
IEEE MICROWAVE AND GUIDED WAVE LETTERS, VOL. 6, NO. 12, DECEMBER 1996

A 5-GHz High-Efficiency Class-E Oscillator
Eric W. Bryerton, Wayne A. Shiroma, and Zoya B. Popovi6

441

A&drac&—A 5-GHz high-efficiency feedback oscillator using a
class-E amplifier is presented. The oscillator is designed at 5.0
GHz for maximum conversion efficiency using only quasilinear
simulation techniques. A maximum conversion efficiency of599Z0
is measured with an output power of 300 mW. The oscillator
can also be biased for a maximum power of 600 mW with a

conversion efficiency of 48%.

I. INTRODUCTION

WHILE ,4 GREAT amount of work has been done to

improve the efficiency of microwave amplifiers, little

has been done to address the same problem in oscillators.

Achieving higlh efficiency in microwave oscillators is impor-

tant for the same reasons as in amplifiers-increasing the

output power, battery lifetime, and reliability of transmitters.

Microwave oscillators have demonstrated 677. conversion

efficiency with 250 mW of output power at 1.6 GHz using a

class-F amplifier in a feedback oscillator [1]. Here, feedback is

added to a class-E amplifier similar to the one presented in [2].

The oscillator is designed using a quasilinear approximation

of large-signal operation. A hybrid oscillator indicating class-E

operation was fabricated and characterized.

II. CLASS-E OSCILLATOR DESIGN

A feedback oscillator configuration with a high-efficiency

class-E amplitier is used in the design. The oscillator design

approach described in [3] is performed with a linear circuit

simulator. The feedback length is adjusted for an oscillation

frequency of 5,0 GHz and the amount of coupling is optimized

for the correct compression point. An asymmetric microstrip

branch-line coupler is used to provide the feedback through

a length of microstrip transmission line. The circuit layout is

shown in Fig. 1.

The class-E amplifier is a resonant switched-mode circuit

in which a switch (transistor) turns on at zero voltage and

zero derivative of voltage. Ideally, the product of the switch

voltage and current is zero, resulting in 1009o efficiency.

In practice, the efficiency is limited by the drain-to-source

saturation resistance of the transistor and other losses in the

circuit. The MESFET is driven as a switch and the surrounding

circuitry is designed to give class-E operation. Device parasitic

reactance are included in the resonant circuit design.

The class-E amplifier in Fig. 1 uses a Fujitsu FLK052 MES-

FET. The input match is designed for gain by measuring s1l
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in saturation. The output circuit has a fundamental impedance

for class-E operation of

0.28015
Z..t = ~ e~4g05240

w~b~

where w, is the fundamental frequency, 5 GHz, and C. is the

transistor switch output capacitance, 0.4 pF [4].

The circular function [3], G, which is similar to the closed-

loop gain, is used in the simulations and is given by

c=
Slls; l + S21S;2 – (s11s22 – s12s21)(silsi2 – si2sil)

1 – S.22S;2– S12S;1

where sij are the small-signal s-parameters of the class-E

amplifier ands; ~ are the s-parameters of the feedback network.

Oscillations occur where the phase of the circular function

crosses zero degrees with a magnitude greater than one. The

MESFET saturates to the point where [Cl is exactly one.

Device saturation is simulated by reducing the magnitude of

SM. This is shown in [5] to be a reasonable approximation

of the large-signal operation of a FET for small levels of

saturation.

The class-E amplifier achieves maximum power-added effi-

ciency when it is operating approximately 4 dB into compre-

ssion [4]. The amount of coupling is adjusted in the simulations

so that 4 dB of compression reduces ICI to unity at 5.0 GHz.

The feedback length is then adjusted to make /C equal to

zero degrees at 5.0 GHz. Since these simulations are based on

small-signal s-parameters, the feedback line length is made to

be tunable.

After fabrication, the feedback length is experimentally

tuned to produce an oscillation at exactly 5.0 GHz. The first

design was intended to couple –5.7 dB of the amplifier

output power to the feedback loop and – 1.4 dB to the

load. This oscillator achieved an output power of 210 mW

with 43~0 conversion efficiency and was operating too far

into compression. We believe that too much coupling was

predicted in the simulation because the effects of large-signal

operation on the input and output match are ignored. Nonlinear

simulations show that in some cases when Iszu I compresses by

259., Isll I decreases by 33%. A second oscillator was designed

and fabricated with reduced coupling in order to increase the

power and efficiency. The second design couples –6.5 dB of

the output power to the feedback loop and --1.1 dB to the

load. Experimental results for this design are presented in the

following section.
Fig. 2 shows the simulated circulzu function for this oscilla-

tor with no saturation taken into account. Only the frequency

ranges where the oscillation conditions are met are shown here.

This simulation shows a low-frequency oscillation near 600

MHz, which appears to be more compressed than the desired
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Fig. 1. Class-E oscillator in microstrip.
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5-GHz oscillation. The high level of saturation for the 600-
MHz mode is verified experimentally by the Inrge number

of harmonics produced by this mode. This low-frequency

oscillation is supressed in the circuit by lowering the value

of cb in Fig. 1. The measured oscillation frequency of the

5-GHz mode differs less than 3% from simulation.

III. EXPERIMENTAL RESULTS

Fig. 3 shows the measured output power and conversion

efficiency of the oscillator versus drain current for three

different values of VDs. The lines on the plot represent the

range over which the oscillation remains stable. The plot shows

that as the drain current increases, the efficiency decreases

270

Fig. 2. Simulated circular function for unsaturated class-E oscillator. Dashed

line shows oscillation near 600 MHz and solid line shows oscillation near 5
GHz.
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Fig. 3. Output power and conversion efficiency versus drain current, IDS,

for VDS = 6.5 V (solid line), VDS = 8 V (dashed line) and VDS = 9.5
V (dotted line).

while the output power remains the same, so there is no

advantage in raising the drain current over the minimum level.

The maximum efficiency is 59% for V& = 6.5 V and 300 mW

of output power. The maximum output power is 600 mW for

VDs = 9.5 V and 489Z0conversion efficiency. The oscillation

frequency varies less than 1% over the entire biasing range

shown here.

Table I compares the class-E amplifier and the oscillator

presented here for the same bias point. Neglecting losses, the

expected output power of the oscillator is the power added by
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TABLE I
COMPARISON BETWEEN CLASS-E AMPLIFLER AND CLASS-E OSCILLATOR. SECOND

Row SHOWS IDEAL OSCILLATOR PERFORMANCE BASED ON AMPLIFIER

MEASUREMENTS. ‘Mao Row SHOWS MEASURED OSCULATOR DATA

r VDS IDS Power Eff

E
Ampli,f ier 8V 93 mA 27.8 dBm 72%

oscillator 8V 93 mA 27.3 dBm 72%

Ostihtm&f 8V 96 mA 26.7dBm 56%

the amplifier. The expected efficiency is equal to the power-

added efficiency of the amplifier at this bias point. As the

table shows, the efficiency is lower than the ideal level. Some

of the difference is due to losses in the circuit, but most

is believed to be caused by the oscillator still operating too

far into compression. This can be corrected in the design if

the large-signal characteristics of the MESFET are known

accurately. These results show the need for good nonlinear

models when designing oscillators for high efficiency.

The class-E amplifier used here is designed to present an

open circuit to the second harmonic at the drain. Class-E

operation of the oscillator is suggested by noting that the

output power is –36 dBc at the second harmonic and –27

dBc at the third harmonic.

IV. CONCLUSION

The class-E approach to obtaining high efficiency is shown

to be applicable to oscillators. A maximum conversion ef-

ficiency of 59% is measured with an output power of 300

mW. A quasilinear design approach is shown to be accurate

for predicting oscillation frequency, but nonlineti analysis is

necessary when designing oscillators for maximum efficiency.

Since the feedback network consists only of a microstrip

transmission line, this oscillator is fairly noisy—-approximately
–70 dBc/Hz for a 100-kHz offset. A high-Q resonator maybe

added in the feedback network to improve this figure.

[1]

[2]

[3]

[4]

[5]

REFERENCES

M. Prigent, M. Camiade, G. Pataut, D. Reffet, J. M. Nebus, and J.
Obregon, “High efficiency free running class F oscillator;’ in 1995
IEEE MZT-S Int. Microwave Sytnp. Dig., Orlando, FL, May 1995, pp.
1317–1320.
T. Mader and Z. B. Popovi6, “The transmission-line high-efficiency

class-E amplifier,” IEEE Microwave Guided Wave L.ett., vol. 5, no. 9,

pp. 290-292, Sept. 1995.
R. D. Martinez and R. C. Compton, “A general approach for the S-
parameter design of oscillators with 1 and Z-port active devices,” IEEE
Trans. Microwave Theory Tech., vol. 40, no. 3, pp. 569–574, Mar. 1992.
T. Mader. “Ouasiopticrd class-E power amplifiers:’ Ph.D. dissertation,

Univ. of Col&ado; Boulder, Aug. 1995.
K. M. Johnson, “Large signal GaAs MESFET oscillator design,” IEEE
Trans. Microwave Theory Tech., vol. 27, no. 3, pp. 217–227, Mar. 1979.


