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Abstract— Design equations for satisfying optimum
conditions of Class E amplifier with a nonlinear shunt
capacitance with a grading coefficient of 0.5 at any duty
cycle are derived. By exploiting sub-optimum class E
operation, various amplifier parameters such as input
voltage, operating frequency, output power, and load
resistance can be set as design specifications. An example
of a design procedure of the class E amplifier is given.
The theoretical results were verified with Pspice
simulation using SPICE MOSFET model Level 3.

1. Introduction

It is well known that the output capacitance of a
MOSFET transistor is anonlinear function of the drain-to-
source voltage. The shunt capacitance of the class E
amplifier consists of the nonlinear transistor output
capacitance. Especially at very high operating frequencies,
whole of the shunt capacitance consists of the transistor
output capacitance. However, most analyses of class E
amplifier have been done with linear capacitance.

An analysis of the class E amplifier with a nonlinear
shunt capacitance of grading coefficient 0.5 was presented
for the first time by Chudobiak for optimum operation at
the duty cycle D = 0.5 [4]. This analysis was done only
for the optimum operation at the duty cycle of D = 0.5.
Authors have extended the Chudobiak analysis to sub-
optimum operation and compared his results with linear
shunt capacitance, subsequently. However, the analysis
for the optimum operation at any duty cycle has not been
done yet.

In this paper, design equations for the optimum
operation at any duty cycle are derived for a class E
amplifier with a nonlinear shunt capacitance of grading
coefficient 0.5. In this analysis, expressions for all
elements, peak switch voltage, peak switch currents, and
output power capability are derived. A class E amplifier
circuit was designed and its operation was verified with
PSpice using Level 3 MOSFET model.

2. Voltage and Current Waveforms of the ClassE
Amplifier with Nonlinear Capacitance

The circuit analyzed in this paper is a class E amplifier
shown in Fig. 1. The shunt capacitance of the amplifier
consists only of the MOSFET output capacitance. The

derivations of design equations are carried out under the
following assumptions:
1) The inductance of the choke coil Lgp- is large

enough to neglect its current ripple.

The internal resistance of the choke coil is zero;
therefore, the DC voltage drop across the choke is
zero.

The loaded quality factor Q of the output

resonance circuit is high enough so that the output
current can be considered a sine wave.

The load resistance includes parasitic resistances
of the series resonance circuit, i.e., the resonance
circuit is considered to be a pure reactance.

The MOSFET on-resistance transistor is zero.

The MOSFET turns on and off instantly.

The shunt capacitance C, is entirely comprised of

the MOSFET output capacitance.

The grading coefficient of the MOSFET output

capacitance is 0.5. The shunt capacitance is

described by
C.

Cl = —]O

2)
3)
4)

5)
6)
7)

8)
@

where C;, isthe shunt capacitance at the drain to switch

voltage vg =0 and V,,; isthe built-in potential of the

MOSFET body diode.

The transistor is OFF for 0<@<2zD, and ON for
27D < 0 < 2z . While the transistor is OFF, the current
through the shunt capacitanceis

ic(@)=1pp —1,,sin(0+¢) ()]
where Iy, is the dc input current, I, is the output
current amplitude, and € = wt . The switch voltage vg is
the integral of the shunt capacitor current i given by

dog 3)

0
Integrating both side of this equation with respect of &
gives
a)IClde - Iicde.
Substituting C,; given by (1),

lC :Cl

4
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wI
1+ 2

Vbi
Solving this equation, the switch voltage vg can be

derived as
2
+ 1} -1
(6)

v5(0)=
al

3. Circuit Parameters for Optimum Operation at Any
Duty Cycle

dv =||I 1,,sin(0'+¢)do" .
J.[DD ]d
0

©)

Ipp0+1,,[cos(0 +¢)—cos @]
2Vb,‘ﬂ)Cj0

For the optimum operation,

ic(22D)=0 @)
and
v4(22D)=0 (8)
are satisfied. Substitution of (7) into (2) yields

27D sin 27D + cos 272D —1
¢ =arctan 9

sin 27D — 27D cos 22D
Fig. 3 shows ¢ as a function of the duty cycle D. ¢
decreases from positive to negative values as D increases.
Substituting (8) into (6),
DI pp =1, sin ZD sin(7D + ¢) . (10)
Since the power loss in the circuit is zero, the output
power is equal to the input power,

2R

Py=IppVpp = mT : (11)

Substituting (10) into (11), one can obtain the output
current amplitude I,, and the output power P, for the

optimum operation at any duty cycle.

2V p sinzD sin(zD +
Im — DD ( ¢) (12)
DR
2V 3, sin? 2D sin?(2D + ¢)
P = =) . (13)
7°D“R

Fig. 4 shows normalized output current amplitude
1,,R/Vpp and normalized output power P,R/V3, asa
function of the duty cycle D. The normalized output
current amplitude I,,R/Vpp decreases from 2 to zero as
D increases. The normalized output power P,R/V3p
also decreasesfrom 2to zero as D increases.

Fig. 5 shows wC;oR as a function of the duty cycle D
and Vpp / V. oCjR for the optimum operation can be

obtained by substituting (9) into

1
Voo = { v (0)d0
2D 2
1 I v, 1,,0+1,[cos(0+¢)- cos¢]+1 e
27 4 2V,0C 4
_ 1 872D%IZ,

81w’C%V,, 3

+I£|:7Z’D+w+27ZDC052¢—Sin27fD—Sin(2ﬂ'D+2¢)+¥}

+Zlnnlm[ZrDsin(ZﬁD+¢)+cos(27zD+¢)—27r2D2oosqﬁ]}

+ ijcm {or°D?1,, + I, [sin(22D + ¢) - 22D cosg - sin 4}

(14)

wCjoR reaches the maximum vaue for D=0.5. It

increases with an increase in Vp/V,,;. The phase angle
¢ of the voltage v,, i.e, the phase of the sum of the

output voltage and the fundamental component of the
voltage across the reactance X , isderived as

by

¢ = arctan— (15)
2
where
e ]
3 :W Ar°D* - 2)sin 22D + 4zD cos2zD
2 g : .
12 [st;rD+S|n(67zD+2¢)+sn(27zD+2¢)+COSZ¢Sin2ﬂD
"4t c VL2 12
_sin4zD 7sin(4nD+2¢)7”Dcosz¢75in2¢}
4 2
Topl, [ﬁDsin(47zD+¢)+ cos(4mD+¢)  2po y

+
20°Cl 2

7cos¢

}+ IDD
8 | oC

jO
+ 72D COS¢ — COS¢ Sin 27D —ﬂx}
ey, (472 D? — 2)cos22D — 4zDsin 27D + 2]
- bi
12 cos2D cos(67D +2¢) _ cos(2zD + 2¢)
" 2Co, 2 12 4

_ cos4aD cos(4;zD +24)
4 4

Il [HD cos(4zD +¢) _sin(4zD + ¢) N
20°C3V, 2 8
sn¢}

— 27D oS¢ cos27D + cosgsin 27D + 3
cos(4zD + ¢)

1
+f"’/i 2
Fig. 6 shows X /R asafunction of the duty cycle D and
Vop !V, - X/R can be obtained by substituting (9) into
(15). X/R increases with an increase in the duty cycle

D, but it does not change significantly with a change in
Vpp ! V4 - Fig. 7 shows normalized peak switch voltage

Vo /Vpp versus duty cycle D and Vpp/V,.
Vs / Vpp incresses from zero to a positive value as the
duty cycle D is increased from 1 to zero. Fig. 8 shows

— 27D cos¢ Sin 27D — cos¢ cos2zD +

L, {
Jjo

oC
Iy

(22D sin 22D + cos2zD - 1)

sin(4zD + ¢)
4

, =

+c0s® ¢ cos2zD

—7Dsin2¢ +

500524 _ o ) —1}
12 4

—2b_(2zD cos2xD —sin 272D

Jjo

3cos¢}
4

+ 7D sin ¢ — cos¢ cos2zD +
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power output capability ¢, versus duty cycle D and

P

Vpp /Vyi- ¢, isobtained as
— PO

P IsuVsu

where P, is the output power of the optimum operation,

Iy isthe peak switch current for the optimum operation,

which is obtained by substituting (12) into (2), and Vg,

is the peak switch voltage for the optimum operation,
which is obtained as vg(6;) in which 6, is obtained from

(6). ¢y is maximum when D=0.5. ¢y does not change
much with achangein Vpp,/V,; when Vp,/V,; >5.

c (16)

4. Simulation Results

The example circuit was simulated with PSpice. The
circuit parameters were Vpp =10V, Lgpc =1004H,

C=977nF, L=318uH, R=2Q. The operating

frequency was 1 MHz. The duty cycle was 0.6. The
SPICE MOSFET MODEL Level 3 was used for the
MOSFET. In the SPICE MOSFET model, the drain-
source capacitance is expressed as [4]

C, = __CBD (65)

v MJ
)
PB

where CBD is the zero-bias bulk-junction capacitance,
which is the same as Cj,, PB is the bulk junction

potential which is the same as V,;, and MJ is the bulk

bottom grading coefficient which is 0.5 in this example. In
accordance with the calculations, we set CBD = 65 nF, PB
=0.7V,and MJ=05.

The simulated waveforms of switch voltage v and the

output voltage v, are shown in Fig. 9. The peak switch
voltage Vg, was 325 V (36 V in theory). The output
voltage amplitude V,, was 6.35V (7.66 V in theory). In

our design, the MOSFET on-resistance and the gate-drain
capacitance were ignored. The existence of these parasitic

components may cause errors.
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Fig. 1. Basic circuit of aclassE

amplifier.
Zero Optimum
power operation
15
Sub-optimum Sub-optimum Sub-
operation area W
1 / /—\
T \ b= “’”/7
05 L f ~
e, 5 }‘ff
... L
0 L e I e I L
3014 264 214 6t 114 .le -0.14
$=-0.567
-0.5
— LRIV,
1
.............. PRIV,
io(MRIV )y,
-15 I
¢ (rad)

Fig. 2. Normalized output current amplitude 7,.R/V,p,
normalized output power P,R/V),,’, and normalized
shunt capacitance current at switch turning-on
io(M)RIVpp, as functions of ¢ .
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Fig. 3. Phase angular ¢ versus duty
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Fig. 4. Normalized output current amplitude
I,R/Vpp and normalized output power

P,R/V 3, versusduty cycle D.
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Fig. 5. wCjoR versus duty cycle D.
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Fig. 7. Normalized peak switch voltage
Vsm !/ Vpp versusduty cycle D and Vi / V), .
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Fig. 8. Power output capability ¢ , Versus duty

cycleDand Vpp/ V), .
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Fig. 9. Simulated waveforms of the switch voltage
vg and the output voltage v, .
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