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Abstract

The increasing complexity of Wireless Sensor Networks (WSNs) is leading towards the deployment of
complex networked systems and the optimal design of WSNs can be a very difficult task because several constraints
and requirements must be considered, among all the power consumption. This paper proposes a novel fuzzy logic
based mechanism that according to the battery level and to the ratio of Throughput to Workload determines the
sleeping time of sensor devices in a Wireless Sensor Network for environmental monitoring based on the IEEE
802.15.4 protocol. The main aim here is to find an effective solution that achieves the target while avoiding complex
and computationally expensive solutions, which would not be appropriate for the problem at hand and would impair
the practical applicability of the approach in real scenarios. The results of several real test-bed scenarios show that
the proposed system outperforms other solutions, significantly reducing the whole power consumption while
maintaining good performance in terms of the ratio of throughput to workload. An implementation on off-the-shelf
devices proves that the proposed controller does not require powerful hardware and can be easily implemented on a

low-cost device, thus paving the way for extensive usage in practice.
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1. Introduction

Technology advances in chip miniaturization, energy consumption and wireless communication have enabled the
development and the deployment of new applications based on Wireless Sensor Networks (WSNs) [1]. A WSN is an ad-hoc
network composed of tiny devices with limited energy and computational resources, and it equipped with sensors in order to
gather physical measures from the monitored environment. A lot of research effort has been spent on WSNs and many
architectures [2,3] and protocols [4,5] have been developed. Typical civil WSNs are basically not complex monitoring systems,
whose applications encompass environment and habitat monitoring [6,7], home automation [8,9], industrial sensing [10,11]
and intelligent transportation systems [12,13]. In these WSNs, sensors gather the required information, mostly, according to a
fixed temporal schedule, and send it to the sink, which interfaces with a server or a computer. Only at this point data from

sensors can be processed, before being stored.

A WSN is composed by several nodes that communicate among each other through a wireless channel. These nodes are
typically battery-powered, and equipped with low-performance processors and small memories in order to reduce the power
requirements. It is useful to note that a common WSN node comprises five main components [14]: a processing unit

(microcontroller, processor, FPGA, ...), memories (DRAM, SRAM, Flash, ...), sensors and actuators, multiple communication
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layers (physical radio, Medium Access Control, Routing, ...) and a power supply (external power supply, batteries, solar
cells, ...). During the design phase, the cooperation of all these components must be combined in order to identify the

configuration that best fits the design objectives.

Recent advances in low power transceivers and microprocessor dimensions have led to cost effective tiny sensor devices
that combine sensing with computation, storage and communication. However, one of the major issues in WSNs is the power
consumption, due to the fact that sensors are mainly battery powered. For example, a battery-operated sensor device that wakes
up once every few minutes to check an environmental parameter needs to consume as little power as possible in order to
minimize the battery replacement. In several cases, nodes are deployed in harsh environments, such as underground or
underwater, where replacing battery could be an unfeasible operation. Extending the network lifetime is a crucial concern. In

fact, there is a main requirement that make a wireless protocol ideal for use in the WSNs, that is the energy efficiency.

A great deal of effort has been made by researchers to find effective strategies in order to increase network lifetime. These
strategies encompass network node deployment, routing mechanisms and data aggregation. In fact, an appropriate node
deployment is probably the most critical issue to be addressed in order to reduce communication costs within a WSN [15].
Subsequently, once the network is deployed, the use of appropriate routing mechanisms could help to considerably increase its
lifetime because a convenient choice of paths to route data may result in significant energy conservation. Therefore, network
lifetime optimization can be achieved not only with the reduction of packet transmission power, but also with the involvement
of data processing in order to reduce the amount of data delivered to sinks; this is the principle behind node clustering protocols
[16].

The energy consumption in WSNs is determined by three main components that are sensing, processing and transmission.

Sensing energy consumption for sensor node is determined by the specific characteristics of the sensor, and its value is
determined based on the device datasheet.-On the contrary, processing energy consumption Ef,:“ for sensor node i and task k
is proportional to the complexity of task k (the number of instructions I, needed to_complete it) and to the average energy

consumption per instruction £/ related to node i. This relationship can be expressed as follows:

B = I x B )
Furthermore, as shown in [17], there are two main components that must be taken into account, which are the transmission and
reception energy consumption:

PT(6;)
Pl = P[° + P{(8;;) = P° +%

n; 2
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where PLE and P]-R are radio frequency power consumption values for transmitting and receiving respectively; P/ (6 is the
power consumption of the Power Amplifier (PA), which depends on the distance &;; between transmitting node i and receiving
node j; PT° and P}R0 are the components of power consumption of the transmitting and receiving circuitry respectively; P7* is
the output power at node i antenna which, for reliable transmissions depends on the distance &;;; n; is the drain efficiency of
the PA at node i. Considering a channel in which the path loss component is predominant, the transmitted power PL-T"(SU) can

be expressed as follows:

P*(8y) = P x Ay x 63 ©)
where 4;; is a parameter determined by the characteristics of the antennas (such as gain and efficiency) and aPL denotes the

path-loss exponent, which is about 2 for free space. This kind of modelling is typical of free space propagation but it might be

extended taking into account other fading effects. Considering the equations 2 and 3, the following equation can be derived:
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Rx aPL

n;
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Considering ¢;; = P** min x A;;, where P min s the minimum reception power at node j for a reliable communication, the
equation 4 can be written as follows:
(p.. X S{Z‘PL
P =P+ ©

Uk

Defining EL-T]." the energy per bit necessary to transmit data at rate R from node i to its adjacent node j, and EjR" the per-bit

energy consumed to receive data at node j, then they can be written as follows:
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Although several approaches have already been proposed in the literature in order to improve the energy management in a
WSN, the use of innovative approaches based on soft computing techniques may be a viable solution in order to obtain an

optimal power consumption management in a WSN.

The soft computing techniques fit themselves well in WSN applications, since they have been proposed for the
construction of new generation artificial intelligence (high machine intelligence quotient, human-like information processing)
and for solving non-linear and mathematically un-modeled systems. The use of rule-based Fuzzy Logic Controllers (FLCs) [18]
enables the implementation of multi-criteria control strategies. Fuzzy logic is widely adopted in WSNSs because it can deal with
uncertain and vague values, such as the interference between two nodes or their estimated distance. In these cases, an accurate
computation may be too complex and it could also be meaningless due to the quick change of the network conditions. On the
contrary, the use of smart setting and tuning techniques for FLCs can improve the energy savings in a WSN. For this reason,
the FLCs, based on linguistic rules instead of inflexible reasoning, can be the right choice to describe a mechanism for energy

saving in order to prolong the lifetime of network nodes.

To cope with the power consumption problem in"WSNSs, this paper proposes a novel fuzzy logic based approach in an
environmental monitoring context. The proposed wireless network architecture is based on the IEEE 802.15.4 protocol [19]
and is organized in Environmental Monitoring Cells (EMCs). The energy saving of the network is obtained though a fuzzy
module. In fact, the goal is to improve the low energy consumption of IEEE 802.15.4 through a fuzzy logic controller. The
IEEE 802.15.4 protocol has been also chosen because it has a main advantage in its range since many IEEE 802.15.4 based
technologies (e.g. ZigBee) support mesh whereby coverage can be extended by using routers. It is useful to note that this paper

introduces a novel approach (not an application) to manage and to optimize the power consumption in WSNs.

The paper is organized as follows. In Section 2, the main related works in order to deduce the innovations introduced with
this work are shown. In Section 3, the system architecture is described, while the fuzzy based approach and the considered
membership functions are introduced in Section 4. In Section 5, the performance obtained by the proposed approach are shown

and, finally, in Section 6, the paper is summarized, reporting conclusions and future works.

2. Related Works

Energy saving is one of the fundamental issue that characterize the WSNs because most wireless devices are usually
battery-powered. Therefore, it is essential to manage these devices to best utilize the scarce power resources over long time. In

the literature adequate and complete research works that describes the application of a fuzzy logic controller in order to reduce
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the power consumption over WSNs are missing. In fact, different approaches, methodologies and technologies have been
proposed in the literature in order to reduce the energy consumption of wireless sensor networks based on the IEEE 802.15.4
protocol. They achieve their goal but often their implementation is particularly difficult and requires modification of the stack
protocol. On the contrary, in this paper, an approach to improve the energy consumption of a WSN nodes based on fuzzy logic

is introduced, trying also to fill the gaps and difficulties in implementation of other approaches in the literature

The authors of [20] propose a better conditioned energy-saving frame format of an enhanced distributed queuing medium
access protocol for body sensor networks based on IEEE 802.15.4 protocol in healthcare scenarios. In fact, the main aim is to
overcome the limitations of the IEEE 802.15.4 MAC in order to obtain an improved energy efficiency. The approach proposed
by the authors is evaluated analytically and the results show that it outperforms the IEEE 802.15.4 MAC in terms of overall
energy-consumption per information bit. Whereby, the authors highlight that their approach represents a remarkable
improvement of the overall network energy efficiency, which scales well for very dense body sensor networks and it is

particularly suitable in medical scenarios.

A global study on energy considerations in the context of a wireless network based on the IEEE 802.15.4 technology is
carried out in [21]. The authors want to emphasize that the lifetime announced by hardware manufacturer is clearly not suited
when devices are used for networking. For this reason, they first show the impact of variable loads on battery chemistry
reducing the node lifetime. In fact, these effects are non linear and are hardly predictable. Even at low duty cycle, the high
currents needed for transmit/receive operations drastically reduce the node lifetime. Subsequently, the authors focus on the
power consumption during the receive mode because it represents the worst case in terms of power consumption, at the end,
they demonstrate the effectiveness of low power modes for increasing node lifetimes, obtained sacrificing the processing

power in applications.

In [22], an approach for load balancing to fairly distribute energy consumption among nodes in IEEE 802.15.4-based
WSNs is introduced. In fact, the proposed approach aims to conserve energy of each node in order to extend the network
lifetime. In order to achieve this goal, the authors propose a new dynamic association/re-association approach allowing path
alternation relative to association criteria and their threshold parameters. Simulations results show the efficiency of the
approach proposed by the authors in term of both energy distribution, which leads to a longer lifetime, and lower latency, for

real-time communication.

In [23], a reliable energy-efficient multi-level routing algorithm, based on a fuzzy inference system, for WSNs is
proposed. The fuzzy-based approach proposed by the authors considers several network parameters, such as the residual
energy, the number of neighbors’ nodes and the centrality for cluster formation, which are critical for well-balanced energy
dissipation of the network. The main aim of the fuzzy reasoning algorithm is to choose the cluster heads and to construct a
multi-hop routing among cluster heads in an energy efficiently way. Simulation results demonstrate that the approach
introduced by the authors obtains significant energy savings and, at the same time, prolongs network lifetime when compared

to other approaches in the literature.

A fuzzy logic system is presented in [24] in order to save the battery life of WSN nodes and to have an efficient, robust
and cost effective sensing network that can monitor events of interest, for example those of a home automation environment.
The proposed fuzzy logic system helps efficiently to decide the situation of on/off state for active/sleep mode of the processing
and communication parts of the sensor node. Simulation results show that the proposed system is energy efficient and have

property of liveness, soundness, without any deadlock state during execution.

The authors of [25] present transmission power control algorithms, based on soft computing techniques, in order to reduce
the energy consumption in wireless sensor network, without affecting its throughput. Two algorithms are proposed, one using

artificial neural network and the other using fuzzy logic control. The experimental results show that the proposed algorithms
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obtain a marked improvement in performance when compared to the conventional Medium Access Control protocol of IEEE
802.15.4 standard.

The analysis of these research works clearly has shown that fuzzy logic can be applied in order to reduce the power
consumption in several contexts. Therefore, although IEEE 802.15.4 has a low power consumption, it is clear that a fuzzy

mechanism could be introduced in order to further improve the power consumption in environmental monitoring applications.

3. The Proposed Network Architecture
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Fig. 1 Environmental monitoring IEEE 802.15.4 architecture

The main aim of this paper is not to satisfy all the requirements of a WSN, but rather to improve the power consumption.
In Fig. 1, the proposed network architecture is depicted and is composed by several Environmental Monitoring Cells (EMCs)
based on the IEEE 802.15.4 protocol [19]. This standard defines the physical layer (PHY) and data-link specifications (MAC)
in order to ensure low data-rate wireless communications among devices requiring low power. The wireless network for
environmental monitoring proposed in this work is composed by all the EMCs within which there are different devices dealing
with a specific task. Reduced Function Device (RFD) nodes measure a physical parameter of the monitored environment, such
as temperature, humidity, light, smoke density, carbon monoxide, etc.. Then, they send acquired data to their Full Function
Device (FFD) nodes. An FFD node could be a ZigBee router [26]. It forwards data received from RFD nodes to the First Pan

Coordinator (FPC) that processes information and send appropriate command messages to the sensor nodes.

It is useful to note that in IEEE 802.15.4 the transmission range varies considerably depending on the nature of the path
that must be line of sight (LOS) for the most part. Transmit power level and receiver sensitivity are also factors to take into
account. Under the best conditions, the range can be as great as 1000 meters with a clear outdoor path. Most applications cover

a shorter range of 10 to 75 meters. Anyhow, it is necessary to take into account the energy consumption of the devices. For this
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reason, the Energy Saving Fuzzy Controller proposed in this work, described in Section 4, is necessary in order to ensure the
power consumption management. This module dynamically manages sampling times in order to prolong sleeping periods of
sensor nodes. In this way, it is possible to improve the energy savings and, at the same time, prolong batteries and the network

life-cycle.

4. Energy Saving Fuzzy Controller

Thiwl —>

Sleeping_time
FLC > RFD

Battery_level

Fig. 2 Proposed FLC Architecture

Considering the proposed WSN, it is not possible to determine "a priori*” the behavior of nodes since they are often used to
monitor sporadic events. However, traffic flows generated by WSNs can be considered as periodic [27]. In this paper, a
centralized mechanism is proposed in order to regulate the sleeping time of the field devices in a IEEE 802.15.4 network, with
the aim of reducing their power consumption. Each RED sends information about its operating conditions to the FPC when its
sleeping time is expired. The FPC is a special device properly equipped for executing computational tasks. Anyhow, it is useful
to note that generally in IEEE 802.15.4-based network the FPC nodes are not always battery powered. As shown in Fig. 2, in
the proposed approach, the FPC node uses a Fuzzy Logic Controller (FLC) in order to calculate the new values of the
sleeping_time of each RFD. The FLC determines the sleeping_time of the RFD according to the battery level and to the ratio
of Throughput to Workload (Th/WI). The throughput is the sum of both periodic and aperiodic packets sent by the device. The

workload is the total number of packets that the device has to send.
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Fig. 3 Gaussian membership functions

The proposed FLC considers three membership functions (Low, Medium, High) for each input variable. These functions

fuzzify the crisp inputs, while the ranges of which are:
e  Th/WI percentage: [0-100] (percentage);

e battery level: [0-1024], where O represents the lowest level of battery while 1024 represents the highest level of battery
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and it is the maximum value at the output of a 10-bit AD converter (with an appropriate electronic signal conditioning

circuit).

In the same way, three membership functions (Low, Medium, High) are defined for the sleeping_time. In this case, the
range of the crisp values of this output variable is:
e sleeping_time: [0-10] * sampling_time (seconds).

where the sampling_time value is a constant value defined at design time for each field device. Gaussian fuzzy
membership functions of the Th/WI, the battery level and the sleeping_time are depicted in Fig. 3 respectively, where the
degree of membership is represented by normalized values [0-1]. Considering that the Gaussian function [28] is defined by a
central value m and a standard deviation k > 0, the smaller k is, the narrower the "bell" is, it can be represented as follows:

~(x-m)*
pa(x) = e 2k? @)

Table 1 Values of variables

Universe of discourse Set k m
Low 15 0
Th/WI Medium 15 50

High 15 100
Low 150 0
battery level Medium | 150 500
High 150 | 1000
Low 15 0
sleeping_time Medium | 1.5 5
High 15 10

The different values of the variables are shown in Table 1. As shown in Table 2, the output value is determined through 9
fuzzy rules based on the IF-THEN statement of classic programming languages. For instance, considering rule 7, if Th/WI is
High and battery_level is Low, sleeping_time will be High. The outputs of the inference mechanism are fuzzy output variables.
The FLC must convert its internal fuzzy output variables into crisp values, through the defuzzification process, so that the
actual system can use these variables. Defuzzification can be performed in several ways. In this paper, the Centroid of Area
(COA) method [29] has been chosen. In this method, the centroid of each membership function for each rule is first evaluated.

The final output is then calculated as the average of the individual centroid weighted by their membership values as follows:

n
sleeping_time = —Zizl Suté,'* G (8)
i=1"1
Table 2 Inference rules
Rule Antecedent | Antecedent Con_seque_znt
(Th(WI) | (battery_level) | (sleeping_time)
1 Low Low Medium
2 Low Medium Low
3 Low High Low
4 Medium Low Medium
5 Medium High Low
6 Medium Medium Medium
7 High Low High
8 High Medium High
9 High High High
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Fig. 4 Used prototyping board

5. Performance Evaluation

Using the proposed fuzzy-based approach, presented in the previous Section, several simulations have been performed.
However, before showing the obtained results, it is necessary to describe the used simulation model. A generic star topology
and a clustered one have been chosen for the performance evaluation. In a star topology, all the different nodes are required to
talk only to the central PAN coordinator (FPC). Even if the nodes are FFDs and are within range of each other, in a star network
topology, they are only allowed to communicate with the coordinator node. This does not occur in the other considered
network topology. Both the FPC, FFD and RFD nodes have been implemented in a prototyping board, shown in Fig. 4,
equipped with a micro-controller and a wireless module IEEE 802.15.4 compliant:

e 16 bit MCU - Microchip PIC24F family (PIC24FJ256GB108) [30];
¢ MRF24J40MB Radio Frequency Transceiver IEEE 802.15.4 2.4 GH [31].

The simulations have been conducted with a model built in Simulink/Matlab depicted in Fig. 5. The main aim of this
model is to simulate the behavior of the coordinator node and of a sensor node, in the same way as the approach proposed in
[32]. Specifically, the Sensor Node block manages the battery consumption of the RFD node. The sleeping_time and the
transmission power (TXPower) are acquired as input parameters of this block through a feedback loop system. This block
produces two output variables (Th/WI and battery_level) that are used as input variables by the FLC.

It is useful to highlight that the activities of the micro-controller and of a connected sensor have a low impact on the
battery consumption. In fact, their energy requirement is estimated as 50mA (MCpc). This value has been measured in an
electronic board characterized by the PIC24FJ256GB108 micro-controller and a DS18B20 [33] temperature sensor. Whereby,
the battery consumption mainly depends on the working state of the device. When the device is sleeping, the battery
consumption is 50mA + 5pA (5UA is the power consumption of the IEEE 802.15.4 module in sleeping mode, obtained from
the datasheet [31]). On the contrary, when the device is transmitting, the transmission power heavily affects the energy
consumption. The battery consumption trend is evaluated in relation to the sleeping time by means of the Simulink/Stateflow
environment. This tool uses flow charts and finite state machines in order to represent the evolution of a system. The Chart

section, created in Simulink/StateFlow, related to the behavior of the battery consumption is represented in Fig. 6.
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Fig. 5 Simulation model scheme
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Fig. 6 Battery consumption flowchart

Considering a 10.8V lithium-ion battery, the maximum level of the battery when it is fully charged is 3100mA, while the
corresponding digital value, acquired through a 10bit AD Converter, is 1024 (MaxDV). It is necessary to note that when the
device is in sleeping mode, the power consumption is mainly due to the micro-controller and to the sensor, since the radio
frequency transceiver consumption is negligible. In this case, the consumption is 0.0046bit/s. The following relation

determines this value:

MCp; * MaxDV
FullBattery * 3600 ©)

SleepMOdeconsumption =

where 3600 is the number of seconds in an hour. By applying the equation 9 the power consumption of each device in
sleeping mode is:

50 %1024

SleepModeconsumption = m = 0.0046 (10)

In case of maximum transmission power (0dB), the radio frequency transceiver consumption is 130mA [31]. As depicted
in Fig. 5, the TXPower value is obtained as follows:

130 =« 1024

TransmissionMode onsymption = 3100 ¥ 3600 — 0.0119 (11)

and it is necessary to underline that this value is fixed since the transmission power does not change dynamically in this
paper. Finally, the proposed FLC takes the Th/WI and the battery level as input variables and dynamically produces the

sleeping_time.
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Fig. 7 Battery consumption comparison

During simulations, both the battery level and the ratio of Throughput to Workload (Th/WI) have been evaluated. The
battery level during a simulation period of 48 hours is depicted in Fig. 7. In particular, using the proposed approach, a
comparison has been carried out considering an approach without the FLC, i.e. assuming that the transmission power (0dB)
and the sleeping time (equal to 1, coinciding with the sampling time) are both fixed and with the approach proposed by Sabitha
et al. [25]. Fig. 7 clearly shows that the proposed fuzzy-based approach obtains a concrete power consumption reduction and,
as a consequence, it prolongs the device lifetime. In both topologies, the best result is obtained by the proposed approach using
Gaussian membership functions. In fact, the battery is fully discharged after 169, 950s, i.e. after 47 hours and 21 minutes in the
star topology and after is fully discharged after 174, 945s, i.e. after 47 hours and 53 minutes in the cluster topology. This can be
explained because, as shown in [34], using Gaussian membership functions the accuracy increases greatly, without degrading
the computational performance. For this reason, the FLC based on Gaussian membership functions has been able to better
manage the sleeping_time of sensor nodes, prolonging much more the battery life. On the contrary, in the case without FLC,
the battery is fully discharged much earlier, after 120, 000s, i.e. after about 33 hours and 50 minutes in the star topology and
after 125, 671s, i.e. after about 35 hours in the cluster topology. Moreover, using the approach proposed by Sabitha et al. [25]
the battery is fully discharged after 135, 683s, i.e. after about 38 hours in the star topology and after 136, 984s, i.e. after about
always 38 hours in the cluster topology. Whereby, it is clear that the approach with Gaussian MFS has obtained an

improvement of about 30% respect to the case without FLC.
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Fig. 8 Th/WI behaviour on star topology [25]
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Fig. 9 Th/WI behaviour on clustered topology [25]

During the simulation, the ratio of Th/WI have been evaluated and its behavior is depicted in Figs. 8 and 9. As it is possible
to see, using the fuzzy-based approach proposed in this work the Th/WI fluctuates between 70% to 30% with Gaussian
membership functions in the star topology and between 80% to 45% in the clustered topology. With the approach proposed by
Sabitha et al. [25], the Th/WI fluctuates between 64% to 37% in the star topology and between 71% to 38% in the clustered
topology. On the contrary, the values obtained without FLC fluctuate from 75% to 30% and 84% to 42% in the star and
clustered topologies respectively, representing the best results in terms of the ratio of Th/WI but at the expense of the battery
consumption. However, it is necessary to note that the values obtained with the proposed FLC, are acceptable especially in
those application fields with a moderate variation of data, e.g. temperature, humidity or light detection, where the most
important thing is to prolong, as much as possible, the battery lifetime rather than to ensure high Th/WI performance. On the
contrary, the Th/WI behavior obtained with the proposed FLC would not be appropriate in a context characterized by real-time
constraints, in which the sleeping_time of network nodes should not be increased too much in order to obtain and ensure high
values of the ratio Th/WI.

6. Conclusions

A fuzzy logic based mechanism has been presented in this paper in order to improve the lifetime of devices in a wireless
sensor network for environmental monitoring. An analysis has been done on power consumption of WSNSs in order to
determine what are the factors to take into account and what approaches can be implemented in order to solve this problem. For
this reason, even specific soft computing techniques, such as FLCs, can be used in such a way as to further reduce the energy
consumption in a WSN. In fact, the fuzzy-based approach presented in this work dynamically changes the sleeping time in

order to increase the battery duration of the sensor devices.

Simulations results have been very promising and demonstrate that using the proposed FLC a substantial reduction of the
energy consumption is obtained compared to simulations carried out with fixed sleeping time. The results have been obtained
using the Gaussian membership functions because an improvement of 30% has been achieved compared to the approach
without FLC. Regarding to the Th/WI, using the proposed fuzzy-based approach a fluctuation between 70% and 20% has been
measured and these values are acceptable especially in those application fields with a moderate variation of data where the

most important thing is to prolong, as much as possible, the battery lifetime rather than to ensure high Th/WI performance.

Regarding future works, besides the analysis and the use of other membership functions, in order to further validate the
proposed approach, several simulations will be carried out to make it suitable also in contexts characterized by real-time

constraints.
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