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High-Efficiency Harmonic-Peaking Class-EF
Power Amplifiers with Enhanced Maximum
Operating Frequency

Mury Thian, Ayman Barakat and Vincent Fusco, Fellow, IEEE

Abstract—The recently introduced Class-EF power amplifier
(PA) has a peak switch voltage lower than that of Class-E PA.
However, the value of the transistor output capacitance at high
frequencies is typically larger than the required Class-EF
optimum shunt capacitance. Consequently, soft-switching
operation that minimizes power dissipation during OFF-to-ON
transition cannot be achieved at high frequencies. Two new
Class-EF PA variants with transmission-line load networks,
namely, third-harmonic-peaking (THP) and fifth-harmonic-
peaking (FHP) Class-EF PAs are proposed in this paper. These
permit operation at higher frequencies at no expense to other PA
figures of merit. Analytical expressions are derived in order to
obtain circuit component values which satisfy the required Class-
EF impedances at fundamental frequency, all even harmonics,
and the first few odd harmonics as well as simultaneously
providing impedance matching to a 50 Q load. Furthermore, a
novel open-circuit and shorted stub arrangement which has
substantial practical benefits is proposed to replace the normal
quarter-wave line connected at the transistor’s drain. Using GaN
HEMTs, two PA prototypes were built. Measured peak drain
efficiency of 91% and output power of 39.5 dBm were obtained at
2.22 GHz for the THP Class-EF PA. The FHP Class-EF PA
delivered output power of 41.9 dBm with 85% drain efficiency at
1.52 GHz.

Index Terms—Class-E, Class-EF, Class-F, fifth-harmonic-
peaking, GaN, HEMT, power amplifiers, third-harmonic-
peaking, transmission lines.

I. INTRODUCTION

T HE Class-E power amplifier (PA) [1]-[5] theoretically
offers 100% DC-to-RF efficiency since its switch voltage
and current waveforms are tailored such that they do not
overlap each other. It adopts zero voltage switching (ZVS) and
zero voltage derivative switching (ZVDS) conditions so as to
enable soft-switching operation which minimizes power
dissipation during OFF-to-ON transition. However, the peak
switch voltage of Class-E PA is considerably high. The
Inverse Class-E PA [6]-[8] and Class-F PA [9]-[13] offer
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substantially lower peak switch voltage than the Class-E
counterpart but cannot facilitate soft-switching operation since
their idealized circuit topologies do not incorporate a shunt
capacitance (C) that is connected in parallel with the switch. In
practice, this means that the transistor output capacitance
(Cour) cannot be effectively absorbed. The output capacitance
of an actual transistor typically has nonlinear characteristic
since it depends on instantaneous drain-source voltage values.
The analysis in [14] presented a design methodology for
Class-E PA wherein the nonlinear output capacitance can be

adequately approximated with an equivalent linear
capacitance.
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Fig. 1. Class-EF PA with lumped-element load-network: (a) Basic circuit
(b) Idealized steady-state switch voltage and current waveforms.

The Class-EF PA and its variants reported in [15]-[20] offer
a low peak switch voltage of only 2Vpc as in the Class F as
well as soft-switching operation as in the Class E, Fig. 1.
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Further, since the switch voltage has maximally flat peak, Fig.
1(b), the Class-EF PA is relatively immune to the detrimental
effects that the nonlinear output capacitance has on its
performance.

A major challenge in Class-EF PA design is that for a given
output power and DC supply voltage (Vpc), the maximum
operating frequency (fyax) is constrained by the transistor
output capacitance (Coyr), i.€., at high frequencies the value of
Cour is typically larger than the value of C, Fig. 1(a), that
results from the Class-EF synthesis. An external shunt
inductance (Lp) can be used to tune out the excess capacitance
Cx (= Cour — C) at the fundamental frequency. However, the
net reactance of this parallel circuit Lp-Cx at higher harmonics
(2fo, 3fy, etc.) would be capacitive. As a consequence, the
open-circuit requirement at odd harmonics for optimum Class-
EF operation would be violated. The theoretical analysis in
[20] demonstrates that the fyiax of the Class-EF PA can be
increased by reducing the duty ratio, by switching the
transistor ON for a shorter period. However, this strategy
results in low power-output capability and low load resistance.
The fact that large devices with high-power-handling
capability are always accompanied with high Coyr would
appear to render the Class-EF PA topology unsuitable for high
power applications.

In order to address the aforementioned issues, we introduce
two new variants of the Class-EF PA, namely third-harmonic-
peaking (THP) and fifth-harmonic-peaking (FHP) Class-EF
PAs. Synthesized in the frequency domain, these PAs employ
a simple transmission-line load network and allow operation at
higher fyiax. While the THP Class-EF PA satisfies the open-
circuit termination requirement at 3f; alone, the FHP Class-EF
PA [21] satisfies the requirement simultaneously at 3f, and 5f;.
On the other hand, the requirement for short-circuit
termination at all even harmonics is satisfied through
deployment of a quarter-wave (A/4) line connected at the
drain. Closed-form expressions are analytically derived not
only to satisfy the Class-EF load-impedance requirements at
the fundamental frequency, all even harmonics, and the first
few odd harmonics but also to simultaneously provide an
impedance matching to 50-Q load thus obviating the need for
additional output matching circuitry. Since the open-circuit
conditions at 3f; and 5f; are satisfied and all even harmonic
components are shorted by the A/4 line, high purity output
spectrum can be obtained from the FHP Class-EF PA load
network. This relaxes the design specifications for additional
filtering typically required at the PA output for compliance
with standardized out-of-band emission regulations. Further,
when compared to the Class-E;F and Class E;F, PAs in [20],
the new PAs generate a less distorted output signal. In
addition, these new PAs employ novel A/8 open-circuit and
shorted stubs which replace the classical A/4 transmission line
(TL). This arrangement offers better open- and short-circuit
terminations and has the capability to independently control
open- and short-circuit terminations at the transistor’s drain,
which in turn improve the PA’s efficiency.

This paper is organized as follows: basic operation of the
Class-EF PA with lumped-element load network along with

some design trade-offs awareness is briefly reviewed in
Section II. Sections III and IV present the theoretical analysis
of the THP and FHP Class-EF PAs, respectively. Circuit
design examples and simulations using ideal components are
treated in Section V. Finally in Section VI, implementation of
the PAs using GaN HEMTs and measurement results are
discussed.

II. REVIEW OF CLASS-EF POWER AMPLIFIER

The circuit schematic for the Class-EF PA is depicted in
Fig. 1(a). The transistor must be driven sufficiently hard such
that it operates like a switch rather than a current source. The
optimal load impedances at fundamental frequency and higher
harmonics seen by the transistor, Zgpr, are given in (1). The
load network will present R in series with L at fj, a short
circuit at all even harmonics, and an open circuit at all odd
harmonics. For prescribed output power (Pp), DC supply
voltage (Vpc), and operating frequency (fy), the optimal load
resistance R and series inductance L can be calculated using
(2)-(3). The shunt capacitance C may entirely furnish the
device output capacitance Coyr and its value is given in (4).
Note that in (2)-(4) the parameter named dead time tp (in rad)
is related to duty ratio D by D = 0.5 — 1p/(2m). For example,
tp=7/2 rad corresponds to D =0.25 meaning that the
transistor will be switched ON for a period of 25% of the full
cycle.

A quarter-wave line is employed at the drain of the
transistor so as to enforce short-circuit termination at all even
harmonics. Steady-state switch voltage and current waveforms
of the Class-EF PA are illustrated in Fig. 1(b) and the peak
switch voltage is 2Vpc. By substituting C = Coyr into (4), the
expression for fyjax can be obtained, (5). Pyax (6a) is defined
as a ratio between output power and the product of peak
switch voltage and peak switch current (6b).

R+ jo,L at f,
Zopy = 0 at 2nf,, n=1,2,3,... ey
o at 2n+1)f,,n=123,...

2(1+cosz, ) V2

R= 2
7z’ P, &
15 —O..S 2sm(Zz'D) R 3)
sin’ 7, o,
2
i P
c_ %[ _sing, o @
2\1+cosz, | w,V,,
1( i " P
sinz, ;
=— 5
T 4 (1 +c0S 7, J Copr Var ©)
~ [(1+cos, )/(47) 17, <7l2 ;
" (14 cos T, M(dmsing,) x/2<7, <7 (6a)
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21, 3Ty <ml2

Ly = . (6b)
2, sint, ;7/2<t,<7w

where

I L (60)

R:1
+c0s 7,

III. THIRD-HARMONIC-PEAKING CLASS-EF PA WITH
ENHANCED fyax

A new Class-EF PA circuit topology with transmission-line
load network is depicted in Fig. 2. In practice, it is impossible
to realize a transmission-line load network that could
simultaneously satisfy Class-EF impedance requirements at
the fundamental frequency as well as at all even and odd
harmonics (1) since this would require an infinite number of
transmission lines. However, as will be shown shortly, a good
approximation to the idealized Class-EF operation can be
achieved by satisfying the required impedances at f;, all even
harmonics, and only the first few odd harmonics. Here, a
third-harmonic-peaking (THP) Class-EF PA is proposed
wherein the open-circuit requirement is satisfied at 3f; alone.
The circuit is also synthesized to simultaneously provide
direct impedance matching into a 50-Q load.

T 7, 12 SR
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Fig. 2. Third-harmonic-peaking Class-EF PA with enhanced fuax employing:
(a) M4 line, (b) A/8 open and shorted stubs as well as an additional fifth-
harmonic trap TL (Zg, 1/20).

Enhanced fyax is achieved by adding extra capacitance Cx
to the original Class-EF circuit in Fig. 1(a) and, as a result, the
device output capacitance Coyr now increases to C + Cx. This
translates into higher fyax expressed in (7) where Cxis

3
defined as kC (k > 0).
1 si ’ P
Sin7
fon =—( D ](1+k) 0 (7)
"4 1+ cost, Copr Voo

A. Basic Circuit

The electrical length of the open-circuit stub TL, in Fig.
2(a) is 90° at 3fy and therefore it provides a short-circuit
termination to the series line TL,. This shorted series line
behaves like an inductance (L;). This inductance must be
resonated with Cx in order to provide the required Class-EF
open circuit at 3f;, hence (8).

3w,C, tan(36,)=7Y, (8)

At the fundamental frequency, the 50 Q load resistance (Ry)
is transformed by TL; and TL, into an admittance of 1/Zgpr -
JjwoCx where Zopr is given in (1). This results in:

G - G, Y’ sec’ 6, ©
7 (¥,- B, tan6,) + G} tan 6,

BOPT_a)OCX _(Yl tan91_"BL)(Y1_BL tangl)_GZ '[31191 (10)
Y, (Y, - B, tan6,) +G> tan* 6,
where:
R
G =—"" 11
R +(o,LY (an
-, L
B =—_ 0= 12
R +(w, LY (12)
G, =1/R, =1/50 (13)
B, =Y, tan30° =Y, /3 (14)

By solving (8)-(10) simultaneously, the values of Z,
(= 1/Y)), 6, and Z, (= 1/Y;) can be obtained. The characteristic
impedance of the quarter-wave line Z;, must be selected
sufficiently high so as to isolate the supply voltage from the
RF signal. Note that C;, is a DC-blocking capacitance.

B. Modified Load Network

To facilitate for fifth-harmonic suppression, the single
open-circuit stub (Z,, 30°) in Fig. 2(a) is modified into two
open-circuit stubs with electrical lengths of 30° and 18°, Fig.
2(b). Their respective characteristic admittances Y5 and Y,p
are:

Y, tan 30°

Y, =Y,=—2%""
tan30° + tan 18°

=Y, ~ 0.64Y, (15)

where Y2A = 1/ZQA and YZB = 1/Z2B.
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Furthermore, novel A/8 open-circuit and shorted stubs are
now used to replace the traditional A/4 line. The A/8 open stub
will short circuit the drain of the transistor at (4m-2)"
harmonics whereas the A/8 shorted stub will short circuit the
drain of the transistor at 4m™ harmonics where m = 1, 2, 3, etc.
Together they will facilitate a short-circuit termination at all
even harmonics. At the fundamental frequency, the A/8 shorted
stub behaves like an inductance L; (16) while the A/8 open
stub behaves like a capacitance C, (17). This parallel L; — Cy4
circuit is designed to resonate at f; (18).

Jjo,L, = jZ, tan 45" = jZ, (16)

Jjo,C, = jY, tan45" = jY, (17

o, L,C, =1 (18)
Substitution of (16) and (17) into (18) results in:

Z,=Z, (19)

By setting Z; equal to Z,, the proposed stub arrangement
provides an open circuit not only at f; but also at all odd
harmonics.

-30 L T 1 L
0 fo 2fc  3fo 4fc 5fo  6fo
Frequency (GHz)

Fig. 3. Characteristics of A/8 open and shorted stubs vs /4 TL.

The bandwidth characteristic of the A/8 open-circuit and
shorted stubs at f; and higher harmonics is compared with the
M4 TL in Fig. 3. It can be observed that the rejection band
(IS21] <£-10 dB) of the proposed arrangement is twice as large
as that of the A/4 TL. For illustration, suppose fy = 2.5 GHz.
The new M8 stubs will provide useful attenuation > 10 dB
from 4.68 GHz to 5.32 GHz (rejection bandwidth = 640
MHz). At one half these frequencies i.e., from 2.34 GHz to
2.66 GHz (pass-band bandwidth = 320 MHz), insertion loss is
better than 0.017 dB. Meanwhile, the traditional A/4 line will
provide the same level of insertion loss i.e., better than 0.017
dB from 2.18 GHz to 2.82 GHz (pass-band bandwidth = 640
MHez i.e., twice as large as that of the A/8 stubs). However, the
rejection levels at 2x these frequencies i.e., from 4.36 GHz to
5.64 GHz are only > 1.875 dB. Therefore it is misleading to
conclude that the pass-band bandwidth of the A/4 line is
superior. The correct way to interpret the graph in Fig. 3 is as
follows. The A/4 line will provide attenuation > 10 dB from

4.84 GHz to 5.16 GHz (rejection bandwidth = 320 MHz i.e.,
one half that of the A/8 stubs) and this is translated into a pass-
band bandwidth of 160 MHz i.e., from 2.42 GHz to 2.58 GHz.
In other word, although the insertion loss of the A/4 line is low
across 2.18-2.82 GHz frequency range, only a fraction of this
bandwidth i.e., from 2.42 GHz to 2.58 GHz is useful since
they result in sufficient rejection levels > 10 dB.

In practice, the A/4 line in Fig. 2(a) cannot provide ideal
short-circuit termination i.e., 0 Q at even harmonics as
required for Class-EF operation due to parasitic resistance
ESR. The effect of ESR on the PA efficiency becomes more
pronounced in low-voltage high-power designs when the
resistance that the supply voltage presents to the PA (Rpc) is
considerably small. Since the physical length of the A/8 open
and shorted stubs in Fig. 2(b) is just half of that of the A/4 line,
the accompanied ESR will be lower and thus provides better
short-circuit termination.

More importantly, the bypass capacitance C, in Fig. 2
should in theory provide a short circuit at the fundamental
frequency as well as at all even and odd harmonics. However,
in practice, one capacitor can only be used to provide low
impedance (typically around 1 Q) at a single frequency. For
example, in order to provide a short circuit at fy and higher
harmonics up to 6f, six capacitors are needed. In contrast, the
PA in Fig. 2(b) only needs four capacitors since the short-
circuit terminations at the drain at 2f; and 6f, are enforced by
the A/8 open-circuit stub and therefore no capacitors are
required. Another practical advantage is that the A/8 open stub
will present lower impedance (close to 0 Q) at the drain
resulting in better 2" and 6™ harmonics suppression than when
A4 TL and C,, are used.

In addition, when implemented in IC format particularly at
millimeter-wave frequencies, the proposed stub arrangement
offers more flexibility and superior performance than the
traditional A/4 line. In theory a shorted A/4 line can provide
short-circuit termination at all even harmonics. In reality, the
length of this line can be effectively tuned at just one
frequency (typically 2f;) so as to provide the required low-
impedance termination. In the proposed stub arrangement, the
lengths of the A/8 open and shorted stubs can be tuned
independently to provide low-impedance termination at 2f;
and 4f,, respectively.

IV. FIFTH-HARMONIC-PEAKING CLASS-EF PA WITH
ENHANCED fjax

The circuit schematic for the fifth-harmonic-peaking (FHP)
Class-EF PA is depicted in Fig. 4. Here, the Class-EF open-
circuit requirement is satisfied for the first two odd harmonics,
i.e., 3fy and 5f, rather than just 3f; as in the THP Class-EF PA.
As a result it mimics idealized Class-EF operation more
closely than the THP Class-EF PA. The FHP Class-EF PA is
comprised of A/8 open and shorted stubs which enforce short-
circuit terminations at even harmonics, Cx as a means to
enhance fyax, two series transmission lines (TL;, TL,), three
open-circuit stubs (TL,, TLs, TL¢), and a shorted stub (TL3).
In the analysis below, Zy, Yy (=1/Zy) and 6y are, respectively,
the characteristic impedance, the characteristic admittance,

Copyright (c) 2015 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions @ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TMTT.2014.2386327

IEEE Transactions on Microwave Theory and Techniques

and the electrical length of TLy. Note that Cy, is a DC-blocking
capacitance and also has a role in preventing the DC signal
from being shorted by TL;.

Voe TLo TLs
il YB 18° Yc 30°
Zo /8 L, TLs
Zﬂa— : Cb” YA11 5° YA115°
| QiiCx
- = TLs TLs R
! Yei2 [  vei2o

ZopT

Fig. 4. Fifth-harmonic-peaking Class-EF PA with enhanced fuax employing
M8 open and shorted stubs and an additional seventh-harmonic trap TLs

Consider now the following: TL¢ in Fig. 4 is absent,
6, = 18° and 65 = 30°.

At 5fy, the right-hand end of TL; will be shorted by TL,.
Provided 6, < 18°, the shorted TL; will act like an inductance
L, given in (20). This inductance is designed to resonate with
Cx at 5f so as to provide the required Class-EF odd-harmonic
open-circuit condition (21).

Jj50,L, = jZ, tan(56,) (20)

(5o, S L,C, =1 1)
Substitution of (20) into (21) results in:

Y, =50,C, tan(56,) (22)

At 3fy, TL, and TL; behave respectively like a capacitance
C, and an inductance Lj, (23)-(24). This parallel circuit is
designed to resonate at 3f; and therefore present an open
circuit, (25). As a consequence, TL; and TL, are now in series
connection.

j30,C, = jY, tan 54° (23)
j3e,L, = jZ, tan (36,) (24)
Bw,)L,C, =1 (25)

Suppose Z, = Z;3 = Zg. Substitution of (23) and (24) into (25)

yields:
tan (36, ) tan 54° =1 (26)
0,=12° (27)

On the other hand, the right-hand end of TL,4 will be shorted
by TLs. Provided that 6 + 6, <30°, TL; together with the
shorted TL, will behave like an inductance Lx and this
inductance is designed to resonate with Cx at 3f, facilitating
an open circuit; see (28)-(29) with Z; = Z; = Z,. From (28) and
(29), we obtain (30).

5

j3w,L, = jZ, tan{3(6, +6,)} (28)

(3w, ) L,C, =1 (29)

Y, =Y, =Y, =3w,C, tan{3(6, +6,)} (30)
Substitution of (22) into (30) results in:

3tan{3(6, +6,)}=5tan(56,) (31)

0,=6,=6,=11.535 (32)

With Cx = Coyr - C, the characteristic admittance of TL,
and TL,, Y, can be computed from either (22) or (30).

At fy, TL; — TLs together with Cx will transform the load
resistance Ry into R + jwoL. This results in two equations (33)-
(34) with two unknown parameters Yg (=Y, =Y3) and Ys
which can be solved numerically. Note that R and L in (35)-
(36) are given in (2)-(3).

G Y2 9
GOPT = 2 s 2 2 (33)
(YA _Buvz tan 6 ) +G11v2 HA
B()P’l‘ - a)OCX _
Y, (34)
(YA tan 6, + B, )(YA -B,,tané, )— G, tan 0,
(Y, - B,,tand,) + G2, tan 6,
where:
R
G, -— R (35)
"R )
-, L
B =_ %= (36)
TR D)
GINZ = GINI (37)
B, = B,, +7,(tan18" +cot12°) (38)
and
G, Y2 249
Gy = = (39)
(Y,-B, tan0,) +G} tan’ 0,
By _ (Y, tan0, + B, )Y, - B, tn4,)-G; tan0, (40)
Y, (¥, B, tan0,) +G; tan’ 0,
here:
G, =1/50 (41
B, =Y, tan30" =Y,/\3 (42)

Once Y5 is obtained, a simple modification can be made to
facilitate 7™ harmonic component suppression by adding an
open-circuit stub TLg (Yg, 12.9°) in parallel with TLs, Fig. 4.
For simplicity, we can assume Ys ..y = Y5 = Y and its value
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can be calculated using the following formula.

B Y, tan 30°
¢ tan30° +tan12.9°

~0.72Y, (43)

V. DESIGN AND SIMULATION USING IDEAL COMPONENTS

Design examples of the THP and FHP Class-EF PAs with
enhanced fyax are now presented in order to better understand
the theoretical analysis described in the previous sections. A
dead time parameter 7z, =48.5° is chosen in order to obtain
Pyax 35% higher than that of the Class-E as discussed in
Section II. The results presented below were obtained from
Keysight Advanced Design Systems (ADS) harmonic-balance
simulations using ideal components, i.e., the transmission lines
were assumed lossless, the transistor was modeled as a switch
with 1 mQ ON resistance, 10 MQ OFF resistance, and
instantaneous switching time, and was driven by a sine wave.

A. Third-harmonic-peaking Class-EF PA

The design objectives are set as follows: Vpc =28 V and
Po=10 W. The transistor which will be wused in
implementation is a CGH40010F GaN HEMT from CREE
with Coyr = 1.3 pF. Substituting these values into (5) results
in fuax = 0.5 GHz, meaning that the maximum frequency at
which the original Class-EF PA in Fig. 1 can be effectively
operated is only 0.5 GHz.

Consider now the circuit in Fig. 2. Given f; = 2.5 GHz, the
value of the shunt capacitance C computed using (4) is 0.26
pF. Since Cour = 1.3 pF, the excess capacitance Cx (= Coyr —
C) required is 1.04 pF, implying k = 4 i.e., fyiax is increased
from 0.5 GHz to 2.5 GHz. The transmission-line parameter
values Z;, 6, and Z, in Fig. 2(a) can be obtained by solving
(8)-(10) simultaneously. R and L in (11) and (12) are
computed using (2)-(3). The characteristic impedances Z,, and
Z,g in Fig. 2(b) can be subsequently determined using (15) and
when compared to Z, their values are higher. The value of Z;
must be selected as high as the practical implementation will
allow. Here it is set to 80 Q as values higher than this may
result in an impractically narrow microstrip line. The optimal
circuit component values are summarized in Table 1. The
simulated load impedances at the fundamental, second-, and
third-harmonic frequencies, Zopr, are plotted in Fig. 5. In
accordance with (1)-(3), the Class-EF mode requirements for
short- and open-circuit terminations at 2f; and 3f; respectively
are met concurrently, as is the optimal impedance at f;.

TABLE I
OPTIMAL CIRCUIT COMPONENT VALUES OF
THE THIRD-HARMONIC-PEAKING CLASS-EF PA, FIG. 2
(2.5 GHz, 28 V, 10 W)

C 0.26 pF s =24 80 Q
Cx 1.04 pF 61 69°
Z 41 Q 62 = Bop 30°
V) 19Q 628 18°
Zon = Zop 29.8 Q 63 =0, 45°

fo=2.5GHz
Zin=439 +j27.4

Frequency (2.5 GHz to 7.5 GHz)

Fig. 5. Simulated load impedances of the THP Class-EF PA at fundamental,
second, and third harmonic frequencies.

The effect that the parameter k has on the circuit component
values is studied in Fig. 6. As k increases, the values of Z, and
6, decrease whereas the value of Z; remains relatively flat up
to k =2 above which it starts to descend. Intuitively, this can
be explained as follows. At 3f, the shorted TL; behaves like
an inductance. This inductance must resonate with Cx so as to
provide an open circuit. As k (and accordingly Cx) increases,
the shorted TL, needs to provide a smaller inductance so as to
preserve the resonance at 3f,. This is achieved through
reduction of Z; or 8y, (8). At k=2, the value of #; has readily
descended close to 60° below which tan(36;) in (8) would
result in negative values, thereby violating (8). As a
consequence, for k > 2, the slope of 8, in Fig. 6 needs to settle,
and in order to compensate for this, Z; must be accordingly
reduced.
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Fig. 6. Optimal transmission-line parameter values versus k of the THP Class-
EF PA.

The steady-state voltage and current waveforms of the
circuits in Fig. 2 are illustrated in Fig. 7. As can be observed,
the ZVS and ZVDS conditions are satisfied during the OFF-
to-ON transition. Further, consistent with the theory, the
maximally flat peak switch voltage (Vsw) of 2Vpc = 56 V is
obtained. The currents through the switch and the capacitance
Cour are denoted respectively as Isw and Icy,. Within the
interval where Vg is kept constant at 2Vpc, Icoy 1S Zero since
Icow 1s proportional to the first derivative of Vgw. This
distinctive feature differentiates the Class-EF PA from the
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Class-E PA in which Ic,, has non-zero values throughout the
OFF interval. Simulated output power and DC current are
39.76 dBm and 340 mA leading to a drain efficiency of
99.5%.

Vsw (V)

20

lsw (A)

ICout (A)

o

IEEBESRERL SRR SN A S
0 100 200 300 400 500 600 700 800
Time (ps)

Fig. 7. Steady-state voltage and current waveforms of the THP Class-EF PA
(Fig. 2), for k = 4.
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Fig. 8. Simulated output power spectrum of the THP Class-EF PA up to 10f;
using ideal components: dotted lines for Fig. 2(a) and solid lines for Fig. 2(b).
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Fig. 9. Output voltage comparison: dotted lines for Fig. 2(a) and solid lines
for Fig. 2(b).

Shown in Fig. 8 is the output power spectrum of the PA
circuits in Figs. 2(a) and (b). Both PAs are able to deliver the
fundamental output power level as specified earlier. TL,g
adopted in Fig. 2(b) proves effective as a means to suppress

the fifth-harmonic level. As a result, as can be seen from Fig.
9, the output voltage of the PA in Fig. 2(b) looks less distorted
than that of Fig. 2(a). The second-, sixth-, and tenth-harmonic
component levels of the PAs in Fig. 2(a) and (b) should
theoretically be identical — discrepancies shown in Fig. 8 are
mainly due to numerical artifacts in ADS.

B. Fifth-Harmonic-Peaking Class-EF PA

Consider now the circuit in Fig. 4. The design objectives are
set as follows: fy=2 GHz, Vpc =28 V and Po =13 W. The
value of the shunt capacitance C computed using (4) is 0.42
pF. Since Coyr = 1.3 pF, the excess capacitance Cx (= Couyr —
O) required is 0.88 pF, implying k = 2 i.e., fyax 1s increased
from 647 MHz to 2 GHz. Three parameters, i.e., Y, Y3, and
Yc are to be determined. First, the characteristic admittance of
TL, and TL, i.e., Y5 is computed from either (22) or (30)
where the value of 8, = 6, is given in (32). By simultaneously
solving (33) and (34), the values of Y3 and Y5 can be obtained,
and subsequently the value of Y¢ is calculated using (43). The
optimal circuit component values are summarized in Table II.
The simulated load impedances at fundamental and higher
harmonic frequencies (up to 5f;), Zopr, are plotted in Fig. 10.
In accordance with (1)-(3), the Class-EF mode requirements
for short- and open-circuit terminations at even and odd
harmonics respectively are satisfied, and so is the optimal
impedance at f;.

TABLE II
OPTIMAL CIRCUIT COMPONENT VALUES OF
THE FIFTH-HARMONIC-PEAKING CLASS-EF PA, FIG. 4
(2 GHz,28 V, 13'W)

C 0.42 pF 6o 45°

Cx 0.88 pF 61 =0, 11.5°

2 80 Q 6 18°
2y =24 239 0Q 63 12°
Zo =23 71.7Q 05 30°
Zs =2Zg 33.20 Os 12.9°

fo=2 GHz \

Zin=33.8+j21

~ 3fo,
5f

Frequency (2 GHz to 10 GHz)

Fig. 10. Simulated load impedances of the FHP Class-EF PA at fundamental
and higher harmonic frequencies.

The steady-state voltage and current waveforms are
illustrated in Fig. 11. Simulated output power is 12.9 W and
simulated DC current is 461 mA, leading to a drain efficiency
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of 99.9%. The output power spectrum of the PA circuit in Fig.
4 is shown in Fig. 12 where harmonics up to the 10" are well
suppressed. The 2™, 6™, and 10™ harmonic components are
suppressed through short-circuit termination facilitated by the
A8 open-circuit stub. The 4™ and 8™ harmonic components are
suppressed by means of short-circuit termination facilitated by
the A/8 shorted stub. The 3™ and 5™ harmonic components are
suppressed through open-circuit termination facilitated by the
PA’s load network i.e., Cx, TL;-TLg, and A/8 open-circuit and
shorted stubs. TLg is responsible for providing a short-circuit
termination to the 7" harmonic component. As a result, the PA
produced a nearly pure sine wave at the output (Vy), Fig. 11.
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Fig. 11. Steady-state voltage and current waveforms of the FHP Class-EF PA
(Fig. 4).
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Fig. 12. Simulated output power spectrum of the FHP Class-EF PA up to 10f;
using ideal components.

VI. IMPLEMENTATION AND MEASUREMENT

In order to validate the theoretical synthesis approach in
Section III, we fabricated a test board, Fig. 13(a). This
comprised of a A/8 open-circuit stub, a A/8 shorted stub, and a

50 Q series TL which connects the input and output ports. The
characteristic impedance of the stubs is 80 Q. The physical
dimensions of the stubs are W=0.46 mm and L =9.34 mm.
For comparison, another test board comprised of a A/4 TL
(W=0.46 mm and L= 18.68 mm) was built, Fig. 13(b). The
measured and simulated frequency responses of the stubs at
Jfo=2.5 GHz and higher harmonics are compared with the A/4
TL in Fig. 13(c). It can be observed that the rejection band
(IS21] £ -10 dB) of the proposed arrangement is as predicted
i.e., twice as wide as the A/4 TL.

- =Simulated 45 deg stubs
—Measured 45 deg stubs

Simulated 90 deg TL
Measured 90 deg TL

0
—-10 1|
)
2,
(=
&
-20
-30
Frequency (GHz)
©
Fig. 13. (a) Test board of the proposed A/8 stubs, (b) test board of the

traditional /4 TL, and (c) measured and simulated frequency responses.

For the validation of the THP and FHP Class-EF PAs
analysis described in Sections III and IV, two prototypes were
built. The PAs employ packaged GaN HEMTs CGH40010F
from CREE with drain-source breakdown voltage of 120 V
and typical saturated power of 13 W. The manufacturer
datasheet shows that the transistor is potentially unstable at
frequencies below 3.5 GHz and therefore stabilizing resistors
are needed. The PAs were realized on a 0.5-mm thick Rogers
RO4003C substrate with dielectric constant of 3.55, loss
tangent of 0.0027, and thermal conductivity of 0.71 W/m/°K.

A. Third-Harmonic-Peaking Class-EF PA

The circuit component values were initially obtained by
converting the characteristic impedance (Zy) and electrical
length (6y) values given in Table I into the corresponding
microstrip physical dimensions in terms of width (Wy) and
length (Ly). These values were then optimized in the
simulation in order to give best performances in terms of
efficiency, output power and harmonic suppression levels.
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Fig. 14. Complete circuit schematic of the THP Class-EF PA.

TABLE III
TRANSMISSION-LINE LOAD-NETWORK PARAMETER VALUES OF
THE THIRD-HARMONIC-PEAKING CLASS-EF PA, FIG. 2(b)
(2.5 GHz, 28 V, 10 W)

Theoretical | Optimized
Parameter Values Values
(mm) (mm)
W, 1.52 1.85
Ly 13.64 11.45
Waa 2.38 2.4
Loa 5.81 5.65
Woas 2.38 2.4
Log 3.49 4.1
Ws =W, 0.46 0.45
L3 9.34 9.05
Lg 9.34 9.2
5
o
% 4
X
0 3
g
5 2
=
3 17
&
0

0 1 2 3 4 5 6
Frequency (GHz)

Fig. 15. Simulated stability factors K and B1 before and after adding a
stabilizing parallel resistor of 1 kQ at the input.

The theoretical and optimized circuit component values are
presented in Table III.

The complete circuit schematic of the THP Class-EF PA
which includes the input matching network, biasing and
stabilizing circuits is illustrated in Fig. 14. A 6.8 pF capacitor
is used as an RF bypass capacitance as it presents low
impedance at the fundamental frequency. The input matching
circuit consists of a 1.5 pF series capacitance and an open-
circuit stub (TL,,q). A 1 kQ resistor connected in parallel with
the 1.5 pF capacitance is used to make the PA unconditional

stable i.e., K is larger than 1 and B, is larger than 0, Fig. 15.
The photograph of the PA prototype with a square dimension
of 4.2 cm x 4.2 cm is depicted in Fig. 16.

As depicted in Fig. 17, a Keysight E8257D signal generator
was used to excite the amplifier with a continuous-wave (CW)
signal and the output power was measured using Keysight
NO9320A spectrum analyzer. Since the maximum output power
of the signal generator was limited to 17 dBm, an identical
replica of the amplifier was used as a driver. A 20-dB
attenuator was inserted between the PA and the spectrum
analyzer. Gate and drain biasing was applied using Thurlby
Thandar power supplies (32 V -3 A).

Fig. 16. The THP Class-EF PA prototype.

Thurlby Thandar
P_ower Supply (32 V,

A) Keysight N9320A

Keysight E8257D Spectrum Analyzer

Signal Generator

| bt

20-dB Attenuator
Driver Amplifier

Fig. 17. Measurement setup.

Fig. 18 shows measured output power, gain, drain
efficiency and PAE versus input power at 2.22 GHz with
Vgs=-2.7V and Vpc=28 V. Best efficiency performance
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i.e., when drain efficiency and PAE peaked at 91% and 80%
respectively was achieved at output power of 39.5 dBm and
gain of 9.2 dB. At this operating point, 350 mA DC current
was drawn from the power supply.

<-Output power -o-Gain =-Drain Efficiency --PAE
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(@]

Input Power (dBm)

Fig. 18. Measured PA performances versus input power at 2.22 GHz with
VDC =28 Vand VGS =-27V.
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Fig. 19. Measured PA performances versus frequency at Vpc =28 V and
VGS = -27 V
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Fig. 20. Measured PA performances versus Vpc at 2.22 GHz with Vgs =-2.7
V.

The frequency behavior of the PA is illustrated in Fig. 19.
Within 460 MHz frequency range i.e., from 1.82 to 2.28 GHz,
the PA was able to deliver 38.8+1.5 dBm output power with
drain efficiency of at least 58%. PA performance at 2.22 GHz

10

when the supply voltage Vpc was swept is shown in Fig. 20.
Results show that drain efficiency and PAE remained above
81% and 62% respectively when Vpc was varied from 20 to 32
V. Fig. 20 also shows a near linear relationship between
output voltage and Vpc. This feature is useful for effective
deployment of the PA in envelope elimination and restoration
(EER) systems or polar transmitters. By decreasing Vpc from
28 to 14 V, the output power was reduced by around 6 dB
from 39.5 to 33.4 dBm, within which range the drain
efficiency remained above 68%. Simulated output power
spectrum is shown in Fig. 21.
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Fig. 21. Simulated output power spectrum of the THP Class-EF PA.

B. Fifth-Harmonic-Peaking Class-EF PA

Initial circuit component values were obtained by
converting the characteristic impedance (Zy) and electrical
length (fy) values given in Table II into the corresponding
microstrip physical dimensions i.e., width (Wy) and length
(Ln). These values were then optimized in the simulation in
order to give best performances in terms of efficiency, output
power and harmonic suppression levels. The theoretical and
optimized component values are presented in Table I'V.

TABLE IV
TRANSMISSION-LINE LOAD-NETWORK PARAMETER VALUES OF
THE FIFTH-HARMONIC-PEAKING CLASS-EF PA, FIG. 4
(2 GHz,28 V, 13 W)

Theoretical Optimized
Parameter Values (mm) | Values (mm)

Wi= W, 3.17 3.17
Li=Lyg 2.75 2.75
Wo = W3 0.58 0.58
Lo 4.63 4.5
L3 3.09 3.09
Ws = We 2.06 2.06
Ls 7.31 7.45

Ls 3.13 3
Wo 0.46 0.46
L()ishort 1 1 67 105
L()iopen 1 1 67 1 1 5

The circuit schematic of the FHP Class-EF PA is shown in

Fig. 22. The PA employs a simple L-type input matching
network comprised of a series capacitance 1.8 pF and a 6.05-
mm-long shorted stub. Due to high quality factor (Q) of the
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Fig. 22. Complete circuit schematic of the FHP Class-EF PA.
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Fig. 23. The FHP Class-EF PA prototype.
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Fig. 24. Measured PA performances versus frequency at Vpc=32 V and
VGS = —28 V

complex load network, the FHP Class-EF PA circuit tends to
be more sensitive to instability than the THP Class-EF PA.
Consequently, a 5-Q series resistance connected to the
transistor’s gate was required in order to prevent oscillation,
but this comes at the expense of increased power loss. The
prototype measures 4 cm x 4 cm, Fig. 23.

Measured PA performances in terms of output power, gain,
drain efficiency and PAE at Vpc =32V and Vgs=-2.8 V are
plotted against frequency in Fig. 24. Across a 300 MHz
frequency range from 1.42 to 1.72 GHz, the PA delivered
output power >40 dBm with drain efficiency >65% and PAE
>62%. Plotted in Fig. 25 are the measured PA performances

5 0

Input Power (dBm)

Fig. 25. Measured PA performances versus input power at 1.52 GHz with
VDC =32 Vand VGS =-2.8V.
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Fig. 26. Measured PA performances versus Vpc at 1.52 GHz.

versus input power at 1.52 GHz. Peak drain efficiency of 85%
and peak PAE of 81% were achieved at 41.9 dBm output
power and 13.1 dB gain. The efficiency is lower than that of
the THP Class-EF PA partly due to the 5-Q series resistor
used to stabilize the PA (as opposed to the 1-kQ parallel
resistor used in the THP Class-EF PA). The linear gain was
about 16 dB. Fig. 26 shows the PA’s behavior when the
supply voltage was varied. Also shown in Fig. 26 is a near
linear relationship between output voltage and Vpc. By
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decreasing Vpc from 32 to 14 V, the output power was
reduced by 6.8 dB from 41.9 to 35.1 dBm, within which range
the drain efficiency of at least 75% was achieved. Simulated
output power spectrum is shown in Fig. 27.

50-

40 A

30—

20—

Output power (dBm)
o
|

o el

T T
0 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

Fig. 27. Simulated output power spectrum of the FHP Class-EF PA.

C. Measurement Vs. Simulation

The THP Class-EF PA was designed to operate at 2.5 GHz.
However, as can be seen from Fig. 28(a), the measured
frequency shifted to a lower frequency, around 2.2 GHz. This
disagreement is mainly due to the fact that the transistor model
provided by the manufacturer does not incorporate packaged
lead inductances at the gate and drain. When these inductances
are included in the model, the simulation agrees pretty well
with the measurement result, Fig. 28(b). The same applies to
the FHP Class-EF PA where the design frequency is 2 GHz
and measured frequency is 1.5 GHz, Fig. 29. The
performances of the proposed PAs when compared to other
published results are summarized in Table V. When compared
with other PAs employing GaN HEMTs and operating at
frequencies around 2 — 2.5 GHz [27]-[31], the THP Class-EF
PA exhibits the highest drain efficiency and PAE at a
comparable output power. The output power, drain efficiency,
and PAE performances of the 1.52 GHz FHP Class-EF PA are
superior to those of the 1.0 GHz PAs reported in [23]-[25].

VII. CONCLUSION

The analysis and design of THP and FHP Class-EF PAs
including a method to increase their maximum operating
frequency has been presented. These PAs employed a novel
M8 open-circuit and shorted stub arrangement which
facilitates improved even-harmonic suppression and therefore
yields high efficiency. Since the FHP PA satisfies the Class-
EF open-circuit load impedance requirement at not only 3f;
but also 5f;, its DC to RF efficiency is theoretically higher
than that of the THP PA. However, in practice this might not
be the case since the load network of the FHP PA is more
sophisticated (thus more lossy), and prone to instability which
in turn will degrade PA efficiency due to additional loss
introduced by a stabilizing circuit.

The validity of the analytical derivation has been confirmed
through harmonic-balance simulation and by measurement.
Two PA prototypes were built using GaN HEMTs. The THP

12

Class-EF PA delivered 39.5 dBm output power with 80% PAE
at 2.22 GHz. Measured peak PAE of 81% and output power of
41.9 dBm were obtained at 1.52 GHz for the FHP Class-EF
PA.
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Fig. 28. Measured performances of the THP Class-EF PA compared with
simulation results using: (a) original transistor model and (b) modified
transistor model.
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Fig. 29. Measured performances of the FHP Class-EF PA compared with
simulation results using: (a) original transistor model and (b) modified
transistor model.

TABLE V
PERFORMANCES SUMMARY AND COMPARISONS WITH OTHER PAS WITH
OUTPUT POWER >2 W

Ref Freq. Pout n PAE | Gain Vbe
' (MHz) | (dBm) | (%) | (%) | (dB) | (V)

22’ 6144 | 33.7 | 866 | 857 [ 19.7 | 10
[23] 1000 37 788 | 777 | 185 | 25
[24] 1000 | 39.8 | 775 | 742 | 137 | 28
[25] 1000 | 39.7 [ 83.1 ] 81.3 | 159 | 46
[26]' 1000 | 415 [ 767 | 75 | 165 | 50
[27] 2000 | 40.7 [ 846 [ 80.1 | 127 | 28
[28] 2140 40 76 | 731 [ 143 ] 30
[29] 2140 37 73 70 15 25
[30] 2450 | 39.4 - 71.2 - 28
[31] 2500 | 38.3 79 74 12 28
[32]° 2550 | 34.7 72 64 9.5 8
[33] 3100 40 85 82 15 28
[34] 3475 | 384 | 831 [ 801 | 144 | 28
[35] 3500 | 40.4 82 78 12 28
THP PA | 2220 | 39.5 91 80 9.2 28
FHP PA | 1520 | 41.9 85 81 13.1 32

' LDMOS, 2 GaAs pHEMT, otherwise GaN HEMT
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