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Abstract: The usually constrained resources and lossy links scenarios of Internet of Things (IoT)
applications require specific protocol suite, as the IPv6 Routing Protocol for Low-Power and Lossy
Networks (RPL). Due to its flexibility, RPL can support efficiently vertical applications such as
environmental monitoring, smart city and Industry 4.0. In this paper, we propose a new Objective
Function (OF) for RPL based on a composite metric considering jointly the residual energy of a node
(parent) together with the energy that a neighbor node (child) can transfer to the parent according
to the Wireless Power Transfer (WPT) concept. Specifically, we consider simultaneous wireless
information and power transfer (SWIPT) technique, which enables both the energy harvesting and
information decoding from the same radio frequency (RF) signal, in order to influence the selection of
the best path according to the proposed energy efficient metric in RPL. Performance evaluation on a
realistic scenario pointed out a remarkable energy saving to prolong the network lifetime, by selecting
the best path toward the sink node, with respect to the OFs usually considered in the literature.

Keywords: Low-Power and Lossy Networks; IPv6; Routing IPv6 Routing Protocol for Low-Power
and Lossy Networks (RPL); energy-harvesting; wireless power and information transfer

1. Introduction

Billions of “smart” objects are going to be connected to each other and in Internet
according to the Internet of Things (IoT) paradigm. Emerging applications for smart
city, smart building, industrial context, etc., increase the demand of IP-based networks to
allow full interaction among heterogeneous devices with different features. Due to the
constrained resources of IoT devices and the lossy links of IoT networks, new definitions
of protocols suitable for Low-Power and Lossy Networks (LLNs) are needed, such as
(i) IPv6 for Low-Power Wireless Personal Area Networks (6LoWPAN) [1], which allows to
send IPv6 frames over IEEE 802.15.4 networks through a header compression mechanism
proposed by the Internet Engineering Task Force (IETF) 6LoWPAN Working Group, and
(ii) the IPv6 Routing Protocol for Low-Power and Lossy Networks (RPL) [2], issued by
the Internet Engineering Task Force (IETF) Routing over Low-Power and Lossy Networks
(RoLL) Working Group.

RPL is an adaptive distance-vector routing protocol suitable for the requirements of
different applications as it uses one or more Objective Function (OF) to find the best route
from the leaf nodes to the destination (named sink node or root node, or gateway or border
router). The routing topology created is a Destination Oriented Directed Acyclic Graph
(DODAG) which is a logical topology formed over a physical network according to different
metrics and constraints. Default routing metrics for RPL are objective function zero (OF0)
and the Minimum Rank with the Hysteresis Objective Function (MRHOF) based on the
expected transmission count (ETX) [3,4]. As new OFs can be designed, RPL can be adapted
to a large variety of applications for different LLN networks by defining the most suitable
OF. Indeed, recent studies focus on different OFs and hybrid metrics aimed at evaluating
the performance of RPL based on packet loss rate, energy consumption and latency [5-9].
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These OFs do not consider the node level congestion and can create unbalanced load and
inefficient energy distribution in the network, especially for heterogeneous traffic load [10].

Saving power, together ensuring acceptable service quality, is an important challenge
since in wireless sensor networks (WSN), sensors nodes are powered by limited time
batteries and are usually distributed and not replaced in the case where they are energy
depleted due to high costs. Therefore, energy-based OFs for RPL have been proposed in
the literature to preserve the sensor nodes energy and prolong the network lifetime [7,8,11].

Energy harvesting (EH) overcomes the major drawback of battery, i.e., the reduction
of stored energy due to the sensing, data processing, and communications. Compared
to battery-operated nodes, energy harvesting can achieve almost unlimited lifetime, but
at the same time, it raises the issue of operating a sensor node with intermittent energy
supply and a limited capability of energy storing. Several solutions adopt the use of energy
harvested from the photovoltaic cell which imposes in some cases very low duty cycles as
shown in ref. [12].

Recently, Wireless Power Transfer (WPT) offers a promising solution for facilitating
efficient and sustainable communication networks serving energy-limited communica-
tion devices. The existing WPT technologies can be categorized as: inductive coupling,
magnetic resonant coupling, and RF-based WPT. RF-based energy-harvesting technology
enables the possibility of simultaneous wireless information and power transfer (SWIPT),
wireless-powered communication (WPC), and wireless-powered backscatter communica-
tion (WPBC) [13,14]. The SWIPT mechanism captures RF radiation from the environment
and supports the harvesting of energy and decodes information from the same RF sig-
nal received in parallel by means of an energy and information division mechanism. In
the literature, two practical approaches are proposed, namely “time switching” (TS) and
“power splitting” (PS). In TS, two different time periods are used to switch from decode
information to energy-harvesting while in PS the RF signal is divided into two parts with
different power, one for information decoding and the other one for EH [15,16]. The first is
simpler to implement then PS which, however, provides a better energy efficiency.

To the best of our knowledge, energy-harvesting mechanisms based on SWIPT have
not been developed until now for RPL. Therefore, the paper proposes an optimal OF for the
routing tree formation in order to preserve lifetime of the entire network. In the network
a limited number of nodes with sufficient power to recharge the neighbor nodes (child)
at the maximum level of battery are present and then, by using SWIPT, one intermediate
node (parent) can recharge its own battery with a fraction of RF signal power received
from its child node. As a consequence, the best route selection is influenced by choice
of intermediate nodes forwarding data messages to the root node. For example, if an
intermediate node has little residual energy (RE), a classical energy-based routing object
function could specify a constraint such that any path with this node and other nodes with
RE below a certain threshold should be avoided. By assuming that an intermediate node
can be recharged with the power transferred by a child node, the route selection can instead
include this node to recharge it for allowing an effective balance of the global energy in the
network.

The main contribution of the paper is to address the use of SWIPT method applied to
RPL. To achieve this goal, a novel OF for RPL is proposed, which is based on a composite
metric combining (i) the energy consumption of intermediate nodes, due to sensing/data
processing and to transmission/receiving modes, and (ii) the quantity of recharging avail-
able from the received power of a child node. This novel OF, called in the following OF2,
can avoid that more loaded nodes spend their energy more intensively than other nodes,
e.g., mainly the nodes closer to the root node. A performance comparison of the default
and proposed OFs is also provided in terms of the Jain’s Fairness Index [17], to better
analyze the behavior of the OF2 for making the best decision for route selection jointly to
maximize the lifetime of nodes.

The rest of the paper is organized as follows: Section 2 introduces a brief overview of
RPL operations, while Section 3 reviews main papers related to RPL and SWIPT methods
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and outlines the differences of some related works with respect to this paper; Section 4
shows the proposed scenario; in Section 5, the proposed OF for energy-harvesting RPL is
described; Section 6 validates the proposed OF by means of numerical results, and finally,
in Section 7, the conclusions are drawn.

2. IPv6 Routing Protocol for Low-Power and Lossy Networks—RPL

RPL supports the point-to-point, multipoint-to-point, and multicast traffic with thou-
sands of nodes. RPL is a dynamic routing protocol based on metrics, e.g., hop count, latency,
throughput, expected transmission count (ETX), energy, etc. to minimize or maximize
OFs for route discovery and data forwarding. Default routing metrics for RPL are objec-
tive function zero (OF0) and the Minimum Rank with the Hysteresis Objective Function
(MRHOF) based on the expected transmission count (ETX).

OFO0 uses rank value to decide upon the preferred next hop. The rank value indicates
at what level nodes are in the directed acyclic graph. If the rank has a lower value then the
node is closer (according to the hop numbers) to the sink node. The expected transmission
count (ETX) is the metric considered for the target work when the quality of the connection
is critical. The ETX metric is based on the number of transmission attempts for a successful
transmission, thus it is a link metric [3]. In ref. [4], the Minimum Rank with the Hysteresis
Objective Function (MRHOF) chooses paths that minimize a metric (ETX metric by default)
while using “hysteresis”, i.e., a threshold value, to avoid a restart of the route selection in
response to small variations in the metric values.

In an RPL-based topology, the underlying nodes self-organize building one or several
DODAGsS, based on parent-to child- relationships optimized according to the considered
OF. DODAG Information Object (DIO) messages are broadcasted by the sink node. The
neighboring nodes receiving DIO messages select the best parent according the route
metric and then joining to the route. Each node calculates a rank which determines its
relative position in the DODAG to avoid routing loops. Then, the node sends DIO messages
to the neighboring node usually selecting the one with the lowest rank and the process
continues until all the network nodes are covered. During regular operations, the emission
of DIO messages is periodic and regulated by the Trickle algorithm [18], which aims at
reducing the power consumption of the nodes by minimizing the redundant messages and
by adapting dynamically their transmission rate over time. Destination Advertisement
Object (DAO) messages are sent by each node to maintain reverse route information, while
DODAG Information Solicitations (DIS) packets solicit the DIO packet from neighboring
nodes. The data messages flow in the network according to the routes selected in the route
establishing phase. The data traffic can occur in an upward or downward manner. Due
to interferences in the communication links or low battery level, the routes to the root
can change. To repair the topology of the DODAG, the DODAG ROOT increments the
DODAGVersionNumber to create a new DODAGVersion [19]. This operation is called
global DAG repair. A local repair can also be done transferring the packets to nodes at the
same level or switching to the parent node. However, any type of repair results in a longer
delay and control overhead until many nodes fail where the network becomes inoperative.
The typical DODAG management upon receiving a DIO message is represented as a flow
chart in Figure 1, where the rank and parents list update are pointed out.
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Figure 1. Routing Protocol for Low-Power and Lossy Networks (RPL) Destination Oriented Directed
Acyclic Graph (DODAG) management flow chart upon receiving a DODAG Information Object
(DIO) message.

3. Related Works

Several survey works summarized the RPL operations and other routing solutions for
IoT/LLN networks as in refs. [20-23]. Recently, different papers have analyzed new RPL
features mainly addressing security aspects, route maintenance and recovery mechanism,
i.e., link failure detection and recovery mechanism, and various performance metrics such
as packet reception rate, storing mode feature, average delay of paths, and energy usage.

In this brief review, we only consider the papers presenting composite metrics (in
addition to the IETF proposed objective functions, i.e., OF0 and ETX) for RPL based on the
residual energy of the nodes to improve the global lifetime of the network.

In ref. [24], the authors address energy efficiency and reliability issues when the net-
work size and the location of the root node change in addition to considering storing mode
and convergence time for local repair approaches. In ref. [5], an OF named EEQ is shown
to preserve the node which has already sent sensed data towards the root node and has
consumed too much of its energy. EEQ computes the rank of a node by using weighted
combination of the following parameters: (i) expected number of transmissions, (ii) con-
sumed energy, and (iii) active queue length. This composite metric under high intensity
traffic loads presents less overhead of control messages resulting in energy conservation.
In ref. [6], a variant of RPL is proposed for routing multimedia traffic which considers the
remaining energy of nodes. Since multimedia traffic is extremely energy consuming, it is
important to improve the network lifetime for multimedia content distribution.

The RPL protocol is analyzed under a heterogeneous traffic [10] by proposing an OF
based on packet queue of the node to measure its congestion and on the link workload
condition (QWL-RPL). This OF allows to distribute the load in a balanced way and to
minimize the number of controls overhead when supporting heterogeneous traffic. In [9],
the residual energy and the transmission delay are used as routing metric in the next
hop selection process for RPL. The objective function named QoSRPL for this metric
is based on ant colony optimization (ACO), i.e., on algorithms exploiting the ability of
simple ants to solve complex problems through cooperation. The results of experiments
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show performance of QoSRPL in terms of energy consumption and delay better than ETX
focused on the reliability of links. Energy Efficient and Path Reliability Aware Objective
Function (ERAOF) for IoT applications is proposed in ref. [7] using an integration of energy
consumption and link quality routing ETX metric. Results show that ERAOF improves the
network performance in terms of packet delivery ratio and energy spent per delivered data
packet. In ref. [8], the authors use both link and node metrics to define an index, called life
cycle index (LCI), which includes also congestion detection to design the route selection.
Riker et al. [25] proposed a solution (RAME) based on the lowest energy node to find an
optimal path. Simulation results on 40 nodes showed the energy-harvesting efficiency in
a multi-hop network. Another work [12] presents GreenNet, a wireless sensors network
with photovoltaic energy-harvesting nodes. The GreenNet motes are manufactured by
STMelectronics. The work also reports a novel mechanism to enhance the existing protocol
stack, i.e., RPL.

Recently, SWIPT was introduced to harvest energy from the environment and simul-
taneously decode the desired information signal [15,16,26,27]. Sensor nodes and wireless
devices in IoT are powered by limited time batteries and their replacement is costly, due
to the extremely high number of sensors in a WSN, or hard, e.g., in environments where
the sensors are difficult to reach. Indeed, the SWIPT has been introduced as a promising
solution to prolong lifetime of the energy-constrained IoT devices. Usually, SWIPT receiver
captures RF radiation mainly in cellular networks or WiFi environment and converts it into
a direct current voltage through rectenna circuits [16]. In ref. [27], the tradeoff between
information rate and harvested energy in a simultaneous wireless information and power
transfer system under PS and TS schemes is evaluated providing the outer boundary of
robust outage capacity-harvested power region. Several papers consider SWIPT technology
integrated into IoT cognitive networks. For example, in ref. [28] the IoT devices harvest
energy from the radio-frequency signals received from the primary users (PU) and act
as decode-and-forward relays for a cooperative relaying communications to PUs. The
same issue of sharing spectrum between PUs and IoT devices acting as relays to assist the
transmission between the primary users is investigated in ref. [29], where two data-driven
relay selection methods based on the neural network are proposed while in ref. [30] coop-
erative spectrum sharing and SWIPT are considered to improve the spectrum and energy
efficiency for 6G Cognitive IoT Network. Current research on SWIPT generally address
one hop and two-hops wireless networks and the interest is now extended to multi-hop
wireless networks for balancing the remaining energy among nodes [31]. A main issue
in SWIPT receiver design is that RF-EH is usually small and may not be sufficient for RF
communications in multi-hop networks. Therefore, new SWIPT receiver has to be designed
as proposed in refs. [32-34] to extend SWIPT in a multi-hop wireless network.

The authors in ref. [35] consider a hierarchical architecture using SWIPT to provide
the so called energy neutral operation (ENO), where the nodes can perpetually work if the
energy consumption is less than the harvested energy. In the proposed SWIPT structure, a
Hybrid Access Point powers the wireless sensor nodes by the RF waves sent and the sensor
nodes, organized in clusters, transmit the sensing data to the Cluster Head (CH). The CH
is the node which requires more energy in the network due to more processing need to
aggregate data and to transmit it to HAP. The nodes into the cluster transfer their remaining
energy to the CH and, as a consequence, it allows to guarantee the ENO. In ref. [31] is
the SWIPT method for energy-aware routing in a multi-hop energy-constrained wireless
network. The energy-aware SWIPT routing algorithm allocates the information and energy
of link with allocation algorithm during path finding process. An interference-aware SWIPT
routing algorithm (ISWIPTR) is proposed in ref. [36] for multi-hop multi-flow wireless
sensor networks. In a WSN network of N nodes, each node has PS energy harvester and
information decoder and receives the desired signal plus interferences from other flows.
ISWIPTR selects a node’s next-hop before allocating information and energy for the node as
receiver and with the complete use of the SWIPT technique and interference can improve
the capacity information and energy allocation of a new flow.
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The cited works [31,35,36] consider SWIPT method to manage the end-to-end routes
selection in multi-hop energy constrained wireless network while our paper mainly ad-
dresses the use of SWIPT technique to create a new OF for the RPL protocol. This new OF
based on SWIPT provides an optimized route selection to forward data towards the root
node balancing the remaining energy among the nodes thanks to the recharge effect.

4. System Model

An LLN with N nodes is considered, as shown in Figure 2, while in Table 1 the defini-
tions used in this paper are summarized. Each sensor node in the network is powered by
the battery, it is equipped with one antenna and has homogeneous storage and computa-
tion capacity. Usually, in a WSN, the nodes are geographically distributed to periodically
report measurements towards the sink node. This is the typical use case of the RPL routing
protocol in which the predominant type of traffic is of the MP2P type. For this reason, a
subset of nodes, particularly those ones closer to the root node, consume more energy of
other ones and, therefore, are more vulnerable. Then, it is important to prevent these nodes
from running out of energy too quickly, consequently allowing an extension of the whole
network lifetime.

We assume that a limited number of nodes have sufficient power P, e.g., a CH which
powers the nodes grouped in its cluster or a relay node or a cellular device in proximity, to
recharge their neighbor nodes at the maximum level of battery. For example, in Figure 2,
the node 3 has the power P necessary to recharge the nodes number 6 and number 1 in
its surrounding. Moreover, we consider MP2P traffic pattern in RPL where the end-nodes
send data messages to the root node, also known as a sink node or LLN Border Router
(LBR) node in RPL, creating an upward flow as, e.g., in Figure 2.

Table 1. Notations and Definitions.

Notations Definitions

E; Energy harvested by i-th node

p Maximum Transmission power

T, Time to recharge nodes at power P

Ty Duration time of a packet

G average power attenuation

h; channel power gain from strong node and i-th node
hij channel power gain from i-th node and j — th node
d; distance from strong node to i-th node

o path loss exponent

i RF-EH efficiency of the node i (child)

1 RF-EH efficiency at node j (parent)

Pc(t) Consumed power at time ¢ at the parent

Ep Initial energy level at the parent

E, Residual energy level at the parent

Py(t) Harvested power from the energy source

Py Received power at the parent

Py, RF-EH sensitivity level at the parent

The energy harvested by the i-th node in the surrounding of the node with power P,
called hereinafter the strong node, is

E; = {ih;PT, 1)

where 0 < {; < 1is the RF-EH efficiency of the nodei, h; is channel power gain between
the strong node and the node i, and T, is the time necessary to charge at the maximum
value the battery of node i. The channel power gain h; is expressed as:
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h; = Gd;a ()

Here, d; is the distance between the strong node and i-th node, G refers to the average
power attenuation at a reference distance of 1 m, and « is the path loss exponent.

The node i has a sufficient power to recharge the node j which has been selected as
parent node according to the RPL path selection, during the SWIPT mode operation. For
example, as shown in Figure 2, the node 3 recharges the node 1 which has a sufficient
power to harvest energy to its parent, now. Then, node 1 can select as parent node 5 or
node 7. It chooses node 7 with a lower level of battery than node 5 according to the OF
of RPL, detailed in the next Section 5, to recharge it by SWIPT and, as a consequence, for
achieving the goal of the global energy balance of the network.

In the SWIPT mode, the normal sensor functions, i.e., sensing, sending, and receiving,
can work together for energy-harvesting. We consider the SWIPT PS receiver where the RF
signal is divided into two parts with different power, one for information decoding and
the other one for EH.

ROOT

INFORMATION

Figure 2. Low-Power and Lossy Network (LLN) network model.

5. Proposed OF for RPL

In this Section, we propose an efficient metric jointly based on the nodes battery
level and the possibility to recharge a node by the SWIPT technique. In more details, the
proposed approach is focused on dynamically adjusting the routing strategy based on the
network state as represented by a proper metric for enhancing the network lifetime and,
hence, minimizing its energetic footprint. It is equivalent to the solution of the following
optimization problem:

(OP) maximize 60(7sR) 3)
wi,j
subjectto: s,R€ G

i/ ] S nS,R

where G represents the overall network graph, s a generic source node, R the unique
destination (root node), 775 g a possible path connecting s to R, and 7,j two generic adjacent
nodes along 7t; g. Moreover, 6(7, g ) is the minimum time interval in which all the nodes
along the path 77, z are jointly available.
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It is worth recalling that in principle the solution of OP problem (3) can be easily
obtained by applying the centralized Dijkstra algorithm, once a proper set of weights w is
derived for every link. However, we adopted a distributed approach based on an enhanced
RPL protocol to update the time varying weight set w(t)={w;;(t) }, associated to the link
connecting the i-th and j-th nodes.

The concept of RPL is extremely flexible as it allows to define new OF and also Routing
Metric and Constraints. For this purpose, two RPL options are very important: “DODAG
Configuration” and “DAG Metric Container”. The OCP field in the RPL option “DODAG
Configuration” identifies the OF. In the field OCP, the OF (e.g., the default OF0, MRHOF or
a new OF) can be defined. The Type of “Routing Metric/Constraint” (the link-based or
node-based metric or constraint) can be specified in the field “Routing-MC-Type” of the
“DAG Metric Container” [2,3].

The energy consumption of sensors in the IoT network is mainly due to the sens-
ing/data processing and communications. By assuming the sensing/data processing con-
sumption constant for each node, in the proposed metric we only consider the consumption
due to transmit/receive a packet. Moreover, the energy consumption and recharge capa-
bility are different according to the role of the node in the DODAG. Following the RPL
topology, each node can be directly connected to the root node or connected to intermediate
node(s), i.e., the parent nodes. In this second case, the node is called child. In our RF power
transfer metric, we suppose that a fraction of the received power at the intermediate node
from a child can recharge the parent’s battery. In addition, in the network a limited number
of child nodes have a sufficient battery level to recharge nodes in their surrounding, as
explained in Section 4.

Therefore, assuming a data transmission flow in the network with destination to the
root node, our model considers the following cases according to the nodes’ role:

*  Root node can receive and can recharge.

* Parent nodes can receive, transmit, and recharge.

*  End-child nodes can only transmit.

e  Some end-nodes have the maximum level of power equal to P.

The operation of energy-harvesting nodes relies on the concept of the energy balancing
which for nodes with ideal storage and without any inefficiency in charging can be defined
on a period T, which is the transmission time of a packet, as ref. [37]

T, T,
/()pPC(t)dtg/()pPh(t)dt+Eo VT, € [0, 00] )

where Ej is the initial energy level (which is related to the battery level B), P.(t) is the
consumed power at time ¢ to transmit or to receive and Pj,(t) denotes the harvested power
from the energy source, that in our case, considering SWIPT operation, is a fraction of the
received power from the child.

Summarizing, at the intermediate node j, over a time interval T), assuming the re-
ceived power at the RF-EH circuit is Py, the amount of harvested energy can be represented
as ref. [38]

EH; = 11Ty (Pex — Pan) ™ ®)

where 0 < 7; < 1 is the RE-EH process efficiency at node j, (z)*=max(z,0), Py, is the
RF-EH sensitivity level, and Py can be expressed as function of Equation (1)

_ 1jhiiCihi PT;
rx — Tp

(6)

and h;; is the channel power gain between the node i and the node j.

According to the existing studies [38], the RF-EH circuit can only harvest energy
when its receive signal power, Py, is greater than the RF-EH sensitivity level, Pth, and the
harvested energy is proportional to (Px — Py, ). This additive metric is used for optimal
route selection.
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Therefore, the following OFs are considered to investigate the performance of RPL in
terms of the network lifetime:

. default OF for RPL, i.e., OF0 considered for comparison in performance evaluation;

* energy-based OF, called OF1;

* energy-harvested OF i.e., based on battery level and recharging capabilities aware,
called OF2.

For OF1, the RE routing metric is calculated as follows

RE = Er

=5 7)

where Ej is the node’s initial energy and E; is the node’s remaining energy directly pro-
portional to the battery level. It is worth pointing out that in deriving OF2 we refer to (4)
and (6) for modeling both the battery level and the recharging capabilities awareness.

6. Results Analysis

In order to validate the proposed routing approach, we resorted to numerical simu-
lations performed over the Cooja framework, which has been proven to be an accurate,
flexible, and high fidelity tool for the simulation of RPL in WSNs [39]. In particular, we
consider the parameters for the simulations as in ref. [36] and reported in Table 2. In
addition, we focused on a worst case condition, where devices are not allowed to be in
sleep mode, as it usually happens for emergency situation.

Table 2. Parameters adopted in performing numerical simulations.

Parameter Value
Communication pattern MP2P
L3 Protocol RPL
L2 Protocol IEEE 802.15.4
Transceiver CC2420
Eo 25())
Data message rate 1 (msg/min)
DIO 16 (bytes)
DAO 16 (bytes)
DAO-ACK 4 (bytes)
DIS 2 (bytes)
Data Packet 30 (bytes)
P 100 mW
Py, 10 mW
o 2.5
¢ 0.6
U 0.2
T, 5s
Ty 1s

The scenario under investigation is comprised of 50 nodes randomly deployed over
an area of 200 x 200 m?, where a specific node acts as the sink, that is the device in charge
of collecting data from the other sensors, as well as the DODAG Root. It has been supposed
the presence of one node endowed with an additional power supply able to recharge its
neighboring motes; in addition, it is located far enough from the sink node to enhance
the benefits.

For the sake of simplicity, the initial energy level E is the maximum value which is
associated with the maximum battery level Bnax for all the devices. Further, the energy-
harvesting process has been modeled as a closed system, i.e, without any outer energy
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source, where the battery recharging is performed on the basis of the received RF signal.
In particular, a fraction 7 of the received power is successfully convoyed to the battery,
without any additional loss, according to (6). Considering the features of IEEE 802.15.4
standard and the specific network deployment, we assumed that 7 = 0.2.

In Figures 3-5, the residual normalized battery level as a function of the time nor-
malized to the frame duration for the different groups of devices that are interconnected
with RPL protocol with the OF0, OF1, or OF2 metric, is pointed out, respectively (The
battery level of the DODAG Root A has not been depicted as its behavior is fairly trivial).
In particular, each group has been associated with the corresponding rank, that is the
minimum number of hops towards the root, so that the i-th set of nodes is i-hops far from
its destination. It can be noticed that the proposed approach is able to prolong the network
lifetime (i.e., the time interval within which all the network nodes are active) with a gain
approximately equal to 54% and 14% w.r.t. the RPL endowed with OF0 or OF1 metric,
respectively. This is due to the fact that OF0 metric does not take into account battery
level, while OF1 metric relies only on the nodes’ battery levels, without taking into account
the opportunity of being recharged by neighboring nodes. In addition, the node with
rank equal to 2 or 3 benefits from the proposed approach, thus lowering the DODAG
disconnection probability.
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Figure 3. Residual normalized battery level time evolution of different groups of devices connected
with RPL objective function zero (OFO0).
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Figure 5. Residual normalized battery level time evolution of different groups of devices connected
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Finally, in Figure 6, the Jain’s Fairness Index for the WPAN nodes’ battery level is
depicted as a function of time for the RPL protocol based on OF0, OF1, and OF2 metrics.
Specifically, the raw data obtained from the Cooja simulator has been accurately post
processed to derive this parameter, which is defined as ref. [17]:

2
J(b)= <ZlN:1 bi) (8)
N, b
where N is the number of nodes and b; denotes the battery level of node i. Jain’s index
approaches one when the battery level values of the nodes move closer to each other. The
better behavior of the proposed approach is evident as the routing strategy balance the
energy consumption, as already presented in Figure 5.

0.99

Jain Index
o
[{e]
(o2}

0.93 F|—— OF0 ]
—OF1
OF2
092 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

Normalized Time (frame)

Figure 6. Jain” index of the residual normalized battery level as a function of time for the considered
RPL Objective Functions.

7. Conclusions

This paper proposes a new Objective Function for RPL protocol, named OF2, aiming at
improving the global IoT network lifetime. To this end, OF2 jointly considers, for deriving
the routing metrics, the consumed and recharged energy in order to select the best path to
forward a data message. Specifically, we consider SWIPT technology for the recharging.
The proposed OF2 allows an effective balancing of the energy distribution among the
nodes in a DODAG, allowing the selection of a node with low battery level, since it can be
recharged by the signal power received from a child. Performance evaluation conducted
on a realistic scenario has shown the proposed OF2 effectively minimizes the energy
consumption and, consequently, the network lifetime by selecting the best paths toward
the sink. In particular, when compared with OFs commonly adopted, it is possible to point
out a lifetime increasing of about 54% with respect to basic RPL (OF0) and 14% with respect
to RPL with metric based only on residual level (OF1). Thus, the main contribution of this
work is a new objective function for RPL that can minimize the energy consumption for
typical resource constrained IoT applications.
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