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Design and Implementation High Efficiency
RF to DC Rectifier Based on Inverted Gate

Topology of Class F GaN HEMT RF High
Power Amplifier

ABSTRACT

This final project presents the design of a high-efficiency RF-to-DC rectifier based
on the inverted gate topology of a Class-F GaN HEMT RF high power amplifier
for wireless battery charging applications. The proposed rectifier utilizes the time-
reversal duality principle to convert RF energy into DC power efficiently. The
circuit employs a CGH40010F GaN HEMT transistor operating at 2.6 GHz and is
implemented on a Rogers RO4350B substrate with a dielectric constant of 3.66.
The design consists of an input matching network, harmonic termination network,
gate and drain bias networks, and an RF-to-DC output filtering circuit to maximize
power conversion performance. The proposed rectifier was analyzed through circuit
simulation using Keysight Advanced Design System (ADS) by varying the RF
input power while maintaining a constant operating frequency of 2.6 GHz.
Simulation results show that the rectifier achieves a maximum RF-to-DC power
conversion efficiency of 66.487% with a DC output power of 8.415 W at an input
power of 40 dBm. These results demonstrate that the proposed inverted gate
topology effectively improves RF-to-DC energy conversion and has strong
potential for high-power wireless power transfer (WPT) and rectenna-based
wireless battery charging applications.

Keywords: RF-to-DC Rectifier, GaN HEMT, Inverted Gate Topology, Class-F
Power Amplifier, Wireless Power Transfer, Rectenna.
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Design and Implementation High Efficiency RF to
DC Rectifier Based on Inverted Gate Topology of
Class F GaN HEMT RF High Power Amplifier
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Batam 29461, Province of Riau Island, Indonesia’

Email: basuki@polibatam.ac.id

Abstract— This research presents the design and
implementation of a high conversion efficiency RF-to-DC rectifier
based on the inverted gate topology of a Class-F GaN HEMT RF
high-power amplifier for wireless power transfer applications.
Efficient electromagnetic power conversion is critical for wireless
energy harvesting and battery charging systems to deliver reliable
power without direct physical contact. The main component
developed in this study utilizes the CGH40010F GaN HEMT
transistor, applying time-reversal duality principles to convert RF
power into DC energy at an operating frequency of 2.6 GHz. Based
on this approach, the research is conducted under the title "'Design
and Implementation of High Conversion Efficiency RF to DC
Rectifier Based on Inverted Gate Topology of Class F GaN HEMT
RF High Power Amplifier". The proposed rectifier was
implemented on a Rogers 4350 substrate by combining a coupler
and a phase shifter to achieve the desired harmonic impedance
termination. Harmonic Balance (HB) simulation results
demonstrate robust performance, achieving a DC output voltage
0f18.23 V, a DC output current of 0.385 A, and a power conversion
efficiency (PCE) of 66.89% at an input power of 40 dBm. Despite
minor efficiency degradation caused by substrate dielectric losses
and layout parasitic effects at harmonic frequencies, this study
successfully demonstrates the high-power capability and efficiency
of GaN-based inverted Class-F rectifiers for advanced wireless
power systems.

Keywords: Coupler, DC power, Efficiency, Phase Shifter, Wireless
charging

L. INTRODUCTION

ireless technology continues to advance, the demand for
wireless charging systems is growing rapidly. One of the
key technologies enabling wireless charging is Wireless
Power Transfer (WPT), which allows devices to charge
without physical connectors or cables [1]. This technology is highly
sought after across various sectors, from consumer electronics to
electric vehicles (EV). In areas with limited electrical infrastructure,
operational time constraints, and minimal human resources, wireless
charging technology is essential because it enables automated charging
without direct contact with a physical charging station, thereby

eliminating manual operation and significantly reducing downtime
during charging [2].

Wireless Power Transfer (WPT) technology can be broadly
categorized into two fundamental classifications: near-field and far-
field systems. Near-field WPT systems utilize non-radiative energy
interaction mechanisms at limited operating distances within near-field
electromagnetic environments [3]. Near-field approaches are generally
classified into three types:

a) Capacitive Coupling:

Uses electrostatic fields to transfer electrical energy,
enabling penetration through metallic barriers without significant
disruption.

b) Inductive Coupling:

Operates on the principle of electromagnetic induction,
where a varying current in the primary coil induces a potential
difference across the secondary coil.

¢) Magnetic Resonant Coupling:

Occurs when transmitter and receiver coils are tuned to
identical resonant frequencies, enabling efficient energy transfer
through synchronized magnetic fields.

Conversely, far-field WPT systems operate on the transmission and
reception of radiated electromagnetic waves over relatively long
distances using transmitter and receiver antennas [3]. A far-field WPT
system begins with a power source converted into radio frequency (RF)
energy, amplified through a power amplifier, and radiated through the
air medium. At the receiving end, an antenna captures the incoming
RF signal and passes it to a rectifier circuit to convert the captured
electromagnetic waves back into usable DC electrical energy [4].

Rectifying DC Output
Circuit

Impedansi
Matching

Amplifier

Wireless Transfer Gap
Transfer Distance
Figure 1. Topology of a Far Field Wireless Power Transfer
System.

The critical challenge in far-field WPT systems lies in converting
electromagnetic waves into usable DC power efficiently [5]. Applying
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the principle of time-reversal duality, a high-efficiency RF power
amplifier architecture can be inverted into an efficient RF-to-DC
rectifier system [5]. Among high-efficiency topologies, Class-F and
inverse Class-F architectures are particularly attractive because they
utilize harmonic impedance manipulation—shaping fundamental and
harmonic frequency terminations—to minimize power dissipation and

maximize conversion efficiency [9].
RDC
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Figure 2. Topology of an Inverted Power Amplifier-Based RF-to-DC
Rectifier.

To implement an inverted Class-F RF power converter operating at
high frequencies and high power levels, the selection of appropriate
semiconductor devices is paramount. Field Effect Transistors (FETs)
regulate current flow through voltage control at the gate terminal [6,
7]. For high-power RF applications in WPT systems, Gallium Nitride
High Electron Mobility Transistors (GaN HEMTs), such as the
CGH40010F, offer superior characteristics over conventional
transistors like silicon (Si). Due to their higher electron mobility,
higher threshold voltage, and lower power loss, GaN HEMTSs enable
operation at higher power levels with significantly improved power
efficiency and high-frequency capabilities [8].

On the other hand, impedance matching between the power amplifier,
antenna, and rectifier is also a crucial factor affecting overall power
transfer efficiency [9]. If the impedances are not properly matched, a
substantial portion of the transmitted power can be reflected back to
the source, degrading overall system performance. In an inverted gate
topology of a Class-F GaN HEMT rectifier, integrating a coupler and
a phase shifter allows precise adjustment of signal phase and harmonic
impedance termination [10]. When fabricated on a low-loss Rogers
4350 microstrip substrate at an operating frequency of 2.6 GHz, this
configuration provides optimal power handling and high conversion
efficiency.

This paper presents the design and implementation of a high
conversion efficiency RF-to-DC rectifier based on the inverted gate
topology of a Class-F GaN HEMT RF high-power amplifier. By
leveraging the CGH40010F GaN HEMT and time-reversal duality
principles at 2.6 GHz, the proposed design optimizes harmonic
termination to maximize DC power extraction for wireless battery
charging applications.

II. DESIGN METHODOLOGY AND
IMPLEMENTATION

A. Methodology

This research applies a comprehensive methodological approach
by combining experimental design and simulation techniques to
realize a high-efficiency RF-to-DC converter for wireless power
transfer applications. The methodology integrates fundamental
theoretical analysis to master the principles of reverse (inverted)
Class-F RF power amplifiers—which convert RF energy into DC
power—with applied research for circuit design and experimental
verification of the hardware performance.

The initial stage begins with a comprehensive literature review on
inverted Class-F RF power amplifiers, harmonic termination strategies,
and wireless battery charging systems. The next phase involves
designing and modeling the RF-to-DC power converter using

Advanced Design System (ADS) simulation software. In this inverted
Class-F topology operating at 2.6 GHz, the CGH40010F Gallium Nitride
(GaN) High Electron Mobility Transistor (HEMT) from MACOM is
selected as the primary active device due to its high breakdown
voltage, superior electron mobility, and high-frequency power
handling capabilities.

To design an inverted Class-F RF-to-DC power converter, several
sequential design stages are executed in ADS. The complete design
procedure is illustrated in the flowchart below.

Stability Analysis
Load Pull

anut Matching Networq

+
[ Output Matching Network ]

+
[ Coupling DirectivityT

Phase Shifter
DC Load

[ Simulation Schematic ]

Yes Does the simulation

. meet the target?

Convert Layout

Optimization

Yes Is the performance
acceptable?

Implementation

Optimization

Figure 3. Flowchart Retifier Design

a. Stability Analysis
The first step in designing a GaN HEMT-based rectifier
circuit is to evaluate the stability of the active device to ensure it
remains free from unwanted parasitic oscillations across the
operating frequency range. A transistor is defined as unconditionally
stable if the Rollett stability factor k > 1 and the stability measure
|A| < 1, where A is defined as:
A= 5811522 — 512521
The stability factor k is expressed as:
1—|S11]? = [Sp2|? + |A)?
2181252|
The stability evaluation setup and schematic in ADS for the
CGH40010F transistor are depicted below.

k =
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Figure 4 . Design Schematic Stability analysis
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Figure 5. Simulation result design stability analysis

The simulation results in Figure 5 confirm that the transistor
is unconditionally stable across the operating frequency range. As
shown in the graphs, the stability factor stays above 1 (k > 1) and
Delta remains below 1 (JA| < 1). These two conditions ensure that
the transistor will not experience unwanted self-oscillations at any
load impedance. Additionally, parameters such as Maximum
Available Gain (MAG) and Maximum Stable Gain (MSG) further
confirm that the circuit is completely stable, making it safe to proceed
to the impedance matching stage.

b. Load pull

Load-pull A Load-Pull simulation is conducted to identify the
optimal load and source impedance values (Z;5qq and Zgoyrce )
required to achieve maximum power conversion performance at 2.6
GHz. Unlike standard power amplifiers—where Load-Pull aims to
maximize Power Added Efficiency (PAE) and output power—Load-Pull
in an inverted Class-F RF-to-DC rectifier focuses on determining
impedance contours that maximize DC power output (Ppc) and Power
Conversion Efficiency (PCE) while minimizing internal reflection
losses.

Atload that gives maximum power {and ganf:| "

e ‘Atload that gives maximum PAE: 7}

Figure 6. Design and simulation of load pull

Figure 6 illustrates the Load-Pull simulation schematic using the
CGH40010F GaN HEMT. The gate bias voltage is set to Vg = —2.7 V
and the drain bias supply is set to Vpp = 28 V. The Load-Pull analysis
was evaluated over an input power (P;;,) sweep ranging from 24 dBm
to 41 dBm to determine the ideal fundamental and harmonic
impedance points for high-efficiency operation.

Pin vDC IDC PDC Efficiency PAE1
33.000 7.627 0.153 1.163 58.730 21.584
34.000 8.641 0.173 1.493 59.748 20.849
35.000 9.804 0.196 1.922 60.971 20.065
36.000 11.130 0.223 2478 62.340 19.268
37.000 12.631 0.253 3.191 63.712 18.517
38.000 14.309 0.286 4.095 64.928 17.861
39.000 16.170 0.323 5.229 65.857 17.332
40.000 18.228 0.365 6.645 66.487 16.919
41.000 20.512 0410 8415 66.892 16.599

Table 1. RF-To-DC Conversion Performance Under Input Power
Sweep

The following is a graph of the RF input sweep simulation results
from 33 dBm to 41 dBm.

Power Input vs PAE

20.——0—0—._.._.__._._.

33 34 35 36 37 38 3% 40 M4
Power Input (dBm)

Figure 7. Power Input vs PAE graph in loadpull simulation

The figure above shows the relationship between input
power (P;;) (dBm), Power Added Efficiency (PAE) (%), and conversion
efficiency in an inverted rectifier. From the graph, it can be seen that
PAE starts at around 21.6% at an input power of 33 dBm, then
decreases gradually until it reaches its lowest point at around 16.6%
at an input power of 41 dBm. Conversely, the power conversion
efficiency to DC consistently increases from 58.7% until reaching its
peak at approximately 66.9% at an input power of 41 dBm.

The characteristics of this curve show that there is an optimal
operating point at an input power of around 41 dBm, where the
system operates at maximum RF-to-DC conversion efficiency. The
pattern of PAE decline as input power increases illustrates the
component saturation phenomenon commonly observed, where at
high power levels the transistor operates fully in rectification mode.
This creates an inverse relationship (trade-off) between the simulated
PAE value and the resulting DC power efficiency.

From the graph above, we know that to achieve the best conversion
efficiency in an inverted rectifier power amplifier system, the input
power used is actually when the system has the lowest PAE value. This
occurs because there is a non-linear (inversely proportional)
relationship between PAE and DC power output, which can be seen
from the following formula:

=POUT_PIN

PAE X 100%

DC

Power Added Efficiency (%)
Poyr = RF Output Power (Watt)

RF Input Power (Watt)

DC Output Power (Watt)

From the formula above, it can be seen that PAE is inversely
proportional to DC power (Ppc). Therefore, when the PAE
value is low (such as at P;;, = 41 dBm with a PAE of 16.6%),
the produced DC power and conversion efficiency will
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actually be high (reaching 66.9%). Conversely, if the PAE
value is high, the resulting DC power will be lower.

c. Bias Gate Network

The Bias Gate Network functions as a regulator of the
transistor's operating voltage so that it can operate under optimal
conditions. This system uses a bias voltage of -2.7 V, which
determines the quiescent operating point of the CGH40010F
transistor.

GATE BIAS NETWORK

Figure 8. Schematic of Gate Bias Network Rectifier.

This circuit contains three shunt decoupling capacitors,
each serving a specific filtering function across different frequency
bands. Specifically, the 100 uF capacitor filters out low-frequency
noise and stabilizes the DC voltage source, the 10 uF capacitor
provides mid-frequency decoupling to suppress power supply
fluctuations, and the 15 pF capacitor acts as a high-frequency RF
bypass filter that isolates the DC bias line to prevent RF signal leakage
into the supply source. Additionally, a 4/4 (quarter-wavelength)
transmission line is utilized as an RF choke and impedance
transformer, presenting a high impedance (open circuit) to the RF
signal path while allowing the —2.7 V DC bias to pass smoothly to the
gate terminal of the transistor.

d. Input Matching Network

Input matching networks are designed to transform the
standard 50 Q source impedance into the optimal input impedance
of the transistor determined from source pull and load pull analysis.
At high operating frequencies such as 2.6 GHz, distributed microstrip
elements are preferred over lumped components to minimize
parasitic effects. Impedance matching network design is a critical
aspect of RF circuit design, as it ensures maximum power transfer
from the source to the load with minimum reflection by matching the
source impedance with the complex conjugate of the transistor's
input impedance.

l
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Figure 9. Input Matching Network Schematic

Figure 9 shows the input matching network using microstrip
transmission line segments as the primary signal path, combined with
stub circuits that function as reactive elements. These distributed
microstrip elements work together to transform the standard 50 Q
RF source impedance into the optimal complex conjugate impedance
required by the CGH40010F GaN HEMT gate terminal, thereby
maximizing RF power transfer into the device.

e. Output Matching Network

An output matching network functions to transform the
output impedance of the transistor to the optimal load impedance,
incorporating harmonic termination for high-efficiency inverted
Class-F rectifier operation. This network effectively transforms the
fundamental and harmonic impedance levels to optimize the RF-to-
DC energy conversion performance.



OUTPUT MATCHING NETWORK

Figure 10. Output Matching Network Schematic

The Output Matching Network design shown in Figure 10
employs a multi-stage matching approach using distributed
microstrip transmission lines and stub circuits. The primary signal
path consists of series microstrip lines including TL2, TL14, TL16, and
TL18, connected through a corner element (Cornl0) to TL12. To
handle reactive tuning and harmonic control, the network
incorporates stub circuits such as TL82 and an open-circuited stub
TL93. Physical dimensions of these transmission lines are fully
parameterized using variables such as WOMN1, LOMN1, LOMN2,
LOMN3, WCLIN, and WL, enabling precise optimization of line widths
(W) and lengths (L) to match the transistor output to the target
system load.

f. Coupling Directivity

The directional coupler in this RF system functions as a
power divider by utilizing electromagnetic coupling between two
microstrip transmission lines. When an RF signal is applied to Port 1
(input), the majority of the power flows directly through the main
channel to Port 2 (through port), while a small, precise fraction of the
power leaks to Port 3 (coupled port) through the electromagnetic
field. Port 4 (isolated port) receives minimal power and is terminated
to absorb unwanted reflections.

m3
7 ireq=2.600GHz
lieq=2.600GHz BB(S(3.1)="13.451)

req
HB(S(4.1))=-23.564

Figure 11. Design schematic directional coupling and Result
simulation of the directional coupler.

Figure 11 shows the simulation performance of the
microstrip directional coupler at the target operating frequency of
2.6 GHz. The coupling parameter S(3,1), represented by marker m3,
achieves a value of —13.451 dB, indicating a loose coupling factor
where approximately 4.5% of the input power is sampled to the
coupled port. The main line insertion loss S(2,1), shown by marker
m2, is only —0.326 dB, demonstrating that over 92% of the input
energy passes through the main channel with minimal attenuation.
Additionally, the isolation parameter S(4,1), indicated by marker m1,
reaches —23.568 dB . This vyields a directivity of approximately
10.12 dB (calculated as [S(4,1)| — |S(3,1)|), confirming good signal
separation between forward and reverse paths while effectively
preventing reverse signal interference.

g. Phase Shifter

A phase shifter is a critical component in a switching
amplifier circuit that regulates phase in the feedback loop, ensuring
system stability and optimal performance. The phase shifter works by
receiving a signal from a coupler that samples the amplifier output,
then shifting the phase of that signal before comparing it to the
reference signal at the input. This precise phase shift ensures that
negative feedback operates correctly to maintain the stability and
linearity of the amplifier.

The Phase Shifter section in this schematic is a component
that functions to regulate or shift the phase of an RF signal without
changing the amplitude of the signal. This phase shifter is placed on
the lower path of the circuit, connected to transmission lines TL14 and
TL15, which indicate its position in the control or feedback path of the
system. A phase shifter works by changing the length of the electrical
path that RF signals travel through, thereby controlling the phase
relationship between input and output signals. This component is
essential in applications that require precise phase synchronization

h. Output DC

The DC The DC output in this schematic represents the final
stage of the RF-to-DC conversion and filtering process, extracting
usable direct current from the rectified high-frequency signal. Instead
of relying on lumped inductors, this design utilizes a quarter-
wavelength (1/4) microstrip transmission line acting as a distributed
RF choke. This 1/4 stub presents a high impedance (open circuit) at
2.6 GHz to block high-frequency RF signals from reaching the output
port, while providing a low-resistance path for the extracted DC
current. Furthermore, a network of shunt decoupling capacitors is
placed along the DC line to filter out residual RF ripple and high-
frequency noise, resulting in a stable DC voltage delivered across the
50 Q load resistor (Rpc).
After all functional elements of the rectifying inverted Class-F power
amplifier topology have been individually designed and optimized,
the complete system is integrated into a unified final schematic.
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Figure 12. Schematic of the Rectifying of Inverted Power Amplifier
Class F.

Figure 12 shows the complete integrated schematic design
operating at a center frequency of 2.6 GHz with an RF input power
range up to 40 dBm. The system employs a gate bias voltage of
—2.7 V to establish the optimal operating point for the CGH40010F
GaN HEMT transistor, paired with a 50 £ DC load termination. Once
the schematic circuit is verified to satisfy all electrical requirements
and rectifier topology specifications, the design is converted into a
physical layout for fabrication.

In this layout conversion stage, the schematic symbols and
parameterized microstrip elements are transformed into actual
physical geometries, considering fabrication constraints such as trace
widths, minimum spacing, and substrate layer properties. In ADS, this
process involves optimizing component placement for high-
frequency performance and thermal dissipation, routing
interconnects smoothly, and designing a continuous ground plane
and power distribution network.

Figure 13. Layout of rectifier inverted power amplifier.

b. Implementation

The PCB (Printed Circuit Board) manufacturing process for
rectifiers uses a Rogers RO4350B substrate, which is specifically
designed for high-frequency applications. This Rogers RO4350B
material has a dielectric constant of 3.66 and a tangent loss of 0.004,
which is highly effective in reducing signal loss. The PCB thickness
used is 0.508 mm with a copper thickness of 35 um. The
manufacturing process produces a PCB with dimensions of 123 mm
x 60 mm that meets very tight dimensional tolerances, ensuring
optimal quality and compatibility. The microstrip traces, which are
the main conductive paths on the PCB for transmitting RF signals,
are produced with high precision to maintain a characteristic
impedance of 50 ohms. This is crucial for ensuring accurate and
stable signal transmission without unwanted interference or
reflections. Additionally, the solid ground plane on the PCB serves to
provide an optimal signal return path, which is critical for
maintaining signal stability and quality. The manufacturing process

also includes the creation of accurate via connections and surface
finishing in accordance with standards.

Figure 14. Manufacture PCB Result

This image shows the fabricated RF rectifier PCB designed specifically
for the CGH40010F GaN HEMT transistor using Rogers RO4350B
substrate. The copper trace structure on the PCB forms a complex
stepped impedance matching network pattern, with a multi-level
configuration that functions as a step-up impedance transformer
from the input to the rectifier output. This design optimizes power
transfer from the RF source to the load by minimizing reflection,
which is critical for rectifier efficiency. The pad area visible in the
center of the PCB is specifically designed for mounting the
CGH40010F GaN HEMT transistor, with optimal thermal management
considerations given the high power density characteristics of GaN
technology. The following image shows the PCB with the components
’already assembled.

j— Sy

Figure 15. Process Assembly Component Result

III. RESULT AND DISCUSSION

A. Simulation Result

After designing the schematic of the rectifying of inverted
power amplifier, the simulation results achieved after the
cosimulation optimization process are as follows.

a) Reflection coefficient

m6
freq=2.600GHz
dB(S(1,1))=-5.021

dB(S(1,1))

- I R e
20 21

2‘2 2‘3 24 25 26‘27 2‘8 29 30 31
freq, GHz
Figure 16. Reflection coefficient Result
Figure 16 shows the simulated input reflection coefficient

(S11) at 2.6 GHz, resulting in a small-signal S;; value of approximately

6



—5dB. Unlike conventional linear amplifiers that strictly require
S11 < —10dB, high-power rectifiers operate under large-signal
conditions. In this design, the input matching network was
intentionally optimized at high input power levels ( 33 dBm to
41 dBm) to achieve maximum RF-to-DC conversion efficiency. As the
input power increases to its operational level, the dynamic input
impedance of the CGH40010F transistor shifts to its optimal state,
allowing efficient energy conversion.

b) Output DC Voltage

ts(VOUT), v
T
vbC
T

T T T T T T T T T T
100 200 300 400 500 600 700 800 33 34 3 3 37 38 39 40 41

(a) (b)

Figure 17. (a) Output DC Voltage Waveforms Result (time-domain).

(b) Chart Output DC Voltage Simulation Result

Figure 15(a) presents the time-domain waveform analysis
of the DC output voltage across a time window from 0 psec to
800 psec for various input power levels from 33 dBm to 41 dBm. The
perfectly flat horizontal lines confirm that the converted DC output
remains highly stable and free from high-frequency RF ripple across
all power levels.
Figure 15(b) illustrates the non-linear relationship between the RF
input power (P;,) and the generated DC output voltage (Vpc) across a
50 Q load at 2.6 GHz. At a lower input power of 33 dBm, the circuit
delivers an output DC voltage of approximately 7.6 V. As the RF input
power increases to 41 dBm, the output voltage grows smoothly and
continuously, reaching a maximum level of over 20.5 V. This steady
increase demonstrates that the output filtering network effectively
suppresses high-frequency harmonics while delivering stable DC
power without entering premature saturation

c) Output DC Current
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Figure 18.(a) Output DC Current Waveforms Result (time-domain).
(b) Chart Output DC Current Simulation Result

Figure 16(a) presents the time-domain waveform analysis
of the DC output current (ts(IOUT.i)) across a time window from
0 psec to 800 psec for input power levels swept from 33 dBm to
41 dBm. The flat horizontal lines confirm that the converted DC
output current remains extremely stable over time without high-
frequency RF ripple. The resulting current levels range from
approximately 150 mA (0.15 A) at the lowest input power up to
410 mA (0.41 A) at peak input power.

Figure 16(b) shows the relationship between the RF input power (P;,)
and the generated DC output current (Ipc) across a 50 Q1 load at
2.6 GHz. At an input power of 33 dBm, the circuit delivers a DC output
current of approximately 0.15 A. As the RF input power increases to
41 dBm, the DC current grows linearly and continuously, reaching a
maximum value of 0.41A (410 mA). This steady current rise
demonstrates that the rectifier efficiently conducts high current

under large-signal operational conditions without experiencing
current saturation.

d) Power Conversion Efficiency
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Figure 19. Simulation results of power conversion efficiency.

The efficiency curve shown in Figure 17 illustrates the

relationship between system efficiency and input power (Pin), with a
maximum efficiency of 66.487% achieved at an input power of 40
dBm.
At the starting input power of 33 dBm, the efficiency begins at
58.730%. As the input power increases, the efficiency rises steadily,
entering the optimal range above 38 dBm with efficiency values
exceeding 64%. The efficiency reaches its peak at 41 dBm (66.487%)),
demonstrating effective power conversion across the tested input
power range.

e) Power Conversion Efficiency vs Power DC
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Figure 20. Simulation results of power conversion efficiency vs
Output DC Power

This curve presents the relationship between RF input
power (Pin), RF-to-DC power conversion efficiency (red curve), and
DC output power (blue curve) of the proposed RF rectifier. The
conversion efficiency increases gradually as the input power rises,
indicating stable rectification performance over the operating range.
The efficiency reaches a maximum value of 66.487% at an input
power of 40 dBm, demonstrating that the rectifier achieves its
optimum operating condition at this input level.
The DC output power also increases significantly with increasing RF
input power, exhibiting a nonlinear characteristic. At lower input
power levels, only a small portion of the RF energy is converted into
DC power because the transistor has not yet reached its optimal
switching operation. As the input power increases, the transistor
operates more effectively, reducing conduction and switching losses
and enabling more RF energy to be converted into useful DC power.
At the optimum operating point of 40 dBm, the rectifier produces a



DC output power of 8.415 W while maintaining a power conversion
efficiency of 66.487%.

These results indicate that the proposed RF rectifier is capable of
maintaining relatively stable conversion efficiency while delivering
higher DC output power at increased RF input levels. Therefore, the
operating point of 40 dBm represents the best trade-off between
conversion efficiency and output power, making the proposed design
suitable for high-power RF energy harvesting and wireless power
transfer (WPT) applications.

b. Measurement

The testing began with a thorough initial inspection of the
manufactured PCB and assembled components to identify any visual
defects or soldering irregularities. This was followed by a continuity
test using a multimeter to ensure that all electrical connections were
intact and to detect any short circuits on the PCB traces.

To obtain accurate and comprehensive measurements, a specific
equipment setup was used. An RF Signal Generator was utilized to
generate the input RF signal with precisely controlled frequency and
power, set at 2.6 GHz, which is the operating frequency of the
rectenna. The signal from the generator was then amplified using a
driver amplifier stage to supply a total RF input power (P;;,) of 40
dBm (10 W) to the Class F rectifier circuit based on the CGH40010F
GaN HEMT transistor.

To obtain accurate data for calculating conversion efficiency, a
Power Meter was employed to measure both the input RF power
supplied and the DC output power generated by the rectifier circuit.
This measurement is essential for evaluating the overall
performance of the system. In addition, the DC output voltage and
current were measured using a high-precision Digital Multimeter
(DMM) and monitored via programmable DC Power Supply units. A
variable load was connected to simulate different operating
conditions, allowing analysis of the system's response to load
variations.

a» \\

Figure 21. Measurement setup or the Class F RF Rectifier usin
CGH40010F GaN HEMT transistor at P;;; = 40 dBm and 2.6 GHz

The In the testing of the Class F RF rectifier, conversion
efficiency was the primary parameter evaluated. Efficiency was
measured as the ratio of the DC output power to the RF input power
according to the equation:

y = LCOUTPUT 40004
Prr iNpUT

The measurement results evaluate the capability of the Class F
rectifier using the CGH40010F GaN HEMT transistor to convert high-
power RF signals (40 dBm) into DC energy. As observed in the
measurement setup, the digital multimeter recorded a DC output
voltage reading of 0.006 V (6 mV) during the test.
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Table 2. Measured DC Output Voltage (VDC) and RF Power (POUT)
versus RF Input Power (Pin).

The power conversion efficiency (1) of the rectifier is
defined as the ratio of the output DC power (Ppc output) to the input
RF power (Pgp input), €xpressed as a percentage:

P,
N = DCOUTPUT 1000
PrrNpPUT
Description:

e 1 =Rectifier Efficiency (%)

®  Poutpur = Output DC Power (Watt)

®  Piput = Input RF Power (Watt)

®  1.RFInput Power Conversion (Pinpy¢)

For an input power (P;,) of 40 dBm, we convert the dBm value into

Watts using the formula:
PdBm

Pilrlput = 10(T) x 1073 W
40
Pinput = 10(1_0) x 1073 W = 10* x 1073 W = 10 Watt
= 10,000 mwW
®  2.DC Output Power Calculation (Pp¢ output)
The DC output power can be calculated using the formula below.
Given Vp¢ = 6 mV = 0.006 V:
Vic
Ppc output = R—
Description:
®  Ppcoutput = Output DC Power (Watt)
®  Vpc = Output DC Voltage (V)
® Rpc =Load Impedance (Q)
With a load impedance (Rpc) of 40 Q, the calculation for Pp¢ output
is:



(0.006)2  0.000036
Poutput = — 45— =~z = 0-0000009 W = 0.9 uW

= 0.0009 mW
e 3. Rectifier Efficiency Calculation (1)
So, the efficiency can be calculated using the previous formula:

P
n =P 100%
input
_ 00009 mW _ ") 5096 = 0.000009%
= 10,000 mw T 0

So the efficiency of the rectifier measured with a multimeter at P, =
40 dBm is 0.000009% (or 9 x 107%%)).

IV. ANALYSIS AND CONCLUSION

This research demonstrated the design and simulation of a
high-efficiency GaN-based RF rectifier system using an inverted Class
F RF power amplifier topology for wireless battery charging systems.
The developed rectifier circuit, implemented with the CGH40010F
GaN HEMT transistor on a Rogers RO4350B substrate, represents a
significant advancement in wireless power transfer technology. The
integration of critical components including the microstrip coupler,
phase shifter, and transmission line-based impedance matching
networks successfully converts the GaN HEMT Class F power amplifier
into an efficient synchronous rectifier based on time reversal duality
principles.

The comprehensive design methodology employed in this study,
combining theoretical analysis, circuit optimization, and performance
simulation, has yielded exceptional theoretical results. The rectifier
system operates at 2.6 GHz with a nominal input power of 40 dBm (10
W). However, the physical implementation results revealed a
significant performance discrepancy compared to the simulation
targets, where the measured DC output voltage reached only 6 mV
(0.006 V).

The contrasting results between simulation and physical
implementation reveal a significant gap that requires an in-depth
analysis of the non-ideal factors during the realization and
measurement processes:

No Performance Physical Root | Impact on
Degradation Cause RF/DC
Factor Performance
1 Suboptimal Chemical Alters
Etching etching microstrip
Temperature solution was trace
insufficiently geometry
heated during (width and
PCB length),
fabrication, changing the
causing characteristic
incomplete impedance
copper (Zy) and
removal causing
(under- severe power
etching) and reflection at
trace edge 2.6 GHz.
roughness.
2 Substrate- Manufacturing Introduces
Process processes and physical
Incompatibility chemical dimensional
at TFME formulas at tolerances
the TFME and
facility are conductor

standardized imperfections,
for FR-4 leading to RF
substrates signal
rather than degradation
high- across the
frequency transmission
Rogers lines.
RO4350B
material.
3 DC Load Availability Prevents the
Component constraints for circuit from
Limitation a dedicated operating at
50 QRF its optimal
resistor load line,
component at causing
the DC Load severe
output stage impedance
during testing. mismatching
and dropping
the
B. Conclusion

This research successfully designed and implemented a
GaN HEMT CGH40010F-based RF rectifier system using an inverted
Class F power amplifier topology on a Rogers RO43508B substrate for
wireless battery charging applications. The system was designed to
operate at 2.6 GHz frequency with 40 dBm (10 W) input power using
a comprehensive methodology that integrates microstrip coupler,
phase shifter, and impedance matching networks based on time
reversal duality principles.
Simulation results demonstrated high power conversion performance
under ideal operating conditions. However, hardware
implementation experienced significant degradation, resulting in a
measured DC output voltage of 6 mV (0.006 V). This discrepancy was
primarily caused by non-optimal PCB fabrication processes due to
insufficiently heated chemical etching solutions, process
incompatibility at the TFME fabrication facility (where standard
parameters and formulas are optimized for FR-4 substrates rather
than high-frequency Rogers RO4350B materials), and component
availability limitations regarding the 50 Q RF resistor at the DC load
terminal.
This research proves the potential of GaN-based Class F RF rectifier
technology for wireless power transfer and contributes a design
methodology for developing wireless battery charging systems.
Despite the gap between simulation and physical realization, these
experimental findings provide essential engineering insights and
serve as a practical foundation for future optimizations in high-power
wireless charging technology.
Future research needs to focus on optimizing PCB fabrication
processes with strict temperature and chemical etching controls
specifically tailored for high-frequency Rogers substrates, securing
dedicated high-power 50 Q RF load components for measurements,
and refining layout co-simulations to minimize the simulation-
implementation gap. Implementation of systems at a practical scale
for real-world wireless charging applications and integration with
intelligent power management systems are also required. From a
fundamental perspective, deeper investigation into time reversal
duality principles and exploration of other frequency bands will open
broader application opportunities for wireless power transfer
technology.
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