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Class-DEy; Tuned Power Amplifier

Tsuyoshi Inaba

Abstract—This paper proposes a Class-DE); tuned power am-
plifier. The proposed amplifier achieves zero-voltage switching
(ZVS), zero-voltage derivative switching (ZVDS), and zero-current
switching (ZCS) at turning-ON, and ZVS, ZVDS, ZCS, and zero-
current derivative switching at turning-OFF. Therefore, the switch-
ing losses are extremely low, which is suitable for high-frequency
operation. Moreover, the switch voltage stress is low, which is no
more than its input voltage. A proposed amplifier was designed,
built, and tested. The measured power conversion efficiency was
93.2% under the condition of the main input voltage of 46.8 V, the
operating frequency of 1 MHz, and the output power of 4.87 W.

Index Terms—Class-DE, Class-E, Class-Ey;, tuned power
amplifier.

I. INTRODUCTION

N RECENT years, due to the advancement of wireless com-

munication systems, communication devices are required to
be high performance, low cost, and miniaturized. To downsize
such devices, miniaturizing the passive components of the radio
frequency (RF) power amplifiers is needed. To meet the demand,
such amplifiers are required to operate in high frequency with
high efficiency [1], [2]. However, higher frequency causes more
switching losses.

A Class-D voltage-switching tuned power amplifier [3]-[6],
which is one of the classes of RF tuned power amplifiers [7]-[9],
realizes high-efficiency operation up to several hundred kilo-
hertz owing to zero-current switching (ZCS). Another advantage
of the amplifier is the low peak voltage of the switching devices,
which is equal to the input voltage. However, the switches turn
ON and OFF at high dv/dt, which increases switching losses in
high switching frequency.

A Class-E amplifier [10]-[12] realizes high-efficiency oper-
ation up to several megahertz owing to zero-voltage switching
(ZVS), zero-voltage derivative switching (ZVDS), and ZCS at
the turning-ON instant. One drawback of the amplifier is the high
switch voltage stress, which is about 3.56 times higher than the
input voltage at the on-duty ratio D = 0.5. Another problem of
the Class-E amplifier is current jump at turning-OFF.

As a circuit that combines the advantages of the Class-D
amplifier and the Class-E amplifier, Class-DE high-efficiency
tuned power amplifiers [13]-[15] are proposed. The Class-DE
amplifier has a similar topology to the Class-D tuned power
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amplifier; however, a shunt capacitor is connected in parallel to
each switch. Therefore, the parasitic capacitance of the switch-
ing device can be included in the shunt capacitance. The Class-
DE tuned power amplifier achieves ZVS, ZVDS, and ZCS at the
turning-ON instant. As same as the Class-D amplifier, no choke
inductor is needed, and the switch voltage stress is equal to
the input voltage. However, the Class-DE amplifier has current
jump at turning-OFF, which reaches the amplitude of the output
current at the on-duty ratio D = 0.25.

Class-Epyr switching-mode tuned power amplifiers, which are
proposed and analyzed in [16]-[23], have no current jump at
switch turning-OFF. The zero-current turning-OFF is achieved
by injecting the harmonic current. The injection current is sup-
plied from an auxiliary circuit connected in parallel, which is a
Class-E amplifier or a Class-E frequency multiplier [24]-[26].
In [16], the second-order harmonic current is injected. In this
case, about 3/4 of the output power is supplied from the main
amplifier, and the rest is supplied from the auxiliary circuit.
Therefore, the conduction loss of the auxiliary circuit is small.
A drawback of the Class-Ey; amplifier is the voltage stress up
to 1.20 times (shown in Appendix A) compared with that of the
Class-E amplifier.

In this paper, a Class-DE); tuned power amplifier is proposed.
The main circuit is a Class-DE amplifier and an auxiliary cir-
cuit is a Class-DE frequency multiplier [27], which supplies the
harmonic current to the main circuit. The proposed amplifier
achieves ZVS, ZVDS, and ZCS at turning-ON and ZVS, ZVDS,
ZCS, and zero-current derivative switching (ZCDS) at turning-
OFF, which depress the switching losses in high-frequency op-
eration. The current and voltage waveforms can be created by
injecting the third-order harmonic current into the Class-DE
amplifier. Moreover, the switch voltage stress is low, which
is the same as the input voltage. In the Class-DEy; amplifier,
turn-ON and turn-OFF switching losses are zero with switching
conditions. The Class-DE,; amplifier can be applied to the same
applications as the conventional Class-DE amplifier such as RF
power transmitters for wireless communications, RF power sup-
plies, resonant power converters, lump ballasts, wireless power
transfers, and so on [13]-[15].

In Section II, a circuit topology and an analysis of the Class-
DE,; tuned power amplifier are shown. In Section III, design
equations of the Class-DE frequency multiplier are derived. In
Sections IV and V, the simulation results and the experimental
results are shown, respectively.

II. CLASS-DEy\; TUNED POWER AMPLIFIER

Fig. 1(a) shows a circuit topology of the Class-DEy; tuned
power amplifier, which consists of a main circuit and an
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Fig. 1. Class-DEy; tuned power amplifier. (a) Overall circuit. (b) Equivalent
circuit of the main circuit. (c) Equivalent circuit of the auxiliary circuit.

auxiliary circuit. Fig. 1(b) shows the main circuit, which con-
sists of an input voltage Vin, two switches S; and Sy, two
shunt capacitors C's; and Cgs, a series-resonant circuit L ;—
Cy, and a load resistance R. The inductor Ly can be regarded
as a series connection of an inductor L' and an inductor L,, .
In this equivalent circuit, the auxiliary circuit is replaced with
an ideal ac current source i, which supplies the third-order
harmonic component of the operating frequency f of the main
circuit. Fig. 1(c) shows the auxiliary circuit. The auxiliary circuit
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Fig. 2. Ideal waveforms of the Class-DE); tuned power amplifier.

operates as a Class-DE frequency multiplier [27], which consists
of an input voltage Vin2, two switches S5 and S, two shunt ca-
pacitors C'ss and Cgy, a series-resonant circuit L yo—C,,, and a
load resistance R,,y. The resistance R,,x and a capacitor Cyx
is the equivalent impedance of the main circuit. The inductor
Ly can be regarded as a series connection of an inductor L
and an inductor L,,». When the switches S5 and .S, are driven at
an operating frequency f, the series-resonant circuit Ly—C,, is
tuned to the third-order harmonic 3 f, and L, is an additional
inductance to provide a phase angle ¢,. The capacitor C;,, can
be regarded as a series connection of a capacitor C'ro and the
capacitor Cyx.

The ideal waveforms for the Class-DE,; tuned power am-
plifier are shown in Fig. 2, where Vix is the input voltage, ip
is the output current, i,—ip is the differential current, vy and
g2 are the gate—source voltages of switches S; and S5, respec-
tively, 751 and ig9 are the switch currents, icg1 and icgo are the
currents through shunt capacitances C's; and C'go, respectively,
and vpg; and vpgy are the drain—source voltages of switches S;
and Sy, respectively. In the auxiliary circuit, Vixo is the input
voltage, iy is the injection current, vg3 and vgy are the gate—
source voltages of switches .S3 and Sy, respectively, ig3 and i g4
are the switch currents, and vpg3 and vpsy are the drain—source
voltages of switches S3 and Sy, respectively.

A. Analysis of the Class-DE\; Tuned Power Amplifier

The Class-DEy; amplifier is analyzed based on the following
assumptions.
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1) Switches S; and S, turn ON and OFF instantaneously. The
switches have an OFF-resistance ropp for the OFF-state and
an on-resistance roy for the ON-state, which are infinite
and zero, respectively.

2) All passive elements have no equivalent series resistance
(ESR).

3) The loaded quality factor ), of the series-resonant circuit
L'-C tuned to the operation frequency f is high enough
to make the output current in sinusoidal waveform.

4) Shunt capacitances C's; and Cl5 include parasitic drain—
source capacitance of switches S and Ss.

5) The loaded quality factor () of the series-resonant circuit
L,—C,, tuned to the third-order harmonic of the operation
frequency 3 f is high enough to make the injection current
19 in sinusoidal waveform.

The output current ¢ is

io = 1o sin(wt + ¢1) (1)

where I is the amplitude, w is the angular operating frequency
that satisfies the relationship of w = 27 f, and ¢; (0 < ¢; <
2m) is the phase angle of the output current. The injection
current 7o i

iy = Iy sin(wst + ¢2) (2)

where I, is the amplitude, w3 is the angular frequency of 3w, and
P2 (0 < ¢o < 2m) is the phase angle difference of the injection
current 75. By Kirchhoff’s voltage and current laws, we have

Ups1 + vps2 = Vin 3)
t51 +ics1 = is2 +icse +io — i2. 4

In this circuit, ZVS and ZVDS conditions are achieved at
turning-ON and turning-OFF

s 3
Ups1 (5) =wps1 (27) = vps2 (T) = Ups2 (277) =0

(&)
d'UDSI (wt) _ dUDSl (wt)
d(Wt) wt=5 d(wt) wt=27
- dUDSQ (wt) - dUDSQ (wt) -0
B d(wt) wt=m a d(wt) wt:%ﬂ' o
(6)

The ZCS condition is achieved at turning-ON and turning-OFF

. . m . . 3
is1(0) =1ig1 (5) =ig9 (W) = ig2 (27r> =0.
ZCDS conditions are achieved at turning-OFF

digl (wt)
d(wt)

o disg (wt)

B o = 0. (8)

wt= wt=27

The Class-DE); amplifier operation is divided into four states
by the state of switches S and .S5.

1) State 1 [0 < wt < 7/2]: In state 1, switch S} is ON and
switch S is OFF. The drain—source voltages vps; and vpgy and
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the switch current igo are
vpst = 0 9)
vps2 = VIN (10)
igo = 0. (11)
From (10), the current through the shunt capacitor icgs is
) dups2 dVin
tcses = wCis d(wot) wCsa d(wt) (12)
Similarly, the current through the shunt capacitor icg; is
icsy = 0. (13)

From (1), (2), and (4), we have
igl = i() — iz = I() Sin(wt + ¢1) — .[2 Sil’l(w;;t =+ ¢2) (14)
Applying the ZCDS condition (8) to (14), we obtain

diSl (wt)

a(wh) = Ip sin ¢; + 315 sin ¢ = 0.

15)

wt=7%

2) State 2 [7/2 < wt < 7] In state 2, switch S is OFF and
switch Sy is OFF. The switch currents i1 and 7g9 are

151 =152 = 0. (16)
From (4) and (16), we have
—igs1 +ics2 = —to + . )

From (1)—(3) and considering that the capacitor currents

ics1 and icgy are, respectively, ics1 = wCs1dupst /d(wt) and

icses = wCgadupse /d(wt), we derive

d(Vin — vps2)
d(wt)

+ IQ sin(wgt + ¢2)

d
4+ wClygy dUps2 —Ip sin(wt + ¢1)

—wCs1 d(wt)

(18)

From (18), we have

dvps? —1 . :
= I t —1I t .
d(wt) ~ o(Cs15Csa) [Io sin(wt+¢y1)— I sin(wst+d9)]
(19)
Applying the ZVDS condition (6) to (19), we obtain
d'UDSQ (wt)
dwt) | ix
1
=———(Ipsi — I si =0. 20
SCo ooy Uosindt — Lsingy) 0)
Similarly, we have
d'UDSI (wt)
d(wt) | -z
L (Iocosi + hoosén) = 0. (2D)
= cos cos =0.
w(C’gl + 052) o ! 2 2
From (15), (20), and (21), we have
0= Ip sin ¢y + 315 sin ¢y
0= I() sin (;51 — IQ sin ¢2 (22)

0= 1Ip cos ¢y + I cos po.
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Giving the ranges of the phase angles ¢; and ¢ as 0 < ¢; <
2m and 0 < ¢9 < 27, and assuming that Ip = I, = I, two

solutions
d)l = 07
¢1 =T,

are derived. When we choose ¢; = 7 and ¢ = 0, the differ-
ential current io—ip conducts the body diode of switch S5 in
state 1. Therefore,

P =T

b =0 @9

$1=0, gpp=m (24
is a solution suitable for the operation. Substituting (24) into
(19), we obtain

—1Iy . .
= sin wt + sin 3wt) .
w(Cs1 + Cs2) ( )

dvpss
d(wt)

(25)
From (25), we have

Ups2 = —

Iy /wt . )
_ sin wt + sin wst) d(wt
el A ) d(wt)

T
+ Ups2 (5)

Iy

= ———— (3coswt + cos 3wt) + Vin.
3w(Cs1 +CS2)( “ wi) + Vi

(26)

Applying ZVS condition (5) to (26), we obtain

41y

VIN= .
N7 305(Cs1 + Csa)

27)

Therefore, from (26), and (27), the drain—source voltages vps;
and vpss for state 2 are

3 1 4
vps2 (wt) = ZVIN (cos wt + 3 coswst + 3) (28)
vps1 (wt) = VIN — vps2 (wi),
3 1
= _ZVIN coswt + 3 coswst | . 29)
The capacitor current icg; 1S
. io —i2 Iy . .
les1 = —5— = - (sinwt + sinwst) . 30)
And the capacitor current icgs 1S
‘ 1o — I2 Ing . .
les2 =——5— =~ (sinwt + sinwst) . 31)
From (30), we have
1 wi T
- [ ()
UpsL = e /g ics1d(wt) + vpsi 5
1y 1
= _Qng <cos wt + 3 cos w3t> . (32)
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Similarly, from (31),
1 wt ) T
/ ics2d(wt) + vpsa (5)

UDs2 = wCsy .
1) 1
= QWCISZ (cos wt + 3 cos wgt) + VIn. (33)
Applying the ZVS condition (5) to the above equation, we obtain
21y
Upsz () 30C + Vin
21y
— Vix = - 34
N = 30 (34)
From (32), we have
21y
= = ViN. 35
vps1 () 30Cs IN (35)
In addition, from (34) and (35), we have
2[]\,1
Co=Cg1 = Coy = 36
s 51 2= 3V (36)

where Clg is a shunt capacitance in common.

3) State 3 [ m < wt < 37/2 ]: In state 3, switch S} is OFF
and switch S5 is ON. The drain—source voltages vps; and vpg2
are

vps1 = VIN (37)
vps2 = 0. (38)

And the switch current 7g1 i
ig1 = 0. (39)

The currents flowing through the shunt capacitors icg; and icss
are

ics1 = igs2 = 0. (40)
The switch current g5 is
ise = —ip + iy = —I (Sinwt + sinwst). 41)

When wt = 37/2,

3 3 9
152 <27T> =1y (sin §7T+sin 27r> =0. (42)

Therefore, the ZCS condition (7) is satisfied.
4) State 4 [ 3w/2 < wt < m ]: In state 4, switch S; is OFF
and switch Sy is OFF

151 =152 = 0. (43)
From (4) and (43), we have
ics1 — loge = io — ia = Iy (sinwt + sinwst) . 44)
Thus, we have
dupsi d(Vin — vps1)
C —wCgy ————"~
WSt d(wt) w2 d(wt)
= Iy (sinwt + sinwst)
dvpsi Iy . .
= sinwt + sinwst). (45
dwt)  w(Cs1 + Cgo) ( s). (45)
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Therefore, we have

Iv /wt . .
= —— t t) d(wt
UpS1 o+ Co) ) (sinwt + sinwst) d(wt)

2
3
+ Upsi1 577

I
=M (3coswt 4 coswst) + Vin.

= 46
3w(Cs1 + Cg2) (46)

Applying the ZVS condition (5) to (46), we obtain

41y,
vps (27) = = 3w(Cs1 + Csa)
Al
3w(051 + CSQ) '

+ VvIN = 07
— Vix = 47)

From (46) and (47), the drain—source voltage vpg; is

(48)

3V t—l—l t 1
Upsl = —— coswt + - coswzt — = | .
DS1 1IN 3 st— 3

And the drain—source voltage vpss is
3 1
vps2 = VIN — Ups1 = ZWN cos wt + 3 coswst | . (49)

From the above, the voltage and the current waveforms are
summarized shown as follows:

’UDs1(wt):
M ™
0, 0< t<—]
S =0
3 1
fZVL\] cos wt + gcoswgt , — <wt< 7Ti|
[ 3
VIN, 7r<wt§ﬂ
v ot + L coswyt — 3T <o
4 IN | COSW 30050}3 3 s Wl < 2T
(50
Ups2 (wt) =
N, O<wt<f]
v f . T cwt< ]
- coswt + = cos ws - —<w
4w 3T | =7
0, T<wt< 377}
L 2
v, ot + L cos wst 3T <2
1 ViN cosw 3005@)3 , 3 wt < 27
(5D
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iSl(wt) =
Iy (sinwt + sinwst), [0 <wt < g]
0, — <wt< W]
r 3 (52)
0, T <wt< }
I 2
0, o <wt< 277}
iSQ(wt) =
T
: t< 7]
0 0<wt< 5
07 —<wt< 7T:|
3 (53)
—I) (sinwt +sinwst), |7 <wt < ]
3
0, 7” <wt< 277} .

The input current Ity is equal to the averaged value of the switch
current 7g1. From (52), we have

1 27
IIn = — iSld(wt)

2’/T 0
Iy [* 21,

=M (sinwt + sinwst) d(wt) = =L (54)
27(' 0

Substituting (47) into (54), the input current 1y is
21 ! :
I = 2D _ w(Cs1 JFCSQ)VIN. (55
3T 2w

B. Components of the Class-DE); Tuned Power Amplifier

The output voltage vo is
vo = Vi sin(wt) (56)

where Vy; = RI);. And the fundamental component of the volt-
age across the inductor L, is
vy, = Vi u cos(wt) (57)

where Vi) = wL,, I5;. Using the Fourier transform, the am-
plitude of the output voltage V), is obtained from (51)

1 2m
Vm = f/ Ups2 - sinwtd(wt)
0

™

1 /%
= f/ Vix - sinwtd(wt)
™ Jo

1 (™3 1 4

+ p . ZVIN (cos wt + 3 cos wst + 3) sin wtd(wt)
1 2 3 1 .

+ — —Vin [ coswt + = coswst | sinwtd(wt)
T Jin 4 3

3Vin

=0 (58)
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Similarly, the amplitude of the inductor voltage V7 ;/ is

1 2m
Vim = */ vpg2 - coswid(wt)
0

s
s
2

1
Vin - coswtd(wt)

us

[
ﬁma\

3 1 4
ZVIN (cos wt+ 3 cos wat—+ 3> cos wtd(wt)

2

1 /27r 3 coswt + L coswst | coswtd(wt)
— — w - w w w
7r sz 4 3 ?
— . 59
8 (59)
From (58) and (59), we have
Vi  wLyply  wLl, =
= = = —, 60
VM RIM R 4 ( )
From (58), the output power Py is
V2 9172
Po =% = . 61
© 7 2R " 8RR el

The injection power P,y is changed by n, where n is the order
of the harmonic component of the injection current. From [16,
eq. (23)], Paux = Po /n?. This time, n = 3. The output power
Py is the sum of the input power Py and the injection power
P‘clllX'

1 9
Po = PN+ Pouwx = Px + - FPo = 5 Px.

62
9 3 (62)
From (55) and (62), we have
9 9 9 w(Cs1 + Cs2)Vik
Po=-Pn==-IIn\Vin = =" . 63
0 =ghn=glnVix =2 o (63)
From (61) and (63), we have
w(CSl JrCSQ)VIN o 8 9VIN
2 T 9 8mR’
2
<— w(Cs1 +Cs2)R = = (64)
From (36) and (64), the shunt capacitance Cg is
1
Cg = ——. 65
s=_—& (65)

With the loaded quality factor @), the inductance L; is ex-
pressed as

R

Ly = 51 . (66)

From (60) and (66), the inductance L' is

R
L'=1L L, = e 67
foLo=(@-7) ©7)
Thus, the capacitance C' is

1 1
Cy = = . 68
TGy @
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From (61), the load resistance R is

IV
R= SR, (©9)

C. Injection-Port Impedance for the Third-Order Harmonic

The injection-port impedance Z,,x (seen from the auxiliary
circuit) can be obtained with the third-order harmonic com-
ponent of the drain—source voltage vpse. The injection-port
impedance Z,, is expressed by

Zaux = Raux + anux (70)

where the reactance is |X,ux| = 1/(w3Clhux ). The third-order
harmonic component vpss_3 of the drain—source voltage vpgo is

ups2.3 = Varz sin(wst + ¢2) + Viarg cos(wst + ¢2)  (71)

where Vj;3 and Vpj,r3 are Fourier coefficients obtained
from (51)

1 27 )
Vs = ;/ vpsa - sin(wst + 7)d(wt)
0
1 27
= —7/ vpso - sinwstd(wt)
™ Jo

1 [T
—= / Vix - sin 3wtd(wt)
T Jo

1 /" 1 4
- [ %VIN <cos wt+ 3 c08 wt+ 3> sin 3wtd(wt)

%

1 [?3 1 )
- = —Vin | coswt + = cos 3wt | sin 3wtd(wt)
T 4 3
= (72)

2
Vims = */ vpsa - cos(wst + m)d(wt)
0

1 27
= —7/ Upg2 - coswstd(wt)
T Jo

1 (%
—= / Vix - cos 3wtd(wt)
T Jo

1 /™3 1 4
—— -V t+ - Swt+—- ) - 3wtd(wt
7T/g Vi (cosw +3 cos 3w +3> cos 3wtd(wt)

1
-VIn (cos wt + 3 cos 3wt> - cos 3wtd(wt)

1/%3
7T377r4

= (73)
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Fig. 3.  Waveforms in the third-order Class-DE frequency multiplier.

The injection-port resistance R, and the reactance X,y for
the third-order harmonic component are

Vus _ Vin 4
Iy 6  3w(Cs1 + Cs2)Vin
2 Vi

1
= = = 7R
97Tw(051 + CSQ) 82 Py 9

Raux =

(74)

x _Vims _ Vin 4
e Iy 8  3w(Cs1 + Cs2)Vin
_ —1
- 6(.0(051 + ng)-
From (75), the injection-port capacitance Cyyx is

1
w3 Xaux

(75)

Caux =

=2(Cs1 + Cs2). (76)

D. Design Equations of the Class-DE Frequency Multiplier

The Class-DE frequency multiplier is analyzed in [27]. The
frequency multiplier in the Class-DEy; amplifier is shown in
Fig. 1(c). In [27], equations are derived for any order harmonic
output current. In this study, we focus on the third-order har-
monic current.

Fig. 3 shows waveforms in the third-order Class-DE fre-
quency multiplier, where y is a duration of the dead time, and 2
is a duration while the switch S5 is closed. To identify the equa-
tions with [27], waveforms in Fig. 3 are advanced by 37 /2 from
those in Fig. 2. In Fig. 3, the injection current 5 is expressed as

iy = sin(3wt + ¢ 77

where c is the amplitude of the output voltage of the equivalent
resistance R,y and ¢, is a phase angle. From [27, eq. (3)], the
fundamental component of the drain—source voltage vy is

c
BRaux

vy = vo +vp = csin(3wt + ¢o) + cos(3wt + ¢2)

= ¢, sin(3wt + ¢) (78)
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where vp is the output voltage, vy is the reactance voltage,
and the parameter B = wCs3 = wC'g4 is the suceptance of the
shunt capacitance, c; is

1
=cy|14+ ——= 79
G BRan) o
and the phase difference ¢ is
1
= t . 80
¢ = @9 + arctan (BRaux) (80)

When y = z = /6, from [27, eq. (27)], the drain—source volt-
age vpgy of the low-side switch .Sy is

UDs4(wt) =
¢ {cos(Bwt+¢pa) — cos P2} {O <wt < E}
6BRyux b B
7r ™
Towt< 7}
Ving, [6 <wts 3
Ving + — {cos(Bwt+¢pa)+cos po } {E <wt < E}
N2t e — 2 210 |3 )
T
— <
0, {2 <wt< 271'}
8D

From (78) and (81), the coefficient of the cos component is
Zero.

1 2
0= p / vpga(wt) cos(3wt + ¢)d(wt). (82)
0
Solving (82) for ¢, we obtain
Cc = VvIN?BRauxg(¢27 ¢) (83)

gis given by [27, eqs. (15)—(17)]. The drain—source voltage vpsy
is Ving at wt = 7 /6. Therefore, from (81) and (83), we have

T —gWVi .
UDs4 <6> = g6IN2 (sin g9 + cos ¢2) = Vina.

To satisfy (84), g # 0 is needed. From [27, eq. (28)], the nor-
malized slope ( of the drain—source voltage vpgy is zero at
wt =7/6.
1 d
VvINg d(wt)

(84)

g _. (T
. 2sm(2 +q§2) 0.
(85)
From (85) and g # 0, the phage angle ¢» = —7 /2 is determined.
Thus, from (84), the parameter g = 6 is determined.
Substituting y = z = 7/6 and ¢ = —x /2 into [27, eq. (30)],
we obtain

Ups4 (wt)

= naR [cos ¢a + cos(3y + @)

1
—cos(3y + 3z + ¢p2) — cos(6 + 3z + ¢o)] = R
aux

(86)
From [27, egs. (5) and (31)—(33)] and (80), the reactance X is

X = I]%aux

5 (87)
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where X = w3 L,,o. From [27, eq. (23)], we have

Viko
aux — T o 91 88
‘ 1872 Ryux (88)
where P, is the injection power. The inductor L 9 is
R‘ ux
Ly = 6227& (89)
w3
From (87), the inductor L is
R,
LY=L — Ly, :( —f) aux 90
9 72 2 = Q2 5) "o (90)
Since L,)—C,, is tuned to 3 f, the capacitor C,, is
1 1
Cm = = on

Wiy Wy Ry (Q? - g) -

The capacitor C,,, can be regarded as a series connection of the
capacitor C'y» and the capacitor Cyyx.

O‘lllXCm
Crg = ——m——. 92
/2 CVamux - Cm ( )
From (62) and (88), we have
1 Vi3 Vi3
Paux = —-P , — IN2 = IN . 93
9 ¢ 1872 Ronx  8T2R ©3)

Finally, considering (74), we get the relation Vix = 2ViNs.

E. Switch Voltage and Current Stresses of the Class-DE
Amplifier

The voltage stresses Vg1 and Vg of switches S; and S, are
equal to the input voltage Vin:

Vo1 = Vgo = Vin. 94)

Since the slope at the peak of the switch current is 0, differenti-
ating (52) yields
dis1

() ©)

= Iy (coswt + 3 coswst) = 0.
From (95), coswt = 0, ++/2/3 are obtained. When the cur-
rent has a peak value, coswt = +4/2/3, or sinwt = +4/1/3.

Substituting sin wt = /1/3 into (52), the current stress of the
switch Ig1 is

Is1 = Iy (sinwt + sin 3wt)

8V3

= I/ (4sinwt — 4sin’ wt) = TIM

_ 2v/3w(Cs1 + Cs2)Vin
3 .
Also, for the switch 59, it is the same value.

(96)

III. DESIGN OF THE CLASS-DEy; TUNED POWER AMPLIFIER

Initial conditions of the Class-DE); tuned power amplifier is
given as follows.

1) The output power Py = 5.00 W.

2) The operating frequency f = 1.00 MHz.
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3) The load resistance R = 50 Q.

4) The load quality factors of the main circuit (1 = 5 and
the injection circuit Q2 = 30.

From (69), the input voltage of the main circuit Viy is

°p
Vin = \/L QOR — 468 V.

Therefore, the input voltage of the auxiliary circuit is Vino =
23.4V. The drain-to-source capacitance of the MOSFET
(IRFR120Z) Cys is 17 [pF] [28]. From (65), the shunt capaci-
tances are

o7

1
CSl = CSQ = — — Cds =996 pF. (98)
TwR
From (66), the resonant inductance L is
R
Ly = fl =39.8 uH. (99)
From (68), the resonant capacitance C'y is
1
Cy = ———~ =755 pF. (100)
WR (Ql - *)
4
From (74), the input resistance R,y is
1
Raux = §R = 5.56 (. (101)
From (75), the input reactance | X, | is
| Xoux| = -1 =13.1Q (102)
aux 6(4)(051 + 052) . .

Therefore, C,,x = 4.05 nF. From (86), the shunt capacitances
Cg3 and Cgy are

1
Cg3 = Cgy = ———— — Cygs = 490 pF. 103
53 4= TSR ds p (103)
From (89), the resonant inductance L, is
R‘l'llx
Ly = Qolftunx _ g g pH. (104)
w3
From (91), the capacitance C,, is
1
Cn = — = 336 pF. (105)
WSRaux (QQ - *)
2
From (92) and (105), the resonant capacitance C'5 is
Coaux C,
Cpy = ——="2__ =366 pF. 106
2 Caux - Cm P ( )

From (96), the current stresses Ig; and Igo of switches S and
Sy are

2v/3w(Cs1 + Cs2)Vin
3

which is smaller than the absolute maximum rating of the drain
current of the MOSFET IRFR120Z [28].

=0.689 A

Isy = Is2 = (107)
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Fig. 4. Simulation waveforms under the ideal condition (the load quality
factor Q2 = 30). (a) Output current i) . (b) Injection current 75 . (¢) Differential
current io—i¢ . (d) Switch current i g9 . (¢) Drain—source voltage vpgs . (f) Switch
current ig9 . (g) Drain—source voltage vpgy .

IV. SIMULATION RESULTS

To confirm the operation of the designed circuit, the designed
Class-DEy; tuned power amplifier was simulated with LTspice
IV for OS X under the ideal condition. In this simulation, ESRs
of all the passive components were zero, and the switches were
assumed to be ideal. The simulation waveforms are shown in
Fig. 4. In Fig. 4(b) and (c), the injection current i and the
differential current 75— are distorted. The reasons of the cur-
rent distortion of 79 could be that the injection-port impedance
is defined as a fixed impedance; however, it is time varying,
and that the Q2 was low for a frequency multiplier. Therefore,
the switch current igo does not satisfy ZCS at turning-ON in
Fig. 4(e). And, a spike current is caused by the slight remain-
ing voltage of the drain—source voltage vps2. In Fig. 4(d), the
drain—source voltage vps, almost satisfies ZVS and ZVDS at
both turning-ON and turning-OFF. In Fig. 4(f), the drain—source
voltage vpgy does not satisfy ZVS or ZVDS. This is also caused
by the current distortion of o.

V. CIRCUIT EXPERIMENT

To confirm the circuit operation, a Class-DEy; tuned power
amplifier was built and tested. A picture of the experimental
circuit is shown in Fig. 5. Experimental parameters are shown
in Table I. In the series-resonant circuit L;—C'y and L;o—C/s,
the loaded quality factors )1, Q2 and the resonant inductances
Ly and Ly, were adjusted according to the capacitances C'y and
C'yo. T130-2 [29] was used for the cores of the inductors L ; and
L¢o. The measured voltages, currents, and powers are shown
in Table II, where the theoretical values and simulation results
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Fig. 5.

Experimental circuit.

TABLE I
EXPERIMENTAL PARAMETERS

Theory Measured Difference
(ESR [©2]) [%]
Cg1 [nF] 0.996 1.01 (0.0971)* +1.41
Cgy [nF] 0.996 1.03 (0.111)* +3.41
Ly [pH] 39.8 37.2 (0.621)* -
Cy [nF] 0.755 0.816 (0.015)* -
R[] 50 50" 0
Cg3 [nF] 0.490 0.457 (0.222)** —6.73
Cgy4 [nF] 0.490 0.465 (0.231)* —5.10
Ly [1H] 8.84 9.18 (0.870)** -
Cyo [nF] 0.366 0.351 (0.230)™* -

* Measured at | MHz by the LCR meter (HIOKI IM3536).
** Measured at 3 MHz.

TABLE I
EXPERIMENTAL AND SIMULATION RESULTS

Theory ~ Measured  Sim. (exp.)
Vin [V] 46.8 46.8 46.8
Vineg [V] 23.4 23.4 23.4
I1n [mA] 94.9 97.5 97.5
Iino [MmA] 23.7 27.8 27.7
Py [W] 4.44 4.57 4.56
Pino [W] 0.556 0.655 0.648
Iorms [MA] 316 312% 298
Iorms [MA] 316 267 284
Ip [mA] 447 441 420
Iy [mA] 447 378* 401
Vorms [V] 15.8 15.6 15.7
Po [W] 5 4.87 4.93
n [%] 92.6* 93.2 94.6

* Considered the overall power losses (B1) derived from
Appendix B (used the measured current value).
** Calculated from the output voltage or inductor voltage.

under the experimental condition are also shown. ESRs of all
the passive components and on-resistance of the switches were
taken into consideration for the simulation. Ip.ns and Iy
mean the RMS values of the currents through the inductors L
and Lys. Ioyms and Ip are calculated from the output voltage
and the load resistance R. And, I5,,s and I, are calculated from
the measured inductor voltage vr¢2 and 3wl s.
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Fig.7. Experimental waveforms of the differential current io —i¢ , the injection
current 42, and the output current iy, i2—i0 , %2, and ¢ : 0.5 A/div, horizontal:
0.25 ps/div.

Observed waveforms of the drain—source voltage vpso, the
output voltage v , the drain—source voltage vpgs4, and the switch
current 7go are shown in Fig. 6. The output voltage vp was in
sinusoidal waveform, whose RMS value Vs was 15.6 V. The
drain—source voltage vps2 achieved ZVS and ZVDS at turning-
ON and turning-OFF. And the switch current ¢, achieved ZCS at
turning-ON, ZCS and ZCDS at turning-OFF. However, the drain—
source voltage vpg4 did notachieve ZVS or ZVDS, which agreed
with the simulation results in Section IV.

Observed waveforms of the differential current 75—¢ , the in-
jection current is, and the output current i are shown in Fig. 7.
The output current ¢ was in sinusoidal waveform without dis-
tortion. However, the injection current i, was slightly distorted,
and the fundamental component was dominant. Distortion of
the waveform of the injection current 7o affects io—i¢.

The power conversion efficiency of the amplifier is
calculated as

Po

= 108
Pix + Pine (108)

n
where Py is the output power, Py is the input power of the
main circuit, and Pin is the input power of the auxiliary circuit.
From Table II, the power conversion efficiency in the simulation
was 94.6%. The theoretical efficiency obtained from (B1) is
95.4%. The difference between the simulation efficiency and the
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Fig. 8. Theoretical power loss breakdown of the Class-DEy; amplifier
(Po =5W).

theoretical efficiency could be caused by the core power loss.
The measured power conversion efficiency was 93.2%, which
was lower than the theoretical and the simulation values. The
difference between the simulation efficiency and the theoretical
efficiency could be caused by the distortion of the injection
current 7o and the parasitic resistance in the circuit. Both the
measured input currents Ity and Ijn2 were slightly larger than
the theory. It could be caused by the deviation of the resonant
frequency of the resonant circuits L ;—C'y and Lyo—C/s.

Theoretical power losses breakdown of the Class-DEy; am-
plifier is shown in Fig. 8. From Fig. 8, the proportion occupied
by the conduction losses of the resonant inductors Ly and Ly
is larger than that of the switching losses at turning-ON. The
power conversion efficiency would be further improved by re-
ducing inductor losses.

VI. CONCLUSION

The Class-DE,; tuned power amplifier has been proposed.
The Class-DEy; amplifier achieves ZVS and ZVDS at the
turning-ON and turning-OFF. Moreover, the switch current
satisfies ZCS at turning-ON and turning-OFF, and ZCDS at
turning-OFF, which decrease the switching losses. The voltage
stress of the switches is low, which is no more than the
input voltage. The auxiliary circuit needs a voltage source,
which supplies a half voltage of the input voltage. The circuit
operation has been verified with the simulation and the circuit
experiments. The experimental results showed good agreement
with the theory and the simulation results. In the circuit
experiments of the proposed amplifier, the power conversion
efficiency was 93.2% with the output power of 4.87 W at
1.0 MHz.
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APPENDIX A
VOLTAGE STRESS OF THE CLASS-Ey; TUNED POWER AMPLIFIER

When n = 2, meaning that the injection current frequency
is the second harmonic, from [16, eq. (31)], the drain—source
voltage vg of the Class-Ey; amplifier is

vg (wt) (8wt + 47 cos wt — T cos 2wt

-0
167 fCy

—4sin 2wt — 37), [1 < wt < 27 (A1)

where w = 27 f is the angular time and f is the fundamental
frequency, I is the dc input current, and C, is the shunt capac-
itance. Since the slope at the peak of the drain—source voltage
becomes 0 at ¢ = ¢, differentiating (A1) yields

dvg (wt) Io

— 9 (8—4rsinwt
dwt Tomfo. (O dmsinwt,

wt=wt,
+2m sin 2wt, — 8cos2wt,) = 0. (A2)
Solving (A2) for sin wt,,, we obtain

8

s
— (A3)
1+ =
v

sinwt, =

From [16, Table I, the shunt capacitance Cy, is

_ 3 Pour
CUA VAL S

(A4)

where Poyr is the output power and Vp( is the input voltage.
From [16, Table I], the dc input current is
_ 3 Pour

4 VDC '

From (A1)—(AS), the normalized drain—source voltage stress
Vsm/Voc is

o) (AS)

Voum
—— ~4.27.
Ve

(A6)

From [27], the normalized voltage stress of the Class-E amplifier
is Vou/Vbe = 3.56 (D = 0.5). Therefore, the Class-Ey am-
plifier (n = 2) has the voltage stress approximately 1.20 times
compared with that of the Class-E amplifier.

APPENDIX B
POWER CONVERSION EFFICIENCY

The power conversion efficiency of the amplifier is
P, o+ -Ploss

where Py is the output power and P4 is the overall power
losses, which is given as

n (B1)

Poss = Ps1 + Psa + Ps3 + Psy + Bicst + Pies
+ Pcss + Bicsa + Bt + Boga + Pt

+ PrCf2 + Pcore + 4—Pt,on (B2)
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where Pg,—Psy4 are the switch conduction losses, P,.cs1, Prcs2,
P.css, Piosas Pove, Pinr2, Prct, and Poogo are the power losses
in the ESR rcg1, rcse, ress, and rcgy of shunt capacitors, 7i¢
and 7,2 of the resonant inductors, rc¢ and rcro of the resonant
capacitors, Py, is the core power loss of the inductors L and
Lo, and P, 4, is the switching losses at the turning-ON.

1) Conduction Power Losses of Switches S1—S,: From (52),
the RMS value of the switch current Ig1,,5 18

I Iy
ISlnns = \/271_/0 Z%‘ld<Wt) = 7

(B3)
Therefore, using (B3), the switch conduction loss Ps; is
I3
PSI = TONIE’Irms = Tol A (B4)

where roy is the switch on-resistance. Also, for switch S5, Pgs
has the same value.
The RMS values of the switch currents /g3, and g4, are

1 2T \
ISSrms = %/0 ngd(a}t)
1 117/6 1\/T
=4/ —1I)y sin3wt)?d(wt) = =/ =1,
\/27r /57r/3 (~ar sindw)*d(wt) = 54/ 5

(BS)

1 2m
IS41'ms - ﬂ/o 2254d(wt)
1 3m/2 1
— \/%/0 (I sin3wt)?d(wt) = 2\/3[]\,1.

(B6)

From (B5) and (B6), the switch conduction losses Pg3 and Pgy
are

9 ron I3,

PS3 = TONIS3I'IIIS = 24A (B7)
37“0 IZ,,

PS4 = TON]E’Mms = % (BS)

2) Power Losses in the ESR rcs1—rcs4 of the Shunt Capaci-
tors:
The RMS value of the shunt capacitor current Icgqrms 1S

1 2m ' 1 1
Tesiims = \/27r/0 g d(wt) = 2\/;IM-

From (B9), the power loss P,cg1 1S

(B9)

) resiliy
PrCSl = TCSIICSIrms = ) .
For the shunt capacitor C'go, the power loss P,cgo has the same

value.

(B10)



414

The RMS value of the shunt capacitor current Icgsppys 1S

1 27 \
= %/o i¢g3d(wt)
57T/5 2
d(wt)
27T /37'/2 )
2
1 /1
—— 3wt] d(wt)=-=1/=1I.
\/27T/117T/6 sin w) (wt) 1\ 3l

(B11)

ICS3rms

IM

From (B11), the power loss P;cs3 is

I3
— fossoy (B12)
48
The same equations are applied to the shunt capacitor Clg.
3) Power Losses in ESRs 1, 19, Tct, and rcgo: The power

loss in the ESR 71 ¢ of the resonant inductor Ly is

2
Pricss = res3dcssims

12
M
P = Ly

The power loss in the ESR r¢y of the resonant capacitor Cf is

(B13)

I
5 " (B14)
The output current 7o and the injection current ¢ have the
same amplitude, i.e., their RMS values are also the same. There-
fore, the power losses in the ESR 79 of the resonant inductor
Ly¢o and in the ESR rcyy of the resonant capacitor C'yo are
similarly derived.
4) Core Power Losses in the Inductors L and Lgy : From [29],
the core power loss density C'L of T130-2 is calculated with

Py =rct

CL[mW /cm?] = - bf +df*B%  (B15)
Bl B BLw
where a = 4.0 x 10°, b=3.0 x 10%, ¢=2.7 x 10°, and

d = 8.0 x 10715 are constants for core material, f is frequency,
and B,, [G] is the maximum magnetic flux density. The core
power loss density C'L contains hysteresis and eddy-current

core loss. The maximum magnetic flux density B,, is given by
AIL

B, = 10 B16

s X 10'1] B16)

where AT [A] is the peak-to-peak current through an inductance
L [H], A [m?] is the cross-sectional area, and N [turns] is the
number of turns. The core power loss Peope [MW] is

Peore = CL x Vo B17)

where Vi [em?] is the volume of the core. Parameters for core
power losses are shown in Table III.

5) Power Losses of the Switch at Turning-oN: As shown
in Fig 6, vpsy and wvpsy did not achieve ZVS. And the
voltages at turning-ON were equality Vox = 6.0 [V]. From
[28], the drain—source capacitance Cgyq(2sv) is 17 pF. From
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TABLE III
PARAMETERS FOR CORE POWER LOSSES

Ly Ly
Peak-to-peak current A [mA] 882* 755%
Inductance L [pH] 37.2%  9.18*

Number of turns N [turns] 51 29

Cross-sectional area A¢ [cm?] 0.698 0.698
Volume of the core V¢ [cm?] 0.110  0.110
Maximum magnetic flux density B,, [G] 46.1 17.1
Core power loss density C'L [mW/cm?] 25.2 3.58
Core power 10ss Peore [MW] 162 18.2

*Measured values.

[2, eq. (6.87)], the switching loss at turning-ON is given by

P, on = 10fCasasv)y/ Vix-
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