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ABSTRACT: This paper introduces a multimode hybrid continuous class power amplifier utilizing a band-pass filter. It integrates resistive
response amplifiers operating in three modes: class F, class J, and class F-1. Instead of the traditional quarter-wavelength line for harmonic
control, an interdigital band-pass filter is utilized to manage harmonic impedance, enabling broadband operation, high efficiency, reduced
circuit size, and improved out-of-band rejection. To demonstrate the approach, a multimode hybrid broadband high-efficiency power
amplifier designed for 2 to 3.8 GHz range, achieving drain efficiency from 56.3% to 75.5%, saturated output power ranging from 39.1 to
41.2 dBm, and gain between 11.1 and 13.2 dB, is detailed and fabricated in this paper.

1. INTRODUCTION

ith the development of 5G mobile communication sys-

tem, there is an increasing demand for wider bandwidth
and high efficiency communication system, and waveform en-
gineering technologies are widely used in communication en-
gineering. By controlling high harmonics, the current and volt-
age waveforms of the circuit are modified so that the overlap
between the corresponding waveforms of the current and volt-
age is reduced resulting in a reduction in the DC losses of the
amplifier [1-5], and high efficiency and extended bandwidth
can be achieved by continuous hybrid class mode of operation.

After years of study by researchers, a variety of meth-
ods for controlling harmonics have been discovered. Among
them, quarter-wavelength transmission lines are widely used in
many designs due to their simplicity and high fabrication accu-
racy [6], but most of the designs are limited by the bandwidth
and are less efficient throughout the frequency band, making it
difficult to balance bandwidth and efficiency. In order to solve
this problem, the filter principle can be applied to the design
of power amplifiers. As an indispensable part of the RF front
end, the filter and power amplifier are jointly designed to per-
form the function of filtering clutter and impedance transfor-
mation in the circuit, which can effectively reduce the size of
the circuit and improve the efficiency. For example, in [7] an
all-metal cavity filter power amplifier is designed, achieving an
efficiency of 51%—67% at 2.95-3.35 GHz. In [8], a 5G broad-
band power amplifier with a band-pass filter response is synthe-
sized by using a spread spectrum band-pass filter as a matching
network, achieving an efficiency of 47%—-60% at 2-3.8 GHz.
However, the above filter power amplifier does not show good
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efficiency and bandwidth. In this paper, a multimode hybrid
power amplifier is designed with an interfinger filter structure,
and it is combined with the output matching circuit of a power
amplifier. On the one hand, it adopts a gap structure, and DC
cannot pass through, so it plays a blocking capacitor role, pro-
tecting the circuit from the influence of DC. On the other hand,
it can not only pass the ultra-wideband signal, but also suppress
the signal of a specific frequency band, can effectively control
the harmonic impedance of the circuit, and can achieve a good
out-of-band suppression.

For switched power amplifiers, in [9] class F and inverse
class F power amplifiers were designed using a quarter-
wavelength transmission line harmonic control network,
achieving 64% power added efficiency (PAE) and 74% PAE at
1 GHz, respectively. In [10], two class J power amplifiers were
designed using a multi-stub network and a step-impedance
microstrip line network. It achieves 55-68% efficiency at 1.6—
2.2 GHz and 50-69% efficiency at 0.5-1.5 GHz, respectively,
and it is found that traditional single-mode power amplifiers
are difficult to achieve high efficiency in a wide bandwidth.
The continuous class power amplifier can solve this problem
effectively [11,12], and this method can effectively increase
the bandwidth of conventional switching amplifiers. However,
with the further requirement of bandwidth, it is difficult to
satisfy our needs with separate continuous class modes; thus,
adopting mode combination theory can satisfy our needs by
combining multiple continuous class amplifiers [13], which
can satisfy both the bandwidth and efficiency requirements.

2. THEORETICAL ANALYSIS

Conventional microstrip band-pass filters often use parallel-
coupled filters, which are designed with low cost in mind and
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FIGURE 1. Structure of interdigital bandpass filter.
are widely used, but they exhibit spurious second harmonic re- n—1 _ 376'7YA h Yo ~Vh Cn )
sponses; their size is too long; their structure is not compact € Ve, Ya €
enough; and they are not conducive to the integration of the sys-
tem. Each resonant rod of the parallel-coupled filter is broken Cn 376.7., 1-Vh (6)

from the center and folded to obtain the interdigital band-pass
filter. This structure is more compact; the volume is greatly re-
duced to facilitate the miniaturization of the system; and the gap
between the coupled lines is increased, which is easy to process
and manufacture and improves the consistency and reliability of
the system, as shown in Fig. 1. The terminated open-circuit in-
terdigital band-pass filter consists of two sets of rectangular-rod
parallel-coupled line resonator arrays crossed over each other,
each with one end of the rectangular rods short-circuited and
one end open-circuited, with a wide range of relative bandwidth
adaptations from a hundredth of a percent to one octave. The
order n of the filter and the corresponding normalized conduc-
tance value g; can be derived from the target parameters of the
design, and the order n of the filter is derived as follows [14]:

100.1LA,-
-1
cosh T001Lx -1

n 1
cosh™ ~ w/,

>

(M

where L represents the minimum out-of-band rejection at the
normalized frequency; La; represents the value of the passband
interpolation loss fluctuating on the loss rms curve; and w’,
represents the normalized frequency.

After determining the order of the filter and the normalized
conductance value, calculate the normalized unit length self-
capacitance of each rod:
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Calculate the normalized unit length mutual capacitance be-
tween two adjacent rods:

ciz _ 376.7 Vh o
: Ve, A Zi)Zs
¢ 376.7. . J
g2 = e YAh% (3
Cotn _ 3767, N o)
e Ve “Z.)Za

where ¢, is the relative dielectric constant; Y, is the charac-
teristic admittance, generally 0.02; and h is the dimensionless
factor obtained by Equation (10):

2ck— 2
T | Oy Tl 5y (10)
€ € €
Calculate the gap between adjacent guide bands:
BK; 1;+1
Si—vili=1,2.m41 = — 7 11
1,ili=1,2..n11 T K1 (11)

where K;,_1, = exp(%“lrl), B is the thickness of the sub-
strate, and ¢t is the thickness of the conductor.
Calculate the rectangle bar width:

Wi 1 —t/b C; Cfe, Cfe.+1)
RS A S : 12
b 2 (25 € (12)
C
L = —— 13
4f0\/5'r1 ( )
where <= = %, 0; = 57~. The length of the

branches is obtained from formula (13) [15-17].
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Traditional continuous class power amplifiers employ
a technique that involves multiplying the voltage output
of high-efficiency amplifiers by a reactance factor, given
by (1 —~sinf). This approach effectively confines the
second harmonic impedance to a purely reactive domain,
forming a reactance circle. Nevertheless, achieving a precise
match between the second harmonic and a purely imaginary
impedance component within a wide frequency band poses a
significant challenge. Based on their investigations, Carrubba
and colleagues suggested enhancing the reactance factorization
by integrating an impedance factor (1 + § cos &) for regulating
the real component of the second harmonic [18]. Class J power
amplifiers are derived from class B power amplifiers, and
the voltage equation for this resistive response class J power
amplifier is shown in Equation (14).

Vbs,rrs (0) = Vpp (1 — cosf) (1—~ysinf) (1+0 cos @) (14)
iD,B(o) = IMax

1 1 2w 2w
—+= += — = cos46+...
( B cos 3 cos 20 15 cos 40 ) (15)

where «y ranges from —1 to 1; ¢ ranges from 0 to 1. Equation
(15) is the standard class B power amplifier drain current ex-
pression.

The output power Py rr.y, DC power Ppc,rrJ, drain effi-
ciency nrpy are derived from Equations (14) and (15) [19].

(1-9)

Py rry = 1 Vb b Ivax (16)
0\ VppIviax
Ppc,rrs = (1 - 2) DD% (17)
1-9
NRR = 721(_726)*100% (18)

Due to the addition of impedance factor, the value of the real
part of the coefficient of DC voltage in Equation (14) by the
4 is not zero, but in reality, the DC voltage is a constant value
and does not change with the change of ¢, which means that the
ideal DC power is less than the actual situation, so the actual
DC power is revised.

Vb b Ivax
Ppc,rry = - DD Max (19)
™
Equation (19) is the modified DC power expression. The
modified drain efficiency expression is then obtained by Equa-
tions (16) and (19):

N"RRJ = (]. — 5) *x 100% (20)

S

In order to make the drain efficiency in this mode greater than
60%, the value of 9 ranges from 0 to 0.23.

The fundamental impedance as well as the second harmonic
impedance of the resistive response class J power amplifier can
be calculated from Equations (14) and (15):

Zinns = o (=004 (1-1)) @D

3

~ Ropt (6 = jy (1 =19)) (22)

Z3RRJ = 3

From the value range of § when the drain efficiency is greater
than 60%, combined with Equations (21) and (22), the corre-
sponding impedance space can be drawn, as shown in Figure 2.

1.0j

FIGURE 2. The impedance design space for resistive response class J
amplifiers.

Similarly, the fundamental power P; rrr, drain efficiency
NrrF, fundamental impedance expression Z; rrr, second
harmonic impedance expression Zs rrr, and third harmonic
impedance expression Z3 rrr can be calculated from the re-
sistive response class F power amplifier’s voltage expression
(23) and Equation (15) for this mode.

2 1
Vbs,rrr (0) = Vbp (1 — —cosf + —— cos 30)

V3 3v3

(1 —~sinf) (1 + dcosh) (23)
2 — /36

P =2 Y b Tva 24

1,RRF i3 ppim (24)
2 —/36

= — 7% 100% 25

""RRF 4\/3 T (25)

21w = Rope ((\%—5) iy (1—12735» (26)

3T 59 7
A = —R, — =y | —= -0 27
2,RRF 3 pt(g\/g JW<3\/§ )) 27
ZgJ{RF = 0 (28)

As with resistive response class J power amplifiers, the real
part of the DC voltage in Equation (23) results in a theoreti-
cal drain efficiency that is greater than the actual situation, and
Equation (25) corrects the drain efficiency expression [20].
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FIGURE 3. The resistive response class F amplifier impedance design
space.

The corresponding impedance design space is plotted by
combining the range of values of § [0, 0.39] for this mode with
drain efficiency greater than 60%, as shown in Fig. 3.

In line with the resistive response class J amplifier, the drain
efficiency and conductance expressions for the inverse class
F amplifier, also featuring resistive response, are outlined be-
low [21]:

2(1.16 — 0
NRRIF = % * 100% (29)
YirriF = V2Gop (116 — 6) — jy (0.330 — 1) (30)
Yo rrir = 2Gopt (6 — jv (1.32 = 6)) (€29)
Y3 rrIF = 0 (32)

The impedance design space corresponding to the range of val-
ues of 4 in [0, 0.31] for drain efficiency greater than 60% is
shown in Fig. 4.

Based on the three modes of power amplifiers proposed
above, these three modes are combined and designed to realize
the resistive response hybrid continuous class operation mode,
which has a more flexible impedance space and a larger range
of impedance variation than the traditional single-mode opera-
tion mode, and expands the bandwidth while ensuring the effi-
ciency.

3. FILTER POWER AMPLIFIER DESIGN

Drawing upon the aforementioned theory, three distinct resis-
tive reactance modes are devised by substituting the standard
M4 transmission line with an interdigital bandpass filter. This
substitution enables the control of harmonic impedance. The
filter’s capability to suppress out-of-band total reflection dis-
plays pure reactance features, modifying the voltage and cur-

174

FIGURE 4. The resistive reactance inverse class F amplifier impedance
design space.

rent profiles of the harmonics at the circuit’s drain. Conse-
quently, it generates a precise voltage-current waveform [22—
24], positioning the circuit’s high harmonic impedance on the
Smith chart’s periphery, thereby achieving a highly efficient
broadband power amplifier.

GaN CG2H40010F transistor from Cree is used in this pa-
per. According to the metrics designed in this paper on the ba-
sis of the eighth order Chebyshev low-pass filter [25-27], the
low-pass model is converted into a band-pass model by the low-
pass-to-conductance frequency transformation Equations (33)—
(35), and its overall circuit is shown in Fig. 5. The input consists
of a matching circuit and a biasing circuit with an RC stabiliz-
ing network as well as an isolation capacitor, which is used to
ensure the stability of the amplifier and to block DC. The output
consists of a bias circuit and an interdigital bandpass filter con-
nected to the transistor through two sections of microstrip lines,
which act as an impedance transformer to solve the impedance
mismatch between the transistor and the filter, and serve as a
soldering plate to facilitate the physical processing of solder-

ing.
, wll w (%)
= L= 33
Y T FBW (wo w > (33)
FBW — “2-% (34)
wo
Wy = JWiw2 (35)

In order to achieve broadband high efficiency, the transistor
drain terminal impedance is controlled to the range correspond-
ing to each mode, and there is an overlap of the impedance
conditions corresponding to each mode, which in turn real-
izes the mode combination [28,29]. The harmonic impedance

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 148, 171-179, 2024

PIER C

-
2]

6.2/7.5 12 1.2/2.5

I 235

3.715 0.9/6.2

Input matching circuit

Width/Length or Width/Radius or Clearance

mm

VD
12
[l
e
=
Fi
|—— L -
- = _| |_ - T 0.58/15.4|
21 4.2/14 -
bosC 1o !

I
1—|‘“_l"i—|:| 03154 |

N | . "'3f15-“|:|—|:§_j:|—' |

CG2H40010F 0.3/154 :

0.3/15.4 I

1—|_[;__l_1—|:| 0.4/15.4 |

QOutput matching circuit

50Q
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FIGURE 6. Impedance traces at the drain end of the amplifier.

simulation results are shown in Fig. 6, which shows that the
circuit impedance trajectory matches the impedance space of
the corresponding mode. Some frequency bands correspond to
impedance trajectories that deviate from the impedance design
space, and it has been demonstrated by many researchers that
high efficiencies can still be maintained in most regions outside
the impedance design space of resistive response power ampli-
fiers.

4. IMPLEMENTATION AND MEASUREMENT

The proposed power amplifier was simulated using Advanced
Design System (ADS) and processed for testing. Rogers

4003C (H = 0.813, ¢ = 3.38) and GaN HEMT transistor
CG2H40010F were used to design and fabricate the power
amplifier operating at 2-3.8 GHz with a gate bias voltage of
—2.7V and a drain bias voltage of 28 V. The dimensional
drawing of the power amplifier is shown in Fig. 5. The physical
processing diagram of the power amplifier is shown in Fig. 7.

The power amplifier functioned under continuous wave sig-
nals ranging from 2 to 3.8 GHz, yielding a saturated output
power within 39.1 to 41.2dBm. Across this frequency band,
the drain efficiency (DE) varied from 56.3% to 75.5%, and the
gain ranged from 11.1 to 13.2 dB, as depicted in Fig. 8. It can be
seen from Fig. 6 that the impedance trajectory near 3 GHz does
not fall in the impedance space, and the impedance trajectory
rotates clockwise along the Smith circle diagram. As the fre-
quency approaches 3 GHz, the efficiency decreases somewhat,
but still maintains a high efficiency. Additionally, Fig. 9 illus-
trates the trends of gain and DE against input power, revealing
a marked decline in gain beyond 30 dB input power, while DE
approaches saturation. Fig. 10 shows the change curve of gain
and DE with the output power. It can be seen that the gain de-
creases significantly when the output power is large and 40 dB,
and the efficiency is close to saturation.

The current-voltage waveforms at 2.25 GHz, 2.6 GHz, and
3.65GHz are given below. Fig. 11(a) displays the current-
voltage profiles at the drain of the power amplifier functioning
at 2.25 GHz, revealing a current waveform resembling a square
wave and a voltage waveform akin to a sine wave, indicating
operation in the resistive response inverse class F mode. In Fig.
11(b), the current and voltage waveforms at 2.6 GHz show both
similar to sine waves, suggesting that the amplifier operates in
the resistive response class J mode. Meanwhile, Fig. 11(c) de-
picts the waveforms at 3.65 GHz, where the current waveform
mimics a sine wave while the voltage waveform resembles a
square wave, indicating operation in the resistive response class
F mode.
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FIGURE 7. Physical photographs of the power waiver produced.
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TABLE 1. Comparison with other referenced power amplifiers.

Reference  Bandwidth  Efficiency (%) Output power (dBm) Gain (dB)

2] 0.8-3 55-68.5 39.8-42.4 8.5-14.2
71 2.95-3.35 51-67 40 10
[8] 2-3.8 GHz 47-60 40.641.7 13.4-15.1
[10] 0.5-1.8 GHz 50-69 39-40.8 -
1.6-2.2GHz 55-68 40-41 -
[25] 3.3-3.6GHz 62.3-68.9 40.4-40.6 10.9-11.4
This work  2-3.8 GHz 56.3-75.5 39.1-41.2 11.1-13.2
Table 1 shows the performance comparison of the designed than that of [2]. Considering the efficiency, output power, gain,
power amplifier with some published articles. Although the and other indicators, it can be seen that the power amplifier de-
bandwidth and output power of [2] are better than that of this signed in this paper performs better than other power amplifiers
work, the efficiency and gain flatness of this work are better and can be better used in practical applications.
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5. CONCLUSION

This paper presents the design of a multimode hybrid power
amplifier incorporating an interdigital band-pass filter. Instead
of the traditional A\/4 harmonic control network, the filter is em-
ployed to manage harmonic impedance, while the amalgama-
tion of the multimode hybrid and continuous class operating
modes offers enhanced design flexibility for achieving a broad-
band, high-efficiency amplifier. Subsequently, power ampli-
fiers were constructed and tested across the 2 to 3.8 GHz range,
yielding measured drain efficiency (DE) values between 56.3%
and 75.5%, output power ranging from 39.1 to 41.2 dBm, and
gain spanning 1.1 to 13.2dB.
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