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Design of Waveguide-to-Orotron-Resonator
Transition with Modified Bethe Theory

G. Faby and K. Sdmemann Fellow, IEEE

Abstract— The modified Bethe theory is applied to the 4.0 —
waveguide-to-resonator transition, which is used for output
coupling in an orotron oscillator designed for operation at _

94 GHz. The finite thickness of the coupling hole between 3.0
output waveguide and resonator is taken into account. The

approach results in an equivalent circuit, which describes the
reflection-type resonator, with respect to the output waveguide.
Its equivalent circuit parameters are given in closed-form
expressions. The calculated reflection coefficients are compared
to experimental results. The assumed single-mode operation in
the resonator is demonstrated by field-profile measurements. 1.0 T \ { 1
2000.0 4000.0 6000.0 8000.0

efficiency / [%

Index Terms—Electromagnetic coupling, optical resonator,Q

measurements. loaded Q
Fig. 1. Simulated efficiency of a 94-GHz orotron versus loagef@ctor [9].
[. INTRODUCTION
i . . . rectangular

PEN resonators have been studied intensively in the past waveguide
O [1], [2]. In the millimeter-wave range, the most important
application has been in the determination of electrical proper-
ties of dielectric materials [3], [4] due to the high qualit@)( slow-wave z
factor of a quasi-optical resonator. For these applications, the structure @%
change of the unloade@ factor due to the characteristics of
the probe has to be measured. Since for this task the resonator @)

is only weakly coupled to the waveguide, there has been little
work on the tight coupling of open resonators. However, in the
last years, strongly coupled open resonators have gained more 2R
interest due to their application in high-power tubes [5], [6].

This paper deals with an orotron resonator. The orotron
has been proposed [7] and developed [8] some time ago as a x
a promising (sub)millimeter-wave source with moderate-to- (b)
medium output power levels. 2 o bY Counli

The design of the cold cavity used in the orotron is venF/'g' (@) Orotron resonator. (b) Coupling aperture.
important for optimum oscillator performance. Especially the )
loaded( factor can be utilized to achieve optimum efficiency. e apply Bethe’s theory [11] for small coupling apertures,
Fig. 1 demonstrates this behavior, which has been presenfdjich has been modified by Collin [12], to the reflection-type
in [9]. Since the unloaded) factor is fixed for a desired Orotron cavity shown in Fig. 2, in order to derive an equivalent
working mode, the loaded) factor can be adjusted varyingc'rcu't' The finite t_hlckness of 'Fhe coupling hple is taken |nt_o
the parameters of the coupling hole. Although there are sofig-ount by regarding the coupling hole as a circular waveguide
investigations on electrical tuning of the coupling durind/ith lengthL.. The circuit parameters can be derived in closed
operation by means of a semitransparent lower mirror [1GP"M if the field in the cavity is given by a single mode. This
the simplest way is to design the coupling hole knowinassumptlon is confirmed _by field-profile me_asurements in the
the dependence of the resonator coupling on the geomeﬁ%d orotron resonator. Fln_ally, some experimental results are
parameters of the aperture. reported and compared with theory.

O

Il. MODIFIED BETHE THEORY
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waveguide resonator prime denotes differentiation with respect to the argument. The
—‘/ transversal magnetic field of the incident wave is then given by
2
|

R X
Wy L Hf =T11 -V, Ty, - )
MM yo—> N
r']‘coupling The + sign denotes a wave propagating in the positive
aperture z-direction. Due to the magnetic conducting wall at the end
of the circular waveguide, the incident wave is completely

reflected. Thus, the total magnetic fiefd,, ;, produced by
the exciting wave at the center of the coupling hole can be

expressed as
are solely determined by the incident wave [11]. This approach

/

has been modified by Collin introducing reaction terms, which Hygi = (H;r11 —Hy ):z0=2T11 Ny, - @_ (6)
describe the reduction of the dipole moments due to the 2R
influence of the resonator and of the reflected wave in thie scattered magnetic field in the waveguidg, ., due to
waveguide [12]. This theory has been applied to transmissiche presence of the magnetic dipole mom&htis determined
type open resonators by Mongia [13] without considering they [12]
finite thickness of the coupling aperture. ) n B

Due to the well-known field structure in a quasi-optical Hygr, = jwpoly, (~Meaz)Hy, ay. @)
resonator, the coupling between the resonator and awaveguidﬁl (7), w denotes the angular frequency apd is the
is mainly given by tangential magnetic fields, since the normFHagnetic permeability of vacuum. Substituting (5) in (7)
component of the electric field is much smaller than thr%
tangential magnetic field [14]. Considering the coupling hole
as a circular waveguide, the coupling between this waveguide Heo . — M -p3 - Ty, 8)
and the cavity can be described by the magnetic dipole moment TETE T 2 R (ph - 1)JE(ply)
M as follows:

Fig. 3. Coupling by magnetic dipole moment.

The reaction ternf..,. ., , which describes the reduction of
M =[0a] (Hygi + Hugr — Heay ) (1) M. by the resonator field, can be expressed in terms of the

normalized eigenfunctions of the cavity, following [12]:
where H.,,; signifies magnetic field of the incident wave,

H,,, and H.,,, are the reaction fields in the waveguide Hepr = —k§ - My - b3, . 9)
and the cavity, respectively, arid] denotes dyadic magnetic w 2 o—k2 (14 (1-4)
polarizability of the aperture. The transition from the coupling or 70 Q

hole to the resonator is closed by means of a conducting

magnetic wall, as shown in Fig. 3. In (9), ko, signifies wavenumber at resonan€eglenotes the

? T o c§mloadedQ factor, andh,, the nth normalized eigenfunction
Since the transversal magnetic field of the exciting mo c? . ;
of the resonator at the position of the coupling hole. The

in the rectangular waveguidd'E,, only consists of an . . . )
eigenfunctions are normalized with respect to the volume
z-component, (1) can be reduced to theomponents of the integral

dipole moment and the magnetic fields. The dyadic magnehc
polarizability can be rewritten as a constant For a circular
coupling hole of radiusrg, the magnetic polarizability is
given by a,, = 4r3/3. Hence

/ By by dV = 1. (10)
.

The z-component of the eigenfunctionis given by [14] to be

Ma} = Oy - (-E[Wg,iI + -E[Wg,rI - Hcav,rw)- (2) 2
o o B = @ g (V2 *
The magnetic fieldd, ;, due to the incident mode, can be ™ 4, /20 +t2)minlrD Wo
evaluated from the fundamentdlE;; mode in the circular y
waveguide. The transversal field can be derived using a Hy <\/§ w—0> - cos(koz). (11)

normalized scalar potential [12]:
Here,wy signifies spot size of the fundamentat = n = 0)

/ .
Thyy = Npyy - 1 <p11 ! ) - cos(¢) (3) mode,m andn are the mode numbers in theandy-direction,
R respectively.D signifies distance between the mirrors, and
in cylindrical coordinates with the normalization factor H,, and H,, are the Hermite polynomials of order. and
n, respectively. Since) is much smaller than the radius of
- \/ 2 1 ' 4) curvature of the spherical mirror, the divergence of the phase
“1 (p3 — DjkoZol1im  J1(ply) front can be neglected. Inserting (6), (8), and (9) into (2) results

. . . in an expression for the reduced magnetic dipole moment:
Here, kg is the wavenumber and, wave impedance in

free spacel’;; denotes the propagation constant of i, 2 T Ii N
mode, andR is the radius of the circular waveguidg, is the M, = m-huopthn
Bessel function of the first kind angl; first zero of.J{. The 1+ X —anK

(12)



FABY AND SCHUNEMANN: DESIGN OF WAVEGUIDE-TO-OROTRON-RESONATOR TRANSITION 2045

Gunn- - [ [ — 1.5
vVCO " e 1st resonance
k=
=
= 3 1
~ LI :
o
8
= 0.5
1 o <
A scalar Spectrum E
< o> NWA analyzer g 0 N
Vobstacle 20 -10 0 10 20
. . . probe position x [mm)]
Fig. 4. Field-profile measurement setup.
o 1.5 ond
where E nd resonance
2 2
X =om p2/111_‘h11 2 3 l
/ /
2R*m(pfi — 1)J7 (Phy) 1@3 05
k3h2 5
KI 0''n . N E
—_ 5
kg,,—kg<1+—J> € op-—r :
Q 20 -10 0 10 20
robe position x [mm
Ill. RESONATOR FIELDS P P (mi]
ig. 5. Field patterns without grating (—: measurement, - - - : theory).

The theory given in Section Il is valid only for single—mod(.f
operation, i.e., the field inside the cavity is well described by
just one eigenfunction. Considering the well-known equation L5
for the resonance frequency of a quasi-optical resonator [14]

1st resonance

D
frng = % q+ %(m +n + 1) arctan <Z—O>} (13)

normalized detuning

this assumption holds for the fundamer(tad = » = 0) mode.
For higher order modes, the modes+ n = constant are .
degenerate. In (13); is the velocity of light,q denotes the 20 -10 0 10 20
transversal index of the resonator mode, apds given by probe position x [mm)]
z0 = v D(Rs — D). R, denotes radius of curvature of the
spherical mirror.

The desired working mode in the orotron resonator is the
TEMaz0, mode [8]. This should be the only mode in the
cavity close to resonance. In order to prove this assumption,
the field pattern in the cavity has been measured moving a
small obstacle through the cavity. The obstacle is built by
a small metallic ball fixed on a thin thread. The obstacle -
perturbs the electric field inside the resonator, so that the stored 20 -10 0 10 20
electric energy is reduced. This causes a shift in the resonance probe position x [mm]
frequency, which has been measured using the measurerr|1:ent6 Field patt ith arating (—: t - —th
setup shown in Fig. 4. The shift in resonance frequency is g o Tield patiems with gra ing (—: measurement, - - - theory).
function of the electric-field intensity at the position of the
obstacle [15]. intensity calculated from (11) and normalized to the field

The field-profile measurements have been performed at iBfensity at the center of the resonator.

GHz. The distance between the mirrals has been around At the first resonance, the measured pattern agrees well with
14.4 mm, corresponding to a transversal mode ingex 9. the theoretical fundamental profile. At the second resonance,
The first resonance at this transversal-mode index belonggshe measured pattern is fitted well by a symmetrical super-
the fundamentalm = n = 0) mode, and the second resonancposition of theTEM,q, and TEMy,, modes. As expected,

is excited by the20¢) and (02¢) modes. Since the couplingboth modes are excited at this resonance. Hence, the theory
hole is located at the center of the upper mirror, modes witt Section Il cannot be applied for higher order modes in an
odd indexes inc- or y-direction are not excited. empty quasi-optical resonator.

In a first step, the field patterns of an ideal quasi-optical The same measurements have been performed for the
resonator, i.e., without slow-wave structure in the plane mirrasfotron resonator, i.e., a slow-wave structure is mounted
have been measured for these two resonances. Fig. 5 showthe lower mirror. The slow-wave structure is designed for
the field profile versus obstacle position with respect to theegligible perturbation of th&'EM,o,-mode profile. Results
coordinate system in Fig. 2. The dashed lines give the fididve been plotted in Fig. 6.
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circ. waveguide : L+L,

Fig. 7. Equivalent circuit of circular waveguide-to-resonator transition.
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In order to determine an equivalent circuit, the corresponding
input admittancey;.; can be calculated as

k2p2 Sm
0''n X

—
kg,,—kg<1+7">

Y.i:c means wave admittance of the fundamenridl;
mode in the circular waveguide. Fig. 7 shows the equivalent
circuit of the open resonator, which is well suited to illustrate

Y;es _1_p_ 1
Y::irc_]-"i_p_X

(16)

a formula of the same form as (16) [13]. The input admittance

B A at the right-hand side of plang is given by
. Lo S
rect.waveguide cire. waveguide . 712
-= )—:—L I Y =—jBy + j
Yrect : Ycirc : Y jw(L+L5) +R— m
S I I jwwn2C
o <> =Byt —— (17)
! ¢ | Wi — w? <1 + —)
preg p> 0 Q

where wq represents the resonant angular frequency of the
unloaded resonator, and is given by = 1/v/ LC. w denotes
the angular frequency close to resonance. A comparison be-

At the first resonance, the Gaussian-shaped profile y§een (16) and (17) results in closed-form expressions for the
strongly perturbed due to diffraction losses at the corn€ffments of the equivalent circuit:

of the grating. In this experiment, the width of the grating has
been 7.3 mm corresponding to the position of the perturbations

Fig. 8. Simple rectangular-to-circular waveguide transition.

2R?m(pf — 1)JE(phy)

in the field i B =J¥eire 2
patterns. The dashed line denotes the unperturbed o Uhy P13
profile of the fundamental mode. 1
The insertion of the grating changes the field profile strongly o wg—c
at the second resonance. The dashed line gives the field L
intensity of the desired’EM,o, mode. It can be seen that the Ly = 6
measured profile agrees very well with the theoretical one. Due wolL
to the additional losses by diffraction, the undesit&dM., R= ?
mode is well suppressed. The perturbations in the side maxima 252
are due to the used spherical mirror, since the spherical shape n? = Bray, = -
has been generated by small circular steps. Using a perfect e

C=1. (18)

spherical mirror leads to an improved profile, even in the side

maxima.

The field-profile measurements verify the assumption 'Ire value for the capacitor is chosen to equal unity. In order to
. P . pton Olye the finite thickness of the coupling hole into account, the
single-mode operation in the orotron resonator, even if o

: . f?fput admittance” at planeA is transformed to plan& using
erating at the higher order modeEMo. transmission-line theory. Fig. 8 shows the complete transition.
The resulting reflection coefficient,., must be calculated

with respect to the wave admittance of the excitirig; -mode

V. EQUIVALENT CIRCUIT Yiect:

The reflection coefficient of a short-circuited waveguide Y' — Yieot
with a magnetic dipole moment at the center of the waveguide Pres = 177 (19)
. . Y +Y;ect
is given by [12] as
where
Y + Yo tanh(I'1 L.
p= =1+ oM, HY,. 14) Y! = Voot Yo b1 Le) (20)

" Yeire + ¥ tanh(T11Le)”

. . . With (19), the resonant behavior of the hole setup corre-
Substituting the reduced-dipole moment corresponding to (]szaonding to Fig. 2 is described by the geometrical parameters
into .(1.4) results in a simple expression for the reflectio& the resonator and of the coupling hole, and by the unloaded
coefficient () factor of the open resonator. In order to use the equivalent
circuit for designing the coupling hole with a desired coupling,
either @ must be measured independently [13] or it must be
calculated.

2X

14+ —.
+ 1+ X - Ka,,

p= (15)
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surement). Fig. 10. Coupling for various mirror spacings Parameter: grating pitch
(p = 0: no grating, —: theoryp, A, x: measurement).

In this theory, the ohmic losses in the open cavity are calcu-
lated using skin-effect formulas [16] for a given conductivity For small mirror spacingsioaqa increases linearly wittD,
of the used material. Diffraction losses are neglected, since tiile the external) factor Q.x; increases withD!->. These
distance between the mirrorB), is kept small. The additional dependencies have been derived in [13]. Hence, the coupling
ohmic losses due to the slow-wave structure are calculateccorresponding to (21) can be described rasx 1/v/D.

using a correction term [8]. This behavior is shown in Fig. 10. The couplirgis plotted
versus mirror-spacind’. The plots include data of different
V. MEASUREMENTS arrangements. The rectangular markers denote the results of an

pen resonator without slow-wave structure operating with the
urrwdamentall“EM mode. The triangles as well as the stars
network-analyzer HP8510C extensionWié-band at 94 GHz. . 00g : >

give the data of the orotron resonator with different slow-wave

T_he analyzer _has been_ calibrated with respect t(.) piarie structures operating with tHEEMso, mode. The grating pitch
Fig. 8. The mirror spacing has been controlled with an accuér'es from 0.3 mmA) to 0.2 mmq@) The arating with the
racy of 1.25:m by means of a stepped motor. Both mirrors arg ' ' ) grating wi

made from pure oxid-free high-conductivity (OFHC) coppe brzggzrbzgg;?:frt vac?e(?rézrsggr fﬁgaiﬁc} Hzggfo’rthe ohmic
The coupling hole shows a diamet& = 0.65 mm. The ger, Ing unloag '

length of the coupling hole has been measured mechanic Igrtr;eerﬁgfe“n?ﬁed%csfg;;s (\;‘]’c'tg lelcr):/f/)rvvsg\?eurs]?ruis'[u(ar)épien(:t?hdé
to be L. = 0.25 mm. The output waveguide is realize ’

as standardV-band rectangular waveguide = 2.54 mm ower mirror decreases the coupling due to additional losses.
b = 1.27 mm). For measurements with a slow-wave struciurg,he cogpling can be predictgd 'quiet well if the surface
the plane mirror is completely replaced by another Coppecrgnpluctlvny of the used material is known.
made mirror containing the grating. Fig. 11 shows _the mea_sgred and S|mu_lated frquency—
The computation of the coupling has been done by evaﬁ!ﬁpendem reflection  coefficient;.. pIo_tted n the Smith
ating the frequency-dependent reflection coefficignt at a CNa't for the orotron resonator operating with thi& Mo
r‘gode at 94 GHz. The circles denote the measured data. In

detuned-short position [17]. The coupling of a resonator |
P 7] ping Fig. 11(a), the data are plotted referred to the measurement

The measurements have been performed with the vec

defined by . . :
planeB corresponding to Fig. 8. In Fig. 11(b), both curves are
K= Q (21) transformed to the detuned short position [17]. In Fig. 11(b),
Qext the data agree very well, even in the complex plane, so that
where Q.. means externaf). both couplingx and resonant behavior of the orotron cavity

The validity of the theory has been tested by measuring taee well described. The most conspicuous difference between
resonant characteristics of an open resonator operating attttgory and measurement stems from the reactance far away
fundamental mode. The results of these measurements h&oen resonance, as shown in Fig. 11(a). In this example,
been depicted in Fig. 9. The unloadédfactor @@y, as well the measured reactance is much smaller than the calculated
as the loaded) factor Qy..q4, and the external) factor ..;, reactance. This deviation is probably due to the very simple
are plotted versus mirror spacing. Each marker denotes thedel for the rectangular-to-circular waveguide transition.
measurement result for one transversal-mode index Using a more sophisticated model for this transition should

The simulated and measured data correspond very wallso result in better agreement for the coupling reactance.
This agreement has been obtained by assuming an electricaccording to [18], the coupling should be corrected by a
conductivity of the mirrors, which is less than the theoreticéfictor for large coupling holes, i.eR < A. Although the
value by a factor of three. This fit has only been done onceupling-hole radius in this experiment was rather large, the
for the first data point in Fig. 9. This modified conductivityagreement between measurement and theory is quite good.
has been used in all of the following simulations presented Tis is due to taking the coupling-hole thickness into account.
this paper. If the coupling hole is rather thick in comparison to the propa-
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[15]
gation coefficient in the coupling-hole region, the reduction %6]
the coupling by the finite wall thickness is the most important
effect. For very thin coupling holes, other effects like thé&l7]
influence of the waveguide walls [5] or large coupling-holgg,
diameters [18] must be taken into account.

VI.

Bethe’s coupling theory for small holes has been modified
for an application to the millimeter-wave orotron resonato
The finite thickness of the coupling hole has been take
into account. The field profile in an open resonator has be
measured with and without slow-wave structures inside t
resonator. The coupling has been described using an equiva
circuit, whose parameters are given in closed form. T
agreement between measurement and theory was good
rather thick coupling holes. At millimeter waves, the thickness
of the coupling hole is the most important parameter. The
theory is suitable for the design of coupling holes in the
millimeter-wave region.

CONCLUSIONS
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