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Abstract

This paper presents the design and optimization of highly efficient radio frequency power
amplifiers (RFPAs) for driving acousto-optic tunable filters (AOTFs) in spaceborne applica-
tions. High efficiency is critical in such applications to minimize power consumption, heat
dissipation, and enhance system reliability. However, RFPAs typically generate significant
harmonic content and heat, which can induce thermal effects and compromise the optical
measurement accuracy of AOTFs. This work investigates the trade-offs among efficiency,
bandwidth, harmonic suppression, and tunable output power. Analytical modeling and
parametric optimization are employed to derive practical design strategies. The results
offer valuable insights for the development of efficient RF driving systems for AOTFs.

Keywords: acousto-optic tunable filter (AOTF); bandwidth optimization; efficiency; harmonic
distortion; RF power amplifier (RFPA); space applications

1. Introduction
Monitoring greenhouse gases is critical for understanding their impact on Earth’s

atmosphere and their complex interactions across disciplines such as meteorology, clima-
tology, atmospheric chemistry, and environmental studies [1]. The atmosphere is highly
complex, which makes accurate observation and measurement difficult and calls for the
use of advanced instruments and methods [2].

Acousto-Optic Tunable Filters (AOTFs) provide a powerful solution for spaceborne op-
tical instrumentation, enabling precise spectral filtering and analysis across the infrared (IR),
visible (VIS), and ultraviolet (UV) domains [3]. Their high-resolution, selective, and rapid
tuning capabilities make them particularly suitable for high-speed spectroscopy and imag-
ing in satellite and space exploration missions [4–6].

In typical spaceborne or laboratory-grade implementations, AOTFs achieve spec-
tral resolutions on the order of 0.1–2 nm in the VIS–NIR range [7], corresponding to
1011–1013 Hz optical frequency discrimination [8,9], sub-nanometer (<0.5 nm) resolution
in the UV [10], and 1–5 nm in the mid-IR depending on crystal material and interaction
geometry [11]. These values correspond to angular or spatial resolutions on the order of
10−4–10−3 radians (beam steering accuracy), determined by the acousto-optic interaction
geometry [4].
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Furthermore, modern RF-driven AOTF systems support microsecond-level tuning
speeds (10−6–10−5 s) and maintain insertion losses typically in the 1–3 dB range [7], making
them highly suitable for real-time atmospheric spectroscopy, hyperspectral imaging, and
compact satellite payloads.

In recent years, AOTFs have been successfully integrated into various space missions,
including the Mars Reconnaissance Orbiter and the Lunar Reconnaissance Orbiter, where
they have been employed for planetary surface remote sensing, atmospheric characteriza-
tion, and stellar spectroscopy [11–13].

AOTFs utilize a Radio Frequency (RF) signal applied to a transducer mounted on the
side of a crystal, as shown in Figure 1. The RF signal generates acoustic waves that induce
periodic modulation of the crystal’s refractive index, enabling precise control and selective
filtering of light at specific wavelengths. This provides a versatile and tunable platform for
spectroscopy and imaging applications. Combining the benefits of AOTFs with an efficient
RF chain enhances the accuracy, sensitivity, and efficiency of atmospheric measurements,
particularly in spaceborne systems [14].

As shown in Figure 1, the AOTF system is typically driven by an RF source followed by
one or more RF amplifiers, often connected through a matching network. An integrated de-
sign approach is essential, incorporating a control unit for precise RF frequency and power
tuning, alongside a DC distribution unit to supply the necessary components. The perfor-
mance of the RF power amplifiers plays a pivotal role in determining the spectral resolution,
tunable power range, and overall reliability of the AOTF system in spaceborne applications.

RFPA
O/P

Matching 

Network

50 Ω 

Commercially 

Available AOTF

Un-diffracted Light 

Incoming Light

Pin , fRF
Pout , fRF

I/P

Matching 

Network

RF

 Source

DC Power 

Distribution Unit

Control 

Unit

Figure 1. Basic driving principle of AOTFs with its associated electronics.

However, RFPAs often face limitations related to heat generation, harmonic content,
and efficiency-bandwidth trade-offs. However, RFPAs often face limitations related to
heat generation, with power dissipation reaching several watts to tens of watts in compact
microwave systems, as well as significant harmonic content where unwanted harmonics
can appear at levels of −20 to −40 dBc, and inherent efficiency–bandwidth trade-offs,
where high-efficiency classes (e.g., Class E/F) typically achieve 70–85% efficiency only over
relatively narrow bandwidths on the order of 1–10% of the center frequency [15].

This work addresses these challenges by designing and optimizing RF power am-
plifiers tailored for space-based AOTF applications, providing strategies to achieve high
efficiency, wide bandwidth, and controlled harmonic suppression while maintaining a
tunable output power range. The remainder of the paper is organized as follows: Section 2
provides an overview of AOTF operation and RF power amplifier fundamentals; Section 3
presents the design methodology for the RF amplifiers; Section 4 discusses the results and
their implications; and Section 5 concludes the paper with a summary and directions for
future work.
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2. AOTF Operation and RF Power Amplifier
The performance of spaceborne AOTF systems critically depends on the interaction

between the optical and RF domains. A comprehensive understanding of both the AOTF
operation and the characteristics of the driving RF power amplifier is essential for achieving
high spectral resolution, tunable power, and system reliability. This section first presents the
fundamentals of AOTF operation, including the relationship between RF drive parameters
and optical diffraction, followed by the design considerations and operating principles of
RF power amplifiers tailored for space applications.

2.1. Fundamentals of AOTF

In order to drive an AOTF, a dedicated RF system is needed. Hence, it is essential to
understand the relationship between the RF driving frequency and the resulting optical
wavelength diffraction. The diffracted optical wavelength, λ, as a inverse function of the
RF frequency, fRF, can be approximated by Equation (1) [16]:

fRF ∼= ∆n
v sin2(θB + η)

λ sin θB
(1)

Here, fRF is the RF frequency applied to the AOTF transducer, λ is the optical wavelength,
∆n is the absolute difference between the refractive indices of the crystal, θB is the Bragg angle,
v denotes the acoustic wave velocity, and η is the acoustic wave propagation angle.

A typical RF frequency versus optical wavelength characteristic for an AOTF crystal
is shown in Figure 2a [8]. This figure illustrates that by adjusting the RF signal, a specific
optical window can be selected, which contains the desired spectral signature.

(a) (b)

(c)

Figure 2. Illustrations of various parameters of a typical AOTF: (a) RF drive frequency vs. optical
wavelength, (b) RF power vs. relative diffraction efficiency, and (c) Diffraction efficiency vs. RF
parameters for a fixed optical wavelength [17].
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Optical instruments in which AOTFs are applied can be categorized into three distinct
optical domains: UV, VIS, or UV-based, depending on the material properties of the
acousto-optic crystal [14]. Each window corresponds to an approximate one-octave RF
bandwidth [8]. This segmentation enables efficient filtering and tuning of optical signals,
allowing the AOTF system to manipulate different optical wavelengths.

The diffraction efficiency of an AOTF refers to the percentage of incident light that
is diffracted or redirected by the acoustic wave within the crystal [18]. It is a crucial
parameter that determines the filter’s performance and its ability to tune and select specific
wavelengths of light efficiently. Generally, higher diffraction efficiencies are desirable to
ensure that a greater portion of the incident light is effectively filtered and redirected to the
desired wavelength. The diffraction efficiency is influenced by the RF power applied to
the AOTF [19].

As the RF power increases, the amplitude of the acoustic wave within the crystal also
increases. This, in turn, leads to stronger modulation of the refractive index, resulting in a
higher diffraction efficiency [18]. However, it is essential to avoid exceeding certain power
levels to prevent damage to the crystal. Thus, the objective is to achieve the RF drive level
corresponding to the highest AOTF diffraction efficiency, as seen in Figure 2b [8].

The relationship between diffraction efficiency and RF power is not linear, and there is
an optimal operating range where the diffraction efficiency is maximized without causing
damage to the crystal or distorting the spectral response. This operating range depends
on the specific characteristics of the AOTF, including the crystal type and dimensions.
Equation (2) gives an approximate formula for the P0 to its crystal properties given by
Equation (2) [8].

P0 ∼=
λ2H
2LM

(2)

Here, H and L denote the height and length of the transducer, and M denotes the
crystal merit figure that depends on the type of material used [20].

Finally, the optical efficiency as a function of both parameters is given by Equation (3) [21]

η =
P
P0

sin2

(
π
2

√
P
P0

+
(

∆Φ
π

)2
)

P
P0

+
(

∆Φ
π

)2 (3)

where P is the power of the acoustic wave in the medium due to the driven RF signal, P0

is the power required to obtain maximum efficiency given by Equation (2), and ∆Φ is the
phase mismatch parameter of the interaction, which is in turn is related by the RF frequency
given by Equation (1). This function is also known as the AOTF transmission function.

As shown in Figure 2c [17], the efficiency varies for a fixed optical window as a sinc
function of the RF frequency. The red curve corresponds to the condition where the RF
drive produces 100% diffraction efficiency, while the blue curve indicates that the crystal is
not driven at the correct RF frequency. This reduction in efficiency is governed by the phase
mismatch parameter ∆Φ, which appears in the AOTF transmission function of Equation (3)
and is itself related to the RF frequency through Equation (1).

The phase mismatch originates from deviations from the Bragg condition. The
acoustic wavevector,

K =
2π fRF

v
, (4)

must satisfy the momentum–matching requirement,

kout = kin + K, (5)
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for efficient acousto–optic interaction. This condition defines the Bragg acoustic wavevector
KBragg, corresponding to the RF drive frequency that produces maximum efficiency.

Any deviation from this condition introduces a nonzero phase mismatch given by

∆Φ =
(
K − KBragg

)
L, (6)

where L is the acousto–optic interaction length.
When ∆Φ = 0, the optical and acoustic waves remain phase–synchronous throughout

the crystal, allowing the sinc2 transmission function in Equation (3) to reach its maximum,
as shown by the red curve. However, when the RF frequency is offset from the Bragg
value, K ̸= KBragg. The accumulated phase difference along L causes partial destructive
interference among the locally generated diffracted fields. This behaviour produces the
lower–amplitude blue curve, indicating that the crystal is not driven at its optimal acoustic
frequency and therefore exhibits reduced diffraction efficiency.

2.2. RF Power Amplifier

The design of an RFPA typically begins with choosing its operating class. Conventional
RFPAs are designed either according to standard biasing conditions, such as Class-A
or Class-AB, or based on specific operating modes, such as Class-E or Class-F [22,23].
Achieving high efficiency in an RFPA requires minimizing power dissipation in the active
device, which can be ensured by enforcing the non-overlapping condition expressed in
Equation (7):

1
T

∫
T

V(ωt)I(ωt) dt = 0 (7)

Satisfying this condition allows Class-E and Class-F amplifiers to achieve 100% ef-
ficiency theoretically [24]. However, generating the ideal square waveform in Class-F
amplifiers necessitates multiple resonators [25], which makes Class-E a more practical
choice for many applications.

The development of Class-E RFPAs can be traced back to the late 1940s [26]. By the
late 1960s, switched-mode power amplifiers gained popularity due to their inherent non-
overlapping operation. This concept was further refined through the introduction of Zero Volt-
age Switching (ZVS) and Zero Voltage Derivative Switching (ZDS) [27]. In 1975, Sokal et al. [28]
formally coined the term Class-E, and Raab later provided the corresponding design equations
in 1977 [29].

Two primary load network topologies are commonly employed in Class-E RFPAs:
one that neglects the influence of finite DC feed [30] and another that accounts for it [31].
Both designs typically include a series resonator with a high-quality factor (Qs) to con-
strain the fundamental current within the circuit [15,32]. With the advent of modern
wireless systems, transmission line-based Class-E topologies were investigated [33,34].
However, in the VHF range, using transmission lines becomes impractical, necessitating
the use of discrete lumped components—resistors, inductors, and capacitors—for efficient
RFPA implementation.

3. Design Methodology
This section presents the mathematical modeling, design methodology for achieving a

wide-bandwidth and selecting an appropriate transistor for Class-E RFPAs. For simplicity, a
50% switching duty cycle is assumed, and the transistor is considered ideal with negligible
on-resistance. The ZVS and ZVDS conditions are defined by Equations (8) and (9) [27].

V(ωt)
∣∣
t=2π

= 0 (8)
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dV(ωt)
d(ωt)

∣∣∣
ωt=2π

= 0 (9)

Based on prior studies, this work focuses on Finite Feed DC Inductance (FDI) Class-E
topology [15,35,36].

3.1. Class-E Load Network Topology with Finite DC Feed

The schematic of a Class-E-tuned switched-mode power amplifier with a finite DC
feed is shown in Figure 3a. The load network consists of a feed inductance L, which supplies
current to the transistor. The series reactance jX is connected to a series resonant circuit
(Ls − Cs) that is tuned to the design frequency fo. This configuration is then connected to
the optimal load resistance R.

(a) (b)

Figure 3. Class-E with finite DC feed: (a) schematic diagram and (b) equivalent circuit representation
with the arrows showing the instantaneous current direction.

Due to the finite inductance L, the supply current becomes time-varying, denoted
as iL(ωt). The equivalent circuit is shown in Figure 3b. The load current is given by
Equation (10).

iR(ωt) = IR sin (ωt + ϕ) (10)

where ϕ is the initial phase shift and IR is the peak amplitude of the current. For the time
interval 0 ≤ ωt < π, the switch is on and the current flowing through the switch can be
given by Equation (11).

is(ωt) =


VDD
ωL ωt + IR[sin(ωt + ϕ)− sin(ϕ)] 0 ≤ ωt ≤ π

0 π < ωt ≤ 2π
(11)

When the switch is off, in the interval π < ωt ≤ 2π, the current through the switch be-
comes zero and the current through the capacitor can be given by ic(ωt) = iL(ωt) + iR(ωt),
with Equation (12) the initial condition for the feed inductance L.

iL(π) =
VDDπ − ωL IR sin (ϕ)

ωL
(12)

The switch voltage can be found by solving the differential equation as reported in [35].
The solution is provided by Equation (13).

vs(ωt) =

0 0 ≤ ωt ≤ π

VDD[1 + C1 cos(qωt) + C2 sin(qωt)− q2 p
1−q2 cos(ωt + ϕ)] π < ωt ≤ 2π

(13)

https://doi.org/10.3390/app16031646

https://doi.org/10.3390/app16031646


Appl. Sci. 2026, 16, 1646 7 of 16

Without loss of generality, and using the initial off-state conditions, Equations (14)–(17), are
obtained [35].

C1 = −(cos qπ + qπ sin qπ)− qp
1 − q2

[
q cos (ϕ) cos (qϕ)− (1 − 2q2) sin (ϕ) sin (qϕ)

]
(14)

C1 = −(sin qπ − qπ cos qπ)− qp
1 − q2

[
q cos (ϕ) cos (qϕ) + (1 − 2q2) sin (ϕ) sin (qϕ)

]
(15)

where, q and p are given by Equations (16) and (17) respectively.

q =
1

ω
√

LC
(16)

p =
ωL IR
VDD

(17)

With variable q as a free parameter, the values for the unknown parameters, ϕ, and p
can be calculated, applying the ZVS and ZVDS conditions. Two equations with two un-
knowns can be solved using Equations (18) and (19) to get the required values [35],

−C1q sin (2qπ) + C2q cos (2qπ) +
q2 p sin ϕ

1 − q2 = 0 (18)

−C1q sin (2qπ)q2 + C2q cos (2qπ)q2 +
q2 p cos ϕ

1 − q2 = 0 (19)

The parameter q imposes certain limitations due to the extensive design space and
the complexity of the governing equations. A detailed study addressing these aspects
can be found in [37–39]. In particular, the case jX = 0, corresponding to the parallel class
with q = 1.412 [40], is considered here. By solving Equations (18) and (19), the values of
p = 1.210 and φ = 15.155◦ are obtained. The corresponding component values for R, L,
and C are derived as:

R = 1.365,
V2

DD
Pout

(20)

L = 0.732,
R
ω

(21)

C =
0.685
ωR

(22)

3.2. Double Reactance Compensation Technique for Wide Bandwidth

This technique, commonly used to broaden the bandwidth in Class E amplifiers, is
known as the reactance compensation technique in standard literature [35,41,42]. The
equivalent circuit is shown in Figure 4, and the equivalent admittance for the circuit is
given by Equation (23)

Yin =
1

Zin
= jωC +

1
jωL

+
1

1
1
R + jω′C1

+ jω′L0

(23)

where

ω = ω

(
1 −

ω2
0

ω2

)
, ω0 =

√
1

L0C0

is the resonant frequency.
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Yin

C L

L0
C0

L1 C1 R

Figure 4. Equivalent circuit of the double reactance compensation matching network.

When considering the reactance compensation principle in a wideband frequency
range, the maximized bandwidth can be obtained at ω0, and Equation (23) can be expressed
as follows:

d Im Yin(ω)

dω

∣∣∣∣
ω=ω0

=
d3 Im Yin(ω)

dω3

∣∣∣∣
ω=ω0

= 0 (24)

To obtain the lumped parameters for the proposed double reactance compensation
matching network, the input susceptance Im Yin(ω) can be expressed as

Im Yin(ω) = ωC − 1
ωL

+ ω′ C1R2[1 − ω′L0C1
]
− L0

R2
[
1 − ω′L0C1

]2
+ (ω′L0)2

(25)

The following condition is then satisfied.

1
ω2

0 L
+

C1R2 − L0

R2 −
8ω2

0 L0

R4

[
C2

1 + (C1R2 − L0)(L0 − 2C1R2)
]
= 0 (26)

From which the lumped parameters are obtained as in Equations (27) and (28)

L0 = 1.626
R

ω0
, C0 =

1
ω2

0 L0
(27)

C1 = 0.382
L0

R2 , L1 =
1

ω2
0C1

(28)

With these closed-form expressions, all the lumped elements required to realize the
proposed double reactance compensation network are now fully defined. In the next
section, the transistor device is introduced, from which these parameters are incorporated
into the complete circuit schematic.

3.3. Transistor Selection

Gallium Nitride (GaN) exhibits superior material properties compared to conventional
semiconductors such as silicon. Its high sheet charge density enables large current handling
per unit gate periphery, resulting in a high power density and reduced device size [43]. In
addition, the elevated saturated drift velocity of GaN supports higher saturation current
densities and output power, thereby lowering the capacitance per watt of delivered power.

These attributes—low output capacitance and low drain-to-source resistance per
watt—make GaN High Electron Mobility Transistors (HEMTs) highly suitable for switch-
mode amplifier applications. In particular, AlGaN/GaN HEMTs provide enhanced perfor-
mance relative to other technologies, as reviewed in [44,45].

Under radiation-rich space environments, Si-MOS devices face considerable limitations,
whereas GaN HEMTs demonstrate strong resilience and have been successfully deployed in
multiple space missions [46–49]. Furthermore, the availability of engineering prototypes and
validated nonlinear models enables accurate design and experimental validation.
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In this work, the nonlinear large-signal model of the CGH40010 transistor [50] was
employed. The device is capable of delivering up to 10 W of output power over a frequency
range from DC to 6 GHz, making it well-suited for the AOTF driver, which requires a
maximum drive power of 3 W within this bandwidth.

4. Results and Discussion
The design of the Class-E parallel circuit with impedance matching is summarized

in Figure 5. The block diagram in Figure 5a illustrates the overall circuit architecture,
while the corresponding PCB layout is shown in Figure 5b. The PCB was designed on
an FR-4 substrate with a thickness of 1.54 mm and a dielectric constant of 4.5, using 50 Ω
transmission lines to ensure proper impedance matching. The ADS-based simulation
layout, presented in Figure 5c, validates the design methodology and demonstrates the
practical feasibility of the proposed circuit.

(a)

(b) (c)

Figure 5. Final Class-E parallel circuit with impedance matching: (a) block diagram, (b) PCB layout,
and (c) ADS simulation window.

A parametric optimization strategy is employed to refine the lumped circuit element
values, starting from analytically obtained closed-form expressions. During this process,
selected lumped components, including inductors and capacitors in the matching and
resonant networks, are iteratively varied within predefined fabrication- and tolerance-
constrained bounds. A gradient-based optimization algorithm in ADS [51] is used to
efficiently update the component values, minimizing deviations from the target perfor-
mance metrics such as output power, power-added efficiency, and input/output return
losses. This approach ensures rapid convergence while accounting for transistor nonlinear-
ities, component tolerances, and layout-induced parasitic effects.

The optimization objectives are defined to achieve the target output power, maximize
efficiency, harmonic supression and maintain acceptable input and output return losses,
while preserving the Class-E switching conditions. This approach effectively compensates
for transistor nonlinearities, component tolerances, substrate losses, and layout-induced
parasitic effects that are not fully captured in the ideal analytical model.
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Nonlinear large-signal transistor models, together with the vendor-given S2P files
of the passive components, are incorporated into the ADS framework, enabling accurate
circuit-level and electromagnetic co-simulation and ensuring consistency between analytical
predictions, simulated performance, and practical realization.

4.1. RF Considerations

To evaluate performance, ADS simulations were conducted at two different output power
levels, 1 W and 3 W, across the frequency range of 100–150 MHz. Nonlinear transistor models
were combined with S-parameter files of the passive components (inductors and capacitors) to
ensure realistic performance prediction. The design was further optimized to achieve nearly
half-octave bandwidth while maintaining high efficiency and effective harmonic suppression.

Additionally, stability analysis was performed at both operating points to ensure reli-
able operation under saturated Class-E conditions. The stability results at the 1 W and 3 W
operating points are presented in Figure 6a and Figure 6b, respectively, where the µ-factor
remains greater than unity across the entire operating band, confirming unconditional
stability. The simulated efficiency and power responses are shown in Figure 6c–f.

Figure 7 further illustrates the ADS simulation results at 125 MHz. Figure 7a shows the
relationship between Pin and Pout (dBm), while Figure 7b illustrates Pin versus power added
efficiency (PAE) and drain efficiency (De f f ). The extrinsic voltage and current waveforms
at the drain are presented in Figure 7c, and the output current and voltage waveforms are
depicted in Figure 7d. Although the amplifier operates in saturation to achieve maximum
efficiency, which introduces nonlinearities, the harmonic content at the output remains
suppressed below −30 dBc. This is achieved by the second-order low-pass impedance
matching network, which effectively combines the Class-E output impedance with the
standard 50 Ω load, ensuring proper harmonic suppression and optimal power transfer.
Since the output is matched to 50 Ω, the resulting waveform is nearly sinusoidal, making it
suitable for driving AOTFs.

At an output power of 1 W, the circuit demonstrates high efficiency across the operating
band, as shown in Figure 6c, with the corresponding output power characteristics presented
in Figure 6d for a supply voltage of VDD = 10 V. Under this operating condition, the
harmonic components remain suppressed below −30 dBc across the entire frequency range.
When the output power is increased to 3 W, the efficiency response is shown in Figure 6e,
and the corresponding power performance is presented in Figure 6f for VDD = 15 V. Despite
the increased voltage and current stress, harmonic suppression is consistently maintained
across the band, ranging from approximately −30 dBc for the higher-order harmonics up
to −60 dBc for the dominant harmonic components.

As the output power exhibits a non-flat response, a feedback-controlled gain com-
pensation network with tunable output matching has been implemented. This network
dynamically adjusts the drive conditions to maintain nearly constant output power, ensur-
ing the AOTF is driven within its optimal range and preserving spectral uniformity and
measurement accuracy.

The results confirm the ability of the proposed Class-E parallel circuit to maintain effi-
cient operation while scaling output power by adjusting the supply voltage. The amplifier
achieves an efficiency in the range of 65–80% across the operating band, with harmonic
levels suppressed below −30 dBc. As discussed in [36], ideal ZVS and ZDS conditions
cannot be maintained across the entire broadband frequency range. This limitation leads to
a reduction in amplifier efficiency, which is an inherent characteristic of broadband Class-E
operation. The double-reactance compensation technique stated in this work can partially
mitigate this effect by reducing the efficiency drop, though it cannot fully restore ideal
switching conditions.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. ADS simulation results of the wideband Class-E parallel power amplifier with impedance
matching: (a) stability analysis at 1 W output power, (b) stability analysis at 3 W output power,
(c) efficiency (PAE and DE) at approximately 1 W output, (d) output power at approximately 1 W
(Pout, fundamental and harmonics) with VDD = 10 V, (e) efficiency at approximately 3 W output, and
(f) output power at approximately 3 W with VDD = 18 V. (PAE: power-added efficiency; DE: drain
efficiency; Pout: fundamental power; Pout2: first harmonic; Pout3: second harmonic).
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(a) (b)

(c) (d)

Figure 7. ADS simulation results at 125 MHz at 1 Watt output power (a) Pin vs. Pout (dBm) and
(b) Pin vs. PAE and Deff (c) extrinsic voltage and current waveform at drain (d) output current and
voltage waveforms.

4.2. Thermal Considerations

Thermal management is a critical design constraint for spaceborne RF amplifiers,
where the absence of convective cooling in a vacuum makes conductive heat transfer
through the package, PCB, and spacecraft chassis paramount. For the CGH40010 GaN
HEMT [50] used in this work, the worst-case power dissipation occurs at the minimum mea-
sured power-added efficiency, while the best-case scenario corresponds to the maximum
efficiency. At the target 3 W RF output power (Pout), the dissipated power is calculated as
follows for the two cases:

Best-case efficiency (η = 0.80)

Pdiss =
Pout

η
− Pout =

3
0.80

− 3 ≈ 0.75 W, (29)

Tj = Tbase + Pdiss · (RθJC + RθCA) = 70 + 0.75 · (2.5 + 5) ≈ 76 ◦C. (30)

Worst-case efficiency (η = 0.65)

Pdiss =
Pout

η
− Pout =

3
0.65

− 3 ≈ 1.62 W, (31)

Tj = Tbase + Pdiss · (RθJC + RθCA) = 70 + 1.62 · (2.5 + 5) ≈ 83 ◦C. (32)

Here, Tbase = 70 ◦C represents the worst-case spacecraft mounting temperature,
RθJC = 2.5 ◦C/W is the junction-to-case thermal resistance, and RθCA ≈ 5 ◦C/W ac-
counts for the PCB and thermal interface material. This analysis shows that, even under
worst-case efficiency, the junction temperature remains well below the device’s maximum
rated Tj,max = 150 ◦C, confirming the reliability of the selected substrate and conductive
heatsinking strategy for spaceborne operation.
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These characteristics satisfy the requirements for driving AOTFs. The achieved band-
width approaches half an octave, indicating that two such amplifiers can be arranged in
parallel with an appropriate switching scheme to fully cover a single optical range of the
AOTF. Notably, the proposed engineering model can be directly translated into a one-to-one
space-qualified implementation, enabling straightforward adaptation for future spaceborne
spectroscopic applications.

5. Conclusions and Future Work
In this work, a highly efficient, wideband Class-E parallel circuit with impedance

matching was designed, simulated, and analyzed for driving AOTFs in space applications.
The PCB was realized on an FR-4 substrate with a thickness of 1.54 mm and a dielectric
constant of 4.5, using 50 Ω transmission lines to ensure proper impedance matching. ADS
simulations, incorporating nonlinear transistor models and S-parameter files of passive
components, demonstrated that the amplifier achieves high efficiency (65–80%) across
the 100–150 MHz band while suppressing harmonics below −30 dBc. The results con-
firm that the proposed design meets the requirements for AOTF operation, with a nearly
half-octave bandwidth. Furthermore, the presented engineering model can be directly trans-
formed into a one-to-one space-qualified model, making it suitable for future spaceborne
spectroscopic applications.

For future work, experimental validation through PCB fabrication and measurements
is planned to compare results with simulations, with particular focus on efficiency, har-
monic suppression, and thermal performance. Integration with AOTF systems will enable
evaluation of real-world performance under operational conditions. Finally, development
of a fully space-qualified version, including radiation-hardening and thermal management,
is envisioned to facilitate deployment in spaceborne spectroscopic applications.
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Abbreviations
The following abbreviations are used in this manuscript:

AOTF Acousto-Optical Tunable Filters
DE Drain Efficiency
Pout Fundamental Output Power
Pout2 First Harmonic Output Power
Pout3 Second Harmonic Output Power
Pdiss Power Dissipated
HF High Frequency
HB Harmonic Balance
MF Medium Frequency
MRI Magnetic Resonance Imaging
PAE Power Added Efficiency
RFPA Radio Frequency Power Amplifier
VHF Very High Frequency
ZVDS Zero Voltage Derivative Switching
ZVS Zero Voltage Switching
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