Received: 17 June 2017 Revised: 18 September 2017

Accepted: 18 September 2017

DOI: 10.1002/mmce.21187

RESEARCH ARTICLE

INTERNATIONAL JOURNAL OF

WILEY RF AND MICROWAVE
COMPUTER-AIDED ENGINEERING

Efficiency enhancement by employing the transistor nonlinear
capacitors effects in a 6W hybrid X-band Class-J power amplifier

Mehdi Forouzanfar | Mojtaba Joodaki

Electrical Engineering Department, Abstract
Ferdowsi University of Mashhad,

Mashhad, Iran

Correspondence

Mojtaba Joodaki, Electrical Engineering
Department, Ferdowsi University of
Mashhad, Mashhad, Iran.

Email: joodaki@um.ac.ir

Funding information

Ferdowsi University of Mashhad (project
39786)

respectively.

KEYWORDS

1 | INTRODUCTION

Power amplifier (PA) is one of the most important blocks in
high frequency transceivers. Some possible applications of high
frequency PAs include mobile communications, wireless sys-
tems, pulse radar and medical microwave imaging systems.'*
GaN on SiC HEMTs provide some unique features such
as small size, sufficient output power, appropriate thermal
performance, small parasitic elements, high power density
and good reliability.” Therefore, they are an appropriate can-
didate for realizing high frequency PAs.* Different technolo-
gies have been used for the integration of high frequency
transistors.””'® The monolithic microwave integrated circuits
(MMICs) provide reliable design, occupy small chip area and
thus, exhibit small parasitic elements,5 but they are not suita-
ble for high power applications and they require a sophisti-
cated fabrication process. The quasi-monolithic integrated
circuits have been already implemented in Refs. [6,7], which

This article presents the design and fabrication of a 6 W X-band hybrid Class-J power
amplifier (PA) based on a bare die GaN on SiC HEMT by accurate implementing the
transistor nonlinear capacitor effects. The transistor input capacitor is precisely mod-
elled and its nonlinearity effects on Class-J performance is studied for the first time. It
is shown that the harmonic generation property of the nonlinear input capacitor, espe-
cially at the second harmonic, can be of benefit to shape the transistor gate voltage as
a quasi-half wave sinusoidal waveform and consequently, it can improve the power
added efficiency (PAE). A complete 3D thermal model of the power transistor is
developed using ANSYS software and it is calibrated based on the thermal measured
data. The PA achieves 13 dB average power gain over the frequency range of 8.8-
9.6 GHz. The drain efficiency and PAE are about 67% and 58% at 9.2 GHz,

Class-J, hybrid, GaN HEMT, power amplifier, X-band

provide an appropriate frequency response as well as a good
thermal characteristic. However, they need thin-film technol-
ogy for realization.

Hybrid approach is another popular integration method,
which can be a convenient choice for implementation of high
PAs due to its proper thermal performance.®® Furthermore, it
can be realized using inexpensive substrate whereas it does
not necessitate any sophisticated manufacturing technology.
RF hybrid PAs can be implemented using discrete elements
with different substrate materials but they do not provide an
appropriate frequency response at few tens of GHz due to
the large parasitic elements of the interconnects.'® Several X-
band hybrid PAs have been reported in the literature.''™°
They provide high output powers, proper thermal behaviours
and good power added efficiency (PAE), but they usually
show lower bandwidths in comparison with MMIC PAs."”

PA must meet several stringent requirements such as
wideband frequency response, sufficient gain, adequate drain
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efficiency and appropriate linearity performance. Employing
the efficiency enhancement methods, which can effectively
reduce the transistor power dissipation and thus, increase the
reliability and median lifetime of the device, is essential for
high power applications. Several topologies have been pro-
posed for realization of high efficiency PAs.'®>? Reduced
conduction angle PAs'® such as Class-C PA, can provide
high efficiency but they do not have sufficient output power
and suffer from nonlinearity problems.

The switching PAs such as Class-E and Class-D are well
known for their ability to increase the efficiency; however,
they cannot easily be realized at X-band frequencies.'**° In
harmonic tuned PAs,?'! accurate shaping of the transistor
drain voltage and drain current minimize the dissipated
power in transistor. In Class-F PA designs, using a large
number of harmonics, the drain voltage and drain current are
shaped as a square and half-wave sinusoidal waveforms,
respectively.?! In the inverse Class-F PA, the drain voltage is
formed as a half-wave sinusoidal waveform whereas the
drain current has a square waveform. Class-F and inverse
Class-F PAs provide high efficiencies, but they usually suffer
from limited bandwidths.?> In addition, the realization of
matching networks at the third harmonic and higher harmon-
ics is not practically possible at higher frequencies.”

A Class-J PA was recently presented in Ref. [24], which
theoretically provides a linearity performance and a PAE
similar to those of a Class-AB PA,* by assuming a linear
transistor behaviour. However, in practice, a Class-J] PA
shows a higher PAE than Class-AB PA due to the harmonic
generation property of the transistor nonlinear output capaci-
tor.”® In addition, it has a broader bandwidth characteristic
due to the absence of the short circuit or open circuit match-
ing at the harmonic frequencies. In Class-J PA, drain voltage
and drain current are shaped as quasi-half sinusoidal wave
with a phase overlap of 45 degrees. This is achieved by a
complex fundamental termination and the capacitive second
harmonic matching.** Another advantage of the Class-J
design is its capability to be combined with other classes of
designs. For instance, a continuous mode Class-B/J PA was
presented in Ref. [25] which gave a wideband characteristic,
an adequate PAE and an acceptable linearity performance.

Several design approaches for realization of hybrid
Class-J PA have been introduced in Ref. [27-31], which pro-
vide appropriate strategies for selecting optimum input/out-
put matching networks at different harmonic frequencies. In
order to design an X-band Class-J PA, the second harmonic
matching network should be realized at frequencies higher
than 16 GHz. Large parasitics of the power transistor and the
bond wires in this frequency range can deteriorate the RF fre-
quency response and thus, X-band hybrid Class-J PA cannot
easily be realized. However, realization of MMIC X-band
Class-J PA is more straightforward due to the absence
of interconnects parasitics and extremely accurate and

reproducible fabrication process.'” A low power X-band
MMIC Class-J PAs is presented in Ref. [17], which provides
a high drain efficiency, a wide band characteristic and a
moderate power gain.

Although a schematic design for a hybrid X-band Class-J
PA is given in Ref. [32] to briefly investigate some consider-
ations including the third harmonic control and the load
harmonic filtering, the results are not so attractive and no
measurement and EM simulations, usually required for a reli-
able high frequency PA design, are presented. We have
given a preliminary report on a hybrid X-band Class-J PA in
Ref. [15], however the design details, proper characteriza-
tions, the theory and reasons behind the improvement are
missing.

In the present work, to enable the realization of a hybrid
high PAE X-band Class-J PA, in addition to the output
capacitor design, the transistor input capacitor is also pre-
cisely characterized and modelled and its influence on the
PA performance is analysed. By employing this precise
model, the harmonic generation property of the nonlinear
input capacitor, especially at the second harmonic, is used to
change the gate voltage into a quasi-half wave sinusoidal
waveform and thus improve the PA PAE. A thermal model
of the high power GaN on SiC HEMT is also constructed
using ANSYS software and it is calibrated based on meas-
ured data. This model predicts the channel temperature under
different circumstances, which is very helpful to improve the
device median-life time and reliability. Measurement results
reveal that the proposed PA provides a good PAE, a suffi-
cient output power and a good thermal performance. In addi-
tion, it provides a higher PAE than a Class-AB PA that is
realized under similar conditions.

This article is organized in 6 sections. The RF power
transistor is characterized in section 2. Section 3 describes
principles of the Class-J PA design. The proposed Class-J X-
band hybrid PA is described in section 4. Then the simulated
and measured results are presented in section 5. Finally,
section 6 sums up the important results and concludes the
article.

2 | CHARACTERIZATION OF THE
GaN HEMT TRANSISTOR

The proposed PA is implemented using a 0.25 um bare die
GaN on SiC HEMT with a maximum output power of 6 W.
It provides a high-power density (5 W per mm gate width),
an adequate power gain and a good reliability. Therefore, it
is well suited for realization of X-band PAs. The I-V curve
of the transistor is shown in Figure 1. It is simulated in pulse
mode condition with 10% duty cycle and a pulse repetition
frequency (PRF) of 10 kHz. Pinch-off voltage, knee voltage
and maximum drain current of the transistor are about —3 V,
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FIGURE 1 Simulated I-V curve of the GaN on SiC HEMT in pulse
mode condition with duty cycle of 10% and PRF of 10 kHz

5 V and 820 mA, respectively. Small signal S-parameters of
the transistor are measured under bias condition of Vg = 28
V and I3 =120 mA. As shown in Figure 2, the transistor
maximum available gain (MAG) at X-band is higher than 15
dB whereas it is unconditionally stable from 5 GHz to
11 GHz.

The simplified transistor model is shown in Figure 3.
This model is derived from the conventional ® model of the
transistor, in which the Cyq capacitor is substituted by its
Miller’s effects in the input and output. This means that C;,
is equal to Cg plus the input Miller’s effect of Coq and Coy,
is equal to Cys plus the output Miller’s effect of Cgq. In order
to have a reliable hybrid Class-J PA design, parasitic ele-
ments of the transistor including drain-source resistor Ry,
output capacitor Co, and input capacitor Cy, should be pre-
cisely characterized. The influence of a nonlinear output
resistance on Class-J PA performance has been already ana-
lysed and presented in Ref. [33]. Although it is shown that a
nonlinear output resistance can limit the bandwidth of the
Class-J PA and should be considered for wideband designs,
at X-band frequencies, the output capacitor is the dominant
output parasitic element of the transistor and the nonlinear
resistor effect can be neglected.

The nonlinear output capacitor of GaN HEMT, shown in
Figure 4, can be calculated by accurate transistor S-parameters
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FIGURE 2 Maximum available gain and stability factor of the
transistor under bias conditions of Vyq = 28 V and I = 120 mA
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FIGURE 3 (A), Cross section of the transistor attachment. (B),

Simplified model of the transistor

measurement and de-embedding the wire bond and pad
parasitic effects. C,, represents the output capacitor of the
transistor including drain-source capacitor Cys and drain-gate
capacitor Cge. This capacitor shows a nonlinear characteristic
especially when Vg, < Vi and it can be well approximated
by:

Cout=0.448+0.45(1+tan h(—0.48V4—0.081)) (pF) (1)

The voltage across the output capacitor for linear and
nonlinear capacitors is shown in Figure 5. By increasing the
output voltage swing, the capacitor enters into its nonlinear
region, and consequently different harmonic frequencies will
be generated in the output voltage. This distorted output volt-
age can improve the PA PAE as it is described in Ref. [26].
The Cj, can also be calculated by measuring the transistor S-
parameters for different gate-source voltages and then de-
embed the wire bonds and transistor pads parasitic effects.
The nonlinear characteristic of the input capacitor, including
gate-source capacitor Cys and drain-gate capacitor Cgg, is
shown in Figure 6. When PA is driven by a large input
power, it shows an extreme nonlinear behaviour especially at
deep Class-AB bias condition. An analytical expression of
Ci, is extracted using a curve-fitting algorithm (the dashed
line in Figure 6) as follows:
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FIGURE 4 Extracted nonlinear output capacitor of the transistor
versus drain-source voltage
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FIGURE 5 Simulated voltage waveforms across the output capacitor
with linear and nonlinear capacitors

Cin=0.008V,+0.025V, —0.13V;,+0.18V,, +3.65 (pF)
@)

The gate voltage waveform shaping in the input, which
requires appropriate matchings at harmonic frequencies, can
affect the PA characteristics.>® But in an X-band PA, consid-
ering the high operating frequency, and relatively large input
capacitor of the power GaN HEMT, the matching network at
harmonic frequencies cannot easily be realized using the
approach performed in Refs. [34-36]. However, the gate
voltage can be shaped according to the nonlinear characteris-
tic of the input capacitor as it will be explained in section 5.

A proper thermal management of the power transistor
can improve important parameters of PA such as power gain,
output power, reliability and median lifetime. Therefore,
thermal modelling of the power transistor is vital for high
power applications. As shown in Figure 7, a three-
dimensional (3D) thermal model of TGF2023-01 GaN on
SiC HEMT is constructed using ANSYS software while the
temperature dependent thermal properties of all materials are
considered.’” The total drain current of the 10 X 125 um
transistor is about 125 mA. This results in ~12 mA drain
current and 336 mW power dissipation for each drain finger

S

.
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[
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Measured

Cin (pF)
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FIGURE 6 Extracted nonlinear characteristic of the input capacitor
versus the gate-source voltage

(B)
(A), Three-dimensional thermal model of the transistor
in ANSYS software. (B), The simulated temperature distribution. The
maximum channel temperature is reached about 124°C when transistor is
biased at Vyq = 28 V, Iy = 120 mA in continuous mode with the baseplate
temperature of 70°C

FIGURE 7

at a drain voltage of 28 V. The gate areas are considered as
heat sources whereas each gate finger has a power dissipa-
tion of 336 mW. As shown in Figure 7, the simulation results
show a maximum channel temperature about 124°C with a
baseplate temperature of 70°C. According to the simulation
results, the calculated thermal resistance of the transistor will
be about 16.1°C/W which is in close agreement with the
measured thermal resistance of 16°C/W in Ref. [38]. The
thermal simulation results of TGF2023-01 are shown in Fig-
ure 8. The channel temperature and thermal resistance of the
transistor versus its power dissipation are shown in Figure
8A,B. As it is shown, by increasing the transistor power dis-
sipation, the thermal resistance and channel temperature
increase too. Figure 8C shows the variation of the channel
temperature versus the input power.

The effects of different die attach materials including
Sk70N epoxy (with thermal conductivity of 50 W/m °C) and
Elcolit 323 silver paste (with thermal conductivity of 3.5 W/
m °C) on PA RF performance are investigated using thermal
simulations and high frequency measurements. The results
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FIGURE 8 The transistor thermal simulation results. (A), The tran-
sistor channel temperature versus transistor power dissipation. (B), The
transistor thermal resistance versus transistor power dissipation. (C), The
transistor channel temperature versus input power

show that a high thermally conductive die attach material
can effectively improve the PA’s output power and power
gain, especially when it works in the continuous mode.
Therefore, the power transistor is attached to the carrier with
Sk70N epoxy that has a thermal resistance of about 0.9°C/W.

3 | PRINCIPLES OF CLASS-J PA
DESIGN

As described in Ref. [26], there is a set of fundamental and sec-

ond harmonic impedances for Class-AB, Class-J and Class-J*

PAs that give the same efficiency and output power for all of
them. This design space is given by (3) and (4) as follows”:

Zi=Rop(1+aJ) 3

Zrr=—jaRop3T/8 4

In which « is a variable that varies from —1 to 1. o equal
to —1, 0 and 1 determines Class-J*, Class-AB and Class-J
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optimum impedances, respectively. Ry is the optimum fun-
damental load resistance chosen to achieve the maximum
output power. It is given by?°:

(Vop—Vk)

Imax

Ropl=2 Q)

The effect of complex fundamental and harmonic impe-
dances on the PA efficiency has already been investigated in
Refs. [34-36]. The complex impedance at the fundamental
frequency keeps the drain voltage above the knee voltage
and prevents the g, collapse and nonlinear performance.”
Simplified drain current and drain voltage of a Class-J PA
can be expressed as”®:

1

1 . 2
1(0) ~ Inax (E + Esm 0— gcos 26) 6)

V(e)zanC(% - %sin (6+3)— %cos (2(6+3)) (7
The drain current and drain voltages of ideal Class-J and
Class-J* PAs for a linear output capacitor are shown in Fig-
ure 9. They have a phase overlap (8) of about 45 degrees.
However, due to the harmonic generation of the nonlinear
Cour» especially at the second harmonic frequency, the phase
overlap between the drain current and the drain voltage can
be reduced to obtain a higher efficiency.”® Several high effi-
ciency PAs have been designed based on the nonlinear out-
put capacitor effects.**™** For example, a high efficiency
Class-J PA is introduced in Ref. [42] which provides an
appropriate PAE by shaping the voltage waveform using a
nonlinear C,,, and employing a resistive fundamental load.
In our design, we have V34 =28 V, Vikpee = 5 V and
Lax ~ 0.82 A. Therefore, according to (3), (4) and (5), the
optimum output impedances at the first and the second har-
monics are Z; =55+ 55/ and Z;, = —65j, respectively.
These calculated impedances are with reference to the current
generator plane and should be transferred to the package
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_
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FIGURE 9 Drain current and drain voltage of ideal class-J and class-
J*PAs
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FIGURE 10 (A),Layoutof the proposed Class-J PA. (B), The

fabricated PA

plane by considering wire bond and pad parasitic elements.
The wire bond parasitics (Ryire, Lwire) are modelled using a
high frequency simulator as explained in section 4. The
pad parasitics (Lp, Rp) are extracted based on a small signal
provided by the 8
Furthermore, the intrinsic parasitic elements (Coy and Rpg)
are calculated by accurate measurements of the transistor

model which is manufacturer.

S-parameters and de-embedding the wire bond and pad
parasitics.

4 | THE PROPOSED X-BAND
CLASS-J PA

The layout of the proposed Class-J PA is shown in Figure
10. In order to have a reliable design, all passive elements
are simulated using Momentum Advance Design System
(ADS) and High Frequency Structural Simulator (HFSS)
software. The proposed PA is designed based on a commer-
cial nonlinear model of the transistor. The model can be used
for both continuous and pulse modes simulations at different
bias and thermal conditions while it considers the self-
heating effect.

As already mentioned, high power transistors usually
exhibit relatively large parasitic elements, which can deterio-
rate the RF frequency response. Furthermore, in hybrid con-
figuration, the wire bond interconnects exhibit extra parasitic
inductances that can limit the PA bandwidth. Therefore,
design of wideband hybrid PAs is a challenging work. In the
proposed PA, an acceptable bandwidth is achieved by appro-
priate selection of the substrate, matching network topology
and wire bond structure. In order to achieve a wide band-
width, the discontinuity between the input/output impedance
of the transistor and the impedance of bonding pad on the
matching network should be minimized.® Based on the rela-
tively low input/output impedances of TGF2023-01 transistor
at the desired frequency band, a thin substrate with high

dielectric constant (Rogers RO3010 with €=11.2 and
H=10 mil) is chosen for the matching networks. This
effectively reduces the impedance discontinuities and conse-
quently, improves the PA bandwidth. Rather wideband
matchings are achieved using radial stubs and stepped
impedance techniques for implementation of the input and
output matching networks, respectively.''*?

Wire bonds shape has a strong influence on the PA fre-
quency response. Therefore, the wire bonds are precisely
modelled using a 3D full-wave high frequency simulator of
HESS. In the proposed PA, 2 parallel 25 um gold wire bonds
with the shortest possible length are bonded on each gate and
drain pad (Figure 11A) to reduce the equivalent parasitic
impedance of the interconnect structure, and thus increase
the bandwidth. The proposed wire bond structure is excited
using wave ports in HFSS simulator (Figure 11B) and its
high frequency model is extracted up to 20 GHz, which is
shown in Figure 11C. Ly, Ry, Cpy and K are wire bond
inductor, wire bond resistor, pad capacitor and coefficient of
coupling between the inductors, respectively. In the proposed
PA, wire bonds length is about 300 pm while the space
between the wire bonds is equal to 60 pum. The extracted Ly,
Ry, Cpar and K are equal to 0.56 nH, 0.2 Q, 0.05 pF and
0.05, respectively.

The load pull of the transistor at the current generator plane
is simulated at the centre of the desired frequency band
(9.2 GHz) under a pulse mode condition with duty cycle of
10%. The results show that the maximum P, and maximum
PAE are achieved at Z; ; = Z0*(1.01 +j0.71) and Z; , = Z0*
(0.91 + j0.96), respectively while the load impedance at the sec-
ond harmonic is Z;, = —60j and the source reflection coeffi-
cients are I'; = 0.62 e — j1721/180 and I'y, = 0.74 e — j1257/
180. The simulated load pull shows a good consistency with
load pull impedance calculated in the previous section. The

t k Lyw=0.54nH
| | Ry=02Q
Lw Ry K=0.05

CP"'” = CparEjE Cpar=0-05pF

(©)

FIGURE 11 The wire bonds: (A), Implementation. (B), Three-
dimensional model in HFSS simulator. (C), The simple high frequency
model
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FIGURE 12 The impedance seen from the current generator plane
for frequency range of 8 to 20 GHz

impedance, which is seen at the current generator plane is
shown in Figure 12 for frequency range of 8 to 20 GHz. As the
bias stub-line has a length of A/4 at the fundamental frequency,
it acts as a short circuit at the second harmonic frequency.
Therefore, the first part of the matching network is designed for
the realization of the second harmonic matching network while
the other part is used for the first harmonic matching network
(Figure 10A).

Class-J PA design strategy can relax the requirements
needed for realization of the output-matching network.
Therefore, it can provide a wideband output matching. How-
ever, in the case of high power TGF2023-01 transistor, the
transistor input impedance is about five times smaller than
the transistor output impedance and consequently input
matching bandwidth limits the overall bandwidth of PA.

In order to reduce the discontinuity between SMA con-
nectors and the matching network, broadband coaxial-to-
microstrip transitions are precisely designed and imple-
mented using CPW structures described in Ref. [44]. The
50Q microstrip structure has a line width of 200 pm which
provides a sufficient power and current handling capability.

The array pads for tuning are placed along the matching
networks that can be used to correct the PA frequency
response. In order to have an appropriate wire bonding, the

RF AND MICROWAVE W [_EY-LZ*®
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PCB copper lines are 3 to 5 pm gold plated. The stability
resistor placed in the gate bias network limits the low fre-
quency gain and thus improves the amplifier stability,
whereas it does not deteriorate the high frequency
performance.

In this circuit, a large number of independent parameters
should be optimized. This increases the design complexity,
so the optimum values cannot easily be obtained. Therefore,
a random optimization tool in ADS software is used to
achieve the best performance. The selected optimization vari-
ables are: width, length and radius of different microstrip
stubs in the circuit. The Momentum simulator in ADS soft-
ware is used to evaluate the performance of the solutions that
are generated by the optimization tool. The optimization
goals are: the input and output reflection coefficients, power
gain, bandwidth and PAE.

The carrier of transistor is made by gold plated copper,
which provides good electrical and thermal resistances. The
PA’s package should be designed in a way that the first
mode of cavity resonance occurs at frequencies where the
PA has no gain. All modes of package’s cavity resonance
frequencies are simulated using Eigen-mode simulation in
HFSS software. It is shown that the first mode of package
resonance occurs at frequencies higher than 15 GHz where
the designed PA has no gain at frequencies higher than
10.5 GHz.

5 | SIMULATION AND
MEASUREMENT RESULTS

The measured S-parameters that have a reasonable agreement
with the corresponding simulated results are shown in Figure
13. An average S,; power gain of 13 dB in the frequency
range of 8.8-9.6 GHz is obtained. The input and output
reflection coefficients are below —7.6 dB and —10 dB over
the entire 800 MHz bandwidth, respectively. As shown in
Figure 14, the proposed PA is unconditionally stable for all
frequencies.

Driving the transistor in the nonlinear region can cause
parametric sub-harmonic oscillations due to the nonlinear
characteristic of the transistor capacitors.*> This instability
issue strongly depends on the input power level, bias

S21(dB)
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O—o—0o- Simulation

AL L) L B T
80 85 50 95 100 105 1.0 80 85 90
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FIGURE 13 Simulated and measured S-parameters of the proposed PA with I3 = 120 mA and Vyq = 28
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FIGURE 14 Simulated p factor of the proposed PA at drain bias of
120 mA

condition, operating frequency and load termination.*® In our
PA, the matching networks are designed for a much lower
gain at the sub-harmonic frequencies in comparison with that
of the fundamental frequency. This suppresses the parametric
sub-harmonic oscillations and thus
stability.

The simulated and measured large signal performance of
the proposed PA versus frequency are shown in Figure 15.
As shown, it can provide an average output power of 37.6
dBm and average PAE of 57% at the desired frequency
band.

As GaN HEMT handles high power densities, thermal
effects have great influences on its performance which
should be properly considered in the design procedure.
Therefore, the power gain, PAE and output power of the pro-
posed PA are measured under 2 different conditions of con-
tinuous wave (CW) and pulse mode. The results in Figure 16
confirm that the CW PA exhibits a lower output power, a
worse PAE and a smaller power gain, due to its self-heating
effects

The transistor drain waveforms are shown in Figure 17A
as P;, sweeps from 15 dBm to 27 dBm. By increasing the
input power, the output capacitor enters into its nonlinear
region which results in reducing the phase overlap between
the drain current and the drain voltage, and consequently
increases the overall PA efficiency. Drain current is shaped
based on the second harmonic impedance. It is formed as a

improves the PA
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FIGURE 15 The large signal simulated and measured results of the
proposed PA versus frequency with Py, of 27 dBm
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FIGURE 16 (A), Output power, PAE and power gain of the pro-

posed PA in CW and pulse mode conditions at frequency of 9.2 GHz. (B),
The P, power gain and PAE of the proposed PA in CW and pulse mode
conditions versus frequency (P;, =27 dBm)
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FIGURE 18 (A), The frequency response of the gate voltage at
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of the gate voltage when P;, sweeps from 0 dBm to 30 dBm. (C), The gate
voltage waveform when transistor is biased in different deep Class-AB
and Class-A conditions. The transistor is driven by a constant P;,, of 25

dBm at frequency of 9.2 GHz in all cases

bifurcated quasi- rectangular shape for a large input power.
This can help to improve PAE of the PA.*

Figure 17B shows the transistor gate waveforms for lin-
ear and nonlinear input capacitors. In small values of P;,, the
input capacitor nonlinearity can be neglected and thus the
gate voltage can be approximated as a sinusoidal waveform.
At higher values of P;,, the harmonic generation property of
the nonlinear Cj,, especially at second harmonic, shapes the
gate voltage as a quasi-half-wave sinusoidal waveform.
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FIGURE 19 The PA output power, power gain and PAE for linear
and nonlinear input capacitors: (A), versus P, at frequency of 9.2 GHz
and (B), versus frequency with P;, of 27 dbm

Based on the extracted input capacitor, deep Class-AB bias
condition shows higher input capacitor nonlinearity in com-
parison with that of the Class-A condition.

The frequency response of the gate voltage at P;, =27
dBm, when the transistor is biased in deep Class-AB, is
shown in Figure 18A which exhibits a relatively large second
harmonic voltage. The voltage ratio of the second harmonic
to the first harmonic is shown in Figure 18B. At small values
of P;,, this ratio is less than 1% while it reaches about 19% at
P;, =30 dBm. The gate bias influence on the gate voltage
waveform is shown in Figurel8C, where the transistor is
biased in different biases driven by the same input power. As
shown, in deep Class-AB condition the input capacitor nonli-
nearity shapes the gate voltage as a quasi- half-wave sinusoi-
dal waveform and consequently improves the PAE with a
small reduction in the maximum output power. Figure 19
shows how the nonlinear input capacitor affects the PA out-
put power and PAE. The PAE improvement by the nonlinear
input capacitor is evident.

The test setup of the large signal measurement is shown in
Figure 20. The PA is driven using a 2 W GaAs MMIC PA.
Two separate Class-J and Class-AB PAs are simultaneously

e

FIGURE 20 The test setup of the large signal measurement
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FIGURE 21 (A), The layout of the Class-AB PA. (B), Comparison of

the large signal measured results of the Class-J and the Class-AB PAs versus
Py, at frequency of 9.2 GHz. (C), Comparison of the large signal measured
results of the Class-J and the Class-AB PAs versus frequency at P;, of 27 dBm

designed and fabricated using the same transistor in order to
compare their characteristic in term of PAE and output power.
Both of them are biased in pulse mode condition with similar
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FIGURE 22  Simulated ITP3 of the proposed PA at frequency of
9.2 GHz where a 2-tone test is performed with 100 MHz spacing

bias point while they use identical die attach material. In
Class-AB PA, the fundamental and the second harmonic
matching impedances at the current generator plane are equal
to Ry and zero, respectively. The designed layout of the
Class-AB PA is given in Figure 21 A and its large signal meas-
ured results are compared with those of the Class-J PA in Fig-
ure 21B,C. The measurements are performed with a duty cycle
of 10% and a period of 20 ps. An output power of 37.6 dBm
with a PAE of 58% and drain efficiency of 67% at 9.2 GHz are
achieved for the Class-J PA. The PAE of the proposed PA is
about 9% higher than that of the Class-AB PA which is real-
ized in similar conditions.

IIP3 is an important parameter of linearity evaluation
for high PAs so that in the evidence of a small IIP3, strong
interferers can exist in the desired frequency band. As
shown in Figure 22, the input IIP3 of the proposed PA is
about 28 dBm, which is quite acceptable for the PA to be
well robust against the near interferences. Simulations are
performed using a 2-tone test at 9.2 GHz with a 100 MHz
spacing.

Summary of the proposed PA performance and its comparison with some previously published designs

TABLE 1
Freq.
Ref PA class Technology (GHz)
[3] Class-J GaN MMIC 2.2-3
[2] Class-J InGaP/GaAs 1.7-2
HBT MMIC
[33] Class-J AlGaAs-InGaAs 3.5-7
pHEMT MMIC
[17] Class-J GaAs pHEMT MMIC 7.5-11.5
[26] Class-J GaN HEMT Hybrid 2.14
This Class-J GaN HEMT Hybrid 8.8-9.6
work

“This is the drain efficiency, its PAE was not reported.

Supply
P out SZlmax VOltage
(@Bm)  (dB) PAE pax (%) ™)
27 10 58 12
28 35.8 56 33
27.8 13 62 3.8
28.5 7 65" 8
40.5 21 77 (8% relative improvement 30

in comparison with Class-AB)

374 14 57 (9% relative improvement 28

in comparison with Class-AB)
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Although, our major aim in this article was constructing
a design approach for the implementation of high effi-
ciency hybrid X-band Class-J PA considering the transistor
nonlinear input capacitor effects, comparing the work with
other recent researches in this field would be very useful.
Table 1 summarizes the performances of the proposed PA
and some recently reported Class-J PAs. Obviously, this
work exhibits superior PAE and an adequate bandwidth.
Even in comparison with the 2.4 GHz Hybrid Class-J PA
in Ref. [26], it provides a similar relative PAE improve-
ment over a broader bandwidth. GaAs pHEMT MMIC
Class-J PA reported in Ref. [17] shows
bandwidth, due to MMIC implementation, but gives a
much lower output power, a smaller power gain and a bit
lower drain efficiency.

a broader

6 | CONCLUSION

An 8.8-9.6 GHz Class-J hybrid PA is designed and fabri-
cated based on GaN on SiC HEMT. The proper matching at
the second harmonic frequency has been achieved even for a
high power GaN on SiC HEMT through accurate modelling
of the matching networks and bond wires. Beside the usage
of the nonlinear transistor output capacitor, which produces a
second harmonic voltage and thus decreases the phase shift
between the drain voltage and the drain current waveforms,
we show that the nonlinear input capacitor can also help to
shape the gate voltage as a quasi-half wave sinusoidal wave-
form and improve the PA PAE. As a result, the proposed PA
exhibits an appropriate PAE, a moderate bandwidth and an
acceptable linearity performance. A thermal model of the
power transistor is obtained using ANSYS software and cali-
brated by measured data provided by the transistor manufac-
turer. In order to have the best performance, different
parameters of the circuit are optimized.
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