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Manipulating electromagnetic (EM) waves by plasma–dielectric–plasma (PDP)
waveguides or plasma array structures presents significant potential inmicrowave
signal processing, such as filtering, signal delay, and EM enhancement or
shielding. Owing to the simple structure and easy fabrication, the waveguide
with a tooth-shaped resonator has been a strong candidate as a filtering device.
Based on our previous work focusing on U-shaped filtering excited by PDP
waveguides with a double-teeth structure, in this work, the formationmechanism
of a U-shape filtering spectrum is systematically explored by transmission line
theory (TLT) with proper field distributions. The results indicate that the U-shape
spectrum consists of boundary edges and a filtering stopband. The boundary
edges are attributed to Fano-type resonance, and the enhanced destructive
interference from double teeth is responsible for the stopband. Such an approach
shows a specific and clear mechanism for the generated U-shaped spectrum. In
addition, the theoretical analysis of double teeth without Fano-type resonances is
rigorously demonstrated using TLT, which significantly contributes to bandwidth
modulation of stopband filtering in theory. These results contribute to the
understanding of the formation mechanism of a U-shaped spectrum from a
gap plasmon waveguide (such as PDP or metal–insulator–metal (MIM)) with
tooth-shaped resonators, offering a feasible direction for the optimization of
filtering properties, as well as offering significant parameters for subsequent
experimental design.
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1 Introduction

Planar waveguides (i.e., slab waveguides) can effectively confine electromagnetic (EM)
waves in a planned path. To meet specific EM application scenarios, all types of resonators
are suitably located around and in slab waveguides (e.g., EM waves in resonators can be
coupled with ones in slab waveguides). With appropriate locations, numerous physics
phenomena, such as resonance with different modes [1–3], Fano resonance [4, 5], and
plasmon-induced transparency (PIT) [6, 7], can be generated and further applied in many
fields, including filtering, slow light, switches, and sensors. For traditional planar
waveguides, a remarkable diffraction limit affected by waveguide sizes will greatly

OPEN ACCESS

EDITED BY

Jayr Amorim,
Aeronautics Institute of Technology (ITA), Brazil

REVIEWED BY

Jun Zhu,
Guangxi Normal University, China
Huan Liu,
Guilin University of Electronic Technology,
China

*CORRESPONDENCE

Qiuyue Nie,
nieqiuyue@hit.edu.cn

RECEIVED 25 June 2024
ACCEPTED 26 July 2024
PUBLISHED 14 August 2024

CITATION

Nie Q, Wei G, Zhang Z, Zhang Z, Chen P, Ai X,
Qian L and Yan C (2024) Formation mechanism
of the U-shaped spectrum based on a simple
plasma–dielectric–plasma (PDP) waveguide.
Front. Phys. 12:1454585.
doi: 10.3389/fphy.2024.1454585

COPYRIGHT

© 2024 Nie, Wei, Zhang, Zhang, Chen, Ai, Qian
and Yan. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 14 August 2024
DOI 10.3389/fphy.2024.1454585

https://www.frontiersin.org/articles/10.3389/fphy.2024.1454585/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1454585/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1454585/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1454585/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2024.1454585&domain=pdf&date_stamp=2024-08-14
mailto:nieqiuyue@hit.edu.cn
mailto:nieqiuyue@hit.edu.cn
https://doi.org/10.3389/fphy.2024.1454585
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2024.1454585


constrain the miniaturization of EM devices. However, for modern
informatization, the size of EM devices is a key to meeting the
demand for highly integrated technology. Therefore, researchers
have devoted to developing specific slab waveguides to overcome the
diffraction limit. By exciting surface plasmon polaritons (SPPs) in
specially designed slab waveguides, EM waves can propagate along
the metal–insulator (or plasma–dielectric, etc.) interface to break the
diffraction limit constraint. The metal, plasma, graphene, and Dirac
semi-metal are several typical materials to constitute SPP
waveguides. Moreover, according to the similarity principle of the
Maxwell equations, the SPP theory can be regulated by the slab
waveguides to be applied in different EM bands. Thus, those
materials can be commonly used in near-infrared, microwave,
and terahertz bands.

In slab waveguides, tooth structures are the most basic
construction to control SPP propagation. As a typical application
in near-infrared bands, transmission properties of tooth structures
in metal–insulator–metal (MIM) waveguides have been widely
investigated [8–25]. For a single tooth [8, 9], its transmission
spectrum has a symmetric Lorentzian profile with resonant
valleys. The generation mechanism of transmission valleys is
clear, and the conventional theory can estimate their positions.
For the double teeth, on the other hand, the transmission
spectrum generally features a typical U-shape. Due to the
property suitable for stopband filtering, many efforts have been
made to understand the formation mechanism and calculate the
U-shaped spectrum with different parameters. For example, for the
tooth structures in MIM waveguides, analytical expressions of
transmission responses have been obtained via transmission line
theory (TLT), with the terms in expressions of clear physics
significance [10]. However, conclusions have been drawn by
comparing the expressions of single and double teeth with a not
rigorously derived term for multipath interference between waves

reflected by stubs. On the other hand, further studies have revealed
that the bandgap of the U-shaped spectrum is attributed to the
multiple superpositions of the destructive interference of each
tooth [11, 12].

Because of the typical U-shaped profile suitable for stopband
filtering, a certain analogy of the double teeth configuration in MIM
waveguides [16–21], such as trapezoid, hexagon [21], T-shaped
resonator [17], teeth with defects [19], and aperture-coupled
square cavities [18], has been widely proposed and investigated,
whereas simulation results tend to focus on the performance
optimization of the filter and discussions of filtering change,
nevertheless without a deeper analysis of the U-shaped spectrum.
In other words, the formation mechanism of the U-shaped profile
has been neglected previously in systematical studies, especially
quantitative analysis.

As a controllable EM medium, plasma plays a significant role
in developing tunable and reconfigurable microwave devices.
Compared with relatively complex plasma array structures
[26–29], PDP waveguides have a simple structure to control
some behaviors (i.e., transmission, reflection, and absorption) of
EM waves. Different from similar MIM waveguides in the optical
band, the SPPs’ behaviors manipulated by PDP waveguides in the
microwave regime are flexibly tunable by altering the plasma
electron density. Our previous work has demonstrated that a
PDP waveguide with double-teeth resonators could excite a
typical U-shaped filtering spectrum [30], and its focus is to
investigate filtering change rules at different structure sizes and
plasma frequencies. However, its generation mechanism has not
been systematically explored. In this work, TLT is introduced to
verify the validity of numerical results and to quantitatively
analyze the U-shaped spectrum. The U-shaped spectrum is
made of two parts, boundary edges and a stopband. By our
simulation results, the generation process of the two parts can

FIGURE 1
(A) Two-dimensional schematic of a PDP waveguide with a double-teeth cavity. (B) Simplified circuit model in TLT.
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be discussed in detail via field distributions and TLT. The rest of
this paper is structured as follows. Section 2 illustrates the
schematic diagram of the PDP waveguide with tooth resonators
and the corresponding circuit model of TLT, simulation
parameters, and formula derivation. Section 3 consists of two
parts: first, the generation process of the U-shaped spectrum.
The second part shows that the generation mechanism of the
U-shaped spectrum is equally applicable to the analysis of the one
with different geometrical parameters. Section 4 draws the
conclusion.

2 Waveguide structures and
theory analysis

On the basis of our previous PDP waveguide models [30],
considering different height combinations, the two-dimensional

(2D) schematic of the PDP waveguide with a double-teeth
structure is displayed in Figure 1A, where the blue region
represents dielectric SiO2 with εd = 2.1, enclosed by gaseous
discharge plasmas marked in purple. In a convenient
approximation, the plasma can be treated as a special EM
medium for the wave–plasma interaction. The Drude model is
thus widely applied for analyzing the propagation of EM waves
in plasmas [31–34]. For simplicity, we regard the plasma as a bulk
dielectric medium approximately in a uniform state. Therefore, in
our study, plasma permittivity is given by

εp � 1 − ω2
pe/ω ω + iv( ), (1)

where ω is the angular frequency of EM waves, v is the collision rate
in the plasma, fpe � ωpe/2π with ωpe � (nee2/ε0me)1/2 is the plasma
frequency, and ne and me are the electron density and mass,
respectively. The symbols in the figure, d, w, h1, and h2, denote
the gap distance between the centerlines of two teeth, the width of

TABLE 1 Detailed simulation parameters.

Parameter Symbol Value Unit

Permittivity of SiO2 εd 2.1 —

Plasma frequency fpe 10 GHz

Collision rate v 0.01 × 109 × 2 π s−1

Width of the SiO2 layer w 1 cm

Height of the left tooth cavity h1 3 cm

Height of the right tooth cavity h2 3 cm

Gap distance of two teeth d 3.5 cm

FIGURE 2
(A) Two-dimensional schematic of a PDP waveguide with a single-tooth cavity. (B) Equivalent circuit model related to the single-tooth structure. (C)
Simplified circuit model.
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the SiO2 layer, and the height of the left and right tooth cavities,
respectively.

In results and discussions, the transmission, obtained via the
RF module of COMSOL software, is the ratio of the collected SPPs’
power at the output port to the initial SPPs’ power at the input
port. With no specific statement, the numerical simulation
parameters are the same as those in Table 1. A more detailed
introduction to the model can be found in our previous work [30].
In the experimental design of the interaction between gas plasmas
and EM waves, an artificial gaseous plasma environment, confined
in a quartz shell, usually can be generated by all types of discharge
ways (i.e., ICP, CCP, or DC discharge). The designed SiO2

structure is immersed into an artificial plasma environment to
construct PDP waveguides. Moreover, antennas to excite and
receive EM signals can be located in two ends of the straight
waveguide to obtain S21. The transmission coefficient S21 (|S21|2 is
calculated in our simulations) can be obtained by the vector
network analyzer. The electron density can be estimated by
optical emission spectroscopy and Langmuir probe
diagnostics [26].

In a coupled-resonator waveguide system, the resonance
frequencies exhibited in the transmission spectrum usually
depend on certain resonance modes in the resonator. According
to the standing wave theory, the resonant wavelength of a tooth
cavity can be determined as [9, 12]

λtm � 4Re neff( )h/ 2m − 1( ) − φ/π[ ]. (2)

Different from tooth cavities, rectangular cavities with a narrow
width have two reflection interfaces, and their resonant wavelength
can be calculated as [4, 35]

λrm � 2Re neff( )LFP/ m − φ/π( ). (3)

Here, Re(neff) is the real part of the effective refractive index
obtained from the dispersion relation [30, 36, 37] and Equation 1, φ
is the additional phase shift caused by SPP reflection at the interface
between the plasma and SiO2, andm denotes the resonance orders in
the resonance cavity (m = 1, 2, 3, . . .). The rectangular cavity (as
indicated in the inset of Figure 6) can be regarded as a Fabry–Perot
(FP) cavity, and LFP represents the effective resonance length of the
FP cavity.

TLT is a theoretical approach combining circuit and field
treatments. According to TLT [8, 10, 38], the PDP waveguide
with single-tooth structures can be equivalent to a circuit model
(as shown in Figure 2). In this paper, we set the plane close to the
input port x = 0, the one near the output port x = L, and the
centerline of the tooth cavity x = l. v±in and v±out represent the
normalized voltage values, with their square for power; + and −
stand for rightward and leftward propagate voltage waves,
respectively, and subscripts “in” and “out” represent voltage
waves near the input port and the output port, respectively. The
symbols Z0 and Zt are the characteristic impedance of a straight
PDP waveguide and the equivalent impedance of a tooth resonator,
respectively. Z0 � βw/ωεdε0, where ε0 is the vacuum permittivity
and β is the propagation constant of the PDP waveguide with β �
k0neff (k0 is the wavenumber in vacuum). To solve Zt, load
impedance ZL, related to the phase shift and the attenuation of
SPPs caused by SPP reflection at the tooth end, needs to be acquired.

In the tooth cavity, the SPPs nearly encounter normal reflection at
the plasma–dielectric interface of its end. According to Fresnel’s
formula and TLT, the following relations are obtained by solving
SPPs’ reflectance at the plasma–dielectric interface.

Γ � ZL − Z0

ZL + Z0
≈



εp√ − 

εd√


εp√ + 

εd√ . (4)

Combining the corresponding circuit model in Figure 2B and
TLT, the equivalent impedance of the tooth cavity with height h is
written as

Zt � Z0 · ZL + iZ0 tan βh
Z0 + iZL tan βh

. (5)

The transmission of the circuit model is readily obtained by the
transfer matrix method, with

v+in
v−in

( ) � T
v+out
0

( ), (6)

where T is obtained by T � A(l)B(Zt)A(L − l) with

A x( ) � exp iβx( ) 0
0 exp −iβx( )( ),

B Zt( ) � 1 + Z0/2Zt Z0/2Zt

−Z0/2Zt 1 − Z0/2Zt
( ).

(7)

Combining Equations 5–7, the transmission of the PDP
waveguide with a single-tooth structure is acquired

Ts � v+out
v+in

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣
2

� 1 + Z0

2Zt

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
−2
exp

L

LSPP
( ), (8)

where LSPP � (2Im(β))−12Im(β))−1, with Im(β) denoting the
imaginary part of β. Obviously, the exponential part clearly
indicates the SPP attenuation inevitable for SPP propagation in
waveguides. With regards to double-teeth structures, the transfer
matrix T of the equivalent circuit model is
A(l1)B(Zt1)A(d)B(Zt2)A(L − l2). Similarly, the transmission of
double-teeth structures is found

Td � v+out
v+in

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣
2

� 1 + Z0

2Zt1
( ) 1 + Z0

2Zt2
( ) − Z2

0

4Zt1Zt2
exp −2iβd( )

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣
−2
exp

L

LSPP
( ).

(9)
By comparing TS and Td, it can be inferred that, on the right side

of the equation, the first term in the modulus factor is
the accumulation of the independent filtering response of each
tooth cavity, while the second properly indicates interference
between two tooth cavities due to factor d. To further understand
the above argument, we deduct the result of the double-teeth
structure when the SPP interference between double-teeth
cavities is ignored. As shown in Figure 3, we split the overall
circuit model in Figure 1B into two individual units connected
by a gray shadow area. Corresponding to the SPP propagation
process, the incident voltage wave V+

ⅈn goes through the first
tooth cavity, and the next voltage wave V+

1 � V+
2 enters into the

second tooth cavity when ignoring the SPP propagation loss in the
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straight PDP channel. Assuming that the reflected wave V−
1 is

vanished by neglecting SPP interference between double-teeth
structures, the one with double-teeth structures can then be
approximately written

T′
d � V+

out/V+
in

∣∣∣∣ ∣∣∣∣2 � V+
out/V+

2 × V+
1/V+

in

∣∣∣∣ ∣∣∣∣2
� 1 + Z0

2Zt1

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
−2

1 + Z0

2Zt2

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
−2
exp

L

LSPP
( ) ≈ Ts1Ts2. (10)

Here, Ts1 and Ts2 refer to the transmission of a single left or right
tooth, respectively, as displayed in the insets of Figure 5. Apparently,
ignoring the SPP interference between double-teeth constructions

(i.e., V−
1 � 0), the calculated T′

d is in good agreement with the
analysis of Equation 9.

3 Results and discussions

3.1 The formation mechanism of a
U-shaped spectrum

To demonstrate the validity of TLT, the comparison of
transmission responses, with the calculated model indicated by

FIGURE 3
Simplified split circuit model of Figure 1B, to obtain the transmission by ignoring the SPP interference.

FIGURE 4
Comparison of transmission responses between COMSOL and TLT. (A) Transmission spectrum of a single-tooth structure, with the inset for the
magnetic field distribution in the z-direction at 1.04 GHz. (B) Transmission spectrum for the double-teeth structure.
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two structure insets, is given in Figure 4. The red dotted lines are the
results of TLT obtained by Equations 8, 9, and the black curves are
numerical simulations from COMSOL. Clearly, the TLT result
exhibits a strong alignment with that of numerical simulations.
However, there exists some insignificnat unconformity in spectra,
probably due to the approximation used in Equation 4. For the
single-tooth structure, its transmission spectrum typically shows a
symmetric Lorentz line shape with transmission dips. It is evident
that the transmission curve in Figure 4A conforms to this
characteristic. The transmission dip observed at 1.04 GHz can be
elucidated by the distribution of the magnetic field component Hz.

Its emergence is attributed to the destructive interference of two
distinct paths of SPPs at the junction of the tooth cavity and the
straight waveguide. One path involves the SPP propagation along
the straight waveguide, while the other involves the SPP reflection by
the end of the tooth cavity. When destructive interference occurs at
the junction, there is a resonance in the tooth cavity. According to
Equation 2, the theoretically obtained frequency of the dip is
approximately 1.22 GHz with neglecting the phase effect of φ,
which agrees well with the simulation result. To provide a clear
explanation of the formation mechanism for the U-shaped
spectrum, one can divide the spectrum into two parts. As

FIGURE 5
Transmission spectra with different waveguide structures and the product of Ts1 and Ts2. (A) Transmission spectrum of the left tooth structure. (B)
Transmission spectrum of the right tooth structure. (C) Green curve for the transmission spectrum obtained by the product of Ts1 and Ts2 and orange
curve for that in Figure 4B.

FIGURE 6
Transmission spectra with different waveguide structures and the product of Ts1 and Ts2. (A) Redrawn transmission spectrum for the green curve in
Figure 5C. (B) Transmission spectrum of the FP cavity coupled to the straight PDP waveguide indicated by the inset. (C) Redrawn curve for that
in Figure 4B.
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marked by the orange oval region in Figure 4B, one part is the
stopband, characterized by a flat curve with nearly zero
transmission. Another is referred to boundary edges, signed by
the blue oval region, with the characteristic similar to a rising
(falling) edge by an impulse voltage. The boundary edge is a
typical Fano-like profile with sharp and asymmetrical line shapes,
in good agreement with results in MIM waveguides [22]. The
U-shaped spectrum can be applied in wideband stopband
filtering, where two crucial indicators, namely, bandwidth and
central frequency, are of concern. Here, the bandwidth is fh − fl,
the central frequency can be obtained by (fh + fl)/2, for the high
and low frequencies fh and fl at 1% transmission, respectively.

Next, we discuss the formation of the U-shaped spectrum from
stopband and boundary edge views in detail.

For the formation mechanism of the stopband, typically there
are two types of descriptions in the literature [11, 12, 30]. One
attributes to the “enhanced” destructive interference, due to the
cumulative effect of the interference from each tooth when SPP
waves successively propagate through it. The other, however,
suggests the “superposed” destructive interference as SPP waves
propagate through both teeth and thus resulting in a stopband.
However, these explanations only provide mostly qualitative
analysis or quantitative explanation by phase accumulation. For a
quantitative explanation by the spectrum evolution process,

FIGURE 7
Magnetic field intensity in the z-direction corresponding to Figure 6. (A–D) are field distributions at Dip I, Dip II, LFR and RFR, respectively.

FIGURE 8
Transmission spectra with different h1 and LFP . The background spectrum, transmission spectrum of the FP cavity, and the transmission spectrum of
double teeth are indicated by the dotted-gray curve, dotted-blue curve, and wine-red curve, respectively. (A) Parameters with h1 = 2 cm, h2 = 3 cm, and
LFP = 8.5 cm. (B) Parameters with h1 = 4 cm, h2 = 3 cm, and LFP = 10.5 cm. (C) Parameters with h1 = 5 cm, h2 = 3 cm, and LFP = 11.5 cm.
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corresponding simulation results are drawn in Figure 5, where A and
B present the transmission responses from the left and right tooth
structures, respectively. Based on Equation 8, we can deduce that the
transmission of a single tooth is independent of the tooth position.
The identical transmission spectrum observed in Figures 5A, B
confirms this conclusion. Gray shadow areas in Figures 5A, B are
“resonance regions” with a specific resonance width, i.e., the
frequency range by 0.1 transmission. Theoretically, the filtering
bandwidth of the U-shaped spectrum is equivalent to the
resonance width observed in the resonance region when h1 � h2

and Z2
0

4Zt1Zt2
exp(−2iβd) � 0. According to Equation 10, without

considering the SPP interference between double-teeth
constructions, the transmission response is displayed by the
green curve obtained by the product of Ts1 and Ts2 in Figure 5C.
The orange curve is redrawn for the black curve in Figure 4B.
Apparently, as anticipated, the theoretical filtering bandwidth of
0.21 GHz is a rough approximation to the filtering bandwidth of
0.26 GHz from COMSOL simulations. Note that near green or
orange shadows, the green and orange spectrum curves exhibit a flat
feature with nearly zero transmission. Away from the shadows, there

FIGURE 9
Transmission spectra with different d and LFP . The background spectrum, transmission spectrum of the FP cavity, and transmission spectrum of
double teeth are indicated by the dotted-gray curve, dotted-blue curve, and wine-red curve, respectively. (A) Parameters with d = 4.5 cm and LFP =
10.5 cm. (B) Parameters with d = 5.5 cm and LFP = 11.5 cm. (C) Parameters with d = 6.5 cm and LFP = 12.5 cm.

FIGURE 10
For different structures, a comparison of resonance wavelengths between standing theory and simulation and linear fitting of simulation results. (A)
Single-tooth structure in Figure 2A. (B) Structure indicated by the inset in Figure 6B.
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exists a significant difference in green and orange spectra. These
above phenomena can be explained as follows. For SPP interference
between double-teeth cavities, there is an extremely strong
interference at the (Fano-like) resonance frequency. Away from
resonances, the SPP interference between double teeth is
significantly weak, i.e., |(1 + Z0

2Zt1
)(1 + Z0

2Zt2
) − Z2

0
4Zt1Zt2

exp
(−2iβd)|−2 ≈ |(1 + Z0

2Zt1
)(1 + Z0

2Zt2
)|−2. In other words, the stopband

is mainly determined by the resonance width.
For the boundary edges, the spectrum response is viewed as

Fano-like resonances, which exhibits a distinctively sharp and
asymmetric profile. This phenomenon is commonly observed in
MIM waveguides. Certain studies have illustrated that the discrete
states in Fano-like resonance were constructed by the double teeth
and their joint [22]. However, the formation process of Fano-like
resonances lacks detailed discussion. As depicted in Figure 6, the
formation elements, including specific continuous and discrete
states, of the boundary edges are provided. Without considering
SPPs’ interference between double teeth connected by the PDP
channel with length d, the calculated result is presented in
Figure 6A, which is the redrawn spectrum from the green curve
in Figure 5C. It is evident from the blue curve in Figure 6A that there
is a stopband along with two edges displaying monotonic change.
The curve presents a wider full width at half maximum (FWHM),
which is typically associated with a continuous state. For a more
graphic description, the continuous state also is termed as a
background spectrum. Discrete states are also an indispensable
element in generating Fano-like resonances under appropriate
interference conditions. Our study also assumes that the
equivalent FP cavity (i.e., FP-like cavity) consists of double teeth
and their connecting PDP waveguide. Additionally, the equivalent
length of the FP-like cavity is approximately LFP ≈ h1 + h2 + d. As
shown in the inset in Figure 6B, the end of the FP cavity is coupled to
a straight PDPwaveguide with a 0.2-cm gap, whose simulation result

is drawn in Figure 6B. Clearly, there exist two transmission dips with
extremely narrow FWHM in Figure 6B, which are considered as two
discrete states. With coupling and interference between the
continuous state and the two discrete states, namely, SPPs
propagate and interfere in the PDP waveguide with double teeth,
Fano-like profiles will appear. As the area surrounded by the gray
box in Figure 6C, the Fano-like resonances with sharp and
asymmetrical profiles form the boundary edges of the U-shaped
spectrum. The left boundary edge is called as the LFR, and the right
edge is termed as the RFR. To enhance the understanding of the
formation of the Fano-like resonances, the corresponding field
distributions are drawn at transmission dips and Fano-like peaks
in Figure 7. Apparently, the 1st- and 2nd-order resonance modes of
the FP cavity result in Dip Ⅰ and Dip ⅠⅠ, respectively. Comparing the
field distribution at Dip Ⅰ (Dip ⅠⅠ) with that at LFR (RFR), we found
that there exist similar features, such as the distribution situation of
field antinodes or nodes. Note that the like-FP cavity exhibits a slight
difference from the FP cavity, indicated by the inset in Figure 6B. For
example, the FP-like cavity has vertically curved corners, which exert
some impact on the SPPs’ effective resonance length. For
simplification, throughout our study, the equivalent resonance
length of the FP-like cavity is approximately LFP ≈ h1 + h2 + d.

3.2 The modulation of the
U-shaped spectrum

To fully verify the rationality of the formation mechanism of a
U-shaped spectrum, we will give parameter scan calculations
focusing on two aspects: boundary edges and stopband. As
mentioned in Section 3.1, the positions of boundary edges
primarily depend on the equivalent length of the FP-like cavity
LFP ≈ h1 + h2 + d. Theoretically, the three parameters, h1, h2, and d

FIGURE 11
Transmission spectra with different structures and geometrical parameters. The parameters are shown in legend. (A) Single-tooth structure in
Figure 2A, and the numbers attached to the color-transparence area represents the resonance width. (B) Double-teeth structure in Figure 1A, and the
numbers attached to the color-transparence area are the filtering bandwidth.
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will exert on the locations of boundary edges. Additionally, it is
easily found that the stopband is mainly influenced by h1 and h2.

At first, assuming that h2 and d are constant, we explore the
influence of h1 on boundary edges. As illustrated in Figures 8A–C,
the U-shaped spectrum presents a complicated and varied profile,
especially at boundary edges. When the height of the double-teeth
cavity is inconsistent, the resonance width (discussed in Figure 11A)
and resonance dip of each tooth are different, further resulting in a
diverse background spectrum. Obviously, as shown in the dotted-
gray curve in Figures 8A–C, the background spectrum has all types
of profiles. Generally, the track of the U-shaped spectrum is similar
to that of the background spectrum apart from boundary edges.
Meanwhile, as displayed in the dotted-blue curve in Figures 8A–C,
the position of the discrete states just locates around one of the
boundary edges. Namely, the boundary edges are attributed to the
interference between the background spectrum and the
resonance of the FP-like cavity. Notably, as indicated in
Figure 8C, there is a significant bump at the stopband, which
is caused by the staggered resonance dips. The discrepancy of
double teeth leads to staggered resonance dips. The bump greatly
affects the stopband filtering function for the U-shaped
spectrum. This is why we concern the double-teeth structure
with identical height more.

When h1 � h2, and separation d and height h1 are set at an
appropriate value, there is not a bump in the stopband as usual. It is
mentioned above that the position of a stopband depends on height
h1(h2), and that of boundary edges is affected by LFP. Evidently,
height h1(h2) affects the position of a stopband and boundary edges.
In addition, their positions have simultaneous redshift (blueshift)
with the increase (decrease) of parameter h1, which is hard to
generate bump. However, under certain conditions, there still
exists a bump in the transmission spectrum. When the position
of discrete states in Figures 9A–C is gradually close to the stopband
area, there exists a bump in Figure 9C as prediction. However, the
intensity of the bump is extremely weak because of the enhanced
destructive interference at the stopband. In contrast to the
phenomenon, as shown in Figure 9B, when discrete states deviate
from the stopband, the Fano-like profile is evident, namely, the
intensity of Fano-like resonance is stronger. In general, the wine-red
U-shaped spectra in Figures 9A–C are a combination of the
background spectrum and the Fano-like resonances, in
accordance with the analysis of the generation mechanism of the
U-shaped spectrum.

For the U-shaped spectrum, the bump can greatly affect the
filtering function. Therefore, the parameters, h1, h2 and d, should be
set to the appropriate values. Based on the analyses above, h1 should
equal to h2, and h1 and d should meet a specific relation. In our
study, the position of the stopband is evaluated by the first-order
mode of a single tooth. The position of the LFR and RFR is
approximately dependent on the first-order and second-order
resonance of FP-like cavities, respectively. Theoretically, when the
central position of the LFR and RFR just locates around the one of
stopband, the U-shaped spectrum is quasi-symmetric because of the
quasi-symmetric characteristic of the background spectrum (see the
curve in Figure 6A). The peak frequency of the LFR and FPR is
approximately predicted by Equation 3, and the central frequency of
a stopband is approximately calculated by Equation 2. Herein, the
additional phase φ is a function of the frequency, which is a relatively

small value and difficult to precisely calculate. Therefore, to
demonstrate the validity of the standing theory, from both
simulation and theory aspects, the dependence of resonance
wavelengths on parameters h and LFP with the neglection of φ is
demonstrated in Figure 10. It can be found in Figure 10 that the
resonance wavelengths linearly redshift with the increase in
h and LFP, which agree well with Equations 2, 3. Distinctively, the
resonance wavelengths of simulation are greater than the one of
theory due to ignoring φ. To better evaluate the quasi-symmetric
U-shaped spectrum, the simulation results with linear fitting are
adopted to calculate the dependence of resonance wavelengths on
h and LFP. For single-tooth structures, the fitting result of resonance
wavelength is λs ≈ 7.90177h + 5.07655. For double-teeth structures,
the fitting wavelength of the LFR is λLF ≈ 4.04489LFP + 5.00635, and
the fitting wavelength of the RFR is λRF ≈ 1.98861LFP + 2.84727.
When fs ≈ (fLF + fRF)/2, the U-spectrum is a quasi-symmetric
profile. According to fs ≈ (fLF + fRF)/2, when h is set to be 2 cm,
3 cm, 4 cm, and 5 cm, the gap distance d should be 2.5 cm, 3.4 cm,
4.3 cm, and 5.4 cm, respectively. Figures 10A, B illustrate the
transmission of the single tooth and double teeth, respectively.
Apparently, as predicted in Figure 11B, a U-shaped spectrum is a
quasi-symmetric profile. It is worth noting that the bandwidth of the
U-shaped spectra is different due to different resonance widths,
attributed to varied h. In other words, the bigger the resonance width
is, the bigger the filtering bandwidth is. When h is set to be 2 cm,
3 cm, 4 cm, and 5 cm, as marked in the transparent area with colors,
the resonance width is 0.26 GHz, 0.21 GHz, 0.16 GHz, and
0.13 GHz, respectively. Additionally, the corresponding filtering
bandwidth is 0.38 GHz, 0.25 GHz, 0.21 GHz, and 0.17 GHz,
respectively.

4 Conclusion

In summary, based on our previous work focusing on filtering
rules, the formation mechanism of the U-shaped spectrum excited
by the PDPwaveguide with a double-teeth structure is systematically
investigated. The transmission responses of the waveguide with a
tooth-shaped structure are investigated via numerical simulation
and TLT. The simulation demonstrates that the presence of double
teeth can induce a U-shaped spectrum, aligning well with the trends
observed in TLT. To clarify its formation mechanism, the typical
U-shaped spectrum is split into two parts: stopband and boundary
edges. The stopband is attributed to the accumulation of destructive
interference from each tooth, and its generated spectrum is
theoretically derived via TLT and numerically demonstrated via a
combination of spectra from independent tooth. Regarding the
boundary edges, their formation is caused by Fano-like
resonances. The coupling and interference between discrete states
and a continuous state result in Fano-like resonances. The discrete
states are provided by resonance modes of the equivalent FP cavity,
i.e., the combination of double teeth and their connection PDP
channel. The background spectrum by a combination of spectra
from independent tooth can be regarded as the continuous state. In
addition, the evolution process of the U-shaped spectrum is
systematically explored, further demonstrating the validity of the
generation mechanism. Especially in the evolution process, the
bump may emerge around the stopband, which affects the
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filtering function greatly. At last, based on the parameter settings
derived from standing theory prediction, numerical simulations
have successfully observed a U-shaped spectrum with a quasi-
symmetric profile. Our systematic and in-depth results contribute
to understanding the evolution process of complicated spectra from
double-teeth constructions, and provide feasible theory guidance in
designing simple stopband filters.
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