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Abstract 

When designing wireless communication systems, it 
is very important to know the optimum numbers and 

locations for the access points (APs). The impact of 

incorrect placement of APs is significant. If they are 

placed too far apart, they will generate a coverage 

gap, but if they are too close to each other, this will 

lead to excessive co-channel interferences. In this 
paper we describe a mathematical model developed to 

find the optimal number and location of APs. To solve 

the problem, we use the Discrete Gradient optimization 

algorithm developed at the University of Ballarat. 

Results indicate that our model is able to solve optimal 

coverage problems for different numbers of users. 

1. Introduction 

The primary goal of Wireless Local Area Network 

(WLAN) deployment is to provide total coverage for 

all users in the design area. In other words, how and 

where to locate the APs, so that the primary goal of 

deployment is satisfied. The location of the APs 

determines the standard of coverage of the design area. 

Coverage is determined by the number of APs that are 

placed in the design area. Placing too many APs 

increases the cost of deployment and placing a few will 

lead to coverage gaps which prevents users from 

having access to their data through APs.  

The method used by network operators to find the 

placement of AP is based on the RF (radio frequency) 

site survey. This involves network designer going 

around the facility and measuring the RF signal 

strengths at various locations using software running 

on a laptop or PDA (Personal Digital Assistant). This 

software detects places that are suitable for APs to be 

installed based on signal strength, noise levels, and 

signal quality. These measurements have to be 

repeated many times to ensure reliable results. 

However, this method is expensive and its results are 

not very reliable due to characteristics of the building 

and location of the users that can change with time [1]. 

Another approach that is used by researchers [1-13] 

to find the optimal placement of APs is through the use 

of optimization techniques. Most of the authors [1-8] 

use discrete mathematical models to find the position 

of APs. In this case, the design area is divided into 

rectangles (grids). APs are only allowed to be placed in 

the centers of the rectangles. To obtain satisfactory 

results, the size of the grid must be sufficiently small. 

However, in this case, the dimension of the problem 

can be very high. For this reason some authors [9-11] 

prefer continuous mathematical models. Others [12,13] 

have tried to compare their results using both methods.  

The model investigated in the current paper is also 

based on applying continuous optimization techniques 

with no restrictions on the position of APs.  

It should be noted that there are different 

approaches to solve optimization problem in hand. In 

all these approaches there are two types of variables in 

the model: integer variables and continuous ones. 

Continuous variables describe the location of APs 

whereas integer variables describe the membership 

degree of receivers to clusters (group of users/receivers 

congregating in one area and using the same AP). 

Since each receiver can belong only to one cluster, 

integer variables can attain values of 0 and 1 only. As a 

result we get a mixed integer nonlinear programming 

problem. It is well known that such problems are 

difficult to solve in many situations. A nonsmooth 

optimization approach described in this paper allows 

one to exclude integer variables, to reduce significantly 

the number of variables in the optimization problem 

and to replace the mixed integer nonlinear 

programming problem with a continuous nonlinear 

programming problem. 

This paper is organized as follow: Section 2 shows 

the model notation. Section 3 presents the 

mathematical model. Method for the solution of the 

problems is described in Section 4. The testing method 

is described in Section 5. Results and the effect of AP 

parameters on coverage are discussed in Section 6. The 
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final section summarizes the paper and discusses future 

research. 

2. General notations 

Throughout this paper the following notations are 

used: 

aj j = 1,….,N Access point (AP) 

ri i = 1,….,M Receiver/user

d(aj , ri) Distance between AP and 

receiver

g(aj , ri) Path loss from ith
user to 

access point j

gmax Maximum tolerable path 

loss 

µ Penalty parameter for 

violating the maximum 

tolerable path loss 

]1,0[∈ψ  Convex combination 

coefficient used to define 

the sum and max objective 

function 

Pt   Transmit power 

Pr   Received power 

Rth   Receive threshold

ap   Position of AP 

All points in the design area are represented by 

their coordinates (either two – on the plane or three – 

in the three dimensional space). We assume the 

distance function to be Euclidean, hence on the plane, 

the distance (d) between an AP aj and a receiver ri is 

given by: 

( ) ,
2

22
2

11, −+−= jairjairirjad

where aj = aj (aj
1, aj

2
) , and ri = ri (ri

1, ri
2
).

3. Optimization model 

Some researchers [1-7, 9, 12] have used path loss 

while others [10, 11, 13] have used power at the 

receiver to develop their optimization problem. In this 

paper we follow the first approach to find the optimal 

placement of APs. Path loss model is the core of the 

signal coverage calculation for any environment [14]. 

It describes the loss of signal strength due to distance 

and obstacles between transmitter and receiver. Path 

loss models can be used to calculate the coverage area 

of AP and maximum distance between the two 

terminals in an ad hoc network. 

3.1 Model description 

The objective function based on path losses can be 

developed in different formats such as the average path 

loss, the maximal path loss, the sum of squared path 

losses, and a convex combination (an approach used to 

combine two extreme cases) of the average and the 

maximal path losses with different coefficients. In this 

paper, we consider the last approach. 

( ) ( )irjag
M
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The above objective function provides coverage for 

the users in the design area. The drawback with this 

objective function is that it might ignore a few 
remotely located users. The maximal path loss over the 

design area is given by: 

( ) ).,(minmax,....,12 irjag
ji

NaaF =

The disadvantage of this objective function (F2) is 

that it concentrates on the worst case situation, at the 

expense of the overall average weighted cover. The 

total objective function can be taken as a convex 

combination of F1 and F2, controlled by a coefficient 

]1,0[∈ψ :
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The objective function (1) is minimized subject to 

the following constraints: 

( ) Migirjag

j

,....,1max,min =∀≤ . (2)

These constraints state that path loss is evaluated 

against the maximum tolerable path loss gmax. This 

ensures that the quality of coverage at each receiver 

location is above the given threshold. This given value, 

gmax can be calculated by subtracting the receiver 

threshold from the transmitter power.  

thRtPg −=max .
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The above inequality (2) can be expressed in the 

equality form as: 

( ) 0max,min =
+

− girjag
j

,

where ( ) ( )0,max αα =+ .

The above problem of minimizing (1) subject to (2) 

can be converted into the unconstrained one by using 

the penalty approach. If the path loss threshold (gmax) at 

a receiver location is violated, a penalty term 

depending on a parameter µ will be added. Therefore, 

our fourth function can be written as: 
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The total objective function is the sum of F3 and F4:
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4.1 Path loss model 

In general the power received by an antenna that is 

separated from the transmitting antenna by the distance 

d in free space is given by [14, 15]: 

( )
( ) ( )2,24

2

,

irjad

rGtGtP
irjarP

π

λ
= ,

where Pt is the transmitted power, Gt and Gr are the 

transmitter and receiver antenna gain, d is the distance 

between transmitter and receiver, and fc /=λ  is the 

wavelength of the carrier frequency, c is the speed of 

light (3 x 10
8
 meter per second) and f is the frequency 

of radio carrier in hertz. The path loss, which 

represents signal attenuation between the transmitted 

and the received power and is measured in dB 

(decibels), in free space environments, is given by [15] 

( )
( )
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π
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The above equation does not hold when points aj

and ri are very close to each other. Therefore, large 

scale propagation models use a close–in distance, d0,

which is known as the received power reference 

distance point. Therefore, path losses at reference 

distance assuming transmit and receive antenna with 

unity gain as described in [14-16] can be calculated 

from:  

( ) ( ) [ ]
c

fd
dBdgirjag 04

log200,
π

== .

Therefore, path loss function in free space at a distance 

greater than d0 is given by [14-16]: 

( )[ ] ( )[ ]
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.
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4. Solution of the problem (1)–(2)

The objective function (1) is nonsmooth and 

nonconvex and it has many local minima. When the 

number of AP is large, we get a large scale global 

optimization problem. However, traditional global 

optimization methods cannot be directly applied to it.  

Computation of subgradients of the function F5 is a 

very difficult task. Therefore, methods requiring 

subgradient evaluation at each iteration cannot be 

effective. 

Direct search methods seem to be the best option 

for solving problem (1)–(2). However, for many such 

methods the number of variables and/or constraints, 

which can be efficiently handled, is restricted. For 

example, one of the most efficient direct search 

methods – the Powell method [17] performs well when 

the number of variables is less than 20. However, in 

the problem under consideration, the number of AP can 

be large, therefore, the number of variables can be 

much more than 20. (The number of variables is the 

number AP multiplied by the number of coordinates. 

For example, in case of two APs in three dimensional 

space, the number of variables is 6.) 

We use the Discrete Gradient method to solve 

Problem (1)–(2). The description of this method can be 

found in [18, 19]. This is a derivative-free method. The 

Discrete Gradient method consists of two main steps: 

the computation of a descent direction which is 

reduced to a certain quadratic programming problem 
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and a line search. We use so called Armijo-type line 

search in this method. As it is shown in [19], 

computation of the descent direction is a terminating 

process: after a finite number of steps the algorithm 

either computes the descent direction or finds out that 

the current iteration is a stationary point. The Discrete 

Gradient method is efficient for solving large scale 

nonsmooth optimization problems. It is suitable for 

finding local minimizers in Problem (1)–(2). This 

algorithm allows a continuous search to find the 

optimal placement of APs meaning no restriction is 

placed on their positions. 

4.1 Finding the number and location of APs 

Initially we set the number of AP to 1: N = 1; then 

the necessary number of APs is found through the 

following steps: 

1. Try to solve Problem (1)-(2); 

2. If the solution exists, then N is the desired 

number;  

3. Otherwise, N is increased by 1: N = N +1;

4. Go to step 1. 

5. Method of testing 

Two simple cases without obstacles were 

considered for conducting the test in order to examine 

the model. In the first case, the design area is 1000 m x 

1500 m and has 75 users. In the second case, random 

number generator is used to generate 80 users in 

different parts of the area which is extended to 1500 m 

x 2000 m. The two cases are shown in Figures 1a and 

1b. The specifications of two models of APs developed 

by Cisco (Aironet 1200 series and Aironet 340 series) 

[20, 21] and IEEE 802.11b standard [22] are used to 

test the model. This gives us the opportunity to 

examine the model with extreme (very high to very 

low) values of Pt and Rth to find the effect of AP 

parameters on the capacity that is going to be 

considered for further development of the research. 

6. Results

6.1. Case one: design area 1000 m x 1500 m 

In order to examine the behavior of our model, we 

chose different values for the coefficient (balancing 

parameter)ψ . We shall present here the results for the 

three cases ψ  = 0, ψ = 1 and  ψ = 0.5 with some of 

the values of   Pt and Rth. It should be noted that in the 

developed model, the aim is to provide only the 

coverage for the users.                   

Figure 1a. Position    Figure 1b. Position of 80 
Of 75 users             80 users  

Case 1.1: ψ = 0. Table 1 shows the optimal placement 

of AP for some of the values of Pt and Rth when ψ = 0. 

When ψ = 0, the average path loss is ignored and 

emphasis is placed on the maximal path losses. For 

high value of Pt and low value of Rth, one AP placed in 

the middle of the area is able to cover all the users. In 

this case all users have equal access to AP. As these 

parameters are changing, the position and number of 

APs are changing as well. In the case when Pt is 20 

dBm and Rth is -76 dBm, two APs are required to cover 

the users. Figure 2 shows the coverage of the users. 

Figure 3 shows that when Pt decreases to 15 dBm and 

Rth is kept at -76 dBm, the required number of APs is 

increased to four. This is due to distance between AP 

and user that is decreasing.  This effect is more 

noticeable when Pt is kept at 15 dBm and Rth is further 

increased.  For example, figure 4 shows that thirteen 

APs are required to cover users when Pt is kept at 15 

dBm and Rth is increased to -70 dBm.   

Case 1.2: ψ = 1. Table 2 shows the optimal placement 

of APs for some of the values of Pt and Rth when    

ψ = 1. 

When ψ = 1, the average path loss over the design 

area is minimized while satisfying the worse user 

condition is ignored. Comparing the results with 

Table 1, in this case, for large values of Pt and small 

value of Rth such as Pt = 20 dBm and Rth = -85 dBm, 

the AP is placed on the top corner of the design area. 

Figure 5 shows that when Pt decreases to 15 dBm and  

Rth increases to -70 dBm, the obtained number of APs 

increases to thirteen.  This is the same as case1.1, but 

the position of APs is changed. Results indicate that in 

all cases the coverage of all users is assured. 

Results obtained for other values of ψ  such as 0.1 

to 0.9 indicate that for low values of Rth (  -85), the 
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position and number of APs is the same as when ψ =

1. When Rth is increasing, number of APs obtained is 

the same as case 1.1 and case 1.2, but their positions 

are different.  Table 3 shows results for some of the 

values of Pt and Rth when ψ  = 0.5.

6.2 Case 2: design area 1500 m x 2000 m 

Case 2.1: ψ  = 0.  In order to make sure that the model 

can respond to different types of environment, the area 

is extended to 1500 m x 2000 m in a U shape format 

and random number generator is used to distribute 

users in all parts of the area.  

The placement of AP for large values of Pt and Rth 

of less than -89 dBm is the same as case 1.1 i.e. the AP 

is placed in the middle of the area. As Pt decreases and 

Rth increases, more APs are needed to cover the users 

compared to case 1.1 due to the large size of design 

area and the method of distribution of users. Figure 6 

shows the position of APs and coverage of users when 

Pt = 20 dBm and Rth = -76 dBm. 

Case 2.2: ψ  = 1. The obtained results are similar to 

the case 1.2. However, the number of APs for low 

values of Pt and high values of Rth is increased.  

6.3 Processing time  

Condition of experiments. Tests were conducted 

on a PC that is equipped with Pentium (R) 4 processor, 

CPU of 3 GHz, and 496 MB of RAM.  Codes are 

written in C++.  

Due to efficiency of the Discrete Gradient 

algorithm, the processing time for satisfying the 

objective function is very short. Figure 7 shows that it 

takes 2:11:55 seconds to find the number and location 

of 49 APs (1:46:47 seconds for finding the number of 

APs and 25:8 seconds for finding their locations) when 

there are 80 users in the design area, ψ  = 0, Pt = 20 

dBm, and Rth is changing from -89 to -55 dBm. Using 

the same criteria, the processing time for one AP was 

0.46 seconds. 

7. Conclusion 

This paper investigates allocation problems with 

objective functions based on minimizing the average 

path loss received over the entire design area and 

maximum path loss received by any receiver. The 

model described above can be used for finding the 

optimal placement of APs while covering as many 

users as possible.  We used the Discrete Gradient  

Table 1. Optimal placement of APs for 75 
users when ψ = 0 

Pt
(dBm) 

Rth
(dBm) 

g

(dB) 

ap

20  -85 98.6 [600,750] 

20 -76 95.3 [500,500][1000,1483] 

20 -70 89.3 [550.3,150][860.5,1244.2] 

[250,650][1000,800] 

[450,150][500,1000] 

17  -85 98.6 [600,750] 

17 -76 92.7 [496,304][751,1150.6] 

[0,800] 

17 -70 86.6 [650,150][813,900][150, 

650][950,1450][350,150] 

[517,677] [500,1000] 

15 -76 109 [500,185][749.7,1249.7] 

[195.7,772.4][1000,800] 

15 -70 84.2 [583.7,139][873,900] 

[100,672.6][910.8,1418] 

[300,127.5][388,836.2] 

[529.4,603][739,150] 

[300,500][0,500][200,300] 

[400,300][500,1000] 

Table 2. Optimal placement of APs for 75 
users when ψ = 1 

Pt
(dBm) 

Rth
(dBm) 

g

(dB) 

ap

20  -85 98.3 [999.5,1499] 

20 -76 89.5 [499,500][999.5,1499] 

20 -70 83.1 [576,150][861.8,1264] 

[245.4,680.4][999,800.7] 

[445,150][500,999] 

17  -89 98.4 [999.5,1499] 

17 -85 94.1 [800,999] 

17 -76 86.9 [401,299][789.3,1109] 

[0.7,799.3] 

17 -70 80.5 [647,151][801,900][163, 

652][949,1448.7][364,150]

[499,699][500,999] 

15 -76 103.

3

[500,186.4][750,1249.7] 

[198,769.7][999.5,800.8] 

15 -70 74.6 [580,124][899,901][100, 

701][901,1400][300,99] 

[400,799][499,600][729, 

150][300,501][.7,501][201

,299][401,299][500,999] 

algorithm to solve the problem. Results obtained show 

that the value of the parameter [ ]1,0∈ψ  has an effect 

on the location of APs. It can be used to find an 

intermediate solution between the two cases in the 

mathematical model. It is observed that the size of the 

design area and the number of users and their locations 
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have an effect on the location and the number of APs 

needed to cover users. It is noticed that path loss 

increases as a function of distance between transmitter 

and user. This shows that the method confirms the 

expected behavior of attenuation.  The processing time 

was very short due to efficiency of software.  

Further work will involve developing model based 

on distances and limiting number of users per an AP in 

order to increase the capacity for each user. Obstacles 

will be included in the mathematical model presented 

in this paper and test will be conducted. 

Table 3. Optimal placement of APs for 75 
users when ψ = 0.5

Pt
(dBm) 

Rth

(dBm) 

g

(dB) 

ap

20   -85 101.5 [999.5,1499] 

20 -76 92.53 [499,500][999.8,1499] 

20 -70 85.59 [601,115][894,1303][246,

643][999,801][399,200] 

[500,999] 

17   -89 101.5 [999.5,1499] 

17 -70 83.77 [646,150][801,900][162, 

651.8][949.7,1449][363, 

150.4][499,700][500,999] 

15 -70 79.32 [551,150][899,901][100, 

701][901,1400][300,99] 

[400,799][499,600][750, 

150][300,501][.7,501][20

1,299][401,299][500,999] 

Figure 2. Coverage of 75 users when 
Pt = 20 dBm, Rth = -76 dBm, and ψ = 0 

 Figure 3. Coverage of 75 users when  
Pt = 15 dBm, Rth = -76 dBm, and ψ = 0 

Figure 4. Coverage of 75 users when 
Pt = 15 dBm, Rth = -70 dBm, and ψ = 0 

Figure 5. Coverage of 75 users when 
Pt = 20 dBm, Rth = -70 dBm and ψ  = 1 

Figure 6. Coverage of 80 users when 
Pt = 20 dBm, Rth = -76 dBm, and ψ = 0 
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