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High-Power Microwave Amplifier

Antiparallel Avalanche-Diode

HIROHISA KAWAMOTO, MEMBER, IEEE

Absfracf—Two high-efficiency avalanche diodes, each placed in

opposite polarity to the other at the ends of an approximately one-

half wavelength transmission line, have worked as a high-power

reflection-t ype amplifier. The circuit configuration is called an anti-

parallel pair of high-efficiency avalanche diodes. The sntiparallel

amplifier has provided 200-W pulsed output power with a 10-dB

gain at 1.o1 GHz.

1. INTRODUCTION

A

M PLI FI CATION with high-efficiency avalanche

diodes [1] was first reported in 1967 by Prager,

Chang, and Weisbrod [2]. This was followed by

papers from several authors [3 ]– [7 ] who also worked on

high-efficiency diodes, while others [8]–[11 ] reported

on related self-pumped parametric amplifiers.

This paper describes a new reflection-type amplifier

composed of two physically separated high-efficiency

avalanche diodes. Each diode is placed in opposite

polarity to the other at the ends of an essentially one-

half wavelength transmission line. This configuration is

called an antiparallel pair of high-efficiency avalanche

diodes, and was reported earlier by the author and his

colleague to work as an oscillator [12], [13]. The anti-

parallel amplifier described here has delivered pulsed

output power of 200 W at 1.01 GHz with a power gain of

10dB.

II. NfECHANISM OF AMPLIFICATION

Fig. 1 is a schematic circuit diagram of the anti-

parallel amplifier. The two avalanche diodes are both

reverse-biased. An input–output transmission line is

connected to the midpoint O between the two diodes as

shown in Fig. 1. A low-pass filter is placed in the input–

output line, one-quarter wavelength from the midpoint.

A circulator is placed in the input–output line next to

the low-pass filter.

Schematic RF signal waveforms within the anti-

parallel amplifier circuit, shown in Fig. 2, qualitatively

explain the mechanism of amplification. The arrows in

Fig. 2 indicate only those wave-traveling directions that

are important in understanding the mechanism. A posi-

tive half-sine wave A; of the input signal travels through
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Fig. 1. Schematic diagram of reflection-type amplifier
using antiparallel avalanche-diode pair.
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Fig. 2. RF waveforms inside antiparallel amplifier
illustrating mechanism of amplification.

the midpoint to the diode DU1 A dotted waveform AI

shows the positive half-sine wave incident to D~. The

positive voltage A I causes the diode voltage to exceed

the breakdown voltage, and as a result of trapped-

plasma formation [14 ], [15] induces a negative half-sine

wave on the diode. A dotted waveform B 1 shows the

generated negative half-sine wave. The resultant wave-

form on DI is the sum of A 1 and B 1, which is shown by a

solid waveform in Fig. 2. The start of B1 is delayed by

about 100 ps from the start of A 1 [13], [16]; therefore,

the resultant waveform exhibits the leading edge of A 1

followed by the trailing edge of B1. A portion of the

generated wave Bl travels through the midpoint to the

1 The positive wave that travels toward Dz is not shown in Fig. 2;
since it does not activate Dj, it is not important in understanding the
mechanism. The negative wave that travels toward D I is not shown
either for the same reason.
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output terminal, and forms a negative half-sine wave

Bo of the output signal. The distance between the diodes

and the midpoint is so adjusted that a round trip from

the midpoint to the diode equals one half-cycle of the

input signal. A negative half-sine wave Bi of the input

signal, therefore, arrives at the midpoint just when the

negative wave B 1 arrives at the midpoint from the diode

D1. The signal B; combined with a portion of BI forms a

negative half-sine wave B2 and travels to the diode Dz.

Dz is placed in opposite polarity with respect to D1. The

negative Bz induces a positive half-sine wave A 2 on the

diode D.2, in the same manner that a positive half-sine

wave has induced a negative half-sine wave on the diode

D1. The resultant waveform on D, is shown by a solid

line in Fig. 2. A z travels to the output terminal through

the midpoint and forms a positive half-sine wave Ao of

the output signal. The next A i of the input signal arrives

at the midpoint just when A 2 arrives at the midpoint.

A i combined with a portion of A 2 forms the positive

half-sine wave A 1 and travels to the diode D1. A 1 induces

the negative half-sine wave B1 of the next cycle, a por-

tion of which travels to the output terminal and forms a

negative half-sine wave Bo of the output signal. The

antiparallel pair acts as an amplifier when the amplitude

of Bo and Ao is higher than that of A i and Bi, or equiv-

alently when the amplitude of B1 and A 2 is higher than

that of A 1 and Bz. This condition is satisfied when prop-

er incident waveform and bias voltage are applied to

each diode.

The relationship between the physical separation L of

the two diodes and the wavelength X of the amplified

signal is derived from the condition that a round-trip

time from the midpoint to the diode equals one half-

cycle of the input signal:

L/VP + ra = ~/2VP (1)

where Vp is the phase velocity and ra the response delay

time between the incident and the generated half-sine

wave [13 ], [16]. Equation (1) has been used to cal-

culate the frequency of oscillation for the antiparallel

oscillator [13 ].

III. WAVEFORM MEASUREMENTS

RF-voltage waveforms measured on the antiparallel

circuit in the amplifier mode further demonstrate the

mechanism of amplification described in Section II. The

waveforms have been measured with a 1OOO-Q micro-

wave chip resistor (two 500-!2 resistors in series) and a

Tektronix-type 661 sampling oscilloscope having a 90-

ps rise time. The waveform at the cathode of DI (top

of Fig. 3) exhibits the leading edge of the positive wave

incident to D1 followed by the trailing edge of the nega-

tive wave generated inside D1. The waveform at the

anode of Da (bottom of Fig. 3) exhibits the leading edge

of the negative wave incident to D2 and the trailing edge

of the positive wave generated inside Di. The waveform

measured represents an RF component of the diode

voltage since the waveform is measured across the diode

CATHODE
POTENTIAL
OF DIODE. DI

- Ov

Fig. 3. Sampling-oscilloscope voltage waveforms on diodes in anti-
parallel amplifier. Input power is 20 W and output power is 150
W. Vertical scale: 33.2 V/div; horizontal scale: 200 ps/div.

in series with the bypass capacitor (Fig. 2). The averaged

autobias across each diode is approximately 105 V. The

output power of the amplifier has been reduced when

measuring the waveforms, since the two resistors load

the circuit. The waveforms in Fig. 3 were taken with a

test setup in which the amplifier delivered 150-W out-

put power with 20-W input power. The waveforms at D1

and Dz repeat themselves with a period of 1 ris-corre-

sponding to the operating frequency of 1 GHz. The

phase relationship between the two waveforms has been

determined by operating the sampling scope in a dual-

trace mode. The two pictures in Fig. 3 exhibit the phase

relationship. The positive wave incident to D1 is de-

layed by 0.5 ns from the negative wave incident to D2;

the wave incident to DI is 180° out of phase with respect

to the wave incident to D2. Therefore, the mechanism of

amplification may be simplified as follows. The diode D1

amplifies the positive half-sine wave of the 1-GHz input

and the diode Dz amplifies the negative half-sine wave

of the input. The mechanism for the antiparallel ampli-

fier is similar to that for a conventional transistor push–

pull amplifier, in which one of the two transistors

amplifies one half-cycle of the input signal, and the

other amplifies another half-cycle of the input signal. It

should be noted, however, that they are not completely

equivalent. The two transistors in the push–pull ampli-

fier are relatively independent in operation from each

other, e.g., the push–pull circuit with one of the transis-

tors missing still works as an amplifier even though the

output waveform is distorted. The two diodes in the

antiparallel amplifier, however, are closely coupled to

each other as seen from the previous discussions. The

antiparallel circuit would not operate as an amplifier

with only one diode.

Fig. 4 shows a waveform at the midpoint between the

diodes. The waveform has been measured by connecting

a 1OOO-Q microwave resistor to the midpoint. The output

power of the amplifier has been reduced to 110 W, with

an input power of 20 W.

It should be noted that the waveform is very non-

sinusoidal at the diode positions but almost sinusoidal
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Fig. 4. Almost sinusoidal waveform at midpoint between two diodes
formiug antiparallel pair. Input power is20Wand output power
is 11OW. Vertical scale: 66.4 V/div; horizontal scale: 200ps/div.
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Fig.5. Antiparallel amplifier ona T-shapecf
microstrip-line circuit.

at the midpoint. This is because the positive and nega-

tive half-sine waves arrive alternatively at the midpoint

every 500 ps, thus producing an almost sinusoidal wave-

form. The waveform measurements indicate that the

signal at the midpoint is low on harmonic content even

though the signals at the diodes are high on harmonic

content. The fundamental and harmonic signals within

the circuit have been probed by using a small elettric-

field probe [12 ]. As has been found for the anti parallel

oscillator circuit [12], the probe measurements have

verified that both the second and the third harmonic

are strong at the diode positions but very weak at the

midpoint. The second and third harmonic signals have

also been found to be very weak along the output line.

This is because the wave traveling toward the load on

the output line is the fundamental sine wave formed at

the midpoint, and the wave traveling toward the mid-

point is also the sine wave from the input terminal com-

bined with the sine wave reflected at the low-pass filter.

IV. AMPLIFIER EXPERIMENT

The antiparallel amplifier experiment has been per-

formed using a T-shaped SO-Q microstrip-line circuit as

shown in Fig. 5. The circuit is made of the conventional

microstrip of metal on Teflon. The distance between the

two diodes is 8.3 cm. The substrate has a dielectric con-

stant of 2.3. A small copper chip is used to ground the

Fig. 6. Antiparallel microstrip amplifier.

p-side of D1. The bias voltage is applied to the diode Dz

through a thin inductive wire. A 100-pF bypass capac-

itor is placed between DZ and the ground plane. The

bias circuit of Fig. 5, which has only one power source, is

slightly different from that of Fig. 1, which has two

sources. An AIL-type 125 power oscillator supplies a

CW input power to the circulator. The diodes are pulse-

operated. The bias voltage is a pulse voltage superim-

posed on a dc bias. The diodes would have been burned

out without the dc bias, because the diodes would have a

low impedance during their inactive period and would

absorb the high-power input signal. With the dc bias,

the diodes have a very high impedance during the off

period and reflect the input RF power. The input power

is monitored with a directional coupler and an H P341 B

power meter. The pulsed RF output is measured with

precision attenuators and a calibrated H P423A crystal

detector. Fig. 6 gives an, experimental setup of the

amplifier, and also exhibits the two chip resistors con-

nected to Dz used for the sampling-oscilloscope wave-

form measurements.
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The thin gold-plated steel plates E and F are the main

tuning elements that act as a low-pass filter’ [1 7]. The

fine tuning elements G, H, and I have been found to be

very useful in maximizing the amplifier gain and output

power. A 1.0-to 2. O-GHZ bandpais filter is used to block

the dc signal as well as to ensure a single frequency in

the power measurements, A circulator’ is placed next to

the bandpass filter.

The admittance looking from the midpoint toward

the output circuit loaded with a SO-Q resistor has been

measured by using an H P841OA network analyzer, The

line connecting the two diodes has been disconnected at

the midpoint. A SO-Q coaxial line has been connected to

the midpoint from the back side of the circuit during the

measurement. The

8.64) mmho at 1.01

calculated from

measured admittance is (6.78 +j

GHz. The output power has been

P. = VV’/2G (2]

where Vp is the amplitude of the sine wave at the mid-

point obtained from waveform measurement (Fig. 4)

and G the real part of the admittance. P. is calculated to

be 116 W, which is in good agreement with the measured

output power of 110 W.

The diodes have a p-n-n+ tapered-cylinder structure

[18]. The diameter of the diodes is approximately

0.020 in. The junction was formed by boron cliff usion

into n-type silicon epitaxial wafers. The resistivity of

the epitaxial layer is around 6 Q. cm. The breakdown

voltage of the diodes is about 150 V and the punch-

through voltage is27 V.

The circuit operates as either an amplifier or an

oscillator, depending upon the number, sizes, and posi-

tions of the tuning elements. The amplifier tends to be a

saturation-type amplifier rather than a linear amplifier,

although it does have a short linear portion in the in-

put–output characteristics.

The detected output RF envelope and the pulsed

diode current shown in Fig. 6 were observed with such a

saturation-type amplifier which has a very nonlinear

input–output characteristic. Fig. 7(a) shows a saturated

output power of 200 W with a 20-W input power, The

power conversion efficiency, which is RF output divided

by dc input plus RF input, is 16.7 percent. The output

envelope during the off period represents a reflection of

the input power by the diodes. The width of the current

pulse determines the width of the output RF envelope.

Fig. 7 (b) was taken when there was no input power to

the amplifier. The CW input has also been replaced by a

z The main function of the low-pass filter in this circuit is to adjust
the amount of reflection or transmission for the fundamental-fre-
quency signal so that the diodes are most effectively triggered into
power generation with a minimum of input power. The low-pass
filter also reflects all the harmonic signals coming from the midpoint,
even though those harmonic signals are weak, as seen in Section 111.

(a) (b)

Fig. 7. Detected RF output (top) and diode current (bottom).
(a) With a 20-W CW input. (b) Without input.
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Fig. 8. Gain versus frequency characteristics of saturation-type
antlparallel amp!ifier.

pulsed input whose width is shorter than the bias width.

The pulsewidth of the output RF envelope has followed

that of the input RF envelope. For this reason, it has

been concluded that the circuit is not a triggered oscil-

lator but an amplifier.

The tuning elements of the amplifier have also been

adjusted to obtain the maximum linear range in its in-

put–output characteristics. The amplifier has a residual

output of 7 W. The linear portion is from 30 W to 200 W.

The output power saturates at 200 W with a 10-dB

power gain. The detected RF envelope is clean at the

saturated level. However, it is noisy at low levels as

previously reported [4]. Fig. 8 shows the gain versus

frequency characteristics of the saturation-type ampli-

fier. The 3-dB bandwidth is 17.5 MHz with a 1.01-GHz

center frequency of amplification. The center frequency

is equal to the frequency of oscillation when the circuit is

timed as an oscillator.

V. DISCUSSION

It has been observed that the antiparallel amplifier is

a balanced amplifier and has low harmonic content in

the output line. The nature of low harmonic content

seems to make the antiparallel configuration more suit-

able for amplifier applications than a single-diode cir-

cuit [2 ]– [7]. The single-diode circuit has high harmonic

content [7], [17]. The harmonic signals leaking out of

the low-pass filter may reflect at the circulator and may

cause difficulties in tuning the amplifier. With low

harmonic content, the antiparallel circuit has negligible

higher harmonics arriving at the circulator. The circuit,
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therefore, is free from the disturbances caused by the

reflected harmonic signals.

This experiment, as well as others [2], [4], [7], sug-

gests that the high-power amplifier with high-efficiency

avalanche diodes can best be used as a saturation-type

amplifier which has a very nonlinear, or threshold-type,

input–output characteristic. The threshold nature of the

inpu-output characteristics is believed to originate

from a triggering-type response of the diode. To initiate

the trapped plasma, the incident wave to the diode must

satisfy two conditions: 1 ) the amplitude of the incident

wave plus the diode bias voltage must be sufficiently

higher than the breakdown voltage [19 ]; and 2) the

leading edge of the incident wave must be sharp enough

to launch the traveling avalanche zone [14], . [16].

These requirements for the incident wave contribute to

the existence of a threshold level for RF input to

activate the diode.

VI. CONCLUSIONS

It has been demonstrated that an antiparallel diode

pair, spaced approximately one-half wavelength apart,

works as a high-power reflection-type amplifier. The

amplifier is of a saturation type. Waveform measure-

ments indicate that the operation of the amplifier can be

explained in terms of an incident wave triggering the

trapped plasma within the diode and a reflected wave

delivering amplified power to the load. The antiparallel

circuit has very low harmonic content, which facilitates

the circuit tuning as an amplifier. The amplifier has pro-

vided a 200-W output power with a 10-dB gain. The

center frequency is 1.01 GHz with a 3-dB bandwidth of

17.5 MHz.
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