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Design and Implementation of a High-Power and 

High-Efficiency RF Class-E Parallel Amplifier 

with Hybrid Coupler Using GaN HEMT 

Transistors for Wireless Power Transfer 

 
ABSTRACT 

 
Rapid advances in wireless energy technology have increased the demand for 

highly efficient RF power amplifiers capable of handling high power for Wireless 

Power Transfer (WPT) systems. This study presents the design and implementation 

of a high-power RF amplifier based on a parallel Class-E topology that integrates a 

hybrid power combiner, using GaN HEMT transistors. The proposed architecture 

aims to overcome the power capacity limitations of a single Class-E amplifier by 

connecting multiple transistors in parallel and combining their outputs through a 

low-loss -3 dB hybrid combiner, allowing for a higher total output power while 

maintaining excellent operational efficiency and stability. GaN HEMT transistor 

technology is applied due to its superior electrical and thermal properties, such as 

high breakdown voltage, high current density, fast switching operation, and better 

thermal resistance. These characteristics make GaN devices suitable for Class-E 

operation at high voltages (28 V) with output power above 10 W and power added 

efficiency (PAE) exceeding 80%. The comprehensive design process includes non-

linear device modeling, Class-E load network synthesis, hybrid coupler 

optimization, impedance matching, and electromagnetic co-simulation using 

Advanced Design System (ADS). This power amplifier is implemented on a Rogers 

RO4350 20 mils substrate with a PCB layout optimized for current distribution, 

minimal input loss, phase symmetry, and thermal management. Practical 

measurements confirm efficient power combining, stable amplifier operation under 

load variations, and reliable thermal performance under continuous high-power 

conditions. The developed amplifier offers a practical and scalable solution for high-

power WPT transmitters that can be used in wireless electric vehicle charging, UAV 

power transmission platforms, and renewable energy distribution systems in remote 

areas, setting a new standard in RF efficiency, power density, and operational 

reliability. 

 

Keywords: High Power Amplifier, Class-E Parallel Topology, Hybrid Coupler, GaN 
HEMT, Wireless Power Transfer, High Efficiency. 
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Abstract— This paper presents the design, implementation, 

and analysis of a high-power RF Class-E parallel power 

amplifier integrated with a hybrid coupler for 2.6 GHz 

wireless power transfer (WPT) applications. To overcome 

the output power limitations of a single Class-E amplifier, a 

parallel topology utilizing two GaN HEMT transistors is 

proposed, with outputs combined through a 3dB hybrid 

coupler. The system was designed and verified using 

electromagnetic (EM) co-simulation to account for parasitic 

effects on a Rogers RO4350 substrate (20 mils thickness). 

These characteristics make GaN devices suitable for Class-

E operation at high voltages (28V) with integrated parallel 

amplifier achieves a total output power of 17.419 W (42.410 

dBm) and a total DC power consumption of 12.693 W with 

a large-signal gain of 18.511 dB and a drain efficiency of 

68.617% and power added efficiency (PAE) 63.658% at 2.6 

GHz, operating with a total input power of 31 dBm. The 

fully integrated parallel PCB implementation is designed 

compactly with dimensions of 155.874 mm × 93.083 mm, 

confirming the feasibility of this balanced architecture 

design. This work advances high-efficiency RF power 

amplification technology, particularly for wireless power 

transfer systems where scalability and energy efficiency are 

paramount. The results demonstrate the potential of 

parallel Class-E GaN-based amplifiers to enable high-

power wireless energy transmission, with important 

implications for applications ranging from electric vehicle 

charging to remote power distribution systems. 

Keywords: HPA, Hybrid Coupler, Class E, GaN HEMT, 

PAE, Pdc, DE, Pgain, Pdel dBm. 

 

I. INTRODUCTION 

ireless Power Transfer (WPT) is a method of 

transmitting power wirelessly through 

electromagnetic waves, eliminating the need for 
physical connections. In long-distance Radio Frequency 

Wireless Power Transfer (RF-WPT) configurations, electrical 

energy is converted into RF signals, emitted by a transmitting 

antenna, propagates through free space, and is then captured and 

converted back into DC power at the receiver side. This method 

is increasingly popular in the fields of wireless sensor networks 

and remote power supply systems, especially where traditional 

wired options are impractical or unreliable [1], [2]. 

A key element in the RF-WPT transmitter is the RF power 

amplifier (PA), which heavily influences overall system 

efficiency, output power, and thermal management. When the 

PA operates inefficiently, it causes significant energy waste, 

shorter transmission distances, and reliability issues, especially 

in high-power WPT scenarios. Therefore, an efficient high-

power PA design is crucial to support reliable and sustained 

wireless energy delivery [1], [2]. 
 

 
Figure 1: Wireless Power Transfer Block Flow Using RF HPA 

Technology 

Class-E power amplifiers are known for their efficient 

switching behavior, thanks to the soft switching mechanism that 

reduces losses during the switching process. Theoretically, 

these amplifiers can achieve efficiencies above 80%, making 

them a strong choice for RF-WPT transmitters. However, the 

power output of a single Class-E amplifier is naturally limited 

by the device's voltage limits, current capacity, and thermal 

tolerance [2]. 

To overcome this limitation, a parallel Class-E power 

amplifier configuration has been introduced, where several 

amplifier modules work together and share the RF load. The 

signals are combined through a hybrid coupler, offering 

minimal signal loss, balanced amplitude and phase, as well as 

inherent isolation between the amplifier paths. This 
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configuration increases total power while maintaining high 

efficiency and reducing both electrical and thermal stress on 

each component, making it ideal for high-power RF-WPT 

applications that demand maximum performance [1], [2]. 

In RF power amplifier design for WPT, a parallel 

architecture is selected over a cascaded configuration because 

the primary objective is to maximize power handling capacity 

and thermal distribution rather than merely increasing the small-

signal gain. A cascaded topology connects amplifier stages 

sequentially to boost gain, which creates a bottleneck at the final 

stage that must handle the entire thermal and electrical load, 

thereby limiting the maximum output power. Conversely, the 

parallel topology splits the RF load equally across multiple GaN 

HEMT modules. This approach allows the system to achieve a 

substantially higher total output power while maintaining soft-

switching high efficiency and preventing early device 

breakdown [10], [11], [13]. 

The incorporation of Gallium Nitride High Electron 

Mobility Transistor (GaN HEMT) technology further enhances 

the potential for robust and efficient RF power amplifiers. GaN 

HEMT devices provide strong breakdown voltage capabilities, 

high current flow, and superior thermal management, allowing 

them to function at higher voltages and power outputs. 

Therefore, the combination of parallel Class-E designs, hybrid 

coupler-based signal combining, and GaN HEMT technology 

forms a solid foundation for advanced high-power wireless 

power transfer transmitters [1], [2]. 

The choice of 2.6 GHz operating frequency is based on 

balancing the optimal trade-off between the physical size of the 

device and the efficiency of electromagnetic wave propagation 

[4], [17]. At this microwave frequency range, the dimensions of 

the matching network and the transmitting/receiving antenna 

components can be designed more compactly, making it ideal 

for portable WPT applications like integration into Unmanned 

Aerial Vehicles (UAVs) [1]. Moreover, the 2.6 GHz frequency 

has a propagation path loss that is still tolerable, ensuring that 

high-power wireless energy transmission can be carried out 

efficiently over medium distances [3], [6]. 

Beyond theoretical studies, wireless power transfer (WPT) 

technology plays a critical role in various practical applications 

that require long-distance electrical energy transmission 

without physical connections. A primary application of high-

power WPT is in medium- to high-power wireless charging 

systems, such as power supplies for remote sensors, 

environmental monitoring systems, unmanned aerial vehicles 

(UAVs), and large-scale wireless electric vehicle (EV) charging 

platforms [1], [3], [4], [6]. In these heavy-duty applications, 

conventional wired charging becomes inefficient, poses severe 

electrical safety risks, or is physically unfeasible due to dynamic 

movement and high energy demands. Consequently, advanced 

high-power RF transmitter systems equipped with efficient 

high-power amplifiers (HPAs) are strictly required to ensure 

that substantial amounts of energy can be transmitted reliably, 

safely, and sustainably to electric vehicles and remote 

operational platforms [1], [3], [6]. 

 

 

Figure 2: Illustration of Wireless Power Transfer (WPT) for Electric 

Vehicle Battery Charging. 

 

 

II. THEORETICAL BACKGROUND 

A. High Power Amplifier (HPA) 

High-Power RF Amplifiers (HPA) are key components in 

RF transmitters for Wireless Power Transfer (WPT), as they are 

responsible for converting DC energy into high-power RF 

signals. The performance of an HPA directly affects the transfer 

range, efficiency, and the quality of power received by the WPT 

system. Important HPA parameters include input power, output 

power, drain efficiency, Power Added Efficiency (PAE), gain, 

and DC power consumption. Theoretical analysis at this stage 

is crucial to establish the operating limits of GaN-HEMT 

transistors, which serve as the main amplifiers in the design of 

parallel Class-E amplifiers [5]. 

Based on various studies on RF amplifiers, it has been 

revealed that the choice of topology and matching method 

greatly determines amplifier performance. For WPT 

applications, the amplifier needs to operate in a high efficiency 

mode with minimal power loss, making switching modes like 

Class-E more suitable. In addition, the advantages of GaN-

HEMT transistors including high breakdown voltage, high 

electron mobility, and the ability to operate at high frequencies 

make this topology a primary choice. Mathematical analysis of 

HPA power parameters is required to ensure the design meets 

the specified output power and efficiency requirements [6]. 

 

Figure 3: High Power Amplifier Schematic General 

 

The power input to the HPA is the power of the signal at the 

amplifier's input terminal: 

𝑃𝑖𝑛 = 𝑉𝑖𝑛 . 𝐼𝑖𝑛 

Where:  

𝑉𝑖𝑛 : Voltage at the input (V) 

𝐼𝑖𝑛 : Current at the input (A) 



𝑉 

= 

The power output of the amplifier is the power of the amplified 

signal delivered at the output terminal: 

𝑃𝑜𝑢𝑡 = 𝑉𝑜𝑢𝑡 . 𝐼𝑜𝑢𝑡 
Where:  

𝑉𝑜𝑢𝑡 : Voltage at the output (V) 

𝐼𝑜𝑢𝑡 : Current at the output (A) 

The total DC power consumed by the HPA, derived from the 

supply voltage and current: 

𝑃𝐷𝐶 = 𝑉𝐵1 . 𝐼𝐵1 + 𝑉𝐵2 . 𝐼𝐵2 

Where:  

𝐵1 : Bias network gate 

𝐵2 : Bias network drain 

 

Delivered power is the power effectively transmitted to the 

load: 

 

 

Where: 

2 
𝑜𝑢𝑡 

𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 =   
𝑅𝑙𝑜𝑎𝑑 

 
 

𝑉𝑜𝑢𝑡 : Output voltage (V) 

𝑅𝑙𝑜𝑎𝑑 : Load resistance (Ohm) 

Figure 4: Voltage and Current Waveforms the Ideal Class-E 

To implement the class E topology, a short circuit stub with 

a value of λ/8 is given along with an open circuit stub λ/8. These 

two stubs function to impose a short circuit termination 

(Zin = ∞) on the second harmonic frequency and an open circuit 

termination (Zin = 0) on the first and third harmonic 

Efficiency measures how effectively the amplifier converts DC 

input power into RF output power: 

𝑃 

𝜂 =  𝑜𝑢𝑡 
𝑃𝐷𝐶 

 

Power Added Efficiency (PAE) quantifies how efficiently an 

amplifier converts the additional DC power into an amplified 

RF signal, considering the gain: 

 

𝑃 𝑃 𝑃 𝑃𝑜𝑢𝑡  

frequencies. The series with a value of λ/6 and the stub with a 

value of λ/12 are open circuits that function to enforce short-

circuit termination at the third harmonic frequency and as the 

output matching network 

 

𝑃𝐴𝐸 = 

 
𝑜𝑢𝑡− 

𝑃 

 
𝑖𝑛 𝑜𝑢𝑡− 𝑃𝑔𝑎𝑖𝑛 

𝑃 

1 

= 𝜂 (1 − 
𝑃 

) 

𝐷𝐶 𝐷𝐶 𝑔𝑎𝑖𝑛 
 

 

Power gain (dBm) is defined as a range of output power to 

input power: 

𝑃𝑔𝑎𝑖𝑛 = 𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛 
 
 

 

B. Class E 

The Class E implementation with transmission line can be 

defined as an amplifier with an active device operating as an 

ideal switch and load network which there is no voltage drop 

across the switch when the switch is on. The switch has zero 

resistance when it is turned on and infinite resistance when it is 

off [2], [8]. 

Figure 5: Class E Implementation with Transmission Line 

 

C. Hybrid Coupler 

A hybrid coupler is a four-port network that divides and 

combines RF power in a balanced manner with a specific phase 

difference and good isolation between ports, making it ideal for 

use as a power combiner in parallel Class-E power amplifiers 

for wireless power transfer systems [13]. 



 

Figure 6: Design Approaches for Hybrid Coupler. 

 

As illustrated in the hybrid coupler structure, two different 

characteristic impedances are employed to achieve equal power 

division and proper impedance matching [14], [15]. 

 

The horizontal transmission lines have an impedance of: 
𝑍0 

𝑍1 =  
√2 

while the vertical branch lines have an impedance of: 

𝑍2 = 𝑍0 

where 𝑍0 is the system characteristic impedance, typically 50 Ω. 

 

This impedance ratio ensures that the input power is 

equally divided between the output ports (−3 dB), maintains 

impedance matching at all ports, and provides isolation between 

the output branches [14]. 

An ideal branch-line hybrid coupler satisfies the following S-

parameter conditions: 
• Ideal S-Parameter Characteristics: 

1 
|𝑆21| = |𝑆31| =  

√2 

• Quadrature Phase Difference: 

 

 

• Input Matching: 

∠S21 − ∠S31 = 90° 

 

𝑆11 =0 

• Isolation Between Output Ports: 
𝑆23 =0 

 

 

In a parallel Class-E amplifier configuration, these conditions 

ensure that both amplifier branches receive equal excitation, remain 

electrically isolated from each other, and maintain stable operation 

even under minor load mismatches [13]. 

 

 

III. RESEARCH METHODOLOGY 

Figure 1 below shows the the block diagram for designed 

High Power Amplifier. The power input of the circuit is Pin = 

31 dBm and the frequency is 2.6 GHz. 

Figure 7: The Block Diagram for Designed High Power Amplifier 

Class-E 

 

The design methodology, as illustrated in the block 

diagram, is structured to systematically build and validate the 

high-power amplifier. The process begins with DC IV 

Characteristics Analysis to determine the optimal active biasing 

point for Class-E operation, followed by Stability Analysis to 

ensure the GaN transistor remains unconditionally stable 

without unwanted high-frequency oscillations. A Loadpull 

Simulation is then executed to precisely extract the optimum 

source (Z_S_opt) and load (Z_L_opt) impedances required to 

maximize both Power Added Efficiency (PAE) and output 

power. These extracted values drive the Design of Input and 

Output Matching Networks, which utilize specific transmission 

line geometries to eliminate signal reflections. Subsequently, 

the Class-E Topology and Bias Network are integrated and 

initially validated through a schematic Harmonic Balance 

Port1 Port2 

Port4 Port3 



simulation. To accurately account for physical PCB parasitic 

effects, an EM Co-simulation is performed on the microstrip 

layout. Finally, the Hybrid Coupler is independently designed 

to divide and combine power evenly, culminating in the 

Merging of the Parallel Amplifier Layout, where the complete 

balanced architecture is simulated to verify the absolute final 

power delivery performance. 

 

A. Simulation of DC IV Characteristics 

DC IV Characteristics is the first process to design a High 

Power Amplifier. This simulation aims to determine the 

working point of the High Power Amplifier class E by providing 

drain bias and gate bias on the GaN HEMT transistor 

GTVA2627011 from supplier Macom Wolfspeed. For a 

schematic diagram, can be seen from the figure 8. 
 

 
Figure 8: DC IV Characteristics Schematic 

 

When the transistor is given a bias of 28V on the drain and 

-2.7V on the gate, the working point is selected at the condition 

where the current flowing in the transistor is close to 0A 

(4.132E-5 A) and the voltage is 28V. The simulation results at 

this stage show that the transistor is able to provide a maximum 

RF power output of 11.522 W with an efficiency of 77.138 %. 

The flowing IDC current is 0.63 A, the conduction angle is 

187.83 degrees, and the duty cycle is 52.17%, as shown in the 

figure below. However, it is important to note that these DC IV 

loadline simulation results indicate a Class A operation (360-

degree conduction angle). 

 

Figure 9: DC IV Characteristics Result 

B. Simulation of Stability Analysis 

This is the second process that aims to analyze the stability 

and transistors used whether they are unconditionally stable or 

conditionally unstable. In the schematic configuration, several 

essential discrete components are integrated to ensure proper 

DC biasing and high-frequency signal integrity. DC voltage 

sources and bias VDC are utilized to provide the required 

operating voltages, such as drain and gate biases, to establish 

the correct DC operating point for the GaN HEMT transistor. 

Furthermore, RF chokes or DC feeds act as high-impedance 

elements on the bias lines, allowing DC current to flow into the 

transistor while preventing high-frequency RF signals from 

leaking into the power supply. DC blocking capacitors are 

placed in series along the main signal path to separate the direct 

current component from high-frequency alternating signals, 

thereby preventing high DC voltages from reaching external 

ports or measuring equipment while ensuring that only RF 

signals are transmitted with minimal resistance. Additionally, 

terminals (Term G) with standard characteristic impedance are 

used as port terminations to define signal inputs/outputs and 

perform S-parameter measurements during simulation. 

A transistor is said to be absolutely stable if the stability 

factor (K)>1 and the magnitude delta (mag_delta) < 1. 

Similarly, it is said to be unstable if the stability factor (K)<1 

and the magnitude of delta (mag_delta) are > 1. For the sematic 

network can be seen in the figure below: 
 

 
Figure 10: Stability Analysis Schematic 

 

The simulation results stated that at the working frequency 

of 2.6 GHz, the stability factor value (K) >1 was 1.501 and the 

magnitude value (mag_delta) <1 was 0.259 so that the GaN 

HEMT transistor CGH40010F was in an unconditionally stable 

condition and the S-parameter table results can be seen in the 

figure below: 



 
 

 

Figure 11: Stability Analysis Result 

 

Figure 12: S-parameter Table Result 

 

C. Simulation of Loadpull 

Loadpull is a simulation used to determine how much RF 

power input value should be given to the transistor, the optimal 

load impedance value at the transistor drain (ZL opt) and the 

optimal source impedance value at the transistor gate (ZS opt), 

in order to obtain high Power Added Efficiency (PAE) (above 

60%), high gain (above 10 dB) and high RF power output 

(above 41.486 dBm). The loadpull schematic using the loadpull 

instrument and its parameters is in accordance with the 

schematic in the figure below: 
 

Figure 13: Loadpull Schematic 

 

When the RF power input value is given to the transistor of 

28 dBm, ZL opt is 17.062 + j14.004 and Zin is 1.300 + j0.675 

where under this condition, PAE is achieved 67.893%, gain of 

13.486 dB (amplifier) and RF power output = 41.486 dBm. The 

results of the simulation can be seen from the two figures below: 

 

 

 

 

 

 

 

 

 

Figure 14: Loadpull Result 

 

 

D. Design of Output Matching Network 

In the design of high-power RF amplifiers, particularly for 

highly non-linear switching modes like Class-E, standard small-

signal matching techniques based on traditional S-parameters 

cannot be used to determine the optimum termination 

impedances. Under large-signal excitation, the GaN HEMT 

transistor's internal capacitances, resistances, and 

transconductance vary significantly with the high input power 

level, rendering small-signal linear assumptions invalid. 

Therefore, the impedance matching targets must be derived 

from a large-signal Load-Pull simulation. The Load-Pull 

method empirically sweeps various impedances at the actual 

high-power operating point to find the exact large-signal source 

(Z_in) and load (Z_L_opt) impedances required to achieve the 

maximum Power Added Efficiency (PAE) and output power. 

Consequently, these specific large-signal impedances are 

extracted directly from the maximum PAE contours and used as 

the absolute reference targets for synthesizing the matching 

networks, bypassing the traditional small-signal conjugate 

matching process. 

After obtaining the ZL opt parameter from the loadpull 

result, the next step is to design the output matching network 

impedance matching between the ZL opt = 17.602 + j*14.004 

and the 50 Ohm output ZL. This aims to make the S22 

parameter that the output return loss has the smallest possible 

reflection (gamma) close to 0 and in the minimum possible dB 

(S22<-20 dB), To implement this Output Matching Network, a 

cross-junction Cros2 is installed as the main path alongside 

transmission line segments MLIN (TL8). This circuit is 

equipped with MLOC stubs (TL32) that function as reactive 



elements to fine-tune the output impedance and ensure optimal 

termination at the 50-ohm load, achieving maximum output 

power efficiency. The schematic of the network can be seen in 

the figure below: 
 

Figure 12: Output Matching Network Schematic 

 

The simulation results showed that the S22 parameter was 

valued at -46.267 dB at a frequency of 2.6 GHz and 

corresponded to the desired specification (S22 <-20dB). 

Similarly, when S22 is plotted in the smith chart, the normalized 

impedance value is in the position of 0.992 + j0.006 (close to the 

center point of smith chart = 1) and the gamma value S22 = 

0.005 (close to 0) so that the impedance condition is matched. 

The two simulation results can be seen in the figure below: 
 

 

Figure 13: Output Matching Network Result 

E. Design of Input Matching Network 

After obtaining the ZS opt parameter from the loadpull 

result, the next step is to design the input matching network 

impedance matching between the ZS = 50 Ohm and ZS opt = 

1.300 + j0.676. This aims to make the S11 parameter that the 

output return loss has the smallest possible reflection (gamma) 

close to 0 and in the minimum possible dB (S11<-20 dB), So 

that the RF input power can be transmitted optimally to the 

transistor, the main transmission path is formed using MLIN 

elements (TL30) integrated via MTEE_ADS junctions (Tee9). 

Using a single open stub and a single transmission line, the 

MLOC stub (TL28) functions as a reactive element to transform 

the source impedance into the input impedance required by the 

HEMT transistor gate, in order to minimize reflection losses and 

ensure efficient conjugate matching at the operating frequency. 

The schematic of the network can be seen in the figure below: 
 

Figure 14: Input Matching Network Schematic 

The simulation results showed that the S11 parameter was 

valued at -50.402 dB at a frequency of 2.6 GHz and 

corresponded to the desired specification (S11 <-20dB). 

Similarly, when S11 is plotted in the smith chart, the normalized 

impedance value is in the position of 1.004 + j0.004 (close to the 

center point of smith chart = 1) and the gamma value S11 = 

0.003 (close to 0) so that the impedance condition is matched. 

The two simulation results can be seen in the figure below: 



 
 

 

 

 

 

 

 

 

 

 

Figure 15: Input Matching Network Result 

 

F. Design of Class-E Topology 

The figure below presents the full schematic of the entire 

Class E power amplifier design. This integrated circuit 

combines all previously designed subsystems. In addition to 

routing and shaping the RF signals, this schematic integrates the 

DC biasing system without disrupting high-frequency 

performance. I also designed the bias networks on the gate and 

drain sides using a combination of a quarter-wavelength (λ/4) 

transmission line and a microstrip radial stub (MRSTUB). The 

λ/4 transmission line acts as an impedance transformer to 

connect the main RF path to a virtual short-circuit point on the 

MRSTUB, with a physical length (l) calculated based on the 2.6 

GHz operating frequency and the effective dielectric constant 

(ε_eff) of the Rogers RO4350B substrate. 

Figure 19: Full Schematic Class E Topology 

 

A Harmonic Balance simulation was then performed on the 

full schematic at a frequency of 2.6 GHz. The simulation results 

for Pout, Pgain, DE, and PAE can be seen in Figure 19 below. 

Based on the schematic simulation, the Class-E parallel GaN 

HEMT amplifier demonstrates high performance. The amplifier 

yields a massive output power (Pout) of 40.615 dBm 

(approximately 11.522 W). The small-signal gain (S21) reaches 

21.632 dB, with an excellent return loss (S11) of -23.213 dB. 

Furthermore, the achieved Power Added Efficiency (PAE) was 

74.641 %, and the Drain Efficiency (DE) was 77.138%. 
 

Figure 19: Full Schematic Class E Topology Result 

 

To ensure that the RF HPA works in class E topology, the 

voltage and current waveforms on the intrinsic transistor are 

plotted. It can be seen that when the voltage is off (0V), the 

current flows (1.7A). Meanwhile, when the voltage is on (78V), 

the current does not flow (0A). 



 

 
Figure 20: Voltage and Current Waveform at Intrinsic Device Node 

 

Since the initial schematic simulation results have been 

achieved successfully, then convert the layout according to the 

PCB parameters of the Rogers Duroid 4350. 

 

G. Simulation of EM Cosimulation 
 

 
Figure 21: Single PA EM Cosimulation Schematic 

 

After successfully achieving the initial schematic 

simulation results, the layout is converted according to the 

physical PCB parameters for a Single PA to analyze the 

electromagnetic behavior. The EM co-simulation of the single 

GaN HEMT Class E RF High Power Amplifier yields the Pout, 

Pgain, DE, and PAE values as shown in the figure 22 below. 

The results show a shift in performance due to the parasitic 

effects of the physical layout traces. At the 2.6 GHz frequency, 

the single PA delivers a Pout of 39.067 dBm (8.066 W). The 

small-signal gain (S21) is 15.081 dB with a return loss (S11) of 

-19.780 dB. The efficiency parameters achieved are 66.266 % 

for PAE and 71.749 % for DE. This indicates that the single PA 

operates efficiently, although the physical layout introduces 

minor degradations compared to the ideal schematic. 

 

 

 

 

Figure 22: Single PA EM Cosimulation Result 

 

Likewise, to ensure that the RF HPA works in class E topology, 

the voltage and current waveforms on the intrinsic transistor are 

plotted. The waveform condition is still in class E topology, but 

there is a decrease in the Vmax value to 75V and a decrease in 

Imax to 1.1A. This condition is still stable and suitable for class 

E topology. 
 

Figure 23: Voltage and Current Waveform at Intrinsic Device Node 

 

H. Design Hybrid Coupler 

To divide the input power equally and provide a 90-degree 

phase shift for the parallel Class E amplifier, a hybrid coupler 

is designed and optimized at the operating frequency of 2.6 

GHz. The design utilizes a microstrip transmission line 

topology, and an optimization process is performed to achieve 

the best S-parameter values and phase difference. The 

schematic of the designed hybrid coupler can be seen in the 

figure below: 



 
 

 

 

Figure 24: Hybrid Coupler Schematic 

 

Figure 25: Hybrid Coupler Layout 

 

The simulation results demonstrate excellent performance 

of the hybrid coupler at 2.6 GHz. The return loss (S11) is 

achieved at -41.586 dB, and the isolation (S41) is -33.290 dB, 

indicating minimal reflection and excellent port isolation. The 

power is split almost equally, with the through port (S21) at - 

3.115 dB and the coupled port (S31) at -3.176 dB. Furthermore, 

the phase difference between the two output ports is 89.972 

degrees, which perfectly meets the strict requirement of a 90-

degree hybrid coupler. The simulation results are shown in the 

figure below: 
 

 
Figure 26: Hybrid Coupler Network Result 

Figure 27: Transient Simulation Test Circuit of the Hybrid 

Coupler. 

 

Figure 28: Time-Domain Transient Simulation Waveforms 

 

First, frequency validation on the primary (Thru) path. 

Using markers m6 (1.736 ns) and m7 (2.121 ns) on the red 

wave, the time difference is precisely 385 picoseconds. This 

accurately represents one full period at our target frequency of 

2.6 GHz. Second, signal integrity on the coupled path. Markers 

m8 (2.601 ns) and m9 (2.986 ns) on the blue wave yield the 

exact same time difference of 385 picoseconds. This proves that 

the 90-degree diverted signal suffers no frequency distortion 

and maintains perfect operation at 2.6 GHz. Third, the equal 

power split and phase shift. The red wave achieves a peak 

amplitude of 345 mV, while the blue wave sits at 339 mV. This 

nearly identical amplitude confirms a balanced -3 dB power 

division. The negligible 6 mV deviation is a highly realistic 

outcome attributed to physical insertion losses captured during 

the EM Co-simulation. Furthermore, observing the peak-to-

peak distance, the blue wave is consistently delayed by exactly 

one-quarter of a cycle relative to the red wave. This definitively 

validates the 90-degree quadrature phase shift, an absolute 

prerequisite for this parallel amplifier architecture. 

 

I. Merging the Parallel Amplifier Layout with Hybrid 

Coupler 

After the EM co-simulation results for the single PA were 

verified, the process continued by integrating two identical 

Single PA layouts with the previously designed hybrid couplers 

at both the input and output stages. The final layout of the 

balanced parallel amplifier, including the ground-via holes and 



the DC bias routing lines, is presented in Figure 29. The final 

dimension of the compact parallel amplifier is 155.874 mm × 

93.083 mm. 
 

Figure 29: Final Layout Parallel with the Hybrid Coupler 

 

Figure 30: PCB Component Placement Diagram 

 

To ensure stability and proper DC biasing, discrete 

components are placed strategically across the layout. As shown 

in Figure 30, bypass capacitors (varying from 0.5 pF to 56 µF) 

are routed on the DC supply lines to filter out RF leakages and 

maintain bias stability. Isolation resistors (50 Ohms) are placed 

at the isolated ports of the hybrid couplers to absorb any 

reflected or unbalanced power. 
 

 

Figure 31: Parallel Amplifier Result 

The final EM co-simulation for the fully integrated Parallel 

Class-E Amplifier was conducted, and the results are shown in 

Figure 31. There is an adjustment to the total input power (RF 

in) provided to the system. In the single amplifier, the input 

power used was 28 dBm. However, in this parallel amplifier, 

the total input power is increased to 31 dBm (approximately 

1.26 Watts). 

This increase is specifically implemented to compensate 

for the -3dB power split that occurs at the input hybrid coupler. 

By providing a total power of 31 dBm at the main input port, 

the coupler evenly divides this power so that each amplifier 

branch (Q1 and Q2) is still driven by an input power of 

approximately 28 dBm. This ensures that each transistor 

continues to operate at its optimal Class-E operating point, 

exactly as in the single amplifier design. 

With an input power of 31 dBm (1.26 W) at the 2.6 GHz 

frequency, the parallel amplifier produces an output power 

(POUT) of 42.410 dBm (17.419 W). The Large Signal Gain at 

12.195 dB, while the input return loss (S11) maintains a good 

matching at -40.365 dB and (S22) at -37.714 dB. The Power 

Added Efficiency (PAE) achieved is 63.658 %, and the Drain 

Efficiency (DE) is 68.617 %, with a total DC power 

consumption of 12.693 W. 

 

Figure 32: Drain Voltage and Current Waveforms of Power 

Amplifier 1 (X2). 

 

Figure 33: Drain Voltage and Current Waveforms of Power 

Amplifier 2 (X3). 

 

The graphs above display the time-domain simulation of 

the drain voltage (red curve) and drain current (blue curve) for 

the Class-E power amplifier transistors of PA1 (X2) and PA2 

(X3). Both graphs prove that the voltage and current curves 

never overlap simultaneously—when the voltage is at its peak, 

the current is zero, and vice versa. 



J. PCB Implementation and Measurement Setup 

The final layout design shown in this study features a 

fully integrated power amplifier design, while the actual 

device implementation on the PCB was done using a 

modular approach, where the hybrid couplers for input 

and output were made separately and connected via 

connectors, so that the single amplifier could still be used 

on its own. But, the final simulation remains the same 

because, in terms of concept and electrical principles, it's 

identical to the fabricated result. 
 

Figure 34: After Fabricated and Implementation of Parallel HPA 

Class-E with Hybrid Coupler 

 

After fabrication, measurements are made using the Vector 

Signal Generator (VSG) as the signal source and the Vector 

Signal Analyzer (VSA) as the analysis of the output signal 

produced. Figure and Figure 35 below shows the device being 

tested with VSG, VSA and power supply. 
 

Figure 35: Measurement Parallel HPA Class-E Using VSG, 

VSA & Power Supply 

Tabel 1. Testing Result Single HPA Class-e 

 

 

 

 

 

 

 

 

 

 

 

Tabel 2. Testing Result Parallel HPA Class-e 
 

 

Here are the formulas for performance parameters used to 

process the test result data: 

RF Input Power (Watt): 
 

 

RF Output Power (Watt): 
 

 

Power Gain (dB): 
 

Drain Efficiency (%): 
 

Power Added Efficiency (PAE (%)): 
 

 

Here’s an explanation of the formula for calculating the total 

current (IDC_total) and total DC power (PDC_total), adjusted 

for a two-parallel amplifier architectureTotal DC Current 

(Ampere): 
 

Total DC Power (PDC_total (Watts)): 
 

 



  
Figure 36: Result Testing of Power Output (dBm) vs Power 

Input (dBm) 

 

Figure 37: Result Testing of Power Output (Watt) vs Power 

Input (Watt) 

 

Figure 38: Result Testing of IDC_total (Ampere) vs Power 

Input (dBm) 

Figure 39: Result Testing of PDC_total (Watt) vs Power Input 

(dBm) 

 

Figure 40: Result Testing of Gain (dB) vs Power Input (dBm) 

 

Figure 41: Result Testing of Efficiency (%) vs Power Input 

(dBm) 



 

 
Figure 42: Result Testing of PAE (%) vs Power Input (dBm) 

 

Figure 43: Result Testing Comparing of Gain (dB), PAE (%), 

and Efficiency (%) vs Power Input (dBm) Parallel. 

 

 

 

IV. CONCLUSION 

In summary, the design, simulation, PCB fabrication 

(Figure 34), and experimental testing (Figures 36 to 41) 

of the high-power and high-efficiency RF Class-E parallel 

power amplifier integrated with hybrid couplers using 

GaN HEMT transistors (CGH40010F) have been 

successfully accomplished for 2.6 GHz wireless power 

transfer (WPT) applications. 

Based on the precise experimental test results from 

the measurement table validated against the Advanced 

Design System (ADS) electromagnetic co-simulation, at 

the maximum input power (P_in) of 31 dBm (1.259 W), 

the electromagnetic co-simulation yielded an output 

power of 42.410 dBm (17.419 W), whereas actual 

experimental testing successfully delivered a measured 

output power (P_out) of 41.2 dBm (13.183 W) with a 

power gain of 10.2 dB. At this maximum operating point, 

the practical measurement recorded a total DC power 

consumption (P_DC) of 24.360 W (0.87A x 28V), a 

Power-Added Efficiency (PAE) of 48.948%, and a drain 

efficiency of 54.116%. 

A performance variation is observed between the 

ideal simulation and practical measurement results at this 

maximum input level. Specifically, the drain efficiency 

decreased from 68.617% (simulation) to 54.116% 

(testing), and the PAE decreased from 63.658% 

(simulation) to 48.948% (testing), while the total DC 

power consumption increased from 12.693 W in 

simulation to 24.360 W during testing. This performance 

decrease and power consumption increase are primarily 

attributed to dimensional deviations in microstrip trace 

widths and lengths during PCB fabrication, etching 

precision limitations on the Rogers RO4350 substrate (20 

mils), solder joint parasitics, and connector insertion 

losses. 

For subsequent fabrications, tighter parameter 

controls are recommended during PCB manufacturing 

specifically regarding layer film processing, etching 

precision, and thermal management mounting to achieve 

performance results that more closely align with 

simulations. Nonetheless, the fabricated parallel Class-E 

amplifier successfully provides a robust high output 

power of 13.183 W at 31 dBm input, serving as a 

practical, scalable high-power transmitter solution for 

advanced wireless power transfer (WPT) systems. 
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