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ABSTRACT This paper presents a waveguide energy-selection-filter switch (ESFS) array for high-power
microwave protection, which has a nonlinear transmission response depending on the power intensity of
the incident wave. A prototype of nine unit-cells loaded with pin diodes is designed and measured. First,
the relationship between the unit-cell dimension and frequency response is analyzed by the full-wave
simulation, and an equivalent circuit is studied with numerical fitting. Then, the non-linear characteristics of
the unit-cell for different power levels are observed by using an electric field probe. Subsequently, the array
structure is designed with equivalent circuits made to evaluate the performance and the coupling effects
between the array elements. At the same time, the influence of the number of elements on the transmission
coefficient is discussed. Finally, the nonlinear and adaptive transmission characteristics of the ESFS array
are demonstrated by the waveguide measurements, which show an isolation improvement of 19.5 dB for
high-power microwave protection compared to a single ESFS unit. In addition, the protecting band is wider
than that of a single unit.

INDEX TERMS Adaptive protection, energy-selection-filter, high power microwave, pin diode loaded,
waveguide.

I. INTRODUCTION
High power microwave (HPM) and electromagnetic
pulse (EMP) equipments could generate high energetic pulses
with a burst of electromagnetic radiation [1], which may
couple to electronic and electrical systems and cause sensitive
receiver sensors and other electronic instruments [2]. The
main ways of electromagnetic energy coupling with equip-
ment are ‘‘front door’’, such as antennas and sensors [3], and
‘‘back door’’, like cables and crevices [4]. In order to protect
sensitive and vulnerable devices from HPM damage, it is
necessary to strengthen and protect both the front and back
doors of the equipment. For the threat of back door, increasing
isolation of the coupling path is the most effective method,
including shielding, lapping, filtering, grounding, absorbing
and so on [5]. However, the above methods cannot be used to
prevent HPM at front door, of which the main function is to
convert and transmit signals through radio waves.

At present, most front door protection is concentrated at
the circuit level. Out-of-band HPM and EMP energy can be
attenuated by band-pass filters [6], [7], while the protection
of sensitive components against in-band high power threats
is usually dependent on power limiters [8]–[10]. In order to
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expand the methods of protecting against the risk of strong
electromagnetic pulse, researchers have also studied the pro-
tection technology in terms of space field [11], [12], which is
different from the circuit.

In recent years, metasurfaces and metamaterials used in
HPM and EMP protection also draw increasing attentions.
For example frequency selective surface (FSS), a single or
multilayer structure consisting of period resonance units,
is able to transmit in-band EM incidence while reflect
out-band wave, function as a filter [13]–[15]. Adjustable
FSSs have been designed by loading varactor or switch diodes
with DC bias on traditional FSS [16]–[18], of which the fre-
quency band and transmission coefficient can be changed by
adjusting DC bias. And yet without self-adaptive dependent
on energy, FSS has no energy-selective properties and cannot
protect against high power electromagnetic pulse (EMP) in
the pass-band. Then, Yang Cheng et al. first reported the
energy selective surface (ESS), like a limiter, with pin-diode
for EMP protection, which only sensitive to the power density
or field intensity of incident wave [12], [19], [20]. Sub-
sequently, a spatial power limiter using a nonlinear FSS
was researched combining the frequency selection charac-
teristics of FSS and the energy selection characteristics of
ESS [21], [22]. However, as planar structures, aforemen-
tioned structures should be implemented at the front end
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of antenna to defend HPM and HPEM threats, just like a
radome, which takes a lot of space and will inevitably affect
the radiation of antenna [23].

In comparison with circuit level and space field protection,
waveguide protection device is another effective method to
avoid HPM attack. Waveguide is a kind of transmission
line with large power capacity and small loss, which is
often used as a bridge between horn antenna of radar and
system. Researchers have designed a series of waveguide
protection component, including waveguide diode limiter
[24], ferrite limiter [25], plasma waveguide limiter [26] and
so on. A waveguide passive power limiter with H-shaped
resonant aperture was proposed in [27], which combined
structure of a BPF and a limiter. However, aforementioned
component needs to be fixed in the waveguide and can-
not be replaced, limiting its application. Recently, we had
reported a narrow-band waveguide energy-selective filter
with only one unit and one diode, is pluggable and can
provide more design freedom [28]. Subsequently, we stud-
ied the energy selective surface of multi-element based on
the high impedance surface in waveguide, which adaptively
adjusts the impedance of waveguide wall according to differ-
ent power to protect HPM from attack [23]. However, its pro-
tective capability is insufficient and isolation is only 13 dB at
high power.

Based on our previous the work, we proposed an Energy-
Selection-Filter Switch array (ESFS) for HPM protection
with higher isolation and wider protecting band, which is
self-adaptive depending on the magnitude of incident wave
energy. Compared with other traditional waveguide limiters
and filters, the proposed ESFS does not need to change the
structure of the original waveguide, that is to say, it is plug-
gable and replaceable. The isolation effect under high power
signal is better than that of [23] and the frequency bandwidth
wider than that of [28].

II. CELL STRUCTURE AND WORKING MECHANISM
A. STRUCTURE OF CELL
The unit cell proposed is illustrated in Fig.1, which consists
of three parts, the intermediate circuit (sub #2), and the top
(sub #1) and bottom (sub #3) metal patches. They are all
made by printed circuit boards (PCB), and the copper is

FIGURE 1. Geometry of the unit cell in proposed ESFS.

FIGURE 2. Schematic model of the proposed ESFS at the condition of
(a) low power and (b) high power.

printed respectively on the FR-4 substrate with permittivity
of 4.5 and thickness of 0.8 mm. The top and bottom patches
are exactly the same in length and width (l×l). Besides, these
two thin metallic patches are separated by air and connected
by another PCB with a metal line (the length and width are
h, w respectively). The diode is loaded in the middle gap.
The structure of sub #2 is different from that of [23]. The
middle metal wires of sub #2 are on both sides of PCB,
and are effectively connected through vias in the middle,
which helps to connect multiple diodes to provide greater
power capacity and smaller on-resistance. And pin diodes are
loaded as external lumped elements to perform the nonlin-
ear properties on different conditions. In order to make the
middle circuit short-circuited effectively in both positive and
negative half-cycles of high power signals, four diodes were
loaded at the both sides of the metal line gap of sub #2.

B. WORKING MECHANISM OF THE PROPOSED ESFS
The mechanism of this energy-dependent filter is mainly
based on the capacitor and inductance (LC) resonant fil-
ter in waveguide. Fig.2 depicts the schematic of proposed
ESFS. The structure is composed of two sub-wavelength
metallic patches and a metallic wire, which are connected by
pin diodes to achieve nonlinear performance. In waveguide,
the two patches form capacitances with the top and bot-
tom metal walls of the waveguide, respectively. Meanwhile,
the metallic wire is equivalent to an inductance connecting
two capacitors in series. When TE10 mode electromagnetic
wave is input, strong electric field is excited between patch
and waveguide wall, while strong magnetic field is excited
around metal wire. The intensity of electric field and mag-
netic field stimulated by different incident power is different,
that is, the voltage levels loaded on both ends of the diodes
are different. Thus, the proposed ESFS perform different
transmission characteristics.
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If the voltage induced by incident wave is not high enough
to turn on the pin diode, the resistance for ideal pin diodes
in off-state is infinite. The equivalent circuit is open and only
two patches are placed parallel in the middle of the waveg-
uide without being connected, which cannot form a complete
resonant circuit. Thus, the proposed ESFS does not have the
ability of frequency selection and signals of all frequency
(permissible transmission frequency of waveguide) can be
transmitted with lower loss. This insertion loss is mainly
caused by leakage current in diode and dielectric loss of PCB.
In order to reduce the loss, high isolation diode and low loss
substrate are prerequisite.

On contrast, high power electromagnetic waves can excite
enough voltage to turn on the diode. The on-resistance of
ideal diode is zero in the positive biasing status (on-state),
which connects the two patches and the wire. Equivalent
capacitors of two patches and inductor of the wire are con-
nected in series and then they are paralleled on the trans-
mission line. Therefore, it can resonate at the set frequency
and reflect the energy, thus protecting the back-end circuit
or equipment. At this time, the isolation effect of the ESFS
depends on the on-resistance of the diode. That is to say, it is
expected that the diode could always be in the on-state and
exhibit low resistance. To ensure the stable on-state and low
forward resistance of diodes, two pin diodes should be placed
reversely.

C. EQUIVALENT CIRCUIT STUDY OF CELL
As analyzed above, ESFS exhibits full-pass and low insertion
loss characteristics under small signal conditions, the mecha-
nism of which is simple. However, it is needed to be analyzed
band-stop characteristics and equivalent circuit models when
high power signal is inputted.

FIGURE 3. Equivalent Circuit of unit-cell in waveguide under high power
condition.

As shown in Fig.3, when voltage excited by the high power
signal is enough to turn on the diodes, the whole unit structure
is equivalent to the series resonant circuit of capacitors and
inductors. In general, capacitance mainly stores electric field
energy, while inductancemainly stores magnetic field energy.
Fig.4 (a) and (b) show the simulation results of electric field
density and magnetic field density, respectively. Obviously,
the magnetic field energy between the two patches is con-
centrated, while the electric field energy is very strong not
only between patches, but also between the patch and the
waveguide wall. Thus, the top metal and the upper wall of the
waveguide are equivalent to a parallel plate capacitor C1, and

FIGURE 4. (a) Electric field and (b) magnetic field distribution.

the bottom is equivalent to a capacitor C2 similarly. Mean-
while, two coupling capacitances between the two metallic
patches are C3 and C4. According to the law of parallel
plate capacitors, the value of capacitance depends on the size
and distance of parallel plate electrodes. The metallic wire
inserted in the middle is equivalent to inductor L, which is
connected by diodes. Finally, C1, C2, C3, C4 and L form a
series resonant circuit. The resistance of the ideal diode is
zero as discussed above when diode is turned on. In order
to study the pass-band characteristics of the structure simply,
it can be considered that the metal wire in the middle is a
perfect connection between the top and bottommetal patches.
Therefore, when the high power signal is input, the diode
is turned on and the whole structure in the waveguide is
equivalent to the resonant circuit as shown in Fig.3. Then the
impedance Zs of the proposed ESFS is given by

Zs =
1

jωC1
+

1
jωC2

+ (
1

jωC1
||

1
jωC2
||jωL)

=
1− (C3 + C4 +

C1C2
C1+C2

)ω2L

jω C1C2
C1+C2

− jω3L C1C2
C1+C2

(C3 + C4)
(1)

where C = C3 + C4 +
C1C2
C1+C2

, refers to the combining effect
of C1, C2, C3 and C4. Thus, the input impedance becomes
zero at the resonant frequency ω0, which is

ω0 =
1
√
LC

(2)

The capacitance C is determined by the area (S = l × l)
and the distance h between the patches and waveguide wall.
Besides, the inductance L is related to the width w and length
h of themetal line on the sub #2. Therefore, by adjusting these
parameters, the equivalent inductance and capacitance can be
adjusted to change the resonant frequency.

Firstly, the initial structure parameters of the cell are deter-
mined. The length l of the metal patch on sub#1 and sub#3 is
16 mm. The distance between sub#1 and sub#3 is 15 mm,
which is the same as the height h of sub#2. And the width w
of metal line on sub#2 is 2 mm. Then the cell is placed in the
middle of a waveguide and the perimeter of the waveguide is
referred to the standardwaveguideWR430, which has awidth
of 109.22 mm and a height of 54.61 mm, and a bandwidth
from 1.72 GHz to 2.61 GHz. The full wave simulation is
carried out by software of Computer Simulation Technology
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FIGURE 5. The linear relationship between resonance frequency and
(a) 1/l , (b) 1/h.

(CST), and the walls of waveguide are set as PEC. By chang-
ing the length l and distance h (both from 10 mm to 20 mm
with a step 0.5 mm) respectively, the variation of resonant
frequency can be obtained with CST as shown in Fig.5.
Subsequently, the first-order function curves obtained by
numerical fitting of the simulation results are also shown in
the figure, which is in good agreement with the simulation
results. The resonant frequency is proportional to 1/l, that is
to say, inversely proportional to patch size l. That is because
the capacitance C1 and C2 increase with the patch size. Simi-
larly, the resonant frequency also decreases with the increase
of patch distance h. The equivalent circuit value of the single
cell has been discussed in our early report [28], which will be
used to analyze equivalent circuit with multi-unit structure in
this article.

D. NONLINEAR CHARACTERISTICS OF LOADED DIODES
In the preceding section, the band-stop characteristics of
the proposed ESFS are analyzed, which is assumed that the
ideal diode is turned on. However, the switching state of the
diode is determined by the input power and ESFS structure.
In this section, the voltage at both ends of the diode and the
time-domain response of the structure at different input power
levers are studied.

In this design, a silicon PIN diode of BAP-51-02 from
NXP Corporation is selected, which has low parasitical-
capacitances, short switching time and small on-resistance.
The diodes 51-02 have an approximate capacitance of 0.15 pF
at off-state, while it is equivalent to a series of resistor
0.7 � and inductor 0.77 nH at on-state. In the simula-
tion, lumped element capacitors or inductors and resistors
are used to replace the on- and off-state of the diodes,
respectively.

To observe the input and output waveforms of continues
wave in time domain, simulations with low power and high
power are carried out. The normalized voltage of input and
output wave are recorded at the same time and shown in
Fig.6. As shown in Fig.6 (a), when the input power level
is relatively low, magnitude of input and output wave are
almost the same, which means that waves propagate through
the waveguide with very low insertion loss. While on the
condition of high power input, there is an obvious difference
between the magnitude of input and output signal as shown

FIGURE 6. Input and output normalized voltage with diodes
(a) off and (b) on.

FIGURE 7. Voltage at both ends of the diode in the case of large signal
and small signal.

in Fig.6 (b). Such results have proved the HPM prohibition
ability of proposed ESFS.

Subsequently, the probe was used to detect the voltage
changes at both ends of the diode at different input power
as shown in Fig.7. When the small signal is input, the wave
at both ends of the diode behaves as a complete sinusoidal
wave. This proves that the small signal cannot turn on the
diodes, and thus cannot form a complete resonant circuit.
So small signals can pass through with low loss. However,
it is obvious that the waveforms at both ends of the diode
are distorted when the large signal inputs. According to the
manual of the diode 51-02, its forward voltage is 0.95 V,
thus the positive half-cycle voltage is limited to less than 1 V,
which is consistent with the simulation.

III. STUDY AND DESIGN OF ESFS ARRAY
As analyzed in the previous section, one unit cell can only
form one zero point, which is just like a narrow-band filter.
After loading the non-linear elements (diodes), it can only
protect against the high power energy of the narrow-band.
However, high power microwave signals are usually broad-
band, so the design of broad-band band-stop filters is nec-
essary. Multiple resonant points or wide bandwidth can be
obtained by connecting multiple units of different sizes in
series or parallel. That is to say, different sizes of structures
can form multiple zero points of interest, so broadband filters
can be designed to prevent high power energy. The schematic
diagram of multi-unit series connection in waveguide is
shown in Fig.8. In this paper, the perimeter of the waveguide
is referred to the standard waveguide WR430, which has a
width of a = 109.22 mm, a height of b = 54.61 mm, and a
bandwidth from 1.72GHz to 2.61GHz.

For multi-cell structure, there will be a coupling capaci-
tance between two patches between adjacent cells. When the
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FIGURE 8. Diagram of multi-unit cascade connection in waveguide.

FIGURE 9. Equivalent Circuit without interstage coupling.

period of structure is larger than one wavelength of waveg-
uide, that is, the distance d between adjacent cells is larger
than the wavelength λg, and the coupling capacitance is
small enough to be neglected. While the distance d between
adjacent cells is small, the influence of coupling must be
considered.

A. WEAK COUPLING BETWEEN ADJACENT ELEMENTS
When the adjacent units are far away, the adjoining element
patches are weakly coupled. At this time, the design only
needs to consider the resonance characteristics of each cell
separately and multiple resonant zero points can be freely
combined to form a wide-band or multi-band filter. After
simplifying the circuit in Fig.3, the equivalent circuits of n
cell arrays can be obtained by series connection as shown
in Fig.9, which does not consider the coupling between stages
because the element is far away. The equivalent capacitance
and inductance of each unit can be obtained by the study of a
single unit-cell in the preceding section.

In order to design an ESFS with dual stop-bands, two units
with different sizes are placed in the waveguide for simula-
tion. One cell size are l1 = 22 mm, h1 = 8 mm, and the other
cell dimension are l2 = 20 mm, h2 = 0.8 mm. Their resonant
frequencies are 2.13 GHz and 2.45 GHz respectively when
they exist alone in the waveguide. AndC1 = 2.5 pF and L1 =
2 nH are the equivalent capacitance and inductance of unit 1,
while the two parts of unit 2 are C2 = 2.1 pF and L2 = 2 nH,
respectively. Full-wave simulation and circuit simulation are
carried out through Computer Simulation Technology (CST)
and Advanced Design System (ADS), respectively. The result
of three-dimensional full-wave simulation shows that two
stop-bands can be obtained by cascading two different size
units in the case of weak coupling as shown in Fig.10 (a).

FIGURE 10. Dual units with near bandstop simulation by (a) CST and
(b) ADS.

At the same time, the zero points of equivalent circuit simu-
lation shown in Fig.10 (b) is consistent with that of full-wave
simulation. However, the passband between the two zero
points of the circuit simulation curve is different from that
of the three-dimensional simulation, especially at 2.35 GHz.
That is because the effect of waveguide between two units is
not considered in the equivalent circuit. In addition, the ideal
lumped elements used in equivalent circuits have high quality
factor. This simple equivalent circuit is sufficient to ana-
lyze the stop-band characteristics of two zero points. Subse-
quently, on the basis of the above structure, the size of the
first unit patch is changed to l1 = 30 with other dimensions
remaining unchanged. According to the analysis of the rela-
tionship between cell structure and frequency response in the
previous section, the change of patch size mainly affects the
equivalent capacitance, so only the capacitance of the first
stage is changed in the equivalent circuit as shown inside of
Fig. 11. At this time, the resonant zero point of the first stage
is 1.73 GHz. Through full-wave simulation and equivalent
circuit simulation, the transmission coefficients are obtained
as shown in Fig.11. Compared with the previous simulation
results, it is obvious that the passband between two zero
points in circuit simulation has a pole at 2.1 GHz, which once
again explains that the lumped element in circuit simulation
has a higher quality factor. It is the reason why the equivalent
circuit simulation and full-wave simulation are different in
passband.
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FIGURE 11. Dual units with two stop-band simulation by (a) CST
and (b) ADS.

FIGURE 12. Equivalent Circuit with interstage coupling.

B. STRONG COUPLING OF ADJACENT ELEMENTS
According to the previous simulation results, weakly cou-
pled elements can form a multi-band stopband filter, but
cannot against broadband high power signals. When the two
elements are close to each other, there will be a coupling
capacitance between the patches of the two adjacent elements
and two coupling inductance [23] as shown in Fig.12. The
distance between the two units is reduced to one-tenth of the
waveguide wavelength and a bandstop filter with a bandwidth
of 0.5 GHz is obtained, the results of which show that the
frequency band between two zero points becomes stopband
by simulation with CST and ADS as shown in Fig.13.

In order to make the in-band attenuation larger, a zero
point can be added to the in-band, that is, a unit can be
added on the basis of strong coupling. Result of transmission
and reflection coefficients by full-wave simulation with patch
dimension of l1 = 21 mm, l2 = 22 mm and l3 = 20 mm is

FIGURE 13. Dual units with wideband bandstop simulation by (a) CST
and (b) ADS.

FIGURE 14. (a) Transmission coefficient and reflection coefficient of
three-element full-wave simulation. (b) Electric field distribution of
three-unit structure.

shown in Fig.14 (a). Compared with Fig.13, the attenuation
in the stopband of three elements is greater, which can pro-
vide better protection effect. Besides, reflection coefficient is
close to 0 dB in stopband, which shows that the high power
signal is almost totally reflected. Subsequently, the electric
field distribution in waveguide at different frequencies are
simulated, which further illustrates that the electromagnetic
waves of different frequencies only resonate and reflect at
the corresponding size units in Fig.14 (b). What’s more,
the electric field distribution indicates that standing waves
are formed on the incident side of the waveguide, so the
energy is reflected and cannot through the proposed ESFS,
thus providing electromagnetic protection for the following
devices.
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FIGURE 15. (a) Transmission and (b) reflection coefficient with diodes on
and (c) insertion loss with diodes off. (d) Transmission coefficient with
difference distance between every two layers when diodes on.

C. COMPARISON WITH SINGLE UNIT
The isolation and insertion losses can be obtained by sim-
ulation with the equivalent lumped parameters of large and
small signals of 51-02 diode, respectively. Fig.15 (a) and (b)
show the transmission curves and reflection coefficient of
one unit and multiple units when the diode is on. Obviously,
the stopband bandwidth of three cells is wider than that of
one cell, while the insertion loss is the same when the diode is
off as shown in Fig. 15 (d). However, the maximum isolation
of stop band is only 30 dB. In order to further increase the
isolation on high power condition and the withstand power
of the component, three identical structures are placed in
parallel horizontally to form a 3*3 units array. The simulation
results show that nine units array has higher isolation and
wider bandwidth than three units array under high-power
signals as shown in Fig.15 (a) and the signal in stopband
is reflected as shown in Fig.15 (b), of course, the loss will
increase inevitably as shown in Fig.15 (c).
When the structure of three layers is placed in paral-

lel, coupling effect comes into being between adjacent lay-
ers. Thus, transmission coefficient and frequency response
may be influenced by changing the distance d of every
two layers, which affects the coupling effect. Due to the
limit of the waveguide size in this frequency band, d
could not be adjusted with no limit. Based on this, trans-
mission coefficients are simulated by CST with d from
6 mm to 10 mm as shown in Fig.15 (d). As the distance
between layers increasing, there is no significant change in
transmission characteristics. Although the coupling capac-
itance between layers increases when the three layers are
close to each other, the other capacitive coupling between
patch and waveguide wall in the top and lower layers is
reduced. As a result, the frequency response does not change
significantly.

FIGURE 16. Prototype fabricated by printed circuit board technology.

IV. EXPERIMENT AND RESULTS
In order to verify the feasibility, a prototype is fabricated
by printed circuit board technology as shown in Fig.16. The
prototype consists of three layers connected by nylon spacer,
each of which has the same structure with l1 = 18 mm,
l2 = 20 mm, l3 = 18 mm and h = 8 mm. For convenience,
the same height of nylon spacer is used to connect each cell
and each layer, which is 8 mm. Meanwhile, the position
of the ESFS in the waveguide is also shown in the Fig.16.
Subsequently, a test experiment was carried out and the exper-
imental setting for testing the prototype in the waveguide with
different power is shown in Fig.17. The signal of the Vector
Network Analyzer (VNA) is amplified by the Power Ampli-
fier (PA) and then enters the waveguide through the Isolator to
prevent the reflection energy of the ESFS from damaging the
PA. At the output port of the waveguide, the signal enters the
VNA through the attenuator. Therefore, this experiment can
only obtain the transmission coefficient, but not the reflection
coefficient. Transmission coefficients at different input power
levels are measured and shown in Fig.18. When the power
into the waveguide is below 35 dBm, voltages induced are

FIGURE 17. Experimental setup of waveguide measurement.
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FIGURE 18. Measurement of transmission coefficient with signals at
different input power.

not enough to turn on pin diodes and circuit can’t resonate.
On this condition, the signal can pass with low loss at the
interest frequency and the curves of transmission coefficient
are similar.

With the increase of the power outputting from Power
Amplifier, the electric field density in waveguide and the
voltage at both ends of the diode gradually increase. Until
the input power is 55 dBm, the diodes are fully turned
on and the component exhibits broadband band-stop char-
acteristics. Within the whole waveguide frequency range
(1.72-2.61 GHz), the isolation is greater than 12.5 dB, espe-
cially at 2.3 GHz, the isolation reaches 32.5 dB. There
are a little difference between measurement and simulation
in Fig. 15 at the three resonant points because the static equiv-
alent parameters of the diode are used in the simulation, while
diode values of equivalent lumped elements will fluctuate
with the variation of applied voltages and frequency. Besides,
it is manually welded and assembled, the actual size of the
prototype cannot be strictly consistent with that of simulation,
which affects the distribution capacitance and inductance
parameters of the structure. The small change of capacitance
could change the resonant frequency of a single unit [28], and
then affect the frequency response of the whole structure. The
results have verified the nonlinear characteristics of proposed
ESFS that the transmission coefficient is dependent on the
power intensity of incident wave.

V. CONCLUSION
A waveguide ESFS was designed in this paper for HPM pro-
tection by reflecting the over-threshold high-power incident
wave. The working mechanism of ESFS unit is analyzed,
and the relationship between structure size and frequency
characteristics is studied by numerical method. At the same
time, the equivalent circuit of ESFS is studied, which is
helpful for structure design. Subsequently, the non-linearity
of the cell structure is simulated and the time-domain wave-
forms of the diode and waveguide ports under different power
conditions are observed by using the probe. In order to expand
the bandwidth, a cascaded multi-cell array is proposed

and simulated. Finally, the prototype of array structure is
made and measured. The measurement results show that the
proposed ESFS has better protection ability in the waveguide
operating frequency range, and the isolation reaches 32.5 dB
at 2.3 GHz. Compared with other traditional waveguide lim-
iters and filters, the proposed ESFS does not need to change
the structure of the original waveguide, that is to say, it is
pluggable and replaceable. The isolation effect under high
power signal is better than [23] and the frequency bandwidth
wider than [28]. Therefore, the ESFS proposed in this paper
can provide a different way to protect HPM.
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