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Abstract—In this paper, the effects of the duty ratio variation
on the class-Ey; power amplifier are studied and analyzed, in-
cluding nonlinear gate-to-drain and drain-to-source parasitic ca-
pacitances. The duty ratio is one of the important parameters in
class-Ey; power amplifiers, which has high effects on the switch
voltage and current waveforms, output power, efficiency, power
loss, and output phase shift. To achieve a better agreement be-
tween theoretical and experimental results, the nonlinear gate-to-
drain and drain-to-source parasitic capacitances are included in
theoretical analysis. To demonstrate the validity of the presented
analysis, five class-Ey; power amplifiers are designed, simulated,
fabricated, and tested using IRF510 MOSFET with the duty ratio
equal to 0.5, 0.6, and 0.7 and IRFZ24N MOSFET with the duty ratio
equal to 0.5 with and without considering MOSFET nonlinear capac-
itances. It is shown that the amplifier with IRFZ24N MOSFET has
higher efficiency than that with IRF510 MOSFET. This is because
of the lower drain-to-source on-state resistance of the IRFZ24N
MOSFET. The obtained efficiency with IRFZ24N MOSFET consider-
ing nonlinear capacitances at the operating frequency of 3.5 MHz
was 95.7%. The obtained output power for IRF510 and IRFZ24N
MOSFETs at the duty ratio equal to 0.5 was 14.41 and 17.82 W,
respectively. Simulation and theoretical results are performed us-
ing PSpice and MATLAB, respectively. The theoretical results and
PSpice simulations agreed with experimental results.

Index Terms—Class-E,; power amplifier (PA), efficiency, mixed
mode, nonlinear gate-to-drain capacitance, nonlinear drain-to-
source capacitance, soft switching, zero-current switching (ZCS),
zero-voltage switching (ZVS).

I. INTRODUCTION

ADIO frequency (RF) power amplifiers (PAs) can be used
R to convert dc power into microwave signal. Higher power
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efficiency offers a higher output microwave signal and lower
power loss [1]. To achieve a high efficiency, the PA transistor
operates as an on/off switch at the RF-output frequency. The
switch-mode PAs are classified into two categories, which are
single mode and mixed mode. The single-mode switching PAs
category consists of class-E, EL, F, and F! [1]. The famous
mixed mode switching PAs category consists of class-EF, E/F,
and Ey;. Efficiency, switching peak voltage, power dissipation,
gain, and complexity are the main challenges in the PAs de-
sign. The class-F PA operates at high frequency with low peak
voltage, although it has lower efficiency and complex circuit in
comparison with other switch-mode PAs [1]. The complexity of
the class-F PA is caused by its many resonant circuits. Class-F!
[2] is the dual tuning of class-F. In [3], the class-F and class-F~!
amplifiers are numerically compared in terms of the optimum
load impedance, output power, and efficiency as functions of
the conduction angle.

In [4] and [5], the efficiency of the class-F amplifier has been
improved using an embedded harmonic control circuit in the
structure. To increase the output power capability and efficiency,
class-EF and class-E/F PAs have been presented in [6]-[9]. The
analysis and design of the class E/F amplifier have been pre-
sented in [6] and [7]. High-efficiency class-EF amplifiers have
been presented in [8] and [9]. Because the class-E amplifier has
a simple structure and high efficiency, many studies of this class
have been done [10]-[19]. In [20], the analysis of the class-E PA
with the MOSFET linear gate-to-drain capacitance and nonlinear
drain-to-source capacitance, which satisfies the class-E zero-
voltage switching (ZVS) and zero-voltage derivative switching
(ZVDS) conditions at any duty ratio, has been carried out. To
achieve higher power conversion efficiency of the class-E am-
plifier when the transistor has a long turn-off switching time,
a modified class-E amplifier, which is called class-Ey;, is pre-
sented. Fig. 1 shows the circuit topology of the class-Ey; PAs.
The circuit of the class-Ey; amplifier consists of the main circuit
and the auxiliary circuit. The turn-off transition time is impor-
tant at high frequencies. A limitation of the class-E amplifier is
the turn-off switching time with increasing operating frequency.
Also, the class-E transistor has a current jump at turn off. In the
class-Eyr, by injecting biharmonic current to the main circuit
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Fig. 1. Class-Ey; power amplifier circuit.

using an auxiliary circuit, both nominal conditions for current
and voltage, which are the ZVS and ZVDS conditions at turn-on
instant and the zero-current switching (ZCS) and zero-current
derivative switching (ZCDS) conditions at turn-off instant, can
be achieved. So, continuous switch voltage and current wave-
forms can be realized in the main circuit. The turn-off transition
time is approximately inversely proportional to the input power.
The auxiliary circuit causes input power reduction and therefore
achieves higher power-added efficiency. In [21], the analysis of
the class-Ey; switching-mode tuned PA with high efficiency and
slow switching transistor has been presented. In its analysis,
the MOSFET nonlinear gate-to-drain and drain-to-source capaci-
tances were not considered. In [22], the effect of MOSFET body
junction diode nonlinear capacitance has been considered in the
design, but still the MOSFET nonlinear gate-to-drain capacitance
was not considered. In [23], to achieve less total harmonic dis-
tortion and to have less critical impedance matching network,
a symmetrical structure of the class-Ey; has been presented. In
[24], a class-Ey; PA with a single input signal has been pre-
sented. In [25], a novel analytical procedure for the class-Eyy
amplifier has been presented. In its analysis, the harmonic com-
ponents have been considered in the output currents of the main
and auxiliary circuits. In [26], the class-D, E, E!, DE, and F
switch-mode PAs have been introduced.
The focus of this paper is as follows:
1) analytical study of the duty ratio effects on the class-Ey;
PA performance;
2) design procedure of the class-Ey; PA at any duty ratio;
and
3) analytical study of the nonlinearity effects of the gate-
to-drain and drain-to-source parasitic capacitances on the
class-Eyr PA performance.
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This paper is organized as follows. Section II presents the
circuit topology of the class-Ey; PA and introduces its elements
and voltage and current waveforms. Section III describes an-
alytically the effects of the duty ratio and nonlinearity of the
gate-to-drain and drain-to-source parasitic capacitances on the
output phase shift, output current amplitude, power loss in main
and auxiliary circuits, switch voltage and current waveforms,
maximum switch voltage and current, efficiency, and maximum
output power capability. In addition, expressions for all elements
of the class-Ey; PA are derived at any duty ratio based on the
presented analysis. Section IV presents the validity of the pre-
sented analysis; five class-Ey; PAs with IRF510 MOSFETs with
the duty ratio equal to 0.5, 0.6, and 0.7 and IRFZ24N MOSFET
with the duty ratio equal to 0.5 with and without considering
nonlinear capacitances are designed, simulated, fabricated, and
tested. Finally, conclusions are presented in Section V.

II. CLASS-Ey; POWER AMPLIFIER
A. Circuit Topology

The inductances L and L¢o shown in Fig. 1 are used to
block the ac signals and supply a pure dc current for the circuits.
The capacitances Cg; and C'go are the sum of the internal drain-
to-source nonlinear parasitic capacitances and external linear
capacitances of the main and auxiliary transistors, respectively,
which are as follows:

Cs1 = Cas1 + Chix1
Cs2 = Cas2 + Chix2 (D

where Chy1 and Chyo are the external linear capacitances of the
main and auxiliary transistors, respectively. The capacitances
Cys1 and Cygo are the nonlinear drain-to-source MOSFET para-
sitic capacitances in the main and auxiliary circuit, which are
given as

C C
Cas1 = % Cas2 = "’/01 — (@
(14 ) (14 f2)

where Vg and Vg9 are the drain-to-source voltages of the main
MOSFET and the auxiliary MOSFET, respectively, and V4 is the
built-in voltage of the pn junction, C; is the drain-to-source
capacitance at Vg; = Oor Vgo = 0,and m; is the grading coeffi-
cient for the nonlinear drain-to-source capacitances. The capac-
itances Cyq1 and Cyqo are the nonlinear gate-to-drain MOSFET
parasitic capacitances in the main and auxiliary circuit, respec-
tively. They are given as

C; C;
Cya1 = % Cuaz = % 3)
o d 1 d2
(1+52) (1+32)

where V,q1 and V,qo are the voltage across the gate-to-drain
capacitance in the main and auxiliary circuit, Cjo» is the initial
gate-to-drain capacitance at Vyq; =0 or Vyqo =0 and Cyqy
is the built-in potential corresponding to Cyq; and Cyq2, and
mo is the grading coefficient for the nonlinear gate-to-drain
capacitances. It should be noted that super-junction devices and
GaN devices with different field-plate arrangements have the
nonlinear capacitance that is not properly modeled by (2) and
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TABLE I
PARAMETERS OF THE MOSFETS

MOS Cjior ®F) Wit V) my1 Cjio2 0F) Wiz (V) mao
IRF510 298 0.774 0.423 185 0.5 0.651
IRFZ24N 296 0.51 0.3 438 0.5 0.5787
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Fig. 2. (a) The waveforms of the input voltages v,1 and vg2. (b) Nominal

current and voltage waveforms of the class-Ey; amplifier for the main MOSFET.
(c) Current and voltage waveforms of the class-Ey; amplifier for the auxiliary
MOSFET.

(3). The parameters of the IRF510 and IRFZ24N MOSFETs are
shown in Table I. These parameters are obtained from PSpice
MOSFET models given by International Rectifier [27] and Vishay
Intertechnology [28]. L; and C) are calculated so that they
resonate at the operating frequency. Lo and Cy are calculated
so that they resonate at the second harmonic of the operational
frequency. The phase shift of 7; in the main circuits is created
by L, and the phase shift of 75 current in the auxiliary circuits is
created by L, . In this paper, it is assumed that the transistors act
as on/off switches with zero resistance at the turn-on instance
and extremely high resistance at the turn-off instance.

B. Voltage and Current Waveforms

The waveforms of the input voltages v,; and vgy are shown
in Fig. 2(a). D; and D, are the duty ratios of the main and
auxiliary circuits. Nominal current and voltage waveforms of the
class-Ey; amplifier for the main MOSFET are shown in Fig. 2(b).
Fig. 2(b) and (c) shows that the class-Ey; amplifier satisfies
the ZVS and ZVDS conditions for drain-to-source voltage and
the ZCS and ZCDS conditions for MOSFET current in the main
circuit and the ZVS condition for drain-to-source voltage in the
auxiliary circuit. These conditions make the voltage and currents
waveforms do not have overlap, which results in high efficiency.

III. PRESENTED ANALYSIS

By Kirchhoff’s current laws (KCL) at the drain of the MOSFET
in the main circuit in0 < 6 < 27Dy, we get

ics1 =142 — 14, +Ipp1 —icga1 4

where ic g1 is the sum of current flowing in Cys; and Chyq,
and icgq; expresses the current flowing in Cyqq. So (4) is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

rewritten as

dVsy . dVigai
wCys1 0 Ipp1 +i2 — i1 — wCsai d;’ NG
The loaded quality factor Q is expressed as follows:
wlL
= — 6
Q 7 (6)

where L = L; + L,. Q is high enough to create a pure sinu-
soidal current at the output. In this design, only the fundamental
component for the main circuit and the biharmonic component
for the auxiliary circuit are considered and it is assumed that
other harmonic components have negligible values. Currents 7;
and 79 shown in Fig. 1 can be written as

19 = Ij2 sin (29 + %02) @)

where (1 and 9 are the phase shift between the input and output
voltage in the main and auxiliary circuit, respectively. [,,,; and
I, are currents amplitude. Considering vy = 0 in0 < 0 <
2w Dy, Vogar is equal to V. Also, substituting (1) and (7) into
(5), we obtain

Z-l = Iml sin (9 + @1)7

dV- .
w(Cys1 + Chx1 + ng1)Wqu = Ipp1 + L2 sin (20 + ¢2)

—Lyisin(@+¢1).  (8)
Substituting (2) and (3) into (8)

C; C; dV.
w 701 _ +Cﬁx1+ 702 S1

m?2
(o) )

:IDDI +ImQ sin (29+<P2) —ImlSin (0+§01) (9)

By integrating (9), Vs; can be calculated as

1—m,
UJijVbil 1+ Va1 —1| + WCjOQVbiQ
1—my Wit 1—my
Ve 1—m2
X (1+ Sl) — 1] + wChx1Vs1
Voiz

= Ipp10 + L1 (cos (0 + ¢1) — cos (¢1))

— 0.51,,2(cos (20 + ¢2) — cos (¢2)). (10)

At switch turn-on instant of the main circuit, the switch volt-
age Vg, satisfies the ZVS and ZVDS conditions, which are
expressed as

Vo1 (27Dy) =0 (11)
Vs, =0. (12)
d0 0:27TD1

Using (9)—(12)

IDDl —‘rImQ Sil’l (47TD1 —‘r(pg)—[ml Sil’l (27TD1 + @1) = 0
(13)

Ipp127 Dy + Iy [cos (2D + 1) — cos (¢1)]

— 0.51,,9 [cos (4w Dy 4 ) — cos (pg)] = 0.
(14)
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In the class-Ey; amplifier, both the ZCS and ZCDS conditions
are achieved at switch turn-off instant. These conditions are
expressed as follows:

i1 (2m) =0 (15)
disl
do 0=2m ! (1o

These switching conditions are obtained because the bihar-
monic current is injected from the auxiliary circuit. By KCL at
the drain of the MOSFET in the main circuit for 27Dy < 6 < 27

151 = 19 —il + Ipp1, 2wD; < 0 < 2. (17)

Substituting (7) into (17), the following equations are ob-
tained:

is1 = Ipp1 + Lo sin (20 + p2) — Ly sin (6 + 1) (18)

di

% = 21,5 c08 (20 + p2) — L1 cos (0 + ). (19)
From (15) to (19), we get

Ipp1 + Lo sin (2) — Ly sin (1) =0 (20)

21,9 cos (p2) — Iyy cos (1) = 0. 21

Solving numerically (13), (14), (20), and (21), ¢1 and @9 are
computed according to D;. Fig. 3 shows variations of ¢; and
9 versus D;. When D increases, 1 and 9y decrease. In other
words, when D; increases to create the required output phase
shift, L, and L, should be increased.

Equation (10) does not have an analytical solution, but it can
be solved numerically. Fig. 4(a), (b), and (c) shows variations
of Vg1 versus Ippq and 6 for IRF510 with Dy = 0.4, 0.5, and
0.6, respectively. To obtain a high output power, the value of
the dc input current must be increased. This increment leads to
increase in peak switch voltage, as shown in Fig. 4. The average
value of Vg, represents the dc input voltage. Fig. 4(a), (b) and
(c) shows that when D; increases, more dc input voltage is
needed to have the same input dc current, output current, and
consequently output power.
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Fig. 4. Variations of Vg versus Ipp; and € for IRF510 for (a) D; = 0.4,
(b) D1 = 0.5,and (c) D; = 0.6.

Voltage Vpp1 is the average value of Vg,

1 27
Wi = — Vs1(0)d6.
DD1 2 J, Sl( )
Since Vg, is equal to zero from 27D; to 2w, (22) is
rewritten as

(22)

1 27TD|
Voor = 5 / Ver (6)d0. (23)
™ Jo

By integrating (10)

wCjo1 Vol /Wl <1 A >1 "
2 (1 — ml) 0 Vbil

wCjo2 Viiz /%Dl Ve \'
—_— = 1+ — df
+ 27 (1 — mQ) 0 + VbiQ

2n Dy

+ wCix1 Vop1 — o— @) =0

24
27T 0 ( )
where

o _I'rnl COS ((Pl)
T®) = [ 2 cos (p2)

+ Iin1 [cos (0 + ¢1) — cos (¢1)]

sin (QOQ) + Iml sin (@1):| 0

I,,1 cos (1)
—o—m—mmM8 = 20 _

05 s (g) 1008 20+ 2) = cos ()]

+wcj01Vb11 wCjo2 Viia

1—m 1—mo

(25)

The integral in (24) does not have an analytical solution, but it
can be solved numerically. Fig. 5(a) shows theoretical amplitude
of I,,,1 versus Vpp1 for IRFZ24N and IRF510 MOSFETs with
linear and nonlinear capacitances at D; = 0.5. It is shown that
if nonlinear capacitances are included in the design, the ampli-
tude of the output current is decreased. This effect can change
the class-Ey; PA performance; for instance, it can decrease the
output power. Fig. 5(b) shows variations of I,,; versus Vpp;
for IRFZ24N MOSFET with nonlinear capacitances and different
values of D;. When D increases, I,,,; decreases for a constant
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Fig. 5. (a) Theoretical amplitude of I,,; versus Vpp; for IREZ24N and

IRF510 MOSFETs with linear and nonlinear capacitances and D; = 0.5.
(b) Variations of I,,1 versus Vpp1 for IRFZ24N MOSFET with nonlinear ca-
pacitances and different values of D .

Vbp1, as shown in Fig. 5(b). It reduces the conversion of dc to
ac power. In addition, Fig. 5(b) shows that when D), increases,
Vbp1 should be increased to have constant [,,1.

The auxiliary circuit satisfies the ZVS condition at switch
turn-on instant

Vs2(2mDsy) = 0. (26)
For the auxiliary circuitin 0 < 6 < 27D,
ics2 = Ipp2 — 92 — icgaz. 27
Substituting (1) and (7) into (27)
dVss _ Ippz — Iy sin (20 + 9) . 28)

do w (Cg2 + Cya2)

Substituting (2) and (3) into (28) and after integration, the
obtained equation is

V52 )1m1
1+ 22 —1
( ‘/bil

Cio2 Vi
+UJ j02 Vbi2 (1+

wCjo1 Vi
1-— mq

Vs2

Voiz

1 —m2
> — 1| + wCx2Vso
1 — My

= Ipp2f + 0.51,,5 (cos (260 + ¢2) — cos (¢2)) - 29)

From (26) and (29), the following equation is obtained:

Ipp227 Dy +0.51,,5 [COS (47TD2 + QDQ) — COS ((,02)] =0.
(30)

In this design, Vpp1 = 11.5V and Dy = D, /2 is selected.
Solving (24) and (25), I,,,1 as a function of D; can be obtained.
I,,2 can be obtained from (21). From (20) and (21), Ipp; is
obtained as follows:

IDDl = Iml [sin ((pl) — 0.5 cos (@1) tan ((,02)] . (31)
From (30) and (21), Ipp2 is calculated as follows:
L1 cos (1)
I = 47D — .
D2 = s () [cos (47 Dy + @2) — cos (p2)]
(32)

Fig. 6(a), (b), (¢), and (d) shows variations of 1,,,1, I,,2, Ipp1,
and Ippo as afunction of D; for IRFZ24N and IRF510 MOSFETs
with linear and nonlinear capacitances, respectively. It is shown
that I,,,1, 1,2, Ipp1, and Ipps decrease when D increases. The

IRFZ24N IRFZ24N
8 =03 m=0 4 =03 |[m=0
~ my=0.5787 | |my=0 . my=0.5787 || my=0
<6 [— 231" il
ZOR\ <
5 - IRF510
3 IRF510 3
84 &
2
0 0
04 045 05 055 06 065 07 04 045 05 055 06 065 07
D] Dy
(© (d
Fig. 6.  Variations of (a) I,,,1, (b) I, 2, (¢) Ipp1,and (d) Ippo versus D for

IRFZ24N and IRF510 MOSFETs with linear and nonlinear parasitic capacitances
in Vppi equalto 11.5 V.

nonlinear capacitances decrease I,,,1, I,,2, Ipp1, and Ippa, as
shown in Fig. 6. They have a lower value with IRF510 MOs-
FET in comparison with IRFZ24N MOSFET. Fig. 6(c) and (d)
shows that as D; increases, the input dc power in the main and
auxiliary circuit decreases. This is because of on-state time of
both main and auxiliary MOSFETs decrease when D; and D,
increase.

From (10) and (18), the waveforms of the switch voltage and
current of the main and auxiliary circuit for IRF510 with non-
linear capacitances and different values of D; are obtained, as
shown in Fig. 7(a)—(d). It can be seen when D, decreases, the
switch peak voltage and current are increased. In all of duty
ratios, ZVS, ZVDS, ZCS, and ZCDS conditions are achieved,
as shown in Fig. 7. The variations of Vppo as a function of
D, for IRF510 and IRFZ24N MOSFETs with linear and nonlin-
ear capacitances are shown in Fig. 7(e). Vpps decreases as Dy
increases. Fig. 7(e) shows, to achieve class-Ey; switching nom-
inal conditions, more Vpp» is needed for IRF510. If nonlinear
capacitances are included in the design, more Vppo should be
applied to the auxiliary circuit, as shown in Fig. 7(e).

Fig. 8 shows the waveforms of Vg; and Vso with constant
I,,1 and Vpp; for IRF510 and IRFZ24N MOSFET with linear
and nonlinear capacitances. Fig. 8(a) shows to have the same
output current Vg, and Vgo have more values in IRF510 in
comparison with IRFZ24N. If nonlinear capacitances are not
included in the design, Vs; and Vg9 have lower values, so they
should be included in the design process. Fig. 8(b) shows that
the maximum switch voltage for IRFZ24N has more value in
comparison with IRF510 at constant Vpp1. Similar to constant
I,,,1 designs in constant Vpp1, Vg1 and Vgo have lower values
when nonlinear capacitances are not included.

Fig. 9(a) shows the equivalent circuit of the presented class-
Eux PA in the first and second harmonics. The fundamental
frequency of Vg, is as follows:

Vsi51(0) = Vigisin (0 + vy, )

where V| ¢, is the amplitude of the main circuit switch voltage
fundamental component and vy, ,, is the phase shift of the

(33)
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Fig. 9. (a) Equivalent circuit of the presented class-Ey; PA in the first and
second harmonics. (b) R. (¢) X. (d) X’ as a function of D for linear and nonlinear
capacitances.

where V7, is the fundamental component of the voltage across
L., which is as follows:
diy
Vi (0) = X— =
12(0) = X
where X is the inductive reactance of L,. V) and ¢y, can be
determined as

X1y cos (04 1) (35)

IRFZ24N
m;=0.3 m=0
my=0.5787 | |my=0
60
Constant I,,,) =1.77 A —
5 ,
/ s,

Voltage
w
S

Constant
Vpp1=11.5V

0 3 Es 3 P n 3n T
4 2 4 2 4
O (rad) O (rad)
(a) (b)
Fig. 8.  Waveforms of Vs and Vgy with (a) constant /,,; and (b) constant

Vpp1 for IRF510 and IRFZ24N MOSFET with linear and nonlinear capacitances.

fundamental component of the main circuit switch voltage with
respect to the input voltage. At the fundamental frequency, the
impedance of the series resonant circuit in the main circuit is
equal to zero, so the switch voltage at this state V; sq is the sum
of the voltage across L, and the output voltage, as shown in
Fig. 9(a). Therefore

Vglfl(@) = RL,,; sin (9 -+ 901) + Vi (0)

= ‘/lfl sin (9+SDVSU'1) (34)

‘/ifl :Iml \/X2+R27 (36)
L, (X
v, =1+ tan”! (E)' (37)
R and X are obtained from (36) and (37) as follows:
Vip?
R = (38)
112;7,1(1 + tan? (‘stul - 901))
2
X — Vlfl tan? (@Vsul _901) (39)

11311(1 +tan2 (SOV51f1 - 901))

Fig. 9(b) and (c) shows R and X as functions of D; for
IRFZ24N and IRF510 MOSFETs with linear and nonlinear ca-
pacitances. It is seen that R increases from D; equal to 0.1-0.61
and decreases from D; equal to 0.61-0.9. In addition, X in-
creases as [); increases.

By KVL in a second harmonic equivalent circuit

—Vsaro + Ve + Vsip2 =0 (40)

where Vgo o and Vg, ro are the second harmonic component of
Vg1 and Vo, respectively. V7, is the second harmonic compo-
nent of the voltage across L., which is given as follows:

VS1f2(9) = Vv1f2 sin (29+90V51f2) (41)

V52f2(0) = Vv2f2 sin (20 =+ 90\/52/2) (42)
i

Vi (0) = X’% = 9X'I,5co8 (20 + p2)  (43)
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Fig. 10.  Output power as a function of Dy at Vpp; = 11.5 V for IRFZ24N

and IRF510 MOSFETs with nonlinear and linear parasitic capacitances.

where Vo and Va9 are the amplitude and vy, ,, and oy, ,,
are the phase shift of the second harmonic component of the
main and auxiliary circuit switch voltage, respectively. By sub-
stituting (41)—(43) into (40)

V2f2 sin (29 + SOVszfz) = V1f2 sin (29 + 50V51f2)

+2X'1,0cos (20 4 3).  (44)
By solving (44)
Pversn = tan~! <%> (45)
where
o =2X"I,,5 cos (¢2) + Viga sin (@vy, ,, ) (46)
f=—2X"I,ysin (p2) + Vigacos (pvg,,,).  (47)

By solving (45), X’ can be obtained. Fig. 9(d) shows X’ as
functions of Dy for IRFZ24N and IRF510 MOSFETs with linear
and nonlinear capacitances. It is seen that X' increases from D
equal to 0.1-0.75 and decreases from D; equal to 0.75-0.9.

Fig. 10 shows output power as a function of D; at Vpp; =
11.5 V for IRFZ24N and IRF510 with nonlinear and linear Cyq;
and Cyg capacitances, respectively. It is seen that the output
power decreases as the duty ratio increases. Fig. 10 shows that
if nonlinear capacitances are included in the design, the out-
put power is decreased. So to design a class-Ey; PA, consider-
ing MOSFET nonlinear gate-to-drain and drain-to-source capac-
itances is very important.

The output power capability is

P
VSI maxiSI max T VSQ maXiSQ max

C, = (48)
where P is the output power with nominal switching condi-
tions. V51 maxs 251 maxs V52 max»> and 759 max are the maximum
switch voltage and current of the main and auxiliary circuits.
From (48)

Vopilopi + Vopalbpe

C, = ‘ : : (49)

r VSIIHH.XZSIIHH.X + VSZmaXZSZmax
V51 maxs V52 max»> 451 max» and 459 may as a function of D; at

constant Vpp; = 11.5V are shown in Fig. 11(a), (b), (c), and

(d). It is seen, they are reduced as D; increases. To use MOSFETS
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Fig. 12.  Cp as afunction of D; at constant Vpp; = 11.5 V.

with lower drain voltage tolerances, it is best to choose a larger
duty ratio. If nonlinear capacitances are not included in the
design process, lower Vg max and Veomax and higher ig1 max
and ig9 1, are obtained.

Fig. 12 shows Cp as a function of Dy . It is seen that Cp has
the highest value at Dy = 0.5 for both IRF510 and IRFZ24N
MOSFETs. It can be understood from Fig. 12 that the class-Ey
PA with IRF510 has higher output power capability with con-
stant Vpp; in comparison with the class-Ey; PA with IRFZ24N
MOSFET.

The power efficiency can be written as (50) which is shown
at the bottom of the next page, where P, and P, are power
losses of dc feed inductances L¢; and Lo, respectively. P o,
and P, , are power losses in on-resistance of main and aux-
iliary MOSFETSs, respectively. Presonancel and Presonance2 are
power losses in main and auxiliary series resonant circuits. They
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are calculated as follows:

1 27
PLCl = % o 7ﬁLmI]Q)Dlda:7‘LC|I]2DD1
=rp, 12 [sin (p1) — 0.5 cos (1) tan (@2)]2
(51)
1 o 2 2 2
Pr., = % o TchlDDZda =TLoy Ippe = ey I
" 0.5 cos (1) (cos (47 Dy + @3) — cos (p2))]
41 D5 cos (p2)
(52)
1 27 ) 2
J—— i do = — I
DS1 o Jo DS1%g1 27 Jo o1 TDSl[ DD1
+ Lo sin (20 + y) — 1,1 sin (0 + ¢1)]?d6
(53)
1 27 1 2
P, =— 2,d0 = —
TDS2 271_/0 DS2%52 I /277D2
X rpsa[Ipp2 — Ima sin (20 4 2)]°d0  (54)
1 27 o )
Presonancel = ﬂ o Tresonancel?1 do = 0~5Tres0nancellm1
(55)
1 27 9
PresonanceQ = % 0 Tresonance?'LQdG = 0~5Tresonance2
2 2 cos (1) ’
ImQ = O-5Tresonanc92[ml W (56)

where the position of 7;esonance 1> Tresonance 2> TLels TLe2> TDS15
and rpgo is shown in Fig. 13. In (50), the MOSFETS’ OFF-state
conduction and gate losses are ignored.

In the presented analysis, it is assumed that MOSFETs work
as a switch, which means they have zero resistance in the on
state. Fig. 14 shows the power efficiency as a function of D; for
IRF510 and IRFZ24N MOSFETs with linear and nonlinear Cyq1
and Cyq2 capacitances, which are calculated with MATLAB. It
is seen that the efficiency with nonlinear capacitances has higher
value in both MOSFETs. Class-Ey; PA with IRF510 has higher
efficiency in comparison with IRFZ24N at constant Vpp1, as
shown in Fig. 14. The output power decreases as D; increases,
as shown in Fig. 9. Fig. 14 shows that the efficiency increases
when D; increases from 0.1 to 0.7 and decreases when D;
increases from 0.7 to 0.9.

When the current ripple ratio is less than 0.1, the dc feed
inductances L and L¢o are given as [1]
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Fig. 13. Position of rresonance 15 Tresonance 2> "Lel»>TLe2, TDS1, and rpga
in the class-Ey; power amplifier.
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Fig. 14.  Efficiency as a function of D; for IRF510 and IRFZ24N MOSFETS

with linear and nonlinear parasitic capacitances.

i TDS1
Leo=—+1 .
C2 <4+>f

where rpg; is the drain-to-source on-state resistance of the MOS-
FET. L; and C of the series filter in the main circuit and L, and
(5 in the auxiliary circuit are calculated as follows:

(58)

1
I= vt 59
of L (60)

- 27T\/ LQCQ ’

Therefore, all elements of the class-Ey; amplifier can be ob-

2
Loy =2 (W_ + 1) E (57) tained when D1, D», f, and Vpp; are specified and the MOSFET
4 f is selected.
0.5R_7,2nl

Ui

B O5RI72n1 + PLcrl + PL(,vz + Pf']_)sl + Prj_)sg + Presonancel + R-esonanceQ

(50)
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TABLE II

SPECIFICATIONS OF THE PROPOSED DESIGNS

MOSFET IRF510 IRFZ24N
Duty ratio D =05 Dy =05
Theoretical ~ Simulated  Measured  Theoretical ~ Simulated  Measured

Do 0.25 0.25 0.25 0.25 0.25 0.25
Ipp1 (A) 1.13 1.13 1.12 1.22 1.29 1.3
Ippa (A) 0.56 0.62 0.6 0.61 0.62 0.63
I, 1 (A) 1.77 1.63 1.61 1.91 1.86 1.86
Lo (A) 1.43 1.26 1.25 1.55 1.41 1.48
Pout (W) 17.42 14.8 14.41 18.8 17.82 17.82
Ppc1 (W) 13 13 12.88 14 14.83 14.9
Ppca (W) 34 3.78 3.66 3.66 3.66 3.72
7 from (50) 99.6% - - 99.6% - -

n 100% 88.2% 87.1% 100% 96.4% 95.7%

(b)

Fig. 15.  (a) Circuit and (b) photograph of the class-Ey; PA with IRFZ24N at
D1 = 0.5. (c) Circuit and (d) photograph of the class-Ey; PA with IRF510 at
Dy =0.5.

IV. SIMULATION AND MEASUREMENT RESULTS

To validate the presented analysis, simulation and experimen-
tal results are presented in this section.

1) Since theoretical analysis shows that the power output
capability has the maximum value at D; = 0.5, two class-
Eyr PAs with IRF510 and IRFZ24N at D; = 0.5 are de-
signed, simulated, and fabricated and their specifications
are compared.

To confirm the analysis of the class-Ey; PA design at
any duty ratio and the duty ratio effects on the amplifier
performance, three class-Ey; PAs with IRFS10 at Dy
0.5, 0.6, and 0.7 are fabricated and measured. The results
are compared with simulated and theoretical results.

To show the effects of the MOSFET nonlinear capacitances,
two class-Ey; PAs with IRFZ24N at Dy = 0.5 with and
without considering MOSFET nonlinear capacitances are
designed, simulated, and fabricated. Then simulated and
measured responses are compared with theoretical results.

2)

3)
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Fig. 16.  Waveforms of the design examples, considering nonlinear drain-to-
source and nonlinear gate-to-drain capacitances. (a) The theoretical expres-
sions, PSpice simulations, and experimental results for IREZ24N at D = 0.5.
(b) The theoretical expressions, PSpice simulations, and experimental results
for IRF510 MOSFET at D = 0.5.

A. Designing Class-Ey; PAs With IRF510 and IRFZ24N at
Dy = 0.5 and Comparison Their Specifications

To validate the presented analysis and compare specifications
of class-Ey; PAs with IRF510 and IRFZ24N, two class-Ey; PAs
with IRF510 and IRFZ24N at D; = 0.5 were designed, sim-
ulated, and fabricated. The fundamental frequency of the pro-
posed class-Ey; PAs was 3.5 MHz. The circuit and photograph
of the fabricated class-Ey; amplifiers are shown in Fig. 15. The
parameters for the proposed circuits are listed in Table II.

DC voltage for the main circuit was 11.5 V for both presented
circuits. The loaded resistance was calculated using (38), which
was equal to 10.3 and 11.2 © for IRFZ24N and IRF510, respec-
tively. L, and L,  for IRFZ24N were calculated from (39) and
(45), respectively, which are equal to —0.0908 and 0.33 pzH. They
are equal to —0.0975 and 0.35 pH for IRF510. Negative value
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Fig. 17. (a) Circuit and (b) theoretical expressions, PSpice simulations, and
experimental results for IRF510 at Dy = 0.5. (c) Circuit and (d) theoreti-
cal expressions, PSpice simulations, and experimental results for IRF510 at
D1 = 0.6. (e) Circuit and (f) theoretical expressions, PSpice simulations, and
experimental results for IRF510 at D1 = 0.7.

for L, means that the series inductive L, should be reduced by
L., in order to obtain ZVS and ZVDS nominal conditions. The
series resonance elements for the main circuit and the auxiliary
circuit were obtained using (6), (59), and (60). The dc feed in-
ductances L¢; and Lgo were calculated using (57) and (58),
respectively. The values of MOSFET on-resistance were obtained
from the PSpice models, which are 0.54 ) for IRFS10 MOSFET
and 0.07 Q for IRFZ24N MOSFET. The applied gate-to-source
voltage is a square wave with the amplitude of 8 and 5 V for
IRF510 and IRFZ24N MOSFETS, respectively.

The theoretical, simulated, and measured efficiencies of the
designed class-Ey; amplifier with IRF510 MOSFET at D; = 0.5
were 99.6%, 88.2%, and 87.1%, respectively. Also, their output
powers were 17.42, 14.8, and 14.41 W, respectively, whereas
these values for the designed class-Ey; amplifier with IRFZ24N
MOSFET at D; = 0.5 were 99.6%, 96.4%, and 95.7%, respec-
tively. Their output powers were 18.8, 17.82, and 17.82 W.
The theoretical results were in good agreement with measured
and simulated results, as shown in Table II. Fig. 16(a) shows

TABLE III
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SPECIFICATIONS OF THE PRESENTED CLASS-Ey; PAs WITH IRF510 AT
Dy = 0.5,0.6, AND 0.7

Parameters Duty ratio  Theoretical ~ Simulated  Measured
Doy Dy =05 0.25 0.25 0.25
Dy =0.6 0.3 0.3 0.3
Dy =0.7 0.35 0.35 0.35
Ippi (A) Dy =05 1.13 1.13 1.12
Dy =0.6 0.24 0.25 0.24
Dy =0.7 0.05 0.053 0.054
Ippa (A) Dy =0.5 0.56 0.62 0.6
Dy =0.6 0.15 0.16 0.16
Dy =0.7 0.04 0.041 0.042
I (A) Dy =05 1.77 1.63 1.61
Dy =0.6 0.45 0.43 0.42
Dy =0.7 0.326 0.33 0.33
Iz (A) Dy =05 1.43 1.26 1.25
D; =0.6 0.63 0.6 0.58
Dy =0.7 0.332 0.36 0.33
Pout (W) Dy =05 17.42 14.8 14.41
Dy =0.6 3.9 3.56 34
D, =0.7 0.73 0.746 0.746
Ppc1 (W) Dy =05 13 13 12.88
Dy =0.6 2.7 29 2.8
Dy =0.7 0.57 0.61 0.621
Ppca (W) Dy =05 34 3.78 3.66
D; =0.6 0.66 0.7 0.7
Dy =0.7 0.13 0.13 0.13
n from (50) D; =0.5 99.6% - -
Dy =0.6 100% - -
D, =0.7 100% - -
n D; =05 100% 88.2% 87.1%
Dy =0.6 100% 98.8% 97.1%
Dy =0.7 100% 100% 99.3%
TABLE IV

COMPARISON BETWEEN THE PRESENTED CIRCUITS WITH THE REFERENCES

Ref. Class MOSFET  rpg Dy Po (W) n (%)
€2)
[25] Class-Epp IRFZ24N  0.07 0.5 14 95.6
0.5 14.2 95
[22] Class-Epp IRFZ24N  0.07 0.5 14.1 94.4
[21] Class-Epp IRFZ24N  0.07 0.5 13.23 89.6
The Class-Eyg IRF510 0.54 05 14.41 87.1
proposed 0.6 34 97.1
circuits 0.7 0.746 99.3
IRFZ24N  0.07 0.5 17.82 95.7

the obtained waveforms from theoretical expressions, PSpice
simulations, and circuit experiments for the designed class-Ey;
amplifier with IRFZ24N MOSFET and D; = 0.5. The switch-
voltage waveforms of the both PSpice simulations and circuit
experiments satisfied the class-E ZVS/ZVDS conditions and
agreed with the theoretical waveforms.

Fig. 16(b) shows the obtained waveforms from theoreti-
cal expressions, PSpice simulations, and circuit experiments
for the designed class-Ey; amplifier with IRF510 MOSFET at
D; = 0.5. Simulation and theoretical results were done using
PSpice and MATLAB, respectively. The theoretical results and
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TABLE V

MOSFET IRFZ24N IRFZ24N

Duty ratio Dy =0.5 D; =05

MOSFET Capacitances Assume capacitances are linear Assume capacitances are nonlinear

Theoretical ~ Simulated ~ Measured  Theoretical ~ Simulated = Measured

Do 0.25 0.25 0.25 0.25 0.25 0.25
Ipp1 (A) 1.91 1.76 1.8 1.22 1.29 1.3
Ippa (A) 0.95 0.64 0.7 0.61 0.62 0.63
In1 (A) 3 2.5 2.4 1.91 1.86 1.86
Lo (A) 243 1.11 0.9 1.55 1.41 1.48
Py (W) 29.2 20.3 18.72 18.8 17.82 17.82
Ppc1 (W) 21.96 20.24 20.7 14 14.83 14.9
Ppca (W) 5.13 3.45 3.78 3.66 3.66 3.72
7 from (50) 99.5% - - 99.6% - -

n 100% 85% 76.5% 100% 96.4% 95.7%

Design with assuming MOSFET
capacitances are linear

C= Lx=
689.26pF| -0.056 ull
|

Ic

Design with assuming MOSFET
capacitances are nonlinear
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Fig. 18.  (a)Circuit and theoretical expressions, PSpice simulations, and exper-
imental results for IREZ24N at D = 0.5 considering nonlinear drain-to-source
and nonlinear gate-to-drain capacitances. (b) Circuit and theoretical expressions,
PSpice simulations, and experimental results for IRFZ24N at D; = 0.5 con-
sidering linear drain-to-source and linear gate-to-drain capacitances.

PSpice simulations agreed with experimental results. The effi-
ciency for the presented class-Ey; PA with IRFZ24N MOSFET
was higher than the class-Ey; PA with IRF510 MOSFET. This
is because of lower on-resistance of IRFZ24N MOSFET, which
is 0.07 © in comparison with on-resistance of IRF510 MOS-
FET, which is 0.54 ). The accuracy of the theoretical results
for IRFZ24N was better because in the theoretical analysis it
was assumed that MOSFETs operate like a switch. It means that
they have zero resistance in the on-state, since the on-state resis-
tance of IRFZ24N is closer to zero so the theoretical results are
more accurate for the class-Ey; PA with IRFZ24N. The output

power for the class-Ey; PA with IRFZ24N MOSFET was more
than IRF510 MOSFET.

B. Class-Ey; PA Design at Any Duty Ratio and Duty Ratio
Effects

To validate the analysis, three class-Ey; PAs with IRF510 at
D, =0.5,0.6, and 0.7 were designed, simulated, and fabricated
as examples. Fig. 17 shows their circuits with elements value and
theoretical expressions, PSpice simulations, and experimental
results of the design examples, considering nonlinear drain-to-
source and nonlinear gate-to-drain capacitances. DC voltage for
the main circuit was 11.5 V for all three presented circuits.
The loaded resistances were calculated using (38), which were
equal to 11.2, 38.5 €, and 13.7 €2, respectively. L, and L,
were calculated from (39) and (45), which were equal to —
0.0975 and 0.35 pH for D; = 0.5, they were equal to 0.925
and 0.67 pH for D; = 0.6, and they were equal to 2.42 and
0.92 ©H for Dy = 0.7. The series resonance elements for the
main circuit and the auxiliary circuit were obtained using (6),
(59), and (60). The dc feed inductances Loy and Lo were
calculated using (57) and (58), respectively. The applied gate-
to-source voltage was a square wave with the amplitude of 8 V.
Table III shows specifications for the design examples. The
theoretical, simulated, and measured efficiencies, and output
power of the designed class-Ey; amplifiers with IRF510 MOSFET
at Dy = 0.52 were 99.6% with 17.42 W, 88.2% with 14.8 W, and
87.1% with 14.41 W, respectively, whereas these values were
100% with 3.9 W, 98.8% with 3.56 W, and 97.1% with 3.4 W
for the designed class-Ey; amplifier at D; = 0.6 and were 100%
with 0.73 W, 100% with 0.748 W, and 99.3% with 0.746 W for
the designed class-Ey; amplifier at D; = 0.7. The theoretical
results show that the efficiency is increased when D increases
from 0.1 to 0.7 and decreased when D; increases from 0.7 to
0.9, as shown in Fig. 14. The simulated and measured results
confirm the theoretical results.

Table I'V shows the comparison between the presented circuits
with those given in references. The efficiency for the presented
class-Ey; PA with IRFZ24N MOSFET is higher than the class-Ey;
PA with IRF510 MOSFET. In overall, it is seen that the proposed
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circuit has better efficiency and output power with respect to
those in the references.

C. Effect of the Nonlinear Capacitances

To show the nonlinearity effects, two class-Ey; PAs with
IRFZ24N at the duty ratio equal to 0.5 with and without con-
sidering the MOSFET nonlinear capacitances were designed, as
shown in Fig. 18. Also, theoretical, simulated, and measured
results for the presented circuits are shown in Fig. 18. Their
specifications are shown in Table V. It is seen in the theoreti-
cal results that both ZVS and ZVDS conditions were satisfied
in both circuits, but in the simulated and measured results the
switching conditions are achieved just in the design with con-
sidered nonlinear MOSFET capacitances. The switches voltage of
the design with assumed linear MOSFET capacitances has jump
that creates overlap between the voltage and current waveforms,
which results in a power conversion efficiency decrement. This
shows the impact of considering nonlinearity.

V. CONCLUSION

In this paper, the analysis of the class-Ey; PA considering
the drain-to-source and gate-to-drain capacitances as nonlinear
capacitances at any duty ratio has been presented. It has been
shown that the nonlinear capacitances increase the switch peak
voltage and efficiency, but decrease output power. Also, the duty
ratio increment decreases the switch peak voltage, current, and
output power, but it increases efficiency in 0.1-0.7 duty ratio
range. The output power capability has been calculated versus
of the duty ratio. The highest value of the output power capabil-
ity has been obtained at the duty ratio equal to 0.5. It has been
shown that the presented theoretical analysis is more accurate
for MOSFETs with lower on-state resistance. Eventually, to val-
idate the presented analysis, five sample designs with IRF510
and IRFZ24N MOSFETs at 3.5 MHz fundamental frequency have
been presented. The agreement between theoretical, simulation,
and experimental results was very good. It is seen that the pro-
posed work has better efficiency and output power with respect
to those in references.
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