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ABSTRACT A microwave power limiter with an H-type slot structure is proposed as a waveguide
structure that blocks high-power microwaves through plasma discharge. At an operating frequency of
5.75 GHz, the electric field is concentrated in the discharging electrode gap; when high power is applied,
the plasma limiter discharges, and low power is transmitted. By contrast, when low power is applied, it is
transmitted without loss. An H-type resonance structure was used to increase the electric field concentration
and selectivity within the waveguide. At 5.75 GHz, the insertion loss of the H-type slot structure was
1.85 dB. The electric field concentration increased to 49492 V/m, and the 3 dB bandwidth was 535 MHz.
In addition, the plasma discharge onset level in the xenon gas was lower because of the electrostatic
potential. When an electrostatic potential of 300 V was applied, the plasma discharge onset level decreased
from 310 to 180 W.

INDEX TERMS Plasma limiter, waveguide, microwave, electrostatic potential.

I. INTRODUCTION
Microwave technology plays an important role in a wide
range of applications, and is used in various fields, such
as communications, radio detection and ranging (RADAR),
and medicine [1], [2], [3]. RADAR has recently been used
extensively in the military and aerospace fields [4], [5].
RADAR systems operate using microwave devices and
circuits [6], [7]. However, various threats have led to an
unstable operation of RADAR systems. Among the various
threats, electromagnetic pulses (EMPs) are a type of emission
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phenomenon with high-power electromagnetic fields and
electromagnetic energy typically more than 1 kW, and are
electromagnetic waves in the form of an impulse with a
wide frequency spectrum from MHz to GHz. EMPs are
generally caused by nuclear explosions, lightning, or certain
electromagnetic-field-generating devices [8], [9], [10], [11],
[12]. The EMP changes rapidly in electromagnetic waves,
and is attracting particular attention from a military perspec-
tive owing to its irregular and sudden phenomena [13]. EMPs
have a fast rise time less than ns, and these characteristics
pose a significant threat to the safety of electromagnetic
devices.
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A low-noise amplifier (LNA) is one of the most important
components of a RADAR system. LNAs amplify very weak
signals received from the RADAR antenna. Therefore, they
have a significant influence on the performance of RADAR
systems, and are likely to be affected by high-power and
strong signals, such as EMP threats [14], [15], [16]. These
high-power signals can generate unnecessary voltages inside
the device, which can lead to poor performance or destruction
of the device [17], [18].
To minimize the influence of EMPs on RADAR sys-

tems, EMP preparedness measures must be considered
during the design and configuration stages of RADAR
systems, including the LNA. It is important to protect the
LNA by applying EMP-blocking devices and protection
devices. Additionally, to improve the durability of the LNA,
it is necessary to avoid using EMP-sensitive parts and
to prepare countermeasures for quick recovery when an
EMP occurs.

To protect the LNA of a RADAR system, a diode element
is installed at the LNA stage, or a diode-integrated EMP
protection device is used in front of the LNA [19], [20],
[21]. The diode limiter controls and disperses the EMP
using diode breakdown to reduce the energy transmitted to
the LNA. A diode element in an EMP protection device
operates as a limiter that transmits energy when low-
power electromagnetic waves are incident and suppresses
energy when high-power electromagnetic waves are incident.
In addition, the diode limiter has a frequency-shift function
that helps protect the LNA by moving the EMP out of the
frequency range of the LNA or bypassing unwanted signals
to the ground. Recently, a plasma-discharge slot structure
has been adopted to limit the EMP and reduce the energy
transmitted to the LNA [22]. It has the advantage of a high
power capacity of more than 10 kW, whereas the diode
limiter has a power capacity of only 10 W [19]. Depending
on the specific design of the plasma limiter, the plasma
discharge is enhanced to prevent the EMPs from directly
reaching the LNA. However, the plasma limiter responds
to the EMP when the magnitude of the incident pulse is
approximately 200 W or higher, whereas the LNA receives
a magnitude in microwatts [23]. Various gas types and
pressures have been adopted to reduce the response power
of plasma limiters [24], [25].

In this study, the plasma discharge of a microwave power
limiter based on waveguide was enhanced by the electrostatic
potential at the discharging electrode. Previous studies have
only focused on waveguide devices that react when an EMP
is incident, and the results of applying an electric bias to
a plasma limiter have not yet been reported. In addition,
various types of resonant slot structures enhance plasma
discharge. Straight and H-shaped slot structures have been
proposed [26], [27]. The straight slot structure has the
advantage of being easy to design and manufacture, but has
the disadvantage of difficulty in achieving high efficiency in
the limited space of the waveguide. Thus, an H-shaped slot
structure is employed. The insertion loss of the normal signal

FIGURE 1. (a) Schematic and (b) demonstrated power limiter.

TABLE 1. Design parameter of power limiter.

is similar to that of the existing straight type, but it has the
advantage of a higher electric-field concentration to enhance
plasma discharge.

II. DESIGN OF THE MICROWAVE POWER LIMITER
The microwave power limiter should exhibit low insertion
loss characteristics for normal signals with low incident
power and high insertion loss for transient signals. Figure 1
shows a schematic of the power limiter based on the WR
187 standard waveguide structure. The power limiter was
fabricated using the dip-brazing method, and the discharging
electrode with a diameter of 1 mm was made of tungsten.
The gas line and viewport were located separately on the
sidewall. An H-shaped slot structure was designed; its main
parameters are shown in Fig. 1(a). The discharging electrodes
were located across the slot structure and electrically isolated
from the body of the power limiter to bias the voltage. The gap
distance between the upper and lower discharging electrodes
was 100 µm.
An analysis of the design parameters in Fig. 1(a) is

shown in Fig. 2. Electromagnetic simulations were conducted
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using commercial software (CST). The waveguide port was
located in front of the waveguide model, and the probe was
located at the back of the waveguide. The electromagnetic
boundary condition was to have an open boundary at outside
of the waveguide. Parameters A and B were analyzed in a
previous report in which the resonant frequency shifted to
a higher frequency band as the parameters decreased [28].
These parameters include the LC resonance, which results
in bandpass characteristics. The analysis of the H-shaped
side wings showed a similar tendency. As parameters C
and D decreased, the resonant frequency shifted to a
higher frequency band. The optimized design parameters
are shown in Table 1. The target resonant frequency
was 5.75 GHz.

The electric field distribution was simulated, as shown
in Fig. 3. Straight and H-shaped slot structures were
compared with same input power, and both structures were
designed with a resonant frequency of 5.75 GHz. As shown
in Fig. 3(a), the maximum electric field of the straight
slot structure was 40939 V/m, and was located at the
discharge electrode gap. The maximum electric field of the
H-shaped slot structure was 49492 V/m at the discharge
electrode gap, which is 20% higher than that of the straight
slot structure. The concentrated electric field distribution
of H-shaped slot structure is expected to discharge at
a lower incident power compared with the straight slot
structure.

The normal signal transfer characteristics of the straight
and H-shaped slot structures are compared in Fig. 4. Both
the structures exhibited a resonant frequency of 5.75 GHz.
The insertion losses of the straight and H-shape slot
structures were calculated as 0.12 and 0.13 dB, respectively.
The 3 dB bandwidths of the straight and H-shaped slot
structures were 952 and 708 MHz, respectively. The H-
shaped slot structure showed a higher selectivity for the
bandpass filter characteristics. The transfer characteristics of
the H-shaped slot structure were verified using a network
analyzer. The insertion loss of the demonstrated power
limiter was 1.85 dB at 5.75 GHz, and the 3 dB bandwidth
was 535 MHz.

The pre-ionization in electrostatic field was performed to
verify the enhance of the plasma discharge [29]. The elec-
trostatic potential and field distribution were calculated using
commercial software (CST) to verify the effect of the electro-
static potential on the discharging electrode. An electrostatic
model was adopted, and the boundary conditions were set as
open boundaries in each direction. As shown in Fig. 5(a), the
electrostatic potential was set to 300 V at the upper discharge
electrode. The electrostatic field distribution is shown in
Fig. 5(b). The air breakdown voltage of the electrostatic
electrodes was reported to be 3000 kV/m [30]. The maximum
electrostatic field was calculated to be 657 kV/m at the
gap between the discharging electrodes, and the maximum
electrostatic field value increased linearly as the electrostatic
potential increased. The value of the maximum electrostatic
field in a power limiter model has been decreased compared

FIGURE 2. Simulation results of the H-shaped slot structure; Sweeping of
(a) parameter C, (b) parameter D.

FIGURE 3. Simulated electric field distribution; (a) Straight slot structure,
(b) H-shape slot structure.

with that of an ideal plate-to-plate model where the plate-
to-plate distance is 100 µm. The surrounding waveguide

71250 VOLUME 12, 2024



K.-J. Park et al.: Microwave Power Limiter Having H-Shaped Slot Structure

FIGURE 4. Simulation and transmission measurement results of the
microwave power limiter.

FIGURE 5. Simulated electrostatic model of an H-shaped slot structure;
(a) Electrostatic potential, (b) Electrostatic field distribution.

body acts as a shield ring to suppress the electrostatic field
concentration.

The experimental testbed for analyzing the effect of
the electrostatic potential on the power limiter is shown
in Fig. 6(a). The DC voltage source was connected to
the upper and lower discharge electrodes. The coaxial
waveguide adapter and cable were connected between the
power limiter and the network analyzer to verify the effect
of the electrostatic potential on the transfer characteristics.
The cavity of plasma limiter was pumped to a pressure
lower than 10E-1 torr, then it filled with a xenon gas at
the correct pressure, and finally close a valve of the plasma
limiter and turn off the pumping system. The power limiter
was measured as shown in Fig. 7. Paschen’s curves were
extracted using various electrostatic potential values. The
corona discharge was the lowest at a pressure of 20 Torr
with a DC voltage of 425 V. As the pressure value moved

FIGURE 6. Photograph of experiments. (a) Test bed, (b) Electrostatic
corona discharge.

away from the 20 Torr point, the electrostatic potential value
required for the corona discharge increased. And the power
consumption was less than 0.2 W and the current level
was less than 2 mA. A photograph of the corona discharge
is presented in Fig. 6(b). The corona discharge between
the electrostatically biased electrodes has the characteristics
of both streamer and glow discharges. In Fig. 7(b), a DC
voltage of 414 V was electrically biased to the power limiter
at a pressure of 20 Torr which is the point before the
corona discharge. At a resonant frequency of 5.75 GHz,
the insertion loss of the DC bias was 3.66 dB, which
is an additional 1.81 dB loss compared with that of the
nonbiased power limiter regarding with the pre-ionization
effect. However, the plasma conductivity in the xenon
gas was low, demonstrating an attenuation of 1.81 dB as
shown in Fig. 7.

III. IMPULSE EXPERIMENTS AND RESULTS
Figure 8(a) shows a high-power electromagnetic impulse
testbed of the waveguide type. The signal generator was
utilized as the source signal, and the solid-state power
amplifier was connected behind, which has a 42 dB gain in
the frequency range of 5.4–5.9 GHz and a maximum output
power of 1.2 kW. A waveguide-type circulator was installed
at the front to protect the solid-state power amplifier from
the reflected power of the power limiter. Directional couplers
were installed at the front and back of the power limiter
with a power meter to measure the incident, transmitted, and
reflected powers in real time. A terminator was installed at
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FIGURE 7. (a) Paschen’s curve for various electrostatic potentials,
(b) Transmission measurement results of the microwave power limiter
with and without electrostatic potential bias.

the end of the test bed to absorb the transmitted high-power
electromagnetic impulse. A 1 dBfixed attenuator was utilized
in the stack and installed between the circulator and the solid-
state power amplifier to control the incident power level. The
rise time of the incident power was 20 ns, and the pulse width
was 200 ns.

As shown in Fig. 9, the Paschen curve was extracted
using various incident impulse power values, and the power
limiter was filled with xenon gas. The plasma discharge was
the lowest at a pressure of 24 Torr with an incident power
of 310W.As the pressure valuemoved away from 24 Torr, the
incident power required for the plasma discharge increased.
As the gap distance between the upper and lower discharging
electrodes was 100µm,modified paschen’s curve is expected
for the breakdown in microscale gaps [31]. The transfer
characteristics of the power limiter are shown in Fig. 10, and
were measured using a power meter in real time. When the
power limiter was exposed to an impulse of 5.75 GHz with an
incident power of 220 W, the transmitted power was 172 W,
and the reflected power was 57W, as shown in Fig. 10(a). The
plasma limiter responded with a normal signal with minimal
insertion loss as shown in Fig. 4. In Fig. 10(b), the incident,
reflected, and transmitted powers are 332, 282, and 1.5 W,

FIGURE 8. Photograph of impulse experiments; (a) Test bed, (b) Impulse
corona discharge.

FIGURE 9. Paschen’s curve for various incident powers.

respectively. The response of the microwave power limiter to
the plasma discharge is shown in Fig. 8(b). The transmitted
power was suppressed, and most of the incident power was
reflected. The plasma density is expected to have more than
10E17 m−3 which happens to make the incident wave to
reflect [32].
Figure 11 shows the changes in the plasma discharge onset

level at various electrostatic potentials. Themicrowave power
limiter installed in the impulse test bed was connected to
a DC voltage source. Without an electrostatic potential at
the discharging electrode, the lowest onset level was 310 W,
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FIGURE 10. Impulse test result; Incident power of (a) 220 W and
(b) 332 W.

as shown in Fig. 9. With the DC bias of 100, 200, and 300 V,
the incident powers of the plasma discharge onset level were
270, 200, and 180 W, respectively. Consequently, the plasma
discharge onset level decreased with increasing electrostatic
potential. Even when the electrostatic potential was biased
to discharge the electrodes over 400 V, plasma discharge
based on electrostatic field was observed. In Fig. 7(b), the
bias of the electrostatic potential at the discharging electrode
showed an attenuation of 1.81 dB; therefore, it is assumed
that a small number of free electrons are discharged between
the discharging electrodes in the xenon atmosphere, which
helps lower the plasma discharge onset level. The transfer
characteristics of the power limiter with the DC bias of 300 V
are shown in Fig. 12. As the power limiter was exposed to
an impulse of 5.75 GHz with an incident power of 180 W,
the transmitted power was 2.1 W, and the reflected power
was 142 W. The DC 300V biased power limiter has shown
leakage power of 1.61 W, and 1.59 W for the incident
power of 541 W and 1068 W, respectively. As the incident
power leakage increases, the leakage power was reduced
by enhancement of the plasma discharge. At the initial

FIGURE 11. Change in the plasma discharge onset level by various
electrostatic potentials.

FIGURE 12. Impulse test result of power limiter with a DC bias of 300 V
and an incident power of 180 W.

response time of 40 ns, the transmitted power was 77 W,
whereas the unbiased power limiter showed a response
time of 10 ns with suppressed leakage power, as shown in
Fig. 10(b). And the response time was 10 ns and 20 ns for
DC bias voltage of 100 V and 200 V, respectively. Therefore,
when an electrostatic potential was applied to the power
limiter, the plasma discharge onset level was decreased;
however, the leakage power increased as the response time
increased.

IV. CONCLUSION
The proposedmicrowave power limiter based on anH-shaped
slot structure was demonstrated. The maximum electric field
was 49492 V/m at the discharging electrode gap, which is
20% higher than that of the straight slot structure. The 3 dB
bandwidths for the straight and H-shaped slot structures were
compared in the simulation, and they were 952 and 708MHz,
respectively. The microwave power limiter demonstrated
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an insertion loss of 1.85 dB at 5.75 GHz, and a 3 dB
bandwidth at 535MHz. To verify the effect of the electrostatic
potential regarding with the pre-ionization, the calculated
maximum electrostatic field in the gap between the discharge
electrodes was 657 kV/m. In the electrostatic testbed, the
corona discharged at the lowest pressure value of 20 Torr
with DC 425 V. The transfer characteristics of the DC-
biased power limiter showed an additional loss of 1.81 dB
at a resonant frequency of 5.75 GHz. The microwave power
limiter was tested using an impulse testbed with a high-power
5.75 GHz signal. Without the bias condition, the plasma
discharged at the lowest pressure value of 24 Torr in the
xenon atmosphere at an incident power of 310W.By applying
a DC voltage of 300 V, the plasma discharge onset level
decreased to 180 W. In the time domain, the transmitted and
reflected powers were 2.1 and 142 W, respectively. At the
response time of 40 ns, the leakage power was 77 W. The
power limiter has shown the operation result in a time domain,
and the future plan is to measure the EMP suppression
in a frequency domain. The proposed microwave power
limiter exhibited an enhanced plasma discharge when an
electrostatic potential was applied. Therefore, it is suitable
for applications in RADAR systems for protecting LNAs
from EMP threats. Furthermore, to suppress the leakage
power during the response time, a diode limiter can be
integrated to lower the response power of the microwave
power limiter.
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