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Abstract— This article presents a novel toroidal metasurface
that is able to support a toroidal response at almost all incident
angles for a transverse magnetic (TM) wave at the microwave
range. A flat band is observed from the calculated band structure
where the radiation power of the toroidal response is highest
around 7.51 GHz. A high transmission at a resonant frequency
is observed from the simulated and measured transmission coef-
ficients with different incident angles, whereas the transmission
is lower at the rest frequency range. The resonance frequency
at a high sensitivity of 0.78 GHz/refraction index unit (RIU)
is experimentally demonstrated, which is very sensitive to the
thickness and the refraction index of the surrounding materials
such that the proposed toroidal metasurface could be used for a
tunable highly efficient filters.

Index Terms— Angle insensitive, metasurfaces, planar filters,
toroidal dipoles, tunable filters.

I. INTRODUCTION

METASURFACES constructed by periodic resonators
at a subwavelength scale provide a new platform to

manipulate the electromagnetic response, which has potential
applications in antennas [1], [2], sensors [3], absorbers [4],
and microwave integrated circuits [5]. The electromagnetic
responses of metasurfaces are usually related to electric and
magnetic multipoles [6]. Toroidal dipole is the third family
of localized electromagnetic excitation, which is created by
a poloidal current circulating on the surface of a torus and
has been observed in many systems: nuclear physics [7],
solid-state physics [8], and biological macromolecules [9].
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There are several extraordinary properties of toroidal dipoles,
such as nonradiating charge-current configurations [10], and
nonreciprocal refraction in a toroidal domain wall material
[11]. However, although toroidal moments can exist in natural
media, their responses are weak and can be easily over-
whelmed by the stronger electric and magnetic responses.

In the field of electromagnetism, metamaterials provide
an innovative approach for significant enhancement of the
dynamic toroidal response [12]–[15]. Experimental demonstra-
tion of a dynamic toroidal response in a metamaterial was first
reported in the microwave regime, which is consisted of a ring-
shaped arrangement of four split-ring resonators (SRRs) [16].
Based this method, many structures with smart metamolecule
designs to achieve a strong toroidal dipole response had been
studied, such as metamaterials and metasurfaces based on
arrays of SRRs [17]–[20], pairs of disks and bars [21], [22],
and plasmonic nanoparticles and periodic grids [23], [24]. It
has been recognized that dynamic toroidal multipoles based on
metamaterials and metasurfaces could provide a new approach
to manipulating the electromagnetic excitations leading to
potential applications in the fields of sensing, energy, and
information. There is one key limitation of the toroidal dipole
response that its excitation by only a single directional incident
wave or a narrow range of incident angle in previous studies.
The ability to be excited by multiangles of incident wave will
play significant roles in designing tunable metasurfaces and
multifunctional devices; however, it has not been reported in
the literature so far.

In this article, an angle-insensitive toroidal metasurface at
the microwave regime is postulated where its toroidal response
can be excited by much wider range of incident angle, and
the proposed structure is further experimentally demonstrated.
With a dispersion analysis, a flat band with the toroidal
response at 7.51 GHz is exhibited. When the proposed toroidal
metasurface is excited by a transverse magnetic (TM) plane
wave, a very sharp peak is observed at a resonance frequency
of highest transmission coefficients when the incident angle
varies in the range from 0◦ to 60◦. This unique property
of flat bands is verified via measurements and simulation.
With an analyte layer, the experiment also demonstrates that
the resonant frequency is very sensitive to the refraction
index and thickness of the surrounding material at a sensi-
tivity of 0.78 GHz/refraction index unit (RIU). The observed
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Fig. 1. Schematics of the angle-insensitive toroidal metasurface.
(a) Schematic of the toroidal metasurface. Inset: polarization and direction
of the incident planewave. (b) Unit cell of the toroidal metasurface consisting
of four SRRs. The gray region is a square F4B substrate with a relative
permittivity of 3.5, thickness of d = 3.5 mm, and length of l = 10 mm. The
yellow regions are the SRRs (copper with a conductivity of 5.7 × 107 S/m)
with a = 3.5 mm, s = w = 0.5 mm, t = 0.035 mm, r1 = 2.5 mm, and
r2 = 0.3 mm.

characteristics of the newly proposed angle-insensitive toroidal
metasurface will lead to new sensing and bandpass spatial filter
applications.

II. ANGLE-INSENSITIVE TOROIDAL METASURFACE AND

DISPERSION ANALYSES

A. Structure of the Angle-Insensitive Toroidal Metasurface

The newly postulated angle-insensitive toroidal metasurface
is shown in Fig. 1(a), which consists of a cluster of rectangular
unit cells periodically translated along the x- and y-axes.
The inset shows the polarization and direction of the incident
planewave. A rectangular unit cell in Fig.1(b) shows the
schematic of a square unit cell, which contains four SRRs
located in two orthogonal planes separated by a distance
r1 = 2.5 mm. The yellow region is copper and the parameters
of the SRR are a = 3.5 mm, s = w = 0.5 mm, d = 3.5 mm,
t = 0.035 mm, and r2 = 0.3 mm. The gray region is the
F4B dielectric material with a relative permittivity of 3.5 +
0.001i at the frequency below 10.0 GHz. The height and side
length of the F4B substrate are d = 3.5 mm and l = 10 mm,
respectively. In previous studies, it has been demonstrated that
a single SRR can be seen as a magnetic dipole and the toroidal
response can be excited by shaping SRRs in a circle [25].

B. Dispersion Analyses of the Toroidal Metasurface

The band structure in this proposed toroidal metasurface is
numerically calculated by employing the eigenmodes solver
of the Computer Simulation Technology (CST) Microwave
Studio, and the dispersion relation is shown in Fig. 2, while
the first Brillouin zone (FBZ) of the proposed metasurface is
shown in the inset of Fig. 2. The wave vectors at different
points are �(0, 0), X(π /l, 0), and M(π /l, π /l), where l is
the lattice constant of the metasurface. In the eigenmode

Fig. 2. Dispersion of the proposed toroidal metasurface. Calculated band
diagram of the proposed metasurface and the inset showing the FBZ of the
proposed metasurface. A flat band is observed around 7.5 GHz.

simulator in the CST, we build the unit cell structure and
use periodic boundary conditions along the x- and y-axes and
electric boundary condition along the z-axis.

The black dashed lines represent the light lines in air.
We can clearly observe a flat band around 7.5 GHz, which
means that there is a resonance mode for different values of
�k in the FBZ at the same frequency. The modes in the flat
band can exist above the light line with infinite lifetimes and
small decay rates [26], [27]. The modes above the light line
can be excited by free-space coupling, so the band structure
is related to the in-plane wave vector of the oblique incident
plane wave. The modes below the light line have a larger wave
vector than plane wave so it is difficult to be excited by free-
space coupling directly. In our work, we focus on the modes
above light line shown in the red rectangular of Fig. 2. In
previous study [16], half of the SRRs’ splits are on the top
sides, whereas the rest are at the bottom sides. Therefore, at the
resonance frequency of toroidal mode when using the plane
wave with non-zero kx �x + ky �y to excite the localized modes,
the structure shows chirality responses, making the excitation
angular-sensitive, while our structure is with high symmetry
without chirality, rendering the excitation angular-insensitive
and robust.

An eigenmode simulator is employed to numerically
demonstrate that the toroidal metasurface has an all-angle
toroidal response, with a periodical boundary along the x- and
y-directions in the simulation. Fig. 3(a) shows the magnetic
field intensity distributions of the proposed metasurface in
the xoy plane at � point, which are strongly confined around
the SRRs. The arrows in the right of Fig. 3(a) represent the
directions of the magnetic field. The torus of the magnetic
fields is an important signature of the toroidal response, which
produces a toroidal response along the z-direction. In other
modes at the flat band, the magnetic field distributions are
similar to that at the � point. To further demonstrate the
toroidal band, we investigate the multipole responses of the
toroidal metasurface. For different values of �k in the reciprocal
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Fig. 3. Magnetic field distribution and radiation powers of multipole
moments. (a) Magnetic field distributions of the toroidal metasurface in the
xy plane at � point in the reciprocal space. The arrows in the right denote the
polarizations of the magnetic field. (b) Calculated radiation powers of various
multipole moments.

space around 7.51 GHz, the toroidal dipole moment, as well
as the electric dipole, magnetic dipole, electric quadrupole,
and magnetic quadrupole, are also simulated according to the
multipole scattering theory [28].

1) Electric Dipole Moment:

�p = 1

iω

∫
d3r �j . (1)

2) Magnetic Dipole Moment:

�m = 1

2c

∫
d3r

(
�r × �j

)
. (2)

3) Toroidal Dipole Moment:

�T = 1

10c

∫
d3r

[(
�r · �j

)
r − 2r2 �j

]
. (3)

4) Electric Quadrupole Moment:

Qxy = 1

i2ω

∫
d3r

[
rx jy + ry jx − 2

3
δxy

(
�r · �j

)]
. (4)

5) Magnetic Quadrupole Moment:

Mxy = 1

3c

∫
d3r

[(
�r × �j

)
x
ry +

(
�r × �j

)
y
rx

]
(5)

where �r is distance vector from the origin to point (x , y, z) in
a Cartesian coordinate system, �j is the current density at the
point r (x , y, z), and c is the speed of light in the vacuum. �r
and �j are exported from eigenmode simulation results at the
mode of the flat band. Then, we can get the radiation power

of these five multipoles

Ip = 2ω4

3c3
| �p|2 (6)

Im = 2ω4

3c3
| �m|2 (7)

IT = 2ω6

3c5

∣∣∣ �T
∣∣∣2

(8)

IQ = ω6

5c5
Qxy Qxy (9)

IM = ω6

20c5
Mxy Mxy (10)

where ω is the angular frequency and �p, �m, �T , Qxy , and Mxy

are the dipole moments obtained from (1)–(5). Ip, Im , IT , IQ ,
and IM are the radiation power of the electric dipole, magnetic
dipole, toroidal dipole, electric quadrupole, and magnetic
quadrupole, respectively. Fig. 3(b) shows the contributions of
each multipole moment as a function of �k in the reciprocal
space. It can be observed clearly that the resonance is mainly
due to the toroidal dipole moment rather than other dipole
moments at the whole flat band.

III. SIMULATED RESULTS AND MEASURED RESULTS

A. Demonstration of Angle-Insensitive Toroidal Metasurface

To excite the toroidal response in the proposed metasurface,
we perform full-wave simulations in CST where the TM
polarized plane wave is incident from the bottom layer of
the proposed metasurface shown in the inset of Fig. 1(a).
We build the unit cell shown in Fig. 1(b), and the boundary
conditions are periodic condition along the x- and y-axis
and open condition along the z-axis. The wave vector of the
incident wave �ki has an incident angle θ with the z-axis in the
xoz plane. In the full-wave simulations, we define two plane
wave ports in the XY plane below and above the proposed
metasurface, respectively. The port below the metasurface
transmits plane wave to excite toroidal mode and the port
above the metasurface receives the electromagnetic waves. The
distance between the metasurface and the port is 100 mm.

In the measurement, the fabricated sample is shown
in Fig. 4(a), which consists of 30 × 30 unit cells and takes
up an area of 300 mm × 300 mm and the experimental
setup is shown in Fig. 4(b). Two standard gain horn antennas
(EBBHA-10180) are connected with a vector network analyzer
(ZVA67) as the electromagnetic wave transmitter and receiver
to measure transmission coefficients. The insets of Fig. 4(a)
show the enlarged sample where the red rectangular area
is upper layer and the green rectangular area is the bottom
layer of the proposed metasurface. When the incident angle
is 30◦, the simulated and measured transmission coefficients
are shown in Fig. 4(c) where we can observe the highest
transmission around 7.5 GHz and the transmission resembles
the Fano resonance due to the asymmetric transmission
when the incident light interacts with the metasurface [29].
The Fano resonance could be excited in different systems
such as plasmonics [30] and metamaterials [31] due to the
interference between a discrete energy state and a continuum
spectrum of elementary excitations. The Q factor is calculated
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Fig. 4. Experimental setup and transmission coefficients at 30◦ . (a) Fabricated
sample consists of 30 × 30 unit cells and takes up an area of 300 mm ×
300 mm. (b) Experimental setup. Two standard gain horn antennas serve as
the electromagnetic wave transmitter and receiver, which are connected to a
vector network analyzer to measure the transmission coefficient. (b) Simulated
and measured transmission coefficients at 30◦.

with Q = ω0/�ω, where ω0 is resonance frequency and �ω
is 3-dB resonant linewidth [32].

In our design, the toroidal resonance has an ultrahigh
quality factor of 162 when the incident angle is 30◦ and
supports strong interaction between the electromagnetic wave
and a specific analyte, which is highly sensitive to different
geometrical and background parameters [33]. As the number
of SRRs in unit cell increases from 4 to 6 and 8, the Q
factor increases to 330 and 597, respectively. This is because
when the number of SRRs increases, confinement of fields
is stronger around SRRs, resulting in higher radiation power
of toroidal response and high Q factor. The simulated and
measured transmission coefficients as a function of the incident
angle are shown in Fig. 5(a) and (b), respectively, where it
shows that the toroidal mode is dominant from 7 to 8 GHz
with a range of incident angle from 0◦ to 60◦. It can be
observed that the transmission line has a good agreement with
the dispersion relation of the toroidal band around 7.5 GHz
shown in Fig. 2. As incident angle increases from 0◦ to
60◦, the resonance frequency is near 7.5 GHz, whereas the
bandwidth is larger. This is because the free-space impedance
of incidence varies with Z I = Z0∗cos(θ) for TM excitation,
so the transmission coefficient will increase when free-space
impedance decreases due to the transmission line theory [34].
When the incident angle θ = 0 (� point), the transmission

Fig. 5. (a) Simulated and (b) measured transmission coefficients as a function
of incident angle from 0◦ to 60◦ .

is lower because the toroidal band at the � point does not
couple to the incident wave since it is a singly degenerate
band [35]. From Fig. 3(a), we can observe the magnetic field
is along the x- and y-axes, which produce toroidal response
along the z-axis. This means that the toroidal response is
based on a circular magnetic response. For TM excitation,
the magnetic field of incident wave is always perpendicular to
the incident plane and have stable coupling with the toroidal
metasurface. However, for TE excitation, as the incident angle
increases, the vector components of the magnetic field will
change accordingly, which leads to angle sensitive for the
toroidal response.

B. Sensing Potential of the Proposed Toroidal Metasurface

Furthermore, the effect of the surrounding material on the
transmitted frequency is investigated by coating the top surface
of the metasurface with an analyte layer (F4B substrate with
thickness t , relative permittivity ε, and loss tangent of 0.001),
as shown in Fig. 6(a). The low loss of the analyte layer has
low effect to the amplitude of the transmission coefficient.
Fig. 6(b) shows the simulated transmission coefficients of the
toroidal metasurface with an incident angle of 30◦ at ε = 3.5.
Without the analyte layer (t = 0 mm), the toroidal resonance
occurs at 7.51 GHz. When the thickness of the analyte layer
t is increased to 1.0 and 2.5 mm, the toroidal resonance is
red shifted by 0.59 and 0.7 GHz, respectively. The measured
toroidal response with different thicknesses of the analyte layer
is shown in Fig. 6(c), which agrees well with the simulated
results. The simulated (red dots) and measured (green stars)
resonant frequency shifts as a function of the analyte layer’s
thickness are shown in Fig. 6(d), where the blue solid line
shows the exponential fit for the simulated results. A similar
variation is observed for the measured response.
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Fig. 6. Simulated and measured transmitted coefficients shift in toroidal
resonance with different thickness analyte layer. (a) Unit cell of the toroidal
metasurface coated with an analyte layer on the top. (b) Simulated and
(c) measured transmission coefficients with different thicknesses of the analyte
layer. (d) Simulated (red dots) and experimentally measured (green stars)
frequency shifts with the increasing thickness of the analyte layer. The blue
solid line shows the exponential fit for the simulated results.

To experimentally demonstrate the sensitivity to the analyte
layers, we coat a new set of analyte layers with 2.5-mm
thickness F4B substrates with different relative permittivities
ε on the top of metasurface. The resonance coefficients of
measured toroidal response with an incident angle of 30◦ are
shown in Fig. 7(a) while varying relative permittivity from
ε = 1 (there is no F4B substrate) to ε = 2.5 and ε = 3.5,
respectively. The resonant frequency appears at 7.5, 7.01, and
6.82 GHz, respectively. The variation in frequency shift of
simulated (red dots) and measured (green stars) results can be
fit by a linear function (blue solid line) to obtain the sensitivity,
as shown in Fig. 7(b). The sensitivity of our proposed toroidal

Fig. 7. (a) Measured transmission coefficients showing the shift in the
toroidal resonance with a different relative permittivity of the analyte layer.
(b) Simulated (red dots) and experimentally measured (green stars) frequency
shifts with a different relative permittivity of the analyte layer. For thin
analyte layers, linear fit (blue solid line) has been performed to determine the
sensitivity of the metasurface. (c) Simulated transmission values and resonance
frequency with a different loss tangent of the analyte layer.

metasurface coated with 2.5-mm-thick F4B layer is estimated
to be 0.78 GHz/RIU, in terms of frequency shift per RIU.
Therefore, the proposed toroidal metasurface can be an effec-
tive sensor for the relative permittivity change of surrounding
material and also for the same material with different thick-
nesses. Due to the sensitivity of the transmitted frequency,
it can be used as a tunable microwave filter. A comparison
with other toroidal sensors or plasmonic sensors is listed in
Table I. In our work, we first demonstrate an angle-insensitive
toroidal metasurface where its toroidal response can be excited
by much wider range of incident angle. In addition, the toroidal
sensor has very high Q factor and high resolution, which
is highly sensitive to different geometrical and background
parameters.

In addition, we investigate the effect of the loss tangent of
the analyte layer on the sensitivity of the toroidal metasurface.
We coat a set of F4B analyte layers with a thickness of 1.0 mm
and a relative permittivity of 3.5 with different loss tangents
on the top of the metasurface and the results are shown
in Fig. 7(c). As the loss tangent of the analyte layer is
0.001, 0.01, and 0.1, the transmission value at the resonance
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TABLE I

CHARACTERISTICS OF DIFFERENT SENSORS

frequency decreases from 0.98 to 0.66 and 0.38, whereas the
resonance frequency has little change.

IV. CONCLUSION

In this article, a new angle-insensitive toroidal metasurface
has been developed and its performance has been experimen-
tally verified. Using the multipole scattering theory, our numer-
ical simulations confirm that a dominant toroidal band can be
excited by a TM wave at all incident angles around 7.51 GHz.
Simulation and measured transmission coefficients further ver-
ify the predicted highest transmission around 7.51 GHz with
the incident angle varying from 0◦ to 60◦, which has a good
agreement with the calculated band diagram. Our findings
also demonstrate that the proposed toroidal metasurface is
very sensitive to the surrounding material at a sensitivity
of 0.78 GHz/RIU, which can be used as a refraction index
sensor. The proposed angle-insensitive toroidal metasurface
can also be achieved at terahertz and infrared frequencies by
downscaling of the proposed structure.
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