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Abstract 
This paper investigates the energy-saving organization of sensor nodes in large wireless sensor networks. Due to a ran-
dom deployment used in many application scenarios, much more nodes need to be deployed to achieve a complete sen-
sor coverage than theoretically needed in case of an ideal deployment. Consequently, most of the deployed nodes are 
redundant and can be switched-off for a long time to save energy. A well-known principle to detect the redundancy of 
nodes is to divide sensor network into regular cells. Assuming a well chosen cell size, depending on transmission range 
and sensing range, it is possible to switch-off all nodes but one per cell. The challenge of this idea is the required ex-
act position estimation of each node to assign its correct cell. This demands for the presence of location aware anchor 
node and consumes a lot of calculation and transmissions and may be even unachievable. 
Centroid localization is an already used approach which localizes an unknown position as the centroid of neighboring 
beacon nodes. Depending on several parameters, an area will be divided into subareas where all unknowns are neigh-
bors of the same beacon nodes and are therefore located at the same point. The resulting subareas differ in shape and 
size.  
In the current work, we combine the centroid localization technique and the cell division idea. With regular arranged 
beacons, we utilize the emerging cells for the detection of redundant nodes. Thereby, our beacon based clustering guar-
antees connectivity, coverage and energy-aware network activity. 
 
 
1 Introduction 

The recent development of small wireless communica-
tion and computing systems makes it feasible to construct 
sensor network systems for environment surveillance. 
Such networks consist of hundreds of tiny sensor nodes, 
each equipped with sensor and wireless communication 
system, battery and microcontroller. 

Sensor nodes are deployed randomly over an area to 
observe it. In scenarios like forest fire surveillance, preci-
sion farming or the measurement of volcanic activity, a 
network of simple sensor nodes is much more powerful 
than some single complex sensor systems in terms of de-
tecting phenomena.  

However, sensor nodes have to act autonomously and 
independently from the environment to observe. Hence, 
they only have limited energy resources for detection, 
computation and transmission and ‘die’ after their re-
sources are exhausted. In order to achieve a maximum 
network lifetime, the whole network has to act as energy-
efficient as possible.  

Current researches try to increase network lifetime by 
different approaches, like energy efficient routing [1] or 
load balanced communication [2]. In contrast to these 
node-based approaches, several cluster-based approaches 
have been developed in the recent years [3-7, 16-17]. All 
of these algorithms have in common, that groups of nearby 
nodes form a cluster, and the clustersize allows to switch 
all nodes beside one node per cell into a sleep mode. Due 
to the low energy consumption of sleeping nodes, the net-
work’s lifetime can be increased dramatically. 

The major challenge of cluster-based approaches is to as-
sign each node to its correct cluster. Due to the fact that 
approaches with regular arranged clusters [3-6] require ex-
act localization and approaches which are based on trans-
mission ranges achieve worse coverage results [6], we de-
veloped an algorithm, referred to as BBC (Beacon Based 
Clustering), which combines the efficient redundancy de-
tection of regular arranged clusters with a cost-efficient 
centroid estimation technique, known from a coarse-
grained localization approach [11]. The result is a regular 
arrangement of non-uniform clusters. The fast and cost-
efficient centroid estimation technique makes the algo-
rithm additionally feasible for mobile ad-hoc networks. 

The remainder of the paper is organized as follows: 
Section 2 describes related work and ideas of former clus-
tering algorithms, Section 3 shows the centroid localiza-
tion and its application as basis for a regular cell structure, 
Section 4 shows optimizations and compares characteris-
tic parameters of the presented algorithm and former algo-
rithms via simulations. Section 5 gives a conclusion and 
an outlook.  
 
 
2 Related Work 

One of the main problems of wireless sensor networks 
(WSNs) is their power consumption, related to the limited 
energy resources of the nodes.  Hence, a challenging re-
search goal is to increase the total lifetime of a network 
by temporary deactivating a subset of nodes. Clustering is 
a common strategy to reduce overall energy consumption 



of WSNs. Although several clustering algorithms have 
been proposed, there exist only few algorithms which util-
ize redundancy in a dense deployment with a predeter-
mined transmission and sensing range of nodes. With the 
knowledge of these ranges it is possible to create clusters 
with only one active node necessary in each cluster for 
complete network functionality. There already exist two 
different strategies to determine the borders of such clus-
ter arrangements, namely location-based clustering and 
location-free clustering methods. 

2.1 Location based clustering 
Clustering algorithms for ad-hoc networks exist since 

2001 [3]. In [3], the authors developed the GAF (Geo-
graphical Adaptive Fidelity) algorithm, which divides the 
network into regular arranged square cells. After its de-
ployment, each node has to classify itself into its corre-
sponding cell. Therefore, each node has to get information 
about its position via localization algorithm. 

The cell size of GAF is chosen in the way that the 
communication between any two points in adjacent cells 
is guaranteed, since only one node per cell is active. The 
self-healing ability of GAF emerges by rotating the role 
of active nodes among nodes of each cell. To adapt the 
principle of GAF from ad-hoc networks to WSNs, XGAF 
(Extended GAF) was introduced as an improved version 
of GAF in [6]. In XGAF, the sensing range was consid-
ered in the calculation of the maximum cell size. Fur-
thermore, XGAF allows a guaranteed communication 
with diagonal adjacent cells.  

The estimation of the maximum cell size of GAF and 
XGAF cells is shown in Figure 1A and Figure 1B, while 
the calculations of the cell sizes are shown in Table 1. Al-
though GAF cells are at least 60% bigger than XGAF 
cells, the unconsidered sensing range can lead to coverage 
holes. 

In contrast, if each cell in XGAF is populated by at 
least one node, complete coverage and connectivity are 
guaranteed. The maximal dimension of an XGAF cell is 
introduced as the working range RW as calculated in (1). 

  
 min ; 2⁄  (1) 
 

Here, RT is the transmission range and RS is the sensing 
range. If the cells have the maximum dimension RW, any  

TABLE 1 
PROPERTIES OF CELL BASED CLUSTERING ALGORITHMS 

Algorithm Max. Cell Area 
2⁄  

Regularity Regard of 
sensing 
range    

     

GAF 5⁄ 0.2  Yes No 

XGAF 2⁄ 0.125  Yes Yes 

Free-GAF 4⁄ 0.196  No Yes 

 
active node in the cell is able to cover the whole cell with 
its sensor device. Additionally, communication between 
nodes in adjacent cells is guaranteed. However, the main 
drawback of the cell-based cluster algorithms is the pre-
requisite of a previous accurate localization of all nodes. 
Otherwise, nodes are not able to assign themselves to their 
correct cells. 

2.2 Localization free clustering 
During a clustering process, each sensor node has to 

figure out its role in the network, i.e. its task to fulfill and 
the cluster to join. In contrast to localized nodes, a non-
localized node is not able to classify itself into a cluster, 
so usually “random organization” or “range based organi-
zation” are applied.  

In random organized networks, as in LEACH [7], each 
node chooses randomly whether it becomes clusterhead or 
clustermember during a certain period. Further examples 
are the k-Cover algorithms [8]. Here, each node chooses 
randomly whether it has to be active or not. 

In contrast, range-based algorithms use the knowledge 
about their transmission range to detect the number of 
deployed nodes in a certain area. In [9] and [10], nodes 
utilize such knowledge to figure out if they are redundant. 
While the random organization algorithms are not able to 
guarantee any optimal distribution of clusters or active 
nodes, range-based algorithms are able to create optimal 
cluster distributions from a local point of view. In [5], we 
introduced a localization-free clustering algorithm, called 
Free-GAF (Localization Free GAF). The goal of Free-
GAF is similar to XGAF, i.e. only one active node in each 
cluster is necessary to maintain complete sensor coverage 
and connectivity.  
 

Figure 2  Applied Free-GAF algorithm: A) Clusterhead 
forces nodes to join its cluster and estimates possible ad-
jacent clusterheads. B) Nodes confirm cluster affiliation. 
C) Next clusterhead repeats the procedure. 

Figure 1  Estimation of cell sizes A) GAF B) XGAF C) 
Maximum dimension of a Free-GAF cell. 
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Figure 3  Detail of a network with applied cell based 
clustering algorithm. A) XGAF B) Free-GAF 
 

To create clusters, Free-GAF utilizes an adapted trans-
mission range scheme to determine which nodes are the 
members of a pre-selected clusterhead, as explained in 
the following: 

In the first step, a pre-selected clusterhead reduces its 
transmission range to RW/2 and sends a “Join cluster” 
message. All receiving nodes which are not already part 
of a cluster are forced to join the cluster of the transmit-
ting clusterhead. The reduced transmission range guaran-
tees sensing coverage of the cell with only one active 
node, equal to an XGAF cell. The maximum resulting 
cluster size is estimated in Figure 1C and calculated in 
Table 1. 

The next step is to find adjacent clusterheads by send-
ing a “possible clusterhead” message with transmission 
range RW. Each node positioned within a distance between 
RW/2 and RW has now the possibility to become new clus-
terhead and change its mode to “possible clusterhead”. 
Each possible clusterhead now initiates a waiting cycle 
CW with value “1”, as shown in Figure A. Additionally, 
possible clusterheads set an internal timer to a time T. 

The selection of the next adjacent clusterhead is rea-
lized using an indirect distance approximation. After re-
ceiving a “join cluster” message and “possible cluster-
head” message, all forced cluster nodes have to answer 
with a “cluster affirmation” message, using transmission 
range RW/2. Next to the addressed clusterhead, all possible 
clusterheads in range listen to these messages and in-
crease their waiting cycle CW by “1” for each received 
“cluster affirmation” message, as shown in Figure 2B.  

After time interval T, all possible clusterheads decrease 
their CW by “1” and reset their timer. For an error-free 
work, the time interval T has to be long enough to allow 
the reception of all “cluster affirmation” messages.  

If the CW of a node is decreased to value “0” and the 
node is still a possible clusterhead, it is assigned as a clus-
terhead and repeats the overall procedure. The process of 
clusterhead election propagates throughout the network 
until all nodes are assigned with a role of either cluster 
head or cluster member. By using CW, nodes that are far 
away from the starting clusterhead, but not outside RW, 
are preferred as adjacent clusterheads, as shown in Fig-
ure 2C. 

After the cluster building process, each cluster can ex-
change its clusterhead autonomously and independently 
from adjacent clusters, as done in XGAF. WSNs with 
randomly deployed nodes and the applied clustering algo-
rithms XGAF and Free-GAF are shown in Figure 3. In 
[6], we further improved the performance of Free-GAF by 
a couple of local rules, which were applied during the 
clustering process. But even the improved clustering algo-
rithm Free-CLASH (Localization Free-Clustering with 
Approximation to Symmetric Hexagons) is not able to 
achieve the performance of a clustering with regular ar-
ranged cells, as shown in Figure 4 and Figure 5. It can be 
seen that XGAF either needs less active nodes than its lo-
calization-free counterparts or achieves an improved 
probability. 

 

2.3 Centroid localization 
The centroid localization, which we refer to as CL, is an 

easy way to estimate the position of unknown nodes and 
was originally developed by Bulusu et al. [11]. To apply 
CL, the presence of location-aware nodes, called beacon 
nodes, is assumed. These beacon nodes serve as anchor 
points for the localization. To localize itself, an unknown 
node needs to receive a message from all beacon nodes in 
range, containing their positions. It depends on the im-
plementation if beacon nodes are broadcasting periodical-
ly or if the unknown node needs to request the beacon 
broadcasts. CL uses the location information of all re-
ceived beacon messages to calculate the position of the 
unknown node as the centroid of the received beacon 
node positions, as given in equation (2). Here, Pi(x,y) in-
dicates the position of the unknown node i given by its 
two dimensional coordinates. Figure 4  Number of active nodes versus randomly dep-

loyed nodes 

 
Figure 5  Probability of complete coverage versus num-
ber of deployed nodes 
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Figure 6  Application of the centroid localization algo-
rithm with regular arranged beacons 
 

The known position of beacon j is given by Bj(x,y). The 
number of beacons which are within the communication 
range of the unknown node is indicated by m. 
 
 P x, y B x, y   (2) 

 
In fact, the application of CL means that a node be-

comes assigned to a certain intersection area which is de-
fined by the transmission ranges of beacon nodes in range 
as well as the beacon nodes outside the range. The centro-
id estimation approach assigns a certain position to each 
intersection area and its contained sensor nodes, as shown 
in Figure 6. 

As it is shown in this section, CL provides only coarse 
grained position estimation. In contrast, geographic based 
clustering like XGAF assumes as precise as possible loca-
lized nodes for a successful application. Although CL 
based approaches like WCL [12] and AWCL [13] have 
been able to improve localization accuracy, it is not suffi-
cient for direct application. Even more precise approaches 
like DLS [14] and sDLS [15] may lead to incorrect cluster 
assignment due to defective distance estimations. 
 
 
3 Beacon Based Clustering 

As shown in Figure 6, using CL, each unknown node 
inside its according cell localizes itself to the same single 
point, related to its intersection area. Usually insufficient 
for exact localization tasks, this kind of localization is ab-
solutely feasible for XGAF cells. In particular, the classi-
fication of nodes into intersection areas as illustrated in 
Figure 6 is especially qualified to be used for cluster as-
signment. Therefore we classified the emerging cells into 
corner cells, edge cells, bean cells and center cells as also 
given in Figure 6. To apply these cells to the presented 
clustering approach, absolutely no position information is 
needed, i.e. neither the beacon nodes nor the sensor nodes 
need to know their own position. Also no distance estima-
tion is used. The only precondition is the regular squared 
arrangement of beacon nodes.  

As explained in Section 2, each node of a cluster cell is 
able to cover completely its cell, so it is unimportant 
where the node is located exactly in its cell. As result, we  

considered the emerged cells of the centroid localization 
as XGAF cells and experimented with different transmis-
sion ranges. The challenge is that no dimension of any 
cell is allowed to be larger than the resulting working 
range RW, while our maximum transmission range is giv-
en by the transmission range of the beacon cells. Further-
more, we wanted to achieve as less clusters as possible, 
and hence as less active nodes as possible.  

During our research, we firstly figured out that there is a 
strong similarity between the regular XGAF structure and 
the centroid localization shapes if equation (3) is given. 
 
  √2  (3) 
 

Here, B is the distance of two beacons and RW the result-
ing working range. In fact, that means that exactly 4 
XGAF cells fit into the square which is spanned by 4 bea-
con nodes. By shifting the beacon nodes to the midpoints 
of the squared cells, the similarity becomes even more 
obvious, as shown in Figure 7 A). Additionally, we de-
tected that it was advantageous to merge the center cell 
and the bean cells, which are comparatively small, to a 
larger cell, called star cell, as shown in Figure 7 B). As 
result, the whole network area can be divided now into 3 
different cell forms: edge cells, corner cells and star cells.  
To apply the idea of  XGAF to these cells, it is important 
to figure out which transmission range of the unknown 
nodes is at least required to guarantee complete connec-
tivity, i.e. any node of any cell has to be able to commu-
nicate to any node of any adjacent cell. In detail, a node of 
a star cell has to be able to communicate to its 4 adjacent 
edge cells and its 4 adjacent corner cells, a node of a cor-
ner cell has to be able to communicate to its 4 adjacent 
star cells and its 4 adjacent edge cells, and an edge cell 
must be able to communicate to its 2 adjacent star cells, 
its 2 adjacent corner and its 4 adjacent edge cells. The 
maximum distance of two adjacent cells is shown in Fig-
ure 8. To achieve complete connectivity in each adjacent 
direction, transmission range of the nodes has to satisfy 
equation (4). 
 
  √2  (4) 

 
Figure 7  Comparison between XGAF and CL shapes, 
A) Similarities, B) Union to a star cell  
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Figure 8  Maximum distances between adjacent cells 
 

It is shown in Figure 8 that the maximum distances of 
adjacent cells are never longer than √2*B, hence equation 
(4) is satisfied and complete connectivity is guaranteed. 
Furthermore, if equation (3) and equation (4) are com-
bined, one can see that the transmission range of the 
nodes RTN have to be twice as far as the working range RW 
calculated before. This behaviour fits absolutely into the 
behaviour of XGAF, even if the working range is limited 
by the transmission range, the resulting cells of the cen-
troid localization scheme are able to achieve complete 
connectivity. Hence, BBC was created as an efficient al-
ternative to the regular structure of the former approach. 
 
 
4 Optimization and Simulation 

After the creation of an XGAF version with the help of 
centroid localization technique it is possible to adapt the 
beacon transmission range to optimize the emerged cells. 
As shown in Figure 8, it is guaranteed that the algorithm 
works, as long as equation (5) for the beacon transmission 
range RTB is satisfied. 
 
 √2⁄   (5) 
 

Within this interval, it is possible to adjust any possible 
transmission range. To optimize the emerging shapes, 
there are two possibilities: Dimensional optimization and 
areal optimization. 

4.1 Dimensional optimization 
This kind of optimization should be aspired if the work-

ing range RW is limited by the sensing range. In this case, 
the maximum allowed cell size depends on the longest 
dimension within a cell.  

Figure 9  Maximum distances inside a cell 

Figure 10  Cell areas  
 

Otherwise it could happen that a node of a cell is not 
able to guarantee the coverage of its cell. As shown in 
Figure 9, the smallest dimension is achieved at 
RTB=0.8*B. At this point, the longest distance of each cell 
is 0.751*B. Although the minimal sensing range, given by 
equation (2), is allowed to be 0.707*B, complete coverage 
is still guaranteed. The reason is that the shapes and sizes 
of corner cell and star cell guarantee coverage of unco-
vered parts of their adjacent cells, even in a worst case 
deployment of nodes inside a cell. 

4.2 Areal optimization 
If the working range RW is mainly limited by the trans-

mission range, the longest distances are unimportant for 
complete connectivity as already explained. But there is 
still room for optimization. If the resulting cells have 
nearly the same size, the probability increases that all re-
sulting cells are populated if a certain number of nodes 
are deployed. Figure 10 shows the resulting cell sizes with 
different beacon transmission ranges RTB. One can see 
that at a transmission range of RTB=0.805*B a maximum 
of the minimal areas is achieved, i.e. star cell and corner 
cell have the same size. Hence, this beacon transmission 
range is optimal to achieve a network with similar popu-
lated cells.  

4.3 Simulation and results 
To prove the optimization and to compare our results 

with the preceding algorithms, we simulated a sensor 
network using Matlab and with the simulation parameters 
given in TABLE 2. Our first simulation proves the areal 
optimization. We deployed different amount of nodes and 
measured the number of populated cells, as shown in Fig-
ure 11.  
 

TABLE 2 
SIMULATION ENVIRONMENT 

Property Value 
  

Simulated area 1000m * 1000m 
Sensing range 70.7m 
Simulated networks 1000 
Beacon distance 100m 
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As it is illustrated, BBC achieves nearly the same per-

formance as XGAF in spite if an optimal transmission 
range of the beacons is adjusted. The next simulations 
compared our algorithm with XGAF in terms of com-
pletely covered networks. To get realistic results, only one 
node of each populated cell was randomly chosen to be 
activated. Again, different Beacon transmission ranges 
were adjusted. The result can be found in Figure 12. As 
shown, BBC achieves its best result with a transmission 
range of RTB=0.8*B while a too small or too high beacon 
transmission range significantly decreases the number of 
complete covered networks.  

Figure 13 compares the performance of XGAF and 
BBC with the best possible transmission range TRB. It can 
be seen that BBC has the same performance as XGAF in 
terms of average coverage. Also in terms of complete 
covered networks BBC is comparable to XGAF.  
 
 
5 Conclusion and Outlook 

After a short review of former clustering and localiza-
tion approaches, namely XGAF and CL, a new efficient 
localization free clustering approach, referred to as BBC 
was created as a symbiosis of the former approaches. Our 
simulations have shown that BBC performs as well as 
XGAF, but without the need for localization, which is 
typically a costly component of WSNs. Until now we ap-
plied the presented clustering approach to the basic ap-
proach of a class of smart range aware clustering algo-
rithms. 
 

Figure 12   Complete covered networks 
 

Figure 13  Comparison between XGAF and BBC in 
terms of average coverage and completely covered net-
works 
 

In a successive step this approach can be also applied to 
the more complex and more reliable MASCLE algorithms 
[16-17]. Furthermore, using the actual approach, the 
number of emerged cells is one fourth of the number of 
beacon nodes needed for clusterization. A future chal-
lenge is to improve this ratio to need less beacon nodes. 
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Figure 11  Populated cells versus beacon transmission 
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