ClassE RF Power Amplifiers

Come learn about this highly efficient and wideagr
class of amplifiers. #leare principles of opation,
improved design equations, optimization
principles and experimentagsults.

By Nathan O. Sokal, WA1HQC
of Design Automation, Inc
ARRL Technical Advisor

This article is based on “Class-Ethe transistor operates as an on/offependence of output powelP)(on
High-Efficiency Power Amplifiers, fromswitch and the load networkhapes load-network loade®@ (Q ). As a re-
HF to Microwave,”Proceedings of the the voltage and current wavefornos sult, the output power is 38% to 10%
IEEE International Microwave Sympo-prevent simultaneoushigh voltage lessthanexpected, fQf valuesinthe
sium, June 1998, Baltimore; andand high current in the transistorusual range of 1.8 to 5. This paper in-
“Class- E Switching-Mode High-Effi- that minimizes power dissipation, es€ludes an accurate new equationfFor
ciency Tuned RF Microwave Powepecially during the switching transi-that includes the effect @@, .

Amplifier: Improved Design Equa-tions. In the published low-order

tions,” Proceedings of the IEEE Inter-Class-E circuit, a transistor performg/Vhat Can Class-E Do for Me?

national Microwave Symposiundune well at frequencies up to about 70% of Typically, Class-E amplifiers (see

2000, Boston; both by Nat Sokal, @ts frequency of good Class-B operaReferences 1-6) can operate with

IEEE 1998, 2000.—Ed. tion (an unpublished higher-orderpower losses smaller by a factor of
Class-E circuit operates well up toabout 2.3, as compared with conven-

Class-E power amplifiers (See Refabout twice that frequency). Thistional Class-B or -C amplifiers using
erences 1-6) achieve significantlypaper covers circuit operation, im-the same transistor at the same fre-
higher efficiency than conventionalproved-accuracy explicit design equaguency and output power. For ex-
Class-B or —C amplifiers. In Class-Etions for the published low-orderample, a Class-B or -C power stage
Class-E circuit, optimization prin- operating at 65% collector or drain

4 Tyler Rd ciples and experimental results. Preefficiency (losses = 35% of input
Lexington, MA 02420-2404 viously published analytically derivedpower) would have an efficiency of
NathanSokal@compuserve.com design equations did not include thebout 85% (losses = 15% of input
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power) if changed to Class E (35%/15%will, unavoidably, be appreciable frac-The timing requirements of 3 and 4 are
= 2.3). Class-E amplifiers can be detions of the RF period. We avoid a high fulfilled by a suitable load network
signed for narrow-band operation owvoltage-current product during the (the network between the transistor
for fixed-tuned operation over fre-switching transitionseventhoughthe and the load that receives the RF
quency bands as wide as 1.8:1, such awitching times can be appreciablepower), to be examined shortly. Two
225-400 MHz. (If harmonic outputsfractions of the RF perigdy the fol- additional waveform features reduce
must be well below the carrier powerJowing two strategies: power dissipation:

only Class-A or push-pull Class-AB3.The rise of transistor voltage is5.The transistor voltage at turn-on
amplifiers can operate over a banddelayed until after the current has time is nominally zero (or is the satu-
wider than about 1.8:1 with only one reduced to zero ration offset voltagey,, for a bipo-
fixed-tuned harmonic-suppression fil-4. The transistor voltage returns to lar-junction transistor, hereafter,
ter.) Harmonic output of Class-E zero before the currentbeginstorise."BJT”). Then the turning-on transis-
amplifiers is similar to that of Class-B
amplifiers. Another benefit of using
Class E is that the amplifier is “de-
signable;” explicit design equations A
are given here. The effects of compo-
nents and frequency variations are
defined in advance (see Reference 4,
Figs 5 and 6, and Reference 7) and are
small. When the amplifier is built as
designed, it works as expected, with-
out need for “tweaking” or “fiddling.”

Current Through Switch

Physical Principles for
Achieving High Efficiency
Efficiency is maximized by minimiz-
ing power dissipation, while providing 0 >
a desired output power. In most RF and | | Time
microwave power amplifiers, the larg- . Switch  Switch
est power dissipation is in the power Off" State On” State
transistor: theproduct of transistor A
voltage and currenat each point in
timeduring the RF period, integrated
and averaged over the RF period. Al-
though the transistor must sustain
high voltage duringart of the RF pe-
riod and conduct high current during
partof the RF period, the circuit can be
arranged so thdtigh voltage and high
current do not exist at the same time
Then theproductof transistor voltage
and current will be lowat all times
during the RF period. Fig 1 shows con- 0
ceptual “target” waveforms of transis-
tor voltage and current that meet the
high-efficiency requirements. The tran
sistor is operated as a switch. The voltrig 1—Conceptual “tar get” waveforms of transistor v oltage and current.
age-current product is low throughout
the RF period because:
1.“On” state: The voltage is nearly
zero when high current is flowing, Active
that is, the transistor acts as a low- Si.vt"éﬁ
resistance closed switch during the Lood Network Load
“on” part of the RF period.
2."“Off“state: The currentis zero when
there is high voltage, that is, the
transistor acts as an open switch dur-
ing the “off” part of the RF period.
Switching transitionsAlthough the
designer makes the on/off switching
transitions as fast as feasible, a high-
efficiency technique must accommo-
date the transistor’s practical limita-
tion for RF and microwave applica-
tions: the transistor-switching timesFig 2—Schematic of a lo w-order Class-E amplifier .
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tor does not discharge a chargetbad resistancR, delivering a specified L2andC2is sinusoidal. That assump-
shunt capacitancecl of Fig 2), thus RF powerP from a specified dc supply tion is strictly true only if the load
avoiding dissipating the capacitor’svoltageVcc. network has infinite loade@ (Q,, de-
stored energy@1sV 2/2), f times per The transistor’s operating locus orfined as Zif L2/R)1, and yields progres-
second, where/ is the capacitor’'s the (g4, Vg9 plane is not a tilted sively less-accurate results fQy val-
initial voltage at transistor turn-onstraight line (resistance) or a tiltedues progressively lower than infinity.
andf is the operating frequencyCl ellipse (resistance + reactance). The), is a free-choice design variable,
comprises the transistor output caeperation during the “on” state of thesubject to the conditio@, =1.7879—
pacitance and any external capaciswitch is a nearly vertical line whoseobtained from exact numerical analy-
tance in parallel with it.) lower end is at the origin (0, 0); Thesis as in References 4 and 6—to obtain
6.The slope of the transistor voltageoff” state of the switch is a horizontalthe nominat switch-voltage wave-
waveform is nominally zero at turn-line whose left end is at the origin. Byform, for the usual choice of the switch
on time. Then, the current injecteddesign, the operating locus avoids th&on” duty ratio? D, being 50%.) The
into the turning-on transistor by theremainder of thel(, Vg9 plane, the amplifier's output powerP depends
load network rises smoothly fromregion ofsimultaneoushigh voltage primarily (derivable analytically) on
zero at a controlled moderate rateand high current that brings highthe collector/drain dc-supply voltage
resulting in lowi2R power dissipa- power dissipation and consequent revccand the load resistan&e but sec-
tion while the transistor conductanceduced efficiency. That region is whereondarily (not derivable analytically)
is building-up from zero during the conventional Class B and C circuit®on the value chosen f@y . Previously

turn-on transition, even if the turn-operate. published analytically derived design
on transition time is as long as 30% ) . equations did not include the depen-
of the RF period. Analytical and Numerical dence ofP on Q_. Consequently, the
Result: The waveformseverhave Derivationsof Design Equations  gytput power is 38% to 10% less than

high voltage and high currestmul- Analytical derivations of design had been expected, f§ valuesinthe

taneously The voltage and currentequations for the circuit of Fig 2 can be

switching transitions ardime-dis- made only by assuming the current ifNotes appear on page 18.
placed from each othgto accommo-
date transistor switching transition
times that can bsubstantial fractions
of the RF periodTurn-on transitions
may be up to about 30% of the period
and turn-off transitions up to about /\

20% of the period. //\\

The low-order Class-E amplifier of  switeh \
Fig 2 generates voltage and current Current \ /

waveforms that approximate the con-
ceptual “target” waveforms in Fig 1;

Fig 3 shows the actual waveforms in
that circuit. Note that those actual Switch _—j

waveforms meet all six criteria listed ~ '**°%°
above andillustrated in Fig 1. Unpub-

lished higher-order versions of the

circuit approximate more closely the

target waveforms of Fig 1, making the

circuit even more tolerant of compo-

nent parasitic resistances and non- off On
zero switching-transition times.

Differences from Fig 3—Actual transistor v oltage and current wa veforms in a lo w-order Class-E amplifier .
Conventional Class B and C

The load network is not intended to
provide a conjugate match to the tran.i_
sistor output impedance. The network
design equations come from the solu-
tion of a set of simultaneous equation PR
for the steady-state periodic time-<L (Vcc _Vo)2 Cle2mfR C2-2nfR
domain response of a network (contain-
ing non-ideal inductors and capacitors?nfinite

able 1—Dependence of output power, CI1, and C2on loaded Q (Q,)

t iodi ti f ideal 0.576801 0.18360 0
switch at the input port, at frequenty | 0.56402 0.19111 0.05313
t0 provide (a) an input-port voltage of 2 0.54974 01979 0.11375
zero value and zero slope at transistor ' ’ '

- - ; 0.46453 0.21834 0.63467
turn-on time, (b) a first-order approxi- 25 0.43550 022036 101219
mation to a time delay of the voltage 2* ) ) :
rise at transistor turn-off, and (c) a 0.38888 0.21994 3'0_52_1_2

1.7879 0.35969 0.21770 infinite

nearly sinusoidal voltage across the
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usual range of 1.8 to 5. This paper includes anatewmnew are discussed briefly at the end of the “Applicable Frequency
equation folPthat includes the effect @) . Similar restric- Range...” discussion.) In the equations belvg is the dc
tions apply to the analytical derivations of design equatiosgpply voltageP is the output power delivered to the load
for C1, C2 andR. However, the needed component valuagsistanceR; f is the operating frequencg;l, C2 L1 (dc-
can be found by numerical methods. Table 1 gives normé&ed choke) ant2 are the load network shown in FigQ.
ized exact numerical solutions for output power (hence tiethe network loade®, chosen by the designer as a trade-
needed value d®), ClandC2 for eight values o) overthe off among competing evaluation criteria (see Note 2).
entire possible range from 1.7879 to infinity, for the usual In a nominal-waveforms circuit operating with the usual
choice ofD = 50%. The design equations in the next sectiamoice ofD = 50%, the minimum possible value @f is
are continuous mathematical functions fitted to those eight7879; the maximum possible value is less than the
sets of data. (Having the numerical values of Table 1, reatktwork’s unloaded. The design procedure is as follows:
ers can derive other mathematical functions to fit the data, BV,
if they wish, to substitute for the equations given below. )¢ = M%SF (Eq 3)
Kazimierczuk and Puczko (Reference 5) published a 3.56
tabulation similar to Table 1 here (using a different math-This includes a chosen safety fact&H less than 1, to
ematical technique, but the two sets of tables agree well; 8dew for higher peak voltage resulting from off-nominal
“Accuracy of Design Equations” below), but they did not ifoad impedance. For example, you could ta#&E as
clude continuous-function design equations based on th2@%=0.8. The relationship amomy R, Q_, Vcc and the
tabular data. As a result, a designer using Reference 5 Hamsistor saturation offset voltaygis least-squares fit-
produce an accurate design at any chaabunlatedvalue of ted to the data in Table 1, over the entire rangg dfom
Q.. but designers lack accurate design information for uselaf 879 to infinity, within a deviation af0.15%, by a sec-
values ofQ betweerthe tabulated values. Avratoglou an@®nd-order polynomial function o :
Voulgaris (Reference 8) gave an analysis and numerical so-

lutions as graphs but no tables of computed values and no O o

design equations fitted to the numerical results. PreC|se [(Vcc V)2 2 D

design values cannot be read from the graphs. % R (QL) Eq 4
To make accurate circuit designs and advance design ]H% (Ea 4)

evaluationsat any arbitrary value of Q one needs design

equations comprising continuous mathematical functions
rather than a set of tabulated values as in Table 1 or Ref-

erence 5. The equations should give accurate results, emdq cc” ) 57680H..001245-
should be simple enough for designers to easily manipu- % g El

late. Such equations are given below, for lossless compo-

nents. The losses are accounted for in References 2,4,9,10 (Eq 5)
and unpublished notes; the author intends to publish eql]| nece.

tions for all components of power loss and the resulting [(

0.451759_ 0.4024441
Q2

cc ™~ ) 0451759 0.402444]

collector/drain efficiency. Briefly: Use fd?in Eq 6 or 6A R= 5057680 .001245-
the desired output power, divided by the expected collec- @ %1 QL2
tor/drain efficiency and calculatg,, from: (Eq 6)

Road = R—ESR; —~ESR; —1.365R,, ~0.2116ESR; (Ea1l)  Alternatively, a third-order polynomial i@_ gives a
whereR,, is the “on” resistance of the transist&®,,is a least-squares fit to the data to within —0.0089% to
generic term that represenBpgon) 0f a MOSFET or +0.0072%:

MESFET, orRcg(sarof @ BJT.ESRIs the effective series

resistance of a reactive component. The expected draj

( 2n
Vee — V% [
a}gn:/ cc - 0) 15768015.000008 0414395 0.577501+ 0205967

collector efficiency is approximately QLz qa
2
o = Road _mA)” (Eq 5A)
Roadt ESR, + ESR, +1.365R,, + 0.2116ESR 12 Hence:
(Eq 2)
V,
where E( cCc” %357680%1 0000086~ 0414395 0.5772501+ 0.2053675
0. 08t 0 @ Q Q Q
A=
H* o BT (Eq 6A)

The effectivedc-supply voltage is the actual voltage, less
fie transistor saturation offset voltage, hengg-V,). V,
is zero for a field-effect transistor. For a BJA4,is on the
order of 0.1 V at low frequencies, and up to a few volts (de-
ding on transistor fabrication) at frequencies higher than

t;is the 100%-t0-0% fall time of the assumed linear fall of th
drain/collector current at transistor turn-oif=1/ is the

period of the operating frequencfy,and “0.01” allocates
about 1% loss of efficiency for the power losses in the dc

RF resistances of the dc-feed chokg, aboutf/10.
. . ) The design equations f@l1andC2that fit the data in
Explicit Design Equations Table 1 are given below. The last terms in Eqs 7, 8 and 9

The explicit design equations given below yield the lovare adjustments to the expressions fitted to the Table 1
order lumped-element Class-E circuit that operates with tata, to account for the small effects of the nonzero
nominal waveforms of Fig 3. (Distributed-element circuitsusceptance df1l.
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1 0 0.91424 1.031750 0.6 spectrum as a function of the chosgn®
Cl= —Dnz 0 9-99866‘* 0 - Q.2 E" o f)2L1 If the circuit includes a low-pass or band-pass filter be-
2nf R n L L ( n ) tweenR and theC2-L2 branch instead of a direct connec-

+
ET ]EE tion asin Fig 2, the fractions of the output power contained
(Eq 7) in each of the harmonics will decrease, according to the
transmission function of the filter at the harmonic frequen-

1 d 0.91424 1.031751 0.6 cies. As a small side-effect, the total output power and the
1:mg)'99866+ Q B Q2 H+ (2 f)le waveforms of switch voltage at@P-L2 current will change
' - L n slightly, requiring small changes to the numerical coeffi-
cients in Egs 6 through 9 above, and in Table 1 and Refer-
(Eq 8) ence 5. New sets of numerical values can be calculated
1O 1 . 101468 O 0.2 quickly with the help of a computer program such&PA-
C2= 00121+ —— — : PLUS(Reference 7), which is described briefly below and
2nf RHQ, —0.104823%1 Q -1787H (2rf)’L1  available from the author's employer.

(Eq 9) Optimizing Efficiency

The numerical coefficients in the last terms of Eqgs 7, 8, . L . . L
and 9 depend slightly obl andQ, ; those dependencies The highest efficiency is obtained by minimizing tb&al _
Rower dissipated while the amplifier is delivering a desired

will be the subject of a planned future article. For the e g
ample case of) = 5 and the usual choice Xf ; being 30 OL_Jtput power. That can be o_Ione by modlfylng thg waveforms
or more times the unadjusted valuegf;, the adjustments Slightly away from the nominal ones shown in Fig 3, allow-
for the susceptance bfl add 2% or less to the unadjusted9 Someof the components of power dissipation to increase,
value ofCland subtract 0.5% or less from the unadjustd|ile othercomponents of power dissipatiaiecrease by
value of C2 Finally, L2 is determined by the designer,garggramountslzorexample, alllowmgthevoltage-waveform
choice (Note 2) fof), and the value oR from Eq 5 or 5A; Minimum to be apout 20% of its peak value (instead of 0%)
increases th€l-discharge power loss but reduces the RMS/

|_2:£q (Eq 10) average ratio of the current waveform and the peak/average
2mf ratio of the voltage waveform. Both of those effects can be
Egs 4 through 9 are more accurate than the older versierploited to obtain a specified output power with a specified
in References 1, 2, 4 and 6. safe peak transistor voltage, with lower RMS currents in the

transistor,L1, L2, ClandC2 That reduces theiPR dissi-
pations. If their series resistances are large enough, the

The maximum deviations of Eq 5 from the tabulated vadecrease in theiPR power losses can outweigh the increase
ues in Table 1 are0.15%; those of Eq 5A are —0.0089% andf C1-discharge power loss.
+0.0072%; those of Eq 7 a#®.13%; and those of Eq 9 are The power loss in the transistBg, and in discharging
+0.072%. Kazimierczuk and Puczko (Reference 5) give tabkepartially charged€1 are not functions of the design fre-
of numerical data (similar to Table 1 here), obtained bygaency Clis inversely proportional to frequency, so the
Newton’s-method numerical solution of a system of analyfiroductf (C1+\2/2) is independent of frequency). For given
cal circuit equations they derived, and other useful numetypes of capacitors or inductors, losses in capacitor ESRs
cal and graphical data. The tabulated valueB iof Refer- (including that in the transistorG,,) increase with de-
ence 5 are within —0.13% to +0.47% of the values obtainsign frequency, inductor-core losses increase, and induc-
from the continuous function Eq 5 above. Those differences-winding losses decrease.
include (a) the error in the fitting of the continuous function The optimum trade-off depends on the specific combina-
in Eq 5 to the discrete values in Tablet0.(L5%) and (b) the tion of parameter values of the types of components being
differences (if any) between the numerical results of Refemnsidered in a particular design. (It does not vary appre-
ence 5 and of Table 1 here. Those two sets of tabulated vakiably from one unit to another of a given design.) No
can be compared directly at only their two value€pfin explicit analytical method yet exists for achieving the op-
common: infinity (identical results) and 1.7879 (Referencetdnum trade-off among all of the components of power loss.
has the same capacitance values and 0.28% IBvéthe Optimization is a numerically intensive task, too difficult
independently computed sets of data here and in Referetwaelo by explicit analytical methods, but computerized
5 agree well (a maximum difference of about 0.3%), givir@ptimization is practical. For example, running on an
confidence in the validity of both. IBM-PC-compatible computer with a Pentium 11/233-MHz

. . . ) processor,HEPA-PLUS designs a nominal-waveforms

Harmonic Filtering and Associated Changes Class-E amplifier in a time too short to observe, simulates
to Design Equations the circuitin 0.019 seconds and optimizes the design auto-

The power in Egs 5 and 5A is the total output power at theatically—according to user-specified criteria—in about
fundamental and harmonic frequencies. Most of the poweBiseconds. The program uses double-precision computation
atthe fundamental frequency. The strongest harmonic is fbe accuracy and robustness, yielding the circuit voltage
second, with a voltage or current amplitud®af 0.510 , and current waveforms and their spectra, dc input power,
relative to the fundamental. For example, with= 5.1, the RF output power and all components of power dissipation.
second-harmonic power is —20 dBc (1% of the fundamental
power) without any filtering. Even-order harmonics can deffects of Non-ldeal Components
canceled with a push-pull circuit, if desired. In that case, theMany non-ideal characteristics of the circuit components
strongest harmonic is the third, at an amplitude of 0@Q80/can be included in an analytical solution if the circuit is
relative to the fundamental, hence —36 dBc (0.025% of tbperating with the nominal switch-voltage waveform, but
fundamental power) without filtering, for the same exampthe task becomes progressively more difficult as one at-
Q of5.1.InReference 11, Sokal and Raab give the harmot@mpts to include more of those effects simultaneously. It
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becomes impossible if the circuit is nobination of circuit values, rather thanwaveforms. Inspection of th&;gwave-
operating at the nominal-waveformsby using explicit design equations.)form (Fig 2 in Reference 13) shows a
conditions. HEPA-PLUSsimulates an Secchi (Reference 13) and Malkttal nominal Class-E waveform with
expanded version of the Fig 2 circuitin(Reference 14) provided plots of theiRpg(on) = 2.7 V/0.688 A = 3.9). The
any arbitrary operating conditiondrain-voltage and collector-voltagewaveforms in Fig 2B of Reference 14
(nominal or non-nominal waveforms).

It includes all-important “real-world”

non-ideal characteristics of the tran-

sistor, the finiteQ power losses of all

inductors and capacitors, and parasitif & 8 & 9 52233288934 Y
wiring inductance in series witicl ® § o o
and in series with the transistor. De k) N A
tails are available from the author’s| &
employer. o -
Applicable Frequency Range _§ 5 NOo %aomr\mgqmﬁmomm
(about 3 MHz to 10 GHz, SP 338 4223383338000 o
maybellGHZ) é L | 8HH\—|HHV|—|\—|HHH\—|\—|
The Class-E amplifier can operatg < -
at arbitrarily low frequencies. Below o E o
about 3 MHz, one of the three switch = o e o
ing-mode Class-D amplifier types o 5 & §e '8)
might be preferred. Each can be as ef- 5 ) 9;’, ‘g o § 2 o 9o
ficient as the Class-E, with about 1.4 865 85588 ¢ <
times as mu_ch output power per trang 5 _5 > ;.5 0 So o o £ .5 o oo
sistor, but with the possible disadvan EE L oz = ES S TEETTT
tage that transistors must be used i c QEGS 2ETQ gf 5 s8Es555
pairs, versus the single Class-E tran} S W2e Wes£O0558 552990
sistor. Class E is preferable to Class [p S 8<3 B < Stk 2 e £3 O=gL0O0
at frequencies higher than abou E 35w % Sous5°Ppceageoo
3 MHz because it is more efficient, the > 393 >905zp20xz230zz2z2
transistor input port is easier to drive cO M0 <OWIODW=DXO>D>DD
and Class-E has fewer detrimental eff T W %
fects from parasitic inductance in the Q< S S
output-port circuit. S %‘ ™ W >~
Low-order Class E amplifiers are se © o"\o' § ,0\: a § LJ(J é\; § g<\; é\:
useful up to the frequency at which thd gL A Kooy o
- itching time i =8 888 POLONSLNIRSSRR
achievable turn-off SW|t_ch|ng time is SE A3 o009 omandARITS
about 17% of the RF period. In a Class} OW 006 COPDODN~O©N~NMN®O©NS
B amplifier, the turn-off transition -
time is 25% of the period. Therefore ¢ 2 - - E - o
low-order Class-E circuit will work g = o Wiy - W
well with a particular transistor at fre- 0 0 Hoed % &5 Hen 8
guencies up to about 17%/25% = 709 x L s = '-'EJ wh= "'EJ 3
of the frequency at which that transis w ko) 8 = 2 2 E =3 @
: ra = = [%] [ a N (]
tor works well in a Class-B amplifier. K 5 5 = o® S S99Is
(Unpublished higher-order Class-H (L,I,-) o} o} <>r " 2 8 — (,_2 O 8 c% (% g ®
circuits can operate efficiently at fre- o x Ta E g > > SayguL o
quencies up to about twice that of th¢ g . =g 2 § = I 0wnl0 Oxxx < E
low-order version.) € £385 ELexSoedZenszzZ =
Class-E circuits have operated af 2 g c‘-" g woow g s 59"_% nnl 2 2 2380
frequencies as high as 8.35-10 GH} < 8 20 O8=%EG TS o=z==5 =X
(Reference 42). Several microwave de} 5 2tz ZE0nadcn00nLXLL<y~T
signers have reported achieving re g E‘J +og
markably high efficiency by driving | & S5
the amplifier into saturation and us-| Y ; E Ogo ‘_go E E = E E = E E = % g
ing a favorable combination of serieq § L ST w3InSovdooNEOCSTE 3o
inductance with the load resistancq g g g wyNgyoeddodgo-dgi e
(Reference 13) or fundamental and o 3 - 2 N =1
harmonic load impedances (Refer g— o ™ 2 g
ences 14-20). (The authors of thosg g N 35
references found favorable tuning con’[ﬁ N g N N N N +— E=g]
ditions by using an automatic tune <\|| S~ =TI nnNnN FREOR 2 §
and/or circuit simulation to exhaus-| o § Tl cNoNSSSSSSs NOONOT g o
tively search the multidimensional} s o 0 5 AR LS 29220 2208 g > S
impedance space for a favorable cont+~ L o38RE8RIBLRIRBcaamwsIIPE
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are Class-E, but with an unusuallywalues ofL2 and C2 differ from the require that the reactanceslda? and
small conduction angle. Higher outputdesign values. To correct for that, theC2 be reduced by the amounts of the
power could probably be obtained byeactances of2 andC2should be re- unknown inserted inductive and ca-
increasing the conduction angle andluced by the amounts of the residugbacitive series reactances, but how can
modifying the load-network imped-reactance at the matching networkve do that when those inserted reac-
ance accordingly. | do not know theinput. The following text and figures tances are unknown?
operating mode in References 15-20explain how to make those adjust- Fig 4 shows a/cg waveform for an
very likely those amplifiers are distrib- ments to the circuit, if neededjthout amplifier with off-nominal tuning,
uted-element versions (see below) oddvance knowledge of the series reaegrith the waveform features labeled for
Class E, achieved empirically. tances atthe input port of the matchingubsequent reference in the text. If we

L network The text is in terms of a BJT; know how changes df2 and C2 will
Distributed versus Lumped Elementg,r 3 FET, substituteVpg’ for “Veg”  affect that waveform, we can adjust

High-efficiency waveforms similarto  The circuit parameters were choserandC2to meet two criteria at the op-
those in Figs 1 or 3 can be generateda Eqs 2 through 10, to meet a choseerating frequency: (a) achieve the
with lumped and/or distributed ele-set of requirements. The circuit willnominalVcgwaveform of Fig 3 and (b)
ments. At a given frequency, the choiceperate with the nominal Class-Edeliver the specified value of output
depends on the available componentsaveform, while delivering the speci-power.
and the tradeoffs among their sizedjed output power at the specified fre- Fig5 shows how2andC2affectthe
costs, quality factors and parasitic efgquency, if the chosen parameter valueg-g waveform. We know also that in-
fects. Amplifiers in References 12, 21are installed in the actual hardwarecreasind_2 reduces the output power
23, 41 and 42 were transmission-lindhe possible need for tuning resultand vice versa. With (a) an oscilloscope
versions of Class E, operating at 10from (a) tolerances on the componendisplaying the/cgwaveform and (b) a
8.35,5,2,1and 0.5 GHz. The 5-, 2- andalues (normally not a problem, be-directional power meter indicating the
1-GHz circuits were described as haveause Class E has low sensitivity tgower delivered to the load, we can
ing been designed by explicit desigrtomponent tolerances) and (b) the posdjustL2 and C2 to simultaneously
procedures, working as expected; thegibility of unknown-value reactancesfulfill the two desired conditions
were operated and measured withouh series withR (hence, in series with (nominal waveform and desired
making any experimental adjustmentL2 and C2) after the load resistanceoutuput powerkeven if the reactances

) has been transformed to the choseim series wittR are unknown.

Experimental Results value of R. Those series reactances If C1 (comprised of the transistor

Table 2 summarizes Class-E perfor-
mance achieved by amplifiers operat-
ing from 44 kW PEP at 0.52-1.7 MHz
to 1.41 W at 8.35 GHz and 100 mW at A

10 GHz.
VCE (pk) Trough

Tuning Procedure

Fig 3 shows the nominal Class-E
transistor-voltage waveform in the low-
order circuit of Fig 2. At the transistor’s
turn-on time, the waveform has zero

[ Transistor Turn - On

=——VCE (sat) -
slope and zero voltage for an FET or 0 -
Vcesanfor a BIT. An actual circuit, or «—— T e Ton o] Time
a circuit in HEPA-PLUS can be T

brought from an off-nominal condition

to that nominal-waveform condition by — - - - -
adjustingC1, C2and/orL2. If Ris not Fig 4—Typical mistuned V waveform, showing transistor turn-on, turn-off and wa veform

“, ” CE
already the desired value for the de-tr ough.

sired output power, it may need adjust-

ment. The desired value & comes

from Eq 6 or 6A after having applied the

allowance for parasitic resistances dis- Decreasing €2, L2 Increasing C1
cussed in the last paragraph of “Ana-
lytical and Numerical Derivations of
Design Equations,” above.

After adjusting a matching network
(located between the load and the
right-hand end of.2 in Fig 2) to pro-
vide R, there might be residual series
reactances in series wikh Any series 0
inductive reactance adds to that.&f,
any series capacitive reactance adds to
that of C2 Then the circuit would op-
erate with an off-nominaVcg wave- Decreasing Cl1 Increasing C2, L2
form and possibly an off-nominal value
of output power, because tleffective Fig 5—Effects of adjusting load-netw  ork components.

Increasing R

Decreasing R Time
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output capacitance and the externdd. Observe the trough of thggwave-
capacitor connected in parallel with it) form:

is within about 10% of the intended
value, C1 will normally not need ad-
justment. When there is a large devia-
tion from the design valu&lcan be
adjusted to achieve the nomindlg
waveform, using the information in
Fig 5 aboutthe effects @flon theV-g
waveform.

In that case, the three components
Cl1l C2 and L2 can be adjusted to
achieve three conditions simulta-
neously at the operating frequency:
desired output power, transistor volt-
age ofVcg(satyjust before transistor
turn-on and zero slope of tMggwave-
form just before turn-on. The following
diagrams and text explain how to ad-
justC1, C2 L2 andR (if desired) to ad-
just the shape of theé-g waveform.

Changes in the values of the load-
network components affect thé-g
waveform as follows, illustrated in
Fig 5:
1.IncreasingC1l moves the trough of

transistor will operate properly as a
switch, as intended, if its input port
A. Atthe zero-slope point: What is(gate-source of an FET or base-emit-
the voltage relative to/cgsayy ter of a BJT) is driven properly by the
more positive, more negative oroutput of its driver stage. The driver
equal? stage must provide the output speci-
B. At transistor turn-on: What is fied below. (Symbols for FETs are used
the slope, positive, negative orbelow; you can convertto BJT symbols
zero? if you wish.)

If these points are unobserv- 1.It must provide enough “off” bias
able because they lie below the 0 \during the “off” interval to maintain
axis, the voltage at zero slope ighe drain or collector current at an
“more negative.” Estimate theacceptably small value. If you are
slope at turn-on by extrapolationwilling to tolerate a power loss of
of the waveform. fraction of the normal dc-input power

If the voltage at zero slope isdue to non-zero “off’-state current,
unobservable because transistahe drain or collector current during
turn-on occurs before zero slope ishe “off” interval can be up to
reached, the slope at turn-on is
« . " . _ 0lan0

negative.” Estimate the voltage lp() =X* Ipp C-pO
at zero slope by extrapolation of
the waveform. wherelpp is the dc current drawn from

If you cannot estimate thé-g the Vpp dc drain-voltage supply, and
or the slope by extrapolation, asD is the output-transistor’s “on” duty
sume thatVcg is “equal” or that ratio (usually 0.50, but it can be any
the slope is “zero.” value you choose and provide for in the

(Eq 11)

the waveform upwards and to thes. AdjustC1l and/orC2 as shown in choice ofR, L andCvalues in the load

right.

Fig 5, and in expanded form in Fig 6 network).

2.IncreasingC2 moves the trough of 7. 1fVccis now the desired value, goto Example: If you are willing to toler-
the waveform downwards and to the Step 8. IfVcis less than the desiredate 1% additional power consumption
right. value, increas¥¢c by up to 50% and from theVpp voltage supply caused by

3.IncreasingL2 moves the trough of readjustthe duty raticClandC2as the non-zero “off’-state current, lifp
the waveform downwards and to the needed. (Thé&/c increase will de- is5AandifDis the usual value of 0.50,
right. crease the effective value @&@cg, Yyou can tolerate an “off’-state drain

4.IncreasingR moves the trough of causingthe effective value GfLto be current of 0.01 (5 A) (1/(1-0.50)) = 0.1
the waveform upwarddx(is not nor- reduced. Therefor&€lwillneedtobe A or 100 mA. That's easy to meet. Con-
mally an adjustable circuit element). increased slightly.) sider the International Redctifier

Knowing these effects, you can ad8. For a final check of the adjustmentslRF540 (rated at 100 V, 28 A). It is

just the load network for nominal increaseC1l slightly to generate an specified for 0.25 mA maximum &g

Class-E operation by observing theeasily visible marker of transistor= 0 andVpg = 80 V atT; = 150C, a

Vcewaveform. (Depending on the set- turn-on: the small negative-going stegactor of 400 smaller than the 100 mA

tings of the circuit component values, of V. Verify that the duty ratio is the you are willing to accept in this ex-

the zero-slope point and/or the nega-desired value (usually 50%) and thaample.

tive-going jump may be hidden from the waveform slope is zero at turn-on 2. It must provide enough “on” drive

view, as in some of the waveforms in time. Now returrC1to the value that during the latter 75% of the “on” inter-

Fig 6. If that occurs, the locations of brings the waveform to/cgan at val to maintain a low-enougR,. You

those features on the waveform can bdurn-on time (and also eliminates thecan choose what s “low enough” for your

estimated by extrapolating from the marker). purposes: Refer to Eq 2 and madkg a

part of the waveform that can be seen. ) ) ) small-enough fraction dR,,to yield a

The adjustment procedure is: ate- and Base-Driver Circuits collector/drain efficiency that you con-

1.SetRto the desired value or accept If one takes a simplistic view, sider satisfactory. Why is it “the latter
what exists. driver-stage design is less importan?75% of the ‘on’ interval”? The curreitt)

2.SetL2 for the desired) =2nfL2/R than that of the output stage. The readuring the first 25% of the “on” interval
or accept what exists. soning is that the driver power level igs small enough that(f)]2R,(t) can be
3.Set the frequency as desired. lower than that of the output stage, bycceptably small for a fairly higR,(t)

4. Set the duty ratioT,/T) to the de- a factor equal to the gain of the outpubecause the smailft) during the first
sired value (usually 50%), witllcc stage—typically a factor of 10 to 100.25% of the “on” interval causes an even
set to approximately 4 V. If the tran-That simplistic view is not corredte- smaller [(t)]2 (the square of a small
sistor turn-on is visible on th€cg cause the output transistor will notumber is even smaller).
waveform (as in Fig 4), measure th@perate as intended if its input is not 3. It must provide enough turn-off
duty ratio. Otherwise, observe thedriven properly. If the output transis-driveto turn-off the drain or collector
Vge waveform and assume that turntor does not operate as intended, theurrent from 100% to 0% in a fall-time,
on occurs when the positive-goingoutput stage will not operate as int;, fast enough to make the turn-off
edge ofVgg reaches +0.8 V and turn-tended, either. The resulting outputpower dissipation an acceptably small
off occurs when the negative-goingstage performance might or might nofraction of the output power. That frac-
edge ofVgg reaches 0 V. be acceptable. The output-stagéon is
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(2T[A)2 pation in the output transistor duringNotes -
turn-off switching, but greater powerlMost papers on the Class-E amplifier of

12 consumption of the driver stage. For 19 2 (including this one) define Q as
where both MOSFET d MESFETs. th 2nif L2 IR. A few papers, for example, Re-
)0 - s anc S, tN€ 0P~ ference 3, define Q, as (L/(2MfC2R).

A= O N 0.820t; timum drive minimizes the sum of the  kazimierczuk and Puczko (Reference 5, to
- Q H? output-stage power dissipation and the their credit) give both values in their tabula-

i i driver-stage power consumption.) The tions, as Q_and as Q,, respectively.
andT = 1f is the period of the operat-paak of the drive waveform should beThe choice of Q involves a trade-off

ing frequencyf. Choose the acceptablesafmy below the MOSFET’s maximum amongd operating bandwidth (wider with

fraction of the output power to be dis- . lower Q, ), harmonic content of the output
sipated during thg ngn_zero turn-of ate—source_ voltage rating. For power (Reference 11, lower with higher
MESFETSs, it should be less than the Q) and power loss in the parasitic resis-

switching time. Then calculate thegaie-source voltage at which the gate- tances of the load-network inductor L2 and
required drain- or collector-current-gorce diode conducts enough current capacitor C2 (lower with lower Q, ).
fall time t; that must result from the i cayse either of two undesired effectsiThe nominal switch-voltage waveform has
“enough turn-off drive.” Then provide (a) metal migration of the gate Z2°° voltage and a zero slope at the time
sufficient turn-off drive to accomplish yatalization at an undesirably rapid the switch will be turned on. References 1
our chosen objective, according to th i ; ., through 4 and papers by other authors,
y > ob) : 910 MPate (making the transistor operating referred to that nominal waveform as the
Chara}cterlstlcs OT the Chos_en OutpUfetime shorter than desired) or (b) “optimum” waveform, a misnomer. That
transistor. (That is the subject of anpough power dissipation to reduce the waveform is “optimum” for yielding high
intended future publication.) overall efficiency more than the effi- efficiency in the case of a switch with neg-
For example, if you are willing to ciency is increased by the lower dissi- ligibly small series resistance. If the switch

have the turn-c;ff power dissipationpatiOn in the loweRps(onythat results g?ﬁscg;;%r;c(gra‘leb:aesiur?éfgggégo&e\;ﬁgvti:g
(Pdiss,tum-of} be 6% of the output power, from 5 higher upper level of the drive away slightly from the nominal waveform,

and ifQ = 3, the allowable value for \5yeform. The lower level of the trap- to a waveform whose voltage at the switch
ezoid should be low enough to result in turn-on time is of the order of 20% of the

OPiiss turn-off 0 a satisfactorily small current during Peak voltage. No analytical optimization
12@'7 the transistor’s “off” state. discussed in procedure yet exists, but the circuit can be
t; \ P ’ optimized numerically, by a computer pro-

0 ogl (Eq 13) requi_rement 1 gbove. gram such as HEPA-PLUS, discussed
g et A sine wave is a usable (but not op- priefly in this paper (see Reference 7).
QL E timum) approximation to the trap-4Beware: A few publications define D as the

ezoid waveform described above. To fraction of the period that the switch is off.

]
- 112(0.06) - 0106 obtain an output-transistor “on” duty°Updates to Reference 11: (a) Delete the col-
0.820 ratio of 50% (usually the best choice, Umnin Table 1for Q =1 because Q must
2n81+7 but a | iler dut ti be 21.7879 to obtain the nominal Class-E
3 0 ut a farger or smaller duty ralio can g acor/drain-voltage waveform in the cir-

be used if appropriate component val- ¢yt described in References 1 through 6,
Thatis,t;can be 10.6% of the period.ues are used in the load network), the when the switch duty ratio D is 50%. (b) In
4.1t must provide enougkurn-on zero level of the sine wave should be Eq 4, change the factor 1.42 to 1.0147, the
drive to turn-on the output transistorpositioned slightly above the FET’s factor2.08 to 1.7879 and the factor 0.66 to
fast enough to make power dissipatioturn-on threshold voltage. -773.(c) Recalculate the numerical values
during the turn-on switching accept- It is a better approximation to re-g Of In/ly using Eq 4 with the revised factors.
. The 1997 two-part QST article by Eileen
ably small. That has never been a probmove the part of the sine-wave that | gy, KE67VWU, et al, about 300-W and
lem with any of the drivers | have seengoes below th&ggvalue that ensures 500-W 40 meter transmitters (Reference
Most driver circuits turn the transistorfully “off” operation, replacing it with ~ 43), discussed tuning in Part 2, but with-
“on” and “off” with about the same a constant voltage at th®¥;gvalue.  outadescription of how to adjust the load-
switching times. If the more-importantThis reduces the input-drive power by Nétwork components  to obtain the
turn-off switching time is fast enough,slightly less than 50%, almost dou- nominal Class-E Vonfjlge waveform, as >
; . 1120 i included here under “Tuning Procedure.
the accompanying turn-on switchingbling the power gain of the output?|,ihe early 1980s, | made a driver circuit that
time will be more than fast enough. stage. A planned subsequent article would drive a BJT or a MOSFET inter-
The input-port characteristics ofwill discuss in detail a simple circuit changeably, with no change needed in the
BJTs, MOSFETs and MESFETSs are sthat generates such a waveform. driver or in the PA input circuit. That driver

different that a different driver circuit was used in a Class-E demonstrator circuit,
should be used for each type of transid Cknowledgements solthat a plzr_son etV'U‘_'tLr’]a“Tg C'afStS'E t_ecth'
. . . nology could insert eltner type of transistor
tors./lintend to publish a future article The author thanks Professor Alan for test purposes and observe that the

that discusses details of driver circuit®. Sokal of the Physics Department, changes of PA output power and efficiency
meeting criteria 1 through 4 forNew York University, for many help- were almost unnoticeably small, with any of
MOSFETs, MESFETs and BJTs. Aful discussions and for producing the 20 transistors of different type numbers and
brief summary of methods for drivingnumerical solutions in Table 1 and the Manufacturers, some BJTs and some
MOSFETs or MESFETSs follows. Theinitial set of equations that fit the data MOSFETSs. Some of those people, accus-
] i : . q tomed to working with conventional Class-
polarity descriptions assume N-chanin Table 1; John E. Donohue, formerly ¢ power amplifiers, were astonished when
nel or NPN; reverse the polarity de-of Design Automation, for computing they witnessed the results of that test.
scriptions for P-channel or PNP. the coefficients of(Q ) in Eq 4 to fit
The best gate-voltage drive is a trapthe data in Table 1, yielding Eqs 5 an®REFERENCES _ _
; ; ; . ; 1. N. O. Sokal and A. D. Sokal, “High-Effi-
ezoid waveform, with the falling tran- 6; and Dr. Richard Redl of ELFI S. A.,~ " A A
- . 30% | fth p . he i d ciency Tuned Switching Power Amplifier,
sition occupying 6 or less of the pefor computing the improved-accuracy (s patent 3,919,656, Nov 11, 1975 (now
riod. (Trade-off: Shorter turn-off functions in Eqs 5A, 7 and 9 that fit expired, includes a detailed technical
transition times yield less power dissithe P, ClandC2data of Table 1. description).
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