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Abstract

Project Code : MRG5080381
Project Title : Efficient Wireless Local Area Network Design for Quality-of-Services
Optimization Using Multi-Objective Approaches

Investigator :
1. Asst. Prof. Dr. Chutima Prommak (Head of project) Suranaree U. of Technology
2. Assoc. Prof. Dr. Naruemon Wattanapongsakorn (Mentor) King Mongkut's U. of

Technology Thonburi
E-mail Address : cprommak@sut.ac.th

Project Period : 2 July 2007 — 1 October 2010

Wireless Local Area Networks (WLANs) have played an important role in providing data
communication services, especially in areas lacking of wired infrastructure. In the WLAN design,
the network planners have to determine the optimal number of access points, their optimal
locations and other important parameters of the access points, including the transmitting power
levels and the frequency channels. If the network deploys insufficient number of access points,
coverage hole may exist in the service area and the network capacity may be insufficient to
accommodate the expected traffic demand. On the other hands, over-deploying the access points
and/or using inappropriate access points’ parameters can lead to the network performance
degradation because of interference problems. This research work presents WLAN network
design techniques using the multi-objective approach. The proposed techniques take into account
important factors that could affect the quality of services of the networks, including the radio
signal coverage and the network capacity to serve expected user traffic demand in the service
area. We developed a heuristic optimization algorithm based on the Tabu search technique to
determine the optimal locations, the power levels and the frequency channels for the access
points used in the networks. Numerical results and the network performance analysis show that
the networks designed by the proposed techniques can greatly improve the network quality of
services in term of the signal coverage availability and the network capacity to accommodate the

expected user traffic demand.

Keywords : Multi-objective optimization, Network design, Quality of Services
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Maximize f; = \G\

2) vhlanunalalugunimmstesdayavesflduinmuinfiga (Maximize user satisfaction)
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> ujp <1, Vieu (3)

ij —

7B
ui‘j(PRu(pj,cj,bj)— PRthresho,d)z 0,Vieu, Vies (4)
us (P, (py.c;.b; )= Intfy (p;.¢5,b; )~ SIRyyeeraa )2 0. ViEu, Viea (5)
Uitj(rit —Rt)zo, Vieu, Vies (6)
O (Pth(pj,cj,bj)— Prthreshold )2 0,Vhea, VieB )
Oy, (PRm(pj,cj,bj)— Intfhj(pj,cj,bj)—SIRthreshold)2 0,Vheag, Vies (8)
u; 2h,, Vieu, Vies (9)
9y 2b;. Vheg Vies (10)
v,zesbj <N (11)
uj €{01}, Vieu, vies (12)
g, €101}, Vhee, Vies (13)
b, {01}, Vies (14)
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3.3 ﬂ']ilal;'lla\‘la&lﬂ'liﬂm@lﬂ'laﬁillﬂﬂﬁa']HQWQﬂigaﬂﬂﬂﬁagi%gﬂﬂaﬂﬁ&ﬂqiﬁﬂ'\aqi
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Maximize F = W]_f]_ + szz (15)

w, uaz w, udmudstihwindnivaumyiaguesd (1) uaz (2) lasdaudimasesdl
AMUTUNUTIUAD W, + w, = 1
Tunauddymmamdnunzaungauuuana i 0NRNERNNFATAITLNTN
Agaga (maximization) Agafiaduuduniiniizle (Pareto front) Sadunusiudiminly
a ] [l dl 6 & dl Y 1 :‘ s A
dadatu 3ngUR 1 sunsamans F, iuaunsilddndisiwinga g (w,, w,) uazaa F, fe
A o < o 6 o o [ . . < A * & A
afiduandiwualassunisaniat’ F, SuRanLLduIa0v04 feasible region wufa £, iugafl
] v v A 13 { v d o Q./
aguudunimle Sadwanlddgengadmivaunsamant F,
lunsdszanmariunsiinsla (Pareto front approximation) wu&W1IaYNbAlasnns
witymmsmdnimanzaangauuunaIagszaidnans 9a 5 lasudazaaldatasiimuni
1 L g é ol 1 : e 1 1 o 1 { 1 Qs v v
dnaru Samsldandisihminudazdiazildgragegandranuuuduntinasle
fwuald Q udwiugavasdrdisiwin uaz g Judsiluanddugadiaimin
d99rasdtisihminly Q aznsznwedwmiianeszniedl 0 i3 1 drdrshwindmivganos

Yoo d . y &
Inind g (w,, w,) sRnIadwImldanaunisealud

W, = (G-DAQ-1), w, =1-w (16)
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Feasible region

Fy= Wi+ Wy,
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4, Ltuaﬂﬁdﬂﬂiﬁﬂdﬂﬁmu'}zauﬁqmLL‘iJ‘lJﬁmsnﬁ’lﬁﬂ (Heuristic Optimization Approach)
muﬁ’%’mﬁ"lﬁﬁwuﬁ%msmmﬁmm:awﬁqﬂiﬂﬂl"ﬁummumuﬁﬂméﬂﬁﬂ FIMILNNT
uitlgmmsssnuuuietatnevesinlimeildaunsuunasiagussasdamuildefunsluwinde
73 LmeamiLLﬁﬂzym@TaﬂﬁhammmmgﬂLLUULﬂ%aﬂwﬁmm:auﬁq@ Tagfnuaduntef
mmzawﬁq@ém‘{ua@éﬁqmL?Tﬂﬁa uanmnﬁﬁaﬁmu@@hmwLLsaa?fyty’]m LAz TaIANAT
mmzawﬁq@iﬁﬁuqm%ﬁaﬁ’m
Iﬂsaa%ﬂamiﬁ’m’mmaﬁ%msm@hﬁmmmwﬁqﬂiﬂﬂl“ﬁLmeaLmUﬁﬂmé’]ﬁﬂ
UTenoufuasiuaauio TuaawMITRLARI3NR (Initialization phase) La=TwABKINTHIAN

mm:awﬁq@ (Optimization phase)

4.1 %%ma%nﬁiﬁﬁﬁ%ﬂﬁﬁtéuﬁ% (Initialization Phase)

ﬂgumaufﬁﬂumsﬁmmgﬂ wuulasstnesudu Tagmsidend1sudusasdindsans 98390
A Tuaeniildnanmsvesmysumeiuuulan (Greedy based search technique) S9azL8anen
yassaudsnvhlfavessumssnans (15) ﬁ@hgoﬁq@ RANNIINABUARLIOUVBINTABAIAIABL
(Iteration) ﬁ]:ﬁﬂmsam‘%@@Lﬁﬂﬁoﬁazméao auﬂs:ﬁv‘aa@ﬁ.ﬁaq@Lﬁﬁﬁdmuﬁm’mﬁﬁmu@"ﬁ Tuudaz
saufuﬁa:ﬁwmsmﬁwaoéfutﬂmaoqm%ﬁa (ﬁ?uﬁa@i'n,l,%mﬁamé?a ANMUUTIRY YD LASTDY

{ & o YV d v o 1 d g; o e 1
anud) T ldann laanmsdwisaumsanans (15) idngaNige TunawnIMIAIAaUAINAT

v
=

TN sU I wRIN1T¥iN9% (Pseudo-Code) @t

Algorithm 1 Initialization algorithm
Input:  Objective functions (f1, f2), weight coefficients w; and w,
Number of base stations
Service area characteristics (# floors, size, wall materials)
Wireless user characteristics (user density, distribution, traffic profile)
Output: Initial network configuration specifying values of power level and frequency channel
assigned to each base station

Step 1: Initialize parameters
k = 1 // place the first wireless base station (BS)
Step 2: while (k < N) do // Find parameters location, power level and frequency channel for by
For all jeB do
Place BS k at location j temporarily
For all peP do
Assign power level p to BS k
For all ceH do
Assign frequency channel h to BS k
Compute the scalarizing function with BS k installed at j using p and c
Record the obtained value as Fy(j,p,c)
Select the maximum Fy(j,p,c)
Assign the optimal parameters (j,p,c) to BS k permanently
k++// place the next BS
Step 3: Return the best solution found and stop

17



v ] ]
4.2 IWAIRNIMIANINANZENNFA (Optimization Phase)
& \ A { o ) . S
TUABUMIRFNIANZFNFA I FUNINNINIAURIULLNNY (Tabu search techniques) &9
=}

uumamsnwaunazinauansansnlag Glover [15] wanmIidasduvadinsauniiuumuda

U

o

milglaseaieanudt (Memory structures) Liluuwanislumsdumanimanzauiiga inanazi

=

Twnisdwnndiaauidulilat1idszansaw 1a UmiﬁumLmumg%ﬁﬁmsﬁumﬁmauﬁa‘nq@

=

ndaaulngifing (Neighborhood) vasfaauilagiin lagluszninamsaumuuazsauliiafen
ldidaaunudasldiailasiumifiaagndnaun@angauuusiosniu (Local optima) uananiinis
U K QI v o g o v A dl dl v dl o [l v U 1
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7 I@slmi’lfﬁﬁagamﬂimaa%”wmwa‘iwadmsﬁumﬁ’]@auﬁmumlumiﬁﬁ%u@i@ﬁﬁﬁ@é’aﬂdn
a WV g LA W v & I v

T HI9 NG knowledge-based move operators [16] sﬁaLﬁszuumagaLLa:
TavsasanuinmislunisauwnidiaaulnalAssadeilszsanTaw nanmIvinewiaanisha
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(Pseudo-Code) @3

Algorithm 2 TS optimization algorithm

Input:  Objective functions (f1, f2), weight coefficients w; and w,
Number of base stations
Service area characteristics (# floors, size, wall materials)
Wireless user characteristics (user density, distribution, traffic profiles)
Initial network configuration

Output: Optimal network configuration (specifying base station parameters: locations,
power levels, frequency channels)

Step 1: Set the current solution (s) = the initial network configuration
i =1 // initialize the iteration number
Step 2: while (i < Max_iter) do // Exploring the neighborhood
2.1: Generate neighborhood of s denoted as N(s) according to the specified
neighborhood structure and the knowledge-based move operators.
2.2: Determine the best solution in N(s) while taking into account the tabu status and the
aspiration criteria. The evaluation function is given by the scalarizing function in
Eqg. (15).
2.3: Determine the tabu tenure which is randomly generated from the interval
[tmin, tmax] With uniform distribution. Update tabu status.
2.4: Update s = the best solution in N(s) and update the best-so far solution.
i++// do the next iteration
Step 3: Return the best solution found and stop
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Abstract: - A multi-objective wireless local area network (WLAN) design models have been developed to
optimize the network quality of services. The proposed model combines three problems together, including the
optimal access point placement, the frequency channel assignment and the power level assignment. In addition
it accounts for user population density in the service area, traffic demand characteristics and the physical
structure of the service area. The design model aims to determine a network configuration that optimizes the
network quality of services in term of the radio signal coverage and the data rate capacity to serve expected
user traffic demand in the service area. Numerical results and sensitivity analysis is performed to analyze the
improvement of the network performance. We found that when we incorporate the issue of the user data rate
capacity in the design model, we can greatly improve the quality of service in term of data rate requirement
while slightly degrading the signal coverage availability. It is observed that as the weight factor of the user data
rate capacity objective increases from O to 1, the user satisfaction level increases about 40% while the signal
coverage availability decreases about 10%.

Key-Words: - Multi-objective, Optimization, Network design, Wireless Local Area Networks

1 Introduction the ESS can overlap. Recently research efforts using

With the continued growth and the expansion of the Simulation tools [2] and analytical models [3-7]
infrastructure-based Wireless Local Area Network Nhave been carried out to study performances and
(WLAN) deployments, efficient network design quality of services in WLANS. In this paper, we aim
methods are required so that the resulting WLANs [0 Solve the problem of laying out BSAs to cover a
can provide high Quality of Services (QoS). An target region an_d achieve hl_gh quality _of services. In
infrastructure network employs an access point (AP) particular, we aim to determine the optimal network
for central control of the communication between

wireless users participating in a Basic Service Set

(BSS). A coverage area within which wireless users [T -

are free to move around and yet still remain R~ - bl

connected to the AP is called a Basic Service Area =/ /‘f’vz ? wsbi i

(BSA) which covers an area ranging from 20 to 300 ! 1A % ¥ %ﬁ{é 1 ESS = Extended
meters in radius depending on the transmitting ; N \\\\ //' | AP _iceé‘ggsggtm
power level and the radio propagation environments ' "/" -\‘-’ | W = Wireless user
[1]. For large service regions, a cellular architecture ! V= gt v S © _ Basic Serice Area
with multiple BSAs can be used in which the APs j osae e & Lo BsA)

are interconnected via a wired distribution e — | . communication link
infrastructure to form a single system called an

Extended Service Set (ESS). Fig.1 illustrates an ESS Fig.1 Infrastructure-based WLANs

where three BSAs exist. Note that some of BSAs in
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configuration (i.e. the location, frequency channel
and power level of each AP) in order to maximize
the network quality of services in term of the radio

Chutima Prommak and Naruemon
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service area, in order to optimize the network
guality objectives described below.

signal coverage and the data rate capacity to serve2.1 Network Quality Objectives

expected user traffic demand in the service area.
The issue on the quality of signal in the target

2.1.1 Radio Signal Coverage Objective
We consider signal quality in the proposed network

service areas and the concerns about the user datalesign model because the service availability of the

rate capacity are two important metrics to be
accounted in determining the optimal network
configuration. However, the majority of the

network depends on availability of the radio signal
and the level of interferences in the area. To achieve
a particular data transmission rate, wireless users

published papers do not seek all three parameters ofmust be within a certain range of the received signal

the network configuration and the attention is
focused on either one of the design aspects.
Traditional works focus on the AP placement
problems. The design focus mainly on the signal
quality aspect, aiming to maximize Signal to Noise
Ratio (SNR) [8] or minimize path loss [9,10]. Other

works [11,12] consider the frequency channel
assignment problems for WLANs. Ref [11] aims at
maximizing the total received signal strength
whereas Ref. [12] aims at maximizing the coverage
availability. Ref. [13] considers both the AP

strength and the SIR threshold. Thus, an important
design objective is to maximize the signal coverage
availability. We evaluate the signal coverage
availability by defining Signal-Test-Points (STP)
where the received signal strength and the SIR are
assessed. To maximize the signal coverage
availability is to maximize the number of STPs of
which the received signal strength and the SIR level
are greater than the specified threshold.

2.1.2 Data Rate Capacity Objective

placement and the frequency assignment problems As the user population grows and multimedia

by maximizing data rate capacity of the network but
not considering the signal coverage aspect.

In this paper we propose a multi-objective
WLAN design approach, optimizing both the signal

applications requiring higher data rate spread, the
obtainable user data rate (throughput of each
wireless users) becomes an essential concern in
designing WLANs [1]. According to capacity

quality and the data rate capacity aspect to solve theanalysis of the CSMA/CA protocol used in WLANS,

AP placement, frequency channel and power level the average user obtainable data rate can vary
assignment problem. Moreover, the proposed model depending on the number of active wireless users on
accounts for user population density in the service the AP. As the number of wireless users with active
area, traffic demand characteristics and the physical data transfer connections to a particular AP
structure of the service area. increases, the effective AP capacity decreases. Thus,
The rest of the paper is organized as follows. The the location of APs should be a function of the
next section describes the problem definition of the density characteristics of the wireless users as well.
WLAN design model and gives the mathematical Network trace studies [14-18] report that average
formulation of the design model. Section 3 gives obtainable user data rates does not depend merely
numerical results and discussion. Section 4 provides on the number of wireless users existing in the
conclusions. service area, but also on the activity of users.
Additionally, traffic volume in the network
correlates with user behavior [14]. User behavior in
2 Problem Formulation turn correlates to the types of locations where users
The task of WLAN design is to place a given are situated and the major activities users typically
nurrber of access points (APS) in a service area that pursue in those locations [14-18]. The following
may be located on a single floor or range across sections discuss the incorporation of information
multiple floors. The APs may be configured with about characteristics of WLAN usage and traffic
different power levels and frequency channels. The patterns into the design model.
power level and frequency channel of an AP,
together with the environment specific path loss and 2.2 Demand Node Representation
an antenna radiation pattern, determines the region The demand node concept used in facility location
(called Basic Service Area (BSA)) in which the AP problems describes the geographic pattern of
can support traffic demand to/from wireless users.  demand for retail goods and services [23]. The
We propose a problem formulation for WLAN  concept was extended to wide-area wireless network
configuration design seeking the optimal location, design to represent the distribution of expected
frequency channel and power level of each AP in a network traffic in a service area [19,20]. In
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designing WLANs a demand node represents an capacity. MOP seeks an optimal network
individual prospective wireless user in a service configuration, i.e. the optimal location, frequency
area. The definition allows a designer to describe channel and power level of each AP in a service
precisely the potential number of wireless users and area.
their locations, in order to appropriately place APs Let A denotes a set of APs used in the service
to accommodate expected traffic demand. In area, wheren is the total number of APs required.
WLANS, users communicate through APs using the Let @2 = {p, f;,(X, V;, zZ)} denote a set of decision
CSMA/CA protocol in which users compete for variables which are parameters assigneaptdor |
channel access and share AP capacity. Therefore,= 1, 2, ...,n. p,denotes the power level assigned to
information about the number of users is required to ap;. f; denotes the frequency channel assigneapto
calculate an average user data rate whereas theand (X, y;, z) denotes the coordinafg, y;) on floor
information about user locations is needed to z where apis located.
approximately assign users to an AP based on an Let G denotes a set of signal test points (STPs)
acceptable radio signal level. representing locations for testing the received signal
Network trace studies characterized the usage of strength and the SIR level. Each SgPrefers to a
WLANs in various environments such as on coordinate in three-dimensional spape, Y, z),
university campuses [15,17], in corporate office where gis the floor wherey, is located.
buildings [14], in academic building [18], and in a Let U denotes a set of demand nodes where
large auditorium [16]. Similarities exist in network indext indicates the type of sub-area where demand
usage characteristics among different network nodei is located.U,cU is a set of demand nodes in
environments [14-18]. Traffic load at APs depends sub-area typet. The position of demand node
on users’ level of data transfer activity in addition to within the service area is denoted by, Vi, z),

the number of wireless users situated within the where(x, y;) is the coordinates on floarwhere the
radio coverage area of APs. Network trace studies demand node is located.
show a correlation between users’ level of data The user activity leveld) and the average data
transfer activity and locations where users are rate requirementR) specify the network usage
present [14-17]. characteristics of the demand node. The set of
In the proposed WLAN design model, a user demand nodes together with the sub-area
activity level () accounts for the correlation classification and parameters specifying network
between network usage characteristics and user usage Characteristicgt(anth) are given as input to
locations.« is the percentage of wireless users in a the design process.

sub-area of type¢ who are simultaneously active in - . .

data transfer through APs. Active users participate Other decision variables mcludjﬁ andgy. uiti

in medium contention to gain access to a IS a user association binary variable that equals 1 if
communication channel and share AP capacity. We demand nodesU associates tap; A; 0 otherwise.
define three types of sub-aredsT = {1, 2, 3} O Is a signal availability binary variable that equals
where 1 denotes private sub-areas, such as offices, 21 if STP heG can receive a signal froap, €A; 0
denotes public sub-areas for unscheduled activities, otherwise

such as student lounges, and 3 denotes public sub- Let P is the set of candidate power levels
areas for schedule-based activities, such as (discrete values) for variablg. F is the set of
classrooms. The remaining user (log are idle candidate frequency channels for variabknd O is
users who, although situated in a sub-area of type the set of candidate locations for AP placement.

do not generate data transfer activity over the  Parameters in the design process are classified
network at a particular time and therefore do not into static and dynamic parameters. Static
affect AP capacity [16]. An average user data rate parameters do not change during the design process
requirement in sub-area of tyge(R) imposes a  because they depend solely on standard
desired link rate that should be available to active requirements and the characteristics of user activity

users in average. in service area. Static parameters specifying the
physical signal requirements (e.g., the received
2.3 Multi-Objective Problem Formulation signal strength Ramresoa) and the SIR  level

The WLAN configuration design problem is (SRivesnd)), user profiles (e.g., the user activity
formulated as a Multi-Objective Problem (MOP), level () and the average user data rate requirement
which combines two measures of network service (R)), and the data rate capacity of AB).(

qualities: radio signal coverage and data rate  Dynamic parameters are recomputed each time a
variable changes value during the design process.
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Dynamic variables include received signal strength
(P, ), interference level Iftf;), and average 9y, € {01}, rheG, vj eA (10)

obtainable data rater(). The mathematical model

of MOP for the WLAN design is written as follows: Constraint (3) specifies that each user can
associate to at most one AP. The decision variable

Objectives: uitj can be equal to one if the received signal

1) Maximize signal coverage area strength that user received from theap;, (Pg; in

Z Zg dBm) and the SIR level with respect to #® (the
hj

VheG VjeA M received signal strengtha(i in dBm) less the

|G| interference levell(tf; in dBm)) meet the receiver
sensitivity threshold Hrnresnog) and the SIR
threshold 8 Ryresnod) as specified by constraint (4)

Maximize f;=

f, measures the signal coverage availability. It is the
nomalized number of STPs which the received _ - _
signal strength and the SIR level are greater than theand (5), respectively. In addition, Wh@lﬂ is equal

specified threshold. to one, constraint (6) must be satisfied. It ensures
that the average data rate available to wirelessiuser

which is a typet user (') is greater than the

S zu_t_ specified user data rateR). The 802.11 capacity
' Al model and the user activity pattern correlated with
vteT VjeAVieU; (2)

2) Maximize user satisfaction

Maximize f,= the type of sub-areas where users locate are
Z(ﬂtx‘ut‘) incorporated in this constraint to estimate the
vieT average data rate that the active wireless user can

f, measures the user satisfaction level. It is the . ¢ .
nomalized number of users that can obtain the ©Ptain [21,22]. u; is equal to zero otherwise.
required data rate?, is a relative important weight  Constraints (7) and (8) assess the radio signal
of user typet. It is defined as the ratio of the quality at the STPh, testing the received signal
required data rate of user typto the maximum bit ~ strength and the SIR level. The decision variagle
can be equal to one if the received signal strength at

- R
rate capacity of the AP, =c the STPh transmitted from thep; (R, ) and the

SIR level with respect to thep; (i.e., Pth —Intf;)

Constraints:
meet the received sensitivity thresholBlrfesoq)
zuitj < 1, vieu and the SIR thresholdRivesnaia). Otherwise gy is
VicA 3) equal to zero. Constraints (9) and (10) specify that

variable uitj and gy are binary {0, 1} variables,

uitj (PRij _PRthr%hold) 2 0,HeU,eA (4) respectively.
Uitj (PR” - Intf” _StheShdd) > 0 y
Vi eU, tj eA ) 3 Numerical Results
Numerical experiments were conducted on the
6 service area in the building with four floors. The
(6) building comprised of classrooms, offices,
laboratories, student lounges, and a library. The
Oh (Pth — Pritreshold ) > 0,vheG,vjeA @) dimension of each floor is 33m x 21m. The service
area is divided into grids of size 1mx1m as shown in
9 (Pr, —Itfrj — SRpveshoia ] = O, fig.6. The grid points specify the STPs. In fig.7-10,
(8) Fhe symbol- represents the demanq nodes located
vheG, v] €A in public areas for scheduled activities, the symbol
A represents the demand nodes located in public
(9) areas for unscheduled activities, and the syniol
represents the demand nodes located in private
areas. User activity levels corresponding to each

uitj(rit—l?t) > 0,vieU, vjeA

uitj IS {O,l}, ¥ eU, vj eA
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sub-area type are based on studies showing that3.1 Effects of weight factors
users in private sub-areas are the most active Sensitivity analysis is conducted to study effects of

network users, followed by users in the public areas
for unscheduled activities and then users of public
areas for schedule-based activities [14-18].

weight factors on the WLAN quality of service in
term of the signal coverage availability and the user
satisfaction level. In particular, we generate an

Similarly, the average user data rates are taken fromapproximated Pareto front by running the program

observed network usage characteristics [14-18].
Table 1 summarizes the network usage
characteristics.

Table 2 summarizes the input parameters of the
network design problem. The design aims for 95%
coverage availability at the edge of AP coverage
areas. In this case, a fading margin of 5.75 dB is
applied in the signal coverage calculation.

We applied the proposed MOP to the WLAN
configuration design for the four-story building. A
scalarizing function (11) (a weighted sum of the
objectives) is applied to convert a multi-objective
problem to a single objective problem.

Max F = wif; + wfs (12)

The patching algorithm [13] is applied to solve
the scalarizing function. The maximum point found
is a particular point on the Pareto front. For
example, in fig.2, Fis a scalarizing function when
using a weight set ivfy, W2). R is a single point on
afeasible region boundary where the line defined by
the weighted sum;Hs tangent. F is a particular
point on the Pareto front that is the maximum of F

fa

Pareto
front

Feasible
regior

many times using different weight sets. Each weight
set converges to different maximum point on the
Pareto front. The results plotted in fig. 3
demonstrate this behavior. The plotted is obtained
by running the patching algorithm to solve the
network design optimization five times, using five
different weight sets (Q = 5) in which the weight
values are spread equally as written in Eq. (12). We
use seven APs in this experiment. The points in fig.
3 are the maximum points found with each set of
weights. Two end of the front are a@t=67.6%,
f,=34%) and =58%, $=75.4%).

Wig = (0-1)/(Q-1), v = 1- Wq
where g=1,2,...,Q,
Q = the number of different weight sets

(12)

In fig.3, We can observe that as thg, imcreases
from O to 1, the user satisfaction level increases
about 40% whereas the signal coverage availability
decreases about 10%. We can see that when we
incorporate the issue of the data rate capacity in the
design model, we can greatly improve the quality of
service in term of data rate requirement while
slightly degrading the signal coverage availability.

Fi = wy fit wy f,

f

1

Fig.2 Weighted sum of the objectives and the Pareto front
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3.2 Distribution of the Pareto front

We conduct another set of experiments using
different values of Q to observe the distribution of
the Pareto front. Fig. 4 presents the results obtained
by using seven values of Q (Q = 4, 5, ..., 10) to
generate weight sets. The points found with a set of
weights generated by each Q are depicted with a
different shape. It can be observed that the points
spread out more toward the middle and the lower
right corner of the front. The upper left corner of the
front is around f(=67.6%, f,=34%) where the
weight set is Wiq =1, Wyq =0). We can draw a
similar observation that slightly increasing value of
W,q can improve the user satisfaction level greatly
while slightly degrading the signal coverage
availability. For example, at the weight set of
=0.87, w,, =0.13), the user satisfaction level
increases 22% whereas the signal coverage
availability reduces 3.6% (i.e ;764%,f,=56%).

3.3 Effectsof the number of APs

The last set of experiments aims to study effects of
the number of APs used in the network on the signal
coverage availability and the user satisfaction level.
The results of using different number of APs (4, 5,
.., 10) are plotted in fig.5. In this set of
experiments, Q is equal to 7. The results show that
the user satisfaction level is proportional to the
number of APs. The more APs used in the network,
the higher level of user satisfaction. Increasing the
number of APs used in the network improves the
user satisfaction level more than improving the
signal coverage availability. It can be observed that
as the number of APs increases from 4 to 10, the
user satisfaction level increases almost 20% whereas
the signal coverage availability increases about 3%.
The reason is that the more APs used, the more
capacity the network has for accommodating user
traffic demand. Since a limited number of channels
exist in the available frequency spectrum for an
802.11 WLAN, a multi-cell network deployment
(using high number of APs) requires that some
channels are reused. Reuse of frequency channels in
neighbouring cells can cause interferences which
affect the signal coverage availability in the service
area.

4 Conclusion
This paper presents a novel mathematical model for
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Fig.3 Results with different weight sets (Q=5)
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Fig.4 Results with different weight sets

a WLAN configuration design which is formulated
as a Multi-Objective Problem that combines two
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measures of network service qualities: radio signal
coverage and data rate capacity. A scalarizing
function is applied to convert a multi-objective

problem to a single objective problem. Sensitivity
analysis is conducted to study effects of weight
factors on the WLAN quality of service in term of

the signal coverage availability and the user
satisfaction level. From numerical results we can
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conclude that incorporating the issue of the data rate [L0] M. Unbehaun and J. Zander, Infrastructure

capacity in the design model can greatly improve
the quality of service in term of data rate
requirement while slightly degrading the signal
coverage availability.
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Table 1 Network usage characteristics

Sub-areas User activity | Average user data rate
level (Kbps)
Type 1: Private sub-areas oy = 0.50 R, =460
(such as graduate student and library staff offices)
Type 2: Public sub-areas for unscheduled activities a, = 0.40 R,= 260
(such as library study areas, student lounge)
Type 3: Public sub-areas for schedule-based activities oz = 0.35 R:;= 80
(such as classrooms, laboratories)

Table 2 Network parameters used in the multi-objective optimization for WLAN design

Parameter | Definition | Value
Candidate set for Variables:
P Set of candidate power levels for varigtle {0, 7, 13, 15, 17, 20, 24} in dBm
F Set of candidate frequency channels for varigblg2.412, 2.437, 2.462} in GHz
Static Parameters:
o User active level defines percentage of wireless users
in sub-area type that are engaged in data trangfer
activities (i.e., participating in channel contention and See Table 1
sharing AP capacity)
R Average user data rate requirement in sub-area type t
Prifreshold Received sensitivity threshold -80 dBm
S Rireshold Signal to interference ratio threshold 10 dB
C Data rate capacity of the dior j eA 11 Kbps
Path loss Parameters:
dy Reference distance d 1 meter
n Path loss exponent 3.3
) Standard deviation representing shadow fading 3.5dB
Antenna Parameters:
Gaz | Antenna gain (peak directivity) | 2.5dB
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Abstract. In this paper, we present a multi-objective model for the wireless
data network (WDN) design problem. The proposed model aims to determine
the network configurations that optimize the network quality of services in term
of the radio signal coverage and the network throughput availability to serve
expected user traffic demand in the service area. The problem consists of the
base station placement, the frequency channel assignment and the power level
assignment. Since this problem is NP-hard, we develop a heuristic optimization
techniques based on Tabu search algorithm to solve the problem. Numerical
experiments were conducted to demonstrate the capability of the proposed
multi-objective model and the heuristic algorithm.

Keywords: Multi-objective optimization, Heuristic techniques, Network de-
sign, Wireless data networks.

1 Introduction

Wireless data networks (WDN) have become potential solutions to bring broadband
data access to users in area lacking of wired network infrastructure. Nowadays several
wireless network technologies are available such as wireless local area networks
(WLANSs), UMTS networks and WiMAX networks. Efficient network design meth-
ods are required so that the resulting WDNs can provide high Quality of Services
(Qo9).

Several works in literature have devoted to the study of wireless network design
problems. Some existing works consider the radio network design for the UMTS
networks considering the base station placement problems by using a single objective
function [1-6]. Several works consider the WLAN network design problems [7-12]
and some works devote to the WiMAX network design problems [13-15]. Most works
focus on the placement problems of the wireless base stations [7-8],[13-15]. The de-
sign mainly considers the signal quality aspect, aiming to maximize coverage area [7]
or minimize path loss over the service area by using the convex combination of the

S. Balandin et al. (Eds.): uSMART/NEW2AN 2010, LNCS 6294, pp. 3981410.]2010.
© Springer-Verlag Berlin Heidelberg 2010
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average path loss and the maximum path loss [8]. Some works focus on minimizing
the network cost by minimizing the number of installed base stations [13-15]. Other
works consider the frequency channel assignment problems for WLANs [9-10]. [9]
aims at maximizing the total received signal strength whereas [10] aims at maximiz-
ing the coverage availability. In [11-12], the authors consider both the base station
placement and the frequency assignment problems by maximizing throughput capac-
ity of the network but not considering the signal quality aspect.

The majority of the published works in literatures have paid attention on either the
base station placement problems or the frequency channel assignment problems with
the objective to minimize the network cost or maximize signal coverage quality.
While their contribution is significant, the existing network design methods do not
simultaneously consider two important metrics, the signal coverage quality and the
user data rate capacity, in the network design methods. For this reason, more efficient
WDN design techniques are needed.

In this paper we propose the multi-objective design approach to the WDN design
problem. We aim to optimize not only the signal coverage availability but also the
user satisfaction level on the available network throughput. The proposed network
design model considers three important problems including the wireless base station
placement problem, the frequency channel and the power level assignment problem.
Additionally, the proposed method accounts for user distribution characteristics and is
general that it can be applied to different wireless network technologies.

The rest of the paper is organized as follows. The next section describes the prob-
lem definition of the WDN design model and gives the mathematical formulation of
the design model. Section 3 describes the proposed heuristic solution techniques to
solve the WDN design problems. Section 4 presents the numerical results and discus-
sions. Finally, section 5 provides conclusions.

2 Problem Definition and Formulations

The WDN configuration design problem is formulated as a Multi-Objective Problem
(MOP) model, which combines two measures of network service qualities: the radio
signal coverage and the data rate capacity. MOP seeks an optimal network configura-
tion, i.e. the optimal location, frequency channel and power level of each wireless
base station in the service area.

Table 1 defines notations used in the model. The notations consist of sets, decision
variables, and parameters. Parameters in the design process are classified into static
and dynamic parameters. Static parameters do not change during the design process
because they depend on standard requirements and the user traffic profiles. Static
parameters specify the physical signal requirements, the Signal to Interference Ratio
(SIR) level, the user traffic profiles and the base station capacity. Dynamic parameters
are recomputed each time a variable changes value during the design process. Dy-
namic variables include the received signal strength, the interference level, and the
average obtainable data rate. The mathematical formulation of MOP for the WDN
design is written as follows:
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Table 1. Notations used in the mathematical formulations

Definition

Sets:

Set of demand nodes (DN5s)

Set of signal test points (STPs)

Set of candidate locations to install wireless base stations (BSs)
Set of available power levels

Set of available frequency channels

Set of types of service levels

A set of DNs with the service level type ¢ UUz =U

VieT

Decision
variables:

Power level assigned to BS j

Frequency channel assigned to BS j

A site selection binary variable that equals 1 if site j is selected
to install the wireless base station; O otherwise

A user association binary variable that equals 1 if DN ie U
associates to BS j; 0 otherwise

A signal availability binary variable that equals 1 if STP he G
can receive a signal from BS j; 0 otherwise

Static

parameters:

The number of wireless base stations to be installed in the
service area

The required network throughput for the service level type ¢
Received sensitivity threshold (dBm)

Signal to interference ratio threshold (dB)

Base station capacity (bps)

Dynamic

parameters:

PRU (pj,cj,b,.)

Inif; (pj,cj,bj)

Received signal strength (in dBm) that DN i receives from BS
at site j which uses power level p; and frequency channel ¢;
Interference level (in dB) at DN 7, when associating to BS at
site j which uses power level p; and frequency channel ¢;
Average network throughput available to DN i with the service
level type ¢ (in bps)

2.1 Objective Functions

The proposed WDN design aims to devise an optimal network configuration that
maximizes the signal coverage availability and the user satisfaction level. These ob-
jectives are mathematically written as follows:

1) Maximize signal coverage availability

The first objective function (f;) measures the signal coverage availability. It is the
normalized number of signal test points (STPs) of which the received signal strength
and the Signal to Interference Ratio (SIR) are greater than the specified threshold.

Maximize f| =

X 2.8

VheG Vje A ey
6]
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2) Maximize user satisfaction

The second objective function (f>) measures the user satisfaction level. It is a nor-
malized number of users that can obtain the required throughput. f, is a relative im-
portant weight of the service level type t. It is defined as the ratio of the required
throughput of the service level type ¢ to the maximum capacity of the base station

(BS), S=R/W.

EEb»|

VieT VjeAVieU,

Z(ﬁtx‘UtD

VieT

2

Maximize f, =

2.2 Constraints

The network requirements, such as signal quality requirements and the base station
capacity limitation, are incorporated into the mathematical model through the follow-
ing constraints.

Zu;SI,ViEU

VjeB @)

Py, (92¢,25, )= Pagyesioa )2 0. Vi€ U, VieB “)

u) (P (e, b, )= Inif, (p,.c,.b, )= SIR,, g )2 0 Vi€ U, B )
ufj(r,.’—R,) > 0 ,vieU, VjeB (6)

ghj(PR,,/ (pj’cj’bj)_PRthreshvld) 2 0,VheG,VjeB @)
ghj(PR,U (pj’cj’bj)_ I”Urhj(l’jacj’bj)_ SIR ) ospoa )2 0,vheG,VieB ®)
ulszbj,\ﬁeU, VieB 9)

gy 2b,.VheG,VjeB (10)

%bj <N (an

uje {0,1}, vieU, VjeB (12)

g,,€ 10,1}, VheG, vjeB (13)

b,e 10,1}, VieB (14)
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Constraint (3) specifies that each demand node (DN) can associate to at most one BS.
The decision variable u,t, can be equal to one if the received signal strength that DN i
received from BS at site j ( PRU in dBm) and the SIR level with respect to BS at site j
(the received signal strength ( PR”_ in dBm) less the interference level (Intf;; in dBm))
meet the receiver sensitivity threshold (Pggyyesnorr) and the SIR threshold (STR esnoia) aS
specified by constraint (4) and (5), respectively. In addition, when ul’] is equal to one,
constraint (6) must be satisfied. It ensures that the average throughput available to DN
i with the service level type ¢ (rl.t) is greater than the average network throughput
requirement, R,. The throughput analytical model is applied here to estimate an avail-
able network throughput, rt.t. u; is equal to zero otherwise. Constraints (7) and (8)
assess the radio signal quality at STP 4, testing the received signal strength and the
SIR level. The decision variable g,. can be equal to one if the received signal
strength at STP & transmitted from BS j ( PRU ) and the SIR level with respect to BS at
site j (i.e., PRU — Intf;) meet the received sensitivity threshold (Pgypyresioi) and the SIR
threshold (SIRyesnoia). Otherwise, gj;is equal to zero. Constraints (9) and (10) specify
that if DN i and STP /1 associate to BS at site j, BS must be installed at site j, i.e. b,
is equal to one. Constraint (11) specifies the maximum number of BS to be installed
in the service area. Constraints (12), (13) and (14) specify that variable u; , &y and b;

are binary {0, 1} variables.

2.3 Scalarizing Function

We convert the above multi-objective optimization problem into a scalar optimization
problem using a scalarizing function written in Eq. (15).

Maximize F = wf; + wof> (15)

where w; and w, are the weight coefficients associated with the normalized objectives
(1) and (2), respectively. The relationship between the weight coefficients is that,
given w;, w, = 1 — w;. Solving the scalar optimization problem, the maximum point
found is a particular point on the Pareto front corresponding to the weight coefficients
used. For example, in fig.1, F, is a scalarizing function when using a weight set ¢
Wig» W2g). Fq* is a single point on a feasible region boundary where the line defined
by the weighted sum F, is tangent. F, q* is a particular point on the Pareto front that is
the maximum of F,.

An approximated Pareto front can be generated by solving the MOP model many
times using different weight sets. Each weight set converges to different maximum
point on the Pareto front. Let Q be the total number of weight sets and ¢ be the index
number of the weight set. The weight values are spread equally. The values of the ¢
weight set (w4, wy,) are written in Eq. (16).

Wig = (q-DAQ-1), W= 1-wy (16)
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Fig. 1. Weighted sum of the objectives and the Pareto front

3 Heuristic Solution Techniques

This section presents a heuristic solution technique developed to solve the WDN
design problem. The heuristic solution technique will determine the optimal network
configuration specifying locations, power levels and frequency channels of the wire-
less base stations.

The overall framework of the heuristic solution technique consists of two phases,
including the initialization and the optimization phase. The following sections de-
scribe the detailed implementation of each phase.

3.1 Initialization Phase

The initialization phase devises a good starting solution which provides initial values
for wireless base stations’ parameters. This phase uses a greedy based search tech-
nique to find the best solution that maximizes the scalarizing function in Eq. (15). The
main idea is to place one wireless base station as a time and the process repeats until a
pre-defined number of base stations are placed. In each iteration, the algorithm aims
at deriving optimal parameters (site, power level, and frequency channel) for each
base station. The algorithm works cumulatively in the way that the parameters of the
new base stations are derived so that they, together with those already assigned base
stations, can provide highest value of the scalarizing function, Eq. (15). The following
shows the pseudo code of the initialization algorithm.
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Algorithm 1. Initialization algorithm
Input:  Objective functions (f1, f2), weight coefficients w; and w,
Number of base stations
Service area characteristics (# floors, size, wall materials)
Wireless user characteristics (user density, distribution, traffic profile)
Output: Initial network configuration specifying values of power level and frequency channel
assigned to each base station

Step I: Initialize parameters
k =1 // place the first wireless base station (BS)
Step 2: while (k < N) do // Find parameters location, power level and frequency channel for b,
For all jeB do
Place BS k at location j temporarily
For all peP do
Assign power level p to BS k
For all ceH do
Assign frequency channel 4 to BS k&
Compute the scalarizing function with BS k installed at j using p and ¢
Record the obtained value as F(j,p,c)
Select the maximum F(j,p,c)
Assign the optimal parameters (j,p,c) to BS k permanently
k++// place the next BS
Step 3: Return the best solution found and stop

3.2 Optimization Phase

The optimization phase to solve the multi-objective WDN design problem is devel-
oped based on the Tabu Search (TS) heuristic. TS was first suggested by Glover [16].
The basic idea of TS is to use memory strategies to guide the search process so that
the solution space can be explored efficiently. TS process finds the best solution in the
neighborhood of the current solution. The search avoids trapping in the local optima
by allowing moves resulting in a degradation of the value of the objective function.
Additionally, TS imposes restrictions on the choices of neighbor solutions in order to
prevent cycling of solutions during particular iterations. Restrictions are imposed by
making reference to memory structures.

In this paper, we develop knowledge-based move operators providing the neighbor-
hood information that helps facilitate the search process. The basic idea is to use infor-
mation about the network quality of service to navigate the search space and to change
the values of potential variables that can contribute to optimize the objective functions.

The optimization phase begins by evaluating the initial network configuration
(initial solution) generated by the initialization phase. The TS evaluates the neighbor
solutions of the initial solution and moves to the best unrestricted solution (the solu-
tion with the highest degree of the quality of service improvement) in the neighbor-
hood. Then, the best unrestricted solution is regarded as the current solution during
the following iteration and is evaluated. The process of neighborhood evaluation is
repeated until the termination rule is reached. The following shows the pseudo code
of the TS optimization algorithm.
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Algorithm 2. TS optimization algorithm

Input:  Objective functions (f1, f2), weight coefficients w; and w,
Number of base stations
Service area characteristics (# floors, size, wall materials)
Wireless user characteristics (user density, distribution, traffic profiles)
Initial network configuration

Output: Optimal network configuration (specifying base station parameters: locations,
power levels, frequency channels)

Step I: Set the current solution (s) = the initial network configuration
i = 1// initialize the iteration number
Step 2: while (i < Max_iter) do // Exploring the neighborhood
2.1: Generate neighborhood of s denoted as N(s) according to the specified
neighborhood structure and the knowledge-based move operators.
2.2: Determine the best solution in N(s) while taking into account the tabu status
and the aspiration criteria. The evaluation function is given by the scalarizing
function in Eq. (15).
2.3: Determine the tabu tenure which is randomly generated from the interval
[mins tmax] With uniform distribution. Update tabu status.
2.4: Update s = the best solution in N(s) and update the best-so far solution.
i++// do the next iteration
Step 3: Return the best solution found and stop

3.3 Neighborhood Structure and Knowledge-Based Move Operators

This section describes the neighborhood structure and the move operators developed
in this paper to efficiently solve the multi-objective WDN design problem. Evaluating
all solutions in the neighborhood can take a lot of computational time because each
evaluation requires the computation of the received signal strength and the SIR levels
at all signal test points (STPs). The number of STPs depends on the size of the service
area and the grid spacing used. Moreover, the size of the neighborhood can be large,
depending on the size of the candidate set of each variable.

To restrict the number of neighbor solutions examined in each iteration, we utilize
the information about the quality of service status of the network to derive a set of
potential neighbor solutions that are likely to lead the search to a better solution. The
reason is that the current solution might violate some constraints or yield poor quality
of services. In other words, signal strength and/or SIR level in some areas might be
below the threshold and/or some wireless base stations might experience a traffic
overload. The idea is to keep track of those location(s) where network performance is
poor or does not meet the design requirements. This information is used to identify
variables that should be adjusted to improve network performance based on the speci-
fied design criteria.

To manage the information about network quality of services, we divide the ser-
vice area into a unit area (UA) where the performance information described below is
evaluated and recorded. The reason that the performance information is managed per
UA is to provide a good indicator about the locations of problems, in case those loca-
tions are spread across the service region. An example described later in this section
will illustrate this scenario.
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Table 2. Notations used in the neighborhood structure

Parameters Definition

Nua Total number of UAs managed in the service area

GP Set of STPs in UA; where the received signal strength is below
! the threshold, for i = 1,..., ny,

GSR Set of STPs in UA; where the SIR level is below the threshold,
! fori=1,..., nu

B® Set of base stations in UA; that cannot provide the required

' average throughput to associated wireless users fori = 1,..., ny,

For each UA,, the following information is observed and recorded.

1. Information related to low signal strength grids
o Center of gravity of STPs in G/ (denoted by CoG/")

e The lowest received signal strength among STPs in G/ (denoted by 17")

e Location of the STP with the lowest signal strength (denoted by Loc!")

2. Information related to low SIR grids
. ‘GiS’R‘, Number of STPs in G

e Average SIR level of all STPs in G (denoted by avg’*)

e Center of gravity of STPs in G (denoted by CoG™)
3. Information related to overload wireless base stations
. Bl_"v
o Center of gravity of the locations of wireless users assigned to b e B/"

denoted by CoG”” ) where b” denotes an overload wireless base station
y i

Fig. 2 illustrates the performance information observed within the example service
area. The red grids represent the STPs where signal strength is below the received
sensitivity threshold. The red cross-circle represents the centers of gravity for those
grids with low signal strength. The blue grids represent the STPs where SIR is below
the acceptable threshold. The blue cross-circle represents the center of gravity for
those grids with low SIR level. The small green circles represent those wireless users
whose average data rate is below the required rate. The green cross-circle represents
the center of gravity for those wireless users.

The neighbors of the current solution are obtained by adjusting parameters of BSs
which are likely to result in the improvement of the network quality of services. The
information about the network quality of services described previously is used to
identify a set of potential BSs whose variables should be adjusted. Then derive a set
of neighbor solutions.

To generate neighbors of the current solution, two types of move operators are de-
veloped. They include greedy moves and conservative moves. Each type deals with
changing the power level, the frequency channel and the location of the potential BSs.
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Fig. 2. Examples of performance information management

In greedy moves, parameters of all potential BSs are changed simultaneously. The
advantage of this strategy is that the network performance in multiple areas can be
improved in one iteration. This allows a fast convergence of the search. However,
greedy moves can be too aggressive and cause unintended degradation of the network
performance in some cases, especially when the search is approaching an optimal
solution. Conservative moves overcome this problem by changing only one parameter
of BS at a time. Another advantage of the conservative move strategy is that it allows
the search to escape from those solutions in which the greedy moves could not derive
any better solution.

4 Numerical Results and Discussions

This section demonstrates the numerical experiments of the wireless data network
design. Here we consider a wireless local area network (WLAN) as an example of
wireless data networks.

The numerical experiments were conducted on the service area of the building with
four floors. The dimension of each floor is 33m x 21m. The service area is divided
into grids of size Imx1m where the grid points specify a set of STPs, G. We consider
50 candidate sites to install the wireless base stations (i.e., IBl = 50). These candidate
sites were uniformly located in the building. We consider 300 DNs (i.e., IUl = 300) of
which the locations were uniformly distributed in the service area. We consider three
types of service levels (i.e., IT1 = 3). Each service level requires different amount of
bandwidths, including 460 kbps, 260 kbps and 80 kbps.
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Table 3. Input parameters

Parameter Value
P {0,7,13,15,17, 20,24} in dBm
C {2.412,2.437,2.462} in GHz
PRthreshald -80 dBm
SIRrhreshold 10dB
R 54 kbps
75
X Patch algor
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Fig. 3. Network quality comparison

Table 3 summarizes the input parameters of the network design problem. The de-
sign aims for 95% coverage availability at the edge of the signal coverage areas. In
this case, a fading margin of 5.75 dB is applied in the signal coverage calculation
which uses the partition-dependent path loss model with the path loss exponent of 3.3
and the reference distance of 1 m [17]. We consider the base stations using the an-
tenna with gain 2.5 dB.

Parameters used in the TS optimization phase were selected from pilot studies that
performed the best search. The Max_iter is set to 150. The tabu tenure [7,,i,, f,4] 1S set
to [4, 8] and the number of unit areas, ngy, is set to 8, i.e. 2s on each floor.

Fig. 3 plots the results obtained by using the patch algorithm [11] to solve the
WDN design problem, compared with those using the proposed TS heuristic. The
graph compares the network quality of services in term of the signal coverage avail-
ability and the user satisfaction level obtained by solving the problem nine times,
using nine different weight sets (Q = 9). The points in fig. 3 are the maximum points
found with different weight sets. The graph shows that the results obtained by the
patch algorithm [11] are dominated by those obtained by the proposed TS heuristics.
In other words, the propose TS heuristics can derive better network configurations
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resulting in higher network quality of services in term of the user satisfaction level
and the signal coverage availability.

Furthermore, it can be observed from fig. 3 that as the w,, increases from 0 to 1
(from left to right), the user satisfaction level increases about 40% whereas the signal
coverage availability decreases about 10%. Thus, incorporating the issues of the radio
signal quality and the user satisfaction level into the design model can significantly
improve the network quality of services in term of the user satisfaction level while
slightly degrading the signal coverage availability. These prove an efficiency of the
proposed MOP model for the WDN design.

5 Conclusions

In this paper, we have studied the wireless data network design problem and devel-
oped a multi-objective mathematical model to determine three important parameters
of the network configuration, including the number of base stations, their locations,
frequency channels and power levels. In addition, we proposed a heuristic solution
techniques based on Tabu search algorithm to solve the problem.

Numerical results have shown that the proposed multi-objective network design
model that incorporates the issues of the radio signal quality and the user satisfaction
level into the design model can significantly improve the network quality of services
in term of the user satisfaction level while slightly degrading the signal coverage
availability. Furthermore, the results have shown that the proposed heuristic tech-
niques could yield network configurations of which the network performances outper-
form that of the network configurations obtained by other techniques. The proposed
multi-objective model and heuristic algorithms can be applied to solve the network
design problems of different types of the wireless data networks. We currently inves-
tigate this direction.
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Abstract: - This paper presents a multi-objective wireless local area networks design and optimization. The
proposed model combines three problems together, including the optimal access point placement, the
frequency channel assignment and the power level assignment. In addition, it accounts for user population
density in the service area, traffic demand characteristics and the physical structure of the service area. The
design model aims to determine a network configuration that optimizes the network quality of services in term
of the radio signal coverage and the data rate capacity to serve expected user traffic demand in the service
area. Numerical results and sensitivity analysis is performed to analyze the network quality of service.

Key-Words: - Multi-objective, Optimization, Network design, Wireless Local Area Networks

1 Introduction

With the continued growth and the expansion of the
infrastructure-based Wireless Local Area Network
(WLAN) deployments, efficient network design
methods are required so that the resulting WLANSs
can provide high Quality of Services (QoS). An
infrastructure network employs an access point (AP)
for central control of the communication between
wireless users participating in a Basic Service Set
(BSS). A coverage area within which wireless users
are free to move around and yet still remain
connected to the AP is called a Basic Service Area
(BSA) which covers an area ranging from 20 to 300
meters in radius depending on the transmitting
power level and the radio propagation environments
[1]. For large service regions, a cellular architecture
with multiple BSAs can be used in which the APs
are interconnected via a wired distribution
infrastructure to form a single system called an
Extended Service Set (ESS). Fig.1 illustrates an ESS
where three BSAs exist. Note that some of BSAs in
the ESS can overlap. In this paper, we aim to solve
the problem of laying out BSAs to cover a target
region and achieve high quality of services. In
particular, we aim to determine the optimal network
configuration (i.e. the location, frequency channel
and power level of each AP) in order to maximize
the network quality of services in term of the radio
signal coverage and the data rate capacity to serve
expected user traffic demand in the service area.

The issue on the quality of signal in the target
service areas and the concerns about the user data
rate capacity are two important metrics to be
accounted in determining the optimal network
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configuration. However, the majority of the
published papers do not seek all three parameters of
the network configuration and the attention is
focused on either one of the design aspects.
Traditional works focus on the AP placement
problems. The design focus mainly on the signal
quality aspect, aiming to maximize Signal to Noise
Ratio (SNR) [2] or minimize path loss [3,4]. Other
works [5,6] consider the frequency channel
assignment problems for WLANSs. Ref [5] aims at
maximizing the total received signal strength
whereas Ref. [6] aims at maximizing the coverage
availability. Ref. [7] considers both the AP
placement and the frequency assignment problems
by maximizing data rate capacity of the network but
not considering the signal coverage aspect.

In this paper we propose a multi-objective
WLAN design approach, optimizing both the signal
quality and the data rate capacity aspect to solve the
AP placement, frequency channel and power level
assignment problem. Moreover, the proposed model
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|2 wi B {N’H S
ot // w2 { w3 A
|1 ap1 % i 2
i |\ “,' %APZ !
N SN~ A ESS = Extended
N 7 .
I R Al AL Service Set
i I AP = Access Point
I VWA re e : W = Wireless user
| BoA é\ | iy Basic Service Area
N 7 .

~~ (BSA)
—_ Communication link

Fig.1 Infrastructure-based WLANs
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accounts for user population density in the service
area, traffic demand characteristics and the physical
structure of the service area.

The rest of the paper is organized as follows. The
next section describes the problem definition of the
WLAN design model and gives the mathematical
formulation of the design model. Section 3 gives
numerical results and discussion. Section 4 provides
conclusions.

2 Problem Definition and Formulation

We propose a problem formulation for WLAN
configuration design seeking the optimal location,
frequency channel and power level of each AP in a
service area, in order to optimize the network quality
objectives described below.

2.1 Network Quality Objectives

2.1.1 Radio Signal Coverage Objective

We consider signal quality in the proposed network
design model because the service availability of the
network depends on availability of the radio signal
and the level of interferences in the area. To achieve
a particular data transmission rate, wireless users
must be within a certain range of the received signal
strength and the SIR threshold. Thus, an important
design objective is to maximize the signal coverage
availability. We evaluate the signal coverage
availability by defining Signal-Test-Points (STP)
where the received signal strength and the SIR are
assessed. To maximize the signal coverage
availability is to maximize the number of STPs of
which the received signal strength and the SIR level
are greater than the specified threshold.

2.1.2 Data Rate Capacity Objective
As the user population grows and multimedia
applications requiring higher data rate spread, the
obtainable user data rate (throughput of each
wireless users) becomes an essential concern in
designing  WLANs [1]. According to capacity
analysis of the CSMA/CA protocol used in WLANS,
the average user obtainable data rate can vary
depending on the number of active wireless users on
the AP. As the number of wireless users with active
data transfer connections to a particular AP
increases, the effective AP capacity decreases. Thus,
the location of APs should be a function of the
density characteristics of the wireless users as well.
Network trace studies [8-10] report that average
obtainable user data rates does not depend merely on
the number of wireless users existing in the service
area, but also on the activity of users. Additionally,
traffic volume in the network correlates with user
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behavior [8]. User behavior in turn correlates to the
types of locations where users are situated and the
major activities users typically pursue in those
locations [8-10].

We incorporate information about characteristics
of WLAN usage and traffic patterns into the design
model by using the demand node concept [11]. A
user activity level ¢ parameter accounts for the
correlation between network usage characteristics
and user locations. ¢ is the percentage of wireless
users in a sub-area of type t who are simultaneously
active in data transfer through APs. Active users
participate in medium contention to gain access to a
communication channel and share AP capacity. We
define three types of sub-areas: teT = {1, 2, 3}
where 1 denotes private sub-areas, such as offices, 2
denotes public sub-areas for unscheduled activities,
such as student lounges, and 3 denotes public sub-
areas for schedule-based activities, such as
classrooms. The remaining user (1 — ) are idle
users who, although situated in a sub-area of type t,
do not generate data transfer activity over the
network at a particular time and therefore do not
affect AP capacity [10]. An average user data rate
requirement in sub-area of type t (R; imposes a
desired link rate that should be available to active
users in average.

2.2 Multi-Objective Problem Formulation
The WLAN configuration design problem is
formulated as a Multi-Objective Problem (MOP),
which combines two measures of network service
qualities: radio signal coverage and data rate
capacity. MOP seeks an optimal network
configuration, i.e. the optimal location, frequency
channel and power level of each AP in a service
area.

Let A denotes a set of APs used in the service
area, where n is the total number of APs required.
Let @2 = {p;, fi,(X;, ¥j, )} denote a set of decision
variables which are parameters assigned to ap; for j
=1, 2, ..., n. pjdenotes the power level assigned to
ap;. fj denotes the frequency channel assigned to ap;,
and (X;, Yj, ;) denotes the coordinate (x;, ;) on floor
zj where ap;j is located. Let G denotes a set of signal
test points (STPs) representing locations for testing
the received signal strength and the SIR level. Each
STP gn refers to a coordinate in three-dimensional
space (Xn, Yn, Zn), where z; is the floor where gy is
located. Let U denotes a set of demand nodes where
index t indicates the type of sub-area where demand
node i is located. U;cU is a set of demand nodes in
sub-area type t. The position of demand node i
within the service area is denoted by (X, Vi, Z),
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where (X, ¥i) is the coordinates on floor z; where the
demand node i is located. The user activity level (o)
and the average data rate requirement (R;) specify
the network usage characteristics of the demand
node. The set of demand nodes together with the
sub-area classification and parameters specifying
network usage characteristics (¢¢ and R;) are given
as input to the design process. Other decision

variables include Uitj Uitj
association binary variable that equals 1 if demand
node ieU associates to apj €A; 0 otherwise. gy is a
signal availability binary variable that equals 1 if
STP heG can receive a signal from ap; €A; 0
otherwise. Let P is the set of candidate power levels
(discrete values) for variable p;. F is the set of
candidate frequency channels for variable f; and O is
the set of candidate locations for AP placement.
Parameters in the design process are classified
into static and dynamic parameters. Static
parameters do not change during the design process
because they depend solely on standard
requirements and the characteristics of user activity
in service area. Static parameters specifying the
physical signal requirements (e.g., the received
signal strength (Prireshold) and the SIR level
(SIRthreshold)), user profiles (e.g., the user activity
level (e1) and the average user data rate requirement
(Ry)), and the data rate capacity of AP (C). Dynamic
parameters are recomputed each time a variable
changes value during the design process. Dynamic
variables include received signal strength (PR"_ ),

and Q. is a user

interference level (Intf;), and average obtainable

data rate ( rit ). The mathematical model of MOP for
the WLAN design is written as follows:

Objectives:
1) Maximize signal coverage area

>, 2.9
vheG VjeA
©
f; measures the signal coverage availability. It is the
normalized number of STPs which the received
signal strength and the SIR level are greater than the
specified threshold.

Maximize f, = (1)

2) Maximize user satisfaction

DB D Dug

VteT VjeAVieU,

Z(ﬁt ><|Ut|)

VteT

2

Maximize f, =
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f, measures the user satisfaction level. It is the
normalized number of users that can obtain the
required data rate. /% is a relative important weight
of user type t. It is defined as the ratio of the
required data rate of user type t to the maximum bit
rate capacity of the AP, , =R, /C.

Constraints:

duj < 1,vieu 3)
VjeA
uitj(PRi,- _PRthreshoId) > 0,VieU,VjeA 4)
t
Uij (PRij - Intfij _SIRthreshold) = 0, 5)
VieU, VjeA
t ( t
uijri_Rt) > 0,vieU, rjeA (6)
Ihj (Pth — Prthreshold ) > 0,vheG,VjeA (7)
9hj (Pth — Intfy _SIRthreshold) > 0, ®
vh eG, Vj €A
ujj 10,1}, vieU, rjeA 9)
Oy G{O,l},VhGG,WEA (10)

Constraint (3) specifies that each user can
associate to at most one AP. The decision variable

Uitj can be equal to one if the received signal
strength that user i received from the ap; (Pg; in
dBm) and the SIR level with respect to the ap; (the

received signal strength (P, in dBm) less the

interference level (Intfj in dBm)) meet the receiver
sensitivity threshold (Prereshord) and the SIR
threshold (SIRresnold) as specified by constraint (4)
t
]
to one, constraint (6) must be satisfied. It ensures
that the average data rate available to wireless user i

and (5), respectively. In addition, when y;; is equal

which is a type t user (rit) is greater than the

specified user data rate (R;). The 802.11 capacity
model and the user activity pattern correlated with
the type of sub-areas where users locate are
incorporated in this constraint to estimate the
average data rate that the active wireless user can
obtain [12]. u}j
Constraints (7) and (8) assess the radio signal
quality at the STP h, testing the received signal

is equal to zero otherwise.
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strength and the SIR level. The decision variable gy;
can be equal to one if the received signal strength at
the STP h transmitted from the ap; (Pth) and the

SIR level with respect to the ap; (i.e., Pth —Intf)

meet the received sensitivity threshold (Pgrenreshold)
and the SIR threshold (SIRyeshold). Otherwise, g is
equal to zero. Constraints (9) and (10) specify that

variable Uitj and gp; are binary {0, 1} variables,

respectively.

3 Numerical Results

Numerical experiments were conducted on the
service area in the building with four floors. The
building comprised of classrooms, offices,
laboratories, student lounges, and a library. The
dimension of each floor is 33m % 21m. The service
area is divided into grids of size Im x 1m. The grid
points specify the STPs. In fig.5-8, the symbol =
represents the demand nodes located in public areas
for scheduled activities, the symbol & represents the
demand nodes located in public areas for
unscheduled activities, and the symbol % represents
the demand nodes located in private areas. User
activity levels corresponding to each sub-area type
are based on studies showing that users in private
sub-areas are the most active network users,
followed by wusers in the public areas for
unscheduled activities and then users of public areas
for schedule-based activities [8-10]. Similarly, the
average user data rates are taken from observed
network usage characteristics [8-10]. Table 1
summarizes the network usage characteristics.

Table 2 summarizes the input parameters of the
network design problem. The design aims for 95%
coverage availability at the edge of AP coverage
areas. In this case, a fading margin of 5.75 dB is
applied in the signal coverage calculation.

We applied the proposed MOP to the WLAN
configuration design for the four-story building. A
scalarizing function (11) (a weighted sum of the
objectives) is applied to convert a multi-objective
problem to a single objective problem.

Max F = w;f; + wyf, (11)

The patching algorithm [7] is applied to solve the
scalarizing function. The maximum point found is a
particular point on the Pareto front. For example, in
fig.2, F; is a scalarizing function when using a
weight set 1 (W, Wy). F is a single point on a
feasible region boundary where the line defined by
the weighted sum F; is tangent. F; is a particular
point on the Pareto front that is the maximum of F;.
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Sensitivity analysis is conducted to study effects
of weight factors on the WLAN quality of service in
term of the signal coverage availability and the user
satisfaction level. In particular, we generate an
approximated Pareto front by running the program
many times using different weight sets. Each weight
set converges to different maximum point on the
Pareto front. The results plotted in Fig. 3
demonstrate this behavior. The plotted is obtained
by running the patching algorithm to solve the
network design optimization five times, using five
different weight sets (Q = 5) in which the weight
values are spread equally as written in Eq. (12). We
use seven APs in this experiment. The points in Fig.
3 are the maximum points found with each set of
weights. Two end of the front are at (f;=34%,
f,=67.6%) and (f;=75.4%, f,=58%).

Wig = (@ DAQ-1), Waq= 1- wig
where q=1,2,...,Q,
Q = the number of different weight sets

(12)

In fig.3, We can observe that as the w,, increases
from 0 to 1, the user satisfaction level increases
about 40% while the signal coverage availability
decreases about 10%. We can see that when we
incorporate the issue of the data rate capacity in the
design model, we can greatly improve the quality of
service in term of data rate requirement while
slightly degrading the signal coverage availability.

We conduct another set of experiments using
different values of Q to observe the distribution of
the Pareto front. Fig. 4 presents the results obtained
by using seven values of Q (Q =4, 5, ..., 10) to
generate weight sets. The points found with a set of
weights generated by each Q are depicted with a
different shape. It can be observed that the points
spread out more toward the middle and the lower
right corner of the front. The upper left corner of the
front is around (f;=67.6%, f,=34%) where the weight

f
! A \Fl

Pareto
front

Feasible
region Fi = wiifi+ wif,

»
»

f2

Fig.2 Weighted sum of the objectives and
the pareto front
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set is (Wiq =1, Wyq =0). We can draw a similar
observation that slightly increasing value of Wy, can
improve the user satisfaction level greatly while
slightly degrading the signal coverage availability.
For example, at the weight set of (wiq =0.87, Wy
=0.13), the user satisfaction level increases 22%
whereas the signal coverage availability reduces
3.6% (i.e., 1=64%, 1,=56%).

4 Conclusion

This paper presents a novel mathematical model for
a WLAN configuration design which is formulated
as a Multi-Objective Problem that combines two
measures of network service qualities: radio signal
coverage and data rate capacity. A scalarizing
function is applied to convert a multi-objective
problem to a single objective problem. Sensitivity
analysis is conducted to study effects of weight
factors on the WLAN quality of service in term of
the signal coverage availability and the user
satisfaction level. From numerical results we can
conclude that incorporating the issue of the data rate
capacity in the design model can greatly improve the
quality of service in term of data rate requirement
while slightly degrading the signal coverage
availability.
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Table 1 Network usage characteristics

Sub-areas User activity level | Average user data rate (Kbps)
Type 1: Private sub-areas a1 =0.50 R =460
Type 2: Public sub-areas for unscheduled activities o = 0.40 R,=260
Type 3: Public sub-areas for schedule-based activities o3 =0.35 Rs= 80

Table 2 Network parameters used in the multi-objective optimization for WLAN design

Parameter | Definition Value

Candidate set for Variables:

P Set of candidate power levels for variable p; {0,7,13,15,17,20,24} in dBm

F Set of candidate frequency channels for variable f; {2.412,2.437,2.462} in GHz
Static Parameters:

O User active level . . See Table 1
R, Average user data rate requirement in sub-area type t

Prihreshold Received sensitivity threshold -80 dBm
SIRthreshold Signal to interference ratio threshold 10 dB
C Data rate capacity of the ap; for VjeA 11 Kbps
Path loss Parameters:

do Reference distance d, 1 meter
n Path loss exponent 33
b Standard deviation representing shadow fading 3.5dB
Antenna Parameters:

Gaz | Antenna gain (peak directivity) | 2.5dB

* Wireless user type 1

Fig.5 Service area (the 1* first floor)

A& Wireless user type 2

*  Wirelass user type 3

Fig.6

* ‘Wireless uss«_lws 1
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. s e
. & & 9

{H|
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Fig.7 Service area (the 3" third floor)

T T T
A Wirelass user type 2 ®  Wireless user typa 3
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Fig.8 Service area (the 4™ forth floor)
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