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High-Efficiency, Class-E RF Power Amplifiers 

Personnel 

John Davis was the first AASERT Fellow. He was the first African American to receive his PhD in 
Electrical Engineering at Caltech (June 1999). He is now working at the Jet Propulsion Laboratory on their 
Deep Space Network. 

Scott Kee was the second AASERT Fellow. He should finish his PhD in June 2001. He plans to start a new 
company with another student Ichiro Aoki to make RF CMOS integrated circuits. 

In addition, this grant supported five outstanding undergraduate students through Caltech's summer research 
program These are Eileen Lau, Emily Chiu, Hui-Mou Li, Jeremiah Smith, and James Buckwalter. They 
were first authors for papers 1, 2, 3, and 7 on the paper list. 

Scientific Progress and Accomplishments 

The goal of this project is to develop a new class of RF amplifiers for communications transmitters that are 
extremely efficient and inexpensive. With the first AASERT student, John Davis, we built Class-E 
amplifiers with inexpensive power MOSFETs like those that are used in switching power supplies. The 
challenge in building these amplifiers is that the operating frequencies are a hundred times higher than those 
normally used. These MOSFETs cost $10 or less, and the total cost of the amplifier is in the $50 range. In 
the Class-E configuration, produce output powers at HF frequencies of as much as 500W at drain 
efficiencies in the 90% range. The extremely high efficiency often allows these amplifiers to be run without 
cooling fans.   A keying power supply was developed to operate with the amplifiers on the air. Output 
filters were also developed so that the amplifiers meet the FCC's spur requirements for transmitters. This 
has allowed them to be used extensively for amateur communications. Class-E amplifiers exhibit strong 
high-frequency ringing on the drain voltage waveforms. For our HF amplifiers, we found that this ringing 
was in the VHF frequency range. We showed that this ringing is due to a resonance of the parasitic 
inductance of an external drain capacitor and the internal transistor drain capacitance. We developed a 
SPICE model that predicted the harmonic content of this ringing. An amplifier intended for amateur 
communications operates at 7MHz, with a drain efficiency of 90% and an output power of 500W. This work 
won the annual Doug deMaw award for the best technical paper appearing in the magazine QST, published 
by the American Radio Relay League. In addition, the article that we wrote describing this amplifier was 
translated into Japanese for magazine CQ. An amplifier intended for industrial RF power produced 400W at 
13.55MHz with a drain efficiency of 86%. This work was presented at the International Microwave 
Symposium which has established a new session for presenting results in this frequency range. 

With the second AASERT fellow, Scott Kee, we began to examine more carefully the high-efficiency 
classes of amplification. High-efficiency switching power amplifiers use zero-voltage switching to 
eliminate capacitive discharge loss at the point in the cycle when the transistor turns on. There are two basic 
classes of zero-voltage switching amplifiers, Class E and Class F. In Class E the load is made inductive to 
allow a phase shift between the voltage and current that forces the voltage to go to zero at the point in the 
cycle where the transistor turns oa The Class E is attractive because the circuit is simple, but it has a high 
peak voltage, and a large rms current loss. In Class F, a series of filters at the even and odd harmonics 
forces either the voltage waveform or the current waveform to be a square wave and the other to be a half 
sine wave. The most popular version is the amplifier class called Inverse F, where the voltage is a half sine 
wave, and the current is a square wave. The Inverse F class is popular because it has a low peak voltage and 
a small rms current loss, but it is a much more complicated circuit than a Class E. 
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This led to the development of a new family of switching amplifiers, Class E/F. The idea is that some of the 
harmonics are treated like Class F, and others are treated like Class E. These amplifiers all have the zero- 
voltage switching that leads to high efficiency. However, because the number of harmonic filters is greatly 
reduced, the circuit keeps some of the simplicity of Class E. At the same time, the amplifiers keep much of 
the low peak voltage and low rms current loss of the class F. As a demonstration, we built a 7-MHz 
amplifier of the Class E/F2,odd. In this amplifier, the 2nd harmonic is treated like Class Inverse F (open- 
circuit resonance), and the odd harmonics are treated like Class F (short-circuit resonance). The 
fundamental is treated like Class E, with an inductive termination. In addition the even harmonics above the 
2nd are treated like Class E, with the device drain capacitance as a termination. This amplifier is 
implemented as a 1.1-kW push-pull amplifier with two $4 power MOSFETs. The amplifier is shown in the 
figure below. It has an outstanding 85% drain efficiency at 7MHz. We believe that this amplifier approach 
will be useful in developing new plasma-processing systems for semiconductor fabrication, FM 
broadcasting, and amateur communications. 

Outfit 

Figure 1.1-kW, 7-MHz switching power amplifier that uses the new Class E/F2odd. The drain efficiency is 85%. This 
amplifier has a volume of only 900 cubic centimeters. More information is given in Reference 8. 

This work has had an important spin-off. In recent work under different sponsorship, a different student 
Ichiro Aoki, succeeded in applying this idea to a CMOS integrated circuit. This work is described in the 
following publication. 

"A 2.4-GHz, 2.2-W, 2-V Fully-Integrated CMOS Circular-Geometry Active-Transformer Power 
Amplifier," Ichiro Aoki, Scott Kee, David Rutledge, Ali Hajimiri, IEEE Custom Integrated 
Circuits Conference, San Diego, May 2001. 

This amplifier used standard 0.35-um CMOS technology with no off-chip components. The output power 
was 2W at 2.4GHz with a power-added efficiency of 41 %. This is a factor of 20 higher than previous 



efforts. This work is important because it could enable new, fully integrated silicon transceivers in the 
microwave frequency range from 1GHz to 10GHz with unprecedented high output powers. The output 
power levels would be suitable for very high-data-rate wireless communications from notebook computers. 

Papers 

1. "High-Efficiency, Class-E Power Amplifiers," Eileen Lau, Kai-Wai Chiu, Jeff Qin, John Davis, Kent 
Potter, and David Rutledge, QST, part 1, May, 1997, and part 2, June, 1997. This is the deMaw prize 
paper. 

2. "High-Efficiency, Class-E Power Amplifiers," Eileen Lau, Kai-Wai Chiu, Jeff Qin, John Davis, Kent 
Potter, and David Rutledge, CQ, pp. 131-137. April 1998. This is a translation into Japanese of the 
previous article. 

3. "10-MHz Class-E Power Amplifiers," Teo Der-Stepanians and David B. Rutledge, Communications 
Quarterly, pp. 31-38, Winter, 1999. 

4. "High-Efficiency Class-E Amplifiers," David Rutledge, Pacificon, Concord, CA, October 1998. 

5. "Industrial Class-E Power Amplifiers with Low-Cost Power MOSFETs and Sine-Wave Drive," John 
Davis and David Rutledge, RF Design Conference, San Francisco, CA October, 1997. 

6. "A Low-Cost Class-E Power Amplifier with Sine-Wave Drive," John Davis and David Rutledge, 
International Microwave Symposium, Baltimore, MD, June 1998. 

7. "A Keyed Power Supply for Class-E Amplifiers," Jim Buckwalter, John Davis, Dragan Marie, Kent 
Potter, David Rutledge, Communications Quarterly, January 2001. 

8. "7-MHz, 1.1-kW Demonstration of the New E/F2,odd Switching Amplifier Class," Scot Kee, Ichiro 
Aoki, David Rutledge, International Microwave Symposium Phoenix, May 2001. 

Inventions 

None 

Technology Transfer 

We invited interest people to build the amplifiers themselves, and made the parts available to them at cost. 
About one hundred people bought the parts, and many successfully constructed the amplifiers. 



International Microwave Symposium, Phoenix, AZ, May 2001 

7-MHz, 1.1-kW Demonstration of the New E/F2,0dd 
Switching Amplifier Class 

Scott D. Kee, Ichiro Aoki, and David Rutledge 

Department of Electrical Engineering, California Institute of Technology, Pasadena, CA 91125 

Abstract - The first switching amplifier in the new E/F2j0dd 
class belonging to the new E/Fx family of switching power 
amplifiers has been successfully demonstrated. This 
push/pull amplifier exhibits l.lkW, 85% drain efficiency and 
17dB gain at 7MHz. The amplifier uses low cost switching 
MOSFETs and fits in a small volume of only 900cm" 
including an integrated cooling fan. 

I. INTRODUCTION 

As the popularity of wireless communications continues to 
grow, designers are forced to improve the performance of RF 
circuits while at the same time pushing to higher frequencies 
and consuming less power. To meet these requirements, 
highly efficient, high-frequency power amplifiers are needed. 

Several switching amplifier topologies such as class-E and 
class-F have demonstrated high performance at RF 
frequencies [1,2], but even these classes have fundamental 
performance limitations [3,4]. Class-E amplifiers have 
highly peaked voltage and current waveforms, and can 
tolerate only a limited transistor output capacitance. Class-F 
amplifiers have better waveforms, but at the price of complex 
tuned circuits needed to supply open and short circuits to the 
alternating harmonics. 

This paper reports the first amplifier belonging to the new 
E/Fx family proposed to address these limitations. This family 
allows the reduced circuit complexity of class-E with 
waveforms approaching the efficiency of inverse class-F [5], 
while at the same time absorbing the transistor output 
capacitance into the circuit as in class-E. Furthermore, the 
tolerance for large transistor output capacitance can be 
several times that of class-E for many amplifiers in this 
family, potentially allowing for higher frequency operation 
using the same transistor technology. 

II. Theory of Operation 

This section describes the design evolution from the 
general E/Fx family, to the demonstrated class-E/F^odd class. 

A. The E/Fx Family 

The E/Fx family allows for a tradeoff between the 
simplicity of E and the performance of inverse F while 
permitting the output capacitance of the switching device to 
be absorbed into the circuit as in E. This family of zero- 
voltage switched (ZVS) amplifiers consist of those wherein 

the switching device is presented with an inductive load at the 
fundamental, short circuit at some subset of the odd 
harmonics, open circuit at some subset of the even 
harmonics, and capacitive impedance at the remaining 
untuned harmonics. The inductance of the fundamental 
frequency impedance is then adjusted to achieve ZVS 
conditions. To distinguish the individual members of this 
family, a subscript indicates which harmonics have been 
tuned. When all odd harmonics have been short-circuited, 
the subscript odd is used. In addition to the amplifier 
reported here, a monolithic CMOS 2.4GHz, 1.5W E/F3 

amplifier is being reported simultaneously [6]. 

B. Class-E/Fajj 

il ll i«i =rc,, s,\kl c i« /s2 c«=r 

Fig. 1.     Class    E/Fodd   ZVS    amplifier   realization,    using 
symmetry to provide short-circuits at all odd harmonics. 

Fig. 1 shows a topology to realize an FTF^ amplifier, 
which is similar to a current-source class-D inverter [7]. It is 
possible with this simple push/pull circuit to provide virtual 
short-circuits at the odd harmonics to each switch while 
leaving the impedance seen by the switches at the even 
harmonics to be that of the switch output capacitance. Due to 
symmetry in the circuit, there is the additional benefit that the 
even harmonics are suppressed at the load, easing the task of 
filtering the output. 

The waveforms for this class may be derived in the time 
domain. The resonator composed of Lj and C is tuned near 
the fundamental frequency fo, forcing the voltage across it to 
be a sinusoid at that frequency. The resonator is then detuned 
to have the required inductance at the fundamental frequency 
to achieve ZVS conditions. Since Kirchhoff s voltage law 
requires that the voltage across the resonator is the same as 
the difference between the switch voltages, and the switch 



voltage is zero during the half-period when that switch is 
closed, the voltage across the each switch must then be half- 
sinusoidal. For the dc voltage of this waveform to equal the 
supply voltage VDC, the peak voltage Vpk must be nVDC: 

V, = 

V2 

o Q<6<K 

-7cVdcsin(0)   K<6<2K 

'xV* sin(<9)     0 < 6 < n 

0 K<6<1K 

(I) 

(2) 

where the phase angle 6 is 2nf0t. 
The currents through the (possibly nonlinear) output 

capacitors, each with small signal capacitance Cs(V), may be 
found using the known switch voltages: 

/,„=• 
dQ dV„ f 0 O<0<;rl 

s(-nVl>csmp))cos(?) n<0<2jt\ 

'fin —~ 
dQ dVa2 _ [^/„yC^W^sin^cosg)    0<6<>r 

0 K<6<1K 
(4) 

If L2 is large and conducts only dc current, we can notice 
that for each half-cycle one of the transistors is open circuited 
(and can be removed from the circuit) while the other is short 
circuited and conducts the excess current: 

/« = 

2/*-/«, 

2/    -/ 

o<e<K 

x<6<2x 

o<e<7t 
K <0<2x 

(5) 

(6) 

The waveforms for the E/F„dd class with linear output 
capacitance are depicted in Fig 2. 

Increasing Cs 

Phase Angle ip (radians) 

Fig. 2.     Waveforms of E/F(Kjd for various values of Cs. 

C. Class-E/Fztfj 

To reduce the RMS current, L2 may be tuned to resonate 
with the output capacitors near the second harmonic, providing 
a near open-circuit to each switch at that frequency. This boosts 
the current in the first half of each transistor's conduction cycle 
while similarly reducing it in the second (Fig. 3). 

By placing this inductor between the supply (ac ground) 
and the center tap of inductor Lt (a virtual ground for the 
fundamental and odd harmonics), the desired resonance may 
be achieved while avoiding circulating currents at the 
fundamental and third harmonic. The resulting E/F^odd 
amplifier waveforms are a modification of the E/Fodd result: 

v _^.+y« 
^sin(Ö)      O<0<;i- 

V4.sin(0)   K<e<ln 

■.=-j-jV„dt=- 

V      I      2/9 \ 
^-   1- —-COS(fl) 0<6<K 

M,_^^)+cos(ö)], xV. 
<e<2ic 

_\2ldr-lCS2-l,.2 0<Ö<^1 

1 0 K < 6 < 2X\ 

In- 21, 
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(7) 

(8) 
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Fig. 3. 

Phase Angle <j> (radians) 

Waveforms of EI¥2Mi f°r various values of L2. 

A simple efficiency model indicates that this topology has 
the promise to achieve some of the efficiency benefits of 
inverse class-F while retaining the circuit simplicity of 
class-E. The voltage waveform is the same as inverse 
class-F, with a lower peak than class-E, and the RMS current 
is comparable to that of class-E. Classes E/F„dd and E/F2fldd, 
can tolerate twice the output capacitance of a class-E for the 
same frequency and output power without negative switch 
current. Thus the frequency could be doubled from a class-E 
design without having to reduce the transistor size. 

III. CIRCUIT DESIGN AND SIMULATION 

To verify the performance of the E/F2KXid amplifier class, a 
7-MHz design with output power of lkW was undertaken. 
For the active device, the STW20NB50 500V, 20A 
MOSFET from STMicroelectronics was chosen. 

Since the circuit topology relies on a balanced load - not 
convenient for most applications - an output transformer is 



used as a balun. The magnetizing inductance of this air-core 
transformer is used as the inductor L|. 

Modeling was performed using a simple switch model in 
PSPICE. The transistor's conductance characteristics were 
modeled as a switch in series with a resistance. To model the 
output capacitance, the drain-source capacitance was 
measured as a function of Vds with Vgs = 0 and fit to a model 
consisting of a number of parallel varactors. The gate 
characteristics were not modeled. 

In the simulation, the values of the tank components were 
adjusted to achieve ZVS conditions. To account for the 
parasitic package inductances, the simulation was performed 
with a 5nH inductance in series with each transistor. This 
results in a ringing transient superimposed on the voltage and 
current waveforms. This ringing is a result of the resonance 
between the two package inductors, the tank capacitor C, and 
the drain-source capacitor of the non-conducting transistor. 

This ringing increases the RMS current through the switch, 
and it may cause the parasitic drain-source diode to conduct if 
the current becomes temporarily negative. Since both effects 
are undesirable, this ringing amplitude was reduced by 
lowering the loaded Q (quality factor) of the resonator 
consisting of Lu C, and Ru^ to a value of approximately 3.6. 
The second harmonic tuning also helps to keep the current 
positive by giving additional peaking in the early part of the 
current cycle where the ringing has the highest amplitude. 

To avoid an unacceptably high third harmonic as a result 
of this low resonator Q, a third harmonic trap was added in 
series with the load. The final circuit is shown in Fig. 4. 

VDC 
Third Harmonic Trap 

jlB,=2Cn^300PF 

*50«H£       7" f H I—1 CS=M ntV 
i vii<^tJ^H!7^0i,tput 

Li=2«nH 

d=1.6nF 

R,=10kfi 
I—vVvV-O Blas 

1:6 
Input 

CB2=30nF I 

Fig. 4.     Schematic of the class E/F2,<xid amplifier reported here, 
with output balun and third harmonic trap. 

Assuming passive component quality factors are 150, 
simulation results predict an output power of 1.4kW at 
7MHz, with 90% drain efficiency using a 125V supply. The 
simulated waveforms are shown in Fig. 5. 

100 
Time (ns) 

Fig. 5. Simulated waveforms for a single switch, including 
package inductance ringing. 

IV. MEASURED RESULTS 

The amplifier is constructed on patterned FR4 circuit board. 
The transistors are directly mounted to an aluminum heatsink 
through holes cut in the circuit board, making for a compact 
and solid package. An integrated fan allows for continuous 
operation at this high power density. The resulting amplifier is 
small at approximately 11cm x 9cm x 9cm (including the fan), 
due to the lack of large inductors, made possible by using only 
parallel LC resonances in this topology. 

Fig. 6.     Photograph of assembled amplifier. 

Performance was measured using a Kenwood TS-850S RF 
Transceiver as the input source with a Bird 2kW, 30dB 
attenuator as the load. Power measurements were taken with 
Bird 4421 power meters equipped with Bird 4021 inline 
power sensors. The output spectrum was measured using an 
HP 8592A spectrum analyzer. 

Fig. 7 shows the amplifier's measured drain efficiency as a 
function of drive power for several different output power 
levels. Fig. 8 shows efficiency and gain as a function of 
output power. The amplifier performs with similar efficiency 
over a wide range of drive powers, and the efficiency is 



consistently high over a wide range of output powers, 
suggesting that the amplifier might be used effectively in an 
envelope elimination and restoration system [8]. The drain 
efficiency is around 87% up to 800W where it begins to 
degrade, probably as a result of transistor saturation at the 
higher current levels. Due to limitations of the power meters, 
measurements could only be taken up to 1.2 kW. 

80% 

-»-Pout=1kW 
*-Pout=500W 
-*-Pout=200W 

-t- 

Input Power (W) 

Fig. 7. Measured drain efficiency vs. input power. 
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Fig. 8. Measured efficiency and gain vs. output power. 

As should be expected with a switching amplifier, the gain 
increases with the output power since the input power 
remains relatively constant over the full range of output 
powers. The output power shows a very clear square law 
dependence on the supply voltage. The input voltage 
standing wave ratio (VSWR) is between 2:1 and 3:1 
depending on output and input powers. 

The second and third harmonics of the output spectrum are 
33dB and 35dB below the fundamental respectively, and all 
other harmonics are at least 40dB below the fundamental. 
The second harmonic is high for a push/pull amplifier, 
probably the result of an imbalance in the impedances 
presented to the two transistors. We expect that this 
harmonic can be additionally suppressed by increasing the 
symmetry of the layout or adding compensation for the 
asymmetry. The third harmonic is present due to the output 
third-harmonic trap being imperfectly tuned, which should be 
correctable by additional tuning of this component. 

The measured and simulated drain voltage waveforms for 
the two transistors are shown in Fig. 9. The ringing caused 
by the package inductance is visible. 
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Fig. 9. Measured and simulated drain voltage waveforms. 

V. CONCLUSION 

The first amplifier from the new E/Fx family of switching 
amplifiers has been reported. In addition to demonstrating 
the feasibility of the new family, this E/F2^dd amplifier 
exhibits high efficiency at high power levels in an extremely 
compact design. It exhibits consistent performance over a 
wide range of input powers and DC voltages. The amplifier 
exhibits over 1.1 kW of output power with 85% drain 
efficiency and 17dB gain with a good agreement between 
simulation and measurements. 
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