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We design a pair of resonators to realize multiple spoof plasmonically induced transparency (PIT) with
high-Q group delays, which show potential in sensing applications. To reveal the mechanism of the mul-
tiple spoof PIT scheme, we deduce mathematical equations of a simplified model composed of multiple
harmonic oscillators, and we further propose an equivalent-circuit model to analyze the metamaterials
in an intuitive way. A prototype consisting of a broadband stub resonator and a spoof localized surface-
plasmonic resonator is further fabricated to detect the complex permittivity of high-lossy liquids and solid
samples in microwave bands. Experimental results show that the group-delay-based sensor can work well
even when high-order modes are weakly excited, and the trade-off between sensitivity and properties of
samples is discussed. The proposed double-resonator scheme with multiple spoof PIT is universal, and we
design a metasurface working in terahertz bands to show that the concept can be widely used in various

surface-sensing applications.
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I. INTRODUCTION

Based on the evanescent property of surface-plasmon
polaritons (SPPs) on the surface of metallic films [1], local-
ized surface-plasmonic (LSP) resonances are playing a
crucial role in biological sensing to detect various biolig-
uids, such as aqueous solutions of antibodies [2], drugs
[3], proteins [4], and DNA [5]. SPP-based refractive-index
(RI) sensing is advantageous because it is label free and
can provide real-time information [6]. To realize SPP-like
evanescent waves at lower frequencies, metallic structures
decorated by periodic unit cells are found to support spoof
SPPs with strong field confinement [7—11]. Furthermore,
when adding periodic grooves to a resonator, we can real-
ize multiple spoof LSP resonances [12—17] on the surface
of a disk or fan-shaped resonator [18,19]. Spoof plasmonic
metamaterials also show potential in sensing applications
[20,21], where samples on the surface of metamaterials
can be detected [22-26]. However, it is difficult to excite
multiple LSP resonances with a high-Q factor due to the
intrinsic damping in metallic structures [27,28]. Usually,
only one LSP mode can be utilized to detect lossy liquids
under test (LUT), and high-order modes are usually too
weak for sensing [23]. To increase sensing performance,
inserting gain components into spoof plasmonic structures
is an effective method in microwave bands [29-32].

Plasmonically induced transparency (PIT) is an alter-
native way to realize high-Q resonances [33,34]. The
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conventional double-resonator scheme usually generates
one PIT window [35,36]. For example, a stub-coupled
split-ring-resonator (SRR) sensor can detect permittivity
at one transmission window [37]. Similar acoustically
induced transparency [38—40] and exciton-induced trans-
parency [41] based on double-resonance systems show
only one transmission peak as well. To achieve multi-
ple PIT windows, more resonators are needed, such as
cascaded three nanodisk resonators [42], orthogonally ori-
ented dipoles in the monomer and dimer bars [43], LSP
coupled to electrical-magnetic dipoles [44], two open stubs
coupled to four SRRs [45], and two-level atoms coupled
to a single-mode cavity [46]. In this work, the proposed
multiple spoof PIT scheme consists of one broadband stub
resonator and one spoof LSP resonator. To describe the
multiple spoof PIT transmission spectrum, we design a
mechanical system composed of several harmonic oscil-
lators to deduce mathematical equations, and we further
propose an equivalent circuit to reveal the electromagnetic
(EM) principle of metamaterials. A prototype is fabricated,
and experiments conducted in microwave bands verify
the sensing performance of the multiple spoof PIT, the
group-delay spectrum of which shows a high-Q factor [47].
Complex permittivity of various samples was extracted
based on the group delay. Moreover, the trade-off issue
of sensitivity and permittivity is discussed. To show the
generality of the scheme, we also design a metasurface
working in terahertz bands. To sum up, this work finds
a simple method to realize multiple spoof PIT, which is
fruitful in sensing applications.

© 2022 American Physical Society
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I1. SPOOF PIT, HARMONIC OSCILLATORS, AND
EQUIVALENT CIRCUIT

The proposed multiple spoof PIT sensor is shown in
Fig. 1(a). The wideband sector stub (bright mode) is con-
nected to the microstrip line directly, and the spoof LSP
resonator (dark-mode) is strongly coupled with the stub
through the 0.2-mm-wide slot. The bandwidth of the sec-
tor stub is designed to be large enough to cover multiple
spoof LSP resonances. Inspired by oscillator-coupling sys-
tems [48—50], we propose a mechanical model composed
of harmonic oscillators, as shown in Fig. 1(b). Theoreti-
cal transmission equations deduced from the mechanical
model are consistent with simulated results of the EM
model in CST Studio Suite, as shown in Fig. 1(c).

Bright-mode oscillator 1 represents the wideband sector
stub, and other dark-mode oscillators represent multiple
spoof LSP modes. Oscillator 1 is subject to an external
force, F. Mass, m;, and springs attached to a wall with
constant k; decide the intrinsic resonant frequency, w;.

Springs k;; connect different oscillators. Friction constant
y; 1s associated with energy dissipation on these oscilla-
tors. We can write equations of oscillators in terms of the
displacements, x;, as follows:
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By substituting harmonic solutions into these equations,
we can find the solution of x; as
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FIG. 1. (a) Multiple spoof PIT sensor. Substrate is Rogers 4350B, the thickness of which is 0.762 mm. Microfluidic structure is
made of polycarbonate, the permittivity of which is 3 and the loss tangent is 0.05. Pipe is 0.2 mm from the spoof LSP structure.
(b) Mechanical model with multiple transparent windows. (c¢) Theoretical and simulated results. Theoretical fitting parameters are
y1=8.164 Nsm™', y,=0.006 Nsm™!, y3=0.031 Nsm~', ¥, =0.035 Nsm™!, Q; =0.5 x 27 rads™!, Q3; =0.46 x 27 rads~!,
Q4 =044 x 27 rads™!, w; =1.49 x 27 rads™!, wy =1.49 x 27 rads™!, w3 =1.78 x 27 rads™', ws =192 x 2 rads™!, F=1N,
m; =1kg.
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model and EM model.

We further define the normalized transmission spectrum,
T=1—Re(Ps), to conduct a curve fitting with the EM
model in Fig. 1(c). The consistency between the theoret-
ical model and simulations proves the correctness of the
theory. More higher-order modes appear in the EM model,
and we can increase the number of oscillators to get more
precise equations. However, four oscillators are enough
to describe the first three spoof PIT windows, which are
utilized in subsequent experiments.

We further propose an equivalent circuit to demon-
strate the working principle, as shown in Fig. 2(a). The
bright-mode sector stub is treated as a LCR-series res-
onator (L, Cy, and Rj) connected to the main transmission
line directly. The dark-mode spoof LSP resonator is treated
as a section of open-terminal periodic transmission line
with seven LCR-series resonators (L;, C;, and R;) con-
nected by the inductor L,. Coupling coils are used to
present the coupling, K, between two resonators. Field dis-
tributions in Fig. 2(b) verify that spoof LSP resonances
are strongly coupled with the sector stub resonator. To
reveal the bright and dark modes separately, we establish
two models shown in Fig. 2(c) and compare S, curves
of the two individual resonators with the S>; curve of
spoof PIT in Fig. 2(d). The Q factor of the bright-mode
stub resonator is much lower than that of the dark-mode
spoof LSP resonator. Spoof LSP resonances appear more

=== Stub (bright)
PIT (bright-dark
. (. § : B — EM - Circuit
-20 ' L
1.70 1.95 2.20
1.85 1.90 1.95 2.00
Freq. (GHz) Freq. (GHz)

(a) Equivalent spoof PIT circuit model. (b) Electric field distributions. (¢) Simulation models to reveal bright and dark modes
separately. (d) Simulated S; curves of three models: spoof LSP,

stub, and spoof PIT. (e) Comparison between the equivalent-circuit

densely when the frequency increases closer to the cutoff
frequency, .. When two resonators are coupled together,
discrete spoof PIT transmission peaks (TPs) appear at the
location of dark-mode spoof LSP resonances. To extract
equivalent-circuit parameters, we combine curve-fitting
optimization with physical-insight analysis. We first ana-
lyze the sector stub and the spoof LSP resonator sepa-
rately to determine fundamental relationships according to
the resonant frequencies and Q factor. The resonant fre-
quency of a single groove is about the cutoff frequency,
w.. Then, we use the quasi-Newton optimization tool to
get all fitting parameters. Considering the difference of
K of different modes, we separately analyze the equiv-
alent circuit at different spoof PIT windows, as shown
in Fig. 2(e). Results of the equivalent circuit match well
with EM simulations. Detailed parameters are listed in
Table 1.

III. MEASUREMENT

A. Fabrication and measurement setup

As shown in Fig. 3(a), the proposed sensor is fabricated,
and measurements are conducted to verify its performance.
The microfluidic structure is made of polycarbonate. A
pair of plastic tubes is connected to the inlet and outlet
ports of the microfluidic chip. A syringe is used to pump

TABLE I. Parameters of the equivalent-circuit model at different TPs.
Parameters Ly (nH) L; (nH) L, (nH) Co (pF) Ci (pF) Ry () Ry () K
TP1 1.9 19.6 4 6.36 0.29 0.074 2.6 0.30
TP2 1.7 18.8 6.2 6.36 0.30 0.074 3.0 0.18
TP3 1.7 18.5 6.5 6.36 0.30 0.074 3.2 0.17
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(a)

FIG. 3.
group delay of different water-ethanol solutions.

the LUT into the tube, and the waste liquid is collected
from the outlet port. Two terminals are welded with con-
nectors, linked with the vector network analyzer (Agilent
N5230A), the intermediate frequency bandwidth of which
is set as 10 kHz. Figure 3(b) shows some measured results
of different water-ethanol solutions. As the water content
decreases, the real part of the permittivity decreases, and
the imaginary part of the permittivity increases [51]; there-
fore, the measured group-delay peaks shift towards higher
frequency and the amplitude decreases.

(b)
100% Water content 0%
J\ ~
J
14 1.5 1.6 1.7 1.8 1.9
Freq. (GHz)

(a) Experiment environment. Room temperature is 28 °C. Volume of LUT is 0.2 ml in the microfluidic pipe. (b) Measured

B. Calibration using water-ethanol solutions

We first calibrate the sensor based on water-ethanol
solutions, the referential permittivities of which cover an
extensive range. Figures 4(a)-4(c) show the peak fre-
quency and group-delay change with water-content change
at three TPs, respectively. With these experimental results,
we further obtain the mathematical relationship between
the group delay and permittivity of LUT. It is challenging
to deduce rigorous physical relationships between samples
and the parameters of sensors. Common calibrations are
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FIG. 4. Peak frequency (fy) and group delay (Dg) of different water-ethanol and water-methanol solutions at (a) TP1, (b) TP2, and
(c) TP3. Comparison of permittivity between the theoretical results (solid and dashed lines) of the Debye model and the measured
results (discrete dots) of water-ethanol solutions at (d) TP1, (e) TP2, and (f) TP3, and water-methanol solutions at (g) TP1, (h) TP2,

and (i) TP3.
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TABLE I

Curve fitting of the spoof PIT spectrum and permittivity.

Fitting functions e =AIB xfo*+Cx fo+D)+E

e"=FxDc+Gxfy+H

Parameters A B C D E F G H R% (&) R? (")
TP1 65.3 42.1 —25.1 —52.6 —21.2 —52 —4165.8 6241.2 0.97 0.82
TP2 69.1 30.0 —26.6 —42.2 —24.6 -2.6 —1102.6 1941.4 0.98 0.92
TP3 95.1 24.5 —253 —34.6 —-29.4 —4.9 —695.5 13239 0.99 0.95

based on an empirical two-step process: choose mathe-
matical equations and obtain parameters based on curve
fitting [23]. Therefore, we use the curve-fitting equations in
Table II to match relationships between the complex per-
mittivity and group delay, where the peak frequency (fp)
and peak group delay (Dg) are used. ¢’ is the real part
and &” is the imaginary part of the permittivity. Curve-
fitting parameters are presented from 4 to H. When &’
increases, fo decreases as well. Moreover, Dy is related to
the oscillation time of the strong coupling system, which
has an approximative linear relationship with &”. Larger
¢” is related to a smaller Dg. To verify the correctness
of the mathematical relationships, we use the curve-fitting
toolbox in MATLAB to match measured results at three test-
ing points with mathematical models. Obtained parameters
and R? values are listed in Table II, where R* is a sta-
tistical parameter to evaluate how close data are to the
fitted regression line. Figure 5(a) presents the fitting per-
formance where measured results match the mathematical
model well. We further compute the measured permittiv-
ity of water-ethanol solutions in Figs. 4(d)}4(f), where
the theoretical values [51] match well with the extracted
permittivity.

C. Validation using water-methanol solutions

Further characterization of other solutions is reliable
based on the mathematical model deduced from water-
ethanol solutions. We then measure water-methanol solu-
tions as examples. Measured f; and D¢ are plotted as

functions of the water volume fraction in Figs. 4(a)4(c).
The mathematical model obtained by the water-ethanol
calibration is directly applied to measure water-methanol
solutions. The theoretical results in Ref. [51] are compared
with the measured results in Figs. 4(g)4(i). The consis-
tency verifies the accuracy of the developed sensor. We
further use the following equation to evaluate the relative
error:

lem (D) — &:()]
8t(l)

&

CI1or = — E

where 7 represents different solutions from pure water to
pure methanol with a step of 10% water content. N repre-
sents 11 sets of data in total. ¢, and &, are the measured and
theoretical permittivity, respectively [51]. Relative errors
of ¢’ are 4.32%, 5.11%, and 6.30%, and relative errors of &”
are 17.80%, 11.60%, and 16.26% from TP1 to TP3, respec-
tively. Based on the Debye model [51], we calculate the
theoretical loss tangent of different solutions, as shown in
Fig. 5(b). The loss tangent at the TP1 is slightly lower than
the results at TP2 and TP3. The same change is revealed
by our experimental results shown in Fig. 5(c).

x 100%, 7

IV. DISCUSSION

A. Group delay and S parameters

Group delay could be a better parameter than the S
parameters for spoof PIT sensors because it can reveal
bidirectional energy transfer between resonators. To utilize
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FIG. 5.

(a) Fitting performance of ¢’ and f, where lines are fitting curves of the mathematical model and dots are measured results.

(b) Loss tangent (tan §) of theoretical results. (c) Tan § of measured results.
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FIG. 6.

Experimental comparison between S,; and group delay around three TPs with various solutions. (a)~c) S»; curves.

(d)~f) Group-delay curves. (g)i) Comparison of Q factor of Sy, and group delay.

higher-order spoof LSP resonances in this strong coupling
scheme, we use group delay as a sensing parameter instead
of conventional S parameters. Sy; of our design can work
well at TP1; however, it becomes difficult to identify at
higher-order modes, such as TP2 and TP3. As shown in
the enlarged spectrum at TP3 in Fig. 6(c), the change in
amplitude of S, is not clear enough to use, where the peak
range is from —13.25 to —13.75 dB, with a scale of about
0.5 dB. As a comparison in Fig. 6(f), the peak range of
the group delay is from 6 to 10 ns, which can be used for
measurements.

From the perspective of the physical mechanism, using
group delay is reasonable in spoof PIT-sensing systems.
Once the coupling becomes sufficiently large, the group
delay reveals the bouncing time between resonant modes.
The complex permittivity of the LUT affects both the res-
onant frequency and group delay. Therefore, it is natural
to consider the frequency and group delay as a pair of
optional parameters. The mathematical definition of group
delay is Dg = —dp/dw. Suppose we know Sy; at two dif-
ferent frequencies, f; and f>, which are very close to each
other, Dg &~ —phase[S,1(f1) — S21(2)V/[27 (fi — f2)]. Group
delay is a parameter based on a differential operation with
frequency. Therefore, group delay indicates the change rate
with frequency, meaning that, when the amplitude of S5 is
low, the change rate with frequency can still be significant.
In the spoof PIT scheme, the advantage of group delay can
be reflected in the sharpness. Because the change of S5,

is weak, we cannot obtain the Q_sqp factor based on the
3-dB bandwidth of S;. Thus, we define the Q_4p factor
to describe the sharpness of curves as Q_ 148 =fo/(f2 — f1),
where f; is the resonant peak frequency, and f; and f; are
frequencies on both sides at which the amplitude decreases
to 0.89 times. From Figs. 6(a)-6(c), higher Q_14p veri-
fies that group-delay curves are sharper than S,; curves at
all three TPs. Hence, group delay can be a better sensing
parameter than the amplitude of S,; in spoof PIT sensors,
and the conclusion is universal for other sensors based on
strong coupling.

B. Trade-off between sensitivity and permittivity

Sensitivity is used to characterize the frequency-shift
ability when detecting samples. When detecting a lossy
LUT with a large range of high permittivity, we use the
microfluidic structure and sacrifice sensitivity to maintain
the function of the sensor. However, when detecting sam-
ples with low permittivity, such as glass and Teflon, we
place samples on the surface of metamaterials directly
and achieve a high sensitivity. Two different situations are
compared in Fig. 7(a). The trade-off between sensitivity
and samples is discussed in this section.

The sensitivity is a complex function with many vari-
ables, such as permittivity, the working frequency, and
the test environment. The following definition reveals the
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Trade-off between sensitivity and samples. (a) Low sensitivity, there is a gap between samples and spoof LSP. High sensitiv-

ity, samples are placed on the surface of spoof LSP directly. Spoof LSP is etched on the up-layer surface of the substrate, and metallic
ground (GND) is etched on the bottom-layer surface of the substrate. (b) Frequency shift of different modes. (c) Sensitivity of different
modes. (d) Spectra of various samples, and mode overlapping occurs in green and blue curves. (¢) Experiments to detect samples with
low permittivity. (f) Measured group delay of different samples with low permittivity.

frequency-shifting ability with the change in permittivity:

3o

S(e) = Tde’”

(8)

where the sensitivity (S) is regarded as a function of the
resonant frequency (fy) and the real part of the permittivity
(¢"). The cross section of our sensor with high sensitivity
is shown in Fig. 7(a), where samples are placed directly
on the surface of the structure. We simulate the frequency
shift of various spoof PIT modes when the permittivity of
the sample changes over a large scale. The third and fourth
spoof PIT modes overlap in Fig. 7(b) because of the incon-
sistent sensitivity at various spoof PIT modes, as shown in
Fig. 7(c). Higher-order spoof PIT modes have higher sen-
sitivity because of the tighter confinement of the electric
field. In the spectrum shown in Fig. 7(d), we can clearly see

four spoof PIT peaks when the permittivity of the sample
is 5; however, only two peaks exist when the permittivity
increases to 80. These results prove that sensitivity is not
a parameter that can be increased at will, especially when
designing a multimode sensor.

When we detect samples with low permittivity, such
as glass and Teflon shown in Fig. 7(e), the sensitivity
can be much higher than that of prior experiments. We
list various recent spoof plasmonic sensors in Table III
based on the definition of normalized sensitivity presented
in Ref. [23]. We can see that the proposed sensor based
on multiple spoof PIT can achieve high sensitivity when
detecting samples with low permittivity. To sum up, the
distance between the sample and the spoof LSP resonator
tunes the sensitivity. In a previously fabricated sensor
with a microfluidic pipe, the distance is 0.2 mm, and
gradual frequency shifting without any mode overlap can

TABLE III.  Various spoof plasmonic sensors in microwave bands.
Ref. Structure Num. of Modes Size (mm?) Sensitivity (%) Samples
[25] Spoof SPP 4 240 x 25 x 0.787 0.34 Substrate
[26] Spoof SPP 1 20 x 10 x 0.15 Glucose
[24] Spoof LSP 2 100 x 70 x 1.52 Glucose
[21] Spoof LSP 1 40 x32x2.5 0.04 Ethanol
[23] Spoof LSP 1 20 x 15 x 0.254 0.57 Ethanol
[29] Spoof LSP 1 40 x 42 x 0.508 0.30 Glucose
This work Spoof LSP 3 60 x 70 x 0.762 0.06 Ethanol/methanol
4.40 Teflon/glass
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(a) Structure with better performance of high-order modes. (b) Performance of the arc-shaped stub, the center frequency of

which overlaps with the high-order spoof LSP modes. (c) Spoof PIT group delay. (d) Field distributions.

be observed in Fig. 3(b). When decreasing the space or
directly placing the sample on the surface of the meta-
materials, we can increase the sensitivity. High sensitiv-
ity is beneficial to detect samples with low permittivity,
but, when meeting lossy and dispersive LUT with high
permittivity, the sensor may not work well.

C. Enhancing higher-order modes

In the structure in Fig. 3, high-order spoof PIT modes
are weakly excited. In this section, we adjust the struc-
ture to enhance the higher-order modes, as illustrated in
Fig. 8(a). The basic mechanism relies on the center fre-
quency of the broadband bright-mode stub. Although the
bandwidths of both stubs shown in Figs. 2(c) and 8(b)
are large enough to cover multiple spoof LSP resonances,
different center frequencies mean that the strongest bright-
mode excitation positions are different. When we adjust the
center frequency of the bright mode to match better with
the higher-order spoof LSP modes, the performance of
higher-order modes becomes better, as shown in Fig. 8(c).
In addition to the center frequency of the bright mode,
the shape of the stub matters. The higher-order spoof LSP
modes have stronger fields along the periodic grooves, and
the arc-shaped stub can couple these modes better than
the fan-shaped stub placed near the terminal of the spoof
LSP resonator. To confirm the existence of higher-order
spoof PIT modes, we plot field distributions, as shown in
Fig. 8(d).

D. Metasurfaces

To confirm the generality of the proposed multiple spoof
PIT scheme, we further design a silver (Ag) metasurface
working in terahertz bands. The 100-nm-thick Ag structure
is etched on both surfaces of a 25-um-thick polyimide sub-
strate, as shown in Fig. 9(a), and the metasurface is practi-
cal for fabrication, similar to a recently reported SRR sur-
face with electromagnetically induced transparency [52].

The intrinsic property of Ag is modeled as a lossy metal
with a conductivity of 6.3 x 107 S/m, and the polyimide
film is treated as a dielectric (eg,, = 3.3 +0.015), and we
conduct simulations using the CST Studio Suite. We first
analyze two resonators separately under the excitation of
plane waves to investigate the bandwidth of resonances
based on the cross section in Fig. 9(b) to confirm that the
broadband dipole mode covers multiple spoof LSP modes;
then, we arrange two resonators together to construct a
multiple spoof PIT coupling scheme, where the elliptical
dipole patch is bent to enhance the coupling with spoof
LSP modes. Multiple spoof PIT windows appear in the
spectrum, as shown in Fig. 9(c), and corresponding elec-
tric field distributions at TPs are presented in Fig. 9(d) to
verify the coupling effect. If we change the RI of the 1-um-
thick dielectric samples on the surface, the transmission
windows shift, indicating the surface-sensing applications
[53-55]. It is challenging to realize these higher-order
PIT modes in optical bands because of the high metallic
damping. We conduct parameter analyses of the metallic
conductivity (o), as shown in Fig. 9(e). Damping affects
the higher-order modes more severely than the funda-
mental mode because the Ohmic loss is proportional to
o E?. Higher-order plasmonic modes have stronger field
confinements, meaning a stronger £ and larger damping.

V. CONCLUSION

We realize multiple spoof PIT based on a pair of broad-
band and spoof LSP resonators. A coupling system consist-
ing of multiple harmonic oscillators is proposed to deduce
a precise mathematical equation to describe the multiple
spoof PIT spectrum. We also propose an equivalent-circuit
model to qualitatively describe the mechanism. A spoof
PIT sensor is further fabricated to detect the complex per-
mittivity of lossy LUT. Experiments in microwave bands
validate the precise and stable sensing ability based on
the sharp group-delay spectrum. It should be mentioned
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(a) Multiple spoof PIT metasurface with two-layer structures working in terahertz bands. (b) Cross sections of two res-

onators. (¢) Transmission spectrum with different 1-um-thick samples on the surface. Field distributions at different spoof PIT windows.

(d) Performance with different conductivity.

that the desynchronization of the frequency shift may
cause mode overlapping and finally disable the sensor;
thus, we cannot pursue very high sensitivity when design-
ing multimode sensors to detect samples for which the
RI changes over a large range. Further experiments ver-
ify that our design can achieve higher sensitivity when
detecting low-loss samples with small permittivity. The
proposed multiple spoof PIT scheme is universal technol-
ogy in microwave and terahertz bands, and we design a
metasurface as an example.
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