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Abstract: Problem statement: Wireless access networks can provide high levejuality of services

at low network installation budget if the networése planned by using proper methods. In this
research, we developed efficient network planningthomds for Wireless Interoperability for
Microwave Access (WIMAX) networks in which the miple hops of relay stations are deployed.
Approach: An integer linear programming model was appliedh® proposed problems for WiMAX
networks. Our key contribution of the proposed nhddewo-fold. First, it aims at maximizing the
quality of services of the networks, including fhieysical data rate and the received signal strength
Second, it aims at minimizing the cost to insta# networks. The output from the proposed model is
the optimal locations for the installation of theMWX base stations and the relay stations so that t
network can accommodate user traffic demand owertdhget service areResults. To evaluate the
effectiveness of the proposed model, we conductederical experiments in the real network service
environmentsConclusion: Applying our proposed model, performances of WiMAtworks can be
improved in both the physical data rate and théicecoverage area.

Key words: Integer Linear Programming (ILP), relay node pfaeat problems, wireless access networks,
quality of services, Wireless interoperability foicrowave access (WiMAX), network cost
minimization, QoS maximization

INTRODUCTION radio network planning for cellular networks are

presented in (Hurley, 2000; Rawnsley and Hurley,

Wireless broadband access applying the Wireles3000; Hamad-Ameen, 2008). The practical WiMAX
Interoperability for Microwave Access (WIMAX) planning and deployment together with the perforcean

technology has been a potential solution to exghrd analysis and evaluation are presented in (Neves.,

service coverage of the internet access to the aregyp7: Lannoat al., 2007: Theodoros and Kostantinos,
outsidg coverage of the wired netwprk infraster:;ur 2007; Marquest al., 2007). Although the results from
(Maraj and Imeri, 2009; Katz and Fitzek, 2009;eti g4y researches provide interesting insight frdma t

al., 2007). The multiple-hop structure of Relay St@a8io o5 network performances, the networks were pldnne

g?)gsl)G.mItWil'l\AAx tr;]etwo[ks is de]f"t]r?d ind_the IEEE manually without the use of a mathematical formiatat
-+ It atows the extension of the radio cager optimize the network configuration.

from the cellular Base Stations (BSs). Our research Recent research works considered fairness of the

presents the efficient methods for network planrdng i . . .
optimization for this type of wireless access nekso bandwidth allocation to support multiple traffiaskes

There are some earlier studies on the performand®@ WIMAX networks (Geetha, 2011) and developed a
improvement and the network planning for wirelesscross layer frame work to coordinate the schedater
networks including the adaptive bandwidth schedulin the medium access control and the modulation scheme
strategies that apply the cross-layer approach foih WiMAX networks. However, the multiple-hop
hierarchical cellular networks (Chest al., 2009) and  structure of RSs was not considered.
the improvement for the baseband transceiver of  Although the mathematical formulation in (Yt
IEEE802.16d WIMAX (Kadhim and Ismail, 2010). al., 2008) had incorporated the multiple-hop strustur
Moreover, there are several works devote to thehe objective was to minimize the network cost &sR
development of the wireless network planningand BSs installation and to minimize the path lesse
techniques. For example, the research works on thieetween the users and BS/RS locations. While the
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contribution is important, the proposed techniqoel¢  structure of BSs and RSs allows users to direcitess
not guarantee the access quality of services. Tdvete the BSs or indirectly connect to RSs that havectlire
we need more efficient planning and optimizationjink to BS. Specifically, the proposed model airos t

methods for multiple-hop WiMAX networks.

determine the minimum number and the optimal

In our research, we develop mathematical modelg, aiions of BSs and RSs in the target service afea

for WIMAX network planning and optimization using
an integer linear programming approach. Our key
contribution is two-fold. First, the proposed modah
maximize the quality of services of the networks,.
including the physical data rate and the receivgdas

strength. Second, it can minimize the cost of nétwo
installation. The output from the proposed modehes

optimal locations for the installation of the WiMAX

the WIMAX networks so that the multiple-hop relay
network configuration can be formed and the obthine
networks can guarantee the quality of services,
including the physical data rate and the receivgdas
strength which define the area of the network servi
coverage.

base stations and the relay stations so that ttveorie Table 1: Definition of notations used in the progabsnodel

Notations

Definition

can accommodate user traffic demand over the targ
service area. B
The remainder of the study is organized in four
sections. The next section, Materials and MethodsR
provides definition of the proposed network plamgnin D
problems and presents the mathematical formulatibns
the proposed models. Then, the Results-sectiom
demonstrates WiMAX network planning in the real
service environment of Nakhon Ratchasima city ing
Thailand. After that the Discussion-section presentE,
numerical comparisons and analysis of performarice €
networks designed by using different models. Tl la P
section, Conclusion, summarizes our research wodk a p,
describes our ongoing research. o

MATERIALSAND METHODS Py

This research focuses on the problems of cosp,
minimization and QoS maximization for WIiMAX
networks. The proposed models aim to determine th&
optimal locations for multiple-hop structure of B&sd Py
RSs. We applied an Integer Linear Programming (ILP)

approach to formulate the WiMAX network planning Decision variables:

problems. In particular, we developed three moétais B
WIMAX network planning and optimization, including ,
the BS and RS Placement Problem (BRPP), the
Maximum Quality of Services problem (MQoS) and the Un
Weighted-Maximum Quality of Services problem
(W.MQoS). Table 1 describes definition of notations,,,
used in the proposed models.

BS and RS placement problem: The BS and RS @
placement problem, denoted as BRPP, aims at
minimizing cost of BS and RS installation with yy
consideration of the multiple-hop structure. This
objective can be mathematically written in Eq. hisT

problem involves selecting optimal locations froreed

of candidate sites for BSs and RSs. The multiple-ho

Wij

Sets:

._Constant parameters:

A set of locations that can install base
stations (BSs)

A set of locations that can install relay
stations (RSs)

A set of user locations, called demand
points (DPs)

A set of locations to evaluate signal
quality, called signal test points (STPs)

Cost to install BS j,0B

Cost to install RS iIR

Budget for network installation

Threshold of the received signal strength
at STPs

Threshold of the received signal strength
at DPs

Threshold of the received signal strength
at RSs

The signal strength that a STP h receives
from BS j, HIT and [1B

The signal strength that a STP h receives
from RS i, JT and OR

The signal strength that a DP g receives
from BS j, d1D and [1B

The signal strength that a DP g receives
from RS i, ¢ID and OR

A binary {0, 1} variable equals 1 if BS
is installed at site j[jB; 0 otherwise

A binary {0, 1} variable equals 1 if
RS is installed at site i[JR; O otherwise
A binary {0, 1} variable equals 1 if
STP his assigned to BS [,Jii and [1B;
0 otherwise

A binary {0, 1} variable equals 1 if
STP h is assigned to RS LJf andOR;
0 otherwise

A binary {0, 1} variable equals 1 if
DP g is assigned to BS j,1® and [1B;
0 otherwise

A binary {0, 1} variable equals 1 if
DP g is assigned to RS i,]B and OR;
0 otherwise

A binary {0, 1} variable equals 1 if
RS iis assigned to BS |JR and [1B;

0 otherwise
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The proposed models consider essential netWOkaxg»+Zyisl,DgDD (7)
requirements, including levels of the received aign 4% ° 4% °
strength, the physical data rate and the patternsef

distribution. Such requirements are mathematicallyx,;<f;,0g0D,j0B (8)
incorporated in the proposed models via three skts

constraints, denoted C1, C2 and C3. C1 consistv®f v <y,0g0D,i0OR 9)
requirements as written in Eq. 2-6, ensuring thellef

received signal strength in the coverage area.obgists _

of five requirements as written in Eq. 7-11, erifugcthe ng(Pg" B’)Z 0HgID.HEB (10)
required data rate at the target locations whetengal

users exist. C3 is a set of three requirementsrigtenwin ygi(Pgi - Fg,) > 00dJ D,0R (11)

Eq. 12-14, allowing the multiple-hop transmissioand
mobile users to BSs via intermediate RSs. _ _ )

The following considerations are applied in theConstraints C3-multiple-hop connections:
proposed models. First, the transmit power of tBe Bnd ~ Constraints Eq. 12-14 allow the multiple-hop path
RSs are set at the same level. Second, expecféid tra between mobile users and BSs by going through
demand from a group of users is represented by Betmaintermediate RSs. Eq. 12 ensures the connectieadf
Points (DPs). A distribution of DPs represents theRS that it has a link to only one BS. Eq. 13 erstiat
geographic locations of the potential users. Tlardet of the connected BS is installed in the network. Fynal
discrete points are defined in the network aresptxify  Eq. 14 ensures the radio connectivity between R®li
the target coverage area where the quality of kigna BS j by requiring that the signal level receivedR& i

tested. These points are called Signal Test P@TBs).  from BS j must be higher than the specified level P
Finally, the proposed models guarantee the network

coverage area and the physical data rate by enfprci

the levels of signal sensitivity at DPs and STPs. DJZD;QWU =1, 0ibR (12)
BRPP Objective function: ) ,
w; <B;,0i0R,jOB (13)
Minimize > F, + > Ey, 1)
) OR Wij(R - E’)Z 00 B,jOR (14)

Constraints Cl-Radio signal  requirements:
Constraint Eq. 2-6 require that the signal levebieed Maximum quality of services problem: The
at all STPs from BS j or RS i must be higher thiae t maximum quality of services problem, denoted as
spec_ified level P This set of constraints ensures thepmQos, aims to maximize quality of services in waes
service coverage of the network. access network using WIMAX technologies. The
MQoS model aims at finding an optimal network
Dj%u“i +HZD:RV“‘ sLohoT 2) configuration with multiple-hop structure that can
maximize the network quality of services in termttod
u, <p,,0hOT,j0B (3) network coverage area and the physical data_ rate th
mobile users can access the network. The objeofive
4) MQoS model is written in Eq. 15. We incorporate the
network design requirements through a set of caimstr
Eq. 2-14 as described earlier. Additionally, anothe
uy(Ry-R)= 00 HI T,i1 B (5) constraint written in Eq. 16 is applied in this rebdt
enforces the limitation on the network installatowst.

v, <7,0nOT,iOR

Vu(Ru=R)> 00O T.O R ©) M QoS Obj ective function:

Constraints C2-User access data rate requirements:

Constraint Eq. 7-11 ensure the level of physicadhda Maximize)’ [Z U+ \4“]

rate that the network can serve in the service hyea OhOT\ DB OioR (15)
putting the requirement of the signal level recdia

all DPs from BS j or RS i to be higher than the +Z(ngj+zygi]

specified level R OgobAbice - DitR
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Congtraints C4-budget limitation: Equation 16 Existing cellular BSs and new potential locations
enforces the limitation on the network installatioost (totally 55 sites) are defined as candidate looatifor
which includes cost of network equipment and BS-RSgg/RS installation. Grid spacing of 258250m is used

construction: for STPs. There are 207 DPs in the target netwaré.a
The installation cost of BS and RS are $120,000 and
DJZD:BFJBJ +sz:REiYi =C (16) $40,000, respectively. (approximate cost from Teter

et al., 2008). Other network parameters follow the
Weighted-maximum quality of services problem: WIMAX standards IEEE 802.16. Table 2 lists some

The weighted-maximum quality of services problem,Parameters used in the experiments (Tetetiral.,
denoted as W.MQoS, aims at maximizing quality 0of2008). Table 3 shows the signal level requiremettiea
services by further modifying the objective funeatim  mobile users so that a certain physical data ratebe
Eq. 15 by specifying different values of weightttadto  achieved (depend on techniques of modulation).
DP and STP. In particular, DPs are given highefrransmit power of BS and RS are set at the typical

priority than STPs. W.MQoS 0bjective can be written oy e of 35 dBm (Rawnsley and Hurley, 2000). Inecas
in Egq. 17. The network design requirements are ; del o diff .
specified by a set of constraint Eq. 2-14 and Egad of W.MQoS model, DPs in different service areas are

presented earlier. assigned with weight factors as shown in Table 4.
The signal level received at DPs and STPs from
W.M QoS Objective function: BSs and RSs are pre-computed and input into the
network planning models. The SUIl (Stanford
University Interim) propagation model was usedha t
] path-loss calculation. The SUl model was
a7) recommended by the IEEE 802.16 for path-loss
+ ng(me + zygij calculation in WiMAX networks (Mousant al., 2007;
Teterinet al., 2008).
The numerical experiments were implemented with
RESULTS the ILOG-OPL development studio. The problems were
solved with CPLEX 5.2 optimization solver. The
The experiments of the WiIMAX network planning computation was run on an Intel Centrino Core2 Duo
using the proposed models (BRPP, MQo0S androcessor 2.0 GHz and 2GB of RAM. The network
W.MQoS) are numerically demonstrated in theperformance was evaluated in term of the physiag d
following. We consider the real network environmignt rate guarantee and the coverage area guarantbe at t
downtown of Nakhon Ratchasima province, Thailand specified budget limitation. The numerical resute
Fig. 1 shows the service area used in our expetsnen shown in Fig. 2-4 and Table 5-8.

Maximize )’ wh(z U+ D Wy

OhOT 0joB OiOR

[SEED) 0joB Oi0R
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Fig. 1: Service area used in our experiments
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Fig. 2: Output network configuration obtained frotiMQoS model with budget of one million US$

Table 2: Experimental parameters

W

Distance (km)

co

Table 5: Numerical results from BRPP model

Experimental parameters Values Network parameters Value

Gain of transmitting antenna 16 dBi Installation cost (million US$) 1.68

Gain of receiving antenna 2 dBj Number of BSs 10.00

Transmitting power of BSs 35dBm Nﬂmgg; gl[ ggi that can be served by the network 10-82%7

Transmitting power of RSs 35dBm : Y ’

Height of BSs 30m Number of STPs that are in network’s coverage area 770.00

; Guarantee physical access data rate 100%

Height of RSs 30m Guarantee network service coverage 100%

STPs’ height 2m

Type of service environment (terrain) A

Operating frequency 2.5 GHz Table 6: Comparison of numerical results (Budggtrillion US$)

Operating bandwidth 3.5 MHz Network parameters MQoS W.MQo0S

Physical data rate requirement at DPs 12.71 Mbps|nstallation cost (million US$) 0.48 0.48

Physical data rate requirement at STPs 5.64 Mbps Number of BSs 2.00 2.00

BS installation cost 120,000 $ Number of RSs 5.00 5.00

RS installation cost 48,000 $ Number of served DPs 156.00 168.00
Number of served STPs 418.00 361.00
Guarantee user access data rate 75.36% 81.16%

Table 3: Threshold of received signal strength teargntee the Guarantee radio service coverage 54.29% 46.88%

physical data rate (for Alvarion BreezeMAX at 3.%1)

Received signal User physical Operating
threshold data rate modulation
(dBm) (Mbps) techniques
-100 1.41 BPSK 1/2
-98 2.12 BPSK 3/4
-97 2.82 QPSK 1/2
-94 4.23 QPSK 3/4
-91 5.64 QAM 16 1/2
-88 8.47 QAM 16 3/4
-83 11.29 QAM 64 2/3
-82 12.71 QAM 64 3/4

Table 4: Weight factors assigned for DPs that@eated in different

service areas

Type of service areas Weight factorgw
Department store, malls 500

University, college 500

Schools 300

Hospitals 100

Dormitory, hotels 50

Government offices 50

Temples 20

Restaurants 10

Table 7: Numerical result comparison (budget 1.Hani US$)

Network parameters MQoS W.MQoS
Installation cost (million US$) 1.48 1.46
Number of BSs 10.00 9.00
Number of RSs 6.00 8.00
Number of served DPs 197.00 207.00
Number of served STPs 768.00 728.00
Guarantee user access data rate 95.17% 100.00%
Guarantee radio service coverage 99.74% 94.55%

Table 8: Numerical result comparison (budget 2.Bioni US$)

Network parameters MQoS W.MQoS
Installation cost (million US$) 247 2.47
Number of BSs 19.00 19.00
Number of RSs 4.00 4.00
Number of served DPs 207.00 207.00
Number of served STPs 770.00 770.00
Guarantee user access data rate 100% 100%
Guarantee radio service coverage 100% 100%
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Fig. 3: Comparison of QoS at different installattmrdgets
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Fig. 4: PDF of signal characteristic evaluated Bs[comparing MQoS and Weighted MQoS)

DISCUSSION Analysis of the output network configuration: Figure
2 shows the resulting network configuration planbgd
From numerical results, the following provide W.MQoS model in which the budget of network
analysis of WiIMAX network planning, including an installation is one million US$. Five and eightesitare
analysis of the output network configurations, theselected for BS and RS installation, respectivélye
network QoS comparisons and the signal propagatiofigure depicts the coverage area of BSs and RIs wit
characteristics. blue and pink circles. From the evaluation, thepaut
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network configuration in this case can provide 100%and derives optimal multiple-hop configuration 8-
service coverage guarantee and the minimum physic&®S connections. Experimental results illustraté the
data rate guarantee. proposed WiIMAX planning model can produce
efficient network configurations that can improve
QoS comparisons: Table 5-8 present experimental network performan_ces in term of the servicg coverag
results and compare performances of networks degign 8réa and the physical data rate at the specifieijeiu

by different models (BRPP, MQoS and W'MQoS)_Iim_itati_on. Our _future research will apply_the mple
h(ébjectwe functions in the network planning model t

Investigate tradeoff of different criteria of netko

comparison, including the number of installed B8d a performances.

RSs, the total network installation cost, the petage
of service coverage guarantee and the percentathe of ACKNOWLEDGMENT

physical data rate guarantee. From table 5, weseen
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