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Abstract—This paper presents the operation principle of Class-J
power amplifiers (PAs) with linear and nonlinear output capac-
itors (C,yuts). The efficiency of a Class-J amplifier is enhanced
by the nonlinear capacitance because of the harmonic generation
from the nonlinear C, ., especially the second-harmonic voltage
component. This harmonic voltage allows the reduction of the
phase difference between the fundamental voltage and current
components from 45° to less than 45° while maintaining a half-si-
nusoidal shape. Therefore, a Class-J amplifier with the nonlinear
Cout can deliver larger output power and higher efficiency than
with a linear C,, ;. As a further optimized structure of the Class-J
amplifier, the saturated PA, a recently-reported amplifier in our
group, is presented. The phase difference of the proposed PA is
zero. Like the Class-J amplifier, the PA uses a nonlinear C,: to
shape the voltage waveform with a purely resistive fundamental
load impedance at the current source, which enhances the output
power and efficiency. The PA is favorably compared to the Class-J
amplifier in terms of the waveform, load impedance, output
power, and efficiency. These operations are described using both
the ideal and real models of the transistor in Agilent Advanced
Design System. A highly efficient amplifier based on the saturated
PA is designed by using a Cree GaN HEMT CGH40010 device
at 2.14 GHz. It provides a power-added efficiency of 77.3% at a
saturated power of 40.6 dBm (11.5 W).

Index Terms—Class-]J, efficiency, nonlinear output capacitor,
power amplifier, saturated amplifier.

I. INTRODUCTION

IGHLY efficient power amplifiers (PAs) are an essential

RF component for wireless communication systems to
achieve small, reliable, and low cost transmitters [1]-[3]. To
date, a lot of topologies have been proposed to provide highly
efficient operation. Among the various PAs, the Class-F de-
livers a good efficiency by controlling the odd-harmonic imped-
ances to make a rectangular voltage waveform [3]-[6]. How-
ever, to get the proper third-harmonic voltage, the output capac-
itor (Coyt ) should be accurately tuned out. Moreover, depending
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on the capacitance and the operating frequency, in some cases,
the impedance of the capacitance might be a short-circuit for the
third-harmonic frequency. Class-E amplifier provides excellent
efficiency by acting as a ideal switch [7], [8]. However, the ac-
tual ideal switching operation of the power transistor might or
might not be possible depending on the operating frequency and
the power transistor. In addition, the high order frequency com-
ponents of the drain voltage may be shorted and the switching
time may not be negligible, making the zero-voltage switching
and zero voltage derivative switching difficult. Such limitations
degrade the efficiency of the Class-E PA at high frequency.

In 2006 [3] and 2009 [9], S. C. Cripps proposed Class-J ampli-
fier that provides the same efficiency and linearity as Class-AB
or Class-B amplifiers across a broad frequency range due to
absence of the resonant impedance condition, such as short-cir-
cuit or open-circuit. The Class-J PA increases the fundamental
voltage component assisted by the second-harmonic voltage
by employing a capacitive harmonic load [10]-[12]. However,
a complex load impedance at the fundamental frequency is
required to shape the voltage waveform. As a result, the perfor-
mance of the Class-J PA is degraded due to the phase mismatch,
making it comparable to that of a harmonic tuned linear PA, such
as a Class-AB or a Class-B, but the reported Class-J PA provides
better efficiency than the theoretical expectation [13]-[15].

The highly efficient PAs have been extensively analyzed in
the past, but most of these analyses have been carried out under
the assumption of a linear Cyy¢ [3]-[15]. However, the Cyys
presents a heavily nonlinear behavior at the low voltage across
the capacitor [16], [17], resulting in unexpected operation and
the abstrusity of the analyses. Although some researchers have
made an effort to describe PA operations accounting the non-
linear capacitor [18]-[23], they only focused on the Class-E
topology at low frequencies, below 400 MHz.

In this paper, the harmonic-generation property of the tran-
sistor’s nonlinear Cl,, is explored, and the behaviors of the PAs
with the linear and nonlinear C,,, are investigated. Especially,
Class-J amplifiers, which use the output capacitors as a second
harmonic load, are further analyzed in terms of the time-do-
main voltage and current waveforms, load-lines, load imped-
ances, and continuous-wave (CW) performances. The Class-J
amplifiers are compared with a saturated power amplifier, and it
is shown that the amplifier is an optimized version of the Class-J
PA to obtain better efficiency and output power. In [24] and
[25], we explained the operation of the saturated PA. It uses
the nonlinear C,+ as a harmonic load, which is the same of the
Class-J amplifier, and a purely resistive fundamental load, which
is different from the Class-J PA. The resistive fundamental load
impedance increases the power factor, resulting in better effi-
ciency and output power than those of the Class-J amplifier.

0018-9480/$26.00 © 2010 IEEE
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Fig. 1. (a) Simplified transistor equivalent circuit model. (b) Capacitances for
the linear and nonlinear C,,s. (¢) DC-IV characteristic.

II. ANALYSIS FOR OPERATION CHARACTERISTICS OF A
CLASS-J AMPLIFIER

A. Ideal Transistor Model for Simulations

To analyze the fundamental behaviors of the PAs, we have
constructed a simplified transistor equivalent circuit model in
the Agilent Advanced Design System (ADS) using the symbol-
ically defined device, as shown in Fig. 1(a). To simplify the anal-
ysis, the transistor model contains two essential nonlinear parts:
Cous and the drain current source. C,, ¢, represents all nonlinear
capacitors of the transistor output, including the drain-source
capacitor Cqs and gate-drain capacitor Cyq. Even though Cgg
and Cgq are modulated according to both the drain source and
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TABLE 1
SUMMARIZED PARAMETERS FOR OUTPUT CAPACITOR Cl ¢

Coo| A | B E
19 | 11924 | 0.0594714 | -2.94696

the gate-source voltages, we assume only a dependence on the
drain-source voltage in this model. Thus, Cyy is given by

Cout(Vas) = Couto + A - [1 + tanh(B - Vs + C)][pF] (1)

where Cout0, 4, B, and C' are summarized in Table 1. Fig. 1(b)
illustrates the characteristic of the nonlinear Cy,+ according to
the drain-source voltage. The capacitance increases dramati-
cally as the drain-source voltage becomes small. The drain-
source current is given by

Ids<VgS7 Vds)
0, Vi <0

gm‘/gs (1 — €Xp (_ ‘é}:)) ’

gm‘/gs,max (1 — €xXp (_‘é_};)) ) Vgs Z Vgs,max

0< Vgs < Vgs,max

where gy, is the transconductance and Vi max 18 the gate-source
voltage when /45 is equal to /... For simplicity, we assume the
pinch-off voltage is zero. As depicted in Fig. 1(c), the transistor
model exhibits strongly nonlinear effects of cutoff and satura-
tion. In the intermediate region between the cutoff and satura-
tion, the transistor provides a highly linear operation. In partic-
ular, g, and I, are setto 1 S and 1.5 A, respectively, in this
model, and Vi is about 4 V. These parameters are based on the
model of the Cree GaN HEMT CGH60015 used for the imple-
mentation. It is well known that the input nonlinear capacitor
(s has nonlinear characteristic, which results in the generation
of harmonic components [10]-[12], [26], [27]. However, com-
pared with the output nonlinear capacitor, Cys has a minor effect
on the performance, as will be described in Section III, so the
effect of Cgs nonlinearity is eliminated in this model.

B. Class-J Amplifier With Linear Output Capacitor

First, we review the operation of Class-J amplifier with linear
Cous- Linear Cy, refers to a constant capacitance, as shown in
Fig. 1(b). Class-J amplifier can be characterized by half-sinu-
soidal voltage and current waveforms with a phase shift between
them, as depicted in Fig. 2. These waveforms can be expressed
by

1

1 . 2
I(e):Imax'<;+§Sln9—§00526—...> (2)

V() =7Vy - <% - %sin(& + 6)—% cos(2(0 + 8)) — - )
3)

where ¢ is a phase difference between the voltage and current
from the normal 180°. Thus, the load impedances of each har-
monic frequencies can be calculated by

Va
Zy=—-21 4
I 4)
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Fig. 3. Simulated (a) time-domain voltage and current waveforms and (b) load-
lines for Class-B and Class-J amplifiers with linear C.s.

where n denotes the >n*" frequency component. For I,y = 1
and Vg, = 1/, the fundamental and second-harmonic loads
are given by

Zy =146, Zo=1/(26—m). (5)
For Class-J amplifier, § is /4 because the second harmonic
loading is made by the capacitive component. Thus, to shape
the half-sinusoidal voltage waveform, the fundamental load
impedance is set to 1/(7/4). This leads to the degradation of
the output power by a factor of cos(w/4).

The operation of the Class-J PA is further investigated by
using the model described in Section II-A. Since the Class-J
operation biased at the Class-B condition is assumed in this
work, the Class-B amplifier is also simulated for comparison
purpose. For the Class-B design, the optimum fundamental load
impedance is chosen to obtain the maximum output power:

Vae — Vk

Roypt = ———.
P Imax/2

(6)
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In the simulation, V. is set to 30 V, so R,y is chosen to be
34.6 Q.

For the Class-J amplifier, the voltage waveform is half-si-
nusoidal. It consists of all even harmonic voltage components.
However, the voltage components at the higher-order fre-
quencies are assumed to be zero because of the device’s large
output capacitor. We believe that, in the real design environ-
ment, the half-sinusoidal voltage waveform is mainly made
up of the DC, fundamental, and second-harmonic voltage
components. Among the various half-sinusoidal voltage wave-
forms manipulated by up to second-harmonic component,
the “maximum-voltage gain” condition is assumed in this
study [10]-[12]. Accordingly, the magnitude of the funda-
mental load impedance should be set to \/§R0pt because the
maximum value of the fundamental voltage extracted from
the half-sinusoidal waveform is increased by a factor of V2
above that of Class-B amplifier. In addition, to properly shape
the half-sinusoidal voltage waveform, the appropriate amount
of the second-harmonic voltage is required. In particular, the
“maximum-voltage gain” condition can be achieved when
the ratio of the second-harmonic to the fundamental voltage
is —\/5/4. Thus, assuming the ideal half-sinusoidal current
having the fundamental current of I,,,,, /2 and the second-har-
monic current of 21,,,, /37, the required second-harmonic load
impedance is given by

e
Consequently, the load condition for Class-J amplifier is repre-
sented by

| Z2| = (N

3

Z2 - §R0ptl - 900.

Z1 = V2R £45°, ®)

In the simulation of the Class-J amplifier, the fundamental and
second-harmonic load impedances are selected to be 34.6 +
734.6 Q and —540.768 (2, respectively.

C. Class-J Amplifier With Nonlinear Output Capacitor

Fig. 3 depicts the simulated time-domain voltage and cur-
rent waveforms and load-lines for the designed Class-J and
Class-B amplifiers with linear C,,. Because of the complex
fundamental load impedance, the Class-J amplifier provides
a load-line having “looping-characteristic.” Fig. 4 shows the
fundamental current and voltage components for the Class-B
and Class-J amplifiers. In the saturated region, the fundamental
current of the Class-B is slightly larger than that of the Class-J,
because the Class-J has an asymmetric current waveform
due to the complex fundamental load impedance, as shown
in Fig. 3(a). However, the bifurcated current of the Class-B
requires slightly larger DC current than the Class-J, and the ef-
ficiency of the Class-B at the highly saturated region is slightly
lower than that of the Class-J amplifier, as depicted in Fig. 5.
Although the fundamental voltage of the Class-J amplifier is
increased by a factor of \/5 compared to the Class-B, as shown
in Fig. 4(b), the output power and efficiency of the Class-J
are equal to those of the Class-B amplifier due to the phase
mismatch between the current and voltage waveforms by 45°.
In short, although the Class-B and Class-J amplifiers with
linear C,,; have different fundamental loads and harmonic
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terminations, the performances of the two PAs are nearly the
same except at the highly saturated condition. However, even
at the highly saturated condition, the difference is very small.
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Although Section II-B explains clearly the fundamental op-
eration of the Class-J amplifier and provides the proper load
conditions, it does not describe the real behavior of the ampli-
fier because C,,; is not a linear element but a nonlinear ele-
ment, as shown in Fig. 1(b). In this section, the basic opera-
tion of a Class-J amplifier with the nonlinear C,, is investi-
gated using the setup shown in Fig. 6. Here, we define the load
impedance at the current source Zp .4, and the capacitance is
tuned for the fundamental frequency at low power level. Fig. 7
represents the simulated time-domain voltage and current wave-
forms and load-lines of the Class-J amplifiers with linear and
nonlinear C,,,¢s, and Fig. 8 describes the average capacitance
according to the output power level for the Class-J amplifier
with the nonlinear Cl, ;. In the low-power region, below 32 dBm
(1.6 W) of the output power, the swing of the drain voltage is
within the range where the nonlinear C,,,; could be regarded as
a linear capacitance, as shown in Figs. 7 and 1. At the output
power of 32 dBm (1.6 W), the voltage is varied from 20 to 50 V
so that the average capacitance remains around 2.1 pF. There-
fore, the waveforms and load-lines with the nonlinear C,,,; case
are the same as those with the linear C,,; case. This results
in nearly the same performances for the output power and ef-
ficiency, as shown in Fig. 9. In addition, the output fundamental
and second-harmonic load impedances for both the linear and
nonlinear Cys are the same, properly shaping the half-sinu-
soidal voltage waveforms, as described in Fig. 10. However,
as the output power increases above 32 dBm (1.6 W), the av-
erage capacitance also enlarges with a large capacitance at a
low voltage. Thus, as shown in Fig. 7(a), the current waveform
has a large dip at the middle, generating a large third-harmonic
current and enhancing the efficiency. Moreover, the magnitude
of the fundamental load impedance increases, but the phase de-
creases as depicted in Fig. 10. As aresult, unlike the Class-J am-
plifier with the linear C,,, the voltage waveform moves toward
the direction to reduce the phase difference between the current
and voltage waveforms while maintaining the half-sinusoidal
shape of the voltage. This results in enhanced output power
and efficiency performances compared to the Class-J amplifier
with the linear C,,,;. What is interesting here is that these wave-
forms can be made with ¢ of less than 45°. However, from (5),
0 less than 45° leads to a negative resistance value of the second
harmonic impedance. This means that the nonlinear C,,; gen-
erates the second-harmonic voltage component. This phenom-
enon cannot be expected from the operation of a Class-J ampli-
fier with a linear Cy .
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Fig. 11 shows the simulation results to demonstrate the har-
monic generation of the nonlinear C,;. The simulation is car-
ried out using the circuit in Fig. 6. The simulation results include
the current flowing through the linear and nonlinear C,,,; and the
resultant voltage waveforms across the capacitor in the time-do-
main and frequency-domain. Differently from the linear capac-
itor, the nonlinear capacitor generates a voltage waveform con-
sisting of the fundamental and harmonic voltage components.
Although only the fundamental current is injected to the capac-
itor, the voltage contains a large second-harmonic component
with small higher-order frequency components. Since the tran-
sistor can be regarded as a voltage controlled current source, the
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current flowing through the capacitor is determined by the input
voltage. The voltage across the capacitor is proportional to the
integral of the current, the charge in the capacitor, scaled by the
capacitance. It can be expressed by

Vps(tz) = Vbp + i(t)dt

1 e
Cout (VDS (tar‘)) /;oo
Q(t)
Cout (VDS (tar‘)) '

Q(t,) indicates the charge on Cyy¢ until ¢,.. As Q(t,.) decreases
with negative i(t), Co, increases rapidly. Around the bottom
of the voltage, the output voltage Vps(t,) cannot change much
because of the large variation of C,,; with the limited cur-
rent drive. That is, Q(t;)/Cout(Vbs(tz)) remains nearly con-
stant, —Vpp, around the region. As a result, the voltage wave-
form has a flattened characteristic in the low voltage region,
like the half-sinusoidal shape, as shown in Fig. 11(b). Thus, the

=Vpp + 9
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second-harmonic impedance can be in the negative resistance
region as shown in Fig. 10 because the second-harmonic compo-
nent in the voltage waveform is generated not by the second-har-
monic current and load but by the nonlinear C,,;. This second
harmonic component allows the phase difference between the
fundamental current and voltage less than 45°. Additionally,
the harmonic components generated by the nonlinear capacitor
can be varied according to the nonlinear Cy,, profile. The more
the nonlinear capacitor changes, the more the second-harmonic
is generated. If the second-harmonic load impedance attached
parallel to the nonlinear C, is larger than the impedance of
the nonlinear C, s, the half-sinusoidal voltage waveform can
be maintained. The second-harmonic current component gener-
ated by the current source can assist this behavior, generating
the half-sinusoidal voltage waveform. However, the saturated
current with a large dip at the middle has a significant third-har-
monic and rather small second-harmonic current. Together with
the low harmonic impedance, the second-harmonic voltage is
mainly built up by the harmonic voltage generation of the non-
linear capacitor. We will revisit this issue in the simulation using
a real device model in Section III.

D. Optimization of Class-J Amplifier With Nonlinear Output
Capacitor: Saturated Amplifier

The Class-J amplifier can be further optimized to achieve
higher efficiency and output power by reducing the phase
mismatch between the fundamental voltage and current com-
ponents, adopting the resistive fundamental loading condition.
This is possible due to the second-harmonic voltage generation
by the nonlinear C,,;. To obtain the highly efficient oper-
ation, the voltage waveform should be shaped to minimize
the dissipated power of the device by reducing the concur-
rent non-zero voltage and current. However, as mentioned in
Section II-C, if the external second-harmonic loading is greater
than the impedance level generated by the output capacitor,
the half-sinusoidal voltage waveform can be generated by the
nonlinear Cyy¢. In [24] and [25], we proposed a novel high
efficiency PA, saturated power amplifier, taking advantage of
the nonlinear C\y¢ to shape the voltage waveform with the
resistive fundamental load, and it is the optimized operation of
the Class-J amplifier. Since its waveform is similar to that of
the Class-F~!, the fundamental load impedance is adjusted be-
tween \/ERopt to 2l,p¢ to achieve the highest efficiency with
an acceptable output power [6]. The harmonic load has large
tolerance because the voltage waveform is mainly shaped by
the nonlinear C, . It means that the half-sinusoidal voltage can
be generated if the second harmonic load impedance is larger
than the impedance level of the nonlinear C,;. The harmonic
load impedance comparable to or less than the nonlinear Cy
disturbs the generation of the harmonic voltage. However, to
achieve the maximum efficiency, the second harmonic should
be carefully matched to a particular impedance.

Fig. 12 shows the simulated time-domain voltage and current
waveforms and load-lines for the Class-J and saturated ampli-
fiers with nonlinear C,;. Unlike the waveforms of the Class-J
amplifier depicted in Fig. 7(a), the phase difference between
the current and voltage is nearly zero due to the resistive
fundamental load impedance, as shown in Fig. 13. Moreover,
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Fig. 11. Simulation results to demonstrate the harmonic generation of the non-
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sultant capacitor voltage waveforms in the (b) time- and (c) frequency-domain.

since the second-harmonic voltage to shape the half-sinusoidal
voltage waveform is generated mainly by the nonlinear Cy¢,
the second-harmonic impedance remains in the negative re-
sistance region. However, in the low-power region where the
nonlinear C,, can be regarded as a linear capacitor, the phase
of the fundamental-load impedance of the saturated amplifier
is not 45° while the phase of the second-harmonic is —90°,
so it does not provide the half-sinusoidal voltage waveform.
Fig. 14 shows the simulated efficiencies for the Class-J and
saturated amplifiers. Since the saturated amplifier has a smaller
phase mismatch between the voltage and current compared to
the Class-J amplifier, it produces a higher output power and
efficiency than the Class-J amplifier.

In short, for the linear C,, the Class-J amplifier does not
have any merit compared to the Class-B amplifier with respect to
the output power and efficiency because of the phase mismatch
between the voltage and current waveforms. However, for the
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nonlinear C,,; case, the Class-J amplifier has a chance to im-
prove the performance because the nonlinear capacitor gener-
ates harmonic-voltage components, especially the second-har-
monic voltage component. Thus, the phase difference can be
reduced below —45°. A further improvement can be achieved
by selecting a purely resistive load for the fundamental fre-
quency to eliminate the phase mismatch between the voltage

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 11, NOVEMBER 2010

90

—a— Class-J
80 | @ Saturated PA

Efficiency [%]

10 T T T T T T ]
26 28 30 32 34 36 38 40 42

Output Power [dBm]

Fig. 14. Simulated efficiencies of the Class-J and saturated amplifiers.

and current, while maintaining the half-sinusoidal voltage wave-
form. This can be carried out if the external second-harmonic
impedance is greater than the level of the nonlinear C,,,, which
is a saturated PA, the further optimized version of the Class-J
amplifier for highly efficient operation.

III. IMPLEMENTATION AND EXPERIMENTAL RESULTS

To validate the voltage waveform shaping by the nonlinear
Cout and the highly efficient operation, a saturated ampli-
fier was designed and implemented at 2.14 GHz using a
Cree GaN HEMT CGH40010 package device containing a
CGH60015 bare chip. Since the commercial device model in-
cludes packaging effects, due to bonding wires, package leads,
and parasitics, the simulation is conducted using a bare-chip
model to show the inherent operation of the saturated PA. In
addition, the simulation for the implementation is conducted
using the model of the packaged-device. Fig. 15 shows the
simulated second-harmonic load-pull contours of the output
power and efficiency when the fundamental and third-harmonic
impedances are set to 18.23 4+ 525.15  and 0 €2, respectively,
at the drain pad of the bare chip. The load-pull simulation was
carried out using Agilent ADS 2008 Update 1. The device
model, CGH60015 and package information, were provided
by Cree Inc. As mentioned in Section II, a high efficiency
and output power can be achieved when the second-harmonic
load impedance is large, proving that the nonlinear C, ¢ is
enough to shape the voltage to the half-sinusoidal. Since a
large second-harmonic load impedance provides a high ef-
ficiency, it is set to 2 + j80 Q. For the high efficiency and
output power operation, a fundamental-load impedance at the
dependent current source is determined to be about 60 (2. Since
the efficiency changes a little according to the third-harmonic
matching impedance, the impedance is set to 0.

So far, the fundamental and harmonic-load impedances at
the output have been considered to achieve high power and ef-
ficiency capabilities, and the fundamental input component is
conjugately matched. However, it has been observed that the
input harmonic terminations should be properly placed due to
the nonlinear input capacitor Cys. In particular, to preserve the
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Fig. 15. Simulated second-harmonic load-pull contours of the output power
and efficiency when the fundamental and third-harmonic impedance are set to
18.23 4 725.15 €2 and 0 €2, respectively, at the drain pad of the bare chip.

Fig. 16. Simulated second-harmonic source-pull contours of the efficiency
when the fundamental source impedance is conjugate-match condition and
the output load terminations are set to the condition of the saturated PA. The
characteristic impedance of the Smith chart is 5 €2.

sinusoidal input drive at the gate, the input harmonic termina-
tions are frequently set to be short-circuit [26], [27]. On the
other hand, in [10]-[12], they make an effort to shape the output
voltage waveform by using the nonlinear effect of Cy,. To find
the optimum input termination for the second harmonic, the
source-pull simulation for the second harmonic is carried out,
as shown in Fig. 16. During the simulation, the fundamental
source impedance is conjugately matched, and the output load
terminations are set to the condition of the saturated amplifier. A
simulation of source-pull for the second-harmonic termination
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Fig. 17. Simulated (a) Vs and (b) Vs waveforms at the marked points on the
Smith chartin Fig. 16 (A = 002, B = 0.014+;1.3Q,C = 0.01 +;2.8Q,D =
0.01 — 528 Q,E=5Q,and F = 100 2).

indicates only a minor effect on the efficiency if the termina-
tion is not in the gray colored region. This result supports that
the output voltage waveform is mainly shaped by the nonlinear
output capacitor. Fig. 17 shows the simulated V, and Vg, wave-
forms for second harmonic impedances at the marked points on
the Smith chart in Fig. 16. Except for the points marked by A
and C, the Vs waveforms are very similar due to the harmonic
voltage generation of Cys. Not just for these points, almost re-
gions of the Smith chart, except for the gray colored part, pro-
vide the analogous Vs waveforms. For the point marked by A,
due to the short-circuit for the second harmonic, the sinusoidal
voltage is presented. In spite of the different Vs waveforms, the
output voltages at the drain are similar shapes. Those waveforms
clearly show that the output voltage shape is not much affected
by the harmonic generation of Cys while considering the non-
linear Cy5. However, even though most of regions provide the
same performance, the output power and efficiency deteriorated
when the source impedance for the second harmonic is located
at the gray-colored region. In this region, the conduction angle
of the drain current is reduced, resulting in low output power and
efficiency. Therefore, in this work, the input termination for the
second harmonic is set to the short-circuit.
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Fig. 18. (a) Simulated time-domain voltage waveforms of the saturated am-
plifier and Class-B PA. (b) Fundamental and second-harmonic load impedance
trajectories of the saturated amplifier and Class-B PA according to the power
levels.

Fig. 18 indicates the simulated time-domain voltage wave-
form and the fundamental and second-harmonic load impedance
trajectories according to the power level. Like the simulation
conducted in Section II-D, the half-sinusoidal voltage waveform
is achieved at the high power level where a large amount of the
second harmonic is generated by the nonlinear Cy,¢, so that the
second-harmonic impedance remains in the negative resistance
region. For comparison, the Class-B amplifier is also simulated
using the same device. To provide the sinusoidal voltage wave-
form, all harmonics are short-circuited. In addition, the funda-
mental-load impedance of the Class-B PA is set to 36.5 (2 at the
maximum power level to provide the full swings of the voltage
and current waveforms. Fig. 19 shows the simulated gain and
efficiency comparisons between the saturated PA and Class-B
amplifier. Because the load impedance of the saturated PA is
larger than that of the Class-B amplifier, the saturated PA pro-
vides higher gain than the Class-B’s one in the low power re-
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Fig. 19. Simulated gain and efficiency comparison between the saturated PA
and Class-B amplifier.
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Fig. 20. (a) Photograph and (b) circuit schematic of the implemented PA.

gion. At the high power level, compared with the Class-B ampli-
fier, the saturated PA delivers the better efficiency performance
with comparable output power, resulting from the second-har-
monic manipulation caused by the nonlinear C,. In particular,
the maximum efficiency of the saturated PA is 81.5%, which is
an improvement of 9.3%.

Fig.20(a) shows aphotograph of the designed PA implemented
on a Taconic TLY-5 substrate with £, = 2.2 and thickness of 31
mil. The detailed microstrip dimensions are shown in Fig. 20(b).
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Fig. 22. Measured ACLR and PAE characteristics for an LTE signal.

In the experiment, the gate bias is set to —3.1 V (Ipsq = 94
mA) at a supplied drain voltage of 30 V. Unlike the conventional
high efficiency PAs, any special harmonic-loading circuit is not
used in the output matching. The simulated and measured output
power, efficiency, and gain characteristics foraCW signal are well
matched, as shown in Fig. 21. In particular, the implemented PA
provides amaximum PAE of 77.3% at a saturated output power of
40.6dBm(11.5W).Fig.22 depicts the measured adjacentchannel
leakage ratio (ACLR) and PAE for LTE signal with 6.6 dB PAPR
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Fig. 23. Output spectras before and after the linearization using DFBPD.

TABLE II
LINEARIZATION PERFORMANCE AT AN AVERAGE OUTPUT
POWER OF 34.2 dBm (2.6 W) FOR LTE SIGNAL

ACLR [dBc] | ACLR [dBc] | PAE
at 7.5-MHz | at 12.5-MHz | [%]
Before Linearization -22.3 -33.1 42.3
After Linearization -45.1 -47.9 43.8
TABLE III
STATE-OF-THE-ART HIGH EFFICIENCY PAS USING
GAN HEMT DEVICE ABOVE 2 GHz
fo* Psat VDC PAE
Reference (GHzl | (W] V] (%] Topoplgy
[29]* 2.10 11.2 50.0 | 79.7 Class-E
[30] 2.00 11.5 50.0 | 74.3 Class-E
[31]F 2.00 16.5 42.5 | 85.5 Class-F
[32]% 2.10 12.0 28.0 | 79.6 Class-F~—1
[33] 2.14 7.2 28.0 | 68.0 H-T PA*
[34]F 2.14 12.0 40.0 | 74.0 Class-E
This work 2.14 11.5 30.0 | 77.3 | Saturated PA

* fo denotes the operating frequency.

*H-T PA denotes the harmonically tuned PA.

#Internal matching circuitry is optimized for the class-E.

TPA is fabricated using bare-chip.

fPerformance is measured on the load-pull measurement setup.

and 10 MHz signal bandwidth. The proposed PA delivers a PAE
of 42.3% and a power gain of 21 dB at an average output power
of 34.2 dBm (2.6 W). To validate potential of the proposed PA as
amain block of a linear power amplifier (LPA), the linearization
of the PA is carried out by employing the digital feedback pre-
distortion technique (DPBPD) [28]. Fig. 23 shows the measured
output spectra before and after the linearization. The ACLR at
an offset of 7.5 MHz is —45.1 dBc, which is an improvement of
23 dB at an average output power of 34.2 dBm (2.6 W). The lin-
earization results are summarized in Table II. These experimental
results clearly show that the proposed saturated amplifier can pro-
vide excellent efficiency without any special harmonic loading
circuit. Moreover, by applying the linearization technique, it is
well suited to be a highly efficient main amplifier of a LPA for
use in a LTE transmitter.

Comparison of the performance among the designed PA
with state-of-the-art results for high-efficiency is summarized
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in Table III. The comparison shows the excellent performance
of the saturated PA, the optimized Class-J PA, without any
harmonic control circuitry.

IV. CONCLUSION

The operation principles of Class-J amplifiers with linear and
nonlinear C,,s are analyzed using a simple transistor model
in an ADS simulator. The performance of the Class-J PA with
linear C,, is comparable to that of the conventional Class-B
amplifier. However, due to the harmonic generation property of
the nonlinear C,,¢, the half-sinusoidal voltage waveform can
be properly shaped while the phase overlap between the voltage
and current components are reduced below 45°. This allows the
improvement of the efficiency beyond that of a Class-J ampli-
fier with a linear Cy,. The further optimization of the amplifier
can be carried out by adopting the phase difference to zero de-
gree using the purely resistive fundamental load impedance. It
minimizes the dissipated power caused by the concurrent non-
zero voltage and current while maintaining the half-sinusoidal
voltage waveform. Since the voltage shaping is achieved by
the nonlinear Cl,, efforts to control the harmonic components
are unnecessary. If the external harmonic load impedances are
larger than the level of the capacitor, a highly efficient voltage
waveform is obtained. This is supported by the ADS simulation
using both ideal and real models of the transistor. This is the
optimized version of Class-J PA, which is the saturated PA we
have reported. A highly efficient saturated PA is implemented by
using a Cree GaN HEMT CGH40010 device at 2.14 GHz. It pro-
vides a PAE of 77.3% and a saturated output power of 40.6 dBm
(11.5 W) without any special harmonic loading network.
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