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I. INTRODUCTION 

Recently, power amplifiers (PAs) have been studied ex-

tensively for better efficiency and bandwidth, as communi-

cation devices need to support various technologies and ex-

hibit a longer battery time. In an effort to address the issue of 

efficiency, architectures that exploit harmonic waveforms, 

such as class-F, have been widely studied from many per-

spectives [1, 2]. Although the theoretical efficiency of class-F 

amplifiers approaches 100% and their implementation results 

are very close to the ideal values, the circuit implementations 

of class-F amplifiers are necessarily bulky in general, because 

they require high-order harmonic control circuits, even th-

ough some techniques have been suggested to overcome the-

se practical issues [3–6]. Furthermore, the need to control 

harmonic impedances necessarily results in a relatively na-

rrow bandwidth. For these reasons, class-F amplifiers have  

not been used for the latest commercial applications that 

require a wide bandwidth. Therefore, this paper suggests a 

power amplifier design with split transmission lines to realize 

wide bandwidth while maintaining a small circuit area. In 

addition, in order to further improve the performance ob-

tained in the previous work [7], this paper redesigned the 

slant-end architecture using split slant-end transmission lines 

and impedance optimization. 

II. STEPPED TRANSMISSION LINE FOR  

BROADBAND OPERATION 

Fig. 1 shows the steps for broadening the bandwidth of 

transmission lines in matching networks. In transmission 

lines, physical parameters such as length, width, height, and 

the dielectric constant all influence the electrical length at a 

certain frequency. As such, the conventional transmission 
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line in Fig. 1(a) results in a narrow bandwidth. In other 

words, amplifiers that rely on transmission lines for harmonic 

matching networks necessarily show limited operational band-

width. 

The input impedance of a transmission line is approxi-

mated as follows [8]: 
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where β, Zo, l are the propagation constant, characteristic 

impedance, and length of a transmission line, respectively. 

This impedance can be expressed as a function of fre-

quency, f. 
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where εeff is the effective permittivity of the transmission line, 

and c is the speed of light. 

Assuming that the efficiency is mainly affected by the 

output impedance, the bandwidth of the transmission lines 

can be found from BW = |f2 - f1|/ f0, where f2 and f1 are the 

nearest frequencies that meet the following condition: 
 

  max,  TARGETinin ZfZ ,      (3) 

 

where εmax is the maximum allowable error. 

In the case of a conventional transmission line, particularly, 

the bandwidth can be analytically found from (2) and (3): 
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When two transmission lines of different lengths are 

connected in shunt, as shown in Fig. 1(b), the combined line 

will have a “stepped” shape at the end (Fig. 1(c)), resulting in 

a combined impedance as follows: 
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      (a)           (b)               (c)          (d) 

Fig. 1. Transmission lines for wider bandwidth: (a) conventional, (b) split, 

(c) stepped-end, and (d) slant-end. 

 

where l1, l2 are the lengths of two transmission lines, Zo2 is 

the characteristic impedance of each transmission line, and 

“||” represents the shunt connection of impedances.  

Therefore, the transmission line in Fig. 1(c), combining 

the shapes of Fig. 1(b), would have near zero ohms at the 

frequencies at which the shortest and the longest parts of the 

line each becomes one quarter wavelength. This effectively 

results in a wider bandwidth as an impedance inverter. 

Furthermore, a transmission line with a slant end, as sh-

own in Fig. 1(d), could be regarded as having shunt co-

nnections of an infinite number of narrow stepped-end lines 

with incremental lengths, so it shows a better frequency res-

ponse. Its impedance is expressed with (6), as follows: 
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Table 1 compares the estimated bandwidth of transmit-

ssion lines of Fig. 1(a), (c), and (d) at 3.4 GHz, at which the 

transmission lines are designed as second-harmonic shorts. 

In Table 1, the stepped- and the slant-end line shows wider 

bandwidth than the conventional one when an impedance 

under 5 Ω is regarded as the target impedance. 

In addition, in order to further improve the bandwidth 

over the characteristic impedance of the abovementioned 

open stubs, the sensitivity of the impedance Zin to the fre-

quency variation (hereafter referred to as Sensitivity) is de-

fined as follows: 

 

Table 1. Bandwidth comparison between conventional, stepped-end, and 

slant-end impedance inverters 

Impedance inverter at 3.4 GHz Bandwidth for |Zstub| ≤ 5 Ω 

TLconventional 1.68 MHz 

TLstepped-end 1.84 MHz

TLslant-end 2.03 MHz

TL=transmission line. 

Zo Zo2 Zo2 Zo Zo
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Fig. 2. Sensitivity (Ω/MHz) of an open-end stub over variations of the 

length and Z0 of an open-end stub. 
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where k is ceff2 . 

This equation is used to find the optimal length and the 

characteristic impedance of the open-end stub to achieve the 

widest bandwidth in harmonic idlers (Fig. 2), at which 20–

30 Ω show the lowest Sensitivity. This low Z0 usually 

requires an impractically wide stub, and this justifies the 

splitting and shunt connecting of the open-end stubs. 

III. DESIGN AND MEASUREMENT OF  

BROADBAND CLASS-F AMPLIFIER 

To verify the proposed design, a class-F PA operating at 

1.7 GHz was designed by employing a commercial 10 Watt, 

GaN HEMT transistor and was implemented on an FR4 

substrate. The drain bias voltage was set to 28 V, and the 

bias current was set to 200 mA.  

Using the aforementioned equations, a wideband mat-

ching network for a class-F PA was designed (Fig. 3). From 

the load-pull simulation based on the transistor model pro-

vided by the manufacturer, the fundamental impedance was 

set as 17+j14 Ω. As well, the split open-end transmission 

lines of Fig. 1(d) were designed to meet the class-F con-

ditions over a wide bandwidth based on the in-house opti-

mization algorithm [9]. Fig. 4 shows measured results of the 

designed matching networks, and the measured performance 

is shown in Fig. 5(a) and (b). Fig. 5 show that the PA has a 

peak drain efficiency of 82.1% and a bandwidth of 750 MHz 

(1.45–2.2 GHz) for efficiencies greater than 63.2%. The 

output power has a peak value of 14.45 W at 1.7 GHz and is 
 

 

 
Fig. 3. Slant-end transmission lines (TL1 and TL3) in the broadband 

class-F output matching circuit. 

 

 
Fig. 4. Measured input and output matching networks with the slant-

end transmission lines. 
 

kept within ±0.5 dB over the bandwidth. The implemented 

PA is shown in Fig. 6. Table 2 compares wideband class-F 

PA designs with various architectures. It is clear that the 

suggested design shows superb performance over conven-

tional designs. 

IV. CONCLUSION 

This paper presents a design method to achieve wide 

bandwidth and high efficiency for power amplifiers. By split-

ting open-end transmission lines in the output matching 

network, the conditions for class-F operation could be main-

tained over a wider bandwidth. Furthermore, the circuit 

occupies less area than conventional wide-band class-F de-

signs that require many harmonic controllers. To verify the 

suggested design, a broadband class-F PA operating at 1.7 

GHz was designed on an FR4 substrate. The PA achieved a 

peak drain efficiency of 82.1% along with a bandwidth of 

750 MHz for a higher than 63% efficiency. The maximum 

output power was 14.45 W at 1.7 GHz. 
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(a) 

 

 
(b) 

Fig. 5. Measured result of the class-F power amplifier (slant-end). (a) 

Efficiency and output power over frequency. (b) Efficiency over 

input power at 1.7 GHz. 
 

 
Fig. 6. Fabricated power amplifier with split open-end transmission 

lines. 
 

Table 2. Performance comparison between wideband power amplifiers 

 Bandwidth for > 60% Freq. (GHz) Pout (W)

This work 750 MHz 1.7 14.45

Ref. [4] 550 MHz 0.85 10.5

Ref. [7] 250 MHz 1.9 13
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