S({) ={()|j € S,such that the power received at DP; > y}

where S is the set of candidate sites.

The demand points considered in each time interval consist of two groups which are A(t)

and R(t — 1), where:

A(t) is the group of additional demand points at time ¢

R(t —1) isthe group of remaining demand points from time t — 1

So we define U(t) as the set of demand points who exist at time t, i.e.

U(t) ={(i)|i € U,such that the demand point € A(t) UR(t — 1)}

where S is the set of demand points.

The Mixed Integer Programming model for the problem of base stations location with

several time intervals model can be described as follows:

1 — The decision variables for Model |

a. The decision variable, Y;;,j = 1,2,...,mand t = 1,2, ... T, is defined as follows:

v, = { 1 if aBS is constructed at CS; in time interval t
st 0 otherwise
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b. The decision variable, X;;,, i € U(t),j € S(i) and t = 1,2...T, is defined as
follows:
1 if a BS at CS; has the strongest signal at DP;

Xije = in time interval t
0 otherwise

2 — The objective function for Model |

The function to be optimized is the total cost of the network. The objective function can

be described as:

m T
Minimize Z G Yy 4-13
j=14=t=1

where G is the cost of installing a base station at CS;.

3 — The constraints for Model |

The problem has six types of constraints that bound the feasible region of the solution.
These are the following:
a. Each candidate site is allowed to have only one base station to be built at it. So
this set of constraint will ensure that only one BS will be built, through all time

intervals, at a CS; if it is selected:

T
Z Yesto j=12..m 4-14
t=
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b. Each demand point should be served by at least one base station either if it is
newly built or already exist from the previous period. This set of constraints can

be represented by:

z Y. =21, i=12,..,n 4-15
jeS@) t<T

c. Each demand point in each time interval should be assigned to exactly one base

station only; hence this set of constraint can be written as:
E: Xje =1, i=12,.,n&t=12,.T 4-16
jeS@)

d. A candidate site CS; is assigned to a demand point DP; if it is selected to construct

a base station at it, regardless at which time interval is built. This set of

constraints can be represented by:

Yo 2 X, i=12,.,nj=12.,m&
4-17

e. Each base station, in any time interval, has a capacity of Q channels, so the
numbers of demand points assigned to each base station must not exceed its limit

of channels. This set of constraints can be written as follow:
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Z Xije <Q, j=12,..,.m&t=12,..T 4-18
€U (t)

f. The quality of service constraints by which the ratio of the strongest signal
received at each DP; to the received noise and signals from other base stations
should be greater than a minimum requirement of signal-to-interference-plus-

noise ratio, SINR. This set of constraints can be given as follow:

SPQ@) >1OM [ =1,2 &t=1.2,..T
- — = 10 , 1=12,..,n =1,2,..,
Py, + TP(i) — SP(i) 4-19
where:
SP(i) isthe strongest power at test point DP; and is given by:
jEs(i)
where Py, is the received power at DP; from a BS ata CS; in a time
interval t.
TP(i) is the total power received at DP; which is generated by all base
stations at candidate sites that can serve DP; and is given by:
jE€S(i)

where Py, is the received power at DP; from a BS ata CS; in a time

interval t.
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it

IS the noise power at DP; in a time interval t.

SINR is minimum signal-to-interference-plus-noise ratio
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The complete MIP model for the problem of base stations location with several time

intervals can be summarized as shown in Figure 4-4.

Minimize

Subject to

>
CY,
j=1 =1 1}

T

Z V<1
=1
Y, >

Z;‘ES{;‘] Ztﬂ" It

X . =1
Z;‘ES&J e
Vi =Xt
Z Xijp =0Q

EU(t)
SP(i)

1

Py +TP(i)— SP(i

X,Y €[0,1]

~ 10SINR/10
Y=

Figure 4-4 MIP Model 11 - Base Stations Location with Several Time

Intervals Problem
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4.2.2 MODLE II: NUMERICAL EXPERIMENT

Three different time intervals are considered in this model. So, the same case of Model |
in Section 3.1.2 is considered here except that the demand points are divided into three
groups to represent three different time intervals. Also, same candidate sites for base
stations are considered. The demand points for the three time intervals and candidate site

for base stations locations are shown in Figure 4-5.
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Same parameters for COST-WI propagation model are used as shown in Table 3-1 to
calculate the path losses. Also, other parameters used in this numerical experiment such
as transmitted power, gains, receiver sensitivity, and base stations capacity are same as

shown in Table 3-2.

The MIP for base stations location problem with several time intervals is solved using an
optimization modeling software, LINGO, LINDO Systems Inc. The optimal solution
resulted into 9 base stations as shown in Figure 4-6. Also, the usage of selected base

stations is hown in Table 4-3.
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Figure 4-6 Results of Model 11
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Table 4-3 Selected Base Stations for Model Il with their Usage

e Location Used by DP in Time

X Y 1 2 3
1 1.5 3 V v -
2 45 6 - N ]
3 75 10 - V V
4 2 9.5 V V -
5 5 1.5 - V -
6 6 2.5 - V \
7 8 6.5 - V \
8 9 1.5 - - \
9 9 7.5 - - V

4.2.3 MODLE II: DISCUSSION

As recommended by this MIP, 9 base stations need to be placed in order to cover all the
demand points in different time intervals. This number is high due to the same reason
mentioned above which is the consideration of low height and transmitted power of
transmitters in order to satisfy the quality of service constraint. In addition, the solution of
this MIP model shows that some demand points have been assigned to base stations
which are already available from a previous period that reflect the concept of reuse of

existed base stations.
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4.3 MODEL I11: LOCATION OF BASE STATIONS AND RELAY STATIONS

In this model, we solve the problem of location of base and relay stations with a limit on
the number of base stations. Relay stations are usually used to extend the coverage of
base stations. Relay stations cannot transmit power unless they are connected to base
stations, see Figure 4-7. The objective of this model is to minimize the total cost of the
network taking into account the constraints of area coverage, capacity of base station, and
quality of service requirements for each user at each time interval. This means that the
problem is to find the minimum number of base stations, without exceeding the limits for
number of base stations to be installed, and relay stations which could achieve the

objective of the model while satisfying all constraints.

I
! Base
| Station

Figure 4-7 Relay Stations Deployment
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43.1 MODEL Ill: MODEL FORMULATION

We assume that the demand points and candidate sites, for both base stations and relay
stations, are known. Denote the ith demand point by DP;, i = 1,2, ..., n, the jth candidate
site for a base station by CS;, j = 1,2, ..., m and the kth candidate site for a relay station

by CSp, k=12,...,1.

A base station (BS) at candidate site j can serve demand point i, if the power received at
DP; exceeds its minimum power requirements, y, so we define S(i) as the set of

candidate sites that can serve demand point DP; , i.e.

S({) ={()|j € S,such that the power received at DP; > y}

where S is the set of candidate sites for base stations.

A relay station (RS) at candidate site k can serve demand point i, if the power received at
DP; exceeds its minimum power requirements, y, so we define U(i) as the set of

candidate sites that can serve demand point DP; , i.e.

U(i) = {(k)| k € U, such that the power received at DP; > y}

where U is the set of candidate sites for relay stations.

The Mixed Integer Programming model for the problem of base and relay stations

location can be described as follows:
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1 — The decision variables for Model |

a. The decision variable, B;, j = 1,2, ..., m, is defined as follows:

B = { 1 if aBS is constructed at CS;
g 0 otherwise

b. The decision variable, R;, k = 1,2, ..., L, is defined as follows:

1 if aRS isconstructed at CSy,

R, =
k {0 otherwise

c. The decision variable, X;;,i = 1,2,...,nand j € S(i), is defined as follows:

ijo

X, =

{ 1 if a BS at CS; has the strongest signal at DP,
j

0 otherwise

d. The decision variable, Y;,,i = 1,2, ...,nand k € U(i), is defined as follows:

1 if a RS at CSy, has the strongest signal at DP,
0 otherwise

Yie = {
e. The decision variable, Wy, k = 1,2,...,land j = 1,2, ..., m, is defined as follows:

1 if a RS at CSy has a signal from a BS at CS;

Wy = { .
0 otherwise

2 — The objective function for Model |

The function to be optimized is the total cost of the network. The objective function can

be described as:
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m l
Minimize Z (B + Z Cr Ry 4-22
=1 k=1
where:

C:

;i Isthe cost of installing a base station at CS;

C, isthe cost of installing a relay station at CS),

3 — The constraints for Model |

The problem has ten types of constraints that bound the feasible region of the solution.
These are the following:

a. Number of base stations to be installed must not exceed Z, which is the maximum

number of base stations that are allowed to be installed. So this set of constraints

can be written as:

m
E B <Z 4-23
j=1

b. Each relay station, if installed, is assigned to a single base station only. So this set

of constraints will ensure that each RS is assigned to at most one BS:

m

Wk]' < Rk ) k = 1,2, ,l 4-24

c. A candidate site CS; is assigned to a relay station DP; if it is selected to construct

a base station at it and it can be represented by this set of constraints:
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Wy <B, k=12,.,landj=12,..m 4-25

Each demand point should be served by at least one base or relay station. This set

of constraints can be represented by:

Z BJ+Z R,>1, i=12..,n 4-26
jES(i) keu (@)

Each demand point should be assigned to exactly one base station or relay station;

hence this set of constraint can be written as:

Z Xij +Z Yie =1, i=12,..,n 4-27
jES() keu (i)

A candidate site CS; is assigned to a demand point DP; if it is selected to construct

a base station at it and it can be represented by this set of constraints:

, L= 1,2,..,nand j =1,2,...,m 4-28

A candidate site CS), is assigned to a demand point DP; if it is selected to

construct a relay station at it and it can be represented by this set of constraints:
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Yoo < Ry, i=12,..,nandk =1,2,..,1 4-29

h. Each base station has a capacity of Q channels, so the numbers of demand points
assigned to each base station must not exceed its limit of channels. This set of

constraints can be written as follow:
n
Z X; <Q,  j=12,..m 4-30
i=1

i. Each relay station has a capacity of V channels, so the numbers of demand points
assigned to each relay station must not exceed its limit of channels. This set of

constraints can be written as follow:
n
z Yo <V, k=12,..,1 4-31
i=1

J.  The quality of service constraints by which the ratio of the strongest signal
received at each DP; to the received noise and signals from other base stations
should be greater than a minimum requirement of signal-to-interference-plus-

noise ratio, SINR. This set of constraints can be given as follow:

SP(i)
> 105INR/10 =12, ..., -
Py + TP — SP(D) = ' " 4-32
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where:

SP(i) isthe strongest power at test point DP; and is given by:

SP(i) = Z X, Py + Z Y Py 4-33
jeS() keU (@)

where:
P;; is the received power at DP; from a BS at CS;

P;;, is the received power at DP; from a RS at CS;

TP(i) is the total power received at DP; which is generated by all base

stations at candidate sites that can serve DP; and is given by:

TP(i)=Z BJ-PU+Z R, Py 4-34
jes() keu ()

where:
P;; is the received power at DP; from a BS at CS;
P;;, is the received power at DP; from a RS at CS

Py is the noise power at DP;

i

SINR is minimum signal-to-interference-plus-noise ratio

The complete MIP model for the problem of base and relay stations location can be

summarized as shown in Figure 4-8.
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Figure 4-8 MIP Model 111 - Base and Relay Stations Location Problem
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4.3.2 MODEL I11: NUMERICAL EXPERIMENT

The same case of model | in section 3.1.2 is considered here with the additional of 300
candidate sites for relay stations (RS), which are assumed to have same locations of
candidate sites for base stations. Demand points and candidate sites for both base stations
and relay stations are shown in Figure 4-9. The number of base stations to be placed must

not exceed 8.
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Figure 4-9 Demand Points and Candidate Sites for Model 111
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Same parameters are used for COST-WI model to calculate the path losses as shown in
Table 3-1 except the height of the transmitter as is differs from a base station to a relay
station. On the other hand, line-of-sight situation (LOS) is conserved while calculating
the path loss for the signals from base stations to relay stations. The other parameters
used in the numerical experiments, including the height of the transmitter, such as

transmitted power, gains, receiver sensitivity, and capacity are shown in Table 4-4.

Table 4-4 Parameters used in Numerical Experiment of Model 111

Parameter Value for BS | Value for RS
Transmitted power 25 dBm 20 dBm
Transmitted antenna gain 8 dBi 8 dBi
Received antenna gain 2 dBi 2 dBi
Minimum power requirement -95 dBm -95 dBm
Height of Transmitter 25 m 20m
Available frequencies 1 1
Capacity 30 channels | 15 channels

The MIP for base and relay stations location problem is solved using an optimization
modeling software, LINGO, LINDO Systems Inc. The optimal solution resulted into 4
base stations and 8 relay stations as shown in Figure 4-10. The connections between

base and realy stations are shown in Table 4-5.
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Table 4-5 Base and Relay Stations Connections for Model 111
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o LOCATION s LOCATION CONNECTED
X Y X Y
1 2 9.5 1 0.5 2 BS #2
2 6 0.5 2 35 2 BS#3
3 6 45 3 1 35 BS#1
4 7 8.5 4 2 2.5 BS#3
5 4 6.5 BS # 4
6 9 10 BS#4
7 10 6.5 BS # 4
8 10 8.5 BS#3

4.3.3 MODEL II1: DISCUSSION

As shown in the results above, this MIP model recommends 4 base stations and 8 relay

stations to cover all the demand points which are relatively high considering the capacity

of each of them. This high number resulted due to the consideration of low height and

transmitted power of the transmitters to satisfy the quality of service constraints. Also, it

is clear from the results that each relay station is connected to a base station as

constructed in the model as it cannot work independently.

In addition, the performance of this model is compared with the model in [57] using the

same experiment considered in [57]. An area of 3km x 3km is considered with 20
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candidate sites for BS 60 candidate sites for RS, 200 demand points (DP), and 256 signal

test point (STP). Also, all parameters related to the experiment and the propagation

model are considered same as in [57]. The setup of the experiment is shown in Figure 4-

11.
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Figure 4-11 Numerical Experiment Setup Considered in [57]




109

By applying our proposed MIP model and without considering the capacity and signal-to-
interference-plus-noise ratio constraints in order to match [57], The optimal solution
resulted into 1 base stations and 1 relay station as shown in Figure 4-12 compared to 4

base stations and 6 relay stations as per [57].
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Figure 4-12 Results of the Experiment in [57]
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Chapter 5

CONCLUSION AND FUTURE WORK

5.1 CONCLUSION

In this thesis, we provide a general comprehensive framework for the problem of
designing cellular mobile networks. Mathematical models are constructed using mixed
integer program (MIP) with the objective of minimizing the total network costs taking
considering the constraints of area coverage, traffic capacity, and quality of service i.e.
signal-to-interference-plus-noise ratio (SINR). The constructed MIP models will provide
the user with the optimal base stations location, antennas configuration of each base
station i.e. azimuth, tilt, height, and transmitted power, and frequency allocation to each
base station which can achieve the objective while satisfying all the constraints.

Moreover, we construct MIP models for some special cases i.e. base stations
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configuration with the existence of base stations, base stations location with different
time intervals, and finally base and relay stations location. A none-line-of-site situation is
considered while calculating the path losses of the signals using COST-231-Walfisch-
Ikegami propagation model. Solved numerical experiments using LINGO are presented
to show the performance and the effectiveness of the constructed MIP models. The output
of the MIP models show that the models work perfectly and can be used for designing
cellular mobile networks. In general, the output of the model depends on the considered
location of the candidate sites, parameters used for the propagation model, and other

parameters such as transmitted power, gains, capacity...etc.

5.2 FUTUREWORK

For future studies and extensions of the thesis, the researcher can integrate the constraints
programming with the constructed mixed integer programming models in order to reduce

the time for solving the problems.

As a second extension work, the researcher can modify the constructed model to consider
continuous values for the configuration parameters of each base station i.e. azimuth, tilt,

height, and power.

As a third extension work, the researcher can consider dynamic channel assignment
strategy instead of the fixed channel assignment strategy. Also, handover could be

considered too.
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