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ABSTRACT This study proposes a novel spoof surface plasmon polariton (SSPP) transmission line unit
based on a coplanar waveguide (CPW) design. The dispersion relationship is derived from its equivalent
circuit, and a low-pass notch filter is designed accordingly, operating in the frequency range of 0 GHz
to 4.45 GHz, effectively blocking the transmission signal at 2.4 GHz. The filter has the advantages of a
compact size, high transmission efficiency, and compact structure. Themode transition from quasi-transverse
electromagnetic (TEM) waves in CPW to transverse magnetic (TM) waves in the SSPP waveguide is
achieved using a centrally symmetric linear gradient groove structure. For the first time within the scope
of this study, we propose a novel method for forming notch filters that involves radiating signals of selected
frequencies into free space to create notch, thereby eliminating the negative effects of the reflected signals
at notch point. This study achieves signal radiation at 2.4 GHz to free space, forming a notch, by loading
an interdigitated coupling structure on the backside of the filter. The relationship between finger length
and resonant frequency enables the reconfigurability of the filtering band. To validate the accuracy of the
proposed filter, a prototype filter is fabricated and tested in this frequency range. The measurement results
are consistent with the analytical results.

INDEX TERMS Spoof surface plasmon polariton, low-pass notch filter, reflectionless, radiation, interdigi-
tated coupling structure.

I. INTRODUCTION
Surface plasmon polaritons (SPPs) are a type of surface wave
propagating at the interface between a metal and a dielectric.
The field strength of SPPs decays exponentially away from
the interface, exhibiting strong confinement and local wave
enhancement [1], [2]. Typically, the SPP modes can only be
excited at the visible and near-infrared wavelengths. Owing
to the perfect conductive properties of metals in the high-
frequency range, these modes cannot exist at microwave or
terahertz wavelengths [3], [4]. To extend the advantages and
applications of SPPs from optical frequencies to the afore-
mentioned lower frequencies, researchers have proposed the
use of spoof surface plasmon polaritons (SSPPs) employing
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three-dimensional periodic metal or dielectric structures. The
dispersion characteristics and wave propagation properties of
this structure are similar to those of optical fields, particularly
their ability to confine electromagnetic fields within sub-
wavelength structures [5], [6], [7], [8]. In recent years, a series
of two-dimensional planar periodic structures, such as sub-
wavelength periodic groove lines, have increasingly replaced
three-dimensional structures, exhibiting excellent propaga-
tion performance. Moreover, by appropriately configuring
the structural parameters, the transmission bandwidth and
characteristics of the SSPP structure can be better specified
and satisfied, thereby providing convenient conditions for the
design of passive microwave devices [9], [10], [11], [12].

As is well known, filters are the foundation and essen-
tial components of microwave and wireless communication
systems. Traditional filters typically employ transmission
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FIGURE 1. SSPP transmission line unit structure based on CPW
(a) Conventional transmission line unit (b) Novel transmission line unit.

line structures such as microstrip lines (MSL) and coplanar
waveguides (CPW). the application of microwave frequen-
cies is becoming increasingly compact in today’s increasingly
advanced technologies for communication and satellite sys-
tems. To mitigate the impact of signal interference and adapt
to the development of integrated circuits, research on minia-
turized bandstop filters has become a popular focus [13],
[14], [15]. In recent years, a series of SSPP notch filters
have been designed. Reference [13] proposes a bandstop filter
achieved by loading gaps between periodic units to form
an equivalent capacitor. However, this structure becomes
oversized owing to the inclusion of gaps. Reference [14] pro-
posed a notch filter by embedding small H-shaped conductors
inside a slot to form a complementary split-ring resonator
(CSRR) in conjunction with waveguide conductors. How-
ever, this structure has a complex transition section, that leads
to poor impedance matching in the low-frequency range.
Reference [15] proposed loading a folded groove structure
into traditional rectangular transmission line units, lowering
the structure’s cutoff frequency by increasing the current path,
thus achieving device miniaturization to some extent.

In current filter designs, the common approach for intro-
ducing notches is to load resonators externally onto the
transmission line, creating a total reflection states within a
predefined frequency range. This results in reflected sig-
nals at the notch, which affect the performance of the filter.
For example, signals at the notch point reflected back to
the source end can cause signal loss, leading to a decline

FIGURE 2. Equivalent circuits of SSPP transmission line unit
(a) Conventional transmission line unit (b) Novel transmission line unit.

in overall system performance. The reflected signals at the
notch interfering with the normal signals in the transmission
direction created a three-dimensional ripple effect, which
causes unevenness in the frequency response. Additionally,
irregularities in the flatness of the notch or at the edges of the
notch may occur owing to reflected signals. To address the
above issues and improve the performance of the filter, this
study proposes a new design approach for radiating signals
at the notch point into free space instead of reflecting them
back to the incident end. This innovative design overcomes
the challenges associated with the degradation of the filter
performance, as mentioned earlier. Based on the SSPP unit
structure proposed in this study, a novel SSPP low-pass filter
with a passband range of 0 GHz to 4.74 GHz is designed.
It achieves downsizing by lowering the cutoff frequencywith-
out increasing structural size. By loading resonant structures
on the backside of the filter, the 2.4 GHz signal is radiated
into free space, thereby forming a notch. Compared with
conventional notch filters, the filter in this study exhibited no
reflected signal within the notch at the resonance point. This
eliminates the negative impact of the reflected signal and pro-
vides a new design approach for notch filters. This approach
has broad application prospects in future research on filters.

II. ANALYSIS OF A NOVEL SSPP TRANSMISSION LINE
UNIT BASED ON CPW
The conventional SSPP transmission line unit based on CPW
(Type A) is illustrated in Figure 1(a). It features a central
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TABLE 1. Values of structural parameters of the SSPP transmission line
unit (Units: mm).

CPW transmission line, and two symmetric linear groove
structures are etched on the CPW GND. To maintain the
characteristic impedance Z0 = 50 �, the width of the cen-
tral transmission line is denoted by wm, and the gap width
between the central transmission line and GND is denoted by
g. The dielectric substrate utilized in this study was ROGERS
RO4350B, with a relative permittivity of εr = 3.66, and a
loss tangent of tanδ = 0.0037. The thickness of the dielectric
substrate is denoted by h, and a thin copper film is deposited
on top of the dielectric substrate with a thickness of t . The
symmetric groove structure had a length ls1 and width g. The
transmission line unit has length P and width L. The cutoff
frequency of this structure can be determined using ls1.

The novel transmission line unit proposed in this study
(Type B) incorporates a folded groove structure between
the two linear groove structures based on the conventional
structure. Its top aligns with the top of the symmetric groove
structure; its top horizontal groove length is denoted by ls4,
and its vertical groove length is denoted by ls5. The width of
the folded groove structure is denoted by g, the gap between
the folded groove structure and linear groove structure is
denoted by ws1, and the gap within the folded groove is
denoted byws2. The overall structural dimensions of the novel
SSPP transmission line unit were the same as those of the
conventional line unit. All the specific numerical values of
structural parameters are listed in Table 1.

The equivalent LC circuit of the novel SSPP transmission
line unit is illustrated in Figure 2(b). This is the equivalent
replacement of the CPW transmission line with a groove
structure in the normal direction. Where L1 represents the
equivalent inductor of the CPW central transmission line, and
the electromagnetic coupling between the central transmis-
sion line and ground plane is equivalent to a series structure of
C1 and L2. C2 represents the equivalent capacitor of the sym-
metric linear groove structure. L3 is the equivalent inductor of
linear and folded groove structures. The series-parallel circuit
formed by C3, L4, and L5 represents the equivalent circuit of
the folded groove structure. The values of each component
were obtained according to the optimization of the equivalent
circuit in the ADS simulation software, as listed in Table 2.
Becauses the transmission line is composed of several

cascaded transmission line units, the voltages and currents
on both sides of the nth unit can be related using the A

TABLE 2. Values of each component of the equivalent circuit of the novel
SSPP transmission line unit.

transmission matrix:[
Vn
In

]
=

[
A B
C D

] [
Vn+1
−In+1

]
(1)[

A B
C D

]
=

[
1 0

YPART1 1

] [
APART2 BPART2
CPART2 DPART2

] [
1 0

YPART3 1

]
(2)

Similarly, the A transmission matrix for the second part can
be expressed in terms of the inductance of the equivalent
circuit. The A transmission matrix for the second part is:[

APART2 BPART2
CPART2 DPART2

]
=

[
1 0

YPART2 1

]
(3)

Therefore, YPART2 can be derived:

YPART2 =
j11

L112

 jωC1C2
(
ω2C3L4+ω2C3L5−1

)
12

−
11

ωC1C2L1(ω2C3L4+ω2C3L5−1)

 (4)

In which, 11 and 12 are the defined operators:

11 = ω2
(

−C1C2L2 − 2C1C2L3 − C1C2L5
−2C1C3L4 − 2C1C3L5 − C2C3L4 − C2C3L5

)
+ ω4C1C2C3 (L2L4 + L2L5+ 2L3L4+ 2L3L5+ L4L5)

+ 2C1 + C2 (5)

12 = ω2
(

−2C1C2L2− 2C1C2L3− C1C2L5
−2C1C3L4− 2C1C3L5− 2C2C3L4 − 2C2C3L5

)
+ω4C1C2C3(2L2L4+P2L2L5+2L3L4+2L3L5+L4L5)

+ 2C1 + 2C2 (6)

Substituting Equation (4) into Equations (2) and (3), the A
transmission matrix parameters of the transmission line unit
can be obtained:

A = 1

B = 0

C =
411

ωC1C2L1
(
ω2C3L4 + ω2C3L5 − 1

)
+

j11

12L1

 jωC1C2
(
ω2C3L4+ω2C3L5−1

)
12

−
11

ωC1C2L1(ω2C3L4+ω2C3L5−1)


D = 1 (7)

At this point, the overall circuit can be equivalently repre-
sented as a transmission line, and the relationship is expressed
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FIGURE 3. Dispersion curves of conventional SSPP transmission line unit
(Type A) and novel SSPP transmission line unit (Type B).

as follows:

C =
j sin (βP)

Z0
(8)

where Z0 = 50�. Therefore, the dispersion relation for the
novel SSPP transmission line unit is:

β =
1
P
sin−1(−jZ0C) (9)

The equivalent LC circuit of a conventional SSPP trans-
mission line unit is shown in Figure 2(a). Following a similar
analysis method, the A transmission matrix parameters for
this structure can be obtained as follows:[

Vn
In

]
=

[
AT BT
CT DT

] [
Vn+1
−In+1

]
(10)

AT = 1

BT = 0

CT = jωC1 + jωC2 − 4jωL1 − jωL2
DT = 1 (11)

At this point, the overall circuit can be equivalently repre-
sented as a transmission line, and the relationship is expressed
as follows:

CT =
j sin (β1P)

Z0
(12)

Therefore, the dispersion relation for the conventional SSPP
transmission line unit is:

β1 =
1
P
sin−1(−jZ0CT ) (13)

By comparing Equations (9) and (13), it can be concluded
that, without changing the overall size of the structure, the
values that mainly affect the dispersion relation are C3, L4
and L5. Essentially, the dispersion relation can be influenced
by adjusting the structural parameters of the folding groove
in the novel SSPP transmission line unit without increasing
the overall size of the structure, thereby reducing the cutoff
frequency and achieving structural miniaturization.

FIGURE 4. Dispersion curves of the novel SSPP transmission line unit
with different ls3 and ls5.

Simulations are conducted using the eigenmode solver in
CST Microwave Studio to validate theoretical accuracy. The
dispersion curves of both the conventional SSPP unit trans-
mission line and novel unit transmission line are obtained,
as illustrated in Figure 3. All the dispersion curves lie below
the light line, signifying that the structure exhibits a sig-
nificantly higher wave number in the propagation direction
than in free space, which is consistent with slow-wave char-
acteristics of the SSPP structure. The cutoff frequency of
the conventional SSPP transmission line unit is 5.171 GHz,
and the novel transmission line unit exhibits a notably lower
cutoff frequency of 4.704 GHz. This validates the accuracy
of the theoretical analysis.

In Equation (9), it can be observed that without changing
the overall size of the structure, the parameters that mainly
affect the dispersion relation are C3, L4 and L5, and the influ-
ence of L3 on the dispersion characteristics is relativelyminor.
This suggests that within the structural parameters of the
folded groovews1, and ls3 are not the predominant parameters
for modulating the dispersion characteristics. Furthermore,
modifying ws2 to alter the value of L4 leads to an enlargement
of the overall lateral dimensions of the structure, which is not
conducive to miniaturizing the structure. In summary, ls3 and
ls5 are the key structural parameters that significantly affect
the dispersion characteristics of this structure. Adjusting ls3
and ls5 from 4.25mm and 1.8mm to 6.25mm and 3.8mm, with
a step size of 1mm for each adjustment, the resulting disper-
sion curves are shown in Figure 4. Increasing the dimensions
of ls3 and ls5 is equivalent to altering the values of C3, L4 and
L5 in equivalent circuit. The reduction in the cutoff frequency
of the transmission line unit further corroborates the accuracy
of the theoretical analysis.

III. NOVEL FILTER ANALYSIS BASED ON THE NOVEL
SSPP TRANSMISSION LINE UNIT
A. ANALYSIS OF LOW-PASS FILTER
The compact low-pass filter presented in Figure 5 is based on
the previously proposed novel SSPP transmission line unit.
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FIGURE 5. Schematic diagram of the SSPP low-pass filter structure.

FIGURE 6. S11 and S21 simulations of the SSPP low-pass filter.

The overall length was L0 = 75 mm and the overall width
was W0 = 22.8 mm.

The structure consists of three parts. The first part consists
of a CPW structure. Considering compatibility with the 50 �

impedance microwave system, in this part, the width of the
center conductor strip is denoted as wm, and the gap between
the center conductor strip and the ground plane is denoted
as g, to achieve the characteristic impedance Z0 = 50 � at
the port. The structural parameters are listed in Table 1. The
length of this CPW part is L1 = 5 mm.
The second part serves as a transition between CPW

and SSPP transmission line. This part converts the
quasi-transverse electromagnetic (TEM) wave of the CPW
structure into the transverse magnetic (TM) wave of the
SSPP structure. Owing to the slow-wave characteristics of
SSPPs, there is a significant disparity in the wavenumbers
between SSPP and CPW structure. However, as the gradient
of the slot depth ls1k in the straight grooves increased, the
wavenumber in the transmission direction of the structure
smoothly transitions. The symmetric straight groove structure
lengths range from ls11 to ls13. The specific values are as
follows.

ls1k =
k
4
ls1 (k = 1, 2, 3) (14)

The length of this transition part is L2 = 15 mm.
The third part is an SSPP transmission line with a period-

icity of 6. The length of the transmission line part is L3 =

35 mm.
The simulation based on CST Microwave Studio is shown

in Figure 6, which provides the return loss (S11) and insertion

FIGURE 7. Ez of low-pass filter (a) 3GHz (b) 5GHz.

loss (S21) results for the proposed low-pass filter. Because
the waveguide devices exhibit reciprocity, only the simulation
results for S11 and S21 are presented. The simulation results
reveal that within the frequency range of 0 GHz - 4.7 GHz,
S11 consistently stays below −10 dB, exhibiting favorable
reflection characteristic. Furthermore, within the frequency
range of 0 GHz - 4.63 GHz, S21 is maintained predominantly
below −2 dB, with a minimum value of −0.34 dB, exhibit-
ing favorable transmission characteristic. As the frequency
approaches the cutoff frequency, S21 rapidly decreases, indi-
cating the excellent skirt characteristics of the filter. S21 is
generally below −25 dB outside the passband. In summary,
this filter demonstrates excellent transmission performance
within the passband and effective out-of-band suppression
outside the passband.

To gain a more intuitive understanding of the modal trans-
mission characteristics and transmission performance of the
SSPP low-pass filter, the z-direction electric field distribution
Ez at f1 = 3 GHz and f2 = 5 GHz was simulated using a simu-
lation software, as shown in Figure 7. f1 and f2 correspond to
the in-band and out-of-band of the filter, respectively. In the
passband, the waves propagated within the coplanar waveg-
uide are effectively converted into SSPPs waves with shorter
wavelengths, enabling efficient transmission. The electric
field is tightly confined around the central transmission line
and in the vicinity of the groove structure, exhibiting distinct
TMmode characteristics. At f2 = 5 GHz, although the guided
waves can propagate within the coplanar waveguide, they
cannot be transmitted through the SSPP transmission line
because the frequency exceeds the cutoff frequency of the
transmission line.

B. ANALYSIS OF LOW-PASS NOTCH FILTER LOADED WITH
NOVEL INTERDIGITATED COUPLING STRUCTURE
To achieve the notch function for a specific frequency band
in the passband, and address issues such as signal loss within
the stopband and three-dimensional ripple effects to improve
the filter performance, a low-pass notch filter structure based
on the previous low-pass filter is proposed as shown in
Figure 8, where the front-side of the notch filter is the same
as that of the previously discussed low-pass filter as shown
in Figure 8(a). Interdigitated coupling structures are loaded
on the back side as shown in Figures 8(b) and 8(c). The
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FIGURE 8. Structure of the novel low-pass notch filter with loaded
interdigitated coupling (a) Front-side view (b) Back-side view (c) Enlarged
view of the loaded interdigitated coupling structure.

TABLE 3. Values of interdigitated coupling structural
parameters (Units: mm).

lateral length of the interdigitated coupling structure is ls6,
the longitudinal length is ls7, the width of the connecting line
is ws3, the length of the coupling branch is ls8, the width is
ws4, the coupling gap is ws5, and the width between the inter-
digitated coupling and the connecting line is ws6, the spacing
in the normal direction to the transmission direction between
the interdigital coupling structures is ls9. The position of the
interdigital coupling structures along the transmission direc-
tion correspond to the transmission line unit. The number of
interdigitated coupling structures is n = 6. Specific values of
the interdigitated coupling structural parameters are listed in
Table 3.
The equivalent circuit of the interdigitated coupling struc-

ture is illustrated in Figure 8(c). In the equivalent circuit, the
interdigitated coupling is equivalent to inductor L6 in parallel
with capacitor C4. Additionally, considering that the inter-
digitated coupling structure is loaded on the back-side of the
filter, capacitor C5 is introduced to serve as an equivalent for
the electric field between the interdigitated coupling structure
and front-side structure.

FIGURE 9. The simulation of S11 and S21 for the SSPP notch filter.

FIGURE 10. Ez of SSPP notch filter at f0 = 2.4 GHz (a) Front-side
(b) Back-side (c) Pattern of SSPP notch filter at f0 = 2.4 GHz.

Without considering resistive losses, the resonant fre-
quency of this structure is:

f0 =
1

2π
√
L6C4

(15)

where, L6 is determined by the length of the interdigitated
coupling structure, and the value of C4 is [16].

C4 =
εe10−3K (k)
18πK ′ (k)

(N − 1) ls8 (16)

where N is the number of fingers of the interdigitated cou-
pling structure and εe is the effective dielectric constant.
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FIGURE 11. Simulation of S21 for SSPP notch filter with different values
of ls8.

K (k) and K ′(k) are the complete elliptic functions of the first
kind and their complementary functions, respectively, and
modulus k is:

k = tan2
[

πws4
4 (ws4 − ws6)

]
(17)

A transmission zero is created at the resonant point in this
structure to form the notch point.

The simulation results for S11 and S21 for this notch filter
are shown in Figure 9. It can be clearly observed that the inter-
digitated coupling structure forms a notch at 2.4 GHz, where
S21 is below −30 dB. However, at the frequency point, S11
is also below −10 dB, indicating that this resonator does not
form a total reflection at the notch point, as in conventional
structures. This is because the resonator attracts the trans-
mitted signal at the resonance frequency.To a certain extent,
the transmission line on the front side and the interdigital
coupling structure on the back side can be equivalent to a set
of CPW antennas. The interdigital coupling structure have the
lowest equivalent impedance Zeq at its resonant frequency,
and the input signal is gathered at the interdigital coupling
structure, which is equivalent to the coupling feeding of
the antennas. Thus, the signal at the resonant frequency is
radiated into free space, forming a reflectionless notch in this
filter. Additionally, from Figure 9, it can be observed that
at 2.4 GHz, the performance of the filter is not negatively
affected by reflected signals, exhibiting regular notch edges
and good skirt characteristics at this frequency.

The Ez and the radiation pattern of the structure, lin-
early scaled at 2.4 GHz, obtained through CST simulation
are shown in Figure 10. It can be clearly observed from
Figures 10(a) and 10(b) that at 2.4 GHz, the signal cannot
propagate through the filter and instead is concentrated at the
Interdigitated coupling structure on the back-side of the filter.
In Figure 10(c) the deep blue line represents the elevation
angle of the main lobe, and the light blue line represents the
half-power point (3 dB point) of the main lobe. The main lobe
of the radiation field at 2.4 GHz is located at the back-side of
the filter, with a radiation gain of 1.7 dB and a 3 dB angular

FIGURE 12. S21 of the low-pass notch filter under different interdigitated
coupling structural parameters (a) n (b) ls9.

width of 92.7 deg. The front side exhibits normal radiation
loss only.

In addition, for this resonator structure, when the electrical
length θ is constant, the resonant frequency f0 exhibits the
following relationship [17]:

θ = ls8
f0
f

(18)

θ = l ′s8
f ′

0

f
(19)

Therefore, the relationship between the finger length ls8 and
resonant frequency f0 is as follows:

f0
l ′s8

=
f ′

0

ls8
(20)

According to Equation (20), a linear relationship exists
between ls8 and f0. Therefore, by adjusting the value of ls8,
the position of the notch can be controlled.

Figure 11 shows the simulation of S21 for the SSPP notch
filter at different values of ls8. S11 consistently remains below
−10 dB in the frequency range of 0 GHz - 4.7 GHz, and
only the simulation of S21 is provided. By adjusting the
value of ls8 from 4.1 mm to 3.5 mm, the notch frequency
shifts from 2.4 GHz to 2.71 GHz, consistent with the results
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FIGURE 13. Physical schematic diagram of the low-pass notch filter
(a) Front-side structure, (b) Back-side structure, (c) Measured and
simulated S-parameters.

from Equation (20). In addition, reducing the value of ls8
shortens the length of the interdigitated coupling structure,
thereby decreasing the coupling strength. Therefore, at the
notch frequency, the value of S21 increases from −30.81 dB
at 2.4 GHz to −13.46 dB at 2.71 GHz.
The simulated S21 results of the low-pass notch filter under

different interdigitated coupling structures parameters are
shown in Figure 12. From Figure 12(a), it can be observed
that as n decreases from 6 to 2, the radiation capability
of the structure diminishes, leading to a reduction in notch
depth from −30 dB to −5 dB, which negatively affects the
notch performance. From Figure 12(b), it can be observed
that as ls9 increases from 7.3 mm to 11.3 mm, the radiation
capability of the structure diminishes due to the interdigitated
coupling structure moving farther from the central transmis-
sion line, which weakens its ability to absorb signals at the
resonant frequency. Consequently, the notch depth decreases
from −30 dB to −15 dB, which negatively affects the notch
performance. In summary, the number and position of the
interdigitated coupling structures have a significant negative
impact on the notch performance at the resonant frequency.

Compared with conventional notch filters, the filter pro-
posed in this study eliminates the reflection signals within
the notch at the resonance point. This effectively eliminates
disadvantages such as the three-dimensional ripple effect and

TABLE 4. Comparison of this Article’s filter with other SSPP notch filters
(30 is the waveguide wavelength at the center frequency).

signal loss caused by reflection signals, thereby providing a
new design approach for notch filters.

IV. RESULT
To verify the correctness of the theoretical and simulation
results, a prototype of the low-pass notch filter was produced
based on the above design, as shown in Figure 12. The
front-side structure is shown in Figure 12(a), the back-side
structure in Figure 12(b), and the results obtained using a vec-
tor analyzer in Figure 12(c). The measurement results exhibit
good passband performance and out-of-band suppression.
At the notch frequency, there are regular notching edges and
excellent notching performance, which is consistent with the
simulation results. This validates the theoretical and design
outcomes of this study.

This study was compared with other SSPP notch filters,
as listed in Table 4. Compared with other filters, this study
features a lower insertion loss within the passband, indicating
a flatter passband. In addition, this study is compared with
other notch filters formed by loading resonant structures or
exciting multiple modes. It is evident that our design exhib-
ited an excellent roll-off rate in the stopband and smaller
structural dimensions. In conclusion, through specific param-
eter comparisons, it is evident that this study exhibits superior
performance compared with the current state of research.

V. CONCLUSION
In this study, we present a novel CPW-based SSPP low-pass
notch filter. The dispersion relation of the transmission line
unit is derived using the microwave network method based
on the equivalent LC circuit of the transmission line unit.
Based on the analysis of the transmission line unit, a low-pass
filter with a working frequency range of 0 GHz to 4.45 GHz
is proposed. This structure features compact size, structural
efficiency, and high transmission efficiency. The electric field
is mainly concentrated near the periodic unit, exhibiting
the clear characteristics of the TM mode. Furthermore, to
eliminate the negative impact of reflected signals at notch
points in traditional notch filters on the filter performance,
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it is proposed to radiate the signals at the notch points into
free space instead of reflecting them back to the incident
end. By loading the interdigitated coupling structure on the
backside of the filter, the signal is radiated into free space at
2.4 GHz, forming a notch, which provides a new approach for
notch filter design. Compared with conventional notch filters,
the filter in this study exhibits no signal reflection at the
notch points, thereby eliminating the negative effects caused
by the reflected signals. This advancement holds promises for
widespread application in future filter research.
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