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Abstract- The mathematical exact analysis of a simple class 
E high-efEciency swttehing mode tuned power ampitfwx [II is 
pwfomd. The simple network only contains one capacitor and 
one inductor. Switch duty-cycle and Q, cannot be chosen inde- 
pendently, and thus this dreutt is only of interest for applimtions 
in which a high hamxmic content in the load is permitted. In 
this paper, this circuit is used as a test bench for extracting, 
with no need for optimization, the parameten of a simple FET 
autput port model in high frequency switching conditions. This 
method is a quick way ta predict if a tmnststcw will be useful in 
a class E application. Expaimental measurements showing gwd 
agreement with tbeoretieal results are presented. 

1. INTRODUCTION 

Figure la and lb present two equivalent circuits of a simple 
version of the class E network [I]. In this case, only one 
inductor and one capacitor are needed. The capacitor is the 
parallel combination of the device’s output capacitance and 
an external capacitor. The load resistance in fig.tb is the 
equivalent load resistance of the RF transformer and the series 
loss resistance of the coil. The active device is driven at the 
operating frequency, f, and it is considered to be acting as a 
switch. This network has the following limitations: 

1) D (duty-cycle) of the driving signal and loaded & are 
not independent. 

2) Current through the load is not a sinusoid and the 
harmonic output content of the output signal can be high, 
so the application range of this particular topology is 
limited. 

In this paper, an analytical description of this circuit is 
obtained and applied to develop a parameter extraction method 
for characterization purposes. For this particular application 
this version of the class E amplifier is useful for the following 
reamns: 

1) The harmonic content of the output signal is irrelevant. 
2) The characterization of the device will be performed 

in switching conditions and particularly for class E 
applications. 

3) very few compone.nts are needed to perform the ex- 
traction and thus, the error due to other component 
mismeasurements is small. 

Non-linear large signal transistor models for simulation 
and design of high frequency circuits are, if available, often 
too complicated to be included in the theoretical design 

and analysis of class E amplifiers. The output port model 
considered in this paper (fig. 2) [2] is simple enough to be 
included in the analysis of a class E amplifier [3] but it 
also includes the output capacitance and the losses in the 
device both during cutoff and conduction. In this paper, a 
simple method, requiring no optimization process, will be 
demonstrated to characterize the model parameters from 
mea.s”relne”ts. 

The analytical description of the circuit presented in figure 
1.b is based in the following assumptions: 

I) The device has zero switching times, infinite OFF resis- 
tance and constant ON resistance. 

2) The device has non-zero output capacitance that might 
be included in the circuit external shunt capacitance and 
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is independent of the device voltage (or it is a linear 
equivalent capacitance [31). The shunt capacitance has a 
series loss resistance. 

3) The L.coil, has a series resistance that is included in the 
load equivalent. 

According to the previous assumptions, the equivalent circuits 
for the OFF and the ON states are presented in figures 3a and 
3b respectively’. The device is driven at the input frequency, 
f, and the analysis will be performed in an interval, where 
0 = 2. T f. t, represents angular time. D is tbe duty cycle of 
the switching signal, thus 6’0~ = 2. ?r. D (instant of turn ON) 
and 00~~ = 2. ?r. (1 - D) (turn OFF’)[4]. The differential 
equations, describing this two equivalent circuits are: 

1) FortbeOFFstate(O<B<2.a.D) 

WQ) i,(B) = 2rf dB 

v,(e) = Rc i,(e) + ;!A 

2) For the ON state (0 < 0 < 2. ?r. (1 - D)) 

(‘Jd) L dzy) + (R,, + RL) i:(s) = VDC 

WI(e) = & i;(s) (2) 

To solve the differential equations, that are initial conditions 
dependent, the following boundary conditions apply when the 
switch changes state: 

i,(2?rD) = i:(O) 

$(2x(1 - D)) = i,(O) 

n(O) = 0 

(3) 

For class E operation [51, both the drain voltage, and the 
derivative of the voltage ax set to be zero when the device 
turns ON, therefore: 

v&nD) = 0 C = “A, d”$) /o=2rD = 0 (4) 

Due to the simple structure of this circuit, the current 
flowing into the load is not a sinusoid and thus, the output 
harmonic content in the load resistance is not independent of 
the duty cycle chosen. To determine this relation the power 
supplied to the circuit has to be equal to the overall dissipated 
power in one cycle in the class E condition case where 
maximum efficiency occurs. To obtain this: 

I’.@) 

(b) 

P = VDC IDC = Phi + Pdisa 

Tbe maximum efficiency’ depends on the dissipated power 
in the loss components For this simple class E circuit that 
considers losses in the device, the efficiency can be expressed 
aS: 

pm2 - Pdis PdiS 
9= 

%d = 
Pd,. PDC 

=I- 
PDC 

(7) 

The resulting equations (see Appendix) give by numerical 
solving the values of C, D and L provided that f, RL (or, 
equivalently Q‘) and Vm are known. 

Figure 4 depicts the test circuit. If the device is substituted 
by the model, the resulting equations describing the circuit are 
equal to the ones derived before for both ON and OFF states. 
For this particular case: 
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Rig. 4. Test circuit 
. . ..--_ -- ._._ -.. 

Rg. 5. marurd drain voltage vs. simulation WiCh extTacted parameten 

1) There is no load resistor. Only the parasitic loss resis- co,, cURe”t 
tance of the coil, ESR L, is present and it is assumed 2, 
to be known. 

2) No external capacitor is added, thus all the capacitance is 
provided by the device. The frequency and D are varied 
until ideal class E conditions are obtained. With the 
values of: f, D, L, ESR L and Voc, the equations (1) 
to (6) can be alternatively numerically solved to obtain 
the values of C, Rc and R,, and therefore extract the 
desired parameters. 

The maximum frequency of operation of a device in the 
class E amplifier most common network with two inductors 
and two capacitors (41, [6] depends on the intrinsic output 
caDacitance of the device. The maximum freauencv in this case 

L , 

can be derived in terms of the linear equivalent capacitance 
[31, 171: 

the values of Rc, RON and C obtained by numerical solving 
of (l)-(6). 

Fig. 5 depicts the drain voltage waveform compared to the 
simulated results with the extracted parameters. Switching 

f 
1 ?rD cos(?iD) - sin(rD) 1 

meA = 2 sD (8) conditions are equal in both cases but the peak voltage is 
@i”(,TD) ??RLC., higher than expected due to the non linearity of the output 

‘IINS the importance of knowing the exact value of C.,. 
capacitance. The extracted value of C accounts for the linear 
equivalent capacitance defined in [2], [3]. Fig. 6 shows the 

With the proposed method the linear equivalent capacitance is current wav.,+foms of the test circuit, 
computed with no need for cumbersome curve fitting methods. 

v. CoNCLUsloN 
IV. EXPERIMENTAL “ERIFICATKBN 

A RF power MOSFET DE275-102N06A transistor has 
A method for the exact analysis and design of a very simple 

been tested. The experiment component values are presented 
class E network, only with one capacitor and one inductor has 

in table I. The driver stage is based on an DE1 EVIC420 
been presented. This circuit has been applied to the parameter 

evaluation hoard that permits switching frequencies up to 
extraction of a switching device output port model particularly 

45MHz with variable amplitude and duty cycle. Table II shows 
suited for designing class E applications. With this test a linear 
eauivalent of the outwt catucitance of the device can easilv 
be obtained and thus, the ~tnaxitnum frequency of operation 

TABLE I of the device in regular class E applications can be computed. 
ClRC”lT VALUES FOR TEST SlMUL.4T*ON 
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Therefore, this method provides designers with a quick way to 
find out if a transistor will be useful in a class E application. 

Laboratory results show good agreement with theoretical 
results obtained in terms of switching conditions. Further 
work by the authors would include a deeper discussion of the 
results of the simple class E design in terms of comparative 
graphs and the inclusion of the nonlinear output capacitance 
in the analysis. 

For this particular case, the continuity equations given by (3) 
have explicit solution and thus: 

i 
0 

(o) = _ (2. sidwlbN)(-Jt Kl(1 - a) - Kz) 
aSKl sin(wlOoN) + a0 cos(w80~) - 1 

f... 

+ 
a. cos(w,Oo,v) 51 (1 + 0~) 

~$4 sin(w8oN) + ~~cos(w~&J,v) - 1 

i;(o) = - JI - JIK, + Kd 
abKl ~WJI&JN) + a/3cos(w1Oo,v) - 1 

APPENDIX 

This solution of the equations presented (l)-(6) applies for 
the general case of a couple pair of complex conjugate roots. 
This may not be the case for very high load values and/or very 
low Q. 

I)- For the OFF state (0 < 0 < 27rD) 

p(B) = e-“~~~“~ (Cl sinqe + c; COSWlfJ) 
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cz=-c.vDc 

B, = 2af(--u,x~. CI - Cz WI) 

Bz = i,(O) 

Mz=&.Bz+z 

1 RL+& 
uoFF= 2*f' 2L 

1 1 
J&Z 27rf J 

(RL + RcP 
- LC 4L2 

2) For the ON state (0 < 8 < 2?r(l- D)) 

with 

5, = VDC 

RL+RON 

Jz = i;(O) - JI 
1 &+Ron 

OoN= 2*f. L 
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