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Abstract

This paper reports a ternary dielectric Huygens’ metasur-
face – a metasurface comprising three elements per pe-
riod, that performs Floquet mode circulation in k-space.
We modeled the metasurface as a three-port network, and
through full-wave simulation at 28 GHz, we show that the
proposed metasurface performs circulation by transforming
the FB modes from mode number (+1, 0, -1) to (0, -1, +1),
respectively. The corresponding input and output angles
are (+33.8◦, 0◦,−33.8◦) and (0◦, −33.8◦,+33.8◦), respec-
tively.

1 Introduction

Electromagnetic metasurfaces are thin two-dimensional ar-
tificial structures that have sparked considerable interest
as a new paradigm for manipulating electromagnetic (EM)
waves in a nearly arbitrary manner [1]. Over the past few
years, metasurfaces have been designed for a plethora of
applications, including anomalous wave refraction and re-
flection [2–5], solving mathematical equations [6], among
many others. Following the quest for complete wave-
front control, Huygens’ metasurfaces – performing wave-
front transformation through the utilization of Schelkunoff’s
equivalence principle, have been proposed [7,8]. Huygens’
metasurface (HMS) elements can either be implemented us-
ing metallic scatterers [9] or dielectric resonators [10]. At
high frequencies, such as millimeter-wave, terahertz, and
beyond, the implementation of the former is challenging
due to the requirement of vias or several metallic layers.
Furthermore, the inherent joule losses reduce efficiency,
preventing them from being used for high frequency appli-
cations.

Dielectric Huygens’ metasurface (DHMS), on the other
hand, has been suggested as a low-loss alternative to their
metallic counterparts [10]. These artificial surfaces are
composed of low-loss and high-index dielectric resonators,
in which the interference between the electric and magnetic
dipolar modes having comparable strength, enhances for-
ward scattering and suppresses backward scattering, simi-
lar to the Kerker’s first condition. By carefully tuning the

resonator geometry, the spectral overlapping between the
eigenmodes can be realized in a single dielectric block, re-
sulting in high transmission and full 2π phase coverage.

One of the most fundamental functions of the metasurface
is to perform wave deflection through a phase-gradient ap-
proach based on generalized Snell’s law [2]. Such metasur-
faces are made up of densely packed subwavelength sized
meta-atoms with spatially varying properties that redirect
the impinging wave locally. However, these designs are
often inefficient, particularly for large steering angles [3].
Later, this issue has been addresses by enforcing the exact
boundary condition on the metasurface to implement high
efficiency meta-devices [4]. Nevertheless, in order to im-
plement rapidly varying surface impedance, such designs
necessitate high resolution discretization.

To address the inadequacies of the design methodologies
outlined above, the notion of coarse discretization has re-
cently been proposed. A coarsely discretized metasurface
consists of a single or a few polarizable particles per pe-
riod and is capable of performing extreme wave manipu-
lation with high efficiency and simplicity [11–13]. Such
metasurfaces have a relatively larger unit-cell size, which
reduces mutual interaction between the elements and sim-
plifies fabrication. The concept of coarse discretization is
based on long-established grating physics, in which the
local period selects a discrete set of diffraction channels
known as Floquet-Bloch (FB) modes – a series of propagat-
ing and evanescent plane waves excited by periodic struc-
ture. The meta-atoms in this scenario are engineered to
steer the incident wave towards the intended Floquet chan-
nel direction while suppressing the spurious FB modes.
When such metasurfaces are carefully designed with an ap-
propriate discretization level, an FB mode circulation effect
can be observed in the spectral or k-space domain.

In this paper, we present a ternary dielectric Huygens’
metasurface – a metasurface composed of three elements
per period, that performs anomalous refraction and realizes
Floquet mode circulation in the spectral domain from mode
index m = +1, 0, −1 to m = 0 ,−1 ,+1, respectively. In
addition, we characterized the proposed metasurface as a
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three-port system, with each port representing different FB
mode selected by the metasurface.

2 Metasurface Discretization and k-
space Circulation

Consider a periodic metasurface in free-space with period
Λg and spatial frequency kg = 2π

Λg
. Upon illumination by

a plane wave, the metasurface scatters a discrete set of
propagating and evanescent plane waves, generally known
as Floquet-Bloch (FB) modes. The transverse spatial fre-
quency of these FB modes is expressed as

ky(m) = kyi +mkg = kyi +mkg, (1)

where kyi is the y-directed wave number of the incident
wave and m (= 0, ±1, ±2, · · · ) represents the FB mode
number. Fig. 1 illustrates the spectral or k-space domain
operation of the metasurface, which can be expressed math-
ematically as

Ωo(ky) = ∑
m

Amδ (ky − ky(m)) (2)

where Ωo(ky) is the output k-space spectrum, Am represents
the amplitude, and ky(m) is given by (1). The output spec-
trum consists of an infinite number of FB modes, as shown
by the purple arrows in Fig. 1. However, only a finite num-
ber of these modes which falls inside the propagation region
with ky ∈ [−k0,k0] (represented by a purple box in Fig. 1)
can diffract into the far-field, whereas the modes outside the
aforementioned region are evanescent in nature and remain
in the near field of the metasurface. It has been demon-
strated in [12] that aggressively discretizing the metasur-
face with M-elements per period is sufficient to modulate
the power in the M-FB modes that propagate into the far-
field. When appropriately designed, such metasurfaces can
exhibit the circulation property in the spectral domain, as
will be discussed further below.

Consider a coarsely discretized periodic metasurface,
which upon illumination by a plane wave generates 2P+1-
FB modes in the output spectrum, separated by kg = 2π

Λg
.

As a result of coarse discretization in the spatial domain,
the metasurface shows the periodic character in the spectral
domain. The whole k-space spectrum of the metasurface is
periodic of these 2P+1 modes. Due to the periodic nature
of the k-space spectrum, a coarsely discretized metasurface

Figure 1. k-space operation of a periodic metasurface. Ar-
rows denote possible spectral components’ spatial frequen-
cies but do not provide information about the amplitude and
phase. The purple box indicates the propagation regime.

exhibits a mode circulation property [14]. For simplicity,
we here consider the case of three propagating FB modes,
i.e., P = 1, where the metasurface refracts a normally in-
cident wave towards an anomalous direction, and only the
−1st mode placed at −kg has non-zero amplitude. These
three FB modes can be controlled by coarsely discretizing
the metasurface with three elements per period [12–14].
The aforementioned discretization results in the periodic-
ity of the k-space spectrum of the metasurface with a pe-
riod of 3kg. Fig. 2(a) shows the k-space operation of the
metasurface with spatial frequency kg ∈ (k0/2,k0). For this
metasurface, an input wave with tangential wave number
kyi = +kg, 0, −kg produces non-zero mode with tangen-
tial wave number kyt = 0, −kg, +kg within the propagation
regime at the output spectrum (transmission spectrum), as
depicted schematically in Fig. 2(b). As a proof of concept,
we design a three-element transmissive DHMS to illustrate
the mode circulation property.

3 Ternary Dielectric Huygens’ Metasurface

We begin by examining the modes of a dielectric meta-
atom1 (refer to Fig. 3(a)) placed in an infinite array along
the x- and y-directions. The simulation is carried out in An-
sys HFSS with periodic boundary conditions and Floquet
ports. The structure is illuminated by an x-polarized plane
wave propagating along the -z-axis. Fig. 3(b) shows the
transmission spectra of an example meta-atom. The electric
and magnetic dipolar modes are represented by the trans-
mission magnitude minimas at 27.3 GHz and 29.9 GHz,
respectively. This is further confirmed by the vector elec-
tric field distribution displayed in Fig. 3(c). Examining the
electric field distribution at 27.3 GHz reveals the excitation
of an electric dipole mode oriented along the x-direction
(refer to the upper panel of Fig. 3(c)), whereas the anti-
parallel electric field lines (refer to the lower panel of Fig.
3(c)) at 29.9 GHz reveals the excitation of a magnetic dipole
along the y-direction. The aforementioned modes can then
be brought into spectral overlap by appropriately adjust-
ing the dimensions of the rectangular DR, resulting in high
transmission and full 360◦ phase coverage, as shown in Fig.
3(d).

Next, we seek to design a transmissive DHMS that redirects
a normal incident wave in an anomalous direction. Here, we
consider the manipulation of the fundamental (m = 0) and
the first-order (m=±1) FB modes. The metasurface period
should be set to λ0 < Λg < 2λ0 to ensure that the higher-
order FB modes (|m| ≥ 2) remain evanescent [12]. The
transverse wavenumber of the first order Floquet modes
(m = ±1) for the normal incidence can be expressed as
ky(±1) = ±k0 sinθt(±), where eq. (1) yields the transmitted
angle, θt(±1) as:

θt(±1) =±sin−1
(

λ0

Λg

)
(3)

1The relative permittivity of the dielectric resonator is 12 and dielectric
loss is not taken into account.
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Figure 2. (a) The k-space operation of the periodic metasurface showing the circulation of three FB modes. Solid arrows
represent FB modes with non-zero magnitude, while dashed arrows represent FB modes with zero magnitude. (b) A schematic
of a transmissive metasurface that realizes the FB mode circulation with input mode number m = +1 0, −1 to output mode
number m = 0, −1, +1.

Figure 3. (a) Schematic of the dielectric meta-atom. (b) Transmission spectrum of an example dielectric meta-atom. (c)
Electric field distribution at 27.3 GHz (upper panel) and 29.9 GHz (lower panel). (d) Transmission spectrum of the dielectric
Huygens’ metasurface, showing |S21|> 0.86 and full 360◦ phase coverage across 25-33 GHz. The final optimized dimensions
(in mm) are: Lx = 5.5, Ly = 3.4, H = 1.7.

For the transmissive metasurface, the above-mentioned
modes are present in both the transmission and reflection
regimes, adding up to a total of six FB modes. Fortu-
nately, the metasurface based on Huygens’ principle pro-
duces very weak reflections and can be considered as a
near-reflectionless artificial surface [9]. Therefore, we only
consider the three transmission modes, and a ternary dis-
cretization will suffice to alter the power carried by these
transmission modes. Accordingly, we design the metasur-
face with three spatially varying dielectric meta-atoms per
period, which we refer to as ternary dielectric Huygens’
metasurface (T-DHMS). The periodicity of the metasurface
is chosen as Λg = 1.8λ0, where λ0 is the free space wave-
length determined at 28 GHz. The proposed metasurface
redirects a normal incident wave towards the Floquet chan-
nel m =−1 that corresponds to θt(−1) =−33.8◦ according
to (3).

To illustrate the mode circulation effect, we modeled the
proposed metasurface as a three-port network, as depicted

Figure 4. Schematic showing three-port model of the pro-
posed metasurface.

in Fig. 4. Each input (incident) and output (transmission)
port represents a different FB mode. The input ports are
denoted as Pi

n(m), while the output ports as Po
n(m), where

n = 1, 2, 3 is the port number and m = 0, −1, +1 is the
FB mode index. The related transmission coefficient (mag-
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Figure 5. Electric field distribution in yz-plane at 28 GHz.
Right panel shows the mode transformation from m=+1 to
m = 0, middle panel shows the mode transformation from
m = 0 to m =−1, and left panel depicts the mode transfor-
mation from m =−1 to m =+1.

nitude) matrix can be represented as tno,ni , where the wave
is transmitted to nth

o port when the metasurface is illumi-
nated from nth

i port. The transmission coefficient (magni-
tude) matrix of the proposed metasurface at 28 GHz is given
by (4).

tno,ni =

0.27 0.30 0.88
0.9 0.25 0.33

0.27 0.89 0.26

 (4)

According to the transmission magnitude values
(t13, t21, t32), it is clear that the proposed metasurface
realizes the mode circulation, transforming the input wave
with mode numbers (+1, 0, -1) to the transmitted wave with
mode numbers (0, -1, +1). The electric field distribution
shown in Fig. 5 clearly displays the mode circulation
property.

4 Conclusion

In summary, we have presented a theory and simple demon-
stration of Floquet modes circulation utilizing a simple,
passive, and reciprocal dielectric Huygens’ metasurface.
The proposed coarsely discretized metasurface with a dis-
cretization level of three allows the FB mode to circulate
from mode number (+1, 0, -1) to (0, -1, +1), respectively.
Appropriately designing and discretizing the metasurface
opens up new possibilities for designing circulators in both
the transmission and reflection regimes.

5 Acknowledgement

This work is supported by an Early Career Scheme from
the Research Grants Council of the Hong Kong under Grant
21211619.

References

[1] O. Quevedo-Teruel, H. Chen, A. Díaz-Rubio et al.,
“Roadmap on metasurfaces,” J. Opt., vol. 21, no. 7,
2019.

[2] N. Yu, P. Genevet, M. A. Kats et al., “Light propaga-
tion with phase discontinuities: Generalized laws of
reflection and refraction,” Science, vol. 334, no. 6054,
pp. 333–337, 2011.

[3] N. M. Estakhri and A. Alú, “Wave-front transforma-
tion with gradient metasurfaces,” Phys. Rev. X, vol. 6,
no. 4, 2016.

[4] M. Chen, E. Abdo-Sánchez, A. Epstein, and G. V.
Eleftheriades, “Theory, design, and experimental ver-
ification of a reflectionless bianisotropic Huygens’
metasurface for wide-angle refraction,” Phys. Rev. B,
vol. 97, p. 125433, Mar 2018.

[5] V. S. Asadchy, A. Díaz-Rubio, S. N. Tcvetkova et al.,
“Flat engineered multichannel reflectors,” Phys. Rev.
X, vol. 7, p. 031046, 2017.

[6] N. M. Estakhri, B. Edwards, and N. Engheta,
“Inverse-designed metastructures that solve equa-
tions,” Science, vol. 363, no. 6433, pp. 1333–1338,
2019.

[7] C. Pfeiffer and A. Grbic, “Metamaterial Huygens’
surfaces: Tailoring wave fronts with reflectionless
sheets,” Phys. Rev. Lett., vol. 110, p. 197401, 2013.

[8] M. Selvanayagam and G. V. Eleftheriades, “Discon-
tinuous electromagnetic fields using orthogonal elec-
tric and magnetic currents for wavefront manipula-
tion,” Opt. Express, vol. 21, no. 12, pp. 14 409–
14 429, 2013.

[9] V. G. Ataloglou, M. Chen, M. Kim, and G. V. Eleft-
heriades, “Microwave Huygens’ metasurfaces: Fun-
damentals and applications,” IEEE J. Microwaves,
vol. 1, no. 1, pp. 374–388, 2021.

[10] K. Koshelev and Y. Kivshar, “Dielectric resonant
metaphotonics,” ACS Photonics, vol. 8, no. 1, pp.
102–112, 2021.

[11] Y. Ra’di, D. L. Sounas, and A. Alu, “Metagratings:
Beyond the limits of graded metasurfaces for wave
front control,” Phys. Rev. Lett., vol. 119, no. 6, p.
067404, 2017.

[12] A. M. H. Wong and G. V. Eleftheriades, “Perfect
anomalous reflection with a bipartite Huygens’ meta-
surface,” Phys. Rev. X, vol. 8, p. 011036, 2018.

[13] A. Sharma, C. Qi, K. A. Oyesina, and A. M. H. Wong,
“Coarsely discretized Huygens’ metasurface: Manip-
ulating EM waves with simplicity,” in 2021 IEEE
International Conference on Electronics, Comput-
ing and Communication Technologies (CONECCT),
2021, pp. 1–6.

[14] C. Qi and A. M. H. Wong, “Discrete Huygens’ meta-
surface: Realizing anomalous reflection and diffrac-
tion mode circulation with a robust, broadband and
simple design,” arXiv:2201.04290 [physics.app-ph],
2022.

Authorized licensed use limited to: Abhishek Sharma. Downloaded on November 21,2022 at 20:55:49 UTC from IEEE Xplore.  Restrictions apply. 


