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In this article, we present a miniaturized electromagnetic modulator based on
electrically controllable spontaneous-emission-cancellation-like (SEC-like) effect
in meta-molecule. The SEC-like meta-molecule with in-unit destructive
interference interaction is constructed by two detuned side-coupled
resonators based on zero-index-metamaterial The subwavelength ZIM-based
resonators, regarding as meta-atoms, are arranged symmetrically in a cut
microstrip. A diode serving as an adjustable resistor is embedded in the gap of
microstrip to inductively tune the interference of two ZIM-based meta-atoms.
Numerical simulations indicate that the remarkable modulation on the SEC-like
spectrum can be realized by changing the resistance from 9,000Ω (unconnected)
to 10Ω (connected). Microwave experiments validate the electromagnetic
modulation in three narrow bands on the SEC-like spectrum, and a peak
modulation contrast of 52.1 dB on the transmission at 2.59 GHz is achieved
through electric biasing. The results in this work may pave the way for our
design to be applied in new integrated active devices and applications.
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1 Introduction

Electromagnetic (EM) modulator is a device typically used to control the characteristic
properties of electromagnetic (EM) waves [1–8]. EM modulator has a great potential for
applications in on-chip optical interconnects and communication systems, including but not
limited to the polarization converters [1–3], speed regulation [4, 5], intensity modulated
absorber [6, 7], and band-pass/stop filters [8]. The three instrumental factors for EM
modulator performance are multi-band modulation, large modulation-depth, and
miniaturized device volume. To this end, considerable efforts have been devoted and
various types of functional materials have been employed [9–14]. Some representative
schemes, like exploiting two-dimensional graphene sheets [9–11], using metal strips as
electrical resonators with power feeds at their ends [12, 13], and integrating photo-active
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silicon islands into functional unit cells [14], are proposed to make
EM modulator for practical applications in functional optical
devices. However, on one hand, the existing designs mentioned
above often come at the expense of bandwidth or structure, while
others suffer from severe limitations in material properties,
complicated manufacturing processes, and insignificant
modulation effects. On the other hand, although active
modulators in the optical realm are initially established, the low-
frequency region is still in great demand for highly efficient active
EM modulator, especially in the GHz frequency regime where the
wavelength is large enough. Therefore, to circumvent these
problems, some auxiliary subwavelength designs, like
metamaterials or the related meta-molecule, should be introduced.

Metamaterials are artificial micro-structured materials with
unique properties not attainable in nature [15, 16]. These
artificial materials are usually composed of subwavelength-sized
metallic resonant units as meta-atoms and can be designed to exhibit
required values of permittivity and permeability in the desired
frequency range. Among them, zero-index metamaterials (ZIMs)
characterized by zero effective permittivity and permeability
simultaneously, have come into sight and been actively explored.
The exotic physical characteristics of ZIMs yield a variety of special
EM effects, such as squeezing light wave energy [17–19], realizing
high-gain and high-directivity antennas [20, 21], attaining directive
radiation patterns [22], and EM cloaking [23–25]. In particular,
based on effective zero-index media, the size of EM resonator is no

FIGURE 1
Schematic diagram of (A) an upper side-coupled meta-atom1 analogous to (B) a two-level atomic system. Schematic diagram of (C) another lower
side-coupled meta-atom2 analogous to (D) a two-level atomic system with a different excited state. Schematic diagram of (E) a meta-molecule
consisting of two coexistent symmetrically side-coupled meta-atoms, analogous to (F) a three-level V-type atomic system. (G) Schematic diagram of a
tunable SEC-like meta-molecule.
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longer restricted by the half-wavelength limit [26]. And hence,
metamaterials, including ZIM-based resonator, can be well
regarded as “meta-atom” and rationally engineered to form
meta-molecules that exhibit some quantum optical phenomena
analogue to atomic systems. For example, the spectral
characteristics of electromagnetically induced transparency (EIT)
have been reproduced in different types of meta-molecules,
demonstrating well the low absorption and steep dispersion
effects [27–30]. In spontaneous emission cancellation (SEC)
analogue, the SEC-like effect is achieved in a meta-molecule by
properly tailoring the destructive interference of two different
emitting meta-atoms [31, 32]. It is noteworthy that, in contrast
to the EIT analogue, the SEC-like effect realized by meta-molecules
has an extremely deep stop-band in the transmission spectrum
[33–35]. Up to now, a large number of researches have confirmed
that it is feasible to realize EMmodulators in actively controlled EIT-
like meta-molecules [36–40]. However, the electrically controlled
SEC-like effect for multi-frequency and high-performance EM
modulating is still not reported.

In this paper, we propose to electrically control the SEC-like
spectrum in a meta-molecule as an EM modulator. Two detuned
side-coupled meta-atoms, namely ZIM-based resonators, are

arranged symmetrically in a cut microstrip to construct a meta-
molecule with SEC-like in-unit interaction. A PIN diode behaving as
an adjustable resistor is embedded in the gap of microstrip. By
electrically biasing the diode, the destructive interference between
two meta-atoms can be finely tuned, which induces remarkable
modulation on the SEC-like spectrum. Numerical simulations
indicate that the transmission of EM waves at three characteristic
peak/dips of the SEC-like spectrum can be effectively modulated by
changing the resistance from 9,000Ω (unconnected) to 10Ω
(connected). Microwave experiments confirm that the prediction
of electromagnetic modulation in three narrow bands on the SEC-
like spectrum, and a peak modulation contrast of 52.1 dB on the
transmission at 2.59 GHz is achieved through electric biasing. Our
findings may be useful as a reference for the future study of
electrically controlled classic analogues to quantum interference
phenomena in coherent media.

2 Model design

To illustrate our idea more explicitly, a simple schematic is
demonstrated in Figure 1. As shown in Figure 1A, an upper meta-

FIGURE 2
(A) Photograph of the fabricated electrically tunable SEC-like molecule. The (B) schematic model and (C) circuit model of ZIM-based meta-atom
with the loading chip capacitor and chip inductors.
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atom1 is coupled with a discontinuous single-mode waveguide,
resulting in a transparent resonance. This phenomenon is similar
to a two-level atomic system, where the atom can transition from an
excited state to a ground state under certain conditions (see
Figure 1B). For the single-mode waveguide coupled with only a
lower meta-atom2, the same physical mechanism occurs, yield
another typical resonance peek in transmission (see Figures 1C,
D). Owing to their resonant frequencies are close to each other, we
set the two detuned meta-atoms symmetrically in the cut waveguide
to resemble the original physical mechanism of SEC (see Figure 1E).
As is known, the SEC effect is the result of quantum destructive
interference between two direct excitation pathways in a three-level
V-type atomic system [31]. When two different excited states | 1〉
and | 2〉 couple to the ground state |0〉, the atom can be locked in an
excited states doublet due to the quantum interference between
|1〉 → |0〉 and |2〉 → |0〉 transitions as sketched, as depicted in
Figure 1F. Namely, the emission transition from a state midway
between | 1〉 and | 2〉 is totally inhibited. Implied by these
phenomena, the SEC-like effect can also be conveniently
generated by utilizing a meta-molecule (two symmetric side-
coupled meta-atoms) with in-unit destructive interference
interaction. In consequence, an interference induced deep

stopband can be achieved through the SEC-like meta-molecule.
Intuitively, the stopband induced by SEC-like effect tends to be
adjusted by hiring a diode in the gap of waveguide, as shown in
Figure 1G. Through electrically biasing the diode, the interference
between two meta-atoms can be dynamically tuned, which induces a
remarkable modulation on the SEC-like spectrum. This property
implies that, the proposed meta-molecule with tunable SEC-like
effect can serve as a high-performance EM modulator.

Figure 2 depicts a proof-of-principle demonstration of the
tunable SEC-like molecule, which composes of a pair of ZIM-
based resonators with different resonant frequencies. The two
side-coupled ZIM-based resonators serving as meta-atoms are
fabricated on the microstrip transmission line by loading
lumped-element series capacitances and shunt inductances. The
length and width of the entire structure are 60 mm and 20 mm,
respectively. The width of the microstrip line used here is w =
2.72 mm, leading to a characteristic impedance of Z0 = 50Ω. The
sample is fabricated on a 1.0-mm-thick F4B substrate. The
permittivity and loss tangent of the F4B substrate are εr =
2.65 and 0.001, respectively. A copper layer with a thickness of
0.035 mm is attached to the bottom of the substrate. The schematic
and circuit models of the ZIM-based meta-atom with loading series

FIGURE 3
Simulated transmission spectra of the ZIM-basedmeta-atoms and the related combinativemeta-molecule in a (A) cut and (B) continuousmicrostrip
transmission line. The group delay of (C) SEC-like meta-molecule and (D) EIT-like meta-molecule.
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capacitor and shunt inductors are given in Figures 2B, C. It is well-
known that, an effective ZIM can be realized in a balanced composite
right-left handed (CRLH) transmission line at a certain frequency
[26, 41]. Accordingly, the effective relative permittivity and
permeability of CRLH microstrip line are determined by using
the following formula:

εeff ω( ) ≈ C0 − 1
ω2Ld0

( )/ ε0•p( ) (1)

μeff ω( ) ≈ p• L0 − 1
ω2Cd0

( )/μ0 (2)

where C0 and L0 each describe the distributed parameters of
microstrip line, d0 denotes the unit length of negative index
materials, p is the structure constant given by p � ��������

μ0/(ε0εr)
√

/Z0,
C and L represent the value of series lumped capacitance and shunt
lumped inductance, respectively. Therefore, the effective zero-index
condition can be equivalently obtained when the following
equations are satisfied [42–44]:

εeff ω( )d0 + εrd � 0 (3)
μeff ω( )d0 + μrd � 0 (4)

where d describes the unit length of the normal microstrip
transmission line. The length of the ZIM-based meta-atoms is
d = 20 mm, which is less than 1/7 of the wavelength in vacuum
at 2.16 GHz. The distance between ZIM-based meta-atoms and

microstrip line is set to be 0.2 mm. The values of all the
capacitances used in this paper are chosen as C = 2.5 pF. Thus,
the resonant frequency of ZIM-based meta-atoms is mainly
determined by the values of two shunt inductances L1 and L2. A
PIN diode (model: SMP1345) is soldered at the middle gap of
microstrip line to and is biased through two copper wires. Numerical
simulations are carried out by a commercial software CST
Microwave Studio. In experiments, a vector network analyzer
Keysight 85033E and a DC voltage source Keysight E3640A are
used to obtain the electrically controlled modulating response.

3 Results and discussions

To clearly illustrate the SEC-like effect in meta-molecule, the
transmission spectra of the individual and coexisting side-
coupled ZIM-based meta-atoms are simulated and depicted in
Figure 3. Here, we choose L1 = 3 nH for meta-atom1 and L2 =
3.9 nH for meta-atom2. In this case, the effective zero-index
condition can be satisfied at two separated resonant
frequencies of fI = 2.16 GHz and fIII = 2.42 GHz. For a cut
microstrip transmission line, a sharp and deep stopband
emerges at fII = 2.26 GHz between the two individual resonant
transmission peaks, explicitly demonstrating the SEC-like
destructive interference effect, as shown in Figure 3A. While
for a continuous microstrip, the situation is completely opposite.
It is found that the two detuned ZIM-based meta-atoms instead
behave as radiative resonators. As we connect the gap in the
middle of the microstrip line, the original transmission dip
becomes a transparency window in the spectrum separating by
two narrow radiative resonant dips, as shown in Figure 3B. This
phenomenon is often referred to as a direct analogue of EIT
quantum destructive interference effect in a V-type atom.
Moreover, group delays of the above two meta-molecules are
also simulated, as shown in Figures 3C, D. It is clear that, the deep
negative group delay effect near the SEC-like frequency can be
transformed to a large EIT-like slow-light effect by altering the
microstrip line from unconnected to connected. Take the case of
a diode as an adjustable resistor, by changing the “on/off” state of
the microstrip line, a remarkable modulation on the SEC-like
spectrum can be directly achieved.

To explore the underlying physics of SEC-like interference
behavior of two parallelly side-coupled ZIM-based meta-atoms in
a cut microstrip line, the electric energy density distributions at
frequencies corresponding to the resonant features I, II and III
marked in Figure 3A are calculated and figured out in Figure 4. The
results demonstrate clearly that at the frequency fI (or fIII), a
predominant cavity resonance is formed in either upper or lower
ZIM-based meta-atom. In such situation, the incident waves can
tunnel efficiently. While at the frequency fII, the situation is
completely opposite. It is found that both ZIM-based meta-atoms
are excited, but oscillate in opposite phase yielding almost all EM
waves are blocked in the compact meta-molecule. Due to the
completely destructive interference effect, the deep SEC-like
stopband is achieved effectively on the transmission at fII =
2.26 GHz.

Subsequently, the dynamic control of SEC-like effect in the meta-
molecule integrated with the PIN diode is investigated with numerical

FIGURE 4
The simulated electric energy density distributions in (A) the
individual upper ZIM-based meta-atom, (B) the individual lower ZIM-
based meta-atom, and (C) the combinative SEC-like meta-molecule.
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simulations. In this case, a variable lumped resistance is loaded
assigned to the diode, and we set L1 = 3 nH for meta-atom1 and
L2 = 7.5 nH for meta-atom2. Figure 5A shows the simulated
transmission spectra (in dB) of the meta-molecule with the
resistance ranging from 9,000Ω to 10Ω. It can be seen that, the
initial SEC-like spectrum for high resistance gradually changes to EIT-
like spectrum with the resistance decreasing to small values like 70Ω,
30Ω, and 10Ω. Specifically, when the value of resistance is chosen to
be 9,000Ω, the middle of microstrip line can be approximated as a
disconnected state. Via destructive interference between the two
parallelly side-coupled meta-atoms along the cut microstrip line, a
sharp and deep stopband emerges among the two individual resonant
transmission peaks. With the resistance of 10Ω, the cut microstrip
line is almost connected. The individual side-coupled meta-atom in
present acting as a reflector exhibiting a non-transparent response
analogue to a two-level atom with absorption. Thus, the destructive
interference of the two side-coupled meta-atoms at the same position
along the continuous microstrip line leads to an EIT-like transmission
spectrum. In result, the original transmission peak at 1.74 GHz
eventually turns into a sharp transmission dip, demonstrating a
modulation depth of 23.2 dB, and similar modulation feature is
shown at 2.59 GHz. Especially, the initial deep stopband at
2.24 GHz induced by SEC-like effect tends to be an EIT-like
transmission peak close to −1 dB with a modulation depth up to
39.6 dB, indicating the effective manipulation of the SEC-like effect by
the PIN diode. Moreover, we have investigated that, by hiring a linear
chain of meta-molecules with periodic number and periodic length
equal to 11 mm and 20.1 mm, the bandwidth of the initial SEC-like
deep stopband can be further expanded to a broad bandgap. The
numerical simulations in Figure 5B also verify that, the spectrum
shape of the broad bandgap can be tuned conveniently by changing
the lumped resistance from 9,000Ω to 10Ω, indicating a broadband
EM modulator.

In what follows, we experimentally investigate the dynamic
tunability of SEC-like effect in the meta-molecule by applying
bias voltage on the PIN diode. Figure 6 presents the measured

transmission spectra with bias voltage varying from 0.0 V to
0.8 V. As no or low bias voltages is applied, taking the bias voltage
of 0.2 V as an example, two resonant transmission peaks emerge
at 1.74 GHz and 2.79 GHz, along with a transmission dip as deep
as -52.1 dB around 2.59 GHz. As the bias voltage gradually
increases to 0.8 V, the initial transmission dip around
2.59 GHz changes dramatically to a transmission peak of
about −2.7 dB. We also notice that the transmission peak at
1.74 GHz presents a down and up trend, declining from −7.2 dB
to −26.7 dB and then rise to a higher level at −8.6 dB. Meanwhile,
the original transmission peak near 2.79 GHz decreases firstly
from −5.5 dB to −22.8 dB and then increases close to −16.6 dB.

FIGURE 5
The simulated transmission spectra of tunable (A) a SEC-like meta-molecule and (B) a linear chain of SEC-like meta-molecules under different
values of lumped resistance ranging from 9,000 Ω to 10 Ω.

FIGURE 6
Measured transmission spectra of the tunable SEC-like meta-
molecule under different biasing voltage changing from 0.0 V
to 0.8 V.
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We confirm that the inconsistent phenomenon with simulations
is due possibly to the introduction of the biasing arms, the
approximated lumped elements, as well as the accumulated
errors during fabrication. Moreover, the frequency shifts and
the transmittance decreases mainly result from the discrepancies
between theoretical and real material parameters as well as the
loss of the loaded elements. Apart from that, the measured
electrical modulation behaviors match well with our
theoretical prediction as illustrated in Figure 5. This indicate
that the inductive modification on the destructive interference in
meta-molecule can be used for practical modulating application
at a subwavelength scale.

At last, to show more details on the working performance of
the EMM, we plot the measured transmission at three
characteristic peak/dips frequencies of the SEC-like spectrum
in Figure 7. Remarkable modulation in transmission can be
achieved through varying the DC voltage at 1.74 GHz,
2.59 GHz, and 2.79 GHz. At the frequency of 1.74 GHz, for
example, the transmission of the SEC-like structure shows a
downward trend from −7.1 dB to −26.7 dB as the bias voltage
varies from 0.0 V to 0.6 V, with a modulation ratio of 19.6 dB. As
the bias voltage further increasing the voltage to 0.8 V, a growing
transmission trend from −26.7 dB to −8.6 dB is observed with a
modulation ratio of 18.1 dB. The modulations at 2.59 GHz show
changing in the same bias voltage range, nevertheless, the
transmission monotonously increases from the
minimum −54.8 dB to the maximum −2.7 dB as the bias
voltage varies from 0.0 V to 0.8 V, demonstrating a
modulation depth of 52.1 dB. It is much higher than the value
reported in Ref. 38 (the modulation contrast is 31 dB for the
structure comprising of a single wire coupled to a paired wires
loading the same PIN diode). Besides, it is obviously higher than
the reported modulation depth (27 dB) in Ref. 39, which is made
of orthogonal electric dipolar resonators with embedding the

same PIN diode. Moreover, it is noteworthy that the proposed
compact EM modulator has a two-port advantage over the above
mentioned ones in integrated optical circuits and optical
interconnection systems. Another obvious modulation effect is
shown at 2.79 GHz, the transmission decreases from high
transmission level to low transmission level as the bias voltage
increases from 0.0 V to 0.7 V, with a modulation ratio of
about −17.4 dB. In this sense, the electrically controllable SEC-
like meta-molecule can act as a triple-band amplitude modulator.

4 Summary

In conclusion, we have proposed an EM modulator based on
tunable SEC-like effect in a subwavelength meta-molecule. ZIM-
based resonators serving as meta-atoms are aligned symmetrically in
a cut microstrip to construct the meta-molecule with SEC-like in-
unit interaction. A PIN diode is embedded in the gap of microstrip
to manipulate the destructive interference between two detuned
side-coupled meta-atoms. By electrically biasing the diode, the
transmission properties of the SEC-like meta-molecule can be
tuned flexibility. As a consequence, the transmission of
electromagnetic waves in three characteristic bands located
around characteristic peak/dips of the SEC-like spectrum is
remarkably modulated. This configuration is also found to
generate an extremely high modulation depth of up to 52.1 dB at
a working frequency of 2.59 GHz. The findings may be helpful in
realizing classical analogue to quantum phenomena for active
photonic applications.
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