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Abstract

In wireless sensor networks (WSNS), hierarchical clustering is an efficient approach for lower
energy consumption and extended network lifetime. In cluster-based multi-hop
communications, a cluster head (CH) closer to the sink is loaded heavier than those CHs
farther away from the sink. In order to balance the energy consumption among CHs, we
development a novel cluster-based routing protocol for corona-structured wireless sensor
networks. Based on the relaying traffic of each CH conveys, adequate radius for each corona
can be determined through nearly balanced energy depletion analysis, which leads to balanced
energy consumption among CHs. Simulation results demonstrate that our clustering approach
effectively improves the network lifetime, residual energy and reduces the number of CH
rotations in comparison with the MLCRA protocols.
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1. Introduction

W ireless sensor networks (WSNs) have a wide range of applications, such as environment
monitoring [1]-[3], security [4], [5], military sensing, home automation, healthcare [6] and
traffic surveillance [7], etc. A typical WSN comprises a sink node and a large number of
sensor nodes. A sensor node is in general of small sized and capable of sensing and
communicating. However, sensor nodes are generally powered by batteries. Energy becomes
one of the most critical issues in WSNs as these sensor nodes are non-rechargeable in most
cases.

It is well recognized that cluster architecture can save more energy and therefore increase
the network lifetime. In a typical two-tier WSN, the information is aggregated at the cluster
head (CH) and then be transmitted to the sink via multi-hop communications. The concept of
clustering is advantageous for both intra-cluster data collection and inter-cluster data
forwarding, since the transmission ranges, as well as power consumption, in both case can be
substantially reduced.

Aimed at balanced power consumption, numerous cluster-based approaches have been
studied. However, to the best of our knowledge, none of existing protocols contributes directly
to the determination of appropriate cluster radius of each corona in corona-structured WSNSs.
To this issue, we introduce a novel cluster-based routing protocol called “ECT” (Efficient
Cluster radius and Transmission ranges in corona-based WSNSs), which determines the cluster
radius for each corona according to the traffic load imposed on its CH. The main contributions
of this paper are listed as follows.

(1) Calculating the cluster radius for each corona according to the energy
consumption of CHs.

This will prevent the overloading of CHs close to the sink. That is, relaying load is evenly
allocated to CHs so that the CHs near the sink do not run out their power far earlier than others.

(2) Adopting cross-corona transmissions for extend network lifetime.

When the sensor nodes in cluster CS;;, where i represents the ith corona and j denotes the
order of the cluster in that corona, can no longer serve as a CH, the CHs in corona C;,; take
charge of cross-corona data transmissions. In this way, the network lifetime can be effectively
extended.

The rest of this paper is organized as follows. Section 2 surveys some related works. Section
3 presents the assumptions and observations. Section 4 explains how cluster radius can be
determined according to the demand of relaying traffic. The proposed method ECT is
explained in detail in Section 5. In Section 6, we discuss the simulation results. Finally,
Section 7 concludes this paper.

2. Related Work

A number of clustering schemes [8]-[12] are proposed for the purpose of equalizing the
energy consumption among all sensor nodes. Li and Mohapatra [13] investigate the validity of
various possible methods to alleviate the energy hole problem. It has been noted that in a
uniformly distributed WSN, hierarchical deployment has its benefits. Heinzelman, et al. [14]
propose a CH rotation approach called LEACH. It picks out CHs randomly while each sensor
node takes turns to serve as the CH in order to achieve energy-balancing. LEACH assumes
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that every node within the network is capable of reaching the sink directly. Deterministic
cluster-head selection (LEACH-DCHS) [15] improves LEACH by taking the residual energy
of the sensor node into consideration in the threshold function. This scheme ensures that the
sensor node with more energy has a larger opportunity to be a CH. Ye, et al. [16] propose a
distance-based cluster formation method (called EECS) with unequal cluster size in single-hop
WSNSs. Cluster sizes closest to the sink are larger while those located away from the sink are
smaller. Therefore, CHs far from the sink can reserve more residual energy for long-distance
data transmission to the sink. However, single-hop transmission consumes more energy than
multi-hop communications. Lian, et al. [17] examine static models with uniformly
distributions of sensor nodes for large-scale WSNs. At the end of the network lifetime, there is
still considerable amount of residual energy, which can be up to 90 percent of total initial
energy. Therefore, the static models with uniformly distributed sensor nodes fail to utilize
their energy effectively. However, we demonstrate that nearly balanced energy depletion can
be achieved with the help of carefully planned cluster radius and transmission ranges.

We here introduce a typical approach, which is compared to our proposed ECT scheme.
Liu, et al. [18] propose a novel clustering scheme integrating hierarchical clustering on the
basis of classical routing algorithm, which is called Multi-Layer Clustering Routing
Algorithm (MLCRA). First of all, each sensor node broadcasts its own information within one
hop to set up neighbor lists. This algorithm relies on probability (based on LEACH-DCHS) to
determine whether a sensor node is a CH (first-class CH) or not. The chosen CH then
broadcasts a CH_message that contains the node ID, residual energy, the layer number of the
node and the distance to the sink node. Each sensor node receives a CH_message to check
whether the layer number of the received CH_message belongs to its upper layer or not. If yes,
it stores the information of the sensor node to the candidate list (first-class clusters formed);
otherwise, it discards the received message. Sensor nodes in the candidate list can be chosen as
the CH (second-class CH) based on the following two cases. If a sensor node is in the first
level, the sensor node with the maximum ratio (i.e., the ratio of (the node's residual energy) to
(the distance to the sink)) is selected as the CH (second-class CH). On the other hand, if the
node is not in the first level, the sensor node in the candidate list (closest to the sink) is chosen
as the CH (third-class CH). The process continues until the k-class CHs selected and the
k-class clusters formed (the entire network topology is covered). Sensor nodes in the first-class
clusters adopt direct communications, and the non-first-class CHs use multi-hop
communications. Simulation results show that the MLCRA protocol achieves considerable
improvement in network lifetime compared to the LEACH and LEACH-DCHS schemes.

3. Preliminaries

We consider a circular area of radius R with a static sink located in the center. Sensor nodes are
uniformly distributed in topology. A corona model is used by partitioning the circular area into
several coronas. The ith corona is denoted by C;. A corona C; is further divided into several
cluster CS;; with the same cluster radius (r;), where i represents the ith corona and j donotes the
order of the cluster in that corona, as shown in Fig. 1 (note that Fig. 1 is only an illustration of
corona model, actual cluster radius in each corona will be calculated later in Section 5.1).
Moreover, following are one theorem and two observations that can be further used in Section
4.
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Fig. 1. An illustration of 3-corona model

Theorem 1. The deviations (A,) is defined as arc_r; / (2r;), then
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Observation 1. When 0;.; € [10°,120°] and 6; € [10°,120°], for two arbitrary deviations A, ,

A, _ A _
and A, , their ratio f have a value close to 1 (i.e., 0.95 < == <1.05). That is
i i
A, .
—L x1Vi. (2)
Ai
Proof. According to Theorem 1, even when the difference between 6;.; and 6; is obvious (i.e.,
A . .
0., =10° and 6; =120°), the wvalue of —= is wvery close to 1 (i.e,

0,
7> 360°
{ }
N 2><sin(021)° {?is()()xsin(lio)"}
i-1 _ _ — ~
TS —r. — 0.955233 ~ 1),

10,

(360 4 {3g075INC, )}
0

2><sm(z')



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 8, NO. 4, Apr. 2014 1241

Fig. 2 shows all values for any 6; and 6;.; between 10° and 180°. Therefore, we can simply
assert that this observation is right based on Fig. 2.
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Observation 2. For two arbitrary a; and a; (the number of clusters in corona C; and corona
C;), its ratio can be expressed as
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Proof.
Let ARC _r; be the total circumference of the circle in corona C; (as shown in Fig. 1),
therefore
i-1
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Let arc_r; be a part of the arc in corona C; (which is equal to 2xr;xA;, as shown in Theorem 1
and Fig. 1). We can have arc_r; divided by ARC _r; to roughly calculate the a;.
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, where A; is the deviations (as mentioned before). Based on (5) and Observation 1
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4. Balanced Energy Depletion Analysis

According to the radio energy dissipation model in [19], the transmission energy for I bit of
data over a distance d is Eq(l,d)= IX(Egjec +gamp><d2), where Eg. IS the energy used in a sensor
node for transmitting one bit of data, €.np is the amplifier energy (multi-path model) and d
refers to the maximum transmission distance. Note that various energy dissipation models can
be used in the following derivations. That is, our scheme can be applied to different models.
We use the radio energy dissipation model as an example because it is a typical model in
WSNE.

Assume that each cluster member transmits 1 bit of data to its CH. Let D and CH; are the
density of the sensor nodes (uniformly distributed) and the CH belongs to CS;;, respectively.
Basically, each CH (CH;;) in outermost corona C; only takes care of the data transmitted by its

own cluster members (i.e., 7 x ri2 x D). However, the CHs in corona C;; not only handle the
data transmitted by their own cluster members, but they also relay packets from corona C;

. a )
(i.e,mrx rifl2 xD + mx ri2 x D x—-), where a; be the number of clusters in corona C;. The
ai—1
distance between the centers of two clusters is regarded as the transmission range for
simplicity (i.e., (ritri1) in corona C;, (ri1tri,) in Ciy and so on). In addition, the distance
between each CH,; (in innermost corona C,) and sink is only ry. Applying Observation 2, the
total energy consumption of a CH in corona C; can be evaluated as follows.

E, = (x I’i2 x D) < [Egee + Eamp X (r, + I’H)Z]

i—1
x> r +r)
Ei—l = [(” r-i—12 x D) + (” r.i2 x D x i—;::L )]X [Eelec + Eamp x (ri—l + I’-i—z)z]

nx2>n +rn.,)
k=1

i2
i, X< (22 ro+r.;)
k=1

Ei,=I[(» ri—22 x D)+ (7 ri—lz x D x )+

i3
hiy < (22 e +risz)
k=1

i, X (ZIZ_{, r,+r)
(7[ I’i2 x D x i—;:1 )] x [Eelec + gamp x (ri—2 + ri—3)2] (6)

nx(2>.r +r.,)
k=1

p-1

) L 2> r +r,
E,=(zn ><D+7r><Zl’p x D x kzlr
p=2 p

2
elec + gamp x rl ]

)<[E

To balance the energy consumption among CHs, we apply (7) to calculate the cluster radius
for each corona.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 8, NO. 4, Apr. 2014 1243

7
E,=E,=...xE_ ~E ()
2XI +2x0,+...+2xF +2xI, =R

, Where R is the radius of the whole topology.

5. ECT

The ECT scheme consists of three phases, namely cluster formation phase, data forwarding
phase and cluster maintenance phase.

5.1 Cluster Formation Phase

The cluster formation phase consists of the number of coronas in network topology, the cluster
radius, cluster setup and CH-to-CH transmission capacity.
® The Number of Coronas in Network Topology

First of all, the sink divides the network topology into K-coronas. The cluster radiuses
within the same corona are equal. Clusters closest to the sink grouped in the 1st corona and so
on. The clusters located farthest from the sink are put in the Kth corona (as shown in Fig. 1).
®  Cluster Radius

As stated before, the cluster radius in each corona can be calculated using (6) and (7). More
specifically, two numerical examples for 2-corona and 3-corona model are illustrated. The
ratio of ry, r, and r3 can be obtained by (8) and (10). By substituting the obtained ratio into (9)
and (11), actual cluster radius in each corona (i.e., r1, r, and rs) can be calculated. For the
purpose of clarity, we detailed descript how to solve Equations 8, 9, 10 and 11 by using
Mathematica [20], as shown in Fig. 3. It is easy extend this example to the k-corona model.
Table 1 shows the variation of the cluster radius (r;) with various network radii (R) ranging
from 200m to 600m. It also provides the guideline for designing the cluster radius in WSNSs.

E, =(7x r22 X D) x[E e + Eamp x(r, + rl)z]
rnLx(2r+r,)

X x(r,)? 8
r, x(r,) )] [Ee'ec+gamp (r)] 8

E, =[(7z><r12><D)+(7r><r22><D><

E,=E,

2r, +2r, = 200 )

Ey = (7 x1," x D)X [Euiee + Eamp * (I +1,)°]

r,x(2r +2r, +1r,)
rL,x(2r+r,)

[Eeiee + Eamp x (12 + 1)°] (10)

E, =[(zx1,°xD)+ (7 xr’°xDx

)]

E, —[(rx 12 x D)+ (rxr’xDx 22y,
I

2

(72->< r32 X D XM)]X [Eelec + 8amp X (rl)z]

3

E,=E,~E;
21+ 2r, + 2r, = 200 (11)
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B Mathematica 7.0 (1-12-13).nb Equaﬁon 8
HSolve [{ (Piwr252)» (5000 + (12 + 1) 72) s: ((PLer1®2) s Piur2” 2 (2ar1+22) / (r2)) » (5000 + (r1)"2)|,
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Equation 9
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Fig. 3. Using Mathematica to solve Equations 8 and 9

Table 1. Computational results for 2-corona, 3-corona and 4-corona models
r; | 2-Corona model 3-Corona model 4-Corona model
R r r rn r 73 r r r3 ry
200 | 3542 | 64.58 534 | 3464 | 60.02 | 2.02 | 7.47 | 30.61 | 59.90
300 | 63.83 | 86.17 | 2223 | 5163 | 76.14 | 561 |2424| 4590 | 74.25
400 | 91.20 | 108.80 | 41.50 | 64.02 | 9448 | 10.89 | 41.99 | 59.46 | 87.66
500 [ 117.80| 13220 | 59.86 | 7598 | 114.16 | 25.38 | 53.08 | 70.32 | 101.22
600 | 143.92 | 156.08 | 77.31 | 88.16 | 134.53 | 3899 | 63.85| 82.54 | 114.62

®  Cluster Setup

The sensor nodes broadcast their own information with each other; the one with the most
central location (minimum euclidean distance in each cluster) in each cluster serves as a CH.
The chosen CH broadcasts a Head_Msg within its transmission range. This message contains
current energy level, the distance between the CH and sink, and the sensor node’s ID, which is
used as the cluster’s ID as well. If a sensor node receives multiple Head_Msgs, the sensor node
selects and joins the closest CH. For those sensor nodes that do not serve as CHs and do not
receive any Head_Msg, they may send a Find_Msg to seek the closest clusters to join them.
® CH-to-CH Transmission Capacity

After clusters are setup, the sink can calculate the number of clusters in each corona based
on the cluster radius. Once a; is obtained (as mentioned before), we have the number of
clusters in corona C; divided by the number of clusters in corona C; ;.

i-1
oo x (2D 1 +1)
S; = Y (12)
Lx (2 r, +r)
p=1

, Where S} means the relay traffic of CH in Cjfrom CHs in C;.
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In some cases, the transmission capacity of CHs may be unequally arranged (as shown in
Fig. 4, the transmission capacity of some clusters in corona C; are 3xM,, others are 4xM,).
Accordingly, the transmission capacity of each CH may be well adjusted to balance its sharing
(as shown in Fig. 5, each cluster in corona C; has an equal amount of transmission capacity of

14xM,/4).

5.2 Data Forwarding Phase

The data forwarding phase consists of intra-cluster and inter-cluster data forwarding.

® Intra-Cluster Data Forwarding

In this phase, we adopt the MST [21] to shorten the distance of data transmission between
sensor nodes and CHs. When a network has high density of sensor nodes, the transmitted
information may take a long time before reaching the targeted CHs. Therefore, a hop count H
is assigned. Once the sensor nodes proceed to forwarding data, the value of H is decreased by
one. When the value of H is equal to zero and the data do not reach the targeted CH yet, the
sensor node holding the data at the time directly transmit data to the CH to avoid

time-consuming routing.
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® Inter-Cluster Data Forwarding

In this phase, CHs in corona C; receive data from designated CHs in corona C;., and then
transmit data to the next adjacent CHs in corona C;; (closest to the sink); the process keeps on
going until the data finally reaches the sink.

5.3 Cluster Maintenance Phase

® CH Rotations in a Cluster

A lot of typical clustering protocols reselect CHs per round so that the loads can be shared
among all sensor nodes. However, frequent CH rotations impose considerable overheads since
all cluster members have to be notified about the changes. In order to avoid such scenario, this
phase defines the threshold of CH power as T. Note that CH rotation is triggered only when the
residual energy of original CH is below a threshold T. Specifically, if the residual power of the
CH is under T, the sensor node closest to the CH is elected as the new CH in the cluster.
Meanwhile, new CH broadcasts the Change_Msg to notify its cluster members.
® Cross-Corona Data Transmissions

When each sensor node in cluster CS;; is no longer serve as a CH, the CHs in corona Ci;
implement cross-corona data transmissions (as shown in Algorithm 1). In this way, the
network lifetime can be prolonged.

Algorithm 1: Cross-corona data transmissions
1. Begin
2. Forall i=ktol /I For each corona

3. Foreach CH in corona C;, pass data to CH in C;4
I C¢=2... 2 C,2Cy, Cy represents the sink

4. Repeat
5. if (the residual energy of CH in corona C; is under T)
/[ T: the threshold of CH power
6. pick out a new CH Il closest to the original CH within its cluster
7. While (the power of each sensor node in C; is under T)
8. {For each cluster in Ci.,, pass data to the sink directly
Il cross-corona data transmissions
9. } // End While
10. Until (residual energy of first sensor node is depleted)
11. End // End Begin

6. Simulations

We evaluate the performance metrics of ECT and compared it with MLCRA protocol. We
choose MLCRA [18] as a comparison reference because MLCRA is one of the most recent
clustering algorithms proposed in the literature. It achieves much improvement in the network
lifetime when compared to LEACH [14] and LEACH-DCHS [15]. All the parameters are
given as follows: The network radius ranges from 200m to 600m; Eeec = 50 nJ/bit, gamp = 10
pJ/bit/m?; Energy dissipation of CH rotation is 0.02 mJ; each sensor node has an initial energy
of 1 joule; 500 sensor nodes are uniformly distributed in topology; each sensor node sends 400
bits of data per unit time to the sink via multi-hop communications. Besides, sensor nodes can
adjust the transmission ranges, the maximum transmission range can be used in transmitting
data to the sink directly. We average the results of 200 runs for each scenario.
In addition, the performance metrics we used in our simulation are:
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1) network lifetime [14];
2) residual energy; and
3) the number of CH rotations.

The network lifetime is defined as the time until first sensor node uses up its energy and is
measured in “round”. The definition of a round is that one packet is transferred from the sensor
node via the CH to the sink. The number of CH rotations indicates the total number of cluster
head rotations before the network operation ends.

6.1 Network Lifetime

Network lifetime (in rounds)

400
Network radius (in meters)

Fig. 6. Network lifetime comparison between ECT and MLCRA

Mormalized network lifetime

0.
EUO 300 400 500 600
Network radius (in meters)

Fig. 7. Normalized network lifetime comparison between ECT and MLCRA

Fig. 6 compares the proposed ECT with the MLCRA protocol. We regard the ECT scheme
with k-corona model as ECT-k. It shows that ECT-2 (2-corona model), ECT-3 (3-corona
model) and ECT-4 (4-corona model) exceed MLCRA protocol for the network lifetime. This
is due to the fact that, the ECT using nearly balanced energy analysis scheme to determine
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cluster radius and transmission ranges in each corona. Fig. 7 compares the proposed ECT with
the MLCRA protocol in terms of normalized network lifetime.

To evaluate the impact for 2-corona model (ECT-2), 3-corona model (ECT-3) and 4-corona
model (ECT-4), we first measure the network lifetime of ECT scheme versus the network
radius ranges from 200m to 600m. T is fixed at 20 percent (T is the threshold of CH power, as
mentioned in Section 5.3). From Fig. 8, we can clearly observe that ECT-2 gets better network
lifetime when the network radius is 200m and 300m; ECT-3 is recommended when the
network radius exceeds 400m. In fact, the same trends hold for T=15% and T=10%.
Furthermore, the network lifetime has a decreasing trend as the network radius increases. This
is because when network radius increases, transmission distances are increased for each sensor
node. Hence, the network lifetime is decreased.

Fig. 9 shows the network lifetime of ECT scheme and the ECT-NCT (Non Cross
Transmissions) scheme. The difference between the ECT scheme and ECT-NCT scheme is
that the ECT does cross-corona data transmissions (CT) while ECT-NCT scheme does not. It
is worth mentioning that the ECT-2 scheme has longer network lifetime than the ECT-2-NCT
scheme when the network operation is terminated. Likewise, ECT-3 scheme and ECT-4
schemes improve the network lifetime when compared with the ECT-3-NCT scheme and the
ECT-4-NCT scheme, respectively. It also indicates that cross-corona data transmissions have
benefits.
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Fig. 8. Network lifetime comparison between ECT-2, ECT-3 and ECT-4
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Fig. 9. Network lifetime comparison between ECT and ECT-NCT



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 8, NO. 4, Apr. 2014 1249

6.2 Residual Energy of Each Sensor Node

To evaluate our ECT scheme in terms of residual energy (RE), we also compare it to the
MLCRA scheme. We only choose the ECT-3 scheme since simulation results show it has
good performance (compared to ECT-2 and ECT-4). The network radius is set to 500m.

For ECT-3, most of the sensor nodes nearly use up their energy when the network operation
ends as shown in Table 2. As a matter of fact, the residual energy of most sensor nodes is
below 2.34x107 joule when utilizing our ECT-3 scheme. By comparison, we can see that the
residual energy improvement of ECT-3 scheme compared to the ECT-3-NCT scheme.

MLCRA algorithm follows the CH rotations used by the LEACH-DCHS [15]. However,
MLCRA does not guarantee the energy depletion can be consumed in the well-balanced status.
From Table 2, we can see that the ECT-3 scheme is more energy efficiency than the MLCRA
scheme.

Table 2. Residual energy under the ECT-3, ECT-3-NCT and MLCRA schemes

The es
number of

sensor

nodes ECT-3 ECT-3-NCT MLCRA

Residual
energy (%)
00=RE<25% 412 83 74
25=RE<5.0% 59 131 123
50=RE<10% 29 142 97
10=RE<15% 0 79 129
15S=RE<20% 0 65 42
20=RE<100% 0 0 35

6.3 Total Number of CH Rotations

As mentioned earlier in Section 5.3, many traditional clustering algorithms frequently rotate
the role of CH so that the loads can be shared among all sensor nodes. However, periodical CH
rotations increase considerable overheads. Therefore, we need to reduce the total number of
CH rotations if possible.

Table 3 shows the total number of CH rotations for ECT-2, ECT-3, ECT-4 and MLCRA.
We observe that, as threshold T increases, the total number of CH rotations also increases. This
is because larger threshold T triggers the CH rotations earlier. Furthermore, CH rotations of
ECT-2 are less than that of the ECT-3 and ECT-4 schemes (for T of 10, 15 and 20 percent).
Specifically, CH rotations of ECT-2 can be reduced by 14.8 percent (compared to ECT-3) and
17.4 percent (compared to ECT-4) when the threshold T is set to 10 percent.

As to the MLCRA algorithm, it frequently rotates the role of CHs to share the loads among
all sensor nodes. As a result, its number of CH rotations is much larger.

Table 3. CH rotations under the ECT-2, ECT-3, ECT-4 and MLCRA schemes
Rotations ECT-2 ECT-3 ECT4

TWM 10% | 15% | 20% | 10% | 15% | 20% | 10% | 15% | 20%
0

MLCRA

754 | 1102 | 1301 | 904 | 1328 | 1491 | 897 | 1321 [ 1579 | 42513
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7. Conclusions

In this paper, we proposed a novel energy balanced clustering mechanism ECT to extend the
network lifetime in corona-based WSNs. The main idea is to divide network into varies cluster
radiuses based on the energy consumption among CHs for each corona. Simulation results
show that the ECT protocol can efficiently improve network lifetime, achieve energy
efficiency and reduce CH rotations compared to the MLCRA protocol.

Appendix
Theorem 1. The deviations (A,) is defined as arc_r; / (2r;), then
frx 0y
8 =—8 1)
{2><sin(zi)°}

Proof (by Mathematical Induction).

E=(2r1 +r2)xsin%

21\)—272'(21" +r )><i
' 27360

Fig. 10. An illustration of a cluster corona C,

A
35007

{2 x sin(il)f’}
We define arc_rcas R, x 6, , where Ry and 6, are the radius of the arc and the central angle

of the arc in radians, respectively. We use a cluster in corona C; an example, as shown in Fig.
10. With S (sink) as center and ry as radius, draw an arc cutting a cluster in points A, C, and D.

Base case: show that A, = is true.

Without loss of generality, we let .~ ASD = 6, . Since SA = SC = SD = R: =y, then arc_r,
= @= R x6,= 2”(5)’(36%' Because Sc is a bisector of ~ASD, ~ASC = ~CSD
=%. AASC is an isosceles triangle since SA= SC. Let the midpoint of AC be B. Since B lies
on the perpendicular bisector of AC, therefore AB= BC and ~ ASB =~/ BSC =%. Then 2xr,

=4 xAB=4x () xsin%. Finally, we have
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Hence, the equality holds when i = 1.

{27(r) x
ac8rC_n

~ EF = @r+r)x sin?T2

EH = 27(2r +r )><0—2
' 277360

Fig. 11. An illustration of a cluster corona C,

0.
{rx oot
Base case: show that A, = 36077 istrye.

.0,
{2><S|n(Z) }
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We use a cluster in corona C, an example, as shown in Fig. 11. Without loss of generality,

we let ~ ESH =6,. Since SE = SG=SH= R, = 2r;+r, then arc_r, =@=

R, x6,=2x(2r, +71,) xio. Similar to A,, the detailed description in this part can be

360

omitted. Then 2xr,= 4xEF = 4% (21, +1,) xsin%. Finally, we have

62
360°

02
_arc_v, _ {272'(2I’l+l’2)><w} ) {7 % }

A, =

As a result, the equality holds when i = 2.

frx Sy
Inductive hypothesis: assume that A, ; = 360 is true.

{2><sin(921)°}

2X0 L4 (2r +r,) xsin(iz)°} ) {2><sin(6;2)°}.



1252

Wei Kuang Lai et al.: Efficient Cluster Radius and Transmission Ranges in Corona-based Wireless Sensor Networks

k-2
With S (sink) as center and 22 r, + I, asradius, draw an arc cutting a cluster in points W

m=1

and Z. Without loss of generality, we let ~WSZ =6, ,, as shown in Fig. 12. Assume that, for

k-1

7 3600
an arbitrary cluster in corona Cy.1, A, ; =

) is also true for 10°< 0,, <120°.
{2 x sin(f)o}

— . 6
WX = (21, +2r, +--+ 25, +1, ;) xsin —

P 67
WZ =27m(2y + 28, +---+ 21, , +rlrl)x%

Fig. 12. An illustration of a cluster corona Cy 4

TQ:(ZH +2rzJf"'+2rk-1+rk)><sinﬂ

N 0
S PV =27(21 + 28, + -+ 26, + 1, )X —-—
\% 360

Fig. 13. An illustration of a cluster corona Cy

6
{rx_=}
Inductive step: show that A, = 363 is true.
{2xsin(-—%)°}
4
k-1
With S (sink) as center and 22 r, +r, asradius (e.g., Ry), draw an arc cutting a cluster in

m=1

points P and V. Without loss of generality, we let .~PSV =6, , as shown in Fig. 13. Since gp

_ _ k-1 k-1 0,
=4U= §v= ZZrm +1,, then arc_r, = @ = R x6, = 27T(22rm + )X
m=1

powr 360
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Because Sy is a bisector of ~PSV, ~PSU =_USV = 9—2" APSU is an isosceles triangle

since Sp = SU. Let the midpoint of py be Q. Since Q lies on the perpendicular bisector of py

k-1
, therefore pQ=Qu and ~£PSQ = 4QSU=%‘: . Then 2xr,= 4xpQ= 4 x (22 r,+r)xsin %‘: .
m=1

Hence, we get
2 0, 3
360° 360°

{4 x (ZKZ_%‘ r,+r)x sin(i‘)"} {2xsin(i‘)°} |

This completes the proof of the theorem.

k-1
2r(2) r +r,
_arc_r, _ {”(;m ) {mx

2XT,

k
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