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Highly Efficient Wideband mmWave Rectennas
for Wireless Power Transfer System with Low-
Cost Multi-Node Tracking Capability
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George Goussetis, Senior Member, IEEE, Guy A. E. Vandenbosch, Fellow, IEEE and Yi Huang, Fellow, IEEE

Abstract—An innovative wireless power transfer (WPT) system
utilizing millimeter wave (mmWave) power for multi-node
charging and tracking is presented in this paper. The core concept
of the system revolves around the utilization of frequency-
dispersive leaky-wave antenna transmitters, enabling passive
beam scanning in the far-field without the need for active phased
arrays. However, such a system requires a breakthrough in
receiving rectenna design at mmWave frequencies, encompassing
a wide frequency bandwidth, wide beam width, and high RF-DC
conversion efficiency beyond 20 GHz. In this work, we introduce
a pioneering mmWave rectenna design achieved through the co-
design integration of a magnetoelectric dipole and high-frequency
diodes, eliminating the need for complex impedance matching
networks at mmWave frequencies. The proposed rectenna
operates in the frequency range of 24-34.5 GHz, achieving over
50% RF-DC conversion efficiency for input powers exceeding 15
dBm. Additionally, the rectenna demonstrates improved gain and
beamwidth compared to conventional designs, enabling wide-
angle reception of frequency-scanning passively beamformed
mmWave signals. A practical demonstration of the proposed
system showcases simultaneous wireless charging of three nodes,
highlighting its notable advantages in terms of mobility, cost-
effectiveness, and simplicity over conventional WPT technologies.

Index Terms—leaky-wave antenna, mmWave, node tracking,
rectennas, wireless power transfer.

I. INTRODUCTION

‘N JTIRELESS power transfer (WPT) has a transformative
potential to simplify our everyday life as it increases
mobility, convenience, and safety for plenty of applications in
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consumer electronics, electric vehicles, defense and space
technologies [1]. The development of WPT technology has
been historically important, which started with Tesla’s heritage
experiment in the 1890s, and has experienced an over 100
years’ roadmap with many significant achievements and
milestones [2-6]. In recent decades, the emergence of the Qi
standard in 2010 enabled vast ranges of smartphones and
wearable devices with wireless charging capabilities [7-8]. But
user benefits largely rely on the elimination of cords and wires
but fall short of providing the flexibility of truly remote
(charging distance >20 cm) and on-the-move charging of
handheld devices. The hunt for remote and on-the-move
charging is on [9].

Far-field WPT via radio waves is a promising way for remote
charging (e.g., up to kilometers for Space Solar Power Satellites
[10]). However, the radiative wireless power could be largely
scattered in open areas whilst the path loss of radio waves
propagating in free space is significant; consequently, the end-
to-end efficiency of the far-field WPT system is relatively low.
This has been the main challenge for traditional radiative power
transfer. To improve the WPT link efficiency, high directivity
antenna arrays with beamforming capabilities are preferred to
transmit power effectively. State-of-the-art research has shown
the feasibility of using the phased array [11-15] and digital
meta-surfaces [16-18] for wireless power beamforming and
near-field beam focusing, such that the power beam could be
focused sharply while the beam direction is switchable toward
several receiver locations. But the phased array concept
essentially needs active phase shifters and array feeding
networks which introduces significant power loss (more than 6
dB) and increases the costs tremendously. Similarly, digital
meta-surface and beamformers for radiative near-field focusing
needs the massive integration of PIN diodes and costly
semiconductor varactors thereby reducing the WPT efficiency
and charging distances. The beam scanning range, the number
of beam directions and the beam scanning resolution of both
technologies are directly determined by how many active phase
shifters and switches are integrated into the design. These
significant drawbacks in terms of high complexity, high power
loss, and high cost have become the bottleneck when applying
such far-field WPT in real-world applications.

Node tracking is crucial when wirelessly remote charging a
moving target. This will need the feedback information sent
from the receiver to effectively control the wireless power
beamforming at the transmitter. Existing studies have
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demonstrated the use of retrodirective antenna arrays (RDA) for
node tracking [19, 20]. An RDA automatically retransmits a
signal towards a source without prior knowledge of the
incoming signal. Due to the need for phase conjugation to
realize retro-directivity, RDAs typically consist of signal
mixers, sub-arrays and multiple power amplifiers (PAs) and
bandpass filters [19]. This might bring in extra costs, power loss
and complexity for the WPT systems. Time reversal (TR) is
another emerging technology for selectively delivering wireless
power to the targeted nodes. Different from the phased array
that relies on phase shifting, TR transmitting arrays operate in
a switching manner where only one element transmits at a time
[21, 22]. The node selectivity is accomplished by measuring the
feedback beacon signal sent from the receiver and
correspondingly selecting the optimal transmitting antenna
element. But both RDA and TR technologies need large active
antenna arrays consisting of multiple antenna elements, PAs
and complex feedings. They still need to be actively controlled
and/or switched which inherently has a higher cost and higher
power loss compared to the conventional passive transmitting
antenna.

Therefore, having considered all state-of-the-art
technologies, the major challenges for far-field radiative WPT
are summarized as follows. 1) How to increase the WPT
efficiency and power delivery at larger distances? 2) How to
enable node-tracking and beamforming for the WPT system
with low-cost and low-power loss methods? 3) How to
effectively establish a multi-target WPT system with excellent
simplicity, cost-effectiveness, and reliability?

To address these grand challenges, in this paper, we will
present a brand-new wireless power transfer system using
mmWave signals. The benefits of mmWave WPT in terms of
relaxed EIRP level, higher efficiency and higher deliverable
power will be introduced in Section II. Importantly, we will
propose a novel passive beamforming method by exploiting the
inherent frequency dispersion nature of leaky wave antenna
transmitters [34, 35], thereby eliminating the need for active
phased array transmitters which exhibit extremely high cost and
high-power loss at mmWave frequencies.

At the receiver end, we will present a newly designed
wideband and wide-beam mmWave rectenna to efficiently
capture the spectrum-sweeping signals transmitted from the
leaky-wave antenna (Section III). It is worth noting that
wideband mmWave rectennas with high conversion efficiency
have not been widely reported [23, 24]. Only a limited number
of works have demonstrated good power conversion efficiency
exceeding 30% and wide bandwidth [25-31]. In this paper, we
conduct an in-depth theoretical and experimental investigation
of the co-designing strategy involving a magnetoelectric dipole
and high-frequency diodes over a wide mmWave spectrum
from 20 to 40 GHz, thereby for the first time reporting a highly
efficient (>50%), wide beamwidth (>90 degrees) and wideband
(34.5% bandwidth) mmWave rectenna. Experimental
verification of the proposed mmWave rectenna is presented in
Section I'V.

2

Antenna size: Conventional The Proposed Improvement
Transmitting: 20 cm | microwave WPT | mmWave WPT rate
f;;:';'l's‘tgan“c o (at 3 GHz) (at 30 GHz) (dB or %)
TX antenna gain 13 dBi 30 dBi 17 dB

RX antenna gain 2 dBi 10 dBi 8dB
EIRP Limit 36 dBm 75 dBm 39dB
Max. TX power 23 dBm 45 dBm 22 dB
Max. RX power -18 dBm 9 dBm 27dB
WPT efficiency 7.5X10° % 2.5X102% 333%
Path Loss 41 dB 36 dB 5dB
Beam scanning loss >6 dB 0dB 6dB

Fig. 1. Comparison between conventional WPT system at 3 GHz and the
proposed WPT system at 30 GHz. Note that the WPT efficiency here is the RF-
RF power transfer efficiency at 5 m without considering the rectification.
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Fig. 2. Proposed multi-target WPT system using mmWave power. The system
consists of a leaky-wave antenna (LWA), power amplifier (PA), signal source
and mmWave wideband wide-beam rectennas. The feedback beacon signal is

used for multi-node tracking.

Moreover, a preliminary demonstration for the proposed
multi-target wireless charging and node tracking system is
showcased in Section V. Three nodes can be wirelessly
powered simultaneously with a closed control loop using the
DC power monitor for the rectenna, feedback beacon signals
and multi-frequency modulation and sweeping for the
transmitting mmWave signals. Finally, conclusions are drawn
in Section VI.

II. WIDEBAND MMWAVE WIRELESS POWER TRANSFER

A. Why mmWave?

Compared to sub-6 GHz bands, the EIRP (Effective Isotropic
Radiated Power) limit of mmWave band is increased from 36
dBm to 75 dBm (according to FCC and 3GPP) [26]. This means
that the mmWave power transmitter could radiate significantly
enhanced power (about 39 dB higher) in domestic
environments within safety human exposure constraints. In
addition, mmWave antennas offer the advantage of achieving
higher directivity (> 25 dBi) with a given aperture size.
Furthermore, mmWave RF devices naturally have smaller
overall dimensions compared to microwave devices. For
instance, the wavelength at 3 GHz is ten times larger than that
at 30 GHz, resulting in a reduced physical size of mmWave
devices. Hence, a high directivity mmWave WPT system may
have better end-to-end efficiency as well as much higher
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Fig. 3. Proposed wideband mmWave ME-dipole for antenna and rectifier codesign. The antenna is produced on high frequency RT5880 substrate with a
thickness of 1.575 mm and the feed line is produced on the same material with a thickness of 0.254 mm, which is attached to the bottom. List of parameters:
L1 =20 mm, W1 =10 mm, L2 = 3.56 mm, W2 =225 mm, L3 = 5.6 mm, W3 = 0.4 mm, L4 = 6.2 mm, L5 = 1.2 mm, W5 = 0.7 mm. The via holes are
metallized holes with a diameter of 0.3 mm, and a gap (center to center) of 0.65 mm.

deliverable wireless power at identical distances compared with
microwave systems. In Fig. 1, we have compared the
performance of a typical WPT system at 3 GHz with that of our
proposed system at 30 GHz. We assume both systems have an
identical transmitting aperture side of 20 cm and a receiving
aperture size of 4 cm. The conventional 3 GHz system was
estimated using microstrip patch antenna array [32]. At an
identical power transfer distance of 5 m, the proposed mmWave
system will have 27 dB more received power, 5 dB less path
loss and 333% efficiency improvement. The free space path
loss can be greatly mitigated by high directivity and high
aperture efficiency of mmWave antennas whilst the
transmitting power is enhanced by the relaxed EIRP
regulations. However, the major challenges for mmWave WPT
the cost, power loss and efficiency of mmWave PAs, phase
shifters and active switches. It is overly expensive to build the
power beamforming and node tracking capabilities for the
remote charging system at mmWave frequencies using
conventional technologies and for this reason, it has not yet
been substantially explored [33]. The active beam scanning loss
(e.g., phased array) at 3 GHz will be more than 6 dB and it will
be even higher at 30 GHz.

B. Novelty and Advantages

The proposed system architecture is illustrated in Fig. 2. In
this study, our focus is on utilizing a passive beam-scannable
and beam-formable antenna called the leaky-wave antenna
(LWA). The LWA is a type of travelling-wave antenna that
relies on a guiding structure to support wave propagation along
its length, with the wave continuously or periodically
radiating/leaking along the structure. It exhibits natural
frequency-dependent beam scanning and exceptional radiation
efficiency (>90%) at mmWave frequency bands [34, 35].

Although the frequency-dispersive nature of the LWA presents
challenges in typical wireless communications, we can leverage
this characteristic for wireless power transfer (WPT).
Specifically, we can develop a wideband wide-beam rectenna
(power receiver) capable of capturing frequency-dependent
power beams emitted by the LWA transmitter. By employing
this approach, beamforming of the LWA power transmitter can
be accomplished simply by adjusting the frequency of the
mmWave signals. This approach offers significant advantages
over conventional active beam scanning, near-field focusing,
and other WPT beamforming methods, including reduced
power loss, cost, and complexity. In our proposed system,
multi-target tracking can be achieved through multi-tone
frequency modulation and sweeping, with real-time control
based on feedback signals received from the rectennas.

The core concept involves identifying the synchronized
instance for delivering the peak DC power to the rectenna and
shaping the power beam according to the frequency spectrum.
Further details regarding this approach will be provided in
Section V of the paper. However, it is evident that the primary
challenge lies in designing highly efficient wideband and wide-
beam rectennas for mmWave bands. This challenge forms the
main focus of our research.

III. WIDEBAND WIDE-BEAM MMWAVE RECTENNA DESIGN

In the proposed WPT system, the receiving rectennas will
undoubtedly become the most challenging part to be dealt with.
One reason is due to the requirement for high RF-DC
conversion efficiency across large frequency bandwidth to cope
with the wide-angle scanning beams radiated from the
frequency-scanning LWAs. Another critical concern is around
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Fig. 4. Operating mechanism comparison between conventional probe-fed ME
dipole and the proposed aperture-fed ME dipole. Red dashed line represents the
surface current distribution on the electric-dipole arm.
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Fig. 5. (a) Surface current distribution, (b) 3D radiation pattern and (c) (¢) 2D
radiation pattern (over E-plane and H-plane) of the proposed ME dipole antenna
at 24 and 30 GHz.

the trade-offs between half power beamwidth and directivity of
the receiver, in which the broadband rectenna is ideally of high
gain and wide beam. More importantly, the proposed antenna
will need to operate at a wide mmWave spectrum for
frequencies > 20 GHz, thereby posing significant challenges in
terms of the rectifier design by using high-frequency diodes.
To date, there is a very limited number of mmWave rectennas
published in the open literature whilst very few works can
operate effectively over a large bandwidth. A wvaluable
conclusion summarized from the existing work is that the
rectifiers at mmWave frequency could be sensitive to the
soldering and circuit elements, thus a promising direction to
minimize the loss of mmWave rectifiers is to reduce the

utilization of SMD devices and chip components, in which the
matching, RF filtering and DC filtering circuit elements should
have been transformed purely into printed transmission lines on
a highly efficient substrate (e.g., RT5880) with low power loss.
In addition, the antenna and rectifier could be co-designed to
minimize the insertion loss caused by the impedance matching
networks for a wide bandwidth over mmWave spectrums.
Hence, we will consider the development of a co-designed
wideband rectenna, for the first time, at the mmWave
frequencies with state-of-the-art conversion efficiency.

A. ME Dipole

Magnetoelectric (ME) dipole antenna has been demonstrated
to have wide impedance bandwidth, wide beamwidth, and
reasonably high gain for both microwave and mmWave
frequency bands [36-39]. The complementary radiation
originated from electric and magnetic dipoles could form a
unidirectional pattern with a wide beamwidth of > 100 degrees.
Therefore, we will employ ME dipole in the proposed rectenna
design. Different from the conventional ME-dipole that only
concerns its antenna characteristics, for the proposed rectenna
design, the capability for circuit integration with PCB mmWave
rectifier and antenna-to-rectifier codesign will also need to be
carefully considered here.

Fig. 3 depicts the proposed ME dipole antenna that consists
of 2 patches (electric dipole arm), 2 X 5 shorting vias and a
feeding slot (magnetic dipole). The electric dipole is hosted by
using a single layer of high-frequency RTS5880 substrate
(dielectric constant =2.1, loss tangent = 0.001 at 40 GHz) with
a thickness of 1.575 mm. The printed patch dipole arms are
linked electrically to the ground via 10 shorting pins on both
patches, with a metallized hole diameter of 0.3 mm. The
detailed dimensions for an optimized design covering 20— 32
GHz are given in the caption of Fig. 3. The overall size of the
ME-dipoleis 20 X 10 X 1.9 mm3. Itis noted that since antenna
is aperture fed, a microstrip feed line is printed on a thin layer
of RT5880 (thickness = 0.254 mm) and located on the bottom
of the antenna. The operating principle of the proposed ME-
dipole is depicted in Fig. 4 where the magnetic dipole is mainly
determined by the feed slot. It is slightly different from the
probe-fed ME-dipole where the electric dipole current does not
travel along the shorted patch/vias [40]. While the probe-fed
method has shown potential in reducing antenna height [41] and
extending bandwidth [42], it is important to note that this
approach often requires a more intricate structural design and
the incorporation of shorting vias to facilitate the probe
connection. This complexity can subsequently pose challenges
for the seamless integration of rectifiers at the system level,
particularly in the context of mmWave rectennas.

Fig. 5 shows the 3D/2D radiation pattern and surface current
distribution of the proposed ME-dipole at 24 and 30 GHz. It
can be seen that the surface current on the top patch and shorting
vias flows along the desired current directions of an electric
dipole (see Fig. 5(a)) whilst the surface current around the
feeding slot is perpendicular to the electric dipole, thereby
forming the magnetic dipole radiation. At phase = 0°, the
horizontal current on the planar dipole is dominated where the
currents with quasi-sinusoidal distribution on the electric
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Fig. 6. (a) Read part (resistance) of the antenna impedance. (b) Imaginary part
(reactance) of the antenna impedance. (c) Reflection coefficient of the proposed
ME-dipole antenna for 50 ohms port impedance.

dipoles are found to be maximum. In contrast, at phase = 90°
the horizontal currents and the aperture electric field are
minimized, while vertical currents on the shorting pins are
strongly excited. The antenna exhibits a unidirectional beam of
> 90 degrees beamwidth and around 6.3 —7.7 dBi gain (e.g., Fig.
5(b)) with a very low backward radiation (see Fig. 5(c)) over
the wide frequency band of interest.

For the antenna-to-rectifier codesign, it is crucial to analyze
the antenna resonance and impedance, from a circuit point of
view. The frequency dependence of the antenna/rectifier
complex impedance could play an important role in the
conjugate matching for wideband rectifiers if the antenna
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Fig. 7. mmWave diode behavior model and circuit diagram to evaluate its
complex impedance variations against frequency, power and load.

impedance could be tuned strategically [39, 40]. The simulated
complex impedance of the ME-dipole is shown in Figs. 6(a) and
(b). Here we show examples of tuning two major parameters:
W2 (electric dipole length) and L3 (magnetic dipole length). To
help readers get a better understanding, the reflection
coefficient calculated using 50 ohms port impedance is depicted
in Fig. 6 (c). By adjusting the electric dipole, the antenna
impedance varies significantly at around 20 GHz while the
impedance will change at around 24 GHz when the magnetic
dipole L3 is tuned. Such a freedom of impedance tuning could
contribute to the conjugate impedance matching with nonlinear
rectifier over a range of frequencies, powers and loads [43, 44].
Fig. 6 (a)-(c) shows that the proposed ME dipole is capable
of achieving a wide impedance bandwidth over 20— 32 GHz
(FBW =46%) for Si1 <-10 dB and has an excellent capability
for impedance tuning either inductively or capacitively to
match the rectifiers over the aforesaid frequency band. Note
that the Sy, in Fig. 6(c) is for illustrative examples only, it might
not be identical for the co-designed rectenna S;i, as the
impedance of rectifying diode is a complex number and a
nonlinear function of frequency, power and circuit loads.

B. Wideband mmWave Diode and Rectifier

For the mmWave rectifier design, the feed line from the ME
dipole antenna could be used to link the rectifier on the printed
substrate. Importantly, an accurate diode model becomes
crucial to improve the precision and reliability of the overall
rectifier/rectenna performance. Some work has considered
modelling the mmWave diodes either using SPICE parameter-
based behavior model [30, 47] or using experimental data
matrix and real-time S parameter files [48]. It is generally
concluded that the MA4E1317 diode could perform effectively
up to 80 GHz with high conversion efficiency (>40%), if the
mmWave rectifying circuit is properly designed.

For the diode modelling, here we employ model parameters
of MA4E1317 that are extracted from the /—V, C—V, and small
signal S-parameter measurements, as reported in [48]. Such a
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Fig. 8. (a) Resistance and (b) reactance of mmWave diode MA4E1317-based
single diode rectifier at different powers from 0 to 30 dBm and frequency span
from 20 to 40 GHz. The load impedance is 100 ohms.

diode model is particularly suitable for rectifier design for a
large dynamic range in terms of power and frequency. As
shown in Fig. 7, the diode mode jointly utilizes the SPICE
parameter of MA4E1317 and parasitic elements that are
determined by the /—V, C—V, and small signal S-parameters.

To analyze the performance of the MA4E1317 diode at the
circuit level, we constructed a simple series diode circuit using
ADS software, as illustrated in Fig. 7. We numerically swept
the impedance Z(f, P, L) of the rectifier, considering a load of L
= 100 ohms, as a function of frequency ranging from 20 GHz
to 40 GHz, and as a function of input power ranging from 0
dBm to 30 dBm (representative power levels for wireless
charging). The results are presented in Fig. 8.

The diode exhibits several resonances at approximately 26
GHz, 34 GHz, and 40 GHz. Both the real part (resistance) and
the imaginary part (reactance) of the impedance are sensitive to
changes in input power, with a variation range and frequency
shift of around 15-20%. Notably, the impedance variation is
much more pronounced compared to low-frequency diodes.
These results serve as valuable reference data for determining
the frequency dependence of the ME-dipole antenna impedance,
as depicted in Fig. 6. By utilizing such impedance curves, we
can achieve a co-designed conjugate matching across the wide
frequency range of 20 GHz to 40 GHz.
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Fig. 9. (a) Schematic diagram of the co-designed wideband mmWave rectenna.
(b) Layout of the proposed mmWave rectifier and PCB layer structure. W5 =
1.4 mm, W6 = 0.5 mm, M1 =10 mm, M2 = 6.3 mm, M3 =5.9 mm, R1 =1.9
mm, R2 =2.9 mm, R3=1.5 mm, R4 =1.3 mm, Lr =35 mm, Dr = 16 mm.

C. mmWave Rectifier Co-design

The schematic diagram of the proposed rectifier is shown in
Fig. 9(a), where the tunable antenna impedance is imported into
ADS for the rectifier co-design. The co-design process was
conducted in real-time, with the antenna impedance being
updated immediately by optimizing the CST antenna structures
based on the feedback information of the ADS rectifier
efficiency and impedance matching performance. In this way,
the ADS was utilized to tune the CST antenna impedance for
achieving complete matching of the wideband rectenna.

Such a method has been reported in our previous papers [43,
44] as well as in some other papers [45, 46]. However, it is
important to note that all these previous studies primarily
focused on frequencies below 5 GHz. As the loss of SMD
components and rectifying diodes significantly increases at
mmWave frequencies, a new design method specifically
suitable for mmWave rectenna co-design is necessary. Our
work addresses this gap and presents a novel design method that
caters to the unique challenges of mmWave frequencies, which
has not been previously explored in the literature.

To model the mmWave rectifier, our main objective is to
minimize the use of SMD components, high-frequency diodes,
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and soldering. In our approach, a shunt circuit branch is
positioned before the series-connected behavior model of the
mmWave diode MA4E1317. Following the diode model, two
DC filters (radial stubs) are connected to reject the higher order
harmonics at 36 GHz and 48 GHz, respectively. This
configuration forms a closed-circuit loop, consisting of the
shunt branch, diode, DC filters, and load. By applying
Kirchhoff's voltage law (KVL), voltage drops can be accounted
for, ensuring the generation of a non-zero output voltage with
minimal circuit components.

The overall design of the rectifier is kept simple, without the
need for a dedicated impedance matching network. Instead, a
taper line is employed to smoothly feed the antenna, facilitating
the transmission of broadband impedance in the real part. It is
important to note that while the shunt circuit branch primarily
serves the purpose of a DC closed loop, its contribution to
impedance tuning is limited due to its shunt inductance
equivalence.

Once the antenna impedance is tuned by adjusting the ME-
dipole parameters (as depicted in Fig. 3), the frequency and
power-dependent impedance of the rectifier are updated
accordingly to achieve optimal conjugate matching across the
wide frequency range [43, 44]. Simultaneously, the rectifier
topology undergoes updates to accommodate this dynamic co-
design concept. The optimized rectifier topology is illustrated
in Fig. 9(b), and the corresponding dimensions are provided in
the captions. Notably, the overall rectifier design is nearly
solderless. Only one diode junction and one DC terminal (for
the chip resistor) require soldering, effectively minimizing the
negative effects associated with multiple soldering points in
conventional wideband impedance matching networks and
SMD components.

Additionally, it is important to mention the presence of two
via holes on the rectifier. One via hole is designated for the
shunt circuit branch, while the other is for the ground
connection of the DC terminal. These holes will be metallized
with a gold coating during fabrication to minimize their impact
on circuit performance. The utilization of double radial stubs
for the mmWave rectifier via holes offers advantages in terms
of low loss, high tolerance, and high precision during prototype
fabrication [49]. Therefore, these stubs are employed to achieve
the ultimate objective of realizing high-efficiency wideband
mmWave rectennas with minimal insertion loss.

Compared to existing co-design strategies for low-frequency
wideband rectennas, our method provides a unique guideline to
effectively mitigate component losses at mmWave frequencies.
It achieves this by transforming all necessary circuit
components into a printed layout with low loss and high
reliability. This approach allows for an elegant reduction in
component losses, specifically tailored for the challenges of
mmWave frequencies.

The rectifier topology in Fig. 9(b) will be printed on a single
layer, double-sided high-frequency RT5880 substrate with a
sheet thickness of 0.254 mm. The overall dimension is just
35 X 16 X 0.254 mm3. An example of stacking the ME-dipole
antenna on top of the rectifier is also shown in the figure where
the rectifier and antenna share the same ground plane, which is
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Fig. 10. (a) Reflection coefficient of the co-designed rectenna vs. frequency at
three power levels. The reflection coefficient is calculated using the complex
impedance of antenna and rectifiers. (b) RF-DC conversion efficiency of the
proposed wideband mmWave rectenna vs. frequency at three power levels.

sandwiched in the middle. Having optimized the co-designed
rectenna, the simulated S;; and RF-DC conversion of the
proposed mmWave rectenna are depicted in Fig. 10(a) and (b).
It is worth noting here that the calculation of Si; utilizes the
complex impedance of the ME dipole antenna and rectifiers,
rather than the conventional 50-ohm impedance. Our
investigation into the frequency dependence within the range of
20 GHz to 40 GHz has revealed that the rectenna exhibits
relatively good impedance matching over the 24 GHz to 34
GHz range. Moreover, we have achieved a conversion
efficiency of up to 67% when the input power level is 20 dBm.
The average conversion efficiency across the wide bandwidth
is > 30%, 40%, 50% and 55% for input power levels at 5 dBm,
10 dBm, 15 dBm and 20 dBm respectively.

Please note the presented conversion efficiency is calculated
using a load resistance of 100 ohms and using the formula
below.

Ve
RixPrr M
where Prr is the received RF power by the antenna, or in other
words, the input RF power to the rectifier, Vpc is the output
voltage and R; = 100 ohms. In addition, the power dependence
of the rectifier performance is analysed at three different
frequencies (24 GHz, 29 GHz, 34 GHz) and shown in Fig. 11.

NRF-DC =
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Fig. 11. (a) Reflection coefficient of the co-designed rectenna vs. power at three
frequencies. (b) RF-DC conversion efficiency of the proposed wideband
mmWave rectenna vs. power at three frequencies.

The optimal input power range for this rectenna is around 0 —
27 dBm in which the Si; is less than -9 dB for matching.

In terms of the power-dependent conversion efficiency, the
proposed rectenna has a peak efficiency of around 50-65% at
around 20 dBm power at different frequencies, and the
efficiency nearly drops to 0 at the input power of -10 dBm. In
summary, the proposed wideband rectenna can indeed perform
well for a wide FBW of 34.5% (24 — 34 GHz) with RF-DC
conversion efficiency above 50% for power > 15 dBm, and a
rectifiable power range of 5 dBm — 27 dBm (efficiency around
30-60%).

IV. FABRICATION AND MEASUREMENT

The proposed rectenna was fabricated using high-precision
laser PCB etching technology. The prototype is shown in Fig.
12(a), illustrating the front and back sides of the device. The
ME dipole, which plays a crucial role in the rectenna, is
highlighted within a 20 mm by 10 mm area. The backside of the
ME dipole is fully metallized, except for a centralized slot for
rectifier feeding. The rectifier itself was printed on a double-
sided PCB, and its placement did not interfere with the
overlapping region of the top ME dipole. In this region, the
ground metal was removed to allow for feed line co-integration.
The assembly of the entire rectenna was achieved without the
need for soldering or gluing. Instead, 6 air holes were drilled
along the PCB edges, and nylon screws were tightly fitted into
these holes to secure the components, as depicted in Fig. 12(a).

Nylon screws fitted

A 2 and diode soldered
Front side: z
ME dipole E
-
Back side: . o
wideband =
rectifier i E d
-

5 mm-Wave
\‘v Rectenna

‘3 Rotation

Platform
30dB
mm-Wave attenuator
Signal

Generator

Voltage
meter

(b)
Fig. 12. (a) Fabricated prototype of the proposed mmWave rectenna. (b)
Measurement setup for OTA test of the rectenna within an anechoic chamber.

To ensure the proper flow of DC current and maintain the
rectifier's performance and load impedance, the DC wires were
soldered after the rectifying diodes and DC pass filters. This
configuration only permits the passage of DC current through
the wires, without affecting the RF performance of the rectifier.
During the measurement process, we compared the results
obtained using both DC wires and DC probes and found that
they yielded identical performance.

The measurement setup of the rectenna is shown in Fig. 12(b).
Wideband mmWave signal generator N5183B was used to
generate the signal from 20 to 40 GHz, which was then
amplified by a 10 W MMIC wideband mmWave power
amplifier QPA2640D manufactured by Qorvo. The signal was
transmitted through high gain 18-40 GHz horn antenna HA40G,
and was measured by using a power meter (spectrum analyzer)
and a 30 dB attenuator and. The rectenna was tested over-the-
air (OTA) at 0.6 m distance to the horn inside an anechoic
chamber, where the broadside direction of the ME dipole was
targeted toward the horn. The received power by the rectenna
can be calculated using

P = P+ G+ G, +20log;o— @)

where P, is the input RF power to the rectifier in dBm, P; is
the transmitting power of the horn in dBm, G; is the realized
gain of the horn in dBi, Gr is the realized gain of the proposed
rectenna in dBi, A is the wavelength of interest, and D is the
distance (D = 0.6 m). Here the realized gain (ME dipole
directivity X rectenna matching efficiency) of the rectenna was
used, therefore might be not perfectly accurate. But such a
method has shown good result consistency and accuracy in such
integrated rectenna design in our previous work [43, 44] and
other published papers [29, 31]. Indeed, validating conjugate
matching experimentally is complex, as conventional methods
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fabrication and diode model uncertainties. Although direct
matching efficiency testing is challenging, separate

TABLEI
COMPARISON OF THE PROPOSED WIDEBAND MM-WAVE RECTENNA AND RELATED DESIGNS
Impedance Need Overall Overall dimension of the Maximum Rectenna overall gain and half
Ref. (year) bandwidth FBW* impedance | complexity complete rectenna conversion power beamwidth
(GHz) matching efficiency
[25] (2020) 20-26.5 28% Yes Medium 32.6 mm x 16 mm 12% at 10 ~8 dBi and ~50 degrees
%03 mm dBm (single antenna + rectifier)
[29] (2014) 23.5-252 6.9% Yes Complex 55 mm X 50 mm 40% at 20 ~12.6 dBi and ~40 degrees
1.8 mm dBm (antenna array + rectifier)
[31](2021) 345-355 3% Yes Complex 32 mm x 128 mm 60.9% at 19 ~14.7 dBi and ~30 degrees
1 mm dBm (antenna array + rectifier)
This work 24-34.5 36% No Simplest 35 mm x 20 mm 67% at 20 ~8 dBi and ~90 degrees
(2022) 1.9 mm dBm (single antenna + rectifier)
*FBW: Factional Bandwidth
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Fig. 13. Experimental results of the proposed rectenna for (a) RF-DC
conversion efficiency vs. frequency. (b) RF-DC conversion efficiency vs.
power and (c) normalized DC voltage pattern of the rectenna at different cutting
angles.

experiments authenticate antenna and rectifier impedance,
enabling optimized consistency. By adjusting the transmitting
power, the received power can be maintained at a constant level
over the wide frequency range. A comparison between the
simulated and measured frequency-dependence of RF-DC
conversion efficiency is depicted in Fig. 13 (a). The results are
compared at 10 dBm and 15 dBm received power levels
respectively, which show that the proposed rectenna can indeed
realize very high conversion efficiency over the frequency band
of interest. Moreover, the power dependence of the conversion
efficiency is compared at 26, 29, and 33 GHz respectively (see
Fig. 13(b)). The consistency between simulated and measured
results is generally good, but we have just measured up to the
power level of 24 dBm, due to the limits of saturation power (<
10 W) of the mmWave power amplifier.

Furthermore, to assess the performance of the rectenna, we
placed it on a rotational platform inside the chamber. The
received DC voltage was recorded at different Theta and Phi
angles, with the antenna broadside as the reference. The
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Fig. 15. (a) Proposed concept for multi-node wireless charging and tracking
using the proposed WPT system. (b) Example of the multi-tone spectrum for
mmWave modulation. (¢) Beam scanning radiation pattern of the proposed
LWA prototype [51].

normalized DC voltage pattern, obtained with a received power
of 15 dBm and a maximum DC voltage of 1.42 V, is shown in
Fig. 13 (c). The pattern demonstrates that the proposed rectenna
exhibits a relatively wide beamwidth, spanning over 90
degrees. It is important to note that the DC voltage pattern of
the rectenna may slightly differ from the ME-dipole radiation
pattern due to the nonlinear rectifier and circuit loads [50]. To
explore the impact of load resistance, we measured the
proposed rectenna at a fixed input power of 15 dBm while
varying the load resistance from 10 to 900 ohms. The results are
presented in Fig. 15. It was observed that the peak efficiency
occurred at a load resistance of 100 ohms, and the optimal load
range for achieving an efficiency greater than 50% was
approximately between 50 and 350 ohms. The validity of this
load range was verified at two different frequencies,
specifically 29 GHz and 31 GHz.
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Fig. 16. (a) Prototypes and assembly for the proposed WPT system. (b)
Example picture and system layout for wireless powering three rectenna nodes
with feedback loop control. (c) Receiving rectenna node DC power vs. distance
for transmitting EIRP of 55 dBm.

The proposed rectenna has been compared with state-of-the-
art mmWave rectennas in terms of either wideband capability
or high efficiency (see Table I). The comparison highlights the



IEEE TRANSACTIONS-ON ANTENNAS AND PROPAGATION

unique features and advantages of our design. The comparison
clearly demonstrates that our work achieves a significant
enhancement in RF-DC conversion efficiency across a wide
mmWave spectrum. This improvement is attributed to the co-
designed structure, which enables lossless impedance matching
and minimizes the negative effects of soldering on circuit
performance. Compared to a single wideband antenna-based
rectenna design [25], our efficiency is 40% higher, thanks to the
utilization of a low-loss substrate and a novel integration
method. Additionally, our design offers a broader beamwidth
due to the wide-beam nature of the ME dipole. When compared
to antenna array-based designs [29, 31], our design excels in
terms of reduced physical size while maintaining high
efficiency. In summary, our design showcases compactness,
wide beamwidth, and commendable gain.

V. MULTI-NODE CHARGING AND TRACKING

Unlike traditional radar (RDA) and phased array radar (TR)
technologies, the wireless power transmitter based on leaky
wave antenna (LWA) does not require complex antenna arrays,
phase shifters, signal mixers, or active semiconductor switches.
Instead, beamforming is achieved through software-controlled
frequency modulation. This approach offers a simplified node
tracking mechanism. To perform node tracking, the transmitter
sweeps the frequency of the transmitting (TX) signal at a known
rate over a defined time period. Concurrently, the DC power
received from the RX rectenna node is continuously monitored
in real-time, synchronized with the transmitter's frequency
sweeping. When the peak DC output is detected, the receiver
sends a beacon signal back to the transmitter, indicating the
optimal time instance for beamforming at a specific TX signal
frequency. This enables precise localization of the optimal
frequency for beamforming.

Furthermore, our design allows for multi-target moving node
tracking by utilizing multitone frequency modulation and
sweeping, as illustrated in Fig. 15(a). The leaky wave antenna,
as depicted in Fig. 15, exhibits unique beam shapes that vary
with its operating frequency. This results in a scanning beam
characteristic, offering a distinct advantage over conventional
phased array scanning methods. In conventional approaches,
beam scanning is achieved by manipulating the phase of
antenna elements using phase shifters while keeping the
frequency constant. In our work, we can achieve beam scanning
simply by changing the input signal's frequency, which can be
easily controlled through software using the signal generator.

Here we show an example of charging 3 different nodes
simultaneously. The waveform for the frequency modulation is
given in Fig. 15(b) which shows a three-tone CW signal at 28,
29, and 30 GHz respectively. The frequency tones could either
be controlled using a time-switching fashion, or be excited at
the same time, dependent on the number of receiving nodes and
total TX power. A leaky-wave antenna prototype covering 27 —
31 GHz was employed to transmit the signal, where the
frequency-dependent beam-scanning patterns of the LWA are
shown in Fig. 15(c). It can be seen that the LWA could realize
a 50-degree beam scanning range over 27 — 31 GHz, where the
radiating angles for 28, 29, and 30 GHz are around Theta = 15,
30, and 45 degrees respectively [51]. In this work, the scanning
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range for a 1 dB gain drop spans from 23.5 to 50 degrees (with
a frequency range of 27.5 to 30.2 GHz), while the 3 dB gain
scanning range extends from 17 to 58.5 degrees (across a
frequency range of 27 to 30.9 GHz).

The experimental system of the proposed mmWave multi-
node charging and tracking is depicted in Fig. 16(a), which
consists of prototypes for LWA, PA, proposed rectennas, load,
node DC sensor, and BLE gateway for feedback control. The
DC sensor was developed using a low-cost programmable
sensor platform (CYALKIT-E02 BLE Sensor Beacon), which
has been reported in our previous work [52]. The rectenna DC
peak vs. time instance could be transmitted to the gateway and
to identify the optimal frequency over the scanning frequency
for TX. The scanning rate was 100 MHz per 500 ps over 28 —
30 GHz, configured within the signal source. An example of the
3-node simultaneous charging scenario is depicted in Fig. 16(b),
where rectenna nodes 1, 2, and 3 were positioned at a 1-meter
distance from the LWA transmitter. These rectennas were
situated within the far-field beam angles of 15, 30, and 45
degrees. Within this range, bean scanning gain reduction is
minimal—Iless than 1 dB, as evidenced by Fig. 15(c). Unlike
standard antenna arrays, the coupling dynamics of rectenna
arrays are distinct, as RF signals are rectified into DC under
optimal matching conditions. This underscores the adequacy of
a half-wavelength separation for rectenna array spacing. The
EIRP was set at 55 dBm. By harnessing the multi-tone spectrum
depicted in Fig. 15(b), the 3 receiving nodes can be efficiently
powered wirelessly. The measured DC power output from the
three nodes, plotted against the power transfer distance, is
illustrated in Fig. 16(c). It can be seen that rectenna 2 has a bit
higher power compared to rectennas 1 and 3. This was probably
due to the slight gain drop of the LWA at 28 and 30 GHz,
compared to its highest gain at 29 GHz (around 15 dBi).

We would like to emphasize that the proposed WPT system is
preliminary research, and it is the first time to showcase multi-
target charging using mmWave power. There is still plenty of
room for further investigations, for example, 1) the adaptive DC
control for PA to mitigate the gain diversity of different
frequencies; 2) fast feedback control for moving targets and 3)
amore effective LWA transmitter with higher gain, smaller size
and wide scanning angles over limited spectrums. In
comparison to our previous conference contribution in [53],
which provided a brief introduction to the overall system
structure and emphasized the significance of wideband
mmWave rectenna design, this paper substantially delves into
the technical intricacies of mmWave rectenna co-design. It
comprehensively covers various aspects, such as diode
modeling, antenna impedance optimization, rectifier co-
simulation, and the underlying physics behind all simulation
and experimental results. Furthermore, this paper incorporates
an extensive set of experimental results to demonstrate the
feasibility of mmWave WPT and to quantify the performance
of the novel mmWave wideband rectenna.

VI. CONCLUSION

In this paper, we have presentted a co-design strategy for
mmWave rectennas, enabling them to cover a wide frequency
bandwidth (>36%) while achieving high RF-DC conversion
efficiency (>50%, up to 67%). Our approach involves
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combining a magnetoelectric (ME) dipole with high-frequency
MAA4E1317 diodes, allowing for efficient antenna-to-rectifier
impedance matching without the need for transmission line
components at the circuit level. The proposed rectenna offers
several advantages, including wide bandwidth, wide beam
width, and improved efficiency at mmWave frequencies.
Furthermore, we demonstrate the practical application of the
proposed rectenna in a multi-node simultaneous wireless
charging system. Our preliminary results showcase the
feasibility of passive beamforming using multi-tone frequency
modulated leaky wave antenna (LWA) transmitters to power
three wideband rectenna nodes.

Moving forward, our future work will focus on feedback
control and moving target tracking using the proposed rectenna
and wireless power transfer (WPT) system. These
advancements hold great potential for enhancing the
capabilities and efficiency of mmWave beamformed wireless
charging. As the first demonstration of passive mmWave
beamformed wireless charging, our work has significant
implications for both the academic and commercial wireless
power research community.
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