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Abstract: Metasurfaces are a topic of significant research 

and are used in various applications due to their unique 

ability to manipulate electromagnetic waves in microwave 

and optical frequencies. These artificial sheet materials, 

which are usually composed of metallic patches or dielec-

tric etchings in planar or multi-layer configurations with 

subwavelength thickness, have the advantages of light 

weight, ease of fabrication, and ability to control wave 

propagation both on the surface and in the surrounding 

free space. Recent progress in the field has been classi-

fied by application and reviewed in this article. Starting 

with the development of frequency-selective surfaces and 

metamaterials, the unique capabilities of different kinds 

of metasurfaces have been highlighted. Surface imped-

ance can be varied and manipulated by patterning the 

metasurface unit cells, which has broad applications in 

surface wave absorbers and surface waveguides. They also 

enable beam shaping in both transmission and reflection. 

Another important application is to radiate in a leaky wave 

mode as an antenna. Other applications of metasurfaces 

include cloaking, polarizers, and modulators. The control-

lable surface refractive index provided by metasurfaces 

can also be applied to lenses. When active and non-linear 

components are added to traditional metasurfaces, excep-

tional tunability and switching ability are enabled. Finally, 

metasurfaces allow applications in new forms of imaging.

Keywords: metasurface; electromagnetic surfaces; 

absorbers; wave front engineering; holography; cloaking; 
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1   Introduction

Metamaterials, which are three-dimensional (3D), often 

periodic, artificial materials composed of metals and/or 

dielectrics, have been widely studied in the past decade 

due to their unique interaction with electromagnetic 

waves, which surpass the capabilities of naturally occur-

ring or homogeneous materials [1–10]. Their exceptional 

ability to manipulate waves is due to their strong interac-

tion with electric and/or magnetic fields, which is typically 

provided by resonant effects controlled by the geometry 

of the unit cells. These capabilities lead to a wide range 

of applications such as antenna performance enhance-

ment [11, 12], perfect absorbers [13–15], superlenses 

[16, 17], cloaking [18–20], scattering reduction [21], and 

energy harvesting [22–24], among other applications in 

both microwave and optical frequencies. However, many 

applications of metamaterials are impeded by high losses 

and difficulties in 3D fabrication, especially in micro- and 

nano-scales.

Metasurfaces are two-dimensional (2D) or planar ver-

sions of metamaterials with subwavelength thickness [8, 

25–29]. They are broadly investigated and implemented 

in electromagnetics applications due to their light weight 

and ease of fabrication. Metasurfaces have unique abili-

ties for blocking, absorbing, concentrating, dispersing, or 

guiding waves both on the surface at grazing incidence 

and in space at normal and oblique incidence, from micro-

wave through visible frequencies.

Surface waves can be controlled by designing metas-

urface unit cells with the required impedance to manipu-

late the phase or group velocity [30]. They are patterned 

in ways that can guide or split waves in certain directions 

and are used in applications for scattering control. By 

controlling the sizes and shapes of the metasurface unit 

cells, different effective surface refractive indices can be 

achieved, and the surface can be patterned to provide 

various functions. They can be used to design 2D micro-

wave/optical lenses like Luneburg and fish-eye lenses, 

which are applied in surface waveguides for antenna 

systems and planar microwave sources.

Besides surface waves, metasurface applications 

for manipulation of plane waves in free space [31] are 
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widely studied as well. The reflection phase of the 

waves hitting the metasurface is controlled for appli-

cations as ultra-thin polarization transformers [32]. 

Linearly polarized incoming waves can be rotated by 

90° to their orthogonal polarization or transformed to 

circularly polarized waves. Wave front engineering [33] 

such as beam shaping, including focusing, defocusing, 

reflection, and refraction, is broadly investigated as 

well. Metasurfaces are coated on planar and curved sur-

faces to reduce scattering and are applied in microwave 

and far-infrared frequencies for cloaking [34] and other 

related applications [35]. Metasurface-based absorbers 

[36] can provide advantages over traditional absorbers, 

particularly when combined with nonlinear devices or 

active circuits.

Besides manipulating the absorption or scattering of 

electromagnetic waves, metasurfaces can also be used to 

radiate waves into free space by converting surface waves 

to radiation modes as a leaky wave antenna [37]. Recent 

work on leaky wave metasurfaces includes holographic 

surfaces, which provide a high degree of control over the 

radiation pattern.

All applications of metasurfaces mentioned above 

have intrinsic fundamental limitations including narrow 

bandwidth, linear response, fixed functionality, etc. 

Recent studies on active and non-linear metasurfaces 

have enabled metasurfaces with nonlinearity, power 

dependency, tenability, and switching abilities. This has 

been achieved by applying active electronics like tran-

sistors [38], diodes [39], and varactors [40] to traditional 

passive structures.

In this article, we provide an overview of recent 

developments in the field of metasurfaces from passive 

to active, from microwave through visible frequen-

cies. The contents are organized as follows: Section 2 

introduces impedance surfaces and their properties. 

In Section 3, we review the principle and application 

of metasurface absorbers, both in their passive and in 

their active forms. Section 4 discusses recent develop-

ments in metasurface-based wave front engineering, 

both for surface waves and for free-space waves. Section 

5 reviews metasurface applications in leaky wave 

antennas and holographic surfaces, whereas Section 6 

describes metasurfaces for polarization transformation. 

Section 7 introduces metasurfaces for ultra-thin cloak-

ing and scattering control applications from microwave 

through visible frequencies. Lens applications based 

on metasurfaces are introduced in Section 8, whereas 

Section 9  highlights recent research work on imaging 

with metasurfaces. The final section concludes with 

potential future developments.

2   Impedance metasurfaces

When a wave in free space impinges on a surface, reflec-

tion and transmission are governed by the effective 

surface properties, which can be described in terms of its 

impedance. Frequency-selective surfaces (FSS) have been 

widely studied and used in filters, absorbers, antenna 

radomes, etc., due to their ability to selectively transmit or 

reflect waves of different frequencies or incident angles. 

FSS are composed of subwavelength periodic metal-

lic structures [41]. Metasurfaces, similar to FSS, provide 

an effective surface impedance, which can be specifi-

cally designed and manipulated for various applications 

including absorption, wave front engineering, leaky-wave 

radiation, cloaking, polarization control, as well as lenses 

and imaging structures. Because the unit cells are typi-

cally subwavelength, theoretical analysis of transmission, 

reflection, or absorption properties can be performed 

using generalized sheet transition conditions (GSTC) [42].

This subsection begins with an overview of one kind 

of metasurface, the high impedance surface, followed by 

a discussion of active, tunable, and nonlinear impedance 

surfaces.

2.1   High impedance surface

Modern antenna systems require more compact geom-

etries and lower profiles. However, this is often restricted 

by the presence of a conducting ground plane beneath 

the radiating elements. Specifically, a quarter wavelength 

distance is required between an antenna its ground plane 

because of the effect of image currents. If the antenna is 

too close to the ground plane, radiation from the image 

currents will destructively interfere with the direct radia-

tion from the antenna, leading to an impedance mismatch.

A high impedance surface [43] is composed of peri-

odic subwavelength metallic patches backed by a ground 

plane, with conductor via the center of each unit cell, 

as shown in Figure 1A. These planar high impedance 

metasurfaces are related to the corrugated surfaces [44, 

45], which have been studied previously and which also 

provide ways to control scattering and surface wave prop-

agation [46]. The corrugated surface is a metal slab with 

periodic vertical slots with subwavelength spacing. With 

a quarter of wavelength deep slots, the short circuit at 

the bottom end of the surface is transformed to be open 

circuit at the top end, yielding a high impedance. High 

impedance surface is similar in performance but with a 

subwavelength thickness. The behavior of high imped-

ance surfaces can be understood as follows: each patch is 
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coupled to its neighboring patches, providing an effective 

surface capacitance. They are also linked to their neigh-

bors through a conductive path that includes the vias and 

the ground plane, which provides an effective surface 

inductance. The side view of a high impedance surface 

with a zoomed unit cell is shown in Figure 1B. The equiva-

lent circuit model is thus a parallel LC circuit, where L and 

C are controlled by the geometry of the metallic patches 

and the thickness of the substrate [47]. The fringing field 

at the gap between neighboring patches contributes to 

the capacitance, while the current path from patch to the 

ground through vias contributes to the inductance. At the 

resonance frequency 
0

1
,

2
f

LCπ

=  the parallel LC circuit 

is equivalent to an open circuit showing infinite imped-

ance, so the reflection phase equals 0 at normal incidence 

indicated in Figure 1C, in contrast to an ordinary metallic 

reflector, which has a reflection phase of π. This property is 

equivalent to a magnetic conductor but with limited band-

width and is often called an artificial magnetic conductor 

[48], because the tangential magnetic field at the surface 

is zero, rather than the electric field, as seen on an electric 

conductor. This unique property is useful for applications 

such as low-profile antennas [49], because the image 

current at the surface adds in phase with the current on 

the antenna, eliminating the need for a quarter-wave-

length separation between antenna and the ground plane. 

In addition to providing an unusual  reflection phase, high 

impedance surfaces can also be used to manipulate surface 

waves. These structures possess a band gap between the 

first band, which supports transverse magnetic waves, 

and the second band, which supports transverse electric 

waves, plotted and shown in Figure 1D. The TM band does 

not reach the TE band edge but stops slightly below it. For 

TE band, it slopes upward before crossing the light line, 

resulting in a band gap between TE and TM surface waves 

below the light line. In other words, no surface waves are 

supported within the band gap, and this interesting prop-

erty can be used in applications such as de-coupling of 

nearby antennas.

A variety of applications of high impedance sur-

faces have been investigated, such as low-profile anten-

nas [50], absorbers [51], scattering reduction [52], field 

enhancement [53], antenna de-coupling [54], etc. Detailed 

examples of high impedance surface applications are 

introduced in the following paragraph.

Figure 1: High impedance surfaces: properties and surface wave suppression.
(A) Top view of the high impedance surface. (B) Side view of high impedance surface array with zoomed view of resonating unit cell. (C) 
Reflection phase of the high impedance surface at normal incidence. (D) Dispersion curve of the high impedance surface, showing a band 
gap between TE and TM mode.
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Figure 2A [55] shows a low-profile antenna appli-

cation, where the surface is composed of elements of a 

dog bone shape. The high impedance region is designed 

at the resonance frequency of the folded dipole. The 

surface behaves as a perfect magnetic conductor so that 

the image currents add in phase, resulting in a unidi-

rectional radiation pattern shown in Figure 2B [55]. High 

impedance surfaces have advantages of low profile, light 

weight, and low cost, which make them extremely suit-

able to be coated on vehicles, buildings, etc. as microwave 

absorbers to protect sensitive antennas or electronics from 

undesired interferences. One example of a conductor-

backed frequency-selective surface that provides a high 

impedance response being used as a microwave absorber 

is shown in Figure 2C [56]. An ultra-thin, high imped-

ance surface-based microwave absorber using a genetic 

algorithm is designed, which is composed of frequency-

selective surfaces backed with a ground plane with sub-

wavelength thickness. Note that vias are not needed for 

normally incident waves because currents are not induced 

in the center via. Because high impedance surfaces do not 

support surface waves within the band gap region, they 

can be used in planar antenna decoupling applications, 

as demonstrated in Figure 2D [57], where two patch anten-

nas are shown with and without the electromagnetic band 

gap structure patterned between them. Results shown in 

Figure 2E [57] illustrate the advantage of stopping surface 

wave propagation to lower coupling between the anten-

nas. Other applications including a transverse electro-

magnetic (TEM) waveguide is depicted in Figure 2F [58], 

where the sidewalls of the waveguide are coated with a 

metasurface, which provides a magnetic conducting 

boundary, thus allowing the waveguide to support TEM 

modes over a limited frequency range.

2.2   Active impedance surfaces

Despite the unique properties of high impedance surfaces, 

they have limitations including angular dependence and 

limited bandwidth [59]. However, some studies have inves-

tigated polarization and angle-insensitive surfaces [60, 

Figure 2: Applications of high impedance surfaces.
(A) Low profile folded dipole on high impedance. (B) Simulated and measured radiation pattern of dipole over high impedance surfaces. 
(C) PEC backed FSS screen as a thin absorber. (D) Mutual coupling reduction of patch antennas with high impedance surfaces. (E) Coupling 
between patch antennas is largely reduced due to surface wave suppression of high impedance surface. (F) An artificial TEM wave guide by 
using uniplanar band gap structure as sidewalls.
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61] by applying uniaxial magneto-dielectric medium with 

extreme parameters and series-resonance grids without 

vias in the slab, respectively. Other limitations of passive 

high impedance surfaces are linear response and fixed 

working frequency and usually hard to be addressed with 

only passive structures. However, it is possible to over-

come these limitations by loading the surface with elec-

tronic devices including pin diodes, varactor diodes, and 

transistors [62]. A review of advances in nonlinear, active, 

and tunable metasurfaces in Ref. [63] demonstrated their 

exotic properties comparing with passive approaches.

Varactor diodes provide voltage-dependent capaci-

tance, which can be applied at the gaps between unit 

cells to tune capacitance. A tunable impedance surface 

reflector is depicted in Figure 3A [64], in which the reflec-

tion phase of the surface is manipulated by tuning the 

bias voltages on the varactor diodes. An electronically 

steerable reflector is created by applying a reflection 

phase gradient, which can be programmed to control 

the angle of the reflected beam. At THz frequencies, gra-

phene can be used for tunable and switchable impedance 

surface applications. Figure 3B [65] shows a reconfig-

urable antenna based on a graphene high impedance 

surface. The conductivity of the graphene is controlled by 

a bias voltage, thus influencing the radiation property of 

the antenna deployed on top of it, creating a reconfigur-

able antenna system. Furthermore, Figure 3C [66] shows 

a non-linear, self-tuning impedance surface created by 

attaching power-sensing circuits beneath the surface and 

feeding back the corresponding control voltages to the 

varactor diodes. The impedance of the surface changes 

with different levels of incident power, allowing for prop-

erties such as self-focusing of surface waves or power-

dependent absorption.

A

C

B

Figure 3: Active high impedance surfaces.
(A) An electronic steerable high impedance surface with varactor diodes between neighboring unit cells. (B) Beam reconfigurable THz 
antenna with a tunable high impedance surface grounding. (C) Power-dependent high impedance surface with pin didoes across outer ring 
to inner via. (D) Graphene non-foster circuit loaded high impedance surface with enhancement of bandwidth. (E) Photo of the wide band 
non-foster circuit (NFC) based artificial impedance surface supporting TM surface waves. (F) Comparison of impedance bandwidth of non-
Foster loaded surface (green and blue curves) and passive approach (red curve).



994      A. Li et al.: Metasurfaces and their applications

Although, with varactor or pin diodes, the resonance 

frequency or impedance of the surface can be tuned, there 

are fundamental bandwidth limitations with such reso-

nant metasurfaces. Impedance surfaces loaded with non-

Foster circuits can exceed this limitation using negative 

capacitors and/or negative inductors. Figure 3D [67] shows 

the concept of loading non-Foster circuits on an artificial 

impedance surface, significantly expanding the bandwidth 

compared to a passive surface with the same substrate 

thickness. A low-profile and low-dispersion non-Foster 

loaded artificial impedance surface is shown in Figure 3E 

[68]. The active circuits enable the impedance surface to 

have constant impedance and low dispersion over nearly 

an octave of bandwidth with an electrically thin structure, 

indicated in Figure 3F. These bandwidth benefits come 

at the expense of low power handling and low operating 

frequency (usually below 1 GHz) of the non-Foster circuits 

and require careful design to avoid instability.

Metasurfaces loaded with active electronics can also 

be applied to other areas such as imaging [69], antennas 

[70], absorbers, etc. and will be introduced in subsequent 

sections.

3   Metasurface absorbers

Absorbers are widely used from microwave through visible 

frequencies in applications including but not limited 

to scattering control, anechoic chambers, microbolom-

eters, photodetectors, and solar cells. Classic absorbers 

[71, 72], which are wide bands, are usually composed of 

bulky, lossy materials or multiple-layer structures result-

ing in high profile. With modern systems requiring more 

compact designs, absorbers with miniature structures are 

needed. New designs have been investigated in recent 

years with the goal of increasing the allowable incidence 

angle [73] and polarization insensitivity [74] and improv-

ing the absorption bandwidth.

3.1   Passive metasurface absorbers

Classic examples of microwave absorbers, including 

 Dallenbach and Kleinsteuber [75] and Salisbury [76] 

absorbers, are designed with a thickness of one-quarter 

wavelength, so that the electric field of the incoming wave 

is maximum at the lossy layer. Metasurface-based absorb-

ers can reduce the thickness of the absorber greatly by 

using resonant structures to increase the electric field at 

the surface. A review of thin absorbers for electromagnetic 

waves is shown in Ref. [77]. Metasurface absorbers are 

broadly studied for their low profile and simplicity of fab-

rication. High impedance surfaces have been investigated 

as microwave absorbers for radar applications [78], with 

a stable response to different incidence angles for TM-

polarized waves [51, 79]. Near the resonance frequency, 

the interaction between electromagnetic waves and the 

surface is increased, enhancing the loss associated with 

resistive materials in the surface. A high impedance 

surface based microwave absorber is shown in Figure 4A 

[80]. Other metamaterial absorbers that also show high 

microwave absorption are presented in Figure  4B [13]. 

This example contains two metamaterial resonators 

coupled separately to the electric and magnetic fields 

to provide high absorption within a certain angle and 

frequency range. This near-unity high-absorbing rate is 

because, when ε and µ are manipulated independently, 

both incident electric field and magnetic field could be 

absorbed. Simulation results are shown in Figure 4C [13] 

with 100% absorption, while measurement results show 

a good correlation of 96%. Based on these early studies, 

there are numerous other works on metasurface absorb-

ers with high performance over wide ranges of angles and 

polarizations.

Research in THz and optical frequency absorbers [81] 

draws a lot of interest in the community because of its 

broad applications in plasmonic sensors, infrared detec-

tors, bolometers, and photovoltaic structures. Figure 4D 

[82] shows an array of gold material patches on MgF
2
-

substrate that are capable of absorbing energy independ-

ent of polarization and with a wide angle range of up to 

±80°. The proposed structure is designed to be polariza-

tion independently in x and y directions at normal inci-

dence, thus yielding a polarization-insensitive property. 

Moreover, as the direction of the magnetic field of the 

incident wave stays unchanged, the absorption rate peak 

is independent of the incident angle for TM polarization 

as high as 96% even at 80° incidence. Besides angle and 

polarization dependence, a broad band solar metasur-

face absorber is depicted in Figure 4E [83], where 90% 

of absorption is achieved in the visible and near-infrared 

range. Ohmic losses and thermal effects of metallic unit 

cells composing the metasurface absorbers can be elimi-

nated with all-dielectric absorbers, as shown in Figure 4F 

[84], where electric and magnetic resonances overlap in 

the same frequency range, achieving over 97.5% absorp-

tion experimentally.

In general, metasurface-based absorbers have advan-

tages of low profile and light weight with simple metal-

lic structures. There are, however, limitations in terms 

of their absorption bandwidth, absorption rate, and air 

breakdown at high power [53]. Theoretical analysis of the 
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limitations of TM surface wave attenuation by lossy slabs 

and impedance sheets is described in Ref. [85]. The funda-

mental limitations of the absorbing bandwidth of a given 

passive surface is analyzed, indicating that the minimum 

thickness of a 10-dB broad-band dielectric radar absorber 

is related to the largest operating wavelength [59]. A recent 

research on metasurface absorbers that targeted but is not 

bound to these limitations is focusing on active loading 

and tuning aimed at gaining more flexibility in response 

to incident waves, which will be introduced in the follow-

ing subsection.

3.2   Active metasurface absorber

To overcome the intrinsic limitations of passive metasur-

faces, active electronics play an important role in advanced 

metasurfaces by enabling switchable absorption, tunable 

resonant frequency, and tunable non-linear response. The 

following outlines current research on tunable metasur-

faces for absorber applications.

Figure 5A [86] shows a metasurface that includes 

diodes within each unit cell that is tunable from total 

reflection to absorption, taking the advantage of turning 

the diode’s channel ON and OFF with different bias volt-

ages. When the diodes have a bias voltage of zero, the 

junction appears as an open circuit and the elements of 

the metasurfaces are isolated. In this state, the electric 

and magnetic responses are balanced, causing it to work 

as a perfect absorber. When the diodes are biased at 0.75 

V, the response of the surface changes dramatically by 

shorting adjacent unit cells together. In this state, the 

sheet is highly reflective. Because the elements of the 

metasurfaces are orthogonally arranged, it is possible 

to bias only a subset of the diodes to make the absorp-

tion and reflection properties polarization-dependent. 

The absorption rate and bandwidth of a metasurface can 

also be manipulated by tuning the substrate dielectric 

constant. For example, if the substrate contains liquid 

crystal, a bias voltage can be used to change the orien-

tation of the molecules within the liquid crystal from 

random to aligned, thereby changing the dielectric con-

stant. Figure 5B [87] shows the unit cell of a metasurface 

containing liquid crystals, allowing tuning of the absorp-

tion rate by up to 30% and the resonant absorption band-

width by over 4%. A tunable metasurface absorber that 

can be used from tens of GHz to near infrared due to the 

broad band optical response of graphene is depicted in 

Figure 5C [88].

For some applications, not only normal and angular 

incidences of spatial wave need to be absorbed, but also, 

surface currents on the metallic body of the system needs 

to be carefully absorbed, as a simple gap or any disconti-

nuity of the surface may work as a slot antenna and allow 

surface waves penetrating and further radiating into 

the systems being enclosed, resulting in interference. 

Figure 4: Passive metasurface absorbers from microwave to optical frequencies.
(A) Resistive sheet toped high impedance surface as a microwave absorber. (B) Unit cell of perfect metamaterial absorber. (C) Absorption 
simulation results of surfaces in (A). (D) Infrared perfect absorber. (E) Broadband solar absorber. (F) THz all-dielectric metasurface absorber.
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An absorber that absorbs propagating surface waves 

is called a surface wave absorber. A transistor-based 

surface wave metasurface absorber is demonstrated in 

Figure 5D [38]. By manipulating the bias voltages to the 

gates of the FET transistors within each unit cell, the 

impedance of the drain-to-source channel is controlled, 

thereby changing the impedance of the metasurface. 

FETs have advantages compared to diodes because they 

do not draw current from the bias circuitry and they can 

provide higher on/off ratio. Figure 5E [89] shows a wave-

form-dependent metasurface absorber. Full-wave recti-

fiers are positioned at the gaps between patches, where 

electric fields are concentrated. Incoming microwave 

signals are rectified and transformed to static charges 

and stored in capacitors within the diode bridge circuit 

and then dissipated by resistors. This surface will prefer-

entially absorb short pulses. By using inductors instead 

of capacitors, it is also possible to create a surface that 

absorbs only long pulses or continuous-wave signals. 

These materials represent the first waveform-dependent 

absorbers, which respond differently to various modu-

lation waveforms even at the same frequency. Figure 5F 

[90] shows a metasurface that includes microwave power 

sensors at each unit cell. Feedback circuits change the 

surface impedance in response to the local microwave 

power level by tuning varactor diodes on the top surface. 

This nonlinear metasurface can enable self-focusing 

of surface waves, analogous to the self-focusing effect 

that occurs in some nonlinear optical materials [91]. It 

can also behave as a power-dependent surface wave 

absorber. A self-tuning metasurface working as a broad-

band surface wave absorber is introduced in Ref. [92], 

where frequency sensing circuit is designed and embed-

ded on the surface, tuning the peak absorbing frequency 

to the incoming wave’s frequency by biasing correspond-

ing DC voltages to the varactor diodes.

In addition to those discussed here, there are numer-

ous other designs with active electronics loaded on 

traditional passive metasurface absorbers [93–101]. In 

conclusion, a tunable metasurface absorber is capable 

of dynamically modulating the surface impedance and 

material dispersion properties, which enable a metasur-

face absorber to provide different responses to incident 

waves by tuning the resonance frequency or absorption 

rate and to respond differently to the waveform or power 

level of the incoming wave.

Figure 5: Active and tunable metasurface absorbers.
(A) Switchable metasurface between total absorption to total reflection. (B) Liquid-crystal filled absorption tunable metasurface absorber at 
THz. (C) Optical tunable metasurface absorber. (D) Transistor-based high-power metasurface absorber. (E) Waveform-dependent microwave 
absorber. (F) Electrically tunable metasurface absorber.



A. Li et al.: Metasurfaces and their applications      997

4   Wavefront engineering

4.1   Metasurface waveguides

This subsection discusses applications of impedance 

surfaces related to guiding surface waves, followed by 

recent pattern synthesis techniques to obtain the desired 

structures.

Impedance surfaces, in their simplest forms, are sub-

wavelength patterned metal surfaces printed on a dielec-

tric media. The small electrical thickness of the substrate 

allows one to model them as simple 2D surfaces, and 

their often periodic or pseudo-periodic nature ensures 

precise and rapid modelling of even large structures with 

ease by using periodic boundary conditions and eigen-

mode solvers. The size and shape of the periodic pat-

terning determine the surface impedance and dispersion 

characteristics. If the wave-vector along the surface (k) 

is greater than its free space counterpart (k
o
), the imped-

ance surface will support the wave propagating along the 

surface and bound to it, creating a planar waveguide.

Simple waveguide structures consisting of a narrow 

strip of high impedance bordered by two low impedance 

sheets have been demonstrated [102]. Similar to guiding 

light along an optical fiber, the wave is confined to the 

waveguide by total internal reflection at the impedance 

discontinuity. Figure 6A shows a high impedance region 

bounded by two low impedance surfaces, along with the 

simulated wave propagating within the guide. In this case, 

the guide is made using an anisotropic impedance region, 

where the transverse impedance matches the surround-

ing surfaces. This creates a guide that is transparent to 

waves impinging from outside [30]. The patterns for these 

earlier structures are often simple square or rectangular 

A B C

D
E F

Figure 6: Guiding wavefronts through metasurfaces.
(A) Prototype and simulation results for a simple transparent waveguide. (B) Smooth and sharp bending of waves from line-wave structures. 
(C) Anisotropic metasurfaces to guide waves towards/away from edges. (D) H-shaped metasurfaces capable of coupling propagating modes 
to surface modes. (E) Huygens’ surface capable of reflecting two asymmetrical, co-polarized waves with gold nanorods. (F) Omega-type 
bianisotropic metasurface (O-BMS) unit cell with three distinct metasurface layers.
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metal patches, with the separation between adjacent unit 

cells providing the capacitance that controls the surface 

impedance.

Experiments based on the high-low impedance prin-

ciple were also performed to develop transparent surface 

waveguides that could bend an incoming wave. It was 

determined in Ref. [30] and similar works that below a 

certain radius of curvature, it was impossible to bend 

the propagating wave without suffering from signifi-

cant power leakage. This occurs due to the difference in 

propagation speeds along the inner and outer bends to 

support a wave with a constant phase front. More recent 

research, however, has been able to show bending to 

arbitrary angles by controlling the impedance profile of 

the guide [103].

In relation to the concept of photonic topological 

insulators, it is possible to build unidirectional, polari-

zation locked waveguides where light is guided along an 

arbitrary path at the interface between two complemen-

tary impedance surfaces, such as a capacitive surface in 

contact with an inductive surface. Referred to as “line 

waves”, these structures support a composite TE/TM 

mode at the interface. The mode has a singularity at the 

interface and is therefore highly confined. Its polarization 

locked propagation ensures reflection-free, quasi non-

reciprocal behavior. By controlling the impedance on each 

side of the guide, it is possible to curve EM waves around 

bends smoothly. It is also possible to build a variety of 

conventional microwave and optical devices, such as the 

magic-T structure seen in Figure 6B.

Impedance sheets are capable not only of guiding 

surface modes but also of converting propagating waves 

into surface waves by eliminating the momentum mis-

match discussed previously [104]. While similar coupling 

can be performed by using prisms and gratings, these 

structures are based on resonant couplings between the 

waves and therefore provide high conversion efficiency 

only for the angle of incidence with matching momenta. 

Elimination of mismatch has been achieved through the 

gradient of the reflection phase using “H-shaped” etchings 

on the substrate for various incidence angles (Figure 6D). 

Interestingly, non-homogeneous, anisotropic impedance 

surfaces have also been used as scattering controllers by 

redirecting surface waves towards or away from edges in a 

controlled fashion, as depicted in Figure 6C [105].

As geometry and patterning determine the character-

istics of the impedance surfaces, much work has gone into 

analytically determining shapes and sizes of unit cells. 

The impedance sheet has been analyzed by some as a dis-

continuity in space, and a closely formed solution char-

acterizing the electric and magnetic susceptibilities has 

been put forward [106]. It characterizes any given imped-

ance surface based on its susceptibility tensor where 

transmission, reflection, and incident angles can be arbi-

trarily specified. Anisotropy can also be designed with 

highly elongated cells with arbitrary orientations, which 

provide smooth transitions between regions of varying 

impedance. As opposed to abrupt transitions or imped-

ance discontinuities, which help confine the wave and 

can be used to build surface waveguides, certain applica-

tions require the wave to propagate over smoothly varying 

impedances allowing it to “bend”. A method proposed in 

Ref. [107] aims to solve this problem by means of a mathe-

matical starting function defining the desired anisotropy. 

An equi-spaced point grid is created and shifted based on 

the gradient of the starting function. A Voronoi function is 

then applied to this separated point grid and provides the 

base for the anisotropic surface. Providing extra degrees 

of freedom through variation in cell shape, size, and orien-

tation, the authors show better results through this tech-

nique than those based on conventional mathematical 

techniques such as conformal mapping, mesh generation, 

or point density. The concept is illustrated and discussed 

in depth in a subsequent section on imaging.

4.2   Huygens’ surfaces and beam shaping

One of the most fundamental tenets of electromagnetics, 

Huygens’ principle, states that every point on a wavefront 

acts as a secondary source by creating its own wavefronts. 

By using Schelkunoff’s equivalence principle, it is possi-

ble to develop ultra-thin surfaces that generate arbitrary 

field patterns for any given incident illumination, requir-

ing it to be both electrically and magnetically tunable. 

Such surfaces are called Huygens’ surfaces and have 

special properties allowing control over reflection, beam 

steering, and polarization manipulation [33]. A schematic 

representation of such a surface can be seen in Figure 6E.

Huygens’ surfaces are being used to obtain high 

aperture illumination cavity backed antennas to replace 

Fabry-Perot leaky wave antennas. By eliminating the need 

to couple the partially reflecting surface modes to that of 

the cavity, Huygens’ cavity backed metasurface antennas 

provide additional degrees of freedom for cavity design. 

Designers are free to choose cavities with any specifica-

tions of aperture size or transmission angle and then use 

the equivalence principle to generate equivalent electri-

cal surface impedance or magnetic surface admittance 

required to support the cavity modes [108]. Also used at 

optical frequencies, Huygens’s surfaces have shown capa-

bilities of independently tuning both the magnitude and 
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the phase of the reflection coefficient [109] of co-polar-

ized, asymmetrical reflected waves. Using “gap-surface 

plasmon resonators” as unit cells, they are designed by 

tunable arrays of gold nanorods on silica spacers and 

display worst case power efficiency of 45% at 800 nm while 

providing a 360° arbitrary phase shift and 0–0.67 magni-

tude variation. Special Huygens’ surfaces that show not 

only electrical and magnetic polarizability but also mag-

neto-electric coupling are commonly referred to as omega-

type bianisotropic metasurfaces and can be used in beam 

splitting applications. Figure 6F shows such a surface 

consisting of three impedance sheets stacked together to 

achieve better impedance match from both sides, ensur-

ing very low reflections for a wide range of incident angles 

using simple passive structures [110, 111].

5   Leaky-wave metasurface

Metasurfaces have a unique ability and distinct advantage 

as media for radiating electromagnetic waves into free 

space apart from their wide applications in surface and 

free-space wave manipulation. Antenna systems for many 

applications need large gain to satisfy communications 

link requirements. Large planar arrays are adopted in 

numerous antenna systems due to their large aperture size 

and narrow beamwidth. However, the feeding systems are 

usually complicated in order to minimize loss and provide 

phase control to each antenna element to define the radi-

ation pattern. Leaky-wave antennas allow elimination 

of the feeding networks for certain applications, instead 

using a traveling wave feed technique. When a leaky-wave 

antenna is fed by a point source, the field of the surface 

can be represented as follows:

 0
( , ) exp( ),

z
z j jk zψ ρ ψ γρ= − −  (1)

where γ = α + jβ represents the propagation constant on 

the surface of the leaky-wave antenna and 2 2

0z
k k β= −  is 

the propagation constant normal to the antenna surface. 

In the fast wave regime, when β < k
0
, k

z
 is purely real, indi-

cating that energy is coupled into free space as radiation 

[112]. The direction of the radiation can be designed by 

controlling the value of β.

The unit cells of the metasurface are designed spe-

cifically to match the phase delay on the surface with 

that of the desired beam direction in free space. Metas-

urface leaky-wave antennas have advantages in that they 

are low profile and have simple feed structures. They 

also have frequency-dependent beam scanning proper-

ties (beam squint), which can be a benefit or drawback 

depending on the application. Historical and recent 

works on metasurface leaky-wave antennas are intro-

duced in this section. Subsection 4.1 discusses uniform 

metasurfaces, and Subsection 4.2 introduces non-uni-

form metasurfaces, also called holographic leaky-wave 

metasurfaces.

5.1   Uniform metasurface antenna

Uniform metasurfaces have a homogeneous propaga-

tion constant over the entire surface area. Visually, the 

surface is composed of periodic, constant-dimension unit 

cells in a 2D plane. High impedance surfaces are widely 

adopted for these types of leaky wave metasurfaces due 

to their simplicity and low-profile properties. Figure 7A 

[113] indicates a 2D composite right-/left-handed (CRLH) 

structure with a coaxial probe feed at the center of the 

surface. When excited at the center, a circular surface 

wave radiates a conical beam in a leaky-wave mode when 

the phase velocity is greater than the speed of light. Like 

traditional leaky-wave antennas, when the frequency 

changes, the angle of the conical beam varies according 

to the dispersion relation β, which leads to beam scan-

ning. Applying varactor diodes on the surface allows it 

to be electronically tuned, thereby controlling both the 

reflection phase and surface wave propagation proper-

ties. By varying the pattern of bias voltages, it is possible 

to achieve beam steering from leaky waves in both the 

forward and backward directions. By simply controlling 

the bias voltage, the amplitude and phase can be tuned 

with multiple degrees of freedom per half wavelength, as 

shown in Figure 7B [114]. The tunable band diagram of the 

same is plotted in Figure 7C [114]. When alternating rows 

of varactors are biased at two different voltages, the TE 

band is folded into the reduced Brillouin zone, with the 

upper region supporting backward TE modes. This tun-

ability allows a wide-angle beam steering at a fixed fre-

quency, which could be applied to low-cost, low-profile 

antenna systems. Figure 7D [113] demonstrates a one-

dimensional (1D) CRLH structure that can also provide 

full-angle scanning by electrically controlling inductors 

and capacitors at a single frequency point. For THz metas-

urfaces performing as leaky-wave radiators, most research 

is carried out only in simulation. Figure 7E [115] depicts 

a sinusoidally modulated graphene leaky-wave antenna 

with electronic beam scanning. By applying bias voltages 

to the different grating pads beneath the graphene sub-

strate, the graphene surface reactance can be modulated, 

resulting in a versatile beam-scanning capability at THz 

frequencies. Another 2D leaky-wave antenna operating at 
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THz frequencies with tunable frequency and beam angle 

is shown in Figure 7F [116]. It is based on tuning the con-

ductivity of the graphene, and it can be analyzed using a 

simple transmission line model.

5.2   Holographic leaky-wave metasurfaces

Holographic antennas borrow their design concept from 

optical holography [117], which is used for recording and 

recreating a complex optical wavefront. In the micro-

wave region, this technique has been applied for planar 

antenna designs. The principle of the holographic leaky-

wave metasurface can be described in two steps. First, 

the interference pattern of the reference wave (exciting 

source) and the object wave (desired radiation pattern) is 

calculated, represented as follows:

 ref obj
| |,ψ ψ ψ= +  (2)

where ψ
ref

 is the reference wave generated by the feed 

and ψ
obj

 is the object wave corresponding to the desired 

radiation pattern. The impedance of the surface is then 

designed according to this interference pattern. The 

second step is using the same ψ
ref

 to interfere with |ψ2 |, 

so that the desired object wave is recreated, as |ψ
ref

 | 2ψ
obj

. 

The interference pattern is represented by varying the 

effective surface impedance, shown in Figure 8A [37]. A 

surface covered with an array of subwavelength metallic 

patches on a grounded dielectric substrate provides vari-

able surface impedance controlled by the geometry of the 

patches. A closer view of the pattern is shown in Figure 8B 

[37]. Small gaps provide higher impedance, while large 

gaps correspond to lower impedance. Furthermore, by 

varying the shape of the cells, anisotropic impedance 

values are achieved, enabling polarization control. For 

example, a surface that can generate circular polariza-

tion from a linearly polarized excitation source is shown 

in Figure 8C [37]. Each patch is divided into two regions 

by a slit with a variable direction, and the anisotropy of 

the patches creates a tensor impedance surface, which 

enables coupling between different polarizations.

A multifunctional surface supporting dual beam 

and dual polarization radiation is achieved with two 

A B C
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Figure 7: Passive and tunable uniform metasurface antenna.
(A) For 2D CRLH structure radiation a conical-beam, three topologies are shown: (1) a patch mushroom structure, (2) an inter-digital mush-
room structure, (3) a stepped-impedance structure. (B) Two-dimensional varactor diodes loaded textured metasurface as a tunable beam 
steering metasurface. (C) Dispersion diagram of (B) with different biasing to the varactor diodes, fulfilling backward/forward TE modes. (D) 
A 1D backfire-to-end-fire fan-beam CRLH leaky-wave antenna. (E) A THz grapheme-based leaky-wave metasurface with electronic beam scan-
ning capability at a fixed frequency. (F) A THz reconfigurable graphene based HIS leaky-wave antenna.
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orthogonal excitations, as shown in Figure 8D [118]. Two 

different functions are written on the same holographic 

interference pattern without mutual coupling, and fre-

quency-dependent beam scanning with orthogonal polar-

izations is achieved. With simple isotropic patches, the 

impedance can be modulated by a sinusoidal spiral func-

tion and fed with single-point feed at the center, allow-

ing a TM surface wave to be transformed to a circularly 

polarized leaky wave with broadside radiation, shown in 

Figure 8E [119]. An anisotropic holographic metasurface 

with a coplanar feed and circularly polarized radiation is 

shown in Figure 8F [120], which can be applied in space to 

ground satellite communications. A synthesis method is 

presented in Ref. [121] that gives control to the amplitude, 

phase, and polarization of the aperture field by adjusting 

the boundary conditions imposed by the metasurface. 

Some examples of the patterns with single or four probe 

feeding are given in Figure 8G [121]. A simple 1D sinu-

soidally modulated reactance surface is demonstrated 

in Figure 8H [122], which allows for nearly independent 

control of the leakage and phase constants along the 

surface with arbitrary off-broadside radiation. A method 

of mapping the gaps between metallic strips is demon-

strated as well.

A

B C

D E
F

G H I

Figure 8: Holographic leaky-wave metasurfaces.
(A) Demonstration of leaky-wave being excited with a single feed. (B) A partial close view of the isotropic holographic metasurface. (C) Ani-
sotropic holographic metasurface for circular polarization applications. (D) Dual-beam holographic metasurface. (E) Isotropic holographic 
metasurface with a single feed in the center. (F) Anisotropic holographic metasurface with a coplanar feeder with circular polarization radia-
tion for satellite communications. (G) Synthesis of holographic metasurface design in controlling magnitude, phase and polarizations. (H) 
One-dimensional sinusoidally modulated reactance surface. (I) Top and bottom views of a polarization insensitive holographic surface with 
complementary unit cells on either side.
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An interesting polarization-insensitive holographic 

high impedance surface is demonstrated in Ref. [123]. 

Designed with the potential to focus incoming radiation 

to the center of the antenna, regardless of polarization, it 

can serve as an important step towards metasurface-based 

energy scavenging. Like the line wave structure discussed 

previously, it is based on the overlapping dispersion curves 

of complementary TE/TM surfaces around the frequency 

of operation. Two complementary loop-wire structures are 

printed on either side of the substrate with matching refrac-

tive indices, enabling the wave to follow the same surface 

path for both LHCP and RHCP. Figure 8I shows a close-up 

schematic of the loop-wire unit-cell based metasurface.

In conclusion, metasurface-based leaky wave anten-

nas can provide advantages in point-to-point communi-

cations due to their planar structure, ease of fabrication, 

simple feeding, as well as frequency and beam steering 

control.

6   Modulators and polarizers

As discussed in a previous section, Huygens’ surfaces play 

an important role in achieving control over wave magni-

tude and phase and are the building blocks of metasur-

face modulators and polarizers, which shall be discussed 

in greater detail in this section.

Metasurfaces have been shown to provide a few dis-

tinct advantages over conventional optical components. 

Waveform shaping can be achieved over much smaller 

length scales after the reflection or transmission inter-

face. Amplitude, phase, and polarization response can be 

engineered over subwavelength scales as metasurfaces 

provide the freedom to manipulate both the electric and 

magnetic fields.

Although modulator designs have been demonstrated 

and successfully integrated into large-scale industrial 

products, this article aims to focus on the more recent 

developments in metasurface modulator research, which 

has occurred in the THz regime. Early designs involved 

linear phase shifts obtained by electrically controlled 

metasurfaces made of periodic split ring resonators [124]. 

The metasurface sheet was biased by an external voltage 

creating a depletion region directly below it on the GaAs 

substrate, as shown in Figure 9A. Varying the width of the 

depletion layer provides control over the electron flow and 

the metasurface resonance, obtaining a linear phase shift 

on the order of 30° with constant insertion loss. As phase 

response is proportional to the frequency derivative of 

the amplitude (governed by the Kramers Kronig relation), 

amplitude modulation is also observed. Based on the same 

principle, to obtain a much broader range of phase varia-

tion, recently, an interesting metasurface design involving 

a doped graphene layer was suggested [125]. While it has 

A B
C
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Figure 9: Modulators and polarizers.
(A) Split ring resonator metasurface biased with external voltage on GaAs substrate to create a depletion region. (B) Metasurface covered by 
monolayer graphene doped by an ion sheet. (C) Eight nano-antenna separated by one-eighth of the unit cell length providing a 45° phase 
shift. (D) Nano-antennas arranged to form an optical vortex. (E) Schematic representation of a two layer uni-directional polarizer-RHCP inci-
dent from region 1 is converted to LHCP in region 2 but is reflected back if incident from region 2. (F) Schematic and examples of cascaded 
metasurface layers allowing control over magnetic and electrical susceptibilities.
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the familiar metasurface design of a metal pattern over a 

spacer, the top of the structure is covered with a graphene 

monolayer further topped by an ion-gel, as depicted in 

Figure 9B. An external voltage applied to the ion-gel 

controls the graphene doping, thereby controlling the 

width of the depletion layer. This turns the system into an 

underdamped resonator with greater control over phase 

variations providing ±180° phase shift. This method of 

gate-controlled graphene doping to tune optical conduc-

tivity is currently a topic of great interest in the research 

field [126–128].

Metasurface designs can also be used to achieve abrupt 

and discontinuous phase transitions, providing great flex-

ibility in beam-shaping. The surfaces are pseudo-periodic 

in nature with a single unit cell comprising a set of varying 

nano-resonators, which provide amplitude continuity 

along with a phase gradient resulting in cumulative phase 

jump [129]. A series of eight plasmonic rod antennas, grad-

ually rotating in orientation, were used to form a single 

unit cell of the metasurface and provide an entire 360° 

phase modulation capability. The phase shifts obtained 

can be seen demonstrated through Figure 9C. “V”-shaped 

nano-antennas were excited along either their symmetry 

or their anti-symmetry axes (or a combination thereof) to 

produce the desired handedness (right/left) and effective 

phase. These surfaces were referred to as “meta-surfaces 

based on optical scatterers” and are based on the interac-

tion of the light incident on the antenna and the localized 

surface plasmons (each nano-antenna resonates at the 

surface plasmon frequency). Proof of concept was further 

demonstrated by creating eight equal pie slices comprising 

each one of the nanorods in the correct order to provide a 

continuous phase gradient, creating an optical vortex with 

each slice providing a 45° shift [130, 131]. The structure and 

the obtained vortex can be seen in Figure 9D.

Modulators that provide certain fixed phase shifts, 

such as converting incoming waves into their orthogonal 

counterparts, are essentially polarization converters, and 

their metasurface variants have seen great innovation 

in theory and design over the past decade. Conversely, 

it can be said that polarization of the incoming wave 

dictates the phase shift obtained. Structures including 

plasmonic nano-antennas [132, 133], birefringent crystals 

[134], elliptical gratings, and chiral structures [135–137] 

have all shown the ability to modify the polarization of an 

EM wave. Simple quarter wave plates provide a 90° phase 

shift between two orthogonal electric field components. 

One of the simplest polarizers is a single slit on a metal 

plane. The transmitted beam will always have dominant 

polarization along the minor axis of the slit, and it can be 

easily characterized using a polarizer’s Jones matrix. A 

more useful design can be created by etching many such 

slit-like anisotropic scatterers with similar geometries but 

varying orientations [30].

Early adaptations are based on orthogonal nano-slit 

and nanorod plasmonic metasurfaces that are tuned just 

slightly above and below their resonance, respectively, to 

achieve an exact 90° phase shift. Ideally, at resonance, a 

sudden phase shift from ±90° to ∓90° or from a capacitive/

inductive to inductive/capacitive response occurs. Highly 

accurate and arbitrary phase shifts can be obtained by 

collocating electric and magnetic dipoles [33]. Building on 

the principle of controlling the electric response, a variety 

of structures were proposed where the addition of mag-

netic control significantly improved the performance of 

the polarizers. The structures consisted of multi-layered 

or cascaded metasurfaces, which allowed control of both 

electric and magnetic susceptibilities [138]. The current 

circulating through the cascaded layers provides the 

required tuning for the magnetic field component.

A simple implementation involves the cascading 

of Jones matrices of each sheet to achieve the required 

polarization change. A more accurate model takes into 

account the multiple reflections between sheets and, 

having determined the requisite S-parameters, calculates 

the required sheet impedance using a gradient descent 

algorithm. Depending on the obtained impedance, the 

geometry for each sheet can be selected, which in turn 

gives rise to devices such as a polarization rotator, a sym-

metric circular polarizer, an asymmetric linear polarizer, 

as well as an asymmetric circular polarizer. Optimizations 

of the number of layers versus efficiency and range of 

phase/polarization control have been found to have the 

best performances for three or four cascaded metasurface 

layers [138, 139]. Examples of such cascaded structures 

are shown in Figure 9F.

7   Cloaking

One of the most intriguing and publicized aspects of elec-

tromagnetics continues to be the ability to develop an 

invisibility cloak. The first suggested designs were based 

on the concept of transformation optics [140] and used 3D 

anisotropic metamaterials. These cloaks were, however, 

too bulky and narrowband and suffered from excessive 

losses. An alternate technique known as “mantle cloak-

ing” was proposed, which used ultra-thin metasurface 

screens placed at some distance (d) above the object to 

be cloaked. The surface reactance (X
s
) of the metasur-

face screen was used to negate the object’s reactance at 



1004      A. Li et al.: Metasurfaces and their applications

a distance d from its surface [141, 142]. By tuning para-

meters of X
s
 and d, the possibility of creating “anti-phase” 

or waves with destructive interference to cancel out the 

scattering with “one-atom thick” graphene metasurface 

(among other structures) has been shown at even THz fre-

quencies. Examples of such cloaks on 1D and 3D objects 

are shown in Figure 10A. As impedance matching occurs 

only at a single frequency, it is difficult to obtain wideband 

cloaks. Efforts in this direction have used varactors to tune 

the capacitance of the metascreen for some measure of 

increased bandwidth [143].

Another cloaking technique called “plasmonic 

cloaking” involves covering objects with a metasur-

face that possesses a spatially varying refractive index. 

In essence, the idea is to make a cloak that can recon-

struct the phase of the scattered wavefront to match it to 

the wavefront expected if the object was replaced by a 

flat mirror, as schematically represented by Figure 10B. 

Its main working principle is to cancel the dominant 

harmonics that are scattered by an object. Plasmonic 

cloaks are often designed to have the opposite polariza-

tion to that of the object they cover. Working prototypes 

have been demonstrated in the optical regime by using 

ultra-thin, subwavelength gold nano-antennas [143] and 

ring resonator metasurfaces [144]. Figure 10C shows the 

reflected wave pattern for a given direction of incidence 

and displays distinct phase correction as opposed to the 

uncloaked case.

Passive metasurfaces, although effective, have been 

unable to meet the two major requirements of a true 

“invisibility cloak” – the ability to provide broadband 

cloaking for the entire visible spectrum and to cover an 

object of arbitrary shape and size. Techniques demon-

strated above have been shown only to be successful for 

certain narrow section of the spectrum and cloak objects 

with defined shapes or sizes that are relatively small. To 

A
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Figure 10: Cloaking.
(A) Mantle cloaking depicted on 1D and 3D objects. (B) Principle of plasmonic cloaking. (C) Reflected wave patterns for objects without 
and with plasmonic cloaks at varying incidence angles. (D) Working principle of an active PT symmetric gain-loss cloak wrapped around a 
cylindrical body.
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obtain broader bandwidth would require the metasurface 

to have near constant impedance over a wide frequency 

range, which would violate Foster’s reactance theorem. 

Metasurface cloaks based on mantle cloaking with active 

elements to emulate negative impedance converters (non-

Foster circuits) have been shown to support much broader 

bandwidths [145]. Furthermore, every passive surface 

is associated with a degree of absorption loss, implying 

that it is impossible for passive cloaks to return exactly 

the same amplitude that was incident, and while they 

suppress scattering in their operational bandwidth, they 

often scatter much more outside of it.

Much like acoustic cloaks consisting of dynamic 

sensor and source arrays, active metasurfaces that require 

external power have been proposed [146] to optically 

cloak large objects over broad bandwidths. They utilize a 

combination of loss and gain media, which are capable of 

absorbing radiation on the incident side of the object and 

emitting the same absorbed signal on its opposite side, as 

seen in Figure 10D.

8   Metasurface lenses

Introducing metasurfaces in lens design by means of non-

uniform impedance surfaces has resulted in designs with 

low profiles that are simple to manufacture. The idea of 

metasurface lenses first gained traction due to negative 

index materials that were capable of focusing light despite 

being rectangular slabs (Figure 11A) as opposed to conven-

tional curved lenses, thus solving the issue of spherical 

aberrations. While it is possible to make them thin, the 

combined negative permeability and permittivity provide 

positive impedance, resulting in a match to free space 

and complete transmission, which, among other factors, 

makes them close to perfect lenses [16]. Composite right-/

left-hand metasurface structures with mushroom-like 

unit cells have been proposed, demonstrating reversal of 

Snell’s law through flat lenses [147], as seen in Figure 11B. 

Implementation of such structures has been frequently 

depicted through means of transmission line models [3, 

148, 149].

As discussed in the section on metasurface wave-

guides, methods have been proposed to design imped-

ance surfaces with smoothly varying impedances, thereby 

resulting in smoothly varying refractive indices that can 

be used for surface wave lenses. Successful efforts have 

been made to create the popular planar Luneberg lens 

that has the property of focusing a parallel beam into a 

point at the edge of the lens [150].

One popular approach is to gradually vary the radii of 

patches that make up the metasurface. Figure 11C shows a 

prototype with the unit cell radius decreasing as one moves 

away from the center of the lens. A wave travelling on such 

a surface sees a gradually varying surface impedance and 
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Figure 11: Lenses.
(A) Schematic representation of a negative index material-displaying reversal of Snell’s law and capable of focusing waves through a flat 
surface. (B) Mushroom-like structures with vias shorting them to the ground plane represent a popular implementation of negative index or 
complex right-/left-handed (CRLH) materials. (C) Luneberg lens fabricated using circles of differing radii as unit cells based on a dispersion 
curve. (D) Luneberg lens using anisotropic polygons to create a gradually vary impedance sheet. (E) Chromatic aberrations can be corrected 
by coupled by dielectric resonators (S indicated unit cell length, W

L
 and W

R
 represent widths of the resonator, g depicts the gap between the 

coupled resonators, and h is the height above the substrate).
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the corresponding change in phase velocity. By combining 

the Luneberg lens design with the dispersion relation of 

a TM surface wave, a refractive index profile is obtained 

and the patch sizes are synthesized accordingly [151]. A 

more mathematically intensive but accurate implementa-

tion involves replacing the circular patches with arbitrary 

shapes. Each unit cell is synthesized using a starting func-

tion, and a Voronoi technique is used to define the shape 

of the patches [107]. The impedance profile is obtained 

in a similar manner by combining the Luneberg design 

approach and TM surface wave dispersion relation, but 

the metasurface elements can have arbitrary and gradu-

ally varying shapes. The smoothly varying polygons can 

be seen in Figure 11D. Both methods have since been used 

to design surfaces with spatially varying refractive indices.

Chromatic aberrations continue to be one of the 

biggest drawbacks of refractive lenses, as different wave-

lengths experience different phase velocities. Metasurface 

lens designs have been able to overcome these limitations 

by creating periodic rectangular dielectric resonators. 

These coupled nano-structures have been shown to focus 

on EM wave in a dispersion-free manner by providing an 

additional wavelength-dependent phase to the incom-

ing wave [152]. Each unit cell consists of two coupled 

resonators, and modification of resonator lengths, gaps, 

and heights provides the necessary degrees of freedom 

required to generate the required phases. Figure 11E 

shows the schematic of the aforementioned cell. Flat aber-

ration free lenses have also been demonstrated using the 

same series of “V”-shaped nano-antennas, as discussed 

in Section 4, to generate radially distributed phase discon-

tinuities [153].

9   Imaging

Metasurfaces remain an active topic of research for 

imaging applications at optical frequencies. Recent times 

have seen a shift in microwave and THz imaging techno-

logy based on the incorporation of metasurfaces in the 

design. This section will introduce several such designs 

developed within the last 5 years.

At optical frequencies, metasurfaces, unlike tradi-

tional imaging techniques that require thickness compa-

rable to the wavelength for phase modulation, provide an 

ultra-thin solution for holograms. Figure 12A [154] is the 

photograph of a metasurface hologram for visible light 

with a thickness of approximately 1/23rd of the operating 

wavelength. The proposed metasurface is composed of a 

set of Babinet-inverted, complementary nanoantennas, 

mapping the desired phase and amplitude on the glass 

substrate, providing high-resolution low-noise imaging. 

The schematic of the experimental setup is shown in 

Figure 12B [154], and images of different height are dem-

onstrated. A broadband high diffraction efficiency (80% 

at 825  nm) metasurface hologram for optical imaging 

applications is illustrated in Figure 12C [155]. A high-

efficiency geometric metasurface with multi-layer design 

and maximal polarization conversion efficiency is illu-

minated with a circularly polarized beam, forming the 

holographic image in the far field. More flexibility can 

be provided by designing the surface to respond inde-

pendently to different polarizations and frequencies. 

Figure 12D [156] demonstrates a spin and wavelength 

multiplexed nonlinear metasurface hologram, allowing 

encryption of multiple target images on the surface, with 

each carried independently by the fundamental and har-

monic waves of various spins. Figure 12D demonstrates 

that the surface can generate holographic images of “X”, 

“R”, and “L” with linear and nonlinear components, 

which are also polarization-dependent. Recently, a chiral 

hologram characterized by fully independent far-field 

images has been demonstrated in Figure 12E [157], where 

two independent holograms are encoded on a single 

metasurface. When illuminated with right- or left-hand 

circular polarization, two different images at the far field 

are generated.

For microwave applications, computational imaging 

techniques provide high-resolution images by combin-

ing or imposing a set of images obtained by spatially 

varying patterns. Conventional compressive imaging 

schemes require a lens to form measurement modes that 

effectively map the object to an image plane. Figure 12F 

[158] demonstrates a metasurface composed of a stand-

ard microstrip line with complementary split ring reso-

nator metamaterial elements working as a holographic 

array fed by a planar waveguide, eliminating the need 

for lenses. A THz active tunable metasurface for micro-

wave imaging is shown in Figure 12G [159]. This surface 

can be modulated in real time and permits acquisition 

of high-frame-rate, high-fidelity images. A recent work 

demonstrated variable radiation pattern generation by 

a dynamically tunable and reconfigurable metasurface 

antenna, as a function of tuning state, alleviating the 

dependency on frequency bandwidth in carrying infor-

mation. The proposed approach, depicted in Figure 12H 

[160], is applied in an imaging system efficient in both 

software and hardware, which can potentially be applied 

in microwave imaging applications.
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10   Conclusion and outlook

We have reviewed current research and applications of 

metasurfaces in both microwave and optical frequencies. 

In this article, advantages provided by metasurfaces com-

pared to traditional engineering in antennas, wavefront 

engineering, absorbers, lenses, and imaging are demon-

strated. Starting from high impedance surfaces, we have 

discussed their applications in low-profile antennas, 

absorbers, and surface wave suppression. Furthermore, 

wave-shaping advances are explained for control of both 

surface waves and plane waves in free space. With ampli-

tude and phase control provided by properly patterned 

unit cells, thin, conformal, and low-cost polarizers, lenses 

and modulators are designed from microwave to optical 

frequencies. Metasurface-based leaky-wave antennas 

are introduced; specifically, holographic techniques are 

studied and applied in the microwave region – effectively 

forming an antenna with a large aperture and simple feed. 

Metasurfaces are also investigated in optical and micro-

wave frequencies for imaging applications. By applying 

active electronics onto passive traditional metasurfaces, 

additional degrees of freedom are introduced, allowing an 

even broader range of capabilities.
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