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The active control of electromagnetic response in metamaterial and mutual coupling between resonant building
blocks is of fundamental importance in realizing high-quality metamaterials. In this work, we propose and ex-
perimentally demonstrate the tunabilities of symmetry-broken metasurfaces made of orthogonal electric dipolar
resonators. The metasurface with vertical and horizontal wires is integrated with a PIN diode for active control.
It is found that the electromagnetically induced transparency (EIT)-like spectrum appears due to the destructive
or constructive interferences between the two electric dipolar modes when the structural symmetry broken is
introduced to the metasurface. Different from previous works on the EIT-like effect, there is only electric dipole
response in our metasuface. The microscopic response of the metasurface is numerically calculated to illustrate the
mode coupling between the orthogonal electric dipolar resonators. By applying temporal coupled-mode theory,
the interaction between the electromagnetic wave and the symmetry-broken metasurface is described, and the
characteristic parameters of the resonator system, which determine the electromagnetic response of the metasur-
face, are acquired. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000955

1. INTRODUCTION

Electromagnetically induced transparency (EIT) is a coherent
process in atomic physics due to the quantum interference
between different excitation pathways from the ground state
to the final state observed in three-level atomic systems, lead-
ing to a narrow transparency window within a wide absorp-
tion band [1]. The strong dispersion and its resulting slow
light [2] are two of the most significant features of EIT, and
they have important applications in low-loss slow-light devices.
However, the realization of EIT requires a very extreme external
environment, which greatly limits the practical application.
With the fast development of metamaterials [3–14] and their
two-dimensional counterpart, metasurfaces [15–25], artificial
microstructures are utilized to imitate EIT [26–40]. However,
most traditional metamaterials with the EIT-like effect usu-
ally operate in a narrow frequency band owing to their reso-
nant feature, which tremendously limits their applications in
optoelectronic devices. To improve the performance, some
active constituents, such as active elements [41–43], graphene
[44–48], phase change materials [49–52], semiconductive

materials [53,54], and liquid metal [55], are incorporated into
metamaterials to realize active control of the EIT-like effect.
In this work, we propose and experimentally demonstrate
the tunabilities of symmetry-broken metasurfaces made of
orthogonal electric dipolar resonators. The metasurface with
vertical and horizontal wires is integrated with a PIN diode
for active/dynamic control of the EIT-like effect. We find that
the EIT-like spectrum appears due to the destructive or con-
structive interferences between the two electric dipolar modes
when introducing the broken structural symmetry to the meta-
surface. The microscopic response of the metasurface is nu-
merically calculated and analyzed in detail to illustrate the
mode coupling between the orthogonal electric dipolar resona-
tors. Using the temporal coupled-mode theory (TCMT)
[56,57], the transmission spectrum of the metasurface is
predicted, and the characteristic parameters of the resonator
system are retrieved via parameter fitting. By altering the
bias voltage applied on the PIN diode, the tunable EIT-
like effect and modulation function of the metasurface are
examined.
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2. DESIGNS

Figure 1(a) displays the schematic of the symmetry-broken
metasurface, which is composed of a vertical wire as bright res-
onator and a horizontal wire as a dark resonator. The photo-
graph of the fabricated sample is shown in Fig. 2(b). To achieve
a tunable EIT-like effect, a PIN diode (SMP1345, Skyworks) is
soldered at the center of the vertical wire and is biased through
the copper wires. As the bias voltage varies from 0 to 1.2 V,
the PIN diode switches from off to on, and the EIT-like
effect of the symmetry-broken metasurface is dynamically
tuned. The metallic pattern is fabricated using the standard
printed circuit board (PCB) technology. In experiments, the
scattering parameters of the metasurface are measured inside
a standard rectangular waveguide of WR284, in which the
TE10 mode with an electric field polarizing along the vertical
wire is normally incident on themetasurface, and the parameters
are recorded via using a vector network analyzer (AV3629D).

Figure 2(a) illustrates the simulated transmission spectra
of the vertical wire alone (green curve), horizontal wire alone
(blue curve), and the symmetry-broken metasurface (red curve)
when the resistance of PIN diode is 2 Ω. The vertical wire cou-
ples strongly to the incident TE10 mode in the waveguide and
is therefore a bright resonator. The electric dipole resonance
of the vertical wire occurs at 3.05 GHz with a transmission
dip of −25.32 dB. In the waveguide, the horizontal wire can
neither be excited by the incident wave nor coupled to the
far-field radiation, so it is a dark resonator, and its transmission
spectrum is nearly a constant of 0 dB. It should be noted that
the periodic repetition of the structure in free space will not
exhibit a similar EIT-like effect because the horizontal wire
couples to the far-field radiation of horizontal polarization and
is not a dark element anymore. In the symmetry-broken meta-
surface, the interference between the bright and dark modes
resembles that between two different excitation pathways from
the ground state to the final state in a three-level EIT system
as shown in Fig. 2(b). The two possible excitation pathways
include j0i − j1i and j0i − j1i − j2i − j1i, which correspond to
the electric dipole excitation in the vertical wire excited by
the incident wave and horizontal wire, respectively. Owing
to the destructive interference between the bright and dark
modes, the electric dipole scattering of the vertical wire is highly
suppressed, and the EIT-like effect occurs with transmittance
approaching −0.51 dB at 2.97 GHz. It is worth noting that the

EIT-like peak of our metasurface is quite sharp with a full width
at half-maximum (FWHM) of 0.055 GHz, reaching a high
quality factor of 54. Figure 2(c) shows the simulated transmis-
sion phase and group delay of the symmetry-broken metasur-
face. It can be seen that, around the EIT-like peak, the
transmission phase decreases rapidly with frequency, resulting
in a large group delay. It is significant that as the electromag-
netic wave travels through the 0.035 mm thick metasurface, it
experiences a maximum group delay of 9.6 ns around the EIT-
like peak, corresponding to a 2.06 m long transmission line.
The distribution of the electric field and the induced surface
current shown in Figs. 2(d)–2(f ) demonstrate that the electric
dipole response of the vertical wire alone is much stronger than
that of the horizontal wire alone, but the opposite is true in the
symmetry-broken metasurface, confirming the destructive in-
terference between the electric dipole modes of the orthogonal
electric dipolar resonators.

3. RESULTS AND DISCUSSION

To quantitatively describe the interaction between the incident
wave and the symmetry-broken metasurface, the TCMT is
employed to analyze the mode coupling between the vertical
and horizontal wires as well as the scattering parameters of
the metasurface. According to the TCMT, the transmission
spectrum of the metasurface excited by a monochromatic wave
can be expressed as follows [43,56,57]:

t � �jω − jω1 � Γi1��jω − jω2 � Γi2� � κ2

�jω − jω1 � Γi1 � Γe1��jω − jω2 � Γi2� � κ2
, (1)

Fig. 1. (a) Schematic and (b) photograph of the symmetry-broken
metasurface. The metallic pattern is copper with a conductivity of
5.8 × 107 S∕m, and its depth is 0.035 mm. The 72.14 mm ×
34.04 mm × 1.0 mm-substrate is Teflon with a relative permittivity
of 2.65 and a loss tangent of 4 × 10−4. The geometric parameters of the
metasurface are as follows: L1 � 32 mm, L2 � 26 mm, w � 2 mm,
g � 1.3 mm, δ � 3 mm, W � 10 mm, and s � 2 mm. A PIN
diode is located at the center of the vertical wire. Two bias copper wires
indicated by sky blue lines have a diameter of 0.1 mm.

Fig. 2. (a) Simulated transmission spectra of the vertical wire alone
(green curve), horizontal wire alone (blue curve), and the symmetry-
broken metasurface (red curve). (b) Schematic view of destructive
interference between the bright and dark modes. (c) Simulated trans-
mission phase (blue curve) and group delay (red curve) of the sym-
metry-broken metasurface. (d)–(f ) Distribution of the electric field on
the plane where the metallic pattern is located and the induced surface
current indicated by arrows on the metallic pattern at 2.97 GHz.
All these results are obtained when the resistance of the PIN diode
is 2 Ω.
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where ω1, Γe1, and Γi1 (or ω2, Γe2, and Γi2) represent the res-
onance frequency, radiative decay rate, and nonradiative decay
rate of the bright (or dark) resonator, respectively, and κ denotes
the direct coupling coefficient between the orthogonal electric
dipolar resonators. The characteristic parameters of the resona-
tor system can be obtained through fitting the expression of jtj
to the simulated transmission spectrum of the symmetry-
broken metasurface shown in Fig. 2(a), as follows:

ω1 � 2π × 3.045 × 109 rad∕s,

ω2 � 2π × 2.975 × 109 rad∕s,

Γe1 � 2π × 0.310 × 109 rad∕s,

Γi1 � 2π × 0.018 × 109 rad∕s,

Γi2 � 2π × 0.001 × 109 rad∕s,

κ � 2π × 0.074 × 109 rad∕s:

It is obvious that the values of ω1 and ω2 correspond to the
transmission dip of the vertical wire alone and the trans-
mission peak of the symmetry-broken metasurface, respectively,
as shown in Fig. 2(a). For the vertical wire, the radiative decay
rate Γe1 is about 17 times larger than the nonradiative decay
rate Γi1. The nonradiative decay rate of the horizontal wire Γi2
is much less than that of the vertical wire Γi1, and it is therefore
negligible. It is significant that the frequency interval between
the two transmission dips of the symmetry-broken metasurface
is merely 0.16 GHz, because the direct coupling coefficient κ is
much less than the resonance frequencies, ω1 and ω2, and even
the radiative decay rate Γe1. The TCMT accurately predicts the
transmission spectrum of the symmetry-broken metasurface
as shown in Fig. 3(a), indicating that the TCMT exactly de-
scribes the mode coupling between the orthogonal electric
dipolar resonators.

To further interpret the coupling mechanism between the
orthogonal electric dipolar resonators as well as the scattering
feature of the symmetry-broken metasurface, the microscopic
response, i.e., electric dipole moment, of the vertical and hori-
zontal wires, pv and ph, is analyzed through full-wave simula-
tion and numerical calculation. Figure 3(b) shows the spectra of
the electric dipole moment of the vertical and horizontal wires.
It is seen that, around the EIT-like peak, a dip with minimum
close to zero but not exactly equal to zero appears in the mag-
nitude spectrum of electric dipole moment of the vertical wire,
while the magnitude of the electric dipole moment of the hori-
zontal wire reaches maximum, indicating that the electric
dipole response of the vertical wire is strongly suppressed by
the horizontal wire via near-field coupling. Note that the hori-
zontal electric dipole does not radiate because the proposed
structure is placed inside a standard rectangular waveguide
where only the fundamental mode, i.e., TE10 mode, can propa-
gate in the frequency range of interest. The electric field of the
TE10 mode polarizes along x axis, so only the electric dipole
with a direction parallel to x axis can radiate into the far field,
and the electric dipole with direction parallel to the y or z axis
cannot radiate into the far field. Since the horizontal wire does
not have radiative loss and its nonradiative loss is negligible,
the spectrum of the electric dipole moment in the horizontal
wire excited by the unit electric dipole moment in the vertical
wire has an extremely high quality factor, and the weak elec-
tric dipole moment in the vertical wire excites the strong
electric dipole moment in the horizontal wire around the
EIT-like peak.

In the symmetry-broken metasurface, the electric dipole
moment of the vertical wire pv can be divided into two parts,
p1 and p2. p1 is the electric dipole moment of the vertical wire
excited by the incident field of TE10 mode, which is the analogy
of the excitation pathway of j0i − j1i shown in Fig. 2(b), while
p2 is the electric dipole moment of the vertical wire excited by
the near field of the horizontal wire, which corresponds to the
excitation pathway of j0i − j1i − j2i − j1i shown in Fig. 2(b).
The electric dipole moment can be calculated from the induced
surface current according to the following formula:

p � 1

jω

Z
jS�x�dS: (2)

pv is calculated in the presence of the horizontal wire; p1 is cal-
culated in the absence of the horizontal wire; p2 is calculated by
subtracting p1 from pv.

Figures 3(c) and 3(d) exhibit the magnitude and phase of p1
and p2, respectively. It is evident that p1 is a broadband reso-
nance owing to the large radiative loss of the vertical wire, while
p2 is a narrowband resonance because of the narrowband ex-
citation source, i.e., the electric dipole moment of the horizon-
tal wire, ph, indicated by the blue curve in Fig. 3(b). Distinct
from the phase variation of p1, the phase of p2 varies with fre-
quency rapidly because of the weak coupling between the ver-
tical and horizontal wires, leading to narrow frequency interval
between the two transmission dips. Around the EIT-like peak,
the phase difference between p2 and p1 is 180°, and the mag-
nitude of p2 approaches that of p1, which further confirms the
destructive interference effect in the symmetry-broken meta-
surface and explains the origin of the high transmittance.

Fig. 3. (a) Transmission spectra of the symmetry-broken metasur-
face predicted by the TCMT (blue points) and simulated through
FEM (red curve). (b) Magnitude of the electric dipole moment of ver-
tical wire (pv, red curve) and horizontal wire (ph, blue curve) in the
symmetry-broken metasurface. (c) Magnitude and (d) phase of p1
and p2. All these results are obtained when the resistance of the
PIN diode is 2 Ω.
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Moreover, it is significant that the magnitude of ph is nearly
5 times larger than that of p1, implying that the localized field
enhancement effects of the dark resonator is much more promi-
nent than that of the bright resonator alone.

The asymmetry of the metasurface is crucial to the occurrence
of the EIT-like effect. When the metasurface is symmetric with
δ � 0 mm, the horizontal wire cannot be excited by the vertical
wire, and thus the vertical wire is not coupled with the horizontal
wire. As a result, the metasurface shows the electric dipole res-
onance of the vertical wire. However, when δ > 0 mm, the hori-
zontal wire can be excited by the parallel electric field component
of the near field of the vertical wire, and the EIT-like spectrum
appears due to the mode coupling between the orthogonal elec-
tric dipolar resonators. Figure 4(a) demonstrates the influence of
the asymmetry δ on the electromagnetic response of the metasur-
face and the interaction between the vertical and horizontal
wires. When δ � 0 mm, the electric dipole moment of the
vertical wire excited by the horizontal wire, p2, is negligible and
the vertical wire behaves as if the horizontal wire does not exist.
With the increment of δ, the magnitude of p2 gradually increases
and the bandwidth of p2 broadens, so the transmittance at the
transmission peak grows higher and the frequency interval
between the two transmission dips increases. The distributions
of the electric field as well as the induced surface current at the
transmission peak frequency of 2.97 GHz are shown in Fig. 4(b).
When located at the center of the cross section of the waveguide,
the horizontal wire cannot be excited while the vertical wire is
strongly coupled with the incident wave. After introducing sym-
metry breaking, the horizontal wire can be excited by the vertical
wire and in turn highly suppresses the electric dipole response
of the vertical wire.

In what follows, the dynamic control of electric dipole res-
onance in the vertical wire alone integrated with the PIN diode
is investigated first. Figure 5(a) presents the measured transmis-
sion spectra of the vertical wire alone on substrate with the
bias voltage ranging from 0 to 1.2 V. It can be seen that the
high bias voltage has opposite influence on the transmission

spectrum compared with the low bias voltage. Under high bias
voltage, for example above 0.7 V, the PIN diode is metallic, and
hence the vertical wire is unbroken, so the electric dipole res-
onance occurs at lower frequencies; when the bias voltage is
1.2 V, the electric dipole resonance occurs at 3.06 GHz with
transmittance of −31.48 dB, which is the metallic limit of the
vertical wire; as the bias voltage drops from 1.2 to 0.7 V and
the resistance of PIN diode increases, the loss increases but the
resonance frequency is almost constant, so the electric dipole
resonance weakens and the bandwidth broadens, resulting in
the decrease of quality factor. Nevertheless, under low bias volt-
age, for example below 0.5 V, the PIN diode is dielectric, and
thus the vertical wire is broken, so the electric dipole resonance
occurs at higher frequencies; when the bias voltage is 0 V, the
electric dipole resonance occurs at 3.75 GHz with transmit-
tance of −17.10 dB, which is the dielectric limit of vertical wire;
as the bias voltage drops from 0.5 to 0 V and the resistance
of PIN diode increases, the loss decreases and the resonance
frequency is nearly unchanged, so the electric dipole resonance
is enhanced and the bandwidth becomes narrow, leading to an
increase in quality factor. Note that the case of 0.6 V is an in-
termediate state between the metallic and dielectric states and
has the highest loss. The simulated results shown in Fig. 5(b)
agree well with the experimental results, verifying the effective
manipulation of loss and even frequency of electric dipole res-
onance by the PIN diode.

The tunable EIT-like effect of the symmetry-broken meta-
surface is also investigated. Figure 6(a) shows the measured
transmission spectra of the metasurface with the bias voltage
ranging from 0 to 1.2 V.

Similar to the aforementioned case of vertical wire, the high
bias voltage has different influence on the transmission spectrum

Fig. 4. (a) Simulated transmission spectra of the symmetry-broken
metasurface and calculated magnitude spectra of p2, which represent the
interaction between the vertical and horizontal wires for δ � 0, 1.0,
2.0, and 3.0 mm. (b) Distribution of the electric field on the plane
where the metallic pattern is located as δ varies from 0 to 3 mm at
2.97 GHz. All these results are obtained when the resistance of the
PIN diode is 2 Ω.

Fig. 5. (a) Measured and (b) simulated transmission spectra of the
vertical wire alone on substrate with the bias voltage ranging from 0
to 1.2 V, and accordingly the resistance of the PIN diode varying
from 3000 Ω to 2 Ω.

Fig. 6. Transmission spectra of the symmetry-broken metasurface
obtained through both (a) experiment and (b) simulation with the bias
voltage ranging from 0 to 1.2 V, and accordingly the resistance of the
PIN diode varying from 3000 Ω to 2 Ω.
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compared with the low bias voltage for the symmetry-broken
metasurface. Under high bias voltage, for example above 0.7 V,
the vertical wire is unbroken, and its resonance frequency is close
to that of horizontal wire, so the vertical wire is coupled with the
horizontal wire and the metasurface shows the EIT-like effect;
when the bias voltage is 1.2 V, the transmittance at the two trans-
mission dips, i.e., 2.96 and 3.11 GHz, is −25.89 dB and
−27.41 dB, respectively, which is the metallic limit of the meta-
surface; as the bias voltage drops from 1.2 to 0.7 V and the
resistance of PIN diode increases, the transmittance at both
of the two transmission dips increases because the electric dipole
resonance of vertical wire weakens, but the transmittance at the
transmission peak is almost unchanged. However, under low bias
voltage, for example, below 0.5 V, the vertical wire is broken, and
its resonance frequency is far from that of horizontal wire, so the
horizontal wire does not work, and the metasurface shows the
electric dipole resonance of vertical wire; as the bias voltage drops
from 0.5 to 0 V and the resistance of PIN diode increases, the
variation of transmission spectrum of the metasurface is the same
as the aforementioned case of vertical wire. The case of 0 V is
the dielectric limit of the metasurface, and the case of around
0.6 V remains the intermediate state between the metallic and
dielectric states of the metasurface. The simulated results dem-
onstrated in Fig. 6(b) match well with the experimental results,
verifying the effective manipulation of the EIT-like effect by the
PIN diode.

In Fig. 6, it is worth noting that the transmittance of the
symmetry-broken metasurface undergoes remarkable changes at
specific frequencies as the bias voltage ranges from 0 to 1.2 V,
enabling the application of the metasurface as an amplitude
modulator. To illustrate the amplitude modulation capability of
the metasurface, the variation of measured transmittance with
bias voltage for microwaves at 2.96, 3.11, and 3.76 GHz is
displayed in Fig. 7. When the bias voltage varies from 0 to
1.2 V, the transmittance monotonously decreases from −0.65
to −25.89 dB at 2.96 GHz, demonstrating a modulation depth
of 95%, and similar modulation feature is shown at 3.11 GHz;
nevertheless, the transmittance monotonously increases from
−16.18 to −0.16 dB at 3.76 GHz, demonstrating a modulation
depth of 84%. Hence, the symmetry-broken metasurface can
act as a triple-band amplitude modulator.

4. CONCLUSION

In conclusion, we have presented a symmetry-broken meta-
surface integrated with a PIN diode and investigated the

electrically controlled EIT-like effect via both experiments and
simulations. After introducing asymmetry into the metasurface,
the vertical wire is coupled with the horizontal wire, and the
EIT-like effect occurs due to the destructive interference be-
tween the two electric dipole modes. Utilizing the TCMT, the
characteristic parameters of the resonator system are acquired
and the transmission spectrum of the metasurface is exactly re-
produced. The analysis of microscopic response of the metasur-
face further demonstrates the underlying physics of the
EIT-like effect. We also found that the transmittance around
the transmission dips of the metasurface undergoes a remark-
able change via controlling the bias voltage applied on the PIN
diode. This work is promising in the application of multi-
frequency microwave modulating and signal processing.
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