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Abstract—This article presents the analysis and design of a
Class-Ey/F, power amplifier (PA). The high peak switch voltage
factor of the classical Class-Ey; PA is reduced by 27.3% through
the adoption of the Class-F~! third-harmonic termination on
the main circuit, resulting in a novel topology called the Class-
Ewm/F,. The adoption of a finite dc-feed inductance enables the
introduction of the design parameter k, which can be exploited
to extend the maximum operating frequency of the PA. The
idealized voltage and current waveforms of the PA show that the
main circuit fulfills not only zero voltage switching (ZVS) and
zero voltage derivative switching (ZVDS) conditions as in the
Class-E but also zero-current switching (ZCS) and zero-current
derivative switching (ZCDS) conditions as in the Class-E~!,
thus minimizing power dissipation during OFF-to-ON and ON-to-
OFF transitions. The load-network parameters of the main and
auxiliary circuits are derived, and harmonic-balance simulations
are performed to confirm the analytical results. A Class-Ey/F; s
PA employing a transmission-line load network was designed and
implemented using GaN HEMTs. The constructed Class-Ey/F; s
PA delivered a drain efficiency of 83%, a power-added efficiency
of 76%, and an output power of 42.3 dBm at 1.8 GHz.

Index Terms—Class-E, Class-E~!, Class-Ey;, Class-Ey/F,,
harmonic injection, harmonic tuning, high-efficiency, power
amplifier (PA), soft switching, zero-current derivative switching
(ZCDS), zero-current switching (ZCS), zero voltage derivative
switching (ZVDS), zero voltage switching (ZVS).

I. INTRODUCTION
HE Class-E power amplifier (PA), analyzed in [1]-[5],
delivers a theoretical power conversion efficiency

Manuscript received February 4, 2021; revised March 24, 2021; accepted
March 28, 2021. Date of publication May 25, 2021; date of current version
July 1, 2021. This work was supported by the U.K. Engineering and
Physical Sciences Research Council (EPSRC) under Grant EP/P013031/1.
(Corresponding author: Moise Safari Mugisho.)

Moise Safari Mugisho was with the School of Electronics, Electrical Engi-
neering, and Computer Science, Queen’s University of Belfast, Belfast BT7
INN, U.K. He is now with the Fraunhofer Institute for Applied Solid State
Physics, 79108 Freiburg, Germany (e-mail: moise.safari @iaf.fraunhofer.de).

Mury Thian was with the School of Electronics, Electrical Engineering, and
Computer Science, Queen’s University of Belfast, Belfast BT7 INN, U.K.

Anna Piacibello is with the Department of Electronics and Telecommunica-
tions, Politecnico di Torino, 10129 Turin, Italy, and also with the Microwave
Engineering Center for Space Applications (MECSA), 00133 Rome, Italy
(e-mail: anna.piacibello@polito.it).

Vittorio Camarchia is with the Department of Electronics and Telecommu-
nications, Politecnico di Torino, 10129 Turin, Italy.

Riidiger Quay is with the Fraunhofer Institute for Applied Solid State
Physics, 79108 Freiburg, Germany, and also with the Energy-Efficient High-
Frequency Electronics (EEH), Albert-Ludwigs University of Freiburg, 79085
Freiburg, Germany.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMTT.2021.3077260.

Digital Object Identifier 10.1109/TMTT.2021.3077260

036 36 36 36
I3 z 9 S
= S 9 =
=30 308 Z30 303
> g3 5
§24 245 £ 24 24 §
= a 2
%18 182 218 182
3 @ <
N12 128 812 122
g o <
£ 0.6 065 EO06 063

0.0 0.0* Z00 0.0

m m
0 wt (rad) &y P wt (rad) 2m
(a) (b)
44 44
44 44
g £ 9 g
2 3 3 3
833 333 S33 332
= 5 < &
2 a § a
(2] (2]

g} 22 2.2§ ﬁ 22 22 2
8 g g g
S14 110 g4 110
£ S E <
s i 5 3
z 2 Zo0 007

0.0 5,00 ) = 5

8

wtr(rrad) wt (rad)
(c

it
(

Fig. 1.  Idealized normalized switch voltage and current waveforms of
(a) Class-E, (b) Inverse Class-E, (c) Class-En, and (d) proposed Class-Em/F3.

of 100% through the adoption of zero voltage switching (ZVS)
and zero voltage derivative switching (ZVDS) conditions,
producing a soft-switching during the OFF-to-ON transition,
as illustrated in Fig. 1(a). Nevertheless, the absence of
the zero-current switching (ZCS) and zero-current derivative
switching (ZCDS) produces a discontinuity (jump) in the
switch current during the ON-to-OFF transition, resulting in
a power loss that limits the practical efficiency of the Class-E
PA. On the other hand, the Inverse Class-E (Class—E‘l) PA,
introduced in [6]-[9], adopts the ZCS and ZCDS conditions,
producing a soft-switching during the ON-to-OFF transition,
as shown in Fig. 1(b). However, the absence of ZVS and
ZNVDS produces a discontinuity (jump) in the switch voltage
during the OFF-to-ON transition, causing a power loss that
hampers the practical efficiency of the Class-E~! PA.

To overcome the discontinuity problems in the Class-E and
Class-E~! PAs, Telegdy et al. [10] introduced the Class-Ey
PA, which consists of the main circuit that operates at the
fundamental frequency ( fp) and an auxiliary circuit that oper-
ates at 2 fo. The main circuit satisfies ZVS, ZVDS, ZCS, and
ZCDS conditions, while the auxiliary circuit satisfies the ZVS
condition. By satisfying both ZVS/ZVDS and ZCS/ZCDS
conditions, the Class-Ey; minimizes the power dissipation
within the switch during not only OFF-to-ON transition (as
in the Class-E) but also ON-to-OFF transition (as in the
Class-E™!). As a result, the switch voltage and current are
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jump-less, as illustrated in Fig. 1(c), allowing slow-switching
(low-cost) transistors to be used to perform high-efficiency
amplification at high frequencies. The rationale behind impos-
ing ZVS, ZVDS, ZCS, and ZCDS conditions on the main
circuit compared to a less stringent ZVS condition on the
auxiliary circuit is because the contribution ratio of the main
and auxiliary circuits to the total output power is 3:1, meaning
that the main circuit predominantly dictates the efficiency of
the Class-Ey; and, therefore, should be operated as efficiently
as possible.

However, in [10], it was inaccurately assumed that the main
and auxiliary circuits interact only at 2 fy. This assumption
led to incorrect and ambiguous design equations. Furthermore,
the auxiliary circuit of the Class-Ey PA in [10] was assumed
to operate at 100% efficiency, and thus, the analysis thereof
was not presented. More accurate and comprehensive analyses
of the Class-Eyy PA were presented in [11]-[14], where the
analyses of both the main and auxiliary circuits are given, and
their interaction at fy and harmonic frequencies were taken
into account. This resulted in a large system of nonlinear
equations whose solutions provide little insights into how the
circuit operates. A simplified analysis of the Class-Ey; PA is
presented in [15], wherein an isolation circuit is added to limit
the interaction between the main and auxiliary circuits to 2 fj.
The use of the isolation circuit in [15] allows the main and
auxiliary circuits to be analyzed separately, resulting in explicit
design equations.

Nevertheless, there are a number of caveats concerning the
circuits reported in [10]-[15]. First, they all employ ideal
RF chokes (RFCs), meaning that, in practice, they have to
be implemented using high inductances that are bulky and
typically associated with high loss and low self-resonant
frequencies. Second, for a prescribed output power (Poy) and
dc supply voltage (Vpp), the maximum operating frequencies
of the main and auxiliary circuits, fmax_main/aux, are strictly
restricted by their respective transistor output capacitances
(Cout). In fact, frax_mainjaux Of [10] and [15] are 54%/44%
lower than that of the Class-E, while fiax_main/aux Of [12]
and [14] are, respectively, 36%/59% and 31%/61% lower than
the Class-E. To address the foregoing limitations, a Class-
Ewm PA with finite dc-feed inductance was introduced in [16].
Smax_main/aux Of this PA is 14%/28% higher than the Class-
E, hence a substantial improvement compared to [10]-[15].
However, the solution to the equations describing the behavior
of the PA in [16] was provided for k| = k, = 2.8, thus shying
away from exploiting the degree of design freedom offered by
the parameter k, with k; and k, defined in [16, eq. (8)] and
[16, eq. (14)], respectively.

In addition, the Class-Ey; topologies in [10]-[16] suffer
from a rather high peak switch voltage factor of 4.3 [see
Fig. 1(c)], which is about 20% higher than the Class-E,
i.e., 3.6 [see Fig. 1(a)], thus hindering their widespread usage.
Furthermore, the experimental validations of the Class-Ey; PA
concept and operating principles have been mostly carried out
at low frequencies below 15 MHz, [10]-[14]. The Class-Ey
PAs in [16] were designed at 1.5 GHz and simulated using
the actual transistor large-signal model, but no measurement
results were reported. A variant of the Class-Ey; PA employing
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a positive feedback circuit instead of an auxiliary circuit as
in [10]-[16] was proposed in [17]. Designed at 2.4 GHz with
a 50% duty ratio, the PA exhibits a peak switch voltage factor
of 4, which is lower than the original Class-Ey; but higher than
the Class-E. Furthermore, the idealized simulated waveforms
in [17, Fig. 5] show that the ZCDS condition is not satisfied,
hence deviating from the Class-Ey; mode.

In this article, we introduce a new topology the so-called
“Class-Epm/F, PA with finite dc-feed inductance,” as illustrated
in Fig. 2. The system of equations describing the behavior of
this PA will be derived and expressed in terms of parameters
ki and ko, respectively, which are a function of the dc-feed
inductance (L; or L;) and the transistor output capacitance
(Cy or (). The value of k; and k, can be chosen arbitrarily,
leading to a large number of convergent solutions for the
load-network parameters, hence significantly extending the
design space of the PA. In contrast to [10]-[16], the main
circuit of the proposed PA is operated in the Class-F~!
mode [18]-[21] while satisfying the Class-Ey; soft-switching
conditions, i.e., ZVS, ZVDS, ZCS, and ZCDS, hence termed
Class-Ey/F,,. A shunt-connected series-resonant circuit L, C,
is employed to provide a short-circuit termination at odd
harmonic frequencies, whereas the even-harmonic open-circuit
termination is provided by a series-resonant circuit Lg; Co;
tuned at fy. It will be shown later in this article that the
adoption of the Class-F~! third-harmonic terminations on the
main circuit results in a peak switch voltage factor of 3.2
[see Fig. 1(d)], which is 26% and 29% lower than the Class-
Enr in [10]-[15] and [16], respectively, while the peak switch
current is largely unaffected, thus resulting in a higher output
power capability (c,). In addition, it will be shown that,
compared to the classical switched-mode PAs, the proposed
Class-Em/F, PA offers a higher fractional bandwidth (FBW).
The chief contributions of this article can be summarized as
follows:

1) introducing the new Class-Eyi/F, PA with reduced peak
switch voltage factor compared to the Class-Ey PA
in [10]-[16];

2) providing insights into design tradeoffs between differ-
ent circuit parameters;

3) expanding the design space of the Class-Ey/Fz PA
in [22] by providing a continuum of operating modes
through parameter k, hence offering more degrees of
freedom in the design;

4) presenting a transmission-line (TL) load network that
fulfills the operational conditions of the Class-Em/Fs s
PA while absorbing the output capacitance Cq of the
active device at the fundamental frequency.

The remainder of this article is organized as follows. Section II
describes the basic operation of the idealized Class-Ey/F, PA,
including the main, auxiliary, and isolation circuits. Detailed
circuit analysis will be presented in Section III and validated in
Section IV through harmonic-balance simulations. The design
and implementation of a Class-Ey/F3 5 PA using GaN HEMTs
and a TL load network at 1.75 GHz will be presented in
Sections V and VI, respectively. This will be followed by a
conclusion in Section VII.
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Fig. 2. Class-Em/F, PA topology with an isolation circuit and a finite dc-feed
inductance.

II. BASIC CIRCUIT OPERATING PRINCIPLE

The PA configuration shown in Fig. 2 is comprised of the
main circuit operating at fp, an auxiliary circuit operating at
2 fo, and an isolation circuit.

A. Main Circuit

The main circuit consists of a shunt capacitance (C;), a
dc-feed inductance (L), a shunt-connected series-resonant
circuit (L,C,) tuned at 2m+ 1)fy with m being a positive
integer number, a series-resonant circuit (Lg;Co;) tuned at fy,
a series reactance (X;), and a load resistance (R). The shunt
capacitance C; can represent the intrinsic output capacitance
of the main device and external capacitance introduced by the
load network. The dc supply voltage Vpp; is fed to the circuit
through L;. The L Cy; resonator provides a short circuit
at fo and an open circuit at harmonic frequencies, whereas
the L,C, resonator is to provide a short-circuit termination
at 2m+ 1) fo.

B. Auxiliary Circuit

The auxiliary circuit consists of a shunt capacitance (C3),
a dc-feed inductance (L), a series-resonant circuit (LyyCo3)
tuned at 2 f, and a series reactance (X,). The shunt capaci-
tance C, can represent the intrinsic output capacitance of the
auxiliary device and external capacitance added by the load
network. The dc supply voltage uVpp; is fed to the circuit
through L, with u being a positive real number. The L, Co,
circuit provides a short circuit at 2 fy and an open circuit at
2qfp with g > 1.

C. Isolation Circuit

The isolation circuit depicted in Fig. 3(a) consists of a series
A4 transmission line (TL;) and an open-circuited A/4 stub
(TL,). The impedance presented by the auxiliary circuit
(Zouta) 1s short-circuited by the stub at fy and (2m+ 1) fy. This
short-circuit termination is transformed into an open circuit by
TL;. Thus, the impedance seen by the main circuit (Zy) is
high, allowing the auxiliary circuit to be completely isolated

3321

ZM TL1 0

7}0 éfo 5f0
- (a) - (b)

Fig. 3. (a) Schematic of the isolation circuit. (b) Simulated isolation between
the main and auxiliary circuits.

from the main circuit at fy and 2m+ 1)fy. At 2mfy, TL,
enforces an open-circuit termination, thus allowing a second-
harmonic current to be injected from the auxiliary circuit to
the main circuit through TL;. Fig. 3(b) shows the simulated
isolation between the main and auxiliary circuits. It can be
seen that the two circuits are isolated at the fundamental and
odd harmonic frequencies while interacting at even harmonic
frequencies.

III. IDEALIZED CIRCUIT ANALYSIS

To simplify the analysis of the Class-Ey/F, PA in Fig. 2,
the following assumptions are introduced.

1) The transistor is modeled as an ideal switch with instan-
taneous switching action, zero ON-resistance, infinite
OFF-resistance, and zero saturation voltage.

2) The main and auxiliary switches are operated with a
50% duty ratio.

3) The series filters Ly Co; and LgyCp, have an infinite
impedance at frequencies above their resonant frequen-
cies.

4) All reactive components, i.e., inductors and capacitors,
have no parasitic equivalent series resistance (ESR).

The optimum Class-Ey/F,, switching conditions, i.e., ZCS,
ZCDS, ZVS, and ZVDS for the main circuit, and ZVS for the
auxiliary circuit are given in (1)—(3), respectively

. disl(e)
S 9 = — 0, =0 1
i51(0) o= a0 |, (1)
dvsl(e)
0s1( D=2z = 0; ——— =0 (2)
= do 0=2r

v2()lp=r =0 3)

where 051 (@) and vy, (@) are the voltage across the main switch
S; and the auxiliary switch S;, respectively, is(f) is the
current through Sy, and 6 = wr is the angular frequency given
in radians.

A. Main Circuit Analysis

To analyze the main circuit, the Class-Ey/F, PA in Fig. 2
can be reduced to that in Fig. 4(a), wherein the auxiliary
circuit is modeled as an ideal current source ij,; with an
infinite output impedance at all frequencies. The Lg;Co;
resonator provides a short circuit at f, and an open circuit
at harmonic frequencies, while the L,C, resonator provides a
short circuit termination at (2m-+ 1) fp. As a result, the main
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Fig. 4. (a) Class-Em/F, PA with the auxiliary circuit modeled as a
current source, ijyj, and its equivalent load network at (b) fo, (¢) 2fo, and
(d) 2m+ 1) fo.

circuit load network at fy, 2 fo and (2m+ 1) fy reduces to that
in Fig. 4(b)—(d), respectively.

The sinusoidal fundamental-frequency load current ig(6),
the odd harmonic current i,(¢), and the injected second-
harmonic current i;,;(#) are expressed as follows:

iR(Q) = IR sin(@ + 0!) (4)
in(0) = I, sin(nd) 5)
iinj(0) = Iinj sin(20 + B) (6)

where Ig and o are the amplitude and phase shift of ir (9), I,
is the amplitude of i,(0), and I;yj and f are the amplitude and
phase shift of ij,;(9),

When S; is turned on for 0 < # < 7, the voltage vy (6)
is 0

v51(0) = Vpp1 — o1 (0) =0 @)

where vp;(f) is the voltage across the dc-feed inductor L;.
Since there is no current flowing through the shunt capacitance
Cy, i.e., ic1(#) = 0, the current iy (0) is

is1(0) = iL1(0) + iinj (0) + in(0) + ir(0) (8)

where i1 (0), the current through the inductor L, is

1 0
) = /0 oL (0)d0 + i1 (0). ©)

With the initial ON-state condition is;(0) = 0, the current
i1(0) can be obtained from (4)—(6) and (8) as

iLl(O) = —IRSiIlOC — Iinj Sil‘lﬂ. (10)

As a result, the main switch current can be expressed as

Vbp10
is1(0) = 22 4 Lisin(@ + a) — sina} + I, sin(nd)
+ Li{sin(20 + ) —sin g} (11)
which can be normalized to
L

10 0) = i (0)2EL — 0 4 plsin(@ + a) — sina)

Vb1

+ ri{sin(20 4 f) — sin f} + a, sin(nd)  (12)
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where p, r1, and a, are the dimensionless and given as follows:

IRCULl
- (13)
P Vbp1
IinjoLy (14)
r = ——-
! Vobi
I,oL 1 [~
gy = 22 _ / i1 (0) sin(n0)do
Vbp1 7 Jo
_ z B 4psina _ 16r; sin S . (15)
n Tn 7rn(n2 — 4)
When S; is turned off for 7 < 6 < 27, vs (@) is
vs1(0) = Vpp1 — oL1(0). (16)

Since there is no current flowing through S;, ie.,
is1(0) = 0, the current ic;(0) is

dog (0
i10) = i O+ O) i@ i@ =00, 0D 1)
where i11(0) is
1 0
1(0) = —— / oL (0)d0 + i (). (18)
CULI T

By imposing the initial OFF-state condition icij(z) = 0,
the current iy ; () can be obtained from (4)—(6) and (17) as

iLl(ﬂ) = IRSiI’l a — Iinj sin,b’. (19)
Using (4)—(6) and (16)—(19), it follows that:
2 d2031 (‘9)
o LCy 102 = Vbp1 — 1)51(9) + wLiIg cos(@ + a)
+ 2L Iinjcos(20 + B) + nwL I, cos(nd) (20)

which is a linear nonhomogeneous second-order differential
equation whose normalized general solution is

(2] (9)/
vs1(6) kip
= =A ki0)+A k10)— 0+
Voo, 1 cos(k10)+ Az sin(k,0) s cos(0+a)
2kir s(20 + p) — no)+1 (21
cos cos(n
4 kz) ( kz)
where the parameter k; is defined as
ki = ! (22)
' CU«/L]C] '

The coefficients A; and A, in (21) are obtained by
applying initial OFF-state conditions: vg(r) = 0 and
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CUC] dVS1 (9)/d0|9:7r =0.

Ay
kip . .
= —cos(mwk))+ -1 [k1 cos a cos(m ki) +sin a sin(z k)]
2 _
2k
_ (klz 1_;”14) [2sin S sin(zwky) + ki cos ff cos(mky)]
k
— %[n sin(zky) sin(zn) + ki cos(mwky) cos(zn)]
(kl —n?)
(23)
A
. kip . .
= —sin(zwk;) + -1 [k1 cos a sin(mky) — sina cos(zky)]
2 _
2k
+ (k12 1_”4) [2sin S cos(mky) — ky cos S sin(zky)]
nkyay . .
+ ———-[ncos(zky) sin(zn) — ki sin(zky) cos(zn)].
(k1 —n?)

(24)

The fundamental and second-harmonic frequency compo-
nents of the main switch voltage vs;(@) consist of in-phase
and quadrature components whose amplitudes can be obtained
using the Fourier integrals as follows:

1 2r
o= [ @@ rade @9
T T
1 2r
Wl:__/‘v“wnmw+ame (26)
T s
1 2
Vi = — / 041 (0) sin(20 + B)d0 @7
T Ja
1 2n
Vinj = —/ 051 (0) cos(20 + B)do. (28)
T T

The parameters p and o in (12) can be expressed in terms of
r1 and £ by applying the ZCS and ZCDS switching conditions
in (1)

T
=5z (29)
sin
4(n*—1)> 2 4dricosf  16r;sinf
=cot | —— L -~ . (30
a=co [ n? 7r+ T w2(n? —4) (30)

The normalized main switch current and voltage in (12)
and (21) contain five unknown parameters: k;, p, ri, o, and f5.
With k; treated as a variable, and p and o given in (29) and
(30), respectively, the remaining two parameters r; and f can
be computed from a system of two equations resulting from
applying the ZVS and ZVDS switching conditions in (2). Here,
the system of equations is solved for n = 3 to facilitate a short-
circuit termination at 3 fy as required by the Class-F~! mode.
Moreover, the values of k; are selected such that the switching
conditions in (1) and (2) are satisfied.

The normalized main switch current and voltage waveforms
calculated for four different values of k; are depicted in Fig. 5,
from which it can be observed that the optimum Class-Ey/F3
switching conditions are satisfied for all k; values. Fig. 5 also
shows that the peak voltage factor decreases from 3.55 to
3.2 as k; increases from 4.3 to 4.5. A further increase in k;
(from 4.5 to 4.9) causes the peak voltage factor to increase
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Fig. 5. Normalized main switch current and voltage waveforms.

from 3.2 to 3.4. Thus, the change in the peak voltage factor
as k; is varied is relatively mild. For k; = 4.5, the proposed
PA topology exhibits a peak voltage factor that is equal to that
of the Class-E/F PA in [23]-[26] and 26% and 29% lower
than the Class-Eyy in [10]-[15] and [16], respectively. Fig. 5
also shows that the peak current factor decreases from 3.87 to
3.7 as k; increases from 4.3 to 4.7. A further increase in k;
(from 4.7 to 4.9) causes the peak current factor to increase
from 3.7 to 3.87. Thus, the change in the peak current factor
as k; is varied is not as significant as that in the peak voltage
factor.

When the systems of equations describing the behavior of
the PA are solved for n = 5 and 7 (implying a short circuit
termination at 5 f, and 7 fj, respectively) with k; treated as
a variable, the resulting peak voltage factor is found to be
3.6 for n = 5 and 3.8 for n = 7. This corresponds to
18% and 13.6% reductions in the peak voltage factor relative
to the classical Class-Ey PA. Ideally, a lower peak voltage
factor can be obtained provided that the resonator L,C, tunes
an infinite number of odd harmonics components. However,
the complexity related to the design of such a resonator
outweighs the benefits thereof. Hence, it is common practice to
tune the most dominant odd harmonics, i.e., 3 fy. Nevertheless,
it will be shown later that the load network proposed in this
article exhibits a short circuit termination at not only 3 fj
but also 5fy. Thus, the peak voltage factor of the PA herein
proposed is expected to be lower than 3.2, as reported in [22],
wherein only the 3 f; harmonic component is tuned out.

For a prescribed supply voltage Vpp; and output power Poy,
the optimum load resistance R can be calculated as

1w
2P0ut

€1V

where VR is given in (25). The optimum load-network para-
meters wL; and wC; are derived using (13), (22), and (25)
as

AL

L, = 32
Wl 2 Pout (32)
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Fig. 6. Optimum load-network parameters for the main circuit. (a) Normal-
ized Rinj, L1, R, and C;. (b) Normalized X and Xinj, m1.

1
klzcuLl ’

The series reactance X is determined using (25) and (26)
as

wC = (33)

VxiR

17"

The amplitude of the second-harmonic injected current /iy;
is obtained from (14), (25), and (32) as

2r P,
Linj = M. (35)

PR
The real and imaginary parts of the 2f; equivalent
impedance of the main switch are determined using (27), (28),

and (35) as

1= (34)

P VRinj VR

Ripj = ——— (36)
2r1 Pout
Vxini Vi

Xinj = M. (37)
2r1 Pout

Since the system of equations describing the behavior of the
main circuit is solved as a function of k;, the normalized load
resistance RPou/V3p,, the normalized equivalent resistance of
the main switch at 2fy Ry Pou[/VéDl, the normalized shunt
capacitance wC| VSDI/ Py, the normalized dc-feed inductance
Ly Poy/ VSDI, the normalized series reactance X 1P0m/V]§Dl,
and the normalized equivalent reactance of the main switch
at 2 fo Xipj P(n,t/V]%D1 are also a function of ki, and they are
plotted in Fig. 6. From Fig. 6(a), it can be observed that higher
oC) values correspond to higher k; values. Consequently, for
a given C) representing the main device’s output capacitance
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Fig. 7. (a) Class-Em/F, PA with the main circuit replaced by its equivalent
impedance at 2fy, i.e., Rinj + jXjyj, and its equivalent load network at
(b) 2 fp and (c) 2¢gfy with g > 1.

(C1 = Cout), fmax_main increases with the increasing k;. Thus,

Jmax_main Of the Class-En/F, PA can be expressed as follows:
Pout

n=my— 38

fmax_mam 1 V]%chom ( )

where the parameter m; is plotted versus k; in Fig. 6(b).
Equation (38) can be rearranged to calculate the required shunt
capacitance C; for a prescribed main supply voltage Vppi,
output power Py, and operating frequency fo

POU[

Vi fo

Thus, the increase in m; as k; increases also means that a
larger transistor with higher output capacitance can be used to
implement the PA, thus enabling higher output power.

Fig. 6(a) also shows that lower wL; values correspond to
higher k; values. Choosing a low value of L; is of interest
since a lower inductance is associated with a smaller ESR
and hence a lower loss. However, Fig. 6(a) shows that R
decreases as k; increases. Consequently, the selection of k;
is limited by the acceptable level of impedance matching loss
introduced by lower values of R. Fig. 6(b) shows that the
reactance X is capacitive for all k; values, while the reactance
Xinj 1s capacitive for k; < 4.35 and inductive for k; > 4.35.

C1:m

(39)

B. Auxiliary Circuit Analysis

To analyze the auxiliary circuit, the Class-Ey/F, PA
in Fig. 2 can be reduced to that in Fig. 7(a), wherein the
main circuit is replaced by its equivalent impedance at 2 fj,
i.e., Rip + JXinj- The Lo, Cy, resonator provides a short circuit
at 2 fy and an open circuit at harmonic frequencies. As a result,
the auxiliary circuit load network at 2 fy, and 2gfy with ¢ > 1
reduces to that in Fig. 7(b) and (c), respectively. The auxiliary
circuit is designed to inject a second-harmonic current i;,; with
an amplitude /i, given in (35) and a phase shift £ into the
main switch.

When S; is turned on for 0 < 6 < x/2, the voltage v, (0)
is 0

02(0) = uVopr —v12(0) =0

where v1,(0) is the voltage across the dc-feed inductor L,
and u is the ratio between the auxiliary’s and main circuit’s

(40)
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supply voltages, i.e., Vpp2/Vpp;. Since TL, in Fig. 7(b) has
an electrical length of 4/2 at 2 fj, its input impedance follows
its output impedance, and therefore, to satisfy the power
conservation, the currents at its input and output terminals
must be equal, i.e., [y, Since the current ic2(0) flowing
through the shunt capacitance C, is zero, the current is(6)
is

i(0) = i12(0) — i1nj(0) 41)
where i1,(#), the current through the inductor L, is
1 4
ia(0) = —/ v12(0)dO + i12(0). 42)
oL, Jo

With the initial ON-state condition i(0) = 0, the current
i12(0) can be derived from (6) and (41) as

iLz(O) = linj sin ﬂ

As a result, the auxiliary switch current can be expressed

(43)

as
Vbp16
i) = 22 sin0 + B) —sin B} (44)
COLz
which can be normalized to
L
in0) =i 2 = 10 — ry{sin(20 + B) —sin B} (45)
2
where r; is
Iinja)Lz
ry = ———. (46)
? Vb1
When S, is turned off for 7/2 <6 < 7, v (0) is
v52(0) = 1 Vppr — v12(0). 47
Since the current flowing through S, is 0, i.e., i (@) = 0,

the current ic2(6), flowing through the shunt capacitance Cs,
is

dvo (0
i02(0) = i15(0) — ij(0) = 0C, d29( ) (48)
where i1,(0) is
1 0
i2(0) = —— / oO)d0 + ia(x /). (49)
oLy Jz

Since inductors cannot have an instantaneous change in
current, the current i;(7/2) can be obtained from (49) with
v12(0) and i;5(0) given in (40) and (43), respectively

7 1VppI
250L2
Using (6) and (48)—(50), it follows that:

dl)sz(e) _ 1 0

do o COLz

iL2(7l'/2) =

+ Iinj sin ﬁ (50)

CUC2

[ Vpp1 — 052(0)]d0 + ir2(7 /2)
2
— Iinj sin(29 + ,B) (51)

which reduces to

= uVpp1 — v2(0) — 2L Iinj cos(20 + p)

(52)

3325

which is a linear nonhomogeneous second-order differential
equation whose normalized general solution is given by

0 2k3
0200) _ 4. cos(at)+ As sinkad) + s — 22 o820+ )
Vbp1 (k5 —4)
(53)
where the parameter k, is defined as
1
ky = ———. (54)

w+/L>Cy

The coefficients A3 and A4 in (53) can be obtained by
imposing the initial OFF-state conditions vg(7/2) = 0 and

0Codv(0)/dOg—r 2 = i12(/2)
(%)

4 ko urky .
=—ucos| — | — sin
S 2 2

_ (]ifz_ri) |:k2 cos cos( ) + (k3 —2) sin g sm( 2k2):|
(535
ks ,unkg T
() ()
— (lifz—ri) |:k2 cos fj s1n( ) (k —2) sin /3 cos (%kz)}

(56)

The auxiliary switch voltage vs; (@) in Fig. 7(a) consists of
in-phase and quadrature components whose amplitudes are

2 T
Vao = — [ 02(0)sin(20 + f)d0 (57)
/2
2 a
Var == [ 0a@)cos0+prao. 9
T Jr2
Applying KVL to the circuit in Fig. 7(a) results in
Vioa — VRinj =0 (59)
52b VXmJ - XZImJ (60)

where Vrinj and Vxipyj are given in (27) and (28), respectively.

Equation (59) implies that there is no physical resistor con-
nected between the main and the auxiliary circuits, while (60)
implies that the voltage across the series reactance X, is the
difference of the second-harmonic quadrature components of
l)sz(@) and vsl((?).

Since f can be obtained from the main circuit analysis in
Section III-A for a given k;, the auxiliary switch voltage vs, (@)
in (53) contains three unknown parameters k,, r, and u. With
k, treated as a variable, the other two parameters r, and u can
be computed from a system of two equations resulting from
applying the optimum switching condition ZVS given in (3)
and the condition given in (59). The values of k; are selected
such that the parameter 1 < 1. The normalized auxiliary
switch current and voltage waveforms are depicted in Fig. 8
for k1 = 4.4 with k, varied from 2.7 to 3.3. It can be seen
that the voltage waveform satisfies the ZVS condition for all k,
values. Fig. 8 shows that, as k; is increased, the peak voltage
factor increases from 3.28 to 3.75, while the peak current
factor decreases from 3.2 to 2.7.
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Fig. 8. Normalized auxiliary switch current and voltage waveforms for
ky =4.4.

The optimum load-network parameters wL, and wC, are
derived using (35), (46), and (54) as

pr2VRVppi

oL, = (61)
’ 2r1 Poy
1
Cr,= ———. 62
C; ol (62)

Using (35) and (60), the series reactance X, is derived as

_ PVR(Vxinj — Vs1b)
2r1 Pou )
Since the system of equations describing the behavior of the
auxiliary circuit is solved as a function of k, for a prescribed
value of kj, the normalized shunt capacitance @Ca Vi3p,/ Pouts
the normalized dc-feed inductance wLy Poy/ VSDI, the normal-
ized series reactance X Pou/V3p,» and the supply voltage ratio
u are also a function of k,, and they are plotted in Fig. 9 for
two values of ki, i.e., k; = 4.4 and k; = 4.5. From Fig. 9(a),
it can be observed that lower wL, values (associated with a
smaller ESR and, hence, a lower loss) correspond to lower k,
values. Fig. 9(a) also shows that higher wC5 values correspond
to lower ky values. Consequently, for a given C; representing
the auxiliary device’s output capacitance (Ca = Cout), fmax_aux
increases with the decreasing k. Thus, fimax aux Of the Class-
Em/F, PA can be expressed as follows:

POLll

? M V]%])] Cout .

The parameter m, is plotted versus k; in Fig. 9(b). Equa-
tion (64) can be rearranged to calculate the required shunt
capacitance C, for a prescribed main supply voltage Vppi,
output power Py, and operating frequency fo
m2 Pout .

ﬂV]§D1f 0

Thus, the increase in m, as k, decreases also means that
a larger transistor with higher output capacitance can be used
to implement the auxiliary circuit, thus enabling higher output

power. Fig. 9(b) also shows that the supply voltage ratio u
decreases as k; increases, and X is capacitive for all k; values.

X> (63)

(64)

Smax_aux = m

G = (65)
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C. Broadband Capability

The main switch current and voltage of the Class-Ey/F, PA
given in (12) and (21) can be expressed as in (66) and (67)
by substituting the parameters p and a with (29) and (30)

is1(0) = ap+0 + % cos(0) + a; sin(0) + as cos(20)
+ a3 sin(20) + a4 sin(nd)
051(0) = 1+ Aj cos(k10) + A, sin(k,0) + by cos(0)
+ b, sin(8) + b3 cos(20) + by sin(20) + bs cos(nb)
(67)

with A} and A, given in (23) and (24) and ap—a4 and b;—bs
expressed in terms of r, £, and k| as

(66)

apg = % —rysinf (68a)
2(n* —1)? 8ry sin f§
aj :T— m—i_zrl COSﬁ (68b)
a, = rysinf (68¢)
a3 =rycosf (68d)
16612
= - 68
a“ rn(n? —4) (68¢)
a1k12
by = — 69
1 ey (69a)
k?
by = —L (69b)
204
203]{%
by = gy k% (69¢)
2612]{%
by = 69d
ey (69d)
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na4kf
n?— k¥

According to (66) and (67), the main switch current
and voltage of the Class-Ey/F, PA contain a dc compo-
nent, fundamental in-phase and quadrature components, and
second-harmonic in-phase and quadrature components. This
implies that a complex impedance, whose magnitude and
phase are a function of kj, is to be presented to the main
switch at fy and 2f;. Consequently, the Class-Ep/F, PA
falls within the family of continuous broadband PAs in [27]
and [28], wherein the 2 f; impedance termination is neither
open nor short circuit, thus inheriting the broadband charac-
teristic thereof. Note that the 2 f; impedance termination of
the proposed Class-Ey/F, PA is given in (36) and (37).

bs = —

(69e)

D. Power Ratios

In [10] and [15], it was shown that the main circuit
contributes three-quarters of the total output power, while the
remaining one-quarter comes from the auxiliary circuit. How-
ever, it is important to stress that this power contribution holds
under the theoretical 100% drain efficiency (DE) assumption.
In practice, the DE of a PA is below 100%. Thus, taking the
DE of the PA into account, the contribution of the main and
auxiliary circuits can be expressed as

3P0ul
P = —— 70
DCI ADE (70a)
Ppc1DE
Pocy = % (70b)

From that, it follows that the power ratios Pgy,/Ppc; and
Ppca/ Ppc increase linearly with the increasing DE and reach
their optimum values at 100% DE. The DE and power-added
efficiency (PAE) are defined as

Pout
DE= —""— (71a)
Ppci + Ppc2
Pout — P — P
PAE — out inM inA (71b)
Ppci + Ppe2

IV. CIRCUIT SIMULATIONS AND VALIDATIONS

To validate the theory described in Section III, the
Class-Em/F, PA in Fig. 2 has been designed and simulated
in the Keysight’s Advanced Design System (ADS). The PA
was designed at an operating frequency ( fy) of 13.5 MHz for
n = 3 and selected values of k; = 4.4 and k, = 3.4. The PA
was designed initially using an ideal switch model as assumed
in the analysis and then using the actual transistor large-signal
model in order to take into account non-idealities.

A. Circuit Simulations With Ideal Switch Model

For a specified Vppy = 35 V and Ipp; = 0375 A,
it follows from (70a) and (70b) that, for a 100% DE, the PA
should deliver a Py of 17.5 W, to which the main circuit
contributes three-quarter (Ppc; = Vppi/ppr = 13.1 W), and
the auxiliary circuit contributes one-quarter. For the chosen
value of k; = 4.4 and k, = 3.4, the normalized load network
parameters of the Class-Ey/F; were extracted from Figs. 6
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Fig. 11. Analytical and simulated normalized current and voltage waveforms.
(a) Main and (b) auxiliary circuit using actual transistor large-signal model.

and 9. Subsequently, the components values were determined
as C; = 132 pF, Ly = 5449 nH, Cx; = 3334 pF,
R =174 Q, C, = 32.5 pF, L, = 370.2 nH, Cx, = 59 pF,
and u = 0.64. The characteristic impedances of the isolation
circuit were set to 80 Q. The idealized simulated waveforms
depicted in Fig. 10 show that, for the selected values of k;
and k,, the main circuit fulfills the ZVS, ZVDS, ZCS, and
ZCDS conditions. The simulated main’s peak switch voltage is
32 xVpp;, while the main’s peak switch current is
3.95 x Ipp;. Fig. 10 also shows that the auxiliary circuit fulfills
the ZVS condition with a peak switch voltage of 3.7 x Vpp,
and a peak switch current of 2.7 X Ipp,. These results are in
consonance with the theoretical predictions in Section III.

B. Circuit Simulations With Transistor Large-Signal Model

The Class-Epm/F, PA in Fig. 2 was designed and simulated in
ADS with the ideal switches replaced by the actual transistor
large-signal model of the NXP MRFE6VS25N LDMOS power
device. The PA was designed with the same selected values
of k; and k, and the same specifications, as in Section IV-A.
A 7-type input matching network was designed to match the
50-Q source impedance to the input impedance of the devices.
The normalized drain current and voltage waveforms of the
main and auxiliary circuits, simulated in ADS, are shown
in Fig. 11. The simulated peak drain voltage factor of the main
circuit is 3.2.

The simulated PA’s performances are depicted in Fig. 12,
with Fig. 12(a) showing the simulated Py, gain, DE, and
PAE versus frequency. The PA delivers DE and PAE > 60%,
Pout = 42 + 2 dBm, and power gain > 15 dB over a 2.8-MHz
frequency range, which corresponds to a 21% FBW, which
is greater than the typical 10%-15% FBW of the traditional
switching PAs. Fig. 12(b) shows that the PA delivers a DE
of 93.3%, a PAE of 90.5%, and a P,y of 42.1 dBm.
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V. DESIGN WITH TRANSMISSION-LINE LOAD NETWORK

To facilitate the implementation of the Class-Ey/F, PA
in Fig. 2 at a higher frequency, we introduce a TL load network
that fulfills the load impedance requirements of the main
and auxiliary circuits discussed in Sections III-A and III-B,
respectively. The effectiveness of the proposed load network
is verified through the design, simulation, and implementation
of a TL Class-Em/F3 5 PA at 1.75 GHz.

A. Main Circuit TL Load Network.

The TL load network for the main circuit is proposed
in Fig. 13(a), where C. is an ac coupling capacitor and
Cy1 is a bypass capacitor. The finite dc-feed inductance L,
in Fig. 4(a) is realized using a shorted stub (TL;) with a char-
acteristic impedance Z; and an electrical length &,. The device
output capacitance (Coy) and TL; form a parallel resonant
circuit tuned at f; that is equivalent to the parallel resonant
circuit formed by L; and C, in Fig. 4(a). Consequently, 6, is

expressed as
1
o = t(i)
Z1000Cout

Note that, for TL; to be inductive, #; must be less than A/4 at
fo. The proposed TL load network satisfies the fundamental
load impedance requirement in Fig. 4(b) through the following
arrangement: a shorted A/8 stub (TL3a) together with an
open-circuited 1/8 stub (TL3g) with Z3 set to a high value
will resonate at f, hence presenting an open circuit [29].
As a result, TL, and TL4 can be merged into one TL with a
characteristic impedance of Z, = Z4 and an electrical length
of /8 +A/24 = 1/6, reducing the circuit in Fig. 13(a) to

(72)
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Fig. 14. TL Class-Em/F3 5 PA (a) with the main circuit replaced by its
equivalent impedance (Rin; + jXinj) at 2 fo and its equivalent circuits at (b) 2 fo
and (c) 2gfy with ¢ > 1.

that in Fig. 13(b). The input impedance Zi,y in Fig. 13(b)
is determined as

R VAV jRLZ4|:\/§Z4 + Zséh]

RL(Z4 — \/§q125) + jq1Z47Zs

Zipm = (73)

with ¢, defined as

V3
V3cot(@h) — 1
By equating Ziyv in (73) and Zizm = R 4 X in Fig. 4(b),
we can obtain two equations given in (75) and (76), from
which the characteristic impedances Z, and Zs can be deter-
mined. Note that, in this approach, the electrical length 8, of
the short-circuited stub TLss can be set arbitrarily

q1 = (74)

Z272¢g* (AR, — R) — RR*(Zy — 3Zsq))* =0 (75)
Rﬁ[zz%(*/g& —2q1Zs) — X\(Zy — 3q1 Zs) ]
- 7,23} VA(R: - 73) + X1Zs| =0.  (76)

The second-harmonic load-impedance requirement, i.e.,
o/c in Fig. 4(c), is fulfilled as follows: at 2fy, TL,
is short-circuited at its right-hand side by TLsg; hence,
Zismw = 00, and the circuit in Fig. 13(a) is reduced to
that in Fig. 13(c), which is equivalent to Fig. 4(c). The
third-harmonic load-impedance requirement in Fig. 4(d) is
fulfilled as follows: at 3 fy (i.e., m = 1), TL3s together with
TL3p presents an open circuit. As a result, TL, and TL4 can
be merged. The combined TL,+ TL4 line is short-circuited at
its right-hand side by TLsg, hence presenting a short circuit,
as shown in Fig. 13(d), which is equivalent to Fig. 4(d).

B. Auxiliary Circuit TL Load Network.

The TL load network for the auxiliary circuit with the
electrical lengths given at f; is depicted in Fig. 14(a), where
C. is an ac coupling capacitor and Cy; is a bypass capacitor.
The open-circuited A/4 stub (TL,;) and the series A/4 line
(TL) form the isolation circuit. The finite dc-feed inductance
L, in Fig. 7(a) is realized using a shorted stub (TLg) with a
characteristic impedance Z¢ and an electrical length 8. Coy
and TL¢ form a parallel resonant circuit that is equivalent to
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the parallel resonant circuit formed by L, and C; in Fig. 7(a).
Thus, 6 is expressed as

1
O = tan™! (7)
Z 60 Cout

For TL¢ to be inductive, ¢ must be less than A/4 at fj.
The proposed TL load network satisfies the load impedance
requirements in Fig. 7(b) through the following arrange-
ment: at 2fp, a shorted A/8 stub (TLgas) together with an
open-circuited 4/8 stub (TLgp) with Zg set to a high value will
resonate at 2 fj, hence presenting an open circuit. As a result,
the circuit in Fig. 14(a) can be reduced to that in Fig. 14(b)
with the input impedance Zi,4 given by

ﬁZ%[Rinj — j(«/gzlo - Xinj)]
3Z10(Xinj — J Rinj)

(77)

Zina = Ring + jXina =
(78)

from which the characteristic impedances of the series line
TL7+ TLy and TLg, i.e., Z7 = Zy and Z), respectively, can
be determined

\/RinA R12IIJ+X12nJ

V4 79a

7 R (79a)
V3R (RS, + X3,

Zio = (79b)

3(RinA}(inj + RianinA) .

The harmonic load-impedance requirement in Fig. 7(c) is
fulfilled as follows. At 4 f; (i.e., ¢ = 2), TL7 is short-circuited
at its right-hand side by TLgg, hence, Zij,y = oo, and
the circuit in Fig. 14(a) is reduced to that in Fig. 14(c).
At 6fy (i.e., g = 3), TLga together with TLgg presents
an open circuit. As a result, TL; and TLy can be merged.
The combined TL; and TL¢ lines with a total electrical
length of 31/4 (i.e., 34/8 + 31/8) are short-circuited at
its right-hand side by an open-circuited A/4 stub (TL;c)
and provide an open circuit at 6fy, hence, Zi,y = oo.
As a result, the circuit in Fig. 14(a) is reduced to that
in Fig. 14(c), which satisfies the load impedance requirement
in Fig. 7(c).

C. Design of a Class-Ey/F35 PA at 1.75 GHz

The PA prototype was designed at 1.75 GHz using
Wolfspeed’s CGH40010F GaN HEMTs with Coy =
1.27 pF. The main and auxiliary circuits were biased with
VGGI = =-2.75 V, VDDI = 28 V, VGGZ = 2.8 V, and
Vop = 16.8 V, i.e., 4 = 0.6. The TL load networks shown
in Figs. 13(a) and 14(a) were adopted on the main and auxil-
iary circuits, respectively. The parallel resonant circuits formed
by Coy and TL;/TLg were tuned at fy, ie., k; = kp = 1.
As a result, 8 = s = 41.8° was determined using (72) and
(77) with Z; and Zg set to 80 Q.

Load-pull simulations were performed on the devices to
extract the optimum load impedances at f; on the main
circuit and 2f;, on the auxiliary circuit. For the main
circuit, the load-pull simulations are aimed to find an
optimum fundamental-frequency load impedance Zopm(fo),
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Fig. 15. Simulated load—pull contours at 1.75 GHz.

with the second- and third-harmonic impedances set to
jZitan(26,) = j713.2 Q and 0 Q, respectively, while injecting
a second-harmonic current with an amplitude /i,; and phase £
into the drain of the main device. The simulated P, and PAE
contours are shown in Fig. 15, where the region corresponding
to the Class-Ey/F, mode, i.e., the region with capacitive
fundamental load impedance, is highlighted. Zo,m(fo) = R—
JjX1 = 47.5 —j13.6 Q was extracted at the drain of the main
device, resulting in a PAE of 86%, a Py, of 41.2 dBm,
and a gain of 14 dB at 1.75 GHz. Using (75) and (76),
the characteristic impedances of TL,/TL4 and TLss/TLspg, i.e.,
Z, = Z4 = 41 Q and Zs = 69 Q, were calculated for
0, = 45° to match Zopm(fo) to Ry = 50 Q.

For the auxiliary circuit, the load—pull simulations are aimed
to find an optimum second-harmonic load impedance, Zp,
to be presented to the drain of the auxiliary device such
that it can provide enough Pi,;(2 fp) while achieving a high
PAE. Here, the fourth- and sixth-harmonic impedances are set
to jZstan(40s) = —j36.6 Q and jZstan(66s) = j106.5 Q,
respectively. Zopa = Ripa+ jXina = 129 +7.8 Q was
extracted at the drain of the auxiliary device, resulting in a
PAE of 78.9%, a Py of 37.2 dBm, and a gain of 10.2 dB at
3.5 GHz. Using (79a) and (79b), the characteristic impedances
of TL7/TL9 and TLlo,i.e., Z7 = Zg = 239 Q and
Zip = 22.9 Q, were calculated to match Zypy, to the sim-
ulated 2 f, impedance at the drain of the main circuit, i.e.,
Zinj = Rinj +innj =352+ j17.9 Q.

The designed Class-Ey/F35 PA was implemented with
microstrip lines, a printed circuit board (PCB) layout was
generated using ADS, and subsequently, momentum EM
simulations were performed on the PCB layout. The drain
current and voltage waveforms of the main circuit, simu-
lated in ADS using the actual transistor’s large-signal model
with the auxiliary circuit driven by an input power level
(Ppa) of 20 and 25 dBm, are shown in Fig. 16. For
Ppa = 20 and 25 dBm, the simulated peak drain voltage
factors are 2.87 and 2.73, respectively, which are consid-
erably lower than the Class-E (3.56) and Class-Ey (4.4).
Moreover, Fig. 16 shows that the main circuit satisfies the
Class-Ey/F,, switching conditions, namely, ZVS, ZVDS, ZCS,
and ZCDS.
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Fig. 16. Simulated drain current and voltage waveforms of the main circuit
using actual transistor large-signal model.

Fig. 17. Photograph of the realized Class-En/F35 PA prototype.

VI. IMPLEMENTATION AND MEASUREMENTS

The designed Class-Epm/F3s PA was manufactured on a
0.51-mm-thick RO4003C substrate with a relative permittivity
of 3.38, mounted on an aluminum heat sink. The photograph
of the built prototype is shown in Fig. 17. The prototype
PA was first characterized under small-signal conditions using
the Keysight E§363C PNA calibrated using a two-port SOLT
procedure. Two-port scattering-parameter measurements were
performed following the port numbering in Fig. 17. The PA
was biased under the same bias conditions, as in Section V-C,
ie, Vg1 = =275V, Vbp1 = 28V, Vgg = —2.8 YV,
and Vppy = 16.8 V. The measured scattering parameters are
depicted in Fig. 18 and compared with the simulated results,
showing a slight frequency shift of about 50-100 MHz in the
input return loss of the main and auxiliary circuits, as well as
in the small-signal gain of the main circuit.

The large-signal characterization was performed using the
measurement setup depicted in Fig. 19, where a single-input
real-time vector large-signal test bench based on the HP 8510C
VNA was used to feed the main circuit with an input signal
at the fundamental frequency (fy) and measure the output
power at the same frequency. The test bench was calibrated
in small-signal using a two-port SOLT procedure, and the
power calibration was performed by creating an extended
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Fig. 19. Block diagram of the measurement setup adopted for large-signal
characterization.

port with SOL calibration to which a power sensor was
connected to calibrate the bench receivers in absolute terms.
The Keysight E§363C PNA was used as an additional signal
source, phase-locked to the main signal source, to feed the
auxiliary circuit with an input signal at 2 fy. The input power
to the auxiliary circuit was precalibrated by means of a scalar
measurement that references the power reading on the power
meter to the actual power at the input port of the auxiliary
circuit. Drivers’ PAs were inserted in each input signal path
to reach the required input power levels. In addition, a variable
attenuator and a variable phase shifter were added in the
auxiliary input signal path to allow for power and phase
adjustments.

The adopted measurement procedure was as follows: first,
a power sweep was performed with only the main circuit
active. This served as a reference to evaluate the effect of
the auxiliary circuit on the overall performance of the PA. The
measured performances compared to the simulated results with
only the main circuit active are shown in Fig. 20, from which it
can be observed that, without the contribution of the auxiliary
circuit, the PA delivers a peak P,y of 40.6 dBm (11.5 W),
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1.75 GHz without the contribution of the auxiliary circuit.
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Fig. 21. Measured performances versus input power at 1.75 GHz with the

contribution of the auxiliary circuit at Pijya = 20 dBm and different phase
shifts.

a peak DE of 64%, and a peak PAE of 60%. The gain at
peak Poy is 13.7 dB, while the linear gain is about 18 dB.
The measured performances correlate well with the simulated
results under the same operating conditions, i.e., without the
contribution of the auxiliary circuit.

Second, the performance of the PA was evaluated with the
contribution of the auxiliary circuit. Initially, the 2 f; input
power level was set to 20 dBm as predicted by simulations, and
the optimum phase of the 2 fj injected current was determined
empirically by varying the phase of the 2f, input signal by
means of a variable phase shifter. However, the absolute value
of the optimum phase is unknown due to the scalar measure-
ments at the input port of the auxiliary circuit. Nevertheless,
a relative phase shift was estimated by precharacterizing the
variable phase shifter. The results of this experiment for three
relative phase shifts are depicted in Fig. 21 and compared to
the reference case (without the contribution of the auxiliary
circuit). From the inspection of Fig. 21, the injected 2 fj
signal at optimum phase shift proves effective in improving
the PA efficiency from 64% to 79%. Moreover, the optimum
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1.75 GHz with the contribution of the auxiliary circuit under optimum
conditions.

2 fo input power (Ppa) to the auxiliary circuit was obtained
by using the optimum phase shift in Fig. 21 and varying
the input power to the auxiliary circuit. The outcome of this
experiment is presented in Fig. 22, showing that the optimum
input power is, indeed, that predicted by the simulations. It is
worth mentioning that input power levels greater than 20 dBm
did not result in any significant improvement in the overall PA
performance, hence not herein reported.

Having obtained the optimum phase shift and input power
level, the overall performances of the PA under these optimum
conditions are depicted in Fig. 23, where they are compared
to the simulated results. It can be observed that, with the
contribution of the auxiliary circuit, the PA delivers a peak Py,
of 41.9 dBm (15.5 W). Thus, the auxiliary circuit contributes
4 W to the overall Py, while driven by a Pjpa of 20 dBm
(0.1 W). It is worth mentioning that the amount by which
the auxiliary circuit contributes to the overall Py, does not
represent the actual amount of injected power. Fig. 23 also
shows that the PA delivers a peak DE of 79% and a peak PAE
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TABLE I

PERFORMANCE SUMMARY AND COMPARISON WITH OTHER GAN
PAS EMPLOYING SECOND-HARMONIC INJECTION TECHNIQUE

Freq Vop Pout DE PAE Gain
Ref
(GHz) % (dBm) (%) (%) (dB)
[30] 0.6-2.4 28 40 57-75 B, B
[31] | 0.88-1.06 | 28 40-41.6 | 84-94  81-88 =
[32] 0.9 28 40 86 - 15
[33] 2.45 22 40.5 82 . 7.5
[34] 1-1.9 27.5 | 402-42.6 | 60-71 - 79
This 1.8 28 423 83 76 19.4
work

of 73%. The gain at peak Py is 16.5 dB, while the linear gain
is about 20 dB. The measured performances are in consonance
with the simulated results under the same operating conditions,
i.e., with the contribution of the auxiliary circuit.

The described measurement procedure was repeated over
a frequency band ranging from 1.4 to 2 GHz, yielding the
results presented in Fig. 24, from which it can be seen that
the PA delivers a Py, of 41.3 4+ 1.3 dBm, a DE > 64%,
a PAE > 58%, and a power gain >13.5 dB over a 400-MHz
frequency range (i.e., from 1.5 to 1.9 GHz) that represents an
FBW of 23%, which is higher than the typical 10%—-15% FBW
of classical switch-mode PAs. Moreover, a peak DE of 83%
and a peak PAE of 76% are obtained at 1.8 GHz with a Py
of 42.3 dBm.

The PA performance is summarized in Table I and compared
with other pertinent work.

VII. CONCLUSION

The analysis of a novel Class-Eyn/F,, PA with finite dc-feed
inductance and isolation circuit has been presented and verified
through simulations (using an ideal switch model and the
actual transistor’s large-signal model) and experiments. The
proposed PA offers a substantially lower peak switch voltage
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and a higher maximum operating frequency while retaining
the soft-switching characteristics of its predecessor, i.e., the
Class-Ey;. The isolation circuit allows the main and auxiliary
circuits of the PA to be analyzed independently, hence reduc-
ing the order of the system of equations significantly. Two
design parameters, k; and k,, were introduced, facilitating
more degrees of freedom but, at the same time, presenting
design tradeoffs. The effects of these parameters on the circuit
performance and component values have been investigated in
detail. Selecting a high value of k; and a low value of k; is
of interest as this results in lower inductance values (L, L)
and higher maximum operating frequencies ( fmax_main/aux) but
at the expense of lower load resistance (R). The theoretical
and simulated switch voltage and current waveforms show
good agreements between them, with both satisfying the ZVS,
ZVDS, ZCS, and ZCDS conditions. A PA prototype with a
TL load network has been designed using GaN HEMTs, built,
and tested, achieving a DE of 83%, a PAE of 76%, and a
Poy of 42.3 dBm at 1.8 GHz when operated from a 28-V dc

supply.
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