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Abstract

Wireless Sensor Networks (WSN) are characterized by their capacity of monitoring the
environment, gathering and sharing information. Nodes in a WSN usually cooperate in
the task of forwarding the sensed data to a sink node for later retrieval and analysis. The
success of this task depends on the availability of efficient routes that meet the application
requirements. As topology may change overtime, alternatives to improve and maintain
network connectivity are highly desired. In this context, Cooperative Communication
(CC) emerged as an alternative to improve network connectivity. Despite its benefits,
CC-links are known to have higher energy demands as compared to traditional, direct,
links. In particular, CC-links require the source node to expend more power than others
nodes, shortening their life span. The main contribution of this paper is to propose a new
Cooperative Communication model, capable of increasing the energy balance of the CC-
links while improving network connectivity. Simulation results show that, compared to
other CC schemes, the source node of a Cooperative Communication reduces the amount
of expended energy by 68% in the evaluated settings.
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1 Introduction

A Wireless Sensor Networks (WSN) is a special kind of ad hoc network where sensor nodes are responsible
for sensing and monitoring the environment. These nodes usually operate on batteries and have a single
transceiver capable of communicating over short distances. In addition, the sensor nodes cooperate to
perform more complex tasks, such as perform data gathering and fusion as well as passing on information
obtained from the environment to a sink node. A WSN usually comprises of one or more sink nodes, which
are responsible for issuing queries and collect the sensed data. The sink node may have a larger antenna
capable of reaching the sensor nodes of interest. In some situations, the sensors are located in inhospitable
places, making it difficult to replace batteries during network operation. Thus, battery power becomes a
critical resource that must be carefully managed to extend sensor’s lifetime. Given its importance, several
alternatives to improve and optimize energy consumption are investigated in the literature [1].

WSNs can be applied in different contexts, such as seismological monitoring, checking the presence of
toxic gases, help identifing and issuing tsunami alerts, monitoring river banks and potential areas of landslide
risk. In such cases, the application may require that the sensors transmit the information to a sink node as
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fast as possible. The need to maintain or re-establish effective routes to a sink node in such cases can be
crucial to the success of the actions to be triggered. This scenario becomes even more critical in the case of
events that pose risk to the population that may require immediate action. In a WSN, sensors can become
inoperative due to battery depletion, hardware failure, or external events. Thus, alternatives to maintain or
re-establish network connectivity has been investigated and proposed. Khelifa et al. [2] proposed the use of
dormant nodes that are activated in the event of link failure. In the same line, Goyal et al. [3] proposed the
use of limited mobility to recover and coordinated connectivity in similar situations. Li et al. [4] propose the
addition of a minimum set of nodes that allow the resulting network topology to be connected. Recently,
Guerriero et al. [5] proposed a centralized scheme to determine the best locations to position sensor nodes
to improve connectivity. The above works rely on node movements or the capability of inserting additional
nodes to the locations of need. Such alternatives, however, require previous knowledge of the affected areas
and may take a considerable amount of time to regain connectivity. Hence, the search for mechanisms that
allow the increase of connectivity without the need for inclusion or movement of nodes are of great interest.
In this context, the Cooperative Communication (CC) has been considered a viable alternative to allow
nodes to improve network connectivity. CC is a physical layer technique that allows devices with a single
antenna to enjoy some advantages of MIMO (Multiple Input, Multiple Output) systems [6].

In contrast to a direct, point-to-point, communication where a single source transfers data to a single
destination, Cooperative Communication allows neighboring nodes to aid the source node in the transfer.
CC can be viewed as two-stage communication. In the first stage, the source node transfers the data to a
set of neighboring nodes. This set is commonly referred to as helper nodes. Next, the source node and its
helpers cooperatively transfer the data to a selected destination node.

The benefits of Cooperative Communication include improved signal quality, higher transmission rates
and transmission range extension. Song et al. [7] studied the properties related to connectivity in sparse and
dense networks when CC is used. Several studies have explored the use of CC along with topology control
techniques to reduce energy consumption. Alternatives to increase connectivity, even before operation, have
been investigated. Neves et al. 8] proposed a cooperative mechanism to increase the connectivity of a WSN
allowing the use of directional cooperative links to improve the connectivity to the sink node.

A Cooperative Communication link, hereafter denoted as CC-link, usually has a higher energy demand
when compared to a direct communication link [8, 9, 10]. Thus, the use of CC-links must be carefully
evaluated in order to prevent premature battery depletion. In fact, the CC model considered in [8, 9, 10],
the source node ends up using more energy than its helpers. This energy imbalance in the CC-links leads
to a faster drainage of battery resources. This, in turn, may affect the network connectivity that relies on
CC-links. Furthermore, the unbalanced energy consumption may shorten the life span of the network nodes
that participate in a CC-link.

This paper proposes a Cooperative Communication model aiming to reduce the energy consumption of
the source node and minimize the effects of energy imbalance of the CC-links and a preliminary version of
this work appeared in [11]. In the proposed scheme, the source and helper nodes consume a similar amount
of energy to establish a CC-link. By providing a better usage of the energy resources, the source node and its
helpers may prolong the life span of the cooperative link. A direct benefit of this approach is to extend the
lifetime of the network as well as improve its connectivity by prolonging the availability of the CC-links. The
proposed model is compared to the traditional CC-model considered in [9, 10, 8]. These models are evaluated
with three different topology control mechanisms: CoopSink [8], CSC and CSC-HS [12|. The evaluation
results include the following yardsticks: energy consumption, network connectivity, number of transmissions,
distance to reach the sink node and energy balance. When using the traditional CC model with CoopSink,
the results show that the source node spends 40.71% more power than its helpers. In contrast, when the
proposed CC model is used, the source node spends, on average, 34.26% less energy than its helpers. The
results for CSC and CSC-HS show similar results, which denotes that the proposed scheme reduces the
energy burden on the source node, improving the availability of the CC-links.

The remainder of this paper is organized as follows. Section 2 presents the network model and the
traditional Cooperative Communication model. Also, this section presents a heuristic for selecting the best
helpers to compose a CC-link with reduced energy consumption. Section 3 shows the formulation of the
problem and details the proposed Cooperative Communication model. Section 4 details the evaluation
scenario and metrics used to evaluate the proposed CC-model. Finally, Section 5 concludes this document.

2 Cooperative Communication

This section presents a brief overview of the correlate literature on Cooperative Communication models.
More precisely, the Cooperative Communication model presented in the following sections are similar to
those in [8, 9, 13].
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2.1 Network model

The network topology is modeled as a planar graph G = (V, E), where V' = {v1, va, ..., v, } is a set of wireless
nodes and E is the set of communication links. An edge v;v; € E denote that node v; can transmit data to
v;. Each node v; € V has a unique radio, runs on battery power and has 1-hop information. The set N(v;)
is the direct neighbor set of v; within its maximum transmission range Ryrax. For every v, € N(v;), there
is P; < Pprax such that P;(d; )~ > 7, following Inequality (1).

Pi(d;) >t (0 < Py < Ppyax), (1)

where « is the path loss exponent, usually between 2 and 4, and represents the rate of signal fading with
increasing distance; d; ; is the Euclidean distance between v; and v;; and 7 is the receiver sensitivity to
correctly receive a packet, i.e., the threshold of the received power so that node v; can correctly decode the
signal and obtain the original message.

The following definitions are used throughout this paper:

Definition 1 (Direct link) A direct link v;0; is an edge in E representing that node v; can transmit data to
node v; directly, that is, P; is such that v; can reach v; when Py < Pyax. A solid horizontal line over the
nodes denote a direct link.

For each link v;v; € E, we define the link weight w(v;v;) which represents the minimum total energy
consumption (i.e., total transmission power) needed to maintain the link v;v;. The definitions of direct link
weight and CC-link are shown next.

Definition 2 (Direct link weight) The weight of a direct link T;0; is defined as:
w(v;v7) = Td3 ;. (2)

In this work, we assume a limited regime of interference, where the noise is small compared with the
signal. Additionally, it is only considered the signal fading and its effect on a small scale is not considered
in this model.

Cooperative Communication (CC) takes advantage of the physical layer design to combine partial signals
to obtain complete information [14]. A CC-link between nodes v; and v; can be established if v; transmits
its signal jointly with a set of helper nodes H; ; and the sum of their transmission power satisfies Inequality

3)-

Z Pi(dg ;) "> (0 < Py < Pyax). (3)
’UkE’UiUHiyj
Hence, a helper node is a node that cooperatively retransmit the signal along with the transmitting node.
The following definitions are applied for cooperative links:

Definition 3 (Helper set) H; ; is the set of helper nodes of v; in a Cooperative Communication with vj. It
is assumed that all helper nodes need to be direct neighbors of v;, that is, H; ; C N(v;), where N(v;) is the
set of all direct neighbors of v;.

Definition 4 (CC-link) A CC-link v;v; is an edge of E that represents that node v; can transmit data to v,
cooperatively by using a set of helper nodes H; ;.

Definition 5 (Network topology) The direct communication graph and the CC communication graph are

denoted as G = (V,E) and G = (V, E), respectively. The network topology E = EJ E,inG= (V, E) is the
union of all direct links and CC-links.

2.2 Traditional Cooperative Communication Model

In a CC link from v; to v;, node v; must: (%) send its data to its helper nodes in H; j; and then (i7) node v;
and its helpers must simultaneously send the same data to v;. This way, the weight of the CC-link consists
of the sum of the communication costs of these two moments: wq(Hj; ;) is the cost of the first moment and
wee(Hi,j) is the individual node cost to transmit a data over a CC-link. The following definitions are used
to compute the energy cost of a CC-link.

Definition 6 (CC-link weight): The weight of a CC-link v;v; is defined as:
w(vv;) = wa(Hi ;) + (|Hij| + Dwee(H;), (4)

where:
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(a) Scenario with source node wvi, helper (b) First moment of CC where v transmits
nodes vo and vs and destination node vy the data to ve and v3

(¢) Second moment of CC where v1, v2 € v3 (d) Increase of transmission range of wvq
transmit the data to vy with the use of helper nodes v2 e v3 to cre-
ate a cooperative link between v; and vy

Figure 1: Steps of Cooperative Communication technique using traditional CC model

- |H; j|: is the number of elements in H; ;;

- wq(H; ;) = T — | is the minimum transmission power of node v; to communicate with
2,7 maXy, cH,; ; (dig)— [

the most distant node in H; ;;

-
2upev;Umy ; (deg) e

with vj, jointly transmitting with its helpers in H; ;

- wee(Hij) = : is the minimum transmission power of node v; to communicate

Note that, according to Inequalities (1) and (3), a CC-link exists when the following relation holds:
max (wq(Hij), wee(Hij)) < Puax. (5)

In this work, the Cooperative Communication model is simplified assuming that the transmission power of
v; and its helper nodes H; ; are the same.

The above model, referenced as “traditional CC model” in the rest of the paper, was applied in [8, 9, 10].
Figure 1 shows an example of the traditional CC model discussed above. Figure 1(a) shows a topology
such that node v; can reach two nodes, v, and w3 with direct communication links and has one node v4
outside its transmission range. Node vy selects nodes v and v3 as helper nodes to transmit to v4, that is
Hiy 4 = {v1,v2}. Following the traditional CC-model, node v; send its data to vy and vs as presented in
Figure 1(b). Next, these three nodes send the same data, cooperatively, to node vy, as represented on Figure
1(c). If the signal receiver by vy if greater than 7, it can decode and the data transmitted by vy is received.
This final step is illustrated in Figure 1(d).

To show the energy requirements of each node to establish a CC link, the scenario in Figure 2 will be
analyzed. Consider that Pyyax = (Rapa X)Q. The transmission power needed to establish a CC link between
vy and vy (v1v4) using Hy 4 = {ve, v3} as helper nodes is calculated below based on Equation (3).

Pl(d1,4)72 + Py(dos) " + PS(d3,4)72 >1
Pi[(d1,4)7% + (doa) > 4 (d3a) %] > 1

| (6)
(35)2 + (137)% + (15p)?
Py > 0.7490R?

P >
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Figure 2: Cooperative Communication scenario

From Inequality 6, it is implied that in the second moment of CC, all the nodes (v1, v2 e v3) operate
with the same power, i.e., P, = P, = P3. In this case, 0.7490R? = 0.7490P); 4x which is the minimum
transmission power needed in each node to fulfill the CC (P; < Pyrax ). Each node belonging to the CC-link
will transmit with at least 74.9% of its maximum transmission power Py;ax. Since the CC-link using the
traditional CC model is viable, its cost is calculated according to Inequality 4 and is presented below.

010g = Pyax + (|Hij| +1) x Py
0104 = Pyrax + (24 1) x 0.7490R? (7)
0104 = 3.2470R? = 3.2470Py1 4 x

The cost of the source node is calculated by the sum of the power required in the two moments of CC,
i.e., the power need to reach the most distant helper node and power of the second moment P; calculated
previously. The cost of the source node is presented in Equation 8.

Wsource = Prvax + Pr

(8)
Wsource = Prrax + 0.7490 P o x
In this scenario, the source node uses its maximum transmission power in the first moment of CC and
74.9% in the second moment. Furthermore, the cost of each helper node is equal to P; = 0.7490P; 4 x .
In order to use cooperative links, it is required to select the set of neighboring nodes that will cooperate.
The following section presents a heuristic to select the helper set.

2.3 Helper Set Selection

The selection of auxiliary nodes is crucial to the performance of the network as suitable choices can increase
the diversity gain. Thus, the selection of helper nodes in CC determines the system performance for some
routing objectives such as energy efficiency, throughput and delay. However, the selection of the auxiliary
set with the objective of minimize the total energy consumption while maintaining connectivity is an NP-
complete problem [10]. Some heuristics have been proposed in the literature in order to obtain a set of helper
nodes in polynomial time.

The helper set selection algorithm used in this work is the Greedy Helper Set Selection (GHSS) proposed
in [9]. The GHSS is a heuristic that computes a set of nodes auxiliary in polynomial time in order to
reduce individual consumption of nodes. The algorithm takes as input a source node v,; a destination node
vy; the set of neighboring nodes of origin, denoted N(v,). Distances dy ., dy; and d,; to v; € N(v,),
should be known. The algorithm output is the estimated cost for the cooperative link v, v,. Initially, the
heuristic considers the transmission power needed by the source node, using a specific neighbor as helper,
and the power required to send the data to the helper. Neighboring nodes are added to the auxiliary set if
their inclusion does not incur an increase in communication power. The nodes use the same transmission
power during cooperation phase. Thus, by adding more nodes to the set of auxiliary nodes, the individual
transmission power is reduced.



CLEI ELECTRONIC JOURNAL, VOLUME 20, NUMBER 2, PAPER 8, APRIL 2017

2.4 Topology Control

Topology control is the activity of controlling the communication links on the network by adjusting the
transmission power and the communication distance between nodes in order to maintain some global network
property [15]. In this work we considered three topology controls proposed in the literature that are applicable
to networks supporting Cooperative Communication:

e CoopSink [8]: centralized topology control technique for sensor networks that create efficient routes to
the sink node. The traditional CC model is used to increase network connectivity and topology control
reduces the energy consumption of nodes while maintaining energy-efficient routes to the sink;

e CSC [12]: centralized topology control technique for sensor networks that create routes that reduce
the end-to-end delay to the sink node. The traditional CC model is used to increase the network
connectivity and topology control is used to create routes with fewer hops to the sink, thus reducing
the end-to-end delay;

e CSC(HS) |12]: centralized topology control technique for sensor networks that create routes that
minimize the number of transmissions to the sink. Traditional CC model is used to increase the
network connectivity and topology control is used to reduce the amount of required transmissions to
reach the sink node to reduce power consumption and the end-to-end delay.

The aforementioned topology control mechanisms are illustrated in the Figure 3. Figure 3(a) presents the
original topology with 70 randomly distributed nodes in an area of 500 x 500m with direct and cooperative
edges represented in black and gray, respectively. Figures 3(b), 3(c) and 3(d) present the resulting topology
after applying CoopSink, CSC and CSC(HS), respectively. We observed that the use of the traditional CC
model increases network connectivity since isolated nodes become able to communicate and send data to sink
node thought cooperative edges. Additionally, CoopSink uses less cooperative links that CSC and CSC(HS).
The higher number of links result into a higher number of routes and the reduction of energy consumption
by selecting more efficient routes.
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3 Proposal

This work considers a WSN in which the sensor nodes cooperate to gather and relay information to a central
unit, called sink node. The sink node is responsible to request and receive information from other nodes.
Furthermore, each node in the network should be connected and its data should be transmitted to the sink
as fast as possible and with minimum communication cost as possible. CC-links should be balanced such the
source node and the helper nodes spend nearly the same amount of energy. To show the difference between
how much transmission power is required by the source node and the helper node to establish a CC-link,
let us consider the scenario in the Figure 2. In both moments of CC, the source node spend 174.9% and
each helper node spend 74% of its maximum transmission power. In such case, the source node depletes
its battery before the helper nodes, which makes the CC-link not viable and could disconnect part of the
network. In order to avoid or minimize this problem, this work aims to:

e Propose a new CC model in order to increase the connectivity while maintaining the CC-links balanced.

e Compare the traditional CC model with the proposed CC model employing the topology control
techniques presented in Section 2, namely CoopSink, CSC e CSC(HS).

3.1 Proposed CC Model

The proposed CC model follows the concepts presented in the Section 2. Similar to the traditional CC
model, in the first moment of CC, the source node sends the data to the helper nodes using the minimum
power to reach the most distant node. The proposed CC model differs from the traditional CC model in
the execution of the second moment of the CC. In the proposed model, the helper nodes send the data to
the destination node, without the participation of the source node. Furthermore, the main difference to the
traditional CC model is that the source node only participates in the first moment of CC, saving energy and
improving the energy balance of the CC-link.

Similar to the traditional CC model, the proposed CC model the CC link is feasible only if the sum of
the power of each helper node satisfies the Inequality 9.

Z Py(dr;) > (0< P, < Ppax). 9)

’UkEHiyj

Figure 4(a) shows the first moment of CC, which is the same for both models, where the source node v,
transmits the data to the helper nodes vy e v3. Figure 4(b) shows the second moment of CC which the helper
nodes vy e v3 transmit the data to the source node vy, without the contribution from the source node v.
As result of the modification on the second moment of CC, the cost of the CC-link is calculated according
to Definition 7.

(a) First moment of CC where node v (b) Second moment of CC with the proposed
transmits the data to nodes v2 and v3 model where nodes v2 and wv3 transmit the
data to node vy

Figure 4: Scenario of Cooperative Communication using the proposed CC model

Definition 7 (CC-link weight): The weight of a CC-link v;v; is defined as:
w(viv;) = wa(Hi ;) + (|Hij)woe(Hi), (10)

o |H, ;|: is the number of elements in H;j;

o wy(H; ;)= - T ———— | : is the minimum transmission power of node v; to communicate with
2] maxy, en; ;(dik)

the most distant node in H; ; ;
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. - . " . , .
° wCC(Hw) “\soon @) is the minimum transmission power of node v; sto communicate
i )

with vj, jointly transmitting with its helpers in H; ;.

The transmission power needed to establish a CC link between vy and vy (0104) in the scenario analyzed
in Figure 2 using the proposed CC model is calculated below based on Equation 9.

Py(das) %+ P3(dsa) 2> 1
Po[((da,a) > + (dsa) %] > 1
1
(35)? + (5R)?

P, > 0.9216 R?

P>

In the above inequality, it is implied that in the second moment of CC, the helper nodes (vy e v3)
operate with the same power, i.e., P, = P3. In this case, 0.9216R? = 0,9216Py;4x which is the minimum
transmission power needed in each node to fulfill the CC (P < Pyrax ). Each node belonging to the CC-link
will transmit with at least 92.16% of its maximum transmission power Py;ax. Since the CC-link using the
proposed CC model is viable, its cost is calculated according to Equation 10 and is presented below.

0104 = Pyax + (|Hijl) x Py
0104 = Pprax + (2) x 0.9216 R?
0104 = 2.8432R% = 2.8432Pyax

The cost of the source node is calculated by the power needed only in the first moment of CC, i.e., only
the power need to reach the most distant helper node. The cost of the source node is presented in Equation
11.

Wsource = PMAX (11)

Using the proposed CC model the power consumption of the source node decreased from 1.749 X Ppyax
to only Py;ax and energy consumption of the each helper node increased from 74.90% to 92.16%. In this
work, the energy balance is defined as the ratio between the cost of the source node and the cost of each
auxiliary node. Using the traditional CC model the energy balance is 2.23, meaning that the source node
spend 2.23 times more energy than the helper nodes. Using the proposed CC model the energy balance is
1.08. In such scenario, the energy balance using the proposed CC model is closest to 1, meaning that the
source node and its helpers expend a similar amount of energy.

4 Simulations Results

In order to evaluate the CC models as well as the topology control techniques, a simulator was developed
in Matlab where the algorithms were implemented. Similar to [9, 10, 12|, the simulation process uses the
following parameters: n = 20, 30, ..., 100 nodes randomly positioned in a 500 x 500m area; sink node v is fixed
at position (250,250). The fading coefficient is equal to 2; Pyyax = 4900 and Ry ax = 70m. Additionally,
every resulting topology has at least one CC-link, simulation results are drawn from an average of 500
simulations and the confidence interval is 95%. The following metrics were used to evaluate the presented
algorithms:

e M1 - Average number of hops to reach the sink node: the CC, independently of the model
utilized, occurs in two steps which can be seen as two virtual hops: in the first hop, the source node
send the data to the helper nodes and in the second hop the data is sent to destination node;

e M2 - Average number of transmissions to reach the sink node: when node v; with the helper
set H; ; tries to reach a destination node v;, a total of |H; ; + 2| transmissions are needed when using
traditional CC model and |H; ; + 1| transmissions when using the proposed CC model. Thus, the
average number of transmissions needed to reach the sink node shows the power consumption in each
strategy;
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e M3 - Connectivity with sink node: this metric present a comparison of the connectivity with the
sink node in the original topology and using both CC models;

e M4 - Average cost of cooperative links: Usually, Cooperative Communication is more costly than
traditional direct transmission and the number of CC-links tends to vary depending of the model and
topology control utilized. This metric presents a comparison between the CC models and the topology
control techniques: CSC, CSC(HS) and CoopSink;

e M5 - Average cost of the source node: this metric is defined as the sum of the cost of the first
and second moment of CC to all source node divided by the total number of CC-links as shown in
Equation 12.

> ei WalHi ) + wee(Hi j)
|E]|

; (12)

Csource =

where wy and wee are presented in Definition 6 for the traditional CC model and in Definition 7 for
the proposed CC model. Additionally, |E| is the number of CC-links in a resulting topology.

e M6 - Average cost of helper nodes: the cost of each helper node belonging to a CC-link is given
by wee(H; ;) from Equation 4 for the traditional CC model and Equation 10 for the proposed CC
model. Thereby, we can define the average cost of the helper nodes as the sum of the cost of each
helper node in a CC-link divided by the total quantity of CC-links as shown in Equation 13

>om, e woo(Hi;)

Cauw = =
|E|

; (13)

where woc(H; ;) is the cost of the second moment of CC to each helper node and |E| is the number
of CC-links in the resulting topology.

e M7 - Energy balance of the CC-link: this metric presents the energy ratio between the average cost
of the source node (Csource) and the average cost of the helper nodes (Cyyy) in order to demonstrate
the energy balance of the CC-link. This metric is calculated using the Equation 14.

Csoure
Energy Balance = — " x 100. (14)

aux

=1 ideal energy balance;
M7<¢ >1 source node spend more energy than helper nodes; (15)
< 1 helper nodes spend more energy than source node.

e MS8 - Average cost of route to the sink node: this metric consists in the average of power needed
to each node v; € G reach the sink node.

o 00 @
V; v, V3 Vo
rVS,VO
VZ,VO

4
V1,V

Figure 5: Example of average cost of route to the sink node

Figure 5 presents an example of the average cost of route to the sink node calculation. This scenario
shows three sensor nodes: vq, v2 and vz and sink node vg. The route from node v; to sink node is
composed by the cooperative link CC1, the direct link D1 and the cooperative link CC2. The route
from node vy to sink node is composed by the direct link D1 and the cooperative link CC2. Also, the
route from node v3 to sink node is composed only by the cooperative link CC2. The cost of the direct
link D1 is given by Equation 2 so that the cost of D1 is w(7zv3). The cost of CC-links are given by
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Equations 4 and 10 depending on the model. In that way, the cost of CC1 and CC2 are w(v;v2) and
w(v30g), respectively. Thus, the average cost of route to the sink node can be computed as follows:

M8 = (T'ULUO + Tog,v T T’U37U0)/37
w(v102) + 2 x w(U303) + 3 X w(v30g)/3,

where 7, ,, represents the route from node v; to node v;.

The average cost of route to the sink node is calculated by the sum of the cost of the links in each
route to the sink node divided by the number of routes to the sink.

The following results present the combination of topology control techniques: CSC, CSC(HS) and
CoopSink with traditional CC model and the proposed CC model. Additionally, the GHSS heuristic is
used to select helper nodes in both models. This techniques and models are evaluated based on metrics M1
to MS.

4.1 Average number of hops to reach the sink node (M1) and Average number of transmissions
to reach the sink node (M2)

Figure 6 presents the results for metrics M1 and M2. In Figure 6(a), the y-axis shows the number of
hops that each technique needs to reach the sink node while Figure 6(b) shows the average number of
transmissions to reach the sink node. In metric M1, among all the topology control techniques analyzed the
CSC obtains a reduction in the number of hops, independently of the CC model used. More specifically,
compared to CoopSink, CSC can reduce up to 54.15% the number of hops to reach the sink node which
results in a reduction in the overall end-to-end delay. Regarding to metric M2, CSC(HS) reduces the number
of transmissions to reach the sink node, which is more evident after 50 nodes. In the best case scenario,
CSC(HS) reduces up to 40.04% the number of transmissions to reach the sink node compared to CoopSink.

Except from CoopSink, the traditional CC model was able to reduce the number of hops compared to
the proposed CC model regardless of network density. This is due to the fact that this model creates more
CC-links, which increases connectivity and allows to reduce the number of hops to reach the sink node. In
the case of CoopSink, this technique aims to reduce the energy to reach the sink by creating short edges.
Thus, with the increase of connectivity by the use of the traditional CC model, the nodes are further from
the sink in terms of number of hops. The proposed CC model tends to use more helper nodes than the
traditional model to create the same CC-link, which causes to increase the number of transmissions to reach
the sink node as shown in Figure 6(b).
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Figure 6: (a) Simulation results for the metric average number of hops to reach the sink node; (b) Simulation
results for the metric average number of transmission to reach the sink node

4.2 Connectivity with the sink node (M3)

Figure 7 presents the results of the metric M3. The y-axis shows the amount of network nodes that have
connectivity to the sink node in percentage. As the topology control techniques does not influence the

10
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connectivity, only the comparative results of the traditional CC model and the proposed CC model are
presented. Between 20 and 70 nodes, the traditional model shows better results than the proposed model,
with connectivity gain up to 134% compared to the original topology which does not use cooperative links.
After 70 nodes, the traditional and proposed models have similar results.

100
90+
80+

70+

Conectivity (%)

Traditional CC Energy Model
= = = Proposed CC Energy Model
““““ Original Topology

10 L L I I L L |
10 20 30 40 50 60 70 80 90 100 110

Number of Nodes(n)

Figure 7: Connectivity with the sink node (M3)

4.3 Average cost of cooperative links (M4)

Figure 8 presents the simulation results of metric M4 and the y-axis shows the average energy cost. The
proposed CC model provides a reduction of the average cost of cooperative links for both CSC and CSC(HS).
These techniques tend to use more CC-links and more helper nodes which results in CC-links with higher
range. The exclusion of the source node from the first moment of CC and, consequently, an inclusion of
helper nodes results in CC-links with lower average cost. However, CoopSink with the traditional model
provides a lower cost of the CC-link since this technique aims to reduce the total energy cost to reach the
sink node.

x10*
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= = = Proposed CC Model - CoopSink
Traditional CC Model - CSC

| = = = Proposed CC Model - CSC
Traditional CC Model - CSC(HS)
= = = Proposed CC Model - CSC(HS)

Average Cost
-
=
T
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Figure 8: Average cost of cooperative links (M4)

4.4 Average cost of source nodes (M5) and average cost of helper nodes (M6)

Figure 9 presents the simulation results of metrics M5 and M6. The y-axis shows the average energy
consumption for both metrics. As shown in Figure 9(a), the traditional CC model significantly reduces the
average cost of the source node compared to traditional model which follows from the fact that the source
node does not participate in the second moment of CC. In the best case, at 100 nodes, CoopSink combined
with the proposed CC model can reduce the average cost of the source node in 68.69%. For all topology
control techniques, the uses of the proposed model results in a reduction of the average cost of the source
nodes. As shown in Figure 9(b) the average cost of helper nodes tends to reduce as the network density
increases. From 20 to 40 nodes, i.e., in sparse networks, the average cost of helper nodes is superior when
using the proposed CC model if compared to the traditional model. This occurs since the source node does

11
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not participate in the second moment of CC and there is not many neighboring nodes available to act as
helper nodes. From 40 nodes, analyzing each topology control technique separately, the proposed model
provides a reduction in the cost of the helper nodes since the proposed model uses more helper nodes than
the traditional model and thus better distributes the cost of the cooperative link between helper nodes.
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Figure 9: Average cost of communication of (a) source nodes and (b) helper nodes

4.5 Energy balance of the CC-link (M?7)

Figure 10 shows the simulation results of metric M6. The y-axis shows the ratio of the average cost of
communication and the ideal ratio is shown as a horizontal green line that cuts the y-axis at 1. Above the
green line are presented the techniques where the source node spends more energy than the helper nodes and
below the green line are presented the techniques which source node spends less energy than its helpers. In
the best case of the traditional CC model, i.e. CoopSink, the source node spends, on average, 40.71% more
energy than the helper nodes. The proposed model with the topology control technique CSC, the source
node spends 23.27% less energy than the helper nodes on average. The best case scenario at 30 nodes, the
source node spends 19.89% less energy than the helpers nodes which is closer to the ideal energy balance.
Note that the topology control techniques using the proposed CC model are closer to the energy balance
because the source node only participates in the first moment of CC.
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Figure 10: Energy balance of the CC-link (M7)

4.6 Average cost of route to the sink node (MS8)

Figure 11 presents the simulation results of metric M8. Since CoopSink aims to reduce the total energy
to reach the sink node, it has the lowest average cost to route the sink node. However, in the worst-case
scenario, CSC(HS) spends only 13.35 more energy than CoopSink. For CoopSink and CSC(HS), the results
of the proposed CC model and traditional model are very similar. However, the use of the proposed model
with CSC results in lower route cost to reach the sink node.
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Figure 11: Average cost of route to the sink node (M8)

5 Conclusion

This work proposed a new Cooperative Communication energy model in the context of a Wireless Sensor
Networks. This new model aims to reduce the energy consumption on the source node and promotes energy
balanced CC-links. The proposed model was compared to the traditional CC model along with three topology
control techniques: CoopSink, CSC and CSC(HS). The traditional model presents higher connectivity gain
in sparse networks, but as the network density increases, the traditional and the proposed models have
similar results. Additionally, the difference in connectivity between the proposed model and the traditional
model is approximately 1% at 100 nodes. The proposed CC model provides a reduction of the cost of
the source nodes up to 68.69% when compared to the traditional model. The topology control techniques
that use the proposed CC model are closer to the ideal energy balance than when using the traditional
model. Furthermore, in the best case scenario, the source node will spend 19.89% less energy than the
helper nodes when using CSC with the proposed CC energy model. Thus, the results show a compromise
between connectivity and communication cost, and scenarios with higher density have better results in the
application of the proposed CC model. The selection of topology control technique depends largely on the
application of focus: energy conservation (CoopSink), delay (CSC), or energy and delay (CSC(HS)). This
work serves as a resource for decision based on the needs of the application of which CC model and topology
control technique is more adequate.
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