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ABSTRACT Despite an increasing interest in wearable wireless power transmission (WPT), until now,
wearable antennas have been unable to simultaneously harvest from near-field resonant and far-field
radiative WPT. Here, a dual-port antenna is proposed, integrating an inductive coil with a broadband
monopole for near- and far-field wearable WPT. The coil acts simultaneously as a High Frequency (HF)
near-field power receiver and an Ultra-High Frequency (UHF) resonator, enabling the miniaturization
of the enclosed broadband monopole, both fabricated using all-textile conductors. On-body, the antenna
maintains a 10 dB return loss over a measured 135% fractional bandwidth while maintaining compactness
(0.312x0.3121%). The antenna is substrate-independent and is demonstrated on two textile substrates
with different dielectric properties and thicknesses. In far-field mode, the rectenna maintains over 40%
efficiency from sub-1 wW/cm? power densities. In the near-field, a WPT efficiency up to 80% can be
achieved. The simulated Specific Absorption Rate (SAR) shows up to 40 and 20 dBm power reception
for HF and UHF operation, respectively, without exceeding the 1.7 W/kg limit. The far-field wearable
rectenna is demonstrated powering a Bluetooth Low Energy node using a BQ25504 DC-DC converter

from a best-in-class low power density of 0.88 and 0.55 wW/cm? on-body and in-space, respectively.

INDEX TERMS Antennas, body area networks, coils, inductors, rectennas, rectifiers, NFC, RFID.

I. INTRODUCTION

IRELESS power transmission (WPT) and Radio

Frequency (RF) Energy Harvesting (EH) are
widely recognized as enablers of future sustainable
Internet of Things (IoT) devices [1]-[3]. Wearable elec-
tronics and “e-textiles” in particular require flexible and
body-friendly energy supplies to avoid cumbersome and
unsustainable batteries [4], [5]. Leveraging the recent
advances in wearable antennas realized using textile mate-
rials, a plethora of RF power harvesting rectennas have
been demonstrated for wearable applications [6]-[9], includ-
ing flexible rectennas integrated with textile-based energy

storage [10], and textile rectennas for Simultaneous Wireless
Information and Power Transfer (SWIPT)[11].

However, existing wearable rectennas will inevitably be
limited in the DC power level they can generate, owing
to human body absorption as well as the regulations on
maximum Equivalent Isotropically Radiated Power (EIRP)
and Specific Absoprtion Rate (SAR) levels [12]. Therefore,
near-field magnetic resonance (MR) WPT has been widely
investigated using flexible and textile materials, for efficient
WPT over a few milliwatts [13]. However, with a maximum
range of a few centimeters for most wearable MR-WPT
coils [13], MR-WPT cannot solely provide wearables with
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the full spatial freedom promised by radiative WPT. To date,
there has been no report of a wearable rectenna operating as
a simultaneous near-field High Frequency (HF) and far-field
Ultra-High Frequency (UHF) power receiver.

Near-field HF and far-field UHF functionalities have
previously been integrated in a single device for Radio
Frequency Identification (RFID) applications [14]-[17].
Using dual-mode near/far-field antennas, IoT devices can
be powered using magnetic resonance (MR) power transfer
as well as far-field radiative WPT. Furthermore, Near Field
Communication (NFC) and UHF RAIN RFID can be simul-
taneously used for connectivity. In [17], a tightly packed
monopole antenna was proposed alongside an NFC coil
on the same Printed Circuit Board (PCB), the UHF antenna
maintained a matched S;; around 0.9 and 2.4 GHz, cov-
ering both license-free bands, yet, both elements operated
independently with no means of improving the antenna’s
performance using the coil’s area. A circularly-polarized
single-port antenna was also proposed for near HF and far-
field UHF RAIN RFID applications [16]. Despite achieving
a relatively wide 3 dB axial ratio bandwidth covering the
sub-1 GHz RFID band, the antenna’s bandwidth was limited
to 15.7%. To explain, despite UHF/Ultra-Wide Band (UWB)
antennas previously being implemented [18], there has been
no report of a broadband antenna integrated with a near-field
HF element.

Therefore, existing HF coil/UHF antenna integration
efforts do not demonstrate the feasibility of using a shared
aperture coil/antenna for broadband (>100%) fractional
bandwidth applications, or show the potential for minia-
turizing the antenna using the coil’s area. Furthermore, no
wearable dual-mode near and far-field antenna has been
reported, for either communication or power transmission
applications. To explain, the existing near/far-field antennas
do not address the wearable-specific challenges including:
(a) on-body detuning, (b) UHF radiation efficient degrada-
tion, (c) compatibility with different and often too lossy and
electrically-thin fabric substrates, and (d) compliance with
the SAR regulations.

In this paper, we propose a dual-port inductor-loaded
broadband antenna for wearable near- and far-field power
reception in the HF and the UHF license-free bands, with
with a measured 135% fractional bandwidth. The key
contributions of the work can be summarized as:

1) presenting the first broadband antenna integrated with

a near-field coil for HF operation, and the first dual-
band/mode near- and far-field wearable antenna;

2) utilizing the HF coil as a resonator for miniaturizing
the monopole to less than 80% of the area of a con-
ventional disc monopole covering the same bandwidth,
while adding HF connectivity;

3) realizing a compact wearable broadband antenna with a
stable bandwidth on the body, transferable to different
textile substrates of different thicknesses and ¢,;

4) demonstrating a high near-field coupling and high far-
field gain at each port with over 20 dB isolation in
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the license-free bands, along with an SAR of less than
1.7 W/kg for operation at 100 mW and 10 W for near
and far-field power harvesting.

5) demonstrating, for the first time, a wearable rectenna,
not isolated from the body, powering a real load using
a commercial DC-DC converter from a sub-1 pW/cm?
power density.

In Section II, the antenna design and simulation process
is presented. Section III then reports the antenna’s fabrica-
tion and characterization, with the near and far-field power
transmission performance presented in Section IV.

Il. ANTENNA DESIGN AND SIMULATION

In order to receive wireless power in the UHF spectrum, the
antenna’s bandwidth needs to cover the license-free bands in
which power can be delivered [19]. For an efficient wearable
antenna to be realized on lossy textile materials while main-
taining a low thickness, an unisolated monopole antenna is
selected because:

1) A thinner, more flexible, and more efficient (due to the
reduced substrate and conductor losses) antenna could
be realized below 1 GHz as decoupling the antenna
from the body using a ground plane cannot be done
using an “electrically-large” structure [20]. This is
demonstrated numerically against a standard microstrip
patch on the same textile substrate in Section III-C.

2) An unshielded monopole could maintain a wide
bandwidth, making the antenna immune to on-body
detuning and also transferable to substrates with a
different thickness and permittivity.

3) In energy harvesting from arbitrary directions, omni-
directional sub-1 GHz on-body monopoles outperform
their 2.4 GHz directional counterparts owing to their
wider beam-width [21].

4) Body-induced losses were found to not reduce the
RF-to-DC efficiency of wearable far-field rectennas,
despite having no isolation from the body and a gain
under 0 dBi [8], [9].

Therefore, the rectenna is designed based on an omni-
directional “wire-type” antenna, covering the 868/915 MHz
license-free bands. It was previously shown that omnidirec-
tional antennas are suitable for low-power energy harvesting
on the body with a stable S1; response [8], [9].

While energy harvesting antennas can be designed to
directly match the input impedance of the rectifier with no
intermediate matching stage [3], [22], [23], designing the
antenna to match a 50  characteristic impedance offers
more flexibility with the rectifier design and enables the
antenna to be connected to different rectifiers covering
multiple bands [3]. Furthermore, high sensitivity rectifiers
have been realized on textile substrates using lumped com-
ponents with over 40% Power Conversion Efficiency (PCE)
at —20 dBm [9], surpassing that of rigid rectifiers on low-
loss substrates [24]. Broadband antennas have the additional
advantage of not detuning in human proximity, where they
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FIGURE 1. Design steps of the proposed antenna showing its layout and
dimensions (in mm).

can maintain a 50 Q S;; < —10 dB over different body
positions [9], [25].

The antenna design steps are:

1) Scaling a broadband (>100% bandwidth) antenna to
the sub-1 GHz spectrum.

2) Miniaturizing the antenna for integration within the
coil, i.e., rectangular resonator.

3) Designing the surrounding HF coil with an inner diam-
eter over A/4 (A for the UHF bandwidth) to act as a
coupled resonator for antenna miniaturization.

4) Optimization of the UHF antenna feed to remove the
dependency on the substrate’s height and permittivity.

First, a scalable UWB-inspired design is used, which
enables a fractional bandwidth over 100% covering the sub-
1 GHz bands. The antenna is first based on the circular disc
monopole [26], widely used to realize broadband antennas
with microstrip and Coplanar-Waveguide (CPW) feeds [27].
Step 1 in Fig. 1 shows the layout and dimensions of the sim-
ple disc monopole, where the lower end of the impedance
bandwidth is primarily controlled by the diameter of the disc
Dy [9], [26].

The UWB-inspired disc antenna was simulated in CST
Microwave Studio to observe its impedance bandwidth from
0.5 to 4 GHz. The antenna has been simulated using a lossy
copper model and a substrate of €, = 1.2 and tan§ = 0.023,
matching that of felt, which is typically in the region of
1.03 to 1.2 [9], [11], [24], widely-used as a wearable antenna
substrate. Fig. 2(a) shows the simulated reflection coefficient
of the antenna for varying disc radii. Based on the simulated
response, an antenna with an area of 140 x 100 mm is
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FIGURE 2. Simulated reflection coefficient of the antenna at different design steps:
(a) conventional broadband disc with different radii [26]; (b) the miniaturization of the
antenna using a multi-turn coil as a rectangular resonator.

TABLE 1. The antenna’s parameters at 900 MHz for each design stage.

S11 < | Rlz. Total Dimens-
—10 dB | gain at | n at | ions
BW (GHz) | 900 MHz | 900 MHz | (mm)
Step I: disc | 0.80-4.0 2.45 dBi >95% 140x
D1=100 mm 100
[26], [29]
Step 2: miniatur- | 1.44-4.0 —3.4 dBi | 282% 88x 71
ized disc
Step 3: stand- | none 1.62 68%F 109
alone coil dBi* 109
Step 4: dual- | 0.8-4.0 2.49 dBi 79.4% 109x
mode antenna 109

*IEEE Gain (exclusive of mismatch); T Radiation n (exclusive of mismatch)

needed for the Si; bandwidth to cover the 868/915 MHz
band. The simulated parameters of the antenna at each design
step are summarized in Table 1.

It was previously shown that an elliptical [27] as well
as a half-disc monopole [28], can maintain a broad band-
width comparable to that of the standard disc. The monopole
antenna is subsequently miniaturized by omitting half of
the disc and adding a rectangular section to increase the
antenna’s lower bandwidth, as shown in Step 2 in Fig. 1.
The disc is then scaled to create an ellipse with a 1.64:1 hor-
izontal to vertical ration. In addition, the size of the ground
plane has been reduced from 110 x 28 to 65 x 28 mm.
The simulated S;; of the miniaturized antenna is shown in
Fig. 2(b), where it can be observed that the antenna now
maintains an S1; bandwidth from 1.7 GHz as opposed to
approximately 0.9 GHz. This in turn reduces the antenna’s
total efficiency in the sub-1 GHz spectrum, resulting in a
lower gain as shown in Table 1.
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To enable the antenna to operate as a dual-mode near-
and far-field power receiver, a near-field HF resonant coil is
needed. Furthermore, by loading the antenna using the coil,
which acts as a resonator in the UHF spectrum, the UHF
antenna’s radiator size can be miniaturized. To explain, the
use of single-loop coupled resonators including rectangu-
lar [19] and ring resonators [30] has previously been reported
for miniaturizing dipole antennas. As a result, the near-field
HF WPT coil is proposed as a loading-element which enables
the miniaturization of the broadband UHF radiator. Fig. 2(b)
shows the Sq; of the miniaturized antenna, step 4 in Fig. 1,
when loaded with a 5-turn coil. The UHF radiating element
is fully-enclosed by the coil as opposed to having an elec-
trical ground which extends beyond the coil. To explain, the
overlap of the coil’s conductors with the ground plane of a
monopole microstrip feed introduces a non-uniform current
in the ground plane which in turn degrades the antenna’s
matching.

In addition to maintaining a stable S1; bandwidth on the
body, a broadband antenna with a very short microstrip feed
can be ported to different textile substrates without the need
to re-design the antenna. To explain, to implement a conven-
tional microstrip patch antenna on different textile substrates,
prior knowledge of the thickness and dielectric properties of
the fabric is needed [31]. On the other hand, a broadband
monopole antenna will be expected to maintain its band-
width despite small variations in the relative permittivity as
well as the height of the substrate, where most textiles have
an ¢, < 3.0 [24]. To demonstrate the antenna’s matched
bandwidth over the human body as well as on different tex-
tile substrates, the antenna was simulated using using the
dielectric properties of two textile substrates: 1 mm-thick
felt with ¢, = 1.2 and tand = 0.023 [9], and 0.44 mm-thick
polyester cotton with €, = 1.7 and tané = 0.017 [32]. On
both substrates, the simulated |S;;| response was similar, and
is investigated experimentally on both substrates in the next
section.

A simplified layered tissue model was used to observe
the antenna’s performance near the body, as well as calcu-
late the antenna’s SAR when operating as a far-field power
receiver. As the antenna is not decoupled from the body
using a ground plane or a reflector, the SAR calculation
is of paramount importance to demonstrate the antenna’s
safety for on-body use. The SAR was calculated for a
20 dBm (100 mW) RF input at 900 MHz, which repre-
sents a higher limit for the amount of power the antenna
may receive from a standard license-free transmitter with a
4 W EIRP limit. The simulated peak SAR plots are shown
in Fig. 3(a) and (b) averaged over 1 and 10 gm tissue
mass, respectively. It can be observed that the proposed
antenna complies with the IEEE C95.1 1.7 W/kg limit. As
for MR-WPT, it was previously shown that an SAR under
0.2 W/kg is maintained for two rectangular coils trans-
ferring power through the body at optimal coupling [13],
owing to the low absorption of human tissue in the HF
spectrum.
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FIGURE 3. Simulated SAR of the antenna at 900 MHz for a 20 dBm input:
(a) averaged over 1 gm tissue mass; (b) averaged gm tissue mass.

lll. ANTENNA FABRICATION AND MEASUREMENTS
A. HYBRID E-TEXTILE FABRICATION
The proposed antenna has been realized using two e-textile
fabrication methods. The UHF antenna, being a large-area
component, can be realized using screen-printed lami-
nated conductors [32] or commercially-available conductive
fabrics [6], [11]. A copper and nickel conductive fab-
ric from P&P (MetWeave), with a sheet resistance under
0.1 Q/square, was used for the UHF antenna’s radiating ele-
ments. The antenna’s patterns were cut using a Graphtec
robo-cutter and attached onto the fabric using the fabric’s
adhesive backing. This fabrication method can be automated
using on-textile molds, which have previously been used to
realize multi-layered microstrip antennas on textiles [33].
Embroidered coils based on Litz threads were previously
found to have the highest wireless power transfer effi-
ciency compared to other printed and flexible e-textile coils,
owing to their lower resistance compared to printed conduc-
tors [13]. The 5-turn coil was fabricated using silk-coated
Litz threads of 40 wm thickness, embroidered onto the
same substrate using a PFAFF creative 3.0 embroidery
machine. The antenna has been realized on both the 1 mm-
thick felt and 0.44 mm-thick polyester cotton substrates.
Fig. 4(a)-(c) show photographs of the proposed antenna,
with the embroidered coil and rectifier micrographs shown
in Fig. 4(d) and (e).

B. HF COILS CHARACTERIZATION

The input impedance of the realized textile coils has
been measured using a Rohde & Schwarz ZVB4
Vector Network Analyzer (VNA) to evaluate their induc-
tance as well as series resistance. SMA connectors were
soldered onto the coils’ terminals to measure their S1; param-
eters using the VNA. Fig. 5 shows the full-wave simulated
inductance of the coil as well as the measured inductance and
resistance of the fabricated coil. The inductance was calcu-
lated from the simulated (using a lumped/discrete port) and
measured J{Z;1} as L = J{Z11}/(2xf). Both coils, imple-
mented on the felt and polyester cotton substrates, exhibited
a similar Z;; within 2%; only one plot is shown in Fig. 5.
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FIGURE 4. Photographs of the fabricated antenna: (a) antenna’s top layer on the
poly-cotton substrate; (b) antenna’s bottom layer; (c) the antenna’s top layer on a felt
substrate; (d) micrograph showing the over-stitched coils; (e) micrograph of the
rectifier realized on a flexible polyimide filament bonded to the rough felt substrate.
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FIGURE 5. Simulated and measured inductance and resistance of the coil before
and after the UHF radiating elements are added.

Observing Fig. 5, it can be seen that the fabricated coils
maintain a stable inductance in the 6.78 MHz band, with a
self-resonant frequency over 20 MHz. Furthermore, it can
be observed that the unloaded coil maintains a very low
loss resistance. At 6.78 MHz, before the UHF radiating ele-
ment is attached, the coil maintains a Q-factor over 120
(O = 3{Zin}/N{Zn}). The inclusion of the UHF radiating
elements results in an increase in the series resistance at
6.78 MHz to around 7 €2, resulting in a lower Q-factor of
41 at 6.78 MHz. This can be attributed to the additional
losses in the conductive fabric forming the antenna, which
approach the inner turns of the coil where a high E and
H-field density is maintained.

To achieve resonance at f, = 6.78 MHz, the coils were
tuned using a series capacitor Cyype, whose value is given by

Cuune = L x 27f,)?, (1)
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FIGURE 6. Smith chart plot of showing the input impedance of the coils before and
after capacitive tuning, as well as at critical coupling.

where L is the measured inductance of the coil. For the mea-
sured L = 6.2 uH, the calculated Cyye is 88.9 pF, realized
using 53 and 36 pF lumped ceramic capacitors, soldered
directly on the SMA/coil interface for VNA measurements.
Small footprint high-Q RF surface-mount capacitors can be
easily integrated on a compact flexible circuit filament, as
with the UHF rectifier’s matching network. Alternatively,
an all-flexible HF power receiver can be realized using
printed microwave textile-based capacitors, demonstrated up
to 50 GHz [32], which can be scaled to values over 40 pF
with a self-resonance in the GHz range.

The coil tuning is visualized on the Smith chart in
Fig. 6. The simulated and measured (predominantly imagi-
nary) impedance of the coils overlap, with the tuned coils
exhibiting a very similar Zj, response on both substrates.
When two symmetric coils are in close proximity at the criti-
cal coupling distance, Z;, approaches 50 €2 resulting in a high
S>1 between the coils. The WPT efficiencies and coupling
between the coils are further explored in Section IV-C.

C. UHF ANTENNA CHARACTERIZATION
The first step in characterizing the antenna’s UHF proper-
ties is measuring its impedance bandwidth. Fig. 7 shows
the simulated and measured reflection coefficient |Sy;]|
of the antenna, as well as the mutual coupling (]S21|) between
the near-field (MR-WPT coil) and far-field (rectenna) ports.
Observing both Fig. 7(a) and (b), it can be observed that
the antenna maintains an S1; < —10 dB bandwidth starting
from 800 MHz, in agreement with the simulated response.
Furthermore, the bandwidth is maintained over the two dif-
ferent substrates, despite having different thicknesses and
dielectric properties. This demonstrates the suitability of the
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FIGURE 7. Simulated (dashed) and measured (solid) reflection coefficient and
port-coupling of the antenna on two textile substrates in the UHF spectrum:
(a) 0.45 mm-thick polyester cotton substrate; (b) 1 mm-thick felt substrate.

proposed antenna for different fabrics without the need to re-
measure their dielectric properties or re-design the antenna’s
radiator or feed. In addition to the matched S;1, both fabri-
cated prototypes exhibit under —15 dB mutual-coupling for
most of the impedance bandwidth.

In addition to maintaining their bandwidth on two dif-
ferent substrates, the antennas need to be characterized in
human proximity as well as under bending. Both antennas
have been placed on the user’s chest, as well as bent around
the £ and H-planes with a radius of 4 cm. Fig. 8 and 9 show
the masured s-parameters of the antenna under bending and
on-body, for the woven polyester cotton and felt substrates,
respectively, as well as the simulated response on the layered
body model. The matched |S11| response over both substrates
demonstrates that the antenna is suitable for wearable appli-
cations, exhibiting a high immunity to bending and human
proximity, which is a further advantage of using a broadband
antenna for wearable applications.

The radiation patterns of the proposed antenna were
simulated in CST Microwave Studio as well as measured
experimentally. Fig. 10 shows the simulated and measured
realized gain of the antenna, around the license-free bands
of 868/915 MHz as well as 2.4 GHz, and through to the
lower end of the UWB spectrum. The gain was measured
using a reference antenna in line-of-sight, in the far-field of
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FIGURE 8. Simulated and measured s-parameters of the antenna, on a polyester
cotton substrate, on-body and under bending: (a) reflection coefficient; (b) ports’
mutual-coupling.
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FIGURE 9. Simulated and measured s-parameters of the antenna, on a felt substrate,
on-body and under bending: (a) reflection coefficient; (b) ports’ mutual-coupling.

both antennas, with the path loss calculated using the Friis
formula. As observed in Fig. 10, the antenna maintains a sta-
ble gain across its bandwidth. Although the measured gain,
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FIGURE 10. Simulated and measured realized gain of the proposed antenna, around
the sub-1 GHz and 2.4 GHz license-free bands; the direction of the peak gain is
maintained in the broadside direction, i.e., § = 0°.

using the free-space loss and a reference antenna, exhibits
some fluctuations attributed to the additional reflections in
the measurement setup, it mostly correlates to the simulated
gain, indicating that the antenna is suitable for operation in
the sub-1 GHz and 2.4 GHz license-free bands.

A key advantage of the proposed low-profile antenna, with
no electrical shielding from the human body, is its ability to
maintain a high radiation efficiency on an electrically-thin
substrate [20], with several on-body harvesters demonstrated
with no shielding at 433 MHz [34], 800 MHz [9], and 2
to 4 GHz [8]. To explain, the polyester cotton substrate
used in this work with a 0.44 mm thickness (0.0013xAq
at 900 MHz) is too thin to support an efficient microstrip
antenna or Artificial Magnetic Conductor (AMC)-backed
textile antenna [35]. To demonstrate that an unshielded
monopole will be the most efficient radiation below 1 GHz
with such a thin substrate, a standard TMO1 microstrip patch
with L = 115 mm and W = 150 mm was simulated in CST
using the same substrate dielectric properties for benchmark-
ing. The antenna was matched using a microstrip stub to
maintain S;; < —10 dB.

In the absence of a human phantom, the microstrip patch
maintains a radiation efficiency of —15.7 dB (i.e., 2.7%),
and a peak gain of —8.4 dBi, plotted in Fig. 10 alongside
the gain of the proposed antenna. While the gain of both
the microstrip patch and the proposed monopole (in human
proximity) are comparable, the proposed antenna maintains
a higher simulated efficiency of 10%, a four-fold improve-
ment over a conventional patch on the same substrate. It was
previously shown that the radiation efficiency as opposed
to the gain is the main figure-of-merit in RF energy har-
vesting and WPT from arbitrary directions [36]. Moreover,
when considering the physical footprint of both antennas, the
proposed antenna occupies around 14% less area than the
microstrip patch, in addition to having the ability to operate
as a near-field receiver.

The elevation patterns of the antenna were measured
experimentally over both the YZ and XY planes (from
Fig. 1) at 915 MHz, as well as simulated over the antenna’s
S11 bandwidth. From the simulated and measured patterns,
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FIGURE 11. Simulated and measured gain patterns of the proposed antenna in
space and on the layered body model at 915 MHz and 2.4 GHz.

shown in Fig. 11, it can be observed that the antenna
maintains omnidirectional radiation patterns, with a 360°
half-power beam-width over the YZ plane. Moreover, the
direction of the antenna’s peak gain is maintained up to
4 GHz. As for the simulated patterns on the tissue model,
the antenna exhibits a broadside off-body beam with a wider
beam-width.

IV. NEAR AND FAR-FIELD POWER HARVESTING
MEASUREMENTS

A. UHF SUB-1 GHZ RECTENNA EVALUATION

To realize a sub-1 GHz high-sensitivity rectenna, the
proposed antenna is integrated with a miniaturized high-
efficiency textile-based rectifier. The rectifier is based on
the low-barrier Skyworks SMS7630 Schottky diode, chosen
for its low forward voltage of around 140 mV for a 0.1 mA
current draw. The detailed design process of the microstrip
rectifier’s layout is in [9]. The rectifier has been fabricated
and integrated on the same felt substrate as the antenna. The
PCE of the rectifier was characterized using a 50 2 VNA
configured as a Continuous Wave (CW) generator, and sim-
ulated using harmonic balance simulation in Keysight ADS,
using the datasheet parameters and the packaging parasitics,
previously shown in [9]. The simulated and measured PCE
and DC voltage output, across the optimum load of 7 k€2,
are shown in Fig. 12.

Owing to the very low forward voltage drop of the
SMS7630 diode, as well as the impedance matching of the
rectifier specifically tuned for low power levels, a high PCE
surpassing 35% is achieved at —20 dBm. The effect of the
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FIGURE 12. Simulated (using an ideal and real inductor) and measured PCE and DC
voltage output of the rectifier at 900 MHz using a 50 € source.
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FIGURE 13. Simulated and measured PCE and DC voltage output as a function of
the load at 900 MHz.

resistive losses in the lumped inductor are also illustrated
in Fig. 12, which reduce the achievable peak PCE by over
20%. Nevertheless, the use of a lumped inductor is essen-
tial to realize the high input impedance required by the
diode, maintain a very compact rectifier layout, and avoid
the high insertion losses should a distributed element match-
ing network be realized on the lossy (tan§ > 0.017) textile
substrates.

To observe the effect of varying the load impedance on the
rectifier’s PCE, the load was swept from 100 €2 to 100 k2.
Fig. 13 shows the simulated and measured PCE and DC
voltage output, at —20 and —10 dBm, for the loads consid-
ered, where it can be observed that up to 42% PCE can be
achieved at —20 dBm. The optimum load impedance range
between 4 and 8 k2 is in-line with recently reported boost
converters aimed at RF energy harvesting applications [24],
showing that the DC output of the proposed rectifier down to
—20 dBm is suitable for powering a system with a 1 V out-
put, when integrated with the aforementioned boost converter
in [24].

To integrate the antenna with a single-series rectifier, a
DC current return path is needed through the antenna [9].
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FIGURE 14. Measured input impedance of the antenna, after adding the DC current
return path, and the non-linear HB-simulated impedance of the rectifier.
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FIGURE 15. Measurement setup of the proposed rectenna showing: (a) DC output
characterization under varying S; (b) on-body setup with a DC-DC PMIC and a real
load; (c) photograph of the on-body setup.

A conductive Litz thread has been added to connect the
antenna’s ground plane to the radiating element. Fig. 14
shows the impedance of the antenna around the sub-1 GHz
band after the addition of the shorting wire, which does not
affect the antenna’s S§1; bandwidth.

After integrating the antenna with the rectifier, the overall
rectenna’s wireless power harvesting efficiency can be char-
acterized. The VNA, configured to act as a CW generator,
has been connected to a Mini-Circuits ZHL-4240W+ power
amplifier (PA) with up to 41 dB small-signal gain and a
31 dBm 1 dB compression output. The output of the PA is
fed into a directional Yagi-Uda antenna with an 8.8 dBi gain,
through a 3 dB attenuator to mitigate any Voltage Standing
Wave Ratio (VSWR) variations with the antenna’s setup.
As the PA’s response is non-linear near its saturation limit,
the VNA’s second port was used to measure the forward
transmission between the transmitter and the textile antenna
(with a 50 2 SMA port), to quantify the power available
for the rectenna relative to the VNA’s signal source output,
as shown in step 1 in Fig. 15. Following the S>; measure-
ment, at different power levels, the connectorized antenna
is replaced with the rectenna, whose DC voltage output is
monitored using an oscilloscope. Fig. 16 shows the measured
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FIGURE 16. Simulated and measured wireless PCE and DC output of the proposed
rectenna at 900 MHz for a 7 k< load: (a) 0.05-5 ;:,W/cm2 power densities; (b) the
sub-0.5 uWI«:m2 region.

DC output and wireless PCE of the antenna for varying input
power levels from the CW source.

To quantify the antenna’s sensitivity, the incident power
density S is calculated as

g PrxGrx
 And?

where Prx is the estimated input to the antenna after the
PA and attenuators, Gtx is the antenna’s gain, and d is the
2 m separation, satisfying the Fraunhofer far-field condition.
The rectenna’s wireless PCE is then calculated as

2

Ppc

PCERectenna T —
Pcw X [$21]?

3)
where Ppc is the rectifier’s DC output, Pcw is the power
level of the VNA’s CW source, and |S;| (linear dimen-
sionless) is the measured forward transmission between the
transmitter and the reference connectorized textile antenna,
used for estimating the received power.

Observing the measured efficiency of the integrated
rectenna, in Fig. 16, it can be seen that the PCE is lower than
that achieved using an ideal 50 @ source, in Fig. 12. This
is attributed to the antenna’s impedance not exactly match-
ing 50 Q. The additional impedance mismatch between the
antenna and the rectifier is illustrated in Fig. 14, where it
can be seen that both the antenna and the rectifier have a
small capacitive imaginary impedance component, and the
antenna’s real impedance at 900 MHz approaches 25 €,
whereas the rectifier’s N{Z} is close to 40 .

The rectifier’s PCE has been re-simulated using a port
impedance matching that of the antenna, shown on the Smith
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chart in Fig. 14. In Fig. 16, it can be seen that the simu-
lated PCE of the antenna below 0.5 pW/cm? is still over
40%, which demonstrates its suitability for high-sensitivity
RF power harvesting with comparable performance to recti-
fiers implemented on both textile and rigid substrates using
the same diode [7], [24]. In Fig. 16, the power densities at
which a commercial DC-DC converter can be charged to suc-
cessfully power a low-power Wireless Sensor Node (WSN)
are shown for measurements carried out in the presence
(on-body powering) and absence (in-space powering) of the
human body; the DC-DC charging is detailed in the next
sub-section.

B. DC-DC CONVERTER INTEGRATION AND ON-BODY
POWERING

While several wearable rectennas have been reported [6]-[9],
their on-body DC output has not been used to power a real
load or demonstrate their ability to integrate with a commer-
cial DC Power Management Integrated Circuit (PMIC). The
proposed rectenna is integrated with a commercial PMIC
based on the Texas Instruments (TT) BQ25504, which con-
tains a DC-DC boost converter with a minimum voltage
input around 500 mV. A 100 pF electrolytic capacitor is
used to store the BQ25504’s output, which is configured to
4.2 V to enable it to drive a WSN based on off-the-shelf
components using the energy stored in the capacitor.

The rectenna has been characterized on-body using the
setup shown in Fig. 15, where it was mounted directly on
the user’s chest to include human absorption effects. The
incident power S has been varied and the output voltage
across the 100 wF capacitor was monitored using an oscil-
loscope. It was found that the BQ25504 could start from
as low as S = 0.88W/cm?, where the voltage output is
shown in Fig. 17(a). From the charging curve, it can be
seen that the capacitor takes approximately 440 s to be
charged to 4.2 V. Once the capacitor is fully-charged the
RF source is stopped and the stored energy is discharged
into a 2.4 GHz WSN based on a TI CC2640 low-power
Arm System-on-Chip (SoC) with an on-chip Bluetooth Low
Energy (BLE) transceiver. The SoC is programmed to trans-
mit and advertisement packet at 0 dBm, whose current
consumption (from shut-down) is shown in Fig. 17(b). The
energy stored in the 100 pwF capacitor powers the SoC
for under 1 s, which is sufficient for a successful BLE
advertisment which can be received by a smartphone.

The on-body wireless powering experiment was repeated
at varying S to quantify the charging time/S dependency.
Fig. 17(c) shows that the on-body charging time, using the
proposed low-profile unshielded rectenna, could reduce to
353 s for a 5.5 [LW/CII]2 incident wave, which was mea-
sured at 1.2 m away from approximately 1 W EIRP source.
The same experiment has been repeated in the absence of
the human body to investigate the human-induced losses.
In Fig. 17(c) it can be seen that the sensitivity of the
rectenna improves to 0.55 wW/cm?, which is higher than a
previously reported rectenna implemented on a conventional
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TABLE 2. Comparison of the proposed near- and far-field rectenna with other wearable rectennas.

Study Rectenna Application Frequency Gain Rectifier PCE at | PCE at S=0.5 | Electrical

Substrate (GHz) diode —20  dBm | puW/em? (%) | size (A})
(%)

This work Any  fabric | Near and Far- | HF (6.78 | 2.2 dBi (in | SMS7630- 4045 42% 0.312x
(felt and | field WPT MHz); space at 900 | 0791f 0.312x
polycotton) UHF: 0.86- | MHz); —6.5 0.0014

4.0 GHz dBi (on-body
at 900 MHz)

2020 [9] Felt (all fab- | Far-field 0.82 —4 dBi on- | SMS7630- 41.8 53 0.329 X

ric) WPT body 0791f 0.329 X
0.0027

2013 [6] Pile+Jeans Far-field 0.876 4.6 dBi HSMS-285X NR NR, 45 from | 0.702 X

(all fabric) WPT 3 0.556 X
0.0088

2018 [24] Felt (all fab- | Far-field 245 7.3 dBi SMS7630- 33.6 NR 0.74 x 0.39
ric) WPT 0791f x 0.028

2019 [7] Felt (all fab- | Far-field 24 5 dBi SMS7630- 18 NR NR, 0.625 x
ric) WPT 0791f 0.6 x 0.013f

2020 [8] Cotton  (all | Far-field 2.0-5.0 —15 dBi* SMS7630- NR <5%°% NR, >1 x 1
fabric) WPT 0791f x 0.00063%

TS

*Estimated from the graphs;
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FIGURE 17. Measured response of the BQ25504 PMIC powered from on-body
RFEH: (a) DC voltage output at S=0.88 ;LW/cmz; (b) load current drawn by the BLE
node; (c) PMIC + load charging time for varying S.

PCB and integrated with the same PMIC, highlighting the
high efficiency of the proposed rectenna.

The proposed rectenna is compared to state-of-the-art flex-
ible and textile-based rectennas in Table 2. In addition to
being the only wearable antenna to employ an HF inductive
element for near-field WPT, the proposed antenna maintains
a very small form-factor, relative to the frequency of opera-
tion, compared to all reported e-textile rectennas. Moreover,
the antenna maintains its S;; bandwidth over different body
parts. Furthermore, owing to the rectifier’s high PCE under
—15 dBm, the proposed rectenna maintains a high sensitivity
to sub-;LW/cm2 power densities, resulting in the maximum
measured wireless PCE of over 40% under 0.5 uW/cm?, in
line with that of rectennas designed solely for far-field WPT
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typical patch beamwidth; tantenna only; } estimated from the photographs; § PCE calculated using physical area.

and occupying a larger area [9]. Moreover, the proposed
broadband antenna design is the first to demonstrate that
the antenna’s bandwidth can be maintained over different
substrates with no dependence on the thickness or the dielec-
tric properties, resulting in a textile-based rectenna with
under 0.5 mm thickness and fabric-independent performance.
Distinguishable from previously-reported wearable recten-
nas, the proposed rectenna is the first to be demonstrated
powering a real-world load, in the form of a PMIC and
Bluetooth WSN, on the body from § < 1 wW/cm?.

C. NEAR-FIELD WPT EVALUATION
The HF MR-WPT efficiency between two similar dual-mode
antennas has been characterized experimentally through the
|S21] using the VNA. The WPT efficiency was measured
for different displacement between the coils, as well as for
varying horizontal misalignment. The performance of the
proposed antenna is compared to the peak theoretical WPT
achievable by conventional symmetric coils, with no UHF
radiating elements at the center of the coils, to establish the
upper performance bound for the MR-WPT efficiency.
Analytically, the |S71| between two resonant coupled
inductors, with a mutual inductance in between, can be
calculated as

2iMZyw
$21(w) =

“4)

2 ’
M20? + [(Zo +R) +j<a)L - jwclmne)]

where R is the series resistance of the coils, Zy is the char-
acteristic impedance, set to 50 2, and M is the mutual
inductance between the inductors [37]. For symmetric rect-
angular coils, M can be calculated analytically [38], and is
given by

j=1

=1
M= p x Z ZM,']' (5)

I=nTxX J=NRX
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FIGURE 18. Calculated and measured forward transmission between the coils at
6.78 MHz and at the frequency corresponding to the maximum efficiency: (a) varying
vertical separation; (b) varying horizontal misalignment at 3 cm separation.
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where a; and b; are the radii of the primary and secondary
coils, z is the vertical separation between the coils, s is
the track separation, and »n is the number of turns of each
coil [38].

The measured |S»1| of the coils is shown in Fig. 18(a),
along with the calculated maximum achievable |S,| for simi-
lar sized square coils, exclusive of frequency-splitting effects,
i.e., assuming ideal adaptive tuning is implemented. From
the |S21| measured at 6.78 MHz, f, for which Cyne Was cal-
culated, it can be seen that the critical coupling is reached for
a separation around 3 cm. In the over-coupling region, the
S21 at f drops due to frequency splitting [37]. Furthermore,
observing the peak measured |S1], i.e., assuming adaptive
tuning is implemented, it can be seen that the |S,;| reaches a
maximum of —0.9 dB, corresponding to a link efficiency of
81%. Horizontal misalignment was investigated experimen-
tally at 2.5 cm vertical separation between the coils, where
the |S21| is shown in Fig. 19(b). It can be seen that for up
to 4 cm misalignment, the |S71| is mostly maintained. The
measured performance of the dual-mode antenna is in line
with that of unloaded inductors designed solely for near-field
MR-WPT.
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FIGURE 19. Calculated (dashed) and measured (solid) s-parameters of the
critically-coupled coils at approximately 3 cm separation.
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FIGURE 20. Simulated SAR distribution for the near-field WPT, at 1 mm from the
skin, for a 10 W input.

For a 3 cm separation, i.e., approximately at critical cou-
pling, the frequency domain s-parameters response is shown
in Fig. 19. The frequency splitting effect is observed in the
|S11| response, where the dual resonant modes are observed.
The measured Sy response exhibits a wider 3 dB bandwidth
compared to the theoretical response of single-mode coils,
which can be attributed to the lower Q-factor of the inductor
after loading with the antenna’s UHF radiative elements.

A key advantage of the near-field WPT front-end inte-
grated within the rectenna is the ability to transfer higher
power levels to rapidly charge an energy storage device,
compared to far-field WPT which is limited to a sub-mW
DC power output. The SAR of the proposed antenna, when
acting as a near-field power transmitter/receiver has been
simulated in CST Microwave Studio, to identify the power
levels which can be transmitted/received while complying
with the IEEE C95.1 standard. The coil has been simulated
at 1 mm away from the skin, in a simplified homogeneous
layered tissue model, while coupling to an off-body coil
placed at 25 mm vertical separation. The simulated peak
S>1 of —2.4 dB closely approaches the measured Sz of
—2.2 dB, measured away from the body. This demonstrates
that the near-field WPT’s efficiency is mostly unaffected by
the proximity of human tissue, as well as validates the sim-
ulation model. Fig. 20 shows the simulated SAR distribution
around the coil (with the off-body coil hidden).
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TABLE 3. Comparison of the proposed antenna’s near-field performance with other textile MR-WPT implementations.

Near-Field Dimensions Fabrication Freq. (MHz) Substrate Peak Eff. at 0.5 | Efficiency at 2
WPT Method (cm) cm Distance cm Distance
This Work MR, single-RX 10.9x 10.9 Embroidered 6.78 Felt and poly- | 81%* 62%
Litz wires cotton
2021 [39] MR, single RX | Diameter = 6.8 Khnitted copper | 13.56 Cotton swatch 30% 14%
wire
2020 [13] MR, dual RX 6x6 Embroidered 6.78 poly-cotton 90% 40%
Litz wires
2019 [40] MR, single RX | Diameter = 3.2 Copper tape | 80 polyester 60% ~25%]
with  resonant epoxied  onto
loop textiles
2017 [41] MR, single RX | Diameter = 9 I mm wire on | 6.28 and 9.29 polyester 75% 70%
with  resonant textile
loop

*Exclusive of frequency splitting effects; festimated from the graph.

The simulated SAR distribution, for a 10 W input, demon-
strates compliance with the 1.7 W/kg peak SAR limit, with
a peak SAR under 1.5 W/kg, averaged over 10 gm and
1 gm tissue mass. As the 10 W input was applied at the
on-body coil, it is expected that the off-body coil could be
excited with a an input over 10 W, to account for the insertion
losses in the antenna and in the wireless link. However, such
high-power WPT remains dependent on the power handling
properties of the embroidered coils.

Table 3 compares the performance of the antenna as
an HF MR-WPT transmitter/receiver to reported flexible
and textile-based coils, proposed solely for near-field WPT
applications. The proposed antenna achieves a comparable
MR-WPT peak efficiency to previous coils which do not have
far-field radiative elements. It is noted that apart from [13],
the effects of frequency splitting and over-coupling have not
been investigated in studies reporting flexible and wearable
coils. Considering the state-of-the-art far-field performance,
compared in Table 2, and the high MR-WPT performance, in
Table 3, the proposed antenna is highly suited for dual-mode
operation.

V. CONCLUSION
In this paper, a dual-mode HF and UHF textile antenna
was proposed for simultaneous near and far-field WPT. The
proposed antenna combines, for the first time, a broadband
UHF radiator with a near-field HF resonant coil. In addition
to adding the HF resonant WPT functionality, the inductor
loading the antenna acts a resonator which enables the minia-
turization of the broadband monopole. Despite the all-textile
simple construction of the near/far-field power harvesting
antenna, state-of-the-art performance is demonstrated in both
modes of operation in the form of:
o a high maximum achievable near-field wireless power
transfer efficiency in excess of 80%;
o a broadband S7; bandwidth with a compact antenna,
owing to utilizing the coil as a rectangular resonator;
o textile substrate and human proximity-independent
bandwidth 135% fractional bandwidth;
« demonstrating a high RF power sensitivity with efficient
conversion down to 0.1 wW/cm?, in line with state-of-
the-art far-field-only rectennas;
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« harvesting a sufficient DC power output to power a
BLE WSN, using a commercial DC-DC converter, from
0.88 wW/cm? on-body, despite the lack of a shielding
ground plane or reflector.

Based on the proposed antenna, future e-textile wearable
devices can be wirelessly powered in both the near- and
far-field using a shared-aperture antenna, enabling different
charging currents and ranges of operation, for maximum
versatility.
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