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Abstract

The design of a wireless local area network (WLAN) is a complicated
work that demands considerations of many aspects including signal cover-
age, interference, and traffic management. In this paper we implement a
WiFi network planning platform that is able to assist the design of WLAN.
The platform consists of three modules: the signal strength module, the AP
location planning module, and the channel assignment module. First, the sig-
nal strength module generates signal strength maps for operating AP(s) so
that a designer can evaluate the deployment. Next, the AP selection module
uses an optimization technique to choose APs from a candidate AP set, and
the selected APs can provide sufficient coverage and satisfy the throughput
requirement specified by designer. At last, the channel assignment module
allocates available channel to the selected APs and aims to minimize the co-
channel interference of them. The platform is written in Matlab and C, and
an application programming interface is also implemented in C-based library

for practical application.

Keywords: 802.11, WiFi, Network Planning, Optimization, Wireless Local

Area Network, WLAN, Access Point, AP
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Chapter 1

Introduction

Wireless local area network (WLAN) based on IEEE 802.11 technology is widely used to
provide wireless broadband Internet access for both private and public environments. In
private environments, users usually only need single access point (AP) and the deployment
is unstructured. However, for public places demands higher traffic a structured deploy-
ment of APs that belong to one administrative domain is required. The design of WLAN
for such scenario involves many performance factors such as coverage, interference, cost,
capacity, and efficiency of resource utilization.

In this paper we implement a WiFi network planning platform for WLAN deployment.
The network design problem is divided into two parts as candidate AP selection and chan-
nel assignment. We use a better estimation of throughput, and integrate the procedure into
the optimization algorithm for the decision of selecting APs. For the selected APs, we also
generate a channel allocation plan to minimize the interference caused by APs operating
on the same channel.

In addition to the ability to offer an initial plan for network deployment, our platform
can also provide plans to already deployed networks for adjusting the operating APs ac-
cording to the number of served users. We utilize the people density map to make the
decision of AP selection, and designers can modify the people density of the target area to
produce different AP selection plans for various number of users. The approach is useful
for places like museums, exhibition halls, theme parks, and stadiums where the number

of visitors changes with time.



The paper is organized as following: We would introduce the related works of our
research in Chapter 2. A detailed survey for the propagation model of IEEE 802.11 and
cell communication technologies is presented in Chapter 3. We would describe the de-
sign specifications and the optimization model of our algorithm in Chapter 4 We would
explain the function and detail of our WiFi network planning platform in Chapter 5, and
the performance of our platform is evaluated in Chapter 6 Finally, the work of this paper

is concluded in Chapter 7.



Chapter 2

Related Work

In the following sections, we will introduce approaches to WiFi network planning and

outline several optimization algorithms that have been applied to this problem.

2.1 WiFi Network Deployment Approaches

Wireless network design traditionally involves two types of approaches [1]. The first
approach is based on a site survey with intense experimental deployments, measurements,
and decisions. In this procedure designers have to evaluate potential positions of APs by
visiting the target environment. They may begin with deploying temporary APs at initial
locations, and then acquire a whole vision of the signal coverage and quality of service
(QoS) conditions via a complete measurement. Finally the designers can determine a set
of proper placements and configurations of APs for the target area. The process is usually
time-consuming and costly and thus not suitable for large wireless network planning. Also,
capacity analysis for such deployment is difficult to handle. The deployment may not have
enough capacity for demanded traffic load.

Software planning is the other approach that is faster, more economic, and more flex-
ible than site survey. With software network planning tools, designers can examine the
performance of many different deployments with little expenses. However, the simulation
output may be not precise without careful design. Whether a software network planning

is successful or not depends on the accuracy of the inputs that describe target environ-



ment and the propagation model that simulate the signal distribution. Especially, an ac-
curate propagation model can provide user a realistic view of signal coverage resulted by
candidate APs, and it is a key component of software planning. Propagation models fre-
quently used in previous works include ray-tracing model, multi-wall model, Dominant
Path Model [2, 3] which finds a dominant path and compute its path loss from source to
destination point, Motif Model [4] which utilizes a large radiation pattern database for
generating signal coverage maps in high speed.

To address the drawbacks of the two approaches, most software vendors combine those
two approaches in their product to reduce the number of measurements. Primary environ-
mental information is obtained by site survey module, and it is incorporated in software
planning module to develop a more realistic simulation result. The site survey technique is
also used to verify a deployment. Examples of such tools include AirMagnet Survey from
Fluke Networks [5], Ekahau Site Survey from MetaGeek [6], HiveManager from Aero-
hive Networks [7], LanPlanner from Motorola [8], RingMaster Software from Juniper
Networks [9], and WinProp from AWE Communications [10]. There is also a wireless
sensor network design tool called Wi-Design proposed in [11].

In recent years, research about WiFi network design is associated with building au-
tomation systems. In [12—14], the network design tool is integrated with building automa-
tion systems to construct a framework which is able to manage the wireless network that

involve different devices and different technologies.

2.2 Optimization Algorithms for WiFi Network Planning

Generally, the goal of wireless network design is to find a set of AP locations and/or chan-
nel allocation plan to achieve maximum performance. The performance metrics of a net-
work design can be judged by several metrics as signal coverage, maximum throughput,
goodput, co-channel interference, etc. Many optimization algorithms have been proposed
to address wireless network design problem and evaluated by some of the above per-
formance metrics. Recent examples of those algorithms are mathematical optimization

approaches such as integer linear programming (ILP) [15] and mixed integer linear pro-
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gramming (MILP) [16, 17], meta-heuristic approaches such as simulated annealing [18],
tabu search [19,20], evolution strategies (ES) [21], genetic algorithms [22], and iterative
neighborhood search [23,24]. Also, a detailed survey about channel assignment and AP
placement algorithms is provided in [25].

Mathematical optimization with solution-oriented modeling is one of the popular tech-
niques in solving wireless network design problem. The general concept, the ready-
made optimization models, the programming tools, and a basic demonstration is described
in [26]. Because there are typically multiple conflicting criteria (e.g., signal coverage vs.
cost, throughput vs. interference, etc.) which demand evaluation, an analysis of the so-
lutions on the Pareto front is required [20]. In [27] the problem is modeled by MILP to
maximize total throughput and minimize co-channel overlap, and in [17] the MILP model
is modified to cover the exposed terminal problem in WiFi network. The mathematical
model depicted in [17] is used as a reference of the mathematical formulation in our work.

Although mathematical programming is powerful in finding the optimal solution, some
important details in network planning problem is oversimplified to fit the math model. For
instance, the throughput calculation in those research is only treated as a mapping from
signal strength, and the effect of user competition is ignored. Consequently, the algorithms
may overestimate the throughput performance of the resulted deployment and fail to reach
designer’s requirement. Besides, in some research the mathematical model is too complex
to solve by a ready-made tool, instead a heuristic approach is proposed to address such
model. For example, in [28] the author formulate the wireless network planning problem
into a quadratic set covering problem to maximize capacity and coverage, and later the
quadratic function is solved with a heuristic approach in [29]. In short, a greedy method
is taken to get an initial solution, then followed by local search algorithms to tune the
solution. In addition, in order to reduce the computational complexity of ILP, another
research [30] utilizes the Markovian cluster algorithm to divide the overall environment
into a number of regions that can apply ILP individually.

The meta-heuristic approaches is another one of the popular techniques in solving

wireless network design problem due to the difficulty and complexity of handling mathe-



matical formulations. They are strategies that guide the search process, and the goal is to
explore the search space efficiently in order to find near-optimal solutions. For example,
in [22] a specified genetic algorithm is proposed to design a realistic wireless network set
up in Finland. The genetic algorithm uses a chromosome with six genes (device type, an-
tenna type, transmission power, reuse packing factor, and reuse pattern coordinates X&Y)
and a fitness functions include seven metrics (capacity, goodput, capacity fairness of APs,
coverage, deployment cost, mean service capacity, and fairness of service). The weighting
of the metrics in the fitness function can be adjusted according to designer’s preferences.
Moreover, in [31] the author solves the design problem of open WiFi access networks with
non-dominated sorting genetic algorithm (NSGA) and harmony search (HS). The multiple
objectives are deployment cost and percentage of non-covered users, and a performance
comparison on the Pareto front is conducted with those two algorithms.

Although those meta-heuristic approaches reduce the time complexity to some extent,
they may not ensure the convergence to a near-optimal solution when the problem size in-
creases. A novel algorithm called agent-based algorithm [32,33] was proposed to address
the scalability problem. In the research a candidate AP is regarded as a decision-making
agent, and it can take actions such as moving, changing channel, or splitting to maximize
its utility based on the limited information of itself. The algorithm also make agents col-
laborate with each other by a cooperative game design. Therefore a large problem can be
divided by local views of agents.

The performance of the meta-heuristic approaches outlined above heavily relies on
proper weighting in the fitness function. A weighting without tuning on the metrics may
lead to poor solution quality. However, how to adjust the weights of different metrics
may be a headache to designers because appropriate weighting may differ in different
environment setting.

There is another research [34] about small cell deployment that can be applied to the
WiFi network planning problem. The authors formulate a joint optimization problem in-
volving deployment location, transmit power, and cell selection to maximize the supported

users for the given number of femtocells. The problem is formulated as mixed-integer



non-linear programming (MINLP) form, and decoupled into the cluster formation sub-
problem and power control sub-problem. In [35], the authors also discuss the extensions
of this work as co-channel deployment, post-deployment optimization, and resource block
allocation. The algorithm proposed in this work satisfies as many users as possible to meet
user’s throughput requirements for the given number of femtocells; in contrast, our algo-
rithm minimizes the number of the deployed AP such that the throughput requirements of
all users are reached.

The aim of our work is to provide an efficient approach to wireless network design.
The algorithm is based on [36], which allows the designer to prioritize the area and then
utilize a greedy heuristic in AP selection and channel assignment. Besides, the algorithm
only require two optimization parameters which are the defined signal strength difference
of the top two AP in the most and least important area. We have modified the algorithm
to ensure the throughput of every target location, whereas most of the algorithms only
optimize the total capacity of the whole area but do not discuss whether the throughput at
each location satisfy the requirement. Also, the effect of user competition is modeled in
our work to estimate the throughput in a more realistic way, whereas most of the algorithms
only view throughput as a mapping from signal strength to data rate.

A comparison of optimization goals between our algorithm and other algorithms in-
troduced in this section is summarized in Table 2.1. The throughput optimization can be
classified to two types: fixed or dynamic. Fixed throughput optimization means that the
algorithms of such type regard throughput as a simple relation between signal strength and
data rate, while dynamic throughput optimization means that the throughput calculation in
those algorithms is not merely a mapping from signal strength. In [19-21,32,33] and our
work, the throughput calculation involves the consideration of user number. With more
user served under an AP, the actual throughput would decrease due to user competition.
However, the algorithms used in those papers all divide the target environment into several
blocks and only optimize the average throughput in those blocks. The approaches may let
the demand at some locations be unsatisfied. Our algorithm examine the throughput of

every target location and ensure the requirement is achieved.



Table 2.1: Comparison of Optimization Goals

Paper ﬁxrl(;lcllmud%/lfal;ic SNR | Interference T;irsrerilt Cost Colzzzge
Our work v
[15] v
[16,17,27] | V v
(18] v v
[19,20] v v v
[21,32,33] v v
[23,24] v
[29] v v
[30] v v
[31] v v
[36] v v
[34,35] v v v




Chapter 3

Propagation Loss Model Survey

In this chapter, we survey several propagation loss models defined in IEEE 802.11n, IEEE
802.11ac, IEEE 802.11ah, and 3GPP cell communication standards. These models can
be utilized in the network planning platform for calculating the signal coverage over the
whole area. We have implemented the propagation loss models of IEEE 802.11n, IEEE
802.11ac, and IEEE 802.11ah in the WiFi network planning platform.

3.1 Channel Model Survey of IEEE 802 Standards

3.1.1 IEEE 802.11n & IEEES802.11ac

IEEE802.11n [37] and IEEE802.11ac [38] standards use the same propagation loss model.
In TGn and TGac channel models, six channel models are defined for different environ-

ments (model A-F). The environment to channel model mapping is shown in Table 3.1.

Table 3.1: Environment to Channel Model Mapping

Model | Environment

A Flat fading (no multipath)

B Residential

C Residential / Small Office

D Typical Office

E Large Office

F Large Space (indoors / outdoors)

The radio propagation loss model includes a path loss model and a shadowing model.

9



The path loss model consists of the free space path loss L g (slope of 2) up to a breakpoint

distance dpp and the slope becomes 3.5 after dgp. Different dgp are chosen for each

channel model.

L(d) = Lps(d) =20 10g10(4%d)

d <dpp

3.1)

d
L(d) = LFS(dBp) + 35 loglo(—) d>dgp (32)

dpp

where d is the transmit-receive separation distance in meter, and \ is the signal wave-

length. The path loss model parameters are summarized in Table 3.2. In the table, the

standard deviations of log-normal (Gaussian in dB) shadow fading are also included.

Table 3.2: IEEE802.11n & 802.11ac Path loss model parameters

Model | dgp (m) | Slope Slope Shadow fading std. | Shadow fading std.
before | after dev. (dB) before dgp | dev. (dB) after dgp
dpp dpp (LOS) (NLOS)

A 5 2 3.5 3 4

B 5 2 3.5 3 4

C 5 2 3.5 3 5

D 10 2 3.5 3 5

E 20 2 3.5 3 6

F 30 2 3.5 3 6

3.1.2 1EEE 802.11ah

TGah channel model [39] consists of outdoor and indoor channel models which are based

on 3GPP/3GPP2 spatial channel model (SCM) and TGn (MIMO) channel models, respec-

tively. Besides, an additional outdoor device to device model is added for simulations

requiring explicit modeling of such cases.

Outdoor Path Loss Models

The path loss models for TGah outdoor scenarios are based on Annex A.2- system simu-

lation scenario of 3GPP TR 36.814 [40] and include two options:

10




1. Macro deployment antenna height is assumed 15m above rooftop and the path loss

in [dB] is given by the formula

PL =8+ 37.6log,(d) (3.3)

where d is in meter and the RF carrier is assumed at 900MHz. For other frequencies

a correction factor of 21 log 10(f/900M H z) should be added.

2. Pico/Hotzone deployment antenna height is assumed at roof top level and the path
loss is given by

PL =233+ 36.7log,,(d) (3.4)

with adjustment for other frequencies as above.

The above formulas represent the median path loss. Deviation around this median to
account for shadowing should be modeled by adding a random Gaussian variable with
zero mean and standard deviation of 8dB for Macro deployments and 10dB for Pico de-
ployments.

In addition, penetration loss of 10 dB should be added when simulating indoor recep-

tion with outdoor access points.

Outdoor Device to Device Path Loss Model

The antenna height is assumed 1.5m and the path loss in [dB] is given by the formula

PL = —6.17 + 58.6 log, (d) (3.5)

where d is in meters and the RF carrier is assumed at 900MHz. The above formula
represents the average path loss. Deviation around this average to account for shadowing
should be modeled by adding a random Gaussian variable with zero mean and a standard

deviation of 7.5dB.
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Indoor Path Loss Model

TGah indoor path loss model can be modeled by directly scaling down the frequency
operation of the TGn model which consists of the free space loss Lgg (slope of 2) up
to a breakpoint distance and slope of 3.5 after the breakpoint distance. This is given in

Equation (3.6) and (3.7), respectively.

L(d) = LFS(d) + 35 IOglo(%) d > dgp 3.7)

where d, f. and C' are the transmit-receive separation distance in m, center carrier
frequency set to 900MHz and speed of light.

The path loss model parameters are summarized in Table 3.3. In the table, the standard
deviations of log-normal shadow fading i.e. X,[dB] = N(0, o) is included, These values
were lower than the corresponding values in TGn model by 1 dB as a result of lower

operation frequency.

Table 3.3: IEEE 802.11ah Path loss model parameters

Model | dgp (m) | Slope Slope Shadow fading std. | Shadow fading std.
before | after dev. (dB) before dpp | dev. (dB) after dgp
dpp dpp (LOS) (NLOS)

A 5 2 3.5 2 3

B 5 2 3.5 2

C 5 2 3.5 2 4

D 10 2 3.5 2 4

E 20 2 3.5 2 5

F 30 2 3.5 2 5

The above model is valid for single floor scenario. In order to account for multiple-
floor scenario, which is applicable to model A and B, floor attenuation factor F"AF can

be added as given in Equation (3.8)
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Q

d
L(d) = Lys(d) + 35 1oglo(E) +> " FAF, d>dpp (3.8)
q=1

Where ¢ is the floor index up to total number of floor, (). F'AF values for different
number of floors is shown in Table 3.4. Note that if Equation (3.8) is used to characterize
the path loss for multi-floor scenario, the associated standard deviations of log-normal
shadow fading is also shown in Table 3.4.

Table 3.4: Average F'AF and its associated standard deviation for the log normal shad-
owing effects for different number of floors.

Total number of floors,Q Zqul FAF, (dB) | 0(dB)
1 12.9 7

2 18.7 2.8

3 24.4 1.7

4 27.7 1.5

3.1.3 Attenuation Consideration

Radio frequency (RF) signal strength is reduced as it passes through various materials.
This effect is referred to as attenuation. As more attenuation is applied to a signal, its
effective range will be reduced. The amount of attenuation will vary greatly based on
the composition of the material the RF signal is passing through. For example, Table 3.5
from [41] shows the attenuation loss of different material type. It is extremely important
to consider not just the type of obstruction, but how many obstructions the RF signal must
pass through when designing a WiFi network.

Besides, a directional antenna offers an advantage over omni-directional antennas
when it comes to attenuation as they are better able to penetrate different materials than
traditional dipole antennas.

The bottom line to remember is that antenna selection and the physical environment
of the facility have the biggest impact on range and coverage performance of an access

point.
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Table 3.5: Attenuation effects on different material types

Material Typical Attenuation (Loss) at SGHz
Cubical Wall 2dB
Drywall or Sheetrock 3dB
Brick Concrete or Block Wall 15dB
Elevator Shaft 10dB
Glass or Window 3dB
Concrete Floor 11dB

3.2 Channel Model Survey of Cell Network

In this section, the propagation loss model of different cell communication type is pre-
sented. The survey is referred from ITU-R Report M.2135 [42]. First, We will describe
the test environments in cell communication. Next, the propagation loss model of each
type of test environments will be illustrated. We have used the environment settings of the
indoor hotspot scenario in the performance evaluation of proposed algorithm, and these

models may be further applied to the design of cell network.

3.2.1 Test Environment

The purpose of the test environments is to challenge the radio interface technologies
(RITs). Instead of constructing propagation models for all the possible International Mo-
bile Telecommunications-Advanced (IMT-Advanced) operating environments, a smaller
set of test environments is defined which adequately span the overall range of possible
environments. The descriptions of these test environments may therefore not correspond
with those of the actual operating environments.

For practical reasons, these test operating environments are an appropriate subset of
the IMT-Advanced operating environments. While simple models might be adequate to
evaluate the performance of individual radio links, more complex models are needed to
evaluate the overall system-level reliability and suitability of specific technologies. For
wideband technologies the number, strength, and relative time delay as well as the direc-
tions at Tx and Rx of the many signal components become important. For some technolo-

gies (e.g., those employing power control) these models must include coupling between
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all co-channel propagation links to achieve maximum accuracy. Also, in some cases, the

large-scale (shadow fading) temporal variations of the environment must be modeled.

Base coverage urban test environment

The base coverage urban test environment focuses on large cells and continuous coverage.
The key characteristics of this test environment are continuous and ubiquitous coverage
in urban areas. This scenario will therefore be interference-limited, using macro cells (i.e.
radio access points above rooftop level).

In urban macro-cell scenario mobile station is located outdoors at street level and fixed
base station antenna clearly above surrounding building heights. As for propagation condi-
tions, non- or obstructed line-of-sight is a common case, since street level is often reached
by a single diffraction over the rooftop. The building blocks can form either a regular
Manbhattan type of grid, or have more irregular locations. Typical building heights in
urban environments are over four floors. Buildings height and density in typical urban
macro-cell are mostly homogenous.

The base coverage urban test environment is intended to prove that continuous, ubiqui-
tous, and cost-effective coverage in built-up areas is feasible in the IMT-Advanced bands
by the candidate IMT-Advanced RIT/SRITs. This scenario will therefore be interference-
limited, using macro cells (i.e., radio access points above rooftop level) and still assume
that the users require access to demanding services beyond baseline voice and text mes-

sages.

1. Urban macro-cell scenario

In typical urban macro-cell scenario, the mobile station is located outdoors at street
level and the fixed base station clearly above the surrounding building heights. As
for propagation conditions, non- or obstructed line-of-sight are common cases, since
street level is often reached by a single diffraction over the rooftop. The building
blocks can form either a regular Manhattan type of grid, or have more irregular lo-
cations. Typical building heights in urban environments are over four floors. Build-

ings height and density in typical urban macro-cell are mostly homogenous.

15



The channel model for urban macro-cell scenario is called urban macro (UMa).

2. Suburban macro-cell scenario (optional)

In suburban macro-cell scenario base stations are located well above the rooftops to
allow wide area coverage, and mobile stations are outdoors at street level. Buildings
are typically low residential detached houses with one or two floors, or blocks of
flats with a few floors. Occasional open areas such as parks or playgrounds between
the houses make the environment rather open. Streets do not form urban-like regular

strict grid structure. Vegetation is modest.

The channel model for suburban macro-cell scenario is called suburban macro (SMa).

Microcellular test environment

The microcellular test environment focuses on small cells and high user densities and
traffic loads in city centers and dense urban areas. The key characteristics of this test
environment are high traffic loads, outdoor and outdoor-to-indoor coverage. This scenario
will therefore be interference-limited, using micro cells. A continuous cellular layout and
the associated interference shall be assumed. Radio access points shall be below rooftop
level. A similar scenario is used to the base coverage urban test environment but with
reduced site-to-site distance and the antennas below rooftops.

The microcellular test environment focuses on smaller cells and higher user densities
and traffic loads in city centers and dense urban areas, i.e., it targets the high-performance
layer of an IMT Advanced system in metropolitan areas. It is thus intended to test the per-
formance in high traffic loads and using demanding user requirements, including detailed
modeling of buildings (e.g., Manhattan grid deployment) and outdoor-to-indoor cover-
age. A continuous cellular layout and the associated interference shall be assumed. Radio

access points shall be below rooftop level.

1. Urban micro-cell scenario

In urban micro-cell scenario the height of both the antenna at the BS and that at the

user terminal (UT) is assumed to be well below the tops of surrounding buildings.
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Both antennas are assumed to be outdoors in an area where streets are laid out in
a Manhattan-like grid. The streets in the coverage area are classified as ’the main
street”, where there is LoS from all locations to the BS, with the possible exception
of cases in which LoS is temporarily blocked by traffic (e.g., trucks and busses)
on the street. Streets that intersect the main street are referred to as perpendicu-
lar streets, and those that run parallel to it are referred to as parallel streets. This
scenario is defined for both LoS and NLoS cases. Cell shapes are defined by the
surrounding buildings, and energy reaches NLoS streets as a result of propagation

around corners, through buildings, and between them.

The microcellular test environment includes outdoor and outdoor-to-indoor users:
In the latter case the users are located indoors and Base Stations outdoors. Therefore
the channel model for the micro-cellular test environment contains two parts, the

outdoor part and the outdoor-to-indoor part.

The channel model for urban micro-cell scenario is called urban micro (UMi).

Indoor test environment

The indoor test environment focuses on smallest cells and high user throughput in build-
ings. The key characteristics of this test environment are high user throughput in indoor

coverage.

1. Indoor hotspot scenario

The indoor hotspot scenario consists of one floor of a building. The height of the
floor is 6 m. The floor contains 16 rooms of 15 m x 15 m and a long hall of 120
m x 20 m. Two sites are placed in the middle of the hall at 30 m and 90 m with

respect to the left side of the building (see Figure 3.1).

The channel model for indoor hotspot scenario is called indoor hotspot (InH).
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Figure 3.1: Sketch of indoor hotspot environment (one floor)

High-speed test environment

The high-speed test environment focuses on larger cells and continuous coverage. The key
characteristics of this test environment are continuous wide area coverage supporting high
speed vehicles. This scenario will therefore be noise-limited and/or interference-limited,
using macro cells.

The high speed test environment is applicable to a wide-area system concept since
it should allow for reliable links to high-speed trains of up to 350 km/hr or cars at high
velocities. Repeater technology or relays (relaying to the same wide area system, IMT-
2000, or to a local area system) can be applied in the vehicle, to allow for local access by

the users.

1. Rural macro-cell scenario

The Rural macro-cell scenario propagation scenario represents radio propagation
in large areas (radii up to 10 km) with low building density. The height of the BS
antenna is typically in the range from 20 to 70 m, which is much higher than the
average building height. Consequently, LoS conditions can be expected to exist
in most of the coverage area. In case the UT is located inside a building or vehi-
cle, an additional penetration loss is experienced which can possibly be modeled as
a (frequency-dependent) constant value. The BS antenna location is fixed in this
propagation scenario, and the UT antenna velocity is in the range from 0 to 350

km/hr.

The channel model for rural macro-cell scenario is called rural macro (RMa).
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Simulation of relays

It is possible to simulate relay-based lay-outs with the proposed channel models by using
models for the constituent hops of the multiple links. The link from a relay to a mobile
station can be modeled with the same models as the conventional link from a base station
to a mobile station. The links from base stations to relay stations can be modeled with

conventional links.

3.2.2 Propagation Loss Model

Here we provide the details of the path loss models. For terrestrial environments, the
propagation effects are divided into three distinct types: These are the path loss, the slow
variation due to shadowing and scattering, and the rapid variation in the signal due to
multipath eftects.

The channel models are specified in the frequency range from 2 GHz to 6 GHz. For
the rural macro-cell scenario (RMa), the channel model can be used for lower frequencies
down to 450 MHz. The channel models are targeted for up to 100 MHz RF bandwidth.

Path loss models for the various propagation scenarios have been developed based on
measurement results as well as results from the literature. The models can be applied in
the frequency range of 2-6 GHz and for different antenna heights. The rural path-loss
formula can be applied to the desired frequency range from 450 MHz to 6 GHz. The path
loss models have been summarized in Table 3.7. Note that the distribution of the shadow
fading is log-normal, and its standard deviation for each scenario is also given in Table
3.7.

The NLoS path loss model for scenario UMi is dependent on two distances, d; and d»,
in the case of the Manhattan grid. These distances are defined with respect to a rectangular
street grid, as illustrated in Figure 3.2, where the UT is shown moving along a street
perpendicular to the street on which the BS is located (the LoS street). d; is the distance
from the BS to the center of the perpendicular street, and ds is the distance of the UT along

the perpendicular street, measured from the center of the LoS street.
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Figure 3.2: Geometry for d;-d, path-loss model

Table 3.6: LoS probability as a function of distance (m)

Scenario | LoS probability as a function of distance, d (m)

1 d<18
InH Pros = { exp(—(d —18)/27) 18 <d < 37
0.5 d> 37

Pros = min(18/d, 1) x (1 — exp(—d/36)) + exp(—d/36)
(for outdoor users only)
UMa Pros =min(18/d, 1) x (1 — exp(—d/63)) + exp(—d/63)
1 d <10
SMa PLoS =
exp(—(d —10)/200)  d > 10
1 d <10
RMa PLoS = -
exp(—(d — 10)/1000) d> 10

UMi

The LoS probabilities are given in Table 3.6. Note that probabilities are used only for

system level simulations.
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Table 3.7: Cell communication path loss models

Scenario Path loss (dB) Shadow Applicability range,
fe is given in GHz and distance is in m fading std. | antenna height default
(dB) values (m)
LoS PL=16.9log,,(d)+32.84201log,o(f:) | c =3 3 <d< 100
InH hs = 3 — 6
huyr =1-2.5
NLoS | PL=43.3log;y(d)+11.54+20logo(fc) | 0 =4 10 < d < 150
hps =3—6
hyr =1-2.5
PL=22.0log;,(d)+28.04+201log,,(fc) | 0 =3 10 < diy < dgp
Lo PL=401log,((d1)+7.8—18log;o(h’;zg)—| 0 =3 dgp < di < 5000
UMi 181og; (ki) + 21ogyo(fe) hps =10, hyr = 1.5
Explanations: see(!)
Manhattan grid layout: oc=4 10 < dy 4 d2 < 5000
NLoS
PL=min(PL(dy,ds), PL(d2,d1)) w/2 < min(dy, da)
where: w = 20 (street width)
PL(dy,d;)=PLros(di)+17.9—-12.5n,+ hgg =10, hyr = 1.5
10m log,o(d;) + 3log;o(fe) When 0<min(dy, ds) <
nj=max(2.8 — 0.0024d}, 1.84) w/2, the LoS PL is ap-
PLj,s:path loss of scenario UMi LoS plied.
and k,1 € {1,2} Explanations: see(?)
Hexagonal cell layout: oc=14 10 < d < 2000
PL=36.7log,(d) +22.7 + 26 log,(f.) hps = 10
hyr =1-—-2.5
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Scenario Path loss (dB) Shadow Applicability  range,
fe 1s given in GHz and distance is in m fading std. | antenna height default
(dB) values (m)
O-to-1 | PL = PLy+ PLy, + PL;, oc=17 10 < dout + din < 1000
Manhattan grid layout (6 known): 0<din <25
PLy = PLp(dout + din) hps = 10,hyr = 1.5
PLyy = 144 15(1 — cos(6))? Explanations: see(®)
PL;, = 0.5dy,
Hexagonal layout (8 unknown):
PLy, =20
other values remain the same
PL=22.0log;,(d)+28.04+201log;(f.) | o =4 10 <d < dyp
UMa koS PL=401log,((d1)+7.8—18log,o(h’zs)— | 0 =4 dgp < d1 < 5000
181ogyo(hyr) + 2logyo(fe) hps = 25, hyr = 1.5
Explanations: seelV)
NLoS | PL = c=6 10 < d < 5000
161.04—7.11log;,(W)+7.5log,o(h) — h = average building
(24.37-3.7(h/hps)?) log,o(hps)+ height
(43.42—3.110ogy(hps))(log;o(d)—3)+ W = street width
201og,((fe) — hps =25, hyr = 1.5
(3.2(log,(11.75hy1)?)—4.97) W =20,h =20
applicability ranges:
5 < h <50
5 < W <50
10 < hgg < 150
1 < hyr <10
PL1=20log;,(407df./3) + oc=4 10 <d < dpp
SMa bo min(0.03k172,10) log,(d) — Explanations: see(¥)

min(0.044h" 72, 14.77) +

0.0021og;,(h)d
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Scenario Path loss (dB) Shadow Applicability  range,
fe 1s given in GHz and distance is in m fading std. | antenna height default
(dB) values (m)
PLy = PLi(dgp) +40log,y(d/dpp) | 0 =6 dpp < d < 5000
hps = 35,hyr = 1.5
W =20,h =10
(applicability ranges of
h,W ,hgg,hyT are same
as in UMa NLoS)
NLoS | PL = oc=28 10 < d < 5000
161.04—7.1log;,(W)+7.5logo(h) — hps = 35,hyr = 1.5
(24.37-3.7(h/hps)?) log,o(hps)+ W =20,h =10
(43.42—3.11og o (hBs))(log;o(d)—3)+ (applicability ranges of
201og,((fe) — h,W hpg,hyT are same
(3.2(log,o(11.75hy7)?) —4.97) as in UMa NLoS)
PL1=201log,,(407df./3) + oc=4 10 <d < dpp
RMa bos min(0.03h172,10) log,,(d) — Explanations: see(®)
min(0.044h'72,14.77) +
0.002log;,(h)d
PLy = PLi(dgp) +40log,y(d/dpp) | c =6 dpp < d < 5000
hps = 35,hyr = 1.5
W =20,h=5
(applicability ranges of
h,W ,hBgs,hyT are same
as in UMa NLoS)
NLoS | PL = o=28 10 < d < 5000

161.04—7.11log;,(W)+7.5logo(h) —
(24.37-3.7(h/hps)?) log,o(hps)+

20logo(fe) —
(3.2(logyo(11.75hy7)?)—4.97)

hps = 35, hyr = 1.5
W =20,h=5
(applicability ranges of
h,W ,hggs,hyT are same

as in UMa NLoS)
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1)

2)

©))

C))

Notes to Table 3.7:

Break point distance dizp = 4h/lzghy; 1 fo/c, where f, is the center frequency (Hz),
¢ = 3.0 x 10® m/s is the propagation velocity in free space, and b’z and hy;, are the
effective antenna heights at the BS and the UT, respectively. The effective antenna

heights h'; ¢ and hy;, are computed as follows:
hlBS = hBS — 1.0m h/UT = hUT — 1.0m

where: hpg and hyr are the actual antenna heights, and the effective environment

height in urban environments is assumed to be equal to 1.0 m.

The distances d; and d, are defined below in Figure 3.2.

PLy: basic path-loss, PLp;: loss of UMi outdoor scenario, PL;,: loss through
wall, PL,,: loss inside, d,;: distance from BS to the wall next to UT location, d;,,:
perpendicular distance from wall to UT (assumed evenly distributed between 0 and

25 m), 0: angle between LoS to the wall and a unit vector normal to the wall.

Break point distance dpp = 2whpshyr f./c, where f, is the center frequency in Hz,
¢ = 3.0 x 10® m/s is the propagation velocity in free space, and hpg and hyr are

the antenna heights at the BS and the UT, respectively.
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Chapter 4

Problem Formulation

In this chapter, we will first describe the elements that need to be considered when de-
signing a WLAN, and also present how we handle those elements in our WiFi network
coverage planning platform. Next, we will describe an MILP model that will be used in
Chapter 6 as a comparison to our algorithm, and depict a math model that our algorithm

aims to optimize.

4.1 Design Specification

4.1.1 Environment Data

The most basic element demanded in wireless network planning is the specification of the
target environment. An appropriate specification of the environment can help the design-
ing program grasp the feature of such environment precisely, reduce the pre-processing
time, and further improve the performance of optimization algorithms. The definition in-
cludes a floor plan and an applicable propagation model. A floor plan is a combination of
walls which can be classified into different material, and is taken as an input for the prop-
agation model. When the signal run across a wall, the signal strength should be decreased
by a material-specific attenuation loss. With those environment data, the designing pro-
gram can then estimate the signal coverage of a candidate AP.

In our planning platform, the environment is express as a 2-dimensional topology map
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Figure 4.1: Topology map with grid resolution of Imx Im

with a floor plan. Each point on the map represents a square grid, and the grid resolution
can be adjusted by user’s preference, such as 0.5mx0.5m, Imx Im, 2mx2m, etc. A wall
is defined as a line segment from a point to another with a material type. We provide
six material types of brick wall, drywall, cubical wall, window, elevator, and floor. Each
type of material has a corresponded attenuation in the propagation model, and the material
types can be extended. An example of the topology map is illustrated as Figure 4.1 and
the grid resolution is Imx 1m. Although this environment setting is only for the design
of a single floor, extension to multiple floor design is possible. A multistory building
can be constructed by stacking several 2D maps up, and the signal coverage can still be

calculated.

4.1.2 Candidate Access Point

After the environment is defined, a set of candidate APs with their possible locations
should be provided. To evaluate all of the possible installations of APs at all locations in

the environment is not feasible in time consumption, and the resulted points might not fit
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the installation in real world. The specification of candidate APs can be used to restrict
the potential search space in the first stage of design.

In our network planning platform, a candidate AP has a physical position on the 2D
map with a defined height. In addition, it also has settings of the transmit power, the
operating frequency, the bandwidth, the guard interval, and the supported stream number.
Those information can be used to calculate the signal strength and the theoretical data rate
supported by the candidate AP.

If a designer has the antenna radiation profiles of candidate APs, our platform can

apply the profiles to the signal strength module for a more precise signal coverage.

4.1.3 User Demand

When the configuration of the environment data and the candidate APs is all ready, the next
step is to specify additional constraints in the wireless network design. The constraints are
the outcomes which a designer expect the network to achieve.

In our platform, we provide designers to set up the user demand with a throughput
requirement map, which allows designers to specify the throughput requirement of every
location on the map. The designers can also determine the priority of different target areas
by configuring the priority map. The priority is used as a weighting for signal coverage,
and our algorithm would satisfy the user demand of areas with high priority first. Ar-
eas with zero priority means that signal coverage over such area is not considered in our
platform.

Moreover, in order to consider the effect of user competition, a people density map
is needed in our platform. The people density map can aid the program to estimate the
actual throughput of every point in a more realistic way. As long as the service area of
a candidate AP is specified, we can translate the service area to the number of served
users with the people density map. The number of served users affects the throughput
in the service area when users compete for resources provided by serving AP. If every
user divides the resources fairly, the theoretical throughput, which is referred from the

MCS table of 802.11 standard, should also be divided by the number of the users to get a
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time-averaged throughput. Our algorithm compute the time-averaged throughput of every

location on the map, and try to make the throughput reach the throughput requirement.

4.1.4 Planning Assumption

At last, we would like to explain the planning assumption for our study. We make two
decisions —selection and channel assignment for APs— in our platform, and the results
can be used as an initial configuration for wireless network deployment. We suppose that
the designer has determined a set of candidate APs according to the practical situation of
the target environment. The dynamic optimization of network parameters, such as transmit
power and rate adaption threshold, is not the application of current platform.

We use the averaged theoretical throughput and the averaged signal-to-interference
ratio (SIR) over the target area as performance measure. In the calculation of throughput,
the traffic model of every potential client is assumed as saturation mode, which means
the traffic is in full buffer state all the time. The computed throughput represents the max

achievable data rate in the target network.

4.2 Math Model Formulation

In this section we would first introduce a MILP model that referred from [17,27], and
then we noted the deficiency of such model. Therefore, a modified math model that our
algorithm aims to optimize is presented. Besides, we use the notation of a test point (TP)
as a specified point in the target environment map. The set of TPs form a complete map

for the target environment.

4.2.1 Multi-Criteria MILP Optimization Model

The purpose of the multi-criteria MILP optimization model is to minimize the channel
overlap and keep the averaged total throughput above a specified value. The mathematic
terminologies used in the MILP optimization model are summarized in Table 4.1.

The MILP model contains four types of binary variables: z,, Zat, Yap, and f5. The
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Table 4.1: Variables and coefficients in the MILP optimization model

Name Domain Interpretation

Sets

A Set of candidate APs

T Set of TPs

C Set of isolated channels

Variables

Za {0,134 AP q is selected or not

Tt {0,1}**T AP a serves TP t or not

Yab {0, 1}(3) AP a and AP b operate on the same channel or not
fe {0,1}4*¢ AP a operates on channel c or not

Coefficients

Dat >0 Received signal strength from AP a to TP ¢

O (Pat) >0 Data rate from AP a to TP ¢ (referred from MCS table)
N >0 Maximum number of APs to be selected

6 >0 Clear channel assessment (CCA) threshold

() >0 receiver sensitivity

Sq >0 Size of service area for AP a

Wab >0 Estimated overlap between AP a and AP b

R >0 Desired average data rate

values of the binary variables can be determined by the MILP solving tool, and the con-
sistency of each type of variable is maintained by the constraint in the model.

Before describing the complete MILP model, we have to define the overlap measure of
APs in this model first. The following definitions estimate the areas that may be aftected
by co-channel interference and exposed terminal problem between two APs.

The size of service area of AP a is defined as the number of TPs within the transmission
range of the AP a.

sa =| {t € Tlpa = 60} |

When AP a and AP b share the same channel, service from AP « to an associated TP ¢
may be interfered by AP b if ¢ is within the carrier sensing range of b. The number of TPs

served by a and within the interference of b is:

wop =I {t € Tlpar 2 0 Upy > 6} ||

The exposed terminal problem can be modeled by a similar definition. The problem
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can be expressed under the following conditions: Two stations at TP 5 and %k connect to

AP a and b respectively on the same channel, and the two stations are within the carrier

sensing range of each other. In addition, the station at j is beyond the sensing range of

AP b. Therefore, when AP a transmit data to the station at 7, the data reception from AP

b to the station at £ may be hindered, because the station at k£ hears the CTS frame from

the station at j but AP b does not. The number of TPs that may encounter this problem is

modeled as:

W =[| {(j, k) €T X T|paj > 02 Upp > 0 Upj > 09 Upy; < 09} ||

Two of the scenario above can be used to define the overlap coefficients of candidate

AP a and AP b, named w,;, in the optimization model:

J— (& C u u
wab = wabSb + wbaSa + (.A.)ab + wba

Finally, the MILP optimization model can be described as the following equation set:

min Z WabYab
be(?)

1
st — Z pat Lat > R
at)es

Jot fy <1+ Yap Ya,be A,ce C
Y fi=2 Va € A
ceC

Tat < Zg \V/(Cl7t) c AxT
Zxatgl VtET
acA

Sy

acA

(4.1a)

(4.1b)

(4.1¢c)

(4.1d)

(4.1e)

(4.19)

(4.1g)

The minimization of co-channel overlap is used as objective function (4.1a), and the

average data rate is ensured to be at least R in Constraint (4.1b). Constraint (4.1c) make

sure that the overlap variable y,; is 1 if AP a and AP b operate on the same channel c.
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Constraint (4.1d) states that every selected AP should only operate on one channel. Con-
straint (4.1e) and (4.1f) guarantee that a TP is only assigned to a selected AP. Constraint
(4.1g) restricts the number of selected APs to N.

The model (4.1) formulate the optimization problem of WiFi network planning, and it
can be solve by ready-made MILP problem solvers.

However, some definitions in the model is not suited enough for accurate estimation.
For example, the overlap coefficient defined in this model overestimates conflicts between
two APs, because the TPs within the carrier sensing range of an AP are not necessarily
served by it. If there are many candidate APs around certain area, the overlap coefficient
may not be able to distinguish proper set of APs that have less interference to each other.
The effect of signal strength difference cannot be identified by the coefficient.

Furthermore, the throughput calculation in the model is too rough. The model ignore
the effect of user competition on the real data rate. From Constraint (4.1b), the system
throughput will be increased by a constant value ¢(p,;) if TP ¢ is assigned to AP a. How-
ever, in real situation the actual throughput at a TP divides when the connecting AP serves
more users. That is, the increase of of the total throughput is not a constant value. Also,
the design of variable x,; does not fit the association of real situation. As a result, the
model overestimates the throughput of its solution, and the resulted deployment may not

reach the expected throughput of a designer.

4.2.2 Our Optimization Model

In this section, we present a more realistic calculation of throughput in our optimization
model in contrast with the MILP model described in previous section. The mathematic
terminologies used in our optimization model are summarized in Table 4.2.

In our optimization model, we deal with the AP selection problem and channel assign-
ment problem separately. The model for AP selection problem only contains one type
of binary decision variables z,, which implies whether AP a is selected or not, and the
variables z, determine the values of the other variable z,;, which implies the association

between AP a and TP ¢. In other words, we suppose that a station at TP ¢ only associates to
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Table 4.2: Variables and coefficients in our optimization model

Name Domain Interpretation

Sets

A Set of candidate APs

T Set of TPs

C Set of isolated channels

S. Set of the APs that operate on channel ¢
Variables

Za {0,1}4 AP a is selected or not

Tt {0,1}4*T AP a serves TP t or not

fe {0,1}4*¢ AP a operates on channel c or not
Coefficients

Dat >0 Received signal strength from AP a to TP ¢
O (Pat) >0 Data rate from AP a to TP ¢ (referred from MCS table)
Uy >0 Throughput requirement for TP ¢

Na >0 Number of served people for AP a

d, >0 People density for TP ¢

STR; >0 Signal to interference ratio (SIR) for TP ¢

the selected AP a which has the highest signal strength at TP ¢, so the association between
AP and TP is ascertained once the selection of APs is made. The definition of z,; in our

model is expressed as the following equation:

L if pe >py Voe{ke A—{a}|z =1}

Lot =
0 otherwise
Thus, we can specify the number of served users by the combination of a transition
function defined from the people density map and the variable x,;. The equation below
adds up the number of users which is served by AP a in order to approximate the total

number of served users under AP a:

TIa:Zdt X ZTat

teT

Next, we divide the theoretical throughput value ¢(p,;) by the approximated number
of users 7, to compute the averaged throughput under user competition. We make the

time-averaged throughput satisfy the throughput requirement defined in the throughput
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requirement map in the criteria below:

¢(pat)
Na

> Uy

Finally, we illustrate our optimization model for AP selection problem that estimate
the throughput in a more precise form. The number of APs is used as objective function

(4.2a), and the throughput requirement is defined in Constraint (4.2b).

min Z Zq (4.2a)
acA
s.t. gb(f;at) >y V(a,t) € Ax Tlxy =1 (4.2b)

After completing the AP selection process, we allocate the available channels to the
selected APs to maximize the average SIR over all served area. The optimization model
for channel assignment problem contains one types of binary decision variables [, which
means that AP a operates on channel c. First, to specify the APs that would interfere with

each other, we define the sets of serving APs that operate on the same channel c:

Se={a€cAlfi=1,ceC}

After defining the serving APs on the same channel, we can calculate the SIR for every
test point under the current deployment. The SIR at a test point is the ratio of the received
power of the serving AP and the interference from other APs which operates on the same

channel.
pat

SIR; = ———
' Zbesc Dot

At last, we illustrate our optimization model for channel assignment problem below.
We attempt to maximize the averaged SIR value over all test points, which is used as the

objective function (4.2).

max ”—;” > SIR, (4.3)

teT
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Because the optimization model for AP selection problem (4.2) and channel assign-
ment problem (4.2) can not be simply solved by an ready-made optimization tool and to
examine every possible solution is too time-consuming, we employ a heuristic approach

to solve them. The approach is described in Chapter 5.
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Chapter 5

WiFi Network Planning Simulator and

Algorithms

The function of the WiFi network planning platform is introduced in this chapter. The
platform is first written in Matlab, and then it is rewritten to C-based library for practical
usage. An application programming interface is also implemented in the C-based library,

providing the front-end application an adequate result in little amount of time.

5.1 Module Overview

The network planning platform is composed of three parts: the signal strength module,
the AP selection module, and the channel assignment module. Given the wall structure
and the information of deployed AP(s), the signal strength module can produce the signal
strength map for such deployment. Next, with the signal strength map, the AP selection
module can determine favorable APs from a set of candidate APs. At last, with the list
of selected APs, the channel assignment module can allocate available channels to those

APs in order to optimize the SIR over the whole area.
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Figure 5.1: Signal strength map presented in contour map

5.2 Signal Strength Module

The aim of signal strength module is to produce the signal strength map with topology
information. A map with wall structure and type, AP settings with transmit power and
location, and system parameters — such as operating model, carrier frequency, receiving
height, and receiver sensitivity — are needed to create signal strength map. For every point
on the map, we use the surveyed 802.11 path loss model to calculate the signal strength of
that location. The elements of path loss model are path loss, penetration loss, and antenna
gain. The signal strength values of every point is stored in a 2D array and can be used to
show a contour map of signal strength (Figure 5.1).

Besides, the parameter called receiver sensitivity is used to skip the calculation of a
signal strength value which is too small. When the signal strength value is below the
receiver sensitivity at a point, we set the signal strength value of such point to be 1 dB
below the receiver sensitivity.

We use multi-wall model with a 3D location setting for convenience and effectiveness

in implementation. Although the signal strength map only presents the signal strength
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Figure 5.2: Signal strength map when the antenna is on x+ direction

at the receiving height, the effect of AP’s height is also taken in consideration. When
calculating the path loss from an AP to current position, we only consider the LoS distance.
The attenuation loss is added if the LoS path runs across a wall. The effect of diffraction
is omitted for the simplicity of computation.

The antenna gain is also taken into consideration if such option is turned on. For
each candidate AP, the antenna direction could be set to 3 predefined type: x+, y+, or
z+. The signal strength module could apply provided radio pattern data to compute the
signal strength under different antenna direction configuration. An example of the signal
strength map under different antenna direction with the same radio pattern data is shown

in Figure 5.2, Figure 5.3, Figure 5.4.
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Figure 5.3: Signal strength map when the antenna is on y+ direction
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Figure 5.4: Signal strength map when the antenna is on z+ direction
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5.3 AP Selection Module

The aim of AP selection module is to select favorable APs for maintaining better cover-
age, to reduce AP amount from all possible APs, and to keep the throughput demand. To
activate the selection process, the module need a set of available APs with operating in-
formation and locations, the topology information, an area priority map, a people density
map, and a throughput requirement map. The algorithm contains three phase: coverage

prediction, station elimination, and throughput guarantee.

5.3.1 Phase I: Coverage Prediction

In this phase, we compute the weighted average coverage for each candidate AP. The
weighted average coverage for each AP can be used as an importance measure when se-
lecting the candidate APs.

The process to calculate the weighted average coverage is described below. First, we
use signal strength module to create signal strength map for each AP in the candidate AP
list. Second, the signal strength map is used to produce the basic coverage map. The
coverage map implies whether an AP can provide adequate signal strength to every spec-
ified location. In the coverage map, the value is set to be 1 for a grid on the map with
received signal strength larger than the max needed receive power, which is sufficient to
provide the highest MCS. In contrast, the value is set to be 0 for a grid with the received
signal strength smaller than the min needed receive power, which is needed to provide the
lowest MCS. If the signal strength is between the two thresholds, the value for the grid is
interpolated between 0 and 1 according to the received power.

Next, we create the weighted coverage map from the coverage map and the priority
map. We scale the priorities of the priority map to be between 0 and 1, and then multiply
values of the coverage map with values of such scaled priority map point by point to create
the weighted coverage map. The transition of priority and signal strength to weighted
coverage value is presented in Figure 5.5.

Finally, all values in the effective area of the weighted coverage map are averaged to

retrieve the weighted average coverage for the AP. The effective area is defined as the
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Figure 5.5: Weighted Coverage Transition Function

nonzero priority area. The process that we calculate the weighted average coverage from

the coverage map and the priority map can be express as the following equation.

Z(m)eAe”ecme CoverageMap(z,y) X ScaledPriorityMap(z,y)

WeightedCoverage(AP) = |A |
ef fective

5.3.2 Phase II: Station Elimination

In this phase, we eliminate less important APs from the candidate AP list. The aims are
to reduce interference from stations near-by, and thus to reduce installation cost.

First, we iteratively find AP with large overlapping. To specify, if the mean absolute
power difference between two APs is lower than certain threshold in every priority area,
the two APs are said with large overlapping. The mean absolute power difference thresh-
old at minimum and maximum priority is needed to obtain the power difference level for
all priority, and the power difference level is assigned in proportion. The relation between
mean absolute power difference and priority is presented in Figure 5.6.

After the overlapping condition is computed for all AP pairs, we add AP pairs with
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Figure 5.6: Relation of power difference and priority

large overlapping into an overlapping AP group. Next, we keep the most important AP
in each group and eliminate other APs, which are less important. After such process, the

remaining APs could still maintain sufficient coverage on the topology.

5.3.3 Phase III: Throughput Guarantee

In this phase, we add APs to the selected AP list generated from Phase II in order to satisfy
the throughput requirement. The purpose of this phase is to satisfy the throughput need
after we maintain basic coverage with Phase II.

First, we construct an allocation map for the selected AP list. Every point on the map
is allocated to the AP that has the highest signal strength. Second, for every point, the
signal strength of serving AP is converted into theoretical data rate according to the MCS
table from 802.11 standard. Next, we compute the averaged theoretical throughput under
user competition for each point.

Finally, we can examine whether the averaged throughput meets the throughput re-
quirement point by point. If the constraint is not met under certain serving AP, we add
less important AP respectively into the selected AP list. An AP is added back when it can
share the most users from such serving AP to reduce the traffic load. Because the serving

users is shared by the newly added AP, the time averaged throughput under the insuffi-
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Figure 5.7: Channel Allocation Order

cient AP is also raised to meet the requirement. Whenever an AP is added back to the list,
we have to restart from the first step to construct a new allocation map for the updated list.
The process ends when every point is visited and no AP can be added back to enhance the

throughput performance.

5.4 Channel Assignment Module

The aim of channel assignment module is to allocate available channels to the APs in the
selected AP list, and optimize the SIR over the whole area. The selected AP list, topology
information, signal strength information, average weighted coverage of APs (from AP
location module Phase I), and an allocation map for the selected APs (from AP selection
module Phase III) are needed in this module.

We use a greedy approach to assign channel. First, we start allocating channel from
AP with highest weighted coverage, and continue to the next AP with lowest path loss.
The allocating process is shown in Figure 5.7.

When the number of non-overlapping channels is exhausted, two implemented algo-
rithms are used separately to allocate the channels. In the first algorithm called Received
Power Algorithm, the received power from all the APs which are already assigned a chan-
nel is evaluated at the next AP. The channel with lowest received power is then assigned to
this AP. In the second algorithm called Subarea Interference Algorithm, the averaged SIR
over the served area from all the APs which are already assigned a channel is evaluated at

the next AP. The channel with highest averaged SIR over served area is then allocated to
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this AP. The process continues to the next AP with lowest pathloss and so on.
After all selected APs have been assigned with a specified channel, we evaluate the
two solution set by computing the averaged SIR over whole area. The solution set with

the higher averaged SIR is adopted.

5.5 C-based Library Introduction

The WiFi network planning platform has been rewritten to C-based library, and a appli-
cation programming interface is implemented. We have also implemented a test software
to validate the library. A screenshot of the test software is shown in Figure 5.8.

The data flow of the C-based library is shown in 5.9. With the environment data and the
operating AP list, the signal strength module can generate the resulted signal strength map.
In order to satisfy the real-time computation requirement of signal strength map whenever
an AP is added, deleted, or dragged to a new location in the front-end application, the
signal strength module can also provide a rough output first before computing all the signal
strength result. If the designer activates the network planning process, the output of the
signal strength module is then used as input for the AP selection module. The AP selection
module utilize the signal strength map, the priority map, the throughput constraint map,
and the people density map to select favorable APs and export the result to the channel
assignment module. Therefore, the channel assignment module generates an allocation
plan for those selected APs. At last, the AP selection plan with channel allocation is

presented to the designer.
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Figure 5.8: Screenshot of test software from C-based library
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Figure 5.9: Data Flow of C-based library
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Chapter 6

Evaluation

We have conducted two experiments to examine the performance of the network coverage

planning platform.

6.1 Experiment for Indoor Hotspot Scenario

6.1.1 Experiment Setup

The system parameters for indoor hotspot (InH) scenario are listed in Table 6.1.

The topology is derived from ITU-R Report M.2135 [42], which is the indoor hotspot
scenario mentioned in Section 3.2. The floor contains 16 rooms of 15 m x 15 m and a
long hall of 120 m x 20 m. The scale of the map is 2X, which means a point on the map
is equal to a 0.5m-sided square grid.

There are 25 candidate APs, and the topology map with candidate AP locations is
presented in Figure 6.1. In the topology, the green lines are concrete wall and blue lines
are drywalls and doors. The blue circles are the locations of candidate APs. Every black
number attached by the blue circle is the candidate AP’s height, and the red number is the
candidate AP’s index.

The topology is divided into three parts: the rooms, the long hall, and the remaining
area. In the rooms, the area priority is 2, the throughput constraint is 15 Mbps, and the

people density is 0.04 people / m?, which implies that there are 9 people uniformly dis-
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Table 6.1: System parameter for InH scenario

Map Size 140 %280 points

Scale 2X (square grid = 0.5m x 0.5m)
Candidate station number 25

Wall number 20

Priority map area number 3

Path loss model

802.11n model D (Typical office)

AP signal power

21 dBm

Carrier frequency 2.4 GHz

Stream number 2

Bandwidth 40 MHz

Guard interval 400 ns

Receive sensitivity -95dB

Max needed receive power -70 dB (MCS 15)
Min needed receive power -95 dB (MCS 0)

Mean power difference threshold at min priority | 20 dB
Mean power difference threshold at max priority | 10 dB
Channel number 3

tributed in each 15 m x 15 m room. In the long hall, the area priority is 1, the throughput
constraint is 5 Mbps, and the people density is 0.02 people / m?, which implies that there
are 48 people uniformly distributed in the 120 m x 20 m hall. The area priority, through-
put constraint, people density is set to be all zero for the remaining area. The area priority
map, throughput constraint map, people density map is shown respectively in Figure 6.2,

Figure 6.3, and Figure 6.4.
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Figure 6.1: Topology map with candidate APs’ information for InH scenario
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Figure 6.2: Priority map for InH scenario
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Figure 6.4: People density map for InH scenario
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6.1.2 Result and Comparison

The result of the InH experiment is presented in this section. As Figure 6.5, 10 APs are
selected in this scenario. The resulted signal strength map of selected APs is shown in
Figure 6.7 and the distribution of their served area is presented in Figure 6.8. The channel
allocation condition determined by the channel assignment module is demonstrated in
Figure 6.9. The received power algorithm wins by 22.9575 dB of averaged SIR, and the
SIR distribution is shown in 6.11. Finally, the throughput distribution for such deployment
is shown in Figure 6.13.

When adding back candidate APs to satisfy all the throughput demands on the map,
we select the candidate AP which can share the most users from insufficient serving AP.
Because we have selected the APs with large coverage score as initial solution set, added
candidate AP are less possible to share too many users that added AP cannot afford. Such
process can utilize less AP to satisfy the throughput demand, and hence improve the SIR
performance.

If we add the candidate AP which overlaps the insufficient serving AP most into the
initial solution set as a compared algorithm, the resulted selection of 12 APs is shown
in Figure 6.6. The channel allocation status is shown in Figure 6.10, the resulted SIR
distribution is illustrated in Figure 6.12, and The resulted throughput distribution is as
Figure 6.14. From the CDF comparison of effective area’s SIR in Figure 6.15, we found
that the SIR performance of our algorithm implemented in the planning platform is better
than the one of compared algorithm for most of the grids on the map. Moreover, the
averaged SIR of the compared algorithm is 19.1103 dB, which is much worse than the
selection method of our algorithm. It is because the selection process of the compared
algorithm chooses too many nearby AP, and hence the interference from nearby AP is too
high. From the CDF comparison of effective area’s throughput excess in Figure 6.16, we
can also notice that the resulted throughput is unnecessarily too high for the compared

algorithm.
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Figure 6.6: Selected APs of compared algorithm for InH scenario
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Figure 6.7: Signal strength contour map of selected APs for InH scenario
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Figure 6.8: Allocation map of selected APs for InH scenario
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Figure 6.9: Channel allocation map of selected APs for InH scenario
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Figure 6.10: Channel allocation map of compared algorithm of selected APs for InH sce-
nario
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Figure 6.12: SIR map of compared algorithm for InH scenario
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Figure 6.13: Theoretical throughput map for InH scenario
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Figure 6.14: Theoretical throughput map of compared algorithm for InH scenario
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Figure 6.16: CDF comparison of throughput excess for InH experiments
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6.2 Experiment for Real Building Scenario

6.2.1 Experiment Setup

We evaluate the planning platform for a more realistic scenario in this section. The system

parameters for the real building scenario are listed in Table 6.2.

Table 6.2: System parameter for real building scenario

Map Size 150300 points

Scale 3X (square grid = 0.3m x 0.3m)
Candidate station number 88

Wall number 183

Priority map area number 4

Path loss model

802.11n model D (Typical office)

AP signal power

21 dBm

Carrier frequency 2.4 GHz

Stream number 2

Bandwidth 40 MHz

Guard interval 400 ns

Receive sensitivity -95 dB

Max needed receive power -70 dB (MCS 15)
Min needed receive power -95 dB (MCS 0)
Mean power difference threshold at min priority | 20 dB

Mean power difference threshold at max priority | 15 dB

Channel number 3

The floor map is the second electrical engineering building of National Taiwan Uni-
versity. The scale of the map is 3X, which means a point on the map is about a 0.3m-sided
square grid. There are 88 candidate APs, and the topology map with candidate AP loca-
tions is presented in Figure 6.17. In the topology, the green lines are concrete wall, blue
lines are drywalls and doors, and cyan lines are the elevator walls. The blue circles are the
locations of candidate APs, and the heights of candidate APs are depicted by the number
attached by the circles. The condition of the area priority is shown in Figure 6.18. The
throughput constraint is illustrated in Figure 6.19. At last, the distribution of the people

density is illustrated in Figure 6.20.
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Figure 6.17: Topology map with candidate APs’ information for real building scenario
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Figure 6.18: Priority map for real building scenario

57



-50
19
18

0
17

50

100

150

200

50 100 150 200 250 300

Figure 6.19: Throughput requirement map for real building scenario
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Figure 6.20: People density map for real building scenario
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Figure 6.21: Selected APs for real building scenario

6.2.2 Result

The result of the experiment of real building scenario is demonstrated in this section. Af-
ter the AP selection process, 18 APs are selected in this scenario and the resulted signal
strength map is presented in Figure 6.22. The allocation of served area is depicted in Fig-
ure 6.23, and the channel allocation status is shown in Figure 6.24 with detail illustrated
in Table 6.3. The received power algorithm wins by 36.0572 dB of averaged SIR, and the
SIR distribution is shown in 6.25. The resulted throughput satisfies the requirement, and
the throughput distribution for such deployment is shown in Figure 6.26. At last, the CDF
of SIR and throughput excess in effective area is shown in Figure 6.27 and Figure 6.28

,respectively.

Table 6.3: Carrier assignment result for real building scenario

Carrier index | AP index

1 7101225294661
2 13 38 42 69

3 292131627072
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Figure 6.22: Signal strength contour map of selected APs for real building scenario

50

100

150

50 100 150 200 250 300

Figure 6.23: Allocation map of selected APs for real building scenario
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Figure 6.24: Channel allocation map of selected APs for real building scenario

160
-50
150
0
140
50
100
150
200

50 100 150 200 250 300

Figure 6.25: SIR map for real building scenario
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Figure 6.26: Theoretical throughput map for real building scenario
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Figure 6.27: CDF of SIR for real building scenario
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Figure 6.28: CDF of throughput excess for real building scenario
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Chapter 7

Conclusion

We have implemented a WiFi network planning platform which mainly provides sug-
gestion of AP selection and channel allocations for network deployment. The network
planning platform contains three modules that are able to meet the designer’s demand in
different stages of network design: From the signal strength module, designers can com-
pute the signal strength map over specified topology. From the AP selection module, they
can derive an AP deployment plan that have better coverage, less interference, and suf-
ficient throughput with a set of candidate APs. From the channel assignment module, a
channel assignment plan for such deployment can be obtained.

We have discussed the design specification of our platform, and the optimization ap-
proach is accomplished in several stages. First, we propose an optimization model that
estimates the throughput in a more accurate form, and use a heuristic approach to greedily
find important APs which has more effective coverage from a predefined AP set. Next,
we ensure the selected AP set to provide enough throughput that satisfy the requirement.
At last, we utilize two channel assignment algorithms to minimize the co-channel inter-
ference as well as maximize the SIR over the whole area.

As our algorithm take the people density into consideration, the platform can also be
applied to the planning of networks in public place where the amount of visitors varies
with time. When there are fewer visitors, our algorithm can provide an AP selection plan
that only turns on fewer APs to satisfy the traffic need, and thus save the operating cost of

already deployed APs.
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