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ABSTRACT: This paper presents a high-performance energy-selective structure (ESS) design methodology based on a stacked slotline. By
leveraging the unique characteristics of three-dimensional stacked structures, the method efficiently converts spatial waves into guided
waves in slotline transmission lines, which can be tailored via lumped-circuit design to achieve precise energy-selective functionality.
The proposed design approach systematically extends previous work by providing a clear theoretical foundation for decoupling and inde-
pendently optimizing multiple ESS performance indicators. This allows the design of structures with flexibly selectable frequency bands
and high shielding efficiency. Two prototypes were fabricated to validate the method. Prototype I targets bandwidth expansion, achiev-
ing an operational range from 2.2 to 8.2 GHz (115.4% relative bandwidth), with less than 1 dB insertion loss and over 10 dB shielding
effectiveness across the band. Prototype Il emphasizes shielding performance, reaching a shielding efficiency greater than 33 dB be-
tween 3.9 and 6.3 GHz, with a maximum of 40.3 dB. Both prototypes were fabricated and validated through experimental measurements,
showing agreement with the simulation results. The performance of the two designed structures far exceeds other existing ESSs in terms
of broadband or high shielding efficiency, indicating that the comprehensive design method has great potential to significantly improve
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the design of targeted technical specifications.

1. INTRODUCTION

icrowave systems are progressively advancing towards

higher efficiency and enhanced sensitivity. However,
electronic systems and devices have become increasingly sus-
ceptible to disturbances in harsh electromagnetic (EM) environ-
ments. Notably, signals with high energy densities may cause
destructive current and voltage surges within the device, lead-
ing to irreversible damage [1, 2].

Conventionally, EM shielding methods primarily encom-
pass energy-domain circuit protection devices, such as lim-
iters [3,4]. Frequency-domain protection methods are repre-
sented by filters [5, 6] and frequency-selective surfaces (FSSs)
[7-9]. However, from an energy perspective, conventional
methods fail to discriminate between potentially damaging
high-energy-density signals and weaker yet critical signals re-
quired for wireless communication.

To efficiently offer adaptive protection against unexpected
intense electromagnetic (EM) threats across various energy lev-
els, the concept of an energy-selective structure (ESS) was in-
troduced in 2009 by Liu’s team [10—-13]. The energy-selective
protection method represents a novel approach to high-power
microwave protection. It employs impedance-variable materi-
als or devices that adaptively adjust their impedance in response
to the intensity of the spatial EM waves. This adaptive behavior
allows for switching the working state, enabling the normal re-
ception of operational signals while effectively blocking high-
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energy-density signals. Consequently, a shielding effect was
achieved within the specified bandwidth.

Energy-selective surface is a type of metasurface. The tra-
ditional metasurface design is based on two-dimensional (2D)
monolayer structure design, which is easy to design and pro-
cess. However, 2D metasurfaces have significant limitations
that cannot be ignored. Among them, the filtering charac-
teristics within the passband of monolayer FSS are poor; the
passband bandwidth of single-layer energy-selective protective
structure is narrow; the shielding effectiveness of the protective
state is limited; and the absorption rate of single-layer absorb-
ing metasurfaces is limited. In short, a small degree of freedom
in single-layer structure design can lead to unsatisfactory per-
formance design and difficulty in expanding functionality.

Another 2D structure composed of multiple layers of non-
resonant surfaces can achieve high-order filtering response with
very low contours [14-16]. Although a generalized synthesis
method based on classical empirical formulas has been pro-
posed for such multi-layer 2D structures, which has improved
the accuracy of the synthesis process. However, due to the
strong coupling between different layers that cannot be ignored,
only an approximate relationship between the circuit and phys-
ical parameters has been established, and further extensive op-
timization should be carried out.

Three-dimensional (3D) structures offer an expanded range
of freedoms, enabling the creation of superior characteris-
tics, including high-order filtering responses, broadband per-
formance, optimized protection efficiency, increased absorp-
tion rate, etc. Inspired by the analysis methods developed for
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FSSs, substrate-integrated waveguide (SIW)-based cavity-type
frequency-selective surfaces (FSSs) were introduced to real-
ize multimode resonances [14]. Subsequent studies designed
higher-order FSSs with quasi-elliptic bandpass responses us-
ing coupling matrix synthesis [17]. Later, a systematic synthe-
sis approach for SIW-based FSSs was proposed by introduc-
ing cross-coupling between SIW resonant cavities [18]. Nev-
ertheless, such cavity-based FSSs fabricated using printed cir-
cuit board (PCB) technology still suffer from the constraint
of standardized substrate thickness and generally require suf-
ficient isolation between adjacent unit cells.

To overcome these limitations, planar transmission lines
supporting quasi-TEM/TEM modes have also been explored
as periodic guided-wave units. Since 2010, several guided-
wave FSS configurations have been reported, including stacked
microstrip lines, parallel-plate waveguides, and parallel-strip
lines [19-21]. Compared with conventional 2D FSSs, these
structures offer greater design flexibility and better control of
spatial-to-guided-wave mode conversion, showing strong po-
tential for high-performance structure design.

In recent years, in terms of energy selection structure de-
sign, 3D-ESS has received widespread attention due to its out-
standing performance in broadband characteristics and high
shielding efficiency (SE) [13,22,23]. Ref. [13] utilized the
adjustable dispersion curve of Spoof Surface Plasmon Polari-
ton (SSPP) combined with adaptive response nonlinear devices
to achieve the switching of the protection state in the ultraw-
ideband range of 6.7 GHz to 10.8 GHz. A 3D absorption ESS
based on the installation of PIN limiting diodes has been pro-
posed to achieve both high-power EM protection and low re-
flection, with a shielding efficiency of up to 40dB at 3 GHz
[22]. Ref. [23] proposed a preliminary idea of a stacked ESS
based on a slotline, which effectively achieves 30 dB protec-
tion capability within 25.5% of the entire bandwidth. How-
ever, the problems of extracting key decoupling parameters and
broadband design have not been solved. The above structure
has made breakthroughs in both broadband and high-SE perfor-
mance indicators, but both have insufficient performance indi-
cators and cannot be applied to most scenarios.

In this study, a comprehensive design method for high-
performance ESSs based on a stacked slotline structure inte-
grated with nonlinear devices is proposed. This is achieved
by loading the energy-selective circuit structure onto the slot-
line transmission line (TL). Through equivalent circuit model
analysis and key parameter decoupling analysis, theoretically,
it has achieved the design of bandwidth protection with flex-
ibly selected ranges and broadband ultra-high SE. According
to this method, two high-performance ESS samples were de-
signed: one capable of achieving protection at a relative band-
width of 115.4%, and the other capable of achieving shielding
effectiveness above 33 dB within 47.1% bandwidth. The exper-
imental results were consistent with the simulated ones, which
fully demonstrated the effectiveness of the comprehensive de-
sign method of the structure and its great application potential
in the field of high-power microwave protection.

The remainder of this paper is organized as follows. Section
2 reviews the basic properties and working principles of ESS
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with double resonance points based on slotlines. Section 3 pro-
vides basic design guidelines for utilizing the model structure
and proposes an ultra-wideband design prototype and a high-SE
prototype to verify the applicability of the method. Section 4
provides experimental demonstrations of the proposed method.
Finally, conclusions are presented in Section 5.

2. CHARACTERISTIC ANALYSIS OF ENERGY-
SELECTIVE STRUCTURE WITH DOUBLE RESONANT
POINTS

Figure 1 shows a schematic of the structure with double reso-
nant points. This study employs F4B boards, characterized by a
dielectric constant of 2.65 and a loss tangent of 0.0013, as sub-
strates. Single-sided etching of slotlines was utilized to load the
lumped circuit. In this configuration, the oy plane serves as
the periodic plane, with the EM waves incident along the z-axis
and the electric field direction aligned parallel to the y-axis.

The boundary conditions of the unit structure were converted
into a perfect electric conductor (PEC) and a perfect magnetic
conductor (PMC), and each unit was inserted into a parallel-
plate waveguide. At this point, the characteristic impedance
of the input and output ports is equal to that of the parallel-
plate waveguide. As shown in Fig. 1(d), Zy can be repre-
sented by 7 as 53, where Zo denotes the port impedance,
7 the free-space wave impedance, w the longitudinal height of
the unit cell, ¢, the thickness of the air layer, and ¢ the sub-
strate thickness. Furthermore, by relocating the input and out-
put ports to both termini of the slotline and utilizing the charac-
teristic pattern solver in Computer Simulation Technology Mi-
crowave Studio (CST-MWS), the characteristic impedance Z
and equivalent electrical length [ of the slotline structure can
be extracted [24].

Note that the slotline structure can sense the strength of the
energy entering the slotline by introducing nonlinear devices
and perform adaptive impedance transformation to achieve
strong EM protection.

PIN diode is controlled by the average power of the inci-
dent wave and does not require a bias circuit for an adaptive
response. When the low-power working signal passes through,
the diode is in the cut-off state, which is equivalent to a small
capacitor. When affected by an interference signal with a power
exceeding the threshold, the diode conducts and exhibits a small
resistance in series. By incorporating a diode into the slotline
structure, the diode operates in different states when EM waves
with different powers are incident.

The loading of an inductor at the center of the slotline is pri-
marily to create multiple resonant points. Owing to the struc-
tural symmetry, this study introduces an even-odd mode anal-
ysis method to simplify the two-port network into two types
of single-port networks. The specific structure is shown in
Figs. 1(a)—(c).

Specifically, when the structure is in a transparent state and
the diode is not conducting, it is equivalent to a junction ca-
pacitance Cpn. The equivalent circuit can be decomposed into
distinct responses: odd-mode and even-mode excitations, as
shown in Fig. 2.
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FIGURE 1. Geometry of the proposed ESS with two resonant points. (a) Perspective 3-D view, (b) side view of a unit cell and boundary condition
settings, (c) periodic array, and (d) equivalent circuit of the proposed ESS.
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FIGURE 2. Equivalent TL model of the ESS in transparent state.

Following the equivalent circuit framework introduced in
[23], the input even and odd mode impedances are

tanOgo + 71 (1 — Z,B.tan O
Zine = ]Zs an 2t 4 ( a 2)7 (1)
1—271(ZsB. +tanOgo)
e e
Ty = i 7. tan Z5t + tz)n O42 — B.Z, tan =51 tzn O, 2
1 —tan =5t tan O4p — B.Z, tan =5t
where
(C] (C)
7, = (XQL + Z,tan 281> / (Zs —XthanTSI> ,(3)
B. = (2nf)CpIn, 4)

Based on Egs. (1)—(2), the scattering parameters can also be
obtained as follows,
ZineZino - Zg
(Zine + Z0) (Zino + Zo)’

S o= ®)
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ZO (Zine - Zino)

So1 = ,
o (Zine + ZO) (Zino + ZO)

(6)

By substituting S11 = 0, that is Zje Zino = Z¢, the ana-
lytical values of the two resonant points in the passband can be
calculated using MATLAB.

As shown in Fig. 3, the current at f; flows through the loaded
inductor, whereas the surface current at fy flows from one end
of the slotline to the other end. According to the discussion
in [25], it can be concluded that f; is mainly due to the res-
onance of half of the slotline, diodes, and inductors, which is
caused by an even-mode resonator as shown in Fig. 3(a). fs is
mainly determined by the resonance of the entire slotline and
diode, which is caused by the odd-mode resonator, as shown in
Fig. 3(b).

The even-mode resonance point is determined by the port
impedance, characteristic impedance of the slotline Z,, induc-
tance value L, relative position of the diodes I, length of the
slotline l;5¢75ne, and junction capacitance of the diodes Cpy.
The odd-mode resonance point depends on the same factors as
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FIGURE 3. Schematic diagram of current distribution on the xzoy plane at resonance frequency f1 and fo.
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FIGURE 4. Several key influencing parameters on transmission characteristics. (a) The length of the slotline ls;ot1ine, (b) inductance value of inductor
L, (¢) distance between diodes [, and (d) equivalent junction capacitance of diode Cpix.

the even-mode, except for the inductance value. In addition,
the relationship between port impedance Z, and characteristic
impedance of slotline Z can affect the flatness of the transmis-
sion passband. Zj mainly depends on the air layer spacing ¢,
and the width of the structural unit w. Z is the transmission
impedance of the slotline, and its key influencing factors are
slotline width w and dielectric constant &, of the substrate. To
prove the above conclusion, the influence curves of several key
influencing parameters on the transmission characteristics are
shown in Fig. 4.

As shown in Fig. 4(a), when the type of PIN diode is deter-
mined, as the length of the slotline /4;,¢;e increases, the two
resonant frequencies decrease. Both odd- and even-mode res-
onant circuits are related to the overall length of the slotline.
The range of the entire passband can be manipulated by adjust-
ing the length of the slotline.

In Figs. 4(b)—(c), when other parameters are kept constant,
the resonant point f is more sensitive to the change in the in-
ductance value of the inductor, whereas the resonant point fo
is more sensitive to the relative distance loaded between the
diodes. That is, the two resonant frequencies can be controlled
by independently adjusting the inductance value L of the loaded
inductor and relative distance /.

The influence of the loaded diodes on the passband mainly
depends on the equivalent junction capacitance Cpy of the
diode. As shown in Fig. 4(d), the resonant frequency of the
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structure decreases as the capacitance Cpyy increases, thereby
adjusting the operating frequency band of the overall selectable
structure.

As shown in Figs. 5(a)—(d), the parameters w and air spac-
ing t,, affect the input impedance Z,, whereas the dielectric
constant &, and slotline width w; affect Z,, thereby jointly af-
fecting the impedance matching effect. The larger the dielec-
tric constant, the greater the parasitic capacitance of the slotline
transmission line, which lowers the resonant frequency of the
structure. This, in turn, affects the flatness between the reso-
nance points of the transmission curve, which has an impact
on the design of the transmission passband bandwidth of sub-
sequent high-performance ESS. It can also be observed in the
figure that the higher-frequency resonance point has a more sig-
nificant impact on the width of the groove line than the lower-
frequency resonance point and can be used as a key optimiza-
tion variable. However, considering the width requirements for
assembling diodes, w, must be fixed in the structural design.

When the structure is subjected to the input of a strong EM
wave, the strong EM energy induces a voltage across the two
diode terminals. When the induced voltage exceeds the con-
duction threshold of the diode, the diode enters a conductive
state. Consequently, a transition from a high-impedance to a
low-impedance state is achieved. At this time, the diode can be
equivalent to a resistor, and its equivalent circuit is shown in
Fig. 6.
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FIGURE 5. The impact of key parameters on the transmission passband. (a) Periodic unit width w, (b) the thickness of the air layer ¢4ir, (c) the

dielectric constant of substrate &, and (d) slotline width ws.
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FIGURE 6. Equivalent TL model of the ESS in shielding state.

Based on the above analysis, the even and odd mode
impedance of this symmetric structure is

Z jle tan@sz+R(Z1+tan®52)

Zine 7
_]Z1Z +R(1 Zl tan@sg) ( )
Z. —iZ.. JjZstan(©,1/2) tan © 2 +R (tan (O51/2) +tan O, ) )
o)A an (051 /2) + R (1—tan (0,1/2)) tan Oy,
where
Zl = tan (931/2), (9)

By substituting the results into Equations (5)—(6), numerical
solutions can be obtained using MATLAB. Owing to the com-
plexity of the structure, accurate analytical expressions cannot
be obtained. Through simulation, the effects of the following
three key parameters on the transmission curve were obtained,
as shown in Fig. 7. From the perspective of circuit principles,
the resistor is connected in parallel to the TL structure. Dur-
ing the signal-transmission process, the smaller the resistance
value, the more obvious the current-sharing effect. According
to the current-sharing principle of a parallel circuit, more cur-
rent flows through the resistance, resulting in a significant re-
duction in the current flowing to the subsequent circuit. From
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the perspective of the transmission coefficient, the signal power
reaching the output port was significantly reduced. Therefore,
the value dropped sharply, indicating that the transmission abil-
ity deteriorated.

As shown in Fig. 7(a), when the diode was turned on, the
overall structure exhibited a protective state, and a decrease in
the equivalent resistance R of the diode significantly increases
the SE. Fig. 7(b) shows that reducing air gap t,;; also enhances
the SE. As illustrated in Fig. 7(c), increasing the distance [ be-
tween the diodes changes the relationship between the spacing
and the wavelength, which significantly alters the frequency re-
sponse of the circuit. Specifically, as [, increases, the transmis-
sion coefficient decreases, resulting in higher SE.

To characterize the nonlinear response process of the struc-
ture, Fig. 8 shows S3; curves of the unit structure at differ-
ent frequencies and input powers. As the power of S3; con-
tinues to increase, the transmittance of the entire structure de-
creases, thereby achieving greater shielding effectiveness, in-
dicating the adaptive protection characteristics of the ESS.

3. DESIGN OF HIGH-PERFORMANCE ENERGY-
SELECTIVE STRUCTURE

3.1. Design Guidelines

Summarizing the above simulation analysis, the following con-
clusions can be drawn:

1. The central operating frequency of the overall structure
can be adjusted by modifying the slotline length ls;o¢7ine-

2. The dual-resonance frequencies can be independently ad-
justed by changing the inductance value of the inductor L and
diode spacing ls. Simultaneously, the parameter [, can also ad-
just the size of the SE.

3. The air gap, 4, and unit width, w, can be used to ad-
just the impedance variation, thereby regulating the passband
flatness of the structure.
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FIGURE 7. The impact of key parameters on the transmission passband. (a) Equivalent resistance of diode Rpm, (b) the thickness of the air layer

taqir, and (c) the distance between diodes 5.
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TABLE 1. Parameters correlation relationship.

Parameters fi| f2 | IL | SE
Inductance of the inductor L 1 / / /
Unit length lsiotiine i / /
Unit width w / / T /
The spacing between diodes [ / J / T
Air layer spacing tqir / / + +
Junction capacitance of the diode Cpin J + / /
Conduction resistance of the diode Rpin / / L

4. A smaller air gap t,;, between the units leads to a higher
SE. However, it also deteriorates the curve flatness between the
resonance points, which affects the passband width. Therefore,
the air gap, tq;-, must be optimized through a trade-off based
on the design requirements.

5. From the perspective of diode selection, the lower the junc-
tion capacitance Cpin, the smaller the impact on the passband
and the wider the frequency band that can be achieved. Accord-
ing to the requirements of energy-based structural protection,
the SE within the passband must be maximized. The smaller
the equivalent resistance Rpyy of the diode, the higher the SE.

The correlation relationships of the parameters are shown in
Table 1. The coupling degree between the inductance value of
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FIGURE 9. S-parameter results from CST-MWS and equivalent TL
model for the ESS unit (physical dimensions: [ = 13mm, ws =
04mm, w = 3.0mm, [ = 8mm, ¢t = 1mm, {4, = 4.5mm,
and & = 2.65; corresponding electrical parameters: L = 3.3nH,
Cpin = 0.15pF, Rpiy = 14Q, Zy = 734Q, Zp = 11269,
O, = 180° at 10.0 GHz). Solid lines represent CST full-wave simu-
lation results, while dashed lines correspond to ADS equivalent circuit
model results. Red lines indicate S11 in the OFF state, gray lines in-
dicate S11 in the ON state, orange lines indicate S>; in the OFF state,
and blue lines indicate S2: in the ON state.

the inductor and the distance between the diodes was relatively
low. These two parameters can achieve decoupling of the con-
trol of resonant frequency points. Thus, further combining with
the requirements of application scenarios, flexibly adjusting the
distribution of resonance points.

3.2. Design of Ultra-Wideband Energy-Selective Structure
(UWB ESS)

To optimize the bandwidth performance, the inductance of the
loaded inductor should be increased to shift the resonance fre-
quency to a lower range. Meanwhile, the diode spacing should
be minimized to increase the position of the resonance fre-
quency, causing the resonance frequencies to gradually sepa-
rate. To ensure that the insertion loss (IL) is within 1 dB, the
concession of the passband between the frequencies should be
reduced as much as possible; therefore, increasing the spacing
between the cells, t,;,, is an effective method.
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Because the SE and passband flatness are mutually restrictive
with respect to the parameter, the passband flatness between
the frequencies should be improved as much as possible while
ensuring that the shielding effectiveness is above the minimum
of 10 dB.

The NSR201 diode, with a junction capacitance of 0.15 pF
and equivalent resistance of 14 2, was adopted in this design.
The unit-structure parameters and transmission characteristics
after design and optimization in Fig. 9 show that the structure
can achieve an IL of less than 1 dB in the 2.2-8.0 GHz range.
Moreover, it has a protection capability of over 15.6 dB across
the entire bandwidth, with a relative bandwidth of 113.7%. The
OFF state in the figures represents the transparent state, and the
ON state represents the shielded state.

Because the structural design is aimed at a single TE polar-
ization form, the angle stability of the article is discussed in the
form of TE polarization. In order to further investigate the an-
gular stability of the UWB ESS, simulations were conducted for
So1 with different angles in TE polarization, and the simulation
results are shown in Fig. 10. Although the angle stability un-
der ultra-wideband is difficult to maintain, the structure can still
maintain 3 dB angle stability within 55° under transparent con-
ditions, and its protective ability can also be improved. Under
oblique incidence, the UWB ESS’s performance degrades due
to several factors. A longer equivalent propagation path pulls
the resonance downward, while the changing free-space wave
impedance causes impedance mismatch and raises IL. Grating
lobes become an issue at large angles, either limiting the us-
able high-frequency bandwidth or leaking energy. The effec-
tive spacing between stacked layers also changes, which weak-
ens interlayer coupling and harms passband flatness.

3.3. Design of Energy-Selective Structure with High Shielding
Efficiency (HSE ESS)

To achieve the design goal of maximizing the SE, the air gap,
tqir, must be minimized as much as possible. However, this
also implies that the dip in the passband curve between the fre-
quency points will worsen. Therefore, it is necessary to reduce
the interval between the two frequency points, sacrificing a cer-
tain bandwidth to achieve a larger SE. The diode should have a
low turn-on threshold and a high power tolerance. The NSR201
diode was selected for loading.
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The equivalent circuit simulation results in Advanced Design
System (ADS) simulation software are consistent with the full-
wave simulation results in Computer Simulation Technology
(CST). As shown in Fig. 11, the results indicate that the pro-
posed ESS structure in simulation can achieve IL below 1 dB in
the range of 3.9-6.2 GHz (relative bandwidth of 45.5%), while
also providing over 40 dB of shielding capability.

0 -
-104
=204

=304

S-parameters (dB)

-40;

.50

Frequency (GHz)

FIGURE 11. S-parameter results from CST-MWS and equivalent TL
model for the ESS unit (S-parameter results from CST-MWS and
equivalent TL model for the ESS unit (Different parameters from
UWRB structure: [ = 10mm, tg; = 1.5mm, L = 1.2nH, Z; =
121.79Q, Zy = 280.1 Q). Solid lines represent CST full-wave simula-
tion results, while dashed lines correspond to ADS equivalent circuit
model results. Red lines indicate S in the OFF state, gray lines in-
dicate S11 in the ON state, orange lines indicate S2; in the OFF state,
and blue lines indicate S21 in the ON state.

Figure 12 shows the So; curves under different angles in two
different states. Due to its narrower bandwidth compared to
UWB ESS, HSE ESS can maintain better 3 dB angle stability
below 65° in a transparent state, and its protection capability
improves with an increasing angle.

4. FABRICATION AND MEASUREMENT

In order to measure the EM response of the structure to signals
of different intensities, the IL of the ESS structure was tested by
employing the spatial field windowing method, and the strong-
field response of the structure was tested using the waveguide
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injection method. The experimental setup was connected as
shown in Fig. 13.

High-performance ESS can be fabricated using PCB tech-
nology, where a metal frame structure with etched grooves is
employed to maintain precise spacing between units. By appro-
priately adjusting the dimensions of the unit structure to match
the size of the waveguide DUT port, the components were inte-
grated to form the internal test plug-in structure of the waveg-
uide. It is important to note that verifying the SE across the
UWB ESS broadband requires testing with several waveguides.
The following content will be tested and verified in two ways:
low power and high power.

4.1. Low-Power Signals Measurements

First, standard horn antennas were connected to the two ports
of the vector network analyzer and calibrated with low-power
signals using the windowing method. Then, the transmission
response of the ESS is measured after extending the window
loading period and is denoted as IL.

The simulated and measured results of the IL are shown in
Fig. 15. It can be seen that the trend is consistent across the en-
tire frequency band. Under the experimental conditions, Pro-
totype I, designed for ultra-wideband, achieved an IL below
1dB in the frequency band range of 2.2-8.2 GHz, with a rel-
ative bandwidth of 115.4%. Prototype II, designed for a high
SE, achieved an IL below 1 dB in the frequency band range of
3.9-6.3 GHz, with a relative bandwidth of 47.1%.
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The experimental and simulated results for the designed
working band were consistent. The measured bandwidth of the
structure was slightly wider than the simulation results because
the spacing between the diodes significantly affected the band-
width, and insufficient manufacturing accuracy led to this situa-
tion. In summary, both structures under one model can achieve
a broadband design.

4.2. High-Power Signals Measurements

As shown in Fig. 14, the pulse signal generated by the signal
source (with a pulse width ratio of 1%) was amplified by a
power amplifier to increase the EM wave power entering the
waveguide. By connecting a three-port ringer and matching
the load, the energy reflected into the amplifier was reduced
to prevent damage. Subsequently, the waveguide, attenuator
(to reduce the power of the EM waves entering the spectro-
graph), and spectrograph were connected through RF cables.
By recording readings of the spectrograph during the no-load
operation, the SE can be obtained by comparing readings of the
loaded ESS plug-ins.

The two types of ESSs at various frequency points are mea-
sured within the bandwidth, and the simulated and experimental
results were compared, as shown in Fig. 15. The SE of Proto-
type I within the entire bandwidth was higher than 10 dB. The
SE of Prototype II is higher than 33 dB across the entire band-
width, and the maximum SE can reach 40.3 dB.

To further illustrate the nonlinear response characteristics of
the ESSs, Fig. 16 shows the curve of the SE as a function of
the power injected into the waveguide. As the input power
increased for each frequency point, the entire SE showed an
increasing trend; the diode was not fully conducting; and the
ESSs did not reach saturation. Owing to the limited power out-
put of the power amplifier, the measured SE was not as high
as the simulated SE. Since the high-power measurements were
conducted inside a waveguide, the transverse electric field dis-
tribution is nonuniform, with a stronger field at the center and a
weaker field near the edges. Therefore, at the maximum input
power, only the diodes near the center reached stable conduc-
tion, while the edge diodes remained partially conducting due to
the weaker local electric field. This nonuniform field distribu-
tion explains the relatively stable SE observed at certain input
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power levels. At higher frequencies, the stronger local electric
field enables the diodes to enter the conducting state more eas-
ily. As the input power further increases, the SE is expected to
improve continuously as more diodes gradually become fully
conductive.

4.3. Comparison

A comparison between our proposed ESS and those in other
studies is listed in Table 2. In this table, passband bandwidth
is the frequency range where ESS allows signals to pass un-
der low-power conditions with low insertion loss (IL < 1dB)
to ensure normal operation, while shielding bandwidth is the
range where ESS effectively blocks high-power signals with
shielding effectiveness (SE) above a threshold (e.g., > 10 dB);
the ESS performance is defined by the intersection where IL
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< 1dB and SE > 10dB, recognized as the working frequency
band.

In this study, two types of high-performance ESSs were de-
signed based on the same topological structure. Prototype I is
designed for ultra-wideband applications and achieves a work-
ing band range of over 100%. Prototype II is developed to
achieve high SE and reaches an SE above 40 dB within the
wideband range. Although Prototype I covers a wide frequency
range, its angular stability (3 dB) can still reach a relatively
high level. Narrowband Prototype II can achieve angle stability
within 65°, fully demonstrating the high angle stability perfor-
mance of this slotline-type structure. The targeted indicators
of these two high-performance ESSs are far superior to those
of other similar designs, which fully demonstrates the effec-
tiveness and great application potential of the design method
proposed in this study.
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TABLE 2. Comparison of the proposed ESS with others in the literature.
Ref. IL (dB) SE (dB) Passband bandwidth ~ Shielding bandwidth Unit cell (A3) Angular stability
.01 x 0.01 x 0.
[10] <1 > 18 < 1.1GHz < 1.5GHz 0-01 > 0.01 > 0.003 —
(1GHz)
6.7-10.8 GH
[12] <1 > 10 ? 6.7-10.8 GHz 0.46 x 0.03 x 0.44 —
(46.9%)
[22] 0.6 > 40 3GHz 2.0-4.0 GHz 0.30 x 0.16 x 0.13 0°-30° (2dB)
30, 4.1-53GH 0-5.3GH
[23] <1 = z z 0.08 x 0.08 x 0.28 0°-45° (1dB)
Max=32 (25.5%) (200%)
6.0-10.0 GH 0-16 GH
[26] <1 > 23 g z 0.20 x 0.20 x 0.15 0°-40° (3 dB)
(50%) (200%)
5.2-14.5GH 0-15" GH.
[27] <1 > 20 z z 0.17 x 0.17 x 0.13 0°-40° (1 dB)
(91.1%) (200%)
6.3-12.2GH 0-12.27 GH
[28] <1 > 20 z z 0.20 x 0.12 x 0.095 0°-60° (3dB)
(63.8%) (200%)
5.8-9.0 GH 0-127 GH.
[29] <1 > 22 z z 0.09 x 0.09 x 0.07 0°-55° (3dB)
(43.2%) (200%)
2.2-8.2GH -8.2GH °-30° (1dB
Pro.1 <1 > 10 8.2GHz 0-8.2GHz 0.17 X 0.05 x 0.22 0°-30° (1dB),
(115.4%) Meas. (200%) Meas. 0°-55° (3 dB)
Pro. 1l <1 >33, 3.9-6.3 GHz 0-6.3 GHz 0.06 x 0.05 x 0.99 0°-50° (1dB),
Max = 40.3 (47.1%) Meas. (200%) Meas. 0°-65° (3 dB)

5. CONCLUSION

This paper has presented a design methodology for high-
performance ESS based on slotline structures. In this
approach, an accurate equivalent circuit model was built, and
the key factors affecting ESS performance were identified,
which together form systematic design guidelines. Based on
these guidelines, two prototype structures were designed and
experimentally tested, confirming that the method can achieve
an ultra-wideband working band and high SE. However, the
performance relied on the precise control of circuit and semi-
conductor parameters, as well as fabrication accuracy, which
may limit its use at extremely low or high frequencies. To
address these limitations, future work will focus on combining
wide operating bandwidth with high SE, exploring tunable or
adaptive ESS designs, and extending the methodology to more
complex structures for broader practical applications.
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