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Broadband Linearly Polarized Beat-Wave

TEml/TEll Mode Converters
D. IB. McDermott, J, Pretterebner, C, K. Chong, C. F. Kinney, M. M. Razeghi, and N. C. Luhmann Jr.

Abstract—Broadband linearly polarized waveguide mode con-

verters have been developed to transform the high-order cylindri-
cal TE~ Loutput wave from harmonic gyrotron amplifiers into the
more useful TE1 I fundamental waveguide mode. The converter’s

corrugation period is equal to the beat between the two waves

and the bandwidth is predicted to be inversely proportional to
the numbm- of periods. Four-period TEJ I/TEI 1 and TE~l/TEI I
converters with an azimuthal perturbation of m. = 4 and m. =

5, respectively, have yielded a peak conversion efficiency of 98 %
with a bandwidth greater than 39Z0and a one-period beat-wave
converter has been designed to yield 12% bandwidth. However,

it has been observed in measurements that the strong coupling in

a short converter can lead to a shift of the center-frequency with
an accompanying reduction of the efficiency and bandwidth. A

two-period TE41/TEI I converter with 5% bandwidth displayed a
5% frequency shift and a conversion efficiency of only 86%.

I. INTRODUCTION

T HERMIONIC FAST-WAVE AMPLIFIERS [1]–[7] are

often designed to generate their rf output in a high order

mode, It is usually desirable to transform the electromagnetic

energy into the lowest order mode of the transmission system.

Corrugated beat-wave mode converters [8]–[10], which have

been developed by the fusion plasma community for electron

cyclotron resonance heating (ECRH) [11 ]–[ 13] of magnetic fu-

sion reactors, can in principle selectively transform any mode

into any other mode. The principle of operation in this three-

wave process is to use the zero-frequency corrugation “idler

wave” to resonantly transfer the energy in one electromagnetic

mode to another. A wave of frequency w that is initially in

a mode with the azimuthal and radial eigennumbers (TW, ni)

with wavevector @i can be transferred into mode (mf, n ~)

with wavector ~j if the period tc and azimuthal multipole

m~ of the converter’s corrugation satisfies the beat conditions,

mf = m, + m. and @f = p; + /3,-, where pc = 2~/lc.

The conversion efficiency can theoretically reach unity and

has exceeded 99% in practice [9]. Some energy will be

transferred into spurious waves that do not satisfy the above
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beat conditions, but their generation is limited by destructive

interference.

The bandwidth has not been a concern for the mode

converters designed for ECRH since the typical high power

gyrotron source is a fixed frequency oscillator. However, for

the application of transforming the high-order output wave

from an overmoded fast-wave amplifier, the bandwidth of

the mode converter should be at least as wide as that of

the amplifier. The required broad bandwidth can be realized

from a short converter. R has been shown [9] that a beat-wave

converter’s bandwidth is approximately inversely proportional

to the number of periods. The mode converters reported in

this paper were developed to transform the linearly polarized

cylindrical TEml waves generated by a slotted mth-harmonic

gyrotron traveling-wave tube (gyro-TWT) amplifier with ~3%

bandwidth into the more useful fundamental TE1l mode. The

usual convention that m is a positive integer or zero will be

used.

Beat-wave converters for ECRH are usually circularly po-

larized. A linearly polarized converter can be created by su-

perimposing the corrugation pattern of two oppositely wound

circularly polarized converters as shown in Fig. 1. To trans-

form an mth-order azimuthal mode into a first-order mode,

the converter can have either an mC = m + 1 or m. = m – 1

azimuthal multipole geometry. The choice of m~ = m + 1

yields better selectivity because the mode numbers of the

spurious generated waves are more widely separated and the

converter can be designed so that more of these higher order.

spurious modes are cutoff. Fig. 2 shows the mode selection

rule for an mC = m + 1 converter acting on the two circularly

polarized components of a linearly polarized TE~l wave to

create a linearly polarized TE1l wave. In the inverse process,

which occurs simultaneously in the resonant transfer process,

the TE11 wave converts back into the TEml mode and also

into either the TEm+2, 1 mode for mC = m + 1 or the TEm_2, 1

mode for mc = m – 1. The excitation of TEm+2, 1 waves

can be suppressed by choosing the radius to be sufficiently

narrow to cut off this mode. However, the TEml converter with

m. = m – 1 will not cutoff the TE~ _z, 1 waves it generates.

Although this spurious wave does not satisfy the wavevector

matching condition, its generation represents a loss of energy

and should be avoided.

The organization of this paper is as follows. The theory
used to predict the behavior of corrugated beat-wave mode

converters is presented in Section II. This theory was used to

design four broadband TEml/TEll converters, After describ-

ing the diagnostic system, the measurements of three of these
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Fig, 1. Schematic ofa two period, linearly polarized beat-wave TE,~l/TEll
mode converter.

converters are comparedin Section IIIto the predictions from

theory. The dependence of an observed center-frequency shift

on the number of periods is also discussed. Section IV contains

the final discussion and summary.

II. THEORY

The inner radius of a linearly polarized converter in cylin-

drical waveguide is prescribed by

7-(6,z) = 7-W+ a~(d, z) (1)

where r., is the mean radius, a is the amplitude of the

corrugation, and ((0, z) is the geometrical form function of

the perturbation which is specified by

<(0, z) = Cos(%o+ 1%’z) + Cos(mco- Lz) (2)

which can also be written as

f(o, 2) = 2cos(mco) Cos(pcz). (3)

An electromagnetic wave with frequency w can progagate

through a waveguide as a
{

infinite sum of TE and TM

modes. A perturbation of t e wall will intercouple the wave

Ilvl m

wm-=-m

Fig. 2. Diagram showing the transformation of the circularly-polarized com-
ponents of a linearly polarized TE,R I mode into the circularly-polarized
components of a linearly polarized TEI 1 mode in a linearly polarized

converter with ?I!C = m + 1.

components. For a weak perturbation, the complex amplitude

for each coupled traveling wave satisfies

where ?, = a, + j/3z, cu is the attenuation for each wave, Pi is

its propagation constant, and Kij are the coupling coefficients

between the two modes z and j. The coupling coefficients for

sinusoidal corrugation are given [14] by

a (—z~nz~,n,
K~k= p

+ md’r; (LJ2/c2 + P@’))

7“ ((w) (ZL - mz)(Z:,n, - m“)) ‘/2
(5)

for the coupling of TEnn and TEm,n, modes

a (w2/c2 + ppf)
Kik == ~

w (pP’)’/’
(6)

for the coupling of TMm. and TMmn modes, and

Kak = L ~(w/c)(fl + 6’)

2r~((LW)(ZL - m’))’l’
(7)

for the coupling of TE~.n and TM~~ modes.

Although the full multimode set of equations (4) should be

used to check a design for efficient, conversion into a single

mode, a two-mode theory can be used to obtain the approx-

imate conversion length and bandwidth. If the attenuation of
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TABLE I
PARAMETERSOFFOURTE*I/TEII MODE CONVERTERS.

(a) (b) (c) (d)

TE2.1/TE1l TE31mll TE3]frE] 1 TE41/TEll

One-period Four-period Two-period Four-period

center frequency 95.01 GHz 10.24 GHz 10.24 .GHz 10.31 GHz

% 3 4 4 5

d% 1.20 1.24 1,24 1.30

corrugation amplitude, a 0.267 mm 0.99 mm 2.00 mm 1.549 mm

mean diameter, 2rW 3.668 mm 48.62 mm 48.62 mm 64.01 mm

beat length, /c 10.005 mm 85.45 mm 85.45 mm 89.56 mm

total length 10.005 mm 341.80 mm 170.90 mm 358.24 mm

analytical optimum length 10.007 mm 354.7 mm 175.6 mm 301.7 mm

the two waves and the generation of spurious modes can both

be neglected, the coupled transmission line equations [10] for

the two principal waves are

+AI(z) = ‘jl%Al(Z) + 2cos(%O) COS(j&Z)~12-42(Z)

(8)

and

:A2(2) = –.j/?2A2(z) + 2 COS(~C6)cos(/3Cz)K21A1(z).
(u

(9)

After multiplying the wave amplitudes by exp(+j@,z/2), as

appropriate, to transform both waves into the same “center”

frame, recognizing that the coupling coefficients are symmet-

ric, and then ignoring the fast oscillation terms, the solution

for the two waves can be found as

and

where ~ = ~1 – 82 – DC is the mismatch. This solution

is in the same form as obtained [15] for tight coupling of

two transmission lines. For exact resonance (8 = O), these

equations predict that the power will be cyclically transferred

[10] in a length of

LOPt = ~.
K12

(12)

The bandwidth can also be obtained from these equations.

It is seen from (10) and (11) that the mismatch to achieve

a particular condition scales with the coupling strength. The

wavevector mismatch for 90% power transfer in a converter

of length LoPt can be found to satisfy ~ = K12/7T. BY

subtracting the wave equations for the initial and final waves at

313

exact resonance from the two wave equations at the mismatch

edges, the bandwidth for 9070 power transfer can be found to

approximately be

(13)

where fV is the number of beat-periods in the converter and

PO = W/C. Throughout this paper, the bandwidth will be
defined as the normalized width between the two frequencies

that yield 90910of the maximum power transfer.

The two-mode theory was used to design a broadband,

linearly polarized, m, = 3, TEz1/TEll mode converter for a

0.5 MW, 94 GHz, second-harmonic gyro-TWT amplifier [3],

whose output is in the TE21 mode, The converter’s bandwidth

needed to be much broader than the amplifier’s predicted

bandwidth of 7%. An mc = 3 converter was designed with

a length of only one beat-period and a bandwidth of 15.1 Yo

as predicted by (12). The parameters are shown in Table I(a).

Since the center frequency was chosen to be only 209i0 above

the cutoff frequency for the TE21 mode, the only other modes

that can propagate are the TE1l and TMol, of which only

the TE1l mode satisfies the azimuthal matching condition.

Therefore, spurious mode generation was not expected to be

a problem. However, since the cutoff frequency of the TM1 I

mode is at the upper end of the bandwidth, the full multimode

set of equations (4) were used to evaluate the converter. The

spatial evolution of a wave initially in the TE21 mode is shown

in Fig. 3. The maximum transfer to the TE11 mode occurs

for a length of 1.00 cm, which agrees within 0.02% to the

optimal length predicted by the two-mode analytical theory.

The peak conversion efficiency is 99.85% and occurs 2.3%

below the design frequency. The ohmic loss in ideal copper is
only 0.33910,The converter’s bandwidth from the simulation is

shown in Fig. 4, The bandwidth is reduced from the analytical

value (12) on the low frequency end by dispersion and on the

high frequency end by the onset of the TM1l mode. Still, the

predicted bandwidth of 11.5% is much broader than needed

for the amplifier application.
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III. MEASUREMENT

Several broadband linearly polarized beat-wave TE~l/TEll

mode converters have been built. Each converter was fab-

ricated by electroforming copper over an aluminum mandril

that was then etched away. The configuration of the measure-

ment system based upon a Hewlett-Packard 8510 Automated

Vector Network Analyzer is shown in Fig. 5. The converter

is connected to the coaxial transmission line of the Network

Analyzer’s port 1 through an adapter comprised of a circular

to circular waveguide taper transition, a circular to rectangular

waveguide transition and a rectangular waveguide to coaxial

cable transformer. In this way, the Network Analyzer launches

a TE1l mode into the converter. To receive the TE1l mode

transmitted by the converter, an identical adapter is positioned

along the same axis with a one meter gap separation and

attached to port 2 of the Network Analyzer. The purpose of
including a gap in the Analyzer’s transmission path is to avoid

trapping higher order modes by radiating them out of the path.

Configured in this way, the S21 insertion loss measurement

finds the power remaining in the TE1l mode. Except for the

generation of spurious modes, the properties of conversion

from TE,.I to TEII are identical to the inverse process of

conversion from TE11 to TE,. 1. Reciprocity y is guaranteed

from the symmetry of the two-mode equations (8) and (9)

and their solution (10) and (11).

The four-period converter with an azimuthal symmetry of

m< = 4 described in Table I(b) was designed to transform

the TE31 output of a 3% bandwidth, slotted third-harmonic

-
t’ Coax to Rectangular

Device Under Test WG Transition

Fig, 5, Schematic of experimental confignrat]on to measure the Insertion loss

through the beat-wave TE,n I /TE1 z mode converters.
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Fig 6, Dependence on frequency of power distribution m the TET ~ (sohd

line), TE:3 ~ (dashed line), TM I 1 (dotted hne), and TE12 (dot-dashed hrre)
modes from simulation and m the TEI ~ mode from measurement (sohd
circles) of the wave emitted from the four-period m, = 4 converter (Table

I(b) ) and normahzed to power of the TE1 I input wave.

gyro-TWT [4] and [5] into the TE11 mode. The bandwidth of
the converter from simulation and measurement is shown in

Fig. 6. Although the measured bandwidth of 3.37i0 agrees fairly

well with the 4.3~0 value predicted by the multimode theory as

well as the 4.4% value predicted by the two-mode theory, it is

evident that the center frequency has shifted by – 2.570 from

the design value and –2.270 from the simulation value. The

simulation indicates that the excitation of the TE12 mode can

be quite destructive to the desired conversion process above

its cutoff at 10.47 GHz, which was designed to be above

the converter’s primary bandwidth. The converter had been

built in sections so that the conversion could be monitored

as a function of distance. The length of the sections are

multiples of one-half of the beat period. By referring to the

geometrical form function of the corrugation in (3) or by

directly viewing the converter in Fig. 1. it can be realized

that the crosssection of the converter is a perfect circle every

half period. The converter sections end at these positions. The

spatial dependence of a TE11 wave in the converter from

measurement and simulation is shown in Fig. 7. The spatial

transformation of the measured center-frequency wave agrees

well with the predicted (4) transformation of the predicted

center frequent y. For a conversion length of four periods, the

power remaining in theTE11 mode at the center frequency was

predicted to be 0.34% and the measured value was 0.00570.

The pattern of the converted wave was measured using the

Network Analyzer with an azimuthally rotatable radial probe

near the wall of the output circular wavegtude and is shown
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Fig. 8. Measured azimuthal dependence of the radial electric field of a 10.0
GHz wave after propagating through the four-period TE3 ~/TEI I converter
(Table I(b), TEII input).

in Fig. 8. Although the pattern suggests that the converted

wave is a fairly pure third-order azimuthal mode, the purity is

somewhat reduced when the probe’s lower sensitivity (+2.8)

to the radial electric field of the TM11 volume mode is

included. Whereas the multimode theory predicted that the

mode distribution of the center-frequency wave would be

99.9% in the TE31 mode, the purity of the converted wave is

actually 98.4%. Including the spurious mode generation and

the predicted attenuation of 0.47% using a resistivity twice

that of ideal copper, the maximum efficiency of the converter

is 97.9V0.

In an attempt to further increase the converter’s bandwidth

for the gyro-TWT application, a shorter TE31/TE11 converter

was built, Fig. 9 shows the bandwidth of the two-period

converter summarized in Table I(c), The center frequency has

shifted significantly from the design value ( –4.9%) and the

simulation value (–6.3970), Also, the measured bandwidth of
5.27. is considerably less than the multimode prediction of

7.1 % ancl the two-mode prediction of 8.8%. Concerning the

generation of spurious modes as predicted by simulation. the

TMII mode is excited to a higher level than in the four-period

model and the TE12 mode again becomes an impediment

above its cutoff at 10.47 GHz. The two-period converter was

also built in sections so that the spatial dependence of the

conversion could be followed. Fig. 10 shows the spatial history

of a TE1l wave at the measured center frequency compared

to the simulated behavior of the predicted center-frequency

wave. The wave follows the predicted behavior in the initial

stages of the converter, but diverges progressively more in

the later stages. Evidently, a significant fraction of the initial

energy converts into modes that do not reform back into the

TE1l mode. The resonant transfer has been broken. For a

conversion length of two periods, the power remaining in

the TE11 mode at the center frequency was measured to be

only 0.05$10, which is to be compared with the 0.2’XO value

predicted by the multimode theory. However, it is evident in

the mode pattern in Fig. 11 that all of this energy did not

transfer into the TE31 mode. Whereas the multimode theory

predicted that the mode distribution of the converted wave

at the center frequency would be 99.870 in the TE31 mode,

the converted wave is found to actually be only 86.4~o in the

desired mode using a probe sensitivity ratio of 3.3. The peak

efficiency of this converter is 86.1 ‘%..
A third converter with an azimuthal symmetry of m. = 5

and summarized in Table I(d) was built to transform the TE1l

output of a 31Z0bandwidth, slotted third-harmonic peniotron-

TWT amplifier [6] and [16] into the TE1l mode. The band-

width of the four-period mC = 5 converter is shown in Fig. 12,

where the corrugation amplitude used in the simulation code is
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Fig. 11 Measured azimuthal dependence of the mdial electric field of a 96
GHz wave ~fter propagating through the two-period TE.11/TEII converter

(Table I(c), TE1l input).
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from measurement (sohd cmcles) of the wave emitted from the tour-period
rr) . = 5 converter (T~ble I(d)) and normahzed to power of the TE1l input
Nave

equal to the optimum value from the two-mode theory (12) for

the four-period length. The center frequency shift of +0.4%

from the design and +1.2% from the simuladonp redictionis

much less than in the four-period mc = 4 converter and is in

the opposite direction. The measured bandwidth of 3.5% is to

be compared with the 4.6% value predicted by the multimode

theory as well as the 4.970 value predicted by the two-mode

theory. The power remaining in the TE11 mode at the center-

frequency was measured to be 0.03%, which agrees well with

the predicted value of 0.0470. The radial probe measurement

of the converted wave in Fig. 13 shows that a high purity

fourth-order azimuthal mode has been generated. Whereas the

multimode theory predicted that the mode distribution of the
center-frequency wave would be 97.57o in the TEJ1 mode

(2.5% in the TMII mode), the actual TE41 content of the

converted wave was measured to be 98.47o. The probe’s higher

sensitivity ( x2.46) to the TE41 surface mode compared to the

TM11 mode has been included. From the simulation results

in Fig. 12, the TE12 level remains under 0.01370 over the

bandwidth of interest, and the onset of the TM12 mode at 10.48

GHz does not have nearly as sever an effect as the TE12 mode

has in them. = 4 converters. Including the nonideal effects of

spurious mode generation, attenuation and incomplete power

transfer, the maximum efficiency of the four-period mC = 5

converter was still found to reach 98.470.

T T
o 90 180 270 360

Angle (0)

Fig. 13. Measured azimuthal dependence of the radial electric field of a 10.3
GHz wave after propagating through the four-permd TE~ ~/TE1 I converter

(Table I(d). TEJ { input).

IV. SUMMARY

Beat-wave mode converters can been used to transform the

high-order linearly polarized TE~I output from broadband

fast-wave amplifiers into the fundamental TE1l mode. Using

the theory reviewed in Section II, several converters were

designed and tested. Since the center frequency of the four-

period TEu/TEIl converter did not shift significantly (0.4%),

it yielded the best performance. Its efficiency was 98.470

with a 3.570 bandwidth. The four-period TE31/TEl 1 converter

yielded an efficiency of 97.97. with a 3.37. bandwidth and a

2.570 shift of its center frequency. Although the four-period

converters’ bandwidth marginally satisfies the 37o bandwidth

requirement for the amplifier application, it is apparent that the

bandwidth is limited from being increased much further. Al-

though the bandwidth is analytically predicted to be inversely

proportional to the number of periods, the increased shift

of the center frequency from the stronger coupling required

for a shorter converter leads to increased mode impurity and

a reduction of the bandwidth. The two-period TE41/TE11

converter yielded only 86.170 conversion efficiency with 5.27o

bandwidth due to the 5.0% strong coupling frequency shift.

Converters with broader bandwidth should be designed using

the full Maxwell’s equations in order to account for the

strong coupling effects. By proper compensation, the 11.570

bandwidth predicted for the 95 GHz, one-period TE21/TE11

converter should be achievtible, especially since it does not

generate spurious modes.
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