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ABSTRACT

Recently, radio frequency energy transfer (RFET) attracts more and more interests for powering sensor nodes
in the wireless sensor network (WSN). In the conventional WSN, reducing energy consumption of sensor nodes
is of primary importance. On the contrary, in the WSN with RFET, reducing energy consumption is not an
important issue. However, in the WSN with RFET, the energy harvesting rate of each sensor node depends on
its location, which causes the unbalanced available energy among sensor nodes. Hence, to improve the
performance of the WSN with RFET, it is important to develop network protocols considering this property. In
this paper, we study this issue with jointly considering routing, scheduling, and power control in the WSN with
RFET. In addition, we study this issue with considering two different objectives: ‘Max-min’ with which we tries
to maximize the performance of a sensor node having the minimum performance and ‘Max-min fairness’ with
which we tries to achieve max-min fairness among sensor nodes. We show that our solutions can improve

network performance significantly and we also discuss the differences between ‘Max-min’ and ‘Max-min fairness’.
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I. Introduction

It is well known that one of the most important
issues in the wireless sensor network (WSN) is the
management of energy consumption in each sensor
node due to finite and small amount of energy that
can be stored in the battery™. Hence, most of
research efforts in the WSN are devoted to
implementing energy efficient network protocols
such as medium access control (MAC) and routing
protocols assuming that sensor nodes are powered
by the battery which cannot be recharged nor
replaced easily[3’4].

Recently, with the advance of energy harvesting
technologies, energy harvesting from ambient energy
sources, such as solar and wind powers, is
considered as one of the promising solutions that
enable us to operate the WSN without concerning
about the depletion of energy in the sensor node®”.
However, those ambient energy sources are
uncontrollable and unpredictable. Hence, most of
research efforts in this area are devoted to dealing
with  uncontrollable and unpredictable energy
harvesting.

More recently, the radio frequency energy transfer
(RFET) technology is introduced®. In the WSN
with RFET, there exists a special node that emits
energy with RF signals and sensor nodes are
powered by harvested energy from RF signals.
Compared with the ambient energy harvesting
technologies, the RFET technology is able to
provide reliable, controllable, and predictable energy
to each sensor node continuously, and thus, in the
WSN with RFET, reducing energy consumption is
not an important issue. However, one of the most
distinguishing features of the WSN with RFET is
that the amount of the harvested energy (energy
harvesting rate) of each sensor node strongly
depends on its location. More precisely, it strongly
depends on the distance between the sensor node
and energy emitting node. Due to the unbalanced
energy harvesting rates among sensor nodes that
depend on the location of each sensor node,
maintaining fair energy consumption and fair

achieved performance among sensor nodes is more

important to improve the overall system performance
in the WSN with RFET. Especially, in many
applications in the WSN, their performance depends
how often sensed data from each sensor node can be
delivered to the sink node, which is strongly related
with energy harvesting rates in the WSN with
RFET, and we study this issue through joint routing,
scheduling, and power control aiming at maximizing
the minimum average transmission rate of sensed
data among those of sensor nodes in the network.
Especially, routing is a key mechanism to achieve
network-wise fairness, since it controls the load
(energy consumption) of each sensor node.

Recently, the methods for RFET and network
protocols in the WSN with RFET are studied in
[9-16]. In [9,10], the methods for RFET from energy
transmitters to sensor nodes are studied. In [9], three
different techniques for multi-hop energy transfer are
proposed. In [10], assuming that there are multiple
energy transmitters, the methods for grouping
multiple  energy transmitters and frequency
assignment for each group to transfer RF energy
simultaneously are proposed.

In [11-16], network protocols for the WSN with
RFET are studied. In [11-13], MAC protocols for
the WSN with RFET are studied without considering
routing and power control. In [14], the authors
design the command sequences between the sink
node and sensor nodes. In addition, the command
transmission time of the sink node and the charging
time of the sensor nodes are obtained based on the
charging capability of sensor nodes. In [15], a
routing protocol with considering the charging
capability of the sensor node is proposed. However,
the routing path for each sensor node is selected
without considering the routing paths of other sensor
nodes, without considering the network-wise
performance. Hence, if multiple routing paths choose
the same sensor node as their intermediate node, the
energy of that sensor node would be exhausted fast.
In [16], the authors propose a routing protocol based
on a genetic algorithm in which the base station
runs a clustering algorithm and inter-cluster routing
algorithm, while sensor nodes update additional
cluster adjustment. Contrary to the previous works,
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in this paper, we consider joint routing, scheduling
(MAC), power control considering the network-wise
performance of the WSN with RFET.

The rest of this paper is organized as follows. In
Section II, we introduce the system model for our
joint routing, scheduling, and power control for
WSNs with RFET. In Section III, we study the
problems for ‘Max-min’ and ‘Max-min fairness’.
The numerical results are provided in Section IV

and we conclude in Section V.
II. System Model

We consider a WSN that consists of one sink
node and N sensor nodes as shown in Fig. 1. The
sink node will be indexed by O and the set of
indices for sensor nodes will be denoted by
N=1{1,2,---,N} . We will denote the set of indices
for sensor nodes and the sink by
N,= {0,1,2,---,N} . We assume that all nodes are

static, i.e., the location of each node is fixed. Sensor
nodes transmit their sensed data to the sink node
and we allow them to use multi-hop routing via
other sensor nodes.

We assume that the system is time-slotted with a
fixed duration, 7, of time-slots, and in a time-slot,
a fixed amount of sensed data is transmitted with a
fixed data rate. We also assume that a
scheduling-based medium access control scheme is
used. In addition, since the energy transfer range is
relative small compared with communication and

interference ranges, we will assume that all sensor

Sensor Node

Sink Node

J% 1. RF YA A5 54 A
Fig. 1. Wireless sensor networks with RFET
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nodes are within the communication and interference
ranges of the other nodes. Hence, in a time-slot,
only one sensor node is allowed to transmit or
forward data. We let ¢, ; be an average scheduling
rate of transmissions (the average number of
transmissions in a time-slot) from node ¢ to node j.
Then, we have

t.o<1 . -
LS =0, vieEN SN,

We define an average net scheduling rate of node
i, A;, as the average number of transmissions of its
own sensed data per time-slot. Then, we have the

following relationship:

Dot Dt =X, VieN. )

JEN, JEN

For the successful transmission, the received
signal to noise ratio (SNR) at the receiver node
should be higher than or equal to its minimum
threshold ~. In this paper, we assume that the
channel gain between two nodes depends only on
the path loss. Hence, the received SNR at node j
from node ¢ is obtained as

X 17—«
KP;d; ;
jv[’) >

where A is a constant that depends on antenna gains
of transmitting and receiving antennas, and the
wavelength!"), PlCX is the transmission power from
node ¢ to node j, d; ; is the distance between nodes
¢ and j, o is the pass loss exponent, and /V, is the
and NV

are fixed and known. To satisfy the minimum

noise power. Here, we assume that X, d; ;,

received SNR threshold, ~, the transmission power

from node ¢ to node j should satisfy

X
pi.j =7

. 3
Kd, [ ©)

In addition to the transmission power, we assume
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that each node consumes a fixed power, PR for
receiving data. Hence, the power consumption of

each node 7 is formulated as

X RX.
D P+ P,
JEN JEN

Each sensor node is powered by the RFET from
the sink nodel) and its transmission power level for
energy transfer is assumed to be fixed as 7. Then,
we assume the received power level P,? for energy

transfer at sensor node ¢ follows the same equation

as the received power for data transmissions. Hence,
0 __ 0 57—
P '=BP4d,,

where B is some constant that depends on energy
harvesting efficiency, antenna gains of transmitting
and receiving antennas, and the wavelength".
Hence, from the above two equations, for each node

i the following condition should be satisfied:

7X. RX 0
g;vopw t@ﬂ'é\f =L vieN @)

. Problems

In this section, we formulate problems for
‘Max-min’ and ‘Max-min fairness’ considering the

system model in the previous section.

3.1 Problem for ‘Max-min’

With ‘Max-min’, the objective of our problem is
maximizing the minimum average net scheduling
rate among those of sensor nodes in the network,

which can be formulated as

maximize min\;

iEN ©)

1) Note that the node that transfers energy need not be
the sink node. In addition, our framework in this
paper can be easily generalized to the case where
multiple RFET nodes exist (possibly at different
locations) in the system.

With this objective function and constraints in the
previous section, we can formulate the optimization

problem that we want to solve in this paper as

maximize min A\,

Mt P ieN
subject to Z E 5 = 1,
iENjEN,
E L~ E L =X, ViEN
JEN, JEN
Y B+ P < P ViEN (g
JEN, JEN
T N _ .
Pl =y o, ViENJEN,

)
t,,=0 ViENEN,

where A= ()‘i)iEN’ t= (t’\f)ztez\z,jem, , and
X _ ( pT.
P = (Pi.j iENIEN, In the above problem,

decision variables are \,’s (the average net
scheduling rate for node i), ?;;’s (the scheduling
rate of transmissions from node ¢ to node j, which
determines routing and scheduling), and PYJJX’S (the

transmission power from node i to node j). Note

that P =~

—, Vi€ N jE N, is an optimal
0]
solution of the problem in (6). In the problem in (6),

the objective function is  nonlinear and
non-differentiable. However, we can convert the
problem in (6) to the equivalent linear optimization

problem by introducing a new variable z as

maximize x
z,\t
subectto), = x, ViEN

SIS

iENJEN,

to— 3t =N ViEN
jg;vn N j;N o )
Y, PNt 4 PP < P ViEN
EN T EN h '

t,; =0 ViENEN,

We can solve the above linear optimization
problem by using one of the standard tools for linear
optimization easily. However, the above problem
concerns only about the performance of the node
that has the minimum average net scheduling rate
and does not concerns about the performance of the
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other nodes. Hence, if we want to care not only the
performance of the node with the minimum
performance but also the other nodes’ performance,
we need a stronger concept than just maximizing the

minimum average net scheduling rate in (5).

3.2 Problem for ‘Max-min fairness’

To consider ‘Max-min fairness’, we first provide
the definition of the max-min fairness.

Definition 17

scheduling rates of nodes, A= (Ai)i _,y that satisfies

A vector of average net

(1)-(4) is said to be max-min fair, if for any other
vector of average net scheduling rates of nodes,
XN'=(X,);cy that satisfies (1)-(4) the following is
true: if A’ ;> A; for some j € N, then there exists
i & N such that \; < A; and \'; <\,

From the definition of the max-min fair, we can
easily infer that if A is max-min fair, then it
achieves (5). In addition, it then maximizes the next
minimum one on the condition that it maximizes the
minimum one, and so on.

To obtain the max-min fairness, we now
introduce a utility function for each sensor node as

U\)=010-0)"'AI"7, VieN, ®)
where o is a non-negative constant. In [18], it is
shown that if we maximize network utility, which is
defined as the sum of utilities of all sensor nodes
with the above utility function, then the achieved
solution approaches the max-min fair solution as
oc—oco . Hence, considering the above objective
function and the system constraints in the previous
section, our joint routing, scheduling, and power

control problem is formulated as

maximize ) U(X,)

At iEN
subject to Z 2 t; =1,
iENjEN,
Dt 2t =N VieEN
JEN, © JEN ©)
Y, Pt 4 PP < P ViEN
IEN, T jEN h

t,; =0 ViENFEN,

Note that the above problem is a convex
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optimization problem, and thus, we can easily solve
it by using one of standard algorithms such as dual
approach and interior point method" or software
tools for convex optimization such as the CONOPT

[20]

solver™. Hence, we skip the details.

IV. Numerical Results

In this section, we provide numerical results to
examine the effect of the node position on routing
and scheduling with varying the distances between
the sink node and sensor nodes. For the sake of easy
understanding, we first consider a simple network
with one sink node, i.e., node 0, and two sensor
nodes, i.e., nodes 1 and 2, as shown in Fig. 2. Node
1 is located at distance 5 (m) from the sink node,
ie., d;,=5. Node 2 is located at varying distances
from 5 (m) to 15 (m) from the sink node, i.e.,
dyy € [5,15]. We set the angle between nodes 1
and 2, i.e,, £102, to be equal to 30 °. In addition,
we set the parameters which are based on the actual
data in [21] as shown in Table I.

Fig. 3 shows the average scheduling rates of each

~e®

x (m)

T8 2. ] A= kst 7R AKX =T} e E
Z74]

Fig. 2. A topology with one sink node and
two sensor nodes

E 1. sfelole) 44
Table 1. Parameter setting

Parameter Value Unit
« 2 -
B 1 -
K 1 -

y 21 dB

N, 1079 w
pix 0.045 W
P 3 w
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Fig. 3. Average scheduling rates

of links with varying distance d,,. When node 2 is
located far from the sink node, i.e., dy, > 13, it
transmits its data to the sink node only via node 1,
i.e., tyy =0 and ¢y, >0, since its energy harvesting
rate is too low to directly transmit its data to the
sink node. However, when node 2 is close to the
sink node, it can transmit its data directly to the sink
node, i.e., ,, >0, since its energy harvesting rate
becomes enough high for direct transmissions.

Fig. 4 shows the residual power of each node 7,

e;, which is defined as the difference between

72
energy harvesting rate (average energy harvesting
power) and energy consumption rate (average

transmitting power and receiving power):

D VS S

i i
JEN, JEN

vie {1,2}.

From Fig. 4, we can see that when node 2 is
close to the sink node, ie., d,, <8, the residual
power of node 2 becomes a positive value. This
implies that node 2 harvests enough energy to be
fully scheduled. Therefore, as shown in Fig. 3, node
2 transmits its data to the sink node directly without
help from node 1, ie., ;>0 and ¢,; =0 and
average scheduling rates of nodes are evenly
divided. On the other hand, when d,, > 8, node 2

more relies on node 1 for its data transmissions, and

thus the average scheduling rate of node 1, ¢,
increases, as d, increases.

We now evaluate the performance of the joint

routing, scheduling, and power control with

Residual power

~0.02 . . . ' .
5 6 7 8 9 10 11 12 13 14 15

dy g (m)

T2 4. x= 13} 29 3] 9k
Fig. 4. Residual power of nodes 1 and 2

considering a more general topology in Fig. 5,
especially focusing on the effect of routing. In this
topology, we have two areas: an inner circle area,
which is called a ‘Tier 1’ area, and an outer
doughnut area, which is called a “Tier 2’ area. We
randomly deploy 5 sensor nodes in each of two
areas. We set the radius of the Tier 1 area to be 5
(m), and the radii of inner and outer circles of the
Tier 2 to be d (m) and d +5 (m),

outer outer
respectively.

Fig. 6 shows the minimum average net scheduling
rates of the network, i.e., min;c X, , for different

routing policies with varying the value of d, The

outer*
results are obtained by averaging over 100
experiments. In this figure, ‘Max-min’ and
‘Max-min fairness’ represent the minimum average
net scheduling rate which are obtained by solving
our optimization problems in (7) and (9),
respectively. For the problem in (9), we set o to be
equal to 5 in (8), which is sufficient to achieve
almost the max-min fairness 2. Only ‘one-hop’
represents what is obtained with considering only
the one-hop transmissions from sensor nodes to the
sink node, and ‘Relay from Tier 2 to Tier 1’
represents what is obtained with considering the case
where the sensor nodes in the Tier 1 area directly
transmit their data to the sink node, while those in

2) In order for the optimal minimum average net
scheduling rate of the problem in (9) to be the
same as that of the problem in (7), we have to set
o to be a very large number (theoretically co).
However, when o exceeds 5, errors occur due to
the permitted limit of the calculable value of the
solver that we used (we useed CONOPT solver to
solve the convex optimization problem in (7)).
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T2 5. spte] A=t 10709 AX=rt Sle BERA
Fig. 5. A topology with one sink and 10 sensor nodes
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Fig. 6. Minimum average net scheduling rates with six
different routing policies

the Tier 2 area transmit their data to the sink node
only via the sensor nodes in the Tier 1 area., In
addition, ‘C-A Routing’ represents what is obtained
with the charging-aware routing protocol in which
each sensor selects its route with the lowest value of
maximum charging time™”" and ‘RFH Algorithm’
represents what is obtained with the routing-first
heuristic algorithm in which each sensor node
chooses the shortest path to the sink node as its
route to minimize the energy consumed by the
sensor nodes'.

From this result, we can see that the solution
from the problem in (7) provides almost the same
performance as that of the problem in (9) in terms
of the minimum average net scheduling rate, even
though there exist a small gap between them due to
the finite value for o that we used in the problem
in (7). In addition, the performance of ‘RFH
Algorithm’ is identical with ‘Only one-hop’, since
each sensor node follows its shortest path which

corresponds to direct transmission to the sink node.
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The performances of ‘Max-min’ and ‘Max-min
fairness’ are always higher than or equal to those of
‘Only one-hop’, ‘Relay from Tier 2 to Tier 1°, and
‘RFH Algorithm’. Note that ‘C-A Routing’ achieves
the minimum average net scheduling rate slightly
less than that of ‘Max-min’. Hence, if we consider
the minimum average net scheduling rate as a sole
performance measure of the network, then ‘C-A
Routing” would be also a good candidate. However,
as we will show in the following, its degree of
fairness among nodes is worse than those of
‘Max-min’ and ‘Max-min fairness’.

In Fig. 7, we provide the fairness indices of four
different routing policies: ‘Max-min’ which is
obtained by solving the problem in (7), ‘Max-min
fairness’ which is obtained by solving the problem
in (7), ‘C-A Routing’, and ‘RFH Algorithm’. We
use the following fairness index, which is defined in
[23]:

TV= s

iEN

where |M is the number of sensor nodes in the
network.

From this figure, we can see that ‘Max-min
fairness’ policy always provides a higher fairness
index than that of ‘Max-min’, ‘C-A Routing’, and
‘RFH Algorithm’. Therefore, in terms of the fairness
between the performances of all sensor nodes,
‘Max-min fairness’ provides a better solution than

Fairness index

—6— Max-min
~ % — Max-min faimess|
© - C-A Routing
A RFH Algorithm

5 6 7 8 9 0 11 12 138 14 15
douter (m)

g 7. A7) o8l A9 el 3=
Fig. 7. Fairness indices obtained with four different
routing policies
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the other routing policies. Note that even though
‘C-A Routing’ provides similar minimum average
scheduling rate compared to ‘Max-min’, the fairness
index of ‘C-A Routing’ is always less than that of
‘Max-min’ and ‘Max-min fairness’. Hence, with
both considering minimum average scheduling rate
and fairness, ‘Max-min’ and ‘Max-min fairness’
provide better performance than that of ‘C-A

Routing’.

V. Conclusion

In this paper, we studied the issue of routing,
scheduling, and power control exploiting unbalanced
energy harvesting rates among sensor nodes in the
WSN with RFET. Numerical results showed that in
the WSN with RFET, jointly considering routing,

scheduling, and power control is essential to
improve system performance, while providing fair
energy consumption among sensor nodes. In

addition, they also showed that ‘Max-min’ and

‘Max-min fairness’ provide almost the same
performance from the point of the minimum average
net scheduling rate, while ‘Max-min fairness’
provides a higher degree of fairness than ‘Max-min’.

As future work, we can extend our work to a
large scale sensor network where a large number of
sensor nodes are distributed in a large area. In this
case, instead of adopting the centralized scheduling
based MAC scheme that we considered in this
paper, adopting a distributed random access based
MAC scheme, such as CSMA-CA based scheme
and slotted ALOHA based scheme, would be a more

appropriate approach.
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