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Abstract—This paper presents a novel design procethe other process of design with aid of computer. The de-
dure for class E amplifier with implicit circuit equations. sign scheme in [4], however, requires that circuit equations
It is possible to use circuit simulators since implicit cir-have to be piecewise linear expressions since linggareli
cuit equations are allowed in the proposed design procential equations are solved numerically using eigenvalues
dure. Therefore, the proposed procedure achieves the siof-matrix from circuit equations. Therefore, it is not al-
ple, easy and accurate design. We can show the validilgw a non-linear operation of each element. On the other
of the proposed design procedure from an experimental reand, the scheme in [5] allows any expressions of circuit
sult. equations. By the way, the many designers would like to
use circuit simulators, e.g., SPICE to design of class E am-
plifier. It is, however, impossible since all previous design
schemes requires explicit circuit equations. If implicit cir-
uit equations are allowed to design class E amplifier, the
esigners uses circuit simulators. And the design of class

amplifier is more simple than the previous design proce-

1. Introduction

Class E switching-mode tuned power amplifiers [1]-[5
have become increasingly valuable building blocks in man
applications, e.g., radio transmitters and switching-mo
dc power supplies. Because of class E switching, namely, " )
both zero voltage and zero slope of voltage switching, the This p_aper_pre_sen_ts_ a _nov_el deS|gn procedure_z for class
efficiency of energy conversion is very high at high fre-E amplifier with implicit circuit equations. By using de-

quencies. Therefore, a high density ofatc power pro- sign procedure it is possible to use circuit simulators and
cessing can be achieved, reducing the size and weight simple, easy and accurate design can be ach@ved. The
the equipment. accuracy of design values and amount of calculations are

Since the introduction of the class E amplifier, many gevaluated. Itis denoted that they are achieved to be same

sign procedure of this circuit have appeared [1]-[5]. In [1]as the design procedure in [5]. We design class E amplifier

the design values are derived analytically via circuit anaF-).y using the proposed design procedure and carry out the

yses with some assumptions, e.g., an ideal switch, infini%rCUIt experiment. We can show the validity of the pro-

output networkQ (i.e., sinusoidal output current), and anposed design procedure from the experimental result.

RF choke in the dc supply and so on. If the design values

are expressed as a function, it is easy and fast to derive the Principle Operation of Class E amplifier

design values. However, the accuracy of design values is

low because of the assumptions and muftbreis needed Figure 1 depicts the circuit topology of class E amplifier.

to analysis class E amplifier. The design values are derivathe waveforms of class E amplifier are shown in Fig. 2,

numerically from analytical waveform equations by usingvhen switch on duty ratio is 50%. The switch is driven by

the design procedure in [2]. This design procedure needsdriving pattern ofD, in Fig. 2. If the filter inductance

to solve circuit equations analytically, which need much eft ¢ is large, the input currerit of the amplifier is approx-

fort. In [3], the design values are expressed as a functiamately constant, which is equal to its dc component. If

of design parameters that is derived by fitting the data ahe loaded quality facto® is high Q > 5), the current

design values. In this procedure, easy, fast, and accuragehrough theLC resonant circuit is approximately a sine

designs are possible if the design functions can be deriveglave. Since the switching loss is reduced to zero by the op-

The data of design values, however, should be derived otherating requirements of zero and zero slope of switch volt-

design procedures. age {s = 0 anddvs/dt = 0) at the turn on transition, called
The design procedures in [4] and [5] are very simplelass E switching conditions, the theoreticéi@ency of

and easy design procedure compared with above schemasass E amplifier is 100%. On the other hand, it iSiclilt

These schemes require only circuit equations and carry dwtderive the elemental values of amplifier in order to class
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Lc defined on-c < t < oo with every initial conditionx €

. R" and everyl € R™: x(0) = ¢(0, Xg, 4) = Xo.

lc Lo Co Here, itis unnecessary to find thefdrential equations 1

fUU\—| } — explicitly. This is a crucial dierence from previous design

is* Vs . . procedures in [4] and [5]. The design procedure in this
+|ylcs v lo paper requires that the responsexgfnamelyy, can be

S {Z— T — (Cs R §T Vo observed and the system parameteend x(0) are given

arbitrarily. It is recognized that these requirements are not
DA particular for using circuit simulators.

L We also assume that (1) has a solutidt) = ¢(t, Xg, 1)
=14
=

VD

- 3.2. Poincagé Map and Fixed Point

By the periodic hypothesis (3), we can naturally define a

Figure 1: Circuit topology of class E amplifier. C> diffeomorphisni from state spac®" into itself :

T:R" - R" @)
5 B Xo = T(Xo0,4) = ¢(tr, Xo, 4).
H ;” ‘ ‘ The mappindr is often called the Poincamapping.
g - K n’ If a solutionx(t) = ¢(t, po, A) is periodic with periodr,
= ON OFF & . k . :
s 3 the pointpy € R" is a fixed point ofT :
)
§ ” T(po, 4) = Po. ®)

If po = Xo, (5) corresponds to the transient conditions.

3.3. Other Conditions

Switch voltage Vs

For design of the amplifier, we often consider several
G 2 conditions, i.e. zero voltage switching, zero current switch-
ing, class E switching conditions, and so on. If the number
Figure 2: Optimum waveform of class E amplifier.  of conditions isN(< m), the conditions that consist of each
conditiongy are expressed as

91(Xo, 4)

E switching conditions since class E switching conditions 02(Xo, 4)

are strict. G(xo, ) = : =0, e RV (6)
an(Xo, )

3. Theory of Design Procedure ) ) _
In this case, we can findl design parameters. Therefore,

In this section, the theory of the proposed design procéhe other {n — N) parameters must be given as the design

dure is presented. specifications. In the design procedur@afthe conditions
Ok have to be defined on a fixed time, for examgle 2r.
3.1. Circuit Description However, the presented design procedure allows all condi-

tions if only the conditiongy are functions ofxg and A.

For example, statistical conditions can be given as other

conditions. We recognize that the design of the amplifier
X boils down to the derivation of the solution of the algebraic

at f(t. x, 2), (1) equations (5) and (6). These equations are rewritten as fol-

lows:
n m i -
wheret € R, x € R", and2 € R™ denote the time, an n T (X0, A) — Xo

dimensional state and an m-dimensional system parameter, F(Xo, 1) = [ G(xo, A) } =0, e R™N (7)
respectively. In this paper, For simplicity, o

Let us consider a dynamic circuit described by fied
ential equations :

where, T(Xg, ), Xo and A are expressed a§(xg,A) =
f : R X Rn X Rm - Rn (2) [Tl(X05 /1)7 TZ(XO’ /l)s R TI"I(XO’ A)]T! XO = X(O) = [Xl(o)s
(t,x,A) - f(t,x,A). X2(0), - - -, X2(0)]", andA = [A1, Ao, - - - 4] . Moreover, we
defined, € RN as

A= {Au, A Adun | A (k=21,2,---,N)
f(t+tr,x ) = f(t, x, 4). 3) are unknown design parametersiif

is assumed a8 mapping and is periodic ihwith period
tr:

8)
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3.4. Computation of Design Values needed. This means that the circuit simulators can be ap-

Wi e th i b ina Newton’ h lied to derive response of circuit. For example, SPICE
e solve the equations (7) by using Newton's metho as many elemental models. If the designers would like

that is the general algorithm to solve the algebraic €9Ug5 commute the kinds of MOSFET, they can reflect the af-

tions. Since the unknown values of (7) are expressed fs o ; ; -
. ct of it in the design easily by using the elemental models
ue R"N:u=[x",4,"]", the computations g y by using

from a library of SPICE. Compared with the previous de-
F(UX) sign procedure, it is unnecessary to formulate new circuit
uktl = yk = =00 (9) equations and to make a model of new element. There-
fore, we would like to emphasis that computer aided design
are iterated fofju** — uX|| < 5 in order to find the unknown €an be_achleved from the configuration of the circuit to the
values, wherd’ ¢ RMNX(N) maans Jacobian matrix of derivation of the deglgn values and nurn_enpal wavefprms.
i As a result, the design of class E amplifier is more simple
F, that s, _ :
than previous design procedure.

F/(u")
[ 0Ta(u") -1 oty 0TL 0Ty 0Ty 4. Evaluations for the Proposed Design Procedure
9%41(0) 9%2(0) %(0) ddu  Odun
Ol 8T, . 9T, 9T, 3T In this section, the proposed design procedure is com-
0x1(0)  9%(0) 0Xn(0) ddu  dAun pared with the previous one in [5] in order to evaluate the
: proposed procedure.
| aTa(ub) aTh aTh 0T, 0Ty _
= 7%(0) 7%0) maxn(O) 16/IUI-~3/1L”\I 4.1. Accuracy of the design values
Igulter, ) 910G dg 9o In the proposed design procedure, it is necessary to solve
0x1(0)  9%2(0) 0%(0) 0 dAun the algebraic equations (7) that is same as those in [5]. Both
: design procedures apply Newton’s method for it. There-
agN(t(;N’ W) gy _ ogn Ogn O fore., the accuracy'of the design values from the proposed
9%1(0) %(0) 9%(0) 9l o] design procedure is complete same as that from [5] when

(10) both procedures use the identical circuit equations, namely
identical waveforms. In [5], it is denoted that high accuracy
paper. Then/**! is a solution of (7). of design can be achieved. Therefore, we can conclude the

For computations of (9), we can derivéu¥) from ¢ that design values can be derived withfistient accuracy by

is output of simulators. On the other hand, Jacobian matrBSing the proposed design procedure.
F(u¥) of (10) cannot be derived from the first-order varia- On the other hand, the derivations of accurate waveforms

tional equations like [5] since the circuit equations are im@'€ duite important. The accuracy of the waveforms deter-

plicit. Therefore, we propose the numerical approximatiofl'in€s that of the design values and depends on the accuracy
is used to determine the element values¢u¥). When of the elemental models. For example, it need mudbre
the new matrixu,; is defined as to make the high accurate model of MOSFET in the de-

sign procedure of [5]. If the model in the library of circuit
Ugi = [Ug, Up, -+, Ui + & - -, Unen]s (11) simulator can be applied to the design, it is easy to derive
the high accurate waveforms. Therefore, the proposed pro-
the approximate values of partialfidirential ofF’(u*) are cedure can derive accurate design values with fewerte

k is a iteration number and < 1, i.e. § = 1072 in this

calculated by using the equation; than the procedure in [5].
ag(uk) _ 9(usi*) — g(u") (12) 42 Amountof calculations
ou; & ’

The diference between the proposed design procedure

In (12),e < 1 mean a minute variation. MoreoveXu,;) and the procedure in [5] is the approximations of Jaco-
can be derived from response on a circuit System that ian matrixF’(uk). Therefore, we consider the amount of
same as one for derivations gfu) by substitutingu,; for  calculations for the derivation of Jacobian matFix(u*)
u. in order to evaluate amount of calculations. Approximate

From above computations, the unknown parametiers equations (12) are calculated in order to derive Jacobian
can be found, and the design values, thatlisare deter- matrix F’(u¥) in the proposed procedure while first-order
mined. Hence, we can design class E amplifier by using thariational equations are used at the procedure in [5]. The
proposed design procedure. first-order variational equations an¢n + N)-dimensional

The proposed design procedure requires only circudtifferential equations. On the other hand, it is necessary
configurations and conditions. Since variational equdoer the derivation ofy(u*) to solve ¢ + N) kinds of wave-
tions are not needed, explicit circuit equations are also nfdrms governed by n-dimensional circuit equations. As a
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to those in [1]

The ratio of iterations of Newton's method

1 1
10 10”
Minute variaton €

5. Design Example

Following the proposed design procedure, the design of
class E amplifiers is carried out. In the design, Runge-kutta
method is applied to circuit equations that is unknown to
the designer and these calculations are regarded as a circuit
simulators. Figure 4 shows the experimental waveforms of
class E amplifier. From this figure, we can confirm the ex-
perimental waveformyg is achieved class E switching con-
ditions and the validity of the proposed design procedure.

6. Conclusion

This paper has presented a novel design procedure for
class E amplifier with implicit circuit equations. It is possi-

Figure 3: The ratio of iterations of Newton’s method in theble to use circuit simulators since implicit circuit equations

proposed procedure to the those in [5] as a function of
minute variatiore.

Figure 4: Experimental waveforms of class E amplifier.

Horizontal : 200 n&liv. Vertical of Dr andv, : 5 V/div,
vs . 10 V/div

result, the amount of calculations to derive Jacobian mat

.
in the proposed procedure is same as that in the procedﬁé

in [5].

Next, we consider the amount of iteration of Nevvton’sIA']
method. Figure 3 shows the ratio of iterations of New-
ton’s method in the proposed scheme to the those in [5]

as a function of a minute variatien This ratio are derived

from the designs of class E amplifiers under 100 kinds of
design specifications. The higher accuracy the approximng

equation (12) is, the smaller a minute variatiors. From
Fig. 3, the amount of iterations is same as the scheme

[5] for small e. From these considerations, it is find that

gre allowed in the proposed design procedure. Therefore,
the proposed procedure achieves the simple, easy and ac-
curate design. We can show the validity of the proposed
design procedure from the experimental result.
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the amount of calculations for the design of class E ampli-

fier by using the proposed design procedure is almost sal
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as that by using the design procedure in [5] in case of small
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