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Design of Symmetrical Class E Power Amplifiers for
Very Low Harmonic-Content Applications

Siu-Chung Wong, Member, IEEE, and Chi K. Tse, Senior Member, IEEE

Abstract—Class E power amplifier circuits are very suitable for
high efficiency power amplification applications in the radio-fre-
quency and microwave ranges. However, due to the inherent
asymmetrical driving arrangement, they suffer significant har-
monic contents in the output voltage and current, and usually
require substantial design efforts in achieving the desired load
matching networks for applications requiring very low harmonic
contents. In this paper, the design of a Class E power amplifier
with resonant tank being symmetrically driven by two Class E
circuits is studied. The symmetrical Class E circuit, under nominal
operating conditions, has extremely low harmonic distortions,
and the design of the impedance matching network for harmonic
filtering becomes less critical. Practical steady-state design equa-
tions for Class E operation are derived and graphically presented.
Experimental circuits are constructed for distortion evaluation. It
has been found that this circuit offers total harmonic distortions
which are about an order of magnitude lower than those of the
conventional Class E power amplifier.

Index Terms—Class E power amplifier, push-pull amplifier, res-
onant converter, harmonic distortion.

I. INTRODUCTION

LASS E zero-voltage-switching (ZVS) resonant power
C amplifiers are widely regarded as a very efficient type of
converters [1]-[6], which have found applications in high-fre-
quency power amplification, and in particular radio-frequency
(RF) transceiver systems [7]-[10]. In the original single-ended
design, the Class E power amplifier is driven asymmetrically.
The energy of higher harmonics generated in the amplifier
results in harmonic distortions in the output sine voltage and
current, which must be filtered for some applications. For
instance, radio transmitters’ output harmonic contents must
meet national or international regulatory requirements, e.g.,
all harmonics being 65 dB or more below the carrier. Any
practical filtering method, however, incurs a penalty on the
overall efficiency and the design cost. Low-distortion CMOS
complementary Class E power amplifiers have been proposed
[11], [12], in which two identical resonant circuits are used.
This design, however, poses a practical problem of matching
inductors and capacitors.

Recently, a symmetrically driven push-pull Class E amplifier
has been proposed for high power applications, with its output
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voltage doubled over the original Class E circuit [13]. In addi-
tion to the high power capability and high efficiency, this sym-
metrically driven amplifier offers very low harmonic distortions!
and hence can ease the design of the matching filter for appli-
cations requiring sinewave outputs with low harmonic contents.
For the original Class E amplifier, calculations of harmonic am-
plitudes are given in Sokal and Raab [14]. However, very little
work has been done to analyze the operation and to evaluate the
harmonic contents of the outputs of the symmetrically driven
Class E amplifier, despite the many potential advantages it of-
fers. Theoretically, the push—pull configuration provides per-
fect cancellation of all even harmonics, if the “push” and “pull”
stages are identical and their drive waveforms are exactly 180°
apart. Thus, the symmetrically driven push-pull Class E ampli-
fier is expected to have a negligibly small amount of even har-
monics. However, the odd harmonics may still be significant. In
this paper, we will derive the nominal operating conditions and
design equations of this circuit, and evaluate its distortion per-
formance experimentally.

II. PRINCIPLE OF OPERATION

The symmetrically driven Class E circuit under study is
shown in Fig. 1. It consists of an LCR parallel resonant tank
which is driven symmetrically by two MOSFET switches ()
and Q2. As in typical Class E operation, the body diodes of
the switches, D1 and D,, form a useful part of the circuit.
Here, we note that the LCR resonant tank effectively serves as
a harmonic filter whose characteristic can be readily derived.
The resistor R is the ac output load of the power amplifier. In
most RF applications, resistor R has to be “transformed” to the
actual RF load (normally 50 €2) via an impedance matching
network. In addition, this impedance matching network can
also be designed to provide the necessary harmonic filtering.
Literature abounds with filter design procedures for the pur-
poses of harmonic filtering and load matching [15]-[18].
Furthermore, if the load is grounded at one side and to be
fed from an unbalanced line, a balun can be used to provide
the interface with the amplifier [19]; and if the output of the
amplifier is balanced to ground and feeding a balanced load
through a balanced transmission line, inductor L should be split
in two halves, each to be placed at each side of capacitor C'.

The basic operating principles of the Class E amplifier have
been described previously in Sokal and Sokal [1] and Sokal [2].
For the symmetrically driven Class E amplifier shown in Fig. 1,
the switches are driven on and off alternately within each of

IThe harmonic distortions being referred to in this paper are generated by the
amplifier, and should not be confused with the distortions arising from some
nonlinear input-to-output transfer characteristics of the amplifier.
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Fig. 1. Symmetrically driven Class E power amplifier.
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Fig. 2. Three possible operating modes of the symmetrically driven Class E
power amplifier. (a) Operating mode 1. (b) Operating mode 2. (c) Operating
mode 3.

the half operating period T/2 (T = 1/f = 27 /w). The duty
cycle of the switches are adjusted so as to achieve ZVS. The
components are chosen to satisfy the symmetry conditions, i.e.,
Ql = QZ(DI = Dg)./ Ll = Lz, and Cl = C2. ThUS, the
waveforms of I; and ve, should resemble those of I and vc,,
respectively, but with a phase shift of wT'/2, i.e., . The parallel
resonant tank is then driven by a nearly sinusoidal voltage given
by vr = ve, — vg,.

Depending upon the driving frequency w, three sets of
steady-state waveforms are shown in Fig. 2, denoted as op-
erating modes 1, 2, and 3. For modes 1 and 3, a total of four
switching states can be found, and for mode 2, two switching
states can be found. If we take polarity inversion for v¢ and
1z, and interchange variables Li,vc,,l1 with Lo, ve,, Io,
respectively, the waveforms for the second half period simply
resemble those of the first half period. Thus, we need to con-
sider only the half switching period. The circuit for states 1, 2,
and 3 are given in Figs. 3-5, respectively. It should be noted
that Fig. 2(b) is a special case of Fig. 2(a) and (c¢) with k = 0
and A = 0, respectively. It should be obvious that operations in
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Fig. 3. State 1 of the symmetrically driven Class E amplifier.
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Fig. 4. State 2 of the symmetrically driven Class E amplifier.
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Fig. 5. State 3 of the symmetrically driven Class E amplifier.

the vicinity of operating mode 2, as shown in Fig. 2(b), should
give the lowest harmonic distortion. In the subsequent analysis,
we will focus on this case.

Analysis procedures for such Class E ZVS power amplifiers
using a fundamental frequency component method can be found
in Kazimierczuk and Czarkowski [20]. The method, however,
is not applicable in finding the conditions for Class E operation
where the driving voltage vr(t), i.e., v, — vc,, is having a
high harmonic content. The fundamental frequency component
method is therefore applicable only to the resonant tank circuit.
The basic assumptions are as follows.
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1) The transistors, capacitors and inductors are ideal and
lossless.

2) I; and I, are constant current sources. They are equal and
interchangeable in the steady state.

3) The fundamental component of the tank inductor current
is assumed to be

ir,(t) = I, sin(wt + ¢) + higher harmonics

~ I sin(wt + ¢) (D
where I, and ¢ are amplitude and phase, respectively, of
11,

Referring to the circuits shown in Figs. 3-5 for the various
switching states, the steady-state equations for operating modes
1, 2 and 3 are shown in (2) at the bottom of the page, where
Kk < (1/2),A < (1/2), the notation = € [a, ) is equivalent to
a < x < b, and U denotes union of two sets.

The capacitor voltage v, can be found by integrating (2),
i.e., as shown in (3) at the bottom of the page. The boundary
condition for ZVS can be found by solving

Mode 1
foro = —k 0

Mode 2 Mode 3

ve, (o) = 0, @

which gives
Iy, cos(wo)(— cos(mo + ¢)) = It (% + O’> 5)

where cos(ro) > 0 for |o| < (1/2) and — cos(mo + ¢) > 0
for some wo + ¢.
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Equation (5) can be referred to as “suboptimum” condition
in Class E amplifiers, where i, (6T) < 0 is utilized to achieve
soft switching. The anti-parallel diode D of transistor (J; con-
ducts while v¢, has reversed its polarity. The voltage across (1
will then be held at a low level equal to the diode drop. Tran-
sistor Q7 is then turned on by the control circuit to take over
the current of the body diode and keep the capacitor v¢, at near
0 V. The switching loss can be further reduced if the current at
the switching instant is also low. If the condition of zero-cur-
rent-switching (ZCS), ic, (¢T) = 0, is also enforced, we have
the nominal operation. This corresponds to

ILsin(27ro—|—¢):h. (6)
Combining (5) and (6), we obtain a condition for a nominal
operation, i.e.,

. <% + a> [tan(ro + @) + tan(ro)] = 1. (7)

The resonant tank is driven by vr(t) = ve, (t) — ve, (t)
as shown in Fig. 2, which is given by (8) shown at the
bottom of the page. Putting (5) in (3) gives (9) shown
at the bottom of the page, where A = (I17/wC;) and
B = ((1/2) + 0)/(cos(mo + ¢) cos(wo)). Using Fourier
analysis, it can be shown that the harmonic components of
(8) is lowest when operating near Mode 2, i.e., ¢ = 0. In the
subsequent analysis, we will assume o = 0.

Using the fundamental frequency component method [20],
an equivalent circuit for the converter is shown in Fig. 6.
This equivalent circuit is driven by a sinusoidal source
i(w) = (4/7)I1 sin(wt). At nominal operation, the magnitude

Mode 1 Mode 2 Mode 3
i (1) = {Il — i), te -3, KT [-%0) [~ 5. A7)
1 0, te[-nl,T) [0, %) AT, 3) @)
o {0 e[ROUE-AT ] 10 [(heNTo
: Ltin(®),  tel0,(;-x)T) 0.5) 5 (=+NT)u05)
) Mode 1 Mode 2 Mode 3
vo,(t) = m[h(wt—{—w)—l—h(cos(wt—l—qb)—I—cosg/))], te[-2,-k17) [-L,0) [-Z,)1)
e te[-sT.3)  [0.3)  [PT.3)
3)
ve, (t) state 1 and t € [—1T',0)
N — 0, state 2 and ¢t € [—xT,0) g
vr(t) = ve, (t) —ve, (t+3T), state3andt € [—3T, (-5 4+ X)) T) ®)
—vr (t = 3T), te[0,37)
Mode 1 Mode 2 Mode 3
vor 1y = { AL +1) = Bleostot + )+ cosg)] 1€ [-5.-wT)  [-F.0)  [-F7) ©
=1, celars) D) Py
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Fig. 6. Equivalent circuit based on the fundamental frequency component
method.

and phase of the inductor current of the parallel resonant tank
at w are given as

_ (4) — [(Quw)? +w2] (w2 - w})”

m w? = W)’ + [wo (02 — w} + w2))”
(10
and
tan(p(w))
T QI (P D) twR (-l w?)
respectively, where
L
Zy =1 = 12
\/ C (12)
Qr =w,CR (13)
1
Wp = ——— 14
VIc (1
1
wp = — (15)
LC-I—Cl’l

Conversely, the component values of the resonant tank are rep-
resented as

L= Zo (16)
Wo
1
C= o7 (17)
1
G = 5 (18)
T [(;_i) - 1]
R=QpZ,. (19)

Combining (6), (7), (8), and (9), the nominal Class E operation
point for mode 2 can be found by solving the following equa-
tions numerically.

2
—— = tan(¢(w))
™
_ Qrww?
T Qiw? (W —wf) + w2 (WP - Wi 4 w2)
22 1

212 sin?(p(w))

(f)Q [(Qrw)® + w?] (w2 = w})” .
) wQr (w? — w])] +lwo (w2 — wf +w2)]
(21)

(20)
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Fig. 7. Quality factor and switching frequency design curves for nominal
operation of the symmetrically driven Class E amplifier.
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Fig. 8. Normalized input current design curve for nominal operation of the
symmetrically driven Class E amplifier.

In the steady state, the volt-time product of L; should be zero,

i.e.,
2 0
2F = — ve, (t) dt. (22)
-z
Solving (22), we obtain
o LZ, Pz,
[ _ — 2
572 (23)

() -1 °

where P is the power given by P = 211 E. Fig. 7 shows the
graphical representations for (20) and (21), and Fig. 8 shows
the corresponding plot for (23). In particular, from Fig. 7, we
clearly see that the nominal Class E operation can only be main-
tained for a relatively low @ factor, i.e., below 2. This remains
a design constraint for this symmetrically driven Class E ampli-
fier, although the use of low () factors has an obvious advantage
of low component stresses. Hence, in comparing the harmonic
distortion performance of this amplifier with the conventional
Class E amplifier, the limited choice of () factors has to be taken
into consideration (see Section 1V).

III. DESIGN EXAMPLES

Suppose Qr, = 1.3, 7Z, = 38.4Q, and R = 50 Q2. Then, from
Fig. 7, (w1 /w,) = 1.51 and (w/w,) = 1.101. If we wish to use
a switching frequency of about 1 MHz and a convenient range
of input voltage from around 15 to 32V, then, using Fig. 8, we
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TABLE 1
DESIGN EXAMPLES WITH (), = 1.3 AND 1.9

Components/Parameters Values

QL 1.3 1.9
R 50 2 50 2
Zo 38.4 Q 26.3 Q
w1 /wo 1.51 1.43
w/wo 1.101 1.124
C1/C 0.78 0.96
L 6 uH 4.27 uH
C 4.06 nF 6.17 nF
Ch 3.17 nF 5.90 nF
fo 1.02 MHz 0.98 MHz
f 1.12 MHz 1.10 MHz
P 30-150 W 50-270 W
E 14.63-32.72 V. 13.95-3241 V

TABLE II

ACTUAL COMPONENT AND PARAMETER VALUES USED

Components/
Parameters Values
QL 1.3 1.9
R 50 Q 50
L 6 uH 4.27 ptH
C 4.06 nF 6.17 nF
(2.2]|1.0]|]1.0 nF)  (2.2]|2.2||1.0]|1.0 nF)
C1 and C- 2.67 nF 5.40 nF
(2.2]|0.470 nF) (2.2]|2.2]|1.0 nF)
MOSFET IRF 640 IRF 640
Ly and L, 400 puH 400 pH
f 1.22 MHz 1.20 MHz
E 15-32 V 15-32 Vv
: i
L —+||_—
L [fe}
e® sLrvwn .
-l D% vcl’_L== Cy WA— 0.1 _|_1

Fig. 9. Conventional single-ended Class E power amplifier (constructed for
comparison).

arrive at the component and parameter values shown in Table 1.
The power level ranges from 30 to 150 W, depending upon the
input voltage value. Likewise, we can obtain the component and
parameter values for the case Q;, = 1.9, Z, = 26.3  and
R = 502, as shown in Table L. In practice, the actual component
and parameter values may be chosen as shown in Table II. Also,
we take the drain-to-source capacitance of MOSFETs as 500 pF.

IV. EXPERIMENTAL MEASUREMENTS

Experiments have been carried out for the two design exam-
ples mentioned in the previous section. For the purpose of com-
parison, two additional conventional Class E power amplifier

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 52, NO. 8, AUGUST 2005

TABLE III
PARAMETERS FOR CONVENTIONAL CLASS E POWER AMPLIFIER
(CONSTRUCTED FOR COMPARISON) WITH Q7. = 1.3 AND 1.9. OTHER VALUES
SAME AS IN TABLE III

Components/
Parameters Values
QL 1.3 1.9
Ch 1.47 nF 4.20 nF
(1.0]|0.47 nF) (2.2 ||1.0]|1.0 nF)
f 1.36 MHz 1.22 MHz
TekStop | i 1

Ch1 Freq
] 1.216MHz

Ch1[_20.0V__]Ch2[ 20.0V___|M[100ns] A| Ch3 J
Ch3[2.00v N W 1.00V~ |
W[21.40 %

0.00 V]

31 Jul 2004
106:08

(a

)
Tek Stop | I :
: v v g: 1‘&. OoddBB
- Ch3 i A 2.24GHz
1 @: 8.
. Math + c: 12F2 rl\:: ‘
ol / i : 1.219MHz
: Ch4
@ ~— i
: ‘ A : ;

Chil _20.0V | M[200ns| A Ch3 ~ 0.00V
Ch3[ 1.00V % |Ch4[ 500mvV A |
[ 20.0 dB 1.25MHZ|@[21.40 % |

(®)

/

>

31Jul 2004
13:15:51

Fig. 10. (a) Waveforms from the symmetrically driven Class E power
amplifier. Trace Chl is the voltage of vc, , trace Ch2 is the voltage of vc,,
trace Ch3 is the tank inductor current and trace Ch4 is the load resistor current.
(b) Waveforms from the original single-ended Class E power amplifier of
Fig. 9 with @ = 1.9. Trace Chl is the voltage of vc, , trace Ch3 is the tank
inductor current and trace Ch4 is the load resistor current. Trace Math is the
FFT of trace Ch3, and has been tabulated in Table IV. FFT for Ch4 has also
been collected and tabulated in Table V.

circuits shown in Fig. 9 have also been implemented. As men-
tioned previously, the choice of the value of @)y, is limited to
below 2 for the symmetrically driven Class E amplifier, whereas
a much larger 1, can be used for the conventional Class E
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TABLE 1V
COMPARISON OF HARMONIC CONTENTS OF INDUCTOR CURRENT ¢,

Harmonic of it QL =13 Qr=1.9

Symmetrically driven Conventional Symmetrically driven Conventional

Simulation Measured | Simulation Measured || Simulation Measured | Simulation Measured
gnd - - 17.07% 16.06% - - 12.53% 12.02%
3rd 3.45% 2.75% 2.33% 2.00% 1.82% 2.31% 1.46% 2.75%
4tk - - 1.10% 0.95% - - 0.85% 1.20%
5th 0.64% 0.58% 0.41% 0.33% 0.22% 0.43% 0.28% 0.48%
6tk - - 0.29% 0.32% - - 0.22% 0.34%
Total (rms) 3.51% 2.81% 17.27% 16.75% 1.83% 2.35% 12.65% 12.41%

TABLE V
COMPARISON OF HARMONIC CONTENTS OF OUTPUT CURRENT i,
Harmonic of i, Qr=13 QL =19
Symmetrically driven Conventional Symmetrically driven Conventional

Simulation Measured | Simulation Measured || Simulation Measured | Simulation Measured
2nd - - 9.64% 8.71% - - 6.64% 5.50%
3w 1.36% 0.91% 0.89% 0.91% 0.82% 0.76% 0.52% 0.78%
4th - - 0.32% 0.50% - - 0.23% 0.26%
5th 0.15% 0.26% 0.09% 0.25% 0.07% 0.16% 0.06% 0.19%
6t - - 0.06% 0.20% - - 0.04% 0.19%
Total (rms) 1.37% 0.95% 9.69% 8.78% 0.82% 0.78% 6.66% 5.56%

amplifier. Obviously, a higher Q1 gives less harmonics to the
output voltage and current, and comparison of two amplifiers
with different values of ()1, must be carefully assessed (as it can
be rather meaningless). In our experiments, for a fair compar-
ison, the circuits use the same @-factor and resonant tank as in
the symmetrically driven Class E circuit. A large capacitor (0.1
1F) has been added to block the dc to the output load from the
asymmetrically driven resonant tank. To achieve Class E oper-
ation, the value of the parallel capacitor C; has been reduced
and the corresponding switching frequency has been increased,
as summarized in Table III.

Fig. 10(a) shows the waveforms from the symmetrically
driven Class E amplifier for Q7 = 1.3. The harmonic contents
of the inductor current and output current are measured using
the FFT function of a digital storage oscilloscope (DSO). A
waveform example is shown in Fig. 10(b) for Qp 1.9.
Tables IV and V give comparisons of the harmonic contents of
the symmetrically driven Class E amplifier and conventional
single-ended Class E power amplifier. It should be noted that
the even harmonics of the symmetrically driven Class E circuit
are too small to be measured from the DSO and simulations.
They are thus omitted in the tables. It is found that the symmet-
rically driven Class E amplifier circuit has distortion of nearly
an order of magnitude lower than that of the conventional Class
E circuit.

Finally, the symmetrically driven Class E amplifier, being
ZVS and ZCS, is expected to demonstrate a high power effi-
ciency. The measured efficiency from our prototypes is about
85%, the loss being mainly dissipated in the heating of the in-
ductor core and the on-resistance of the switches.

V. CONCLUSION

A symmetrically driven Class E power amplifier has been
studied in detail. Analysis has been performed for three pos-
sible modes of operation. Nominal design equations and look-up
graphs have been presented to facilitate design and implementa-
tion. Experimental circuits have been built for harmonic distor-
tion evaluation. By virtue of the symmetrical push-pull driving
voltage which cancels all even harmonics, the amplifier offers
much lower harmonic distortion when compared to the conven-
tional single-ended Class E power amplifier while maintaining
similar power efficiency.
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