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Plasma-discharge-integrated slot
structure for microwave power
limiter

Jeong Min Woo™, Mun No Ju & Jae-Bok Lee

A slot structure was combined with a discharge electrode to limit incident high-power microwaves

via the integration of plasma discharge. At the target resonating frequency of 9.45 GHz, the surface
current was concentrated at an electrode, and the electric field was enhanced by the proposed design
to lower the response power level of the incident signal. When a low-power signal is injected, plasma is
not generated, and the incident wave travels without insertion loss. Double-stage slot structures were
utilized to broaden the band-pass characteristics in the frequency domain, and the demonstrated
plasma limiter exhibited an insertion loss of 1.01 dB at 9.45 GHz. The xenon gas pressure was
optimized with the shortest distance of 100 pm between the upper and lower electrodes to reduce

the discharge power of the plasma. In the case of a high-power signal input, as xenon-gas breakdown
occurred, the transmitted signal was close to zero, and most of the high-power signal was reflected
with a blocking efficiency of 40.55 dB. The demonstrated result will be useful to protect the receiver of
aradio detection and ranging system from the high power microwave.

High-power microwaves have attracted increasing attention in advanced communication technologies. High-
power microwaves are used in the driving of plasmas in tokamaks and radio-frequency acceleration in linear
colliders', while in the case of military applications, they are used to detect fighters, warships, and missiles®™.
To realize an improved signal-to-noise ratio and a longer distance detection in the case of a radio detection and
ranging (RADAR) system, the output power of the system is increased>®. The basic RADAR working mechanism
theory can be divided into transmission and reflection. Transmission pulses are radiated using an antenna, and
electromagnetic waves are scattered from the targets encountered. A portion of the scattered signal is returned
to the receiving antenna and finally processed. However, high-power electromagnetic waves generated from
ground-surface reflection’, reflection from a nearby metal surface®, intentional electromagnetic interference’,
and naturally generated lightning electromagnetic pulses (EMPs)'°-!2 may cause temporary or permanent damage
to the system, especially at the receiver, because its function is to amplify a small signal'*~"".

These EMP threats are largely categorized as front-door coupling and back-door coupling. Front-door cou-
pling is an EMP that is coupled to the RADAR through the antenna of the communication equipment that is
designed to couple the power'®". Back-door coupling refers to a malfunction or destruction of equipment when
an EMP is coupled to a part of the cable or the device that connects to a communication network or equipment
through a structural hole or gap?®-?2. To establish this EMP protection technology, it is categorized according to
the type of coupling. The RADAR system technology that protects against front-door coupling can be categorized
into various types such as solid-state, ferrite, and plasma types; when they operate ideally, the insertion loss must
be below a specific input power value, and the loss must be generated above a specific input power value in order
to function as a protection device. Solid-state limiters and semiconductor-based protection devices consist of
P-1-N diodes, Schottky diodes, and field effect transistor devices?*~?°. The most representative semiconductor
limiter, which comprises a parallel P-I-N diode, has the advantage of having a low insertion loss value in a low-
power input signal. The performance and operating frequency band are determined based on the characteristics
of the semiconductor device. However, the device has the disadvantage of exhibiting a low reflection or absorp-
tion coefficient for a high input power?*. The ferrite limiter exhibits nonlinear absorption according to the input
microwave power”’~?. These magnetic materials convert power that is over the critical power limit into heat
in order to protect the system. The ferrite limiter exhibits a narrowband response characteristic to a high input
power; this characteristic responds only to a specific frequency, which is disadvantageous because it is difficult
for a user to select an operating frequency. In addition, because the system is protected through absorption rather
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than reflection, additional insertion loss occurs compared to that in the case of other types of limiters. The size
of ferrite limiter is generally large, and the threshold power value is difficult to adjust.

The output power from the protection device must be within the operating range of an active high-frequency
circuit, such as a low-noise amplifier. Accordingly, the operating frequency range, bandwidth selectivity, insertion
loss, and input power limit value of the device are important evaluation values for the RADAR/antenna protec-
tion device. To compensate for the shortcomings of previous devices, it is necessary to develop a new protec-
tion device that has a short response time and high power tolerance; therefore, the development and research
of plasma discharge-based devices is being conducted®*~*. The design of the plasma limiter is based on the gas
breakdown owing to the high input power. The plasma generated by the gas breakdown reflects the incident
high-power signal. In general, plasma limiters have the advantage of operating well in the very-high-frequency
band and under high input power. The plasma limiter should attenuate the transmitted power at the operating
frequency to avoid damaging the receiver when a high-power EMP is injected. However, when inputting a weak
signal, such as a normal signal, the insertion loss of the plasma limiter is minimized such that the sensitivity of
the receiver is maintained. In general, the plasma limiter in waveguide technology has cone-shaped discharging
point with or without inductive iris structure and has a disadvantage in that it is difficult to select an operating
frequency and response to an uncertain incident power level. The resonator structure in the plasma limiter allows
to reduce the power threshold, however, it results narrow operational bandwidth®. Among various approach,
capacitive switching mechanism has been introduced to modulate the microwave based on the semiconductor
device**%. As the capacitance of the device is changed, the resonant frequency of the structure is changed. In this
study, to improve the response power level and time of the plasma limiter and the insertion loss in the desired
operating frequency band, a new structural design based on the resonance is proposed, and an appropriate inert
gas pressure value is derived®.

Results

Design of the structure. A waveguide structure with selective-frequency band-pass characteristics and a
shape that concentrates the electric field at a specific point is combined, as shown in Fig. 1a. Figure 1b presents
the surface-current distribution with a resonant frequency of 9.4 GHz and the incident power of 1 W when the
discharge electrode and structure are combined. The structure has a slot shape, and a gap exists between the slot
structure and the electrode; when the slot resonates at a specific frequency, the surface current is concentrated at
the center of the slot. The current is simultaneously concentrated on the discharge electrode located at the center
at 93.2 A/m, while the electrode structure only exhibits 17.0 A/m (see Supplementary Fig. 1), and the electric
field is concentrated between the upper and lower electrodes, thereby lowering the response power level of the
limiter. The operating principle of the proposed waveguide-type plasma limiter is as follows. When a normal
signal with low power passes through the plasma limiter, it is transmitted without an insertion loss. However,
when a high-power EMP passes through the plasma limiter, the gas in the waveguide changes to a weakly ion-
ized state, and the input signal is reflected without being transmitted. In addition, as described, the device that
protects against the EMP threat has a short response time and must be designed to withstand a high power. This
suggests that a design is required such that the transmission level changes significantly even in a small amount
of plasma at a low input power, and the device operates stably.

In the case of an EMP protection device, there are various methods of meeting the requirements; how-
ever, the most important factor is the discharge condition at which the gas should change to a weakly ionized
state. Typically, a pointed needle is placed at the center of the waveguide to provide an appropriate separation
distance®*!. A strong electric field is generated by inducing an applied EMP between the needles. At the target
resonating frequency of 9.45 GHz, the needle-shaped structure and proposed slot structures are compared in
Fig. 2. As the electrons in the microwave plasma follow the electromagnetic waves, the properties of plasma can
be described by the Drude model*?. The permittivity of plasma is consisted of real and imaginary parts. As the
relative permittivity &, = 1 for vacuum, the conductivity is considered as an imaginary part*~*. Frequency-
dependent permittivity e(w) can be derived ase(w) = 1 — [io(w)]/we( where an expression for the conductivity
o (w) containing the electron density n,, an electron charge e, with the mass m,, and the collision frequency v
can be derived as o(w) = [ezne} /[me(v + i®)]. Assuming that there is a 2 cm %2 cm x 2 cm local plasma at the
center of the electrode®, the transmission was compared while changing the plasma conductivity, as shown in
Fig. 2a. The needle-shaped plasma limiter interferes with the normal signal owing to high insertion loss even in
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Figure 1. Design of the plasma limiter. (a) Schematic of a plasma limiter consisting of upper/lower electrodes
and the slot structure. (b) Simulated surface-current (J,,) distributions on the front-side slot structure.
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Figure 2. Numerical characterizations of the plasma limiters. (a) Insertion loss of needle-shaped electrode; (b)
insertion loss of slot structure combined with electrode depending on cube-shaped plasma conductivity at the
center between the upper and lower electrodes.

the initial stage, that is, in the state of a plasma conductivity of 0.01 S/m. To reduce the insertion loss of needle-
shaped plasma limiter, the gap distance between upper and lower electrode was increased from 0.1 to 1.0 mm.
In addition, assuming that the plasma is generated by an EMP and the conductivity is increased, the insertion
loss of 0.1 mm-gap-distance needle-shaped plasma limiter is reduced in the initial generation process when the
conductivity of the plasma is 10 S/m or less, indicating a vulnerable state. In the case of a plasma conductivity
of 10 S/m or higher, the insertion loss exhibited an attenuation performance of 11 dB regardless of gap distance
between electrodes. In the case of the proposed slot structure plasma limiter with 0.1 mm-gap-distance, as shown
in Fig. 2b, on assuming that plasma generation is in the initial state, when the plasma conductivity is 0.01 S/m,
the insertion loss is lower than 0.5 dB for both single-stage and double-stage slot structure, and thus, it trans-
mits the normal signal well without interference. It can be observed that the insertion loss was 20 dB even in
the initial generation process when plasma was generated, and the plasma conductivity was increased to 1 S/m,
thus exhibiting a higher blocking coefficient compared to the 11 dB performance of the needle-shaped plasma
limiter. As the plasma conductivity increased, the incident power increased, and both structures exhibited a
higher blocking coefficient. Compared with the needle-shaped plasma limiter, the proposed slot structure design
exhibits a higher electric-field concentration and blocking coefficient for an incident signal. Thus, a difference
in the response time and response power level of the plasma discharge according to the difference in the electric
field strength is expected.

As shown in Fig. 3a, the transmission characteristics change according to the distance between the electrodes
in the slot structure were simulated. The electrode spacing was varied in micrometers. The proposed slot structure
based on LC resonance is shown in Fig. 3b. Owing to the variation in electrode spacing, a change in the resonant
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Figure 3. Design parameter optimization for the plasma limiters. Schematic of (a) electrode spacing and
gap variation between the electrode and slot structures. (b) Equivalent circuit of proposed design. Simulated
transmission spectra of variation in (c) electrode spacing and (d) aperture gap.
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frequency was observed, as shown in Fig. 3c. As a fabrication-process defect exists, the spacing variation can
be utilized to compensate for the error, and the resonant frequency is adjusted to the target point. In the case
of electrodes connected to each other with a spacing of 0 mm, the resonance was weaker owing to destructive
interference between the surface-current paths. The electric field strength changes in free space according to
the electrode spacing (see Supplementary Fig. 2). The smaller the distance between the electrodes, the greater
the electric field strength, and the frequency shifts to a lower band. While maintaining the shortest distance of
electrode spacing, aperture gap is required to adjust the vertical position of the electrodes. The electrode spac-
ing was fixed at 100 um with a resonant frequency of 9.45 GHz, and the effects of the electrode entering the gap
between the apertures were compared, as shown in Fig. 3d. The resonant frequency shifted to a higher frequency
band as the gap between the electrodes decreased.

Figure 4 shows the transfer characteristics of the double-stage slot structure used in this study. When inputting
a normal signal, the insertion loss of the plasma limiter has to be minimized. When a single-stage slot structure
is used, a low insertion loss is observed in a narrow band, but when a double-stage slot structure is used, a low
insertion loss is observed in a wider band acting as a coupled resonator structure. The insertion loss, which is a
transmission characteristic, is minimized by optimizing the proposed slot structure. The designed double-stage
slot structure exhibited an insertion loss of 0.13 dB at 9.45 GHz and < 0.5 dB in the 8.83-9.68-GHz band. For the
optimization, the parameters of each detailed structure were adjusted in millimeters (see “Methods” section). On
referring to the plasma limiter actually used, the total waveguide length was limited to within 2 cm, and the device
was made compact while maintaining various performance indexes such that the end-user could install it in the
desired place without any restrictions, as shown in Fig. 4b. The transmission characteristics of the double-stage
slot structure were measured using a network analyzer. The insertion loss was 1.01 dB at 9.45 GHz and 0.78 dB at
9.75 GHz. In the 9.35-10.00-GHz frequency regime, the insertion loss was less than 1.10 dB. After the fabrication,
the additional insertion loss owing to the process error and dielectric constant of the vacuum window increased.

Appropriate gas pressure. Figure 5a shows the value of the electric field in the free space between the
electrodes at the front and rear ends of the double-stage slot structure. An electric field is concentrated between
the electrodes, and the mean kinetic energy of electrons is larger than that of the gas temperature thus caus-
ing gas breakdown to form the non-equilibrium plasma state*’. The upper and lower electrodes had a conical
and cylindrical tip, respectively. A gas breakdown occurred between the upper and lower electrodes, and a
plasma discharge was generated. As the second-stage slot structure has a shorter electrode distance of 100 um,
the electric field is larger than that in the first-stage slot structure. The plasma discharge begins at the sec-
ond- and first-stage slot structures in a sequence when the EMP signal interferes with the band-pass frequency
regime. The inert gas was selected based on previous reports*****4°. Among argon (100%), argon (0.6%)/neon
(99.4%), xenon (1.6%)/neon (98.4%), and xenon (100%), the pure xenon gas exhibited the most stable and fast-
est response. The photo of plasma discharge is given in Supplementary Fig. 3. And the plasma sheaths can be
observed in Supplementary Fig. 3(a). The additional parasitic capacitances based on plasma sheaths will shift the
resonant frequency to a higher frequency band*. Because the gas discharge condition depends on both the gas
pressure and electrode distance, Paschen’s curve was extracted, as shown in Fig. 5b. The plasma discharge was
conducted at inside of metallic waveguide with constant gas pressure at room temperature, while maintaining
the pressure using a vacuum window on both sides of the plasma limiter. While maintaining the shortest gap
distance of 100 pm, gas breakdown occurs at 20 Torr at the lowest 30 W incident power.

High-power injections. Figure 6 presents the transmission characteristics for the normal and operating
conditions of the demonstrated plasma limiter in the time domain. The corresponding characteristic is the result
of the measurement in the plasma limiter waveguide test bed, and the transfer characteristics were measured in
real-time using a power meter (see “Methods” section). In Fig. 6a, assuming that the low input power is a normal
signal, the transmitted pulse shows the same pulse waveform with insertion loss as the pulse generated from the
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Figure 4. Comparison of simulated and measured transmission characteristics of a plasma limiter. (a)
Transmission spectra of the simulated and experimental results of a plasma limiter. (b) Photograph of
demonstrated plasma limiter.
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Figure 5. Xenon-gas pressure optimization. (a) Electric-field distribution with a resonant frequency of
9.45 GHz and the incident power of 1 W in a free space with a double-stage slot structure. (b) Incident power
graph at the point when the gas breakdown occurs; Paschen’s curve.
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Figure 6. Measurements of the plasma limiter in the time domain. Incident, transmitted, and reflected pulses
of plasma limiter for a (a) normal signal with an incident power level of 25 W, (b) high-power signal with an
incident power level of 40 kKW.

source. In the normal state, with a smaller difference between the input and transmitted pulses, the insertion loss
is lower. The reflected waveform exhibits a characteristic convergence to almost zero. In Fig. 6b, it was assumed
that the high input power was a transient or EMP signal, and the transmitted pulse shows a transmission charac-
teristic that converges to almost zero, with a blocking efficiency of 40.55 dB. The reflected power level was about
half of the input power and the rest of input power was absorbed into thermal energy. In addition, the leakage
power was around 2 W after gas breakdown and the duration of the transmission waveform was less than that
at 10 ns, which demonstrated the response time characteristics. And the recovery time was less than 400 ns as
shown in Supplementary Fig. 4. Both response and recovery time characteristics were stable regardless of the
incident power level.

Discussion

In summary, the slot structure and discharge electrode were combined and exhibited band-pass characteristics
at 9.45 GHz. When a normal signal is injected, a transmission close to 1 exhibited ideal characteristics. When a
high-power EMP is applied from the outside, plasma is generated between the electrodes, and the characteristic
change can be confirmed as the conductivity of the plasma changes. The state wherein the conductivity of the
plasma was 1 S/m exhibited reflective properties in all the frequency bands, and the properties improved as
the conductivity increased. In general, plasma in a weakly ionized state is reported to have 1000 S/m*!, and it
is expected that the proposed design has a lower response-power level in the initial stage, as it has the desired
characteristics even at 1 S/m, which is the 1/1000 level. In the case of high-power EMP is applied, the blocking
efficiency of 40.55 dB was observed in Fig. 6b and the plasma conductivity can be concluded around 10 S/m
from Fig. 2b. Comparing with the single-stage slot structure, the double-stage slot structure exhibited wide-band
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transmission while maintaining a low insertion loss acting as a coupled resonator structure. Outside the operating
frequency band, the EMP will be reflected through the band pass filter. In the time domain, the plasma discharge
was generated within 10 ns by the high-power EMP, and the majority of the incident power was reflected. The gas
breakdown occurs at 30 W incident power which can be a high level to fully protect a receiver. The diode limiter
can be connected behind the plasma limiter to suppress the leakage power. The demonstrated plasma limiter is
useful for the operation of the RADAR system to protect the receiver. As a constant-communication environ-
ment is required, stable operation, even with the EMP threat and lightning conditions, would help the end-user.

Methods

Device fabrication. The dip-brazing method was used for the production of waveguide-type plasma limit-
ers. The external parts were connected by soldering, and an O-ring was placed in the device to adjust the spacing
of the center electrode to maintain a vacuum. Supplementary Fig. 5 shows the main design parameters of the
proposed plasma limiter. Parameters A and B affect the determination of the operating frequency, while param-
eters C, D, and E affect the insertion loss and electric-field concentration. The values of the plasma limiter were
determined based on the final schematic presented in Supplementary Fig. 5b. The plasma limiter was designed
to comply with the international standard WR-90 and designed using SI units for convenience of the manufac-
turing process.

Numerical simulation. Electromagnetic simulations were performed using a commercial software (CST).
Within the waveguide model, the plane wave was placed on the front side, and the probe was located on the
opposite side to detect the electromagnetic response of the devices. The boundary conditions of a perfect electri-
cal conductor were imposed at the top and bottom, and the boundary conditions of a perfect magnetic conduc-
tor were imposed on the left and right.

Plasma limiter test bed. A 40-kW peak-power X-band pulse magnetron was installed for use as an EMP
source. The waveguide-type variable attenuator, front-side directional coupler, plasma limiter, back-side direc-
tional coupler, and terminator were connected in sequence, as shown in Supplementary Fig. 6. The directional
couplers were connected to a power meter to measure the incident, reflected, and transmitted pulse signals in the
time domain. The plasma limiter had a gas pumping line in the sidewall and was connected to a vacuum pump,
vacuum gauge, and xenon gas cylinder to control the gas pressure. The gas pressure was managed as a static gas.
The cavity was pumped to a very low pressure, then it filled with a gas at the correct pressure, and finally close a
valve of the device and turn off the pumping system.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 2 February 2023; Accepted: 20 June 2023
Published online: 22 June 2023

References
1. Schamiloglu, E. High power microwave sources and applications. In 2004 IEEE MTT-S International Microwave Symposium Digest
(IEEE Cat. No.04CH37535) 2, 1001-1004 (2004).
2. Wang, Y,, Sun, H., Zhao, Q., Mao, Y. & Hou, Q. Study on capability verification test of electromagnetic pulse protection for aircraft.
In 2022 Asia-Pacific International Symposium on Electromagnetic Compatibility (APEMC), 391-393 (2022).
3. Jin, J. et al. Characterization of EMI effects in communication data link system in the presence of high-power radar radiation. In
2015 IEEE International Symposium on Electromagnetic Compatibility (EMC) 1533-1537 (2015).
4. Bhatia, K. Induction of missile systems on naval platforms—An EMC perspective. In 2008 10th International Conference on Elec-
tromagnetic Interference & Compatibility 617-620 (2008).
5. Thumm, M. K. & Kasparek, W. Passive high-power microwave components. IEEE Trans. Plasma Sci. 30, 755-786 (2002).
6. Skolnik, M. Role of radar in microwaves. IEEE Trans. Microw. Theory Tech. 50, 625-632 (2002).
7. Mostapha, A. M. M., Alsharahi, G. & Driouach, A. Simulation effect of polarization of targets on the Ground Penetrating Radar
response. In 2017 International Conference on Wireless Technologies, Embedded and Intelligent Systems (WITS) 1-5 (2017).
8. Park, J. & Nguyen, C. An ultrawide-band microwave radar sensor for nondestructive evaluation of pavement subsurface. IEEE
Sens. J. 5, 942-949 (2005).
9. Radasky, W. A. & Wik, M. W. Overview of the threat of intentional electromagnetic interference (IEMI). In 2003 IEEE International
Symposium on Electromagnetic Compatibility, 2003. EMC ’03. 2, 1024-1027 (2003).
10. Wang, D., Gao, L., & Zheng, S. Two-stage cascaded coaxial LEMP and NEMP protection modules with high power handling
capability and fast response for HF/VHEF applications. In Proc. Progress Electromagn. Res. Symp. 616-620 (2016).
11. Weissman, J. Composite and exoatmospheric EMP influence on naval vessels. In Regional Symposium on Electromagnetic Compat-
ibility (1992).
12. Petersen, D. & Beasley, W. Microwave radio emissions of negative cloud-to-ground lightning flashes. Atmos. Res. 135-136, 314-321
(2014).
13. Zhao, ], Chen, Q,, Zhao, G., Chen, C. & Chen, Z. Damage accumulation mechanism in PIN diode limiters induced via multiple
microwave pulses. Sci. Rep. 10, 1709 (2020).
14. Miligy, A. E, Madany, Y. M. & Soliman, A. M. Investigation and design of microwave receiver protector for meteorological radar
applications. In 2021 International Telecommunications Conference (ITC-Egypt) 1-5 (2021).
15. Yi, S. & Du, Z. The influence of microwave pulse repetition frequency on the thermal burnout effect of a PIN diode limiting-
amplifying system. Microelectron. Reliab. 85, 156-162 (2018).
16. Yi, S. & Du, Z. The influence of microwave pulse width on the thermal burnout effect of an LNA constructed by a GaAs PHEMT.
Microelectron. Reliab. 85, 140-147 (2018).

Scientific Reports |

(2023) 13:10156 | https://doi.org/10.1038/s41598-023-37336-1 nature portfolio



www.nature.com/scientificreports/

17. Yi, S. & Du, Z. Thermal burnout effect of a GaAs PHEMT LNA caused by repetitive microwave pulses. IEEE Trans. Plasma Sci.
47, 4620-4627 (2019).

18. Deng, B. et al. PIN-diode-based high-intensity radiation fields (HIRF) protection of a printed dipole antenna. IEEE Trans. Elec-
tromagn. Compat. 63, 198-205 (2021).

19. Zheng, J., Wei, G. & Qi, C. Research on blocking interference for digital radio station under UWB EMP. AIP Adv. 11, 055306
(2021).

20. Kim, D. S, Choi, J. H., Park, N. C,, Chan, S. I. & Jeong, Y. C. Analysis of semiconductor fault using DS (damped sinusoidal) HPEM
injection. Microelectron. Reliab. 88-90, 411-417 (2018).

21. Guo, L., Xiao, L., Chen, J., Yang, M. & Yang, J. Electromagnetic pulse coupling effect analysis for outboard engine system of vehicle.
In 2020 IEEE MTT-S International Microwave Workshop Series on Advanced Materials and Processes for RF and THz Applications
(IMWS-AMP) 1-3 (2020).

22. Phan, D. T. & Jung, C. W. Optically transparent and very thin structure against electromagnetic pulse (EMP) using metal mesh
and saltwater for shielding windows. Sci. Rep. 11, 2603 (2021).

23. Phon, R. & Lim, S. Design and analysis of active metamaterial modulated by RF power level. Sci. Rep. 10, 8703 (2020).

24. Surdi, H. et al. RF characterization of diamond Schottky p-i-n diodes for receiver protector applications. IEEE Microw. Wirel.
Compon. Lett. 30, 1141-1144 (2020).

25. Wang, L. et al. Mechanism analysis and multi-scale protection design of GaN HEMT induced by high-power electromagnetic
pulse. Micromachines 13, 1288 (2022).

26. Xu, K., Chen, X., Zhou, L. & Duan, X. Research on the damage mechanism of the PIN limiter diode SMP1330 under EMP. Micro-
electron. Reliab. 121, 114131 (2021).

27. Adam, J. D. & Winter, FE. Magnetostatic wave frequency selective limiters. IEEE Trans. Magn. 49, 956-962 (2013).

28. Boryssenko, A. O,, Gillette, S. M. & Koledintseva, M. Y. Nonlinear loss model in absorptive-type ferrite frequency-selective limit-
ers. IEEE Trans. Microw. Theory Tech. 67, 4871-4880 (2019).

29. Yang, M. et al. X-band ferrite microstrip limiter based on improved nonlinear loss model for high-power microwave application.
IEEE Microw. Wirel. Compon. Lett. 32, 1015-1018 (2022).

30. Frigui, K., Liard, L., Bila, S., Lenoir, B. & Breuil, C. Plasma discharge as power-induced limiter element in waveguide filters. In
2018 IEEE Conference on Antenna Measurements & Applications (CAMA) (2018).

31. Simon, A., Pascaud, R., Callegari, T., Liard, L. & Pascal, O. Experimental comparison of wideband and narrowband plasma-based
microstrip power limiters. In 2018 IEEE Conference on Antenna Measurements & Applications (CAMA) (2018).

32. Simon, A., Pascaud, R., Callegari, T., Liard, L. & Pascal, O. Experimental study of microwave power limitation in a microstrip
transmission line using a DC plasma discharge for preionization. IEEE Trans. Plasma Sci. 46, 2512-2520 (2018).

33. Smullin, L. D. & Montgomery, C. G. Microwave Duplexers. McGrawHill vol. 14 of MIT Radiation Laboratory Series (1948).

34. Shadrivov, L. V., Morrison, S. K. & Kivshar, Y. S. Tunable split-ring resonators for nonlinear negative-index metamaterials. Opt.
Express 14, 9344-9349 (2006).

35. Aydin, K. & Ozbay, E. Capacitor-loaded split ring resonators as tunable metamaterial components. J. Appl. Phys. 101, 024911
(2007).

36. Nouman, M. et al. Terahertz modulator based on metamaterials integrated with metal-semiconductor-metal varactors. Sci. Rep.
6, 26452 (2016).

37. Yang, G., Tan, J.-C., Shem, D.-Y. & Yang, Y.-C. Plasma limiter for protecting against high power microwave. J. Sci. Ind. Res. 67,
685-687 (2008).

38. Omran, M. S., Mirzanejhad, S., Zakeri-Khatir, H. & Sohbatzadeh, F. Pressure and gas type effects on the plasma limiter operation
at the S-band. Braz. J. Phys. 52, 165 (2022).

39. Zong, Z. & Qiu, Y. Study on rapid response characteristics of plasma limiter under high power microwave. In Proc. 7th Asia Int.
Symp. Mechatronics 588, 95-106 (2020).

40. Ghosh, P. & Chaudhury, B. Computational investigation of microwave breakdown in HPM switching and protection. In 2021 IEEE
MTT-S International Microwave and RF Conference (IMARC) 1-4 (2021).

41. Goldie, H. Radioactive (tritium) ignitors for plasma limiters. IEEE Trans. Electron Devices 19, 917-928 (1972).

42. Pauly, S. et al. Modeling and experimental study of a remote microwave plasma source for high-rate etching. Chem. Ing. Tech. 94,
410-416 (2022).

43. Zhang, T. C. et al. Simulation of electromagnetic wave propagation in plasma under high-power microwave illumination. IEEE
Antennas Wirel. Propag. Lett. 21, 144-148 (2022).

44. Jauberteau, J. L. & Jauberteau, I. Dielectric properties in microwave remote plasma sustained in argon: Expanding plasma condi-
tions. Phys. Plasmas 19, 110701 (2012).

45. Pauly, S. et al. Modeling and experimental study of a remote microwave plasma source for high-rate etching. Chem. Ing. Tech. 94,
410-416 (2022).

46. Semenov, V. E., Rakova, E. I., Glyavin, MYu. & Nusinovich, G. S. Breakdown simulations in a focused microwave beam within the
simplified model. Phys. Plasmas 23, 073109 (2016).

47. Bruggeman, P. J. et al. Foundations of atmospheric pressure non-equilibrium plasmas. Plasma Sources Sci. Technol. 26, 123002
(2017).

48. Wang, L., Tang, Z., Bao, H. & Ding, D. An electromagnetic-plasma fluid model simulation of waveguide plasma limiter filled with
different easily ionized inert gas. IEEE Trans. Plasma Sci. 50, 3839-3847 (2022).

49. Kupczyk, B. . et al. Observations of memory effects and reduced breakdown delay via penning gas mixtures in high-power micro-
wave dielectric window discharges. IEEE Trans. Plasma Sci. 44, 15-24 (2016).

50. Semnani, A., Macheret, S. O. & Peroulis, D. A high-power widely tunable limiter utilizing an evanescent-mode cavity resonator
loaded with a gas discharge tube. IEEE Trans. Plasma Sci. 44, 3271-3280 (2016).

51. Goldbach, C., Nollez, G., Popovi¢, S. & Popovié, M. Electrical conductivity of high pressure ionized argon. Z. Naturforsch. A 33,
11-17 (1978).

Acknowledgements

This work was supported by Korea Research Institute for defense Technology planning and advancement (KRIT)-
Grant funded by Defense Acquisition Program Administration (DAPA, Korea) (KRIT-CT-21-038). This research
is a private research program conducted by the Korea Electric Research Institute with the support of the Korea
Research Institute for defense Technology planning and advancement (KRIT)-Grant funded by Defense Acquisi-
tion Program Administration (DAPA, Korea) (No. 22A03028).

Author contributions
J.M.W. designed the device layout. M.N.]. demonstrated the device, and carried out the measurements. J.M.W.
and M.N.J. analyzed the results. ].M.W. prepared the manuscript. J.-B.L. designed the work.

Scientific Reports |

(2023) 13:10156 | https://doi.org/10.1038/s41598-023-37336-1 nature portfolio



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-37336-1.

Correspondence and requests for materials should be addressed to J.M.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:10156 | https://doi.org/10.1038/s41598-023-37336-1 nature portfolio


https://doi.org/10.1038/s41598-023-37336-1
https://doi.org/10.1038/s41598-023-37336-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Plasma-discharge-integrated slot structure for microwave power limiter
	Results
	Design of the structure. 
	Appropriate gas pressure. 
	High-power injections. 

	Discussion
	Methods
	Device fabrication. 
	Numerical simulation. 
	Plasma limiter test bed. 

	References
	Acknowledgements


