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Abstract

This study proposes a 300 W class Gallium Nitride (GaN) Solid-State Power Amplifier
(SSPA)-based microwave plasma generator system for implementing next-generation light
sources with high brightness and color rendering at 2.45 GHz. To overcome the lifetime
limitations and control constraints of conventional magnetron systems, the proposed system
introduces custom packaging technology utilizing GaN-on-SiC Bare-dies fabricated via the
Win-semiconductor’s NP25 process. This approach minimizes parasitic components and
significantly reduces thermal resistance compared to standard packages, ensuring reliability
during high-power operation. A stable RF output of 300 W was achieved through two-stage
power combining. For the plasma source, an Ar-InBr-Hg gas mixture was employed to
optimize optical characteristics. This gas mixture is commonly used in electrodeless plasma
lamps due to its high luminous efficacy and stable discharge characteristics. To analyze
the rapid impedance discontinuity during gas ignition, numerical analysis based on the
Drude model was performed, theoretically identifying the complex permittivity transition
of the medium and the resulting resonant frequency up-shift mechanism. To mitigate
system instability during this transition, an adaptive frequency tracking and feedback
control loop based on real-time VSWR monitoring was implemented. Experimental results
demonstrate precise tracking within a 100 MHz frequency variable range, achieving a
system efficiency of over 53% and maintaining a VSWR below 1.15:1. These results validate
the practical feasibility of GaN SSPA technology in electrodeless lighting and industrial
plasma applications utilizing high-power RF energy.

Keywords: GaN SSPA; microwave plasma; lighting drude model; complex permittivity;
frequency tracking; electrodeless lighting

1. Introduction
Microwave plasma technology has emerged as a promising platform for next-

generation electrodeless lighting and industrial heat-source systems because it can si-
multaneously provide high brightness, excellent color rendering, and long operational
lifetime. Owing to the absence of electrodes, electrodeless plasma sources fundamentally
avoid lifetime degradation caused by electrode erosion, which makes them highly attractive
for high-power lighting applications operating under harsh environments [1]. Conven-
tionally, magnetrons have been widely used as microwave energy sources for plasma
generation. However, magnetron-based systems suffer from fundamental drawbacks,
including bulky structure, limited lifetime, fixed-frequency operation, and difficulty in
achieving precise control of delivered power under rapidly varying load conditions [2]. In
particular, the abrupt impedance variation that occurs during plasma ignition significantly
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degrades power-transfer efficiency and increases the risk of reflected-power-induced de-
vice damage [1,3–5]. To overcome these limitations, GaN-on-SiC-based solid-state power
amplifiers (SSPAs) have recently attracted considerable attention as an alternative high-
power microwave source. Compared with conventional vacuum or silicon-based solutions,
GaN devices offer high breakdown voltage, high power density, fast switching behavior,
and superior thermal robustness, making them well suited for high-power continuous-
wave microwave operation [6–10]. Furthermore, when combined with digitally controlled
frequency synthesis and adaptive feedback algorithms, SSPAs can dynamically regulate
frequency, phase, and delivered power in response to rapidly changing plasma impedance
conditions [4,5]. In electrodeless plasma lamps using Ar-InBr-Hg gas mixtures, the medium
inside the bulb undergoes a rapid transition from an insulating gas state to a conductive
plasma state when microwave energy is coupled into the cavity. During this transition, the
complex permittivity of the medium changes abruptly, which perturbs the cavity resonance
condition and shifts the load impedance seen by the microwave source [11–15]. Therefore,
a high-power plasma driving system must not only provide sufficient output power for
ignition and sustainment but also maintain stable operation under severe impedance mis-
match and resonance drift. Despite the progress described above, several critical technical
limitations remain unaddressed in the existing literature. Kwon et al. [4] demonstrated
resonance frequency tracking in a GaN SSPA-driven plasma system, but the output power
was limited to approximately 100 W and the control response time was not quantified,
leaving open the question of whether the system can respond within the microsecond-scale
impedance transient at plasma ignition. The same group subsequently proposed a passive
spacer-based compensation method to mitigate plasma impedance variation [5], however,
this approach is inherently static and cannot adapt to the dynamic, thermally induced
frequency drift that occurs during sustained plasma discharge. Latrasse and Radoiu [16]
developed 2.45 GHz self-matching plasma sources using solid-state generators with an
automatic frequency sweep loop, but the sweep operates on a timescale of several seconds,
which is insufficient for real-time protection against the sub-millisecond impedance discon-
tinuity at ignition. Nam et al. [17] proposed a multi-channel GaN HEMT RF source module
for plasma generators operating at 2.4 GHz, demonstrating uniform plasma density control
across multiple channels; however, each channel was limited to 20 W and the system
did not incorporate adaptive frequency tracking or physics-based plasma load modeling.
Nakatani and Ishizaki [18] reported a 100 W GaN HEMT amplifier for microwave heating
at 2.45 GHz, achieving approximately 60% drain efficiency, but no adaptive control loop
or plasma load modeling was integrated. Yamanaka et al. [19] developed a GaN SSPA for
high-power microwave applications, demonstrating competitive drain efficiency; however,
the study did not address plasma load modeling or adaptive frequency tracking for elec-
trodeless plasma systems. Xu et al. [20] addressed the startup problem for plasma lamps
using a fractional-N PLL-based RF driver, but the system operated at 450 MHz and did not
incorporate physics-based modeling of the plasma impedance transition. Across these prior
works, three specific gaps are consistently absent: (i) a physics-based theoretical framework
that predicts the plasma permittivity transition and the resulting resonant frequency shift
prior to hardware implementation; (ii) a GaN SSPA system capable of delivering 300 W
or more in the 2.45 GHz ISM band using custom bare-die packaging to simultaneously
minimize parasitic components and thermal resistance; and (iii) an adaptive frequency
tracking algorithm that combines sub-millisecond closed-loop response with fine-grained
(1 MHz step) frequency resolution. The present work is specifically designed to address
all three of these gaps. Unlike prior reports that utilize simplified proportional control or
fixed-matching networks, the proposed system dynamically tracks the plasma’s transient
complex permittivity in real time. To improve thermal performance and power density,
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custom packaging technology based on Win-semiconductor’s NP25 GaN-on-SiC bare-die
process was adopted. In addition, an adaptive frequency tracking algorithm based on real-
time forward/reflected power monitoring was implemented to respond to the nonlinear
impedance displacement that occurs during plasma ignition. Theoretical analysis based on
the Drude model and cavity perturbation theory was employed to interpret the variation
in plasma material properties and the resulting resonant-frequency up-shift [11,12]. Exper-
imental results confirm that the proposed system achieves stable 300 W operation, high
efficiency, suppressed reflected power, and reliable resonance tracking, thereby demon-
strating the feasibility of GaN SSPA technology for electrodeless lighting and industrial
microwave plasma systems. In this study, a 300 W-class GaN SSPA-based microwave
plasma generator is proposed for next-generation electrodeless lighting applications at
2.45 GHz. To explicitly establish the novelty of the proposed work, Table 1 provides a
systematic comparison with five representative prior works in the same application domain.
The principal contributions of this study relative to the prior art are threefold. First, this
work achieves the highest reported output power (300 W, scalable to 500 W) among GaN
SSPA-driven electrodeless plasma systems through a custom bare-die packaging strategy
based on the Win-semiconductor NP25 process, which minimizes parasitic inductance
and reduces thermal resistance compared to standard commercial packages; the junction
temperature was experimentally confirmed at 145 ◦C during CW operation. Second, unlike
prior systems that treat the plasma impedance as an unknown to be tracked empirically, this
work employs the Drude model combined with cavity perturbation theory to quantitatively
predict the complex permittivity transition and the resulting resonant frequency up-shift
prior to system implementation, providing a physics-informed basis for configuring the
control algorithm. The experimental measurement of +12.4 MHz up-shift is in strong
agreement with the theoretical prediction of +10–15 MHz, validating this approach. Third,
the proposed adaptive control loop achieves a closed-loop MCU response time of less than
1 ms, enabling real-time protection of the GaN devices against the abrupt impedance dis-
continuity (VSWR > 10:1) at plasma ignition, which is significantly faster than the frequency
sweep strategies reported in prior solid-state plasma sources [8–10]. To the best of the
authors’ knowledge, the simultaneous achievement of sub-millisecond response, 1 MHz
frequency step resolution, and stable VSWR ≤ 1.15:1 has not been previously reported in
the literature on GaN SSPA-driven electrodeless plasma systems.

Table 1. Systematic comparison of the proposed GaN SSPA-based plasma driving system with
representative prior works.

Parameter Kwon et al. (2017) [4] Kwon et al. (2019) [5] Latrasse & Radoiu
(2017) [16]

Nakatani & Ishizaki
(2015) [18] This Work

Frequency (GHz) 2.45 2.45 2.45 2.45 2.45

Output Power (W) ~100 ~100 0–200 100 300 (scalable to 500)

Device Technology GaN HEMT
(packaged)

GaN HEMT
(packaged) Solid-state (COTS) GaN HEMT

(packaged)
Custom NP25 GaN

bare-die

Plasma Load
Modeling Not reported Not reported Not reported Not reported Drude model +

cavity perturbation

Freq. Tracking Range 50 MHz sweep Passive (spacer) 100 MHz (slow scan) Fixed frequency 100 MHz, 1 MHz step

Control Response
Time Not reported N/A (passive) Several seconds N/A <1 ms (MCU loop)

Stable VSWR Not reported Improved (spacer) Low reflected (no
value) Not reported ≤1.15:1

Drain Efficiency (PA) Not reported Not reported Not reported ~60% 68.5%

System Efficiency Not reported Not reported Not reported ~50% (PA only) 53% (full system)
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2. Theoretical Analysis of Plasma Load Characteristics
This section analyzes the physical transition of an Ar-InBr-Hg gas mixture under the

application of microwave energy. The variation in the complex permittivity of the medium
during the transition from a gaseous to a plasma state is numerically analyzed using the
Drude model [11–15]. Furthermore, the physical mechanisms by which these changes
influence the electromagnetic matching characteristics and resonant frequency shift of the
system are investigated.

2.1. Ionization Transition Characteristics of Ar-InBr-Hg Gas Mixture

The gas mixture within the plasma bulb undergoes a rapid ionization transition from
an insulator to a conductor, depending on the intensity of the applied electric field. The
system in this study constitutes a composite dielectric structure comprising the dielectric
bulb container (quartz) and the internal gas. In the pre-ignition (cold state) phase, the
system maintains an initial mismatched state where the permittivity of the gas and the
quartz vessel are dominant. Following ignition, the surge in electron density (ne) transforms
the material properties of the medium into those of a metallic conductor. Since this state
transition is completed non-linearly within an extremely short duration of several hundred
microseconds (µs), high-speed control characteristics capable of responding to the rapid
impedance displacement are essential for stable system operation.

2.2. Drude Model-Based Complex Permittivity Modeling

To analyze the variation in the material properties of the ionized medium, the Drude
model is applied to define the complex permittivity (ϵp). Macroscopically, plasma is treated
as a frequency-dependent dielectric. The response of electrons to an external microwave
electric field is represented by the following complex permittivity formula [11–13].

ϵp(ω) = ϵr −
ω2

p

ω(ω + jνm)
(1)

ωp denotes the plasma frequency, which is determined by the electron density (ne)
as follows:

ωp =
√

nee2/ϵ0me (2)

The numerical analysis results of the material properties according to the plasma tran-
sition stages—including representative calculated values for the stable discharge state—and
the corresponding changes in electromagnetic characteristics are summarized in Table 2.

Table 2. Material properties and system matching characteristics at different plasma stages.

Category Electron
Density (ne)

Complex
Permittivity (ϵp)

Physical Properties
of Medium

System Matching
Characteristics

Pre-Ignition ≈ 0 ϵgas ≈ 1 Non-conductive
dielectric state

Initial mismatch
(Structure-dependent)

Initial Ignition 108 ∼ 109 Dependent on ne
Ionization transition

period
Impedance discontinuity

Occurs

Stable Discharge 5 × 1014 −93.4 − j61.3 * Semi-metallic
conductive state

Optimal matching after
adaptive control

* Note: Values for the stable discharge state are calculated based on = ne = 5 × 1014 cm−3 at 2.45 GHz.

While the Drude model provides a useful macroscopic approximation for the elec-
tromagnetic response of the plasma, it is important to acknowledge its inherent assump-
tions and limitations when applied to a multi-component Ar-InBr-Hg discharge. The
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model assumes a homogeneous, collision-dominated plasma in a state of local thermody-
namic equilibrium. However, during the highly transient ignition phase, the plasma is
highly non-uniform spatially and far from equilibrium. The electron density gradients are
steep, and the ionization rates of the different gas species (Ar, InBr, Hg) vary significantly
over time. Despite these microscopic complexities, the simplified homogeneous Drude
model is adopted in this study because it effectively captures the macroscopic impedance
displacement—the sudden transition from a dielectric to a conductive state—which is the
most critical parameter required for designing the RF adaptive matching and frequency
tracking algorithms.

2.3. Dynamic Impedance Discontinuity and Frequency Shift
2.3.1. Medium Impedance Displacement and Matching Optimization

The characteristic impedance (Z) of the medium maintains the following relationship
with the complex permittivity.

Z ∝
1

√
ϵp

(3)

The rapid change in permittivity after ignition shifts the load impedance trajectory
toward a low-impedance state, resembling a short circuit. This impedance shift causes
excessive reflected wave stress at the power amplifier output. The proposed system is
designed to detect these variations in real time and reset the resonance point to overcome
initial mismatch and maximize energy transfer efficiency during stable discharge [1,3,16,17].

During the initial pre-plasma transient, prior to measurable ionization, the control
algorithm actively shifts the operating frequency to suppress reflected power. Once ion-
ization commences, the Drude-model-predicted permittivity decrease drives a monotonic
resonant frequency up-shift, which the algorithm then tracks in real time.

2.3.2. Up-Shift of Resonant Frequency

The frequency shift (∆ f ) following plasma ignition within the cavity is quantitatively
analyzed using Cavity Perturbation Theory [12,20]. Upon ignition, the medium inside the
bulb transitions from free space (ϵ0) to a Drude model-based plasma complex permittivity(
ϵp ). The real part of the permittivity (ϵ′p) is defined as follows

ϵ′p = ϵ0

(
1 −

ω2
p

ω2 + ν2
m

)
(4)

During the Initial Ignition stage, the electron density reaches the range of 108 ∼ 109 cm−3.
Calculating with a reference value of ne = 7.55 × 108 cm−3 the permittivity variation ∆ϵ/ϵ0 is
derived as:

∆ϵ

ϵ0
=

ϵ′p − ϵ0

ϵ0
≈ −

ω2
p

ω2 ≈ −0.01012 (5)

Substituting this into the cavity perturbation equation yields the following frequency
variation ratio:

∆ f
f0

≈ −1
2

(
ϵ′p − ϵ0

)
ϵ0

(6)

∆ f = 2450 MHz ×
(
−1

2
× (−0.01012)

)
= 12.397 MHz (7)

Based on the design parameters and plasma characteristics, the theoretical frequency
up-shift is approximately 12.4 MHz. This predicted value serves as a key metric to verify
the validity of the adaptive frequency tracking algorithm proposed in this study.
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2.4. Sensitivity Analysis of the Drude Model Parameters

To justify the plasma parameter values used in the Drude model calculations and to
assess the robustness of the theoretical predictions, a sensitivity analysis was performed
with respect to the two key model inputs: electron density (ne) and electron-neutral colli-
sion frequency (νm). The nominal values adopted in this study are ne = 7.55 × 108 cm−3 (at
the initial ignition stage) and νm = 1 × 109 s−1, which are representative values consistent
with prior measurements in microwave-driven Ar-based discharges reported in the litera-
ture [12,13]. The rationale for these choices is as follows. At the onset of plasma breakdown
in a 2.45 GHz cavity, the electron density must satisfy the condition fp < f0 = 2.45 GHz
so that the microwave field can penetrate the plasma and sustain energy coupling. With
ne = 7.55 × 108 cm−3, the resulting plasma frequency is fp = 0.247 GHz < f0, confirming
that this value is physically appropriate for the ignition transient stage. The collision fre-
quency of 109 s−1 is consistent with low-pressure argon discharge conditions, and satisfies
ω ≫ νm (ω/νm ≈ 15.4), ensuring the validity of the high-frequency approximation used
in the Drude model [12,13].

The sensitivity of the predicted resonant frequency shift (∆f) to variations in ne was
evaluated by computing ∆f for three representative electron density values spanning the
expected ignition range: ne = 3.0 × 108 cm−3 (lower bound), 7.55 × 108 cm−3 (nominal),
and 1.51 × 109 cm−3 (upper bound). Substituting into Equations (2), (4) and (6) yields
plasma frequencies fp of approximately 0.156 GHz, 0.247 GHz, and 0.349 GHz, all well
below f0 = 2.45 GHz, confirming that the perturbation theory assumption (fp ≪ f0) is
satisfied across the full range. The corresponding frequency shifts ∆f are approximately
+4.96 MHz, +12.40 MHz, and +24.79 MHz, respectively. The sensitivity of ∆f to variations in
νm was also examined. At the nominal νm = 109 s−1, the condition ω ≫ νm (ω/νm = 15.4)
is well satisfied, and the collision term in the denominator of the full Drude expression is
negligible. Varying νm from 109 to 1011 s−1 changes ∆f from +12.34 MHz to +0.29 MHz,
demonstrating that ∆f is predominantly controlled by ne and is insensitive to uncertainty
in νm as long as νm remains below approximately 109 s−1.

These results demonstrate that the predicted +10 to +15 MHz frequency shift range is
physically consistent with the expected electron density variation during the ignition tran-
sient. The experimentally observed +12.4 MHz shift falls within the range predicted by
the sensitivity analysis (+4.96 to +24.79 MHz over the full density range of 3.0 × 108 to
1.51 × 109 cm−3, and +10 to +15 MHz over the central ignition range of ne = 5–10 × 108 cm−3),
providing additional confidence in both the model validity and the selection of the nominal
parameter values. This analysis further confirms that the 100 MHz adaptive tracking range
implemented in the control algorithm provides sufficient margin to accommodate the full range
of ne-induced frequency excursions expected during Ar-InBr-Hg plasma ignition.

3. System Configuration and Design
This section details the design and implementation of the 300 W GaN SSPA system,

which is engineered to respond to the dynamic plasma impedance characteristics and
resonant frequency shifts derived in Section 2. The discussion ranges from the design
of power amplifier devices using the Win-semiconductor’s NP25 GaN process to the
architecture of an intelligent control loop utilizing real-time feedback [4–17]. Figure 1
shows the overall block diagram of the proposed system, illustrating the signal flow from
the Digital PLL through the SSPA chain to the plasma cavity and the MCU-based feedback
control loop.

• MCU-based Active Control: The MCU, serving as the system’s backbone, over-
sees RF detection, SSPA status monitoring, real-time VSWR tracking, and general
system monitoring.
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• Feedback Mechanism: Forward power (PFWD) and reflected power (PREV) signals
detected via the Coupled Line Coupler are fed back to the MCU. Based on the status of
the plasma bulb, the MCU adjusts the frequency of the Digital PLL and the attenuation
of the Variable Attenuator in real time.

Figure 1. Block diagram of the proposed 300 W SSPA plasma generator system.

3.1. Design and Implementation of 150 W GaN Devices

Maximizing power transfer efficiency is essential in high-power microwave plasma
systems. While standard off-the-shelf packages are excellent for general-purpose use,
they have limitations in precisely controlling extreme impedance fluctuations during
plasma ignition and managing the thermal load during high-power continuous wave (CW)
operation [6–9]. To overcome these challenges, this study utilized Win-semiconductor’s
0.25 µm GaN-on-SiC (NP25) process to directly develop a 75 W GaN bare-die and a
150 W transistor.

Figure 2a shows the layout of the 75 W-class GaN bare-die designed using the NP25
process. To achieve high breakdown voltage and power density, it was designed with a gate
width of 380 µm and a Number of Fingers (NOF) of 80. Furthermore, Figure 2b presents the
150 W GaN transistor unit implemented by integrating two of the previously developed
75 W bare-dies into a single module. To fundamentally suppress phase imbalances that
may occur during power combining, the two devices were arranged in an electrically
symmetrical structure. Additionally, by directly mounting the devices on a Cu/Mo/Cu-
based package (die-attach) with excellent thermal conductivity, the design ensures low
thermal resistance compared to standard packages. This configuration allows the junction
temperature (Tj) to remain stable even during 300 W high-power CW operation.

(a) (b) 

Figure 2. Configuration of the developed high-power GaN components based on the Win semicon-
ductor’s NP25 process: (a) Layout of the 75 W GaN-on-SiC bare-die; (b) 150 W GaN transistor unit
integrated with a symmetrical dual-die configuration for power combining.
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3.2. 300 W-Class SSPA Architecture and Power Combining Design

The 300 W-class SSPA system proposed in this study is implemented by combin-
ing two of the previously developed 150 W transistor units in parallel. The core of this
architecture lies in maximizing power combining efficiency during high-power CW opera-
tion while minimizing thermal and electrical instability caused by plasma load variations.
Figure 3 displays the overall layout of the integrated microwave generator and its func-
tional blocks [4,5].

 

Figure 3. Layout of the integrated 300 W SSPA system and its key functional blocks.

• Signal Path and Pre-amplification: The RF signal is generated by a Digital PLL, per-
forming precise frequency synthesis within the 2.45 GHz band. The signal level
is managed by a Variable Attenuator to control final output power, followed by a
Medium Power Amplifier (MPA) stage to secure sufficient gain for driving the main
power amplifier.

• Main Power Amplifier (Main PA): This block consists of two custom-developed 150 W
GaN transistors utilizing Cu/Mo/Cu packaging technology. These units are arranged
in a parallel architecture to achieve a total output of 300 W. The symmetrical layout of
the Main PA stage plays a critical role in maintaining phase balance and maximizing
power combining efficiency.

• Monitoring and Adaptive Control: A Coupled Line Coupler is integrated at the output
stage to sample forward and reflected power. These feedback signals are processed in
real time by the MCU (Microcontroller Unit). Based on the detected data, the MCU
dynamically adjusts the Digital PLL and Variable Attenuator to execute the intelligent
frequency tracking algorithm.

Through this architecture, the system maintains an optimal resonance state even
amidst non-linear impedance fluctuations caused by the state transitions of the gas mixture.

The two 150 W GaN transistors are biased under identical quiescent conditions: a
drain supply voltage (VDS) of 48 V and a combined quiescent drain current (IDQ) of 300 mA
(150 mA per device), with the gate bias voltage (VGS) adjusted individually for each device
to meet the specified IDQ target. These bias conditions were selected to maximize power-
added efficiency (PAE) while maintaining sufficient linearity for stable plasma driving at
2.45 GHz.

The impedance matching network is implemented using microstrip transmission line
structures on the PCB. On the input side, each of the two transistors is equipped with an
individual microstrip-based gate matching network designed to transform the 50 Ω source
impedance to the optimum gate impedance of each device. The two gate matching networks
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are fed through a Wilkinson power divider, which splits the pre-amplified RF signal into
two equal-phase, equal-amplitude paths. This configuration ensures symmetric drive
conditions for both transistors, suppressing amplitude and phase imbalance that would
otherwise degrade power combining efficiency. On the output side, the drain terminals of
the two transistors are combined and connected to a single shared microstrip-based drain
matching network, which transforms the combined output impedance to the 50 Ω load.
This asymmetric matching topology—individual input matching with a shared output
matching network—simplifies the drain-side layout while maintaining high combining
efficiency through the electrically symmetrical arrangement of the two transistor units.

3.3. Intelligent Feedback and Adaptive Control Loop

To accommodate the dynamic characteristics of plasma loads, the SSPA system de-
veloped in this study incorporates an intelligent closed-loop control system. This system
extends beyond conventional RF amplification by performing real-time load tracking and
implementing robust protection mechanisms. Figure 4 illustrates the proposed intelligent
closed-loop control algorithm.

Figure 4. Intelligent closed-loop control algorithm. (Pink: sensing and decision stages; gray: adaptive
control stage; blue: optimization and plasma stabilization stages.)

3.3.1. Real-Time RF Sensing, Monitoring, and Adaptive Tracking Algorithm

During plasma generation, the gas undergoes a rapid ionization transition. A sudden
rise in (VSWR > 10:1) at the moment of ignition can cause fatal damage to GaN transis-
tors. The control loop detects reflected waves within microseconds (µs) and immediately
attenuates driving power to safely pass through the impedance discontinuity period.

Thermal Instability of the Gas Mixture and Compensation Mechanisms The Ar-InBr-
Hg gas mixture exhibits thermal instability, characterized by variations in internal pressure
and complex permittivity in response to temperature changes. As the bulb temperature
rises during sustained plasma discharge, the resonant frequency undergoes subtle drifting,
which leads to degraded system efficiency. The control algorithm performs real-time fine-
tuning of the frequency until thermal equilibrium is attained. This process cancels out the
impedance drift caused by the thermal fluctuations of the gas mixture, thereby maintaining
constant plasma luminosity throughout long-term operations [4,5].
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3.3.2. Adaptive Tracking Control Based on FWD/REV Monitoring

The system continuously samples the forward power (PFWD) and reflected power
(PREV) through a directional coupler integrated at the final output stage of the SSPA.

• Algorithm Implementation

1. Sensing: If return loss exceeds a threshold, the MCU sweeps the Digital PLL
(2.4–2.5 GHz) to find the optimal resonance point.

2. Tracking: If the return loss rises above a predefined threshold, the MCU controls
the Digital PLL to search for the optimal resonant frequency within a 100 MHz
range (2.4 to 2.5 GHz).

3. Stabilization: After securing the point of minimum reflection, the system opti-
mizes the power level to “lock” the plasma state.

• Protection Feature: If the reflected waves do not drop below a hazardous level even
after frequency tracking, the system forcibly shuts down the RF output to ensure
hardware reliability.

Equation (8) represents a simplified control law used to determine the frequency
correction step from the temporal variation of reflected power. Here, k is an experimentally
tuned proportional gain.

∆ f = k·dPREV
dt

(8)

k: control gain coefficient.
To provide a comprehensive understanding of the adaptive control loop, the quan-

titative operational specifications are detailed as follows. The internal MCU control loop
operates with a highly agile response time of <1 ms to instantly protect the GaN devices
from sudden impedance mismatches (VSWR > 10:1). During the frequency tracking phase,
the sweep is executed with a step size of 1 MHz to accurately identify the optimal resonance
point, which is determined by the minimum reflected power criterion. Furthermore, the
system state parameters, including forward/reflected power and operating frequency, are
transmitted to the external monitoring GUI at an update rate of 500 ms via a 115,200 bps
serial communication interface. This dual-rate architecture ensures both ultra-fast internal
hardware protection and stable real-time user monitoring.

4. Experimental Results and Discussion
In this section, we conduct driving experiments on Ar-InBr-Hg plasma bulbs using

the implemented 300 W-class GaN SSPA system and analyze the resulting data. Specifi-
cally, we verify the practical manifestation of the impedance displacement and resonant
frequency up-shift phenomena theoretically explored in Section 2, while demonstrating
the performance of the intelligent adaptive control loop proposed in Section 3. The ex-
perimental setup comprises the SSPA main body, a microwave cavity, an Ar-InBr-Hg gas
mixture bulb, and measurement instrumentation for real-time monitoring. Figure 5 illus-
trates the comprehensive experimental setup and system configuration for the plasma bulb
driving tests.

To experimentally validate the resonant frequency shift, the overall testbench was
configured with a DC power supply, the proposed 300 W GaN SSPA, and the electrode-
less plasma bulb. The frequency shift was directly extracted by monitoring the real-time
operating frequency displayed on the custom Graphical User Interface (GUI) used for
SSPA control. The primary sources of measurement uncertainty in this system are the GUI
update interval (500 ms), the frequency step resolution of the Fractional-N PLL synthe-
sizer (1 MHz), and the ADC quantization noise in the RF power detector. These factors
collectively contribute to a total frequency measurement uncertainty of less than 1%, cor-
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responding to approximately ±25 MHz at 2.45 GHz, which is well within the resolution
required to distinguish the observed frequency shift. Furthermore, to ensure the repeata-
bility and reliability of the results across multiple ignition cycles, cyclic tests consisting of
3 h of continuous ON-state operation followed by 3 h of OFF-state were conducted over
a period of two days. Across these repeated operating cycles, the measured frequency
up-shift consistently remained within the +10 to +15 MHz range, which strongly vali-
dates both the long-term thermal robustness of the adaptive tracking algorithm and the
theoretical prediction.

 

Figure 5. Plasma bulb drive setup.

• 300 W GaN SSPA: A power amplifier developed using Win-semiconductor’s 0.25 µm
GaN-on-SiC process. It performs real-time frequency tracking and power control in
the 2.45 GHz band via an MCU-based intelligent control loop.

• Plasma Bulb & Cavity: An electrodeless bulb filled with an Ar-InBr-Hg gas mixture is
positioned inside a microwave cavity. RF energy supplied by the SSPA ionizes the gas
through the electric field within the cavity, transitioning it into a plasma state.

• Optical Spectrum Analyzer (PG200N, UPRtek, Zhunan, Taiwan): This device monitors
the optical state of the plasma in real time by measuring the intensity and wavelength
spectrum of the light emitted from the bulb.

• Control Interface: The MCU calculates VSWR and S11 based on voltage levels sampled
from the directional coupler. These data are transmitted to a PC via an ADC for
real-time tracking log analysis.

4.1. Adaptive Frequency Tracking and Power Characteristics

This section analyzes the time-domain power response characteristics of the Ar-InBr-
Hg plasma bulb according to its ignition sequence. Figure 6 illustrates the variations in
forward power (PFWD) and reflected power (PREV) from the system’s initiation to the
stabilization phase. All power data were measured and recorded in real time based on
Analog-to-Digital Converter (ADC) values acquired through RF detectors positioned at the
output stage.

• Pre-discharge Stage: Before ionization, the gas acts as a dielectric with high impedance.
At an incident power of 51 dBm, nearly all energy is reflected (PREV/PFwD), represent-
ing the critical energy accumulation period.

• Ionization Process Stage: As breakdown occurs, the surge in charge density triggers
nonlinear impedance variations. The system’s adaptive frequency tracking, guided
by the Drude model, actively searches for the optimal match, resulting in the rapid
suppression of unstable reflected power.
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• Stable plasma Discharge Stage: Upon reaching thermal equilibrium, the frequency
stabilizes and PFWD reaches the 54.8 dBm (300 W) target. Minimal PREV confirms
high energy transfer efficiency and proves the SSPA’s stability even during drastic
load transitions.

 
Figure 6. Time-domain RF Power characteristics during plasma ignition and stabilization.

To further validate the three-stage ignition behavior illustrated in Figure 6, a repeata-
bility test was conducted over six independent ignition cycles using the same Ar-InBr-Hg
plasma bulb under identical operating conditions. Table 3 summarizes the measured oper-
ating frequency at the Ionization Process Stage and the Stable Discharge Stage for each trial,
along with the corresponding frequency shift (∆f). Across all six trials, the measured ∆f
from the Ionization Process Stage to the Stable Discharge Stage ranged from +7.4 MHz to
+13.3 MHz, with a mean of +11.1 MHz and a standard deviation of ±2.2 MHz. This result
is in strong agreement with the theoretical prediction of +10 to +15 MHz derived from
cavity perturbation theory, and confirms that the three-stage frequency transition observed
in Figure 6 is highly reproducible across repeated ignition cycles.

Table 3. Repeatability test results: measured operating frequency at the Ionization Process Stage and
Stable Discharge Stage across six independent ignition cycles (Ar-InBr-Hg plasma bulb, 300 W GaN
SSPA, 2.45 GHz).

Trial
No.

Data
Points

Ionization Process Stage Stable Discharge Stage ∆f (MHz)

Freq.
(MHz)

FWD
(ADC)

RVS
(ADC)

Freq.
(MHz)

FWD
(ADC)

RVS
(ADC)

∆f Ionization Process
→ Stable Discharge

1 103 2432.0 1254 659 2455.6 2126 190 +11.6

2 103 2433.0 1268 719 2458.3 2172 5 +13.3

3 103 2425.0 1171 849 2448.0 2013 970 +7.4
4 103 2430.0 1161 515 2453.1 2010 116 +9.9

5 103 2449.0 1224 857 2459.0 2072 16 +11.4

6 103 2433.0 1124 692 2458.1 1926 82 +13.1

Mean — 2433.7 1200 715 2455.3 2053 230 +11.12

Std Dev — 8.09 57.0 127.9 4.21 88.8 368.9 ±2.20
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4.2. Performance Analysis and Theoretical Validation

This section evaluates the system’s operational performance and validates the Drude
model through experimental data.

4.2.1. System Efficiency and Thermal Reliability

At a stable forward power of 54.8 dBm (≈300 W), the developed GaN transistor
achieved a peak drain efficiency of 68.5%, while the overall system efficiency reached 53%.
Owing to the optimized NP25 bare-die packaging, the junction temperature remained
stable at 145 ◦C, which is well below the 225 ◦C design limit. In addition, the adaptive
algorithm maintained a VSWR below 1.15:1 and suppressed reflected power to less than
0.5%, thereby improving both electrical stability and thermal reliability.

The discrepancy between the peak drain efficiency of the transistor (68.5%) and the
overall system efficiency (53%) is a natural outcome of system-level integration. The
primary contributors to this approximately 15.5% efficiency drop are the power conversion
losses of the internal power supply and the DC power consumption of the peripheral
driving circuits. Specifically, the AC-DC and DC-DC converters required to supply high
current to the main GaN devices inherently introduce conversion losses. Furthermore, the
pre-driver stages, including the MMIC medium power amplifiers, as well as the digital PLL
and the MCU control board, consume continuous active power during operation. Despite
these inevitable system-level losses, the achieved overall efficiency of 53% remains highly
competitive for 300 W-class microwave plasma applications.

4.2.2. Theoretical Correlation

The measured +12.4 MHz up-shift closely aligns with the theoretical prediction
(+10~15 MHz) derived from cavity perturbation theory. This confirms that the plasma-
induced reduction in permittivity (∆ϵ < 0) alters the boundary conditions as hypothesized.

Although a direct side-by-side experiment with a magnetron-based system under
identical conditions was not conducted in this study, a quantitative comparison based on
published performance data is presented in Table 4. The comparison covers key metrics
including output power, source lifetime, frequency agility, reflected power management,
impedance protection, and system efficiency. The magnetron reference values are drawn
from established literature and commercial specifications [21–23], and the GaN SSPA values
reflect the experimentally measured results reported in this work. As shown in Table 4, the
proposed GaN SSPA-based system demonstrates notable differences from magnetron-based
systems in frequency controllability, adaptive load protection, and device longevity, as
quantified based on published literature data [21–23]. Direct experimental comparison
under identical conditions remains a subject for future work.

Table 4. Performance comparison between magnetron-based and GaN SSPA-based electrodeless
plasma lighting systems.

Parameter Magnetron-Based PLS This Work (GaN SSPA)

Operating Frequency 2.45 GHz (fixed) 2.45 GHz (adaptive)

Output Power 700–1000 W class 300 W (scalable to 500 W)

Source Lifetime ~6000 h [24] >100,000 h (semiconductor)

Frequency Tracking Not available (fixed) 100 MHz range, 1 MHz step

Control Response Time N/A <1 ms (MCU closed-loop)

Reflected Power Protection Isolator + water dummy load required Adaptive tracking, no isolator

Stable VSWR Not controlled (isolator-dependent) ≤1.15:1 (measured)
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Table 4. Cont.

Parameter Magnetron-Based PLS This Work (GaN SSPA)

Plasma Load Modeling Not applicable Drude model + Cavity Perturbation

System Efficiency ~50% [22] 53% (full system, measured)

Signal Quality Amplitude/spectral distortion [24] Stable CW, low spectral distortion

Bulb Rotation Required Yes (thermal management) [23] No

EMI Risk (2.4 GHz band) High (Wi-Fi interference risk) [23] Low (stable frequency synthesis)

N/A: Not applicable.

5. Conclusions
In this study, the design and implementation of a 300 W (scalable to 500 W) GaN

SSPA (Solid-State Power Amplifier) were conducted for next-generation microwave plasma
source generators. To overcome the inherent limitations of conventional magnetron systems,
high-efficiency GaN bare-die packaging was applied at the hardware level, while an
adaptive frequency tracking algorithm was proposed to respond instantaneously to plasma
load fluctuations. The major achievements and conclusions of this research are summarized
as follows.

First, the validity of the theoretical numerical analysis for plasma material property
variations was verified. The variation in complex permittivity during plasma formation
was analyzed using the Drude model, and the resonant frequency up-shift phenomenon
was quantitatively predicted via perturbation theory. In experimental results, a frequency
shift of +12.4 MHz was observed, showing a high correlation with the predicted value of
+12 MHz.

Second, an ultra-fast adaptive control system was implemented to manage dynamic
load fluctuations. A high-speed frequency sweeping algorithm based on a Fractional-N PLL
was applied to overcome rapid impedance discontinuities occurring in the microsecond
(µs) range during plasma ignition. The system successfully tracked new resonance points
within tens of microseconds, preemptively protecting GaN devices from peak reflected
power during the ignition transition and maintaining stable discharge.

Third, the efficiency and thermal reliability of the high-power SSPA were secured.
Thermal resistance was minimized through a custom packaging technology that directly in-
tegrated Win-semiconductor’s NP25 process bare-dies. At a 300 W final output (54.8 dBm),
a high drain efficiency of 68.5% and a system efficiency of 53% were achieved. Even during
long-term continuous-wave (CW) operation, the transistor junction temperature (Tj) was
maintained within a stable range, suggesting potential advantages in lifespan and ther-
mal stability relative to vacuum-tube-based systems, based on the semiconductor device
characteristics reported in the literature. In conclusion, the adaptive GaN SSPA system
proposed in this research demonstrates effective control over plasma loads with non-linear
physical transition characteristics, and is expected to provide a core solution for various
industrial fields requiring precise microwave control, such as semiconductor processing,
medical devices, and high-brightness lighting.
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