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Abstract

We have analyzed the inverse clais-F and class-F amplifiers using their waveforms. From the analytic equations derived from the
analysis, we have calculated the efficiencies, output powers, DC power dissipations, and optimum fundamental load impedances of the
inverse class-F and clags-F amplifiers. We also have compared them for various operation conditions, which include the same peak current,
same DC power dissipation, same fundamental RF output power, and same fundamental load impedance with different Ron(on-resistance).
These analyses have clearly showr the performance limitations, advantages, and guide to the optimized design of the inverse class-F

amplifiers.
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[. Introduction

The recent popularity of the wireless communication systems
makes the high efficiency microwave power amplifiers to be a
very important RF component. The ¢lass-F amplifiers, which
have short load at even-order harmonics(current peaking) and
open Joad at odd-order harmonics(voltage peaking), have become
a reprssentative of the high efficiency ampliﬁers“]'[z]. Very
recently, the inverse class-F amplifiers become a hot research
item. ldeally, the efficicncies of both the class-F and inverse
class-F amplifiers are 130 %. However, the on- resistance(Ron)
of a trznsistor degrades the efficiency. As the operation voltage
becomes lower, the effect of Ron on the efficiency and output
power becomes significant. The Rgn is main reason for the
different performances of the two modes of operations.

It js commonly known that the inverse class-F amplifiers,
which aave open load at even-order harmonics and short load at
odd~order harmonics, can deliver higheér efficiency than class-F
operation. Partial analysis and simulation, which showed
superior performance of the inverse ¢lass-F amplifier, have been
reported[3]’[4]. But there have been ho reports treating full
waveform analysis for the clear explanation of better efficiency
and the design guide for the optimized performance of the
inverse class-F amplifiers.

The purposes of this paper are to provide the quantitative and
clear explanation of better efficiency, and the design guide for
optimizing the output power or efficiency of the inverse class-F
amplifiers in comparison to the clasis-F amplifiers based on
waveform analysis. For the purposes, the efficiencies, funda-
menta) output powers, DC power dissipations, and fundamental
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load impedances of the inverse class-F and conventional class-F
amplifiers are derived using the ideal time domain waveforms.
Then, the comparisons are made using the analytic equations for
various operation conditions: identical peak current, identical
DC power dissipation, identical fundamental RF output power,
and identical fundamental load impedance. Finally, the
performance advantages of the inverse class-F are visualized and
then, the conclusions are drawn using the observed results.

[I. Waveform Analysis

Fig. 1 shows the ideal time domain current and voltage
waveforms and load line for a given on-resistance(Ron) of the
class-F and inverse class-F amplifiers. The class-F amplifiers
have half sinusoidal current and square wave voltage signals. On
the contrary, the inverse class-F amplifiers have square wave
current and half sinusoidal voltage signals. In appendix, the
waveforms of the class-F and inverse class-F amplifiers are
analyzed using Fourier series expansion, and DC current and
fundamental current and voltage components are derived with
the parameters of Vi, fipeat, and Ron. Here, igpeax and Ron are
determined by the device parameters and Vdc is the supply
voltage. From the appendix, the DC power dissipation, funda-
mental RF output power, and fundamental load impedance of
the class-F amplifiers can be calculated as following equations.

i
- _ “d.peak
f>d£ - Idr ) Vdc - e Vdc

M

Iy pe .
Pfund = d-;”’f (Vdc - Ron- Id.peak) (2)
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Fig. 1. Ideal time domain current and voltage waveforms
and load line with on-resistance(Ron) of the class-F
(solid line) and inverse class-F(dotted line) at the
identical DC power dissipation(same i and Vi)
condition,

de
RL, iind = - . (3)
1 i
Jund d ,peak

Vﬁmd _ 8- (V —Ron - i(l wpeak )

By the same way, those of the inverse class-F amplifiers can
be calculated as following equations using Vde, ispear, and Ron.

: S
IV, = I.pel.V

F de = Vde " Vde T 2 de (4)
' i(,l.peak .
Pfuml = 5 (Vdc — Ron - zl.penk) (5)
V'.,,. 7r2~(Vt—Ron-i'.m)
T = ©)

[/und 4- izhpeak

Using above equations (1), (2) and (4), (5) the efficiencies of
the class-F and inverse class-F amplifiers can be easily
calculated:

=100 (V‘,‘ — Ron 'ld.peﬂk)(%) (7)
Vdr
77' =100 (Vd: ‘Ron'ill.peak)(%) (8)

de

From (7) and (8), if Ron is zero, the efficiencies of the
class-F and inverse class-F amplifiers are 100 %. The difference
in efficiency is due to the different knee voltage originated from
the different peak current levels.

Il. Performance Comparison

Using equations (1)~(8), we have compared the performance
of the class-F and inverse class-F amplifiers for various
operation conditions. For the calculation, 5V is supplied as V.
and Jgpeak is 1A with a uniform transconductance. The iypeat(peak
current of the class-F operation, which provides reference for the
performance comparison; set as 1A for all operation conditions)
should be no less than igpa, and all operation conditions obey
this restriction, which is a very important pre-condition of this
work.

3-1 Identical Peak Current Condition

Generally, the peak current of the transistors determines the
maximum RF output power with a proper load impedance.
Hence, this is the most general operation condition to achieve
maximum RF power for both class-F and inverse class-F
amplifiers. We have calculated DC power dissipations, RF
fundamental powers, optimum load impedances, and efficiencies
of the class-F and inverse class-F amplifiers while maintaining
the peak current level(i’ypeast = iupesr for all classes). The
calculated results with varying Ron from 0 to 2 Q are shown
in Fig. 2. Fig. 2(a) is the efficiencies and load impedances.
Efficiencies are identical and load impedance of the class-F
amplifier is slightly higher than that of the inverse class-F to
maintain a constant peak current level. As the Ron increases, the
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Fig. 2. Performances of the class-F and inverse class-F
amplifiers for the identical peak current with varying
Ron from 0 to 20. (a) Efficiency and fundamental
load impedance, (b) DC power dissipation and
fundamental RF output power.
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efficiencies decreases from 100 % fo below 70 % and the
optintum load impedance decreases to support the constant peak
current. The difference of the RF output power between class-F
and inverse class-F amplifiers is very large. The inverse class-F
amplifier has much more output power and DC dissipation. The
DC power dissipations for both amplifiers are slightly increased
while the RF output powers are significantly decreased as the
Ron increases.

3-2 Identical DC Power Dissipation Condition

From the condition of P4 = P, the peak current of the
inverse class-F amplifier is determineil:

. 2.
Ly peak = T d,peuk ®
V4

Substituting (9) to (5), (6) and (8), the inverse class-F
formula become as:

i’ eak | y; 2-Ron-i X
Ch ['”* _ duj (10)
z x
, 3 2-Ron-i .
R[.,ﬁmd = 7{ -(Vd(_ "—"——»_i'_/_’__ﬁ) (l 1)
8.111.]7(“/( w
DRon-i, .
' (Vl/c - = -;—‘[’—pgz{‘.] ‘ (12)
5 =100 %)

e

The comparison of the performances between the class-F and
inverse class-F amplifiers with identical Py is described in Fig.
3. The efficiency of the inverse class-F amplifier becomes better
thar, that of class-F' amplifier with increasing Ron due to the
higher load impedance of the inverse class-F amplifier to
maintain identical ;. as shown in Fig. 3(a). Fig. 3(b) shows
superior RF power performance of the inverse class-F amplifier,
as the Ron increases. The inverse class-F amplifier can deliver
an improved efficiency and RF output power with identical Pa.
condition. The waveforms described in Fig. 1 clearly shows the
lower power dissipation of transistor for the inverse class-F case.

3-3 Identical RF Qutout Power Condition

This condition is for the generation of identical RF output
powers by fitting the circuit conditions of inverse class-F and
class-F amplifiers. The condition(Psns = P'nd) can be met by
arranging the 2™ order equation of ilipea for the fixed drain
biases and iypeak.

2 - (13)

Ron . jd.peak  —Vdec .id.peak & = id.peak Vile — Ron . id.peak\= 0
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Fig. 3. Performances of the class-F and inverse class-F
amplifiers for the identical DC power dissipation
condition with varying Ron from 0 to 2 2. (a)
Efficiency and fundamental load impedance, (b) DC
power dissipation and fundamental RF output power.

The solution of (13) can be represented as:

2 8ld eak :
Vd( i\/;dc _Tp(Vdc - Ron 'ld,peak) (14)

d.peak =
7 2-Ron

1

Omitting positive sign of (13) to pick reasonable value of
i'4pea and adding the Ron=0 case, (13) is rewritten as:

2 8y peat .
Vd( - Jydc - M‘”’L(Vdc ~ Ron - ld,penk)

td,peak = 2-Ron
2. .
. peak if Ron =0

if Ron =20

(15)

If (15) is substituted to inverse class-F formula of (4)~(6)
and (8), we can easily obtain the analytic forms of DC power
dissipation, RF output power, load impedance, and efficiency of
inverse class-F amplifier in identical RF output power condition.
The resulting equations are not expressed in this paper because
of complex external shapes. The calculation is numerically
performed using MATLAB. The comparison results of perfor-
mances between the class-F and inverse class-F amplifiers with
ldentical Pg.q are presented by Fig. 4. The efficiency of inverse
class-F amplifier becomes better than that of class-F amplifier
with increasing Ron due to the higher load impedance of inverse
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Fig. 4. Performances of the class-F and inverse class-F
amplifiers for the identical fundamental RF output
power with varying Ron from 0 to 2 2. (a) Effici-
ency and fundamental load impedance, (b) DC
power dissipation and fundamental RF output power.

class-F amplifier to maintain an identical Psn as shown in Fig.
4(a). Fig. 4(b) shows a significantly decreasing DC power
consumption of the inverse class-F amplifier for the same RF
output power, as the Ron increases.

3-4 Identical Fundamental Load Impedance Condition

This is very straightforward condition of fixing the funda-
mental load impedance of the inverse class-F amplifier to have
the same one of class-F amplifier. The expression for i%pea can
be derived from the condition(Ry fims = R'.ms) as follows:

3 .
T - V{Ic “La peak (1 6)
—Ron-i )+7r3~Ron-i
d.peak

i) peak =
d.peak 32. (V(I

e d, peak

If (16) is substituted into the inverse class-F formula of (4)~
(6) and (8), we can easily obtain the analytic forms of DC
power dissipation, RF output power, optimum load impedance,
and efficiency of inverse class-F amplifier. The calculation is
numerically performed. The performances of the class-F and
inverse class-F amplifiers with identical Ry sne are compared in
Fig. 5. The efficiency of the inverse class-F amplifier is slightly
better than that of class-F amplifier with increasing Ron as
shown in Fig. 5(a). Fig. 5(b) shows a significantly higher RF
output power of the inverse class-F amplifier with the same
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Fig. 5. Performances of the class-F and inverse class-F
amplifiers for the identical fundamental load impe-
dances with varving Ron from 0 to 2. (a) Efficiency
and fundamental load impedance, (b) DC power
dissipation and fundamental RF output power.

fundamental load line, as the Ron increases. These are very
similar characteristics to the identical peak current condition.

For summary, the efficiency and fundamental RF output
power performances of the various operation conditions are
plotted in Fig. 6. For the highest efficiency of the inverse
class-F amplifier without losing RF output power than class-F
amplifier, we should choose the identical fundamental RF power
condition by optimizing load impedance of the inverse class-F
amplifier. For the highest RF power, we should choose the
identical peak current condition by optimizing load impedances
of the inverse class-F amplifier. For the simultaneous impro-
vement of efficiency and RF output power, we should choose
the identical DC power dissipation condition by adjusting load
impedance of the inverse class-F amplifier.

IV. Conclusions

For the first time, we have fully analyzed the time domain
waveforms of inverse class-F amplifier. Then, we have
compared the analysis results with those of class-F amplifier for
the well-chosen 4 different operation conditions. They are the
identical peak current, identical DC power consumption,
identical fundamental RF output power, and identical funda-
mental load impedance conditions. The analysis has shown the
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Fig. 5. Performances of the classsF and inverse class-F
amplifiers in the various conditions with varying
Ron from 0 to 2 2. (a) Efficiency, (b) fundamental
RF output power.

clear performance limitations, advantages, and guide for
optim:zing fundamental load impedance of the inverse class-F
amplifiers.

On the contrary to the previcus knowledge, the inverse
class-F amplifier has no better effigiency than class-F amplifier
but just has much higher output power level due to a large
voltage swing, when it is fully driven to the peak current level
with the same supply voltage as ctlass-F. To get a better
efficiency using inverse class-F mode, the fundamental load
impedance should be increased to reduce parasitic loses of the
transistor's knee voltage with sacrificing surplus RF output
power of the inverse class-IF amplifier. This work provides the
clear explanation of the limitations and advantages of the
inverse class-F amplificr and will be a guide to design and to
optimize the performance of the inverse class-F amplifier.

Appendix
A, Class-F Analysis

Fig. A.l1 shows the ideal current and voltage waveforms of
conventional class-F amplifiers. To separate each frequency
components, the current and voltage waveforms of the Fig. A.l

are expanded using Fourier series as follows:

iD= Iy peak '(£+§sina}ot—£ > ,1 lcosnwot] (A.1)

a n=2406,.. n -

4V -V 1,
VD = Vdc _¥ z ;sulna)ot (A2)
n=13,5,.

where ip and vp are the time domain current and voltage
waveforms including DC and RF components, respectively. Ron
- lapear can be substituted for the knee voltage vk(see Fig. 1).
Hence, the current and voltage waveform equations can be
separated for the each harmonic components. The DC and
fundamental RF components of (A.1) and (A.2) are separated as
the functions of peak current, DC voltage. and Ron by

. [
_ ‘“d.peak -
I, = - (A.3)
! _ [d peak .
Sund — 5 sinw,t (A4)
4V, —Ron-iy )
_ peak ] o
V iund == - sinw,t (A.5)
A i peak
y |
Vmax Y
Vae — vk
y
Vdc
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Fig. A. 1. Ideal current(upper) and voltage(lower) waveforms
of the class-F amplifiers.

Vdc

Yk
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Fig. A. 2. Ideal current(upper) and voltage(lower) waveforms
of the inverse class-F amplifiers.
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B. Inverse Class-F Analysis

Fig. A.2 shows the ideal current and voltage waveforms of
the inverse class-F amplifiers. The current and voltage wave-
forms are expanded using Fourier series as follows:

.0
z'[,zi"’i"[1+f1 Z isinna)atj (A.6)

2 T =135 1

<

E)

. . . . 11 2
Vp = Vg Vi = Vg )|~ sinoy +— cosnawgt | (AT
bR (m K) (” 2 ! 7 p=2.4.6.. OJ( )
Ron - i'pear can be substituted to the knee voltage vi. From

(A.7), the Vi can be written using DC supply voltage.
Vax =7 Ve == 1) Ron-i(',,pm,‘ (A8)

Here, the current and voltage waveform equations can be
separated for the each harmonic components. The DC and
fundamental RF components of (A.6) and (A.7) are separated as
the functions of peak current, DC voltage, and Ron by

B Li pea
[ =t (A9)

c

to

. 2 L peak .
[funrl = ———7;—16—5"16()01' (A ! 0)
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