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Technology YANG Bo, MITANI Tomohiko, SHINOHARA Naoki, ZHANG Huaiqing

Applications using simultaneous wireless information and power transfer have increased significantly. Wireless communication

technology can be combined with the Internet of Things to develop many innovative applications using SWIPT, which is mainly

based on wireless energy harvesting from electromagnetic waves used in communications. Wireless power transfer that uses mag-
netrons has been developed for communication technologies. Injection-locked magnetrons that can be used to facilitate high-
power SWIPT for several devices are reviewed in this paper. This new technology is expected to pave the way for promoting the

application of SWIPT in a wide range of fields.

13 An Overview of SWIPT Circuits and Systems
Ricardo TORRES, Diogo MATOS, Felisherto PEREIRA, Ricardo CORREIA, Nuno Borges CARVALHO

From a circuit implementation perspective, this paper presents a brief overview of simultaneous wireless information and power
transmission. By creating zero-power batteryless wireless sensors, SWIPT mixes wireless power transmission with wireless com-
munications to allow the truly practical implementation of the Internet of Things as well as many other applications. What is ad-
dressed in this paper about SWIPT mainly includes technical backgrounds, problem formation, state-of-the-art solutions, circuit

implementation examples and system integrations.

19 Optimal Design of Wireless Power Transmission Systems Using Antenna Arrays
SUN Shuyi, WEN Geyi

Three design methods for wireless power transmission systems using antenna arrays have been investigated. The three methods,
corresponding to three common application scenarios of WPT systems, are based on the method of maximum power transmission ef-
ficiency between two antenna arrays. They are unconstrained MMPTE, weighted MMPTE and constrained MMPTE. To demon-
strate the optimal design process with the three methods, a WPT system operating at 2.45 GHz is designed, simulated and fabri-
cated, in which the transmitting (Tx) array, consisting of 36 microstrip patch elements, is configured as a square and the receiving
array, consisting of 5 patch elements, is configured as an L shape. The power transmission efficiency is then maximized for the
three application scenarios, which yields the maximum possible PTEs and the optimized distributions of excitations for both Tx and
Rx arrays. The feeding networks are then built based on the optimized distributions of excitations. Simulations and experiments re-
veal that the unconstrained MMPTE, which corresponds to the application scenario where no radiation pattern shaping is involved,
yields the highest PTE. The next highest PTE belongs to the weighted MMPTE, where the power levels at all the receiving ele-
ments are imposed to be equal. The constrained MMPTE has the lowest PTE, corresponding to the scenario in which the radiated

power pattern is assumed to be flat along the Rx array.
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28 Dynamic Power Transmission Using Common RF Feeder with Dual Supply
DUONG Quang-Thang, VO Quoc-Trinh, PHAN Thuy-Phuong, OKADA Minoru

This paper proposes the design concept of a dynamic charging system for electric vehicles using multiple transmitter coils con-
nected to a common RF feeder driven by a pair of two power supplies. The authors employ a pair of two power sources which are
electrically separated by an odd-integer number of quarter wavelength to drive the RF feeder. As a result, the voltage standing
wave generated by one power source is complemented by that of the other, leading to stable received power and transmission ef-

ficiency at all the receiver’s positions along with the charging pad.

37 Polarization Reconfigurable Patch Antenna for Wireless Power Transfer Related Applications

SHEN Jun, ZHAO Tianxiang, LIU Xueguan

A polarized reconfigurable patch antenna is proposed in this paper. The proposed antenna is a dual cross-polarized patch an-
tenna with a programmable power divider. The phase-controlled power divider and the cross dual-polarized antenna are de-
signed, fabricated and tested, and then they are combined to realize the polarized reconfigurable antenna. By moving the phase
of the phase shifter, the antenna polarization is reconfigured into VP, HP, and CP. The test is conducted at the frequency of
915 MHz, which is widely used for SWIPT in RFID applications. The results demonstrate that when the antenna is configured
as CP, the axial ratio of the antenna is less than 3 dB, and when the antenna is configured as HP or VP, the axial ratio of the
antenna exceeds 20 dB. Finally, experiments are conducted to verify the influence of antenna polarization changes on wireless

power transmitting.

43 A Radio-Frequency Loop Resonator for Short-Range Wireless Power Transmission

WANG Xin, LI Wenbo, LU Mingyu

A microstrip loop resonator loaded with a lumped capacitor is proposed for short-range wireless power transmission applica-
tions. Power transmission efficiency of greater than 80% is achieved with a power transmission distance smaller than 5 mm via
the strong coupling between two loop resonators around 1 GHz, as demonstrated by simulations and measurements. Experimen-
tal results also show that the power transmission performance is insensitive to various geometrical misalignments. The numerical
and experimental results of this paper reveal a bandwidth of more than 50 MHz within which the power transmission efficiency

is above 80%.

48 Programmable Metasurface for Simultaneously Wireless Information and Power Transfer System
CHANG Mingyang, HAN Jiaqi, MA Xiangjin, XUE Hao, WU Xiaonan, LI Long, CUI Tiejun

The authors elaborate on a system solution using PMS for SWIPT, offering an optimized wireless energy management net-
work. Both transmitting and receiving sides of the proposed solution are presented in detail. More importantly, a numerical
model based on the plane-wave angular spectrum method is investigated to accurately calculate the radiation fields of PMS
in the Fresnel and Fraunhofer regions. Using this model, efficiencies of WPT between the transmitter and the receiver are
analyzed. Finally, future research directions are discussed, and integrated PMS for the wireless information and wireless

power is outlined.
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YUAN Qiaowei received the BE, ME and PhD from Xid-
ian University, China in 1986, 1989 and 1997, respec-
tively. From 1990 to 1991, she was a special research stu-
dent at Tohoku University, Japan. She worked with the Sen-
dai Research and Development Laboratory, Matsushita
Communication Company, Ltd., Japan from 1992 to 1995,
with the Sendai Research and Development Center, Oi
Electric Company, Ltd., Japan from 1997 to 2002, and with
the Intelligent Cosmos Research Institute, Japan from 2002

to 2007. From 2007 to 2008, she was an associate professor with Tokyo Univer-
sity of Agriculture and Technology, Japan. She was an associate professor/pro-
fessor with the National Institute of Technology, Sendai College, Japan from
April 2009 to March 2020. Since April 2020, she has been a professor with To-
hoku Institute of Technology, Japan, and since September 2021, she has also
been a specially appointed professor at Tohoku University, Japan.Dr. YUAN re-
ceived the Best Paper Award and Zenichi Kiyasu Award from the Institute of
Electronics, Information and Communication Engineers (IEICE) of Japan in
2009. She also received the Achievement Award from IEICE in 2015, and other
Achievement Awards from the IEICE Technical Committee on Wireless Power
Transfer from 2016 to 2017. Dr. YUAN severed as the secretary of the IEICE
Technical Committee on Wireless Power transfer of Japan from 2012 to 2014.
She also served as the vice chair of IEEE Sendai WIE from 2017 to 2018 and
has been the chair of IEEE Sendai WIE from 2019 to 2022. Now she is an
IEEE R10 WIE committee member and IEEE MTT-25 committee member.

LUO Fa-Long is an IEEE Fellow and an affiliate full pro-
fessor with the Electrical & Computer Engineering Depart-
ment at the University of Washington in Seattle, the US.
Having gained international high recognition, Dr. LUO
has 39 years of research and industry experience in wire-
less communications, neural networks, signal processing,
machine learning and broadcasting with real-time imple-
mentation, applications and standardization. Including his
well-received books Applied Neural Networks for Signal
Processing (1999, Cambridge) and Signal Processing for 5G (2016, Wiley-
IEEE), he has published seven books and more than 100 technical papers in
the related fields. Dr. LUO has also contributed 105 patents/inventions which
have successfully resulted in a number of new or improved commercial prod-
ucts in mass production. Now he serves as a board member of both the Confer-
ence Board and the Membership Board of the IEEE Signal Processing Society
(SPS), as well as an IEEE Fellow Committee member. He has also served as
the chairman of IEEE Industry Digital Signal Processing (IDSP) Standing
Committee and the technical board member of IEEE SPS. Dr. LUO was
awarded the Research Fellowship by the Alexander von Humboldt Foundation
of Germany.

hile having enabled human beings to realize the

dream of communicating with whomever whenever

and wherever, wireless technologies and applica-

tions are being developed at a very rapid speed and
in a massively large scale as we have entered the 5G era and
several grand 6G plans have also been clearly visible. However,
most electronic products, including mobile phones, still have not
gotten rid of the shackles of power wires. The wirelessization of
electric energy is another major challenge for mankind following
the discovery of electromagnetic waves. In the past 20 years,
wireless power transfer (WPT) has once again received great at-
tention and development. Simultaneous wireless information and
power transfer (SWIPT) is a combination of wireless power trans-
mission and wireless information transmission (WIT). With great
advantages of parallel transmission of information and energy,

DOI: 10.12142/ZTECOM.202202001

Citation: Q. W. Yuan and F.-L. Luo, “Editorial: special topic on simultane-
ous wireless information and power transfer: technology and practice,”
ZTE Communications, vol. 20, no. 2, pp. 1 - 2, Jun. 2022. doi: 10.12142/
ZTECOM.202202001.

SWIPT has broad application prospects and brings revolution in
various industrial fields and our daily life.

This special issue focuses on the SWIPT technology develop-
ment in terms of both WIT and WPT aspects. The topics ad-
dressed in this special issue cover a broad range from the ele-
ment configuration to system design of SWIPT applications,
mainly including cutting-edge high power SWIPT technologies,
novel receiver and transmitter design techniques, and multiple-
input multiple-output (MIMO) techniques for SWIPT applica-
tions. Especially, the compatibility and commonality among
SWIPT solutions are highlighted for multiple application sce-
narios. The call-for-papers of this special issue have brought ex-
cellent submissions in both quality and quantity. After two-
round reviews, seven excellent papers have been selected for
publication in this special issue which is organized as follows.

The first paper titled “High-Power Simultaneous Wireless In-
formation and Power Transfer: Injection-Locked Magnetron
Technology” reviews the latest research findings on injection-
locked magnetrons that can be used in high-power SWIPT sys-
tems developed by the authors. In this paper, the performance
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of injection-locked magnetrons using amplitude, phase, and fre-
quency modulation is evaluated. The experimental results show
that the highest data rate can reach 10 Mbit/s, demonstrating
that the injection-locked magnetron can maintain high-power
output and modulate the sound signal, motor control signal, and
video signal simultaneously. The wirelessly powered TV system
using injection-locked magnetrons is an amazing application
that shows the technique could be applied to both the Internet
of Things (IoT) and Internet of Everything (IoE) society. Poten-
tial SWIPT applications have been increased significantly by
the proposed injection-locked magnetrons technique.

The second paper titled “An Overview of SWIPT Circuits and
Systems” presents a brief overview of SWIPT from a circuit
implementation perspective. What the paper mainly addresses
include the technical backgrounds, problem formations, state-of-
the-art solutions, circuit implementation examples and system
integrations. With the combination of wireless power transmis-
sion and backscatter communications, the use of higher-order
modulation formats integrates WIT and WPT systems, reducing
the need for batteries significantly in these sensors and creating
the path for a true Internet of Everything in the future.

Titled “Optimal Design of Wireless Power Transmission Sys-
tems Using Antenna Arrays”, the third paper investigates three
design methods for WPT systems using antenna arrays, focusing
on optimal design for MIMO of both WIT and WPT systems. To
demonstrate the optimal design processes of the three methods,
a WPT system operating at 2.45 GHz is designed, simulated and
fabricated. In this system, the Tx array with 36 microstrip patch
elements is configured as a square, while the Rx array with five
patch elements is configured as an L shape. Simulations and ex-
periments reveal that the three optimization methods proposed
for the design of WPT systems are applicable to any environ-
ment and any antenna array.

The fourth paper titled “Dynamic Power Transmission Us-
ing Common RF Feeder with Dual Supply” proposes a de-
sign concept of a dynamic charging system for electric ve-
hicles using multiple transmitter coils connected to a com-
mon RF feeder driven by a pair of two power supplies. Using
a common RF feeder for multiple transmitter coils can re-
duce the power electronic redundancy compared to the con-
ventional system where each transmitter coil is individually
driven by one switched mode power supply. As a result, the
voltage standing wave generated by one power source is
complemented by that of the other, leading to stable received
power and transmission efficiency at all the receiver posi-
tions along with the charging pad. The simulation results at
the 85 kHz frequency band verify the output power stabiliza-
tion effect of the proposed design. The authors of this paper
have indicated that the proposed concept can also be applied
to simultaneous wireless information and power transfer for
passive radio frequency identification (RFID) tags by raising
the operation frequency to higher Industrial, Scientific, and
Medical (ISM) bands, e.g., 13.56 MHz and employing similar

02 ZTE COMMUNICATIONS
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modulation methods used for the current RFID technology.

The fifth paper titled “Polarization Reconfigurable Patch An-
tenna for Wireless Power Transfer Related Applications” pro-
poses a polarized reconfigurable patch antenna composed of a
dual cross-polarized patch antenna and a programmable power
divider. The programmable power divider consists of two
branch line couplers (BLC) and a digital phase shifter. The pro-
posed phase-controlled power divider and the cross dual-
polarized antenna are designed, fabricated, and tested. The ex-
periments show that different antenna polarizations can be con-
figured through the programmable phase shifter without chang-
ing the antenna gain performance. The wireless power transmis-
sion experiment demonstrates that tuning the transmitting an-
tenna polarization to match the receiving antenna polarization
can improve the efficiency of wireless power transmission.

The sixth paper titled “A Radio-Frequency Loop Resonator
for Short-Range Wireless Power Transmission” proposes a mi-
crostrip loop resonator loaded with a lumped capacitor for
short-range wireless power transmission applications. The
overall physical dimensions of the proposed loop resonator
configuration are as small as 3 em by 3 e¢m. Simulation and
measurement data demonstrate that the strong coupling be-
tween two loop resonators around 1 GHz can realize the power
transmission efficiency of greater than 80% with a power trans-
mission distance smaller than 5 mm. The experimental results
also show that the power transmission performance is insensi-
tive to various geometrical misalignments.

Serving as a review-style paper and the last paper of this spe-
cial issue, the seventh paper is titled “Programmable Metasur-
face for Simultaneously Wireless Information and Power Trans-
fer System” and presents a system solution using programmable
metasurface (PMS) for SWIPT, offering an optimized wireless en-
ergy management network. Both transmitting and receiving sides
of the proposed solution are introduced in detail. On the trans-
mitting side, the WPT technique is used in versatile power con-
veying strategies for near-field or far-field targets, single or mul-
tiple targets, and equal or unequal power targets. On the receiv-
ing side, the wireless energy harvesting (WEH) technique can
work well on multi-functional rectifying metasurfaces that col-
lect the wirelessly transmitted energy and the ambient energy.
More importantly, a dedicated numerical model based on the
plane-wave angular spectrum method is investigated to accu-
rately calculate the radiation fields of PMS in the Fresnel and
Fraunhofer regions. Moreover, future research directions of the
integrated PMS for wireless information and wireless power are
highlighted in this paper.

As we conclude the introduction to this special issue and the
content of seven papers, we would like to thank all authors for
their valuable contributions. We also express our sincere grati-
tude to all the reviewers for their timely and insightful comments
on all submitted papers. It is hoped that this special issue is in-
formative and useful for future SWIPT technology developments
and practical applications.
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Abstract: Applications using simultaneous wireless information and power transfer (SWIPT) have increased significantly. Wireless communi-

cation technologies can be combined with the Internet of Things to develop many innovative applications using SWIPT, which is mainly based

on wireless energy harvesting from electromagnetic waves used in communications. Wireless power transfer that uses magnetrons has been de-

veloped for communication technologies. Injection-locked magnetrons that can be used to facilitate high-power SWIPT for several devices are

reviewed in this paper. This new technology is expected to pave the way for promoting the application of SWIPT in a wide range of fields.

Keywords: simultaneous wireless information and power transfer; wireless power transfer; magnetrons; injection-locked; Internet of Energy;
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1 Introduction
overnments worldwide have reached a consensus
and signed the “Paris Agreement,” which aims to
reduce global carbon emissions significantly. How-
ever, the signing of this agreement alone will not
be sufficient to reduce carbon emissions. We have
to increase the current energy utilization rate while looking for
new renewable energy sources. Simultaneous wireless informa-
tion and power transfer (SWIPT) is a technology that has
drawn increasing attention lately. SWIPT can collect electro-
magnetic wave energy used in communications and supply it
to low-power devices, such as sensors. In SWIPT products,
near-field communication (NFC) and radio frequency identi-
fier (RFID) technologies are being widely used. These two
technologies have become indispensable for building the Inter-
net of Things (IoT). The Internet of Energy (IoE) society advo-
cates smart power systems that can be used to optimize loT-
based energy use. The SWIPT technology is being used in a
wide range of devices as shown in Fig. 1. SWIPT is used in ap-

This work was supported by the collaborative research program from the
Microwave Energy Transmission Laboratory (METLAB), Research Insti-
tute for Sustainable Humanosphere (RISH), Kyoto University and National
Institute of Information and Communications Technology (NICT), JAPAN
under Grant No. 02401.

plication scenarios of both low-power and high-power devices,
such as mobile phones, electric vehicles and drones, which re-
quire high-power SWIPT.

SWIPT can be classified using several methods. For ex-

. Drone

Smartphon
phone Electric vehicle

Sensor Smart lock

== Mouse
Wearable

IoE: Internet of Energy  IoT: Internet of Things

A Figure 1. Applications of simultaneous wireless information and
power transfer (SWIPT)
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ample, it can be classified under time, power, antenna, and
space domains!". Based on the wireless power transfer (WPT)
technology used, it can also be classified under inductive cou-
pling? 3! 5
pling
tion®® ¥, Besides, based on WPT and wireless information
transfer (WIT) signals involved, SWIPT can be classified un-

? the different signals!"”!

.. . 4 - .
, capacitive couphng[ , magnetic resonance cou-

6-7 ) . . .
=71 and microwave or other radio frequencies radia-

der the multiplexing signal ®®~ and
the different helical modes of the orbital angular momen-
tum"!' "2 According to its development history, the technical
routes taken by the development of SWIPT can be divided
into wireless energy harvesting (WEH) technology based on
wireless communication technology and WPT technology for
communication functions. The former is mainly used in low-
power devices, and the latter, referred to as high-power
SWIPT in this review, is mainly used in high-power applica-
tions. Lately, SWIPT researchers have focused their attention
on low-power WEH. However, high-power SWIPT has many
application prospects. For example, wireless charging of flying
drones using a WPT system and beamforming technology will
enable the drone to fly for a long time'"?),

The Japanese government has enforced new radio regula-
tions for high-power WPT via microwave and released three
frequency bands for WPT'"*, The maximum power allowed in
WPT in the 5.75 GHz band is 32 W, which is much above the
power allowed in communications. This new standard, being
the first commercialized microwave WPT standard released, is
expected to bring many innovative applications to WPT sys-
tems. In the United States, Energous Corp. and Ossia Inc.
have obtained authorization from the Federal Communications
Commission (FCC) for WattUp“S] and Cota', respectively, for
real WPT systems. These products can be used for charging
mobile phones, watches, and other consumer electronics. They
will not be useful in high-power applications, such as drones
and electric vehicles.

Here, we summarize the results of studies conducted on
high-power WPT using injection-locked magnetrons and the
modulation technologies used. The frequency stability of mag-
netrons is poor, although compared with other amplifiers, mag-
netrons have high power density, have high efficiency, and are
of low cost. A previous study discussed how the phase and
power of a magnetron output could be controlled"”. TAHIR et
al. developed a 2.45 GHz injection-locked magnetron as a com-
munication transmitter and transmitted data using 2 Mbit/s
phase-shift keying (PSK)!"¥, With injection locking, 2.45 GHz
and 5.8 GHz continuous-wave magnetrons can be used for am-
plitude, phase, and frequency modulation (FM)"" to achieve
data transmission rates as high as 10 Mbit/s. An experimental
study of a television broadcasting system that was wirelessly
powered by an injection-locked magnetron has been re-
ported®’. These studies prove that injection-locked magne-
trons are sufficiently stable for use in WIT systems. This re-
view presents the technical principles, latest developments,

04 ZTE COMMUNICATIONS
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and future trends of injection-locked magnetrons and their as-
sociated modulation technologies, and identifies the challenges
and future development directions of high-power SWIPT.

2 Overview of Injection-Locked Magnetrons

A magnetron can be modulated by adjusting its output.
Four methods are available to adjust the output of a magne-
tron. These methods involve the control of one of the following

magnetron parameters: 1) anode current® #! 2) magnetic
field® 24 3)  filament

power™® 1> In Method 1), a high-voltage power supply is

power“gl, and 4) injection
used to change the anode current of the magnetron or couple
the data signal to the anode voltage. The rise time of the
low-ripple high-voltage power supply has to be approxi-
mately 3 ms'"®. A high-response pulse-drive power supply can
have a rise time of 0.1 ms®*. The rise time of the power supply
limits the data rate that can be achieved at high speeds. In
Methods 2) and 3), the control parameter requires a large and
fast response power supply. Method 4) can be realized by a
low-power data signal which can be modulated as the injection
signal. This section will present a detailed description of
Method 4) used in injection-locked magnetrons.

In an injection-locked magnetron, a signal is injected into
the magnetron, and the magnetron output is locked with the
injection signal. The injection signal frequency is set close
to the self-oscillation frequency of the magnetron. The
locked frequency range Af can be expressed as Af =

2f PP, 1Qe", where f is the injection signal frequency,

P, is the injection signal power, P, is the magnetron output
power, and Qe is the external Q-factor of the magnetron.
Within the locked frequency range of Af, the frequency and
phase of the magnetron output are locked with those of the
injection signal. Therefore, by controlling the injection sig-
nal parameters, the magnetron output can be made to syn-
chronize with the injection signal. In addition, when the
modulation signal is injected, the magnetron output will get
locked with the injection signal, and the magnetron will am-
plify the modulation signal by working as an amplifier (Fig.
2). In the absence of an injection signal, the output of the
magnetron will be a high-power signal, different from that
produced by a power amplifier. Thus, a SWIPT system re-
ceiver will have power stability even when no data is trans-
ferred through the communication channel.

Data signal

=

wm
Modulator | = i Amplifier

i
High-voltage power '| : > m ™
— Magnetron V U P

Circulator

A Figure 2. Schematic of injection-locked magnetron system
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2.1 Amplitude-Shift Keying Used in Injection-Locked
Magnetron

In the system shown in Fig. 2, the data signal is modulated
by the modulator using amplitude-shift keying (ASK). The
modulated signal is amplified and injected into the magnetron
through a circulator. The power of the injection signal changes
from approximately 6.6 W to 22 W. The modulation depth is
set to 70%. When the output power of the magnetron was mea-
sured using a signal analyzer, it was found to have shifted by
approximately 6%, The amplitude depth of the injection-
locked magnetron output is lower than that of the injection sig-
nal. Magnetron behavior is different from amplifier behavior
because the gain of the magnetron fluctuates when the in-
jected power is increased. The modulation depth of the in-
jected power affects the offset level of the magnetron output
power.

Error vector magnitude (EVM), magnitude error (MAG Err),
phase error (Phase Err), and frequency error (Freq Err) are
used to evaluate the modulated signal quality. The modulated
data signal uses a pseudo-noise (PN) 9 sequence. When using
ASK modulation at 200 kbit/s, the quality of the injection-
locked magnetron output (P,/P; = 13.5 dB) and the injection
signal are not much different as shown in Table 1.

Two conditions have to be satisfied for the injection-locked
magnetron to function as an amplitude modulator. First, the
modulation amplitude of the injection signal has to be lowered
to keep the magnetron working in a frequency-locked state.
Second, fast data rates require wide bandwidths, which have
to be narrower than the locked frequency range Af.

2.2 Phase-Shift Keying Used in Injection-Locked Magnetron

When used in the magnetron, PSK follows a procedure simi-
lar to that used by ASK. To use PSK, the modulator type in
Fig. 2 has to be changed from ASK to PSK. The data signal is
modulated onto a carrier signal using a phase shift of 180°.
The modulated signal passes through a power amplifier with

VTable 1. Parameters measured in injection-locked magnetron experiments

an injection power of 14 W. The output of the magnetron is
locked with the injection signal, and a PSK-modulated signal
will be available at the magnetron output.

When the magnetron is used for PSK modulation, a double
balanced mixer is used to compare a sine wave with the output
signal of the magnetron. The intermediate frequency (IF) port
of the mixer is connected to a low-pass filter. When the de-
modulated signal is observed using an oscilloscope, the rising
time ¢, of the phase-modulated signal at the magnetron out-
put (P/P, = 16.4 dB) is found to be approximately 59 ns. The
maximum data transmission rate, f,, can be expressed as f, =
alt,., )L
In a previous study, the response time of the magnetron was

expressed as (Qe/2mf) /P, /P, which has been derived using

Alder’ s equations®. According to this formula, a high injec-

, where « is a constant (usually set to less than 0.35

tion power will reduce the magnetron response time, thereby
enabling a high transmission rate.

We observe that the phase noise at 60 Hz caused by the fila-
ment power supply is present in the output of the injection-
locked magnetron. This phase noise can be avoided by turning
off the filament power supply, high-pass filter, or phase-
locked looping''”. As with ASK, the system has been designed
to make the magnetron work only in the injection-locked state.
With multi-value phase modulation methods, such as quadra-
ture phase-shift keying (QPSK) and eight phase-shift keying
(8PSK), the transmission rate of the data signal is found to be
10 Mbit/s when measured with a signal analyzer. The quality
of the magnetron output is slightly lower than that of the injec-
tion signal, although it is still within the usable range.

2.3 Frequency-Shift Keying Used in Injection-Locked
Magnetron
Frequency-shift keying (FSK) has many advantages, such
as low cost and strong noise immunity. It can be used in
injection-locked magnetrons. An FSK experiment is similar to

[19]

Injection signal (signal generator & amplifier) Magnetron output
Type Data rate EVM/% MAG Err/% Phase Err/deg Freq Err/Hz EVM/% MAG Exr/% Phase Err/deg Freq Err/Hz
ASK 200 kbit/s 1.74 1.48 0.540 4 3489.5 2.29 0.49 1.307 4 3708.7
BPSK 10 Mbit/s 4.24 4.02 0.776 3 78.137 8.85 8.33 1.704 8 3397.1
QPSK 10 Mbit/s 5.29 4.10 1.9337 3.606 8 9.21 7.17 3.2776 -18.842
8PSK 5 Mbit/s 5.62 4.06 2.2542 41.388 11.37 6.36 545717 78.593
MSK 10 Mbit/s 3.03 0.91 3.6525 3.3269 6.56 3.02 2.8858 30.079
Type Data rate/(Mbit/s) FSK Err/%  MAG Err/% CF offset/kHz Freq DEV/Hz FSK Ert/%  MAG Err/% CF Offset/kHz Freq DEV/Hz
2 FSK 10 2.61 0.83 1.7313 975.96 6.38 8.12 0.1730 928.88
4 FSK 10 222 0.75 -24116 972.16 5.13 0.64 29138 929.53
8 FSK 5 0.78 0.78 0.175 17 993.53 1.45 0.62 0.263 6 981.90
16 FSK 10 2.09 0.65 0.661 01 976.22 4.20 0.61 10.662 1025.4

8PSK: eight phase-shift keying
ASK: amplitude-shift keying
BPSK: binary phase-shift keying

CF: carrier frequency
Err: phase error

EVM: error vector magnitude

Freq DEV: frequency deviation MAG Err: magnitude error

Freq Err: frequency error MSK: minimum-shift keying Phase

FSK: frequency-shift keying QPSK: quadrature phase-shift keying
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the PSK experiment. After the modulation type of the magne-
tron to FSK is set, the frequency deviation will also be set. The
FSK-modulated signal is amplified and injected into the mag-
netron through a circulator, the magnetron is locked by the
FSK signal, and the FSK signal is amplified. A frequency de-
modulator is used to demodulate the output signal of the mag-
netron. An oscilloscope is used to measure the relevant param-
eters of the demodulated signal, which are almost similar to
those of the signal obtained using PSK. This injection-locked
magnetron can output FSK signals at a speed of 10 Mbit/s.
The relevant parameters include the carrier frequency (CF off-
set) and frequency deviation (Freq DEV) of the demodulated
signals obtained from multi-value frequency modulated sig-
nals (Table 1). All parameters relating to FSK are consistent
with those related to PSK although FSK modulation quality is
better than PSK modulation quality.

A low modulation index will produce only a few sidebands.
Multi-value FSK modulations have high bandwidth efficiency.
For the same locked frequency range of Af, a lower modula-
tion index and multi-value FSK modulations will produce a
faster transmission rate. As with ASK, the FSK bandwidth has
to be narrower than the locked frequency range Af.

2.4 Challenges Faced in Using Injection-Locked Magne-
trons as Modulators

Compared with that of other devices, the communication
bandwidth of an injection-locked magnetron is narrow because
it has to be less than its locked frequency range. Because the
modulation depth of an ASK-modulated signal obtained from
an injection-locked magnetron cannot be linearly related to
the injection signal, the use of modulation methods, such as
quadrature amplitude modulation, is difficult in injection-
locked magnetrons. The maximum transmission rate of PSK-
and FSK-modulated signals that are currently possible is only
10 Mbit/s. It cannot be increased to 5G and Wi-Fi transmis-
sion rates without making a major structural adjustment in the
magnetron. A past study has revealed that by improving im-
pedance matching, the magnetron bandwidth could be in-
creased®®. Utilizing a three-screw tuner, the magnetron band-
width was increased from 2~6 MHz to 120 MHz. The band-
width could be increased by using a time splitter or a signal
separator in analog signal modulation or low-rate data commu-
nication, such as that required with motor control signals. The
injection-locked magnetron for the high-power SWIPT is still
the best worth looking forward to wide applications.

Regulations and standards also pose challenges. The
continuous-wave magnetrons are currently being used mainly
in microwave ovens and industrial heaters, which are used in
closed spaces. However, because SWIPT is applied in open
spaces, appropriate regulations have to be formulated. In the
case of high-power SWIPT, standards specific to it have to be
prepared. Magnetrons are extensively used in industrial appli-
cations using devices such as microwave ovens and other heat-
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ing devices, where the low cost of the magnetrons is an advan-
tage compared to that of other devices.

3 High-Power SWIPT Systems

The earliest use of magnetrons in communications can be
traced back to the 1940s, and in 1953, the 100 W frequency
variable magnetron M402, operating in the 6 GHz band with a
frequency range of 1 MHz, was developed and used in a 23-
channel telephone systemm]. However, because of the techno-
logical limitations that existed at that time, the magnetrons
used in communications were gradually replaced by klystrons
and semiconductors. WEGLEIN et al.®, TAHIR et al.!'®3%
and READ et al.®"" has mentioned a magnetron being used for
modulation, however, there are no actual data has been per-
formed. Here we present the latest developments in injection-
locked magnetron systems producing modulated signals. The
high-power SWIPT systems based on injection-locked magne-
trons have been recently used in combination with the WPT
technology to handle audio, motor control and video signals of
wireless TV systems, and beamforming phased array systems
used in video transmissions.

3.1 Demonstration of Phase-Controlled Magnetron Sys-
tem Used in Radio Broadcasting
The noise resistance of the phase-controlled magnetron
(PCM) is considered higher than that of an injection-locked
magnetron. The magnetron is used to transfer an audio signal
(Fig. 3). The audio signal is fed into Phase Shifter 1, and the

Transmitter A

Double balanced mixer

LO 8 RF

Phase Shifter 1 1F
PLL control circuit |

Audio signal

| Signal generator |—-)| Phase Shifter 2 | ’| Amplifier

o
High-voltage 5 5.8 GHz é
power supply | magnetron E

W

\&/
Receiver A U
LO RF
Signal generator ’:‘
IF
Audio signal < LPF

IF: intermediate frequency
LO: local oscillator

PLL: phase-locked loop
RF: radio frequency

LPF: low-pass filter

A Figure 3. Schematic of phase-controlled magnetron system used in ra-
dio broadcasting”
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modulated signal is compared with the magnetron output by
the double-balanced mixer. The signal at the IF port of the
mixer representing the phase difference between the two sig-
nals compared is fed to the phase-locked loop (PLL) circuit
to control Phase Shifter 2. The PLL circuit gradually reduces
the phase difference between the two signals compared to
bringing it to zero when the magnetron will produce a phase-
modulated (PM) signal that follows the injection signal. In
the receiver, the antenna is connected to a mixer, which
works as a simple demodulator. The mixer produces at its IF
port an audio signal corresponding to the phase difference
between the signal generator output and the antenna signal.
Fig. 4 shows the audio signal and the signal obtained by de-
modulating the PM signal. In this analog phase-modulating
system, the WIT system acts as a radio broadcast system. A
PCM with high noise resistance will avoid the 60 Hz phase
noise produced by the filament. PCMs are expected to am-
plify multi-value PSK signals.

0.25
0.20
0.15
0.10

0.05

-0.05

Modulation signal/V
Demodulation signal/V

-0.10

-0.15

A Figure 4. Audio signal and demodulated signal obtained from a phase-
modulated (PM) signal transmitted by the injection-locked magnetron
(without filter)

3.2 Demonstration of a SWIPT System Used in a Remote-
Controlled Electric Trolley

Fig. 5 shows the schematic of the SWIPT system used in an
injection-locked magnetron producing FSK-modulated signals
in the microwave range. An RS-232 signal corresponding to the
motor control signal is fed into a modulator that produces an
FSK-modulated signal. This modulated signal is amplified and
injected into a 5.8 GHz band magnetron through a circulator.
The magnetron is locked with the injection signal. The magne-
tron outputs FSK-modulated microwaves to an electric trolley
through the horn antenna shown in Figs. 6 and 7. The receiver
installed in the electric trolley receives the modulated micro-
waves and demodulates them to control the motors. Fig. 8 shows
the control data pertaining to the transmitted and demodulated
data. The operation of the data transfer system is confirmed at a
high data transmission rate, such as 115 200 bit/s. The demodu-
lated data is fed back to the RS-232 RxD port to check the data

Transmitter B Receiver B

PC LabVIEW
RS232

High-voltage
power supply

i

Demodulator

Amplifier

N
5.8 GHz )‘ \H
magnetron ///// /

=/

Circulator

A Figure 5. Schematic of simultaneous wireless information and power
transfer (SWIPT) used in an injection-locked magnetron to control an
electric trolley™

A Figure 6. Picture of simultaneous wireless information and power
transfer (SWIPT) system used in an electric trolley control system

==
=
)
e
v }
=

Transmitter Receiver

1: LabVIEW panel

2: high-voltage power supply and amplifier
3: magnetron

4: circulator

5: transmitting antenna
6: electric trolley
6.1: demodulator
6.2: driver circuit

A Figure 7. Pictures of simultaneous wireless information and power
transfer (SWIPT) system used in an electric trolley control system'*?!
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2.5 2.8

RS-232 TxD signal/V
RS-232 RxD signal/V

0 0.5 1.0 1.5 2.0

Time/ms

5: horn antenna

1: high-voltage power supply
2: DVD player

3: FM modulator

4: amplifier 8: TV

6: circulator

7: magnetron

A Figure 8. Modulated and demodulated signals produced by the
injection-locked magnetron"*

error without bit error.

The experiment conducted using the 5.8 GHz injection-
locked magnetron was on the use of a 655 W SWIPT system in
an electric trolley remote-control system using FSK. With
their increased industrial production, electric trolleys are be-
ing widely used in work related to factory automation. The re-
mote electric trolley control system presented in this review
would be suitable for applications involving smart factory and
smart warehouse logistics.

3.3 Demonstration of Use of Frequency Modulation in
Television Broadcasting System

In the TV broadcasting system shown in Figs. 9 and 10, FM
is used with the analog video signal. A DVD player feeds au-
dio and video signals to an FM modulator. The FM modulator
output is amplified to 10 W. The modulated signal is injected
into the magnetron. In the receiver, the demodulator produces
the TV, video, and audio signals corresponding to the DVD
signal.

A Figure 10. Picture of TV broadcasting system using an injection-
locked magnetron'"’!

This FM system using an injection-locked magnetron can
be used in a TV broadcasting system. With digital TV becom-
ing popular, the system may not have many applications. The
system depicted in Figs. 9 and 10 demonstrate that injection-
locked magnetrons can be used for low-speed audio and con-
trol signal transmissions and large-capacity data communica-
tions, such as those relating to video signals.

3.4 SWIPT System Used in Wirelessly Powered TV Broad-
casting System
Based on the FM system used in the TV broadcasting sys-
tem, a microwave-driven wireless TV system using the high-
power WPT technology has been developed™. Fig. 11 shows
the diagram of the wirelessly powered TV system. The wire-
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[[igh-vollag;e . 5.8 GHz ZE
power supply L magnetron g
£
AL
it o
&/
Receiver C

TV ‘_| FM demodulator |'_| Antenna |

A Figure 9. Schematic of TV broadcasting system using an injection-
locked magnetron'"”!
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lessly powered TV, comprising a 2.45 GHz band magnetron
and a power supply, was developed based on the principle
used in a microwave oven. The transmitter cost was not much
different from the microwave oven cost. The system demon-
strates the advantages of using injection-locked magnetrons
for high-power SWIPT.

The noise produced by the magnetron depends on the stabil-
ity of the power supply circuit and the temperature of the elec-
tron emission filament inside the magnetron®!. The magnetron
used in the system is Panasonic 2M236-M42, which has an os-
cillation voltage of 3.60 kV. The power supply circuit used
can oscillate continuously. The power supply circuits used in
microwave ovens are based on half-wave double-voltage recti-
fiers. The magnetron output oscillates intermittently at 60 Hz.
With the intermittent oscillation of the magnetron output, the
magnetron oscillation frequency changes significantly because
the fluctuation of the oscillation frequency of a magnetron de-
pends on the anode current of the magnetron. Because the
magnetron has a discontinuous output with its anode current
changing drastically, the oscillation frequency of the magne-
tron also tends to change significantly. Thus, the noise in the
microwave oven would be large. The conventional PCM uses a
regulated DC power supply and reduces the magnetron noise
by turning off the filament. However, when the filaments in mi-
crowave ovens using half-wave double-voltage rectifiers are
turned off after the magnetrons start to oscillate, the electron
emissions from the filaments will stop because of the discon-
tinuous outputs, and oscillations will not occur. The output
voltage has to be maintained above the oscillation voltage to
make the magnetron produce an output continuously. In the
system considered, a full-wave double-voltage rectifier is
used. The output of the rectifier is higher than the magnetron

bandwidth. With 10 W injection power, the magnetron can
work in the injection-locked state. The DVD signal is modu-
lated and injected into the magnetron as in the TV broadcast-
ing system. The magnetron produces a 329 W FM microwave
for transmission to the receiver.

The receiver has 54 patch antennas with each antenna con-
nected to a rectifier. The maximum rectifier efficiency is
51.7% at a 1.8 W input power and with a 60 () load. One rec-
tifier circuit is connected to the demodulator, and the video
and audio signals produced by the modulator are fed into the
TV. The outputs of the other rectifier circuits are connected
to a DC/DC converter. The distance between the transmitter
and the receiver is 3.5 m, and the receiver is fed with 48 W
of DC power, which is sufficient to drive the TV. The other
relevant parameters of the system are shown in Table 2 and

Fig. 12 shows a picture of the working wireless TV.

V Table 2. Parameters of wirelessly powered TV™"

Parameter Value
Magnetron 2M236-M42 (Panasonic)
Anode current 140 mA
Anode voltage -3.68 kV (DC)
Filament current 74 A

Filament voltage 3.35 V(AC 60Hz)

Injected power 10W
Output frequency 2.448 - 2.450 GHz

Output power 329 W (RF)
Rectified power 48 W (DC)

Modulation Frequency, modulation

Gain 16 dBi (SPC)

Transmitter antenna

oscillation voltage at a 4.16% ripple rate. The oscillation band- TV LL-M1550A (Sharp)
width is less than 3 MHz. The injection signal has a 2 MHz SPC: slotted polar cap
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AFigure 12. Picture of wirelessly powered TV™"!
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3.5 High-Power SWIPT System Used in Magnetron-
Based Phased Array System

In a high-power WPT system, one magnetron is sufficient to
supply the required energy. Based on the research conducted
on PCM technology!”, four injection-locked magnetrons are
used to construct a 2 X 2 phased array system. The output
power of the magnetron phased array can be controlled from
350 W to 1 637 W. As shown in Fig. 13, the phased array sys-
tem transmits 1 304 W, and its receiver, which is at a 5 m dis-
tance from it, collects 142 W of DC power. The RF-RF-DC effi-
ciency is close to 12%'!. By adjusting the phase of each PCM
element, two-dimensional beamforming will be achieved.

In the SWIPT system shown in Fig. 14, the magnetron out-

Measuring

A Figure 13. Picture of 5.8 GHz magnetron-based phased array used in
the wireless power transfer (WPT) experiment'>*’

puts a modulated signal. The effect of modulation on transmis-
sion efficiency is almost negligible. When measured at differ-
ent modulation rates (1, 10, 100, and 1 000 kbit/s), the modu-
lated beam is found to degrade the power received by less
than 3%. Beamforming does not affect the modulation quality
in WIT significantly. If the receiver power is sufficient for the
demodulation level, communication quality will not change.
The phase shifters are set for switching at 100 ms, which is
close to the response time of the magnetron phased array. The
magnetron phased array produces a dynamic beam at +2°. The
EVMs of the dynamic and static beams are not much different.
The EVMs measured in front of the magnetron phased array
are similar. The EVMs are affected mainly by the received
power level™.

As shown in Figs. 14 and 15, the modulated video signal is
used as the injection signal. When four PCMs are injected and
locked with the same modulation wave, beamforming of the
magnetron phased array can be achieved by adjusting the
phase of each PCM. The magnetron phased array delivers mi-
crowave beam switching to Rectennas 1 and 2 every 2 sec-
onds. At the same time, the TV displayed a stable camera sig-
nal. Experiments conducted have revealed that video transmis-
sion could be done with dynamic beamforming®*. The results
show that the phased arrays transmitting a modulated signal
and those producing the beam can coexist. In this high-power
SWIPT, the main lobe power is used for WPT, and the side
lobe is used for WIT, which is a novel method.

4 Conclusions
This review summarizes the latest research findings on
injection-locked magnetrons that can be used in high-power
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A Figure 14. Schematic of high-power simultaneous wireless information and power transfer (SWIPT) system used by the magnetron phased array
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Magnetron phased array

Pa Rectennal. 2

FM demodulator

A Figure 15. Picture of high-power simultaneous wireless information and
power transfer (SWIPT) system used by the magnetron phased array™

SWIPT. The performance of injection-locked magnetrons us-
ing amplitude, phase, and frequency modulation is evaluated.
The highest data rate that could be achieved is 10 Mbit/s.
These demonstration experiments of the injection-locked mag-
netron maintaining the high-power output have realized the
modulated sound signal, motor control signal, and video sig-
nal. The wirelessly powered TV system that has been demon-
strated uses a high-power SWIPT system. A high-power
SWIPT used in a magnetron-based phased array, which trans-
mits video using beam scanning, is also presented. The effects
of beam scanning on signal quality and the modulated signal
and on transmission efficiency are quantitatively evaluated.
Technically, a practicable high-power SWIPT has been
achieved.

However, in enabling the IoT and IoE society, many chal-
lenges will have to be overcome with the collaboration and co-
operation of all industries. We have reviewed the latest devel-
opments of SWIPT that can be used with low-power devices
and based on communication standards, such as 5G, Wi-Fi,
and Bluetooth. The Japanese government is discussing WPT-
related regulations, which would set the maximum power of
the system as 32 W. The devices such as drones and electric
vehicles require high power for charging. Currently, no stan-
dard on high-power SWIPT used via microwaves has been for-
mulated through consensus. Another challenge is posed by

high-efficiency energy conversion technologies. The existing
microwave power-amplifying devices used for communication
have low conversion efficiency. Although magnetrons can per-
form high-efficiency conversions, their bandwidths are narrow,
which does not permit high-speed communications. The travel-
ing wave tube (TWT) has a wide bandwidth and efficient con-
version capabilities. However, because of its high cost, TWT
is being used mainly in satellite communications. Thus, we
need to find a wide bandwidth energy conversion device that
is inexpensive and highly efficient.

In the future, high-power SWIPT may be combined with 5G
base stations and wireless routers. We can look forward to a fu-
ture with wireless IoT and an IoE society where drones, mo-
bile phones, and other devices operate wirelessly.
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1 Introduction
n addition to radio frequency (RF) waves’ ability to
transmit information, a viable energy source for power-
ing low-power devices used in wireless sensor networks
(WSN) or Internet of Things (IoT) applications should
also be considered. The scientific community has explored
this characteristic of radio waves, resulting in the proposal
of a simultaneous wireless information and power transmis-
sion (SWIPT) system.

A careful design that incorporates wireless power transfer
(WPT) capabilities should be considered to improve the de-
vices’ data storage or increase computing capabilities. This
integration has facilitated the interest in the concept of pas-
sive wireless sensors, which may play an important role in
an loT scenario with sensors without batteries deployed ev-
erywhere sensing the environment. Nowadays, more IoT sen-
sors bring the increase of batteries to be deployed, which
will have a negative ambient impact. Battery-powered tags
can improve communication distance but have limitations in

This work is funded by FCT/MCTES through national funds and EU funds
under the project UIDB/50008/2020-UIDP/50008/2020.

battery cost and replacement. Thus, the alternatives to the
battery systems are based on the energy harvester (EH) tech-
nology or other different sources (solar'', motion or vibra-
tion”, and ambient RF®)). To overcome the problems from
the EH and batteries, the concept of WPT has been explored
to supply the tags with power.

In Ref. [4], a solution combining inductive WPT and ultra-
high frequency (UHF) radio frequency identification (RFID)
was presented, and by combining these two technologies it
was possible to increase the tag sensitivity by 21 dB. How-
ever, with inductive WPT, the proximity of the tag to the
power source is a huge obstacle to those systems, and to
overcome the problem created by the short distance required
in inductive wireless power transfer, electromagnetic wire-
less power transfer has emerged. It consists in using the
power contained in RF waves and, through conditioning cir-
cuits such as RF to (direct current) DC converters, trans-
forming this power into the current.

Regarding electromagnetic WPT, a comparison between
different rectifier typologies and different stage levels was
presented in Ref. [5]. The results show a high dependence
between the received power and the most efficient topology.
In Ref. [6], the authors presented a structure with a two-tone
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signal at 1.8 GHz and 2.4 GHz, which improved the voltage
output by 20% higher on average than a single-tone input.
The authors in Ref. [7] presented a reader which was config-
ured to transmit power in continuous waves (CW). The tag
used a storage capacitor that could charge up to 5.5 V after
the rectification. After the storage capacitor was charged, it
powered the tag that performed sensing and communication,
reflecting the carrier wave. This process was proven at 1 m
between the reader and the tag. The same principle was
used in Ref. [8].

This paper describes the works presenting SWIPT sys-
tems or devices that are part of SWIPT systems, power condi-
tioning circuits such as RF-DC converters, or backscatter
communication circuits.

This paper is organized as follows. Section 2 presents
some examples of work in the WPT area, Section 3 exposes
backscatter communication systems, SWIPT systems are
presented in Section 4, and the conclusions are drawn in
Section 5.

2 Wireless Power Transfer Energy Har-

vesters

As mentioned previously, the increase of ToT devices
raises the need for power and EH is a clean solution to that.
Moreover, with new 5G bands (above 20 GHz), new opportu-
nities emerge, due to the possibility of developing compact
devices, using higher transmitted power, and using antenna
arrays instead of single elements. Integrated circuits (IC) are
also a solution to developing compact and quite cheap cir-
cuits, and Gallium Arsenide (GaAs) technology has evolved
in recent years, making it a suitable technology for low-
power systems.

In Ref. [9] the authors presented a hybrid solution com-
bining an RF-DC converter chip, based on a 2-stage Dick-
son charge pump/voltage multiplier that was developed by
resorting to a 100 pwm GaAs technology foundry. In contrast
to conventional circuits developed with IC technologies, the
authors in Ref. [9] developed a DC low-pass filter externally
to the chip, using a conventional microstrip substrate con-
nected by bond wires, as shown in Fig. 1. The chip is com-
posed of a matching network (values are shown in Fig. 1)
that matches the input impedance to the diode’ s imped-
ance. The external RC filter will allow tuning the circuit for
different scenarios and frequencies. For example, when
measuring the chip using a probe station, the RC network is
not the same if the circuit is connected to an antenna, since
the 50 ) microstrip line and bond-wire would influence the
chip response. This enables optimization of the circuit for
different scenarios and different frequencies of operation.
The substrate used is the Rogers RO4003C, with ¢,=3.48
and h=0.508 mm. With this circuit, for the case of on-chip
measurement, 51 % efficiency is achieved for an input
power of 15 dBm. In the fully assembled prototype, some de-
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Fully assembled circuit
RF on chip circuit
RF-DC chip 1400 pm
D Bondwir External RC filter
Bondwire 4 c, | N
_/\T\D-L D;—'Zé <] -
External 50 Q / 2 % g
microstrip line ] o8 ;
L»H\ 5 -
DC: direct current GND: ground

A Figure 1. RF-DC block diagram circuit for different scenarios, where
L,=0.12 nH, C;=2.7 pF , L, =372 pm, W, =90 pm, W, =W, =10 (N°

of fingers), with the chip area of 1 400 pmx1 000 pm®

viation is found, and the peak of efficiency appears at
23 GHz with efficiency of 54% and the input power of
13 dBm. Moreover, both circuits present promising re-
sults at other frequencies.

Using this approach, it is possible to power up a sensor
even without the use of a battery pack, allowing the possibil-
ity of maximizing the service time of loT sensors.

3 Wireless Information

3.1 High Order Backscatter Communication

If the objective is to create an information layer on top of the
power layer for the loT sensors, the wireless communication
layer should consume the minimum amount of energy possible.
Traditional super-heterodyne approaches are not a viable solu-
tion in this scenario, since the energy cost is high for these ap-
proaches. One of the alternatives proposed by the authors in
Ref. [10] is to use backscatter systems combined with WPT.

Backscatter systems are normally low bit-rate solutions,
because they operate in amplitude shift keying, or binary
phase shift keying modulation formats, creating different im-
pedances at the antenna plane for the generation of such
modulation schemes. Nevertheless, it is possible to combine
some basic modulations to obtain better modulation formats
for IoT applications, like the quadrature amplitude modula-
tion (QAM) which combines the amplitude and phase modu-
lation.

This technique uses the combination to change the antenna
impedance, and each impedance will correspond to a symbol
used to transmit the digital message. DASKALAKIS et al.!"!
presented a low-power sensor tag. The tag could create up to 4
different antenna impedances, modulate data using four-pulse
amplitude modulation (PAM) to increase the transmitted bit
rate, and send it to a low-cost software-defined radio (SDR)
reader. The tag requires no batteries and is supplied with an
energy harvester, consuming only 27 wW.

In Ref. [12

], the authors presented a novel modulator that
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In Ref. [13], the authors implemented the same approach
presented previously, but in this case, they used a 130 nm
BiCMOS foundry technology. The objective was to achieve a
low-power and high-speed M-QAM backscatter modulator
for millimeter wave frequencies, as shown in Fig. 4. The au-
thors showed that the modulator presented the lowest dy-
namic power consumption reported at the time, which was
6.96 wW, and could achieve 16, 32, and 64-QAM modula-
tions in a range of 20 GHz to 28 GHz with a low value of er-
ror vector magnitude (EVM).

Moreover, backscatter could also be used with ambient
electromagnetic waves, as in Ref. [14], which was based on
the circuit of Ref. [13] and was possible to perform PAM
modulation. In this case, the authors were interested in sig-
nal bands that are usually found on our daily basis, such as
frequency modulation (FM)-100 MHz, industrial, scientific
and medical (ISM)-400 MHz, digital video broadcasting-
terrestrial (DVB-T)-700 MHz, or global system for mobile
communications (GSM) -900 MHz. To demodulate the re-
ceived signal, the authors have used a low-cost SDR that cov-
ers the bands of interest. The authors demonstrated that their
system could demodulate signals in an extensive range of in-
put power (=10 dBm to =60 dBm) and several data rate val-
ues (5 kbit/s to 50 kbit/s) in the mentioned frequencies.

3.2 All Digital Backscatter Communication

To minimize the costs of producing backscatter tags and
increase the microcontroller unit (MCU) capability to re-
ceive and store data from the sensor networks, TORRES et

I Wilkinson power divider

Matching network 1~ Mosfet 1

Matching network 2

A Figure 3. Photograph of the 16-quadrature amplitude modulation
(QAM) backscatter circuit''?

A Figure 2. (a) Microscopic photograph of the chip, (b) on-chip scenario
prototype, and (c) fully assembled circuit prototype'’

worked with a Wilkinson power divider with a phase shift
and two transistors working as switches to generate M-QAM,
as can be seen in Fig. 3. This modulation technique permits
high-bandwidth and low-power wireless communications.
The presented circuit has an energy consumption as low as

6.7 pl/bit for a bit rate of 120 Mbit/s.

(b) Chip micrograph

(a) Chip layout

A Figure 4. BICMOS high-order backscatter modulator, in which C =
385.117 fF , L, = 0.3 nH, C, = 30.012 fF , R = 100 (), with the chip area
of 0.92 mm*"
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al." showed a fully digital ambient backscatter system that
operates with ambient FM sources, with a power of approxi-
mately —70 dBm. In this system, the backscatter module
uses an ESP32 MCU and a telescopic monopole as an an-
tenna. The variation of a digital I/0 pin causes an imped-
ance variation in the connected antenna reflecting the in-
coming FM waves with an amplitude shift keying (ASK)
modulation and can be demodulated by a low-cost RTL-SDR
USB dongle, as shown in Fig. 5.

The solution presented enables a large number of applica-
tions that can benefit from the different technologies used
with the commercial modules tested, such as Wi-Fi, Blue-
tooth, and ambient backscatter communications.

In Ref. [16], the authors produced a digital backscatter
tag connecting a dipole, the two red wires in Fig. 6, to a digi-
tal I/0 pin of the PIC16 MCU, presenting a digital backscat-
ter tag.

4 SWIPT System

The authors in Refs. [10] and [17], as shown in Fig. 7, pre-
sented a solution using dual-band wireless power and data
transfer, a system with a backscatter modulator combined
with WPT. In this solution, two frequencies were consid-

-

Coupler

FM: frequency modulation SDR: software defined radio

MCU: microcontroller unit Rx: receiver

AFigure 5. Real ambient FM measurements setup''!

1 2
CENTIMETERS

INCHES Wmvsnmusg

A Figure 6. Photo of digital backscatter prototype'®
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Backscatter modulator

Rectifier

Matching network

A Figure 7. Photograph of implemented system with backscatter
modulator combined with wireless power transfer (WPT), element val-
ues of which are L, = 21.2 mm, W ,=1.87 mm, L,=15.1 mm, W,=1.0 mm,
L,=21.9 mm, W,=0.8 mm, L,=11.3 mm, W,=1.87 mm, L.=17.1 mm, W=
1.2 mm, and L;=6.7 mm"”

ered: one was used to power the tag and the other to perform
the communication through backscatter. In this circuit, it is
possible to find three main blocks. In the communications
part, the red square in Fig. 7, the backscatter modulator will
vary the impedance seen by the antenna, causing a reflec-
tion or absorption of the incident wave. The matching net-
work is presented in green in Fig. 7, which is designed to
provide backscatter load modulation at one frequency and
continuous flow of WPT at other frequencies, and the five-
stage Dickson multiplier provides sufficient DC power to
supply the micro-controller. A similar approach, using dif-
ferent frequencies for energy and communication, was pre-
sented in Ref. [18], in which a different circuit for the RF-
DC conversion was used for each frequency. The authors in
Ref. [19] used two different frequencies for RF communica-
tion and WPT. They also used 5.8 GHz to power up a portion
of radio connected to a battery with an RF-DC converter,
and a wake-on radio (WOR) will only activate the battery for
the primary transceiver. Nevertheless, the system is not pas-
sive and uses the WPT to activate the primary transceiver.
Despite having passive tags for communication, it is of ut-
most importance to improve the data rate in the sensors in
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order to reduce the power consumption and extend the read
range.

S Conclusions

In this paper, a brief review of SWIPT systems is pre-
sented, especially the combination of wireless power trans-
mission and backscatter communications. The use of higher
order modulation formats allows the implementation of such
systems, reducing significantly the need for batteries in
these sensors and paving the path for Internet of Everything
in the future.
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Abstract: Three design methods for wireless power transmission (WPT) systems using antenna arrays have been investigated. The three meth-
ods, corresponding to three common application scenarios of WPT systems, are based on the method of maximum power transmission effi-
ciency (MMPTE) between two antenna arrays. They are unconstrained MMPTE, weighted MMPTE, and constrained MMPTE. To demonstrate
the optimal design process with the three methods, a WPT system operating at 2.45 GHz is designed, simulated, and fabricated, in which the
transmitting (Tx) array, consisting of 36 microstrip patch elements, is configured as a square and the receiving (Rx) array, consisting of 5
patch elements, is configured as an L shape. The power transmission efficiency (PTE) is then maximized for the three application scenarios,
which yields the maximum possible PTEs and the optimized distributions of excitations for both Tx and Rx arrays. The feeding networks are
then built based on the optimized distributions of excitations. Simulations and experiments reveal that the unconstrained MMPTE, which cor-
responds to the application scenario where no radiation pattern shaping is involved, yields the highest PTE. The next highest PTE belongs to
the weighted MMPTE, where the power levels at all the receiving elements are imposed to be equal. The constrained MMPTE has the lowest

PTE, corresponding to the scenario in which the radiated power pattern is assumed to be flat along with the Rx array.
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1 Introduction
he wireless power transmission (WPT) can be traced
back to the experiment demonstrated by Nicola
TESLA using Hertz’ s theory of radio wave transmis-
sion". During the last decades, the application of
WPT technology has been extended to various fields such as
the solar power satellite, microwave hyperthermia, implant-
able devices and electric vehicles” . The WPT systems are
usually divided into two categories. One is to use the magnetic
induction, for example, two closely spaced coils respectively
used as transmitting (Tx) and receiving (Rx); the other is to
use two antennas located in the near- or far-field region of
each other® %,

Many efforts have been devoted to enhancing the power
transmission efficiency (PTE) for WPT systems and various de-
sign criteria have been proposed. Very recently, LI et al. pro-
posed several methods for the design of antenna arrays for a
microwave WPT system”® '°L In Ref. [9], a clustering method
named the k-means algorithm was adopted to determine the
optimal subarray configuration which yields the maximum
beam collection efficiency (BCE). GOWDA et al. demon-

This project is supported by the National Natural Science Foundation of
China under Grant No. 61971231.

strated a WPT system using two patch antenna arrays''". The
excitations of the Tx array are assumed to be equal in ampli-
tude and their phases are properly controlled in order to focus
the field at the target plane. The Rx array is designed with di-
mensions slightly larger than the area of =3 dB region in order
to intercept the incident fields while the feeding network for
the Rx array is designed with a uniform distribution for bhoth
amplitudes and phases. In fact, most previous publications
have focused on improving the PTE by adjusting the excita-
tions of the Tx array and ignoring the design of Rx feeding net-
works. The Rx array is usually connected to a feeding network
with a uniform distribution of excitations and the received
power is collected at the feeding point'®. Metamaterial, sub-
strate integrated waveguide, and spatial light modulators have
also been used in near field multi-target focusing and shaping

[13-151 - Algorithms have also been investi-

in complex media
gated for near-field applications, such as time reversal, phase
conjunction, the steepest descent method, Bayesian compres-
sive sensing, and convex optimization''® %!,

Most previous design methods for WPT systems have been
demonstrated to be effective. In order to evaluate these meth-
ods, a performance index is needed to characterize the WPT
systems. Examining all the wireless systems for either informa-

tion or power transmission, their design has the ultimate goal
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to maximize the PTE between the Tx and Rx antennas. For
this reason, the PTE is made for a performance index to evalu-
ate all the wireless systems. In fact, the PTE may be used as a
performance index for all antenna designs. One can make use
of the PTE as an objective function to be optimized to design
various antenna arrays and WPT systems, and such an optimi-
zation process has been referred to as the method of maximum
power transmission efficiency (MMPTE)" ! For example, a
WPT system using a 6X6 patch array as the Tx array and a 4x4
patch array as the Rx array was investigated in Ref. [24], where
both the Tx and Rx arrays are optimally designed in terms of
MMPTE. The measured PTE reaches 39.4% for a separation
distance of 40 ¢cm, which is much higher than a similar design
reported in Ref. [11]. Recently, the MMPTE has further been
applied to the design of antenna arrays to achieve a flat-top
beam in both near- and far-field regions by introducing a con-
straint to MMPTE so that the power distribution along with the
Rx elements is the same. In this case, one needs to solve a
quadratically constrained quadratic program (QCQP) problem.
By linearizing the QCQP, an analytical solution to the optimal
distribution of excitations can be obtained. Based on this pro-
cedure, a radio frequency identification (RFID) bookshelf
reader antenna array and an RFID antenna array used to track
the servers placed in a metal cabinet have been pro-
posed™ *!. Both antenna arrays can generate a wide and flat
electric field intensity distribution in the near-field region and
a complicated environment, with a fluctuation of less than 3
dB across the whole shelf, which is much better than previ-
ously reported results. A method for adjusting the distribution
of the end-fire gains in the far-field region of the bidirectional
antenna array has also been proposed by introducing a weight-
ing diagonal matrix into the MMPTEP!, where higher gain
could be achieved with a smaller array size compared with
other similar designs.

Therefore, there have been three different formulations of
MMPTE, developed for the design of various antenna arrays.
In this paper, the above three formulations will be applied to
the design of WPT systems which correspond to three different
practical scenarios. The MMPTE, free of weighting coeffi-
cients or constraints, will be referred to as unconstrained
MMPTE and can be applied to the scenario where the power is
transmitted between two antenna arrays without pattern shap-
ing. The MMPTE with a weighting matrix will be referred to as
the weighted MMPTE and is suitable for the application where
the power levels are required to be different among the receiv-
ing elements. The MMPTE with constraints will be referred to
as constrained MMPTE and can be applied to the scenario
where the radiation pattern must be flat along the receiving an-
tenna elements, e. g., several closely spaced identical elec-
tronic devices are wirelessly powered. For ease of comparison,
the three methods will be applied to the design of the same
WPT system operating at 2.45 GHz, in which the Tx array con-
sists of 36 patch elements and is configured as a square, and
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the Rx array consists of 5 patch elements and is configured as
an L shape. The Tx and Rx arrays are separated by a distance
of 15 ¢m. The three methods yield three feeding schemes for
both Tx and Rx arrays, corresponding to three different appli-
cation scenarios.

The paper is organized as follows. Section 2 introduces the
general power transmission formula between two antennas.
Section 3 discusses the three different formulations of
MMPTE, which are dedicated to the design of WPT systems.
Section 4 describes the design of the aforementioned WPT sys-
tem, including the selection of antenna elements, the array
configurations, the determination of the optimal distribution of
excitations, and the design of feeding networks. Section 5 dem-
onstrates the simulation and experimental results, including
the near-field patterns and the realized PTEs for the three dif-
ferent designs. Some conclusions are drawn in Section 6.

2 General Power Transmission Formula for

Two Antennas

Consider a power transmission system consisting of anten-
nas 1 and 2. Let S;(i = 1,2) denote the closed surface that en-
closes antenna i only. When antenna 1 is transmitting and an-
tenna 2 is receiving, the PTE, defined by the ratio of the
power received by antenna 2 to the transmitting power of an-
tenna 12! is given by

2
f (E,XxH,-E,xH ) u,dS

S,orS,

PTE =

4Ref(E1 xH)- un(iSRef(E2 x H,)- u,dS

3, 35, , (D)
where u, is unit outward normal to the surface, and E; and H,
denote the fields generated by antenna i when antenna
j(j # i) is receiving. The PTE reaches the maximum if the fol-
lowing conjugate matching condition, E, = E,and H, = -H,,
is satisfied, on a closed surface that encloses either antenna 1
or 2. For a WPT system consisting of two planar apertures of
regular shapes, the optimization of Eq. (1) yields an eigen-
value equation that can be solved analytically. The eigenvec-
tors of the eigenvalue equation are the optimized aperture
field distributions while the corresponding eigenvalues give
the PTER %L For two circular apertures of radius R, and R,
separated by a distance D, a key parameter in the design of
the WPT system is (the ratio of two areas)

C= R\R,
T AD (2)

where A is the wavelength. It shows that the PTE increases
and approaches 100% as C goes up. Given the requirements
of PTE, the transmission distance D, and the operating fre-
quency, one can use Eq. (2) to determine the minimum aper-
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ture sizes to meet the requirements.

The optimized aperture field distribution after optimizing
Eq. (1) is a continuous function with a spherical phase distri-
bution and a Gaussian-like amplitude distribution. Physically
this implies that the Tx and Rx antennas must focus on each
other, which is only possible when the Tx and Rx antennas are
in the Fresnel region of each other.

3 MMPTE for Design of WPT Systems Us-

ing Antenna Arrays

In practice, it is challenging to achieve a continuous aper-
ture field distribution with a single antenna aperture. One pos-
sible strategy for addressing the challenge is to approximate
the continuous aperture field distribution using an antenna ar-
ray. The aperture is first discretized into a number of ele-
ments, each of which is then replaced by an antenna element.
The aperture field may be discretized so that its value over
each element is considered a constant and is then used to feed
the corresponding antenna element. Such an approach is, how-
ever, problematic since the mutual coupling among the an-
tenna elements may cause severe distortion in the radiated
field.

Instead of realizing a continuous aperture field distribution
via an antenna array, one can directly consider the power
transmission between two antenna arrays. The theory of
MMPTE between two antenna arrays was first proposed by one
of the authors in Ref. [19] in 2010, and has evolved into a pow-
erful and universal method for the design of various antenna
arrays during the last decade™ *!. The basic idea behind the
MMPTE relies on the recognition that all wireless systems for
both information and power transmission have to be optimally
designed in the sense that the PTE between Tx and Rx has to
be maximized (or minimized if no coupling is allowed between
Tx and Rx). Therefore, by properly introducing a test receiving
antenna array, the optimal design of antenna arrays reduces to
the optimal design of WPT systems, and the best possible an-
tenna performance is thus guaranteed.

A WPT system consists of m Tx antenna elements and n Rx
antenna elements, which forms an (m+n) -port network en-
closed by the small dotted rectangle in Fig. 1, and it can be
characterized by the scattering parameters as follows

(o]} _|ls] [s.]]l[a]
[o.]] 8] eIl ]). 3

where the subscript ¢ and r respectively stand for Tx and Rx, and

la,]=[a,.ay....a,l,

[a’r] = [am w10y 250y 1y ]T»

[b,1=1b,.b,,..,D,, 1,

L RS S 4)
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respectively denote the normalized incident and reflected
waves for the Tx array and the Rx array. The PTE, denoted by
T, between Tx and Rx arrays is defined as the ratio of the total
power delivered to the Rx array to the input power into the Tx
array. Assuming that both the Tx and Rx arrays are well
matched (a general discussion for a non-matched system can

be found in Ref. [21]), we have™ 2!

la,1"[A]la,]

T:
[a,1[a,]

) (5)

H
where [ A ] = [Sn} [S”} is a matrix determined by the scatter-

ing parameters of the whole system and the superscript H de-
notes the Hermitian operation.

3.1 Unconstrained MMPTE
When the PTE defined by Eq. (5) is required to be station-

ary, an eigenvalue equation can be obtained as follows!"’ "l

[Alla,]1=Tla,l, (6)

where the largest eigenvalue gives the maximum PTE, and the
corresponding eigenvector [ a,] gives the optimal distribution
of excitations for the Tx array. Once the optimal distribution of
excitations for the Tx array is known, the optimal distribution
of excitations for the Rx array is then given by

[5.]=[s.] te1. )

The above procedure does not involve any constraint and is
therefore referred to as unconstrained MMPTE (UMMPTE).
With one test receiving antenna placed in the direction where
the radiation intensity needs to be maximized or minimized,
the UMMPTE can be used to design focused antennas'” 2,

27 - 30 31
smart antennas[ ¢ : ].

| and end-fire antennas
It can be shown that the optimized distribution of excita-

tions obtained from Eq. (6) becomes uniformly distributed in

2 port system

m+n port system
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2 7 z B
Z B E 2
< < < 54
) & S =
1 @ = D = & 2
> = = - .5
=l =
Input 8 g g é Output

5 ? 3 5
T =4
= 13 3 n
B =

Port m Port m+n

A Figure 1. Equivalent network
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both amplitude and phase if the Tx and Rx arrays are in the
far-field region of each other. In order to avoid this trivial
case, one must properly select the aperture size for both Tx
and Rx arrays so that they are in the Fresnel region of each
other.

3.2 Weighted MMPTE

The second formulation of the MMPTE introduces a
weighting matrix [ W | = diag(w,, w,,..., w,) to achieve a pre-
scribed power distribution among the Rx elements in the
near- or far-field region. In this case, the received power dis-
tribution by the Rx elements is modified by the weighting ma-
trix as follows

[b:]: [W][bm+17bn,+27~-~7bm+n]T =

(10,0, . 1405b,, 2t b, 1, 1 (8)

Replacing [ b, ] in Eq. (4) with [ 6] and following the same
procedure as UMMPTE, we obtain the distribution of excita-
tions for the Tx array, which will generate the desired power
distribution among the Rx elements as prescribed by the
weighting matrix [ W ]. The above procedure is called weighted
MMPTE (WMMPTE). For example, the weighting matrix can
be properly selected so that the power levels at all the receiv-

ing elements are identical.

’wlb

== |w,b

nm+n|°

:‘wzbmz

)
The optimal distribution of excitations for the Rx array is
then given by

[b]=1w1]s.] a1 (10)

By adjusting the weighting matrix [W], the radiation pattern
can also be shaped according to a prescribed manner. For ex-
ample, the WMMPTE can be used to design multiple beam an-

3.3 Constrained MMPTE

A constraint can also be introduced to MMPTE to realize
the desired field pattern in the near- or far-field region. In this
case, one needs to solve a QCQP problem. For example, in or-
der to achieve a uniform electric field distribution along with
the Rx elements, the PTE can be maximized with the following
constraints

] b

, (11)

which guarantees that the radiated field from the Tx array is
equally distributed along with the Rx array elements. We also
introduce an n-dimensional weighting diagonal matrix [W].
Then the following equivalent normalized quadratic optimiza-
tion problem with linear constraints can be obtained:
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max [a,]"[A]la,],
st.[S, Ilal=[WIly], (12)

where [y ] represents an n-dimensional vector, the element
value of which is a constant. By using the method of Lagrange
multiplier, the optimized distribution of excitations can be ob-

tained as follows”":

La, 1=[AT'LS, (LS LATLS, ) WLyl (13)

The optimal distribution of excitations for the Rx array is
given by Eq. (7). The constrained MMPTE (CMMPTE) can be
used to shape radiation patterns in various complicated envi-

34 -
ronmentsl 4 35].

4 Design of WPT Systems

The UMMPTE, WMMPTE, and CMMPTE are naturally ap-
plicable to the design of WPT systems, and they are all optimal
in a certain sense and correspond to three different application
scenarios of WPT systems as mentioned above. The three opti-
mization methods will now be applied to the design of the same
WPT system so that a comparison can be easily made. As
shown in Fig. 2(a), the antenna element used for both Tx and
Rx arrays is a coaxial-fed square patch. The reflection coeffi-
cient of the patch element is shown in Fig. 2(b), and the an-
tenna element is resonant at 2.45 GHz. As illustrated in
Fig. 3, the Tx array consists of 36 elements, equally
spaced with a separation of 0.5A (A is the wavelength of
2.45 GHz in free space) and arranged as a square shape
and built on a 3 mm-thick FR4 substrate (relative permit-
tivity of &, = 4.4, and loss tangent of 0.02). The Rx ar-
ray consists of 5 elements, arranged as an L shape with a
separation distance of 1.25 A and also built on a 3 mm-thick
FR4. Here an L shape for Rx array is purposely selected so
that its elements are off the center line of the Tx array to
make the design more challenging. The separation between
the Tx and Rx arrays is 15 cm. After including the feeding
systems, the (36+5)-port power transmission system can be
considered a two-port network enclosed by the large dotted
square in Fig. 1.

Once the WPT system is set up, the scattering parameters

| 27.43 mm | -
1 | =
=
2
2
g b=}

g § —Simulated

Q Feed point g _oo —Measured
~ B=]
« 5
E

9.01 mm 230
v 2.0 2.5 3.0
Frequency/GHz
(a) (b)

A Figure 2. (a) Element of antenna arrays and (b) simulated and mea-
sured reflection coefficient of the Tx array
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for the (36+5)-port network can be obtained either by simula-
tion or by measurement. In this paper, the simulation tool An-
sys HFSS is used to determine the network parameters. For
ease of comparison, three application scenarios are consid-
ered. The first scenario corresponds to UMMPTE, where no
pattern shaping is required on the Rx side. The second sce-
nario corresponds to WMMPTE, where the received power lev-
els at the Rx elements are constrained to be identical. The
third scenario corresponds to CMMPTE, where the radiated
field pattern along with the Rx array is constrained to be flat.
For WMMPTE and CMMPTE, a weighting matrix [W] is intro-
duced and adjusted to ensure that the constraints are
achieved. For the WPT system shown in Fig. 3, the weights for
WMMPTE and CMMPTE are listed in Table 1.

The optimized distributions of excitations for the Rx and Tx
arrays in the three application scenarios can be obtained from
Egs. (5) = (8), and are listed in Tables 2 and 3 respectively. Tt
can be seen from Table 2 that the optimized distribution of exci-
tations for Rx arrays obtained from WMMPTE and CMMPTE
has a uniform amplitude distribution, and the phase distribution
for CMMPTE is also uniform. The three feeding networks for
the Rx arrays can be built from Table 2, and they are illustrated
in Fig. 4. Based on Table 3, the three feeding networks for Tx
arrays can be built and are illustrated in Fig. 5. All the feeding

Receiving array '

Transmitting array

A Figure 3. Wireless power transmission (WPT) system

VTable 1. Weights for CMMPTE and WMMPTE

Parameter w, w, w, w, w,
CMMPTE 1.2207 0.9 1.184 0.838 1.206
WMMPTE 0.9 0.1 0.89 1 0.95

CMMPTE: constrained MMPTE WMMPTE: weighted MMPTE

VTable 2. Optimized distribution of excitations for Rx arrays

Port Number 37 38 39 40 41
UMMPTE 0.1429 0.582146 0.3821 0.66,144 0.2320
WMMPTE 0.44/-29 0.44/-149 0.44,14 0.44/-140 0.4420
CMMPTE 0.4420 0.4420 0.4420 0.4420 0.4420
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(a) (b) (c)
CMMPTE: constrained MMPTE WMMPTE: weighted MMPTE
UMMPTE: unconstrained MMPTE

A Figure 4. Feeding networks for Rx arrays: (a) UMMPTE, (b)
WMMPTE and (¢) CMMPTE

V Table 3. Optimized distribution of the excitations for Tx arrays

Port Number UMMPTE WMMPTE CMMPTE
1 0.10£-2 0.22/-37 0.14249
2 0.13226 0.1924 0.07,87
3 0.07481 0.11278 0.052-107
4 0.042-127 0.10£-137 0.11£-31
5 0.06£19 0.0425 0.01£-103
6 0.07£128 0.09£147 0.0524-87
7 0.164-66 0.24/-23 0.332£120
8 0.152-60 0.1924-7 0.292145
9 0.04236 0.12£102 0.194-142
10 0.082168 0.0924-176 0.02£-17
11 0.082-83 0.082-15 0.13£131
12 0.07210 0.07£41 0.012£-170
13 0.292-168 0.1524-167 0.16£114
14 0.1924-162 0.14£-166 0.042164
15 0.10£-16 0.042-1 0.07,-68
16 0.13262 0.07£26 0.16£24
17 0.092163 0.07,£148 0.062-4
18 0.07£4-130 0.10£-118 0.094-29
19 0.26£157 02824172 0.13£101

20 0.08£-142 0.14£-159 0.154-68
21 0.232-61 0.22/-60 0.11£-138
22 0.112-30 0.07£4-16 0.07£4-79
23 0.05241 0.13£125 0.194-138
24 0.11£89 0.12£106 0.04£-138
25 0.182-34 0.1942 0252118
26 0.20£-46 0.19211 0.382£154
27 0.11£-144 0.074-154 0.142-165
28 0.21£-161 0.152-169 0.052152
29 0.154-55 0.13210 0.26,146
30 0.16£21 0.21£23 0.09487

31 0.322-10 0.30213 0.10£38

32 0.1924-40 0.20£16 0262119
33 0.29£166 0252179 0.094103
34 0.31£-170 0.194-162 0.142116
35 0.20£-64 0.242-4 0.332£121
36 0.17£0 0.2420 0.16£57

CMMPTE: constrained MMPTE

Rx: receiving

UMMPTE: unconstrained MMPTE
WMMPTE: weighted MMPTE

CMMPTE: constrained MMPTE

Tx: transmitting

UMMPTE: unconstrained MMPTE
WMMPTE: weighted MMPTE
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A Figure 5. Feeding networks for Tx arrays: (a) UMMPTE, (b) WMMPTE, and (¢) CMMPTE

networks have been built by the transmission line theory. The
amplitude distribution of the feeding network is controlled by
the power dividers while the phase distribution is controlled
by the length of the feeding line. Note that one can ignore
those patch elements with very small amplitudes of excitations
during the design of the feeding networks. For example, the
patch elements 3, 4, 5, 6,9, 12, 18, and 23 in UMMPTE are
insignificant and can thus be neglected. Since too many de-
tails are involved, the dimensions of the feeding networks are
not labeled in Figs. 4 and 5.

In practice, the design of a WPT system must meet the PTE
requirement for a given transmission distance. The PTE de-
pends on a number of factors, including the antenna elements,
element spacing, transmission distance, aperture size, sub-
strate material, environment, and array configurations. The de-
sign procedure of the WPT system using antenna arrays can
be summarized as follows.

1) Set up the WPT system. According to the PTE require-
ment and transmission distance, one needs to determine the
aperture sizes of both Tx and Rx arrays so that they are in the
Fresnel region of each other. The antenna elements, the
inter-element spacing, and array configurations can be deter-
mined by the application scenarios.

2) Determine the scattering parameters. Once the WPT sys-
tem is set up, one needs to determine the proper weighting co-
efficients to achieve the desired radiation pattern. The scatter-
ing parameters can be obtained by simulation or by measure-
ment. It is noted that the scattering parameters contain all the
information about the WPT system, including mutual cou-
plings, array configuration as well as environments.

3) Find the optimal distribution of excitations for the array
elements. The optimal distributions of excitations for Tx and
Rx arrays can be determined from Eqgs. (5) - (8). For
UMMPTE, one needs to solve an eigenvalue equation; for
WMMPTE and CMMPTE, the optimal distribution can be ob-
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tained analytically.

4) Build the feeding networks. The feeding networks for
both Tx and Rx arrays can be built from the optimized dis-
tribution of excitations using the transmission line theory.
The amplitude distribution is achieved by power dividers
and the phase distribution is controlled by the lengths of
the feeding lines.

5 Results and Discussions

The setup of the WPT system is shown in Fig. 6. Both the
Tx and Rx arrays are connected to a dedicated feeding net-
work to realize the optimized distribution of excitations so
that the highest PTE can be reached under three different ap-
plication scenarios. The input power to the Tx array is set to
30 dBm and is provided by a radio frequency (RF) amplifier
connected to a signal generator. The normalized field pat-
terns generated by the three Tx arrays are respectively plot-
ted in Figs. 7 (a), 7(b), and 7(c), and the numerical values of

Feeding network Feeding network

F

9 ' M Y
Tx array Rx array

RF amplifier -

Spectrum

RF: radio frequency

Rx: receiving  Tx: transmitting

A Figure 6. Setup of wireless power transmission (WPT) system
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the received power at the spots where the test receiving an-
tenna elements reside are listed in Table 4.

For UMMPTE, the received power is not evenly distributed
along with the receiving elements, and the received power
level at ports 38 and 40 is significantly higher than the rest,
which guarantees that the total power received by the
L-shaped Rx array is maximized. For WMMPTE and
CMMPTE, the fluctuation of the received power distribution is
less than 1 dB along with the receiving elements. Note that the
received power obtained from CMMPTE is lower than that ob-
tained from WMMPTE. The reason is that the former requires
that the radiated power pattern is flat along with the receiving
elements while the latter only requires that the received power
levels at the receiving elements are all equal.

The total measured losses of the three sets of feeding net-
works (Tx combined with Rx) are 3.5 dB, 3.6 dB and 3.5 dB,
respectively. The measured transmission coefficients of the
two-port system defined by the large dotted square in Fig. 1
are plotted in Fig. 8 and the values of‘ Sy ‘ for the three appli-
cation scenarios are —10.1 dB, —11.7 dB and —13.1 dB at
2.45 GHz, respectively. The transmission coefficient S,, of
the two-port network can be used to calculate the power
transmission efficiency T of the WPT system including the
feeding networks through

|10

7= 10%" x 100% - (14)
In terms of Eq. (14), the measured PTEs of the system are

VTable 4. Received power distributions at spots where the receiving an-

found to be 21.8%, 14.8%, and 10.7% respectively. The simu-
lation and measured PTEs are listed in Table 5, and they are
compared with the usual design with uniform distribution of
excitations for both Tx and Rx (i.e., without optimization). The
PTE of the latter is only 2.2% and is significantly lower than
the three optimized results. The highest PTE is given by
UMMPTE since it does not involve any constraints. The lowest
PTE is given by CMMPTE as it requires that the radiated en-
ergy is equally distributed along the whole path of the

S, /dB

— UMMPTE
60 ——— WMMPTE
—— CMMPTE
-10F Uniform distribution
_80 1 1 1 1
2.0 22 2.4 2.6 2.8

Frequency/GHz

CMMPTE: constrained MMPTE
UMMPTE: unconstrained MMPTE

WMMPTE: weighted MMPTE

A Figure 8. Measured | S, ‘ of the wireless power transmission (WPT) system

VTable 5. Comparison of PTEs

tennas are positioned Methods Simulated PTE/% Measured PTE/%
Port Number 37/dBm 38/dBm 39/dBm 40/dBm 41/dBm UMMPTE 22.4 21.8
UMMPTE 7.2 17.8 14.9 19.6 11.3 WMMPTE 15.1 14.8
WMPTE 14.7 14.9 14.6 14.8 14.4 CMMPTE 11.4 10.7
CMMPTE 13.5 134 13.5 13.2 12.8 Uniform distribution 2.5 2.2

CMMPTE: constrained MMPTE
UMMPTE: unconstrained MMPTE

WMMPTE: weighted MMPTE

CMMPTE: constrained MMPTE

PTE: power transmission efficiency

UMMPTE: unconstrained MMPTE
WMMPTE: weighted MMPTE
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L-shape, while WMMPTE only requires that the radiated en-
ergy is equally distributed at the locations where the Rx ele-
ments are placed.

6 Conclusions

Three application scenarios for the WPT system have been
investigated by MMPTE, which respectively correspond to the
unconstrained MMPTE, the weighted MMPTE, and the con-
strained MMPTE. The three application scenarios have been
implemented by the same WPT system, in which the Tx array
consists of 36 microstrip patch elements and is configured as
a square while the Rx array consists of 5 patch elements and
is configured as an L shape. The WPT system, operating at
2.45 GHz, is designed, simulated and prototyped. The first
scenario does not put any constraints on the radiated field pat-
terns; the second scenario requires that the received power
levels at all Rx elements are equal; the third scenario requires
that radiated field pattern along the Rx array is flat. By maxi-
mizing the PTE between the Tx and Rx arrays, the optimized
distributions of excitations for both Tx and Rx arrays are ob-
tained analytically or by solving an eigenvalue equation.
Based on the optimized distribution of excitations, the feeding
networks for both Tx and Rx can be built by using the theory
of the transmission line. Simulation and experimental results
indicate that the first scenario, where no constraints are in-
volved, yields the highest PTE. The last two scenarios are sel-
dom studied in previous publications.

The three optimization methods proposed for the design of
WPT systems apply to any environment and any antenna ar-
ray. The weighted MMPTE and the constrained MMPTE can
be used to achieve various field patterns or power distribu-
tions on the Rx side of the WPT systems, and at the same time
to maintain the highest possible PTE.

It is noted that the MMPTE can be formulated in terms of
other circuit parameters such as the impedance parameters or
admittance parameters, and the discussions are the same as

for the scattering parameters“’.
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Abstract: This paper proposes the design concept of a dynamic charging system for electric vehicles using multiple transmitter coils con-
nected to a common radio frequency (RF) feeder driven by a pair of two power supplies. Using a common RF feeder for multiple transmitter
coils reduces the power electronic redundancy compared to a conventional system, where each transmitter coil is individually driven by one
switched-mode power supply. Currently, wireless charging of electric vehicles is recommended to operate in the frequency range of 85 kHz
and beyond. In this frequency range, the signal wavelength is shorter than about 3.5 km. Therefore, a charging pad longer than several hun-
dred meters is subject to the standing wave effect. In such a case, the voltage significantly varies along the RF feeder, resulting in a variation
in the received power level when the receiver moves. Specifically, the received power significantly deteriorates when the receiver is nearby a
node of the voltage standing wave. In this paper, we employ a pair of two power sources which are electrically separated by an odd-integer
number of the quarter wavelength to drive the RF feeder. As a result, the voltage standing wave generated by one power source is comple-
mented by that of the other, leading to stable received power and transmission efficiency at all the receiver’s positions along with the charging
pad. Simulation results at the 85 kHz frequency band verify the output power stabilization effect of the proposed design. It is worth noting that
the proposed concept can also be applied to simultaneous wireless information and power transfer (SWIPT) for passive radio frequency identi-
fication (RFID) tags by raising the operation frequency to higher industrial, scientific and medical (ISM) bands, e.g., 13.56 MHz and employ-
ing similar modulation methods as in the current RFID technology.
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1 Introduction far. Considering the ground infrastructure, the current dy-

ynamic charging for moving electric vehicles (EVs) is namic charging techniques can be classified into two basic de-
[7-8]

signs: the multi-coil design and long-track design” ', As

considered a complement to the capacity limitation of

1-5] illustrated in Fig. 1(a), in the multiple-coil design, many trans-

battery technology! in increasing the driving

range, reducing the battery size and the manufactur- mitter coils are installed under and along the road to provide a
. ’ . . . wide charging range for the EV while it is on the move. Mean-
ing cost. Currently, dynamic charging is being developed o R . ;
based on magnetic induction', where an AC-driven transmit- while, in the long-track design in Fig. 1(b). the wide charging
. . o . . i ided by onl longated t itt il. 1
ter coil buried under the road wirelessly induces an electric :ange 1sf ptr0V1t ¢ t}}f1 on yl?'n(i © Ofllgze, ra'nsml er cot | n
current in the receiver coil usually placed under the chassis of erms o ds tmihurel’ et muk lé) e-cot Heslgn is bmore C.Omptlix
compared to the long-track design. However, by sensing the
EVs. The wireless energy transmission principle is simple. EV P o, th glt' le-coil dg . . Y lg th
osition, the multiple-coil design can turn on on e
However, designing an effective and practical dynamic charg- translinitter coil right un%er the EV igo focus the magneti}(fz en-
ing system is very challenging because of the large scale of in- ergy, prevent a leaked electromagnetic (EM) field to surround-

frastructure, the high charging power level, the strict require- ing space, and achieve high power transfer efficiency. On the

ments on safety for human bodies and devices nearby, and the
requirements on cost and efficiency.
Several dynamic charging systems have been proposed so

This work was supported in part by JSPS KAKENHI under Grant Nos.
20K14736 and 19K04376.
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contrary, the long-track design suffers from low efficiency and
a large leaked EM field because it generates the EM field
across the whole charging range. For that reason, the multiple-
coil design is a preferable option if its structure is simplified
by some means.

The complexity of the multiple-coil design in Fig. 1(a)
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A Figure 1. Dynamic charging systems for electric vehicles (EVs)

comes from the fact that many coils need to be installed and,
more importantly, the huge power electronic burden required
to drive the coils. Conventionally, each transmitter coil is
equipped with a switched-mode power supply to convert
50 Hz/60 Hz AC into a radio frequency (RF) signal for ef-
ficient wireless energy transmission. For instance, in order
to carry out dynamic charging on a 100 m road by using
transmitter coils with the size of 1 mXl m, one hundred
power supplies of output from several kW to several tens of
kW are required. The number of power sources increases
when further extending the charging range. In fact, the conven-
tional driving mechanism is redundant because at any time in-
stant there is only one power source in operation while the oth-
ers are in the waiting state. To reduce such a power electronic
redundancy, an RF feeder line should be used to carry signals
from one central power source to the coils as illustrated in Fig.
I(c). In such a system, by controlling the switches that con-
nect the feeder to the coils, the automatic coil activation/deac-
tivation effect in the conventional multiple-coil design can be
realized. Also, the multiple-coil design with a common RF
feeder is flexible in satisfying the required power level in prac-
tical applications. Power supply with high output may be used
when the system is deployed in roads with many EVs. Lower

output sources may be used in not-crowded road deployment.
The multiple-coil structure with a common RF feeder is a
promising design for dynamic charging. However, this design
suffers from a standing wave problem when extending the
charging range. Currently, the 85 kHz frequency range is rec-
ommended for wireless charging of EVs. In this frequency
range, the signal wavelength is about 3.5 km. Therefore, if the
RF feeder length is about several hundreds of meters or more,
the signal strength variation along the feeder becomes signifi-
cant. In the extreme, if the feeder length is longer than a quar-
ter wavelength of about 882 m, there will be nodes and anti-

1 pattern along the feeder.

nodes in the voltage standing wave
In such a case, the EV receives high power if it nears an anti-
node but receives very low power if it nears a node. In order to
deal with this problem, we propose a multiple-coil charging
system using a common RF feeder driven by a pair of two
power supplies located at its two ends. In our design, the two
power sources are electrically separated by an odd-integer
number of the quarter wavelength. Thus, voltage standing
waves generated by the two power supplies will compensate
for each other in stabilizing the received power for the EV.

It is worth noting that the proposed concept can be applied
to short-range wide-coverage simultaneous wireless informa-
tion and power transfer (SWIPT) for passive radio frequency
identification (RFID) tags. This application can be realized by
raising the operating frequency to an industrial, scientific and
medical (ISM) band in the MHz range, e.g., 6.78 MHz or
13.56 MHz, and reducing the dimensions of each coil to sev-
eral centimeters. The power transmission has the same prin-
ciple as that in the dynamic charging mechanism mentioned
above; the information transmission methods are similar to
those in current RFID technology. For instance, communica-
tions from the power transmitter (transponder) to the power re-
ceiver (tag) can use amplitude modulation, and communica-
tions in the reverse direction can employ load modulation.

In this paper, for simplicity, we focus on the dynamic charg-
ing application for EVs using the operating frequency of 85 kHz.
Following theoretical analysis, system-level simulations using
LTspice will be provided to confirm the receive power stabiliza-
tion effects of the proposed concept.

2 Design Concept of Proposed Dynamic

Charging System

We consider a dynamic charging system for EVs as de-
scribed in Fig. 2. For simplicity, let us assume that the charg-
ing pad is serving one receiver (EV) at a time. Similar to many
conventional dynamic charging systems, the proposed system
consists of many transmitter coils buried under the road to de-
liver power to the receiver moving from the left to the right in
the figure. The difference in our design is that all the transmit-
ter coils and their associated compensation circuits are con-
nected to a common RF feeder. In doing so, our system signifi-
cantly reduces power electronic redundancy compared to the

ZTE COMMUNICATIONS | 29
June 2022 Vol. 20 No. 2



Special Topic | Dynamic Power Transmission Using Common RF Feeder with Dual Supply

DUONG Quang-Thang, VO Quoc-Trinh, PHAN Thuy-Phuong, OKADA Minoru

Road surface

OV

YV

¥

7
OFF g5 2 OFF ¢

5

RF feeder (Z,, B)

nA/2+A/4

A Figure 2. Proposed dynamic charging system

conventional system using one power supply for one transmit-
ter coil. The RF feeder is a transmission line of any configura-
tion, but preferably the one with low loss and ease of install-
ment. In this paper, to avoid detailed discussion on the feeder,
let us assume that the feeder is a lossless transmission line
having real-valued characteristic impedance Z,.

The common RF is driven by a pair of two power sources
which are designed to operate within a certain frequency band
/. with the angular frequency w = 2f. Here, it is worth noting
that our system does not require perfect frequency and time
synchronizations between the two power supplies. The two
source frequencies may be respectively slightly shifted from
each other. The frequency shifts should be random so that the
two sources do not interfere with each other, but these shifts
should be small enough so that the system can be considered
to resonate at f. These requirements are easily satisfied be-
cause the actual frequencies of power supplies are always dif-
ferent from their designed value. There are no need for fre-
quency and phase control between the sources.

Given the operation frequency range f, the electrical length
of the RF feeder should be an odd-integer number of the quar-
ter wavelength

L, = A4 +n\/2 =20+ D)A/A4, (1)

where A = ¢/f is the wavelength and n is an integer. This does
not mean that the proposed system is effective only when the
length of the charging pad takes one of these special values. If
the charging pad has the length L that is different from L, a
circuit equivalent to a transmission line portion having charac-
teristic impedance Z; and length (L, — L ) can be inserted into
the feeder for compensation. Here, for the sake of simplicity
let us assume that the actual length of the charging pad is also
equal to L, given by Eq. (1). Under this condition, the follow-
ing effects are expected:
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* The RF feeder is seen as a quarter wavelength resonator
at the frequency f, which enables efficient power transmission
from the sources to the transmitter coils.

* The voltage standing wave patterns generated by the two
sources compensate for each other. At positions where the volt-
age generated by the first source is small, the voltage gener-
ated by the second is large, and vice versa. This effect guaran-
tees a stable received power for the EV when it moves along
the charging pad.

* The condition of the feeder length also separates the two
sources from each other. The internal resistance of one source
is seen as a very large impedance by the other. This effect pre-
vents energy transfer between the sources.

Without loss of generality, let us assume that all the trans-
mitter coils have identical inductances denoted by L, as
shown in Fig. 2. The inductance of the receiver coil is denoted
by L, and the mutual inductance between the receiver and
each of the transmitter coils is M. The strength of coupling be-
tween L, and L, is represented by a coupling coefficient k =

M/ /L, L, which takes value from 0 to 1. The larger the value

of k, the stronger the coupling. As for wireless charging of
EVs, the coupling coefficient usually takes a value of around
0.1, or at most around 0.2.

The load resistance is denoted by R, . The system is as-

load®
sumed to be equipped with a mechanism that can automati-
cally turn on only the transmitter coil right below the EV and
turn off the others to prevent losses and leaked EM fields to
the surrounding space. The receiver coil L, is resonated in se-
ries with a capacitor C, while each transmitter coil is compen-
sated by an inductor-capacitor-inductor (LCL) circuit'? ',
The LCL circuit helps to create a largely reflected impedance
of the load on the RF feeder, therefore the voltage standing
wave patterns will not change so much while the EV is mov-
ing. As the standing wave patterns compensate each other, the
received power is expected to be stable against the EV move-
ment. This effect will be explained in Section 3. Another ef-
fect of the LCL circuits is that they keep the currents in the
coils small when not coupled with the load. This effect pro-
vides the second protection for the transmitter coils in addi-
tion to the automatic turn-on/turn-off mechanism. The reso-
nance condition of the compensation circuits is given by

1 1
w=—=——
JLC LG (2)

3 Principle of Output Power Stabilization

In Fig. 2, voltages of the power sources are denoted by V|
and V,, respectively. Distance from the first source to the re-
ceiver position is denoted by x. The phase constant of the RF
feeder is denoted by B. As mentioned above, the RF feeder is
assumed to be a lossless transmission line with a real-valued
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characteristic impedance Z,. The phase constant therefore can
be calculated as 8 = 2w/\.

When the RF feeder is lossless and the internal resistances
of the sources are negligibly small, the power transfer effi-
ciency of the whole system is dominated by the coupling link
between the receiver coil and each transmitter coil. Via the

mutual coupling M, the load resistance R, and the receiver

load

resistance r, reflect an impedance Z ;, onto the transmitter

coil L,.

(oM )
T + Rload . (3)

refll

Consequently, via the LCL circuit on the transmitter coil,
the impedance Z ;, and the transmitter resistance r; reflect
another impedance 7, onto the RF feeder at position x.

(oL, )? (L, )?
2y = -+ 7 = (M)’
1 refll _— (]
! r2 + Rload . (4)

Often, wireless charging coils are designed so that their in-
ternal resistances are small. Therefore, the reflected imped-
ance Z , can be approximated as

z (L1 )2R
refl2 M load * (5)

This means Z g, is approximately a multiplication of load
resistance R, by (Ll/M)2 times. Also, as the inductances L,
and L, take similar values, the ratio L,/M is approximately
equal to 1/k, which may take values around 10. As a result,
the reflected impedance Z, g,is a multiplication of R, ,, by
about 100 times. If R, =50, Z ;, =~ 500Q;if R, , = 10Q,
Z . = 1000 £, and so on. Thus, due to the effect of the LCL
circuit, the reflected impedance Z ,, usually takes quite a
large value. This effect is needed to conserve the voltage
standing waves, which are designed to compensate each other
to stabilize the output power for the load.

When ignoring losses in the RF feeder and the internal re-
sistances of the power sources, losses arise mainly in the trans-
mission from each transmitter coil to the receiver coil. Power
transfer efficiency from the transmitter coil L, to the load R, ,
via the mutual inductance M is given by

(wM)leoad
T (r2 + Rload )2 + (r2 + R]oad)(wM)z. (6)

’)7:

As shown in Eq. (6), the power transfer efficiency from the
transmitter coil to the receiver coil depends on the load resis-
tance. The efficiency takes its maximum value when the load
resistance is given by

M2
Ry, =T, 1+(w )

rr, . (7)

The maximum value of 1 associated with the load resis-

opt
tance R\’ | is

My = 1 =

nr (8)

The proposed system can be simplified as shown in Fig. 3,
where the coupling link between the transmitter coil and the
receiver coils is represented by the reflected impedance Z g,
placed on the RF feeder at position x. The output power P at
the load can be expressed as

P, = NP + Pio), 9)

where P,,, and P,, are respectively the input power by the
first and the second sources.

Now, let us consider the input power by the sources. Be-
cause the two power sources operate at slightly different fre-
quencies around o, their signals do not interfere with each
other. Therefore, we can separately consider the power trans-
missions from each source to the load via the common RF
feeder. In doing so, the common RF feeder can be considered
in two parts: the first part is x [m] long from the first source to
the receiver position, and the second part s
[(2k + 1)A/4 — x] [m] long from the receiver position to the
second source. Looking from the first source, the second part
is approximately terminated in a short circuit. Based on the
transmission line theory!"" the input impedance of the second
part can be expressed as

Z, = jZytanB[(2n + DA/A - x] (10)

This impedance is connected in parallel with the reflected
impedance 7, of the load, resulting in a composite imped-
ance Z; expressed by

;- 2,2 JZotanBl(2n + DAA = x1Z, 4
P Zt Zoy jZytanBl(2n + DA - x ]+ Zgy | (11)

This impedance becomes the terminating impedance for the
first part of the feeder. As a result, the input of the whole

x nA/2+\/4—x

2
Ll
Vi _’il Zmn ~ (ﬁ) R v,

Z

Z

inl

A Figure 3. Simplified circuit of proposed system
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feeder seen from the first power source is

7 g Z, + jZ, tanBx
"0 Z 2 B (12)

Substituting Z, in Eq. (11) into Eq. (12) and exploiting the

. (k+1A | 1
relation tanB [4 v= B

we simplify Z,,, as

follows.

iZotanB[(2n + DA/A = x 17,
A] otanB ) 12 + jZtanBx
P JZotanB(2n + A4 —x 1+ Z _
1T jZytanB[(2n + DMA - 217, -
+ t
0 B (20 + DA -1+ 2, WP

JltanB[(2n + A/A = x| + tanBx | ZZ p — thanﬁx tanB[(2n + 1)A/4 - x| _
JZotanB[(2n + VA4 = x|+ Z g, [1 = tanB[(2n + 1)A/4 = x | tanBx | -

ZmﬂZ

+ jZ tanBx . (13)

cos® Bx

The power factor of the input impedance Z,; is

1

cosf,,, =
A
1+ 0 sin”*28x
4Zrcﬂ2 . (14)

The input power by the first source can then be expressed as

VZ
P o=—1
" 2Re{Z, )

V2cos® Bx 1
cos’0,, = 12Z P 7
refl2 1+ 74Z:ﬂ2 sin®28x .

(15)

Formulation of power transmission from the second source
can be carried out in a similar manner to that for the first
power source. Looking from the second source, the first part of
the RF feeder is approximately terminated in a short circuit.
The first part and the reflected impedance are connected in
parallel and form a composite impedance that terminates the
second part of the feeder. In the transmission from the second
source, the two parts of the RF feeder reverse their positions
as in the transmission from the first. Therefore, the input im-
pedance of the loaded feeder seen from the second source Z,,
can be straightforwardly obtained from Eq. (13) by replacing
the length of the first part, x, with that of the second, (2n +

1)A/4 - x, and vice versa.

Zrcﬂz
.2 Bx

Zip = + jZ cotBx

Sin

(16)

The power factor of the input impedance Z,, is
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1

Z
/1 + 0 sin*2Bx

= cosb.

inl

cosf, , =

4Zrcﬂ2 N ( 17)

which is identical to that of the input impedance Z, ;. The in-
put power by the second source can then be expressed as

5 VZsin’ Bx 1
P,,=—"2—cos’0,, = > .
e 2Re{ Z,,} " 27 1+ Z,
4Zref12

sin®2Bx
(18)

Eventually, the received power at the load can be expressed as

20062 B + Visin?
P,.= 77(Pi"| + Pi..z) = Vicos fr + Vysin B cosf,
2Z1‘cﬂ2 . (19)

In the proposed system, the reflected impedance Z _, is suf-
ficiently large. In such a case, the power factors are approxi-
= cosf,, = 1. As a result, the input power P,

inl

mately cosf

inl

and P, , can be approximated as

Vicos® B
Pinl =
22, (20)
P~ V}sin® By
2Z1‘eﬂ2 . (21)

Egs. (20) and (21) show that when the receiver moves along
the road, the input power P, and P,,exhibit two standing
wave patterns shifted by a quarter wavelength. When the re-
ceiver is near the position x = nA/2, it draws more power from
the first source and less power from the second. Reversely,
when the receiver is near the position x = A/4 + nA/2, it
draws more power from the second source and less power from
the first. In this way, the two power sources compensate each
other in stabilizing output power for the load. Furthermore, the
source voltages should be set identically as V, = V, =V, so
that the output power can be approximated as

2, 2 2.: 2 2
~ Viycos™Bx + Visin™Bx Vs

P =
2Zre{'12 2'Zrel'|2 . (22)

out

As a result, the total power that the receiver receives will be
stabilized for all positions of the receiver along the RF feeder.

4 Computer Simulation Results

This section provides computer simulations to confirm the
output power stabilization effect of the proposed system. We
use LTspice software to emulate the system configuration de-
scribed in Fig. 2. In the simulations, the system is designed to
operate at the frequency /= 85 kHz. The two power sources are
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set to operate at the frequencies of 85 kHz and 85.5 kHz, re-
spectively. Here, the frequency shift Af = 0.5 kHz is not that
important. It can be any value as long as it guarantees that the
two power sources operate independently in the resonant fre-
quency band of the system. Also, the phase shift between the
two sources is chosen randomly. The source voltages are identi-
cally V, =V, =2 kV, and their internal resistances are set iden-
tically to 1 ().

The RF feeder is assumed to be a two-wire transmission
line consisting of two parallel conductors with a diameter of
10 mm. The center-to-center distance between the two conduc-
tors of the RF feeder is 21.8 mm, corresponding to the charac-

teristic impedance Z, ~ 120 cosh™' 21.8/10 =170 (. The pa-

rameters of the coils, resonant capacitors and the coupling co-
efficient are listed in Table 1. The simulation circuit configura-
tion is illustrated in Fig. 4. The mutual coupling coefficient be-
tween the transmitting coil and receiving coil is set to be 0.1 or
0.2. A lossless transmission line model is used to emulate the

RF feeder. The RF feeder length is 882 m (a quarter wave-

VTable 1. Simulation parameters for circuit in Fig. 4

length) or 2 646 m (three quarter wavelengths). The power sup-
plied by AC sources and received by the receiver is calculated
over the steady-state period of 2 ms (from 10 ms to 12 ms)
which is as sufficiently long as about 170 times the period of
the operating frequency 85 kHz. The duration of 2 ms is also
equal to one period 1/Afof the frequency shift to make the av-
erage power calculations accurate. This can be confirmed by
Fig. 5 which shows snapshots of waveforms for x = 10 m.

Fig. 6(a) plots the input power from each power source and
the out power received at the load when the receiver moves
along the RF feeder. Here, the feeder length is a quarter wave-
length. The coupling coefficient between each transmitter and
the receiver is k = 0.1. According to this value of %, the opti-
oot = 10.7 Q is chosen to achieve the

theoretical maximum efficiency n,,,. = 91% following Eqgs. (7)

mal load resistance R

and (8). In this case, the reflected impedance of the load onto
the RF feeder is estimated as Z ;5 = 1 073  which is suffi-
ciently larger (about 6.3 times) compared to the characteristic
impedance 170 Q) of the feeder. This setting satisfies the con-
ditions for achieving stable output power, which is mentioned
in our theoretical analysis in Section 3. As shown in Fig. 6(a),
the input power from the first source P, gradually decreases
from 1.8 kW to nearly 0 kW when the receiver moves from the
position x = 0 m to the position x = 882 m = A/4. This varia-
tion of P,,, with x almost follows the cos”Bx function shown in
Eq. (20). Reversely, the input power from the second source
P, , gradually increases from 0 kW to nearly 1.8 kW for the
same movement of the receiver, which almost follows the
sin’ Bx function shown in Eq. (21). More importantly, the out-
at the load is stable at around 1.7 kW regard-
less of the position of the receiver. As a result, as can be seen
from Fig. 6(b), the power transfer efficiency is stable at 91%,
which agrees with the calcula-
tion following Eq. (8). Fig. 7 con-

firms similar characteristics of
the input power, output power
and efficiency for the case where
the feeder length is three quarter
wavelengths. All of these results
agree with our theoretical analy-
sis in Section 3.

vz Fig. 8 demonstrates the re-

Symbol Parameter Value
L, Self-inductance of a transmitter coil 200 wH
L, Self-inductance of a receiver coil 200 pH
T, Internal resistance of a transmitter coil 050
A Internal resistance of a receiver coil 050
Q, Q-factor of each transmitter coil 213
Q, Q-factor of each receiver coil 213
. Resonant capacitor of LCL circuit 17.5 nF
put power P,
C, Resonant capacitor of a receiver coil 17.5 nF
o Load resistance 5-300
LCL: inductor-capacitor-inductor
Rload R
20
cz
17.5n
L2
o
200
kL1L20.2
Vil
Wi m T2 v2
Td=t1 20-170 Td=tz 20-170

sults for the case k = 0.1, R, , =

SINE(O 2000 85000 0 0 0 0)
Rser=1

.tran 0 12m 10m 0.01u

.step param x 10 870 100

.param t1 = x/882*(11.765/4)*pow(10,-6)
.param t2 = (882-x)/882*(11.765/4)*pow(10,-6)

.meas TRAN Pout AVG V(VR)*V(VR)/20

SINE(O 2000 85500 5.88u 0 0 0)
Rser=1

5Q, and L, = A/4. In this case,
the input power still follows the
theoretical analysis in Eqgs. (20)
_meas tran Pin1 avg -V(Vi1)*1(V1)

.meas tran Pin2 avg -V(Vi2)*I(V2)
.meas eta param Pout/(Pin1+Pin2)*100

and (21), the power transfer effi-
ciency is stable but the output

The coupling coefficient is set to 0. 2 by the statement “k L1 L2 0.2”. This value can be then changed to 0. 1 by changing the
statement to “k L1 L2 0. 1”. Two parts of the RF feeder are represented by two transmission lines T1 and T2. The lengths of T1
and T2 are represented by two delay times ¢, and t,, which are given as functions of the distance x from V1 to the receiver coil.
The repeated analysis is performed by parameterizing the distance x from 10 m to 870 m following steps of 100 m. The input
power, output power and efficiency are measured by the four “. meas ... ” commands.

A Figure 4. A snapshot of computer simulations with LTspice

power slightly varies when the
receiver is moving. This is be-
cause the reflected impedance
of the load becomes Z ,, =

500 Q, which is nearly 3 times
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Egs. (20) - (22). Fig. 9 demon-

Current of Source 1

Current of Source 2

T

0} Oms 0.4mg 1.2ms

Load voltage

Sps  10ps  15ps

strates the results for the case k =
0.1 and R, , = 15 (. In this case,
the power transfer efficiency and

load

the output power are stable; the in-
put power level decreases to about
1.4 kW. This is because Z g, has
increased to 1 500 (), which is
nearly 9 times Z,,.

Figs. 10 — 12 demonstrate the
simulation results for the case of

20us  25us 30ps  35us  40us

stronger coupling with £ = 0.2 and
load resistance of 10 (),21.3Q)
(optimal load) and 30 ), respec-
tively. Fig. 10(a) exhibits a small
fluctuation in the output power
because in this case the reflected
impedance AT (1/0.2)* x
10 = 250 ), which is not suffi-
ciently larger (only nearly 1.5
times) compared to the character-
istic impedance Z, =170 (.
Meanwhile, Figs. 11(a) and 12(a)
show stable output power be-
cause in these cases, the re-
flected  impedance  becomes

s 30pus 35us 40us

Time/ms

532.5 Q and 750 (), which are

Time/ws quite larger (3.1 times and 4.4

A Figure 5. Snapshots of waveforms for x = 10 m indicating that the analysis is in steady-state

times, respectively) compared to

Z,. The power transfer efficiency

is observed as 94%, 95.3% and
95%, respectively for each value
of the load resistance. The effi-
ciencies increase compared to
the results in Figs. 6 - 8 because
the coupling coefficient s
doubled. The input power level
also increases to 7.6 kW, 3.7 kW
and 2.7 kW, respectively for

each value of the loads. The rea-

2000 100
'\:\ A R R A A ‘/:’:
N 80
1500 ES
I =60
s £
£
& -
< 1000 R
S E:
I~ g
g 40
=~
4
500 5
v
20
-.-Piul
in2
P,
0 0
0 100 200 300 400 500 600 700 800 900 0 100 200

Receiver’s position x/m

(a) Input and output power

Receiver’s position x/m

(b) Power transfer efficiency

T son for the increase in input
power level is that the reflected

impedance has decreased.

A Figure 6. Simulation results for k = 0.1, R,

the characteristic impedance of the feeder. As the reflected im-
pedance Z _, is not sufficiently large, the receiver movement
affects the voltage standing wave patterns and deteriorates
their mutual compensation. As can be seen from Fig. 8(a), the
total power of about 3.7 kW has been input from the sources.
This power level is larger than that in Fig. 5. This is because

when 7, decreases, the input power increases as shown in
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=10.7 () (optimal load), and L, = A/4

5 Conclusions

In this paper, we have pro-
posed the design concept of a dynamic charging system for the
EV using multiple transmitter coils connected to a common
RF feeder driven by a pair of two power supplies. The com-
puter simulations at the 85 kHz band confirm that the voltage
standing waves generated by a pair of two sources mutually
compensate each other and deliver stable output power regard-
less of the receiver position along the road. In summary, the
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A Figure 11. Simulation results for k = 0.2, R, , = 21.3 () (optimal load),
and L, = \/4
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A Figure 8. Simulation results for k =0.1,R,,=5Q,and L, = \/4

4000

3
8

%
S

3000}

=y
S

2000}

Power/W
5

1000}

Power transfer efficiency/%
»
8

ol 0
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Receiver’s position x/m Receiver’s position x/m

(a) Input and output power (b) Power transfer efficiency
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A Figure 10. Simulation results for k =0.2,R, =10 Q,and L, = /4

advantages of our proposed system are as follows.

* The proposed charging pad can obtain attractive effects as
in any multi-coil charging system, activating only the transmit-
ter coil right under the receiver, focusing the magnetic energy
toward the receiver, achieving effective power transmission,
and reducing EM leakage to surrounding space.

* Using a common RF feeder for all transmitter coils, our

A Figure 12. Simulation results for k = 0.2,R, ., =30 Q,and L, = 1/4

system reduces the power electronic redundancy compared
to conventional multiple coil systems, where each transmit-
ter coil is individually driven by one switched-mode power
supply.

* Our system can deliver stable output power and achieve
stable power transfer efficiency regardless of the receiver posi-
tion along with the charging pad.

* The proposed system can be easily applied in practice.
Although the electrical length of the RF feeder is required to
be an odd-integer number of the quarter wavelength, the
length of the proposed charging pad can be flexibly chosen ac-
cording to the practical applications as long as the copper loss
is small enough. The difference in the actual length and the
required electrical length can be resolved by inserting a com-
pensation circuit into the feeder. Also, the proposed system
does not require any time and frequency synchronization be-
tween the two sources as long as they operate at slightly differ-
ent frequencies within the resonant point around the target fre-
quency band. The requirement that the reflected impedance
of the load onto the feeder should be large is not so strict and
can be satisfied easily. As can be seen from the simulation re-
sults in Section 4, a reflected impedance of about 1.4 times
the characteristic impedance is enough for a quite stable out-
put power profile.

* The proposed concept can also be applied to SWIPT for
passive RFID tags by raising the operating frequency to an
ISM MHz band and employing similar modulation methods as
in the current RFID technology.

ZTE COMMUNICATIONS | 35
June 2022 Vol. 20 No. 2



Special Topic | Dynamic Power Transmission Using Common RF Feeder with Dual Supply

DUONG Quang-Thang, VO Quoc-Trinh, PHAN Thuy-Phuong, OKADA Minoru

References

[1] YILMAZ M, KREIN P T. Review of battery charger topologies, charging power
levels, and infrastructure for plug-in electric and hybrid vehicles [J]. IEEE
transactions on power electronics, 2013, 28(5): 2151 - 2169. DOIL: 10.1109/
TPEL.2012.2212917

[2]CHOIS Y, GU B W, JEONG S Y, et al. Advances in wireless power transfer sys-
tems for roadway-powered electric vehicles [J]. IEEE journal of emerging and
selected topics in power electronics, 2015, 3(1): 18 - 36. DOI: 10.1109/
JESTPE.2014.2343674

[3] SHIN J, SHIN S, KIM Y, et al. Design and implementation of shaped magnetic-
resonance-based wireless power transfer system for roadway-powered moving
electric vehicles [J]. IEEE transactions on industrial electronics, 2014, 61(3):
1179 - 1192. DOI: 10.1109/TIE.2013.2258294

[4] XIA N H, YUAN Z P, ZHU Y M, et al. Integrated receiver with high misalign-
ment tolerance used in dynamic wireless charging [J]. IET electric power appli-
cations, 2020, 14(10): 1918 - 1924. DOL: 10.1049/iet-epa.2019.0163

[5] VU V-B, DAHIDAH M, PICKERT V, et al. A high-power multiphase wireless
dynamic charging system with low output power pulsation for electric vehicles
[J]. IEEE journal of emerging and selected topics in power electronics, 2020, 8
(4): 3592 - 3608. DOL: 10.1109/JESTPE.2019.2932302

[6] COVIC G A, BOYS J T. Inductive power transfer [J]. Proceedings of the IEEE,
2013, 101(6): 1276 - 1289. DOL: 10.1109/JPROC.2013.2244536

[7IMILLER J M, ONAR O C, WHITE C, et al. Demonstrating dynamic wireless
charging of an electric vehicle: the benefit of electrochemical capacitor smooth-
ing [J]. IEEE power electronics magazine, 2014, 1(1): 12 - 24. DOI: 10.1109/
MPEL.2014.2300978

[8] ZHU Q W, WANG L F, GUO Y J, et al. Applying LCC compensation network to
dynamic wireless EV charging system [J]. IEEE transactions on industrial elec-
tronics, 2016, 63(10): 6557 - 6567. DOIL: 10.1109/T1E.2016.2529561

[9] LEE W Y, HUH J, CHOI S Y, et al. Finite-width magnetic mirror models of mono
and dual coils for wireless electric vehicles [J]. IEEE transactions on power elec-
tronics, 2013, 28(3): 1413 - 1428. DOI: 10.1109/TPEL.2012.2206404

[10] COVIC G A, BOYS J T. Modern trends in inductive power transfer for trans-

portation applications [J]. IEEE journal of emerging and selected topics in
power electronics, 2013, 1(1): 28 - 41. DOL: 10.1109/JESTPE.2013.2264473

[11] POZAR D M. Microwave engineering, 4th ed [M]. Hoboken, USA: John Wiley

& Sons, 2011
[12ILAN J Y, YANG N, LI K Y. A novel resonant network for a WPT system with
constant output voltage [C[//IEEE Conference on Energy Internet and Energy
System Integration (EI2). IEEE, 2017: 1 - 5. DOL: 10.1109/E12.2017.8245235
[13] CAT C S, WANG J H, FANG Z ], et al. Design and optimization of load-
independent magnetic resonant wireless charging system for electric vehicles [J].
IEEE access, 2018, 6: 17264 - 17274. DOI: 10.1109/ACCESS.2018.2810128

36 ZTE COMMUNICATIONS
June 2022 Vol. 20 No. 2

Biographies
DUONG Quang-Thang (thang@is. naist.jp) received the BE, ME, and PhD de-

grees in communications engineering from Osaka University, Japan in 2009,
2011, and 2014, respectively. He is currently an assistant professor with the
Nara Institute of Science and Technology, Japan. His research interests include
broadband wireless access techniques, channel estimation, information theory,
error correcting codes, wireless power transfer, and simultaneous wireless infor-
mation and power transfer. He is a member of the Institute of Electrical, Infor-
mation and Communication Engineers (IEICE) and the Institute of Electrical
and Electronics Engineers (IEEE). He is the recipient of the Young Engineer
Award and the Michiyuki Uenohara Memorial Award from the IEEE Microwave
Theory and Techniques Society (IEEE-MTTS) Japan Chapter in 2019.

VO Quoc-Trinh received the BE degree in electronics & telecommunications
engineering from the Da Nang University of Science and Technology, Vietnam
in 2010, and the ME degree in electronics engineering from International Uni-
versity-Vietnam National University, Vietnam in 2013, and the DEng degree
from the Nara Institute of Science and Technology, Japan in 2021. He is cur-
rently a lecturer with FPT University Da Nang, Vietnam. His current research
interests include wireless power transfer, digital signal processing, and wireless
channel estimation.

PHAN Thuy-Phuong received the BE degree in electronics and communication
engineering from The University of Da Nang, Vietnam in 2018. She is currently
pursuing an ME degree with the Nara Institute of Science and Technology, Ja-
pan. Her current research interests include wireless power transfer and wireless
communication systems.

OKADA Minoru received the BE degree from the University of Electro-Commu-
nications, Japan in 1990, and the ME and PhD degrees from Osaka University, Ja-
pan in 1992 and 1998, respectively, all in communications engineering. In 2000,
he joined the Graduate School of Information Science, Nara Institute of Science
and Technology, Japan, as an associate professor and became a professor. From
1993 to 2000, he was a research associate with Osaka University. From 1999 to
2000, he was a visiting research fellow with the University of Southampton, UK.
His research interest is wireless communications, including WLAN, WiMAX, CD-
MA, OFDM, and satellite communications. He was a recipient of the Young Engi-
neer Award from the Institute of Electrical, Information, and Communication En-
gineers (TEICE) in 1999. He is a member of the Institute of Television Engineers
of Japan, IEICE of Japan, and the Information Processing Society of Japan.



Polarization Reconfigurable Patch Antenna for Wireless Power Transfer Related Applications

Polarization Reconfigurable Patch
Antenna for Wireless Power Transfer

Related Applications

Special Topic

SHEN Jun, ZHAO Tianxiang, LIU Xueguan

SHEN Jun, ZHAO Tianxiang, LIU Xueguan DOI: 10.12142/ZTECOM.202202006

(Soochow University, Suzhou 215006, China) https://kns.cnki.net/kcms/detail/34.1294.TN.20220509.0944.002.html,

published online May 9, 2022

Manuscript received: 2022-04-18

Abstract: A polarized reconfigurable patch antenna is proposed in this paper. The proposed antenna is a dual cross-polarized patch antenna
with a programmable power divider. The programmable power divider consists of two branch line couplers (BLC) and a digital phase shifter.
By adjusting the phase of the phase shifter, the power ratio of the power divider can be changed, and thus the feed power to the antenna input
port can be changed to reconfigure the antenna polarization. The phase-controlled power divider and the cross dual-polarized antenna are de-
signed, fabricated and tested, and then they are combined to realize the polarized reconfigurable antenna. By moving the phase of the phase
shifter, the antenna polarization is reconfigured into vertical polarization (VP), horizontal polarization (HP), and circular polarization (CP).
The test is conducted at the frequency of 915 MHz, which is widely used for simultaneous wireless information and power transfer (SWIPT) in
radio-frequency identification (RFID) applications. The results demonstrate that when the antenna is configured as CP, the axial ratio of the
antenna is less than 3 dB, and when the antenna is configured as HP or VP, the axial ratio of the antenna exceeds 20 dB. Finally, experiments
are conducted to verify the influence of antenna polarization changes on wireless power transmitting. As expected, the reconfigured antenna

polarization can help improve the power transmitting efficiency.

Keywords: power transfer; branch line coupler; polarization reconfigurable; dual cross polarization antenna
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1 Introduction
owadays, the wireless power transfer (WPT) technology
is widely used to charge electronic devices and acti-
vate passive wireless sensors''. The microwave power
can be transmitted over long distances under suitable
conditions, but it needs the support of high-efficiency antennas
with high levels of performance ensured by antenna matching.
The matching mentioned here includes not only the matching
between the antenna and the feeding circuit, but also the polar-
ization matching between the transmitting antenna and the re-
ceiving antenna. Otherwise, in the case of the crossed polariza-
tion between the transmitting antenna and the receiving an-
tenna, power will be lost. In order to minimize the adverse ef-
fects of cross polarization, antennas are usually designed for cir-
cular polarization (CP)™”. However, during the wireless power
transmission, there is a 3 dB power loss between CP and linear
polarization. In order to reduce power loss caused by polariza-
tion mismatching for better energy transmission, the antenna po-
larization reconfiguration technology can be used. There has
been a lot of work and research on reconfiguring the antenna po-

larizations. Re-routing the surface current in the radiating ele-
ment can reconfigure the antenna polarization® !, but it is easy
to generate nonlinear components of the injected signal and
cause additional power loss. The reconfigurable feeding net-
work controlled by PIN diodes can also change the antenna po-
larization from linear to circular’®. The radio frequency (RF)
switch can be used to select antennas with different polariza-
tions to achieve different antenna polarizations” ?. The 1: 1
power divider with or without an additional quarter-wave phase
line can drive the linear polarization or CP of the antenna, and
the diode can be switched on and off to select the feeding cir-
cuit that leads to different polarizations"”. Diodes can also
choose different quasi-cross-shaped coupling slots to activate

8]

different polarizations™. Metasurface applications with feed

port changes are another way to reconfigure antenna polariza-

tion!"' "2 In addition to PIN diodes, varactor diodes are se-
lected as a switch to feed different feed networks to achieve dif-

[13

ferent antenna polarizations''”, and there is also a single-pole

double-throw switch that selects feed networks to reconfigure

the antenna polarization!*.
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This paper proposes a new type of polarization reconfigu-
rable antenna. Different from previous works that reconfigure
the limited number of antenna polarizations, this antenna can
be programmed for linear polarization at any angle or for CP.
With the programmable antenna polarization, the wireless
power can be transferred more efficiently. It also provides the
possibility to transfer the wireless power and wireless informa-
tion with different antenna polarizations to get better isolation
between wireless power and wireless information. Section 2
will introduce the design of the proposed antenna, including
the power divider design and antenna design, as well as the
overall structure of the antenna. In Section 3, the prototype of
the antenna is fabricated, the actual performance of the an-
tenna is tested and demonstrated, and the antenna is used to
simulate on-site wireless power transfer. Finally, Section 4
concludes the paper.

2 Design Principle of Antenna

2.1 Antenna Structure

The proposed reconfigurable antenna is shown in Fig. 1.
The antenna has two substrates, both of which are FR4 (flame
retardant 4) materials with dielectric constant £=4.4, loss tan-
gent tan6=0.02 and a thickness of 1.6 mm. The radiating ele-
ment is located on the top substrate and consists of a square

J Antenna ‘

N

Quarter wavelength
line

e Power
divider

&

‘ Phase
shifter )

-I‘ ‘(

200 mm

6 mm 100 mm

A Figure 1. Physical configuration of the proposed antenna

patch element and two open stubs. The square patch element
is printed on the top substrate. Two stubs are printed on the
other side of the top substrate. The capacitors are formed be-
tween the two stubs and the square patch, and the RF signal is
coupled to the patch element through the capacitor and radi-
ates to the space. The feeding network is located on the bot-
tom substrate and consists of a programmable power divider
and quarter-wavelength phase lines. The feeding network and
the patch antenna are connected by two copper pillars. One of
the copper pillars connects a power divider output and a stub,
and the other copper pillar connects the other stub and the
other end of the quarter-wavelength phase line. The program-
mable power divider consists of two branch line couplers
(BLCs) and a digital phase shifter. The digital phase shifter is
located between the two BCLs and is used to adjust the power
ratio between the two outputs of the power divider.

2.2 Design of Power Divider

The schematic diagram of the programmable power divider
is shown in Fig. 2. The power is injected into Port 1. Port 2 is
terminated by a matching load. The re-allocated power is out-
put from Ports 3 and 4. When the phase of the phase shifter
changes, the RF signal power ratio between Ports 3 and 4 of
the power splitter will change accordingly.

The scattering matrix of the proposed power divider can be
written as follows [15], where ¢ is the phase of the phase

shifter.
_ B ) o _
0 0 sm( 2) cos( ) )
e 0 0 —cos(%) sin(%)
[S]=je?
sin(%) —cos(%) 0 0
_—cos(%) sin(%) 0 0 IR

Therefore, the output power ratio of Ports 3 and 4 can be de-

scribed as follows.

Branch-line coupler 1

Programmable phase shifter

Branch-line coupler 2

Port 3

A Figure 2. Schematic of power divider

38 | ZTE COMMUNICATIONS
June 2022 Vol. 20 No. 2



Polarization Reconfigurable Patch Antenna for Wireless Power Transfer Related Applications

Special Topic

e
= o2 L
by =je sm( 2. @)

5 e
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PowerRatio = (tan(£ ))?
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It can be seen from Eq. (4) that the output power ratio is
continuous and a function of the phase shifter phase correla-
tion. In order to verify the correctness of Eq. (4), a simulation
was carried out in the commercial software Advanced Design
System (ADS), and the comparison between simulation and
calculation results is shown in Fig. 3. As we can see, these two
curves are exactly the same.

There are typical values for this power divider. When the
phase of the phase shifter is set to 90 degrees, ¢ = 90°, the
power ratio is 1, and the power of Port 3 and that of Port 4 are
the same. When the phase of the phase shifter is set to 0 de-
grees, @ =0°, the power ratio is 0 and all the radio frequency
power is allocated to Port 4 at this time. When the phase of
the phase shifter is set to 180 degrees, ¢ = 180°, the power ra-
tio is infinite and all the radio frequency power is allocated to
Port 3 at this time.

Branch line couplers are designed on the 1.6 mm FR4 board,
and the center frequencies are both 915 MHz, as shown in Fig. 4.

2.3 Antenna Geometry

As described in Section 2.1, the patch is on the bottom of
the top substrate and the two open stubs are on the top of the
top substrate. The top substrate is supported by a conducting
post at the center. The open stubs are connected to the two out-
puts of the power divider by copper pillars and excite the
patch capacitively. The antenna geometry is shown in Fig. 5.

—l— Simulated result by ADS
1600 - | e Calculation result by Eq. (4)
1400 +
1200 +
< 1000
2
E 800 |-
)
z 600
=
400
200
ok
_200 x 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Phase shifter phase/deg
ADS: Advanced Design System

SHEN Jun, ZHAO Tianxiang, LIU Xueguan

W, and L, are the width and length of the 50 ohm microstrip line, respectively. W,
and L, are the width and length of the 35 ohm microstrip line. The detailed numeri-
cal values are W =3 mm, W,=5 mm, L,=43 mm, and L,=43 mm.

A Figure 4. Branch line coupler structure

PL is the patch length, W is the stub width, L is the stub length, R is the cutout radius
on the top substrate, SL, is the width of the bottom substrate, and SL, is the width of
the top substrate. The detailed numerical values are SL,=160 mm, SL,=136 mm, PL=
130 mm, L=23. 2 mm, W=6 mm, and R=3 mm.

(a) Top view

D P4l

QU

CD is the diameter of the center pole, PD is the probe diameter, and PH is the probe
height, with CD=3 mm, PD=1. 3 mm, and PH=9. 4 mm.

(b) Side view

A Figure 3. Equation verification: power ratio versus phase

A Figure 5. Cross polarization antenna structure
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This antenna is a dual cross polarized antenna with good im-
port impedance match, high isolation and exactly the same

feeding structure!'®!

which is required by this wireless power
transmitting antenna.

The input probes (copper pillars) excite two orthogonal
modes, TM10 and TMO1. These two modes have the same
resonant frequency which is decided by the patch size. High
isolation between the two probes can be achieved by adjusting
the probe inductance and stub capacitance. At the frequency
decided by the patch size, the TM10 electric field is theoreti-
cally zero along the center line of the patch where the feed
probe for the TMO1 mode is located, and the TMO1 electric
field is zero along the center line of the patch where the feed
probe for the TM10 mode is located. Therefore, high isolation
between probes is achieved at the desired frequency.

3 Test Results and Discussion

For the purpose of test and tuning for each part of the pro-
posed antenna, the prototypes of the radiation element, BLC
and digital phase shifter are fabricated separately. A quarter
wavelength phase cable is used as a 90° phase line and con-
nected to Port 3 of the power divider.

3.1 Test of Power Divider

The power ratio versus the phase of the power divider was
measured and the comparison of the measured and calculated
results by Eq. (4) is shown in Fig. 6. As the recorded phase
values are the absolute phase shifter phases but not the phase
differences which are defined as ¢ between two BLCs, the red
curve in Fig. 3 is the calculation result after calibration. When
the phase shifter phase is set to an absolute value of 150°, the
power ratio is 1, which means that the phase difference be-
tween the two paths connecting the two BLCs is 90°. When the
phase shifter phase is set to 60°, the power at Port 4 is the

= Power ratio (tested)
@ Power ratio (calculated)
14 000 -
[ = ]
12 000} [
10 000
1N
3 8 000
E
5 6 000
z
= 4o00f
2000 |
P o“m
of w8%° AU = © B SIS
_2 000 1 1 1 1 1
0 50 100 150 200
Phase shifter phase/deg

maximum. When the phase shifter phase is set to 200°, the
power at Port 3 is the maximum. Therefore, when the absolute
value of the phase shifter is set to 60°, the phase difference is
0; when the absolute value of the phase is set to 200°, the
phase difference is 180°.

3.2 Test of Antenna

The antenna test was carried out inside a chamber as shown
in Fig. 7, and the test frequency is 915 MHz. Typically, when
the phase shifter phase was set to 60°, 150° and 200°, the gain
and axial ratio of the antenna were tested. The axis ratio (AR)
result is shown in Fig. 8. When the phase is 150°, the antenna
polarization is configured as CP and the AR is about 1 dB.

Cross-polarization
antenna

Quarter wave-
length line

Branch line
coupler 1

Digital phase
shifter

Branch line
coupler 2

A Figure 7. Antenna test setup inside the chamber

A A A4
°l /*
251 .7/./0/'
L 4
o oo ° ¢
20
o —&— Circular polarization
=
] —®— Vertical polarization
i 15 - —A— Horizontal polarization
=
-
10
5 L
a2 = s s = s = 85— =
O 1 1 1 1 1 1

Frequency/MHz

A Figure 6. Power divider: power ratio versus phase
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When the phase shifter phase is set to 60° and 230°, the an-
tenna is configured as horizontal polarization (HP) and verti-
cal polarization (VP), and the AR is higher than 20 dB. The re-
sults show the reconfigurable antenna polarization controlled
by the phase shifter, which is in line with the design expecta-
tions. The gain result of the antenna is shown in Fig. 9. The
gain of the antenna does not change much when the polariza-
tion of the antenna changes. It demonstrates the stable gain
performance with the phase shifter phase changing.

3.3 Test of Wireless Power Transfer Field

To verify the effect of antenna polarization during wireless
power transfer, a simple simulation test was performed. As
shown in Fig. 10, the power transmitter is on the left shelf and
consists of a polarization reconfigurable antenna and a signal
generator for transmitting wireless signals. The receiving end
is on the right shelf and includes a circularly polarized an-
tenna and a spectrum analyzer to measure the received wire-
less signal. The distance between the transmitter and receiver

—m— Circular polarization
|l [~®— Vertical polarization .
48 | [* Horizontal polarization »

50 F

4.6

42

Gain/dBi

4.0

38

3.6

34

3'2 1 1 1 1 1 1
910 912 914 916 918 920

Frequency/MHz

A Figure 9. Tested gain results of the proposed antenna

Polarization
reconfigurable
antenna

Circular
polarization
antenna

1 meter

A Figure 10. Wireless power transfer field test setup
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is 1 m, and they are at the same height. The signal generator
generates a 915 MHz wireless signal, which is transmitted to
the receiving end through a phase-controlled polarization re-
configurable antenna. The circularly polarized antenna at the
receiving end receives the wireless signal, and the spectrum
analyzer measures the amplitude of the received wireless sig-
nal. With the same frequency and amplitude of the transmit-
ted signal, the phase shifter phase of the transmitting antenna
is changed and the amplitude change of the received signal is
recorded. The test results are shown in Fig. 11. As expected,
when the phase shifter phase is set to 150° the transmit an-
tenna polarization is configured as circular which is the same
as the receive antenna polarization. Meanwhile, the received
power is the maximum.

—Mm— Received power

=20

24 b /i .

-28 |

Power/dBm

_32 =
\

-36 |-

=50 0 50 100 150 200 250 300 350 400

Phase shifter phase/deg

AFigure 11. Antenna polarization during wireless power transfer

4 Conclusions

This paper proposes a method to further improve wireless
power transfer by reconfiguring the antenna polarization,
which is controlled by a programmable phase shifter. Experi-
ments show that different antenna polarizations can be config-
ured through programmable phase shifters without changing
the antenna gain performance. The wireless power transmis-
sion simulation experiment demonstrates that tuning the trans-
mitting antenna polarization to match the receiving antenna
polarization can improve the efficiency of wireless power trans-
mission. This makes it possible for the automated antenna po-
larization adaption during wireless power transfer.
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1 Introduction
ireless power transmission technology has been
pursued by numerous researchers during the past
several decades. In short-range wireless power
transmission applications (that is, when the dis-
tance between a wireless power transmitter and a wireless
power receiver is on the order of millimeter or centimeter), the
inductive coupling technique is considered a highly efficient
and cost-effective approach” ?. Because the inductive cou-
pling technique takes advantage of the non-radiative magnetic
field, its operating frequency is typically below 1 MHz. In re-
cent years, some research efforts have been made on using the
radio-frequency band to accomplish efficient short-range wire-

B3 Though the radio-frequency

less power transmission
wave tends to be radiative, it is possible to achieve strong cou-
pling between a pair of resonant structures such that the radia-
tion is minimized. The radio-frequency short-range wireless
power transmission systems (such as those demonstrated in
Refs. [3 - 5]) appear competitive with the inductive coupling
systems in terms of compactness and efficiency. A potential
advantage associated with radio-frequency coupling is that it

may enable broadband simultaneous information and power

This work was supported in part by the National Natural Science Founda-
tion of China under Grant No. 61871220.

transfer. Since the inductive coupling technique relies on low
frequencies, it does not support wireless communications with
high bit rates. In contrast, the radio-frequency band (on the
order of 100 MHz or several GHz, for instance) can be lever-
aged to accomplish high-speed wireless communications in ad-
dition to wireless power transmission.

This paper proposes a compact microstrip loop resonator
configuration with lumped capacitive loading for short-range
wireless power transmission. The overall physical dimensions
of the proposed loop resonator are as small as 3 ¢cm by 3 em.
Simulation and measurement results demonstrate the power
transmission efficiency is greater than 80% with a power trans-
mission distance smaller than 5 mm via the strong coupling
between two loop resonators around 1 GHz. Experimental data
also show that the power transmission performance is insensi-
tive to various geometrical misalignments. Also, the numerical
and experimental results of this paper reveal a bandwidth of
more than 50 MHz within which the power transmission effi-
ciency is above 80%. As a result, the proposed microstrip loop
resonator has the potential to accomplish efficient wireless
power transmission and high-speed (higher than 10 Mbit/s)
wireless communication simultaneously.

The rest of this paper is organized as follows. The proposed
microstrip loop resonator is described and some simulation re-
sults are presented to demonstrate the high wireless power
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transmission efficiency of the proposed resonator in Section
2. The short-range wireless power transmission performance
of the proposed microstrip loop resonator is verified by ex-
perimental results in Section 3. Finally, Section 4 concludes
the paper.

2 Design of Microstrip Loop Resonator for

Wireless Power Transmission

As illustrated by Figs. 1 and 2, a microstrip loop resonator
is designed for wireless power transmission over a short dis-
tance. Fig. 1 depicts the top view of a circular loop conductor
printed over a printed circuit board. The loop has a radius of r
and width of w. The printed circuit board has a thickness of h,
its substrate has &, as the dielectric constant, and the bottom
side of the board is covered by a solid conducting ground
plane. The loop is fed by a co-axial probe through the sub-
strate. A lumped capacitor C is mounted across a gap over the
loop. The angle between the gap and the feed point is a with
respect to the loop center. Apparently, the loop structure can
be modeled as an inductor. The loop structure and the
lumped capacitor jointly lead to a resonant circuit. The reso-
nant frequency can be adjusted by the loop s geometry and/or
the value of C. In practice, the dependence of the loop resona-
tor’ s performance on angle a is weak, as the capacitor’ s

Printed circuit
board * =
Lumped
|/ capacitor C
Loop/ Feed point
conductor

A Figure 1. Design of the proposed microstrip loop resonator

A Radio-Frequency Loop Resonator for Short-Range Wireless Power Transmission

physical size is much smaller than the wavelength. Wireless
power could be transmitted between two loop resonators sepa-
rated by distance d, as shown in Fig. 2. The two loop resona-
tors in Fig. 2 are assumed to be identical to each other. Strong
coupling between them is anticipated around the resonant fre-
quency. The parameter & in Fig. 2 denotes the lateral mis-
alignment between the transmitting loop resonator and receiv-
ing loop resonator; in other words, the two loop resonators are
aligned with each other when 6 = 0.

With the parameters tabulated in Table 1, the wireless
power transmission configuration in Fig. 2 is simulated. The
simulation results of power transmission efficiency are shown
in Fig. 3, with three different values of the loading capaci-
tance C. Specifically, the simulated power transmission effi-
ciency is obtained from the scattering parameter S,, between
the power transmission port (Port 1) and power reception
port (Port 2) specified in Fig. 2. When C = 0.5 pF, the simu-
lated power transmission efficiency is greater than 95% over
a 50-MHz frequency band, which may accommodate wireless
communications with a bit rate higher than 10 Mbit/s. The
resonant frequency drops when C increases, as anticipated.

In the simulation results in Fig. 3, the two loop resonators
are assumed to be perfectly aligned with each other geometri-
cally. When there is an angular misalignment 6 between them,
the simulated power transmission efficiency data are plotted
in Fig. 4. Because the proposed loop resonator has revolution-
ary symmetry, the power transmission performance is insensi-
tive to the angular misalignment, as evidenced by Fig. 4.

When the lateral misalignment 6 between the two loop reso-
nators varies, the simulated power transmission efficiency
data are displayed in Fig. 5, with C fixed as 0.5 pF and d fixed
as 4 mm. When & is as large as 1 ¢m, the maximum power
transmission efficiency drops to 50%. It is noted that the ra-

VTable 1. One set of parameters of the proposed microstrip loop resonator

r

1.5 mm 5 mm 120° 3.38

Co-axial connector,
power reception port

Ground plane T

Loops — 5 e d

1 F
T Ground plane
Co-axial connector,
power transmission port

Efficiency/%

Frequency/GHz

A Figure 2. Two loop resonators (one transmitting and one receiving)
for short-range wireless power transmission
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A Figure 4. Simulated power transmission efficiency results with vari-
ous angular misalignment values of §, when C = 0.5 pF and d = 5 mm
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Efficiency/%
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Frequency/GHz

A Figure 5. Simulated power transmission efficiency results with vari-
ous values of lateral misalignment 5, when C = 0.5 pF and d = 4 mm

dius of the loop resonators is 1 em. Thus, the power transmis-
sion performance associated with the proposed loop resonators
appears quite insensitive to the lateral misalignment.

Overall, our simulation results indicate that 0.5 pF is the
optimal capacitance value for C. Specifically, with C = 0.5 pF
and with insignificant geometrical misalignments, it seems al-
ways possible to achieve power transmission efficiency greater
than 80% when the distance d is smaller than 5 mm.

3 Experimental Results

Based on the simulation results presented in the previous
section, the microstrip loop resonators with the parameters
in Table 1 are fabricated and tested. Each loop resonator is
printed over a printed circuit board with the dimension of
3 em X 3 cm. The substrate material of the printed circuit
boards is Arlon 25N (with &, = 3.38 and loss tangent of
0.002 5). Two photos of the fabricated prototype are shown
in Fig. 6. The proposed loop resonator configuration is com-
pact and low-cost. The scattering parameter |S,| is mea-
sured by a network analyzer manufactured by Radiasun In-
struments with model number AV3620A.

Fig. 7 shows the measured power transmission efficiency

A Figure 6. Photos of fabricated loop resonator and experimental setup

100 ; -

€=0.5 pF
-- C=1pF
—(C=15pF

80

60

40 -

Efficiency/%

20 -

Frequency/GHz

A Figure 7. Measured power transmission efficiency results with three
different values of loading capacitance and with parameters in Table 1

data with three different values of loading capacitance. The
maximum power transmission efficiency for C = 0.5 pF, 1 pF,
and 1.5 pF is 88.1%, 81.5%, and 75%, respectively. The
measured power transmission efficiencies in Fig. 7 are lower
than the simulated data presented in Fig. 3, which we believe
is because certain loss is not included in the simulations,
such as the loss of the dielectric substrate, printed conduc-
tors, and loading capacitor. As a result of the loss not taken
into account by the simulations, the bandwidths in Fig. 7 are
greater than those in Fig. 3. For instance, the bandwidth asso-
ciated with C = 0.5 pF is about 60 MHz in Fig. 3 but becomes
85 MHz in Fig. 7.

When C = 0.5 pF, the power transmission efficiency is mea-
sured with four different values of angular misalignment 6.
The measurement results in Fig. 8 are consistent with the
simulation results in Fig. 4: the power transmission perfor-
mance is insensitive to the angular misalignment.

When C = 0.5 pF and d = 4 mm, the power transmission ef-
ficiency is measured with four different values of lateral mis-
alignment 6. The measurement results in Fig. 9 are consistent
with the simulation results in Fig. 5: the proposed loop resona-
tor configuration can tolerate large lateral misalignment with
respect to the size of the loop resonators.

Fig. 10 shows the measured power transmission efficiency
data for various values of distance d, with C = 0.5 pF and 6 =
0. Our measurement results reveal that the maximum power
transmission efficiency is always greater than 80% when d is
smaller than 5 mm.
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A Figure 8. Measured power transmission efficiency results with vari-
ous values of angular misalignment 6, when C = 0.5 pF and d = 5 mm
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A Figure 9. Measured power transmission efficiency results with vari-
ous values of lateral misalignment 6, when C = 0.5 pF and d = 4 mm

100 T T "
—d=0 cm

Efficiency/%
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Frequency/GHz

A Figure 10. Measured power transmission efficiency results with vari-
ous values of distance d, when C = 0.5 pF and 6 =0

The performance of the proposed loop resonators in this pa-
per is compared with that of the scheme in Ref. [6] which is
based on inductive coupling. The loop resonators in this paper
and the scheme in Ref. [6] are both proposed for short-
distance wireless power transmission applications. The loop
resonators in this paper have a simpler physical configuration
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than the coils in Ref. [6], and thus are easier to fabricate. The
loop resonators in this paper operate around 1 GHz with a
bandwidth of more than 50 MHz, and as a result, can accom-
modate wireless communications with a data rate higher than
10 Mbit/s. The scheme in Ref. [6], in contrast, operates at
107 kHz and thus does not support high-speed wireless infor-
mation transfer. The radius of the loop resonators in this pa-
per is 1 cm; when the wireless power transmission distance is
5 mm, the wireless power transmission efficiency is higher
than 80%; when the lateral misalignment is 1 cm, the wire-
less power transmission efficiency drops to 50% approxi-
mately. The radius of coils in Ref. [6] is 6 ¢cm; when the wire-
less power transmission distance is 3 cm, the wireless power
transmission efficiency is slightly below 80%; when the lat-
eral misalignment is 6 c¢cm, the wireless power transmission ef-
ficiency drops to 50% approximately. In summary, the loop
resonators proposed in this paper have the potential to enable
high-speed wireless communications while offering wireless
power transmission performance comparable with the induc-
tive coupling technique in Ref. [6].

4 Conclusions

A compact microstrip loop resonator with lumped capaci-
tive loading is proposed for short-range wireless power trans-
mission around 1 GHz. The overall physical dimensions of
the proposed loop resonator are as small as 3 ¢m by 3 cm.
The simulation and measurement results demonstrate the
power transmission efficiency is greater than 80% with a
power transmission distance smaller than 5 mm. The experi-
mental data also show that the power transmission perfor-
mance associated with the proposed loop resonators is insen-
sitive to the angular misalignment and can tolerate a large
lateral misalignment with respect to the loop size. The nu-
merical and experimental results reveal a bandwidth of more
than 50 MHz within which the power transmission efficiency
is above 80%. As a result, the proposed microstrip loop reso-
nator has the potential to accomplish efficient wireless power
transmission and high-speed (higher than 10 Mbit/s) wireless
communication simultaneously.
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energy and the ambient energy. More importantly, a numerical model based on the plane-wave angular spectrum method is investigated to ac-
curately calculate the radiation fields of PMS in the Fresnel and Fraunhofer regions. With this model, the efficiencies of WPT between the
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1 Introduction
he wireless communication technology has developed
rapidly in the past two decades and has become an in-
dispensable part of our daily lives. Especially with
the Internet of Things (IoT) concept, the combination
of people, data, and things through networks makes network
connections more relevant and valuable. People can interact
with various devices more conveniently, which significantly fa-
cilitates our production and life and penetrate many fields
such as home automation, industrial automation, and medical
assistance. With the needs of society and the development of
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science and technology, 5G technologies have gradually en-

U Compared with the previous generations of

tered our lives
mobile communications, it has a better user experience rate,
connection density, peak rate, and other characteristics, which
can meet the mobile data growth demands of over a thousand
times in the future”. This provides the possibility for the fur-
ther development of 1oT. The future wireless environment will
rely on large-scale communications and IoT to meet the in-
creasingly intelligent world, which requires us to deploy mil-
lions of low-power sensor networks, actuators, and small com-

B3I For the sustainable de-

puting devices in the environment
velopment of the entire wireless sensor network, how to adap-
tively provide enough energy for a large number of sensors has
become a challenging problem we must face now.

To meet the intensive energy requirements for 5G and 6G
communications, the concept of simultaneous wireless infor-
mation and power transfers (SWIPT) was proposed and dis-

cussed comprehensively by the communication commu-
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nity! 2. Considering the wireless power conveying and wire-
less power collection for modern wireless communication net-
works is the notable characteristic of SWIPT. Thus, theoreti-
cal analyses and model constructions on wireless power trans-
fer (WPT) efficiency are the main topics for system level re-
searchers'”® '8 The fundamentals of SWIPT for a realizable
future communication network are established based on linear
and nonlinear models, which point out a clear path for the
hardware level designers.

The core techniques to implement SWIPT are WPT and
wireless energy harvesting (WEH). The WPT technology was
firstly proposed by Nikola TESLA. Because of its potential ap-
plication value, it was selected by the Technology Review
magazine as one of the ten scientific research directions that
would bring considerable changes to human production and
lifestyle in the future. In recent two decades, great efforts have
been made on the inductive or capacitive coupling!® ??,
achieving a satisfying transmission efficiency of over 70% un-
der several watts”®’. However, this technique can be classified
as a nonradiative type, which operates at kilohertz or mega-
hertz within inductive near-field or Fresnel near-field. There-
fore, it is not feasible to apply this resonance method to build
a SWIPT network due to the transmission range and the work-
ing frequency limitations. Alternatively, the radio frequency
(RF) waves can be emitted into free space through antennas,
which is coined as the radiative-type WPT** %’ By manipu-
lating the radiated waves, one could direct the wireless energy
to targets efficiently™.. It is worth noting that when adopting
the radiative-type WPT, unlike the nonradiative-type WPT, a
receiving device should be applied to harvest energy and con-
vert RF power into direct circuit (DC) power, which is enabled
by the WEH technique™™ *'. The receiving device, which is
called the rectenna or rectifying antenna, consists of a conven-
tional receiving antenna and a rectifying circuit. Nevertheless,
the rectifying efficiency of the rectenna severely depends on
the input power level. Besides, the performance of the receiv-
ing antenna also limits the captured wireless power for the rec-
tifying circuit. From the above research, it can be clearly ob-
served that the existing WPT and WEH techniques mainly em-
ploy the typical RF and microwave technologies. As a result,
both the WPT and WEH developments need a revolutionary
methodology.

Metamaterials and metasurfaces were proposed in the early
21st century, providing a new way to observe the physical

132 Previous studies on this topic focused on the basic

[33-35

world
theory and anomalous phenomenon |, Researchers in the
WPT and WEH communities keenly adopted these advanced
materials to enhance the power transmission efficiency and de-
sign novel devices™® *!. However, such analog metamaterials
possess an intrinsic issue that has fixed functionality after fab-
rication. In 2014, CUI et al. proposed the programmable meta-
surface (PMS), introducing digital coding for designing versa-
tile metamaterials'”’. Using active components on each meta-

atom, one can regulate the metasurface through an external
field-programmable gate array (FPGA), which greatly enriches
the original analog metamaterials. Recently, we reported an
adaptively smart WPT based on a 2-bit PMS, which could con-
tinuously transmit the wireless power to the receiver even

8 In addition to transmitting

though the target was moving
wireless power, wireless information can be envisioned when
the space-time-coding (STC) technique is applied to
PMS™* 3| The STC technique introduces period time modula-
tions to each programmable meta-atom which allows us to
modulate digital signals directly without using the traditional
communication system architecture'™ **. More exciting stud-
ies on microwave imaging and recognition were also reported
to examine the information PMS™ %!, The wireless communi-
cation community further extends this methodology to improve
the communication channels. Under this application scenario,
the information PMS was coined as a reconfigurable intelli-
gent surface (RIS)®> 671,

So far, we have briefly reviewed the concepts and relation-
ships of SWIPT, WPT, WEH, information PMS, and RIS. How-
ever, it can be clearly seen that a system-level solution to
SWIPT based on PMS is still unavailable. In this paper, we de-
velop a feasible strategy for SWIPT to integrate wireless infor-
mation and wireless power using PMS. The rest of this paper
is organized as follows. We first overview the PMS-based
SWIPT for the future smart cities in Section 2. Then the adap-
tively smart WPT strategy using PMS in Section 3 is dis-
cussed. After that, Section 4 presents the WEH metasurfaces
and transmission efficiency analyses for the PMS-based
SWIPT. Finally, in Section 5, we direct the future research
and conclude this paper.

2 Overview of PMS-Based SWIPT for

Smart City

With the advent of the 5G and 6G era, the IoT technology
will inevitably usher in new development. People’ s produc-
tion and lives will become more intelligent. More and more
sensor networks will inevitably become an essential part of our
interaction with the outside world. Traditional battery power
supply requires manual replacement of the battery periodi-
cally to ensure the normal operation of the sensor network,
which takes time and effort and causes serious pollution to the
environment. The WPT technique is undoubtedly a good solu-
tion. To improve its transmission efficiency, this paper pro-
poses a SWIPT system based on PMS. A typical SWIPT sys-
tem has three forms'.

* SWIPT. It can transmit wireless power while transmitting
traditional wireless information signals. After the wireless de-
vice receives the power, the wireless energy can be stored in
the battery of the wireless device after a series of conversions,
which can be used to supply power to the corresponding elec-
trical equipment, as shown in Figs. 1(a) and 1(b).

* Wirelessly powered communication networks (WPCNs).
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FPGA: field-programmable gate array
ToT: Internet of Things
IR: information of receiver

PMS: programmable metasurface
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A Figure 1. Different forms of wireless information and power transfers
(WIPT): (a) SWIPT with co-located receivers; (b) SWIPT with sepa-
rated receivers; (c¢) wirelessly powered communication networks
(WPCN); (d) wirelessly powered backscatter communication (WPBC);
(e) our proposed structure

Power is transmitted through one link, information is transmit-
ted through another link, and the power-collecting link pro-
vides power for the information-transmitting link, as shown in
Fig. 1(c).

* Wirelessly powered backscatter communication (WPBC).
Wireless power is transmitted through one link, and informa-
tion is transmitted through another link. The backscatter
modulation mechanism at the tag reflects and modulates the
incoming radio frequency signal and sends it to the reader for
communication. This kind of WPBC is widely used in RFID
tags, which significantly improves the communication distance
of wireless signals. Its disadvantage is that the power con-
sumption of electrical appliances is required to be extremely
low, and thus it cannot be widely used in other power sce-
narios, as shown in Fig. 1(d).

Relying on the three forms, many scholars have conducted
in-depth studies. Researchers in the communication field
have performed systematic research on the power ratio of en-
ergy and information and the modulation method of signals""
Researchers in the antenna field have designed various anten-
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nas and ports for wireless power transmission and communica-
tion, and fully considered the characteristics of port isola-

8] and frequency characteristics'®.. In this paper, we pro-

tion
pose a new SWIPT structure, as shown in Fig. 1(e), by combin-
ing PMS and IoT applications. The electrical equipment in the
IoT sends its position and power information to the FPGA on
the transmitting end through sensors. After data processing,
the FPGA will adaptively select the appropriate coding and
generate the desired beams using PMS, according to the status
of the electrical equipment in the external environment.

We propose a strategy to achieve the SWIPT system based
on PMS, as illustrated in Fig. 2. When the battery of the elec-
tric device is low, its internal sensor will actively transmit po-
sition and energy information to the FPGA, and the PMS will
supply energy to the sensor network that needs to be powered
according to the coding of the FPGA. On the one hand, the
PMS can form focused beams to transmit energy for the sensor
network in the near-field region; on the other hand, the PMS
will generate more efficient high-gain beams when the sensor
network is in the far-field region. Through the internal commu-
nication between the sensor network and FPGA, the proposed
system model enables the PMS to determine the charging tar-
get and select the appropriate charging scheme, which will
solve the energy supply problem of the sensor network and sig-
nificantly improve the system efficiency of SWIPT.

3 Adaptively Smart WPT Strategy Using
PMS

In the WPT system, the most important thing is the trans-
fer efficiency of the system. In different application sce-
narios, the power transmission beam has an important impact
on efficiency. This paper aims to propose a method based on
the location and power information of the device to be
charged. PMS can intelligently allocate near-field focused

Programmable metasurface
0110 1109 4,
0
10114,
Wire]
58 chy

Platfy, S0

A Figure 2. Application scenarios of the programmable metasurface
(PMS) scheme for the simultaneous wireless information and power
transfers (SWIPT) system
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beams and far-field high-gain beams, which can achieve the
purpose of efficient power transmission for different charging
scenarios.

This system combines the designed PMS and IoT technol-
ogy to form a new type of SWIPT system. As shown in Fig. 3,
PMS can provide a flexible power beam for the device to be
charged to improve the power transmission efficiency of the
system. Taking the IoT network in the near field area as an
example, the introduction of PMS will not affect the internal
communication of the IoT network. It can also provide energy
for the sensor nodes in the lIoT network. When the battery en-
ergy of a sensor node is insufficient, it will actively send its
energy and location information to the sensor connected to
the FPGA.

After analyzing the data, the FPGA will control the switch
of the corresponding PIN diodes and focus on the energy re-
ceiving part of the sensor node, which can meet the require-
ments of efficient and accurate energy transmission. It is also
suitable for the far-field region. In summary, the proposed
PMS model can simultaneously generate far-field high-gain
beams and near-field focused beams. Combining PMS with the
IoT networks with communication functions can achieve
SWIPT, which enriches the design freedom of the power trans-
mission system and greatly improves the power transmission
efficiency of the entire system.

3.1 Far-Field WPT Strategy and Numerical Model

More and more attention has been paid to the realization of
dynamic metasurfaces to construct advanced reconfigurable
devices in recent years. In 2014, the concept of PMS was intro-
duced to control the propagation of electromagnetic waves in a
real-time programmable manner. Similar to the digital circuit
technology, the different electromagnetic responses of the ele-
ments in the programmable metasurface are characterized by
discrete digital codes. Therefore, the functional control of the

far-field and the near-field can be realized by changing the
digital code sequences.

Here, PMS is located on the plane, and each element can
flexibly adjust the phase. A feed antenna is located above the
PMS for spatial feeding. By tuning the active device on the
programmable element, it can scan the far-field high-gain
beam, find the target to be charged in the far-field, and supply
power to it. The plane-wave angular spectrum (PWAS) method
is used to describe the aperture radiation problem accurately.
This method is derived from Fourier optics. When the tangen-
tial electric field on the PMS is known, it can be used to calcu-
late the electric field distributions in the far-field and the near-
field. According to the requirements of the WPT system for
the field distribution, we can use the Fourier transform to de-
compose the required field distribution into a set of plane
waves. The tangential electric field can determine these plane
waves on the PMS. This method is also suitable for establish-
ing a PMS far-field wireless energy transfer model. In this
part, we will use PMS to generate a high-gain beam pattern ca-
pable of beam scanning. To generate the desired field distribu-
tion, the analysis of the far-field calculation using the PWAS
method is shown in Fig. 4. During the analysis, we assume
that the tangential electric fields of the two orthogonal E-field
components E'(x, y) and E|(x, y) are known. PMS has MxM el-
ements along the x-axis and y-axis, and the element size is p X

p,- With these assumptions, we can obtain'™!

E(xy.2) =
J 16 =2 2R ) + (= 72 % F, () Tesp (e,
7)dudo, (1)

where F (u, v), and Fy(u, v) are the spectrum functions for x-
and y-directions, and k, is the free-space wave number. 7, rep-
resents the elemental position vector and 7 is the field vector.

Power information

IoT: Internet of Things ~ PMS: programmable metasurface

A Figure 3. Application of PMS in the IoT network

r{u, v, r)

10 1110 00 11 001 001

wwene 0101 1010 0110

PMS: programmable metasurface

A Figure 4. Configuration for far-field calculation using plane-wave an-
gular spectrum (PWAS) approach
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This equation can be calculated using the stationary phase
method on the three directional components. Thus, we have

_ xp (—jk,r . . R
Blag) = 2 S0 ) ) + 7 -
vﬁ)Fy(u,v)]. (2)

In the spherical coordinate system, the above equation can
be expressed as

_ exp (—jk,r)

E(6,¢) = j2m Fr - [(cos @B —

cosOsing@)F (up) + (singoé + cochosgoqfv)Fy(u,v)]. (3)

Fourier transform can be used to describe the spectral func-
tions

1 .
Fx,y(u,v) = ? ﬂEL,},(x,y)exp [ jko (ux + vy) | dxdy,
surf
(4)

where u = sinfcosd, and v = sinfsing. This formula is used to
express the integral on the surface of the PMS. In addition, be-
cause PMS is a periodic structure, we can calculate the result
of an element and perform a summation calculation on it. We
perform the coordinate conversion based on the above assump-
tions and analysis process. The specific expression is as fol-

lows.
M-1
x=x"+mp, - %, m = 1,2.3,...M,
N-1)p,
y = y, + np}‘ - ( 2 )p} ” n= 192737---7N9 (5)
and
px ’ p’é p}’ ! P)’
e, - gy g
N R T (6)
Then, Eq. (4) can be rewritten as
M-IN-1
F(up)=C- z E[exp [ jko(ump, + onp )] 1]
m=0n=0 ’
1 Ky
C = Pexp “iy [u(M - 1)p, +o(N - 1)p,]

kOupx . kavp}’ m,n
> )sinc ( > )E,ﬁ/y.(xc,}’cl (7)

I=p,p,sinc(

where E'}" is the tangential E-field on each PMS element, and

it can be expressed by
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E;n,n o Einc
E;n,,n _[STE,TM] E;’” , (8)

inc
where E')

source, and S7;'y,, 1s the element reflection coefficient which

is the incident tangential electric field of the

can be simulated with the full-wave simulator. To control the
high-gain beam flexibly, we need to control the switch of the
active devices on the PMS to produce a phase shift in each
unit to form an equal wavefront phase in the desired area. The
phase shift can be described as

(I)(x"ﬁyn) =
—ky(sin@, cos @, X x,, + sinf,sing, X y,) + k,d,,,, 9)

where (6, ¢,) is the beam pointing direction and d,, is the dis-
tance from the feed horn to each element. For the digital cod-
ing PMS, @ should be quantized”". When the phase shifts are
calculated, the S7;";,, of each element is known. Therefore, far-
field high-gain beams are generated when the distance from
the PMS is greater than 2D*A, where A is the wavelength and
D is the largest dimension of the metasurface. The PMS radia-
tion field can be calculated by Eqgs. (3), (4), and (8).

According to the above theoretical analysis, through the
PWAS mode calculation, a model with a frequency of 5.8 GHz
is designed, as shown in Fig. 5. The PMS has 20x20 2-bit
meta-atoms. Geometrical parameters are separately L, = L, =
30 mm, L, =33 mm, L, =2.6 mm, L; = 16.2 mm, w = 3 mm,
and R, = 4.5 mm. The entire array is printed on an F4B dielec-
tric substrate with a thickness of 2 mm, the dielectric constant
of which is 2.65, and the loss tangent angle is 0.005. The PIN
diode model used is SMP1340. By combining the switchable
states of the PIN diodes of low bits and high bits, the four states
are termed as “00”, “01”, “10”, and “11” respectively. The

PIN diode
(Low bit)

PIN diode
(High bit)

10 111060 11 001 001

High-gain beam

e Q101 1010 0110

PMS: programmable metasurface

A Figure 5. Schematic diagram of the high gain beam structure
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simulation results are shown in Fig. 6. We know that the phase
differences of the four states are 90° at 5.8 GHz. The reflection
amplitudes of “01” and “10” are close to =2 dB, and “00” and
“117 states are less than 0.6 dB. The reason for this phenom-
enon may be that the two states of “01” and “10” work in a
strong resonant mode, so their reflection amplitude fluctuates
more obviously. Based on the above element model, we design a
PMS array with 20x20 elements , which can realize beam scan-
ning in the far-field area. Fig. 7 shows the coding patterns at 0°,
20°, and 40°, and the corresponding electric field distribution
in the far-field area. To further verify the performance of the
PMS array, we analyze its beam scanning characteristics, as
shown in Fig. 8. It can be seen that there is a good scanning
performance in the range of +60°, which provides more favor-
able conditions for the wireless energy transmission.

3.2 Near-Field WPT Strategy and Numerical Model

A large number of studies have shown that when the target
to be charged is in the near-field area of the antenna, the fo-
cused beam has higher power transfer efficiency. Through fur-
ther analysis, it is concluded that the PWAS method is also suit-
able for calculating the electric field distribution in the near-
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A Figure 7. Coding patterns and E-field distributions under different
angles: (a) 6=0°, (b) 6=20° and, (c) 6=40°
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A Figure 6. Structure of the proposed 2-bit element: (a) reflection am-
plitude and (b) reflection phase

A Figure 8. Normalized radiation patterns of programmable metasur-
face (PMS): (a) E-plane beam-scanning and (b) H-plane beam-scanning
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field area. Fresnel diffraction theory is applied when the dis-

tance from the PMS is greater than 0.62/ D*/A and less than
2D%/A, and we can get the following approximate expression:

1
— _ 2 2 o _ 2 2
y=yJy1l-u-0v"=1 2(u + 7). (10)

For the state of x polarization, we can use Eqgs. (10) and (1)
to get:

exp (—jkgz) ff (up)exp [ OZ (u* + %) ] exp [=jko (xu + yv) Idudv .

(11)

After the calculation using the two-dimensional convolution
theorem, the integral of the above formula can be rewritten as:

E =

x

—jkyz) ff (uw exp{—f [(x —uw)®+(y - u)])dudv.
(12)

Eq. (12) can be discretized on every element of the PMS
surface using Eqs. (5) and (6), resulting

E (xy,:z) = ]Eexp (=jkyz)

) {1C() = jS() 1= 1C(,)
{LC@s) = jsu) 1= 1) - S

M-1N-1

m=0n=0

—jsm]}’

. (13)

where

kO pr (M_ 1)Px
= | — (= + +
1= (g re e, )
. ﬁ(—&+ +(M-1)px)
27 e T T T 2

t J[Eg_(py +y - +-£§£:412B1)
N 2
/7(_ o (N - Dp,,
yomy ek (14)

With these equations, we can analyze the electric field dis-
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tribution in the near-field since the phase shift on each ele-
ment is given.

To verify the validity of the near-field focusing formula of
metasurfaces, the approximate solution of the Fresnel zone
given by PWAS is used to design near-field electromagnetic
The designed model
works at 5.8 GHz, and its element size is the same as the

energy focusing with metasurfaces.

aforementioned high-gain beam antenna. The PMS is placed
on the xoy plane and propagates along the z-axis, as shown in
Fig. 9. According to Eq. (13), we have completed the flexible
control of the focused beam, a dual-focus focused beam, and
a single-focus focused beam at different positions. Figs. 10
(a), (d), (g) and (b), (e), (h) respectively show that the focus is
at (0 m, 0 m, 0.5 m) and (0.2 m, 0.2 m, 0.5 m) of the coding
patterns. The electric field distribution diagram of the PMS
is at z = 0.5 m and on the xoz plane. The simulation data
show that the PMS has a certain focus and scan functions,
and the WPT system can supply power to charging equip-
ment in different locations.

Figs. 10 (e), (f), and (i) describe the coding patterns of the
dual focus (-0.2 m, =0.2 m, 0.5 m) and (0.2 m, 0.2 m, 0.5 m);
their electric field distribution diagrams are at z=0.5 m and on
the xoz plane, which indicates the PMS can supply power to
multiple charging targets. Comprehensive analysis shows that
the focused beam can converge most of the energy to one
point, which meets our wireless power transmission require-
ments in the near-field area. It is worth pointing out that other
quasi-non-diffraction beams, such as the Bessel beam and the
Airy beam, can be flexibly regulated by PMS for wireless
power transmission’.

Because the size of the PMS in the simulation scheme is
too large and inconvenient for processing, in order to verify
the scheme’ s feasibility, we fabricate a PMS with 12x12
meta-atoms™®!. The size of PMS is 380 X410 mm?, as shown
in Fig. 11(a). All DC biasing lines are led to the back of the

10111000 11 001 001

5 b PMS

PMS: programmable metasurface

TEEIEET®

.. 0101 1010 0110

Focused beam

A Figure 9. Schematic diagram of the focused beam in the near-field of
PMS
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PMS. The 144 biasing lines for the low
bit or high bit are grouped into twelve
2x7 sockets, as shown in Fig. 11(b).
There are twelve ports for the DC bias-

20
18
16|

14
12
10
8
o
4

2
2406

b |

y-axis

ing lines and two grounding ports for
each socket. The spots that can be con-

trolled programmatically are measured 8 101214776 1 20
. . . X-axis
in an anechoic chamber. The configura-

(a)

tion of the measurement setup is shown
in Fig. 11(c). For the convenience of ob-
servation, we normalize the electric
field distribution obtained from the test.
As shown in Fig. 12, all focal spots can
be observed at the expected positions,
indicating that the focal spot can be pro-
grammatically determined. Tt is fully
proved that the scheme can solve the
problem of multi-target WPT.

4 WEH Metasurfaces and
Transmission Efficiency
Analyses

4.1 Design of Rectifying Metasurface
WEH is an important part of the
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SWIPT system. It is mainly composed

of a receiving antenna and a rectifier

A Figure 10. Coding patterns and E-field distribution of the near-field focused beam, where (a), (d)
and (g) describe the focus (0 m, 0 m, 0.5 m); (b), (e) and (h) describe the focus (0.2 m, 0.2 m, 0.5 m);
(c), (f) and (i) describe the dual focus (0.2 m, 0.2 m, 0.5 m) and (-0.2 m, 0.2 m, 0.5 m)

circuit. After continuous exploration by

many scientific researchers for the re- 380 mm

ceiving antenna, many different types of
receiving antennas have been proposed.
Its compact structure, low sensitivity to
the incident angle, polarization, and
attracted

characteristics  have

[73 - 175]

other
wide attention , and it can meet the
needs of WEH to a large extent. The
main function of the rectifier circuit is

to convert the RF energy captured by

;uﬁﬁiﬁ:l
(R

Twenty-four
2x7 sockets

(b)

PMS: programmable metasurface

the receiving antenna into DC energy to
provide usable energy for electrical
equipment. To verify the feasibility of
the strategy proposed in this paper, we propose a rectifying
metasurface. First of all, we design a ring resonator with stubs.
The operating frequency is 5.8 GHz. When the metasurface
energy harvesting structure is designed, the Floquet port in
ANSYS is used in conjunction with periodic boundary condi-
tions to calculate the S parameters of the infinite period meta-
surface, energy harvesting efficiency, and other related param-
eters.

After simulation and optimization, we get the structure of
the metasurface element, as shown in Fig. 13(a). The dielec-
tric substrate used is F4B, the relative permittivity of which is
2.65, and the dielectric loss tangent is 0.001. The structure

A Figure 11. Fabricated 2-bit PMS: (a) front view, (b) back view, and (c) near-field measurement
scene for focal spots in the anechoic chamber

size is as follows: L,=16 mm, W;=0.53 mm, W,=4.52 mm, W,
=0.57 mm, T=1 mm, and Load=430 (). A via is set on the di-
agonal of the element, and the energy collected by the meta-
surface is concentrated on the load, the radius of which is
0.2 mm. It is worth noting that we can flexibly design the
working frequency and matching load of the metasurface by

adjusting metasurface structure parameters. The harvesting

efficiency of the metasurface can be calculated as®
- P,
Efficiency = — X 100%.
Py (15)
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sign a 2X2 metasurface array and con-
verge four lumped ports into one port
output through the combiner, which is
convenient for subsequent combination
with the rectifier circuit. The structure
is shown in Fig. 13(b), which is divided
into five layers in total. From the top to
the bottom, the first layer is the meta-
surface array, the second layer is an
F4B dielectric substrate, the third layer
is ground, the fourth layer is an S7136
H dielectric substrate (relative permit-
tivity is 3.55, and loss tangent is 0.004)
with a thickness of 0.5 mm, and the
fifth layer is a combiner. The whole

0.1 02

E-field
1.0

structure can efficiently collect electro-
magnetic wave energy and output it
through one port. To verify the incident
angle and polarization stability of the
metasurface structure, it is necessary to
consider two cases of transverse electric

(TE) and transverse magnetic (TM)

0.1 02 03

oblique incidence. Fig. 15(a) shows the
energy harvesting efficiency of TE po-
larization at different incident angles.

A Figure 12. Measured results of the focusing E-field distribution of the 2-bit PMS at (a) (0 m, 0 m,
0.75 m), (b) (0.1m, 0 m, 0.75 m), (c) (0.1 m, 0.1 m, 0.75 m), and (d) (0 m, 0 m, 0.9 m)

When the incident angle is 0°, the maxi-
mum energy harvesting efficiency ob-

tained at 5.8 GHz is 90%. When the in-
cident angle is 30°, the maximum en-
ergy harvesting efficiency obtained at
5.9 GHz is 90%, and the energy har-
vesting efficiency at 5.8 GHz is 86%.
When the incident angle is 60°, the
maximum energy harvesting efficiency
obtained at 6 GHz is 91%, and the en-
ergy collection efficiency at 5.8 GHz is
70%.

Combiner . . L. .
For TM polarization, as it is shown in

A Figure 13. Schematic diagram of metasurface structure: (a) element size and (b) array structure

Among them, P, is the energy collected by the load, and P,
is the energy incident on the metasurface, which can be ob-
tained by integrating the Poynting vector along the incident di-
rection on the metasurface. Fig. 14 shows the reflection coeffi-
cient IS;,| of the metasurface and the harvesting efficiency of
RF energy. It can be seen from the results that the impedance
matching performance of the metasurface element is good at
the operating frequency of 5.8 GHz; that is, the metasurface
structure can capture electromagnetic wave energy. By calcu-
lating the received power of the lumped port, it can be seen
that the RF energy harvesting efficiency of the metasurface en-
ergy harvester at 5.8 GHz can reach more than 90%. So we de-
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Fig. 15(b), when the incident angles are
0°, 30°, and 60°, the MS will obtain the
maximum energy collection efficiency
at 5.8 GHz, 5.95 GHz, and 6.11 GHz, and their values are all
near 90%. For 5.8 GHz, the energy harvesting efficiency of
30° and 60° oblique incidences is 83% and 74%, respec-
tively. From the above analysis results, it can be seen that be
it TE polarization or TM polarization, the working frequency of
the maximum harvesting efficiency of the MS will shift as the
incident angle increases. However, the energy harvesting effi-
ciency at 5.8 GHz remains above 70%, showing good incident
angle and polarization stability compared with traditional re-
ceiving antennas.

In order to convert the RF energy collected by the MS array
into DC energy, we select MA4E1317 Schottky Barrier Diode
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(SBD) from MACOM as the rectifier device and designed an F-
type rectifier circuit that works at 5.8 GHz. The selected di-
electric substrate is the same as the dielectric substrate of the
metasurface combiner in order to integrate the design with the
MS array and reduce the cost. The size of the designed recti-
fier circuit is 25%15 mm?, which is easy to integrate. The test
and simulation performance are shown in Fig. 16. It can be
found that when the input power is in the range of 12 dBm to
15 dBm, the rectification efficiency can be stabilized above
55%, and the output voltage at this time is higher than 1.6 V,
which can provide energy for some low-power electrical appli-
ances. In order to reduce the volume, we integrate the metasur-
face array and the rectifier circuit and process the principle
prototype, as shown in Fig. 17, which can be used as the wire-
less energy harvesting part of the strategy we propose in this
paper. Furthermore, a compact dual-band, wide-angle, and
polarization-angle-independent rectifying metasurface can be
applied for ambient energy harvesting™.
4.2 Accurate WPT Efficiency Analysis of PMS

We accurately analyze the wireless power transmission ef-
ficiency from the near-field to far-field regions for the PMS.
Fig. 18 shows the schematic diagram of the WPT system
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A Figure 17. A prototype of the rectifying metasurface: (a) front side
and (b) backside
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A Figure 18. Schematic diagram of the wireless power transfer (WPT)
system based on PMS and rectifying metasurface

based on PMS. The transmitting part includes a feed horn
and a PMS composed of MXM=20X20 meta-atoms, and the
receiving part is the NXN=2X2 rectifying metasurface pro-
posed in Section 4.1. The PMS is fed through a vertically in-
cident horn antenna, and the transmitted power is P,. The
power of each element on the PMS can be extracted. Because
the PMS is large enough, even if the receiving element is in
the near field of the array, the receiving element is in the far
field relative to the PMS element. Therefore, the energy re-
ceived by the n-th receiving element from the m-th PMS ele-
ment can be represented by Eq. (16). Where P, is the power
of the m-th element of the PMS, A is the wavelength. G_ (6, ..
fo) and G (0, . f. ) are the gain of the m-th element of the
PMS and the n-th element of the receiving antenna array,
and R

n,m

The power density can be expressed as W = |EI*/27. The

is the distance between the two elements.

amplitude of the electric field from the m-th element on the
PMS to the n-th element of the receiving antenna array can be
calculated by Eq. (17), where 7 is the wave impedance, k is
Hinmfm) s the electric field phase. 8,
is the initial phase of the PMS element which can be calcu-
lated by Eq. (18), where R,,, is the distance from the phase
center of the feed horn to the phase center of the PMS ele-
ment, and B, is the compensation phase. According to the

the wavenumber, and e

definition of power density, the power density received by the
n-th receiving element from the m-th PMS element is W, =
‘Prn,m/(47TRn,m2)[77]' Assuming that the radiation source is isotro-
pic, the power generated at R distance from the power source
is P = 47 R*W = 4w R*E*/27. Eq. (19) can calculate the power
received by the n-th receiving element from the entire PMS.
The total power P received by the receiving antenna is the su-
perposition of the power of each receiving element. The wire-
less power transmission efficiency is defined as the ratio of the
total power received by the receiving antenna array to the mi-

crowave power emitted by the feed horn, as shown in Eq. (21).
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It is worth noting that the PMS proposed in this paper intro-
duces insertion loss due to the PIN diodes, which mainly af-
fects the gain of antennas, so Eq. (21) is also applicable to the
efficiency calculation of the PMS.

A
P, =P G (0,,6,,)6 (0,,b,,) )’

e S e T AR, L (16)
E,, = [2qW,, " P (17)
ﬂm :ch(l) - kRF,,,. (18)
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P, "
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For the WPT system composed of PMS, we analyze the
transmission efficiency of the beams mentioned in Sections
3.1 and 3.2. Fig. 19 shows the efficiency comparison of differ-
ent beams when propagating along the center of the PMS. For
focused beams, we can see from the figure that the transmis-
sion efficiency at our preset focal point (0 m, 0 m, 0.5 m) is
higher than 25% and much higher than the transmission effi-
ciency of the high-gain beam. But as the transmission distance
increases or decreases, the transmission efficiency of the fo-
cused beam will drop sharply. This can be solved by the strat-
egy mentioned in this paper, which is to achieve precise posi-
tioning by transmitting location information. When the dis-
tance between the receiving metasurface array and the PMS is
greater than 1 m, the advantages of the high-gain beam are
gradually revealed. Its transmission efficiency is greater than
that of the focused beam, suitable for long-distance wireless
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A Figure 19. Wireless power transmission efficiency versus distance us-
ing high-gain beam and focused beam

power transmission. Based on the above analysis results, it
can be obtained that the high-gain beam is suitable for the far-
field WPT system, and the focused beam is suitable for the
near-field WPT system. It fully demonstrates the feasibility of
the strategy proposed in this paper.

S Future Work and Conclusions

In previous sections, we describe a new strategy for the
SWIPT system using the advanced metamaterials, PMS, in-
cluding the overall solution scheme, the adaptively smart
WPT strategy, WEH metasurfaces, and wireless power trans-
mission efficiency analyses. We emphasize that the WPT and
WEH using PMS are the major topics of this work because of
the information that PMSs have been deeply studied. When
the two aspects are properly unified, a feasible SWIPT solu-
tion to the self-sustainable 6G network may be realized. In
this section, we discuss future research directions of the
SWIPT network based on the PMS solution scheme, and make

a systematic conclusion of this paper.

5.1 Full-Duplex PMS

A typical PMS could operate the amplitude, phase, and po-
larization of the incident EM waves. Technically, PMS is suit-
able for changing the channel state, which cannot be used to
enhance the communication capacity. Researchers are aware
of this and some RF channel operational PMSs have been re-
ported”® * The concept and prototype of multiple-input
multiple-output (MIMO) PMS were proposed and tested®"!. Be-
sides, a novel holographic MIMO surface was envisioned for
the 6G network™. A theoretical analysis of dynamic metasur-
face antennas for uplink massive MIMO systems was pre-
sented in Ref. [83]. However, a complete uplink and downlink
experiment based on PMS is still unavailable. Thus, realizing
a full-duplex PMS would be the major research direction in

the future.

5.2 Wireless Information and Power Integrated Surface
Imposing WPT and WEH techniques presented in this pa-
per on the full-duplex PMS, we have a wireless information
and power integrated surface (WIPIS), which is our main solu-
tion scheme to the SWIPT network. Distinct from the existing
SWIPT, the WIPIS scheme depends on a cutting-edge tech-
nique, PMS. Both the information modulation and power man-
agement implemented by such a paradigm will gain more at-
tention in microwave techniques, antenna propagation, and
wireless communication communities. Although great efforts
have been put into the WIPIS prototype design and modeling,
it is still at the early stage. In the foreseeable future, we be-
lieve that the WIPIS-based system would appear. Recent ad-
vances in metamaterials and metasurfaces can stimulate the
research for simultaneous wireless information and power
transmission™ %),
5.3 Base Station Side, Relay Side, and Edge Side WIPIS
For different working scenarios, the WIPIS should pro-
vide distinct functionalities. A three-layer architecture of a
WIPIS-based network is envisioned, including the base sta-
tion side, the relay side, and the edge side. On the base sta-
tion side, a WIPIS base station could offer point-to-point,
point-to-multipoint, and specific area power coverage ser-
vices in addition to mobile network access. On the relay
side, a WIPIS could operate as a repeater or improve the
channels. Besides, the relay WIPIS redistributes wireless
power to surrounding loT sensors or the edge side WIPIS.
We emphasize that the main energy for a relay WIPIS is
guaranteed by the WIPIS base station. At the edge side, mi-
crowatt level devices are accompanied by the low-level WIP-
ISs which connect the relay WIPIS and coordinate the en-
ergy interconnections. All these WIPISs collaborate to form
a featured SWIPT wireless network.

5.4 Conclusions

A perspective strategy of using PMS for the SWIPT system
is proposed. Based on the PMS hardware platform, we de-
velop an adaptively smart WPT strategy including the nu-
merical models and analysis results of the near-field and far-
field WPT systems. To collect and capture the wireless pow-
ers, the rectifying metasurface is presented employing the
WEH technique. More importantly, the wireless power trans-
mission efficiency is analyzed when using PMS as the trans-
mitter and the rectifying metasurface as the receiver, suggest-
ing that the proposed PMS-based SWIPT network is efficient
and low-cost. The future research directions using the pro-
posed scheme are summarized. The opportunities and chal-
lenges co-exist for implementing the future SWIPT network
that can fulfill the carbon peak and carbon neutralization de-
velopment strategy.
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