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Gyrotron-TWT Operating Characteristics

PATRICK E. FERGUSON, GERALD VALIER, AND ROBERTS. SYMONS, FELLOW, IEEE

Abstract— The gyrotron traveling-wave tube (gyro-TW~ is a new type

of millimeter amplifier which employs the electron cyclotron maser instabil-

ity as a basis for the electron-electromagnetic wave interaction. A C-band

gyro-TWT, employing the fundamental cyclotron resonance interaction

with the circularly polarized TEIl dominant waveguide mode, has been

constructed and tested. Initiaf power measurements yielded an output

power of 50 kW at 60-kV beans voltage with 16.6-percent efficiency and

6-percent bandwidth. These measurements were recorded with a flat mag-

netic field. Subsequent experimental testing yielded, for a magnetic field

increasing in magnitude towards the output portion of the tube, 128-kW

and 65-kV beam voltage at 24-percent electronic efficiency. The maximum

efficiency was 26 percent at 120.5-kW peak power, with an instantaneous

bandwidth of 7.25 percent as measured in a high-beam power mode (65 kV,

7 A). In the low-beam power mode (40 kV, 4 A), the efficiency was 9.8

percent at 18.8-kW peak power at 9.3-percent instantaneous bandwidth.

Additional experimental results of AM and PM modulation coefffcient~

spectral purity, phase linearity, and noise figure are presented.

I. INTRODUCTION

T HE GYROTRON traveling-wave tube (gyro-TWT)

has received considerable theoretical and experimen-

tal attention as reported in the literature. The majority of

the theoretical effort has been given to a gyro-TWT operat-

ing at 35 GHz in the TEO1 circular electric mode at the

fundamental electron cyclotron frequency [1]-[3].

Recently, at Varian Associates, Inc., a gyro-TWT operat-

ing in the TE, ~ dominant waveguide mode at approxi-

mately 5 GHz was reported [4]. Initial experimental results

included measurements of stable gain as high as 24 dB

small signal and 18 dB saturated. A saturated power out-

put of 50 kW at a total beam efficiency of 16.6 percent was

measured with a 3-dB saturated power output bandwidth

of 6 percent at 60-kV beam voltage and 5-A beam current.

Since the publication of the results for both the 35- and

5-GHz gyro-TWT, considerable interest has been shown

toward radar and communication systems applications. It

seemed appropriate then to characterize the 5-GHz gyro-

TWT as to peak power output with various beam condi-

tions, small signal and saturated gain, instantaneous band-

width, maximum efficiency, amplitude modulation (AM)

sensitivity and frequency modulation (FM) sensitivity to

operating parameters, spectral purity, phase linearity, and

noise figure.

A description of the gyro-TWT and a discussion of the

associated magnetic-field configuration are given in Section
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II. In Section III the experimental results are presented. A

summary is given in Section IV.

II. DEVICE DESCRIPTION

Three gyro-TWT’s were constructed and tested, All tubes

used the fundamental cyclotron resonance interaction with

the circularly polarized TE,, dominant waveguide mode.

The tubes differed in the length of the single circuit section

and in the amount of distributed loss.

The third gyro-TWT is shown in Fig. 1. The electron gun

is of the magnetron-injection type, operating temperature-

Iimited. This gun produced an annular electron beam with

mean radius of 0.34 in in the interaction region. The area

convergence is 4:1. The gun was designed to operate at

60-kV beam voltage and 5-A beam current with a per-

pendicular velocity ratio of 2:1 and a parallel velocity

spread of 5-percent maximum. Early data [4] indicated that

assuming a perpendicular velocity ratio of 1.5:1, reasonable

agreement was obtained between the calculated and experi-

mental small-signal gain. The calculated results were ob-

tained with an assumed zero temperature beam, i.e., there

was no spread in the parallel or perpendicular velocity

components.

The input waveguide is rectangular with a low VSWR

transition at the RF circuit junction. A second input guide

orthogonal to the one shown was included in order to

excite the two degenerate waves of the TE,, mode. This has

not been accomplished to date. The output window is a

5-cm-diameter disk of alumina. The collector, being of

slightly larger diameter, is insulated from the body of the

tube. This change in diameter without impedance transfor-

mation unfortunately resulted in a mismatch which gave

rise to some variation in the RF power spectrum.

The RF circuit of the gyro-TWT is a cylindrical wave-

guide of length 43 cm and diameter 3.7 cm. The first 67

percent of the circuit from the input end was coated with

Kanthal. Kanthal is a lossy compound of ,iron, chromium,

and aluminum. Insertion-loss measurements were per-

formed to determine if the loss of Kanthal was magnetic-

field dependent. The measurements indicated that the loss

decreased linearly as a function of magnetic field up to

1900 G. The loss decreased by a factor of two. The loss

remained constant above 1900 G. No hysteretic effects

were found.

The arrangement of the six magnetic coils are as shown.

Gun coil 1 is required for focusing the electron beam. This

coil has very little effect on power output. Gun coil 2 aids
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Fig. 1. Cross section of 5-(3Hz gyro-TWT with magnets.

in focusing and in the control of the magnitude of the

perpendicular velocity in the beam. As the beam enters the

RF interaction region, it undergoes adiabatic compression.

Magnet 4 is very instrumental in obtaining high gain and

power output. Magnet 1 is comparable in sensitivity to

magnet 4 as to gain and power output. Magnets 2 and 3

are less influential than magnets 1 and 4. The main mag-

netic field profile as adjusted for maximum efficiency

increases in magnitude by 4.4 percent from the input

waveguide to the output end. The indicated positive slope

in magnetic field is in qualitative agreement with theoreti-

cal predictions [5].

III. EXPERIMENTAL RESULTS

The first experimental measurements [4] on the gyro-

TWT as discussed above are listed in Table I. Since these

measurements were made, several changes have been made

in the cathode pulsed test station and RF measuring sys-

tem. One major change was in the replacement of the six

nonregulated and nonisolated magnet power supplies with

six current-regulated (1 part in 103) power supplies with

ten-turn potentiometers. The ten-turn potentiometers al-

lowed for very fine adjustment of the magnetic field. The

currents through the six coils were measured using

calibrated shunts with digital readout. Another improve-

ment was the calibration in situ of the two capacitive

dividers for measuring the cathode and mod-anode volt-

ages. A calorimeter with integral thermopiles and digital

readout was installed to measure RF output power. To

substantiate the measured output power, the input and

output waveguide systems were calibrated independently.

Agreement within 0.2 dB was obtained across the operating

band. The initial peak power measurements before the
changes indicated that RF saturation was approached but

not obtained over the operating band. A TWT driver with

considerably more peak power was obtained. This addi-

tional input power was sufficient to obtain full saturation

over a large proportion of the band.

RF compression curves of peak power out as a function

TABLE I
PREVIOUS FkPEW~NTAL RESULTS

Beam Voltage 60 kV

BeaJI Current 5A

Frequency 5.2 GHZ’

Peak Output Power 50 m

Small Signal Gain (Haximm) 24 dB

Saturated Gain 18 dB

Bandwidth 6$

Efficiency 16.6 $

of peak power in are shown in Figs. 2 and 3 for ~= 5.18

GHz and ~= 5.20 GHz, respectively. The small-signal gain

of 26 dB and saturated gain of 20 dB as shown in Fig. 2 are

of significance. The 26-percent electronic efficiency as

shown in Fig. 3 represents the highest efficiency reported

to date for a gyro-TWT. This efficiency was calculated

from the relation of

Peak Power Out – Peak Power In

Peak Beam Power “

Peak power output versus frequency at two levels of

beam power are displayed in Figs. 4 and 5. The purpose of

measuring these data was to demonstrate the dual-mode

capability of the gyro-TWT. For the high-beam power

mode in Fig. 4, the peak power output is 120.5 kW and the

instantaneous bandwidth as indicated is 7.25 percent. The

RF power hole at 5.43 GHz is due to the impedance

mismatch caused by the oversized collector. The elimina-

tion of this &ismatch would give an instantaneous band-

width of 8.8 percent for the high-power mode in compari-

son with the instantaneous bandwidth of 9.3 percent as
shown in Fig. 5 for the lower-power mode. The measured

results as shown represent the widest bandwidths reported

for a gyro-TWT. It should be noted that, in spite of the

fact that the magnetron gun was designed to operate at 60

kV at 5-A beam current, good performance has been

obtained at 40 kV and 4 A to 65 kV and 8 A. The
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Fig. 3. Peak power output versus power input.

computer simulations made during the gun design in-

dicated some sensitivity to the spread of perpendicular

energies to the operating conditions. The wide range of

operating parameters over which good performance has

been obtained is somewhat surprising. It is possible that

the high interaction impedance of the circularly polarized

TE,, mode makes this gyro-TWT relatively insensitive to

spread in the perpendicular and parallel velocities.

The final experimental power measurements are listed in

Table II. At 65-kV beam voltage and 8-A beam current, a

peak power of 128 kW at 24-percent efficiency was ob-

tained. One of the major emphases in this study has been

the measurement of saturated power, bandwidth, and ef-

ficiency. To data, due to the lack of a broad-band large-

signal gain computer program, no calculations have been

attempted to compare experiment with theory. The devia-

tion and implementation of such a program is in progress.

A gyro-TWT designed to operate at 95.5-GHz center

frequency is currently in development. The design of this
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Fig. 4. Peak power output versus frequency (high-power mode).

Vk = 40 kV

t
o~

50 51 52 53 5,4 55 56

FREOUENCY (GHz)

Fig. 5. Peak power output versus frequency (low-power mode).

TABLE II
FINALEXPERIMEmAL POWER MEASUREMENTS

Beam Voltage 65 kV

Beam Current 8A

?requenc y 5.2 GHz

Peak Output Power 128 kw

Efficiency 24 5

TABLE III
AM PUSHINGFACTORS

er Gvro-TWT (dB/S) CC-TWT ● ( dB/Sl

CathDde Voltage 0.045 0.5

Cathode Current 0.05 0.05

Mod. Anode Voltage 0.02 0.1

Main M6gnetic Field 0.94 0.25

●1O kW, 5$ BW, 60 dB gain

amplifier has been scaled directly using the results listed in

Table II.

AM sensitivities to operating parameters are listed in

Table III. For comparison, data for a 10-kW coupled-cavity

TWT with 5-percent bandwidth and 6-dB gain is also

listed. As indicated, AM sensitivities are considerably lower
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Fig. 6. Spectral measurements.

TABLE IV
PM PUSHINGFACTORS

er Gvro-TWT CC THT-*

Cathode Voltage 11.zo/s 300/5
Cathode Corrent 1 .93”/5 O.OO1°/s

Hed. Anode Voltage 3.60/$ 70/$

!!ain Usgnetic Field 7.940/$ 2.50/$

Drive Power 4°/dB sat,. 2.2°/rlB

1.25°/dB Lin.

●1O kW, 5$ BW, 60 dB gain

for the gyro-TWT with regard to electron beam parame-

ters. This is pqrtially a result of the higher gain of the

coupled-cavity TWT. The major contributor to AM is the

variation in the main magnetic field. The magnetic field for

this gyro-TWT was produced by a room-temperature

electromagnet. For gyro-TWT’s operating at a center

frequency of 30 GHz or higher, the magnetic field would

be produced by a superconducting solenoid. Under normal

operating conditions, tlie superconducting solenoid would

operate in the persistence mode, i.e., the external power

supply would be essentially disconnected. Under these

conditions, the main magnetic field would be almost con-

stant and the AM would,be negligible.

PM sensitivities to operating parameters are listed in

Table IV. Data for the 10-kW coupled-cavity TWT is listed

for comparison. PM due to variation in cathode voltage

and modulating anode voltage is considerably less than for

the coupled-cavity TWT. The variation in the main mag-

netic field is the major contributor to PM. For reasons

cited above for AM sensitivity, it is considered that with an

almost constant magnetic. field from a super conducting

solenoid, the PM would be negligible.
RF spectral purity tests were performed by examining

both input and output RF pulse spectra by use of a

spectrum analyzer. The pulse spectrum envelopes are shown

in Fig. 6. Comparison of these spectra indicates no signifi-

cant degradation. In fact, some improvement in symmetry

is achieved, possibly due to the slope of the gyro-TWT
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Fig. 8. Phase variation versus frequency.

voltage pulse compensating for the slower slope of the

driver-TWT voltage pulse.

Phase versus frequency measurements were performed

both with and without the electron beam. Without the

beam, as shown in Fig. 7, the phase varies & 15° from best

fit linear phase line and shows some periodic variation.

With the beam present, as shown in Fig. 8, the phase varies

& 26° from best fit linear phase line. In both cases, the

phase variation should be reduced considerably by im-

proved circuit matching.

The noise output of the gyro-TWT was measured in a

somewhat unorthodox manner. Since it was anticipated

that the noise figure of the amplifier would be in excess of

30 dB, the standard noise lamp technique of adding noise

at the amplifier input would not be effective. Therefore, a

technique was devised to measure the noise at the output

of the gyro-TWT. A block diagram of the components is

shown in Fig. 9. An argon noise source with nominal

excess noise of 15 dB was used as a reference for calibra-

tion. The noise source output was gated by a p-i-n modula-

tor to be present during the gyro-TWT interpulse period. A

sample of the gyro-TWT output was coupled through a

precision variable attenuator and RF coupler to add with

the signal from the noise source. The combined signals
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Fig. 9. Block diagram of noise-measuring apparatus.

TABLE V
NOISE FIGURE

Noise Figure

ncv (~

5.05 (ss2 56 dB

5.10 W

5.15 51.5

5.20 49

5.25 48

5.30 51

5.35 52

5.40 50

5.45 53

5.50 55

were amplified by a low-noise RF preamplifier and then

displayed by the RF spectrum analyzer. With the spectrum

analyzer set for zero sweep width, the comparative magni-

tudes of the noise source pulse and the gyro-TWT output

noise pulse could be observed. By adjusting the calibrated

attenuator to achieve equal amplitude of both pulses, the

gyro-TWT output noise could be determined by adding the

output coupling factor to the 15-dB excess noise from the

argon lamp. This calculation yielded output noise with
respect to thermal noise. Discrete frequencies in the operat-

ing band were obtained by manually tuning the RF spec-

~rum analyzer in order to determine whether there existed a

frequency dependency. The resulting data were then re-

ferred to the gyro-TWT RF input by subtracting the small-

signal gain to obtain an effective input noise figure above

thermal. These data are tabulated in Table V as a function

of frequency. The noise figure rise at the band edges is

probably a result of the output noise being rather constant

with the small-signal gain being very low. In comparison, a

coupled-cavity TWT operating at approximately the same

beam and output power levels would exhibit a total noise

figure 12-15 dB lower.

IV. DISCUSSION

The characterization of a gyro-TWT has been presented

in the interest of possible applications to radar and com-

munication systems. The performance of the gyro-TWT

has been shown to be comparable if not superior in many

ways to a coupled-cavity TWT. A high-power– low-power

capability, i.e., dual-mode operation, with almost the same

bandwidth for each mode, has been demonstrated. Present-

day coupled-cavity TWT’S generally suffer considerable

bandwidth compression when changing from the high-

power mode to the low-power mode. It is considered that,

for some high-power applications, a gyro-TWT, because of

its simplicity, can be the proper economic choice.

Finally, consideration should be given to the scalability

of the gyro-TWT to higher frequencies. The interaction

circuit, being a simple cylindrical waveguide in which one

or more modes can propagate, can be scaled directly. The

problem of impedance matching and inserting lossy

material for stability will become more complicated as the

operating frequency increases and the physical dimensions

decrease proportionally. The scahng of the magnetron-type

injection electron gun to higher operating frequencies pre-

sents the most difficult problem. It ‘has been shown herein

that the gyro-TWT can be operated at different beam

powers. However, if optimum efficiency and output power

are to be obtained, it will be necessary to design the

magnetron gun from fundamentals for each operating

frequency since scaling laws cannot be used.
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Modeling and Characterization of
Microstrip-to-Coaxial Transitions

MARIAN L. ~JEWSKI, MEMBER, IEEE, ROBERT W. ROSE,

AND JAMES R. SCOTT, STUDENT MEMBER, IEEE

A bstract— A simple circuit model for the transition from a Iossy micro-

strip to coaxial line has been developed on an experimental basis. The

proposed model can he used to predict accurately the insertion loss and

insertion phase over a wide frequency range,

Since explicit formulas for the model element values are given, these

elements, representing the parasitic of the transitions, can be taken into

account very easily when the microstrip is used as a test fixture for

measuring the parameters of solid-state devices. The practical use of the

model has been examined for severaf 20=50-Q lines on both Epsilam-10

and 99-percent afumina substrates with standard SMA coaxiaf connectors.

I. INTRODUCTION

A MODEL with empirically derived elements describing

the parasitic reactance associated with conventional

microstrip-to-coaxial line transitions is considered in this

paper. A typical microstrip-to-coaxial transition, unit is

shown in Fig. 1.

A model, which is applicable to a wide range of micro-

wave frequencies, has been developed from basic insertion

phase relationships [1]. These relationships provide simple

formulas from which the model components can be calcu-

lated. These formulas make the model easy to use for

measurement and analysis purposes.

Alternate methods for performing parasitic component

value calculations are available, for example Weissfloch’s

method [2]. However, these methods are, in general, more

cumbersome than the simple computational methods pro-

posed here, where the only computing aid required is a

commonly available programmable calculator.
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Fig. 1. Typical coaxial to rnicrostnp transition.

For measurement purposes, it is usual for a solid-state

device to be embedded in a microstrip network with the

measurement reference planes being fixed at the coaxial

terminations (see Fig. 1). However, to characterize accu-

rately the device under test, it is necessary that the refer-

ence planes be transferred to the actual “ports” of the

device. The values of the parasitic components ‘introduced

by the transition units must be known if they are to be

accounted for in the measurement process.

The proposed model and the related measurement-

calculation methods described here are very useful for this

purpose, as they offer a quick and reliable characterization

of the transition parasitic. They also take into account the

microstrip attenuation constant a.

The practical use of the model has been examined for

several 20 =50-Q lines on both Epsilam- 10 and 99-percent

alumina substrates with standard SMA-type coaxial con-
nectors. 1

1Sealectro SMA connector type 50-645-4546-31.
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