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Abstract—Sustainable battery-free operation is a requirement
for wearable electronic textiles. This work presents a complete
wearable textile-based radio frequency energy harvester and
an energy storage module. The rectifying-antenna (rectenna)
receives incident sub-1 GHz RF power from a license-free
transmitter and converts it to DC with up to 90% efficiency
and 8 V DC output from under 4 mW of RF power. A spraycoated textile 7.1 mF supercapacitor is integrated as an energy
storage unit. Electrochemical Impedance Spectroscopy has been
used to characterize the supercapacitor’s impedance and a fourbranch circuit model has been obtained. The 7.1 mF textile
supercapacitor has been demonstrated charging to 1 V (3.55 mJ)
in under 11 seconds at 1.2 m separation from a wireless power
source, demonstrating over 15% end-to-end efficiency, the highest
charging efficiency of a textile supercapacitor from an integrated
flexible energy source.
Index Terms—Antenna, E-textiles, Rectenna, RF Energy Harvesting, Supercapacitor, Wireless Power Transfer

I. I NTRODUCTION
Integrating electronic functionalities, such as sensing and
wireless communication, in garments using textile materials,
known as e-textiles, represents an emerging sector of the
Internet of Things (IoT) market. Enabling such devices to be
power-autonomous and battery-free through sustainable energy
harvesting and delivery methods is key to e-textiles becoming
ubiquitous in garments.
Textile-based ferroelectric [1], tribolectric [2] and thermoelectric [3] energy harvesting has been previously reported.
Furthermore, near-field and far-field wireless power transfer
(WPT) has been reported using textile-based coils [4], [5]
and flexible antennas integrated in textiles [6] or fabricated
using conductive fabrics [7], [8]. As opposed to ambient
energy harvesters which depend on the user’s activity, onbody placement, or certain operation conditions such as steep
thermal gradients [3], far-field WPT using rectifying antennas
(rectennas) enables reliable delivery of power with theoretical
Radio Frequency (RF) to DC efficiencies approaching 100%.
Recent advances in energy storage on textile materials
has shown the potential to store milli-Joules of energy in
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Fig. 1. The proposed textile wireless power supply module: (a) diagram
showing the system’s main components, (b) photograph of the prototype
implemented on a cotton substrate.

textile supercapacitors or batteries [1], [9]. However, when
integrating such storage devices with mechanical energy transducers the charging efficiency is adversely affected, due to
the impedance-mismatch at the harvester-capacitor interface,
and the harvester’s low-frequency. Thus, it can take up to one
hour to charge a 2 mF flexible supercapacitor to 0.5V, with an
end-to-end efficiency of less than 1% [1]. Moreover, utilizing
RF energy harvesting to charge a sensor node has only been
considered using standard rigid rectennas and supercapacitors,
with an intermediate power management interface [10].
This work presents a textile-based power supply and energy
storage module based on a flexible rectenna integrated with
an in-house spray-coated textile supercapacitor. The proposed
module, shown in Fig. 1, is able to store up to 8.2 mJ of
energy in under 30 seconds of wireless charging from a 915
MHz transmitter at 1.2 m from the harvester, demonstrating
over 15% end-to-end charging efficiency. This paper discusses
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the implementation of the textile-integrated rectenna (section
II), the textile supercapacitor characterization (section III) and
evaluates the performance of the textile power supply module
under different RF power excitations (section IV).
II. E NERGY G ENERATION : T HE R ECTENNA
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To harvest or receive far-field wireless power, the receiving
antenna needs to be matched to the rectifier’s impedance.
This can be achieved using either a stand-alone impedance
transformer (a matching network) or an antenna designed with
a complex impedance which directly conjugates the rectifier’s
impedance [11]. The key figure-of-merit when designing a
rectenna is the Power Conversion Efficiency (PCE), given by
the ratio of the harvested DC power across a resistive (Zload )
load to the available2.5
RF power at the antenna’s port PRF (1).
2
Vload
P CE =
Zload PRF
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Fig. 2. PCE and DC voltage output of the flexible rectenna across a 20 kΩ
resistive load at 915 MHz.
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process [12].
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due to its relatively high break-down voltage of 4 V and low
forward voltage drop of 230 mV, making it suitable for a wide
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dynamic range of RF power levels which enables rapid and
efficient charging of the textile energy storage. The optimal
input impedance of the rectenna, as well as the rectifier’s
performance, have been simulated using non-linear harmonic
DC Voltage
balance simulation in Keysight Advanced Design Systems Fig. 4. Empirical circuit model of the textile supercapacitor. C1 =7.1 mF,
C2 =2.6 mF, C3 =0.7 mF, C4 =47 µF, R1 = 488Ω, R2 =117Ω, R3 = 66.9Ω,
(ADS). Fig. 2 shows the simulated PCE and DC voltage across R4 =107Ω.
a 20 kΩ load. A folded dipole antenna enables achieving a
tunable high-impedance that can directly match the rectifier.
The antenna has been tuned based on the parametric analysis [1]. Three individual capacitor cells, each rated for 1.2 V,
were connected in series to allow the capacitor’s maximum
in [12] to match the rectifier’s impedance at 0 dBm.
The rectenna has been fabricated on a flexible polyimide rated voltage to 3.6 V to match the rectenna’s output. A
filament of less than 50 µm thickness. The filament can then be four branch supercapacitor model has been used to model the
integrated into a standard textile weave as well as encapsulated textile supercapacitor [15]. Unlike the complete model in [15],
using vacuum forming or glob-top epoxy encapsulation. The the voltage-dependent capacitance has not been considered
antenna’s traces have been etched using standard photolithog- due to its minimal influence on the supercapacitor’s overall
raphy, this process has been previously utilized to realize RF performance. The empirical circuit model, shown in Fig. 4,
harvesters [13] and textile antennas up to millimetre-wave matches the measured input impedance up to 100 Hz with
bands [14]. Fig. 3 shows a photograph of the rectenna inserted less than 8% error in C1 , and less than 5% error for the other
capacitive branches compared to the EIS measurements.
in a bespoke woven textile pocket. Powercast 3W
C
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M ODELLING
Electrochemical Impedance Spectroscopy (EIS) has been
used to characterize the impedance of the in-house textile
supercapacitor over frequencies ranging from 0.1 to 100 Hz

IV. I NTEGRATED W IRELESS P OWER S UPPLY M ODULE
E VALUATION
Supercapacitor
A. Capacitor Charging using an RF Signal Generator
A power-calibrated continuous wave RF signal generator
has been used initially to feed the rectifier. This enables
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Fig. 6. Test setup showing the wireless powering1.4of the textile supercapacitor
1.2
using the rectenna filament at 1.2m from the Powercast
transmitter.
1
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Fig. 7. Wireless charging of the textile supercapacitor at 1.2 m separation
from the Powercast transmitter.

receiver gain, 3W EIRP at 915 MHz and 1.2m separation.
The calculated received power using the setup in Fig. 6 is
3.32 dBm (2.14 mW). However, due to multi-path effects and
impedance mismatch between the antenna and the rectifier,
DCpower
Voltage
the effective
delivered to the rectifier will be lower.
The wireless power transmitter is turned on for 30 seconds
before the capacitor is allowed to self-discharge. Fig. 7 shows
the supercapacitor’s charging curve using the wireless power
source at 1.2 m separation. In 11 seconds, the capacitor stores
3.55 mJ of energy. The average charging power PDC of the
capacitor (C=7.1 mF) can be used to calculate the average
end-to-end efficiency (2), where t is the 11 s charging time,
VC is the voltage across the capacitor, and PRF is the 2.14
mW RF power level.
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characterizing the rectifier’s DC output with 0.1 dB PRF
accuracy compared to wireless testing. A 2 kΩ load has been
used to measure the DC power generated by the rectifier.
Three RF power levels were considered 0, 5, and 10 dBm,
the corresponding DC output
of the rectifier
is 0.41, 1.05, and
Powercast
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2.22 mW, respectively. Fig. 5 shows the charging curves of
MHz
TX excitations.
the supercapacitor under 915
the three
different
It is observed that from less than 3.2 mW (5 dBm) of RF
power, the proposed RF power supply module is able to store
11.4 mJ of energy in the textile capacitor in 30 seconds of
RF-powering.
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The calculated net average DC power yield is 322 µW
demonstrating a 15% end-to-end efficiency. This is inclusive
of the antenna and rectifier’s losses, the impedance mismatch
between
the antenna and the capacitor, as well as the selfSupercapacitor
discharge in the textile supercapacitor. This represents the
highest reported charging efficiency of textile supercapacitor
using an integrated harvester.

1.2 m

B. Wireless Testing using a License-Free Transmitter
A commercial wireless power transmitter (Powercast) operating at the 915 MHz license-free band has been used to test
the rectenna filament integrated with the textile supercapacitor.
The Powercast transmitting 3W equivalent isotropic radiated
power (EIRP) PRF has been placed at 1.2m from the rectenna.
The rectenna’s output has been connected to the supercapacitor
using silk-coated fabric Litz wires. The supercapacitor has
been concealed in a Swagelok case to prolong its lifetime and
improve the repeatability of the experiments. Fig. 6 shows the
test setup of the rectenna charging the textile supercapacitor.
The RF power received by the rectenna can be calculated
using the Friis free space propagation model using 1.8 dBi

V. C ONCLUSION
This work has presented a RF wireless power supply with
integrated energy storage for e-textile applications, based on
a flexible rectenna filament and a spray-coated textile supercapacitor. The proposed unit can successfully store more than
3.55 mJ of energy in under 11 seconds of charging using a
commercial wireless power source at 1.2 m separation, with an
end-to-end efficiency of 15%, the highest charging efficiency
of a textile supercapacitor using a wearable energy source.
This demonstrates the feasibility of using RF power to entirely
charge a textile-based energy storage device enabling batteryfree wearable sensing and wireless communication.
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