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Abstract—Wearable radio frequency (RF) energy harvesting
is highly dependent on the distance from the source and
human-caused RF shadowing. Therefore, energy storage devices
integrated with rectennas are of paramount importance to
overcome this intermittency. In this paper, the use of carbon-
based e-textile supercapacitors for storing the RF-DC converted
power for powering body area networks nodes is investigated. A
voltage doubler sub-1 GHz flexible rectifier, whose peak power
conversion efficiency (PCE) approaches 80% is coupled to a
two-cell 15.5 mF textile-based supercapacitor operating up to
4 V DC. Owing to the rectifier’s low optimum load resistance
and high DC Voltage output, the average charging PCE of
the rectifier-supercapacitor module reaches 31% for a 9.5 dBm
input. Time-varying s-parameter measurements are performed
to compare the time-averaged matching as opposed to instanta-
neous measurements using a resistive load, where the textile
supercapacitor exhibits a similar response to a commercial
supercapacitor. Finally, the RF-charged textile supercapacitor
is demonstrated, for the first time, powering a microcontroller
and Bluetooth transmitter with an average power consumption
of 350 µW for up to 102 s, following 40 s of charging at 9.5 dBm,
demonstrating its suitability for RF-powered body area networks
applications.

Index Terms—Antenna, rectifier, rectenna, supercapacitor,
wireless power transmission

I. INTRODUCTION

Radio Frequency (RF)-powered body area networks
(BANs) have attracted significant research interest, with sev-
eral textile-based rectenna implementations based on a variety
of materials and targeting different frequency bands [1]–[4].
Compared to other forms of energy harvesting, RF energy
harvesting rectennas, and more generally RF passives, can
be implemented using standard low-cost conductors on most
substrates without the need for specific materials [5]. For
instance, multi-port RF energy harvesting and communication
antennas have been realized using conventional 3D printed
substrates [6] as well as all-fabric antennas [7].

Despite their high efficiency, low cost, and ease of construc-
tion, wearable RF energy harvesting rectennas suffer from
a high intermittency due to the mobility of the user, and
body-induced shadowing. It was previously found that, when
considering the average angular gain of a wearable rectenna,
the harvested power could drop by at least 50% [8]. As a
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result, the integration of a wearable rectenna with a textile
supercapacitor was proposed to overcome the transient nature
of microwave power transmission to wearables [1].

Compared to previous implementations where rectennas
were integrated with capacitors [9], supercapacitors [10], or
batteries [11], the e-textile module in [1] achieved the highest
average wireless charging power conversion efficiency (PCE)
of up to 37%. While this highlights the feasibility of high-
efficiency RF harvesting and storage using e-textile materials,
at least three supercapacitor cells were required to reach
a voltage level around 3 V, which falls below the 3.3 V
threshold of several commercial devices, as well as below
the maximum voltage output of voltage-multiplying rectifiers
which can surpass 8 V [1]. Therefore, there is a need for
improved textile-based supercapacitors, compatible with the
voltage operation range of typical BAN nodes and with the
output of state-of-the-art rectennas [1].

In this paper, the integration of an organic-electrolyte
carbon-based e-textile supercapacitor [12] with a sub-1 GHz
rectifier is investigated. Using an improved electrolyte over
our previous rectenna-supercapacitor module [1], the pro-
posed module requires fewer supercapacitor cells to reach the
operational voltage of a real sensor node. In Section II, the
design and characterization of the rectifier and supercapacitor
are presented. We then demonstrate the integrated module and
characterize it using time-varying s-parameters, in Section III,
before demonstrating it, for the first time, powering a real
wireless sensor node load.

II. E-TEXTILE RECTIFIER AND SUPERCAPACITOR

A. Rectifier Design and Characterization

The rectifier used in this work is a coplanar waveguide
(CPW) single-stage voltage doubler based on the Infineon
BAT15-04R diode, whose breakdown voltage of 4 V enables
up to 8 V DC output and a high peak PCE around 10 dBm [1].
The rectifier is matched using a single 22 nH lumped inductor.
Fig. 1 shows the schematic of the full system, including the
inductive-matched CPW voltage doubler rectifier.

The rectifier was characterized using a Vector Network
Analyzer (VNA) as a continuous wave (CW) generator to
characterize its DC output, PCE, and reflection coefficient
(S11). In Fig 2(a), it can be observed that the rectifier achieves
a peak PCE of 80% from a 10 dBm input. Due to the relatively
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Fig. 1. Schematic of the integrated system, showing the CPW polyimide
rectifier and fully-textile supercapacitor, the cold-start circuit, and wireless
BAN node load.
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Fig. 2. (a) Simulated and measured DC output and PCE of the voltage
doubler rectifier across a 5 kΩ load at 1 GHz, (b) the measured S11 response
at 10 dBm.

high capacitance of the SOT23-packaged diodes, it can be
observed that the 22 nH inductor and the low-impedance load
(3 kΩ) result in over 200 MHz S11 < −10 dB bandwidth,
as shown in Fig. 2(b). As previously demonstrated in [1], the
inductive-matched CPW voltage doubler can produce up to
8 V DC output voltage.

The CPW rectifier is directly connected to a textile carbon-
based supercapacitor utilizing an organic gel electrolyte. By
eliminating the power conversion and management stage, the
components count can be significantly reduced making it
more suitable for integration in wearables and other low-cost
flexible and conformable systems [1].

B. Supercapacitor Fabrication

The supercapacitor is fabricated using spray-coated carbon
on a standard textile substrate, with an organic gel electrolyte.
The electrodes’ ink (9:1 ratio activated carbon to carbon
black) was deposited onto a plain weave cotton substrate via
an airbrush following the method in [13]. The textile was
clamped within an aluminium mask, with 1 cm diameter
(0.785 cm2) holes exposed. The airbrush was then set up
7.5 cm away from the mask with a pressure of 20 psi
(138 kPa) and the first electrode deposited. The mask was
then turned around and the second electrodes deposited
directly opposite the first, forming a single-layer symmetric
supercapacitor with the textile forming the separator layer.
The supercapacitors were then cured at 100◦C for 10 minutes.
After this cure, the supercapacitors were weighed and found
to have an electrode loading of approximately 2 mg each.
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Fig. 3. (a) Photograph of the supercapacitor cells; (b) SEM micrograph of
the capacitor’s cross-section.

Following the curing process, a 1 M organic gel electrolyte
was produced by dissolving 1.63 g of tetraethylammonium
tetrafluoroborate and 0.187 g of polyacrylamide in 7.5 ml of
dimethyl sulfoxide. The supercapacitors were then submerged
in the electrolyte before being placed in a vacuum of 25 mbar
for 30 minutes to improve the wetting of the electrodes and
to remove any trapped air. Fig. 3 shows a photograph of the
two-cell textile supercapacitor (a), and a scanning electron
microscopy (SEM) cross-section of the individual cell (b).

III. INTEGRATED MODULE CHARACTERIZATION

The time-averaged power conversion efficiency of the
rectifier-supercapacitor module is given by

PCEAverage =
CV 2

2
× 1

t
× 1

PRF
, (1)

where C is the capacitance of the two-cell textile supercapac-
itor, characterized to be 15.5 mF at a charge/discharge current
density of 0.5 mA.cm−2, V is the measured DC potential, t
is the charging period, and PRF is the input power [14].

Based on the 4 V turn-on voltage of the system, it was
found that a minimum of 4.5 dBm RF input is required. Based
on the measured charging time, PCEAverage was calculated
using (1) at 4.5 and 9.5 dBm to be 29.5 and 31%, respectively.
The lower average charging efficiency than the instantaneous
PCE, in Fig. 2(a), was widely reported [1], [9], [14], and is
attributed to the S11 time variation, introduced by the varying
charging current of the supercapacitor [1]. A VNA was used
to measure the time-varying s-parameter of both the proposed
textile supercapacitor and a commercial supercapacitor. The
measured response in Fig. 4 demonstrates that while the S11

for the optimal load is under −30 dB, the capacitor’s charging
current varies the observed S11. Nevertheless, the omission
of a standalone power management circuit along with the
designed rectifier result in a higher charging efficiency than
previous systems utilizing DC-DC converters [9], [11].

As shown in Fig. 1, the textile-based rectifier and su-
percapacitor are used to intermittently power an example
BAN node. The cold-start circuit is based on two XC61C
voltage monitors and a latch switch MOSFET. This creates
a hysteresis switching loop enabling the supercapacitor to
discharge through the load for 1.6 < VC < 4.1 V. The load
is based on a Texas Instruments CC2640R2F system-on-chip
(SoC), comprising a 48 MHz Arm Cortex-M3 microcontroller
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Fig. 4. Measured S11 of the rectifier while charging the textile supercapacitor
and an off-the-shelf (COTS) supercapacitor.
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Fig. 5. Measuerd DC voltage across the supercapacitor, the SoC, and the
current consumed by the BLE transmissions every 500 ms.

unit (MCU) and a Bluetooth Low Energy (BLE) transceiver.
While the measurements were performed using a develop-
ment kit on a rigid PCB, a fully-flexible BLE node with a
wearable antenna has previously been implemented based on
the same module [15]. The BLE transmitter was programmed
to transmit at 0 dBm, enabling a communication range of up
to 100 m with a remotely-located off-body receiver, every
500 ms. The SoC consumes around 6 mA during the active
transmission period, based on the datasheet parameters.

The voltage across the supercapacitor and the MCU were
monitored along with the current consumption (using a 10 Ω
current sense resistor) using a three-channel oscilloscope.
Fig. 5 shows the textile supercapacitor’s voltage charging up
to 4 V, before the cold-start circuit enables the MCU to turn
on and transmit every 500 ms, as observed in the current
spikes measured through the resistor.

IV. CONCLUSION

In this paper, the performance of a carbon-based organic
electrolyte e-textile supercapacitor in RF energy harvesting
applications was investigated. It was observed, through time-
varying s-parameters, that despite the optimal rectifier match-
ing with a resistive load, the variation in the charging current
of a capacitor limits the maximum achievable efficiency of a

rectifier. The proposed textile-based supercapacitor was then
demonstrated for the first time directly powering a wireless
Bluetooth sensor node, from a minimum input of 4 dBm, and
for up to 102 s from 39 s of charging at 9.5 dBm. Based on the
measured results, rectennas integrated with supercapacitors
are highly suitable for powering BAN nodes.
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