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The switchmode Class-E power amplifiers with shunt capacitance have
This paper presents || found widespread application due to their design simplicity and high effi-
the lumped and | ciency of operation [1]. Their load-network configuration shown in Fig, 1(a)
transmission-line ~ consists of a shunt capacitance, a series inductance, and a series funda-
alternatives to Class E. || mentally tuned filter to provide high level of harmonie suppression. In this
" case, the transistor operates as an on-to-off switch and the shapes of the
current and voltage waveforms provide a condition when the high current and high voltage do
not overlap simultaneously that minimizes the power dissipation and maximizes the power
amplifier efficiency. Such an operation mode can be realized for the tuned power amplifier by
an appropriate choice of the values of the reactive elements in its load network. However, the
cireuit schematic with a shunt capacitance and series filter that ean provide ideally 100% col-
lector efficiencey is not a unique. This paper presents the lumped and transmission-line alterna-
tives to Class E with shunt capacitance and series filter using lumped elements and transmis-
sion lines where a shunt filter is used instead of a series filter, with the load-network design
parameters, voltage and current waveforms, and design example of a high-efficiency transmis-
sion-line 2.16-GHz Class-E GaN HEMT power amplifier.

Class E with shunt filter

The optimum parameters of a single-ended Class-E power amplifier with shunt capacitance
and shunt filter can be determined based on an analytical derivation of its steady-state collector
voltage and current waveforms. Figure 1(b) shows the basic circuit configuration of a Class-I
power amplifier with shunt capacitance and shunt filter, where the load network consists of a
shunt eapacitor C, a series inductor I, a blocking eapacitor C,, a shunt fundamentally tuned
L,C, circuit, and a load resistor £ [2]. In this case, the shunt L C, circuit operates as a har-
monic filter creating zero impedance at the second- and higher-order harmonics instead of the
open-cireuit harmonic conditions corresponding to classical Class-E power amplifier with shunt
capacitance and series filter. In a common case, a shunt capacitance C can represent the intrin-
sic device output capacitance and external circuit capacitance added by the load network. The
de power supply is connected by an RIF choke with infinite reactance at the fundamental and
any higher-order harmonic component. The active device is considered an ideal switch that is
driven at the operatling frequency to provide in-stantaneous switching between its on-state and
off-state operation conditions.

To simplify the analysis of a single-ended Class-E power amplifier with shunt filter, whose
equivalent circuit is shown in Fig. 1(c), the following several assumptions are introduced:

e the transistor has zero saturation voltage, zero saturation resistance, infinite off-resis-

tance, and its switching is instantaneous and lossless
® the shunt capacitance is assumed to be constant
e the shunt L C, filter has zero impedance at the second- and higher-order harmonics
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Fig. 1 e Basic circuits of Class-Ii power amplifier with shunt filter.

e there is no loss in the circuit except the load R

e for simplicity, a 50% duty ratio is used,

For idealized lossless operation mode, it is necessary to provide the fol-
lowing nominal (or idealized optimum) conditions for voltage across the
switch (just prior to the start of switch on) at the moment wt = 2m, when
transistor is saturated;

"(f“"x,...,gj =0 (1)
o)
det)|,, . 2)

where v is the voltage across the switch. Note that these nominal Class-E
switching eonditions do not correspond to minimum dissipated power losses
for the non-ideal transistor switch with finite value of its saturation resis-
tance [1].

Expressions for the collector current (0 € wt < n ) and voltage (n < wf <
2r) for ideal L C,-cireuit tuned to the fundamental frequency when the sinu-
soidal eurrent i, = I, sin(wt +¢) is flowing into the load can be written as




,.’
)
)

;(mf) - i,{(tw) - ;j#wr + %[cos{tw + (t?) - cosgv] (3)

i )

L i (4)
‘ o [w( )

+ ) -V, + Vysinler + @) = 0

where ¢ is the initial phase shift and V|, = I I? is the voltage amplitude across the load resistance K [2].

In an idealized Class-E operation mode, there is no nonzers voltage and current simultaneously that means a lack
of the power losses and gives an idealized collector efficiency of 100%. This implies that the de power and fimdamen-
tal output power are equal,

2

LV, =2
7w ZJR (5)

The optimum nermelized series inductance L and shunt capacitance © can be calenlated from Egs. (3) and (4)
using optimum switching conditions given by Egs. (1) and (2) as

R
L = 14836~ 6
L
, 0261
€= "R ™
whereas the optimum load resistance & can be obtained for the given supply voltage ¥V and funda-mental output
power P by
.
2 4 - % 2 74 brd N
R=l£=i Ji ﬁ-o,:zzmﬁ. (8)
2 I ?nn ‘?' Vu: ::“.Il ol
Figure 2 shows the normalized collector (a) e
voltage and (h) current waveforms for idealized *
optimum Class-E mode with shunt filter during
the entire interval 0 = wt s 2n, From the collector 30
voltage and current waveforms, it follows that,
when the transistor is turned on, there is no volt- 20
age across the switch and the current from the
inductor flows through the swisch, However, when 14
the transistor is twrned off, this current flows
through the capacitor C. In this case, there is no
nonzere voltage and current simultaneously, U ;r r W
which means a lack of the power losses that gives o).
an idealized collector efficiency of 100%. ity
20
1.0 /
Fig. 2 » Normalized collector (a) veltage and (b) " H 25 o
current waveforms for idealized optimum Class ;
¥ with shunt filter, -
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The peak collectar voltage V_ and corrent I are defined as

s

Vo _ 3677 @
’/“C
[;“" = 2768 (10

¥

that shows that the voltage peak factor is as high as in classical Class E with shunt capacitance and series filter
[2].

Class E with quarterwave line

The ideal Class-F load network with guarterwave transmission line and series {ilter tuned to the fundamental
frequency can provide a collector efficiency of 100% when the open-circuit conditions for odd-harmonic components
and short-circuit conditions for even-harmonic components are realized [1, 3]. However, in practice, the idealized eol-
lector rectangular voltage and half-sinusoidal current waveforms corresponding to Class-F operation mode provided
by a quarterwave transmission line in the load network can be realized at suiliciently low frequencies when effeet of
the device output capacitance is negligibly small. Generally, the effect of the device output capacitance contributes to
finite switching time, resulting in time periods when the collector voltage and eollector current exist at the same time.
As g result, such a load network with quarterwave transmigsion line and shunt capacitor ecannot provide the switch-
ing-mode operation with an instantaneous transition from the deviee pinch-off mode to saturation mode. Hence, dur-
ing the finite time interval, the active
device operates in active region as a
enrrent source with reverse-biased col-
lector-base junction, and the collector
current is provided by this multihar-
monic current source. In this case, the
required optimum conditions can be
provided only for the fundamental fre-
quency and several higher-order har-
monic ecomponents,

However, the coltector efficiency can
be increased and effect of the collector
capecitance can be compensated with
inclusion of a series induetor between the shunt capacitor and the quarterwave transmission line, thus realizing the
switching Class-F operation conditions. The obvious advantage of such a load network is a combination of high oper-
ating efficiency correspending to Class-E mode and even-harmonic suppression due to guarterwave transmission line
used in Class-F meode. The idealized Class-E load network with shunt capacitance and quarterwave line where the
quarterwave transmission line is connected between the series inductance and fundamentally tuned series L .C filter
is shown in Fig. 3.

By using similar analytical approach with zero-voltage and zero-voltage-derivative Class-E switching conditions
given by Eqgs. (1) and {2), the series inductance L, shunt capacitance C, and load resistance R with an assumption of
a high-quality factor for series filter can be properly obtained by

L Lo Ce

Fig. 3 = Basic circait of Class-E power amplifier with quarterwave
line,

L= !.349£ an
o
¢ 062725 (12)
Rl
J2
o= 0465 X (18)
f)

ol
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where V_ is the de-supply voltage and P_, is the output power at the fundamental frequency [1, 4}
The peak eollector voltage V, _and cotlector current I are defined as

Voux _ 3589 (14
Ve

Ix _ 2714 | (15)
I(}

which are close to that for Class E with shunt filter given by Eqs, (9) and (10), respectively {1, 4].

The phase angle of the entire load network at the fundamental frequency seen by the switch and required for an
idealized nominal Class-E mode with quarterwave line is defined similar to that of a classical Class E with shunt
capacitance and can be determined through the lead-network parameters using Eqgs. (11) and (12) as

¢ = tan™ AN tan ™’ R = 30.14°.
R wl (16)

Figure 4 shows the normalized eollector (a)
voltage and (&) eurrent waveforms for ideal-
ized optimum Class B with quarterwave line.
Fyom the collector voltage and cuurent wave-
forms it follows that, when the transistor is
turned on, there is no voltage across the switch
and the collector current consisting of the load
sinusoidal current and fransmissien-line cur-
rent flows through the switch. However, when
the transistor s tumed off, this current now
flows through the shunt capacitance, charging
process of which produces the eollector voit-
age, Note that the collector voltage and cur-
rent waveforms of Class E with quarterwave
line are very close to those corresponding to
Class B with shunt filter.

Class E with transmission-line filter

For a microwave power amplifier, all indue-
tances in its load network are usually replaced
by the transmission lines to reduce power
losses and to make design more pradictable
and easier in im-plamentation. To approxi-
mate the idealized Class-E mode with quarter-
wave line, it is necessary to design the trans-
mission-line load network (instead of the
series filter) with optimum impedance at the
fandamental frequency and to provide the
open-circuit conditions for all harmonics. As it

Wl

30
24
1.6
Q T 2k
1),
iy

t i 2y
b3,

Fig, 4 » Normalized collector (a) voliage and (b) current
waveforms for idealized opiimum Class E with qoarterwave
line.

fol-lows frem the Fourier analysis, a good approximation to Class E mode with shunt capacitance or Class E with
parallel cireuit can be obtained with the collector voltage waveform consisting only of the fundamental and second
harmonics [5, 6], In this case, the matching c¢irenit contains the series microstrip line and shunt open-cireuit stub, both
with electrical lengths of about 46° at the fundamental frequency. An additional increase of the cellector efficiency can
be provided by the load impedance control at the second and third harmaonics simultaneously [7]. Therefore, for Class
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E with gquarterwave line, it is important to provide the
open-cireait conditions at the input of the load net-work
(using instead of the series filter) at least at the third har-
monie, beeause the required short-cireuit condition at the
second harmonic is provided by the RF grounded gquarter-
wave transmissicn line.

As an alternative, the guarterwave line can be conduc-
tively connected into the load network providing a parallel
connection of the shunt open- and short-circuit atubs,
which provides more compact design and also can add the
broader capability of such a Class-E power amplifier with ).
transmission-line filter [8]. Let us analyze fhese two
transmiggion-line cirenits, one representing by a grounded
quarterwave line, as shown in Fig. 5{a), and the other rep- e
resenting by a parallel connection of the shunt open- and
short-civeuit stubs, as shown in Fig, 5(b). The input imped-
ance Z  for the grounded quarterwave line with the char-
acteristic impedance Z, and electrical length & is wriiten
as

7o, O

dB{3(2.))

th-:! = J‘Zﬁtanﬁ (17N

whereas the input impedanes Z | for the parallel con-
nection of a shunt apen-circuit stub with the characteristic
impedance Z and electrieal length £6 and a shunt short-
circuit stub with the characteristic impedance Z, and fraq, GHz
electrical length (1-£)&, where k is the eonnecting factor, o
are obtained by

Fig. 5 » Conductive connection of qnarterwave line

Zya% tan k& and frequency response.
= et~

1n¢e2 =

— 7
Zoat ¥ Zocn - ] - tank&'tan(i -k.)’} (18)

~ el T

where

Z

~net]

= jZ tankt (19)

. Z
Z = il
ST (kW (20)

Comparing Eqgs. {17} and (18} for identical frequency behavior of the
input impedance Z_, for both transmission-line circuits results in £ = 0.5
and Z, = 2Z,. This means that, for example at operating frequency of 2
GHg, infinite impedance at the fundamental and odd harmonics and zero
impedance at even harmoenics will be provided both for the cireuit with
shunt quarterwave line (8 = 90°) and for
the eireuit with shunt short-cireuit and Lo 1 21 30°
open-cirenit stubs having an electrical
length # = 45° and a characteristic
impedance of 2Z each, as shown in Fig.

5{c).

I

K

s
Fig. 6 » Schematic of Class-E power I
amplifiers with transmission-line e = = T
load network,
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Figure 6 shows the eircuit schematie of 2 high-efficieney Class-E power amplifier with transmission-line filter and
output matching circuit, where the nominal load resistance E is matched to the standard load impedance K, =
ReZ (o)) = 50 Q at the fundamental frequency using an output fransmission-line L-type impedance transformer [1].
Here, the equivalent of a quarterwave line is composed of 45° short-cireuit and open-circuit stubs to create short-cir-
cuit conditions at even harmonies. To create an open-circuit condition at the third harmonie at the input of the output
matching cirenit, the corresponding series and shunt open-circuit stubs are used, each having an electrical length of
30°.

To replace the series lumped inductanee L by its transmission-line equivalent, a short-length series transmission
line with the characteristic impedance Z and electrical length & of less than 45° can be used, In this case, the required
optimum value of 8 for Class-E mode with transmission-line filter using Eq. (11) can be approximated for given Z_ by

f = tan’’ z.349£ (2H

~0

The output matching cireait is necessary to match the required nominal Class-E resistance R caleulated according
to Eq. (13} with the standard load resistance of 50 @ and to provide an open-circuit condition for Z_ at the third har-
monic. The load-network impedance Z_, at the fundamental frequency can be written as

7. -7 = 2w 300) 47,2, an30° 2
e 1 ZiZ'J + }’RT(ZI + Zg )tall 300'

where Z, and Z, are the characteristic impedances of the series transmission line and shunt open-circuit stub,
respectively.

Consequently, the complex-conjugate matching with the load at the fundamental can be provided by proper choice
of the characteristic impedances Z, and Z,. Separating Eq, (22) into real and imaginary parts and considering that
ReZ_, = R and ImZnet = 0, the system of two equations with two unknown parameters can be written as

R{R -3R)-2Z2 =0 (23)

z2 - #2)z, - ety 22)z,= 0 (24)

which enables the characteristic impedances Z, and Z, to be properly calculated.
This system of two equations can be explicitly solved as a function of the parameter r = R /R, resulting in

Z,  Nar-3

R, ; (25)
Z =3 r-1 ) (26)
Z, r

As a result, for the specified value of the parameter r with the required nominal Class-E load resistance E and
standard load resistance R, = 50 Q, the characteristic impedance Z, is calculated from Eq. (25} and then the charac-
teristic impedance Z, is calculated from Eq. (26}. For example, if the required load resistance R is equai to 12.5 &2
resulting in r = 4, the characteristic impedance of the series transmission line Z, is egual to 45 Q and the character-
istic impedance of the shunt open-circuit stub Z, is equal to 20 2.

Design example

The Class-E load network with a shunt capacitance C, a series inductance L, a series filter tuned to the fundamen-
tal frequency f,, and a load resistance B is shown in Fig. 7(e). For the supply voltage of 28 V and output power of 10
W, the saturation voltage of a selected Cree CGH40010F GaN HEMT transistor can be estimated from the device
output I-V curves as equal to 2.5 V, assuming the drain efficiency of the Class-E power amplifier to be designed of 80%
{1]. This means that the power loss due to the finite device saturation resistance will degrade the drain efficiency by
about 10%. In this case, the nominal Clase-E inductance L and capacitance C can be obtained by Egs. (11) and (12),
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Fig. 7 » Class-E load neiwork with quarterwave line at  Fig. 8 ¢ Transmission-line load network and
fundamental and harmonic impedances. harmoniec impedances.

respectively, whereas the load resistance R is estimated by Eq, (13), where V_is replaced by (V,, ~ V), thus resulting
inL=30nH,C=0.7pF and K = 30 @ at the fundamental frequency of 2.15 GHz. By assuming the loaded quality
factor @, = 5, the parameters of the series filter were calculated as L = 11.5 nH and € = 0.5 pF.

Figure 7{h) shows the simulation results in terms of separate hodographs at the Smith chart for the required
inductive impedances at the fundamental frequency Z, () within the bandwidth of 2.1-2.2 GHz with a load-network
phase angle of around 30° and for the capacitive reactances at the second harmonic Z L1(2%) within the bandwidth
of 4.2-4.4 GHz and at the third harmonic Z,_,(3w,) within the bandwidth of 6.3-6.6 GHz.

Figure 8(a) shows the transmission-line {ilter consisting of the open- and short-circnit microstrip stubs and an
L-type microstrip-line output matching circuit. Because the output drain-source capacitance of a 28-V 10-W Cree GaN
HEMT power transistor CGH40010F is equal to 1.3 pIF which is almost two times greater than that required for
nominal Class-E mede according to Eq. (12), therefore the load resistance Z_, was intentionally lowered to 12 Q, as
shown in Fig. 8(b) by hodograph for Z,_ () at the Smith chart within the bandwidth of 2.1-2.2 GHz, to further
approximate the required Class-E inductive impedance at the fundamental frequency seen by the device multihar-
monie current source operating as a non-ideal switch. Here, hodograph for the second harmenic Z,, (2w, demon-
strates near-zere impedance conditions within the bandwidth of 4.2-4.4 GHz, whereas hodograph for the third har-
monie Z, (3w} shows the high-impedance conditions within the bandwidth of 6,3-6.6 GHz.

The entire Class-E load network with transmission-line fiiter and L-type transmission-line cutput matching cir-
cuit with a 30° series microstrip-line stub and a 30° shunt open-cireuit 1icrostrip-line stub including the device out-
put parameters is shown in Fig. 9fa). Here, the device output shunt capacitance and series inductance with an addi-
tional series microstrip line provides the required Class-E inductive impedance at the fundamental frequency and
appreximate the capacitive reactances at the second and third harmonics, respectively. A comparison between hodo-
graphs corresponding to the idealized Class-E load network shown in Fig. 7(b) and the entire load network of a 10-W
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Fig. 8 » Class-E load network with transmission-line filter
and harmonic impedances.

GaN HEMT power amplifier shown in Fig. 9(b)
demonstrates their close proximity to each other.
This means that if even the required output
device parameters do not properly match the
nominal Class-E lead-network parameters, the
high efficiency can nonetheless be achieved by
optimizing the external load-network parame-
ters to provide close approximation of the
required impedances for the fundamental, sec-
ond, and third harmonies,

Figure 10 shows the simulated circuit sche-
matic, which approximates the Class-E power
amplifier with transmission-line filter, based on
a 28-V 10-W Cree GalN HEMT power transistor
CGH49010F and a transmission.line load net-
work shown in Fig. %a). Here, the input match-
ing circuit provides & complex-conjugate match-
ing with the standard 50-Q source with accept-
able accuracy and stability of operation. The load
network was slightly modified by optimizing the
parameters of the series and shunt transmission
lines because the device output capacitance C_,
and series in-ductance L,_, formed by drain bond-
wires and package lead do not properly match
the required values of C and L for a neminal
Class-E mode with transmission-line filter, To
maximize the level of harmonic suppression, the
lengths of both open- and short-circuit stubs
were slightly increased.

For the GaN HEMT Class-E power amplifier
with transmigsion-line filter using s 30-mil
R04350 substrate, the simulated drain efficiency
of 85.2% and power gain of 15 dB resulting in a
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Fig. 10. *Civcuit schematic of Class-E GaN HEMT power amplifier with transmission-line filter.
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IMig. 11  Simulated results of Class-E GaN HEMT power amplifier with transmission-line filter.

power-added efficiency (PAE) of 82.5% at an outputl power
of 40.8 dBm with a quicscent current of 18 mA are
achieved at an operating frequency of 2,15 GHz with a
supply voltage of 28 V, as shown in Fig. 11. The second
and third harmonics were suppressed by greater than 34
dB. A high-efficiency broadband operation of such a
Class-E power amplifier can be achieved by increasing
the number of matching sections in the input matching
cireuit and by lowering the loaded quality factor of the
load network [2, 8].
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