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ABSTRACT: This paper proposes a dual-band class F~! high-efficiency power amplifier with an integrated structure for harmonic sup-
pression and fundamental matching. The fundamental matching network employed a dual-frequency coupler with open branches. This
structure is partially reused for third-harmonic control by leveraging two open branches and two branch lines. By adjusting the characteris-
tic impedance of the quarter-wavelength transmission line, the third-harmonic impedance is adjusted to a short circuit at both fundamental
frequencies at the drain of the power amplifier. The second-harmonic control network consists of a quarter-wavelength open stub and a
drain bias line loaded with a double-spiral defected ground structure (DGS), which controls the second-harmonic impedance to an open
circuit state at the drain, satisfying the class F~! harmonic conditions. A dual-band high-efficiency class F~! power amplifier operating
at 2.6 GHz/3.4 GHz is designed and fabricated. The measured results show drain efficiencies of 73.5% and 74.3% at 2.6 GHz/3.4 GHz,

with output power exceeding 40 dBm and gain above 10 dB.

1. INTRODUCTION

ith the rapid development of wireless communication, the

demand for reduced power consumption in the entire sys-
tem has become increasingly stringent. As a core component,
the power efficiency of an radio frequency (RF) power ampli-
fier (PA) directly affects the lifespan of the system. While high-
efficiency PAs, such as class E, F, and F~! offer theoretical
efficiencies approaching 100%, they suffer from narrow band-
widths [1-3]. The design concept of a class J power amplifier
was introduced by Cripps et al. in 2009 [4]. According to [4],
the class J PA features an extensive impedance space that tran-
scends open/short circuit limitations, enabling easier broadband
design with a theoretical efficiency of 78.5%. Nevertheless,
class F and F~! remain the focus of research because of their
high efficiency.

Defected ground structure (DGS) introduces equivalent reac-
tive components by modifying the ground plane, creating spe-
cific stopbands to suppress spurious and higher-order modes.
This significantly improves frequency selectivity [5]. Integrat-
ing DGS into power amplifier designs effectively suppresses
harmonic interference, optimizes impedance matching, facili-
tates miniaturization, and enhances operational stability and en-
ergy efficiency [6].

Simultaneously, with the rapid development of 5G communi-
cation technology, PAs must operate in the 5G frequency band
with a high efficiency. To address these challenges, this paper
introduces an innovative co-design methodology for simultane-
ous harmonic control and fundamental matching. The approach
integrates even and odd mode analysis of couplers with insights
into harmonic control and bias circuit fusion from reference [7].
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Notably, the second-harmonic control network incorporates a
compact drain bias line loaded with a novel double-spiral DGS
and a quarter-wavelength open stub, achieving an open circuit
condition at the second harmonic without occupying extra area.
Moreover, the third-harmonic control network is intelligently
merged with the fundamental matching network, significantly
simplifying the overall circuit architecture. To validate the the-
oretical feasibility, a dual-frequency high-efficiency class F~!
PA operating at 2.6 GHz and 3.4 GHz is designed and fabri-
cated. The measured results demonstrate that the maximum
drain efficiencies are 73.5% and 74.3% at the respective fre-
quencies, with an output power exceeding 40 dBm and a gain
above 10 dB.

2. THEORETICAL ANALYSIS

2.1. Theoretical Analysis of Class F~' Power Amplifiers

Class F~! PAs achieve a high efficiency by controlling the drain
voltage and current waveforms. Specifically, the drain current
is manipulated into a square wave, whereas the drain voltage is
approximated as a half-sine wave. This ensures that the volt-
age and current waveforms barely overlap, thereby achieving
an ideal efficiency of 100% [8,9]. The corresponding mathe-
matical expressions for the voltage and current are as follows:

Vi = gvdc (1)
41,

5 = )
i

where Vpe and Ipe are the DC voltage and current, respec-
tively. For an ideal class F~! PA, where the drain voltage is
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a perfect sine wave, and the drain current is an ideal square
wave with no overlap, the expressions for the fundamental out-
put power P, and DC power Py, are given by:

Pl - Pdc - Vchdc (3)
Theoretically, the drain efficiency of a class F~! PA can be
expressed by
Py

N"DE =
Pdc

= 100% @)

Controlling harmonics in class F~1 PAs is challenging be-
cause of the presence of parasitic parameters within the tran-
sistor. Typically, only up to the third harmonic is controlled,
because higher harmonics are difficult to control. The condi-
tions for achieving the ideal efficiency of 100% in class F~!
PA are as follows:

Vdc
an = Rfo = 7T28]dc Q)
Zaf, = 00 (6)
Zsfy = 0 (7

where Zj, represents the fundamental impedance, Zoj, the
second harmonic impedance, and Zsj, the third harmonic
impedance. It indicates that the second-harmonic impedance is
infinite, corresponding to an open circuit condition; the third-
harmonic impedance is zero, corresponding to a short circuit
condition, the efficiency of the class F~! PA can reach a theo-
retical value of 100%.

2.2. Theoretical Analysis of Dual-Frequency Fundamental
Matching Networks

Based on the load-pull and source-pull simulations by the ad-
vanced design system (ADS) software, the load impedances at
fi = 2.6 GHz and f, = 3.4 GHz are determined as (14.767 +
j12.186) €2 and (15.709 + j1.476) €2, respectively. Using these
values, the fundamental load matching network is designed to
achieve optimal PA performance at both frequencies. The pro-
posed dual-frequency fundamental load matching network is il-
lustrated in Fig. 1.

Based on the theoretical analysis of the microstrip coupler
in [10], the dual-band fundamental impedance matching net-
work consists of four T-branches with open stubs. To better il-
lustrate the design process, the subsequent analysis focuses on
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FIGURE 1. Dual-frequency fundamental load impedance matching net-
work.

the individual T-shaped branch section, as indicated by the red
box in Fig. 1. This structure consists of three cascaded subnet-
works: a left series segment, a parallel stub, and a right series
segment. Its overall ABC'D matrix is given by:

Ap Br | _ | cos 0, jZ,sinf,
Cr Dr| % cosf,
{ 1 0} {cos&a jZ4sind,
X X

j tan 6y jsinf,
= 1 = cosf,

| ®

Because this structure is equivalent to a conventional quarter-
wavelength transmission line, its ABC' D matrix is identical to
that of the conventional quarter-wavelength transmission line.

©

Ar By
Cr Dr

_ 0 +jZ
Ttz 0

where Z, is the characteristic impedance of a conventional
quarter-wavelength line. Setting Ar = Dy = 0 yields:

Zy(cos? 0, — sin® 0.)
tan @, = 10
anbe Z,sinf, cos b, (10)

Br = jZ,tanf, (11)
Cr = L (12)
= JZatanﬁa

Therefore, the ABC D matrix of the T-branch is simplified
to:

0 jZq tan B, ] B [ 0 +iZ,

tj5 0 } (3)

|
J Zg tan 0, 0

For dual-band operation, the necessary conditions are:
Zaotanbyp, = +7. (14)
Zgtanb,p, = +7, (15)

where 6,71 and 042 are the electrical lengths of the lines at
frequencies f; and frequency f>(6a51 < Gap2).
The solution of (14) and (15) is:

Oafy + Oapy =170 (16)
where n = 1,2, 3, ..., and the electrical length of transmission
lines is:

2w fL
o= 2S (17)
C\/Er

Here, L is the physical length, c the speed of light, and ¢,. the di-
electric constant of the substrate. The electrical length is there-
fore proportional to the frequency:

Opn _ 11 (18)
O  fo

It can be deduced that:
Ouf, =nm (19)
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FIGURE 2. S-parameter simulations of the proposed dual-band funda-
mental loading impedance matching network.

where fo = fo £ fiand 0,70 = Oqf2 = 04r1. Consequently,
once the two operating frequencies are determined, the electri-
cal lengths of the series section at these two frequencies (6,11
and 6, ¢2) are also determined. Combining (10) and (16) yields:

(20)

where 0,51 and 0y are the electrical lengths of shunt section
0y at the two frequencies.
Therefore, (20) leads to:

tan 01 = £ tan by po

@n
where m = 1,2,3,.... Using (18), (19), and (21), the val-
ues of 0,1, Oaf2, Opr1, and Oy ro at two operating frequencies
(2.6 GHz/3.4 GHz) are calculated with m = 1 and n = 1 for
simplicity. Furthermore, Z4 and Zp are obtained using (14)
and (10), respectively. The impedance parameters of each line
are derived from the formula and optimized through ADS soft-
ware simulation, and their characteristic impedance and elec-
trical length are shown in Table 1. These values ensure that the
real part of the load impedance matches a port impedance of
50 2. When ports 4 and 2 are open circuit, simulations are per-
formed to obtain the performance results of the dual-frequency
fundamental load impedance network structure, which are pre-
sented in Fig. 2.

ebfo =mm

TABLE 1. Characteristic impedance and electrical length of dual-band
harmonic control network.

Parameter Za Zy  Zar  Zvt Za2 2
Characteristi
HATACETSIC 07 439 166 452 453 946
impedance (€2)
Electrical

148 7.9 13 5.5 15 14.8
lengths (°)

It is evident from Fig. 2 that at frequencies of 2.6 GHz and
3.4 GHz, |S1] is below —20 dB, while |S3;| approaches 0 dB.
Consequently, the simulation results demonstrate that the dual-
band matching network exhibits excellent fundamental load
impedance matching performance at the frequencies of 2.6 GHz
and 3.4 GHz. Because the load impedance is a complex, it is
necessary to load a high-impedance transmission line at the in-
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FIGURE 3. The drain bias line loaded with double spiral DGS.
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FIGURE 4. Equivalent circuit of a drain bias lines with a double-spiral
DGS.

put port of the dual-band fundamental load impedance match-
ing network during the subsequent design. This enables the
load impedance to match the 50 2 port impedance, which en-
sures that the load impedance is matched to the standard 50 €2
port impedance.

To visually illustrate the design approach for dual-frequency
matching networks, the simplified process is as follows:

1. Using (18), (19), and (21), the values of O f1, Oqf2, Op 11
and 0,2 are obtained at the two operating frequencies,
where the value of n and m are set to 1 for compactness.

2. Using (14) and the designated characteristic impedance
Z., the value of Z 4 is calculated.

3. The value of Zp is calculated using (10) combined with
the parameters obtained in the previous two steps.

4. The physical lengths of the two stubs are determined for
the different characteristic impedances Z4 and Zp.

2.3. Theoretical Analysis of Dual-Frequency Harmonic Control
Networks

Based on the theoretical analysis of class F~! PA, the drain har-
monic control conditions require an open circuit at the second
harmonic and a short circuit at the third harmonic. The core of
this dual-frequency harmonic control network design is to share
part of the third-harmonic control structure with the fundamen-
tal matching network. The second harmonic control network is
implemented using a drain bias line loaded with a double-spiral
DGS and an open circuit transmission line, with the specific pa-
rameters shown in Fig. 3. Fig. 4 illustrates the equivalent cir-
cuit of the DGS loaded bias line, which comprises two cascaded
parallel resonant circuits. A detailed theoretical analysis of this
structure for controlling harmonic impedance is provided in [5].
The overall structure of the dual-frequency harmonic control
network is shown in Fig. 5.
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FIGURE 5. Dual-band harmonic control network.
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FIGURE 6. The variation of fundamental and harmonic impedance tra-
jectory in the harmonic control network at the drain ends.

The second-order harmonic control network depicted in
Fig. 5 primarily consists of a drain bias line loaded with a
double-spiral DGS and quarter-wavelength open circuit stub
TL2 at fp = 3.4GHz. Consequently, a properly dimen-
sioned double-spiral DGS tunes the second-order harmonic
impedance at 2 fo; = 5.2 GHz to near open circuit. The quarter-
wavelength open circuit stub TL2 at f; = 3.4 GHz, for the
second-harmonic frequency 2 fy,, acts as a half-wavelength
stub.  Therefore, for the second-harmonic frequency at
2 foo = 6.8 GHz, the open circuit condition is converted to an
open circuit at point A. Thus, at point A, the second-harmonic
impedance at both 2fy; = 5.2GHz and 2fy, = 6.8 GHz is
effectively controlled near the open circuit point.

The third-harmonic control network primarily consists of
transmission line TL3 with an electrical length of 60° at fo;
and transmission lines TL4, TL5, TL6, and TL7. At the third
harmonic frequency 3 fo; (7.8 GHz), transmission line TL3 of
length A\/6 at fy; is equivalent to a half-wavelength length at
3 fo1, and the impedance at point A is the same as that at point B.

At the third harmonic at 3 fo; (10.2 GHz), TLS with a one-
twelfth wavelength length at fys is equivalent to a quarter-

226

wavelength length, and TL4 with a one-sixth wavelength length
at foo is equivalent to a half-wavelength length. Similarly, at
the third harmonic at 3 fy; (7.8 GHz), TL7 with a one-twelfth
wavelength length at fy; acts as a quarter-wavelength length,
and TL6 with a one-sixth wavelength length at fy; acts as a
half-wavelength length. Consequently, after transformation by
TLA4-TL5 and TL6-TL7, the third harmonic impedances at both
3 fo2 and 3 fy; are positioned near the short circuit point at B.
Because TL3 preserves this impedance from B to A, the third
harmonic at A is also near the short circuit. Because TL3
preserves this impedance from B to A, the third harmonic at
A is near the short circuit. Thus, the second and third har-
monic impedances at point A satisfy the class F~! requirement.
The impedance trajectories after the simulation optimization
are shown in Fig. 6.

The Smith chart confirms that the fundamental impedance is
located near the center, indicating a good match between the
optimal load impedances and the port impedance at both fun-
damental frequencies. Furthermore, the second and third har-
monic impedances are positioned close to the open and short
circuit points, respectively. This confirms that the drain har-
monic impedances are effectively controlled and satisfy the
class F~! requirements, which is expected to enhance the drain
efficiency of the PA.

2.4. Overall Simulation of Power Amplifier

To validate the theoretical feasibility, the proposed PA is sim-
ulated using a Rogers 4350B substrate (&, 3.66, h
0.508 mm) and a Cree CGH40010F GaN HEMT biased at
Vas = —2.7V and Vpg = 28 V. The overall structure is de-
picted in Fig. 7, where the light orange color indicates the pres-
ence of grounding plate metal on the back, while the orange
sections represent the metal microstrip line on the front. In-
put harmonic control is omitted because of its minimal impact
on performance. A small-signal RC stabilization network (7 pF
Murata capacitor, 8 €2 0805 resistor) is added at the input to pre-
vent self-oscillation.
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FIGURE 7. Overall schematic of the proposed PA.
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FIGURE 8. The drain voltage and current waveforms of the PA at two different frequencies. Minimal overlap between the two waveforms confirms

the desired class F~! waveform shaping.
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FIGURE 9. Simulated efficiency, output power and gain curves at two frequencies.

Figure 8 shows the drain voltage and current waveforms at
both fundamental frequencies under a large-signal ADS simu-
lation. The minimal overlap between the waveforms confirms
good agreement with the class F~! characteristics, satisfying
the requirements for high efficiency.

Using a single-tone continuous wave input, the PA reached
saturation at an input power of 28 dBm after simulation opti-
mization. As shown in Fig. 9, the simulated drain efficiency is
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79.9% and 78.7% at 2.6 GHz and 3.4 GHz, respectively, with
output power > 40 dBm and gain > 10 dB at both frequencies,
basically meeting the design specifications.

A photograph of the fabricated PA is shown in Fig. 10, and its
measured performance is shown in Fig. 11. The measured drain
efficiency is 73.5% and 74.3% at 2.6 GHz and 3.4 GHz, respec-
tively, and remains above 70% within 20 MHz of each center
frequency. It indicates that DC energy has been efficiently con-
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TABLE 2. Comparison of the proposed power amplifier with reported typical dual-band power amplifier.

Ref. class Tech. Frequency (GHz) Output Power (dBm) Drain Efficiency (%) Gain (dB)
[11] F GaN 2.2/2.6 39.8/40.03 72.5/67.8 > 10
[12] J GaN 1.7/2.6 41/41 70/64 11/11
[13] F GaN 1.4/2.4 41/40 65/67 13/12.5
[14] J GaN 2.35/3.45 40.6/41.2 70.3/71.4 10.6/11.2
[15] F GaN 2.6/3.4 39.8/39.5 64/62 11/10.8
This F~! GaN 2.6/3.4 40.6/40.8 73.5/74.3 10.6/10.8
FIGURE 10. Photo of the fabricated power amplifier.
(a) 80 80 - (b) 80 = —a—n 80
E 70 E 70 70 E
70 _,;g %
& 60 60 I 60f 460 =~
~ ~ [}
= sol Js0 2 2 50F 150
5 - - oy 5 2
5 4O O O OO O——0— 40 2 ‘5 40 —0——0— —O— 40 3
= —®— Drain Efficiency-sim —=—Drain Efficiency-mea = = —#— Drain Efficiency-sim —=—Drain Efficiency-mea Jg'
e 304 Gain-sim —~— Gain-mea 130 2 o 30— Gain-sim —O0— Gain-mea 130 &
E 20 |=—®— Output power-sim  —O— Output power-mea {20 ,Eg g 2wk Output power-sim ~ —— Output power-mea _| 2() é;
|0 —t—p——t——A——A—A—{ 10 § 1o—t—pr—t—n—n—an A 410 E
O [+
1 1 1 0 1 1 1 0 ©
953 2.59 2.60 2.61 2.62 38 3.39 3.40 341 342
Frequency (GHz) Frequency (GHz)

FIGURE 11. Simulations and measurements of drain efficiency, output power, and gain.

verted into the fundamental frequency output, directly reflect-
ing the excellent harmonic control performance. The output
power exceeds 40 dBm, and the gain is greater than 10 dB at
both frequencies. The measured large-signal performance is
slightly degraded compared to the simulation, mainly owing to
welding, heat dissipation, and other practical factors. Table 2
compares the performance of the proposed PA with recent do-
mestic and international designs, showing good performance
such as high efficiency.

3. CONCLUSIONS

In this study, a high-efficiency dual-frequency class F~! PA
with an integrated design of harmonic control and fundamental
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matching is proposed. A drain bias line loaded with a double-
spiral DGS with a quarter-wavelength open circuit stub is used
to present an open circuit state at the second harmonic. The
impedance-transforming branch-line coupler serves as a dual-
frequency fundamental matching network, and a portion of this
coupler is utilized to control the third-harmonic impedance for
a short-circuit state. The measured results confirm the effec-
tiveness and feasibility of the proposed design approach for the
harmonic control circuit of the PA.
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