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Abstract—In wireless sensor networks, individual nodes must
be batteryless to make themselves maintenance-free, which is
particularly important for networks that have an enormous num-
ber of nodes. Wireless and batteryless sensors can be powered
by energy harvesting or wireless power transmission, and they
store energy in capacitors. Microwave power transmission is
a wireless power transmission scheme that can interfere with
data transmission. It necessitates scheduling of data and power
transmission. In addition, to ensure network sustainability, a
constant amount of energy should be stored in the capacitors. In
the experiments conducted in this study, a node is not charged
while transmitting data or receiving beacon signals that contains
delivery traffic indication message elements (DTIM) to avoid
interference. Moreover, it is powered by a solar panel to emulate
microwave power transmission. In addition, sleep periods are
scheduled by the node to ensure that a constant amount of energy
remained in the capacitor.

I. INTRODUCTION

Smart communities, disaster prevention systems, and med-
ical and healthcare systems are required for an ecologically
sustainable and safe society [1]. These systems require a very
large number of wireless sensor nodes. Hence, the wireless
nodes shall be batteryless to make themselves maintenance-
free [2]. Wireless and batteryless sensors can be powered by
energy harvesting or wireless power transmission [3]. In this
paper, microwave power transmission is assumed. Microwave
power transmission is a technology that allows transmission
of power via microwaves. At high power levels, microwave
power transmission interferes with data transmission from the
nodes even if the data transmission frequency is not exactly
the same as the microwave transmission frequency at the
2.4 GHz industrial, scientific, and medical (ISM) band [4].
Thus, scheduling to separate data and power transmission
timing is required.

Furthermore, there are other issues, like how to keep the
capacitors energy constant. When a batteryless sensor is pow-
ered by a capacitor, a DC-DC converter is required to convert
the capacitor terminal voltage into the voltage required to
power the sensor circuit. In general, at high input voltage, the
efficiency of the DC-DC converters are high. However, the
capacitor terminal voltage must be lower than the withstand
voltage of the capacitor. Thus, the capacitor terminal voltage
must be constant.

In this paper, as an initial study, solar power is used
to charge the capacitor instead of microwave power. In the
experiments, the node is not charged during communication
to avoid interference, and sleep periods are scheduled to keep
the capacitor terminal voltage to the withstand voltage.

In the experiments, the node alternates between active and
sleep mode. In active mode, the node is in the awake state,
and it can transmit data any time. In sleep mode, the node
is in the doze state and enters in the awake state to listen
beacon signals that contains delivery traffic indication message
(DTIM) elements [5]. Thus, at estimated arrival timings of
beacon signals contain DTIM elements (hereinafter, referred
to as DTIM), the node must not be powered by wireless power
transmission.

Related studies are shown in the literature [4], [6] and [7].
ZigBee devices are operating by intermittent microwave power
transmission in [4]. In this case, the duty ratio of intermittent
microwave power transmission is constant, whereas, in this
paper, Wi-Fi devices are used and the duty ratio is controlled
to keep the capacitor terminal voltage to withstand the voltage.
The duty ratio control for energy harvesting is studied in [6].
In this paper, the sensor is not charged while transmitting
data, i.e., in active mode. A model with the arrival of discrete
packets of energy is considered in [7]. In this model, optimum
transmission policies are also considered, and that can be
implemented by controlling the transmitted bits. In contrast,
in this study, sleep periods are scheduled for the node.

The paper is organized as follows. Section II describes
the method used to keep the capacitor terminal voltage to
the withstand voltage. Section III provides the details of
experimental setup and results. Section IV concludes the paper.

II. ADAPTIVE SLEEP CONTROL

In this section, the scheme to keep the capacitor terminal
voltage to the withstand voltage by controlling sleep periods
is presented. The node is powered by a capacitor. Let the
remaining energy in the capacitor in the kth active mode
be denoted by e[k]. The value of e[k] is measured when
the node goes into active mode, and e[k + 1] is managed
by controlling sleep periods. Moreover, in all active modes,
the node transmits data. Let α[k] ∈ {0, 1, . . . , 10} denote the
number of power transmission signals in the kth sleep mode.
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In the experiments, the node receives α[k] power transmission
signals until the next transmission time. In addition, when
α[k] = 0, the node does not receive a DTIM until the next data
transmission time. In other cases, it receives (α[k]−1) DTIMs
until the next data transmission time. In this paper, controlling
the value of α[k] means to control the cycle time and sleep
period, because the duration of the power transmission signal
is 9.74 s and it is a constant value. Note that the duration of
the kth cycle is the sum of the kth sleep period and the kth
active period and that kth sleep mode precedes the kth active
mode.

In the experiments, the energy consumed by the node is
estimated from the node parameters and α[k]. Let Tα[k] and
TDTIM denote cycle time and the duration of a DTIM interval.
Tα[k] is calculated from the DTIM interval using (1):

Tα[k] = α[k]TDTIM. (1)

Let Eα[k] denote consumed energy in kth cycle. Moreover,
let Etran, EDTIM, τ , and Pdoze denote the consumed energy
in data transmission, the consumed energy in receiving a
DTIM, the duration of listening a DTIM, and the power
consumption in doze states. These parameters are obtained
from experiments. From them, Eα[k] is given by (2):

Eα[k] = Etran + Pdoze (Tα[k] − (α[k] − 1)τ)
+ (α[k] − 1)EDTIM. (2)

Note that the consumed energy during switching between the
active and sleep modes is assumed negligible to be confirmed
by the experimental results.

In the experiments, the node estimates remaining energy
in the capacitor, under the assumption it receive α[k + 1]
power transmission signals in the next sleep mode. Let Prec[k]
denote the power supplied by the solar panel. Moreover, let
α?[k], Tα? [k], and T∆ denote the optimal α[k] for the chosen
kth cycle, the cycle time corresponding to α?[k], and the
margin period to avoid interference between DTIMs and power
transmission. From these parameters, Prec[k] is calculated
using (3):

Prec[k] =


(e[k] − e[k − 1] + Eα? [k])

α[k](TDTIM − T∆)
α[k − 1] 6= 0

Prec[k − 1] α[k − 1] = 0.
(3)

When α[k − 1] is 0, the node calculates Prec[k] as Prec[k] =
Prec[k − 1], otherwise Prec is calculated as 0, and the node
cannot estimate eα[k + 1] correctly. α[k](TDTIM − T∆) is
the duration of power supply from the solar panel. Under the
assumption that the power supply in the (k +1)th sleep mode
is the same as the supply power in the kth sleep mode, i.e.,
Prec[k], the remaining energy in the (k + 1)th active mode is
given by the following equation:

eα[k+1] = e[k]+Prec[k]α[k+1](TDTIM−T∆)−Eα[k]. (3)

Fig. 1 shows estimated remaining energy in the capacitor when
α[k+1] = 0, 10, and power supply conditions when α[k+1] =
10. While the node is in awake state, it consumes EDTIM or
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Fig. 1. Remaining energy in the capacitor estimated by the node and power
transmission signals.

Etran. EDTIM is smaller than Etran, thus, at large α[k + 1],
eα[k+1] is large. When α = 0, the node must not be powered
by wireless power transmission until in next active mode.

From eα[k + 1], the node choose the optimum value of
α[k + 1]. Let the remaining energy in the capacitor when its
terminal voltage is charged to its withstand voltage be denoted
by Emax. If e[k] is sufficiently smaller than Emax, i.e., eα[k+
1] does not reach Emax, then α?[k +1] = 10. This means that
if e10[k +1] < Emax, then α?[k +1] = 10. On the contrary, if
e[k] is large relative to Emax, then α?[k +1] = 0. This means
that if e0[k + 1] > Emax, then α?[k + 1] = 0. In other cases,
α?[k + 1] is given by (4):

α?[k + 1] = arg min
α[k+1]∈{1,...,10}

{Emax − eα[k + 1]} . (4)

In (4), α[k + 1] is chosen from 1 to 10, not from 0 to 10,
because we decided that α[k+1] = 0 is chosen when e0[k+1]
is large relative to Emax.

The node sleeps during duration of α?[k + 1]TDTIM in the
(k + 1)th sleep mode. As a result, α?[k + 1] is determined by
e[k] and e[k−1]. In addition, eα? [k+1] is the largest eα[k+1]
which is not greater than Emax.

III. EXPERIMENT

In this section, we conducts experiments of the scheduling
proposed in section II. The node is powered by a capacitor,
and the capacitor is charged by solar panel. We evaluate the
relationship of the remaining energy in the capacitor and the
transmission time.
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Fig. 2. Schematic diagram of experimental apparatus.

Fig. 3. XBee Wi-Fi and Arduino Fio.

A. Setup

The experiments are conducted by using the setup shown
in Fig. 2. In the experiments, the system consists of an access
point (AP) and two nodes: a sensor node and a power supply
node. The sensor node is equipped with a Texas Instruments
TPS61200 DC-DC converter, a wireless module, a diode, a
solar panel, and a 10 F Electric double-layer capacitor (EDLC)
with a withstand voltage of 2.7 V. The wireless module consists
of a Wi-Fi module, and a programmable microcontroller board
(MB). The Wi-Fi module is a Digi International XBee Wi-Fi
operated by the IEEE 802.11g protocol. The microcontroller
board is Sparkfun Electronics Arduino Fio, which can be
connected to XBee Wi-Fi, as shown in Fig. 3. Both the Wi-
Fi module and the MB run at 3.3 V. Note that current for
the wireless module is almost 140 mA in the active mode
and awake state, 2 mA in the doze state. Other parameters
are shown in Table I. These parameters obtained from
experiments. In the experiments, solar power is supplied to the
EDLC instead of microwave power, as shown in Fig. 4. The
solar panel is connected to the EDLC through the diode, which
prevents a reverse current flow. The sensor node transmits
control signals to the power supply node via the AP, and
informs DTIM arrival timings.

TABLE I
EXPERIMENTAL PARAMETERS.

TDTIM 10.24 s
Etran 22.44 mJ
Pdoze 6 mW

EDTIM 19.14 mJ
τ 40 ms

T∆ 500 ms

Fig. 4. Sensor node powered by a solar panel.

The sensor node operates as shown in Fig. 5. The MB and
the Wi-Fi module are in the sleep mode when the EDLC is
charged by the solar panel. After the light is turned off, the
MB and the Wi-Fi module get into active mode. The MB
measures the EDLC terminal voltage, and determines the value
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Fig. 5. Sensor node operation.
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Fig. 6. Remaining energy in the EDLC.

α?[k+1], and waits until the estimated DTIM arrival timings.
When the estimated DTIM arrival timings, the Wi-Fi module
goes into awake states. The Wi-Fi module receives a DTIM
and transmits the control signals to the power supply node to
generate α?[k+1] power transmission signals. After the Wi-Fi
module and the MB go into sleep mode, the light is turned on.
While in sleep mode, at the estimated DTIM arrival timings,
the Wi-Fi module goes into awake states and listen DTIMs. In
this DTIM periods, light is turned off. As a result, scheduling
of data transmission and power transmission is successfully
conducted by controlling the light.

B. Results

The experimental results are shown in Fig. 6. The remaining
energy in the EDLC converges toward almost 36.8 J. The
sensor node measures voltage within an error of almost 3%. It
measures the EDLC terminal voltage e[k] within an error of
almost 0.48%. While the EDLC terminal voltage is high, the
value of α is chosen from 0, 1, or 2. At the first transmission
time, the value of α is 10, because the EDLC terminal voltage
is low enough.

In addition, the scheduling of data and power transmission is
conducted. Fig. 7 shows an example of the current consumed
by the node and the power supply condition. In Fig. 7, the
node transmits data at around 10 s, 20 s, and 40 s. In each sleep
periods, the node receives 0, 2, and 1 of power transmission
signals.

IV. CONCLUSION

To emulate microwave power transmission, a sensor node
powered by a solar panel was designed to manage its re-
maining energy by controlling its sleep periods. In addition,
the power supply from the solar panel was 12.2 mW. This
power level can be supplied by wireless power transmission. In
addition, timing of power transmission and data transmission
are successfully separated.
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