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An X-band inverse class-F power amplifier is realized by a 1-mm AlGaN/GaN high electron mobility transistor
(HEMT). The intrinsic and parasitic components inside the transistor, especially output capacitor Cgs, influence the har-
monic impedance heavily at the X-band, so compensation design is used for meeting the harmonic condition of inverse
class-F on the current source plane. Experiment results show that, in the continuous-wave mode, the power amplifier
achieves 61.7% power added efficiency (PAE), which is 16.3% higher than the class-AB power amplifier realized by the
same kind of HEMT. To the best of our knowledge, this is the first inverse class-F GaN internally-matched power amplifier,

and the PAE is quite high at the X-band.
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1. Introduction

GaN high electron mobility transistors (HEMTs) have
advantages in breakdown voltage, power density, and high
electron, so they are good choices for high-frequency high-
efficiency power amplifiers.!!'=3] Smaller in size compared
with a hybrid microwave integrated circuit (HMIC) and bet-
ter in thermal performance compared with a monolithic mi-
crowave integrated circuit (MMIC), the internally-matched
power amplifier is a competitor for C-band and X-band appli-
cations. Class-F and inverse class-F[*! are two important ways
to improve power added efficiency (PAE) in design. Their
principles are both that: output impedances at fundamental
and harmonic frequencies are presented appropriately, so the
output current and voltage waveforms are shaped to minimize
the power dissipation and then more power is carried out.

Several high efficiency GaN-based power amplifiers have
been presented. In 2009, Helaoui e al.®! designed an L-band
81% PAE class-F power amplifier. In 2011, Kim et al.'’! man-
ufactured S-band 69.9% PAE class-F and 69.4% PAE inverse
class-F power amplifiers. We also increased the PAE of the
GaN-based internally-matched power amplifier to 71% at 4
GHz'® and 69% at 5.5 GHz.[°! At X-band applications, Resca
et al."% reported a GaN MMIC power amplifier with 38%
PAE for future generation synthetic aperture radar (SAR) sys-
tems. Waltereit et al.!'3 developed a 50% PAE GaN MMIC
with life times above 10° h for space applications. However,
the power amplifier with PAE over 60% at the X-band is rarely
seen because of the heavy parasitic effects.

In this paper, the compensation design of an X-band in-
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verse class-F internally-matched power amplifier is used based
on GaN HEMTs with 1-mm gate width. The second harmonic
open and the third harmonic short are achieved on the current
source plane. Under the continuous-wave condition, the am-
plifier achieves a high PAE of 61.7% at 8.1 GHz with an output
power of 6.7 W. The rest of this paper is structured as follows:
Section 2 introduces the basic principle of inverse class-F PA.
The compensation design and simulation of the inverse class-F
are shown in Section 3. Experiment results and comparisons
with class-AB and other works are shown in Section 4. The
conclusion is in Section 5.

2. Inverse class-F theory

An HEMT is essentially a voltage-controlled current
source. Seen from the current source plane, the voltage and
current waveforms of the ideal inverse class-F power amplifier
are shown in Fig. 1 in solid lines. The waveforms of the cur-
rent and the voltage are a square wave and a half sine wave,
respectively, which have a phase difference of 180 degrees.
At the first half period, the current is zero, so the dissipation
power at the transistor is zero. While at the second half period,
the voltage is zero, so the dissipation power at the transistor is
zero as well. In theory, the drain efficiency will be 100% be-
cause no power is dissipated at the transistor and all of them
are transmitted.

The next question is how to realize the waveform shown
in Fig. 1. The Fourier expansion of the transistor drain current
waveform is

Iy = Iac — I cos(wt) + Iz cos(3wr)
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—Iscos(5wt) + Iy cos(Twe) +- -+, )

where Iy is DC current, 11, I3, Is, and I; are the fundamental
and odd harmonic current amplitudes, and w is the angular fre-
quency. The Fourier expansion of voltage waveform is

Va = Ve + Vi cos(wt) + Vo cos(2we) — Vy cos(4wr)
+Vgcos(6wt) +- -, )

where V. is the DC component of voltage, and I, I», 14, and
I are fundamental and even harmonic voltage amplitudes. It
can be seen from Eq. (1) that the current has no even com-
ponents, so the admittance of even third harmonics is zero,
in other words, even harmonics should be open. It can be
seen from Eq. (2) that the voltage has no odd components,
so the impedance of the odd harmonic is zero, it means that
the odd harmonic should be short. The waveform and har-
monic impedance situation are opposite to a class-F power
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Fig. 1. (color online) Current and voltage waveforms of the inverse
class-F PA in the ideal case and in the case when only the second and
the third harmonics are controlled, respectively.

Generally, only the second and third harmonics are con-
trolled in inverse class-F design, as it is very complex and there
is less contribution to efficiency to control the harmonics with
an order higher than third. The waveform under this condition
is shown in Fig. 1 in dash lines. The key point to design an
inverse class-F power amplifier is the second harmonic open,
the third harmonic short, and the fundamental matching on the
current source plane.

3. Amplifier design
3.1. Inverse class-F power amplifier at X-band

The 1-mm gate width GaN HEMT was fabricated at Xi-
dian University, China.[°! The basic model is shown in Fig. 2.
The equivalent circuit of GaN HEMT die is in the red box con-
sisting of six parasitic parameters and seven intrinsic parame-
ters. Here, “B” is the drain pad plane on which an impedance
matching network is usually designed. “A” is the current
source plane where the harmonic impedance condition should

be met.

drain

source

GaN HEMT die

Fig. 2. (color online) Typical GaN HEMT model. “B” is the drain pad
plane and “A” is the current source plane.

It is assumed that the inverse class-F impedance condition
where the second harmonic open and the third harmonic short
are realized on plane “B”, figure 3 shows what they will be
on plane “A”. Due to drain parasitic inductance Lq, drain para-
sitic resistance Ry, drain source resistance Ry, especially drain
source capacitance Cgs (about 0.5 pF), the ideal impedance
will change. The impedance has few changes at fundamental
frequency under 4 GHz so the traditional design method that
the second harmonic open and third harmonic short on plane
“B” can been used as usual. However, the impedance changes
largely at a fundamental frequency higher than the X-band so
the compensation design must be considered. Meanwhile, Cyg
influences the third harmonic more heavily than the second
harmonic, and it is beneficial to the third harmonic short, so
the inverse class-F power amplifier is easier to realize than the
class-F power amplifier.

3fo=12 GHz
3fy=6 GHz
3fo=3 GHz

Fig. 3. (color online) The second and third harmonic impedance on
plane “A” (shown in Fig. 2), when the second harmonic open and the
third harmonic short on plane “B” at different frequencies.

3.2. Compensation design and simulation

The schematic structure of the output harmonic con-
trol network and fundamental matching network is shown in
Fig. 4. TL, is an open ended shunt stub with length of 45 de-
grees. For the second harmonic, TL, is 90 degree and it trans-
forms the impedance from open point A to short point B, so the
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circuit at the right side of point B has no influence to the sec-
ond harmonic. One transmission line (TL;) and three parallel
bonding wires (BW) are used for compensating the influence
of components inside the GaN HEMT die. They also trans-
form the impedance from short point B to open point C for
second harmonic. The length of BW; (L_BW/) tunes mainly

Rg4s = 1000 M

for the second harmonic. TL3 and BW; compensate the third
harmonic, and transform the impedance to short at point C.
The length of BW; (L_BW;) tunes mainly for the third har-
monic. The following fundamental matching network is used
for matching the fundamental impedance to 50 Q. The param-
eters of the matching network are shown in detail in Fig. 4.

Cg4s =500 fF
Ry=12Q .
Lqa=72.8 pH harmonic control network

L_BW; =300 um :—
L_BW, =600 um | 2fo open

L_BW;3 =300 um | 3 fo short
S 1 BW,
gl Rapom |
| | LT
I 1o @ : 3 = :draln pad
: les’ Cds |
| T |

GaN HEMT die
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Fig. 4. (color online) Output harmonic control network and fundamental matching network. Second harmonic open and third harmonic

short are achieved on the current source plane.
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Fig. 5. (color online) Fundamental, second, and third harmonic

impedance on the current source plane (a). Frequency spectrum of volt-
age (bl) and current (b2) on the current source plane.

The simulated impedance is shown in Fig. 5(a). Seen
from the current source plane, the second harmonic is open
while the third harmonic is short, the fundamental impedance
equals to the load impedance obtained from the loadpull simu-
lation. The desired inverse class-F load condition is obtained.
In terms of input, a transmission line, a high dielectric ceramic
capacitor, and bonding wires achieve the matching. The en-
tire circuit schematic is simulated using an ADS Harmonic—
Balance simulator. In the frequency domain, the simulate fre-
quency spectrum is shown in Fig. 5(b). The voltage has the DC
component, fundamental component, and second harmonic
component, while the current has the fundamental component
and the third harmonic component. In the time domain, the
current and voltage waveforms seen from the current source
plane are shown in Fig. 6. The voltage is close to a half sine
wave while the current is approaching a square wave, and the
overlap of voltage and current is reduced. This indicates an
explicit inverse class-F power amplifier of the X-band.
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Fig. 6. (color online) Simulated waveforms of current and voltage on
the current source plane.

097306-3



Chin. Phys. B  Vol. 25, No. 9 (2016) 097306

4. Realization and performance

The matching modules are soldered in a package
The 1-mil
(1 mil =0.0254 mm) diameter bonding wires connect the mod-

with a cavity size of 14.5 mmx14.8 mm.

ules, participating in the match at the same time. Due to the
manufacturing error and model error, the lengths of BW and
BW; can tune the second and third harmonics respectively
(the MMIC power amplifier cannot be tuned after being fabri-
cated). The photograph of the proposed X-band inverse class-
F power amplifier is shown in Fig. 7(a). For comparison, an-
other X-band class-AB power amplifier where only the funda-
mental is matched and realized by the same kind of HEMT is
shown in Fig. 7(b).

Fig. 7. (color online) Photographs of the proposed X-band inverse class-
F power amplifier (a) and the compared X-band class-AB power ampli-
fier (b).

The two power amplifiers are measured under the
continuous-wave operation. The DC bias condition is Vpg =
40V and Ips = 60 mA. As described in Fig. 8, a 61.7% PAE is
obtained when the input power P, is pushed up to 26 dBm at
the frequency of 8.1 GHz. The output power Py is 6.7 W with
a power gain of 12 dB. Compared with the class-AB power
amplifier where the fundamental impedance is matched only,
output power and gain are almost the same, while PAE of the
proposed inverse class-F is 16.3% higher.

The frequency response of the two power amplifiers is
also shown in Fig. 9. With almost the same output power
and gain, the inverse class-F power amplifier has over 50%
PAE, higher than the class-AB power amplifier from 7.7 GHz
to 8.5 GHz. The second and third harmonics are controlled
at a frequency of 8 GHz and they are more sensitive than the
fundamental wave, so the PAE of the inverse class-F power
amplifier has a relative narrow bandwidth than the class-AB
power amplifier.

As a power amplifier product, the last process is parallel
seam sealing to achieve high quality and long term reliability.
After the sealing process, the variation of gain and PAE is less
than 0.1 dB and 0.2%.
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Fig. 8. (color online) Measured microwave performance of the power
amplifier in continuous mode at 8.1 GHz. The output power Py, gain,
and PAE are compared between inverse class-F and class-AB power
amplifiers.
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Fig. 9. (color online) Measured microwave performance of the power
amplifier in continuous mode when input power is 26 dBm. The Poy,
gain, and PAE are compared between inverse class-F and class-AB
power amplifiers.

The comparison between the proposed inverse class-F
power amplifier and other works is shown in Table 1. At low
frequency, L-band to C-band, PAE can be increased over 70%,
but the power amplifier at the X-band with PAE higher than
60% is barely seen, which may be caused by the increase of
the drain source capacitance and parasitic resistance. It can
also be seen from Table 1 that the proposed inverse class-F
power amplifier has a high power density and high PAE at the
X-band in continuous-wave mode.

Table 1. The high efficiency power amplifier at different frequency
bands.

Ref. Frequency band  Power density/(W/mm) PAE/% Mode®

this work X-band 6.7 61.7 Ccw
[14] X-band 3.25 44 CcwW
[13] X-band 5 50 CwW
[12] X-band 4.6 48 CwW
[11] X-band 14.2 48 PW
[10] X-band 35 38 PW
91 C-band 6.8 69.4 PW
[8] C-band 8.5 71 PW
[71 S-band 10 69.9 CW
[6] L-band 10 81.3 CwW

2CW is the continuous-wave mode and PW is the pulse wave mode.

Two-tone measurements are also performed to character-
ize the linearity of the inverse class-F power amplifier. As
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shown in Fig. 10, the blue line represents the output power at
a fundamental frequency of f; = 8.05 GHz while the red line
represents the IM3 (3™-order two tone intermodulation prod-
uct) at a frequency of 2 f>—f; = 8.25 GHz. At the linear region,
when the input power is 18 dBm, IMD3 (difference between
the output power and IM3) is 31 dBc, indicating good linear-
ity. At the saturation region, when the input power is pushed
to 27 dBm, IMD3 is 20 dBc. OIP3 (output two tone the third-
order intercept point) is determined by extrapolating the pout
and IM3 curve. The point of intersection is OIP3 of 48 dBm.

OIP3 =48 dBm —__

r o= Pout
-v— IM3
40
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Fig. 10. (color online) Measured linearity performance using two-tone
signal. Here, f; = 8.05 GHz and f> = 8.15 GHz.

5. Conclusion

An X-band 61.7% PAE inverse class-F power amplifier is
presented. A harmonic control network is used for compensat-
ing the components inside the transistor model, so the inverse
class-F impedance condition is obtained on the current source
plane. The harmonic impedance can be tuned by the bonding

wires (BW{, BW,) and the compensation design can also be
used in large gate width HEMT internally-matched power am-
plifiers. To the best of our knowledge, this is the first inverse
class-F GaN internally-matched power amplifier, and the PAE
is relatively high in X-band applications.
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