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Compact Quasi-Periodic and Aperiodic
TE,, Mode Converters in Overmoded
Circular Waveguides for Use with Gyrotrons

MICHAEL J. BUCKLEY, MEMBER, IEEE, AND RONALD J. VERNON, MEMBER, IEEE

Abstract —Designs of compact quasi-periodic and aperiodic
TEy,~TE, _, circular waveguide converters for use with gyrotrons in
an electron cyclotron heating (ECH) system are developed by analyti-
cally and numerically solving the coupled-mode differential equations.
Quasi-periodic mede transducer designs are developed which convert
the TE,, mode to the TE,;, mode and in some cases include a taper
(waveguide radius reduction). A 60 GHz aperiodic mode converter—taper
combines a 6.35 cm-2.779 cm waveguide diameter taper and a
TEy,~TE,, mode converter. A 140 GHz aperiodic mode converter—taper
combines a 6.35 cm-2.779 cm waveguide diameter taper and a
TEy3~TEg-TEy mode converter. The resulting designs are highly
efficient (conversion efficiencies > 99.4%), are shorter, have a broader
bandwidth than previous designs, and have a waveguide radius greater
than or equal to 1.389 cm over the entire length of the transducer to
allow for high-power transmission. Experimental results which are con-
sistent with theoretical calculations are presented.

I. INnTRODUCTION

YROTRONS are an efficient source of high-power

millimeter-wavelength energy. With output powers
that reach above 200 kW and frequencies that range from
28 to 140 GHz and beyond, gyrotrons have been used to
heat magnetically confined plasmas at the electron cy-
clotron resonance frequency [1], [2]. First-generation gy-
rotrons typically have an output in an axially symmetric
TE,, mode in a 6.35-cm-diameter circular waveguide.
This is usually converted into a linearly polarized mode by
means of one or more mode converters. In order to make
mode converters of reasonable length, the waveguide
diameter is often tapered to a 2.779 cm diameter.

One typical series of mode transducers is TE,,-to-TE,,,
TE,-to-TE,, and then TE,-to-HE,. The HE,, mode is
a completely linearly polarized mode which is an eigen-
mode of a corrugated waveguide. Because of the large
amounts of power produced by the gyrotron, the wave-
guide carrying its output must have a large diameter and
thus is highly overmoded. Using the technique of periodic
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waveguide perturbations developed by Kovalev et al. [3],
other workers have designed mode transducers which
successfully convert the output of a gyrotron into the
linearly polarized HE,, mode. These mode converters
suffer from the drawback of being relatively long and
having relatively narrow bandwidths or of having radii less
than 1.389 cm, which limits power handling capability [1],
(2], [4]. In this paper, we discuss techniques for designing
compact quasi-periodic and aperiodic TE,,-TE,,_,
mode transducers with radii greater than or equal to
1.389 cm [5], [6]. The quasi-periodic mode transducers
convert the TE;, mode to the TE,,_; mode and in some
cases include a small taper. The aperiodic mode transduc-
ers convert the TE;, mode into the TE,,_, mode and
include a 6.35 cm to 2.779 cm waveguide diameter taper.

II. TEg,-TE,, CourLeD-MODE EQUATIONS

The TE,,-TE,, coupled-mode equations were derived
by Unger [7] using techniques pioneered by Schelkunoff
[8]. The coupled-mode equations, neglecting reflected
modes, can be written in the form

=B (A + T T4, (1)
< q
gFn
where
1 da XénXéq 1/2 12
L,y(2) == — (B, /B,) >+ (B, /B.)"].

- 2 2
a dz Xén _X(,Jq

The power transported in the + £ direction by the nth
mode at the point z is given by |4} %, & is the radius (as
a function of z) of the mode converter, yj, is the nth
zero_of Jj(x) (excluding the one at x=0), and B,

= \/ k2~ (x4, /a)*, where k is the free-space wavenum-
ber. The beat wavenumber is defined as A Brg
=B, — B, Note that the beat wavenumber is z depen-
dent. A time dependence of the form e*'*’ is assumed,
where i=y/—1. In a future paper, we will show that
reflected modes are negligible for all the cases considered
here. The coupled-mode equations can be written in an
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alternate form by defining

A7 (2) = Al ()e e

Then
- )
& = L T Agel® s (2)
q*n :
III. Quasi-PErIoDIC MODE CONVERTERS

In the initial stages of the design procedure for quasi-
periodic TE,, -TE,,,_, mode converters, we assume that
the beat wavenumber is constant (independent of z) and
consider only the TE,,-TE,,_, mode interaction. In
later stages of the design procedure, we take into account
the z dependence of the beat wavenumber and, for 60
GHz TE),-TE, mode transducers, include the five
propagating TE,, modes (TE,, through TE.) in the
numerical analysis. For the 150 GHz TE,-TE;, mode
transducer we include, in later stages of the design, seven
propagating modes in the numerical analysis (TE,,
through TE;). Following Kovalev et al. [3], we examine
mode transducers with a radius variation of the form

a(z) = a,{1+ (e, /@) [1Fcos (k,z)]) (3)

where a, =0.01389 m, ¢; /a, is the relative perturbation
depth, and k, is the guide perturbation wavenumber. For
a two-period mode converter, 0 <k,z <4m and the up-
per sign in (3) is used. For a one-and-one-half-period
mode converter, 0 < k,z <37 and the lower sign in (3) is
used. More generally, the upper sign of (3) would be used
for any even number of half perturbation periods and the
lower sign for any odd number of half periods. This
upper-lower sign convention is continued below in (4)-(8).
The waveguide perturbation wavenumber, k ,, is approxi-
mately equal to the beat wavenumber. The coupled-mode
equations for just the TE,, and TE,, _; modes far from
cutoff (making B, /B,_;=1) can be written in the form

d —:—1(2)
&| A;(2)
B +2X6nXbn-1 (el/al)kPSin(kpZ)
Xbe — xb62_, 1+(61/01)[1¢C05(kp2)]
. 0 eiAB”'"_lz A;—l (4)
— e_lABn,n-—lZ O A’;

An approximate solution to (4) can be found by assum-
ing that
k p = ABn,n—l
and
1

1+(e, /a,) [1Fcos (k,z

+ (el/al)z[1$cos(kpz)]2 (5)

)] 21_(61/511)[1?005(]{,;2)]
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TABLE 1
Two-Mope ParRAMETERS

TE; Power at End

Initial Estimate Final Result of Converter

k, € /a, ky, € /a;
Two-Period Converter

753rad/m 0.188  79.8 rad/m 0.188 99.8%
1-1/2 Period Converter

75.3 rad/m 0.260 81.7rad/m 0.261 99.8%

and neglecting rapidly varying phase terms in the expres-
sion

sin(kpz)<1—(el/a1)[l?cos(kpz)] +(e, /a,)’

'[1¢C05(kpz)]2}[_e—igﬁ,,,nqz elAB;n_lz]. (6)
The approximate form for (4) is
d A T IXhn Xbn— €
dz A;lz,mi—xéffA&““{Ej
.[1_ s 2)2][0 ! Al
a, a, 1 00} 47

The solution of (7), assuming A,/ (0)=1and A;_(0)=0,
is

- . X1 X 0 —
A:{_l(z)=izsm{ l20n 0,,,21 (e /a)
Xon ~ X0n—1

-[1—(el/a1)+5/4<el/a1)2]Aﬂ,,,n_lz} (8)

and

X(l)n)(én-—l
2 ,;1"—(51/“1)

R on~ AXOn-—1

A (z) =cos{

'[1“(61/‘71) +5/4(61/a1)2]ABn,n~lz}'

Complete mode conversion results when
X (’)n X (’]YL -1

12 _ 12
Xon — Xon—1

A,3;1,;1—121(61/‘11)

J1=(ersa) +5/4(e, /a) ] =m /2 (9)

where z, is the length of the transducer (A8, ,_,z; =4
and 37 for the cases considered here).

Equation (4) was solved numerically for a two-period
and a one-and-one-half-period TE,-TE,, mode trans-
ducer. Initially we set k, equal to the beat wavenumber
and used (9) to estimate €, /a;. With A4;7(0)=0 and
A} (0)=1, both k, and €, /a, were varied until an opti-
mum solution (power in the TE;, mode close to 100% at
the end of the transducer) was found. The results are
given in Table 1. The beat wavenumber was assumed to
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be constant at 75.3 rad /m, which is the beat wavenumber
for the TE,,-TE,, modes for a waveguide of radius 1.389
cm and frequency of operation of 60 GHz. Table 1 sug-
gests that approximating k, as AB, , , and using (9) to
obtain €, /a, yields reasonable estimates for an efficient
mode coupling profile for the constant-beat-wavenumber,
two-mode case.

For relatively long mode converters with correspond-
ingly small perturbation amplitudes, the variation of the
beat wavenumber has commonly been handled by averag-
ing over the variation and using this average beat
wavenumber (which is sometimes slightly varied to further
increase efficiency) as the waveguide perturbation
wavenumber [2]. At 60 GHz, this approach begins to
break down for four-period converters. Some previous
successful designs took this into account by using flat
sections to improve efficiency [9]. In the present discus-
sion, rather than using flat sections to improve efficiency,
the two mode equations with variable beat wavenumber
will be analyzed. A coupling profile of the form

a(z) =0.01389{1+ (¢, /a,)[1 Fcos(H(z))]} m (10)

will be used where, for the two-period device, 0 < H(z) <
47 and the minus sign in (10) is used; for the one-and-
one-half-period device, 0 < H(z) <37 and the plus sign
in (10) is used. Using the radial variation given by (10)
allows us to retain the amplitude estimate generated by
the constant-beat-wavenumber case. The coupled-mode
equations can be written in the form

d /f:z—*l(z) i1.2/\/(,»1)((,)11—1

- - =—',7_,—2(€1/a1)

dz| Ay(z) | Xon~ Xon-1
sin(H(z))H'(z)

{1+(El/al)[1$(€1/al) COS(H(Z))]}

' 0 ez[(ﬁn—l'ﬁn)ds
— et Ba1=Bu)ds 0
A7 (z

A il (11)
A7 (z)

An equation for H(z) can be derived by comparing (11)
and (4). Noting in (4) that k, is approximately equal to
AB, ,_, suggests that the variation of the beat wavenum-
ber in (11) is accounted for if

dH

E:anl(z)_ﬁn(z) (12)

where

Bn*l(z)_Bn(Z)
A
Xbn

_\/l_ alzkz{1+(61 /al)[l"_'COS(H(Z))]}Z
(13)

/2
Xon—1

a1+ (e, /a1 cos (H(2)])

Hy(z)
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Using the binomial theorem and taking advantage of the
fact that the waveguide is highly overmoded and hence

Xon
asz{l+(61/a1)[1$cos(H(z))]}2

<1

we can approximate (13) as

dH

2 _ 12
Xon Xon-1

& 2ka¥{1+ (e, /ay)[1Fcos(H(2))])

72_|_ /2_
-{l-l— Xon T Xon—1 } (]4)

43321+ (e, /a)]’

Using a perturbational approach, we can solve (14) ap-

proximately. Assuming H(z) = Hy(z)+ H(z), where

Hy(z)> H(z), cos(H(z))=cos(H,)— H,sin(H,), and
cos(2H(z)) = cos(2H,)—2H, sin(2H,) leads to

[1+2(e, /a))+3/2(e, /)] i Wil

Lo Lo dz dz
+{$2[(€1/01)+(51/01)z]
, dH, dH,
. [COS(HO) _Hl SIH(HO)]}(—dZ— + —di‘z‘)

+1/2(e, /a,)*[cos(2H,) —2H, sin (2 H,)]

dHO dHl X(%n—X(')%L—l
. + ~
( dz dz ) 2ka?

2 2
Xbnt Xon -
B {1+ - 7(] 0 1 2}.
4aik*[1+ (e, /a,)]
If we assume

H()

[1"'2(51/‘11)'*'3/2(51/‘11)2] d

2 _ 2 2 2
_Xén X(,)n‘l { Xén+X(,)rz~1 }

2ka? 403k [1+ (€, /a)]’
] ' dH,
2(er/a) (e /)|~ Hysin(i) Gt =0

and
2 . dH,
(e, /ay) [—21*11 51n(2HO)]_6;:0

the solution for H(z) is

_ z X(/)i_)((/)rzz—l
1"‘2(61/‘11)+3/2(51/‘11)2 2kai

Xbo+ Xbo 1
407k [1+ (e, /a)]’

(15)
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and

+2[(ey /ay) + (e, /a,)"] sin(Hy) — 1/4(e, /a,) sin (2H,)

Hy(z)=

The upper sign in (16) is for a two-period device and
the lower sign in (16) is for a one-and-one-half-period
device. The term [e,/a, + (e, /a,)*1cos (H,) +
1/2(e, /a,)*cos(2H,) had a negligible effect on conver-
sion efficiency and was neglected. Using (9), (15), and (16)
as initial estimates, we designed a two-period 60 GHz
mode converter. The TE, through TE, modes were
used in the numerical analysis. After numerically optimiz-
ing the parameters, the transducer had a numerically
calculated efficiency of 96%. The efficiency was further
increased by empirically altering the perturbation profile
slightly. A two-period TEy,-TE;; mode transducer with
radial variation

a(z) = 0.01389{1+0.188[1~0.06
-cos [44.9z —0.35in (51.0z2)]]
‘[1—cos(51.0z +0.45sin (51.0z)

+0.15in(102.02))]} m (17)

was found to have a computed conversion efficiency of
99.6%. (Conversion efficiency is defined as the ratio of
the power out of a mode converter in the desired mode to
the total input power, here taken to be in a single mode.
Losses are included.) Note that the efficiency is lower
than that listed in Table I because five propagating modes,
TE,, through TE;, were included in the numerical analy-
sis here. Fig. 1 is a plot of the mode amplitudes of the
first five TE;, modes in the two-period converter versus
normalized position (z/average perturbation period).
Similarly, a one-and-one-half-period 60 GHz transducer
with a radius variation

a(z) = 0.01389{1+0.271[1—0.14cos (17.1z)]
[1+co0s(42.72 —0.35sin(42.72))]} m (18)

has a numerically calculated efficiency of 99.6%. Fig. 2 is
a plot of the mode amplitudes of the first five TE,,
modes in the one-and-one-half-period converter versus
position. Fig. 3 shows the conversion efficiency as a func-
tion of frequency of the two-period and one-and-one-
half-period devices compared with that of a pioneering
design by Moeller [1].

Recently, Thumm et al. [4] developed a two-period 150
GHz TE,,-TE,; mode converter with a constant pertur-
bation wavenumber. They used a radial profile of the
form

a(z) =0.01389[1+0.1606cos (19.5z)] /1.1606 m.
(19)
This device is highly efficient (99.5%). However, the ra-
dius is substantially less than 0.01389 m in places and, due
to the large TE ,-TE,, beat wavenumber variation, this
constant-perturbation-wavenumber technique does not
work well at 60 GHz. Using the techniques developed in

1+2¢,/a,+3/2(¢; /a,)" F2| e, /a,+ (e, /)| cos (Hy) +1/2( e, /a,) cos (2H,)

(16)

this paper, we have designed a one-and-one-half-period
TE,-TE,; 150 GHz mode transducer. The radial varia-
tion is

a(z) =0.01389{1+0.283[1-0.09co0s (6.62)]

[1+cos(16.5z2 —0.22sin(16.5z))]} m. (19)

The device is 0.571 m long and has an efficiency of 99.5%,
including losses,

IV. Aperiopic MobeE CoNvERTERS (COMBINED
MobpE CONVERTERS AND TAPERS)

In a periodic or quasi-periodic TE,,-TE,,_; mode
converter, viewed somewhat simplistically, the sign of the
slope of the radius perturbation must be changed near
the points where power would begin to flow back out of
the TE,, _, mode to which it had been transferring. This
change in sign of the radius slope must occur at zero-slope
points to avoid slope discontinuities. The change in the
sign of the radius slope changes the sign of the coupling
coefficients and keeps the power transferring to the
TE,,_; mode. Approximately the same effect may be
obtained by inserting a straight section of uniform wave-
guide at these zero-slope inversion points and then con-
tinuing the radius perturbation without a change in the
sign of the slope, which we refer to as unfolding. This
produces a combined mode converter and taper. The
length of the section of uniform waveguide should be
approximately one half the beat wavelength between the
input mode and the desired output mode. Waveguide
radius tapers are commonly used in mode converter sys-
tems because shorter, higher-conversion-efficiency mode
transducers (particularly TE,,~TE,, converters) are pos-
sible in waveguidés of smaller radius.

The basis for the aperiodic TE;,-TE,,_, mode con-
verters can be seen by examining Fig. 4. Fig. 4(a) shows a
taper and a two-period mode transducer. Fig. 4(b) shows
the diameter variation of a conventional one-and-one-
half-period device “unfolded” with two constant-radius
sections half a beat wavelength long inserted between
each curved section. This aperiodic device is substantially
shorter than the combined length of the taper and two-
period mode converter.

Consider the integral form of the coupled-mode equa-
tions where we assume that only the TE,, and TE,, _,
modes are interacting in a highly overmoded waveguide:

~

.
dd; .,

4 14 Z
2X0nX0n~l ld_a/i‘+(Z)elj;)[ﬁn,l(s)—ﬁn(s)]ds

. xp—xh_yad: "

(20)
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and
. B ] )
d/ln _ 2X0nX0n71 1 da ~+ (Z)emifO[B,,_l(S)Aﬁn(s)]ds.
dz XOn XOnf a dz !

) (21)

For a conventional one-and-one-half-period mode con-
verter, the radial perturbations have the approximate
form

a(z) =a{1+ (e /a,)[1+cos(H(z))]} (22)
where 0< H(z)< 3w, dH/dz=8,_(2)— B,(z), and
€; /a; (the relative perturbation amplitude) is constant.
lior an ‘“unfolded” one-and-one-half-period device

da
<0 over the entire length of the device. For the

a az
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period designs for 60 GHz TE, -TE,; mode converters as-a function
of frequency compared with the pioneering five-period design by
Moeller [1].
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Fig. 4. (a) A down-taper and a TEy;~TE(, mode converter compared
with (b) an unfolded aperiodic mode converter combining both of

these functions and having a shorter length than previous down-tapers
alone.

conventional “folded” one-and-one-half-period device for

m < H(z) <27 (second half period), = 0. If a con-

stant-radius section half a beat Wavelenzgth long is in-
serted between the first and second curved sections of the
“unfolded” one-and-one-half-period device, the coupled-
mode equations of the aperiodic device are nearly identi-
cal to the coupled-mode equations of the conventional
one-and-one-half-period device; hence efficient mode
conversion takes place. Similarly, a constant-radius sec-
tion half a beat wavelength long must be inserted between
the second and third perturbed sections in order for
efficient mode conversion to take place.

We used the unfolding technique to design two mode
transducers: a 60 GHz TE ,-TE,, mode converter—taper
and a 140 GHz TE;-TE, mode converter—taper. In
each case, the taper had to be from a 6.35-cm-diameter
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TABLE 1I
RADIAL VARIATION OF THE 140 GHz TE ;3 —TE, CONVERTER-TAPER

First Curved Section (for z; in m):

a(zy)=10.024461{1+0.149[1 + cos[9.6 z; — 0.285in(9.6z;) /(1 +0.38¢c0s (9.6, )]} m
0 <9.6z; < 7 length of first constant-radius section = 0.2016 m.

Second Curved Section (z, in m, z, = 0 at end of first constant-radius section):

a(zy) = 0.01914{1+0.139[1 + cos[20.4z, — 0.365in(20.4z,) /(1 +0.46 cos (20.4z, )]} m
0 <20.4z, < r; length of second constant-radius section = 0.1228 m.

Third Curved Section (z5 in m, z; = 0 at end of second constant-radius section):
a(z3) = 0.014522{1 + 0.159[1 + cos[34.0z5 — 0.365in(34.0z;) /(1+ 0.25¢0s (34.0z,)]} m

0<34.0z;<7.

waveguide to a 2.778-cm-diameter waveguide. The 140
GHz taper—converter has the TE, mode as an interme-
diate step. As Thumm et al. [4] point out, the TE,—TE;,
beat wavenumber is quite close to the TE;-TE,;, beat
wavenumber; hence direct TEy;-TE(; mode conversion
appears intractable.

Each unfolded section of the ideal mode converter—
taper has the radial variation a(z)=a,{1+(e; /a 1+
cos(H(2))]}, where 0 < H(z)< . Equation (9) can be
used to generate an estimate for €, /a,. For the 140 GHz
TE;-TE,, device, the basis for the tapered portion of
the device is a one-and-one-half-period TE ;- TE,, mode
converter. The unfolded one-and-one-half-period device
tapers from a 6.35-cm-diameter waveguide to nearly the
desired 2.779-cm-diameter waveguide. For the 60 GHz
TE,,-TE,, mode transducer, an unfolded one-and-one-
half-period device would taper from a much greater diam-
eter than 6.35 cm to 2.779 cm. However, we found that a
partially unfolded two-period device with one cycle un-
folded to taper from 6.35 cm to 2.779 cm and the other
cycle of conventional form was a good basis for the design
of a 60 GHz TE,-TE,, mode converter—taper.

The design of the 140 GHz mode converter—taper
began with the design of the TE,-TE,, taper. The
objective in the design of the TE;-TE,, taper was to
make the TE, content large at the end of the taper while
minimizing the content in the TE,, or higher modes.
Equations (15) and (16) served as an initial estimate for
the parameters of the tapered portion of the device. In
contrast to the quasi-periodic devices, the term 2[e; /a; +
(e, /a,)*1cos(H(z)) was retained. The perturbation am-
plitude of each section of the taper was varied, the only
restriction being that the taper not exceed the initial and
final diameters of 6.35 cm and 2.779 cm. Eight modes
(TE,, through TE ) were used in the numerical calcula-
tions. Table IT lists the radial variation of the TE;~TE,
converter—taper portion of the 140 GHz device and the
length of the two flat sections. Table III lists the modal
output of the TEy;—TE, converter—taper. Note that the
diameter at the end of the TE ;~TE,, converter—taper is
slightly larger than 2.779 cm.

The next step in the process was to design a half-period
converter which would taper the waveguide diameter from
0.02904 m to 0.02779 m and increase the power in the
first three modes. A mode coupling profile of the form

a(z) =0.01389{1+0.02275[1+cos (H(z))]} m (23)

TABLE III
Mobar Power AT Enp oF TE(3-TE, CONVERTER-TaPER

Mode % Power
TE 4.23
TE, 94.27
TEy; 0.56
TE,, 0.58
TEgs 0.001
TEy 0.31
TEy, 0.004
TE g 0.002

where 0 < H(z) < 7, was chosen. There are a number of
different choices for H(z) depending on whether mode
conversion is attempted between the TE,, and TE
modes, TE; and TE;, modes, TE,, and TE,; modes, or
possibly some other combination of modes. Through a
trial-and-error process, we determined that a good choice
for H(z) in (23) was based on mode conversion between
the TE,, and TE,; modes. Since €, /a, was quite small,
H(z) was set equal to the approximate TE ;~TE, beat
wavenumber times z, 62.3z. With this choice of H(z), the
total power of the first three TE,,, modes at the end of
the small taper increased slightly. Alternative design
strategies resulted in the power in the TE(, mode at the
end of the TE ;~TE, mode converter coupling to higher
order modes. In the following TE,,-TE, mode con-
verter, it was difficult to empirically alter the device
slightly to couple this power to the TE,; mode.

The modal output of the small TEy-TE,, converter
was then the input for a two-period converter. Since the
largest fraction of the input power was in the TE, mode,
a TEy,-TE mode converter design served as an initial
estimate for the converter parameters. After optimizing
the parameters, the radial variation is

a(z) =0.01389{1+0.169
-[1~0.14sin(7.52 —0.3sin(21.5z2))]
[1-0.04sin(17.22 —0.3sin (21.52) )]
[140.025in (25.82)]
‘[1—cos(21.5z +0.43sin(21.5z) +
+0.15sin (43.0z))]} m

where 0 < 21.5z < 4.
The efficiency of the 140 GHz TEy;—-TE,, mode con-
verter—taper is 99.4%. Fig. 5 shows the amplitude varia-
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Fig. 5. Modal amplitude as a function of position for a 99.4% efficient
140 GHz mode converter—taper. This device tapers from a 6.35 cm
waveguide diameter to a 2.779 cm waveguide diameter.

tion of the TE,, modes versus the length of the
TE;,-TE,, converter—taper and Fig. 6 is a plot of its
conversion efficiency as a function of frequency.

For the 60 GHz TE.;,-TE, converter—taper, we arbi-
trarily unfolded one period to taper from a 6.35-cm-diam-
eter waveguide to a 2.779-cm-diameter waveguide. The
mode conversion was completed with a folded period.
Initially we assumed that each half-period of the unfolded
period had equal perturbation amplitude. The initial esti-
mate of the perturbation amplitude of the folded period
was obtained from two mode considerations.

The exact solution for the two-mode constant-beat-
wavenumber case (eq. (4)) is

|A " sin{fozf(s) cos [8,(s)

n—1

z)|=

() A, 5] )

where
Ay (2) =1 Ao (2) ]2, At (2) = | A (2)]e"
£(z) = iz(X(’)nX(l)n~l)(el/al)kp Sin(kpz)
[Xéi_/\/éfhl {1+(El/al)[1¢cos(kpz)]}

V1- |47 1(s)I?

Bui(2) =8, 00 [ f(0) Tt

sin[8,(s) =8, ((s)+AB, ,_is]ds

and
z | A ()]
8,(2) =8,(0) + | f(s) =
4[0 1_|Anf1(s)|2
-sin [8,(s) ~ 8, (s) + AB, ,_1s] ds.
In the expression for f(z), the upper sign is for a two-
period device and the lower sign is for a one-and-one-
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Fig. 6. Conversion efficiency of the 140 GHz mode converter—taper as
a function of frequency.

half-period device. If we assume that the modes are 90°
out of phase (consistent with (8)) and that AB, ,_, =k,
and we use the binomial theorem, the expression for the
perturbation amplitudes is

XénXén—l
2 ZABn,n—lzli(eli/al)

Xbon ~ Xba1 7
s T
'[1“51i/41+5/4(f1i/al) ] = 5

where z,; is the length of each section of the transducer
and €,; /a, is the perturbation amplitude of each section
of the transducer. The summation is over all sections of
the transducer. For the 60 GHz taper—transducer,
AByizy =AByzy, =1, €, /a,= €, /a;=02559, and
ABy1zi3="27. Thus €;; /a, could be determined. Once
the perturbation amplitudes were determined, (15) and
(16) were used to determine initial estimates for H,(z)
and H,(z).

After the parameters were numerically optimized, the
theoretical efficiency of the device was 99.4%. Ohmic
losses were included in the calculation. The radial varia-
tion of the 60 GHz TE;,-TE,, mode transducer-taper is
given in Table IV.

The second perturbed section of the taper and the
folded transducer have unexpected values for H(z). This
is due to the change in curvature between the first and
second periods of the device. Fig. 7 is a plot of modal
amplitude versus distance down the converter. Fig. 8 is a
plot of conversion efficiency as a function of frequency for
the 60 GHz mode converter—taper,

V. EXPERIMENT RESULTS

The 60 GHz TE(,-TE,, two-period mode converter
discussed in Section III and the 60 GHz TEg,-TE,
mode converter~taper discussed in Section IV were fabri-
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TABLE IV
RapiaL VariaTion orF TeE 60 GHz TE ), -TE;, MobE
CoONVERTER -TAPER

First Perturbed Section (z; in m):

a(zy) = 0.021198{1 +0.244[1+ 0.02 cos{10.4z, )]

-[1+cos(17.3z, —0.38sin(17.32,) /(1 +0.35cos (17.3z,))
—0.025in(34.6z,))} m

0<17.3z, < m; length of flat section = 0.1003 m.

Second Perturbed Section (z, in m):
a(z,) = 0.01389{1 +0.2522[1 + 0.04 c0s (9.382,)]

‘[1+cos(46.9z, +0.245in(46.9z,) /(14 0.36 cos (46.92,))
+0.045in(93.8z,))} m

0<469z, <.

Third Perturbed Section (z5 in m):

a(z5) = 0.01389{1+0.143{1 - 0.2 cos (41.42,)]

*[1-¢0s(63.725 ~0.095in(63.72,) /(1 + 0.12 c0s (63.725))
+0.17sin(127.4z; )} m

0<63.72, < 2.
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Fig. 7. Modal amplitude as a function of position for a 99.4% efficient
60 GHz mode converter—taper. This device tapers from a 6.35 c¢m
waveguide diameter to a 2.779 cm waveguide diameter.

cated and their approximate conversion efficiencies were
measured at low power. This was done by feeding a TE
mode into the normal TE,, mode output end and measur-
ing the E, radiation patterns of both the TE,, input and
the TE, output modes. The mode purity of e¢ach of these
modes can be determined to within about 1% from these
open-end radiation patterns [2], [11]. From the Lorentz
reciprocity theorem [10], the percentage of TE,, mode
out for a TE,; mode in at the TE,; mode end is the same
as the percentage of TE,; mode out for a TE,, mode in
at the TE;, end. Since we are considering TE,,, modes in
highly overmoded waveguides, losses are. of the order of
only 0.1%. Thus, for a high-purity TE,, mode input, the
conversion efficiency is approximately equal to the frac-
tion of the TE,, mode out.

The circular waveguide TE,, mode input into the con-
verters was obtained by using a mode transducer which
converts a rectangular waveguide TE,; mode to a circular
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Fig. 8. Plot of conversion efficiency as a function of frequency for the
“unfolded” 60 GHz converter—taper and a taper followed by a four-
period mode converter.

o

POWER-DECIBELS

-40

-50

-60 -30 0 30 60 90
THETA - DEGREES

Fig. 9. Plot of theoretical (solid line) and experimental (dotted line)
results for the TE; mode 1adiating from the open end of a 2.779-cm-
diameter waveguide. The aperture-to-receiver distance was 160 cm.

-90

waveguide TE;; mode followed by a circular waveguide
mode filter, both of which are commercially available.
The circular waveguide diameter of these devices was
only 0.968 cm, so a special up-taper was designed! to
taper to the necessary 2.779 cm diameter. The output
from the circular waveguide up-taper was tested by mea-
suring the radiation partern from its open 2.779 ¢cm end.
Fig. 9 is a comparison of the theoretical and experimental
results for the E, component of the far ficld of the TE,
mode radiation pattern. The TE,, mode at the 2.779 ¢m
end was better than 99% pure and served as a source for
the testing of the two mode converters.

The design of the TE; up-taper was begun by J. Shafii.



720 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, vOL. 38, No. 6, JUNE 1990

]

POWER - DECIBELS

-30 0 30 60

THETA - DEGREES

Fig. 10. Plot of theoretical (solid line) and experimental (dotted line)
radiation patterns from the two-period TEg,-TEy mode con-
verter. The aperture-to-receiver distance was 160 cm.

Photograph of the two-period 60 GHz TE,,-TE,; mode
- converter.

Fig. 11.

f=4

Fig. 10 is a comparison of the theoretical and experi-
mental results for the E, component of the far-field
radiation pattern of the TE,, mode output from the
two-period TEy -TE(, mode converter. The theoretical
radiation pattern in Fig. 10 is a superposition of the
radiation patterns of all the modes present with signifi-
cant amplitude -as determined by numerically integrating

the coupled-mode equations. Agreement between theory -

and experiment is reasonably good. The percentage of
TE, mode is greater than 99%. Fig. 11 is a photograph
of the two-period mode converter.

In order to test the 60 GHz 6.35-2.779 cm TE,-TEj,
mode converter—taper, the TE;, mode was applied to the
2.779 cm end. Fig. 12 is a comparison of the experimental
and theoretical E, radiation patterns for the 6.35-cm-
diameter waveguide output when a TE;; mode is incident
at the 2.779 cm end. Agreement between theory and
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Fig. 12. Plot of theoretical (solid line) and experimental (dotted line)
radiation patterns from the 6.35 cm end of the 60 GHz mode con-
verter—taper. The aperture-to-receiver distance was 160 cm.

Fig. 13. Photograph of the 6.35 cm-2.779 cm 60 GHz TEy,-TEy

mode converter—taper.

experiment is reasonably good. The percentage of TE,
mode is greater than 98%. Fig. 13 is a photograph of the
6.35-2.779 cm TE, -TE,,; mode converter—taper.

VIiI. CoNcCLUSION

Designs of compact quasi-periodic and aperiodic circu-
lar waveguide mode converters for use in an electron
cyclotron heating (ECH) system have been developed by
analytically and numerically solving the. coupled-mode
differential equations. Experimental results are consistent
with theoretical results. The theoretical efficiency of a
two-period TEj,-TE,, mode converter with a length of
249 cm is 99.6%. The aperiodic mode converter—tapers
combine a 6.35 cm-2.779 cm diameter taper and a mode
converter. The 60 GHz TE,-TE,; mode converter has a
theoretical efficiency of 99.4% and is 44.7 cm long. The
140 GHz TE ;;—TE,,; aperiodic mode converter—taper has
a theoretical efficiency of 99.4% and is 148 cm long. The
techniques presented here are applicable to a variety of
high-power overmoded mode converters.
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