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Analysis of Class-DE PA Using MOSFET Devices
With Non-Equally Grading Coefficient

Ali Lotfi

, Akihiko Katsuki™', Member, IEEE, Fujio Kurokawa™, Fellow, IEEE,

Hiroo Sekiya™, Senior Member, IEEE, Marian K. Kazimierczuk™, Fellow, IEEE,

and Frede Blaabjerg

Abstract—The design and analysis of a new operation-mode
of the class-DE power amplifier (PA) using two MOSFETSs with
the non-equal grading coefficient is introduced. The PA uses the
optimum shunt capacitance for each MOSFET to achieve zero
voltage switching (ZVS) condition and wide range for the load-
resistance point of view. As compared with the conventional class-
DE PA, this configuration has low value of the series inductance
that is reduced the power dissipation. A design procedure with
intuitive curves is obtained that are implemented using a different
grading coefficient for two MOSFETSs. These criteria prepared
an effective approach regardless of the fixed shunt capacitance
for achieving ZVS condition. The desired operation of the class-
DE PA is guaranteed by converging of design parameters and
required output power. Moreover, non-similar switches provide
reduced switch power dissipations and the number of the driving
circuit PA. The simulation and experiment results are approved
by implementing the outlined theoretical relationships for a
fabricated class-DE PA at 4-MHz switching frequency and
obtained 12.1-W output power.

Index Terms— Class-DE power amplifier, switch stress, zero
voltage switching (ZVS), zero-derivative switching (ZDS), loaded-
quality factor, high efficiency, load-resistance.

I. INTRODUCTION

HE class-DE Power Amplifier (PA) is a developed config-

uration of a class-D PA topology based on the satisfaction
of the class-E nominal conditions, i.e., both zero-voltage
switching (ZVS) and zero-derivative switching (ZDS) condi-
tions simultaneously. This operation-mode is obtained using
a parallel capacitance to each switch device in the class-D
PA configuration [1]-[3]. The active device, i.e., transistor
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operation-mode with the switching characteristic makes zero-
power dissipation and theoretically 100% power conversion
efficiency. The class-DE operation-mode is one of an efficient
way to satisfy the critical requirements of high-efficiency
power amplifiers (PAs) for high-speed wireless communication
systems [4]-[6]. The energy consumption in the transmitter
is nominated by the function of the PA module. Therefore,
the class-DE PA family has been capable to create an effec-
tive design environment in high-efficiency and high-frequency
power converters. The effect of two parallel capacitances
between the drain and the source of the MOSFETSs is nomi-
nated with the increment of the operating frequency [7]-[10].
The accurate tuning of parallel capacitances is the main critical
procedure to satisfy the class-E conditions. The required shunt
capacitance is achieved by adding a linear external capacitance
with two MOSFETs. On the other hand, the MOSFET drain-
source parasitic capacitance is a nonlinear element, which has
considerably valued as the operating frequency is increased.
The conventional class-DE operation-mode is designed
using two similar MOSFETs with equal grading coefficient m
of the MOSFET body junction diode [11]-[14]. In this case,
the required shunt capacitance is fixed to satisfy both ZVS
and ZDS conditions. The main design study for the class-DE
PA is done with the linear parallel capacitance using some
assumptions to obtain the circuit components value under the
fixed duty ratio 0.25 for same two switches [15]-[17]. These
design equations obtained the steady-state response for both
switch and output waveforms that are limited with the design
specifications such as dc-supply voltage, output power, and
load-resistance. However, the adjustments of design parame-
ters and optimization of components value are impossible to
obtain desired load resistance with a proper degree of the
design freedom [18]-[20]. Although these restrictions can be
solved by inserting the linear external parallel capacitance,
but this design approach needs to tune with an accurate
value of these components using a complicated procedure.
In [21] and [22], two types of the class-DE PA configuration
with a linear external and nonlinear parasitic capacitance in
parallel configuration with two same MOSFETSs devices are
defined. In this configuration, the required parallel capac-
itances become considerable as the operating frequency is
raised. The parasitic capacitance has a nonlinear function in
terms of the grading coefficient m for the MOSFET body
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junction diode. Therefore, several design researches have been
studied with same MOSFETs as switching device from an
equal grading coefficient m for the MOSFET body junction
diode point of view [18]-[23]. This phenomenon becomes a
determinative parameter when two MOSFETSs are similar by
cumulative function for two equal grading coefficients.

The main limitation case for implementing of the clas-
sical class-DE PA is subject to restricted load-resistance.
The directly effect of the loaded-quality factor to design of
the inductor for the series-resonant filter leads to its large
value. Consequently, the power dissipation is raised con-
siderably. On the other hand, both the maximum operating
frequency and load-resistance related to output power are
determined by the required parallel capacitance, which leads
to a design forced area for using two MOFETs with a
large output capacitance and same grading coefficient m. The
charge or discharge time of the dead-time intervals for the
class-DE PA is determined by adjusting the required parallel
capacitances. This case gives high resistive power-dissipation
at high-frequency operation. Although, a one possible solution
is the variation of the input signal duty ratio [24]-[26], but
same MOSFETs required a high-quality factor that leads
to non-sinusoidal output waveform and power dissipations.
However, the outstanding advantage of the class-DE PA is the
implementation of the parasitic capacitance under ZVS and
ZDS conditions. This important specification is considerably
disturbed when two MOSFETs are same as increasing the
switching operation frequency. The ratio of the voltage across
the output inductor to the dc-supply voltage is described
in terms of the nonlinear parallel capacitance and grading
coefficient m for each MOSET. The discrete MOSFETSs prod-
ucts have a fixed grading coefficient m. However, obtaining
an efficient class-DE PA operation would need a specific
MOSFET with having a required parasitic capacitance and
grading coefficient m. The combination of two MOSFETSs
with a different grading coefficient m as a switching device,
prepared a widely design area to tune the required parallel
capacitance. Therefore, the theory and design approach for the
class-DE PA with a nonlinear parallel capacitance using dif-
ferent MOSFETs effectively governs the PA operation that is
unknown yet.

This paper introduced a new operation-mode for the class-
DE PA with two non-similar switching devices. The soft-
switching performance of the proposed PA with a low value
of the inductor for series resonant filter results in lower power
dissipation than the conventional one. Moreover, the imple-
mentation of the grading coefficient m of two MOSFETSs
body junction diode as tuning parameter causes the absorption
of the parallel capacitance without any change in the circuit
topology.

II. PRINCIPLE OPERATION OF CIRCUIT CONFIGURATION
A. Circuit Description

The primary configuration of the class-DE PA with only
nonlinear parallel capacitance with switching devices depicted
in Fig. 1. To obtain the theoretical operation of the PA, it is
assumed that the class-E ZVS and ZDS conditions for switch
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(b)

Fig. 1. Class-DE PA arrangement with a nonlinear parallel capacitance.
(a) Basic circuit topology. (b) Idealized equivalent circuit.

Fig. 2. Class-DE PA operation mode for each interval. (a) 0 < 6 < 7 /2.
b r/2<0<m.(c)mr <0 <3n/2. (d)3r/2 <0 <2m.

S1 and S at the switching instant are satisfied as

dvg1 (0)
v5127) = 0, ——= =0, (1)
' do 0=2r
dvsr (0
v2(z) = 0, ;T() =0 @)

where vs1 and o5y denote the switch voltage for S; and S»,
respectively. Also, the elements of the circuit are dc-supply
voltage Vpp, a series resonant-filter L-C, and a load-
network R. Two non-similar MOSFETs with non-equal
grading coefficient m are implemented as the switching
elements while only nonlinear parallel parasitic capacitances
a Cs1 and Cyo. Note that the duty ratio of the class-DE
PA operation is 0.25. All switching and passive compo-
nents are assumed as zero-parasitic resistances. Therefore, the
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TABLE I
Ql PARAMETERS OF THE POWER MOSFETS
S0 m Vi (V) Cio(pF) (9]
Q | 2SK2504 0.0682 0.8 217 0.1
2 IRFZ24N 03 051 297 0.07
IRF530 0.5 0.8 1151 0.16
>0
/
14 . . . .
Vil / bb The loaded quality factor in (6) is assumed to be high enough,
A AN 9

il /_z
sl : I,

AN
/7
i 1,/2 |_\ i S0
Cs1 L2 /7
A
v ot
s2
r Voo
is 2
. L) 1N
Icsa 1.2 . 7 0
: : / Vm T 1

N
/!
0 Mode-1 7[/2 Mode-2 7 Mode-3 372-/2 Mode-4 27

Fig. 3. Operation-mode waveforms of the class-DE PA, Q1 and Q5 are the
input signals for the control of S; and §;, respectively.

equivalent circuit operation is obtained as depicted in Fig. 1(b).
The circuit schematic operation-modes and waveforms of the
class-DE PA are depicted in Fig. 2 and 3, respectively.

The class-DE PA operates in four modes, and the equivalent
circuit for each operating mode is shown in Fig. 2. The steady-
state analysis is performed in the interval 0 < 6 < 2.
The general expression between the dc-supply voltage and
switching voltage is

Usl(e) —1— 1)32(6). (3)
Vbp Vbp
1) Mode [0,7/2): This operation mode is shown

in Fig. 2(a). This mode is started from & = 0 by turning
the switch S; on and turning the switch Sy off. The switch
voltages in this interval are in fixed values as

v51(0) =0, and v52(0) = Vpp. 4)

Due to the constant value of two switches voltage, the current
through the shunt capacitances and S is

ics1(0) =ics2(0) = is2(0) = 0. (5

Generally, the loaded quality factor for the output resonant

filter can be determined as

ol
0= R (6)

and the output current is purely sinusoidal that is expressed as
. Vin .
i0(0) = Ly sin(@ + ) = ?m sin(6 + ), (7)

It can be concluded from (5) and (7) that the switching current
in S; is given by
is1(0) = —1I, sin(0 + ¢). (8)

The slope of the switch voltage vy at dead-time intervals is
expressed as

dvs1(0) _ Imsin( +¢) ©)
do (&) (Cdsl + CdsZ) ’
where Cy51 and Cygo are expressed as
Cjol Cjo
Cist = ——gr ==, (10)
(rrom) (e mee)
and
Cin Cjn
Casr = = = s (D)
(o) ()

respectively. In (10) and (11), Vj; is the built-in potential,
whose typical value is in the region from 0.5 to 0.9 V for
silicon MOSFETs, v; is the voltage between the drain and
source, Cjo is the junction capacitance at vy = 0, and m is
the grading coefficient of a body junction diode. This analysis
is performed with only MOSFET nonlinear drain-source par-
asitic capacitance as parallel capacitances for two non-similar
switches. The output capacitances of three MOSFETSs are
plotted in Fig. 4 in terms of the switching voltage normalized
by the dc-supply voltage. It can be seen from this figure that
the value of capacitance depends on the grading coefficient
m where the choice of each switch infused this parameter.
As it can be realized from (9), the total of Cgs1 and Cyso
individualized the slope of the switch voltage. Three types
of power MOSFETs with distinguished different parameters
are summarized in Table I [27], [28], to perceive non-similar
switching devices in the proposed class-DE PA operation.

The summarized output capacitance with the combination
of each type of MOSFET is depicted in Fig. 5. It can be
observed that the total required parallel capacitance can be
tuned by varying of the grading coefficient m. In the similar
two switches case, the total parallel capacitance is decreased
as the increment of the grading coefficient. On the other
hand, in non-similar case, this value can be adjusted by the
combination of each type of MOSFETs without any external
circuit tuning. Moreover, the value of this capacitance is
considerably increased. This case proved the effectiveness of
this approach and the analytical expression relationships.
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Fig. 4. The normalized drain-source capacitance Cgs51/C jo1 (sold-line) and
Cys52/C o2 (dash-line) on terms of the normalized switch voltage vy1/Vpp
for Vpp = 20V with m = 0.0682, 0.3 and 0.5.

2.5

S1: 2SK2504 S1: IRFZ24N _ |S1: 2SK2504 Si: IRF530
S2: IRFZ24N €752 2SK2504 S>: IRF530 s 2SK2504_A_
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SIIRFZ24N -

‘m:o— 3 IRF530-4-

0 1 1 1 1 1 1 1 1 1
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Fig. 5. The total normalized drain-source capacitance Cgy1/Cjo1 +
Cys2/Cjoz in terms of the normalized switch voltage vs1/Vpp for Vpp =
20V for two different switches, similar switches and linear capacitance m = 0.

From (4) and the class-E ZDS condition for vg; in (1),
two values for ¢ is obtained as 0 and z. The amplitude of
the output current I, is consider as positive values, which is
given as

p=r. (12)

2) Mode[r /2, m): At this mode, the voltage across the
switch S| reaches Vpp and the switch S> becomes zero. Two

switches are in the off-state, and currents through switches are
determined as

isl(e) = isZ(e) = 0. (13)

From (9), (12) and o4 (0 =7 /2) = Vpp, the integrally
relationship for the current is

Cjol Cin

Vg2
w/ ( o + i )dvl, =
Vbp (1_’.%)1 (1+%)2
0
—/ L, sin(@)d0'.  (14)
7
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The solution of (14) is derived as

~ VbirwCjo 1+ Vop — 052} ™! . ViinooC jn
1 —m Vit 1 —my
1—my 1—my
Us2 Vbp
x| {1+ -1+ —) = I, cos(0)
( VbiZ) ( Vbiz "
(15)

Applying vs2 () = 0 to (15), the amplitude of output current
can be calculated as

VyirwCj Vop)' ™™
- pi1wC ot (l—l— DD) _1
I —my Vil
Vo 1 —my C; Vop '™
~ Vi my Cjo2 1_(1+ DD) (16)
Vii1t 1 —ma Cjot Vii2
By substituting (16) into (15), we have
(1 L s VDD)I_ml | Vel —m
Vob Viii Vi1t 1 —ma
C: Vi Vi 1-m» Vi 1-m»
. G (H— DD Vsl DD) _(1+ DD)
Cjol Vbiz Vpp Viiz Vbia
Vi 1—m Viin 1 —
(1+ DD) | lom
Vbil Vi1t 1 —ma
—m» cos(0)=0.
Cjo2 Vbp
2 (14222
Cjor Vpiz
(17)

3) Mode|r,3x /2): During this mode, the switch S, is in
the on-state. The average value of the supply current flowing
from the dc-voltage source Vpp is the dc-supply current Ipp
that is analytically obtained from

1 27 1 27
Ip = — {isg(H’)—l—icsz(H/)}dH/ = —/ is2(0))do’
27 Jo 2z Jo
1 r37/2 1 372 I
= — ' H’d(?/:—/ Ly sin(@)d0' = ™.
27r/,r i5200) 27 Jr m sin(@) 2w
(18)
By substituting (15) into (18), the dc-supply current can be
written as
VpitoC; Vop)' ™™
Iop — biroCjor (l—l— DD) _1
2 (1 —my) Vil
Viin 1 —my C; Vbp)' "™
~ Wiz 1 =m1 Cjon 1—(1+ DD) 19
Vi1 1 —ma Cjor Viiz

4) Mode [37 /2,2r): This mode begins with the turning
S> off. By this state, the switch S; voltage reached from zero
to the dc-supply voltage value. Since the parallel capacitor of
the switch S7 is charged, the accurate tuning of this capacitor
is very important for obtaining the maximum operating fre-
quency. The next cycle of class-DE operation is started when
the first switch voltage becomes zero.
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——
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VDD /Vbi

Fig. 6. @CjoiR in terms of normalized dc-supply voltage Vpp/Vp;-

III. POWER CONVERSION CONSIDERATIONS

The output power P,,; is obtained from (16) as

RIZ R (VpiiwCior\° Voo ™™
Py = —m -2 Thit®wtjory 14 -PD 1
2 2 1 —my Vit
B 2
Viio 1 —my Cjoa Vop\' "™
— | 1—-({1+ .
Viiz

Vpir 1 —m2 Cjoy

(20)
The dc-supply power P;, from (18) and (19) is
Vbp Vhi1wC o1 Vop)' ™"
P, = Vpplpp = ——mm— 1+ —1
in DDIDD o (1 — ml) Vil
Vbia 1 —my Cj Vop)' "™
_ Vel =mi Gjo || (1 n DD) 21
Vit 1 —m2 Cjor Viiz

Based on no parasitic resistance assumption, the power loss
in the circuit is zero that it can be performed 100% power
conversion efficiency. Therefore, P;, input power is equal to
P, output power, which is expressed as

\% 1 —
wRCjo1 = DD(iml)X”:(l—i-

Vit T

Vpio 1=m1 Cj2 »

(22)
Vpirt 1=ma Cjo1
Fig. 6 depicts wCjo1R in terms of the dc-supply voltage
for the combination of difference MOSFETs and the linear
parallel capacitance m = 0 case. The dc-supply voltage is quite
important for power consumption calculation and the switch
device selection for the allowable peak switch voltage of the
MOSFET point of view. This graph illustrates the value of the
load-resistance with non-similar MOSFET is higher than that
with similar MOSFET. With regards to the increment of the
dc-supply voltage, the value of m is an adjustment variable to
control of power dissipations with the desired load-resistance.
The voltage vy (@) across the resonant inductance L is
expressed as

vr (0) = Vi (—cosb), (23)

0.53 T T T T T T

S1:2SK2504 Si: IRFZ24N Si: 2SK2504 Si: IRF530
2 0.525 | S+ IRFZ24N 952 2SK2504 BH5, IRF330 Y |S»: SK2504 1

)

j02

e
n
©
T
1

[=4

h

=h
T

Vbiz,m,,mz,CjO,,C
o
h
—
wn

0.505

4
DD ’I bil>

°©
th

N 0.495F
S—

‘m=0—

3 25K2504 -8 [SIRFZ24N -3 RP530-

0.49 . A : i ; A . ,
0 5 10 15 20 25 30 35 40 45 50
VoV oo

Fig. 7. The normalized across the resonant inductance L with Vpp in terms
of normalized switch-voltage.

where Vj is
VL = CULIm. (24)

On the other hand, from (12) and (23), the output voltage
v, (0) is

vy (0) = Vyy (—sinf), (25)
where V| is
Vin = RI,. (26)
From (24) and (25) we have
“j—:’ = % (27)

From the Fourier analysis, the magnitude of V; normalized
with respect to the dc-supply voltage, i.e., Vpp is obtained as

Vv 1 27
L2 / 2L (') (= cos0') o). (28)
Vbob 7 .Jo Vpp

It is seen from (28) that it is obtained in terms of (1 — m2)/
(I —m1), Vbo/Veit, Vpp/Veiz, Vbi2/Veit and  Cjo2/Cjot,
which is a complex integrally equation. This cannot be solved
using the analytically method, which has a numerically solu-
tion. Therefore, the analytical expression for A(Vpp, Vpii,

Vpiz, m1, ma, Cjo1, Cjo2) is expressed as

A (Vop, Viit, Vpiz, mi, ma, Cjor, Cjo2)
2
= / D (9) (= cos0) o = VE
o Vop Vbp
Fig. 7 shows the normalized voltage across the series inductor
with respect to the dc-supply voltage. It can be seen that this
voltage is increased with the combination of difference grading
coefficient m of the switch device for both nonlinear parallel
capacitance and linear one. The discursive performance proved
the wide design range to appear the voltage across the series
inductor for reducing of power dissipations that was to be
neglected to do factuality in a previously analysis.
From (18) and (19), the relation between the dc-supply
voltage and the amplitude of the output voltage is obtained as
Vin 1

=—. 30
Voo % (30)

(29)
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Fig. 8. The normalized switch voltage vs1/Vpp for two different MOSFETs
with non-equal grading coefficient of a body junction diode.

Therefore, the output power is

Viln _ Vo _ Vip
Poyy = 20 = 2 — . 31
out 2 2R~ 272R 31
By equating two sides of (21) and (30), we have
Voo Vi1 Cj Vop)' ™™
& Voo Vei1 Cjor (1 n DD) _1
2(1 —my) Vit

Viiz 1 —my C; Vop)' ™" 1
_ Vein 1=m1 Cjoa |, (l—l— DD) L

Vpir 1=m2 Cjor Vbio 27

From (32), the equivalent linear capacitance of the nonlinear
MOSFET drain-source parasitic capacitance is obtained to
satisfy the class-E ZVS and ZDS conditions with non-similar
MOSFETs, which is expressed as

X ”:(1 +
Vo 1 —my C; Vob\! ™"

~ Wbz 1 =mi Cjoa 1—(1+ DD) (33)
Vpir 1 —ma Cjoy Vpiz

It can be concluded from (33) that the equivalent capaci-
tance is depended on the intrinsically characteristics of each
type of MOSFETs. When in the non-similar switches, two
switches are soft to actualize ZVS, while in the similar case,
this condition is restricted.

As shown in Fig. 8, the switch-voltage waveform with the
two different types of MOSFETs is considerably distinguished
from the similar two MOSFETS case. It can be concluded that
the slope of switch voltage is increased while this difference
become more considerable with the increment of the grad-
ing coefficient m of two MOSFETs. In similar-switch case,
the satisfaction of ZVS condition is deviated due to affect of
grading coefficient m. Moreover, non-similar switches provide
reduced switch power dissipations and the number of the
driving circuit and increasing the stability of PA. These are
a major result and reason to perform the analysis in this new

topology.

Vop Vi1 Cjoi
2(1—my)

Coq =

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS

IV. GUIDELINE RELATIONSHIPS FOR ELEMENTS VALUE

As can be concluded from (22), the maximum operation
frequency f = finax 1s expressed as

Vop (1 — Vop)' ™"

Voo U=my) (1 n 2) 1

Vpi1 2= RC o Vi

-1
Viio 1 —m C; Vop)' "2
~ Vi my Cjon 1—(1+ DD) G4
Vpir 1 —m2 Cjoy Vpiz
The response of (34) is depicted in Fig. 6. It is shown

while the grading coefficient m is equal for two switches the
maximum frequency is lower than when are similar. Therefore,
this case gives wide design range to operate the class-DE PA

with the desired operation frequency as design specification.
The load resistance can be calculated from (31) and (22) as

V2 Voo (1— Vop ! ™™
R=_DD__ DD (2m1) o (l—l— DD) 4
2 Poyr  Vpi1 2m* f Cjo1 Vit
Viiz 1 —my Cjo2 Vop)' "™ -
- —L=11- (1 + ) . (35)
Vit 1 —m2 Cjon Viiz
The definition of the loaded quality factor Q is used to

calculate the total value for the inductor in the series load
network as

fmax =

L= 2R _OR

o 2xf’ (36)
By substituting (30) and (29) into (27), we have
AR
e (37)

The value of L, is the subtracted (37) from (36) results that
is obtained as

(Q-A)R
2 f

As given in Fig. 1, the series load network operates in the
resonant mode as

L,=L—-L,= (38)

1
B 27/LC'

Therefore, from (38) and (39), the value of capacitance in
the series load network can be written by
c 1

S 2nf(Q—-AR’

Fig. 9 plots the value of capacitance Co in the series load
network as a function of the loaded quality factor Q. It is seen
from this figure that the required value of Cy is decreased in
two same switches case while higher grading coefficient m are
used. On the other hand, the combination of two non-similar
MOSFETs with difference m prepared a design range to adjust
the value of Cp for reducing of the out power dissipations.
Fig. 10 shows how Cjo changes with Q. The variation of
Cjo with sets of the grading coefficient m in terms of the
quality factor Q prepared a design adjustment parameter to
be done the tune of class-DE PA for satisfying both Q and m
simultaneously. It can be concluded from Figs. 9 and 10
that lowering the grading coefficient m for a given capacitor

S (39)

(40)
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The ratio of output capacitance C in terms of the loaded-quality
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Fig. 10. The ratio of output capacitance C g in terms of the loaded-quality
factor Q.

and minimizes the reduction quality factor and the output
capacitance drop, respectively, while maximizing the total ratio
of output Cjo.

V. EXPERIMENTAL VERIFICATION

The justification of theoretical analysis for the proposed
class-DE PA with two non-similar MOSFETs as switching
elements is designed and implemented with a prototype circuit
in operating frequency f = 4 MHz, output power P, =
11.5 W, loaded quality factor Q = 10, and the dc-supply
voltage Vpp = 40 V. Fig. 11 shows the normalized P, in
terms of Vpp/ 272 f for four combinations of non-similar two
types of MOSFETSs with different grading coefficient m and
similar ones that is obtained from (35). It can be seen from
these plots that only the combination two grading coefficient
as m = 0.0682 and 0.5 satisfied the given design parameters
such as output power and dc-supply voltage simultaneously.
Therefore, IRF530 and 2SK2504 are selected as the switch
S1 and S», respectively. From Table I the built-in potential
for two MOSFETs is specified as Vp; = 0.8. Consequently,
we had Vpp/Vpi1 = 50. From (22), we obtained wCjoiR =
3.796. Hence, the load resistance is 1.76 Q.

Following the design equations in Section IV, the pas-
sive components are obtained as introduced in Table II.

25— . : . : :
Si: 2SK2504 | [m=0 —
52 IREZ24N "9 I35
20 S e e
L 2 S .
S 2SK2504 o | S 24N %
S>: IRF530 S':IRF530 A
S1:IRF530 _a_| [S2:
15h 21 2SK2504

Pout

10+

5 6 7
(Vo0 /27°f )x1077

Fig. 11. P, in terms of Vpp /27r2 f for four combinations of MOSFETSs and
linear parallel capacitance m = 0.

TABLE 1I

COMPONENT LIST AND PERFORMANCE DESCRIPTION FOR THE CIRCUIT
DESIGN EXAMPLE: THEORETICAL, PSPICE, AND MEASUREMENTS

Theoretical Simulated ~ Measured  Difference
R(Q) 1.76 1.76 1.1 0.37 %
D 0.5 0.5 0.5 0.00 %
Voo (V) 40 40 40 0.00 %
f(MHz) 4.0 4.0 4.0 0.00 %
Vs (V) 40 40 39.8 -0.5 %
Ipp (A) 0.287 0.28 0.278 -0.71 %
Ly (uH) 3.22 3.12 2.95 0.05 %
Cy (pF) 206 203 194 0.04 %
r(Q) 0.1 0.1 - -
ric (Q) 0.13 0.11 - -
Pc (W) 0.1 0.1 - -
P, (W) 11.5 11.8 12.1 -0.02 %
THD 0.00 % 422% 45% -
n 97.8 % 96.2 % 95.1 % -0.01 %

Fig. 12.  The photograph of the fabricated proposed class-DE PA with two
MOSFETs as IRF530 and 2SK2504.

Fig. 12 shows the photograph of the fabricated class-DE PA.
The voltage and current of the implemented class-DE PA are
measured by a 34401A Digital Multimeter, which is used for
the power losses measurements in all passive components.
Figure 13 presents the waveforms obtained from theoretical
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Fig. 13. Input, switching and output waveforms of the implemented class-DE
PA. (a) Theoretical (dash-line), Simulation (solid-line). (b) Experimental.

expressions, PSpice simulations, and circuit experiments for
the circuit design example, which indicate the validity of the
analytical expressions. The input square waveform is generated
by a function generator Stanford Research DS345 with the
amplitude of 5 V and 0 V offsets at operating frequency as
4 MHz. The power gain is calculated by

P,

G =10logi;p{ — ), 41
P in

where P;, and P,,, are the input and output power, respec-

tively. Also, the total harmonic distortion (THD) is

00
2 Vo
n=2

THD =——7—,

Vo1 (42

where V,, is a root-mean-square value of the n™ harmonic
in the output voltage v,. Table II gives the measurement
summarized results along with the PSpice-simulation and the
theoretical predictions for the circuit design example. The
steady-state switch voltage across S; and S> equals to near
40 V that matches with above the initiated design parameters.
As it can be observed, two switch devices satisfied ZVS and
ZDS conditions simultaneously. The obtained measured output
power is 12.1 W while the efficiency of the implemented
prototype under different switches is 95.1 %. The vital case
in the power dissipation in each switch element occurred
due to the overlap between the current through the parallel
capacitance and the switch-voltage as predicated in Fig. 3. The
non-similar switch makes the switch-voltage up and reduced
the power dissipations as observed in Fig. 13. The utilization
of peak switch-voltage is used to reduce the conduction loss
in the required output power.

Fig. 14 shows the measured output power (dBm) and
gain (dB) in terms of the input power (dBm) for the imple-
mented class-DE PA along with simulated output power and
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Fig. 14. The simulated and measured results of output power (dBm) and

gain (dB) in terms of input power (dBm) for the implemented class-DE PA,
and simulation results for two conventional class-DE PAs with two similar
switch devices.

Simulation (Similar-TRF330) 0.76
Simulation (Similar-28K2304) 0.87
Proposed PA(Simulation)

0282

Proposed PA (Mesaeurement) 023

W Switches M Load Network Gate Drive

Fig. 15. Power-loss breakdown at output power 12.1 W and dc-supply
voltage 40 V.

gain results for two similar switches device. The proposed
class-DE PA with 10 dBm input power exploits 30 dB gain and
12.1 W output power, whereas the conventional class-DE PA
with two similar switch devices as IRF530 and 2SK2504 pro-
vide 14 dB and 11 dB gain, respectively. Fig. 15 shows
the power-loss breakdown simulated and measured results
for the proposed class-DE PA along with simulations of
the conventional class-DE PA with similar two MOSFETs.
It is seen that the largest power loss is occurred in the
gate drive, which is decreased by applying two non-similar
MOSFETs. Furthermore, the power loss in two switches is
34% lower than that with similar switches such as IRF530. The
closely match between the analytically steady-state operation
in section IIT and practically implementation can be observed.
In addition, the proposed class-DE PA is considerably suitable
for a wide-range of load-network implementations because
they can operate in combinations of each non-similar switch
with different grading coefficient mode.

VI. CONCLUSION

The non-similar switch devices in the class-DE PA config-
uration introduce a novel operation-mode. This mode makes
an independent design area for load-network elements from
the loaded-quality factor. It is found that the total parallel
nonlinear capacitance variation can be retaliated by enforcing
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the grading coefficient of a MOSFET body junction diode
from the conventional approach. Besides, with the theoretical
of the operation mode of the proposed class-DE PA, it is
observed that two switches can achieve ZVS and ZVD at
a specified load range using adequate the energy stored in
the series inductor. Most importantly, the operation-mode of
class-DE PA can reach the desired output power along with
dc-supply voltage and operating frequency simultaneously
without any auxiliary circuit. The verification of analysis and
the effectiveness of the proposed class-DE PA is proved with
laboratory results of fabricated 12.1W prototype circuit.
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