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Abstract - In terms of S parameters, rollet stability factor, stability measurement, and input/output impedance, 20 High Electron 

Mobility Microwave Transistors (HEMT) operating at millimeter wave frequency (30 GHz) are compared in this paper. 

Subsequently, a comparison of the performance of basic class E PA designed with these 20 HEMTs with respect to the number 

of parameters, including input and output reflection, forward and reverse transmission, power added efficiency, drain efficiency, 

gain, stability factor, and stability measurement, was conducted. The HEMT transistor, JS8911AS, is found to be a suitable 

device for designing the high gain millimeter wave power amplifier circuit for the 5G transmitter communication system at 30 

GHz based on the comparison analysis. The proposed stacked power amplifier and two-way Doherty power amplifier are 

designed with a new self-biased parallel RLC power control circuit that addresses the problems of excess power dissipation and 

drain gate parasitic capacitance. The output power, gain, power added efficiency, and drain efficiency of the suggested Doherty 

power amplifier operating at 30 GHz were found to be 28.45 dBm, 21.47 dB, 79.34%, and 80%, respectively.  Keysight ADS 

Simulation Tool is used for all Schematics and Simulations. 

Keywords - RF electronics, Analog electronics, Semiconductor devices, Power amplifier, 5G.

1. Introduction 
The next-generation technology that supports 5G's high 

data rate connectivity is millimeter wave communication.  

Power amplifiers are essential in this communication system 

because they increase the radiation from the antenna at the 
transmitter end. The main objective for circuit designers is to 

select an appropriate transistor for the high-frequency power 

amplifier they are developing. In general, microwave 

transistors are capable of functioning at microwave 

frequencies. These transistors operate as small signal 

amplifiers up to 6 GHz and power amplifiers up to 4 GHz [1].  

Compound semiconductor materials such as GaAs, 

AlGaAs, and GaN are used to fabricate the most microwave 

transistors. At high frequencies and in high-power 

applications, these materials outperform ordinary silicon due 

to their hetero junction and increased electron mobility. The 

HEMT transistor's two-dimensional electron gas, or 2DEG, 
theory aids in controlling the device's conductivity and 

enhancing electron mobility.  

High-speed applications, power amplifiers, oscillators, 

small signal amplifiers, and mixers working at millimeter 

wave frequency can all be designed using HEMTs because of 

their low noise performance. Therefore, the optimum devices 

for designing the millimeter wave power amplifier for 5G 

communications are the HEMT/Microwave transistors. Later, 

CS-CG cascoding [2] of FETs was introduced to raise the 

operating frequency of microwave transistors. This lowers the 

Miller effect by maintaining the common source FET as the 

input stage and the common gate FET as the output stage. 

Three distinct stacking techniques [3] are shown in order to 

achieve the watt-level output power. These techniques help to 

lower the parasitics present at the intermediate nodes of the 

CS-CG cascode and also enhance the breakdown voltage of 

FETs, which raises the supply voltage and increases the output 
power. 

 The traditional inductor stacked power amplifier with 

two biasing voltages and an output that is collected from a 

common gate stage is shown in Figure 1. However, huge DC 

power dissipation takes place due to separate gate biasing 

voltages for multiple stacked FETs, and the high output 

impedance of the common gate stage makes the designing of 

impedance matching circuit difficult to achieve the low output 

impedance and distortion less signal at load.  

Usually, high-to-low impedance matching can result in 

signal reflections and loss of power transfer efficiency, 
leading to reduced overall system performance. This problem 

has not yet been focused on in the previous literature. In this 

work, a comparative analysis of 20 high electron mobility 
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transistors with different performance criteria is discussed. 

Later, these twenty HEMT transistors are utilized to model 

simple Class E power amplifiers, which provide 100% 

theoretical efficiency and consume less power [4]. To find the 

best HEMT at 30 GHz, the performance of these power 

amplifiers is compared. Lastly, a self-bias parallel RLC power 
control circuit is used in the construction of the suggested 

stacked and Doherty power amplifier with the best HEMT. 

 

 

 

 

 

 

 

 

 

Fig. 1 Conventional stacked power amplifier 

2. Class E Power Amplifier  
Figure 2 shows the simple circuit of the basic Class E 

Power Amplifier. RFin is the radio frequency input signal, and 

in the case of the 5G transmitter, it is the digital modulated 

signal that controls the ON/OFF state of HEMT. VDD and VGG 

are drain and source biasing voltage which helps to maintain 

the proper operating region for faithful amplification. If the 

HEMT is in the cutoff region, then C, and C2 Charge through 

VDD and in the saturation region, capacitors start discharging 

through HEMT to ground. 

A half-wave rectified signal can be observed at the drain 
of HEMT, and this signal shapes into a complete sinusoidal 

signal at the load (R) after crossing the High Q Resonant series 

LC Circuit, as shown in Figure 3. Here, Ids1 and Ids2 are 

currents flowing through the circuit in the ON and OFF states 

of FET, respectively. The values of passive devices are taken 

based on Nathan O. Sokal, WA1HQC Equations [5]. The 

choice of L2, C, C2, and R values depends on the frequency of 

operation, biasing voltages, Output Power required, and Q 

Value. Class E Power Amplifier is high efficient tuned 

switching amplifier used for a broad range of applications in 

the MF, HF, and VHF bands. Multistage Cascode/Cascade, 

stacking, Wilkinson power divider, and combiner structure, 
Doherty concepts help to improve the gain, Drain Efficiency 

(DE), output power, and Power Added Efficiency (PAE) of 

Class E PA. Novel concepts like predistortion, negative 

feedback help to improve the linearity and stability 

respectively. 

 

 

 

 

 
Fig. 2 Basic class E power amplifier 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Class E PA simplified drain resonant circuit 

3. HEMT Comparative Analysis 
High-frequency operating transistors are necessary to 

meet the needs of high-speed applications, including the 5G 

communication system. Elemental semiconductor devices 

exhibit parasitic elements at high frequencies, which lowers 

overall performance. As a result, compound semiconductor 

devices can help high-frequency circuits operate more 

effectively due to their hetero junction, large energy band 

gaps, and 2 DEG. Table 1 shows the absolute maximum values 

for the drain voltage (VDS), gate voltage (VGS), drain current 

(ID), power dissipation (PD), operating frequency (F), and 

gain of twenty High Electron Mobility Transistors. 

JS8901AS, JS8902AS, JS8905AS, JS8910AS, and 
JS8911AS are the low-noise HEMTs manufactured by 

Toshiba America Electronic Components ranging the gate 

length from 0.1 µm to 1.3 µm. NE32400 (Ultra Low Noise 

Pseudomorphic HJFET), NE33200 (Super Low Noise HJ 

FET), NE32484A and NE32684A (Ultra Low Noise 

Pseudomorphic HJFET) are the HEMTs manufactured by 

California Eastern Laboratories.  

MGFC4416C, MGF4916C and MGF4918D are super 

low noise InGaAs HEMTs manufactured by Mitsubishi 

Electric Corporation. FHR02X, FHX04X, FHX34X, 

FHX35X, FHX15X and FHR10X are the GaAs FET & HEMT 
Chips manufactured by Fujistu. MWTH4LN is the low noise 

Pseudomorphic GaAs HEMT manufactured by microwave 

technology. CFY66d08 is the K-Band GaAs Super Low Noise 

HEMT manufactured by infenion technologies. 
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Table 1. HEMT maximum ratings 

Microwave Transistor (Chip HEMT) VDS (V) VGS (V) ID (mA) PD (mW) F (GHz) Gain (dB) 

JS8901AS 4 -3 50 200 18 11 

JS8902AS 4 -3 50 200 18 11 

JS8905AS 4 -3 50 200 26 9 

JS8910AS 3 -2.5 30 150 60 8 

JS8911AS 4 -3 60 200 18 13 

NE32400 4 -3 70 200 12 11 

NE33200 4 -3 80 240 12 10.5 

NE32484A 4 -3 70 165 12 11 

NE32684A 4 -3 70 165 12 11.5 

MGFC4416 -4 -4 60 50 12 12 

MGF4916C -4 -4 60 50 12 12 

MGF4918D -4 -4 60 50 12 11.5 

FHR02X 3.5 -3 60 180 18 9 

FHX04X 3.5 -3 60 180 12 10.5 

FHX34X 3 - 36 290 12 10 

FHX35X 3 - 32 290 12 10 

FHX15X 2 - 36 180 12 13 

FHR10X 2 - 28 180 18 9.2 

MWTH4LN 6 - 66 280 26 11 

CFY66D08 3.5 -3 60 200 20 11 

Table 2. Performance parameters of HEMT  

Microwave Transistor (Chip HEMT) S11 (dB) S12 (dB) S21 (dB) S22 (dB) K B 

JS8901AS -2.9 -14 -14 -4.4 3.6 0.9 

JS8902AS -4.6 -12 -12.6 -4.6 3.8 0.9 

JS8905AS -2.0 -12 -12.1 -4.8 2.1 1 

JS8910AS -1.5 -13 -13.9 -4.3 2.3 1 

JS8911AS -1.1 -18 -18.5 -4.1 4 1.1 

NE32400 -1.2 -22 -22.6 -1.4 6 0.5 

NE33200 -1.1 -20 -20.3 -1.9 3.9 0.6 

NE32484A -1.6 -9 -9.3 -1.4 1 0.3 

NE32684A -2.4 -6 -6.3 -1.8 1 0.2 

MGFC4416 -1.6 -20 -20.5 -2 5.5 0.6 

MGF4916C -1.7 -13 -13.6 -1.4 1.5 0.4 

MGF4918D -1.2 -14 -14.1 -1.1 1.3 0.3 

FHR02X -1.2 -21 -21.3 -1.4 4.3 0.4 

FHX04X -1.3 -20 -20.7 -1.6 4.6 0.5 

FHX34X -1.6 -17 -17.5 -2.0 2.7 0.6 

FHX35X -1.7 -17 -17.0 -2.0 2.4 0.6 

FHX15X -0.9 -20 -20.1 -1.3 2.6 0.4 

FHR10X -1.0 -23 -23.7 -1.5 7.5 0.5 

MWTH4LN -2.5 -15 -15.7 -3.4 4.3 0.8 

CFY66d08 -1.5 -9 -9.0 -1.8 1 0.4 
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Table 2 shows the comparison of 20 HEMTs with 

multiple parameters like input reflection coefficient (S11), 

reverse transmission (S12), forward transmission (S21), output 

reflection coefficient (S22), Rollete stability factor (K), and 

stability measurement (B). By simulating the corresponding 

HEMT at 30 GHz frequency and 10 dBm input power, all 
these values were attained. The optimal HEMT and 

accompanying parameter pair may be found in Table 2 and is 

as follows. The best combinations are “JS8902AS (S11=4.98 

dB), NE32400 (S12=22.69 dB), NE32684A (S21=6.32 dB), 
FHR10X (K=7.5), and JS8911AS (B= 1.1)”. 

4. Basic Class E PA Comparative Analysis  
Twenty HEMTs (listed in Table 2) are used in the design 

and simulation of the twenty basic class E power amplifiers 

depicted in Figure 2. Following simulation, a comparison of 

performance characteristics as shown in Table 3, was 

conducted in order to determine which HEMT would be most 

appropriate for applications involving millimeter wave 

frequency (30 GHz). The following is a list of the best HEMT 

and parameter pairs “JS8902AS (S22=-22.82dB), 

MWTH4HLN (S11=-5.0dB), JS8911AS (S12=-21.23dB), 

NE33200 (S21=6.18dB), JS8902AS (K=1.59), and JS8905AS 

(B=1.64)”. Table 4 compares the performance metrics of 

twenty HEMT power amplifiers: DC power dissipation, 
output power (Pout), gain, Power Added Efficiency (PAE), 

and DE. 

The following is a list of the finest HEMT pairs with 

matching parameters. “JS8901AS (PAE=39.31%), 

NE32484A (Gain=10.79dB) and JS89010AS (DE =55.38%)”. 

Toshiba's T-shaped Gate, 0.2 µm JS8911AS, is the best-

optimized transistor for 5G power amplifier at 30 GHz after a 

comparative analysis of 20 HEMT class E power amplifiers 

from Table 3 and Table 4. This is because of its high gain (9.85 

dB), better PAE (31.87%), DE (33.55%), and good S 

parameters (S11= -0.72 dB, S12= -21.23 dB, S21= 5.62 dB, 

S22= -9.03 dB). 

Table 3. Basic class E HEMTs power amplifier’s S parameters & stability comparison 

Microwave Transistor (Chip HEMT) S11 (dB) S12 (dB) S21 (dB) S22 (dB) K B 

JS8901AS -1.18 -16.90 2.37 -6.46 0.8 1.2 

JS8902AS -4.24 -17.72 4.37 -22.82 1.5 1.3 

JS8905AS -1.48 -15.83 3.47 -13.60 0.5 1.6 

JS8910AS -1.19 -17.14 0.07 -9.62 0.9 1.5 

JS8911AS -0.72 -21.23 5.62 -9.03 0.2 1.6 

NE32400 -2.33 -17.98 4.24 -15.18 0.9 1.5 

NE33200 -3.07 -16.41 6.18 -16.10 1 1.2 

NE32484A 0.20 -11.85 2.61 -5.50 0 1.2 

NE32684A -1.36 -2.82 -15.21 -5.0 1.2 1.0 

MGFC4416C -3.37 -19.54 5.67 -14.63 1.4 1.3 

MGF4916C -1.21 -13.28 2.73 -4.88 -0.0 1.3 

MGF4918D -0.32 -13.18 2.98 -2.81 -0.3 1.0 

FHR02X -2.80 -18.11 2.33 -10.59 1.0 1.4 

FHX04X -2.83 -18.56 3.46 -10.19 1.1 1.3 

FHX34X -3.64 -17.83 3.71 -9.64 1.4 1.2 

FHX35X -3.36 -19.66 5.28 -11.54 1.3 1.3 

FHX15X -2.61 -19.16 5.64 -11.95 1.0 1.4 

FHR10X -2.71 -16.93 2.60 -11.57 1.0 1.4 

MWTH4LN -5.06 -16.36 3.36 -16.16 1.6 1.2 

CFY66d08 -4.55 -15.85 0.16 -3.66 0.8 0.8 
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Table 4. Basic class E HEMTs power amplifiers performance comparison 

Microwave Transistor (Chip HEMT) Pout (mW) Pdc (mW) Gain (dB) PAE (%) DE (%) 

JS8901AS 44 88 6.59 39.31 50.36 

JS8902AS 29 89 3.73 18.72 32.45 

JS8905AS 29 103 4.78 18.76 28.10 

JS8910AS 30 54 4.69 36.60 55.38 

JS8911AS 70 195 9.85 31.87 33.55 

NE32400 40 89 7.07 35.77 44.50 

NE33200 56 127 6.78 34.86 44.10 

NE32484A 14 164 10.79 7.79 8.50 

NE32684A 25 77 9.56 29.02 32.63 

MGFC4416C 58 157 7.67 32.27 38.93 

MGF4916C 15 87 7.54 14.23 17.27 

MGF4918D 21 92 8.55 19.38 22.51 

FHR02X 12 90 5.08 11.42 16.55 

FHX04X 18 101 5.85 12.81 18.38 

FHX34X 26 88 3.95 17.62 29.49 

FHX35X 40 119 6.02 24.98 33.29 

FHX15X 30 153 8.37 16.46 19.31 

FHR10X 17 47 6.72 27.91 35.44 

MWTH4LN 34 113 4.23 18.94 30.39 

CFY66d08 9 100 1.52 2.65 8.93 

 

5. Design and Simulation of Proposed Millimeter 

Wave Class E PA  
It is quite difficult to fulfill the optimized requirements of 

strong linearity, high output power, less power reflection, 

greater stability, low power consumption, and high efficiency 

when designing a millimeter wave power amplifier for 5G 

applications [6]. Figure 4 illustrates the suggested class E 

power amplifier operating at 30 GHz and 6 mW of input 

power. It is designed using JS8911AS HEMT and 

incorporates a self-biased adjustable parallel RLC power 

control circuit at the common gate transistor. It is different 

from the traditional stacked power amplifier circuit [7, 8] but 

achieves all the optimized requirements of mm-wave PA.  

In this circuit, two JS8901AS transistors are stacked with 
inductors. One common source stage transistor (M1) is excited 

with an RF input signal, and another common gate transistor 

(M2) is self-biased with a parallel RLC (R, L8 and C7) circuit. 

The impedance of a parallel RLC network can be varied with 

tunable capacitor C7, which controls the gate-to-source, gate-

to-drain voltage and DC power. Here, the values of R, L8 and 

C7 are chosen to resonate at the operating frequency, i.e., 30 

GHz, to obtain high impedance, which minimizes the DC 

power consumption and maximizes the PAE. Hence, the 

operating region of M2 and output power can be controlled 

based on the load requirements with the help of a tunable 

parallel RLC network. The cutoff and saturation state of M1 

depend on the magnitude of the RF input signal. If it is in the 

cutoff region, then the Series Resonant Circuit (SLC1) starts 

charging through VDD and M2. When the M1 goes into 

saturation region then the SLC1 starts discharging through the 

M1.  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 
Fig. 4 Proposed self-biased tunable power controlled class-E power 

amplifier 

V
DD

 

L2 

M2 

C2 L3 R 

L1 

C1 
M1 C2 

C3 L4 

RL 
RFin 



Aswini Kumar Gadige & Paramesha / IJEEE, 11(4), 45-54, 2024 

50 

This continuous charging and discharging of a series 

resonant circuit helps to get the power-amplified sinusoidal 

signal at the load. The proposed power amplifier output power 

is amplified to 152 mW with 6mW input power, and the gain, 

PAE, DE, S11, S12, S21, and S22 are 13.87 dB, 30.36%, 

31.66%, 0.05 dB, -24.80 dB, 13.10 dB, -5.14 dB respectively.  

Figure 5 shows the proposed class E power amplifier with 

JS8911AS equivalent circuit, where Cgd, Cgs, Rgs, Cds, Rds 

represent the intrinsic parasitics and Lg, Rg, Ld, Rd, Ls, Rs 

represent the extrinsic parasitic elements of HEMT. Figure 6 

is the proposed single-stage stacked Class E power amplifier, 

which is designed and simulated using Keysight ADS. The 

same stacked power amplifier (PA1, PA2) is used to design 

the two-way Doherty power amplifier [9, 10] as shown in 

Figure 7 with Power Divider (PD), Power Combiner (PC) and 

90 degree Phase Shifter (PS), to improve the gain and power 

added efficiency. Figure 8 shows the layout of the Doherty 

power amplifier. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

Fig. 5 Proposed power amplifier with small signal HEMT equivalent 

model 

 
Fig. 6 Proposed single-stage stacked class E power amplifier designed 

using keysight ADS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

Fig. 7 Doherty power amplifier 

 
Fig. 8 Layout of millimeter two-way Doherty stacked class-E PA 

6. Results and Discussion 
Figure 9 (a) to (d) shows the output power, PAE, Gain, 

S12, and S21 parameters as 701 mW, 79.34 %, 20.85 dB, -

20.21 dB, 17.69 dB, respectively.  
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Fig. 9 30GHz Two-way Doherty stacked class E PA (a) Output power, (b) Gain, (c) PAE and output power (dBm), and (d) S parameters. 

16 

18 

20 

22 

24 

26 
m4 ADS 

m4 
RFfreq=3.000E10 
Gain_dB=24.925/33.188 

G
ai

n
_

d
B
 

3
.0

E
1

0 

3
.1

E
1

0 

3
.2

E
1

0 

3
.3

E
1

0 

3
.4

E
1

0 

3
.5

E
1

0 

3
.6

E
1

0 

3
.7

E
1

0 

3
.8

E
1

0 

3
.9

E
1

0 

4
.0

E
1

0 

RFfreq 

10 

20 

30 

40 

50 

60 

m5 

ADS m5 
RFfreq=3.000E10 
PAE=80.657 

P
d

el
_

d
B

m
  

P
A

E
 

3
.0

E
1

0 

3
.1

E
1

0 

3
.2

E
1

0 

3
.3

E
1

0 

3
.4

E
1

0 

3
.5

E
1

0 

3
.6

E
1

0 

3
.7

E
1

0 

3
.8

E
1

0 

3
.9

E
1

0 

4
.0

E
1

0 

RFfreq 

70 

80 

90 

Pdel_dBm=28.457 

-30 

-20 

-10 

0 

m6 

ADS 

m6 
freq=30.00GHz 

d
B

(S
(2

,1
))
 

d
B

(S
(1

,2
))
 

30             40             50             60             70             80            90             100 

10 

20 

Frequency (GHz) 

dB(S(1,2))=-20.213 
dB(S(2,1))=17.695 



Aswini Kumar Gadige & Paramesha / IJEEE, 11(4), 45-54, 2024 

52 

 
(a) 

 
(b) 

 

Fig. 10 Variation of output power and PAE with (a) Load resistor, and (b) Supply voltage. 

Table 5. k-band Doherty PA performance comparison 

Reference Technology 
Max Frequency 

(GHz) 

Final Stage 

Topology 

Output 

Power (dBm) 
PAE (%) Gain (dB) 

[11] 
0.1 µm GaN 

HEMT 
27 

Filter-Based 

Matching Networks 
30.9 35.6 28.6 

[12] 
0.1 µm GaN 

HEMT 
27 

Filter-Based 

Matching Networks 
30.3 36.9 24 

[13] 
150 nm GaAs 

pHEMT 
25 Doherty 30.2 37 10 

[14] 
90 nm GaAs 

pHEMT 
30.5 Doherty 30 40 - 

[15] 
0.15 μm GaAs 

pHEMT 
30 

Power 

combining 
22 36.5 - 

[16] 
0.1 μm GaAs 

pHEMT 
37 Doherty 28 33.2 15.6 

[17] 
90 nm 

GaAs pHEMT 
39 

Dual-band Matching 

Networks 
23.8 51.7 20.3 

[18] 45 nm SOI CMOS 40 
load modulated 

balanced amplifier 
25.1 27.9 - 

[19] 
0.25 μm GaAs 

pHEMT 
16.5 

Power 

combining 
29.6 38.4 18.1 

[20] 
0.15 μm GaAs 

pHEMT 
18 

reconfigure bias 

choke 
21.3 28 - 

[21] 
0.15 μm GaAs 

pHEMT 
58 2-stage cascade 18.6 18.2 14.7 

This 

Work 

200 nm GaAs 

HEMT 
30 Stacked, Doherty 28.46 80 24.9 

Figure 10 (a) and (b) show the variation of output power 

in dBm and PAE in percentage with respect to Load Resistor 

and Supply Voltage, respectively. The proposed self-bias 

parallel RLC power control circuit is used to control the DC 

power and PAE of the power amplifier with the help of a 

variable capacitor (C2), as shown in Figure 11. Table 5 shows 

the comparison of cascode stacked Doherty power amplifier 

performance with previous work. 
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Fig. 11 Variation of output power and PAE with variable capacitor (C2) 

7. Conclusion  
To understand the performance of microwave/HEMT 

transistors at millimetre wave frequency 30 GHz, the twenty 

basic class-E power amplifiers are designed, and comparative 

analysis has been done to identify the better HEMT.  

After comparative analysis, the T-shaped Gate, 0.2 µm 

GaAs HEMT, i.e. Toshiba’s JS8911AS, is chosen due to its 

high gain and better stability. Later, the stacked and two-way 

Doherty power amplifiers are designed with a novel self-

biased tunable parallel RLC power control circuit at 30 GHz 

radio frequency input signal and observed the well-improved 

gain (24.9 dB), output power (28.46 dBm), power added 

efficiency (80 %), forward (17.69 dB) and reverse (-20.21 dB) 
transmission coefficients. 
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