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ABSTRACT: 

A Harmonic Control Circuit (HCC) is one of the most important blocks in the Class-F power amplifiers, which should 

pass the even harmonics and suppress the odd harmonics. Long open stubs are usually used to suppress odd harmonics 

in the conventional Class-F power amplifiers, which resulted in the large size of the amplifiers. In this work, two Class-

F amplifiers are designed, a simple amplifier with traditional HCC and proposed PA with a proposed HCC. The proposed 

HCC suppresses third, fifth and seventh harmonics and easily pass second, fourth and sixth harmonics. In the proposed 

amplifier with proposed HCC, the design parameters are improved compared to the simple Class-F with traditional 

HCC. The power added efficiency (PAE), drain efficiency (DE) and gain parameters are increased from 76%, 79% and 

19.4 dB to 79.2%, 82.2% and 21.2 dB, respectively. The proposed PA is fabricated, measured and results show that the 

proposed PA correctly works at 0.9 GHz with 0.12 GHz bandwidth. 

 

KEYWORDS: Class-F Power Amplifier, Harmonic Suppression, Harmonic Control Circuit (HCC), Power Amplifier 

(Pa). 

  

1.  INTRODUCTION 

Nowadays, amplifiers are extensively applied in 

modern communication circuits and systems.  

Power amplifiers are widely used in the 

communications systems and they are categorized into 

two major groups of current-mode and switching-mode 

amplifiers. Current-mode amplifiers, such as: class A, B, 

C and AB have higher linearity, but they suffer from low 

efficiency, which increases power consumption [1]. 

 Switching-mode amplifiers, such as class F 

amplifiers are based on the harmonic terminations 

synthesized across the active device. Switched-mode 

amplifiers, such as: class E, D, G, H, S and etc. are 

performed by identifying the switching duty-cycle 

and/or the switching combination [2]. The class-F power 

amplifier uses the multiple harmonics resonators to 

control the harmonics to shape voltage and drain current 

waveforms, thereby shaping them to reduce the power 

dissipation by the transistor and thus to increase the 

efficiency of the power amplifier [3]. In an ideal class-F 

power amplifier the efficiency is 100% and is achieved 

by using an infinite number of harmonics to yield square 

and half-wave sinusoid waveform shapes at device drain 

for the voltage and current respectively. In real, several 

open/short stubs are used to control harmonics, which 

occupied large areas. In past decade, several methods are 

used to control harmonics in class-F amplifiers, which 

are described as follows. 

In [4], a nonlinear transfer function is introduced for 

a Class-F PA and the drawback of the second harmonics 

is modified in this work. 

In [5], a simple impedance matching network is 

presented to control harmonics in Class-F and Class-F-1 

amplifiers with lumped components. Unfortunately, 

applied lumped components in this work restrict 

operating frequency. In [6] extended formulation for the 

voltage waveform in the Class-F PA and in [7] analysis 

for the current waveform in the Class-F-1 amplifier are 
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presented. With these formulations, high-efficiency 

amplifiers are designed. In [8], a CMRC cell is applied 

as a harmonic control block of the Class-F amplifier. 

This cell only suppresses 3rd harmonics and increases 

the efficiency of the PA. In [9], three-stage output 

matching network is used to have a multi-harmonic-

controlled Class-F amplifier. With this method, 

efficiency of PA is increased. In [10], a band pass filter 

is integrated with a Class-F amplifier. The applied BPF 

works as a harmonic control circuit and suppresses 3rd 

harmonics, which resulted in a high-efficiency amplifier. 

In [11], a Class-F and a Class-F-1 amplifiers are 

designed and used to create a Doherty power amplifier 

(DPA). In this structure, Class-F PA is used as a peaking 

amplifier and inverse Class-F PA is used as a carrier 

amplifier. In this work, the linearity parameter of the 

applied amplifier is increased with Doherty structure. In 

[12], a Class-F and an inverse Class-F amplifiers are 

designed and used to create a continuous mode hybrid 

amplifier for 5G application.  This structure presents a 

high-efficiency amplifier.  

In [13], lumped components are used to create small 

size Class-F amplifier with high efficiency. In this 

design, capacitors are used to reduce the long 

conventional stubs, which are used in the HCC part of 

the Class-F amplifier. In this design, lumped elements 

components are used to create small composite lines. 

These compact composite lines are used as a new way to 

reduce the dimensions of the applied microstrip 

harmonic control circuit (HCC) structure and to reduce 

overall size of the class F amplifiers. In this design, at 

first, traditional class-F amplifier with traditional HCC 

is designed then modified PA with compact HCC is 

designed with composite lines. 

Using this design, the efficiency is increased but 

applied of external components limits portaging 

frequency and it is not a desirable method. In [14], high-

efficiency Class-F PA is presented with a harmonic 

termination technique (HTT).  In this work, the bias lines 

of gate and drain are used in the HTNs to reduce the 

circuit size.  In [15], a wide band Class-F-1 amplifier is 

designed. In this work, a low-pass filter is used as a 

matching network. Due to the wide operating band, the 

second harmonics has a wide band, which correctly 

suppressed with applied LPF. With this applied 

matching network the performance of designed PA is 

increased. A compact class-F power amplifier is 

presented in [16], and accomplished with new small 

HCC block, at 900 MHz frequency. The small size 

meandered microstrip resonant cell (MLCMRC), with 

simple structure is used as a harmonic control circuit 

(HCC). 

In [17], a LPF is used as HCC in class-F amplifier 

structure.  Applied LPF suppresses both odd and even 

harmonics and it seems that the harmonic control circuit 

does not work correctly in this design.  

In [18], harmonic tuning mechanism is used to 

design 10 wats class-F amplifier for 5G mobile 

applications.  The HCC block in this design controls 

second and third harmonics and improves the 

performance of the PA. 

In [3], a compact class-F PA is designed at 

900  MHz frequency, which in this structure meandered 

line compact microstrip resonant cell (MLCMRC), is 

used as a harmonic control circuit (HCC). In this 

structure, the applied PA is integrated with simple 

MLCMRC, and huge conventional matching lines are 

removed, which leads to size reduction and harmonics 

suppression together. The applied MLCMRC resulted in 

the 36% size reduction, compared to the same PA 

without MLCMRC. 

In [19], a class-F amplifier for GSM applications is 

designed at 1.8 GHz, which in this structure symmetrical 

meandered lines compact microstrip resonant cell 

(SMLCMRC), is applied as a harmonics control circuit 

(HCC), which resulted in size reduction in the PA. This 

applied structure, which is used as HCC resulted in 

performance improvement of Class-F amplifier. 

In [20], a high-efficiency class-F PA with a harmonic 

control circuit is designed. The HCC is designed by 

using microstrip branch lines to achieve a short-circuit 

state for the second harmonic. The double spiral 

defected ground units are loaded on the ground of the 

microstrip line of the drain bias circuit to produce a low-

pass filtering and stopband suppression effect outside 

the passband, so as to suppress the third harmonic. This 

structure resulted in efficiency improvement of the 

designed Class-F PA. 

 In all of the mentioned works only one or two odd 

harmonics are suppressed in Class-F PAs and only one 

or two even harmonics are suppressed in Class-F-1 PAs. 

In the designed amplifier, three odd harmonics are 

eliminated with the proposed HCC network, which 

resulted in a high-efficacy power amplifier. Moreover in 

this paper two class-F amplifiers are designed and 

simulated (traditional PA and proposed PA). The 

sufficient equations and analysis are provided for 

designed PA. At last, proposed design is fabricated and 

measured. The measured results validated the 

simulations and provided theoretical analysis. 

 

2.  THE RESONATOR DESIGN 

In the proposed power amplifier structure, a 

resonator is used as a HCC block. This block must 

eliminate odd harmonics and pass even harmonics. The 

schematic diagram of the primitive resonator is depicted 

in Fig.1. 
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Fig. 1. The primitive resonator structure. 

 

 The primitive resonator consists of three same stubs. 

The LC-equivalent circuit is used to achieve the best 

dimensions and performance. The LC-equivalent circuit 

of the simple microstrip line is demonstrated in Fig. 2. 

 

 
(a) 

L S

C S C S
 

(b) 

Fig. 2. Structure of the (a) simple microstrip line and 

(b) its LC- model. 
 

  

Each stub can be equated with two capacitors (Cs) 

and an inductance (Ls). The values of capacitors and an 

inductor are obtained from (1) and (2). 

 

𝐿𝑠 =
1

2𝜋𝑓
× 𝑍𝑠 × 𝑆𝑖𝑛 (

2𝜋𝐿

𝜆𝑔
)                                     (1) 

𝑠 =
1

2𝜋𝑓
×

1

 𝑍𝑠
× 𝑇𝑎𝑛𝑔 (

𝜋𝐿

𝜆𝑔
)                                          (2) 

 

The LC model of the primitive resonator is displayed 

in Fig. 3(a) and the scattering parameters of this circuit 

are depicted in Fig.3(b). 

 

C1

C1

L
L

L

 
(a) 

0

Frequency (GHz)

1 2 3 4 65

M
a

g
n

it
u

d
e
 (

d
B

)

0

-10

-20

-30

-40

-50

-60

S11

S21

 
(b) 

Fig. 3. The primitive resonator (a). LC equivalent 

circuit, (b) scattering parameters. 

 

The structure of the Primitive resonator and its 

frequency responses are depicted in Fig. 4(a) and Fig. 

4(b), respectively. This resonator contains three open-

ended stubs, with different lengths, which create three 

transmission zeros. This structure is suitable to use as 

HCC in class-F amplifiers but it consumes large size. 

 

 

L = 20mm L = 20mm

L
 =

 2
0
m

m
1

L
 =

 1
2
m

m
2

L
 =

 8
m

m
3

 
 

(a) 
 

0

Frequency (GHz)

M
a

gn
it

u
d

e 
(d

B
)

0

-10

-20

-30

-40

-50

-60

S21

S11

1 2 3 4 5 6 7 8

 
(b) 

Fig. 4. Primitive resonator. (a) design (b) frequency 

response. 
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2.1.  Analysis of the Resonator 

In the HCC design, the HCC should suppress odd 

harmonics and pass even harmonics. If the Yodd or 

Yeven are zero, the transmission zero and pole of the 

system can be calculated. The equation of Yeven is 

calculated in (3) and diagram of (3) is displayed in Fig. 

5, all impedance will be assumed 50 ohms.  

 

𝑌𝑒𝑣𝑒𝑛 = −50𝐼Cot[t1]                                        (3) 
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Fig. 5. Diagram of the Yeven transmission line. 

 

Based on the Fig. 5, the Yeven is zero at 1.5 which 

is equal to 90 degrees. So the length of line at 1Ghz with 

substrate of RT-5880 and H=20 mil is about 40 mm 

which can divided to the two or four parts, like the 

structure, depicted in Fig.6. This block must eliminate 

odd harmonics and pass even harmonics.  

The schematic diagram of the even-mode and odd-

mode are exhibited in Fig.7a and Fig.7b, respectively. 
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Fig. 6. The structure of the principle resonator. 
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Fig. 7. The main resonator (a) even-mode and (b) odd-

mode. 

 

      The equations of Yeven are summarized from (4) to 

(8). 

 

za = −𝑖𝑧𝑙𝐶𝑜𝑡[𝑡1]                                                          (4) 

 

zb =
ⅈzl(Cot[t1]−Tan[t2])

1+Cot[t1]Tan[t2]
                                                   (5) 

 
zc = −ⅈzlCot[t3]                                                          (6) 

 
Zc and Zb are parallel and equaled in Zd and (7). 

𝑧𝑑 =
ⅈ𝑧𝑙𝐶𝑜𝑡[𝑡3](𝐶𝑜𝑡[𝑡1]−𝑇𝑎𝑛[𝑡2])

𝐶𝑜𝑡[𝑡1]+𝐶𝑜𝑡[𝑡3]−𝑇𝑎𝑛[𝑡2]+𝐶𝑜𝑡[𝑡1]𝐶𝑜𝑡[𝑡3]𝑇𝑎𝑛[𝑡2]
         (7) 

 

𝑌𝑒𝑣𝑒𝑛 = −
ⅈ(Cot[t1]+Cot[t3]+(−1+2Cot[t1]Cot[t3])Tan[t2]−Cot[t3]Tan[t2]2)

zl((2Cot[t3]−Tan[t2])Tan[t2]+Cot[t1](Tan[t2]+Cot[t3](−1+Tan[t2]2)))
 (8) 

 

Based on Fig. 5 t2 was 90˚ but it is divided to four 

parts (or two part) so it is 22.5˚ (or 45˚) also t3 will be 

calculated by Yodd from (9) - (12). 

 

𝑍𝑏1 = 𝑖𝑧𝑙𝑇𝑎𝑛[𝑡2]                                                   (9) 

 

𝑍𝑐1 = 𝑖𝑧𝑙𝐶𝑜𝑡[𝑡3]                                                  (10) 

 

Zc1 and Zb1 are parallel and equaled in Zd1 and (11). 

 

𝑍𝑑1 =
ⅈzlCot[t3]Tan[t2]

Cot[t3]−Tan[t2]
                                                (11) 

 

𝑌𝑜𝑑𝑑 =
ⅈ(−𝐶𝑜𝑡[𝑡3]+𝑇𝑎𝑛[𝑡2]+𝐶𝑜𝑡[𝑡3]𝑇𝑎𝑛[𝑡2]2)

𝑧𝑙(−2𝐶𝑜𝑡[𝑡3]𝑇𝑎𝑛[𝑡2]+𝑇𝑎𝑛[𝑡2]2)
       (12) 

      The response of Yodd and Yeven are depicted in 

Fig.8a and Fig.8b.  

      Both of them approximately at 1.5 or 90 degrees are 

zero so the left pink open stub line (t3) will be 12 mm 

which produces transmission zero at 4.5 GHz and the left 

one (t3ʹ ) is 8 mm which produces transmission zero at 

6.3 GHz. And t1 is 20 because it is adjusted to produce 

transmission zero at 2.7 GHz. 
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Fig. 8. The response of (a) odd-mode (b) even-mode. 

 

The main resonator based on the calculated 

dimension is exhibited in Fig. 9. 
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Fig. 9. The structure of the main resonator. 

  

This design with one open stub creates a 

transmission zero (TZ). To have extra TZs, more open-

ended stubs are used to shape the main resonator with 

new dimensions. The main resonator is designed and 

demonstrated in Fig. 4a and its S-parameters are shown 

in Fig. 4b. The scattering parameters show that the main 

resonator creates three TZs at 2.7 GHz, 4.5 GHz and 6.3 

GHz. The length of these three open-ended lines are 

obtained as 20, 12 and 8 mm. The main resonator is 

designed to be used as a HCC of the Class-F PA. So, if 

the main frequency of PA is 0.9 GHz, therefore the main 

resonator is suppressed third, fifth, seventh harmonics of 

the amplifier. The length and width of applied stubs in 

part 2, are 60.5 mm and 2.7mm. Also to calculated exact 

dimensions, even and odd mods are used.   

The main resonator correctly suppresses three 

unwanted harmonics but occupied large areas to reduce 

the occupied area, modified T-shaped resonator and 

meander structure are used instead of simple long lines 

in the main resonator. The structure of the designed 

resonator and its S-parameters illustrated are shown in 

Fig. 10(a) and 10(b). 
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Fig. 10. The proposed resonator (a) Structure. (b) 

frequency response. 

 

3.  CLASS-F AMPLIFIER DESIGN 

In this paper, two Class-F power amplifiers are 

designed. The primitive one with simple HCC and 

proposed PA with the designed HCC, which results 

show the performance improvement of the proposed PA. 

 The primitive Class F PA 

The primitive and proposed Class-F amplifiers are 

designed using ATF-34143 transistor on the Rogers 

RT/duroid 5880 substrate, which has a very low 

dielectric loss with 2.2 dielectric constant and 0.508 mm 

thickness. 

The structure of the primitive Class F PA is shown in 

Fig. 11(a). In this structure, only simple microstrip stubs 

are used.  The S-parameters for the primitive amplifier 

are depicted in Fig. 11(b).  The primitive amplifier has a 

more than 20 dB small-signal gain at 900 MHz. The 

current and voltage curves of the primitive PA are 
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depicted in Fig. 11(c). The voltage curve is 

approximately half rectangular shaped and the current 

curve is approximately half-sine, which shows the 

correct performance of the primitive PA. Fig. 11(d) 

shows a small gain variation of the primitive Class-F PA 

for different values of L1.  
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Fig. 11. The(a) structure of the primitive Class-F power 

amplifier (b) scattering parameters (c) voltage 

and current curves (d) effect of L1 on the S21. 

 

      The drain efficiency (DE), power added efficiency 

(PAE), and gain parameters of the primitive amplifier 

are displayed in Fig. 12. The DE, PAE and large-signal 

gain values at 900MHz are 79%, 76% and 19.4 dB, 

respectively.  
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Fig. 12. The PAE, DE and gain of the primitive 

amplifier at 900 MHz. 

 

3.1.  The Proposed Class-F PA 

The primitive amplifier has an acceptable 

performance but using this device does not result in 

superior results. The output matching network in 

primitive amplifier is consist of the simple two-section 

block (L1 and L2). This block is very large and only 

suppresses 3rd harmonic. To improve the PA 

performance, the proposed resonator is used instead of 

this large block. The proposed resonator has a smaller 

size and reduces 3rd, 5th and 7th harmonics, which 

resulted in performance improvement. 
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The layout of the designed amplifier is depicted in 

Fig. 13(a) and Fig. 13 (b) illustrates the S21 parameter of 

the designed PA at the 0.9 GHz operating frequency with 

about 0.12 GHz bandwidth. This parameter is more than 

23 dB. The current and voltage curves of the designed 

PA are depicted in Fig. 13(c). The voltage curve is half 

rectangular shaped and the current curve is a half-sine.  
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Fig. 13. The (a) Layout, (b) scattering parameters, (c) 

voltage and current curves of the designed Class-F 

power amplifier. 

 

The proposed resonator correctly, passes second, 

fourth, and sixth (even) harmonics and suppresses third, 

fifth and seventh (odd) harmonics, which increase the 

performance of the designed amplifier. The PAE, DE 

and gain parameters of the proposed amplifier with 

designed resonator and simple Class-F PA without 

resonator are compared in Fig. 14. The PAE, DE and 

gain values for the simple PA are 76%, 79% and 19.4 

dB, respectively and these parameters for the proposed 

PA are 79.2%, 82.2% and 21.2 dB, respectively. A 

performance comparison between amplifier with applied 

novel resonator and simple Class-F PA are listed in 

Table 1. 

 

Table 1. A comparison between the proposed Class-F 

amplifier with resonator and simple one. 

Par. PAE DE Gain 

Simple Class-F PA 

without the resonator 

76 79 19.4 

Proposed Class-F PA 

with the resonator 

79 82.2 21.2 
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Fig. 14. The (a) PAE, (b) DE and (c) gain of the 

proposed PA. 

 

4.  MEASUREMENT RESULTS 

The designed amplifier is simulated using Agilent 

ADS software. The DC bias point of the applied ATF-

34143 transistor is defined as Vdd = 2.6 V and Vgg = - 

0.2V. The designed PA is fabricated on the Rogers 

substrate with the mentioned specifications, as 

illustrated in Fig. 15. 

 

 
Fig. 15. Fabricated Class-F power amplifier. 

 
The proposed PA is simulated and measured. The 

simulation and measurement results are depicted in Fig. 

16(a) and the measured results photo is shown in Fig.16 

(b). The designed amplifier correctly works at 0.9 GHz 

with 120 MHz bandwidth. The performance comparison 

of the designed PA with similar works is shown in Table 

2. As results show, the proposed PA has good 

performances. 

 

 

0

Frequency (GHz)

S
2
1
 M

a
g

n
it

u
d

e
 (

d
B

)

20

0

-20

-40

-60

0.3 0.6 0.9 1.2 1.5 1.8

Simulation

Measurement

 
(a) 

 

 
(b) 

Fig. 16. The measurement results of the fabricated 

amplifier. (a)  simulation and measurement. (b) 

measured results photo. 

 

The measured PAE, DE and gain parameters of the 

fabricated PAE versus output power are depicted in Fig. 

17. 
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Fig. 17. The simulated and measured (a) gain, (b) PAE 

and (c) DE curves of the fabricated PA versus input 

power. 

 

       The simulated and measured results of the output 

power versus input power for the fabricated class-F 

amplifier are shown in Fig. 18. The 1 dB compression 

point (P1dB) for the proposed class-F amplifier is 31 

dBm  at 12 dBm input power and for the proposed class-

F PA, showing that the proposed PA has linear 

preference below this point.  
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Fig. 18. The simulated and measured output power 

curves of the fabricated PA versus input power. 

 

 Table 2. A performance comparison between the designed amplifier and some similar reported works. 

Max. 

Gain (dB) 

DE 

(%) 

Max. 

PAE (%) 

DC Voltage of 

Drain  (V) 

Operation 

Classes 

Freq. 

(GHz) 

Refs. 

18.5 76 74 - F 0.9 [3] 

- 81/79 - 28 1-FF/ 0.3 [5] 

15 85 82 28 F 3.1 [9] 

18.2 75/5 70.9 28 F 2.4 [10] 

7 82.2 - 28 F 2.4 [11] 

11.5 86 80 3 F 2.4 [13] 

15.2-17 68-82 - - 1-F 1.35 - 2.5 [15] 

18.3 - 74 - F 1.75 [16] 

11.2 64.7 59.6 28 F 3.6 [17] 

17.8 - - 48 1-F 2.6 [19] 

11.7-25.3 60-81 52.7-80.7 28 F 0.5-2.3 [21] 

18 65.9 65 28 F-1 2.2-2.8 [22] 

12 82 75 28 G/F-1 2.6 [23] 

- 77.5 - 27 1-FF/ 0.6 - 1.15 [24] 

15.8 91 85 42.5 F 2 [25] 

18.3 75.8 70.7 28 F 1.88 [26] 

10 - 74 3 F 2.4 [27] 

- 49 - 32 1-F 2.4 [28] 

18.5 75 74 5 F 0.9 [29] 

21.2 82.2 79 2.6 F 0.9 Proposed work 
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5.  CONCLUSION 

In this paper, a new resonator is designed to control 

harmonics in the Class-F PA. The proposed resonator 

suppresses 3rd, 5th and 7th harmonics and passes 2nd, 

4th and 6th harmonics, which resulted in gain, PAE and 

DE increment in the proposed Class-F power amplifier. 

The gain, PAE and DE parameters of the proposed PA 

are 21.2 dB, 79% and 82.2%. The operating frequency 

and bandwidth of the proposed amplifier are 0.9 GHz 

and 0.12 GHz, respectively. The proposed device with 

these features is suitable for the 5G application. 
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