
M R BRUST et al: EFFECTIVE COVERAGE AREA AND NETWORK DENSITY IN SIMULATIONS 

IJSSST, Vol. 10, No. 4                                                    51                      ISSN: 1473-804x online, 1473-8031 print 

Effective Coverage Area and Network Density in Simulations of  

Ad hoc and Sensor Networks 

 
Matthias R. Brust, Carlos H.C. Ribeiro  

and José A. Barbosa Filho 
Computer Science Division 

Technological Institute of Aeronautics 
Brazil 

{matthias.brust, carlos, armando.barbosa}@ita.br 
 

Jaruwan Mesit and Ratan K. Guha 
School of Electrical Engineering and Computer Science 

University of Central Florida 

USA 

{jmesit,guha}@cs.ucf.edu 

 

Abstract—Although wireless ad hoc and sensor networks support mobility and provide spontaneous networking opportunities, 

these networks are spatially restricted by the transmission range of the participating nodes. Due to the spatial restriction of 

these networks, the simulation results may be unpredictable having the border in the network. In this paper we analyze the 

influence of the border of the simulation area on simulation results. We show that depending on the transmission range, 

simulation area, and number of nodes, the border has a considerable to a drastic impact on the outcomes. Therefore, we 

present an approach to reduce the effect of the border by a heuristic correction function. This technique can be applied to the 

existing results making new simulation runs superfluous and modifications on the simulators can be avoided. 

      Keywords: Ad hoc networks, sensor networks, border effect, networks density 

 
  

I. INTRODUCTION 
Multi-hop wireless networks like ad hoc and sensor 

networks consists of a set of devices that communicate 
with each other over a wireless medium [1]. The resulting 
network forms spontaneously whenever devices are in 
transmission range of each other. Assuming a mobile 
environment, joining and leaving of nodes occur 
dynamically. Potential applications of ad-hoc networks can 
be found in traffic scenarios, ubiquitous Internet access, 
collaborative work, and many more. 

It turns to be a challenge to analyze the characteristics 
of ad hoc networks, in particular when dealing with a large 
number of nodes that act in a mobile environment. For this 
reason, simulation became the evaluation method of 
choice. 

Due to limited computational resources and time 
constraints, simulations are conducted with small-scale 
networks, afterwards often inferring that the obtained 
results are scalable and valid for large-scale or complex 
networks [2]. 

Recent researches, however, have shown that 
increasing the network size in, for instance, number of 
nodes or simulation area can cause breakdowns of linearity 
and dependencies between variables, and lead to a non-
linear behavior of the network dynamics [3]. 

Therefore, in this paper we put in question if there is a 
threshold for the network size that allows both: (a) 
extrapolating the gained results and (b) a minimum use of 
resources. 

Besides the challenge of determining the size of the 
network variables for simulating, simulations in ad hoc and 
sensor networks have to deal with a second problem: 
Simulation models often assume, for the sake of 
simplification, an ideal environment. For this 
circumstance, effects of borders—describing the 

geometrical limits of the area in which the simulation of 
the network occurs—are often disregarded (see e.g. [4]).  

In the general case, the border area is defined as the 
area that results when a distance of   (   device 
transmission range) from the simulation limits is 
maintained (cf. Fig. 1). Since the transmission range is a 
device-dependent parameter, the ratio between the inner 
area and the border area is not independent of the total 
simulation area, and therefore one gets different simulation 
results for different simulation settings, even using the 
same mobility parameters for node speed and pause time in 
case of, for instance, the Random Waypoint Model [5]. 
This effect can also be observed in static network 
simulations and is called border effect [6] (cf. Fig. 1). 

This paper contributes to both topics: the simulation 
size question and the border effect problem by introducing 
the concepts of network density and effective coverage 
area. By using these measures, we show that the 
appropriate size of the simulation can be determined to 
provide more consistent results for large scale settings.  

Furthermore, we show how the network density 
provides information of what “size” a simulation should 
have for enabling the scalability of the results. Finally, we 
show how simulation results for settings that do not 
include borders can be converted into results for 
simulations that include borders. For this, we introduce a 
heuristic correction function.  

The remainder of this paper is organized as follows. 
Section 2 describes recent related work. Section 3 
introduces the concept of network density and illustrates 
its correlation with fundamental network characteristics 
like the average node degree. Sections 4 and Section 5 
deal with the border effect and effective coverage area, 
respectively. The effective coverage area provides an 
approach to the border correction function that is 
discussed in Section 6. Finally, Section 7 concludes this 
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paper with a discussion of the obtained results and future 
work.  

II. RELATED WORK 
The question of how to determine the size of a 

simulation—i.e. how to choose the size of the simulation 
parameters—in order to extrapolate the results to larger 
networks has been extensively discussed in [2]. Two 
different approaches, the direct and search-based 
(iterative) approaches, are described. Both approaches 
focus on indicating the scaling property of simulation 
results. The direct approach requires all information 
involved into the simulation setting, e.g. algorithm, 
objectives, and models in order to approach to an 
appropriate simulation size [2].  

The iterative approach (also mentioned as strawman 
approach) assumes a continuity of “simulation sizes” that 
can be matched to a continuity of simulation results. It is 
in some way a more feasible approach, since all variables 
do not need to be known. The particular simulation size, 
then, is found by increasing the simulation size in discrete 
steps until the simulation results from the previous and the 
current step do not differ significantly (usually formalized 
by a determining a   threshold). That is considered then to 
be the necessary size for all variables involved.  
 

 
 

Figure 1.   Illustration of a generic simulation environment for ad hoc 
and sensor network. 

As indicated by the name, the strawman approach is a 
less solid approximation to the problem. The procedure 
itself is described in detail in [2]. The approach, however, 
leaks in quantifying appropriate values for the step size 
what can cause misleading results. Furthermore, the 
process assumes that the difference between two 
subsequent results decreases along the procedure steps. 
Therefore, in order to use this approach, one has to be sure 
that no breakdown in the system behavior occurs while 
increasing the simulation size.   

Besides the questions about the simulation size, 
simulations in ad hoc and sensor network often assume, 
for the sake of simplification, an ideal environment. Thus 
effects of borders—describing the geometrical limits of 

the area in which the simulation of the network occurs—
are often discarded into the interpretation of the results 
(see e.g.  [4]). 

However, the border has remarkable to drastic impact 
on the information results. For instance, Yoon et al. [5] 
points out that the Random Waypoint mobility model 
where nodes are uniformly deployed at random and 
assigned to a velocity between      and     , and a 
specific pause time        moving to a randomly chosen 
destination (   ) produces crucial situations that make it 
inappropriate in many cases. Some are directly related to 
the border itself, e.g. a non-uniform node density, since 
there are more permutations of start and destination 
locations that let the node move across the central area of 
simulation than on the border regions. This means that the 
presence of a node at any time during the simulation is 
expected to be longer duration in the inner area than on 
the border area.  

The border area depends basically on the transmission 
range  . The border area then is given by the simulation 
limits maintaining a distance   forming a border area and 
an inner area (cf. Fig. 1). 

Since the transmission range is a device-dependent 
parameter, the ratio between the inner area and the border 
area is not independent of the total simulation area, and 
therefore one gets different simulation results for different 
simulation settings, even using the same mobility 
parameters for node speed and pause time. This effect can 
also be observed in static network simulations and is 
called border effect [6]. 

In order to avoid border effects, it can be assumed that 
the borders of the simulation area are each seamlessly 
connected to the opposite borders, resulting in a toroid, 
creating a borderless simulation environment. The 
toroidal distance then gives the shortest distance between 
two points on toroid [6]. 

However, realistic environments contain borders and 
obstacles, and therefore the borders appear to be an 
essential component for the simulation model. Instead of 
avoiding it, in this paper we additionally show how 
scalable results can be obtained while allowing borders 
into the simulation.  

III. NETWORK DENSITY 
This section introduces the concept of network density 

as a measure of how dense an area is covered by mobile 
devices with a homogeneous circular transmission area. 
Further, it is shown the correlation between the network 
density and the average node degree as a fundamental 
characteristic of static ad hoc networks. Throughout this 
paper, nodes are assumed to be uniformly deployed at 
random in a square simulation area. 

We start by distinguishing variables into the ones that 
are essential and those that are not (we call them 
accidental). Accidental variables have the characteristic 
that they contribute only linearly (or not at all) to the final 
analysis of results. 

In the field of simulation of ad hoc and sensor 
networks, variables that describe transmission behavior 
(homogeneous or heterogeneous), transmission range, 
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node deployment, active number of nodes are essential, 
while information about the computer simulation itself, 
i.e. the computation power and how long the simulation 
takes, are of accidental value.  

In a second step, the essential variables are 
aggregated. We consider as essential variables the number 
of nodes   , circular homogeneous transmission range   
for each device and simulation area    (with   being the 
length of a square simulation area). As a result the concept 
of network density is given in Definition 1. 
 
Definition 1. The network density    is defined as  
   

 

 
∑    ( )    that is    is the sum of all partial 

coverage areas of nodes     divided by the simulation 
area   that is a toroid. In case of a square area with 
length  , homogeneous circular coverage areas with 
transmission range  , and the number of nodes given as 
| |   , the definition is            ⁄ . 
 

The network density summarizes information of 
transmission range, simulation area, and the number of 
devices as simulation parameters, thus offering a single 
parameter that indicates the interplay between the set of 
essential variables [6]. 

It must be noticed that the network density can be 
increased either by increasing the transmission range and 
the number of devices or by decreasing the simulation 
area. Note also that there might be a more appropriate 
definition of network density for different settings from 
those assumed here, in particular when considering 
heterogeneous coverage shapes. Below we show that this 
definition of network density makes sense for large values 
of simulation area and number of nodes, while keeping 
the transmission range low. For the contrary case where 
we have small values for the parameters, a correction 
function can keep the utility of this definition.  

A common way to define the network density of a 
wireless network is to take the number of devices per 
square unit [7][8]. This definition, however, returns the 
same value for the same network configuration with 
different transmission ranges and therefore appears as 
inappropriate. Indeed, the communication behavior 
appears to be very different if e.g. each node can be 
reached by one hop (high transmission range) or multi-
hop communication. 

In a further step, the network density is evaluated and 
compared to the empiric average node degree. The 
definition of the network density measure suggests that it 
is possible to classify networks with different parameters 
in network families. In fact, that is the idea of scaling 
properties. One computes certain properties and then, 
knowing their scaling properties, also obtain knowledge 
of their larger relatives whose properties cannot be 
computed directly [9]. 

To proceed, one asks for a correlation between the 
network density and any characteristic network parameter. 
We choose the average node degree   since it is a value of 
central role for a network. The average node degree 
   ( )  is defined as the sum of the number of links of 

node     divided by the number of nodes | |. We 
formulate the following conjuncture: 

 

 
Figure 2.   Node degree   and network density for         and 

        . Confidence level of means is set to    . 

Conjecture 1. Given a unit disk graph then the network 
density defined in Definition 1, written as    
        ⁄ , is the average node degree  . 
 

In the following simulation, the network density   has 
been measured for different variables settings whereby   
and   have been chosen such that    remains constant, i.e. 
keeping    constant while increasing the number of nodes 
  and increasing the simulation area   accordingly.  

The experiments have been done with two values for 
the network densities         and         . One can 
observe that the empirical data for the average node 
degree   is converging to the value supposed in 
Conjuncture 1, the network density     However, the 
convergence seems to be very far from the theoretical 
value. To explain “the bad” values for small  , we suspect 
the irrugalirty in the simulation setting, namely the border 

effect already described in Section 2.  
The hypothesis is that the border effect distorts the 

empirical data and that the Conjecture 1 is, indeed, true. 
The next section investigates this hypothesis.  

IV. BORDER EFFECT 
The concrete analysis of the characteristic of the 

network density regarding the average node degree has to 
take into account the fact that nodes on the border of the 
simulation area exhibit a fundamental different node 
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degree distribution then nodes located more centrally in 
the simulation area [10]. This behavior directly effects the 
network density   , since the sum of the individual 
transmission areas does not reflect the total transmission 
area used to build the communication graph. This means, 
that potential transmission area is lost in the sense that it 
cannot be used for creating communication links because 
transmissions are affecting the area outside the simulation 
area.  

The border effect shows that the relation between the 
network density    and the average node degree   is more 
complex. As mentioned the border has an immense 
influence on the average node degree  , in particular 
when the length of the simulation area    is small 
compared to the transmission range  .  

Additionally, such an influence can also be observed 
when the node density is high (    )  In the case that the 
length of the simulation area   is very large compared to 
the transmission range   and the node density is 
comparably low, the border effect is negligible [10] as 
following shown. 

Given a square area with size    and transmission 
range  . Then, let   (    )  be the simulation area 
without border. That is, the area where it is expected that 
all nodes has the same average node degree distribution. 
Then, the border area   is       . It follows 
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The same but slower convergence appears when 
considering      and   (    ) . Below, we use 
this second ratio to construct the correction function. It 
appears to be important to set the parameters for the 
network density to a “reasonable” size in order to increase 
the ratio between simulation area without border and 
border area, so that the network density can get a 
representative measure. To apply confidence intervals, we 
have to guarantee that the set    *  |   + is 
Gaussian distributed. For this, the Lilli test is applied and 
confirmed the results of Hekmat [11] that show a 
Gaussian node degree distribution in a uniform distributed 
GRG graph.  

Table 1 shows empirical results for          to 
         . The data is in agreement with the Conjecture 
1 but does not prove it. Therefore it further remains a 
conjecture. 

The experiments show a clear correlation between    
and   according to the Conjecture 1. However, the 
measurements in Table I have to be taken with care, since 
removing the nodes on the border imply that the 
simulation area changed as well. The next section will 
give a more accurate and pragmatic approach for 
Conjecture 1.  

 

TABLE I.      DATA FOR NETWORK DENSITY   , MEAN VALUE  
 , CONFIDENCE INTERVAL   , AND STANDARD DEVIATION  

 . THE NUMBER OF NODES IS       .  

        (   )   

                       

                       
                         
                         
                         
                         

 

V. EFFECTIVE COVERAGE AREA 
In order to understand the effect of the border on the 

communication graph better, this section considers how 
the coverage affects the topology structure. 

We introduce the concept of the effective coverage 

area. The effective coverage area is defined as the sum of 
the particular coverage area of each node subtracted by 
the coverage areas outside the simulation area. 

The effective coverage area represents the potential of 
the nodes in an ad hoc network to build. Three identical 
simulation settings are considered. In the first setting, the 
nodes are deployed in the simulation are uniformly at 
random, while in the second setting more nodes are 
deployed on the border than as in the center. In the third 
setting, more nodes are deployed in the center of the 
simulation area.  

The node degree distribution of all three settings is 
different, although all settings contain the same number of 
nodes. The second setting has a decreased average node 
degree than the first setting and the third setting has an 
increased average node degree than the first setting. The 
difference is mainly caused by the nodes located in the 
border area which results in a loose of transmission area 
outside the simulation area. In other words, the 
transmission area available in the simulation area 
represents the potential for the node to create 
communication links. The effective coverage area reflects 
this potential for a node or the whole network, 
respectively.  

The total coverage area can even be larger than the 
simulation area, since two overlapping coverage areas are 
counted as two independent coverage areas. 

Let   be the effective coverage area and let   be the 
position of the node given by its coordinates (   ). 
Initially we consider   next to the origin of the axes.  We 
consider four possible cases that are illustrated in Fig. 3a-
e. All possible situations can be reduced to one of these 
cases by applying the transformations of the coordinates 
(   ) as illustrated in Fig 3e. 
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Case 1 (Fig. 3a): 

This case occurs when   √     . Considering 
two triangles and the square, we have that 
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Case 2 (Fig. 3b): 

This case occurs when   √     . Considering the 
sectors of the angles   and  , we have that 
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Case 1 and 2 (Fig. 3c): 

This case occurs when   √     . One can see 
that the sides of the big triangle are    and   . If we 
connect   and the origin, we have that the length of this 
line is  . Then, we have two isosceles triangles with their 
sides equal to  . Since the lines are perpendicular of two 
sides of the big triangle, we can conclude that the sides 
are    and   .  

Considering the semicircle and the big triangle, we 
have 

  
   

 
     

      
We can get the same results making following in both 

cases. 
 

         
 

 
      

 

 
 

 

 
 

 

Case 3 (Fig. 3d): 

This case is analogous to Case 2 with    . We can 
make    . Then, the solution is 

 

    (       
 

 
)  √      

 
As pointed out, all other cases can be reduced of one 

of these three by transforming the coordinates (   ) 
appropriately (cf. Fig. 3e). The case where the node is 
extern to the simulation area is not taken into 
consideration. 

VI. RESULTS 
In this section theoretical results of the previous 

section for the effective coverage area are compared to 
empirical data gained from simulation. Subsequently a 

 
 

Figure 3.    (a) Case one, (b) case two, (c) case one and two, at the same time, (d) case three, and (e) other cases can be reduced to the three cases 
by applying these transformation rules for the coordinates (x y).  
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heuristic correction function is given and evaluated. 
Finally, the implications for the size of a simulation are 
discussed. 

A.  Effective Coverage Area 

Fig. 4 shows the characteristics of a network using 
network density        . The number of nodes and 
accordingly the simulation area have been increased, such 
that    remains     . The average node degree   has been 
measured (red). We can observe that   appears to 
converge to the network density   .  

In a second step, the effective coverage area   is 
measured by accurately taking each node‟s coordinates 
(   ) and calculating the effective coverage area 
according to the procedure described above, adding the 
values and dividing it by the number of nodes  ,  ̅  
∑       . The curve for  ̅ in Fig. 4 has been scaled by a 
constant. For generalization for other values of   , this 
constant has still to be validated.  

The important point hereby is that the functional 
behavior of average node degree   and effective coverage 
area  ̅ is directly proportional such that    ̅, meaning 
that the convergence behavior of the average node degree 
  to the network density    is triggered as assumed by the 
border effect. Furthermore, this means that the approach 
of calculating the effective coverage area is a precise 
method to calculate the real average node degree.  

B. Heuristic Correction Function 

The previously described method serves mostly as 
benchmark, since it seems that there are just few 
situations where one can calculate the effective coverage 
area, but not the average node degree.  

Thus, one has to ask for a method that approaches  ̅ 
with less information available. The result of a tentative 
correction function will be compared to the correction 
function that results from  ̅. The heuristic function used in 
Fig. 4 is  

  (    ) 

  
 as ration between total simulation area 

and border area. Although the results appear to be a close 
approximation, we expect for different values for    a loss 
of precision. The reason for this expectation relies in the 
fact that the correction function should take also into 
account the number of nodes, e.g. differentiate between 
sparse and dense networks. 

However, it becomes clear, that the correction function 
can be used to correct    into the direction of the average 
node degree, in particular for small values of   or   where 
the gap between network density    and average node 
degree   is relatively high. Furthermore, the correction 
function can be used into the direction to correct the 
results according to the average node degree   for small 
network sizes such that results are able to be extrapolated 
by applying the correction function.  

C.  Implications for Simulation Size 

The simulation size is a crucial point for a valid 
simulation design. On the one side, the simulation size has 
to be limited according to available space and 
computation resources in order to get results in a 
reasonable time. On the other side, if the simulation size is 

too small the results are not scalable for larger sizes, 
which make the simulation less useful. The question of 
how to determine the size of a simulation in order to 
extrapolate the gained data to larger networks is an 
important issue for simulation design [2].  

Fig. 5 shows clearly that the convergence from the 
empirical to the theoretical result is very fast. In case of 
network density         there is a considerable 
difference between the use of 100 and 200 nodes. 
However, the use of 500 or 1000 nodes has no significant 
effect on the result.  

We conclude that it is appropriate to look for points 
where the gradient of the variables involved into the 
simulation passed 45 degrees (135 degrees respectively). 
From this point on, the difference compared to the step 
decreases slower than before. To find this point, one has 
to take the function  ( ) and find the derivative of   at   
and is denoted as   ( ). Hence, finding the solution for 
  ( )    (or   ( )     respectively) returns this point 
(see Arrow 1 in Fig. 5). In case of using empiric data, 
regression can be used to build a function. 

In the specific case of the correction function 
introduced in the previous section, the point where the 
accurate correction and the heuristic correction fall 
together appears to be the best choose without losing 
scalability (in case of         see Arrow 2 in Fig. 5). 

VII. CONCLUSION AND FUTURE WORK 
This paper shows how the border effect distorts 

topology-based simulation results. In order to reduce the 
distortion, a heuristic correction function has been 
introduced. 

The correction function relies on finding of the 
correlation between the insensitivity of the border effect 
and the effective coverage area which is the transmission 
area that occurs in the simulation area, removing the 
coverage areas lost outside the borderlines. Finally, we 
describe a method to calculate efficiently the effective 
coverage area. The accuracy of the correction function is 
evaluated by the effective coverage area. Furthermore, it 
has been found that the effective coverage area precisely 
explains the difference between network density and 
average node degree. 

 
  increasing while maintaining    

 

Figure 4.    Functions considered in relation to the network density   . 
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  increasing while maintaining    

 

Figure 5.   Indicating crucial point for choosing the simulation size. 

 
Different definitions of network density for different 

settings from those assumed here are feasible, in particular 
when heterogeneous coverage shapes are considered. In 
this paper, we have considered only uniformed node 
deployments. Analysis of non-uniform node deployments 
is considered an open interesting problem. 
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