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Abstract—With the genesis of metamaterials and its 2D coun-
terpart — metasurfaces, there is a paradigm shift in controlling
electromagnetic (EM) waves. A special category of metasurfaces
known as Huygens’ metasurface — fundamentally based on
equivalence principle, have demonstrated unprecedented capabil-
ities for advanced wavefront engineering. In this paper, we pro-
vide current trends and progress in the area of Huygens’ metasur-
faces, particularly the coarsely discretized Huygens’ metasurfaces,
consisting of two to three meta-atoms per metasurface period.
The basic design principle of coarsely discretized metasurface
relies on the classical grating theory, where the undesired Floquet-
Bloch (FB) modes are suppressed by engineering the individual
meta-atom, and the desired ones are allowed to radiate in the
far-field. Moreover, we briefly summarize the recent development
in Huygens’ box — a region of space surrounded by an active
Huygens’ metasurface, and its applications in antenna beam
steering. Lastly, we provide a summary and brief outlook on
the possible future research directions.

I. INTRODUCTION

Research on artificial materials can be traced back to the

late 19th century when Sir J. C. Bose conducted the first

experiment in the microwave regime on twisted structures,

which are now referred to as the artificial chiral elements

[1]. In 1948, W. E. Kock has suggested microwave lenses

designed by embedding conductive disks, strips, and spheres

periodically, resulting in tailored refractive index of the host

dielectric medium [2]. He coined the term artificial dielectrics

for the first time and since then, artificial dielectrics have been

the subject of intense research. A comprehensive treatment

related to the work on artificial dielectrics’ can be found in

the classic textbook by R E. Collin [3]. Victor Veselago, in

his seminal paper of 1968, has theoretically investigated the

wave propagation in the media characterized by a simultaneous

negative permittivity and permeability [4]. Over 30 years later,

the striking proposal of the perfect lens [5] by Sir John Pendry

and the first experimental realization of negative index media

at microwave frequencies [6], [7] have given an enormous

spark in the field of artificial media, now popularly known as

metamaterials — materials beyond those occurring naturally.

Metamaterials (MTMs) are 3D structures composed of

subwavelength-sized elements (meta-atoms) with engineered

EM responses designed to achieve unusual electromagnetic

properties. MTMs bring out a new perspective in controlling

EM waves, leading to fascinating new physics and exotic

phenomena, including negative refraction, invisibility cloak-

ing, optical magnetism, and inverse Doppler effect, among

many others [8], [9]. However, despite great success, the chal-

lenges in the fabrication of 3D micro-and nano-structures with

complex geometries have hindered its utilization in practical

applications.

Metasurfaces — 2D counterparts of metamaterials have

received enormous attention in the last decade, offering a

much better platform to overcome the limitations by bulk

metamaterials. Electromagnetic metasurfaces are the planar

structures consisting two-dimensional array of meta-atoms or

polarizable particles arranged in a periodic or quasi-periodic

manner, representing a powerful and versatile tool for con-

trolling EM waves at will [10]–[14]. They have already led to

many applications, including anomalous refraction/reflection,

flat lenses, polarization control, to name a few. The majority

of the metasurfaces design focus on manipulating electric

currents only, which gives rise to low transparency and lesser

phase coverage for the transmitted waves, greatly limiting the

wavefront manipulation capabilities. This led to the establish-

ment of Huygens’ metasurface (HMS) [15], [16], which is

fundamentally based on the classical Schelkunoff’s equiva-

lence principle – a generalization of the Huygens’ principle

dating back to the late 17th century [17]. HMS has seen un-

precedented growth over the past lustrum due to its exceptional

capabilities to transform EM waves in a reflectionless manner

[18]–[24].

One of the standard metasurface design schemes follows

the surface impedance-admittance approach that conforms to

the generalized sheet transition condition between an incident

and the desired electromagnetic fields [24]. The continuous

impedance-admittance surface is then finely discretized and

realized using the metallic or dielectric meta-atoms with

predefined EM response. A typical discretization of the meta-

surface accommodates 8 to 15 meta-atoms per period or,

in some cases, per wavelength [20], [25]. The metasurface

comprising densely packed deeply subwavelength-sized meta-

atoms is subject to implementation difficulties, especially for

the millimeter-wave (mm-wave) frequencies and beyond.

Recently, the idea of coarse discretization has been con-

ceived to design uncomplicated, cost-effective, robust yet effi-

cient metasurface without the need for deeply subwavelength-

sized meta-atoms. The coarsely discretized metasurface

(CDMS) consists of one [26]–[28] or a few elements [29]–978-1-6654-2849-1/21/$31.00 © 2021 IEEE
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[34] per period to effectively tailor the impinging wavefront.

The design of CDMS exploits the diffraction grating physics,

and when illuminated by an incident wave, discrete sets of

propagating and evanescent Floquet-Bloch (FB) modes are

excited following the periodicity of the structure. The meta-

atoms are engineered to suppress the undesired propagating

modes and allowing the desired ones to radiate in the far-field.

In addition, the sparsely discretized metasurface subdue the

fabrication difficulties even at the millimeter wave frequencies

and beyond.

This paper describes recent advances in the coarsely dis-

cretized Huygens’ metasurface, which features two to three

elements per metasurface period. Moreover, we summarize

recent progress in the area of Huygens’ box with its application

in antenna beam steering. This review paper by no means

is exhaustive, and the following sections describe the work

carried out in the author’s research group.

II. METASURFACE DISCRETIZATION

A periodic metasurface with period Λg and spatial frequency

kg = 2π
Λg

is considered in free-space, which scatters an

incoming plane wave into a discrete set of FB modes. The

transverse spatial frequencies of these FB modes are expressed

as

kyn = kyi + nkg = kyi + n
2π

Λg

, (1)

where kyi is the y-directed spatial frequency of the incident

wave, n (= 0, ±1, ±2, · · ·) represents the FB mode number.

Fig. 1 shows the operation of a periodic metasurface in the

k-space domain, which can be enunciated mathematically as

Πo(ky) =
∑

n

anδ(ky − kyn) (2)

where, Πo(ky) represents the output k-space spectrum, an
represents the amplitude, and kyn is the transverse spatial

frequency of the nth FB mode given by (1). It is to be noted

that the arrows in Fig. 1 indicate the presence of spectral

components but do not provide any phase and amplitude

information of these spectral components. In the k-space

domain, there exist an infinite number of FB modes; however,

only a finite number of these modes which falls in the range

of ky ∈ [−k0, k0] (represented by a purple box in Fig. 1)

can diffract into the far-field. The range of ky as mentioned

before is known as propagation range, and the modes that

lie outside this range will become evanescent. Wong and

Eleftheriades in [29] have described that N-fold discretization

Fig. 1. k-space operation of a periodic metasurface. Arrows denote
possible spectral components’ spatial frequencies but do not provide
information about the amplitude and phase. The violet box indicates
the propagation regime.

Fig. 2. (a) Geometry of the Huygens’ meta-atom, comprising three
stacked layer with metallic inclusion. (b) A diagram depicting one
period (Λg) of the metasurface. (c) k-space operation of refracting
metasurface. Reproduced figure from [31].

within the metasurface period is adequate to determine N FB

modes that radiate into the far-field. Underlying this concept,

a perfect anomalous reflector [29] and retroreflector [30] has

been designed.

III. COARSELY DISCRETIZED HUYGENS’ METASURFACE

Huygens’ metasurface consist of co-located orthogonal elec-

tric and magnetic polarizable particles, which form the 2D ar-

ray of Huygens’ sources, resulting in unidirectional scattering

and full 2π phase control. Next, we provide three examples of

Huygens’ metasurface for anomalous transmission, consisting

of metallic and dielectric particles.

A. Huygens’ Metasurface with Metallic Inclusion: Stacked-

Layer Topology

Stacked-layer meta-atom, constructed by stacking multiple

dielectric layers together with metallic inclusion, is the most

celebrated and utilized unit-cell topology [20], [21]. In [31],

a coarsely discretized metasurface is realized using aforemen-

tioned topology, where different metallic strips are printed on

multiple substrate layers having same relative permittivity, as

shown in Fig. 2(a). The loaded-dipole on the middle layer

acts as an electric dipole, whereas the loop for realizing the

magnetic dipole is formed by connecting the metallic strip

located on the top and bottom layer through vias. In this

way, a Huygens’ meta-atom is approximated by orthogonal

co-located electric dipole (loaded-dipole) and magnetic dipole

(loop). The metasurface is designed to operate for normal

incidence, considering the manipulation of first three FB

modes i.e. n = 0 and n = ±1, where these modes are excited

in both reflection and transmitted regimes. The nature of the

Huygens’ metasurface is such that it should ideally suppress

the reflection modes; however, these modes are excited weakly.

By properly engineering the meta-atom all the undesired FB

modes (T−1, T0 R0, and R±1 are suppressed and the power is

maximized into the desired mode i.e. T1, where T stands for

transmission and R denotes reflection.

In this case, a coarse discretization level of three elements

per metasurface period is ample for the mode manipulation.

It is to be noted that each of the three elements composed of

three identical unit-cells, as shown in Fig. 2(b). Fig. 2(c) shows
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Fig. 3. Electric field distribution at 10 GHz, showing anomalous
refraction for normal incidence Gaussian beam. Reproduced figure
from [31].

the k-space operation of the refracting metasurface. The period

of metasurface is set as λ0 < Λg < 2λ0 (in the present case

Λg = 1.8λ0, where λ0 is calculated at 10 GHz) to eliminate

the higher order (n ≥ 2) FB modes. Fig. 3 shows the electric

field distribution at 10 GHz along the yz-plane. Examining

the plot, it is clear that the normal incident Gaussian beam

is anomalously refracted. Simulation results shows that more

than 70% of the incident power is re-routed to the desired

direction. The refracted angle (θr) can be calculated using the

following equation,

sin θr = sin θi +
nλ0

Λg

(3)

where n is the mode number, θi is the incident angle and Λg

is the metasurface period. Taking Λg = 1.8λ0, n = 1, and

θi = 0◦, the refracted angle calculated using (3) is 33.7◦.

B. Dielectric Huygens’ Metasurface

In general, the realization of HMS comprising metallic

particles either require stacked topology [20], [21] or wire-loop

configuration [22]. Such requirements lead to fabrication dif-

ficulties, particularly for the high-frequency spectrum. More-

over, the unavoidable ohmic losses at high frequencies such

as mm-wave, degrade the efficiency of the meta-devices. On

the contrary, dielectric Huygens’ metasurface (DHMS), com-

prising high index and low-loss dielectric particles, has been

suggested as an alternative path for wavefront manipulation

[25], [32]–[36]. The DHMS is characterized by the spectral

overlapping of electric and magnetic dipoles or quadrupoles in

a single dielectric particle, providing unidirectional scattering

and 2π phase coverage. Next, we show two examples of

coarsely discretized DHMSs for anomalous refraction under

normal and oblique angle of incidence.

1) Normal Incidence: The dielectric meta-atom placed in

xy-plane (refer inset of Fig.4(a)) is simulated using the pe-

riodic boundary conditions and Floquet ports. The relative

permittivity of the DR is 12 and the dielectric losses are

not included in the simulations. The structure is illuminated

by a TE-polarized (electric field is along x-direction) plane

wave propagating along negative z-direction. Upon normal

incidence, two transmission minimas are observed at 56.2 GHz

and 64.4 GHz (refer Fig. 4(a)). Observing the electric field

distribution at the frequencies mentioned above, it is clear that

at 56.2 GHz, a y-directed magnetic dipole is excited (refer

Fig. 4(c)), whereas, at 64.4 GHz, an electric dipole is excited

oriented along x-direction (refer Fog. 4(d)). Next, we optimize

the geometrical parameters (Lx, Ly , and H) of the dielectric

block so that both the dipolar modes get overlapped to form

a Huygens’ source. This resulted in enhanced transmission

and 360◦ phase coverage, as shown in Fig. 4(e) [33]. The

optimized dimensions are: Lx = 2.70, Ly = 1.70, and

H = 0.80 (all dimensions are in millimeters).

As described previously, only three elements are sufficient

in order to manipulate the first three FB modes viz. n = 0,

and n = ±1, and thus, a transmissive metasurface at 60GHz is

designed utilizing three spatially varying dielectric Huygens’

meta-atom per metasurface period (refer Fig. 5(a)) [33]. The

period of the metasurface, in this case, is Λg = 1.74λ0.

Fig. 5(b) illustrates the transformation of y-directed spatial

frequency of the plane wave as it refracts from a refracting

metasurface. Figs. 5(c) and 5(d) depicts the transmission

and reflection magnitude plots for the three-element DHMS.

Examining the transmitted and reflected modes, it is clear that

the transmission is maximized to the desired T−1 mode at

60 GHz, whereas the undesired modes both in reflection (R0,

R+1, R−1) and transmission regime (T0, T+1) are suppressed.

In this case, > 80% of the total transmitted power is contained

in the desired FB mode. Fig. 5(e) shows the electric field

distribution illustrating the anomalous refraction at 60GHz.

The refracted angle (θr) calculated using (3) under normal

incidence for n = −1 and Λg = 1.74λ0 is −35◦.

2) Oblique Incidence: We seek to design a transmissive

metasurface operating under oblique incidence, considering

the manipulation of only two FB modes i.e. the specular mode

(n = 0) and the first higher-order mode (n = −1). Therefore,

in this case, a binary discretization will suffice for controlling

the FB modes mentioned above. We termed the resultant

metasurface as binary dielectric Huygens’ metasurface (B-

DHMS) [34]. The metasurface period is chosen so that only

the fundamental (n = 0) and first higher-order (n = −1)

modes are propagating. The k-space operation of B-DHMS is

illustrated in Fig. 6(a).

In this section, we provide a design of refracting metasur-

face at 60 GHz based on the procedure outlined in [34]; but

using a different unit-cell geometry. Firstly, we characterize

the meta-atom (refer inset of Fig. 6(b)) arranged in an infinite

periodic array for the normal incident angle. The full-wave

simulation shows that the dielectric block under consideration

produces electric and magnetic dipole resonance at 56.1 GHz

and 58.8 GHz, respectively (figures omitted for brevity). The

geometrical parameters of the rectangular dielectric are then

optimized to achieve the spectral overlapping of two dipolar

modes, which results in unidirectional scattering and full 2π
phase coverage. It is worth mentioning here that the unit-cell

designed for normal incidence is not directly applicable for

oblique incident angle. When the incident angle deviates from

normal, the transmission magnitude starts decreasing, and

thus, a slight dimensional modification is required to regain
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Fig. 4. (a) Transmission response of the dielectric meta-atom. Inset shows the schematic of dielectric meta-atom (b) Electric field distribution
at 56.2 GHz, representing magnetic dipole oriented along y-direction. (c) Electric field distribution at 64.4 GHz, showing x-directed electric
dipole. (d) Transmission spectra of dielectric Huygens’ meta-atom.

Fig. 5. (a) Isometric view of three-element refracting metasurface (Λg = 1.74λ0). (b) k-space operation of the metasurface. (c) Transmission
magnitude. (d) Reflection magnitude. (e) E-field distribution at 60 GHz, illustrating anomalous transmission. Sub-figures (a, b, and e)
reproduced from [33].

Fig. 6. (a) k-space operation of B-DHMS. (b) Geometry of the rectangular dielectric meta-atom (Ux = 0.72λ0 and Uy = 0.52λ0, where λ0

is calculated at 60 GHz). (c) Transmission spectra of dielectric Huygens’ meta-atom under oblique incidence of 15◦.

the spectral overlapping for oblique incidence. In this case,

we consider the incident plane wave to be TE-polarized (x-

directed electric field) and propagating along the yz-plane. Fig.

6(c) shows the transmission spectrum for oblique incidence

of 15◦, showing transmission > 0.9 (linear scale) and phase

coverage of 2π. B-DHMS is then realized by placing two

meta-atoms having a phase difference of 180◦ adjacent to each

other, as depicted in Fig. 7(a). Fig. 7(b) shows the transmission

and reflection magnitude plots for B-DHMS. Examining the

transmitted modes, it is clear that the transmission to the

desired T−1 mode is maximized, whereas the specular mode

(T0) is suppressed along with the reflection modes (R0, R−1).

The electric field distribution shown in Fig. 7(c) depicts the

anomalous refraction phenomenon under oblique incidence.

The refracted angle θr calculated using (3), for n = −1 and

Λg = 1.04λ0 is −44.5◦. Further, the refracted efficiency —

defined as the ratio of the scattered power in the desired mode

to the total scattered power, of B-DHMS is 87% at 60 GHz.

IV. HUYGENS’ BOX ANTENNA

Recently, the concept of Huygens’ Box–a rectangular metal-

lic cavity lined by a simple active Huygens’ metasurface,

has been proposed for arbitrary EM waveform generations

inside the enclosed area [37]. Traveling waves and Bessel

waves has been generated inside a metallic cavity utilizing the

same metasurface by aptly controlling the source excitations

[37]–[41]. Next, we briefly describe one of the promising

applications of Huygens’ box i.e. antenna beam steering.

Fig. 8(a) shows the schematic of the TM1 Huygens’ box

antenna [42], consisting of two-layers of Huygens’ metasur-

face elements wrapped around a region of interest and directed

along z-axis. This arrangement can be used to generate TM1
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Fig. 7. (a) Isometric view of two-element refracting metasurface
(Λg = 1.04λ0) (b) Transmission and reflection coefficients. (c)
E-field distribution in yz-plane at 60 GHz, illustrating anomalous
refraction.

Fig. 8. (a) Geometry of the TM1 Huygens’ box antenna. (b) Radiation
pattern showing the azimuth beam steering at 60 GHz for TM1
Huygens’ box antenna. The patterns are depicted for four wave
propagation direction i.e. φ = 0

◦, 22.5◦, 45◦, 67.5◦. The left panel
shows the pattern at θ = 45

◦ plane and the right panel depicts pattern
in φ = 0

◦, 22.5◦, 45◦, 67.5◦ planes. Reproduced figure from [42].

traveling waves, and the desired radiation is formed by allow-

ing the leakage of generated cavity waves through perforations

created on the top plate of the cavity. It is worth mentioning

here that these perforations do not affect the radiation pattern

as far as these are deeply subwavelength (0.025λ0× 0.025λ0)

and evenly spaced (0.125λ0) [42]. The HBA dramatically

reduces the number of elements as compared to the traditional

patch antenna array of equivalent aperture size, without much

compromising the directivity and sidelobe levels. Fig. 8(b)

depicts azimuth beam steering for 0◦ ≤ φ < 90◦. The slightly

stronger sidelobe levels observed when φ approaches 45◦

is a consequence of the imperfect plane wave generation in

Huygens’ box. A further reduction on the number of sources

is possible using TEM mode of operation with a low refractive

index MTM [42], [43].

V. CONCLUSION AND OUTLOOK

Huygens’ metasurfaces (HMSs) are emanating as an ex-

traordinary platform for extreme EM wave manipulation.

These engineered surfaces are based on the classical equiv-

alence principle and consist of metallic or dielectric Huygens’

scatterers – encompassed by the orthogonal co-located electric

and magnetic dipoles. The versatile nature of HMSs can be

employed to control the phase, amplitude, and polarization

of an incoming EM wave. Combining the concept of coarse

discretization with HMSs, provides new opportunities for

controlling EM waves with simplicity and high efficiency. The

coarsely discretized metasurfaces overcome the fabrication

difficulties at high frequencies such as mm-wave and terahertz,

where it is highly non-trivial to fabricate the meta-devices due

to their smaller feature sizes.

This review provided a few demonstrations of coarsely

discretized metallic and dielectric Huygens’ metasurfaces for

anomalous refraction under normal and oblique incidence.

Another example includes the arbitrary EM wave generation

inside a cavity surrounded by active HMS–the Huygens’ box.

We have shown one of the promising 5G application i.e. beam

steering using Huygens’ box antenna, which dramatically

reduces the number of elements as compared to the traditional

microstrip patch antenna array of similar aperture size.

Lastly, we would like to mention some promising future

research directions based on our perspectives. While a good

efficiency has been achieved for anomalous refraction, exciting

opportunities still exist for future studies. For instance, the

metasurface bandwidth is ≈ 5 − 10%, which significantly

restricts its functionality for broadband applications. This

opens up a new avenue to design metasurfaces that will

provide broadband operation with high efficiency. Another

emerging area is that of broadband achromatic metalenses

with good efficiency. More exciting opportunities exist for

active/re-configurable Huygens’ metasurface. For example,

the area of superoscillations is beneficial for super-resolution

electromagnetic focusing and imaging. The Huygens’ box’s

exceptional capabilities show the potential for realizing a su-

peroscillatory focal spot (beating the diffraction limit) without

using evanescent waves. As the Huygens’ box enables one

to synthesize and control an arbitrary EM wave inside an

enclosed area, it may find potential applications in the medical

sector such as magnetic resonance imaging [44]. With far-

reaching implications of coarsely discretized metasurfaces,

we envisage its impactful application in the area of acoustic

metasurfaces to manipulate the sound waves with simplicity.

Furthermore, this concept can be extended to realize simple

and robust dual-physics meta-devices that can simultaneously

control electromagnetic and acoustic waves. The incessant

evolution of fundamental concepts and potential applications
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makes this field a rapidly expanding frontiers of surface

electromagnetics, and still there are lot many things to be

discovered.
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