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Class-Ey; Switching-Mode Tuned Power
Amplifier—High Efficiency With
Slow-Switching Transistor

Attila Telegdy, BélaMolnér, and Nathan O. Sokal , Life Fellow, IEEE

Abstract—In class-E switching-mode power amplifiers, the
switch-current waveform includes a step change (“jump”), ap-
proximated by a ramp of < 15% of the period. At a transistor’s
highest useful frequency, the large input drive required for
fast-enough switching yields marginal power gain. Objective:
a high-efficiency power amplifier with jumpless current and
voltage waveforms. Previously, that was proven impossible for
amplifiers using only linear passive components and an ideal
switch. We present the theory of a new topology that does achieve
the objective: a class-E amplifier with nonlinear passive or active
components in the load network. A “biharmonic” version was
simulated, built, and tested. It comprises a main stage switching
at the output frequency f:, drawing dc power of approximately
3/4 (Pour_rr/drain_efficiency), and an auxiliary amplifier
switching at 2 f;, injecting 2 f;-current into the circuit node at
the main-stage transistor’s output port to shape jumpless voltage
and current waveforms. That switching (nonlinear) output port
converts2 f; power from theauxiliary amplifier to approximately
14 of the f; power at the load. Computer simulation, and
measurement on a scaled-frequency 3.5-MHz prototype, show
that switching losses practically disappear when the main-stage
switch is operated in the jumpless regime.

Index Terms—Amplifier, class E, class Ey, high efficiency,
microwave, microwave power, power, power amplifier, RF,
RF power, RF/microwave power, switching mode, zero-current
switching (ZCS), zero-voltage switching (ZVS).

|. INTRODUCTION

HE class-E RF power amplifier [ 1]-{6] operatesthe output

transistor as an on/off switch at the RF-output frequency;
it isknown as a good candidate when high efficiency is needed.
Reference[3] containsadetailed overview of class-E amplifiers,
including the conceptual “target” waveforms of switch voltage
and current, and design equationsfor an amplifier using the pub-
lished low-order lumped-elements|oad network that generatesa
first-order approximation to the “target” waveforms. The wave-
forms of switch voltage and current are generated by the tran-
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Fig. 1. Block diagram of a switching-mode power amplifier.

sient response of the load network (the network external to the
active part of the transistor; see Fig. 1) in response to the peri-
odic operation of the on/off switch at the input port of the net-
work. Higher order load networks generate closer approxima-
tionsto the “target” waveforms shown in [1]-{3]. Reference[3]
briefly discussestherealization of aclass-E amplifier withtrans-
mission-line circuits instead of lumped-element components,
and gives referencesto publications dealing with such transmis-
sion-line realizations. Example references for recent transmis-
sion-line class-E amplifiers are [7]-{10].

The classE transistor has, in principle, a step-function
(“jump”) current turn-off. In an actual circuit, the current fall
during turn-off is a ramp, ordinarily occupying 15% or less of
the RF period. A basic limitation of the class-E amplifier at
frequencies approaching the maximum usable frequency is that
the efficiency declines with increasing values of the turn-off
switching time because the switching power dissipation in-
creases with increasing turn-off switching time (mathematical
details below). The turn-off transition time is approximately
inversely proportional to the square root of the input-drive
power. The circuit performance becomes marginally acceptable
at the frequency at which theinput drive required for acceptable
turn-off switching time results in marginally acceptable power
gain and power-added efficiency (PAE).

This paper addresses efficiency improvement in class-E
amplifiers operating at frequencies near what had previously
been the maximum usable frequency discussed above. The
efficiency, power gain, and PAE are increased by shaping the
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voltage waveform differently to allow slow switching without
the attendant loss of efficiency. We begin by analyzing the
action during the transistor’ s turn-off transition in the published
circuit of [1]-{4]. At switch turn-off, the switch current fals
linearly from a nonzero value to zero in a time as short as
can conveniently be obtained with an acceptable amount of
input-drive power. The resulting collector or drain efficiency is

1 2

n=1 1295 1)
where 6, is the turn-off-switching transition angle in radians.!
Numerical evaluation of (1) shows that high efficiency can be
achieved even if the turn-off switching time is an appreciable
fraction of the period: e.g., for the power losses due to nonzero
turn-off switching time, the efficiency (100% at zero switching
time) ranges from 96.7% to 86.8% for switching times from
10% to 20% of the period. (Other sources of power dissipation
reduce the efficiency further, but here we are concerned with
only the effects of switching time.) The power transistor's
switching time is approximately K/+/Puive, Where K is a
constant for a particular transistor and P, ive iS the input-drive
power to that transistor. A large K corresponds to a slow
switching time (associated with low fr for a bipolar junction
transistor or high Cis for an FET) and, hence, a low value of
efficiency from ().

However, a slow-switching transistor further degrades the
overall efficiency because the switching operation requires a
driver stage whose power consumption: 1) decreasesthe overall
efficiency and 2) is proportional to the output-transistor’'s K
value, i.e., more input drive (hence, more power consumption)
is needed with a dlower switching output transistor. Equipment
users are interested mainly in the PAE of the system

PAE — Pout RF — -Pin RF to first stage if [rom external source . (2)

Pin DCtoallstages

The present authors, like the authors of [1] and [2], wanted
to find a way to make the circuit work well without requiring
a jump in the switch-current waveform at turn-off so as to
alow efficient operation at frequencies high enough that the
switch turn-off transition would occupy a substantial fraction
of the waveform period, e.g., 30% or more. Unfortunately,
[11] showed that the class-E amplifier can deliver nonzero
output power only if at least one of the switch waveforms
(either voltage or current) has a jJump (as seen in the current
waveforms of [1, Fig. 4(e)], [2, Fig. 4B], and [3, Fig. 3])
under the assumption that the circuit comprises an ideal switch
and linear passive components. The conclusions of [11] were
confirmed in [12] and [13]. Reference [14] investigates: 1) the
possibility of achieving nonzero output power with jumpless
switch voltage and current waveforms in a circuit comprising
an ideal switch and nonlinear passive components and 2) the
effects on the switch-voltage and switch-current waveforms and

1For the derivation of (1) see[1, eq. (8)] for 7... Simplify the parameter A, de-
fined intheline below (5), to unity by assuming infinite @) ;. (network loaded Q)
and, therefore, apure-sine current in L2—C2. Drop the term involving Vogsat)
because here we are concerned with the effects of only switching time. Apply
the approximation that 1/(1 + ) & (1 — ) if 2 < 1. Theresult isidentical
with (1).
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the resulting amplifier efficiency of harmonic-current injection
into the network from an external source. Reference [14] does
not show clearly which topologies can ssimultaneously yield a
jumpless voltage waveform and a jumpless current waveform.
That omission is remedied in this paper.

If a method such as that in [14] could, in fact, be imple-
mented so that both the voltage and current waveforms could be
jumpless, then the circuit could tolerate slow switching times
with lessloss of efficiency thanisshownin (1), and atransistor
with a given switching speed could provide higher efficiency
versus frequency in such a circuit than when that transistor is
used inthe classical class-E circuit of [1]- 3] (provided that the
conduction losses do not increase by more than the switching
losses decrease). In addition, the driver-stage output and
input powers could be reduced, further increasing the overall
efficiency, because fast switching speed of the output transistor
would now be lessimportant, so lower input drive to the output
transistor would be acceptable2 In most cases, the current
switching time is proportiona to the current to be switched,
and inversely proportional to the input-drive voltage (for FETS)
or current (for bipolar junction transistors), and operation with
a jumpless switch-current waveform yields a grestly reduced
switching transition time and its associated switching losses.

In this paper, we describe an implementation having jumpless
switch-voltage and switch-current waveforms; we call it “class
En”; the subscript “ A™ indicates “microwave,” the frequency
region in which the jumpless-waveform properties of this am-
plifier are expected to be most useful. The lowest order (*bi-
harmonic”) implementation of the class-Ey, principle comprises
the following two-part output stage:

* main amplifier that consumes dc power equal to approxi-
mately 3/4 of the load power, and converts this power and
the power generated by the auxiliary amplifier to power at
the output frequency f:;

« smaller auxiliary amplifier (or avaractor frequency-multi-
plier), phase-locked to the main amplifier, which generates
approximately 1/4 of the load power at the frequency 2f; .

2The theoretical analysis presented in this paper assumes infinitely short
turn-on and turn-off switching times because thisgreatly simplifiestheanalysis,
while still being a good approximation to the operation of an actual class-Ey
circuit. Turn-off switching begins when the switch current (determined by the
external “current-source” circuit) already is at or is very close to zero and
varies slowly due to the approximately zero value of its time derivative. Then,
even with small input drive, the time for the current to fall to zero (if it is
not already at zero) is very short, in contrast to the turn-off switching in the
origina class-E circuit, in which the current must jump to zero from 70% of
the peak current. Hence, a given transistor will show faster turn-off switching
in a class-Ey; circuit than in a class-E circuit, even with small input drive.
That makes the class-En amplifier suitable for operation at frequencies higher
than can be accommodated by the same transistor in class-E operation. The
turn-on switching conditions are similar in class-Ey; and class-E operation:
The current increases slowly from zero, at a well-defined rate. The switch
remains voltage-saturated if it can support the well-defined di/dt. In actual
practice, that is an easy condition to meet, and small input drive is sufficient.
Much experimental operation and simulation (which shows details not easily
visible experimentally) of the class-E amplifier have shown that power
dissipation during the turn-on switching is negligibly small in relation to other
power losses, e.g., by two orders of magnitude. Since the turn-on switching
conditions are similar in the class-Ey; circuit, the authors expect the same low
turn-on switching loss, even with small input drive, as has aready been seenin
extensive experience with the class-E circuit. Conduction: In both Ey; and E,
the input drive must be sufficient to keep the transistor in voltage saturation
during the conduction interval (after the turn-on switching and before the
turn-off switching), when it is carrying substantial current, but with low di/dt.
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The main amplifier has jumpless switch-current and
switch-voltage waveforms, while the auxiliary amplifier can
be a usual switching-mode amplifier (e.g., class E). (If the fre-
guency multiplier is fed from the output of the main amplifier,
the load power is reduced by the amount of power converted by
the frequency multiplier from frequency f; to frequency 2f; to
change the waveform shapes to continuous ones as shown later
in the paper.) Higher order implementations can use harmonics
of order higher than two or multiple harmonics (“polyhar-
monic” implementation). The higher order implementations
will have different distributions of the total power between
the two (or more for polyharmonic) parts of the amplifier than
the “3/4 + 1/4” shown for the biharmonic implementation
using f1 and 2f;. (We are not aware of any net advantage to be
gained from using harmonics higher than 2f;; a disadvantage
is that the power gain and efficiency of the auxiliary amplifier
decrease at harmonic frequencies higher than 2f;.)

Section Il deals with the general mathematical theory of the
new family of amplifiersthat can operate with jumpless voltage
and current waveforms. Section |11 dealswith the consequences
of the basic eguations derived in Section Il. Section IV dedls
with the waveformsin the lowest order (“biharmonic”) member
of the new family. Section V gives the detailed design, simu-
lation, and experimental verification of a biharmonic class-Eyy
amplifier operated at ascaled frequency of 3.5 MHz, andtherea-
sons for making the measurements at 3.5 MHz. The measured
PAE of the slow-switching continuous-waveforms main stage
was 85.2% at 13.2-W output. Section V also reports simulations
combined with efficiency estimations of class-Ey; and class-E
amplifiers operating at 870 MHz, 3.2-W output, and a compar-
ison between those two amplifiers. Section VI summarizes the
new results. Section V11 discusses practical questions that need
further study. The relationship between class £ /Ey; (operating
the transistor in switching mode) and classes F [15]/HCA [16],
[17] (operating the transistor in current-source mode) is dis-
cussed in Section VIII.

Il. GENERAL POWER EQUATIONS OF AN IDEAL SWITCH IN AN
AMPLIFIER OPERATING IN THE LOSSLESS MODE

To lay the mathematical foundation for the genesis of the cir-
cuit to be described in Section 1V, this section reviews the gen-
eral power equations (15) and (16) below (related to [11, egs.
(100«14)],[12, egs. (13) and (21)], and [14, eqg. (17)]), that char-
acterize the interaction of an ideal switch with alinear or non-
linear network, in an amplifier operating in the lossless mode.
Here and in Section 111, we add further considerations not in
the previous publications, regarding the generic circuit topolo-
gies of Fig. 2 and the relations among the parameters of the
switch-voltage and switch-current waveforms shown in Fig. 3.

Fig. 1 shows the block diagram of a switching-mode power
amplifier. The switch is connected across one port of a linear
or nonlinear network called the “load network.” Whether the
network islinear or nonlinear, it can betaken aslinear during the
infinitely short switch transitions. We assume that the network
is a lumped-element network; thus the impedance Z,,.;, seen by
the switch during a switching transition can be characterized in
the frequency domain by arational function (3) with m poles
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topologies. (a) Switch with shunt capacitance. (b) Switch with seriesinductance.
(c) Switch with series resistance.

Discontinuous waveform

is O vg / iorvy
N /
N \/ \l/ Y 0= w;
\ \
A \ ‘\
Appr<0 \\,MT’ AON<O\\ /I
(a)

a

Continuous waveform

VS or g

0= oy

SO[’I" > S()N > ()

(b)
Fig. 3. Possible switch waveforms of a switching-mode power amplifier.

(a) Discontinuous waveform. (b) Continuous waveform. .S is the jump of the
slope of the continuous waveform in (b).

and n zeros. From stability considerations, (m —n) = —1,0,
or +1. Thus,
Znet (s) == whereB,, >0and 4, > 0. (3)

m 3
Z B;s*
=0

The impedance Z,,.; (s) or admittance Y,.; (s) can be written
as

Yiet () = Cop - s+ Y, (8)
Znet (8) = Loo - s+ Z, (5)
et (8) = Roo + Z,- ()
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where
A ch ifm=n+1
Bn =< L., ifm=n—-1 4
m R, if m=n.

The decomposition in (4) means that, depending on the
topology of the load network, a capacitance C..,, an inductance
L., or aresistance R, can be extracted from (3). Fig. 2 shows
the three possible topologies of the switch and its embedding
network. The extracted parameters characterize the high-fre-
quency behavior of the impedance at the considered switching
moment. In most practical cases, the extracted elements shown
in Fig. 2 can be identified with actual circuit elements of the
switching-mode amplifier (for example, in a classical class-E
amplifier [1]3], C isthe inherent output capacitance of the
transistor switch plus the external shunt capacitance (if any)
connected across the switch).

We are interested in power components at harmonic frequen-
ciesflowing into the switch (see Fig. 1). (The power at a partic-
ular harmonic can be negative, indicating that the power at that
harmonic freguency is coming from the switch.) Let the power
flowing into the switch at the k£th harmonic be denoted by P;,.

In order to achieve 100% power-conversion efficiency (no
power dissipation in the switch or in the network), the switch
must be operated so that

> B =o0. (5)
k=0

Equation (5) can be satisfied if the load network is tuned so
that the voltage on C.,, is zero at the switch turn-on [for the
topology in Fig. 2(a)] or the current through L., is zero at the
switch turn-off [for the topology in Fig. 2(b)]. The topology in
Fig. 2(c) does not need such constraints on the waveforms, but
this topology is not well suited for a high-efficiency amplifier
because the resistor in series with the switch causes unwanted
power dissipation unlessits resistanceis negligibly small. If the
resistanceis negligibly small, the circuit becomes the circuit of
Fig. 2(a) or (b).

In the subsequent analysis, therefore, we focus on only the
topologies of Fig. 2(a) and (b), which are duals of each other.2

We assume that the switch is ideal and operates without loss
so that (5) is satisfied. Fig. 3 shows possible switch waveforms.
The current waveform may have jumps (Aon or Aorr) inthe
circuit of Fig. 2(a), and the voltage waveform may have jumps
in the circuit of Fig. 2(b). As shown in Fig. 3(b), the comple-
mentary waveforms (voltage and current, respectively) are con-
tinuous (without jumps), but their slopes can have jumps. We
measure the waveform slope S in volts per radian or amperes
per radian, depending on whether the voltage waveform or the
current waveform is the continuous one.

3Thetopology of Fig. 2(b) isincluded for mathematical completeness. How-
ever, as of 2003, the output capacitance of all transistors commonly used at
frequencies above approximately 10 MHz is large enough that the output ca-
pacitance itself becomes C'.. (or a substantial part of C'.. when augmented
by an intentional external capacitor). That makes the circuit correspond to the
topology of Fig. 2(a). The topology of Fig. 2(b) can be achieved at lower fre-
quencies, but the class-Ey; technique described here is not needed at such low
frequencies.
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Denotingw; = 27 f1, theangular vel ocity of thefundamental
frequency of the waveforms (taken as periodic), a proportion-
ity relation between S and A can be written as

A - .
Sy =———1 , for the circuit of Fig. 2(a)
Sy =——V for the circuit of Fig. 2(b).

wlLoo7

Subscripts 7 and V' in (6) indicate current and voltage, respec-
tively.

In the following paragraphs, we show the main steps of the
derivation of a general equation (15) that we shall use later in
this paper. Readers who are not concerned about the mathemat-
ical details can jump from hereto (15). The derivation is shown
for the topology in Fig. 2(a), but a similar derivation accom-
modates the dual topology in Fig. 2(b). The presentation uses
elements of derivationsin [11], [12], and [14], but unlike those
publications, the derivation below avoids using concepts from
the mathematical theory of distributions.

We use[11, eg. (10)] or [12, eg. (13)], which can be written,
in our notation, as

o0 ) 1 T
kP, = — Liledt. 7
kz::l k wa/o Vsts (7)

Here, T' = 27 /w; is the period of the periodic waveforms, v/
and ¢’; aretime derivatives of the switch voltage and switch cur-
rent, and P, isthe kth harmonic power flowing into the switch.
(For the origin of (7), author Telegdy will be glad to send a
more-detailed description on request.)

The definite integral in (7) can be calculated by dividing
the integration interval into two or more sub-intervals, each of
which begins and ends at a switching transition, and summing
the sub-integrals.

Consider now a switching-transition interval centered at the
moment ¢ = o, with duration 2At. vi¢; iszero beforeand after
the switching, but can be nonzero during the switching interval.

The basic assumption of the derivation is that the switching
transition isfast enough that the part of the system that remains
after the extraction of C,, [see Fig. 2(a)] cannot change its
state during the switching transition. Thisconditionismet if the
switching transitions are infinitely short, i.e., At — 0. Thus,

Iy = is(t) + ic(t) = constant (8)

where ig, i, and ¢ are defined in Fig. 2(a). Taking the time
derivative of (8) gives

i5() = —ir(2). ©

The current jump at a switching moment is
| +i(to) = ic (to — At) for turn-on
Ar= { —i(to) = ic (to + At) for turn-off (10)

where subscript 1 and subscript V' used later indicate the
switching moment for current and voltage, respectively. The
proportionality factor between the current and time derivative
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of the voltage is the reciprocal of C,,. Considering also that
C is connected across the switch, we can write
1

vs(t) = va(t) = C—'Lc(t). (11)
(If C is nonlinear, its value should be taken as the value at
zero voltage. Since the voltage on C,, cannot change during
theinfinitely short switching transition, a nonlinear C.,, can be
taken as constant during that switching interval.) Substituting
(9) and (11) into the integral in (7), we can write

to+At to+At iC‘ (t)
/ s (t) - vs(t)dt = — / i () - C dt
to—At to—At oo
1 7. .
=50 [zé(to +At) —'LQC(tO—At)} :
(12)
Since
ic(to + At) = 0 for turn-on (13)
ic(to — At) = 0 for turn-off
and taking into account (10),
1
to+AL +TA§ for turn-on
RO (14
to—At _WA? for turn-off.

Using (6), weturn to using Sy~ in place of one of thefactors Ay
in A% and we then substitute (14) into (7). After rearranging the
result, the final equation (15) results by summing all of theinte-
grals of type (12) corresponding to turn-on transitions and (sep-
arately) turn-off transitions (Note that the voltage-slope jumps
are measured in units of volts per radian.)

f: k2 P,
k=1

= Z SOFFAOFF -

all turn-off
transitions

Z SonAon

all turn-on
transitions

&=

inacycle inacycle

(15)

(To simplify the notation, we have omitted indexes in the sum
(indicating different switching moments), and subscripts V' and
1.) Equation (15) holdsif the switching transitions are fast (i.e.,
(8) isvalid), no matter how the switch current varies with time
during the switching transitions.

Equation (15) is a general equation for harmonic powers
flowing in aswitch from the linear or nonlinear load network of
an amplifier of the topology shown in Fig. 2(a) or (b) operating
in the lossless mode. Other forms of (15) can be obtained
by substituting S or A from (6) into (15). In the circuit of
Fig. 2(a), the switch is turned “on” when the capacitor voltage
ve is zero; in the circuit of Fig. 2(b), the switch is turned
“off” when the inductor current s is zero. The switch carries
a current waveform ¢g (¢) and sustains a voltage waveform
vs (t). In order to achieve high efficiency, a lossless load
network is needed, i.e., the load network can include any types
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of components except resistors. (Parasitic resistances in real
components reduce the efficiency from the ideal 100%.) If, in
addition, the load network is linear (as is usualy the case),
the harmonic power of the switch is conserved). Thus, (15) is
valid asthe general equation for the power flow at all harmonic
frequencies: 1) in an ideal switch connected to a linear or
nonlinear network and 2) in alinear network driven by an ideal
switch; in both cases 1) and 2), for the amplifier operating in
the lossless mode. Unless stated otherwise, the load network is
considered to be linear, for the subsequent discussions.

As stated in Section |, jumpless-waveform operation is de-
sired whenever the operating frequency is so high that the switch
turn-off transition time cannot easily be made a small fraction
(e.g., < 20%) of the period. In jumpless operation, S and A are
zero in both of the sumsin (15). Thus, a new general equation
can be written for power amplifiers comprising alinear or non-
linear network driven by an ideal switch, and operating in the
lossless mode with jumpless voltage and/or current waveforms
(“and” if the network is nonlinear, or islinear and has harmonic
power injected into it, as shown later in Fig. 4, or if the network
is linear)

> kP =0. (16)
k=1

If the load network is linear and lossless, P, can be harmonic
powers: 1) flowing in the switch and/or 2) flowing in the load
network via ports other than the switch-connection port. In case
1), the total power B, at the kth harmonic is the summation of
the kth harmonic powers at all of the ports, except the switch-
connection port.

I11. CONSEQUENCES OF THE GENERAL
EQUATIONS (15) AND (16)

To show the consequences of the general equation (15), using
the simplest mathematical formulation, suppose that there is
positive power flowing into the switch at dc and positive power
flowing out of the switch at the switching frequency; and, sup-
pose further, for this simple illustration (but not in general), the
load network is linear, is tuned to a specific frequency slightly
below the switching frequency [1]-{3], and includes a dc block
and a harmonics-rejection filter before the load resistance. The
voltage and current waveforms at the load can then be taken as
pure sinusoids at the switching frequency and all of the power
delivered to the load is at only the switching frequency. With
those assumptions,

Py = Ppc

P =—-Pour .
P, —0fori=2,3,...

Substituting (17) into the basic (15), we obtain, for thisexample,

17

1
POUT:—ES'A

Wi Coo 9 1 2 .
— = — Az for Fig. 2
_ 4 5 47w Cas ! or Fig. 2(3)
_wlLoo 2 _ 1 2 1
y S = T ol Ay, for Fig. 2(b).

(18)
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Fig. 4. Schematic of a3.5-MHz 13.2-W class-Ey; amplifier built and tested.

Inthisillustrative case, we can conclude that the output power
isuniquely determined by: 1) the waveform jump on the switch
(current or voltage) and 2) the infinite-frequency behavior of
the network seen by the switch (i.e., the shunt capacitance C,,,
or the series inductance L.). No power can be generated with
a switch connected to a linear load network if both the switch
voltage and switch current are jumpless and al non-dc power
flowing through the load network is at only one frequency.

In order to satisfy both of the requirements of 1), jumpless
voltage and current waveforms on the switch, and 2) nearly pure
sinusoidal output waveform with nonzero output power, we must
allow power flow in the system at two or more harmonically re-
|ated frequencies. This can be donein either of two ways:. 1) by
using nonlinear elements in the load network to convert fun-
damental-frequency power to a desired harmonic frequency or
2) by injecting the harmonic-frequency power into the network
from an external source, such as the “Aukxiliary injection gen-
erator” amplifier in Fig. 4. In the case of using nonlinear ele-
ments, those elements should be reactive (i.e., nondissipative),
such asvaractors, in order to achieve high efficiency. Amplifiers
achieving continuous waveforms by using principle 1) or 2) are
considered as a new type of amplifiers called “class Ey;.”

For the next step, consider the following example, which we
call the“biharmonic” case: 1) the power flowing into the switch
is nonzero at dc, at the fundamental frequency fi, and a one
harmonic of the fundamental (let us say the nth harmonic) and
2) the switch voltage and current waveforms are both jumpless
as follows:

{PO;éO,Plyéo,Pn;éO, n>2 (19)

P, =0, for k #0,1, orn.
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For the variant with a linear lossless load network and nth
harmonic external harmonic injection, we can write

By = Ppc
Py = —-Pour
Pn = -Pinjected

(20)

For the variant with alossless nonlinear frequency multiplier,
the power injected into the main stage (i.e., Pinjectea) IS still
present in the circuit. This power component is produced by
the multiplier that consumes an equal amount of power at the
fundamental frequency. Thus, the equations are

By = Pno
P1 = _POUT - -Pmultiplier input
anected = Pn

(21)
= Rnultiplier input
Applying the general equation (16) for the “jumpless switch

voltage and current” version of the circuit of Fig. 2(a) or (b)
yields

> KPPy =P +n’P, =0. (22)
k=1
Therefore,
1
n

Equation (16) and its particular case (23) represent neces-
sary power conditions for achieving jumpless switch voltage
and current waveforms in the example biharmonic case.

Taking into account the total power balance (5) of the switch,
the dc power flowing into the switch is

1
ne-n(i-L).
n

In the variant with a varactor frequency multiplier (if that is
used instead of an auxiliary harmonic-frequency amplifier), the
multiplier takes a part of the active power from the switch at
the fundamental frequency, and deliversit back to the load net-
work at the nth harmonic frequency. As (16) isanecessary con-
dition, but not a sufficient one, it does not by itself guarantee
lossless operation. In both variants, the harmonic components of
the current injected into the load network must also satisfy de-
fined phase and amplitude conditions in order to achieve jump-
less switch voltage and current waveforms and amplifier opera-
tion in the lossless mode. The analysis presented in Section IV
shows that these required phase and amplitude conditions can
be derived analytically. Numerical solutions yield explicit de-
sign requirements for a priori circuit designs.

The harmonic-power generator must be phase-locked to the
main class-Ey; stage to ensure that the phase of the injected
harmonic-frequency current remains at the proper value, rela-
tive to that of the fundamental in the main amplifier circuit.
For operation at frequencies near the upper limit of the tran-
sistor's switching-time capabilities, the biharmonic amplifier
can be energetically superior to a“classical” class-E amplifier
[1]- 3] using the same power transistor and supplying the same
output power at the same operating frequency. That is because

(24)
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the biharmonic amplifier can tolerate slow transistor turn-off
with much less loss of efficiency than in the classical class-E
amplifier. In addition, less input drive is needed for the bihar-
monic amplifier because slower switching times are tolerable
(theswitching timesareinversely proportional to the squareroot
of the input-drive power) and switching times are decreased due
to jumpless waveforms. The power consumption of the driver
stage is then lower, and the PAE is higher. (The minimum re-
quiredinput driveisthat needed to operatethetransistor in deep-
enough voltage saturation while conducting substantial current
so as to result in alow-enough conduction power dissipation.)
These considerations set a lower bound on the efficiency of
the harmonic-frequency power generator to be able to achieve
higher overall efficiency than with the classical class-E circuit.

IV. THEORETICAL WAVEFORMS OF BIHARMONIC
CLASS-E AMPLIFIERS

To derive the waveforms of the main stage of the biharmonic
class-E (class-Eyr), amplifier of Fig. 4, we can assume that the
resultant current of the switch and its parallel capacitor contains
only dc, fundamental, and nth harmonic terms (to the best of
our knowledge, n = 2 isthe best choice, but the analysis here
is general and allows using any value of n)

i =Io+I1scos0+11gsinO+1, 4 cosnf+1,gsinnd (25)

wheref = 2 f1t isthe"angulartime” and f; isthefundamental
frequency of thewaveforms. Thisisagood approximationiif the
loaded quality factors of the output circuit and injection circuit
are high and the inductance of the RF choke is also high. We
assume that the switch in the main amplifier operates at the fun-
damental frequency f;. Taking into account the topology of the
amplifier (Fig. 4), it can be seen that the theoretical parameter
C. InFig. 2(a) isequal to the parallel shunt capacitance of the
switch Cop = Caxt + Coss.

The voltage of the switch during the “off” interval (begins
afd =0andendsat & = I') can be calculated by taking the
definite integral of the current in C... Using € as an integration
variable, the voltage can be written as

1 4
S 7 <TI.
05 () = 57 /0 i(6)do,  foro<T.  (2)

The conditions for optimum operation (with jumpless wave-
forms and unipolar switch current) are

(0 =0)=0

@=T)=0

v(@=T)=0 27)
d .

79° @ le—0 =0

By evaluating the integral (26) using the equation for cur-
rent (25) and substituting the result into (27), after grouping the
similar terms together (author Telegdy will be glad to send a
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more-detailed derivation on request), a linear equation system
results, which can be represented in matrix form as

1 0 1 0
cosI’ sinl’ cos nl’ sin nI’
0 1 0 1 n
sin* 1 —cosT'" —sinnl’ —(1— cos nl)
n n
Iia -1y
L | | —Do
X L= 0 (28)
I.p —Iy

One can calculate the switch voltage and current waveforms
of the new class-Ey; amplifier by solving (28) (valid at any
switch duty ratio) and cal culating (26) for the switch voltage and
(25) for current.4 In particular, for 50% duty ratio (i.e., I' = =)
and n = 2 (meaning that the harmonic frequency used is 2 1),
solution of (28) yields the following values for current compo-
nents:

i
Iip=— 510
Ii4 =0
i
Iy :ZIO
Iy = —Iy. (29)

Equations for switch current and voltage can be written as

i(0) =1Io {1 - gsin 6) + gsin(29) - cos(29)} (30)

for 6 = 7 to 27 and

Iy
vs (0) = {6, 7,0
X [89 + 4w cos (6) — 7 cos (20) — 4sin (26) — 37r}
(31
forg =0ton

Fig. 5(b) shows waveforms (30) and (31) graphically.

Solutions for third-order harmonic injection and 33% duty
ratio can be seen in Fig. 5(c). Having determined the wave-
forms on the switch (with chosen values of I" and n), two
impedances useful for circuit design can be computed: 1) the
input impedance at 2 f; at the switch-connection port (seen asa
load by the Auxiliary injection generator) and 2) the impedance
Zner (5) @ fy of the input port of the load network, which is
driven by the switch. Aswe assumed high loaded @ for theload
network and a high-inductance high-@Q RF choke, impedance
2) is practically equal to C,, shunted by the series-connected

4With certain combinations of parameters (e.g., I’ = 7 andn = 3) (28)
cannot be solved, thus, these combinations cannot be used in practice. In ad-
dition, there exist parameter combinations (e.g., ' = = and n = 4) that do
yield a solution for (28), but the resulting switch voltage takes negative values
for sometime interval during the OFF state. These cases are also to be avoided,
unless the switching element can withstand negative voltages, possibly with the
addition of an antiparallel diode connected across the switch. If the antiparallel
diode turns on during the OFF state of the switch, the circuit can still work well,
but the equation system (28) is no longer valid so other means must be used to
predict the circuit operation.
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Fig. 5. Theoretical switch waveforms of a class-E and biharmonic class-Ey; amplifier with dc power supply 11.47 V and output power (12.34 + 0.82) W.
(a) Class-E amplifier. (b) Class-Ey amplifier (main stage) with second-harmonic power injection (n = 2 and duty ratio 50%). (c) Class-Ey amplifier (main stage)

with third-harmonic power injection (» = 3 and duty ratio 33%).

string of Cier, Leer, and the load R;, (see topology in Fig. 4).
Separate sub-parts of those impedances can also be computed,
omitting chosen components, e.g., omitting C., of impedance
2) for the case in which C, is dready provided by the output
capacitance of the switch, and the designer wants to know
the impedance to be provided by the series combination of
Ciery Lser, and Ry. The preceding impedances 1) and 2) can
be determined by Fourier-series analyses of the waveforms
of switch voltage and switch current, knowing the value of
C.. The waveforms of the auxiliary amplifier (or frequency
multiplier) are the usual waveforms known from the literature.
Table | showsthe main equationsfor the theoretical parameters.

V. EXPERIMENTAL AND SIMULATION RESULTS

The authors wanted to verify the concepts and theoretical

analyses given above, as follows.

1) Design aclass-E [3] UHF power amplifier.

2) Build two identical amplifiers of that design and verify
that they work properly.

3) Verify by testing that the two amplifiers have essentially
identical electrical performance.

4) Change one of the amplifiers to class-Ey; by adding the
second-harmonicinjection amplifier anditssignal source,
as described earlier in this paper.

5) Verify that this class-Ey; amplifier works properly.

6) Test the class-E and -Ey; amplifiers for output power,
drain efficiency, and PAE (including the power con-
sumption and efficiency of the added circuits in the
class-Ey; amplifier) as functions of the turn-on and
turn-off switching transition times (with turn-on and
turn-off set to the same transition time because almost
al gate—drive circuits provide equal turn-on and turn-off
transition times).

TABLE |
THEORETICAL CIRCUIT ELEMENTS FOR THE MAIN STAGE OF A
CLASS-Ent AMPLIFIER

Circuit element Formula

_ 3 Pour

Total shunt capacitance ¢ _
128 Vlz)Cfl

ofthe switch

3 Four
[, == 0UT
Power supply dc 077 Ve
Load resistance _ 128 Ve
(fundamental frequency) ~* 972 Poyr
2_ 2
Load reactancc® X, = 3267732 Vpe
97 Four
2
Injection-port __ 128 V5o

inj

component (2™ harmonic) a 9(7r2 +16) Poyr

16377 +16) Ve

Injection-port reactance -
97[(7[2 +16) Four

(2™ harmonic) i

Infinite Q, 50% duty ratio and second-harmonic
injection.

4Combination of C,,, and L, at f; with infinite
loaded Q.

7) Plot the results.
8) Compare the measured results with predictions from the
theoretical equations and draw conclusions.

Regrettably, limitations on funding and available labor time
prevented our being able to accomplish the preceding list of
tasks. We had to choose between no verification at all (unde-
sirable) and the verification that we could afford to do: 1) labo-
ratory tests of afull-power scaled-frequency class-Ey; amplifier
(13.2-W output at 3.5 MHZz) and simulation of its main stage to
verify that an actual amplifier does, in fact, operate in accor-
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dance with the theoretical concepts developed in the preceding
sections of this paper and 2) simulation combined with effi-
ciency estimation of the 870-MHz class-E and class-Ey; ampli-
fiersthat we were unable to build and test to verify that the type
of operation predicted by the theory and observed at 3.5 MHz
probably could aso be obtained at UHF. We chose to do the
preceding feasible verification rather than no verification at al.
The procedures and the results are described below.

A. Experimental and Smulation Results at 3.5 MHz, 13.2 W

Fig. 4 shows the schematic of the experimental circuit
simulated, built, and tested to verify the operation of the bihar-
monic class-Ey; circuit with second-harmonic power injection
(n = 2). To reduce the influence of parasitic wiring induc-
tances, and to allow accurate time-domain measurements of the
nonsinusoidal waveforms with the available instruments and
low-cost transistors [International Rectifier IRFZ24N silicon
power MOSFET: ‘/(BR)DSS > 55V, RDS(ON) = 0.07 2 max.
@ (1; = 25°C, Ip = 10 A, and Vzs = 10 V)], the operating
frequency was scaled down from microwave to 3.5 MHz. The
loaded-() values for the resonators at the outputs of the main
stage (Cy; and L., loaded by their equivalent series resis-
tances (ESRs) and R;) and the auxiliary stage (Liy; and Ciy;,
loaded by their ESRs and the impedance to ground at the output
port of the main-stage transistor) were set to the unusually
high values of approximately ten to obtain nearly sinusoidal
currentsin those resonators. That made the experimental circuit
correspond accurately to the sinusoidal-currents assumption
that was made to greatly simplify the theoretical anaysis.
Making the circuit operation correspond to the mathematical
assumptions helps to ensure that comparisons between theory
and experiment will be valid. A side effect of the high loaded
(2's was power losses in the resonators being approximately
3.3 times as large as they would have been with the more-usual
loaded-() value of approximately three. That was not a serious
problem: the circuit operation was not disrupted, and the
increased losses could easily be accounted for, as is done in
Table Il. The resulting value of L., is

Quoaded L
Lser — 27l'f1 k (32)
where k isacorrection factor for considering the effect of para-
sitic series resistance of the output network that can be taken in
the experimental setup ask ~ (R + Rse;) /R = 1.07.

The series-resonant circuit was tuned dlightly off reso-
nance so that the resulting reactance of the series circuit
Xrser + Xeser = X isequa to the reactance component of
the load impedance Z; as seen in fourth row of Table . In the
experimental setup, L., was a fixed high-Q solenoid and C,
was a variable capacitor with air dielectric. Similar considera-
tions apply when calculating circuit elements of the injection
generator. The injection generator must be designed for a load
equal to the impedance componentsin rows 5 and 6 of Tablel,
and reactances of Cj,; and Liy; to provide high-enough loaded
quality factor (e.g., ten) at 2f; for the theory to be applicable
(considering only a limited number of harmonic components).
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TABLE I
PARAMETERS OF THE MAIN STAGE OF THE INVESTIGATED 3.5-MHz
CLASS-Ey; AMPLIFIER

Paramecters

of the main stage Simulated Measured I'heory
DC supply voltage Hsv 115V 1147V
Switch peak current a 325A
(ref. Class E) 337A 3304 (328 A)
Switch peak voltage 4898 V
(reference Class E) SLIOV 5063V (40.86 V)
Load resistance ~ 135 Q 135 O 135 Q
+ L, parasitic resistance +0.9Q 109 Q 0.9 Q
DC main input power 10.10 W 10.34 W 987 W
Injected power 393 W 4.40 W 329 W
Gate-driving power 5411mW 235 mW 0
Qutput power 1298 W 1323 W 12.34 W
L, finite-Q loss 0.87 W 1M w 0.82W
PAE iy iage [%]
Fout = Barive_main = Py 89.1% 85.2% 91.7%
PD(,‘imm'n
PAE adjusted for L, finite-Q
loss [%] < 94.99 o,
Lovr + Prow — 1’1/711/87!7)“"1 B Pm/ 97.6% P49% 100%
Poc main
Total efficiency of the
main stage
Por 92.2% 89.6% 93.8%
Poc main* Lirive. main ™ Liny
Injected-power ratio
Py 28.0% 29.9% 25.0%
Py T Poc i
Power gain
Lour 23.8dB 27.5dB -
LT —
Total losses other than
L, finite-Q loss 1.7% 3.6% 0%

(% of total input power)
Reference Class-E values, shown in parentheses, are for Fig. 5(a).

2Determined indirectly from the measured waveforms as the
value of the sum of the currents in L, , RF choke, and L, during the

transistor “on” interval.

In the experimental setup, Ciy; and Liy; were just chosen
to provide high loaded 7 without considering exactly the
second-harmonic impedance of Table I. Instead of fine tuning
Clinj O Liyj, the main stage was tuned to continuous waveforms
by initially tuning both Lee;—Cser and Cinj—Liy; to resonance
(the latter tuned to second harmonic) with high @, and fine
tuning in the second step the phase and amplitude (dc power
supply) of the injection generator along with fine tuning of the
capacitance C., until waveforms of the main stage approached
those calculated theoretically [see Figs. 5(b) and 6(a)]. With
limited resources, the authors did not perform optimum-effi-
ciency tuning of the injection generator; the operation of the
main stage and its correspondence to the derived theory were
the main focus of their effort. We measured the output power
of the injection generator, but not its dc input power or drive
power. The method presented above, alowed us to focus on:
1) verifying that continuous voltage and current waveforms can
be achieved at the main-stage transistor in accordance with the
derived theory; 2) verifying of the theoretical harmonic-power
relationships;, and 3) considering efficiency issues related to
switching in the main stage. The experimental observations and
the theoretical predictions agreed well, and are summarized in
Table 1.
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Fig. 6. Experimental current and voltage waveformsin the 3.5-MHz class-Ey
amplifier (main stage). (a) Drain voltage and current. (b) Gate voltage and
current.

Table Il (see also Fig. 6 and comments below) summarizes
measured results and the corresponding val ues predicted by sim-
ulation and theoretical analysis. (Thetheoretical circuit used for
comparison in Table |1 is based on the theory presented in this
paper: infinite-() 1oad networks to obtain pure-sine currentsin
Lee:—Cier and in Liy;—Ciyj to simplify the theoretical analysis.
The only source of loss considered for the theoretical circuit
in Table |l is the parasitic series resistance of L., set equal
to the value measured in the experimental amplifier. For the
SPICE-simulated class-Ey; amplifier of Fig. 4, all capacitors
and inductors, except Lg.. and Li,;, were taken as 10ssless; Lie,
and L;,; were given the values of ESR measured in the exper-
imental amplifier. The transistor model was a complete SPICE
model with parameter values provided by the software vendor.)

The peak transistor currents in a class-Ey; main stage and a
class-E output stage, using the same dc supply voltage and de-
livering the same output power to the load, are about equal. The
peak transistor voltage in the Ey; main stage is approximately
20% higher than that of a nominal class-E amplifier. The mea
sured RF output power was 13.2 W and the measured PAE of the
main stage was 85.2%. (The equation in Table || for main-stage
PAE is adapted from the usual equation by aso including the
injected power that comes from the auxiliary stage.)

Parasitic losses in the output network (primarily in the ESR
of Liy;) are not caused by switching transitions; therefore, the
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Fig. 7. Measured transistor voltage and current waveforms in a class-E
amplifier from a previous project.

class-Eny concept (aimed at reducing switching losses) does not
reduce those parasitic-ESR losses. To show the switching-loss
effects more clearly, Table Il provides a separate value of PAE
adjusted for the effect of the finite-) loss. The high adjusted
value of PAE,y; = 94.9% shows very low switching losses.
PSPICE simulations agreed well with the experimental results,
giving confidence in the accuracy of the measurements.

All the measurement results agree well with theory and sim-
ulation, except that the theoretical values of the parasitic power
losses in the circuit’ s parasitic resistances include only the loss
in the inductor Ls..; the other losses are not yet included in
the theoretical analysis. For example, the injected power at 2 f;
necessary to achievejumplesswaveforms (injected-power ratio)
was measured as 29.8% of the total input power to the main am-
plifier versus the theoretical value of 25%. The difference can
be attributed to: 1) the power losses in the parasitic resistances
of the components that were not yet included in the theoretical
analysis: 2) harmonic power flow at the output port and the in-
jection port of the class-E,; amplifier, of harmonic currents of
orders other than the desired f; and 2f; (a second-order ef-
fect not included in the theoretical analysis); and 3) harmonic
power conversion in the nonlinear parasitic capacitances of the
MOSFET. (The harmonic currents of orders other than f; and
2f1 result from the finite impedances of L., and Liy; at fre-
guencies other than f; and 2f;.)

Fig. 6 shows the measured drain and gate voltage and current
waveforms at the transistor of the main stage. The switching
moments are marked with vertical dashed lines. The drain—cur-
rent and drain—voltage waveforms of Fig. 6(a) are in accor-
dance with the theoretical class-Ey; waveformsin Fig. 5(b) and
differ from the theoretical class-E waveforms in Fig. 5(a) and
the measured class-E waveformsin Fig. 7. The “drain current”
curve of Fig. 6(a) has a zero-crossing near the turn-on moment,
and has a local minimum, approaching zero, near the turn-off
moment, in accordance with the theoretical curve of Fig. 5(b).
(The “drain current” curve includes the MOSFET active cur-
rent (what we want to see) plus the capacitive currents in the
MOSFET’s output capacitance and the external shunt capac-
itor (aside effect of measurement limitations). This current was
measured indirectly by summing the measured load current,
the measured injection current, and the dc-supply current. The
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MOSFET active current is zero during the “off” interval, not
visiblein Fig. 6(a), asit isin the theoretical curve of Fig. 5(b).)
Conclusion from these experimenta measurements. The
jumpless waveforms of the class-Ey; concept are achieved with
the biharmonic circuit (using n = 2), as expected. Those wave-
forms do result in very low switching losses, as expected. Both
the SPICE simulation and experimental measurements show
good quantitative agreement with the theoretical predictions.

B. Smulation Results at 870 MHz, 3.2 W

Simplified efficiency estimation of a 870-MHz class-Ey;
amplifier was done using the HEPA-PLUS simulation and
computer-aided design (CAD) program from Design Automa:
tion Inc., Lexington, MA. The purpose was to compare the
predicted performance of a class-Ey; main stage with aclass-E
design using a transistor of the same technology, operating at
the same fundamental frequency. Electrical parameters of an
experimental 3.2-W E-pseudomorphic high electron-mobility
transistor (E-pHEMT) with 0.5-um gate length and 50-mm
periphery produced by Alpha Industries Inc. (now Skyworks
Solutions Inc.), Woburn, MA, were used during the simulations
(Rpscon) = 0.071 Q; Cour = 14.1 pF, also noted as Coq, iN
Fig. 4; seriesresistance of Cour equal to 0.1 ). For PAE cal-
culation, it was assumed that transistor parameters (including
the gate periphery) and parameters of the externa circuit
elements can be scaled proportionally in order to increase or
decrease powers without affecting power ratios relevant to
efficiency calculation. Simulations assumed linear variation
of switch current with time, during the switching transitions.
Turn-off and turn-on transition times were taken as being equal,
asisusually the case in switching-mode power amplifiers.

Starting from a reference class-E design at 870 MHz, simu-
lated by HEPA-PLUS, the optimum PAE of areference class-E
amplifier was calculated as a function of the switching times of
the transistor. The optimization included the gate periphery, in
addition to the circuit R, L, and C values. The class-E curve
in Fig. 8 shows the result of the optimum PAE as a function of
the switching times in percentage of the 870-MHz period. (The
optimum gate periphery with this transistor varies from 47.1 to
59.3 mm for switching times from 0% to 27.5% of the period
of 870 MHz.) For calculation of efficiency, power gain of the
reference amplifier was taken as 12 dB at 5% switching times
and Pyive ~ 1/sw_time?.

On the other hand, for the class-Eyy, two stages must be con-
sidered and related power to be calculated. The Ey; main stage
operates at 870 MHz at 3/4 of 3.2-W output (assuming n. = 2);
the auxiliary stage is an optimized class-E circuit that delivers
1/4 of 3.2 W at 1740 MHz. Assuming that the auxiliary stage
uses the same kind of transistor as in the main stage, except
for having a smaller periphery as appropriate to a power level
smaller than in the main stage by afactor of three, similar opti-
mizations were performed for the injection amplifier as for the
reference class-E, but at double frequency. (The optimum gate
periphery varied from 12.5 to 14.6 mm for switching timesfrom
0% to 27.5% of the period of 1740 MHz.) For the class-Ey; aux-
iliary stage, switching time is the percentage of the period of
1740 MHz, and power gain is taken as 6 dB at 5% switching
time; Pprive ~ 1 /SW_tiIHGQ.
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Fig. 8. PAE. Comparison of simulated class-E and class-Ey amplifiers
delivering 3.2 W at 870 MHz. “Switching times’ are the turn-on transition
time and the turn-off transition time, each in percentage of the RF period of the
signal in the amplifier, of the class-E amplifier and the class-Ex; amplifier’s
main stage and auxiliary stage.

Without a dedicated optimization tool for class-Ey;, power
optimization of the auxiliary stage was not possible. However,
for the Ey; main stage (870 MHz), the switching transitions
are essentially losdess, even at light input drive, because of the
jumpless shapes of the voltage and current waveforms (see Sec-
tion 1V). Power gain of the lightly driven main stage was taken
as 17 dB and drain efficiency of the Ey; main stage wastaken as
equal to the drain efficiency of asimulated “equivalent” class-E
amplifier that operates with fixed 1% switching times.

Fig. 8 shows the predicted PAES of the class-Ey; and class-E
amplifiers as functions of the transistor switching times.
(PAE for the class-E); main stage is defined in this paper as
(POUT_Pgate—main_Pgate—aux)/(PDC—main+PDC—aux)-) The
peak value of PAE for the class-Ey; amplifier is 3.3% lower
than the peak value for the classical class-E amplifier, but the
class-Ey PAE varies by only + — 2% for al switching times
(hence, drive powers) from 6% to 30% of the period, whereas
the class-E overall efficiency drops monotonically from its
peak to 73.5% of its peak value for switching times of 30% of
the period, i.e., the class-Ey; overall efficiency is much less de-
pendent on switching times (hence, on input-drive power) than
is the class-E overall efficiency. Important for a comparison of
the optimally tuned class-Ey; and class-E amplifiersis to have
an accurate relationship between the transistor’s switching
transition times and itsinput-drive power. The authors assumed
that switching times in the classE amplifier are inversely
proportional to the input-drive current (hence, to the sgquare
root of the input-drive power).

Duetothefact that the class-Ey; amplifier isableto dividethe
place of power conversion into a higher power subsystem oper-
ating at lower frequency and alower power subsystem operating
at ahigher frequency, separation of the power-processing mech-
anismsallowsusing different technol ogiesin the different stages
(e.g., lower cost and higher power, but lower frequency main
stage combined with higher cost and higher frequency, but lower
power auxiliary stage). The simulation comparison focused ona
simplified case with the same transistor technology being used
in both transistors (same set of transistor parameters, with their
numerical values scaled for different peripheries and power rat-
ings). Optimizing the technol ogies separately for the two stages
opens new possibilities for optimizing the overall design.
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V1. NEwW RESULTS

Jumpless waveforms of switch current and voltage are desir-
able for obtaining high efficiency in switching-mode RF power
amplifiers (such as the class-E amplifier [1]-{6]) operating at
fregquencies high enough that the achievabl e transistor switching
times are longer than approximately 15% of the period. Another
advantage is that operation with jumpless waveforms allows
greatly reduced switching times (as compared with the same
transistor and RF-input drive being used in a class-E amplifier
[1]-6]), which also yields reduced switching losses.

Previous work [11]-{13] showed that no output power can
be obtained from a switching-mode power amplifier comprising
linear passive componentsand anideal switchif boththe switch-
voltage waveform and the switch-current waveform are jump-
less and power flow on harmonicsis unidirectional.

A new general equation (15), and its special case (16) for an
amplifier with jumpless switch voltage and current waveforms
were derived to characterize the operation of a lossless-mode
amplifier comprising alinear or nonlinear load network driven
by an ideal switch operating at the desired output frequency.
These equations are useful in deriving mathematically the
topologies of circuits that can yield high efficiency even if the
transistor switching time is longer than the useful limit for
the class-E amplifier of approximately 20% of the RF period.
The power equation (23) helpsin determining the power levels
needed to generate jumpless switch-current and switch-voltage
waveforms.

Reasoning from the new general equation (15), afeasible new
topology is conceived, which can have jumpless switch-current
and switch-voltage waveforms and still deliver output power.
The topology is amodified version of the class-E power ampli-
fier using nonlinear passive or active components and an ideal
switch. Thenew versioniscalled “classEy;” ; the“ M” subscript
originally denoted “Microwave’ because this technology isin-
tended for use at frequencies high enough that the transistor
turn-off transition time could not conveniently be made small
enough to yield good efficiency in class-E operation. After the
death of our coauthor Dr. B. Malnar, we interpret the “M” sub-
script as “Molnar” to honor and remember the inventor of the
class-Ey; concept.

» Thetheory of the new class-Ey; amplifier is given.

» The switch voltage and current waveforms of the bihar-
monic (for n = 2) redlization of the class-Ey; amplifier
are derived.

» Computer simulation and measurement results on a
scaled-frequency 3.5-MHz 13.2-W prototype show that
switching loss practically disappears when the switch is
operated in the class-Ey; regime.

* Theory, simulation, and measurements all agree well.

VII. QUESTIONS NEEDING FURTHER INVESTIGATION

A. How Much Input Drive is Needed?

The low values of the transistor switching losses indicate
that the main stage of the class-Ey; amplifier can operate in a
true switching mode, even with small input drive. Experimental
results, and simulation of a classEy; stage, show that the
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switching losses in the main stage practically disappear in
the jumpless-waveforms operation. As a consequence, the
gate-drive power can be reduced below what would be needed
in a classical class-E amplifier, as far as switching losses are
concerned. However (as a separate requirement), the input
drive must be sufficient to yield alow saturation voltage while
the transistor is conducting substantial current. Those two
requirements are essentially separated from each other. If the
input drive required for low saturation voltage would produce
faster switching transitions than are needed for low switching
losses, the designer has the option of choosing a slower
switching transistor that could have a chosen combination of
higher breakdown voltage, higher “ruggedness’ in operation
with high-standing-wave-ratio load, and lower cost. The choice
of how much input drive to apply can be based almost entirely
on the amount needed to operate the conducting transistor in
deep-enough voltage saturation because switching losses will
be almost eliminated by the class-Ey; waveform shaping and,
therefore, large drive is not needed to reduce switching losses.
The optimum input drive is that which minimizes the sum
of power dissipation at the transistor output port (decreases
with increasing drive) and dc power consumption of the driver
circuit (increases with increasing drive). A similar optimization
procedure applies to the auxiliary stage, except there, the
switching losses are not being reduced by the presence of
jumpless waveforms.

B. Isthe Benefit Obtained From the Jumpless Operation Worth
the Additional Cost?

The costs of theimprovements of the class-Ey; amplifier with
auxiliary injection generator over the classical class-E version
are: 1) a harmonic-current generator must be added to supply
(at 2f1) 1/2% = 1/4 of the desired load power or to supply (at
3f1) 1/3% = 1/9 of the desired load power, etc. [see (15)] and
2) the conduction losses might increase, depending on the input
drive that is supplied (see Question A above).

The auxiliary stage has to supply its power with the correct
phase and amplitude, which might make more difficult work
for the designer. The theoretical value (with infinite Q) of
the “Transistor Utilization Factor” Pourr/Vpeaklpear) Of the
main-stage transistor is approximately 20% lower than that of
a device in a class-E design, but the practical values require
further study. (For comparison of theoretical versus measured
values of peak voltage and peak current, see columns 3 and 4
of Table Il.) Offsetting those factors are: 1) the reduced losses
during the switching transitions and 2) output and input powers
of the driver stage for the main amplifier can be lower than
for the conventional class-E amplifier of [1]-{3] because fast
switching time of the main amplifier’s transistor is now much
less important.

C. WII the Auxiliary Amplifier Consume More Power Than
the Reduction of Power Dissipation in the Main Amplifier?

“Yes,” if the switching times in the main amplifier are al-
ready fast enough to result in low switching losses. However, if
the switching losses are aready low enough, thereis no need to
use the jumpless waveforms and the associated class-Ey; tech-
nology; they should be used only if they are needed. However,
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if the switching losses are large (as in the class-E amplifier in
Fig. 9 at 30% switching times), the answer might be“No.” This
is more likely to be the case if the auxiliary amplifier uses a
faster switching transistor than is used in the main amplifier, as
discussed in the last paragraph of Section V-B.

D. However, if the Main Stage Switches Sowly, Won't an
Auxiliary Sage Using the Same Transistor Technology,
at Double the Frequency, Switch Even More Sowly (as a
Percentage of the Period of the Sgnal It Is Producing)?

“Yes.” Depending on the electrical parameters, the resulting
amplifier efficiency might belower or higher than that of aclas-
sical class-E amplifier. As one reviewer put it, “If the funda-
mental class-E amplifier islimited by slow transitions, a second
or higher harmonic amplifier in the same technology may have
more severe limitations.” The use of a higher frequency tran-
sistor in the auxiliary stage than in the main stage increases the
likelihood that the class-Ey; amplifier will provide higher ef-
ficiency than a classical class-E amplifier. Until more-refined
prediction methods become available, each case must be inves-
tigated according to its particular set of electrical parameters.

VI1Il. CoMPARISON WITH CURRENT—SOURCE CLASS F AND
HARMONIC-CONTROL AMPLIFIER (HCA) LINEAR
RF POWER AMPLIFIERS

The class-E switching-mode power amplifier and its
class-Ey; derivative provide high efficiency because the power
transistor is operated as a switch: fully on (operating in deep
voltage saturation) and fully off, with the transitions between
those two states occupying as small a fraction of the RF
period as feasible, and with the transistor voltage and current
waveforms shaped to minimize the fraction of the period during
which appreciable voltage and appreciable current exist simul-
taneously, thus minimizing the v - ¢ product, which is transistor
power dissipation. Reference [3] gives a detailed description of
class-E circuit operation; the class-E, derivative (described in
this paper) further improves the reduction of power dissipation
during the switching transitions. The input drive to the power
transistor is intended to be full drive when the amplifier is
supposed to produce output power, and no drive when the
amplifier is not to produce output power. The design makes no
provision for partia input drive and partial output, as would be
used in a linear amplifier that provides a linear input—output
amplitude transfer function. The switching-mode amplifiersare
hard-limiting amplifiers. Fig. 9 illustrates conceptua amplitude
input—output transfer functions for: 1) a linear amplifier, such
as class F [15] and HCA [16], [17] and 2) a switching-mode
amplifier, such as classes E and Ey;. The hard-limiting transfer
function of 2) is suitable for continuous-wave and on/off appli-
cations, e.g., RF power generators, FM transmitters, and pulsed
transmitters producing binary-coded or pulsewidth-modul ated
signals. That amplitude transfer function is not suitable for a
linear RF power amplifier, in which envelope modulation of
the input signal is intended to be reproduced linearly in the
output signal, unless the hard-limiting amplifier is augmented
with an amplitude-control subsystem, as in the envelope
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Fig. 9. Idealized input—output characteristics of power amplifiers. (a) Linear

amplifier. (b) Switching-mode amplifier.

elimination and restoration (EER) system [18]. For that reason,
aclass-E or -Ey; amplifier, without an added amplitude-control
subsystem, is not appropriate for amplifying simultaneous
multiple signals, and intermodul ation distortion is not arel evant
amplifier-evaluation factor. If the span of the transition region
of the transfer function 2) is intentionally made large, to try
to operate the amplifier as a linear power amplifier, we would
have an amplifier whose |oad network was designed to generate
high-efficiency voltage and current waveforms when driven at
its input port by a periodically operated switch, but which is
being driven only partialy, by atransistor that is not operating
as an on/off switch, but is operating as a pulsed current source.
A priori, one would not expect superlative performance from
a circuit that is not being operated in the way it was designed
to operate. These remarks about the class-E and class-Ey,
amplifiers apply also to the class-D amplifier [19], another type
of switching-mode power amplifier in which the transistors
operate as switches. (Reference [19] describes a high-efficiency
switching-mode oscillator circuit, but the circuit was quickly
adapted to power amplifiers.)

If a power amplifier with a linear input—output amplitude
transfer function is required, the proper choice is an amplifier
in which the power transistor operates as a controlled-ampli-
tude current source, not operated in deep voltage saturation.
Thus, the collector—emitter or drain—source voltage will always
be large enough to keep the transistor in current saturation, i.e.,
of the order of afew volts, depending on thetransistor character-
isticsand the amount of current required. Such an amplifier must
have lower efficiency than a switching-mode amplifier, which
operates the “on” transistor in voltage saturation, at a voltage
of the order of a few tenths of a volt, Rpgion) OF Rorsat)
times the required current; the next paragraph gives a numer-
ical example. Theefficiency of the current—source amplifier can
be improved by shaping the current waveform and/or the |oad-
network input-port impedance such that the transistor—voltage
waveform approximates a flat bottom rather than the bottom of
asine-wave during the time that the transistor is conducting ap-
preciable current [15]. That flat-bottom voltage waveform re-
sults in less power dissipation in the transistor during the time
that the transi stor is conducting current, thusincreasing the effi-
ciency. That type of amplifier was called “biharmonic” by Rus-
sian authors or “polyharmonic” by Bulgarian authors; the bib-
liography of [1] contains references to those amplifiers. Since
about the 1990s, those amplifiers have usually been referred to
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asclassF; the HCA [16], [17] isin the class-F family. An unfor-
tunate source of confusion is that two other types of amplifiers
that operate their transistors as switches (not as current sources)
have also been referred to as “ class F”; they have no relation to
the current—source linear amplifiers discussed here.

The efficiencies of a linear amplifier at full output and
a switching-mode amplifier can be compared as follows
using simplified models for illustration of the concepts.
Let us assume, for simplicity, that both amplifiers operate
with rectangular voltage and current waveforms. In both
amplifiers, the current waveforms have minimum values of
zero. The linear amplifier operates the transistor in current
saturation, at a voltage of Vi,ia) When the transistor is
conducting current. The switching-mode amplifier operates
the transistor in deep voltage saturation when conducting
current, at a voltage of Vi,w) When the transistor is
conducting current. Both amplifiers operate from a col-
lector/drain  supply voltage of Vpce. The collector/drain
efficiency of the linear amplifier is [I — Vinain)/Vbol-
The collector/drain efficiency of the switching-mode am-
plifier is [I — Viinew)/Vbc]. For a numerical example,
use Vpe = 3.2 V (typica for cellular-telephone handsets),
Vain(in) = 1V, @d Vipinew) = 0.5 V. The efficiency of the
linear amplifier will then be [1 — (1 V)/(3.2 V)] = 68.8%
and the efficiency of the switching-mode amplifier will be
[1-(0.5V)/(3.2V)] = 84.4%.
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