Exact Time-Domain Analysis of Class E
Power Amplifiers with Quarterwave Transmission Line

Andrei Grebennikov, Member, IEEE

Abstract — The results of exact time domain analysis of the switched-mode tuned Class E power am-
plifiers with a quarterwave transmission line are presented with analytical determination of the optimum load
network parameters. Effects of the quarterwave transmission line and collector capacitance on the current
and voltage waveforms are discussed and analyzed. The ideal collector voltage and current waveforms
demonstrate a possibility of 100-percent efficiency without overlapping between each other. A possibility of
load network implementation including output matching circuit at RF and microwave frequencies using
lumped and transmission line elements is considered with accurate derivation of the circuit parameters. The
switched-mode Class E power amplifiers with a quarterwave transmission line offer a new challenge for RF

and microwave power amplification providing high-efficiency operation conditions.

I.  INTRODUCTION

The switched-mode tuned Class E power amplifiers with a shunt capacitance have found
widespread application due to their design simplicity and high efficiency. These power amplifiers
are widely used in different frequency ranges and at output power levels ranging from several kilo-
watts at low RF frequencies up to about one watt at microwaves. In the Class E power amplifier, the
transistor operates as an on-to-off switch and the shapes of the current and voltage waveforms pro-
vide a condition where the high current and high voltage do not overlap simultaneously. This mini-
mizes the power dissipation and maximizes the power amplifier efficiency. The possibility of in-
creasing the efficiency of the single-ended power amplifier by mistuning the output matching cir-
cuit was found quite a long ago [1]. However, the single-ended switched-mode power amplifier
with a shunt capacitance as a Class E power amplifier realizing ideally 100-percent efficiency was
first introduced in 1975 [2].

The characteristics of a Class E power amplifier can be determined by finding its steady-state
collector voltage and current waveforms. The basic circuit of a class E power amplifier with a shunt
capacitance is shown in Figure 1 where the load network consists of a capacitance C shunting the
transistor, a series inductance L, a series fundamentally tuned LoCo-circuit and a load resistance R.
In a common case, the shunt capacitance C can represent the intrinsic device output capacitance and
external circuit capacitance added by the load network. The collector of the transistor is connected
to the supply voltage by RF choke having high reactance at the fundamental frequency. The active
device is considered to be an ideal switch that is driven in such a way to provide the device switch-

ing between its on-state and off-state operation conditions. As a result, the collector voltage wave-
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form is determined by the switch when it is on and by the transient response of the load network
when the switch is off.

To simplify an analysis of a switched-mode Class E power amplifier, the following several
assumptions are introduced:
* the transistor has zero saturation voltage, zero saturation resistance, infinite off-resistance
and its switching action is instantaneous and lossless;
* the total shunt capacitance is independent of the collector and is assumed to be linear;
 the RF choke allows only a constant DC current and has no resistance;

 the loaded quality factor Q; of the series resonant LyCy-circuit tuned on the fundamental fre-
quency w = 1/,/L,C, 1is high enough in order the output current to be sinusoidal at the
switching frequency;

* there are no losses in the circuit except only into the load R;

 for optimum operation mode a 50% duty cycle is used.
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Fig. 1. Equivalent circuit of Class E power amplifier with shunt capacitance

For lossless operation mode, it is necessary to provide the following optimum conditions for

voltage across the switch just prior to the start of switch on at the moment t = 277 when transistor is

saturated:
V(ax]wtﬂn - O’ (1)
dv(wt) — 0 @)
dat ’

w=21
where V is the voltage across the switch.

In Figure 2, the normalized (a) collector voltage waveform and (b) collector current wave-
forms for idealized optimum Class E with a shunt capacitance are shown. From collector voltage
and current waveforms it follows that, when the transistor is turned on, there is no voltage across
the switch and the current i consisting of the load sinusoidal current and DC current flows through
the device. However, when the transistor is turned off, this current now flows through the parallel
capacitance C.

As a result, the optimum series inductance L and shunt capacitance C can be found from [3]



L = 1.15255, 3)
w
C = 0.1836, @)
wR
whereas the optimum load resistance R can be obtained for the given supply voltage V.. and output
power P,y by
V2
R = 0.5768 —. (5)
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Fig. 2. Collector voltage and current waveforms for idealized optimum Class E with shunt capacitance

For a microwave power amplifier, usually all inductances in its output matching circuit should
be realized by means of the transmission lines to reduce the power losses. As a result, to approxi-
mate the idealized Class E mode with a shunt capacitance, it is necessary to design the transmis-
sion-line load network with required idealized optimum impedance at the fundamental given by

Z,. =R(1+ jtan49.052°), (6)

netl
where Z, 1s the fundamental load network impedance seen from the device collector [4]. At the
same time, the open circuit conditions should be provided for all harmonic components. However,

as it turned out from the Fourier analysis, a good approximation to Class E mode with a shunt ca-
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pacitance may be obtained with the collector voltage waveform across the switch consisting only
of the fundamental and second harmonic components [4]. In Figure 3(a), the voltage waveform con-
taining the fundamental and second harmonic only (dotted line) is plotted along with the ideal one
containing all harmonics (solid line). Using such an approach, the Class E power amplifier with se-
ries microstrip line |; and open circuit stub |,, whose equivalent circuit is shown in Figure 3(b), was
designed for microwave applications. The electrical lengths of lines |; and |, are chosen to be of
about 45° at the fundamental to provide an open circuit condition at the second harmonic, whereas
their characteristic impedances are calculated to satisfy the required inductive impedance condition
at the fundamental. The output lead inductance of the packaged device can be accounted for by a

shortening the length of I;.
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Fig. 3. Two-harmonic voltage waveform and equivalent circuits of Class E power
amplifiers with transmission lines

An additional increase of the collector efficiency can be provided by the load impedance con-
trol at the second and third harmonics simultaneously [5]. Such a harmonic control network consists
of the open circuit quarterwave stubs both at the second harmonic and third one separately. As

shown in Figure 3(C), the third-harmonic quarterwave stub is located before the second-harmonic
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one. It is possible to achieve very high collector efficiency even with values of the device output
capacitance higher than it is conventionally required at the expense of lower output power keeping
the load at the second and third harmonics strictly inductively reactive. As a result, maximum col-
lector efficiency over 90% for power amplifier with the output power of 1.5 W can be realized at

900 MHz.

II. QUARTERWAVE TRANSMISSION LINE

It is known that using a quarterwave transmission line in the load network can significantly
improve the power amplifier efficiency. For example, to realize a 100-percent idealized collector
efficiency in Class F operation, it is required to provide the following impedance conditions for the

fundamental and harmonic components at the device collector [6, 7]:

\Y
E ZIZR:i2 =
0 m 1,
0 Z,=0 foreven n (7)
S Z, = o forodd n
W

where V. is the collector supply voltage, |y is the collector DC current, R is the load resistance at

the fundamental, n is the harmonic number.
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Fig. 4. Basic circuit of a class F power amplifier with quarterwave transmission line

The basic circuit of a class F power amplifier is shown in Figure 4 where the load network
consists of a parallel quarterwave transmission line RF grounded at the end by bypass capacitor, a
series fundamentally tuned L(Cy-circuit and a load resistance R. In an idealized case, the intrinsic
device output capacitance is assumed to be negligible to affect the power amplifier RF performance.
The loaded quality factor Qp of the series resonant LyCy-circuit should be high enough to provide

sinusoidal output current flowing into the load R.



6
To define the collector voltage and current waveforms, consider the electrical behaviour of a
homogenious lossless quarterwave transmission line connected to the DC voltage supply with RF
grounding. In this case, the voltage V(t, X) in any cross section of such a transmission line can be
represented as a sum of the incident and reflected voltages, Vine(wt—27%/A) and Vien(k+27%/A), gen-
erally with an arbitrary wavefom. When X = 0, the voltage V(t, X) is equal to the collector voltage:
v(ax) = V(t, 0) = Vine(ak) + Vren( ). 8)
At the same time, at another end of the transmission line when X = A/4, the voltage is constant
and equal to
Vee = V(t, T72) = Vipe((X=T72) + Vien(k+772). 9)
Since the time moment t was chosen arbitrary, let us rewrite equation (9) using a phase shift
of 172 for each voltage by
Vine(@t) = Vee = Veen(k+7D). (10)
Substituting equation (10) into equation (8) yields
V(aX) = Vren(ak) = Vien(ah+ 7D + Ve, (11)
Consequently, for the phase shift of 77 the collector voltage can be obtained by
V(@+TD = Veen(@h+TD) = Veen(@h+27D + Ve, (12)
For idealized operation condition with a 50-percent duty cycle when during half a period tran-
sistor is on and during another half a period the transistor is off with overall period of 27T the volt-
age Veen( ) can be considered as the periodical function with a period of 27T
Viei( @) = Veen(Ct+270). (13)
As a result, the summation of equations (11) and (12) results in the required equation for
collector voltage:
v(awt) = 2V, — v(awt+T0). (14)
From equation (14) it follows that for any t when v = 0, maximum value of the collector volt-
age cannot exceed a value of 2V . and the time duration with maximum voltage of v = 2V, coin-
cides with the time duration with minimum voltage of v = 0.
Similarly, equation for current it flowing into the quarterwave transmission line can be ob-
tained by
ir(at) = ir(at+7), (15)
which means that the period of signal flowing into the quarterwave transmission line is equal to 7T
because it contains only even harmonic components as such a transmission line has an infinite im-
pedance at odd harmonics.
Hence, to completely realize the impedance conditions for ideal Class F operation mode given

by equation (7), a quarterwave transmission line is required to provide the open circuit conditions
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for odd harmonics and short circuit conditions for even harmonics. At the same time, the series
fundamentally tuned L(Cy-circuit with infinite loaded quality factor Q. is necessary to provide the
sinusoidal fundamental current flowing into the load (see Figure 5(a)) realizing also open circuit
conditions at odd harmonics.
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Fig. 5. Ideal waveforms of Class F power amplifier with quarterwave transmission line

Consider the transistor as an ideal switch when it is closed during the interval 0 <t <71
where vV = 0 and open during the interval 77 <t <27 where v = 2V, according to equation (14).
During the interval 77 < at < 21T when switch is open, the load is directly connected to the transmis-

sion line and it = —ig = —Igsinat. Consequently, during the interval 0 <t <71 when switch is
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closed, it = Igsinak according to equation (15). Hence, the current flowing into the quarterwave
transmission line at any i can be represented by

iT(at) = Ir[sinct[]] (16)
where Ig is the amplitude of current flowing into the load.

Since the collector current is defined as | = it + Ig, then

i(at) = Ir(sinat + Ckinat0), (17)
which means that the collector current represents half-sinusoidal pulses with the amplitude equal to
double load current amplitude.

The ideal collector voltage and current waveforms corresponding to Class F operation mode
with a quarterwave transmission line are shown in Figure 5(b) and 5(c), respectively. Here, a sum of
odd harmonics gives a square voltage waveform and a sum of the fundamental and even harmonics
approximates a half-sinusoidal collector current waveform. An appropriate waveform correspond-
ing to the normalized current flowing into the quarterwave transmission line shown in Figure 5(d)

represents a sum of even harmonics.

III. INFLUENCE OF SHUNT CAPACITANCE

In practice, the idealized collector voltage and current waveforms can be realized at low fre-
quencies when effect of the device collector capacitance is negligible. At higher frequencies, the
effect of the collector capacitance contributes to a finite switching time resulting in the time periods
when the collector voltage and collector current exist at the same time, i.e. simultaneously v > 0 and
i > 0. As a result, such a load network with shunt capacitance cannot provide the switched-mode
operation with an instantaneous transition from the device pinch-off to saturation mode. Therefore,
during a finite time interval the device operates in active region as a current source with the reverse-
biased collector-base junction and the collector current is provided by this current source.

Equation for the current flowing through the collector capacitance can be obtained from equa-
tion (14) taking into account that voltage Vv is the voltage across the capacitance C:

ic(at) = — ic(at+m), (18)
1.e., the current due to the capacitance charging process is equal to the current due to the capacitance
discharging process with opposite sign and duration of charging and discharging periods are equal.

From Figure 4 it follows that the current flowing through the collector capacitance in the arbi-
trary time moment t can be written as

ic(at) = ir(ak) + ir(at) — i(aX), (19)
whereas, in the time moment (t + 77w), it can be defined by
ic(at + 710 = it(ak + 1) + ig(ck + 1) — i(ak + 7). (20)

Let the output current flowing into the load is written as sinusoidal by



ip (wt) = I sin(wt + @), (21)
where ¢ is the initial phase shift due to the finite value of the collector capacitance.

Then, taking into account equations (15) and (18), from equation (20) it follows:

— ic(aX) = ir(at) = ir(at) —i(at + 7. (22)
Adding equation (19) and equation (22) yields
i(at) + i(et + 1) = 2ir(at), (23)

which specifies the relatioship in time domain between the collector current and current flowing

into the transmission line.
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Fig. 6. Effect of shunt capacitance on voltage and current waveforms
The collector current and voltage waveforms are shown in Figure 6, where the phase angle ¢,
corresponds to the beginning of the transistor saturation mode, whereas the phase angle ¢, corre-

sponds to the beginning of the active mode and collector capacitance charging process start-up.

During the saturation interval when ¢, < at < ¢, , the collector current i can be defined using equa-
tions (19), (21) and (22) by
i(ct) = (k) + ir(ck) = 2ir(ch) = 2lgsin(cd + ). (24)
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In active region when 0< (i< ¢, and ¢, < k< 11, the collector current flowing into the

load network is defined by the input driving signal and, for conduction angle of 180 degree, repre-
sents the periodic half-sinusoidal pulses written by

I(eh) = laetive (sinat + Csinc0), (25)
where the collector current amplitude l,.ve in active region has a higher value than that one in satu-
ration mode when Iy, = 2Ir (see equation (24)) due to the shunting effect of the forward-biased col-
lector-base diode junction when device is saturated. The moment of the opening of the collector-

base junction corresponds to the time moment ¢, with instantaneous reduction in the collector cur-

rent waveform shown in Figure 6(C). Physically, this effect can be explained by the carrier injection
from the device collector to its base region as a result of forward-biasing the collector-base junction.
This saturation period is characterized by the diffusion capacitance of the forward-biased collector-
base junction whereas, in active or pinch-off regions, the reverse-biased collector-base junction is
described by the junction capacitance, which value is substantially smaller. The saturation period is

ended in the time moment ¢, corresponding to the beginning of the active mode and collector junc-

tion capacitance charging process start-up.
Using equations (16), (23) and (25), the current flowing into the transmission line it and cur-
rent flowing through the collector capacitance ic can be determined by
iT(0h) = lactive LSinaatl], (26)
ic(ak) = 2[lg sin(at + @) — lacgive sSinat]. (27)
Power loss due to the charging and discharging processes of the device collector capacitance

can be calculated from

(o]
P, = 21 Iv wt)dax + —J (cot) dax (28)

where the collector voltage v coincides with the voltage across the capacitance C. From equation
(28) it follows that the longer active region due to the larger collector capacitance, the more losses
and less efficient operation conditions of the power amplifier. The results of numerical calculations
allowed to determine the maximum operating frequency where the collector efficiency of Class F
power amplifier including the effect of the collector capacitance C is higher than the collector effi-
ciency of conventional Class B power amplifier [8]:

e (29)
RC

where R is the load resistance.
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IV. CLASS E MODE WITH QUARTERWAVE TRANSMISSION LINE

However, the collector efficiency can be increased and effect of the collector capacitance can
be compensated with an inclusion of a series inductance between the shunt capacitance and quar-
terwave transmission line realizing Class E operation conditions. The possibility to include a quar-
terwave transmission line into the Class E load network (see Figure 1) instead of RF choke was
firstly considered in [9]. However, such a location of a quarterwave transmission line with direct
connection to the device collector violates the required capacitive impedance conditions at even
harmonics by providing simply their shortening. As a result, an optimum Class E operation mode
when the shapes of the collector current and voltage waveforms provide a condition when the high
current and high voltage do not overlap simultaneously cannot be realized. In this case, the effect of
parallel connection of the quarterwave transmission line and shunt capacitance results in the similar
collector current and voltage waveforms as shown in Figure 6, where larger value of the shunt ca-
pacitance contributes to smaller collector efficiency.

Consider the idealized Class E load network with a shunt capacitance where a quarterwave
transmission line is connected between the series inductance and fundamentally tuned series LoCo-
circuit as shown in Figure 7. Let the output current flowing into the load is sinusoidal given by

equation (21) where the phase shift ¢ is due to the shunt capacitance and series inductance.

Cb Vcc

I
\)v
I

Fig. 7. Equivalent circuit of Class E power amplifier with quarterwave transmission line

When switch is on for 0 < wt < 11, the current flowing through the shunt capacitance

ic(ax) = aﬁ% = 0 and, consequently,

i(t) = i () = iy o)+ i (et). (30)
When switch is off for T < at < 2, there is no current flowing through the switch, i.e.,

I(ax) = 0, and the current flowing through the shunt capacitance C is
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e ot) = i, (at) = i (at) + i (cat). (31)
Using equations (15) and (21) for currents flowing into the transmission line and load, an im-

portant relationship can be derived from equations (30) and (31):

iL((*x) - iL(O‘I'HT) - 2iR(O‘I)- (32)
| _ ot (@)
The current 1 (ax + 7'[) can be expressed through the voltages v and v, (wt) = aL g ((d) as
: d O di, (et + )0
ot = wC—F7— Yt +m)-w———~—1 33
i, (ot +77) d(aI)HIT( +71) d((d) H (33)
Hence, using equation (14) under switch-on condition when it yields
v (wt+m) =2v, - di, (ct) (34)

d{et) ’
the resulting second-order differential equation can be obtained from equations (32) and (33) when

switch is off for 1 < et < 27T and i = ic:

d;'(zf)‘f) + %ic(wt) + I sin(at + ¢) = 0, (35)

which general solution can be obtained in the form of

= C, cosB—axH+ C, smB—axH+

> sin ax + ¢) (36)

where g = 1/ wVLC .
The initial off-state conditions to determine the coefficients C; and C, can be obtained using
equations (32) and (34) with taking into account the current continuity between on-state and off-

state operation modes:

ic(at),_. = 2i (1), (37)
dic(wt)  _ V.
i |, cos(¢). (38)

Hence, being normalized to the load current amplitude lg, the coefficiencts C; and C, can be
calculated from

<71 = - ﬁsinBCEH— q\/zz sinBCEH:oM) -2
¢’ V2O

I g 2O 2-

9 cos P 39
_qzcosD\EDm¢, (39)

G —coqu—H+ q\/_ coqu—HSOS(b

RN E LT 40
qzst\Equb, (40)

where p = alLl, /V

cc*
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The voltage across the switch during off-state operation is produced by the charging of the

shunt capacitance C according to

wt

v(wt) = fic (ct) daat . (41)

L
C

N

To calculate three unknown parameters ¢, p and ¢ from equation (41) using equation (36), it
is necessary to use two optimum conditions given by equations (1) and (2) and to add an additional

equation defining the supply voltage V.. from Fourier series expansion as

2m

1
Ve = 5 [ Yl (42)

As a result, solving the system of three equations with three unknown parameters numerically

gives the following values:

q=1.649, (43)
p =1.302, (44)
@ =—40.8°. (45)

The DC supply current |y as a function of the load current amplitude Iz can be found using

equations (32) and (36) and Fourier formula by

1271

l, = %JO' i(cwt)d(et) = 0.4821,. (46)

In Figure 8, the normalized (a) load current, (b) collector voltage and (C) current waveforms
for idealized optimum Class E mode with a quarterwave transmission line are shown. From collec-
tor voltage and current waveforms it follows that, when the transistor is turned on, there is no volt-
age across the switch and the current i consisting of the load sinusoidal current and transmission
line current (see Figure 9(b)) flows through the switch. However, when the transistor is turned off,
this current now flows through the shunt capacitance C (see Figure 9(a)). As a result, there is no
nonzero voltage and current simultaneously that means a lack of the power losses and gives an ide-
alized collector efficiency of 100%.

The series inductance L and shunt capacitance C using equations (43), (44) and (46) can be

obtained, respectively, by

L = 1349, (47)

C=-= : (48)
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The optimum load resistance R for the specified values of the supply voltage V.. and output

power Py, taking into account that R = 2P/ |1§ and V.ly = Pgy for 100-percent collector effi-

out

ciency, can be obtained from equations (44) and (46) by
V 2
R = 0.465 Pi (49)
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Fig. 8. Voltage and current waveforms of Class E power amplifier with quarter-
wave transmission line

The peak collector current l,,,x and peak collector voltage Vi,.x can be determined directly

from numerical calculation that gives

2.7141,, (50)

<
I

3.589V._. (51)

When designing the optimum Class E operation mode with a quarterwave transmission line, it

is very important to know up to which maximum frequency such an efficient operation mode can be
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extended. In this case, it is required to establish a relationship between maximum operation fre-
quency fnay, device output capacitance Cqy and supply voltage V... The device output capacitance
Cout gives the main limitation of the maximum operation frequency. So, using equation (48) when

C = Coy gives the value of maximum operation frequency of

P
f . = 0093 —2— (52)

2 b
out  cc

which is in 1.63 times greater than that one for the optimum Class E power amplifier with a shunt

capacitance [10].
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Fig. 9. Current waveforms of Class E power amplifier with transmission line

In Table 1, the optimum impedances seen from the device collector at the fundamental and
higher-order harmonic components are illustrated by the appropriate circuit configurations. It can be
seen that Class E mode with a quarterwave transmission line shows different impedance properties
at even and odd harmonics. At odd harmonics, the optimum impedances can be established by the
shunt capacitance as it is required for all harmonics in Class E with a shunt capacitance [2]. At even
harmonics, the optimum impedances are realized using a parallel LC circuit as it is required for all
harmonics in Class E with a parallel circuit [11]. Thus, the frequency properties of a grounded quar-
terwave transmission line with its open circuit conditions at odd harmonics and short circuit condi-
tions at even harmonics allow Class E with a quarterwave transmission line to combine simultane-
ously the harmonic impedance conditions typical for both Class E with a shunt capacitance and

Class E with a parallel circuit.



16

Table 1. Optimum impedances at fundamental and harmonics for different Class E load networks

fo 2nf, 2n+1)f,
Class E load network (fundamental) (even harmonics) (odd harmonics)
L
Class E with c R :I— c 1 c
shunt capacitance [2] o T o O;,
Class E with c )
parallel circuit [11] cT * I c= t
L
Class E O
with quarterwave c o cC=— L c
transmission line T o;,
Oo—e

V. CLASS E LOAD NETWORKS WITH QUARTERWAVE TRANSMISSION LINE

The theoretical results obtained for Class E mode with a quarterwave transmission line show
that it is enough to use a very simple load network to realize the optimum impedance conditions
even for four harmonics. In this case, as the shunt capacitance C and series inductance L provide
optimum inductive impedance at the fundamental and the quarterwave transmission line realizes the
shortening of even harmonics, it is only required to provide an open circuit cindition at third har-
monic component. In addition, as it follows from Figure 9(b), the current flowing into the transmis-
sion line is very closed to the sinusoidal second-harmonic current, which means that the level of
forth and higher-order harmonics is negligible because of the significant shunting effect of the ca-
pacitance C. Consequently, when the ideal series LoCo-circuit is replaced by the output matching
circuit, the optimum impedance conditions for Class E load network with a quarterwave transmis-
sion line can be practically fully realized by simply providing an open circuit condition at the third
harmonic component.

In Figure 10, the circuit schematic of the lumped Class E power amplifier with a quarterwave
transmission line is shown, where the paralel L;C; resonant circuit tuned on the third harmonic is
used and C, is the blocking capacitance. Since at the fundamental the reactance of this circuit is in-
ductive, it is enough to use the shunt capacitance C, composing the L-type matching circuit to pro-
vide the required impedance matching of optimum Class E load resistance R with the standard load
impedance of Ry = 50 Ohm. To calculate the parameters of the circuit elements, consider the loaded

quality factor Q. = wC,Ry, which also can be written as

Q = /E%E—l (53)
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Fig. 10. Schematic of Class E power amplifier with lumped load network

As a result, the matching circuit parameters can be calculated from

c, =2 (54)
wRL
8 QR
L = — =L s 55
=y (55)
1
= ) 56
b9w’L (56)

At microwaves, the series lumped inductance L should be replaced by the short-length series
transmission line. In this case, when the shunt capacitance C represents a fully internal active device
output capacitance, the bondwire and lead inductances can also be taken into account providing the
required inductive reactance and making the series transmission line shorter. In Figure 11, the cir-
cuit schematic of the transmission-line Class E power amplifier with a quarterwave transmission

line is shown.
}—i ||
Cy

ZO, 90 zl; 91 Cb

Fig. 11. Schematic of transmission-line Class E power amplifier

Usually the transmission line characteristic impedance Z, (in most cases equal to 50 Ohm) is
much higher than the required optimum load network resistance R. Consequently, the input imped-

ance of the series transmission line with the characteristic impedance Z, and electrical length 8, un-
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der the condition of (Rtan8,/Z,) <<1 and sufficiently short transmission line with the electrical

length of less than 45 degree is determined by

R .
_ — + jtan6,
R +jZ,tan8, _ 7 Z,

®Z,+jRtan@,

0 OR + jZ,tan8,. (57)
1 +j—tan®
JZO 0

Using equation (47), the required optimum value of 8, for Class E mode is obtained from

8, = tan_IE.349 ;E (58)
0

The output matching circuit is necessary to match the required optimum resistance R calcu-
lated in accordance with equation (49) to 50-ohm load and also to provide an open circuit condition
at the third harmonic component. This can be easily done using the output matching topology in the
form of the L-type transformer with series transmission line and open circuit stub. In this case, the
electrical lengths of the series transmission line and open circuit stub should be chosen equal to 30
degree each. The load impedance Z; seen by a quarterwave transmission line can be written by
R, (z, - Z,tan>6) + jZ,Z, tan 6

z, =2
LT zz,+(z, + Z,)R, tan6

(39)

where 8 = 6, = 6, =30°, Z, and 6, are the characteristic impedance and electrical length of the

series transmission line, and Z, and 6, are the characteristic impedance and electrical length of the
open circuit stub.

Hence, the conjugate matching with the load can be provided by proper choosing of the char-
acteristic impedances Z; and Z,. Separating equation (59) by the real and imaginary parts, the fol-
lowing system of two equations with two unknown parameters are obtained:

0 2222 - RXz,+ 2,)z, - Z,tan’8) = 0
gz, + 2,V ReRtan?6 - 2222[R (1 + tan®6) - R] = 0° (0
which allows to calculate the characteristic impedances Z; and Z,. This system of two equations can

be explicitly solved as a function of the parameter r = R;/R resulting in

4 , 61
R (61)
Z 3525 (62)
Z, g r o

Thus, for the specified value of the parameter r with required Class E optimum load resistance
R and standard load Ry = 50 Ohm, the characteristic impedance Z; is calculated from equation (61).

Then, the characteristic impedance Z, is calculated from equation (62). For example, if the required
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optimum load resistance is equal to R = 12.5 Ohm resulting in r = 4, the characteristic impedance
of the series transmission line is equal to Z; = 45 Ohm and the characteristic impedance of the open
circuit stub is equal to Z, =20 Ohm.

Unlike the transmission-line Class E load networks shown in Figure 3(b) with two-harmonic
control [4] and in Figure 3(C) with three-harmonic control [5], the Class E load network with a quar-
terwave transmission line (see Figure 11), which can provide the optimum impedance conditions at
least for four harmonics, is very simple in circuit implementation and doesn’t require an additional
lumped RF choke element. In addition, there is no need to use the special computer simulation tools
required to calculate the parameters of the existing Class E transmission-line load-network topolo-
gies [5, 12, 13], as all parameters of the Class E load network with a quarterwave transmission line
as well as the output matching circuit parameters are easily calculated explicitly from simple ana-
lytical equations. Besides, such a Class E load network with a quarterwave transmission line is very

useful in practical design providing simultaneously significant higher-order harmonic suppression.

VI. CONCLUSIONS

The results of exact time domain analysis of the switched-mode tuned Class E power amplifi-
ers with a quarterwave transmission line are presented with analytical determination of the optimum
load network parameters. Effects of the quarterwave transmission line and collector capacitance on
the current and voltage waveforms are discussed and analyzed. The ideal collector voltage and cur-
rent waveforms demonstrate a possibility of 100-percent efficiency without overlapping between
each other. The ideal current and voltage waveforms for ideal Class F with a quarterwave transmis-
sion line are also given. A possibility of the Class E load network implementation including output
matching circuit at RF and microwave frequencies using lumped and transmission line elements is
considered with accurate derivation of the circuit parameters. The switched-mode Class E power
amplifiers with a quarterwave transmission line offer a new challenge for RF and microwave power

amplification providing high-efficiency operation conditions.
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