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Tuning Analysis for the High-Q Class-E Power
Amplifier
William H. Cantrell

Abstract—The effects of component variations on a high-Q
class-E amplifier are simulated and measured. Design equations
are provided for the case of a 50% duty cycle with B at its optimum
value for a given R. Six distinct operating points are analyzed
for the output network. The problem of tuning a high-Q class-E
amplifier is addressed. Normally, it cannot be tuned for maximum
output power without degrading efficiency. An auxiliary circuit is
added to the design so that it can be tuned for maximum output
power in order to achieve optimum efficiency. Measured data are
obtained at low frequencies for an amplifier with a loaded Q of
340.

Index Terms—Class-E, high efficiency, high , Litz wire, low
frequency, -factor, tunable amplifiers.

I. INTRODUCTION

T HE CLASS-E power amplifier [1]–[5] is being used in
a greater variety of applications, extending into the mi-

crowave region [6], [7]. Tuning it is a sometimes difficult and
confusing task because maximum output power and maximum
efficiency occur at different operating points [3], [8]. High-
circuits must be tuned initially to account for part tolerances.
They must also be tuned periodically to account for load varia-
tion and component aging.

The class-E amplifier (Fig. 1) is a switched-mode circuit ca-
pable of amplifying a phase-modulated constant-envelope RF
carrier. It consists of an active device operated as a switch [1].
Radio-frequency (RF) choke is charged magnetically when
the switch is on. When the switch is off, this energy is released
into the shunt capacitance and the series output network con-
sisting of , , and . For the case ofoptimum class-E oper-
ation, no energy is dissipated in the field-effect transistor (FET)
(ideally), and the power amplifier is 100% efficient [1]–[3]. This
requires the drain voltage to return to zero with a slope of zero
at the moment the FET is turned on. If the carrier frequency or
any of the component values are varied from their optimum de-
sign values, the circuit becomessuboptimum[5]. This usually
implies operation at a desired operating point with less than op-
timum efficiency, although 100% is possible under certain con-
ditions.

A review of the literature suggests that a detailed analysis of
output network tuning, for the popular case of a 50% switch
duty cycle, could clarify the power-efficiency interaction and
serve as a design guideline. This paper seeks to provide this
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Fig. 1. Class-E amplifier with a loadedQ of 340 at 189.700 kHz.

information by analyzing six distinct operating points for the
class-E amplifier:

maximum efficiency at rated power (optimum);
“peak-tuning” for maximum output power;
series resonance of the output network ;
maximum efficiency at reduced output power;
maximum dc input power;
maximum power dissipation in the switch.

In addition, this paper provides circuit design equations for
the case of optimum operation. Simulation and measured data
are shown using a circuit with a loadedof 340. Tuning strate-
gies are discussed and equations are derived to predict power,
efficiency, dc-input resistance, and phase angle, depending upon
the load ratio at the output. An auxiliary tuning circuit is
described to allow the class-E amplifier to be peak-tuned for
maximum output power in order to achieve optimum operation,
in effect, a unification of points “A” and “B.”

II. DESIGN EQUATIONS FOROPTIMUM OPERATION

As a foundation for the analysis, the optimum design equa-
tions can be determined for the high-class-E amplifier from
[2] and [3] by assuming 100% efficiency and a 50% duty cycle
for the square-wave input signal. and are the input and
output powers, is the dc supply voltage, is the dc supply
current, is the magnitude of the rms current into, is
the magnitude of the rms voltage across, and is the oper-
ating frequency. Ideally, for a given power and load resistance,

and are determined using

(1)
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If the desired load termination has a reactive component, its
reactance must be combined into eitheror , for the pur-
pose of calculating component values. Furthermore,includes
any resistive losses associated with and . The required
supply voltage and current are found using

(2)

and

(3)

The next step is to compute shunt capacitorusing

(4)

The drain-to-source capacitance of the FET is absorbed
into the value of . This compensates for the switch capaci-
tance and makes it part of the overall circuit. During optimum
operation, will see no more than V peak across
it [2], [4]. This agrees with the simulation to within 0.2%, and
with the measured data to within 3.9%. For the optimum-tuned
case, it is the maximum voltage to which the switch is exposed.
The peak switch current is 2.86 , which agrees with the sim-
ulation to within 0.4%.

If either or is predetermined for a given application,
the designer must accept the value for the loadedthat this
imposes on the circuit. Otherwise, can be chosen based on
the tradeoff between efficiency and harmonic suppression. The
impact to efficiency occurs because a high loadedimplies a
large reactance in the output network. A large inductive reac-
tance inevitably has a nonnegligible resistance associated with
it. Although this resistance is lumped in with the load resistance
for the purpose of calculation, it forms a resistive divider with
the actual load resistance, and efficiency is reduced accordingly.

For many low-frequency transmitter applications, the values
for and are predetermined. Therefore, the value for
must be calculated using

(5a)

For the case where is the fixed component, can be
determined using

(5b)

It is obvious from an examination of (5a) that the series com-
bination of and does not go resonant at the center fre-
quency .

The value of is not critical. It should have a reactance of at
least ten times the RF load resistance . has
an effect on the carrier envelope attack and decay times for an
amplifier driven with on–off keyed or binary phase-shift keying
(BPSK) modulation. Note that during BPSK phase reversals,
has a dominant effect on transient thermal stresses in the FET.

Fig. 2. Output power and efficiency versus output network tuning for the
circuits shown in Figs. 1 and 8.

Fig. 3. Output power and efficiency versus frequency.

Fig. 4. Output power and efficiency with variation inR, the RF load.

III. A MPLIFIER CHARACTERISTICS

Optimum operation does not coincide with the operating
point for maximum input or output power; therefore, the circuit
cannot be tuned in the classic manner (peak-tuned) without
degrading efficiency. This is illustrated by the results of several
PSPICE simulations, as shown in Figs. 2–5. Simulation data
(lines) and circuit measurements (data points) are shown
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Fig. 5. Output power and efficiency with variation inC1, the shunt capacitor.

on these graphs. The circuit implementation is discussed in
Section VII.

A. Variation of Output Network Component Values

Normalized output power and efficiency are shown in Fig. 2
versus a ( 0.6% adjustment in the value of . The intent
is to show the result of “tweaking” a component value to tune
the circuit. An optimal design using the circuit shown in Fig. 1
places the operating point at “A.” If this circuit is tuned by ad-
justing , the variation causes the output power to vary along
the thin-solid line.

A “peak” adjustment places the operating point at “B.” The
normalized value of (0.9975) for maximum output power
is slightly less inductive than the design value (1.000) for op-
timum operation. Point “B” results in a simulated efficiency of
only 88%. This lost power is dissipated in the FET at turn-on.
Note that the output power increases to 150% of the original
design value, and the power dissipated in the FET increases by
almost anorder of magnitude. This has a significant impact on
the design of the heatsink at high power levels.

There are other points of interest associated with output net-
work tuning. The series-resonance point occurs at “C” (not at
“B”), where . Another point of in-
terest occurs at “D,” where the efficiency is maximum again,
but the output power drops to 40% of the intended design value.
Tuning to point “E” results in maximum dc input power and re-
duced efficiency.

B. Variation with Operating Frequency

The effects of frequency variation are shown in Fig. 3. Off-
centered power peaking is observed, with some similarity to
Fig. 2. A frequency shift alters the net reactance of bothand

. This has a compounded effect on the net reactance com-
pared to an adjustment of alone. The measured data for the
circuit of Fig. 1 track the simulation data over most of the region
shown, except in the vicinity of peak output power. This power
slump may be due to corona losses in the output network, where
the voltage across (or ) climbs to 1700 V peak for a 1-W
amplifier. This suggests further study using a vacuum capacitor.

It is accepted practice with class-E circuits to consider the
ratio of the output network reactance (choose, say, the inductor’s
reactance) to the load resistance as the definition for circuit.

Hence the circuit of Fig. 1 has a loadedof 340. Ambiguity ex-
ists if the 3-dB bandwidth is used to calculate, because the cir-
cuit does not peak around its center frequency. (If is cal-
culated about the peak, a value of 270 is obtained.) The
definition for is the better choice because it can be used to es-
timate harmonic content at the output. For example, the second
harmonic can be predicted [1] using20 with re-
spect to the fundamental. This agrees with the measured data to
within 0.2 dB.

C. Variation of RF Load Resistance

The effects of a variation in the RF load resistance are shown
in Fig. 4. When the data are plotted on a log-scale, the same
power-peaking effect can be seen asis reduced. The efficiency
curve shows a peaking characteristic about the intended design
value as expected.

D. Variation of Shunt Capacitance

A variation in the value of also shows a similar power-
peaking effect when plotted on a log-scale. This is shown in
Fig. 5.

IV. TUNING ANALYSIS

A. Tuning Techniques

Given the sensitivity of the circuit to variations in the output
network, the question is how to tune it properly. The easiest tech-
nique is to peak-tune the output power (by peaking the output
current), but this has undesirable effects. Another method is di-
rect measurement and adjustment of the output network, but
this is not practical for a high- circuit. It is difficult to mea-
sure and with sufficient accuracy due to circuit and mea-
surement parasitics. Another approach is to calculate efficiency
while the circuit is being tuned. This “efficiency-meter” tech-
nique has limited appeal because the output power may not be
directly measurable. For instance, a portion of the output cir-
cuit may be part of an antenna or embedded structure. It is a
simple matter to monitor the output current with a suitable de-
tector, but it may not be possible to measure the output voltage.
Nevertheless, a peak in the efficiency curvecanbe found using
this method.

Phase measurements can also be used for tuning. It is rela-
tively easy to measure the phase at low-impedance nodes within
the circuit. If a relationship can be exploited between the phase
of the voltage across and the phase of the output current
(or output voltage), this information can be used to tune the cir-
cuit and predict performance. This section extends the analysis
presented in [3]. A broad range of duty cycles is possible for
high-efficiency operation, but only the case of a 50% duty cycle

will be addressed here. This is optimal from a switch
stress standpoint [2] and simplifies the analysis. The waveforms
and phase relationships used for class-E analysis are shown in
Fig. 6.

B. Development of Equations

The analysis begins by defining several terms and equations.
The goal is to analyze the impact ofdetuningthe circuit from
optimum conditions. The following assumptions apply.
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Fig. 6. Class-E waveforms used to definey and�.

1) RF choke is large so that a constant dc current with
negligible ripple flows through it at all times.

2) The switching behavior of the FET is ideal and lossless
(except at turn-on when is discharged during subop-
timum operation). The FET can handle negative voltages
and currents.

3) The loaded of the output network is high enough to
suppress harmonic currents; that is, is essentially a
sinusoid at the RF carrier frequency.

4) The circuit is operated at or below the critical frequency
[5], where makes up all of the shunt capacitance.

5) All network components are passive, linear, time-in-
variant, and ideal without parasitics.

The output network does not operate at resonance in general,
so the difference term is used. A load angle
term is defined for mathematical conve-
nience. A magnitude term is also defined

(6)

The shunt capacitance is expressed more conveniently in
terms of its susceptance: . Throughout this
analysis, and arefixedat their given and optimum design
values, respectively. Using (4), the expression forcan be
written in terms of the RF load resistance as

(7)

The analysis in [2] and [3] derives an expression. It rep-
resents the ratio of the peak-ac output current to the dc supply
current. The expression forcan be simplified considerably for
the case of a 50% duty cycle. In defining this term, is the
dc input resistance looking into . The simplified expression
for is

(8)

The analysis by Raab also derives a second expressionthat
is equal to the same ratio. This can be simplified in the same
manner

(9)

Using (6) and (7), this becomes

(10)

From the same analysis, the dc input resistance can be found
and rewritten using (7) as

(11)

Since and are equivalent, it is necessary to set them equal
to each other and attempt to solve foras a function of

(12)

This equation can be solved graphically by plotting the in-
tersection of both sides as a function offor a given using
a mathematics package for the PC. An analytical solution in-
volving a cubic equation in may also be pursued as de-
scribed in [3] and [4]. Fortunately, with , it is possible
to obtain an exact closed-form solution

(13)

This function is periodic in and is shown in Fig. 7. It can be
used with (8) to calculate. It can also be used with (11) and (8)
to calculate . Typically, is located in the first quadrant
of arctan and is a negative number. The proper choice
of from (13) can be confirmed with (8) if it produces a positive
number for .

The input and output powers are

(14)

and

(15)

The drain efficiency can be calculated with

(16)
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Fig. 7. Plot of� versus for y = �=2 andB = B .

C. Analytical Determination of Operating Points

Starting with point “A” (optimum operation), it has been
shown [2] that is equal to arctan 2 32.482 and

2 2 8 49.052 . Had this not been
established already, it is a straightforward matter to take the
derivative of (16) with respect to and set it equal to zero. A
root-finder program can then be used to determine the desired
answer, as there is more than one solution in the region of
interest.

For point “B” (peak tuning), the derivative of (15) is de-
termined with respect to and set equal to zero. This task
can be simplified by recognizing that the derivative of
will suffice. Based on the simulation data, an initial estimate of

is used, where was 0.9975 of its
optimum design value. The actual value forwas found to be
16.3467.

Point “C” (series resonance) corresponds to . For
point “D” (maximum efficiency at reduced output power), the
procedure is similar to the approach for point “A.” An estimate
of is used. The actual value for
was found to be 64.3948. A plot of (16) shows a theoretical
efficiency of 100% for “A” and “D” (see Fig. 2). The slightly
skewed response for the simulation curve is due to the use of a
nonideal switch with .

V. RESULTS

The choice of load ratio is independent of the choice
for loaded . Loaded does not play a direct role
in the magnitude of the power-peaking effects observed in
Figs. 2–5 or the values shown in Table I. Therefore, regardless
of circuit , a class-E circuit that is peak-tuned will exhibit a
theoretical increase in output power level to 1.55 of the original
design value and a drop in efficiency to 90.7%. The wasted
power will be dissipated in the FET. This assumes that the
circuit is high enough to justify the assumption of sinusoidal
load current without significant harmonic content. For the plots
shown in Figs. 2 and 3, the loaded of the circuit merely
scales the abscissa without affecting the ordinate axis.

There are two other operating regions of interest. Maximum
input power (point “E”) occurs when the output network is tuned
to , , which is
slightly capacitive. The input and output power levels become

TABLE I
PARAMETERS FORFOUR TUNING CONDITIONS

1.81 and 1.41 of the original design values, respectively. The
efficiency is 77.6%.

The power dissipated in the switching device can be deter-
mined by subtracting (15) from (14). The worst case heat dissi-
pation (point “F”) occurs when the output network is tuned to

, , a net ca-
pacitive reactance. The input and output power levels become
1.30 and 0.42 of the original design values, respectively. The
efficiency drops to 32%, while the device dissipation becomes
0.88 of the original output power level.

VI. A UXILIARY TUNING MODIFICATION

Recall that maximum power transfer between source and
load requires a complex-conjugate match. At dc, this makes
the source resistance equal to the dc load resistance. Using this
concept, the dc feed circuit to the class-E stage can be modified
as shown in Fig. 8.

This feeds the circuit with double the supply voltage through
a resistor that is equal to the dc-input resistance (11) as
seen by the original dc supply. Therefore, the amplifier is fed
with the same voltage as before at the same current as
before . Therefore, themaximumpossible input power is
the design value . The solid bold lines in Figs. 2–5 show
the resulting change in circuit behavior. The maximum power
and efficiency points are coincident at “A.” The auxiliary circuit
has less sensitivity to component variations, and is cal-
culated to be 167 using the data of Fig. 3. The optimum value
for can be calculated using and

in (11). The result is

(17)
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Fig. 8. Class-E topology with auxiliary circuit added.

Clearly, the addition of reduces the drain efficiency
by a factor of two, but a so-called lossless resistor can be synthe-
sized to maintain high efficiency [8]. A simple passive alterna-
tive is to switch-in during the tuning process only. The
existing supply (1 ) can be used to peak-tune the circuit at
one-fourth of normal power. This offers a measure of protection
against transistor overdissipation while the circuit is being ad-
justed.

VII. H IGH- IMPLEMENTATION

A 1-W class-E transmitter was built using the topology of
Figs. 1 and 8 at a frequency of 189.700 kHz with a loaded
of 340. High is a consequence of using a small capacitance
value for , considering the frequency of operation. Inductor

must become large per (5a) to compensate. It is interesting
to note that the rms voltage across (or ) exceeds 1 kV
for an output power of 1 W. is an 80-turn air-wound coil
on a polyethylene basket-weave form 20 cm in diameter using
200/44 litzendraht (200 insulated parallelwovenstrands of #44
gauge wire). It has a swinging link of a few turns to allow its
value to be varied by 22 H. The unloaded of was mea-
sured to be greater than 730. Its RF resistance is 4.2. (An air
core is preferred over a ferrite core to maximize the unloaded

at rated current.) is a 2-kV-rated air-variable capacitor set
to 268 pF with an unloaded greater than 30 000. Its RF resis-
tance is 0.1 . Silvered mica capacitors are used for. The
switch is a Motorola MTP3055V MOSFET with less than
180 pF and an on-resistance of less than 0.15. Component
values were measured using a HP4194A impedance analyzer.
In the implementation, the actual load resistance was 5.0and
the resistances were summed together to obtain the 9.3used
for the simulations. The circuit shown in Fig. 8 was peak-tuned
for optimum operation at point “A,” and the waveforms shown
in Fig. 6 were obtained for this tuning condition. The second,

third, and fourth harmonics at the RF load were measured to be
56.5, 70, and 84 dBc, respectively.

VIII. C ONCLUSION

High- design equations have been verified by simulation
and by implementation at low frequencies. A convenient expres-
sion (13) has been derived foras a function of for the 50%
duty-cycle case, with for a given . Output power
“peaking” occurs in all class-E amplifiers whenever the output
network is tuned in the vicinity of or the operating
frequency is shifted slightly lower. This peaking effect will in-
crease the output power to1.5 times the design value and re-
duce the efficiency to less than 91%. This will occur regardless
of the loaded of the circuit (assuming a sinusoidal load cur-
rent). An auxiliary circuit has been discussed that allows the
circuit to be peak-tuned to arrive at optimum class-E operation.
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