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Abstract: Exceptional points (EPs) are degenerate singu-

larities in a non-Hermitian system that can be induced

by controlling the interaction between resonant photonic

modes. EPs can enable unusual optical phenomena and

significantly enhance the optical sensitivity under small

perturbations. However, most studies thus far have been

limited to static photonic structures. In this study, we pro-

pose and experimentally demonstrate electrically address-

able EP in a plasmonic structure. Inspired by optical micro-

cavity studies, we employ a localized spoof plasmon struc-

ture that supports circulating plasmonic modes in com-

pact single-resonator geometry. The plasmonic modes are

perturbed by an angled metal line, and the interaction

between the plasmonic modes is electrically controlled

using a varactor. Continuous electrical tuning of the varac-

tor capacitance facilitates simultaneous coalescence of the

real and imaginary parts of the eigenfrequency, allowing

the direct addressing of EPs. We first investigate the eigen-

modes and their coupling in localized plasmonic structures

using numerical simulations. We then present experimen-

tally measured spectra that manifest the coalescence of

the two resonant modes in both the resonance frequency

and linewidth. Electrically addressable EPs in compact plas-

monic structures may provide exciting opportunities for

highly functional and tunable elements in integrated device

platforms.
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1 Introduction

Exceptional points (EPs) are degenerate singularities in a

non-Hermitian (or non-conservative) system that exchange

energywith its surrounding environment [1, 2]. AnEP canbe

induced by coupled optical resonances in a non-Hermitian

system when two or more eigenvalues and their corre-

sponding eigenvectors coalesce simultaneously in parame-

ter space. EPs have been studied for novel laser and nonlin-

ear optical systems, ultrasensitivemeasurements, asymmet-

ric mode switching, and exotic scattering and topological

structures [1–6]. EPs and non-Hermitian photonic systems

have attracted considerable attention andmay provide new

platforms for photonic device design.

Optical microdisks or microtoroidal cavities have been

used as a general platform for non-Hermitian photonics [7].

For example, EPs can be realized in an optical microdisk

(or microtoroid) loaded with two particles on its circumfer-

ence [8, 9]. These particles perturb the circulating optical

modes in the cavity and induce optical coupling between

the resonant modes. By controlling the position of the par-

ticles on the circumference, two optical modes can be grad-

ually tuned to exhibit crossing or anti-crossing in the real

and imaginary parts of the complex eigenfrequency. Based

on these particle-loaded cavities, chiral lasing [10], perfect

absorption [11], and enhanced optical sensing [12, 13] have

been realized using EPs.

Although EPs have attracted considerable attention,

most studies have been limited to static structures. In such

static photonic structures, it is often difficult to directly

address the exact EP because both the real and imaginary

parts of the eigenfrequency must coalesce simultaneously.

In this regard, dynamically and continuously tunable sys-

tems in a compact, integrated device platform have unique

merits for the realization and practical application of EPs.

Recently, electrically tunable EPs have been demonstrated
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in the terahertz region using ionic electrolyte gating of

graphene [14]. The interaction between light and the vibra-

tional modes of organic molecules was exploited to elec-

trically control the reflection near the EP. Switching of the

direction of reflectionless light propagation at exceptional

points was also studied using phase-change materials [15].

Generally, dynamically tunable photonic systems are impor-

tant for many practical applications [16–19].

Here, we present a different approach based on a

compact single-resonator structure. Inspired by optical

microcavity studies, we employ a spoof plasmon structure

that supports circulating plasmonic modes. The plasmonic

modes are perturbed by an angled metal line, and an EP

is realized in compact resonator geometry. In our design,

a voltage-controlled capacitor (varactor) is introduced to

electrically address the EP.

Spoof surface plasmons in corrugated metal surfaces

can allow tight field confinement even at low frequencies

(such as the microwave region), similar to surface plasmon

polaritons (SPPs) at optical frequencies [20–25]. At low fre-

quencies, electromagnetic fields cannot penetrate metals

and tight field confinement via plasmonic responses cannot

be ordinarily achieved. However, subwavelength corruga-

tions on a metal surface can induce plasmonic responses

even at low frequencies by playing a role similar to that

of field penetration into metals at optical frequencies [26,

27]. The electromagnetic responses of spoof plasmon waves

can be controlled using corrugation geometry, which pro-

vides a flexible platform for device design and response

control. Spoof plasmon structures can also be applied to

localized resonator geometries by circularly bending one-

dimensional grooves, which are called localized spoof plas-

mons (LSPs) [28–37]. The resonance frequency and mul-

tipole mode excitation can be controlled by adjusting the

structural parameters.

In this work, we control coupled plasmonic resonances

using a varactor and an angled metal line to realize an

EP in a compact plasmonic structure. The response of cou-

pled plasmonicmodes can be dynamically and continuously

tuned by applying a bias voltage and inducing the capaci-

tance variance of the varactor [38–40]. We first investigate

the eigenmodes and their coupling in the LSP structures

using numerical simulations. Then, we present the exper-

imental results and discuss the measured features of the

EP. The measured spectra manifest the coalescence of the

two resonant modes in both the resonance frequency and

linewidth simultaneously. Electrically addressable EPs in

our ultrathin, printed plasmonic structures may facilitate

highly functional and tunable elements in integrated device

platforms.

2 Results and discussion

Figure 1 shows a schematic of our spoof plasmon resonator.

It consists of a two-layer printed circuit board (PCB) struc-

ture whose front side (copper plane) is patterned into an

LSP structure, while the back side has a metal (copper) line

(Figure 1A). This metal line works as a microstrip line in

our sample. The total radius (r1) of the LSP structure is

18 mm, including the outer grooves, while the radius (r2)

of the inner circle completely filled with metal is 10 mm

(Figure 1B). The LSP structure is surrounded by another

outer metal plane. The gap between the LSP structure and

outer metal plane was 1 mm (see the Methods section). Sub-

sequently, this gap was connected by a varactor to electri-

cally control the response of the plasmonic resonator.

The LSP structure supports multipole resonances

owing to spoof plasmon waves circulating along the corru-

gated circumference [41–43]. These multipole resonances

in the LSP structure are excited when the plasmon waves

approximately satisfy m𝜆sp ≈ 2𝜋r1, where 𝜆sp is the wave-

length of the spoof plasmons, 2πr1 is the circumference of
the structure, and a positive integer m is the azimuthal

mode number. In our design, we use an angled metal line

on the back side to perturb the plasmonic modes in the LSP

resonator and control the interaction between them. The

metal line has an angle, 𝜃, between the two metal segments

(Figure 1A). This design is inspired by an optical microdisk

(or toroidal resonator) loaded with two particles on its cir-

cumference, which has been used to induce EPs at optical

frequencies [8–12].

To understand how the capacitance of the varactor

affects the spoof plasmon resonances, we first conducted

COMSOL eigenfrequency/eigenmode simulations (seeMeth-

ods) assuming a simplified geometry without a bottom

metal line (Figure 2); i.e., we only considered the LSP struc-

ture loaded with a varactor on the front side. Initially, at

zero capacitance, two degenerate modes exist for each res-

onance. As the capacitance increases, one mode gradually

redshifts (dashed line), while the other mode remains unaf-

fected (solid line) (Figure 2B). The eigenmode profiles in

Figure 2C show that when the varactor is located at the node

(or zero field) positions, the eigenmode remains unaffected.

In contrast, when the varactor is located at non-zero field

positions, a gradual redshift occurs with increasing capac-

itance. This redshift can be explained by the LC resonator

model: f ∼ 1∕
√
LC. The circular shape of the LSP structure

generates inductance L while the gap between the LSP and

the outer metal plane induces capacitance C. Therefore, the

resonance frequency f gradually decreases (i.e., redshift)

with increasing capacitance.
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Figure 1: Localized spoof plasmon (LSP) structure used in this work. (A) Images of the front and back sides. The angle of the metal line on the back side

is 𝜃. (B) Schematic of the LSP structure (r1 = 18 mm, r2 = 10 mm, and t = 0.254 mm). The substrate appears to be semi-transparent in the schematic to

help conceptual understanding. The thickness of the substrate in the schematic is pictured significantly larger than the real size for ease of recognition.

Figure 2: Mode perturbation by a varactor. (A) Schematic of the simulation geometry. A varactor-loaded spoof plasmon structure is patterned on the

substrate without the metal line on the back side (i.e., simplified structure). The varactor is directly loaded on the wing of the spoof plasmon structure

and the surrounding ground plane on the front side without any additional pads. (B) Initially at zero capacitance, there exist two degenerate modes

for each resonance. As the capacitance increases, one of them gradually redshifts (dashed line) while the other mode remains unaffected (solid line).

(C) Eigenmode field profiles (Ez) at a capacitance of 2 pF. The profiles in the left (solid box) and right (dashed box) columns correspond to solid and

dashed lines in (B), respectively. When the capacitor is located at non-zero field positions, gradual redshift occurs with increasing capacitance.

We now consider the perturbation of the plasmonic

modes by the metal line (Figure 3). First, we consider the

case in which the length of the two metal segments (Lpert)

gradually increases until they touch (Lpert = 19 mm) and

form a continuous metal line while maintaining 𝜃 = 0◦ (i.e.,

straight line) (Figure 3A). Figure 3B shows how the eigen-

frequency changes with increasing Lpert. At zero-segment

length, two degenerate modes exist for each resonance. The

resonant frequency of one mode gradually redshifts as the

length of the segment increases, whereas the resonant fre-

quency of the other mode remains almost constant.

Figure 3C shows the field profiles (Ez) of the eigen-

modes. Here, we assumed that the two segments touched

each other (Lpert = 19 mm, 𝜃 = 0◦). A comparison of the

mode profiles with the resonance frequencies in Figure 3B

shows that when the metal line is located at the node (or

zero field) position of the eigenmode (such as 4.75 GHz and

5.58 GHz), the resonance frequency remains nearly constant

regardless of the segment length Lpert. However, when the

metal line lies at non-zero field positions, the eigenmode

frequency gradually shifts with the segment length.

Figure 4A shows a photograph of the real varactor-

loaded sample. The varactor was placed in the gap between

the spoof LSP structure and surrounding metal plane on

the front side, and soldered to them. The capacitance of

the varactor can be electrically tuned from 2.22 to 0.3 pF by

applying a DC voltage bias from 0 to 20 V (i.e., the capac-

itance decreases as the voltage increases). Owing to the

patterning of the front side into a spoof plasmon structure,

it was possible to position the varactor in the gap. Copper
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Figure 3: Mode perturbation by a metal line on the backside. (A) Schematic of the simulation geometry (having no varactor). The length of the two

metal-line segments (Lpert) is gradually increasing until they touch (Lpert = 19 mm) and form a continuous straight line (𝜃 = 0◦). (B) Frequencies of

eigenmodes with increasing Lpert, which are obtained from numerical simulations. Two degenerate modes exist for each resonance at zero segment

length. With increasing segment length, the resonant frequency of one mode gradually redshifts while the resonant frequency of the other mode

remains almost constant. (C) Eigenmode field profiles (Ez) when the two metal lines touched. When the metal line is located at the node position (e.g.,

4.75 GHz, 5.58 GHz), the resonance frequency remains nearly constant regardless of the segment length Lpert. However, when the metal line lies at

non-zero field positions, the eigenmode frequency gradually shifts with the segment length.

Figure 4: Image and simulations for the real sample. (A) Image of the real sample (with an angled metal line on the back side). A varactor was placed

in the gap between the spoof LSP structure and the surrounding metal plane on the front side. Copper wires were soldered at the center of the spoof

plasmon structure and at the corner of the outer metal plane to apply a bias across the gap. A cutting corner is introduced at port 1 for the angled

metal line. The angled metal line is cut normal to the cutting corner to induce the same geometry as the other port. (B) And (C) eigenmode simulations

with varying metal-line angles (from 𝜃 = 0◦–30◦) for given capacitances of 2.22 pF and 0.3 pF, respectively. Two eigenmodes exist in the frequency

range of 5–5.5 GHz, and they have interactions in the region of dashed circles.

wires were soldered at the center of the spoof plasmon

structure and at the corner of the ground plane to apply

the bias voltage across the gap (see Figure 4A). Becausemost

plasmonic fields are confined near the gap and wings of the

LSP structure, the soldering of copper wires at the center

of the spoof plasmon structure and at the corner of the
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surrounding metal plane have minimal impact on the spoof

plasmon resonances.

The LSP resonance can also be tuned using the metal-

line angle. Figure 4B and C show the results of the eigen-

mode simulations in the real sample including capacitances

of 2.22 pF and 0.3 pF, respectively. The angle of the metal

line on the back side is gradually varied from 𝜃 = 0◦–30◦.

Two eigenmodes exist in the frequency range of 5–5.5 GHz,

and the resonance frequency of one of these modes can be

significantly adjusted by the capacitance. Figure 4B and C

indicate that the metal-line angle can be used as a parame-

ter to control the eigenmode frequency and the interaction

between the two modes.

The time-domain simulation in Supplementary Video

V1 directly demonstrates the role of the metal line. For

simplicity, we considered a one-dimensional (straight) spoof

plasmon waveguide (see also Figure S1 in Supplementary

Material). The metal line on the backside was aligned to

pass through the middle of the plasmon waveguide. A point

dipole source was used to excite the propagating waves

along the metal line. Video V1 shows that the metal line

splits the incident waves into the two opposite directions

of the spoof plasmon waveguide. In the case of our circular

LSP resonator, the split waves become clockwise and coun-

terclockwise circulating plasmon waves. Their interactions

form different resonant modes depending on the metal-line

angle.

Comparing the dashed circles in Figure 4B and C, we

notice that the two eigenmodes have interactions between

15◦ and 18◦. Because an EP can result from the interaction

of two resonant modes, this indicates that an EP may exist

in this range of parameters (metal-line angle and capaci-

tance). Performing additional eigenfrequency simulations,

a three-dimensional, complex eigenfrequency surface was

obtained and visualized in parameter space (Figure 5A and

B). The real and imaginary parts of the complex eigenfre-

quency correspond to the frequency (Re[f ]) and damping

rate (Im[f ]) of the resonant mode, respectively. Then, the

linewidth (full width at half maximum, FWHM) in the reso-

nance spectrum becomes 2Im[f ]. Figure 5A shows the real

part of the complex eigenfrequency as a function of the

angle and capacitance, whereas Figure 5B shows the imag-

inary part of the complex eigenfrequency. These demon-

strate that the two eigenmodes interact and produce a non-

trivial topology in parameter space.

More specifically, Figure 5C and D show the real and

imaginary parts of the complex eigenfrequency at 𝜃 =
15.83◦, respectively. The two eigenmodes nearly coalesce

around 5.32 GHz and 0.585 pF; i.e., the complex eigenfre-

quencies of the two modes overlap in both the real and

imaginary parts, indicating the occurrence of an EP. Below

0.585 pF (i.e., below theEP), the real parts of the two complex

frequencies are very close, whereas the imaginary parts

are largely separated (i.e., the two modes have different

linewidths). Above 0.585 pF (i.e., above the EP), the situation

is reversed; the real parts are largely separated into higher-

and lower-frequency modes, whereas the imaginary parts

are similar (i.e., the two modes have similar linewidths).

Figure S2 shows additional complex frequency data for dif-

ferent metal-line angles (from 𝜃 = 15◦–17.8◦). Between 𝜃 =
15◦ and 16◦, the two eigenmodes are very close for both the

real and imaginary parts. The two modes nearly coincide at

𝜃 = 15.83◦ and manifest the features of EPs.

Figure S3 in Supplementary Material shows the field

profiles (Ez) of the simulated eigenmodes (𝜃 = 15.83◦) at 2 pF

(i.e., away from the EP). The two eigenmodes at 5.27 GHz

and 5.34 GHz are significantly different (particularly in the

upper region of the LSP structure). However, near the EP

condition, the field profiles of the two eigenmodes become

similar (Figure S4), as expected for coalesced eigenmodes.

Generally, an EP occurring from two interacting modes

can be described using the following non-Hermitian Hamil-

tonian [1, 44]:

Ĥ =
(
𝜔1 + i𝛾1 𝜅

𝜅 𝜔2 + i𝛾2

)

=
(
𝜔0 + i𝛾0 0

0 𝜔0 + i𝛾0

)

+
(
Δ𝜔+ iΔ𝛾 𝜅

𝜅 −Δ𝜔− iΔ𝛾

)
, (1)

where 𝜔i and 𝛾 i are the resonant angular frequency and

damping rate, respectively, for each mode (i = 1, 2), and

𝜔0 = 𝜔1+𝜔2

2
, 𝛾0 = 𝛾1+𝛾2

2
, Δ𝜔 = 𝜔1−𝜔2

2
, and Δ𝛾 = 𝛾1−𝛾2

2
. 𝜅 is

the complex coupling constant between the two modes.

Then, the complex eigenfrequencies𝜔± of this Hamiltonian

are given by

𝜔± = 𝜔0 + i𝛾0 ±
√
𝜅2 + (Δ𝜔+ iΔ𝛾)2. (2)

And the corresponding eigenvector becomes

a± =
⎛⎜⎜⎝

1

−Δ𝜔− iΔ𝛾 ±
√
𝜅2 + (Δ𝜔+ iΔ𝛾)2

𝜅

⎞⎟⎟⎠, (3)

which satisfies Ĥa± = 𝜔±a±. Both the eigenfrequency and

eigenvector have the same form of the square root term

in Eqs. (2) and (3). Therefore, when the square root term

becomes zero, the two eigenvalues 𝜔± and the correspond-

ing eigenvectors a± coalesce simultaneously, and an EP
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Figure 5: Simulated complex eigenfrequencies in parameter space (capacitance and metal-line angle). (A) And (B) real and imaginary parts of the

complex eigenfrequency, respectively. They show the interactions of the two eigenmodes and a nontrivial topology in parameter space. (C) And (D)

real and imaginary parts of the complex eigenfrequency at 𝜃 = 15.83◦, respectively. The two eigenmodes nearly coalesce in the shaded region in both

the real and imaginary parts, manifesting the feature of the EP.

occurs. Our eigenmode simulations show the simultaneous

coincidence of the real and imaginary parts of the complex

eigenfrequencies, indicating the occurrence of an EP in our

spoof plasmon structure.

We also conducted more eigenfrequency simulations

and confirmed the characteristic square-root dependence

of the mode splitting near an EP. In the simulation, we

gradually increased the refractive index of the surround-

ing medium (n = 1 + Δn) and measured changes in the

mode splitting (Figure S5). Fitting of this mode splitting in

the log–log plot perfectly matches a square-root curve (i.e.,

slope= 1/2) under small perturbations. This is clearly differ-

ent from other mode-splitting mechanisms (diabolic points)

which exhibit linear dependence under perturbations

[12, 13].

We nowpresent our experimental results.We prepared

five samples with different metal-line angles of 𝜃 = 14◦–18◦

in increments of 1◦. For each sample, we gradually varied

the bias voltage of the varactor from 0 to 20 V andmeasured

the reflection spectrum using a vector network analyzer

(VNA) (see Methods). Figure 6 shows the measured reflec-

tion spectra from Port 2 (S22). It presents the amplitude of

the reflection (|S22|) in log scale (dB) in the two-dimensional
map (frequency vs. voltage). The voltage in the x-axis is

presented in decreasing order for easy comparison with the

simulation data in Figure 5; the capacitance increases when

the voltage applied to the varactor decreases.

The reflection spectra in Figure 6 show strong dips at

the resonant mode frequency (yellow or blue in the map).

Away from the resonant modes, the reflection remains very

high (red in the map). Gradual changes in the overall fea-

tures are observed as the metal-line angle varies from 𝜃

= 14◦–18◦. At 𝜃 = 15◦ and 16◦, a spectral overlap of the

two resonant modes clearly appears, which is consistent
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Figure 6: Experimental measurement data for different metal-line angles. Gradual changes are observed in the reflection spectrum when the

metal-line angle 𝜃 changes. (A)–(E) measured reflection amplitude (|S22|) in logscale (dB) for 𝜃 = 14◦, 15◦, 16◦, 17◦, and 18◦, respectively. The bias

voltage applied to the varactor is tuned from 0 to 20 V. Note that the voltage in the x-axis is presented in decreasing order for easy comparison with

the simulation data. The reflection spectrum shows a strong dip at the resonant mode frequency. At 𝜃 = 15◦ and 16◦, the spectral separation and

overlap of the two resonant modes are clearly visible.

with the eigenmode simulations in Figure 5 and S2. Two

separate resonances with similar linewidths exist at zero

bias. The two modes become closer in resonance frequency

with increasing voltage (or decreasing capacitance). For 𝜃

= 16◦, a spectral overlap of the originally separated res-

onances occurs at approximately 9–10 V. When the volt-

age increases further, the two modes remain nearly over-

lapped in the frequency spectrum. The overall behav-

ior in the experiment agrees well with the eigenmode

simulations.

To further confirm the EP behavior, the measured

reflection amplitudes (|S22|) at 𝜃 = 15◦ and 16◦ were directly

fitted to the following dual Lorentzian function:

||S22|| = ||||| a1
i
(
f − a2

)
+ a3

+ b1
i
(
f − b2

)
+ b3

+ c
|||||. (4)

The resonance frequency (a2, b2) and damping rate (a3,

b3) of the two modes (i.e., the real and imaginary parts

of the complex resonance frequency) were determined via

fitting. The FWHM linewidth in the reflection spectrum is

twice the damping rate. Figures S6 and S7 in Supplemen-

tary Material provide more details on the fitting procedure.

Figure 7A and B show the fitted real and imaginary parts for

𝜃 = 15◦, respectively, while Figure 7C and D show the real

and imaginary parts for 𝜃 = 16◦, respectively. At 𝜃 = 15◦,

the coalescence points of the real and imaginary parts

are slightly separated. However, at 𝜃 = 16◦, both the real

and imaginary parts nearly coalesce simultaneously around

9 V, indicating the existence of the EP. In our experiment

(Figures 6C, 7C and D), the real part of the resonance fre-

quency of the two modes splits into two below 9 V (i.e.,

strong coupling regime) while the imaginary parts remain

very close. Above 9 V, the situation is reversed; the imagi-

nary part splits into two. In this case, one mode has a larger

damping rate (super-radiant mode), and the other mode

has a smaller damping rate (sub-radiant mode). There-

fore, our experiment (as well as simulations) manifests the

general features of non-Hermitian systems and EPs very

clearly [45].

When the reflection amplitude decreases to nearly

zero, phase singularity can occur because the phase can-

not be defined as a single value at the zero-reflection

amplitude [46]. The reflection phase was also directly mea-

sured from the VNA measurements. Figure S8 shows the
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Figure 7: Fitting of the experimental reflection spectra to a dual Lorentzian function. (A) And (B) real and imaginary parts of the complex resonance

frequency for 𝜃 = 15◦, respectively. (C) And (D) real and imaginary parts for 𝜃 = 16◦, respectively. The shaded parts indicate the voltage range where

the two modes nearly coincide. At 𝜃 = 16◦, both real and imaginary parts nearly coalesce around 9 V, while the coalescence points for the real and

imaginary parts are more separated for 𝜃 = 15◦.

measured phase spectra around the EP at 𝜃 = 16◦ at several

applied voltages. The phase profile changes abruptly when

the voltage changes from 9 to 10 V, confirming the behavior

of phase singularity.

The electrical addressing of EPs in plasmonic structures

may be useful for realizing highly functional elements in

compact device platforms [47, 48]. For example, strongly

confined modes in spoof plasmon structures have been

used in index sensing [49–51] and wireless sensor networks

[52]. Because EPs can significantly enhance sensitivity under

small perturbations [13], electrically addressable EPs in

compact spoof plasmon structures may further enhance the

sensitivity and enable ultrasensitive sensors in highly inte-

grated platforms. In addition to sensitivity enhancement,

EPs can also induce many unusual phenomena, including

mode conversion via the encircling of an EP [5, 6, 53],

dynamic slowing or stopping of electromagnetic waves [54],

and topological control of light propagation [6, 14]. Electri-

cally addressable EPs may enable novel chip-scale, highly

functional devices by exploiting the exceptional features of

EPs in integrated platforms.

3 Conclusions

We presented the electrical addressing of EPs in a compact

single-resonator structure. In our design, a localized spoof

plasmonic resonator was combined with an angled metal

line, and the interaction between the plasmonic modes

was electrically controlled using a varactor loaded in the

gap between the plasmonic resonator and the surround-

ing metal plane. Continuous electrical tuning of the var-

actor capacitance facilitated the simultaneous coalescence

of the real and imaginary parts of the eigenfrequency
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and thus allowed the direct addressing of EPs. The elec-

trically addressable EPs studied in this work may enable

highly functional and tunable elements in compact device

platforms.

4 Methods

A compact plasmonic resonator was fabricated using a two-layer PCB.

Plasmonic structures on the front side and a metal line on the back

side were patterned using an 18 μm thick copper layer. Five samples

with metal-line angles of 𝜃 = 14◦–18◦ were prepared in increments

of 1◦. The PCB substrate is TLY-5 (Taconic; dielectric constant: 2.2, loss

tangent: 0.0009, thickness: 0.254 mm). The outer radius (r1) of the LSP

structure on the front side is 18 mm, whereas the inner radius (r2) is

10 mm. The angle of each metal wing is 4◦, and the LSP structure has

46 wings. The metal line on the back side has a linewidth of 0.752 mm.

For electrical measurements, a varactor (SMV2019-079LF, Skyworks)

was soldered to the inner LSP structure and the outer surrounding

metal plane. Additional copper wires were soldered to the center of the

inner LSP structure and the corner of the outer metal plane to apply a

bias. SubMiniature version A (SMA) connectors were used at ports. The

signal line of the SMA connector was soldered to the metal line on the

back side, while the concentric metal part of the SMA connector was

soldered to the outer metal plane on the front side. The outer metal

plane surrounding the LSP structure was used as the common ground

for the varactor and SMA connectors.

The complex eigenfrequencies of the plasmonic structure for dif-

ferentmetal-line angles and capacitanceswere obtainedusing COMSOL

eigenvalue solver (RFmodule). Eigenfrequency/eigenmode simulations

were performed to identify the resonant modes in the LSP structures.

All simulations were conducted in 3-dimensional geometry inside a

rectangular box that was designated as the scattering boundary con-

dition. As for varactor modeling, the 2-dimensional geometry of the

varactor (1.5 mm × 0.5 mm) was introduced instead of 3-dimensional

geometry to prevent inadequate complex meshing. A lumped element

was set to the varactor with the series RLC condition. The resistance

of the varactor was set as 4.8Ω while the lumped element inductance

was set as 0.7 nH (following the specification sheet of the varactor used

in the experiment). Then, a desired capacitance value was introduced.

The varactor was placed in the gap between the spoof LSP structure

and surrounding metal plane on the front side, which is the same as

the experimental configuration. The copper patterns were modeled as

perfect electric conductors in the simulations. The field profiles were

obtained 1 mm away from the back side of the sample.

Reflection spectra were measured using a VNA (Keysight Tech-

nologies, N5242A PNA-X). All samples were mounted on a Styrofoam

plate during the measurements (the refractive index of Styrofoam is

close to 1 at microwave frequencies). A DC voltage of 0–20 V was

applied to the varactor.
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