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Abstract— A comprehensive review of metamaterials and
metasurfaces for wireless power transfer (WPT) and
wireless energy harvesting (WEH) is presented in this
paper. According to the features of the electromagnetic field
from the source to the receiver, WPT is divided into non-
radiative near-field technology and radiative (near and far-
field) technologies. Many different and important designs
are reviewed and compared. It is shown that metamaterials
and metasurfaces can significantly improve the power
transfer efficiency and operational distance for WPT
systems. They can also improve the energy conversion
efficiency of wireless energy harvesters by making the
reception less sensitive to incident wave angle and
polarization. A rectenna is a critical element for both WPT
and WEH. It is shown that metamaterial-based rectennas
can achieve a higher RF to DC conversion efficiency.
Furthermore, metamaterials can also be used as either
parasitic elements or loading components to improve WEH
performance in terms of circuit size, beamwidth, and
conversion efficiency. Future development directions and
opportunities of metamaterials and metasurfaces for WPT
and WEH are also proposed in this paper.

Index Terms—Antennas, metamaterials, metasurfaces,
rectennas, wireless energy harvesting, wireless power transfer.

I. INTRODUCTION

WIRELESS has become an essential feature of many modern
technologies and systems. The 5™ generation (5G) of
mobile radio communications and the Internet of Things (1oT)
are just two well-known wireless examples. Wireless power
transfer (WPT) and wireless energy harvesting (WEH) using
electromagnetic (EM) waves are two less well-known
examples, but they are becoming increasingly important for the
wireless industry. Unlike a wired system, which is good for a
point-to-point connection, a wireless system can offer
connectivity from a point to a large area, and provide
convenience and flexibility.

WPT has been introduced for wireless charging for such as
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mobile phones and electric vehicles where charging cables can
be avoided [1]-[4]. Significant progress has been made over the
past 20 years. Although near field coupling is at the moment the
dominant approach in applications, far-field WPT is also in
high demand [1], [2].

WEH is similar to WPT but with the focus on converting the
received EM energy from the environment to power low-power
10T devices, to avoid battery replacement [5]-[7]. Thus, unlike
the WPT, WEH is for a much lower power level and possibly
operates across a broad frequency band. The power harvested
is typically less than 1 pW which is not enough for most
practical applications, but it is envisaged that the power
consumption of many 10T devices will continue to fall while the
harvested energy will be increased, thus, the future of WEH
seems to be bright.

A major problem for both WPT and WEH is the low RF-DC
(radio frequency to direct current) energy conversion
efficiency. The signal from the RF source is first received by an
antenna or a coil at RF frequencies and then rectified to a DC
voltage/current as DC energy for applications. This energy
conversion efficiency is affected by such as the polarization
mismatch, sensitivity to wave incident angle, misalignment,
impedance mismatch, and nonlinearity of the rectifying circuit.
How to increase this efficiency is a very hot and challenging
topic.

Metamaterials and metasurfaces have been introduced to
realize some special functions which cannot be obtained using
normal natural materials. They have found a wide range of
applications [8], [9]. One of them is for WPT and WEH. There
have been very interesting research activities and results, but
the information is relatively scattered and patched, there is a
lack of a good overview of this subject. The objective of this
paper is therefore to provide a comprehensive review on how
metamaterials and metasurfaces have been used for WPT and
WEH from the near-field and far-field, two different
approaches. The focus is on WPT.

Metamaterials and metasurfaces are introduced in Section I1.
The aim is to provide a good understanding of these new
materials. The general overview of WPT and WEH is
introduced in Section Il1. Section IV is to discuss how to use
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metamaterials and metasurfaces for non-radiative near-field
WPT, while Section V is to address how to employ
metamaterials and metasurfaces for radiative near and far-field
WPT and WEH. The discussion is provided and future
developments are proposed in Section VI. Conclusions are
drawn in Section VII.

Il. METAMATERIALS AND METASURFACES

The prefix meta is a Greek word and means “beyond, about”,
thus a metamaterial indicates that the characteristics of the
material are beyond what we see in nature. Metamaterials are
artificially crafted composite materials that derive their
properties from internal microstructure, rather than chemical
composition found in natural materials. The concept might have
been introduced a long time ago [8], but the realization and
applications have been just about 20 years [10]-[14]. The
interest has been growing significantly over the last decade or
so since this new type of material has a wide range of potential
applications from low microwave to optical frequencies[15],
[16]. There are a number of commercial applications in the
market related to metamaterials, for example, the metamaterial-
enabled design of antennas for space applications [ 17].
Metamaterials have been used in radomes and radar systems in
general for many years [18]. Metamaterial-based antennas and
antenna arrays are widely available [19][20]. Recently they
have been engineered for 5G and autonomous vehicle
applications [21]. Emerging applications of metamaterials
include non-invasive glucose sensing, proprietary metasurfaces
for magnetic resonance imaging machines and radio wave
imaging [22] [23]. One very notable product related to the topic
of this paper is a metaboard using metamaterials made of
coupled resonant elements for wireless charging [24].

The core concept of metamaterials is to produce materials by
using artificially designed and fabricated structural units made
of metallic or dielectric materials to achieve the desired
properties and functionalities. These sub-wavelength structural
units — the constituent artificial ‘atoms’ and ‘molecules’ of the
metamaterial — can be tailored in shape and size. The lattice
constant and interatomic interaction can be artificially tuned.
They can be designed and placed at desired locations. By
engineering the arrangement of these small unit cells into a
desired architecture or geometry, one can tune the effective
permittivity or permeability of the metamaterial to positive,
near-zero, or negative values. Thus, metamaterials can be
endowed with properties and functionalities unattainable in
natural materials [11], [12].

Fig. 1 shows that materials can be divided into four
categories according to their effective permittivity ¢ and
permeability z [25]:

1) Conventional double-positive (DPS) materials: both of
their permittivity & and permeability x are positive which are
what we find in the natural world.

2) Epsilon-negative (ENG) materials: they display a negative
permittivity & but positive permeability u. ENG could be
formed using conducting rods (thin wires). In this case, the
refractive index becomes imaginary, and EM waves cannot
propagate in the material but reflected at the boundary between
air and the medium. Any propagation into the medium would
be evanescent.

3) Mu-negative (MNG) materials: they have a positive ¢ but
negative g. MNG and could be formed using split-ring
resonators (SRRs). Again, in this case, the refractive index
becomes imaginary and EM waves cannot propagate in the
material and will be reflected at the boundary between air and
the material.

4) Double negative (DNG) materials: both the permittivity ¢
and permeability x are negative. DNG could be formed using
conducting rods and SRRs. EM waves at the boundary between
air and the medium are partially reflected and partially refracted
into the medium in different directions compared with that for
a DPS material as shown in Fig. 1. In this case, the refraction
index n becomes negative, EM waves travel in the backward
direction in the medium. The phenomenon is new and not
observed in natural materials. Both the reflection and refraction
are anomalous, and Snell’s law does not work in this case. DNG
metamaterials are sometimes termed “left-handed materials
(LHM)” due to the left-handedness of the electric field, the
magnetic field, and the wave vector.

Strictly speaking, a material with an effective relative
permittivity positive but less than 1, and/or an effective relative
permeability positive but less than 1, can also be called a
metamaterial. Thus, another property that cannot normally be
found in nature but can be achieved with metamaterials is that
of a near-zero refractive index. This could be Epsilon near zero
(ENZ) or Mu near-zero (MNZ) materials as indicated in Figure
1. Occasionally, a material with a positive, but extremely high,
permittivity or permeability is also be called a metamaterial.

Fig. 1. Material classification [25]

The metamaterials in general are composite materials. Each
unit cell (SRR or other designs) has an individually tailored
response to the EM field. This is similar to how light interacts
with everyday materials; materials such as glass or lenses are
made of atoms. An averaging or macroscopic effect is
produced. The cell of a metamaterial is designed to mimic the
EM response of atoms, only on a much larger scale. Also, as
part of periodic composite structures, these are designed to have
a stronger EM coupling than is found in nature. The larger scale
allows for more control over the EM response, while each unit
is smaller than the wavelength of the radiated EM wave.

To achieve fascinating functionalities of metamaterials
typically entails multiple stacks of material layers, which not
only leads to extensive loss but also brings a lot of challenges
in fabrication. Many metamaterials consist of complex metallic
wires and other structures that require sophisticated fabrication
technology and are difficult to assemble. Three-dimensional
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(3D) metamaterials can be extended by arranging electrically
small scatters or holes into a two-dimensional (2D) pattern at a
surface or interface. This surface version of a metamaterial has
been given the name metasurface. For many applications,
metasurfaces can be used in place of metamaterials. They have
the advantage of taking up less physical space than full 3D
metamaterial structures do; consequently, they offer the
possibility of less-lossy structures as well. Thus, metasurfaces
have attracted greater attention than 3D metamaterials and
advanced very rapidly over the past ten years or so.

Over the years, there have been many special periodic
surface structures developed, such as the frequency selective
surface (FSS), high impedance surface (HIS), and EM bandgap
(EBG) structures. An important question is: Are they
metasurfaces?

These special structures are named after their specific
functions or macroscopic performances while metamaterials
and metasurfaces are defined by the bulk material properties:
realized effective permittivity and permeability. Thus, they are
named from different levels: one is from the material level
while the other is from the function level. That is why
metasurfaces usually overlap with many research areas of
conventional 2D periodic structures. For example, frequency
selective surfaces [26], [27] can be implemented using
metasurfaces, not metamaterials, depending on the specific
design. Generally speaking, the conventional frequency
selective surface is not a metamaterial, but high impedance
surfaces and EM bandgap structures are normally considered as
metamaterials.

1. WPT AND WEH

In a typical WPT system, a transmitter (Tx) device generates
a time-varying EM field and transmits power across space to a
receiver (Rx) device. Since the EM field from an
RF/microwave source can be divided into non-radiative near-
field, radiative near-field (Fresnel) field, and radiative far-field,
WPT can be roughly divided into two categories: non-radiative
(near-field), and radiative (near and far-field) techniques.

For the non-radiative WPT, the energy is transmitted through
electric field or magnetic field coupling which is called
capacitive or inductive coupling, respectively. They can be
further divided into resonant and non-resonant coupling as
shown in Fig. 2 [28]. In this case, power is transferred over short
distances, usually within one wavelength from the Tx. It is often
operated at low frequencies (kHz up to about 30 MH2z).
Inductive coupling is the most common approach because it is
relatively easy to implement high inductance (hence high
power) at lower frequencies although capacitive coupling can
be useful in some applications where sufficient space is
available for big capacitive plates (and high power) [29].

For inductive coupling, power is transferred between coils of
wire by a magnetic field. Resonant inductive coupling is a form
of inductive coupling in which power is transferred by magnetic
fields between two resonant circuits, one in the Tx and another
in the Rx. By using resonance, power can be transferred at
greater distances with higher flexibility. Another advantage is
that resonant circuits interact with each other much more
strongly than they do with other objects. Most commercially

available wireless charging devices (e.g. electric vehicles) use
this technique.

For the radiative WPT, the energy can be transferred through
the radiative near-field or the far-field of the source where the
power is inversely proportional to the distance square. In this
case, power is transferred through waves at high frequencies
(above 30 MHz) usually. It is more suitable for long-distance
(more than a wavelength) applications. The system could be
divided into microwave WPT and laser WPT. Currently, the
main activities are in microwave WPT due to its low cost and
easy accessibility.

Fig. 2. Classification of WPT based on [28]

The main difference between the non-radiative and radiative
WPT systems is reflected by their EM energy transmitting and
receiving devices: coils are normally used for the former while
antennas are employed for the latter. But their Tx and Rx
circuits are very similar. They all employ the same key device,
called rectenna (rectifying antenna). The block diagram of a
rectenna is given in Fig. 3 where the antenna could be a coil at
low frequencies. The EM energy received by the antenna will
be rectified to DC which can then be stored or used in
applications. This device has been heavily studied over the
years [6], [30], [31]. Many good designs are available although
there is still room for improvement.

Fig. 3. Block diagram of a rectenna for wireless power transfer and energy
harvesting.

A WEH system could be considered as the receiving part of
a WPT system (i.e. the rectenna) since the WPT consists of both
the Tx and Rx while WEH is mainly about the Rx. But there are
many differences.

WPT is often for high-power applications. It is point-to-point
and polarization-aligned. It operates over a narrowband,
requiring antennas of good directivity. In WPT applications,
metamaterials/metasurfaces were introduced to tailor the
wavefront based on the amplitude/phase regulation
characteristics of the metasurface elements.
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On the other hand, WEH mainly harvests ambient RF energy
and is space-to-point, normally requiring an omnidirectional
antenna pattern with a wide beamwidth (or wide-angle), ideally
insensitive to the incident angle. Ambient RF power discretely
distributes in different communication bands from hundreds of
MHz to several GHz. It suggests that a WEH harvester should
have wideband or multi-band characteristics. Furthermore,
ambient EM waves are often accompanied by different
polarizations, requiring WEH harvesters to have polarization-
insensitive characteristics, also called polarization-angle
independent characteristics in some literature. Additionally,
WEH harvesters should possess the structural characteristics of
planarization, low-profile, and miniaturization since the
application terminals are often low-power sensors.

A comprehensive comparison between them will be given in
Section V.

A common problem for WPT and WEH is how to improve
the energy conversion efficiency which is a complex issue. It is
linked to the antenna or coil performance (efficiency,
bandwidth, polarization, and orientation), impedance matching,
non-linearity of the rectifier, and power management. The use
of metamaterials and metasurfaces can help improve the energy
conversion efficiency from the Tx source to the received DC
energy/power for WPT and maximize the received power from
the environment for WEH.

It should be pointed out that energy conversion efficiency is
generally used to assess the performance at Rx for both WPT
and WEH. Power transfer efficiency (PTE) is often used to
assess the performance of a WPT system, and it is defined as
the ratio of the RF power transmitted at the Tx and the received
DC power at the Rx.

IV. METAMATERIAL AND METASURFACE BASED NON-
RADIATIVE WPT

In a typical WPT system, metamaterials, particularly in their
2D form as metasurfaces, have been proved to be extremely
useful in many different applications [9], [32]-[36], especially
in improving the PTE and increasing the power transfer
distance. A useful review of metamaterial and metasurface-
based WPT systems has been carried out based on the
dimension (1D, 2D or 3D) and the configuration of the slabs
[37]. A slab can be placed in the middle, front, back or side of
the Tx-Rx structure. The performances of different
configurations are summarized and compared using a figure of
merit, which was defined as the PTE times the ratio of the
transfer distance over the coil diameter.

In this paper, it is analysed how metamaterials and
metasurfaces can manipulate electromagnetic waves for WPT
and WEH. The latest progress on metasurface-based design
techniques to enhance WPT performance will be reviewed.
These design techniques will be divided into three categories
based on how they change electromagnetic wave propagation:
shielding/reflecting, focusing/concentrating, and guiding/
directing. Typically a metasurface slab can be added behind the
Rx or Tx to reflect electromagnetic waves, and enhance the
coupling between the Tx and Rx. The slab can also be side
placed to shield electromagnetic waves, to both improve PTE
and reduce electromagnetic leakage or interference. A
metasurface slab should be inserted between the Tx and Rx to

focus electromagnetic waves. In a few other application
scenarios where the location and position of an Rx are not fixed,
metasurfaces can be reconfigured to direct electromagnetic
waves. These methods can be combined in one design for some
applications.

A. Metasurface WPT Systems Based on Shielding

In the simplest scenario, a WPT system consists of a Tx and
an Rx of a planar structure. The magnetic fields of the Tx are
symmetrical on both sides.

One very intuitive way to improve the WPT performance is
to confine the magnetic fields to the region between the Tx and
the Rx. The effectiveness of shielding for improving the
performance of WPT was analyzed in [38]. It was shown by
adding two ferrite slabs behind the Tx and Rx coils, not only
the EM field leakage was reduced by 92%, but also the PTE
was increased from 14.3% to 37.1%. It was further
demonstrated that by adding a pair of metasurfaces between the
Rx and Tx, the PTE can be improved to 52.4%.

While natural materials such as ferrite can be used for
magnetic shielding purposes [39], they are usually lossy, bulky,
and heavy. Resonant structures can be used instead for
shielding to improve WPT efficiency and distance [40]-[42]. In
[43], a metasurface with an effective permeability close to zero
was placed behind the Tx and Rx of a near-field WPT system
to reduce EM field leakage. Another metasurface with a
negative effective permeability was placed between the Tx and
Rx to improve PTE further, the concept of which will be
discussed in the next subsection. The unit cell of the shielding
metasurface was a coil of a square spiral pattern printed on the
top of a slab. A lumped element capacitor was added between
the two ends of the spiral coil to tune the operation frequency.
Each unit had a length of 12 cm, which was 1/184 of the
wavelength. The total shielding metasurface with 3 x 3 unit
cells is shown in Fig. 4. At a transfer distance of 40 cm, the PTE
was increased from 36% to 48%.

Fig. 4. A WPT system with a pair of metamaterial slabs for shielding and one
metamaterial slab for improving efficiency [43].

The reflection metasurface can also be arranged in a non-
planar way [40]. One design with reflection shielding elements
is shown in Fig. 5. The Tx and the Rx were coaxially aligned as
shown in Fig. 5 (a). One and two reflective elements were added
as shown in Fig. 5 (b) and (c), respectively. Their separation
was 4z = A/1000. The distance between the Rx’s and the main
Tx’s was d = 0.1A in all three cases. The operating frequency
was 13.56 MHz. As demonstrated in [40], [42], by adding one
or two elements, the PTE can be increased from 13% to 21%
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and 26%, respectively. It is very interesting to note that in this
design the added elements can be active ones as well. But the
maximum achieved PTEs are very close to each other when the
added elements are passive or active, in optimized conditions.

It should also be noted that the structures shown in Fig. 5 are
not relaying systems for two reasons. One is that, in this setup,
the Tx is the one closest to the Rx. The minimum distances
between the Tx and Rx are the same in these three structures.
The reflecting element(s) are on the other side of the Tx, and
are further away from the Rx. Therefore the added elements do
not relay power. The other reason is that the added elements do
not resonate at the same frequency as the Tx and Rx. Their main
function is to reflect electromagnetic waves and enhance the
coupling between the Tx and Rx.

Fig. 5. The WPT setup with multiple Tx’s shown in blue. The Rx is shown in
red. (a) The coaxial Tx and the Rx, (b) one reflecting element was added
beneath the Tx, (¢) two reflecting elements were added beneath the Tx [40].

The idea of shielding using resonant structures has been used
to address the health and safety concerns of WPT. The concept
of resonant reactive shielding for WPT systems, especially for
high-power applications, is shown in Fig. 6 [39], [44]. Using
this method, a 12-turn resonant reactive shield and its automatic
tuning system were applied for a 5-kW WPT system. The
magnetic field at the observation point outside of the shielding
coil was reduced from 11 T to 1.3 T. In this design, the Tx and
Rx were resonant at 20 kHz.

There are other methods to provide shielding using
metamaterials [45]-[47]. A comprehensive analysis and review
of side-placed metamaterials in WPT systems were provided in
[48]. It was demonstrated that side-placed metamaterial can
also enhance the tolerance to the misalignment of coils for
WPT.

Fig. 6. Suppression of the magnetic field leakage at the side of an electric
vehicle [44].

Metasurfaces can also be used to shield the fringing field of
capacitive WPT systems, as shown in Fig. 7 [49]. This design
is suitable for MHz range wireless charging systems with large
air gaps. Experimental verification was carried out using two
WPT systems operating at 13.56 MHz with an air gap of 12 cm:

the capacitive meta-coupler-based system and the inductive one
exhibit significantly smaller fringing field levels compared to
the conventional one (just two parallel plates). The inductive
one is slightly more effective for suppression, but the capacitive
one can achieve slightly higher efficiency. The meta-couplers
were implemented using 12-cm diameter circular plates and 22-
cm outer-diameter copper rings placed concentrically with a 1-
cm air gap between them. It was shown that by utilizing
metasurface-based coupling plates [49], the fringing electric
field could be reduced by 40% in magnitude.

Fig. 7. Suppression of the fringing field. Physical implementation of a meta-
coupler using (a) a capacitive metasurface and (b) an inductive metasurface [49].

B. Metasurface WPT Systems Bases on Focusing

By far, the most common way to enhance WPT performance
is to focus/concentrate EM waves in the region between the Tx
and the Rx. In the literature, there are a humber of designs of
metasurface-based WPT systems based on focusing [50]-[58].
The fundamental concept is shown in Fig. 8 [59]. A metasurface
is inserted between a Tx and Rx to improve the performance of
the WPT. The metasurface works as an effective superlens to
manipulate the EM field in the region. The control of the
effective magnetic permeability of the metasurface is vital for
the WPT system. The theory of a near-field metamaterial
superlens has been studied in [59]-[61]. A general analytical
procedure to characterize a metasurface through an equivalent
lumped-element circuit for resonant inductive WPT has been
presented in [59]. It was shown in [60] that the PTE could be an
order of magnitude greater than free-space cases with a properly
designed metamaterial slab. It was also found that the volume
of the metamaterial could be greatly compressed by employing
magnetic permeability with a large anisotropy ratio. In [61], the
Tx and Rx were approximated as point-dipoles to calculate the
fields of the coils. Based on this approximation, closed-form
and analytical expressions were obtained to explain why the
PTE could be improved with a metasurface.

While it is possible to concentrate the EM field using
beamforming techniques with an antenna array [62], the
operation of a metasurface is quite different from that of an
antenna array. The units on the metasurface are usually non-
uniform resonating at slightly different frequencies to provide
the metamaterial effect. As illustrated in Fig. 9, the area in the
center could have a different effective permeability from the
edges [63], [64]. Such a metasurface is sometimes called a
hybrid metamaterial slab. The units in the center usually have
an effective permeability close to zero, to ensure the magnetic
field in the center area will straightly pass through the center
units and reach the Rx. The hybrid slab has an effectively
negative value of permeability on the edges, to re-redirect the
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magnetic field to the Rx and hence improve the WPT
performance. In practical designs, the permeability can be
altered gradually, rather than sharply.

Fig. 8. Schematic of a WPT system consisting of a transmitter (driver) and a
receiver coupled through a metamaterial slab, or a 2D metasurface [59].

Fig. 9. The magnetic field distribution of a WPT system with a non-uniform
metasurface between the Tx and Rx. The units in the center usually have an
effective permeability close to zero, and an effectively negative value on the
edges to confine the magnetic field between the Tx and the Rx [64].

In [65], a metamaterial cavity was designed for enhanced
mid-range WPT performance. The cavity was realized by
detuning a cell in the center to break the periodicity of the
closely coupled metamaterial slabs, as shown in Fig. 10. The
cavity helped the metamaterial slab to more effectively confine
magneto-inductive waves in the region and provided enhanced
power transmission. The leakage field to surrounding locations
was reduced as well. With this method, the PTE was improved
from 8.7% to 54.9%. In this design, the Rx is relatively small
compared to the Tx and the slab.

The Huygens—Fresnel principle can be applied to develop
metasurfaces as well [66]-[68]. The EM response of a
Huygens's metasurface was investigated in [69]. It could
provide beam shaping, steering, and focusing capabilities. In
[66], a Huygens’ surface was realized to implement both
electric and magnetic polarization currents to generate
prescribed wavefronts. It was embedded between the Tx and Rx
in a near-field WPT system in [69]. A thin-layer and finite-size
metasurface consisting of 64 elements was designed using bi-
anisotropic Omega-type particles at the frequency of 100 MHz,

as shown in Fig. 11. It was shown that the PTE was increased
from 25% to 42% with the presence of the proposed
metasurface.

Fig. 10. Schematic of the WPT system with metamaterial slabs. The center cell
was detuned to improve transmission efficiency [65].

Fig. 11. (a) Configuration of the WPT system using a Huygens’s surface and (b)
sketch of the Omega-type particle forming the metasurface [69].

Dielectric resonators can be used to construct metamaterials
too. A metamaterial-coupled high-efficiency WPT system was
designed using cubic high-dielectric resonators [ 70 ]. The
proposed WPT system consisted of two metamaterials
separated by a distance and excited by two rectangular coils as
shown in Fig. 12. One very useful feature of this design is that
it was less sensitive to the misalignment of the Rx coil,
compared with most inductive coupled WPT systems. The PTE
due to misalignment of the Rx could be mitigated by rotating
the dielectric resonators. High permittivity microwave ceramic
materials samples were used to construct the metamaterial tubes
for experimental verification. The cubes were surrounded by
Teflon to make resonators. The WPT system achieved 52%
efficiency at a distance of 0.2\ and more than 80% efficiency at
shorter distances. It was found that dielectric resonator-based
systems could outperform other WPT systems in terms of
efficiency, range, size, and specific absorption rate.

Most WPT designs reported in the literature are based on
magnetic/inductive coupling. With a high value of effective
permittivity generated by metamaterial, a strong magnetic
dipole behavior can be excited. The magnetic field will be
extended further from the Tx. A strong magnetic coupling can
be produced between the Tx and Rx, hence improving the PTE.
Therefore a high permittivity or a zero/negative permeability
would be beneficial for WPT. Metamaterials with a high
permeability have been less reported. Another reason is that
suitable natural high-permeability materials, such as ferrite and
nanocrystalline materials, widely exist.
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The performance of a WPT system can be improved by the
high permittivity property of a metamaterial rather than its
negative permittivity or permeability property. In [71], the unit
cell of a metamaterial slab was realized by using circular SSR
resonators. By increasing the length of the strips in a spiral
manner, the real part of the relative effective permittivity could
reach an extremely high value (> 800), as well as negative
values at different frequencies. A WPT system making use of
such a high permittivity property was demonstrated in [72], as
shown in Fig. 13. Magnetic field distribution with or without
the metamaterial slab was analysed in this paper. It was
demonstrated that the magnetic coupling between the Tx and
Rx can be significantly enhanced with the slab. Experimental
results showed that the PTE could be improved from 52.2% to
60.8% at 472 MHz when using the material slab.

Fig. 12. A metasurface based WPT system using cubic high-dielectric
resonators [70]

Fig. 13. (a) Schematic of a WPT using metamaterial slabs with high effective
permittivity. (b) Top view of the Tx/Rx and (c) Schematic configuration of the
unit cell of the metamaterial slab [72].

One very important application of metasurface-based WPT
systems is for medical implantable and wearable devices [73]-
[76]. A very compact metasurface potentially suitable for
wearable and implantable applications is shown in Fig. 14 [73].
Each unit cell consisted of connected double-spiral coils on two
sides of a slab. Due to the way the coils were connected, the
slab could be very thin and compact. By adding a slab with a
size of 6 cm x 6 cm and a thickness of 1 mm, the PTE was
increased from 5% to 7% at a distance of 25 mm when the slab
was added on the Tx side, and to 12% when another slab was
added on the Rx side. The operating frequency was 6.06 MHz.
It was observed that the metasurface was also able to reduce the
electric field dramatically by about 90%. One important
concern on the safety of WPT systems for implantable
applications is the effect of electromagnetic fields on the human
body. Specific absorption rate (SAR) is a commonly used
measure of the rate at which energy is absorbed per unit mass
by a human body when exposed to an RF electromagnetic field.
SAR is proportional to the square of the magnitude of the
electric field. Having a much reduced electric field made the
design very suitable for wearable or implantable applications.

Fig. 14. The two spirals in a unit cell have different orientations of windings.
(a) Top views of the two separated spirals that were used to construct a unit cell.
(b) Picture of a complete unit cell [73].
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Fig. 15. A spiral resonator array is designed to both increase the power transfer
efficiency and reduce the electric field exposure for near-field WPT [75].
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A method to reduce the specific absorption rate associated
with electric field for near-field WPT is to use a metasurface
constructed by a spiral resonator array as shown in Fig. 15 [75].
By using an array on the Tx side only, it was possible to not
only lower the electric field exposure but also enhance the
efficiency level. With a 5 x 5 matrix of passive resonant spiral
resonators, the PTE was improved from 5.5% to 32.9%, and the
electric field was reduced by 60% in magnitude. Such a feature
can be very useful for biomedical, implantable, wearable, and
automotive applications.
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A miniaturized implantable antenna was proposed for
cardiac pacemaker applications in [76]. To improve the PTE, a
metasurface was designed in a planar reverse spiral structure on
both sides of a slab. The elements had a size of 10.5 mm x 10.5
mm x 1 mm operating at 430 MHz. The elements were grouped
into a 2 x 2 array. The metasurface had a strong magnetic
resonant behavior to improve the PTE of the WPT system. It
should be pointed out that in this application, the metasurface
was implemented on the Rx side only, as shown in Fig. 16. It
was notable that, with the metasurface, the transmission
coefficient was 11 dB higher at the resonant frequency than the
case without the metasurface. The PTE improvement was very
significant between 400 MHz and 450 MHz by adding the
metasurface.

C. Metasurface WPT Systems Based on Guiding

The WPT systems discussed in Sections IV.A and 1V.B
usually have their Tx and Rx in fixed positions to achieve high
PTE, normally aligned in a line or a coaxial manner. In real-
world applications, the Tx and Rx may not be aligned in this
way. In order to improve transmission efficiency, relay
resonators can be used to improve PTE and transfer distance
[77]. It was demonstrated in [78] that such relay resonators
could be arranged in various domino forms as shown in Fig. 17.
General analysis on WPT with non-coaxial axes was carried out
in this work. Mathematical formulations were established to
analyze resonator systems with various domino forms. WPT
systems with circular structures and with more than one main
power flow path were analyzed using a superposition method.
Unlike traditional relay systems [79], it was demonstrated that
optimization of the domino systems could be achieved under
non-resonance frequencies, hence it could be regarded as a
system with metamaterial characteristics. In [78], the structures
with metamaterial characteristics were utilized to direct/guide
EM waves, so as to transfer power in a non-coaxial direction or
with more than one power flow path.

In addition to non-coaxial and multi-path applications, in
many other cases, the Rx might be placed in non-fixed
positions, or multiple devices might need to receive power
simultaneously at different power levels. In these applications,
the intensity and the shape of the field-localizing area should be
dynamically controlled.

There are various techniques to implement high PTE with
high flexibility and reliability without dynamic control [4],
[80]. However, there can usually be only one Rx in such
systems to maintain high PTE. It was demonstrated in [81] that
by introducing defects, it was possible to dynamically control
the propagation of magneto-inductive waves on a 2D
metamaterial. A dynamic control mechanism was proposed for
directing power or data transfer to a specific area on the
metamaterial.

The concept of a hotspot or power-focused region using
field-localizing WPT with an active metasurface to achieve
multiple functionalities was introduced in [82]. Using this
method, it was demonstrated that the location, shape, and
intensity of the hotspot could be manipulated as desired. The
power can be directed to intended devices while reducing
leakage to other areas, as shown in Fig. 18. To dynamically

reconfigure the hotspots and focusing areas, the metasurface
elements were dynamically switched and tuned. The dynamic
reconfigurability can overcome the limitations associated with
passive metamaterials. Because the location, shape, and
intensity of hotspots can be controlled, multiple devices can
receive power at variable locations at different power levels
with high PTE. It should be noted that such active metasurfaces
are usually designed to shape and direct WPT dynamically. The
absolute maximum power transfer efficiency of these systems
would not necessarily be higher than a well-aligned passive
WPT system. The main advantages of WPT systems using
active metasurfaces are the improved flexibility, reliability, and
safety, especially for WPT systems with multiple receivers.

Fig. 16. Magnetic field distribution of the WPT system: (a) without the
metasurface and (b) integrated with a metasurface on the Rx side [76].

Fig. 17. Implementation of WPT systems using various domino forms of relay
resonators [78].

Wire media, or arrays of parallel metal wires, have been
applied for various applications. One property of wire media
potentially useful for WPT is the efficient conversion of
evanescent waves into waves propagating in the wire medium
[83], [84]. In [85], a smart table was designed using a wire array
as shown in Fig. 19. The wire array was used to enhance the
coupling between two dielectric resonators placed in the near
field of the surface. For a disk resonator with high permittivity
operating in a magnetic dipole mode, the electric field is mostly
concentrated inside. The magnetic field is high near the surface
[85], [86]. When a wire medium is nearby, the resonator may
be strongly coupled to the wired medium. The near magnetic
field of the Tx resonator can be converted into propagating
modes of the wire medium. The power can then be transferred
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from one resonator to another along the wires. A smart table
with multiple Rx’s was proposed in [87]. A capacitive WPT
platform using an active metasurface to support multiple Rx’s
was reported in [88].

Fig. 18. Schematic and photo of an active metasurface. The unit cell has a tuning
function [82].

It is possible to improve WPT performance by dynamically
changing material parameters using tunable metamaterials. In
[89], [90] liquid crystal and ferrite were investigated as tuning
materials to construct metamaterials. Switches such as PIN
diodes and tunable capacitors and inductors can also be used as
variable elements to tune the characteristics of a metasurface.
However, the computational complexity is the main challenge
for these applications, especially when the number of unit cells
is increased, the size of the Tx is getting large, or the
expectation of freedom in terms of flexibility and reliability is
high.

Fig. 19. Schematic diagram of a WPT system based on dielectric resonators
above a wire medium [85].

In [91], a deep neural network-based design of tunable
metamaterials for WPT was investigated. Using structures
specifically designed for different tasks, the neural network
could predict the frequency spectra and synthesize unit cells’
design parameters for a given metasurface geometry. A
generative model of the deep neural network was used in [92]-
[94] to replace the conventional trial-and-error approaches for
the design and configuration of metasurfaces. With sufficient
data training, the data-driven method was also extended to
create different WPT paths between the Tx and Rx and predict
the frequency spectra of them. It was experimentally
demonstrated that it was feasible to direct power to multiple

devices using different paths as shown in Fig. 20. Peak
efficiency of 56.8% was achieved. It is also of particular interest
to note that different WPT paths can be generated with obstacles
placed on the metasurface.

D. Discussion of Metasurface-Based Near-Field WPT

The performance of metasurface-based WPT systems using
the shielding, focusing, and guiding techniques are summarized
in Table I. It can be seen that the PTE of WPT has been greatly
improved in all cases. Especially for the focusing/concentrating
techniques, the improvement can be drastic as shown in [65],
[75]. In these two cases, the PTE was increased by more than
six-fold from 8.7% to 54.9% and from 5.5% to 32.9%,
respectively.

With the shielding/reflecting technique, metasurfaces can
improve the PTE at a moderate level. But they can be used to
suppress either the electrical field or magnetic field for EM
compatibility purposes, by reducing field leakage or guiding
power to desired locations. The guiding/directing technique is
usually associated with the dynamic control of metasurface
elements. This technique is particularly suitable for the scenario
where the Rx is not at a fixed position or needs to receive power
at a variable level. In these applications, a metasurface is an
enabler. The PTE would be otherwise extremely low without a
metasurface and the dynamic control of its elements.

It should also be noted these techniques can be combined.
For example, both shielding and focusing metasurfaces were
used in [43]. A focusing/concentrating metasurface can also
reduce the electric or magnetic field as shown [73], [75].
Fundamentally, a metasurface is a media that can be used to
improve the performance of WPT by manipulating the EM field
in the desired manner.

V. METAMATERIAL AND METASURFACE-BASED RADIATIVE
WPT AND WEH

Non-radiative WPT has a limited range and is suitable for
short to medium-distance applications. For longer distances,
radiative WPT becomes a feasible solution [95] although laser
WPT is another approach but not discussed here. The radiative
WPT can work from the radiative near-field region (the Fresnel
region) to the far-field of the transmit antenna. For radiative
applications, metamaterials and metasurfaces are more
commonly used to improve the performance of WPT. Here we
will first discuss metamaterial and metasurface-based WPT
technologies and then review the applications of metamaterial
and metasurfaces on WEH.

A.  Metamaterial and Metasurface-Based Radiative WPT

For radiative WPT, two types of metamaterials and
metasurfaces are commonly used: beamforming and reflective
ones.

1) Beamforming metamaterials and metasurfaces for WPT

The boundary between the far-field and the Fresnel region
is usually taken to be the distance of 2D*A, D being the
maximum dimension of the transmitting aperture. This distance
is required in order that there be no greater phase differences
than n/8 radians at a point in the space from any point in the
aperture. In the far-field region, the phase difference can be
ignored. So by feeding each unit of the antenna array with equal
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Table | Performance comparison of metasurface-based non-radiative WPT systems using different techniques to control EM fields (Dia denotes diameter).

Ref. Freq Metasurface Tx/Rx Size Tx/Rx Gap Tvoe of Operation Efficiency Notes

(year) (MHz) Size (cm) (cm) (cm) yp P Improvement (%)

[38] 40x40/ Shielding 14.3% to 37.1% L .
(2016) 6.78 80x80 40x40 50 Shield/focusing 14.3% to 52.40  "Viagnetic field shielding
[43] Dia 20/ . . . . e
(2019) 13.56 36%36 Dia 20 40 Shield/focusing 36% to 48% Magnetic field shielding
(2[321)) 13.56 Dia 22 %Iizi_i_/ 12 Shielding NA Electric field reduction
(2[32%) 1356 18x18 g‘ia;ll%’ 16 Focusing 55%1032.9%  Electric field reduction
(2[81%) 6.78 26x26 15x15 15 Focusing 34.5%t0 41.7% Non-uniform
(z[gi]s) 6.5 >50x50 DS"’i‘:fg’ 55 Focusing 8.7% to 54.9% Non-uniform
(2[822)) 100 33%33 %;222/ 40 Focusing 25% to 42% Units connected
[70] 560 3.6x3.6 3x3/3x3 10 Focusing 58.5% Dielectric resonator
(2018) 1700 5.3x5.3 5x5/5%x5 3.6 Focusing 52%

[72] 4x4/ . . . o
(2019) 472.6 8x8 Axd 36 Focusing To 60.8% High permittivity
[73] Dia4.2/ . 0 0 Low specific absorption
(2020) 6.06 6%6 Dia 4.2 25 Focusing 5% to 12% rate

(2[351;) 14.1 >51x51 DDl?azgl 20 Guiding 7.8% to 50.4% Active metasurface
(2[822)) 14 >54x54 DDIiZ%/ 3 Guiding Peak 56.8% Smart table

amplitude and in-phase, a far-field high-gain beam can be
realized. While in the Fresnel region, the existence of the phase
difference allows us to realize the regulation of near-field
beams, such as near-field focusing (NFF) beams [96], [97],
non-diffraction beams (like Bessel beam) [98], etc.

Fig. 20 (a) Schematic of the grid map of a metasurface designed based on a
deep-neural network. (b) Experimental setup to collect training data [91].

Among these beam forms, NFF, as a unique feature of
antennas operating in the near-field region, has attracted the
attention of researchers. When the transmitting aperture
qualifies a concave spherical phase front, the EM wavefront
will form a convergent focus in the near field region. Wireless
power will achieve a denser electric field distribution
characteristic on the target aperture, thereby greatly improving

the transmission efficiency. NFF has been implemented
through a variety of antenna forms, such as parabolic reflector
[99], dielectric lens antennas [100], microstrip phased array
[101]-[102], [103], [104], planar FZP (Fresnel zone plate) lens
[105], [106] and leaky-wave antennas [107], [108], etc.
However, the drawbacks of high processing cost, huge volume,
complex feeding network, and limited efficiency restrict the
utilization of NFF in efficient WPT. An implementation method
that can balance cost and efficiency with simple structures is
needed. For far-field radiative WPT, antenna arrays have been
widely adopted for beaming forming [109]-[113]. Capabilities
of such designs are often hindered by the high cost and
complexity of electronically scanned antenna systems, relying
predominantly on active components. Metamaterials and
metasurfaces possess the ability to flexibly adjust the
amplitude, phase, polarization, and other characteristics of
incident EM waves, suggesting a simple but effective
alternative solution to this issue. They can provide nearly
equivalent performance with passive components, avoiding the
need of phase shifters and amplifiers in conventional systems.
In recent years, scholars have introduced the combination of
metasurfaces and NFF for RF [114], mid-near infrared [115],
and even underwater ultrasound [116] applications. A fan-
shaped beam was generated by using a metasurface in [117].
The wavefront was shaped by using a genetic algorithm to
obtain the optimal phase and amplitude distributions, with the
ability to form arbitrary beam shapes. A metasurface using C-
shaped elements was reported in [118]. The metasurface could
generate and control multiple beams simultaneously. The
intensities of multiple beams can be separately modulated as
desired benefitting from the independent controls of phase and
amplitude profiles. A waveguide-fed metasurface antenna
architecture that enables electronic beamsteering from a
lightweight circuit board with varactor tuned elements was
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reported in [119]. It was experimentally demonstrated that
Nyquist metasurface antennas can realize high-performance
beamsteering without phase shifters, making them a compelling
technology for the design of future beamforming hardware.

2) Reflective metamaterials and metasurfaces for WPT

In 2019, [120] proposed a reflective metasurface with multi-
focus characteristics, whose schematic diagram is shown in Fig.
21. A general synthesis procedure was outlined to design
reflective metasurfaces with multi-feed and multi-focus,
connecting seamlessly with the multiple-input multiple-output
(MIMO) WPT requirements of wireless sensor network (WSN)
applications. Specifically, the metasurface element can present
different reflection phase shifts at 5.8 GHz by adjusting the
dimensions of the designed tri-dipole structure. According to
the required phase compensation distribution, the proposed
20%x20 metasurface array could realize several NFF beams,
forming efficient spatial synthesis and diversity of wireless
power. A maximum NFF transfer efficiency of 70% was
achieved at a distance of 1 m with a metasurface of the size of
500 mm x 500 mm, and the relative bandwidth with 50%
efficiency was about 16%.

On this basis, [121] further realized the multi-focus unequal
power distribution characteristics through the metasurface
elements with dual-polarization independent regulation
characteristics for the requirement of MIMO WPT applications.
By adjusting the polarization angle of the feeding horn, the
designed ‘cross-dipole’ structure could perform orthogonal
polarization decomposition of the incoming wave, thereby
achieving two beams with unequal power distribution, greatly
improving the flexibility and practicability of MIMO WPT. The
measured near-field scanning results are shown in Fig. 22. The
cases of single focus, dual-focus, and single focus with dual-
polarization could realize a peak efficiency of 71.6%, 68.3%,
and 65.9%, respectively.

3) Other radiative WPT techniques

In addition to beamforming and reflection, flexible
regulation of radiative WPT is also a noteworthy application
requirement. [122] proposed a reconfigurable holographic
metasurface operating at 20 GHz with PIN diodes loading to
realize dynamic WPT. The WPT system characteristics could
be reconfigured. It can focus at any desired position in the near-
field through controlling the bias applied to the diodes. Some
other numerical designs of reconfigurable metasurfaces have
been proposed in recent years. However, they also faced the
challenges of system complexity and efficiency. In 2019, a
polymer transmit metasurface [123] was proposed to realize
WPT, adopting 3D printing technology to replace the
conventional PCB process for reducing processing costs.

Typical unit cells of metasurfaces that have been developed
for radiative WPT, as discussed above in this subsection, are
summarized in the first row of Fig. 23.

B. Metamaterial and Metasurface Based WEH

WEH is another hot topic related to WPT. As discussed in
Section I11, these two are similar, but there are clear differences.
Table Il compares RF/microwave WPT and WEH in detail.

Metasurfaces have shown the characteristics of
miniaturization due to their sub-wavelength periodicity.
Through the close periodic arrangement, metasurfaces can

achieve a strong resonance effect with near-unity harvesting
efficiency (defined as the ratio of the time-average power
received by the metasurface over the time-average power
incident on the entire metasurface.). The requirements of WEH
such as bandwidth, beamwidth, and polarization-insensitivity
can be improved by the use of metamaterials and metasurfaces.
A comprehensive survey on recent advances in
metamaterial/metasurface-based WEH systems has been
carried out in [124]. An overview of WEH sources and various
designs of rectenna at different operation frequencies are also
provided in this work.

Feed

Focus Focus
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Fig. 21 Geometry of a reflective metasurface for the multi-feed and multi-focus
WPT system [120].

Fig. 22 The normalized near-field scanning measurement results of E-field
intensity for single-feed and dual-focus reflective metasurface: unequal power
distribution in x-direction polarization excitation [121].

1) Wideband WEH

An excellent EM absorber was realized through metasurface
design in 2008 [125]. But for WEH, the goal is to maximize the
capture of RF energy, rather than dissipating energy into the
structure like the absorber. The absorber could be considered as
the rectenna load for storage or applications. In 2012, [126]
presented that metamaterial particles could act as energy
harvesters when a resistive load was inserted within the
particles’ gap. An SRR operating at 5.8 GHz was proposed as a
unit cell to form a 9x9 array to replace conventional antennas
to realize RF energy harvesting.

However, the harvesting efficiency of the original design was
less than 80% due to the without-ground-plane structure and
suffered from incident-angle-sensitivity as well as narrow
bandwidth due to the strong resonance characteristic [127-128].
In 2015, an improved design was proposed by using a planar
array composed of subwavelength electric-inductive-capacitive
resonators [129]. The significant difference from the SRR is



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 12

Table Il Detailed comparison of RF/microwave WPT and WEH

WPT

WEH

Main Requirement

High Energy Transmission and Conversion Efficiency

Application Scenarios Mid to High Power Devices

Low Power Sensors

Transmitting-Receiving Point-to-Point

Space-to-Point

Operating Frequenc Dedicated Communication Bands, ISM Bands, etc.
P grreq y Narrowband Wideband/Multi-band
Antenna Pattern High Gain/Directivity Wide Incident Angle (Omni-Directivity)
Polarization Requirement Alignment Polarization Insensitive
Rectenna
Key lIssues Antenna Impedance Matching
Wavefront Regulation e
Rectifying

Wavefront Regulation

Introducing Metasurface for (such as Near-Field Focusing)

Replacing Antennas to Harvest Wireless Energy

Required Characteristics

of Metasurface Metasurface Units

Amplitude/Phase Regulation Characteristics of

Tight Coupling Effect
Multimode Resonance Effect of Metasurface Arrays

Future Directions with Metasurface

Adaptive, Programmable, Intelligent Regulation
Simultaneous Wireless Information and Power Transfer

Rectifying Metasurface
Hybrid Energy Harvesting for Energy Autonomous of
WSN

that the electric-inductive-capacitive resonator has additional
vias connecting the top layer and the ground plane. An up to
97% harvesting efficiency was achieved at 3 GHz under
optimized conditions, suggesting that near unity RF harvesting
could be achieved by using metasurfaces.

Since then, a large humber of WEH metasurface unit cells
with more abundant characteristics have been proposed relying
on the two resonators. In 2015, [ 130 ] proposed a
complementary SRR structure for efficiency improvement and
bandwidth  enhancement. A wideband ground-backed
complementary split-ring resonator array [131] inspired by
chaotic bow-tie cavities was also introduced with a half-power
bandwidth three times higher than the previous work. [132]
introduced a wideband metasurface array composed of square
ring resonators with a half-power bandwidth of 110% (6.2 —
21.4 GHz). However, too many ports in the resonator made it
not suitable for actual WEH applications.

2) Multi-band WEH

Designing metasurface unit cells with a multi-mode
resonance effect is conducive to realize multi-band WEH. By
arranging four SRRs rotational symmetry about the centre, the
proposed design in [133] achieved a harvesting efficiency of
30%, 90%, and 74% at 1.75 GHz, 3.8 GHz, and 5.4 GHz in
simulation, respectively. In 2017, [134] proposed a tri-band
butterfly closed-ring resonator, covering the GSM (0.9 GHz),
LTE (2.7 GHz), and WiFi (5.7 GHz) bands with wide-angle and
polarization-insensitive characteristics. Two years later, [135],
[136] extended the number of simultaneous operating bands to
four by adding resonance at 2.6 GHz.

3) Wide-beamwidth and polarization-insensitive WEH

Sub-wavelength metasurface unit cells generally possess the
structural characteristics of compact, miniaturized, and
rotationally symmetric, demonstrating the advantages of
insensitivity of polarization and incident angles. [137] proposed
a circular SRR metasurface array to realize selective
polarizations. The harvesting efficiency exceeded 60% at an
incident angle up to 75°. To improve practicality, a compact
single-band metasurface with a simple structure was introduced
to acquire the wide-angle and polarization-insensitive
characteristics and to reduce the number of ports in each unit

cell 1138], [139]. In 2020, a polarization-insensitive
metasurface with up to a 75° incident angle was proposed in
[140].

4) Effectiveness analysis and recent development

Regarding the effectiveness of metasurface-based EM
energy harvester, a long-term discussion was how to compare
the metasurface with antenna arrays in terms of size and
efficiency. To address this, a comparative study between a
metasurface using a ground-backed CSRR (G-CSRR) array and
a patch antenna array has been presented in [141]. In this work,
an 11x11 array of G-CSRR resonators and a 5 x 5 patch antenna
array were designed at 5.55 GHz. The harvesting efficiency was
observed to be 83% at 5.5 GHz for the G-CSRR cell and 60%
for the patch antenna array. Due to the strong resonance and
coupling between the metasurface unit cells, the G-CSRR array
showed a wider half-power beamwidth (HPBW) than that of the
patch antenna array at an oblique incident angle of H-plane and
E-plane excitations. Therefore, it has been evident that the
metasurface-based EM harvester could have a smaller size, a
wider beamwidth, and higher aperture efficiency. But the
challenge here could be the bandwidth issue [128], [131].

Recently, more novel features and multi-disciplinary
integration technology have been introduced into the design of
WEH metasurfaces. The proposal of a coded pixelated
metasurface design could make the metasurface design fully
automated [ 142 ]. The adoption of 2D-isotropic flexible
materials for a metasurface could enhance the conformal
capabilities of ambient harvesters [143]. Some work also
focused on how to reduce the implementation cost of WEH
metasurfaces [144].

A summary of important research progress in this field (in
chronological order) is summarized and compared in Table IlI.

C. Rectifying Metasurface

The work discussed above in this section focused on RF
energy capturing. The energy must be rectified for a complete
energy harvester. Thus, inspired by the concept of ‘rectenna’,
more and more research has begun to introduce metamaterials
or metasurface into the rectenna design, to construct
metamaterial-based rectennas.
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Table 111 Comparison of performances among different WEH metasurfaces.

13

References Frequenc Periodicit Maximum
g Y metasurface Structure Y. Harvesting Remarks
(year) (GHz) Metasurface Size L
Efficiency
[126] 0.18 4o first introducing metasurface to
5.8 SRR 76%
2012 9X9 WEH
[129] 0.08 2o 0 . .
2015 3 ELC resonator 13%13 97% near unity efficiency
efficiency & bandwidth
[130] 0.34 4 )
2015 5.55 Complementary SRR 11%11 92% enhancement than patch
antenna
30% at 1.75 GHz .
[133] 1.75,3.8,5.4 Modified SRR 019 4q 90% at 3.8 GHz | triple-band
2016 77 74% at 5.4 GHz polarization-insensitive
gﬁ? 247 Circular SRR 3‘5131); 97.2% pO'ar\;IZiZt;‘_’:nZel':Cted
[132] Square ring 0.44 2o 0 wideband
2017 6.2-21.4 resonator 5x5 96% polarization-insensitive
tri-band
. ] 90% at 0.9 GHz P
o amaasy  Mimotdses o
81% at 5.7 GHz \wide-angle
polarization-insensitive
pixelated metasurface
[141] 2456 aring r_esonator and 0.09 4o 90% algorithm optimization
2018 a symmetric ELC resonator 9%9 dual-band
multi-Polarization
[128] mirrored SRR and hollow 0.16 4o 0 wideband
2018 245 cylinders 10x10 97.3% Wide-angle
[143] modified complementary 0.13 4o o flexible
2019 533 SRR 11x11 86% ultra-thin
85.7% at 0.9 GHz
[135] 0.9, 1.8, 2.6, 43 mm 82.0% at 1.8 GHz i
2019 538 4 nested SRR 4x6 80.4% at 2.6 GHz quad-band
69.8% at 5.8 GHz
centrally symmetrical frequency stability
[140] 5.8 circular sectors surrounded 0.29 o 91% wide-angle
2020 . 5x5 L -
by metal vias polarization-insensitive
[145] 2 circular loop with 0.13 4o 98% dual-polarization
2020 embedded dipole 8x8 0 no vias

For these rectennas, metamaterials were used as either
parasitic elements or loading components to enhance the RF-
DC conversion efficiency (defined as the ratio of the DC output
power on a resistive load over the time-average power received
by the metasurface) and reduce the rectenna size, rather than
designing the complete metasurface plates as introduced in
previous sections.

1) Conversion efficiency enhancement

In 2013, [146] introduced a 5x1 linear SRR array operating
at 900 MHz with a rectification function. Its maximum RF-DC
conversion efficiency was 36% (with an input power Pj, of 24
dBm). Some metamaterial-based rectennas based on composite
left/right-handed transmission lines or frequency selective
surfaces have been proposed in recent years [147]-[150] to
achieve miniaturization, multi-band, and better impedance
matching.

Quite a few studies have tried to connect the designed
rectifying circuits with WEH metasurface arrays to establish a
complete RF-DC WEH link [151]-[153]. However, additional
impedance matchings for multi-loads and a large-scale
combining network would introduce more loss. Moreover, the
existence of connectors often makes the overall structure poorly

conformal. An effective solution is the coplanar integration of
the metasurface and rectifying diodes to enhance the overall
performance of the metasurface harvester, namely rectifying
metasurface (also called metasurface rectenna or rectifying
surface in some work).

The early rectifying surface had the defect of insufficient
efficiency. A metamaterial rectifying surface [154] improved
the total harvesting efficiency (defined as the ratio of the DC
output power on a resistive load over the time-average power
incident on the entire metasurface) to 66.9% at 2.45GHz under
an incident power density of 5 mW/cm?. The price to pay was
that the structure was more complex and the matching network
was retained.

More recently, [155] and [156] have proposed a variety of
rectifying surfaces with different resonator structures, including
tightly coupled antenna units, dipole units, and frequency
selective surface units, etc. The total harvesting efficiency
achieved was 40% and 61% respectively. A few typical
rectifying surfaces with dedicated matching networks are
summarized in the second row of Fig. 23.

The early concept of the rectifying surface for harvesting RF
power with arbitrary polarization without a matching network
was proposed in 2014 [157]. A harvesting efficiency of 25%
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could be achieved by a 3 x 3 array at an RF Pi, of =6 dBm.
[158] introduced a coplanar rectifying surface including an I-
shaped metasurface embedded with rectifying diode for space
solar power satellite applications, achieving a harvesting
efficiency of 28% at 0 dBm. A calculated harvesting efficiency
of 50% at 0 dBm at 6.75 GHz was achieved in 2017 [159],
based on a cut-wire metasurface with integrated diodes.

Further to [155], [156], on the basis of removing the
matching network, in [ 160 ]-[ 162 ], the total harvesting
efficiency was gradually increased up to 76% at 15 dBm. An 8
X 8 metasurface rectenna improved the harvesting efficiency to
over 80% at 1.9 GHz with an RF input power of -5 dBm.
However, the rectifying function was just realized on a 2X2
supercell, not the complete metasurface array [163].

In 2021, Li et al. [164] presented a dual-band, wide-angle,
and polarization-insensitive rectifying metasurface with a
miniaturized size, achieving a harvesting efficiency of 79% and
69% at 2.4 GHz and 5.8 GHz, respectively. Through a proper
combination of the metasurface unit cells and diodes, the
metasurface array could be integrated completely without the
power combining network and the impedance matching
network. A few typical rectifying surfaces with dedicated
matching networks are summarized in the third row of Fig. 23.

Compared to a feeding network-assisted metasurface array,
coplanar and double-sided rectifying metasurface could have a
simpler configuration to avoid transmission lines used in the
tiny space among those electrically small unit cells, thereby
reducing the complexity of the feeding network and rectifier
configurations. However, on the other hand, the simplified
configuration of the rectifying metasurface also brings
significant challenges in rectifier matching and optimization,
especially, the unit cells are expertly designed to provide direct
matching to the nonlinear impedance curve of the diode as a
function of operating conditions. Therefore, multi-band and
wideband rectifying metasurfaces remain a challenging topic
and will need further efforts in future research to resolve issues
related to the metasurface and rectifier integration [165], [166].

The rectifying metasurface generally integrates diodes on
each unit cell or between the unit cells, and the positive and
negative potential of the unit cell is determined by the
metallization of the unit cell at both ends of the diode, so a DC
output with positive and negative potential can be regarded as
an independent power source. The DC output of each
independent power source on the rectifying metasurface forms
a DC synthesis network according to the series-parallel design,
to combine the output DC power.

In the rectifying metasurface designs, an independent DC
output is generally obtained by integrating diodes and
determining the positive and negative potentials with 1 to 2 unit
cells. The number of the used diodes mainly depends on the
number of unit cells of the metasurface and the arrangement of
the diodes.

The performance comparison of the state-of-the-art
rectifying surfaces is provided in Table IV. It can be seen that
in general the harvesting efficiency has been significantly
increased over the years.

2) Circuit size reduction

Several metamaterial-assisted electrically small rectennas
have recently emerged for 10T and wearable electronics [67],

[68], [148], [149], [167]-[169]. In [148], metamaterial-inspired
near-field resonant parasitic antennas were designed to directly
match the input impedance of the rectifying circuit which
decreased the overall size of the rectenna (ka ~ 0.611, where k
is the free space wave number and a is the radius of the sphere
that circumscribes the antenna). The rectenna size could be
significantly reduced by having the near-field parasitic
elements as shown in the bottom row of Fig. 23 whilst the
experimental harvesting efficiency of this work was over 75%
at 0 dBm power at the GPS L1 band (1.57 GHz). The work in
[167] also showed an electrically small rectenna using such
near-field resonant parasitics, with only 2.3 X 3 cm? size at
1.57 GHz and over 70% harvesting efficiency.

In [149], a compact composite right/left-handed-based dual-
band rectenna was reported for 2.5 GHz and 3.6 GHz bands, as
shown in the bottom row of Fig. 23. Having used the composite
right/left-handed loaded structure, the size of the rectenna was
reduced down to 0.3 4, X 0.21; X 0.00051, where 4, is the
wavelength at 2.5 GHz. The measured conversion efficiency of
this compact rectenna was higher than 59% at 2.5 GHz and 41%
at 3.6 GHz, for an input power of 2 dBm.

A Huygens dipole antenna is a type of metamaterial-inspired
electrically small antenna which has a very compact size and
relatively high gain. In [68], a Huygens rectenna was reported
with two metamaterial-inspired near-field resonant parasitic
elements, namely an Egyptian axe dipole and a capacitively-
loaded loop, as depicted in the bottom row of Fig. 23. The
prototype has achieved a gain of 4.6 dBi and a half-power
beamwidth greater than 130°. The entire rectenna was
electrically small with ka = 0.98 and tested 88% RF-to-DC
conversion efficiency.

Motivated by the advantages brought by the Huygens dipole,

a circularly polarized Huygens dipole rectenna was reported
using a modified driven loop as a metamaterial loading and
near-field resonant parasitic [168], [169]. The design example
was an electrically small (ka < 0.77) and low-profile (0.04 A o)
rectenna design at 915 MHz with CP feature and a relatively
high RF-DC conversion efficiency of 89%, as shown in the
bottom row of Fig. 23 [169].
These designs have shown the possibility of using ultra-
compact rectennas for WPT and WEH applications, while the
antenna characteristics in terms of gain, bandwidth, and
efficiency could be significantly improved by these structures.
By having a very compact size as a wireless energy reception
node, these designs will be effectively adapted by loT and
communication devices requiring a small circuit footprint, such
as implants, wearables, RFID, and backscattering tags. The
research context and significant progress of metasurfaces
applied to WEH are summarized in Fig. 23.

At present, metasurfaces are moving toward miniaturized,
self-adaptive, programmable, and intelligent [170]-[174]. One
very promising method for designing multi-band and wideband
rectifying metasurface is to use the theory of characteristic
mode analysis (CMA). The theory was established in 1970’s
[175][176] but re-visited in recent years for antenna design
[177]. The bandwidth of an MTS based antenna can be
broadened by exciting multiple modes on the MTS layer. The
modes can be identified by CMA [178]. The design of a
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Table IV Performance comparison of the state-of-the-art rectifying surfaces (including some metamaterial-based rectennas).

Use of

Maximum

Ref. Freq Periodicity (mm) Polarization - . - Structural
Matching Type of Diode Harvesting .
(year) (GHz) Num. of layers Mode Network Efficiency Complexity
[157] 35x35 polarization- } — .
(2014) 1 (single layer) insensitive No HSMS-282C 25% at -6 dBm simple
(gﬁj]) 218 é?ﬁ?:;ez) linear Yes HSMS-2828 27.7% at 0 dBm complex
[154] 20%x20%4 . } 66.9% at 5 mW/cm?
(2016) 245 (dual layer) linear es HSMS-2828 (input power density) complex
[155] 15x15x1.54 . i 0
(2017) 3 (dual layer) linear Yes HSMS-2860 40% at 12 dBm complex
[160] 2.84 50x30x3.175 linear No HSMS-2860 60% at 18.75 dBm medium
(2018) (single layer)
[161] 18.7x 38.4%6.35 ) ] . )
(2018) 34 (single layer) linear No HSMS-2860 76% at 14.3 dBm simple
[162] 20x20x4 polarization- } 0 .
(2019) 3 (dual layer) insensitive No HSMS-2860 74% at 16 dBm medium
[179] 24x24x4.3 ) ] . )
(2020) 2.45 (dual layer) linear Yes SMS-7630 76.8% at 0.4 dBm medium
[163] 25x25x18 . E o at .
(2020) 1.9 (dual layer) linear No SMS-7621 81% at -5 dBm medium
SMS-7630 66% (2.4 GHz) at 0 dBm
[164] 24 16x16x1.27 polarization - No (0 dBm) 55% (5.8 GHz) at 0 dBm simple
(2021) 5.8 (single layer) insensitive HSMS-2860 79% (2.4 GHz) at 10 dBm P
(10 dBm) 69% (5.8 GHz) at 10 dBm

broadband antenna using a nonresonant-cell metasurface with
the aid of CMA was reported in [180]. A dual-polarized dual-
layer metasurface lens based on split dipole unit cells has been
presented in [181]. Also, the intelligent metasurfaces provide a
brand new idea for the application of WEH, that is, making
dynamic and instant optimized energy harvesting possible.
There are still various ambient energy sources that can be
harvested, such as solar, kinetic, thermal, etc. The hybrid
energy harvesting [182], [183] based on multi-field integration
of metasurfaces will also be an area worthy of attention.

VI. DISCUSSION AND FUTURE DEVELOPMENT

Usually, a metamaterial is any material engineered to have
properties that are not found in natural materials. It is made
from assemblies of multiple elements arranged in repeating
patterns. Its elements should be much smaller than the
wavelengths at the operating frequency. By engineering the
arrangement of these sub-wavelength elements, the effective
permittivity or permeability of the metamaterial can be tuned to
positive, near-zero, or negative values.

Most WPT systems work in the MHz range. The size of
elements is usually well below the corresponding wavelengths
and only a limited number of elements are needed. Their
effective permittivity or permeability could not be accurately
extracted. If too many elements are used, the total size could be
greater than the wavelength, but it would be too large for the
desired application. Also, in most designs the elements are non-
uniform and the elements are not strictly repeating themselves.

For WPT, WEH, and most other microwave applications,
metamaterials are designed to manipulate electromagnetic
waves by reflecting, absorbing, enhancing, or bending waves.
The extraction of the effective permittivity or permeability is
usually not necessary. They are able to manipulate and control

electromagnetic waves to improve the performance of WPT and
WEH, in a way that cannot be achieved by conventional
materials. Especially for intelligent metasurfaces which are also
reviewed in this paper, the elements are self-adaptive,
programmable, and intelligent. The effective permittivity or
permeability could only be extracted locally and dynamically.

In previous sections, metamaterials and metasurfaces based
non-radiative and radiative WPT and WEH are reviewed
systematically. Undoubtedly, over the years, the development
of metamaterials and metasurfaces have made WPT and WEH
one step further for practical real-world applications. In general,
the following three aspects should be considered in the design
of metamaterials and metasurfaces for WPT and WEH systems.

The first design consideration is the size reduction of the
metamaterials and metasurfaces. In most designs as
summarized in Table I, the size of the metasurface slab is larger
than, or at least comparable to, the size of the Tx and Rx. This
can be a concern in many cases. The slab is supposed to be an
auxiliary part that is added to improve the power transmission,
but it is actually bigger than the Tx itself. Wherever possible,
the size of the slabs should ideally be much smaller than the Tx
and/or the Rx. Also, for an electromagnetic field focusing
metasurface, which is most widely used, the slab is usually
inserted between the Tx and Rx. The distance between the Tx
(or Rx) and the slab would be much shorter than the gap
between the Tx and Rx. Therefore, the size reduction should be
considered in the development of metamaterials for WPT and
WEH. One potential solution is to combine the metasurface
with the Tx or the Rx. In particular, metasurface-based antennas
have been widely reported in recent years [178]-[181]. With
this technique, the metasurface is an integral part of the Tx or
Rx. No additional metasurface slab would be needed.

The second consideration is efficiency enhancement. The
main reason for using metamaterials is to improve the
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efficiency for WPT or WEH, when the Rx is not perfectly
aligned with the Tx or energy source in a close range. For such
a WPT system, the maximum PTE is typically in the range of
50%-60%. Even this level of efficiency can be achieved only
when the Tx and Rx are well aligned. On the receiving side or
in a WEH system, the DC-RF rectification efficiency is
typically about 70%-80% at an optimal power level, as can be
observed in Table IV. The efficiency would be much lower
under other conditions, especially when the input power level
is low. This would make the overall efficiency well below 50%,
which is not only a waste of energy, but also a potential health
and safety concern that will be addressed in the third design
consideration. A few areas need to be further developed to
improve the overall efficiency such as better rectifying diodes
to improve RF to DC conversion efficiency and a better
controlled Tx-Rx coupling. In terms of metamaterials and
metasurfaces, design consideration should be given to reducing
the loss caused by adding them. Any gain in efficiency achieved
by metamaterials should not be canceled out by the additional
loss introduced by them. In [184], it has been reported that a
simple intermediate magnetic resonant field enhancer can
outperform conventional metamaterials, mainly due to the
lower added loss.

The third design consideration is the reliability and safety of
WTP and WEH systems. There is one of the most notable
obstacles for the widespread practical applications of WPT and
WEH, especially for a high level of power transfer. A relatively
low efficiency as discussed in the previous paragraph means
that a significant amount of energy will be either dissipated as
heat, which can be a hazard to the WPT system, or radiated into
free space, which will cause unintended electromagnetic
interferences. For practical applications where the Rx may not
be placed in the hotspot area perfectly and aligned well with the
TX. The efficiency would drop even further. For WEH
applications, electromagnetic waves as energy harvesting
sources may come from different directions with different
polarisations at different power levels. The reliability and safety
of WPT and WEH systems should be considered very seriously
for any real-world applications. To address this, machine
learning techniques, such as deep neural networks [91], and
reconfigurable intelligent surfaces can be adopted to improve
the robustness of WPT and WEH systems.

In previous sections, it has been demonstrated that
metamaterials and metasurfaces can help tackle various aspects
of WPT and WEH, e.g. high-efficiency long-range power
transfer, high power density short-range power transfer, and
ambient energy harvesting. For real-world applications, a few
practical issues need to be considered as discussed above. At
the same time, there are a few attractive emerging and
promising future research areas of WPT and WEH based on
metamaterials.

A. Simultaneous Wireless Information and Power Transfer

Many functionalities and applications can be envisaged,
including but not limited to WPT by harnessing metamaterials
for EM fields and waves manipulations [185]. In particular, a
unified wireless power and information system would be
obtained. Simultaneous wireless information and power
transfer (SWIPT) seems to be a feasible solution for future 10T
[186]-[188].

For such an application, the challenge on the physical layer
employing metamaterials is the development of an energy and
information integrated (EIl) base station. Compared with
existing base stations for wireless communications, an Ell base
station could offer point-to-point, point-to-multipoint, and
specific area power coverage services in addition to mobile
network access. The EIl base station, which is on the top layer
of a SWIPT system, dominates all other devices within a
cellular network. These requirements force us to seek out new
architecture and design methodology for low-cost and high-
efficient Ell base stations because WPT is not considered in the
traditional base stations.

Programmable metasurfaces (PMS’s) and holographic
metasurfaces (HMS’s) are advanced architectures of
metamaterials. PMS was firstly proposed in [189], laying a
solid foundation for the following studies. By utilizing digital
ideas, a PMS offers a shortcut to integrate EM regulation and
digital information. Owning to the discrete phase shift
representation method, field programmable gate arrays
(FPGAS) are applied directly to manipulate the status of PMS.
The low-cost and high-efficiency characteristics of PMS make
it possible to realize Ell base stations. On the energy transfer
aspect, beam-forming and beam-steering techniques performed
on PMS indicate that wireless power can be focused in near-
field or conveyed to far-field. On the information transfer
aspect, PMS can be either viewed as a conventional planar array
antenna or treated as a new paradigm of wireless
communication [170]. Extensive researches on the above
aspects have been conducted, however, studies of energy and
information combination on PMS are rarely reported.

Turning now to the middle layer of SWIPT system, in the
wireless communication community, reconfigurable intelligent
surfaces (RIS) have been discussed in the last two years, as
shown in Fig. 24. A relevant overview of studies on
metasurfaces as reconfigurable intelligent surfaces in wireless
networks supporting SWIPT has been provided in a recent
paper [190]. The main features of RIS are hybrid beamforming,
signal coverage, and wireless sensing. The prototype of a RIS
in the literature is based on PMS. Fundamentals of wireless
information and power transfer are overviewed in [191],
suggesting that comprehensive researches on prototype design
supporting SWIPT should be on the agenda. So far most works
on RIS aided SWIPT are contributed by the wireless
communication community [ 192 ]-[ 196 ]. The existing
researches mainly focus on model construction and theoretical
analysis. Practical hardware platforms of RIS have shown great
potentials as a future research direction. SWIPT of intelligent
backscatter interpreters could be realized by PMS if energy
management is fully considered. Integrating energy and
information on PMS for the top and middle layer of SWIPT
system involves multi-disciplinary cooperation, which is still an
unexploited area.

Another promising hardware architecture for wirelessly
powered terminals is the HMS that adopts the holography
concept into antenna engineering and communication field
[197], [198]. By leveraging the holographic patterning
technique on designing metasurfaces, the reference waves and
objective waves are interfered with and recorded in the
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Unit Cells of Metamaterials and Metasurfaces for Radiative WPT

] ] Wide-Angle
Conventional Unit Cells Wideband Multi-Band Polarization-Insensitive Recent Development

2012 SRR Resonator [126] 2015 Bow-tie cavity [131] 2017 Butterfly ring [134] 2020 Modified cross [138]

2015 ELC Resonator [129] 2017 Square ring [132] ! 2016 Rotating SRRs [133] 2018 Square ring [139]

WEH Rectifying Metasurfaces for Efficiency Enhancement (with dedicated matching networks)

2016 Combined split ring pairs [151] 2016 Inductive loops sharing a capacitive gap [154] 2017 Electrical ring resonator [155]

WEH Rectifying Metasurfaces for Efficiency Enhancement (with integrated matching networks)

2014 Metallic grid with inner loop [157] 2017 Cut-wire cell with integrated diodes [159] 2021 Square patch with four connecting wires [164]

WEH Rectifying Metasurfaces for Size Reduction

2011 Resonant parasitic rectennas [148] 2020 Composite right/left-handed [149] 2021 Huygens dipole rectenna [68] 2019 Huygens CP dipole [169]

[e——————————————

Fig. 23 The research context and the significant progress of metasurface applied to WPT and WEH.

2018 Pixelated cell [142]

2019 Flexible ring [143]

17

metasurface pattern. Hence, as the reference wave illuminates  on this topic is still unavailable. The nature of HMS makes it a

this pattern, the original wave can be reproduced. In thisway, a  good candidate for small-size WPT and RF sensing.
complicated EM environment can be collected and trained to

optimize the metasurface design. More importantly, an HMS B. Opportunities for near-field WPT

has a low profile, low cost, low weight, and high reliability. t A smart table, as shown in Fig. 25, is a very obvious and
worth noting that the holographic principle is feasible for both ~ highly anticipated device that can benefit from near-field WPT
energy and information transfer. However, a systematic study ~ technologies. Multiple electronic devices can be powered on a
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wireless charging table. The metasurface can either operate as
a Tx itself or as an intermediary to enhance WPT performance
between a Tx underneath the table and multiple Rx’s on top of
the table.

For such applications, it is almost inevitable dynamic
control is needed for the operation. The deep neural network
can provide an effective way to design metamaterials, as an
alternative method to traditional EM-simulation-based
approaches [91]. It can potentially be a very useful technique
for the design of a smart table in the future, where devices
requiring different power levels can be placed on random
locations on a smart table.

Fig. 24 Conceptual diagram of RIS application scenarios for SWIPT.

Fig. 25 An artist's rendition of a WPT charging table realized using a tunable
metasurface. Multiple receivers on the table can be powered simultaneously.
The metasurface dynamically localizes the power into the selected WPT path
using switchable and tunable unit cells [91].

Another promising opportunity is chip-level wireless power
transfer. To simplify the packaging of integrated circuits and to
reduce power consumption associated with data bus cabling,
intra-chip and chip-to-chip wireless communications enable
high-speed communication at short distances without physical
connections[199], [200]. With wireless data bus techniques, a
system-on-chip can combine the required electronic circuits of
various components and devices onto a single chip. For the
measurement and operation of these chips, no wired radio
frequency connection is needed to provide input signals or
acquire output signals. Nevertheless, a DC power supply is still
needed. With chip-level WPT, multiple chips can be placed on
a power supplying printed circuit board (PCB), functioning like
the smart table shown in Fig. 25.

As shown in Fig. 26, a Tx can be placed either above as a
non-contacting testing probe for measurements or below the
chip on the PCB as a power supply for the operation of
integrated circuit chips. The Rx coil is fabricated on the chip. A
metasurface can be utilized to either focus or direct power to
where chips are placed. It will make the chip truly wireless. To
minimize the die area needed for WPT or SWIPT, millimetre
wave or sub-THz WPT techniques can be adapted to provide
power wirelessly [200], [201].

Fig. 26 Wafer-level WPT for the testing and operation of integrated circuit chips
[200].

VII.

This paper has provided a comprehensive review of the
development of metamaterials and metasurfaces for WPT and
WEH in recent years. It was shown that for non-radiative
applications, metamaterials and metasurfaces have been applied
to improve WPT performance with respect to power transfer
efficiency and distance. Generally, they were used in three
ways:  shielding/reflecting,  focusing/concentrating, and
guiding/ directing. Metamaterials and metasurfaces can reflect
EM field in other directions to both suppress unintended EM
radiation, and enhance WPT efficiency; Due to their special
refractive characteristics, they can concentrate the EM field
between a Tx and an Rx, hence improving the WPT efficiency
and distance; With dynamic control, they can direct EM field to
an Rx especially when the location and power level of the Rx
are variable.

For radiative applications, metamaterials and metasurfaces
have been widely used in both the radiative near-field (the
Fresnel area) and the far-field region. In the near-field region,
they have been used as a phased array or a reflective surface to
manipulate electromagnetic waves for beamforming purposes.

In the far-field region, metamaterials and metasurfaces are
more commonly used for WEH. Far-field WPT and WEH have
been compared in detail in this paper. How metamaterials and
metasurfaces can improve WEH performance have been
reviewed comprehensively. They have been integrated with
rectifying circuits to design metamaterial-based rectennas.
They can also be used as either parasitic elements or loading
components to design metamaterials-assisted rectennas. Either
way, they can reduce the circuit size and improve the RF-DC
conversion efficiency for WEH. Future development
opportunities of metamaterials and metasurfaces for WPT and
WEH applications have also been proposed in this paper.

CONCLUSIONS
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