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ABSTRACT

‘We propose a Bluetooth Low Energy (BLE) beacon that operates
entirely on harvested energy from dual ISM-band RF sources with
aid from photovoltaics. Indoor RF power can be harvested from
Wi-Fi devices in both 2.4 GHz and 5 GHz bands. Indoor photo-
voltaic power, while often too low to be considered useful, can be
used as biasing current to improve the efficiency of the RF har-
vester. The proposed harvester performs impedance matching in
two bands and maximum power point tracking and stores energy in
a solid-state battery and a supercapcitor. Our implementation of the
energy-neutral BLE beacon can broadcast every 45 seconds at the
input power of 15 dBm. In terms of harvested power, our proposed
system harvests more power from both bands in a miniature, low-
cost circuit than the state-of-the-art from three channels in a single
band. This work represents a step towards enabling a class of IoT
systems to operate entirely on harvested indoor RF power.

CCS Concepts

*Computer systems organization — Embedded hardware;
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1. INTRODUCTION

Beacon are broadcasting nodes used for indoor localization and
navigation, advertising in commercial settings, and exhibits guid-
ance in museums. Beacons can be costly to install if operated by
wired power, whereas battery-powered ones may be cheaper to in-
stall but costly to replace or recharge batteries. Energy harvesting
for beacons can go a long way towards saving significant costs for
installation and maintenance.

Ambient power in different forms can be harvested by photo-
voltaic (PV), thermoelectric, piezoelectric, and RF converters. Out-
door beacons can easily get powered by PV, which has the highest
power density among energy harvesting sources. Indoor beacons,
in contrast, rely mostly on batteries or wired power. This is because
most ambient power available for energy harvesting has been rather
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scarce. Other sources include havesting from ventilation power, but
they limit the placement of the beacons or the harvesters.

The other challenges are low voltage and low current from a
small solar cell in an environment with low indoor lighting. Ex-
isting PV has high energy conversion efficiency in direct sunlight
outdoor [10] but not indoor. Indoor PV may output sufficiently high
open-circuit voltage, but the current is too low or the internal resis-
tance is too high, such that either the voltage will not overcome the
forward voltage of a diode, or it outputs pA-level current, which
is by itself too low to be useful for most purposes. As a result,
indoor PV power is usually wasted unless the panel is sufficiently
large [3], but the size may be too large for beacons. However, we
make the observation that it may still be useful for enhancing the
output power and efficiency for other types of harvesters.

One new source of indoor power harvesting is Wi-Fi radiation.
Wi-Fi is ubiquitous and has been improving in expanding to more
bands from 2.4 GHz to 5 GHz. Also, MIMO beamforming, which
uses multiple antennas cooperatively to form an RF beam in one
direction, improves directivity of Wi-Fi power. However, the chal-
lenges of multiple ISM-band harvester include impedance match-
ing for multiple frequency bands, low-cost material, and small form
factor. Existing Wi-Fi energy harvesters focus on one ISM-band,
such as 2.4 GHz [4,7,9]. Sub-GHz, non-Wi-Fi RF signals can be
harvested, too [15, 16], but it requires an RFID reader, TV tow-
ers, or cellular base stations nearby as transmitters. This limits the
placement of devices and the accumulated energy, as the conven-
tional impedance matching does not work well for multiple fre-
quency bands.

To capture more of the available RF power, we propose a sys-
tem that consists of an impedance matching network, a dual-band
Wi-Fi energy harvester with a solar cell, a maximum power point
tracking (MPPT) subsystem with a solid state battery and a su-
percapacitor, and a BLE node. We propose a systematic way to
design a dual-band impedance matching network using FR4 sub-
strate. The same matching circuit is shown to achieve better return
loss and impedance on two frequency bands than the theoretical
design on a single frequency band by applying ISM-band diodes
and our matching approach. Moreover, as the load affects the re-
turn loss and impedance, our system performs MPPT to enhance
the power conversion efficiency and load matching. Furthermore,
our system employs a supercapacitor as an energy buffer.

We observe that the bias current of an RF Schottky diode in-
creases its output voltage. A novelty with our design is that we
exploit the weak PV current under low-luminance condition to re-
inforce the bias current of RF Schottky diode [1]. This increases
the RF-to-DC conversion efficiency, thereby enhancing the output
power and efficiency as well. Empirical results confirmed its su-
perior performance to the state-of-the-art [21]. This enables our



implementation of the BLE beacon to advertise once every 45 sec-
onds, and it represents a step towards making RF harvesting prac-
tical for an important class of IoT applications. The contributions
of our design are threefold. First, we adopt the solar bias current
to improve efficiency of Wi-Fi energy harvesting. Second, we pro-
pose a dual ISM-band energy harvester to increase harvested power.
Third, we show the applicability of the proposed energy harvester
to operating a BLE beacon in an energy-neutral way.

2. RELATED WORK

Energy harvesting devices and platforms have been proposed to
improve the operating lifetime of deeply embedded systems in a
wide range of IoT applications. This section reviews existing en-
ergy harvesting technologies from RF, indoor PV and thermoelec-
tric sources.

2.1 RF Energy Harvesting

The output power of energy harvesters from ambient RF sources

is usually too low to sustain today’s microcontroller units (MCU) [9].

As a result, RF energy harvesting has been limited to specialized
systems either by backscattering or band-specific impedance match-
ing. Backscattering transforms the RF source signals into another
reflected signal that encodes the information to be retrieved. For
example, Sample et al [19] is a backscattering system that operates
on RF power emitted by a 1 MW TV tower in direct line-of-sight.
Up to 60 uW that can be converted, although it must be located
close to the TV tower [23]. Its use as a more general power supply
for embedded systems still remains to be seen.

RF power in different frequency bands can be harvested, but each
requires a separate impedance matching circuit [8, 15, 16]. Niotaki
et al [13] proposes a dual-band rectenna operating at 915 MHz and
2.45 GHz. The rectenna consists of an antenna and an impedance
matching circuit and a RF diode to convert RF signal to DC power.
While this is close to our a single impedance matching circuit for
two frequency bands, we design the impedance matching circuit for
two higher frequency bands of 2.4 GHz and 5 GHz of dual Wi-Fi
frequency bands and the bias current for further improving the RF-
DC conversion efficiency. The design of higher frequency bands
has more challenges. First, the component of circuit is more sen-
sitivity with parasitic capacitance and stray inductance. Second, it
requires a fine-tuning on various FR4 PCBs for evaluation.

Using wireless beamforming methods to provide an alternative
power source is discussed in existing works. There is still a prob-
lem regarding improvement of RF-to-DC conversion. Techniques
that use conventional Wi-Fi APs at home or public areas as the RF
energy transmitter have been proposed [4, 7]. These works moti-
vate us to harvest Wi-Fi power and increase the RF-to-DC conver-
sion efficiency for most wearable devices. Some study has been
proposed to optimize beamforming vectors and power configura-
tions [22] for existing harvesters. However, we design a system
using a dual-ISM-band harvester and a solar bias current to collect
more power than existing single-band and dual-band harvesters.
The beamforming of IEEE 802.11ac-compliant APs represents a
promising technology that can bring the order of magnitude im-
provement needed to make it viable, but it still needs to be explored
further [20].

2.2 Indoor Photovoltaics

The PV energy harvesting technologies are improved by a MPPT
approach and Schottky diodes in the literature. Scavenging a weak
solar power still remains to be a challenge. Indoor PV requires ei-
ther two large solar panels [3] or a small solar cell with the high
PV conversion efficiency under weak indoor light condition. We

observe that a bias current of a RF Schottky diode increases its
output voltage [1]. The maximum output voltage is 38 mV at the
bias current of 5 A under the input power of —30dBm at fre-
quency of 2.45 GHz with load resistance of 100kQ. A bias cur-
rent between 0.4 and 20 1A is required to keep the maximum out-
put voltage above 50%. In the theoretical analysis, a PV surface
area of 6 mm x 6 mm is required to achieve 10 uW (i.e., 14.97 uA
%0.7 V under the indoor low light density of 100 uW/cm? and
the indium gallium phosphide (InGaP) PV conversion efficiency
of 29.1% [11, 18]. Besides RF, Bandyopadhyay et al [2] proposes
parallel converters for multiple energy sources to improve the effi-
ciency, such as PV, thermoelectric, and piezoelectric. The system
performs MPPT , but it works primarily on PV sources and does
not include RF energy harvesting.

Gummeson et al [5] utilizes a miniature solar panel as the other
DC power source and ambient light energy to increase the Intel
WISP sensor range and data rate. Although this work is close to
our idea and our design can function as a DC power source as
well, there are three main differences from our design. First, we fo-
cus on a bounded range of solar bias current (between 0.8 to 9 A
to sustain > 80 % maximum output voltage at the input power of
—30dBm and 2.45 GHz) to increase the RF diode’s RF-to-DC con-
version efficiency. Second, based on our design, we suggest that a
semiconductor design house can consider including a miniature so-
lar cell inside a RF diode to enhance the RF diode’s output voltage
and detection sensitivity. Thirdly, we concentrate on popular Wi-
Fi AP’s power with the dual frequency bands rather than an RFID
reader’s power with a single UHF band in the indoor environment.

2.3 Thermoelectric Energy Harvesting

Thermoelectric harvesting requires another small energy source
to assist with the startup voltage. This is a similar idea as our
design using an extra solar biasing current to increase the RF-to-
DC efficiency. Thermoelectric energy harvesting requires a startup
voltage, which may be generated by a battery or a secondary har-
vesting source such as human vibration power or RF power. Ra-
madass et al [17] proposes a batteryless thermoelectric energy har-
vesting circuit to collect thermal energy from human body heat.
One notable feature is that it requires a startup voltage of 35 mV
to enable operation of the circuit, which is obtained by a separate
motion-harvesting circuit from human vibration. A similar study
has been proposed in an ultra low-power batteryless energy harvest-
ing body sensor node for electrocardiogram (ECG), electromyo-
gram (EMG), and electroencephalogram (EEG) applications. Zhang
et al [24] presents a thermal harvesting circuit that requires the
startup voltage of 600 mV. They propose an RF-harvesting circuit
from a 433 MHz transmitter to provide a startup voltage at the RF
pulse power of —10dBm for two seconds. Those thermoelectric
energy harvesting circuits adopt vibration and RF pulse power to
enable the startup circuit.

3. SYSTEM DESIGN

This section describes our system design. We first present a
system overview, followed by a description for each component.
We tune our design for the maximum power conversion efficiency
(PCE) and select proper components for impedance matching.

3.1 System Overview

Fig. 1 shows our harvester prototype. The system is composed
of the impedance matching network, the one-stage charge pump
circuit, the MPPT module with energy storage unit, and the BLE
node. The energy of wireless AC voltage source V; is delivered to
capacitor Cy; through the matching network in terms of L,,Cp,
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Figure 1: The proposed solar biased prototype

and diodes D; and D;. The MPPT module supports impedance
adjustment to achieve maximum power delivery. Cs; and Cy. work
as energy buffers. Finally, the accumulated energy powers the BLE
node.

3.2 Impedance-Matching Network

We select the proper capacitor Cy,, and the inductor L, for the
impedance matching network. We experiment with the component
one by one for impedance matching. In the impedance matching
process, Ly, and C,, are adjusted to match the two frequency bands
of 2.4 GHz and 5 GHz through the return loss and impedance mea-
surement. The important factors affect the impedance, such as
traces and a thickness of circuit. Therefore, if the values of L,,
and C,,, are difficult to obtain, we refine the traces and the thickness
of circuit for achieving the impedance of 50 Q through resizing the
circuit board and redesign. Moreover, cutting the edge of the circuit
board can improve the impedance matching as it reduces effects
from parasitic capacitances. The main idea is to achieve the maxi-
mum PCE through load and frequency adjustments. There are three
main steps to finish load and frequency adjustments to obtain the
global maximum PCE. First, we adjust the load resistor to accom-
plish the local maximum PCE at the fixed frequency. Second, we
change frequencies in a single frequency band to complete the lo-
cal maximum PCE. Finally, we find the proper load and frequency
settings to operate at the global maximum PCE in two frequency
bands. Solving for the PCE yields

PDM[

PCE = -2
Py

ey

v, 2
where P,,; = our_

3.3 RF-to-DC Rectifier

Fig. 1c shows our circuit that consists of Greinacher voltage dou-
bler [12] and a small solar cell. The voltage doubler includes capac-
itors and the microwave Schottky detector diode used as the RF-to-
DC power converter [1]. We take advantage of the dual ISM-band
feature of our prototype to harvest more energy. Our design can be
manufactured by common FR4 substrate that reduces much cost.

3.4 Solar Biased Current

The proposed solar biased design consists of a block inductor
(Lpyr) and a small lightweight solar cell. The block inductor is used
to block the RF signal power feeding the solar cell. The small solar
cell supports a bias current in low light environment through the
block inductor Ly, and the microwave Schottky detector diode D5.
The bias current increases the RF-to-DC conversion efficiency of

D; to enhance the output power F,,; and PCE of our prototype [1].
We take advantage of the bias current from a small solar cell under
a low illuminance condition to increase the detection sensitivity of
the microwave Schottky detector diode.

For proof of concept, we choose a small lightweight solar cell,
the IXYS KXOB22-01X8 with open-circuit voltage of 4.7V and
short-current current of 4.4 mA at one sun (100 mW /cm?) condi-
tion, size of 22 x 7 x 1.8 mm [6], and the weight of 0.5 g. We use
Ly = 1 nH as the block inductor. The bias current is from the dark
indoor environment with about 200 lux of ambient light.

3.5 MPPT and Energy Storage

We place an additional supercapacitor of 0.1 F with the rated
voltage of 5.5V on the output of the MPPT module. The super-
capacitor has been charged before experiment to speed up power-
ing the BLE node. To maximize power transfer, we use the MPPT
module to change operation point by its automatic load adjustment.
The MPPT module uses an energy storage as a load.

The energy storage includes the solid state battery,Css, and the
supercapacitor, C.s. As our prototype takes advantage of the MPPT
module in the Cymbet evaluation board with the built-in 100 £ Ah
solid-state battery module and an extra supercapacitor of 0.1 F with
the rated voltage of 5.5 V. The supercapacitor of 0.1 F is manufac-
tured by Panasonic [14], called “Gold Capacitor.” As we charge the
supercapacitor before our experiment, our system can support the
built-in BLE node doing the fast burst advertising.

For accumulating more energy to sustain the high peak transmit
power of the BLE node, the additional supercapacitor C. has been
added on the output of the MPPT module.

3.6 BLE Node

The BLE node is used to work as a BLE beacon. Its transmit
power is 0dBm for advertising packets. To implement the low
power operation, we duty-cycle active mode for one second and
low-power sleep mode (PM2) for 45 seconds. A sleep timer in
PM2 is used to wake up BLE node from sleep mode.

4. EXPERIMENTAL EVALUATION

To evaluate our harvester’s performance, we build a prototype
of our proposed batteryless beacon to operate on harvested Wi-Fi
power from both 2.4 GHz and 5 GHz bands with aid from indoor
PV for biasing. In this section, we describe the experimental setups
and observations from empirical results. We have two experimental
setups. The first is the same as the state-of-the-art [21] for evaluat-
ing the harvester without the BLE node for fairness of comparison.
The second setup includes the MPPT module and supercapacitor to
power a BLE node.
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Figure 2: Experimental setup 1

4.1 Setup 1: Harvester Only

The experiment scenario is to change transmit power, transmit
frequency, and load to explore the enhancement of our proposed
design concept. Fig. 2 shows our first experimental setup, includ-
ing a signal generator, our wireless energy harvesting prototype,
load, and a multimeter. Currently, a multimeter is used for volt-
age measurement as a start point. We will apply the other MCU
and its ADC to obtain higher precision measurements in the future
work. The BLE node is excluded to focus on evaluating the RF
harvester (“front end”). We employ a Rohde & Schwarz SMIQ06B
signal generator with a frequency range of 300kHz to 6.4 GHz as
our 2.4 GHz and 5 GHz wireless energy sources. It supports con-
figurations of the frequency and transmit power, P, that will affect
salient characteristics, such as output DC voltage V,,;, RF-to-DC
PCE, and output power P,,;. We connect the signal generator to our
prototype directly through the SMA connector as the concentrated
input power on the RF connector can imitate the Wi-Fi beamform-
ing of IEEE 802.11ac. This setup enables us to precisely control the
signal strength and frequency to quantify the efficiency of our pro-
posed RF-to-DC conversion circuit with reproducible results. The
load comprises variable resistors as we explore its impact on sys-
tem characteristics. We use the multimeter to measure the V,,,; of
the load and then apply Eqn. (1) to compute the RF-to-DC PCE.

4.1.1 Empirical Results

For the maximum wireless power delivery, we investigate im-
pacts of frequency, the input power level, and the load on the output
power level.

4.1.2 Frequency and Load Impacts

Fig. 3a, 3b, and 3c show the output voltage, the RF-to-DC PCE,
and the output power, respectively, as functions of frequency at Py,
of 0 dBm. We sweep the frequencies from 5.045 GHz to 5.745 GHz
in a step of 0.1 GHz and set to 2.445 GHz. We observe that the
frequency of 5.045 GHz with load of 800 Q outperforms all other
configurations in the RF-to-DC PCE and the P,,, though the fre-
quency of 5.245 GHz with load of 10kQ achieves the maximum
Vour- Therefore, we choose the the frequency of 5.045 GHz and
800 Q as our prefer configurations.

4.1.3  Input Power Impact

To further increase the power transfer, we investigate the impact
of P, on P,,;. Fig. 4a and Fig. 4b show that measured output power
increases by about two times when the input power increases by
5dBm for dual-band of 2.4 GHz and 5 GHz. As a result, we can
employ a high-gain antenna or directional antenna with more than
5 dB gain to increase the input power.

4.1.4 Dual ISM-Band Benefit

For increasing the output power of our design, we investigate the
dual-ISM-band power at 2 GHz and 5 GHz. To expose the dual-
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Figure 3: Empirical results as a function of frequency. (a) Output
voltage (V,,1); (b)RF-to-DC power conversion efficiency; (c) Out-
put power (P,y;)
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Figure 4: Output power (P,,;) of our prototype. (a) Frequency
at 5.045GHz; (b) Frequency at 2.445GHz; (c) Calculation of
2.445 GHz and 5.045 GHz

band benefit, we calculate P,,; of both frequencies of 2.445 GHz
and 5.045 GHz, shown in Fig. 4c. We observe that the P,,; at
2.445 GHz is higher than the P, at 5.045 GHz.

For output power comparison with existing Wi-Fi harvester, called
PoWiFi [21], our design supports crucial features including dual
ISM bands (2.4 GHz and 5 GHz). Fig. 3c shows that although our
system does not harvest more power than PoWiFi at any signal
band of 2.4 GHz or 5 GHz, it takes advantage of dual-ISM-band
diode [15] to collect more power than the existing work.

In addition, it achieves the P,,; of 84.5 uW and 78.1 uW at the
Py, of 0dBm for 5 GHz and 2 GHz Wi-Fi bands, respectively, while
PoWiFi only delivers the P,,; about 85 uW across all three Wi-
Fi channels at channel 1, 6, and 11 of 2.4 GHz band, shown in
Fig. 3c. Consequently, our harvester takes advantage of dual-ISM-
band power to collect more power transfer than the existing work.

4.1.5 Solar-Biased Current Enhancement

Fig. 5, 6, and 7 show that our design increases the output power
by 6 mW and efficiency by 20 % at the frequency band of 5 GHz.
But our design only provides small improvements at the frequency
of 2.445 GHz.

4.2 Setup 2: Powering BLE node

The second setup reflects conditions to be expected in real-world
settings. On the power source side, we set the RF signal generator
transmits power at +15 dBm. We also experiment with an Apple
Airport Extreme base station with MIMO beamforming set to its
maximum power level. On the receiving end, a number of high-
gain antennas and patch antennas are tested.

Initial results from Setup 2 are less controllable and less repro-
ducible. The receive power from the initial test is —1 dBm, which is
lower than our system’s minimum requirement of input power of 0
dBm. The losses range from —16 to —18 dBm over the air. There-
fore, additional work on antenna selection or matching is needed
to increase the receive power by 1-3 dBm before the harvester can
function. Therefore, we use the signal generator to provide RF
power to our system.

4.2.1 Batteryless BLE Landmark

To power our system for the IoT application, such as the battery-
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Figure 5: Original P,,; and PCE. (a) and (d) the load of 800 Q; (b)
and (e) the load of 1kQ; (c) and (f) the load of 10kQ

less landmark in indoor localization, we build the prototype shown
in Fig. 8. Fig. 8 shows that the accumulated output voltage of our
design is larger than the minimum operation voltage requirement
of 2.0V of the BLE device. The output voltage of the MPPT mod-
ule of our design should reach 2.61 V to power the BLE device. It
will drop to 1.74 V after the BLE device advertising for about one
second.

From experiment results, the MPPT module of our design pow-

ers the BLE landmark with the fast burst advertising every 45 seconds

at P, of 15dBm, shown in Fig. 8. Therefore, our system can work
as a BLE Beacon advertising periodically for indoor localization.
It is envisaged that our system is practical and towards batteryless
operation for the IoT applications.

We describe problems encountered during experiments and pos-
sible methods to overcome. We encounter problems of harvesting
antenna selection and have some possible ideas for future work.
Currently our prototype works only on RF signal generator’s car-
rier waveform to simulate the Wi-Fi power. Using a high-gain om-
nidirectional antenna still does not work with a Wi-Fi AP that have
tested. The problem is too much power loss of >16 dBm between
the Wi-Fi AP’s internal antenna and the receiving high-gain om-
nidirectional antenna. Thus, we only focus on the RF-to-DC con-
version efficiency of the harvester circuit rather than antenna se-
lection for harvesting. We have tested that the RF signal generator
with the high-gain omnidirectional antenna and a transmit power
of +15dBm losses about 16 dBm over the air as a mismatch be-
tween transmitting and receiving omnidirectional antennas and a
high-frequency path loss according to the Friis transmission equa-
tion. As a result, our system with the high-gain omnidirectional
antenna barely receives the input power of —1 dBm (measured by a
spectrum analyzer). The low input power is less than our system’s
minimum requirement of input power of 0 dBm. Thus, it is difficult
to harvest any power less than 0 dBm for our system. The possible
ideas for solving this problem are using high-gain patch antenna
and reduce minimum requirement of input power. Those problems
will be the future work.
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Figure 7: Improvements on P,,; and PCE by the proposed solar

biased current. (a) and (d) the load of 800 Q; (b) and (e) the load of
1kQ; (c) and (f) the load of 10kQ
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Multimeter

Figure 8: Experimental setup 2: our prototype achieves powering
the BLE device advertising for one second in the time period of 45
seconds at P, of 15dBm

S. CONCLUSION

We propose a batteryless indoor beacon powered by harvested
dual ISM-band RF signals and assisted by PV current. We expect
the power source to be Wi-Fi signals in both 2.4 GHz and 5 GHz.
Indoor PV power can be useful to enhance the RF energy harvesting
efficiency. Only our circuit part is validated in setup 1. The valida-
tion in a practical setup 2 is still work in progress. We validated the
entire batteryless beacon running on harvested power from a signal
generator. At this point, the loss over the air is high, even for high-
gain antennas. Designing a suitable antenna is a key challenge left
to future work. We believe our work represents a promising way
towards making RF energy harvesting from Wi-Fi a viable option
for the IoT applications.
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