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Abstract—The design of a novel two-port loop antenna, oper-
ating in the 30-GHz band, is proposed as the energy receiver
in a mm-wave WPT link, exploiting Bessel beam launchers
for power transmission. For wearable applications this solution
allows to combine the focusing capabilities of the launchers with
miniaturization, important requirements for wearable devices.
Starting from a rectangular loop length chosen to cover the main
beam area, its geometry is outfitted with meandered sections of
conductors that act as phase shifters, to ensure uniformity of field
distribution and getting rid of field nulls. To further enhance
field uniformity, two differential ports, placed in symmetrical
positions, are selected and the energy transfer capabilities of the
wireless link, consisting of the launcher and the modified loop, are
computed by numerical simulations for several distances, both in
air and in proximity of human tissues. Two identical differential
rectifiers, adopting mm-wave GaAs Schottky diodes, are designed
with the proposed two-port loop as the feeding network. An
RF-to-dc efficiency of 30 % is predicted for an RF power of
10 dBm at 31.67 GHz. The proposed system can be a feasible
solution to be used in compact WPT applications, particularly
when wearability, compactness, and lightness are required.

Index Terms—WPT, mm-wave, loop, wearable.

I. INTRODUCTION

In recent years, wireless power transfer (WPT) has be-
come an increasingly active area of research, particularly
at millimeter-wave frequencies. One promising approach for
mm-wave WPT is the use of loop antennas as receivers, as
one of the best compromise between compactness and overall
efficiency. In particular, WPT systems that use loop antennas
operating at millimeter wave frequencies have shown to be
promising for applications such as Internet of Things (IoT)
devices [1], medical implants, and wearables [2], thanks to
their reduced dimensions [3]. These systems take advantage
of the benefits of high-frequency electromagnetic waves, such
as reduced signal interference, increased spatial resolution,
and the ability to transmit data and power at the same time.
This work proposes the design and performance analysis of a
31.67 GHz loop antenna to be applied in wearable wireless
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power transfer applications, introducing a design that boasts
miniaturization and compactness, aiming to be a valuable
option for radiative near field links made of Bessel Beam
launchers [4].

This type of launchers shows noticeable properties when
used for the transmitting side thanks to their diffraction-free
nature and their focusing capabilities [5], placing themselves
as an alternative to already established focusing techniques,
such as Time Modulated Arrays (TMA) [6], which are mainly
focused on longer distances. In the context of wearable de-
vices, however, their use as receiver shows some limitations
for multiple reasons. The rigid structure coming from the
metallic nature of the waveguide does not allow to think of
bendable solutions or different shapes that could adapt better
to human tissues. Their non-diffractive range is strictly related
to their dimensions, making challenging to have high level of
miniaturization for a fixed frequency of operation, unless a
reduction of the application range is accepted.

(b)

Fig. 1. (a) Stack-up of the proposed wearable 30 GHz loop and (b) side
view of the loop in front of to a Bessel Beam launcher operating at the same
frequency.

Furthermore, the wireless power transfer link presented



in [4] accounts for the use of two TE-polarized Bessel
Beam launchers, both in transmission and reception. Although
performance are promising, the only drawback lies in the
overall geometry of the launcher, which indeed allow for an
electrical decoupling with the surface it is laid on, but at the
expense of a resonant cavity having a 3-cm diameter and 7-
mm thickness. Therefore, the aim of this article is to describe
a possible design of a suitable receiver to be used inside a
WPT link having a Bessel Beam launcher only as transmitter.
The challenge is finding a layout that would boast a higher
level of miniaturization while remaining efficient in terms of
wireless power transfer capabilities.

Figure 1a shows a pictorial representation of the proposed
stack-up for the receiver side of the WPT link and Fig 1b
compares the form factors of the two sub-systems. The overall
volume of the proposed system is 15x15x3 mm3. As can
be noticed, the suggested design introduces an improvement
not only in the miniaturization factor along the transversal
direction, leading to a reduction of about 50 % in the diameter,
but in particular on the overall thickness of the structure, with
a reduction of around 57 %, together with the possibility
of realizing it completely flexible. The TE-polarized Bessel
Beam launcher used for comparison, has been designed and
thoroughly described in [4]. The work is organized as follows:
Section II describes the operative steps of the loop antenna
design, in Section III a link budget estimation is carried out
and performance are compared with state-of-the-art radiative
near field WPT solutions, Section IV presents the design and
optimization of a balanced rectifier, and finally, conclusions
are drawn in Section V.

II. ENGINEERED DESIGN OF THE MM-WAVE LOOP

Due to the electromagnetic nature of the chosen loop, the
field distribution along the longitudinal direction, as well as
the complex power associated to it, is mainly due to the
magnetic field component. In particular, a suitable transmitter
must be chosen to transmit a complex EM power to be mainly
proportional to the |H | component of the generated electro-
magnetic field; thus a transmitter exciting a TE-mode must
be selected, such as a TE-polarized Bessel Beam Launcher
designed in [4]. Conventional loop antennas for WPT are
of the “electrically small” type (i.e. perimeter smaller than
half the operating wavelength) to produce a strong magnetic
field in the central area. However, for the present case, the
loop is much longer, due to the mm-wave operating fre-
quency of the Bessel Beam Launcher used in transmission,
which is approximately 30 GHz. When electrically small loop
antennas operate at mm-wave, the corresponding perimeter
is of few millimeters, resulting in a challenging realization
and an extremely reduced interrogation zone. In this context,
the receiving loop antenna has been designed with the main
aim of maximizing the compactness and reducing the overall
encumbrance when applied in a wearable context. For this
reason, the loop length is chosen in such a way that the
enclosed area corresponds to the cross section of the main

Bessel beam for distances belonging to its non-diffractive
range, as depicted Fig. 2.

xy-plane

Fig. 2. Pictorial representation of the wireless power transfer link highlighting
the relation between the loop dimension and the main beam of the launcher
for a general case.

This way, having the majority of the power transferred
by the Bessel transmitter concentrated in the main beam,
allows for the loop to harvest a consistent amount of power
while halving the overall dimensions both in the longitudinal
and transversal direction. Moreover, it is worth noticing that
the proposed loop layout can be easily realized on flexible
materials, whereas the Bessel Beam cavity requires a more
rigid structure, thus promising improvements are not only size-
related but also on the wearability of the device itself. An
initial design accounts for a single-loop squared layout which
fulfils the previously-mentioned requirements. The current,
flowing through the perimeter, experiences a phase inversion
after every \o/2 travelled length, which results in current nulls.
Considering a simple square loop, fed by one port, and having
a side length of 10 mm, from Fig. 3a, it can be inferred that
the current shows eight different amplitude nulls.
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Fig. 3. (a) Current and (b) magnetic field distribution (dB (A/m)) for the loop
fed with a single port.

The corresponding magnetic field intensity, displayed in
Fig. 3b, shows weaker levels in the central area with respect
to the proximity of the loop metallization. For the present
case, the receiver is realized on a Rogers RO3003 (¢, = 3,



tand = 0.001) having a thickness of 0.254 mm. In order to
overcome this lack of uniform field distribution, the layout
is modified introducing meandered portions of the conductor
with proper length to act as phase shifters, see Fig. 4 for
reference, similar to what has been realized in [7].
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Fig. 4. (a) Current and (b) magnetic field distribution (dB (A/m)) for the
loop, modified with phase shifters, fed with a single port.

Phase shifters allow to compensate for each point of min-
imum, ensuring uniform current along the loop sides. Each
phase shifter has a length of )\o/2, which corresponds to
the distance between two subsequent zeros of the surface
current. In this way, a more uniform magnetic field distri-
bution is obtained inside the loop perimeter together with a
strong component located in the centre of the loop, directed
along the longitudinal direction z. The introduction of the
phase shifters enlarges the total loop length of the structure
from 4\ to 8)\g, and a fine tuning of the shifters position
and length is required, especially considering the operating
frequency involved. However, this optimized layout shows an
asymmetrical behaviour of the field distribution, due to the
feeding section located at the bottom of the loop. It can be
observed that, in correspondence of the port location, a portion
of magnetic field is generated outside the central area.
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Fig. 5. Magnetic field distribution (dB (A/m))for the loop, modified with
phase shifters, fed with balanced ports.

At such high operating frequency the presence of the port
introduces a discontinuity which creates an unbalance distri-
bution of the electromagnetic field. For this reason, a second
feeding port has been located diametrically opposite to the first
one in such a way that the discontinuity effect is balanced
and, consequently, the generated field. Each port is phased
coherently to ensure a uniform current distribution along the
loop. This two-port arrangement will be fed with one half of
the power per each port with respect to the single-feed case, in
order to ensure a proper comparison. As can be inferred from
Fig. 5, the magnetic field distribution shows higher intensity
and uniformity in the central area, avoiding field dispersion in
the adjacent regions. Moreover, the corners of each meandered
section have been trimmed to be in compliance with the high
operating frequency, and minimize unwanted radiations and
power losses, as shown in Fig. 6a.
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Fig. 6. (a) Schematic representation of the proposed 30 GHz loop: Lgjor =
1.8 mm, Wgior = 0.8 mm, L = 9.7 mm, Ws = 0.5 mm, p = 0.5 mm,
(b) magnetic field distribution (dB (A/m)) for the multilayer structure of the
engineered loop, placed on a skin layer.

Given the operative context, after validating the loop perfor-
mance in air by means of full-wave simulations, the system is
finely tuned accounting for the presence of a layered structure
in which biological tissues must be modelled accordingly. In
particular, a thin layer of plastic is interposed between the
loop and the ground plane. The thickness of the plastic layer,
(e, = 2.5, tand = 0.018 @30 GHz), has been chosen in
order to be able to position the ground plane layer at the
reference distance of \g/4, which allows it to act as a reflector



to ensure maximization of the magnetic field towards the
broadside direction, without affecting negatively the correct
functioning of the loop. The presence of biological tissues
is accounted for by introducing a skin layer (e, = 14.4,
tand = 1.08 @30 GHz) of 2 mm thickness on top of
which the whole structure is positioned and simulated. A
schematic representation of the proposed stack-up is shown
in Fig. 1 (a). The system accounts for the presence of four via
holes that connect the loop to its dedicated circuitry located
on the bottom layer. Having introduced such multilayered
structure, as well as the via holes, implies a fine tuning of
the loop geometry, whose final parameters are reported in
Fig. 6a. As can be inferred by the field distribution in Fig. 6b,
the introduction of a ground plane offers a proper isolation
from the skin layer resulting in a generated magnetic field
distribution that is not strongly affected by the presence of the
body surface.

III. LINK BUDGET ESTIMATION OF THE MIXED WPT LINK

In order to estimate the received power range, to conve-
niently design and optimize the rectifier, a link power budget
has been computed. Moreover, the designed loop aims at
boasting reduced dimensions but with sufficiently efficient
performance in terms of wireless power transfer, when com-
pared with a link adopting Bessel Beam launchers on both
the receivers and the transmitter sides [4]. For this reason,
the performance are evaluated for mixed links: the first one
uses a TE-polarized Bessel Beam launcher, modelled accord-
ing to [4], as transmitter and the designed loop as receiver
while performing the analysis in air, whereas the second link
accounts for the presence of the skin layer. The simulation
accounting for the dielectric slab is of a paramount importance
to mimic the situation in which the loop antenna is worn. As
expected, the presence of the skin layer introduces degradation
on the received power level, however, the overall dimensions,
reduced of about 50 % with respect to the equivalent link
exploiting two Bessel Beam launchers, allow to make this
implemented design a valid solution for a lighter, miniaturized
and thinner wearable receiver. Given the reduced operative
distances between the transmitter and the receiver, the far-field
approximation does not hold, thus the Friis equation cannot
be used for the computation of the link power budget.

TABLE I
RECEIVED POWER LEVELS

Distance [4] Proposed receiver Proposed receiver at
[mm)] [dBm] in air [dBm] 2.5 mm from skin [dBm]

20 mm 15.8 139 11.6

30 mm 9.2 8.9 5.1

40 mm 4.9 4 -2

A way to perform this calculation, valid for any possible
operative zone, is the method described in [8], which allows
to rigorously and efficiently compute the received power of
a wireless link for different TX-RX distances. The received

power is evaluated considering a 27 dBm transmitted power
and increasing separation distances between the transmitter
and the receiver equal to 20, 30 and 40 mm, respectively, and
the obtained values are listed in Tab.I.

Given the wearable context, the compliance with the guide-
lines for exposure to electromagnetic fields must be eval-
vated. The Specific Absorption Rate (SAR) has been cal-
culated considering the maximum value of received power
(11.6 dBm) at each balance port. The maximum obtained value
is 0.0048 W/Kg, averaged of 10 g of tissue, allowing this
system to operate below the safety limits that, for the operating
frequency, are of 2 W/Kg.

IV. BALANCED RECTIFIER DESIGN

In this work, to be in compliance with the loop layout, a
differential rectifier is implemented. Multiple kinds of differ-
ential rectifiers are reported in literature, as in [9]-[11]. Their
use in energy harvesting applications is extensively validated
(see [12], [13]) and motivated from the fact that antennas with
differential feeding usually provide a high level of efficiency.
In [14], a differential rectifier is exploited with a rectenna
design, avoiding the use of via-holes connection in favour of
a more practical and easy-to-be-realized system. A schematic
representation of the proposed layout is depicted in Fig.7.

Fig. 7. Schematic representation of the proposed loop embedding the balanced
rectifier C' = 50 pF', Rjoqq = 5000 2. The circuitry, hosted in the bottom
layer, is schematically represented for reference purposes.

The presence of two balanced ports, introduced to improve
the field distribution, requires the use of a four-branch rectifier
topology, schematically depicted in Fig. 7. As previously
discussed in Section II, the presence of a ground plane
located at \g/4 has the main function of acting as a reflector,
enhancing the magnetic field density in the centrer of the
loop along the broadside direction, while also ensuring an
electrical decoupling with the body surface. This layout can
be exploited to design the rectifier circuitry on the bottom
layer, removing the influence that physical components may
introduced when located coplanar to the loop. For this reason,



the loop is connected to the input of the matching network on
the bottom layer by means of four 0.3-mm diameter via holes.
The four via holes must be taken into account when designing
and optimizing the circuitry. To carry out this, their equivalent
inductance can be modelled, as described in [15], and the
obtained values are placed in the linear subnetwork of the
rectifier circuit. Each branch consists of a matching network
(MN in Fig. 7), followed by a capacitor C' = 50 pF used as a
DC-block. The differential rectifier is based on four voltage-
doubler stages, two for each balanced port, made of Macom
MAA4E2037 diodes, chosen for their low junction capacitance
(20 fF). The rectifier has been optimized to maximize the
NRF—to—dc power conversion efficiency within a received
power range that is in compliance with the received power
level calculated in Tab.I when the skin layer is present. The
predicted performance, plotted in Fig. 8, shows an ngr—to—dc
that has a maximum value of 28% at 20 mm distance between
the TE-polarized Bessel Beam launcher and the designed loop.
These obtained performance, despite being satisfying, suffer
from the increased number of diodes with respect to the
rectifier layout used in [4], resulting in extra losses at mm-
waves.
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Fig. 8. MrF—_to—dc power conversion efficiency vs dc-voltage levels for
different received power levels.

However, the obtained results are aligned with the current
state-of-the-art for the mm-wave rectenna, leading this solution
to be a valid option to perform efficient wireless power transfer
while achieving miniaturization, lightness and, in a possible
future development, flexibility. Due to the high operating
frequency and the multilayer design, the fabrication process
will be matter of future research activities.

V. CONCLUSION

The design of a novel, mm-wave loop antenna for wearable
wireless power transfer applications has been introduced in
this work. Field distribution uniformity has been achieved
by introducing proper meandered conductor sectors, acting
as phase shifters, eliminating the periodic occurrence of

current nulls. Furthermore, two differential ports have been
suitably located in symmetric positions to be connected to
a balanced network of rectifiers. The design steps (and the
chosen operating frequency) have aimed for miniaturization
and compactness in comparison to available solutions based
on wireless links adopting radiative near field structures. The
evaluation of the wireless link budget, using a numerical
method, enables the optimization of a balanced rectifier, whose
results are consistent with the literature. To be fully compliant
with the wearability requirements, simulations of the entire
system have been performed, accounting for the presence of
biological tissue layers showing promising results and making
the presented system a viable option in this context.
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