IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000 2397

Tuning Analysis for the High? 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 — VDD +
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 C2
power in order to achieve optimum efficiency. Measured data are Gate
obtained at low frequencies for an amplifier with a loaded Q of Inputl 2.637 mH +
340. . 268 pE,
1

Index Terms—Class-E, high efficiency, highQ, Litz wire, low 1;{4251055\/ 16.46 nF R Vout

frequency, Q-factor, tunable amplifiers. 0.15 ohm 9.3 ohms _

I. INTRODUCTION

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 andnformation by analyzing six distinct operating points for the
confusing task because maximum output power and maximuass-E amplifier:
efficiency occur at different operating points [3], [8]. High-  maximum efficiency at rated power (optimum):;
circuits must be tuned initially to account for part tolerances. “neak-tuning” for maximum output power;
They must also be tuned periodically to account for load varia- series resonance of the output netwpik = 0);

tion and component aging. _ o maximum efficiency at reduced output power;
The class-E amplifier (Fig. 1) is a switched-mode circuit ca- maximum dc input power;

pable of amplifying a phase-modulated constant-envelope RFyaximum power dissipation in the switch.

carrier. It consists of an active device operated as a switch [1].I ddition. thi id ircuit desi i f
Radio-frequency (RF) chokgl is charged magnetically when h f adaiion, "IS paper provides circur. gesigh equations for

Fig. 1. Class-E amplifier with a loaded of 340 at 189.700 kHz.

fficiency, dc-input resistance, and phase angle, depending upon
e load ratioX /R at the output. An auxiliary tuning circuit is
escribed to allow the class-E amplifier to be peak-tuned for

ation, no energy is dissipated in the field-effect transistor (FE
(ideally), and the power amplifier is 100% efficient [1]—[3]. Thisd
requires the drain voltage to return to zero With. a slope of 2 faximum output power in order to achieve optimum operation,
at the moment the FET is turned on. If the carrier frequency f?{effect, a unification of points “A” and *B.”
any of the component values are varied from their optimum de-
sign values, the circuit becomeaboptimuni5]. This usually
implies operation at a desired operating point with less than op-
timum efficiency, although 100% is possible under certain con- As a foundation for the analysis, the optimum design equa-
ditions. tions can be determined for the highelass-E amplifier from
A review of the literature suggests that a detailed analysis [@] and [3] by assuming 100% efficiency and a 50% duty cycle
output network tuning, for the popular case of a 50% switdor the square-wave input signdt,, andP,,; are the input and
duty cycle, could clarify the power-efficiency interaction an@utput powersypp is the dc supply voltagd,,. is the dc supply
serve as a design guideline. This paper seeks to provide iigrent,I.. is the magnitude of the rms current ink V.., is
the magnitude of the rms voltage acrdgsandwy is the oper-
ating frequency. Ideally, for a given power and load resistance,
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If the desired load termination has a reactive component, its o o B Theory
reactance must be combined into eitlieror C2, for the pur- 1.6 ! o5 \ 7 100
pose of calculating component values. Furtherma&ricludes 14 ﬁ\\g"s m\{a“j"_‘_... N o8
any resistive losses associated with and C2. The required 5 Flg.l(% A \’ i ®—>
supply voltage and current are found using 51'2 l/(/ N AT LT % s
210 ' 9% 7
1 =2 ] 5
Vop = Vowt/ 5+ & 2 208 / 3 92 3
2 8 E o \ T E
506 g — Y90 £
and S A N Y B
Z0.4 B PANY t 88
I = P./V; 3 i D" N
dec — m/ DD- ( ) 0.2 o ~x 86
Loaded Q = 340
The next step is to compute shunt capacttarusing 0'00 2os 099 0995 Looo 1002 Loos 100684
9 Normalized Component Value of L2 (C2)
C1 Chs (4) with C2 (L2) held at 1.000

(1 +72/4)woR
Fig. 2. Output power and efficiency versus output network tuning for the
The drain-to-source capacitan€gs of the FET is absorbed circuits shown in Figs. 1 and 8.
into the value ofC1. This compensates for the switch capaci-

tance and makes it part of the overall circuit. During optimum 16 100
operation,C'1 will see no more thaB.56Vpp V peak across 14 @ e 98
it [2], [4]. This agrees with the simulation to within 0.2%, and g ., e X TGN o6
with the measured data to within 3.9%. For the optimum-tuned £ F’z‘g %& ' ()—) g
case, it is the maximum voltage to which the switch is exposed. g 10 /A f— X\ ' g
The peak switch current is 2.86., which agrees with the sim- S os . : R : 92 2
. . . (5] . .
ulation to within 0.4%. 3 o6 / /{5 9 xy Re 00 g
If either L2 or C'2 is predetermined for a given application, E (%/ ; @__) ‘{% “Q%% E
the designer must accept the value for the loa@etthat this Z 04 wﬁ\és X Nex 88
imposes on the circuit. Otherwis€), can be chosen based on 02 ; ﬁ%m 36
the tradeoff between efficiency and harmonic suppression. The Loaded Q=340 L -
impact to efficiency occurs because a high loadeinplies a 00 ‘ T
. - . 0996 0998  1.000  1.002  1.004
large reactance in the output network. A large inductive reac- )
. . .. . . . Normalized Frequency
tance inevitably has a nonnegligible resistance associated with
it. Although this resistance .is Iumped in with thg Ioaq r.esistame%. 3. Output power and efficiency versus frequency.
for the purpose of calculation, it forms a resistive divider with
the actual load resistance, and efficiency is reduced accordingly. 1.4 { 100
For many low-frequency transmitter applications, the values 1o |_Fel A o8
for R and C2 are predetermined. Therefore, the value far : <—/@/ Ty =
. @ . IS
must be calculated using & 10 N 9 -
=3 ? \ Q
2038 § A 94 B
1 7w (7?2 R S i 3 \\o 2
wiC2 ' 4 \ 4 wo 8 /ﬁ;& ; ) \ =
g 0.4 Ly : > \S 90 ‘DE
For the case wheré?2 is the fixed component’2 can be Z 02 @ > 4 o
determined using ' Loaded Q=340 |
0.0 ' : 86
) r (2 -t 0.1 1.0 10.0
C2=wpl2z— 2 (— 1wk . (5b) Normalized Load Resistance, R

. . . . . Fig. 4. Output power and efficiency with variationI?, the RF load.
Itis obvious from an examination of (5a) that the series com” putp Y i

bination of L2 andC2 does not go resonant at the center fre-
guencywyp.

The value ofi.1 is not critical. It should have a reactance of at Optimum operation does not coincide with the operating
least ten times the RF load resistati¢d > 10R/wg). L1 has point for maximum input or output power; therefore, the circuit
an effect on the carrier envelope attack and decay times for@mnot be tuned in the classic manner (peak-tuned) without
amplifier driven with on—off keyed or binary phase-shift keyinglegrading efficiency. This is illustrated by the results of several
(BPSK) modulation. Note that during BPSK phase reverdadls, PSPICE simulations, as shown in Figs. 2-5. Simulation data
has a dominant effect on transient thermal stresses in the FElines) and circuit measurements (data points) are shown

I1l. AMPLIFIER CHARACTERISTICS
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1.6 100 Hence the circuit of Fig. 1 has a load@df 340. Ambiguity ex-
5 14 \ T g 98 ist_s if the 3-dB bandwidth is.used to calculagebecause_the cir-
£ 12 <) A b 96 = cuit does not peak around its center frequencydfigs is cal-
S 10 e/ © A o4 & culated about the peak, a value of 270 is obtained.) Xhe/ R
£ 03 / /8", 3 9 é definition for @ is the better choice because it can be used to es-
% 0.64% . x @_> LN 90 = timate h_armonic content at the output. For example, _the second
2 4 /Fes. | >\ .8 § harmonic can be predicted [1] usin@0log(2.X 12/ R) with re-
g 0'2 ; ' \ o6 spegt to the fundamental. This agrees with the measured data to
Z 0'0 | Loaded Q = 340 y N w“ within 0.2 dB.

0.1 1.0 10.0 C. Variation of RF Load Resistance
Normalized Value for C1 The effects of a variation in the RF load resistance are shown

_ N _ o ~in Fig. 4. When the data are plotted on a log-scale, the same
Fig. 5. Output power and efficiency with variation@l, the shunt capacitor. power-peaking effect can be seerfzis reduced. The efﬁciency
curve shows a peaking characteristic about the intended design

on these graphs. The circuit implementation is discussedVialue as expected.
Section VII. . .
D. Variation of Shunt Capacitance

A. Variation of Output Network Component Values A variation in the value ofC'1 also shows a similar power-
eaking effect when plotted on a log-scale. This is shown in

Normalized output power and efficiency are shown in Fig. Elg 5

versus a£0.6% adjustmentin the value && (C2). 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 adA. Tuning Techniques
justing L2, the variation causes the output power to vary along Gjyen the sensitivity of the circuit to variations in the output
the thin-solid line. _ _ network, the question is how to tune it properly. The easiest tech-
A “peak” adjustment places the operating point at “B.” Th@jque is to peak-tune the output power (by peaking the output
normalized value of.2 (0.9975) for maximum output POWEr ¢ rent), but this has undesirable effects. Another method is di-
is slightly less inductive than the design value (1.000) for opact measurement and adjustment of the output network, but
timum operation. Point “B” results in a simulated efficiency ofyis js not practical for a high circuit. It is difficult to mea-
only 88%. This lost power is dissipated in the FET at turn-0yre 1,2 andc2 with sufficient accuracy due to circuit and mea-
Note that the output power increases to 150% of the originghrement parasitics. Another approach is to calculate efficiency
design value, and the power dissipated in the FET increasesfi¥ije the circuit is being tuned. This “efficiency-meter” tech-
almost gmrder of magnitudeThis has a significant impact ONpique has limited appeal because the output power may not be
the design of the heatsink at high power levels. directly measurable. For instance, a portion of the output cir-
There are other points of interest associated with output ngfjit may be part of an antenna or embedded structure. It is a
work tuning. The series-resonance point occurs at “C” (not &fnple matter to monitor the output current with a suitable de-
“B"), where jX' = jXpo — jXco = 0. Another point of in- tactor, hut it may not be possible to measure the output voltage.

terest occurs at “D,” where the efficiency is maximum agaifyeyertheless, a peak in the efficiency cucambe found using
but the output power drops to 40% of the intended design valygis method.

Tuning to point “E” results in maximum dc input power and rée- ppase measurements can also be used for tuning. It is rela-

IV. TUNING ANALYSIS

duced efficiency. tively easy to measure the phase at low-impedance nodes within
o ) ) the circuit. If a relationship can be exploited between the phase
B. Variation with Operating Frequency of the voltage acros€'1 and the phase of the output current

The effects of frequency variation are shown in Fig. 3. Offlor output voltage), this information can be used to tune the cir-
centered power peaking is observed, with some similarity €lit and predict performance. This section extends the analysis
Fig. 2. A frequency shift alters the net reactance of battand presented in [3]. A broad range of duty cycles is possible for
C2. This has a compounded effect on the net reactance cdmgh-efficiency operation, but only the case of a 50% duty cycle
pared to an adjustment @f2 alone. The measured data for théy = 7/2) will be addressed here. This is optimal from a switch
circuit of Fig. 1 track the simulation data over most of the regiosiress standpoint [2] and simplifies the analysis. The waveforms
shown, except in the vicinity of peak output power. This powend phase relationships used for class-E analysis are shown in
slump may be due to corona losses in the output network, whéig. 6.
the voltage acros§2 (or L2) climbs to 1700 V peak for a 1-W
amplifier. This suggests further study using a vacuum capacit@r.

It is accepted practice with class-E circuits to consider the The analysis begins by defining several terms and equations.
ratio of the output network reactance (choose, say, the inductofise goal is to analyze the impact détuningthe circuit from
reactance) to the load resistance as the definition for citguit optimum conditions. The following assumptions apply.

Development of Equations
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The analysis by Raab also derives a second expresgtoat

Vout or Iougt is equal to the same ratio. This can be simplified in the same

,,,,,, ! manner
,,,,,, : h(y:W/2a¢awaBaRap)
: : : : = : : : : _ V2Vou Rac
...... B R Vbb
SN\ _ meos(é+¢) — 2sin(é + ) o
~ 7BRp — (7/2)sint + 2cos ¢ cos(¢ + )
Using (6) and (7), this becomes
hy =7/2,¢,9)
B 7 cos(¢p + 1) — 2sin(¢ + ) 10
T 8secy) T 9 - (10)
G 551111/}—1— cos ¢pcos(¢p + 1)

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

) ) Rdc(y:’]r/zvd)vg?R)
1) RF chokeLl is large so that a constant dc current with 2

2
negligible ripple flows through it at all times. = <% — ggcos ¢ — %gsin </)> <1 + %) R. (11)
2) The switching behavior of the FET is ideal and lossless

(except at turn-on whe@'l is discharged during subop-  Sinceg andk are equivalent, it is necessary to set them equal

timum operation). The FET can handle negative voltages each other and attempt to solve fpas a function of)

and currents.

Fig. 6. Class-E waveforms used to defipande.

3) The loaded? of the output network is high enough to msin(¢ + ) + 2cos(¢ + )

suppress harmonic currents; thatfs,; is essentially a 2cos ¢psin(¢ + ) + (7/2) cos 9

sinusoid at the RF carrier frequency. _ wcos(¢ + 1) — 2sin(¢p + ) (12)
4) The circuit is operated at or below the critical frequency T 8secy) I

[5], whereCpg makes up all of the shunt capacitance. (4+72) 2 sin g + 2 cos ¢ cos(¢ + ¢)
5) All network components are passive, linear, time-in- _ ) . . .
This equation can be solved graphically by plotting the in-

variant, and ideal without parasitics. ) . X . )
The output network does not operate at resonance in genefgisection of both sides as a function¢efor a giveny using

so the difference termX — X 15 — X4 is used. A load angle a mathematics package for the PC. An analytical solution in-
termy) = arctan(X/R) is defined for mathematical conve-VoVing @ cubic equation inan ¢ may also be pursued as de-
nience. A magnitude term is also defined scribed in [3] and [4]. Fortunately, with = 7 /2, it is possible

to obtain an exact closed-form solution
p =1+ (X2/R2) = secy) ©

2
¢() = arctan <I - 52+ 8n ) . (13)
The shunt capacitance is expressed more conveniently in 2 7w +127r - 16tany
terms of its susceptanc®: = wo(C'1 + Cpg). Throughout this
analysis,R and B arefixed at their given and optimum design
values, respectively. Using (4), the expression frcan be
written in terms of the RF load resistance as

This function is periodic inr and is shown in Fig. 7. It can be
used with (8) to calculate. It can also be used with (11) and (8)
to calculateR,./R. Typically, ¢ is located in the first quadrant
of arctan(.X/R) and¢ is a negative number. The proper choice

2 ) of ¢ from (13) can be confirmed with (8) if it produces a positive
m(1+72/4)R number forg.
The input and output powers are

B opt —

The analysis in [2] and [3] derives an expressiprt rep-
resents the ratio of the peak-ac output current to the dc supply Pou(,Vop, R) = Vi3 Rue (14)
current. The expression fgrcan be simplified considerably for
the case of a 50% duty cycle. In defining this tetRy,. is the and
dc input resistance looking intbl. The simplified expression

2 2
for g is Powi (¥, VoD, R) = 7 QZZDD- (15)
dc
21y 2Vouws e P .
gy =7/2,¢,7) = V2 Lo = V2Vou R The drain efficiency can be calculated with
Tac R Vop
_ wsin(¢p+ )+ 2cos(dp+ ) P ¢ R
~ 2cos¢sin(¢+ ) + (7/2) cosp ® () = Pn 2 Ruc (16)
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¢° TABLE |
30 - PARAMETERS FORFOUR TUNING CONDITIONS
\ Class-E OUTPUT NETWORK TUNING
E "C" Series- | "B" Peak- | "A"  |'D" Max Eff at
0 Parameter Resonance | Tuning | Optimum | Reduced Pwr
Theoretical | 81.8% 90.7% 100% 100%
Efficiency | Simulation | 79.4% 88.2% 97.8% 98.5%
30 Implemented 65.6% 80.7% 90.1% 90.8%
Output | Theoretical 1.474 1.553 1.000 0.405
Power Simulation 1.385 1.460 0.967 0.372
(watts) | Implemented 1.27 1.50 1.00 0.40
-60 Input Theoretical 1.803 1.712 1.000 0405
70 Power | Simulation 1.744 1.656 0.989 0.378
(watts) | Implemented 1.93 1.86 1.11 0.44
Theoretical 0 0.2933 1.1525 2.0867
Fig. 7. Plot of¢ versusy fory = /2 andB = Bo:. X/R Simulation | 0.0000 0.3029 1.1520 2.1710
Implemented - - - -
o | _Theoretical 0 163467 | 49.0524 64.3948
C. Analytical Determination of Operating Points v ISinlwlaﬁond -0.0009 | 168493 | 49.0402 | 65.2681
mp. ementes - - - -
Starting with point “A” (optimum operation), it has been ° Theoretical | -2.5291 | -9.2335 | -32.4816 | -57.5184
shown [2] that¢ is equal to arcta-2/7) = —32.482 and ¢ Simulation { -2.5950 | -9.4644 | -32.0098 | _-58.7080
) 5 ~ . Implemented | Tunedto-3| -16 +/-2 [ -384/-2 | Tuned to-59
¢ = arctan[(7?/2 — 2) (7 /8)] = 49.052. Had this not been Theoretical | 12541 | 13550 | 1.8621 2.9250
established already, it is a straightforward matter to take th g Simulation | 1.2569 13603 | 1.8548 3.0147
: : : ; Implemented - - - -
denvgtlve of (16) with respect tg and set it equa] to zero. A. Thooericel T 09616 TR R R
root-finder program can then be used to determine the desir¢ rge/R [ Simulation | 09941 10476 | 17534 4.5936
answer, as there is more than one solution in the region ¢ Implemented|  0.90 093 1.56 3.94

interest.

For point “B” (peak tuning), the derivative of (15) is de-
termined with respect t@> and set equal to zero. This taskl-81 and 1.41 of the original design values, respectively. The
can be simplified by recognizing that the derivativeggfiz,. efficiency is 77.6%.
will suffice. Based on the simulation data, an initial estimate of The power dissipated in the switching device can be deter-
X/R =0.303 (4 = 16.9°) is used, wherd.2 was 0.9975 of its Mined by subtracting (15) from (14). The worst case heat dissi-
optimum design value. The actual value fowas found to be Pation (point “F”) occurs when the output network is tuned to
16.3467. X/R = —1.7972 (¢p = —60.908°, ¢ = +23.380°), a net ca-

Point “C” (series resonance) corresponds\téik = 0. For Pacitive reactance. The input and output power levels become
point “D” (maximum efficiency at reduced output power), thel-30 and 0.42 of the original design values, respectively. The
procedure is similar to the approach for point “A.” An estimatéfficiency drops to 32%, while the device dissipation becomes
of X/R = 2.171 (¢ = 65.3°) is used. The actual value fgr 0.88 of the original output power level.
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 withRps,, = 0.15 Q. 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
V. RESULTS concept, the dc feed circuit to the class-E stage can be modified

. . _ . __as shown in Fig. 8.
foLgiggggi?;ofg)rafgg/igS dl(;]g:?]?)??o?g;(:;?rzgr ?(I)(I:ee This feeds the circuit with double the supply voltage through
2 N . . . .

in the magnitude of the power-peaking effects observed ?nreS'StorRSO““? t_hat is equal to the dc-input reS|stan(_:_e (1.1) as
) ; seen by the original dc supply. Therefore, the amplifier is fed

Figs. 2-5 or the values shown in Table I. Therefore, regardlev%ﬁh the same voltage as befofEp) at the same current as

of circuit @, a class-E circuit that is peak-tuned will exhibit g fore (1) Therefgre thenaxim]?ﬁmossible input power is

theoretical increase in output power level to 1.55 of the origin Fe desig; ;/aluéP ) 1,'he solid bold lines in Figs. 2-5 show

design value and a drop in efficiency to 90.7%. The wast ) m T : o

power will be dissipated in the FET. This assumes that t e res_u!tmg cha_nge n cwc_:wt_ behawgr. ;I'he maximum power
T L . . . E}nd efficiency points are coincident at “A.” The auxiliary circuit

circuit @ is high enough to justify the assumption of smusmd%as less sensitivity to component variations i< cal-

load current without significant harmonic content. For the plots @i

shown in Figs. 2 and 3, the loadéd of the circuit merely

VI. AUXILIARY TUNING MODIFICATION

Culated to be 167 using the data of Fig. 3. The optimum value

scales the abscissa without affecting the ordinate axis. for_RSO_}l“f: 02a /n4 ?r? ((iil)cqll'if?egﬁll??s = arctan(~2/r) and
There are two other operating regions of interest. Maximufh ™ g '

input power (point “E”) occurs when the output network is tuned

to X/R = —0.12075 (¢ = —6.88515°, ¢ = 0°), which is N S U A Y

slightly capacitive. The input and output power levels become Rsource = Fae = 9 + ] R=1T337R. 17
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+ VDD -
Rsource

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

VIIl. CONCLUSION

High-@Q design equations have been verified by simulation
and by implementation at low frequencies. A convenient expres-
sion (13) has been derived fgras a function of) for the 50%
duty-cycle case, witlB = B, for a givenR. Output power
“peaking” occurs in all class-E amplifiers whenever the output
network is tuned in the vicinity o = —9° or the operating
frequency is shifted slightly lower. This peaking effect will in-
crease the output power tel.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.

ohms

Fig. 8. Class-E topology with auxiliary circuit added.
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