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Abstract— This paper presents the design of a broadband high-

efficiency Class-EM/F3 power amplifier (PA). The PA exhibits a 

significantly reduced peak drain voltage compared to its 

predecessor (Class EM) and a large fractional bandwidth of 34.3% 

at peak power as well as 6 dB output back-off power (OBO) while 

satisfying the zero voltage switching, zero voltage derivative 

switching, zero current switching, and zero current derivative 

switching conditions to minimize power dissipation within the 

active device. A Class-EM/F3 PA employing a transmission-line 

load network was proposed and implemented using GaN HEMTs. 

The PA exhibits a drain efficiency (DE) of 77%, a power-added 

efficiency (PAE) of 72% at a peak output power (Pout) of 42.1 dBm 

at 1.8 GHz. With Pout backed-off by 6 dB, the PA delivers a DE of 

41% and a PAE of 40%. Across a frequency range from 1.4 to 2 

GHz, the PA delivers DE > 67%, PAE > 58%, and a Pout of 41.2 ± 1 

dBm. At 6-dB OBO, the PA delivers DE > 39%, a PAE > 34%, and 

a Pout of 35 ± 1.2 dBm. 

Keywords— 5G, broadband, Class-EM, Class-EM/F3, harmonic 

injection, high efficiency, power back-off. 

I.  INTRODUCTION  

Modern wireless communication systems such as 5G require 

PAs with a high efficiency over a wide frequency range at both 

peak power (PP) and back-off power (OBO). The bandwidth 

characteristics of conventional high-efficiency PAs such as the 

Class E [1], Inverse Class E [2], Class F [3], and Inverse Class 

F [4] are hindered by the open and short circuit harmonic 

terminations adopted in the load-networks thereof. To address 

the bandwidth limitation of the foregoing PAs, high-efficiency 

continuous-mode PAs with resistive-reactive load terminations 

at the fundamental (f0) and second harmonic frequency (2f0) 

were introduced in [5]-[7]. However, the continuous-mode PAs 

deliver a broadband high efficiency only at PP. Hence they are 

not suitable for 5G applications, where a broadband high-

efficiency operation is also required at OBO. In [8], it was 

shown that the harmonic-injection Class-EM PA inherits the 

broadband characteristic of continuous-mode PAs due to its 

resistive-reactive terminations at f0 and 2f0. However, the high 

peak switch voltage of the Class-EM PA in [8], i.e., 4.4×VDD 

compared to 3.6×VDD of the Class-E’s hinders the widespread 

usage thereof. Nonetheless, the high peak switch voltage of the 

Class-EM PA was significantly reduced in [9], where the third-

harmonic short-circuit termination of the Inverse Class-F PA  
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Fig. 1.  Transmission-line load network of the proposed Class-EM/F3 PA. 

 

was adopted in the load network of the Class-EM PA resulting 

in a novel topology called the Class-EM/F3 PA. 

In this paper, we will show that in addition to the reduced 

peak switch voltage, the Class-EM/F3 also retains the broadband 

characteristic of its predecessor, i.e., Class EM owing to its 

resistive-reactive termination at f0 and 2f0. Furthermore, it will 

be shown that the broadband high-efficiency operation is 

obtained not only at PP but also at 6-dB BOP. Hence, these 

inherent characteristics of the Class-EM/F3 PA render it a 

suitable candidate for 5G applications. These claims are 

sustained through the design, simulation, and implementation 

of a GaN HEMTs Class-EM/F3 PA operating from 1.4 to 2 GHz, 

thus suitable for the 5G NR FR1 applications. 

II. DESIGN OF A TRANSMISSION-LINE CLASS-EM/F3 PA 

The basic operating principle and circuit analysis of the 

Class-EM/F3 PA are reported in [9]. The isolation circuit allows 

the main and auxiliary circuits to interact only at 2f0 while being 

isolated at f0 and 3f0. Here, we present the design of a 

transmission-line Class-EM/F3 PA using Wolfspeed’s 

CGH40010F GaN HEMTs with an intrinsic output capacitance 

(Cout) of 1.27 pF. The proposed transmission-line load network 

is shown in Fig. 1, wherein the shorted stub TL1 of the main 

circuit (or TL6 of the auxiliary circuit) and the output  
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Fig. 2.  (a) Simulated load-pull contours. (b) Simulated main circuit’s load-

network impedance at f0 and 3f0. 
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Fig. 3. Simulated drain current and voltage waveforms of the main circuit 

using the actual transistor large-signal model at 1.8 GHz. 

 

capacitance of the active device Cout form a parallel resonant 

circuit. Thus, the characteristic impedances Z1 and Z6 and the 

electrical lengths θ1 and θ6 can be computed such that the 

parallel circuit formed by TL1 and Cout on the main circuit is 

tuned at f0, and the parallel circuit formed by TL6 and Cout on 

the auxiliary circuit is tuned at 2f0. Consequently, Cout is 

absorbed into the transmission-line load network and the 

deleterious effect thereof on the PA’s operating bandwidth is 

minimized. Additionally, the parallel resonant circuit TL1–Cout 

presents a low impedance to the drain of the main device at 3f0. 

The characteristic impedances Z2 = Z4, Z5, and the electrical 

length θ2 can be calculated to match the load resistance RL to 

the optimum impedance obtained from load-pull simulation. 

This approach can be adopted for the design of the auxiliary 

circuit as well but the discussion hereinafter is focused on the 

main circuit for the sake of brevity. 

The simulated Pout and PAE contours are shown in Fig. 2(a), 

where the region corresponding to the Class-EM/F3 mode, i.e., 

the region with capacitive load impedance at f0 is highlighted. 

An optimum load impedance (Zopt) of 47.5 – j13 Ω was 

extracted at the drain of the main device at 1.75 GHz. The 

characteristic impedances of TL2/TL4 and TL5A/TL5B, i.e., Z2 = 

Z4 = 48.5 Ω and Z5 = 55 Ω were calculated to match RL = 50 Ω 

to Zopt for a selected θ4 = λ/8 at f0.  

 
Fig. 4. Photograph of the realized Class-EM/F3 PA. 
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Fig. 5. Measured scattering parameters. 

 

The simulated impedance of the load network (ZinM) is plotted 

in Fig. 2(b) showing that ZinM = Zopt at f0 and ZinM is low enough 

at 3f0. Thus, the proposed transmission-line load network 

satisfies the impedance- termination requirements of the Class-

EM/F3. 

The designed Class-EM/F3 PA was implemented with 

microstrip lines, a printed circuit board (PCB) layout was 

generated using ADS, and subsequently Momentum EM 

simulations were performed on the PCB layout. Shown in Fig. 

3 are the drain current and voltage waveforms of the main 

circuit, simulated in ADS using the actual transistor’s large-

signal model. Here, the main and auxiliary circuits were biased 

with VGG1 = –3.1 V, VDD1 = 28 V, VGG2 = – 3.1 V, and 

VDD2 = 16.8 V. The simulated peak drain voltage factor is 2.77 

which is considerably lower than that of the Class-EM in [8], 

i.e., 4.4. Moreover, Fig. 3 shows that the main circuit satisfies 

the Class-EM/F3 switching conditions, namely zero voltage 

switching (ZVS), zero voltage derivative switching (ZVDS), 

zero current switching (ZCS), and zero current derivative 

switching (ZCDS). 



 
Fig. 6. Block diagram of the measurement setup adopted for large-signal 

characterization. 

 

III. IMPLEMENTATION AND MEASUREMENTS 

The designed Class-EM/F3 PA was fabricated on a 0.51-mm-

thick RO4003C substrate with a dielectric constant of 3.38. The 

photograph of the circuit prototype is shown in Fig. 4. The PA 

prototype was first characterized under small-signal conditions 

using the Keysight E8363C PNA. The PA was biased with VGG1 

= –2.9 V, VDD1 = 28 V, VGG2 = –2.75 V, and VDD2 = 16.8 V. The 

measured scattering parameters are depicted in Fig. 5, showing 

that the PA delivers a small-signal gain greater than 12 dB from 

1.4 to 2 GHz. The large-signal characterization was performed 

using the measurement setup shown in Fig. 6, where a single-

input real-time vector large-signal test bench based on the HP 

8510C VNA was used to feed the main circuit with an input 

signal at f0 and to measure the output power at the same 

frequency. The Keysight E8363C PNA was used as an 

additional signal source, phase-locked to the main signal 

source, to feed the auxiliary circuit with an input signal at 2f0. 

A variable attenuator and a variable phase shifter were added in 

the auxiliary input signal path for power and phase adjustments. 

The drain efficiency (DE) and power added efficiency (PAE) are 

defined as 

out
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The measured performances of the PA are depicted in Fig. 7, 

with Fig. 7(a) showing the measured gain, DE, and PAE versus 

the output power at 1.8 GHz. The PA delivers a gain of 11.5 

dB, a DE of 77%, and a PAE of 72% at a peak Pout of 42.1 dBm. 

Moreover, at 6-dB OBO, the PA delivers a gain of 14 dB, a DE 

of 41%, and a PAE of 40%. Fig. 7(b) shows that the PA delivers 

DE > 67%, PAE > 58%, a Pout of 41.2 ± 1 dBm, and power gain 

> 7.3 dB over a 600 MHz frequency range which corresponds 

to a 34.3% fractional bandwidth (FBW) which is greater than 

the typical 10-15% FBW of the traditional switching PAs. 
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Fig. 7. Measured performances (a) versus output power at 1.8 GHz. (b) 

versus frequency at peak output power and 6-dB back-off. 

 

More importantly, Fig. 7(b) shows that at 6 dB OBO, the PA 

delivers DE > 39%, PAE > 34%, a Pout of 35 ± 1.2 dBm, and 

power gain > 10 dB over a 600 MHz frequency range. 

It is worth noting that the impedance matching between RL 

and Zopt at f0 is only performed by the combined series lines 

TL2 + TL4 and the stubs TL5A + TL5B since TL3A + TL3B 

behaves like an open circuit at f0. With θ4 = λ/8 at f0, the 

combined series lines TL2 + TL4 form a frequency selective 

quarter-wave transformer. The broadband response in Fig. 7(b) 

results from the resistive-reactive impedance at 2f0 imposed by 

the second-harmonic current injected from the auxiliary circuit 

into the main circuit. 

IV. CONCLUSION 

The design of a high-efficiency Class-EM/F3 power amplifier 

with a reduced peak drain voltage and a large fractional 

bandwidth of 34.3% at both peak power and 6 dB back-off 

power has been presented and verified through the 



implementation of a GaN HEMTs PA prototype operating from 

1.4 to 2 GHz. The performances of the PA are summarized in 

Table I and compared with other pertinent GaN PA variants, 

namely harmonic-injection PAs and Doherty PAs. Table I 

shows that the bandwidth performance at peak power compares 

well with other harmonic-injection PAs while the bandwidth 

performance at 6-dB back-off compares well with Doherty PAs. 

 
TABLE I  

PERFORMANCE SUMMARY AND COMPARISON WITH OTHER GAN PAS 

Ref. Variant 
Frequency PSAT DEPP DEBOP 

(GHz) (dBm) (%) (%) 

[10] 

Harmonic 
injection 

0.88-1.06 40-41.6 84-94 - 

[11] 
Harmonic 

injection 
1-1.9 40.2-42.6 60-71 - 

[12] Doherty 1.1-2.4 43.3 55-86 44-55 

[13] Doherty 2.1-2.66 43 57-84 39-67 

This 
work 

Class-EM/F3 1.4-2 39.2-42.1 67-84 36-49 
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