Textile-based Radio Frequency Energy Harvesting
and Storage using Ultra-Compact Rectennas
with High Effective-to-Physical Area Ratio
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Abstract—Wearable Radio Frequency (RF) rectennas do not
require expensive or hazardous materials and can be eas-
ily integrated with conventional e-textiles. In this paper, we
investigate the use of ultra-miniaturized wire-type monopole
antennas for energy harvesting (EH) applications, as a method
maximizing the effective collection area of a rectenna relative
to its physical size, while not reducing the net DC output.
The rectenna, operating in the 915 MHz band, is integrated
with a simple carbon-based e-textile supercapacitor for direct
energy conversion and storage. The integrated module is then
demonstrated, for the first time, wirelessly-charging a Bluetooth
Low Energy sensor node at over 1 m distance from a license-free
Powercast transmitter. The 14.1 mF supercapacitor is charged
using the e-textile rectenna filament in 83 s up to 4.14 V,
from an incident power density of 23.9 ;W/cm? and a time-
averaged efficiency over 40 %, enabling the sensor node to sustain
operation for 108 s after the wireless RF source is stopped.
Compared to state-of-the-art RF energy harvesters, the proposed
module achieves over five fold improvement in the RF to DC
power harvesting efficiency normalized to the harvester’s area.

Index Terms—Antenna, energy harvesting, rectifier, rectenna,
supercapacitor, wireless power transmission, wireless sensor
nodes.

I. INTRODUCTION

Powering wearable devices using radio frequency (RF)
energy harvesting and wireless power transmission (WPT) has
attracted significant research interest due to the simple con-
struction of rectennas and their compatibility with different
e-textile fabrication methods [1]-[4]. Textile-based rectennas
have been realized using electro-plated conductive fabrics and
threads [1], [2], [5], [6], screen-printed inks [3], and thin
and flexible polyimide copper laminates [4], [7], enabling
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operation up to millimeter-wave frequencies for operating in
future 5G+ bands [8].

It is widely known that the DC output of energy harvesters,
from an available power density, scales with the size of the
harvester [9]. This has been widely explored for large and
miniaturized vibrational energy harvesters and solar cells [9].
In the same sense, antennas need to be comparable to the
wavelength of operation to achieve a high radiation efficiency
and gain, subsequently increasing their effective area [10].
Large-area non-wearable [11], and textile-based wearable RF
energy harvesters composed of several rectenna elements [3],
[5] as well as electrically-large patch antennas [2] have been
reported. Moreover, several studies have investigated rectenna
miniaturization, presenting rectennas as small as 0.06\? [12].
Nevertheless, the sensitivity of such implementations has been
lower than state-of-the-art high-efficiency textile-based recti-
fiers [13], which limits their suitability for harvesting ;tW/cm?
power densities efficiently. Furthermore, while a compact
rectenna was integrated with a textile supercapacitor in [7],
none of the previously-reported far-field e-textile rectennas
was demonstrated powering a real load such as a duty-cycled
sensor node.

In this paper, we investigate the relation between the physi-
cal area/RF EH by using a miniaturized wire-type meandered
monopole to directly charge a two-cell e-textile supercapac-
itor which is used to power a wireless sensor node. It is
demonstrated that the physical area of an RF EH antenna can
be reduced by over five fold, without reducing the effective
area, allowing for a very high output DC power density. The
realized rectenna is used to charge an e-textile supercapacitor
and is demonstrated, for the first time, powering a real
wireless sensor node load, based on an Arm microcontroller
unit (MCU) and a Bluetooth Low Energy (BLE) transceiver
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Fig. 1. Schematic, layout (dimensions in mm), and photograph of the
miniaturized flexible filament RF EH system.

system on chip (SoC). Section II presents the component-
level design and characterization. In Section III, the RF
charging of the textile supercapacitor and the wireless node is
demonstrated and compared to state-of-the-art RF harvesters.

II. SYSTEM DESIGN AND SIMULATION

The proposed system is composed of a flexible e-textile
rectenna, a textile carbon-based supercapacitor, and an Arm-
based BLE SoC, as shown in Fig. 1. To fabricate a thin and
flexible textile-friendly rectenna, a single-layered structure is
needed. As a result, a coplanar waveguide (CPW) antenna and
rectifier designs are adopted. Distributed elements matching
is avoided to maintain compactness where lumped inductors
will not degrade the power conversion efficiency [13].

A. Antenna Design and Characterization

To begin with, a CPW monopole antenna, with a
length=X\/4 at 915 MHz, was designed for benchmarking
the meander-line monopole’s RF performance. The compact
rectenna design is then achieved through ground miniatur-
ization and meandering the monopole radiator. Meander-line
monopoles are widely used where miniaturized antennas are
required and were found to be suitable for wearable applica-
tions through length tuning [7]. By reducing the ground plane
size, the antenna’s overall size can be significantly reduced
without affecting its effective collection area, which is pre-
dominantly determined by the antenna’s radiation efficiency
for an antenna harvesting arbitrarily-directed radiation [14].

Both the standard A/4 monopole and the meander-line
monopole with a compact ground were simulated in CST
Microwave Studio, to observe their gain and subsequently
EH area. Fig. 2 shows the simulated realized gain and total
efficiency of the meandered monopole and the straight \/4
monopole. Based on the simulated gain, it can be seen
that despite the meandered monopole occupying 13% of its
standard M\/4 counterpart’s area, it maintains a comparable
gain and total efficiency which implies a similar EH area.
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Fig. 2. Simulated realized gain and total efficiency of a benchmark 35 cm?
standard \/4 monopole and the 4.55 cm? meander-line monopole.

To explain, the effective collection area Ag. of a receiving
antenna is given by

2

A =G 1)

v
where G is the antenna’s realized gain [10]. Based on their
simulated gains, the effective-to-physical size ratio of the
proposed meandered monopole and the conventional M\/4
monopole is 23.3 and 3.9, respectively. Therefore, the use
of highly miniaturized antennas in compact devices has
the potential for significant performance improvement over
conventional antenna designs of larger physical size.

B. Rectifier Design and Characterization

As the antenna is matched to a 50  characteristic
impedance, the rectifier’s input matching needs to be de-
signed to match the same standard. By selecting a 50 (2
antenna/rectifier design, a wider range of conventional an-
tenna designs can be adopted in the integrated rectenna [15].
The rectifier is based on a compact CPW layout, to minimize
the insertion losses and maintain overall compactness, and is
matched using a 22 nH lumped wirewound inductor (L1). As
shown in Fig. 1, Ly is added to provide a DC current return
path and to improve the rectenna’s matching.

The rectifier’s PCE was characterized using a 50 2 signal
source directly connected to its input. Fig. 3 shows the
simulated measured DC output of the rectifier, across a 5 k2
load, determined following a resistive load sweep to find the
optimum load impedance. Observing the 8 V peak DC output,
high PCE, and relatively low optimum load impedance of
5 kS, the rectifier can be used to directly charge a super-
capacitor without a standalone power management circuit or
DC-DC converters, further reducing the size and complexity
of the complete system.

C. Supercapacitor Fabrication and Characterization

The supercapacitor used in this work is based on a plain
cotton substrate. The carbon electrode ink was produced
from 0.85 g of carbon (9:1 ratio of activated carbon to
carbon black), 0.15 g ethylene-vinyl acetate and 5 ml of
1,2,4-trichlorobenzene. The ink was then spray deposited
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Fig. 3. Simulated (dashed) and measured (solid) PCE and DC voltage output
of the rectifier for a 5 k{2 fixed load.

onto either side of the cotton, forming a single layered
device. These devices were subsequently impreganted with a
0.5 M tetracthylammonium tetrafluoroborate/polyacrylamide
electrolyte [16].

As the supercapacitor can only operate up to 2.4 V, two
cells are connected in series to enable operation up to 4 V.
By reaching a higher DC potential, the additional energy
stored in the supercapacitor enables the load to operate for a
prolonged time period, as well as withstand the high start-up
current (momentarily reaching 20 mA) of the BLE SoC. At a
discharge current of 0.196 mA, the two-cell supercapacitor
module had a capacitance of 14.1 mF, characterized via
galvanostatic cycling. The devices maintained a capacitance
of 11.3 mF up to a measurement current of 2.37 mA.

III. RECTENNA RFEH CHARACTERIZATION

The integrated system is characterized using a wireless
power source to evaluate its end-to-end efficiency, as well
as compare its performance to state-of-the-art textile and
compact RF energy harvesters. A 915 MHz 3 W license-
free Powercast source is used to power the rectenna at 1 m,
resulting in an incident power density of 23.9 yW/cm?. The
rectenna is directly connected to the supercapacitor, where
the DC output is defined as the net energy stored in the
supercapacitor. Unlike recently reported rectennas [1]-[3],
this includes the losses in the energy storage device as well
as the power conversion losses between the rectifier and the
varying impedance of the supercapacior [7]. Furthermore, by
quantifying the performance of the rectenna in terms of the
net stored energy, the efficiency is calculated based on the
net useful energy which can be directly used to power off-
the-shelf systems.

For an RF-charged capacitor, the time-averaged PCE is

2
PCEAverage = CTV X % X PLRF’
where C' is the capacitance of the 14.1 mF textile superca-
pacitor, V' is the peak DC potential, ¢ is the charging time
taken to reach ~4.1 V, and Prr is the RF power collected
by the antenna, excluding impedance mismatch and rectifier
losses [13]. Therefore, all losses in the system, e.g. capacitor
leakage, rectifier losses, and impedance mismatch between
the rectifier and the antenna, are factored in PCEaverage-
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Fig. 4. Measured DC output of the rectenna across the textile supercapac-
itor and the current drawn by the load post-charging: (a) large-area disc
monopole [13]; (b) the miniaturized monopole; (c) the capacitor voltage and
current draw during start-up; (d) two duty-cycled BLE advertisement packets
happening at a 1 s period; (¢) MCU shutdown when V- decays under 1.8 V.

TABLE I
DC OUTPUT OF THE COMPACT AND CONVENTIONAL MONOPOLES.

[ [ Area (cm?) [ t(s) | PCEAverage | PHE |
Disc 124 87 4477 0.47
Monopole (£5%)

Meandered 4.55 83 45.5 (£5%) | 13.2
filament

For the purpose of demonstrating a functional far-field
wirelessly-powered system, the cold-start circuit and the
MCU shown in Fig. 1 were implemented on a standard
PCB. Nevertheless, the system could also be implemented
on a flexible substrate as demonstrated in [17], where a BLE
transceiver was integrated with an EH power management
circuit and a wearable antenna on a flexible substrate.

Fig. 4 shows the charging curve of the supercapacitor for
both a 10x10 cm? broadband monopole antenna [13], [18],
and the 7x0.6 cm? meander-line monopole. The operation of
the Bluetooth wireless sensor node is demonstrated through
the current draw measured through a current-sense resistor.
The DC output of both rectennas is summarized in Table L.

The proposed harvester is compared to state-of-the-art
textile-based and compact rectennas. The Figure of Merit
(FoM), in this case the Power Harvesting Efficiency (PHE)
relative to the antenna’s physical size is defined as

Phe ov? o1 1

PHE = = X =X —————
SAPhysical 2 t SAPhysical

where Ppc is the rectenna’s DC output, S is the incident
RF power density, and Appysical is the antenna’s area. This

3)
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Fig. 5. Comparison of the proposed rectenna with recent implementations.

definition enables holistic evaluation of the rectenna which
includes the antenna’s losses and aperture efficiency [3].

Observing Table I and Fig. 4, it can be seen that despite the
compact meandered monopole and the broadband monopole
having significantly different physical areas, they both harvest
approximately the same amount of energy in a comparable
time due to having a comparable gain. Noting that the
meandered monopole occupies over 95% smaller area, it can
be concluded that miniaturizing the RF EH antenna, without
reducing its effective collection area, does not decrease the
EH efficiency or net system output. Using (3), it can be seen
in Table I that the compact meandered filament achieves a
significantly higher PHE, when normalizing its PCE to the
harvester’s physical area.

The performance of the compact meandered monopole, in
terms of DC power output and PHE, calculated using (3),
is compared to recently reported textile-based rectennas, in
Fig. 5. The DC power output is presented for the maximum
reported .S, at which the rectenna’s PCE plateaus.

Comparing [2], operating at a similar frequency and power
density, the patch antenna, whose gain is higher than the wire-
type dipole generates a higher DC output. However, when the
antenna’s size is considered, the PHE FoM reduces for larger
antenna due to its lower aperture efficiency. Therefore, for
rectennas where directional radiation patterns, [2], or a broad
bandwidth [3], [13] are not needed, miniaturized wire-type an-
tennas will generate the highest PHE, relative to their physical
size. Furthermore, while the gain, and subsequently Agg , of
the antenna will decrease by up to 10 dB in proximity with the
human body [3], [13], the proposed EH and storage module
can be used to charge the antenna intermittently away from
the human body, as well as in other applications such as asset
tracking of e-textiles.

IV. CONCLUSION

In this paper, the performance of highly-miniaturized flex-
ible rectennas for textile-integrated RF EH was investigated,
showing a five fold improvement in the total harvested
energy relative to the harvester area compared to state-of-
the-art rectennas. By designing RF energy harvesters based

on miniaturized yet high radiation efficiency meandered wire-
type antennas, it is possible to minimize the device’s physical
footprint without reducing its effective collection area. The
integrated rectenna/supercapacitor module was demonstrated
experimentally powering a BLE Arm MCU for 108 s, fol-
lowing 83 s of charging at a power density of 23.9 W/cm?,
received at 1 m from a license-free Powercast transmitter.
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