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Abstract: Implementing self-sustainable wireless communication systems is urgent and challenging for 5G and 6G technologies. In this pa-
per, we elaborate on a system solution using the programmable metasurface (PMS) for simultaneous wireless information and power transfers
(SWIPT), offering an optimized wireless energy management network. Both transmitting and receiving sides of the proposed solution are pre-
sented in detail. On the transmitting side, employing the wireless power transfer (WPT) technique, we present versatile power conveying strat-
egies for near-field or far-field targets, single or multiple targets, and equal or unequal power targets. On the receiving side, utilizing the wire-
less energy harvesting (WEH) technique, we report our work on multi-functional rectifying metasurfaces that collect the wirelessly transmitted
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
transmitter and the receiver are analyzed. Finally, future research directions are discussed, and integrated PMS for wireless information and
wireless power is outlined.
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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-



Programmable Metasurface for Simultaneously Wireless Information and Power Transfer System

Review

CHANG Mingyang, HAN Jiagi, MA Xiangijin, XUE Hao, WU Xiaonan, LI Long, CUI Tiejun

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).

ZTE COMMUNICATIONS | 49
June 2022 Vol. 20 No. 2



Review

Programmable Metasurface for Simultaneously Wireless Information and Power Transfer System

CHANG Mingyang, HAN Jiagi, MA Xiangijin, XUE Hao, WU Xiaonan, LI Long, CUI Tiejun

e >

PT PR
+ +
IT IR

< —~—————— >—
(a)

—<\N\_/\'

< ———— >

PT

(b)

PT < ———> > PR
+ +
IR L < > | T
(c)

- Tag

‘_/_/f/ >—
(d)
PMS

\_,-\,\’\’
>— o
< .

(e)

—~—~""—"y Power flow =~~~ Information {low

FPGA: field-programmable gate array
ToT: Internet of Things
IR: information of receiver

PMS: programmable metasurface
PR: power of receiver
PT: power of transmitter

IT: information of transmitter RF: radio frequency

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

Platgy, 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 J1G =2 F )+ (= 72 % F, () e (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 R
Bag) = 2 S0 ) ) + 7 -
vﬁ)Fy(u,v)]. (2)

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

_ exp (—jk,r)

E(6,0) = j2m Fr - [(cos @B —

cosOsingg)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 = 1,23,...M,
N-1)p,
y = y, + np}‘ - ( 2 )p} ” n= 192737---7N9 (5)
and
px ’ p’é p}’ ! P)’
<, - gy <
N R (6)
Then, Eq. (4) can be rewritten as
M-IN-1
F(up)=C- z E[exp [ jko(ump, + onp )]+ 1]
m=0n=0 4
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 0101 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 6. Structure of the proposed 2-bit element: (a) reflection am-
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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=y1l-u-0v =1 2(u + 7). (10)

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

exp (—jk,z) 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 —w)®+(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@) = jSu) 1= 1) - s

M-1N-1

m=0n=0

—jsm]}’

. (13)

where

kO pr (M_ 1)Px
= | — (= + +
1= (g He 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 |S;,| 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-

ZTE COMMUNICATIONS
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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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A Figure 15. Energy harvesting efficiency of metasurface: (a) TE polar-
ization oblique incidence (0 - 60°), (b) TM polarization oblique inci-
dence (0 - 60°)

(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

3.0 1.0
7o 109
S
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25 / 408
@
e - 4 0.7
soe A A
z S S o 10 g
E . 105 £
= &=
404 =
403
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—A=Efficiency_simulation | 0.1
” . e = 9= Efficiency_measurement
T T T T T T 0.0
10 11 12 13 14 15
P, /dBm

A Figure 16. Rectifier circuit efficiency and output voltage

=

A Figure 17. A prototype of the rectifying metasurface: (a) front side
and (b) backside

ZTE COMMUNICATIONS | 57
June 2022 Vol. 20 No. 2



Review

Programmable Metasurface for Simultaneously Wireless Information and Power Transfer System

CHANG Mingyang, HAN Jiagi, MA Xiangijin, XUE Hao, WU Xiaonan, LI Long, CUI Tiejun

10111000 11 001 001

e 0101 1010 0110

PMS(MxM)

PMS: programmable metasurface

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, ..
fon) 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,,4,,)6 (0,,b,,) )’

e S e AR, L (16)
E, = [2qW,, """ P (17)
ﬂm :ch(l) - kRF,,,. (18)

4 d ’
<
P =— R, E =
r, 217 WZI n,m— n,m
A Y M =B (05 4R ) :
Ay _
(V| 2P (b ), (B = i) —p— .
(19
Py=
N vl ow ef](kR”_,,,fﬁ,m(l)+kk,m) 2
A Z
(4) (21 2 P G (0,,$,.)6 (0,,.-b,,) . )'
(20)
P, B
P, "
. kR, B, (0 + kR, ) |
(XX [P, (0,,,,)6, (0, = &)~ )
(L)z n=1lm=1 Rll.m
4 P, .
(21)

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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