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Abstract: This article reports a modified parallel-circuit class-E power
amplifier (PA) that maintains its operating conditions even when the output
capacitance of the transistor is greater the optimum capacitance. The finite
inductor in the parallel topology is replaced by an L-C T-shaped circuit to
eliminate the limits on the maximum operating frequency. The L-C T-shaped
circuit can be approximately transformed to the distributed for the micro-
wave applications. The analysis is validated by simulation and measurement.
The fabricated PA deliver a maximum drain efficiency of 77.5% with the
maximum output power of 40.2dBm at 2.9 GHz.
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1 Introduction

The power amplifier (PA) remains a critical component in mobile/wireless com-
munication systems, since it is an important energy consumer that significantly
impacts the overall power consumption budget of a mobile/wireless transmitter.
Consequently, designing high-efficiency amplifiers is of prime importance to
reduce power consumption, cooling requirements, and cost in mobile/wireless
transmitter and to improve reliability aspects. Various efficiency enhancement
techniques have been studied, such as class E [1, 2, 3, 4], class-F [2, 3, 4],
class-J [3], and so forth. Among these techniques, the class-E PA is considered as
one of the best candidates in RF and microwave PA applications [2, 3, 4, 5], due
to its simplicity and high efficiency.

The class-E PA, proposed by Sokals [1] and subsequent developed by Raab [3],
can offer high efficiency by tailoring the transient response of the voltage and
current waveforms to minimized energy loss at the switching instants. In 2002,
Grebennikov etc. proposed the parallel-circuit class-E PA, which exhibits a max-
imum operating frequency 1.4 larger than the conventional class-E PA with shunt
capacitance [5]. The maximum operating frequency fmax of the class-E/parallel-
circuit class-E PA is the intrinsic limitation due to the transistor output capacitance
Cout [5, 6].

In order to achieve the high efficiency of the class-E PA beyond fi.x, some
methods have been proposed introducing an inductor to compensate the excessive
capacitance reactance Ce [7, 8, 9, 10]. However, the main focus of the most
approaches is only to investigate how to compensate for Ce at a single frequency,
such as the fundamental frequency [7, 8]. As a consequence, the open-circuit
requirement at higher harmonics for optimum Class-E operation would be violated,
which has a detrimental effect on the amplifier performance at high frequencies. To
resolve this issue, some methods have been proposed to compensate the output
capacitance at both the fundamental and harmonic frequencies [9, 10]. However,
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frequency of the lumped components. In [10], a transmission-line compensation
circuit is proposed, which is more suitable for microwave band. However, the
implementation of the compensation circuit is complex, since the short-circuited
shunt stub has to be designed using a stub terminated with a large capacitor, to
realize RF ground. It would be better, if possible, to develop a unified design
strategy that can be simultaneously suitable for low and high frequencies with a low
circuit complexity.

To overcome these practical design problem, a unified compensation technique
for parallel-circuit class-E has been developed to compensate the output capaci-
tance at both the fundamental and harmonic frequencies. The L-C T-shaped net-
work is utilized to replace the finite DC feed inductor in parallel circuit to eliminate
the limits on the operating frequency imposed by the output capacitance. To be
suitable for microwave applications, the L-C T-shaped circuit can be approximately
transformed to a distributed circuit with low complexity.

2 Parallel-circuit class-E with enhanced fyax

A parallel-circuit class-E PA is shown in Fig. 1. If we assume that losses in the
reactive circuit elements are negligible, the quality factor of the loaded Ly-Cj circuit
is high. The values for circuit elements and the maximum operating frequency can
be obtained from [4, 5]

R=1365 Qf: 1)
L= o.mg )

c= 222 3)

Fmax = 0.0798 Pt—th,D (4)

Eq. (4) shows the relationship between fimax, Pout> ¥bp, and Coy. It is clear that
fmax and Cyy are inversely related. In most cases, the value of Pout is fixed and the
value of Vpp can be chosen within an operational range. Therefore, the transistor’s
output capacitance is the main factor limiting f.x. A feasible and effective method
to reduce this limitation is to compensate for Cex with an external circuit.
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Fig. 1. Basic circuit of parallel circuit class-E PA.
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In the following, it is assumed that the output capacitance of the transistor Coy
is larger than the optimum value obtained from Eq. (3), i.e., Coy = C(1 + @),
where a = C¢/C is defined as the excess factor [9, 10]. When a > 0, a different
value of the feed inductor Ly, is required as depicted in Fig. 2. The value of Ly,
should be chosen so as to compensate for the capacitive susceptance of Ce both at
the fundamental frequency and at the harmonic frequencies. Thus, the net suscep-
tance of Cex and L,y should have the same values of L for all w, i.e.,
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Fig. 2. Parallel circuit class-E PA with excess capacitance.

Coul= Ro
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Fig. 3. Lumped and transmission-line T-shaped compensation circuit
of the proposed class-E PA.

Therefore, the value of the required inductor L., is frequency dependent,
which is obtained to

L

2
1+ 0.5 (3>
()

The load impedances seen at the C,y-plane, as depicted in Fig. 2, can be

(6)

Lnew =

written as follows [10, 11]:

1+ j1.366(1 + 0.5a)

Zi(@o) = R joolnew = R- = 71.866(1 + 0.50) 7
‘ . naoL
ZL(nwO) = ]na)OLnew =] HO—OSanZ (8)

It is possible to achieve optimum parallel-class E operating conditions by
replacing the value of the inductor L obtained in Eq. (2) with the value of Lyey
obtained in Eq. (6).
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3 Design method of the new inductor

A simplified topology with a lumped-element T-shaped L-C network composed of
two series inductors and one parallel capacitor is proposed, as depicted in Fig. 3.
Moreover, this circuit can be used to the drain bias line. The input impedance of the
T-shaped network can be obtained as a function of the frequency:

nw0L2
1 = (nwy)*LyC

The equations relating the values of the components to the excess factor o

Zr(nwy) = j[nwoL1 + )

can be obtained by equating the input impedance of the T-shaped network to the
impedances in Eq. (8) for n =1 and n = 2 as follows:

Cl)oL a)0L2
= —woly +— 10
14050 N T 206 (10)
CU()L a)0L2
=l + — % 11
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The resonant frequency w, of the L,C, fulfills wy < wy < 2w, and can be
related to the fundamental frequency by means of a new parameter denoted here

2
y= (ﬂ) (12)
Q)]

The values of L;, L, and C, can be solved

L2y + a)

as y

=T 13
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y
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In special applications, when it is difficult to implement a long transmission
line, for example, in monolithic integrated circuits or low-frequency applications, it
is possible to consider a class-E PA based on the lumped-element circuits. How-
ever, use of this compensation technique in the microwave band is restricted by the
lumped-element chip capacitors and inductors due to self-resonance frequencies of
these chip devices. Therefore, a lumped T-shaped circuit has to be transformed into
a distributed circuit. The conversion of the lumped T-shaped circuit involves
replacing the series inductances and shunt capacitances with equivalent trans-
mission-line elements. The series inductances can be realized by short sections
(less than 4/8) of a high-impedance line, and shunt capacitors by lower impedance

open-circuit stubs by Egs. (16) and (17) [11], as shown in Fig. 3.
L
ol~Z = n 2= (16)
Z

L _ Z o arctan(Z,.wC)
oC  tanpl B b

a7




IEICE Electronics Express, Vol.13, No.15, 1-8

where Z; and Z, are the characteristic impedance of the lower impedance line and
high-impedance line respectively and § and v, are the propagation constant and
phase velocity of the transmission line, respectively.

4 Circuit design and measurement results

To verify the proposed topology, a parallel-circuit class-E PA with the T-shaped
transmission-line is designed using a 31mil RO5880 substrate. The switch is
replaced by a Cree GaN HEMT power device (CGH40010F), whose parameters
are listed in Table I. The theory parameter values of the parallel class-E PA are
shown in Table 1.

Table I. Circuit parameters of parallel-circuit class-E

Parameter Value Parameter Value
Device CGH40010F R 92.3Q
Frequency 3GHz L 3.58nH
Vbp 28V C 0.40 pF
Cout 1.5pF Cex 1.1pF
Pyt 10W o 2.75
Vo
500,
1000, 440, 47Q,
450 225° 30°
50Q, I;l |;|
9° 85Q,
43°
o
850, Pout
°_| 220
Pin Cree
CGH40010F 440, 470,
45° 18

50Q, L
61.6°

Fig. 4. Full schematic of the proposed class-E PA.

Fig. 4 shows the full schematic of the class-E PA. The input matching network
provides a complex-conjugate matching at the operating frequency in order to
achieve low insertion loss using an L-Type topology. The series R-C network and
the resistor connected with the gate bias line construct the stable circuit. The output
matching network is designed convert the standard 50-Q impedance into an
optimum impedance of 92.3 Q. This is realized by using a transmission-line load
network which offers combined transformation of the load resistance to a suitable
level, as well as simultaneous suppression of harmonics in the load. The drain bias
circuit is accomplished by a T-shaped transmission-line circuit, which is designed
using the above method.

Fig. 5 depicts the photograph of the fabricated PA mounted on a heat sink. The
total size of the module is 9.5 cm X 4 cm. The device is biased with a drain voltage
of 28 V and a gate voltage of —2.8 V. It should be noted that due to variations in the
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Fig. 5. Photograph of the fabricated class-E PA.
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Fig. 6. Simulated and measured small-signal gains of the proposed
class-E PA.

threshold voltage and electron mobility of transistor, the required gate bias voltages
to maintain same bias currents in the measurement and simulation are slightly
different.

Fig. 6 shows the simulated and measured small-signal gains of the proposed
class-E PA under small-signal conditions. The simulated and measured results are
in good agreement from 1 GHz to 5 GHz. The proposed PA features the maximum
small-signal gain of 15.5dB at 2.9 GHz, which is slightly shifted from the simu-
lated design frequency (3 GHz).

The large-signal continuous-wave (CW) performance is measured by a power
spectrum analyzer FSV40. The measured output power, gain, drain efficiency (DE),
and PAE against RF input power are illustrated in Fig. 7. A peak drain efficiency of
77.5% and a peak PAE of 72.2% were obtained at the frequency of 2.9 GHz and at
an output power of 40.2 dBm. The RF input power applied to the PA was 28 dBm,
yielding 12.2dB gain. The measured optimum frequency (2.9 GHz) shifted from
the simulated design frequency (3 GHz) mainly due to the inaccurate large-signal
model of the transistor, as well as fabrication tolerances of the substrate’s dielectric
constant and surface-mount technology (SMT) passive components.

Table II compares the performance of the designed class-E PA to those of
recently reported microwave PAs operated in class-E mode using packaged GaN
HEMT devices with similar or close output power. It is evident that the proposed
parallel-circuit class-E PA products state-of-the-art performance at higher frequency.
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Fig. 7. Measured output power, gain, drain efficiency (DE), and PAE
against RF input power.

Table II.

Performance summary of various class-E PAs with GaN
HEMT packaged transistors

Ref. fo (GHz) PAE (%) Pout (dBm) Gain (dB)

[7] 2.14 70 37.5 13

[9] 0.428 78.6 37.5 16.5

[10] 2.8 70.8 40.1 10.7
This work 2.9 72.2 40.2 12.2

5 Conclusion

This paper presents a unified compensation technique for parallel-circuit class-E
that can be simultaneously suitable for low- and high-frequency applications. An
L-C T-shaped network is utilized to replace the finite DC feed inductor in parallel
circuit topology to eliminate the limits on the maximum operating frequency. To be
suitable for microwave applications, the L-C T-shaped circuit can be approximately
transformed to a distributed circuit and simplify the circuit complexity. By adding
dynamic bias control, this PA can also be used for signals with varying envelopes.
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