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Elliptical Cavity Resonators for Dual-Mode
Narrow-Band Filters

Luciano AccatinoMember, IEEEGiorgio Bertin,Member, IEEEand Mauro MongiardoMember, IEEE

Abstract—A novel cavity resonator with elliptical cross sec-
tion is proposed in order to realize dual-mode narrow-band
filters without tuning and coupling elements. The absence of
any discontinuity inside the cavities significantly enhances the
unloaded @, the ability to operate with higher power levels, and
the ease of manufacturing. Proper choice of the ellipticity and
of the inclination angle controls the desired coupling and tuning
actions. Dual-mode coupling is generated by the step disconti-
nuity between the input rectangular waveguide and an inclined
elliptical waveguide. A rigorous full-wave electromagnetic model
for this discontinuity has been developed and validated using a
specialized hardware configuration. Experimental data compare
very favorably with theoretical results. Representative prototypes
of elliptical cavities exhibiting various degrees of coupling have
been carefully measured proving the accuracy of the model and its
applicability for narrow-band X - and K u-band filter design. The
full-wave analysis of a complete four-pole narrow-band elliptic
filter at 12 GHz and the measured response of a corresponding

prototype demonstrate the capability of achieving reliable results Fig- 1. Photograph of the proposed cavity with elliptical cross section. From
using the proposed approach left to right: Input rectangular-waveguide flange (WR75), input iris, two test

cavities of elliptical cross section, and short circuit. The discontinuity between
Index Terms— Elliptic filters, elliptical waveguide, mode- the rectangular input iris and the inclined elliptical cavity generates the sought
matching methods. mode coupling.

I. INTRODUCTION which have followed have tried to remove the presence of
i . - . screws altogether, and solutions for rectangular [4] and circular
UAL-MODE narrow-band filters, since their |ntroduct|on[5] cavities have been recently presented. However, in both

in the early 1970's [1], are playing a major role Mcases there are margins for improvements. The computer-

satellite payloads and are still receiving considerable attenti Red design (CAD) of the cavity proposed in [4] suffers from
for possible improvements. At first, attention was conveyed§ merical inefficiencies, which owing to the nonseparable

the synthesis of transfer functions or to the tu_ning (.)f a.Ctul‘a]ature of the waveguide cross section, poses problems when
filter structures [1]-[3]. More recently, however, |nvest|gauona)mputing a large numbers of modes, as necessary for narrow-
have been mainly focused on alternative filters structures in ’

: , . . band filters. The circular cavity proposed in [5], though
order to realize the goal of filter manufacturing directly from a _. : -
) . ! . . Dejng very suitable for efficient and accurate CAD, presents
set of physical dimensions as obtained from a computer-aide

) o . .a_discontinuity placed inside the circular cylindrical cavity
synthesis algorithm; hence, avoiding any post—manufacturl%ich causes a degradation of the unloadeddoreover, both
adjustments. '

Several cavities are currently used for dual-mode filterézIlJtlons [4], [5] exhibit sharp edges within the cavity body;

with relative advantages and disadvantages briefly summarizeé;'\f e, reducing power-handling capabilities.

below. The first cavity structure proposed for dual-mode filters e consider a new (.:awty., shoyvn_m Fig. 1, Wh'C.h |s.for'med
[1] is a standard circular cavity with screws for providinq[g a length of waveguide with elliptical cross section inclined

the necessary tuning and coupling actions. The high fie .th. respect to the input rgctangular waveguide. The latter
concentration near the screws, the modest suitability for CA@V'ty. possesses the fo'IIowmg a‘?‘{a”tages-
representation, and the necessity of post-manufacturing ad* higher power-handling capability, higher unloadgd

justments have stimulated alternative arrangements. Design €ase of manufacturing;
« suitability for CAD modeling.

_ _ _ The first point is achieved since no discontinuities are present
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It will be shown in this paper that by properly inclining o ¥
(see Fig. 1) an elliptical cavity with respect to the input
rectangular guide and by suitably selecting the cavity aspe
ratio (defined as the ratio between the major and minc 4 L.
axes of the ellipse), it is possible to obtain the desirec _--—555'--___ T
coupling and tuning actions without introducing any elemen -itl-.. z Y rpl _:’;; 5 |
inside the cavity In Section Il, we present the rigorous nix - e |
analysis of the step discontinuity between the input rectar ™ Lt "-\\-_—--'—-——! >
gular waveguide and the elliptical cavity; also discussed i S
the relative experimental validation of the theoretical model
Dual-mode generation and the operation of the cavity ar n==n's
discussed in Section lll; in the same section, a sensitivity @) (b)
analy_SIS IS al_so perform_ed_' Section IV_ConSIde,rS the !ntercavgpé. 2. (a) Elliptical coordinate system and geometry of the inclined junction
coupling which is preliminary to a filter design. Finally, aetween a rectangular waveguide and an (b) elliptical waveguide showing an
theoretical simulation of an entire filter structure is presentéglination angle.
and discussed in Section V.

\H.-

% x
ag| |0
s
n

IIl. THE STEP DISCONTINUITY BETWEEN A wherek? is the modal wavenumber in the rectangular=I)
RECTANGULAR AND AN ELLIPTICAL WAVEGUIDE or elliptical (v = II) waveguide;y is the boundary of5, # is
the unit vector defined along pointing outward fromsS, and

A. Theory § is the unit vector identifying the counterclockwise direction

The rigorous full-wave characterization of the step discof@ngent toy, as depicted in Fig. 207 and ¥ represent TM
tinuity between waveguides with rectangular and elliptic@nd TE potentials, respectively, in the rectangular= I)
cross sections play a fundamental role in the design of tRE €lliptical (» = II) waveguide. Note that coupling integral
proposed cavity for dual-mode filters applications. The aboJd/—TE is always zero due to the vanishing of the TM
step-discontinuity problem has not appeared in the literat#enfunctions of the rectangular (smaller) waveguide along
so far; recently, the step discontinuity between two confocBl€ integration contour.
elliptical waveguides has been considered in [7]. For reference purposes the above coupling integrals are

In the following, we will refer to a fairly standard scatteringdetailed in the Appendix, while the expressions of the TE and
formulation of the step discontinuity between two waveguidddV potentials of the elliptical and rectangular waveguides are
with different cross sections, as given in [6, eq. (2)—(7)gonsidered in the following section.

In the latter formulation, the transverse components of thel) Elliptical-Waveguide PotentialsModes of elliptical
electromagnetic field at both sides of the discontinuity aMéveguides have been studied in [8] and [10] and are briefly
expressed as a modal sum of incident and reflected wav@dnmarized below. The wave equation is written in the
Continuity of the transverse components of the electric ag#iptical coordinateg, 7, for either TE and TM potentials as
magnetic fields is imposed on the aperture connecting the two [ 52 2 il

waveguides and the vanishing of the transverse electric field | 5z + pre + 2¢(cosh 2§ — cos 277)} {(I)II } =0 (2

is enforced on the transverse metallic surface surrounding the

aperture in the waveguide with larger cross section. For oihere

present purposes of investigating the elliptical-cavity behavior k}IQ n2

for dual-mode filters applications, we need to consider a 1= h = ace 3)
junction of enlargement type, i.e., a junction between a smaller _ ) o _

rectangular cross section and a larger elliptical waveguide, §&h @. being the major semiaxis of the ellipse andepre-
shown in Fig. 2. The two-dimensional (2-D) coupling integralgent'm:’_the eII|pt|c_:|ty. TE and TM potent|al_s are o_bta|_ned by
between the modes of the rectangular and elliptical waveguid&Paration of variables of the wave equation which is trans-

are transformed into line integrals, which are more approprig@@Med into the ordinary Mathieu equation and the modified

for numerical evaluation by invoking Green's first identityv1athieu equation. The ordinary Mathieu equation is

hence, obtaining the following one-dimensional (1-D) coupling 92 cem(,q)
integrals [7, eq. (8)]: {3_772 + (o — 2qcos 277)} {sem(n, 7 } =0 4)
ATE=TE(; )y — k}j j{ ;3‘1151 with solutions provided by the ordinary even and odd Mathieu
’ EP — k}_IQ L 7 on functionsce,,(n, ¢) andse,,(n, ¢), respectively. The modified
e . Mathieu equation has the form
TM—TM(L» J) kt- j{(I)II aq)j Al 82 C (5 )
A 5 4) = _te pae—
? 12 LI T an ~ _ Cm\S, q — 5
ks, ;\;1 {852 (c 2qcosh2§)} {Sem(g, 4 0 (5)
ATE=TM(G 5y = j'{ ol =4 qs (1) with solutions provided by the modified even and odd Mathieu
¥ s functionsCe,,, (£, q) and Se,,, (€, q), respectively. The param-

1Patent pending. eter« is a separation constant dependingqn
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Fig. 3. (@) Outline of back-to-back configuration with two step discontinuities, one of which shows an inclination angle (access guides are WRX& majo
is 22 mm, minor axis is 21.6 mm, and length is 16.5 mm). Plotted for different inclination angles ae<H)>°, (c) 15°, and (d)§ = 0°, respectively,
the theoretical results, the experimental data, and the data obtained by using HP HFSS.

The TE and TM potentials are expressed as a combinatiBn Numerical Computations and Experimental Validation
of the ordinary even and odd Mathieu functiafs,(n, ¢) and of the Rectangular—Elliptical Step Discontinuity

sem(n, q), and of the modified even and odd Mathieu functions The spectrum computation of elliptical waveguides has

Cem (€, q) and Sea (€ q), respectively, as received considerable attention in the past [8], [10], [11];

{\I/H}_ {Cem(é Q)Cem(mQ)} (6) more recently, interest has again been raised [12]-[15]. It
O [ 7 | Sem(& @sem(ng) | is noted, however, that for narrow-band filter applications, a
Enforcement of boundary conditions on the waveguide wall®nsiderable accuracy is required; moreover, for typical cases,
require the algorithm should be able to provide a fairly large number
TM modes:Ce,, (&0, q) = 0 of modes (several hundreds TE and TM modes for the accurate
Sem(€0,q) =0 7) analysis of the step discontinuity).
’/" ’ Numerical calculations start with the computation of separa-
TE modes:Ce;, (€0,9) = 0 tion constants (4), (5), also known as “characteristic values” of
Sel(&0,q) =0 (8) Mathieu functions, and carried out according to the algorithm
with the prime denoting the derivative agg the position of reported in [11]. Ordinary expansion of Mathieu functions is
the metallic boundary. It is noted that for each root of (7 terms of trigonometric and exponential functions [8, ch. 2],
and (8) we get a different mode, i.e., a valuegofind, by but this expansion has a rather poor convergence radius and
(3), a different value oft/*. Hence, there are four types offails to give accurate results when the argument or the order
propagation in an elliptical waveguide, namely, even and o@de just moderately large.
TE and TM modes. A more efficient expansion that has actually been used
2) Rectangular-Waveguide Potential®Vith the adopted in our calculations, is in terms of Bessel functions [8, ch.
coordinate system (see Fig. 2), we have the following]. In addition to being numerically much more stable, this
expressions for TE and TM potentials: expansion has (in our case of moderate elliptical shape) the
. a b further advantage of highlighting similarities and deviations
Wiy, (i, y) = cos [kw (37 + 5)} cos {ky <y + 5)} with respect to the circular guide. Numerical computation
)} schemes are worked out according to [8, ch. 8] and [9, ch. 20]
9)

. a ) b )
‘1’%,1)(% y) = sin |:kac (37 + 5)} Sin |:ky <y + 5 and give accurate results up to large values of arguments and

2

ith k, and k, defined orders.
With ez and &, defined as Since no experimental data are available for the junction
ky = m; ky = %. (10) between a rectangular and an elliptical waveguide, we have
a

built and measured a structure with two step discontinuities
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Fig. 4. Reflection coefficient of the short-circuited cavity shown in Fig. 1. The feeding waveguide is a WR 75 and the input iris dimensions are 8-mm
wide, 0.75-mm high, and 1-mm thick. The major axis of the elliptical cavity is 22 mm and the minor axes and inclinations are as follows. (a) Minor axis
is 21.9 mm,# = 60°. (b) Minor axis is 21.6 mm§# = 30°. (c) Minor axis is 21.6 mmf = 75°.

placed back-to-back. This configuration, having equal accdsstween the rectangular and elliptical waveguide is able to
guides, makes measurements easier. Moreover, since the ptaduce the dual polarization. In Fig. 3(d), where the in-
put step is allowed to show an inclination angle with respect thination angled is zero, we have just one resonant mode
input guide, this feature is also fully validated. The geometipside the cavity; however, when a certain inclination angle is
of the step discontinuities is shown in Fig. 3(a) and relatembnsidered, e.g§ = 15° as in Fig. 3(c), we note two resonant
dimensions are given in the caption. modes being present inside the cavity. Finally, in Fig. 3(b),
It is noted that very good agreement is present betwetlie two resonances merge together, thus showing just an
modal analysis and the experimental data. The theoretieallarged one. This behavior is investigated more carefully by
results generated with modal analysis have employed 20 Té&nsidering the short-circuited cavity.
and 14 TM modes in the rectangular waveguides and 37 TE
gnd 25 TM modes in the_ ell|pt|cal wayegmde, computatio _ The Short-Circuited Cavity
time for 100 frequency points is approximately 63 s on an
735 workstation. Also noted is the good agreement with HP Cavity aspect ratios suitable for a dual-mode application are
HFSS, which apart for one point in Fig. 3(c), provide a fairljhose close to the circular shape, since it is to be expected that
accurate result. However, the FEM adopted in HFSS is r@tsma” Shrinking of the minor axis of the eIIipse is sufficient
the most efficient approach for waveguiding problems; in fad@ produce the desired coupling action [3].
computation of 21 frequency points requires approximately In particular, two aspect ratios have been tested under
2 h. The latter figures make clear that the HFSS represents@afnoderately large input coupling sufficient to overcouple
excellent and versatile tool for code or structure validatiofhe resonators in order to get a significant response both in
but is not particularly suitable for efficient filter design. ~ amplitude and in phase. Cross sections of both cavities have
a major axis of 22 mm, minor axis of 21.9 mm for cavity
one (the corresponding aspect ratio being 1.004 566), and 21.6
for cavity two (aspect ratio 1.01852). All cavities have been
From a more detailed observation of the resonances presmeasured in the range of inclinations frorA  9C° with
in Fig. 3(c) it is also apparent that the inclined junctiom step of 15; precision alignment p-i-n’s have been used

I1l. DUAL-MODE OPERATION
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Fig. 5. (a) Sensitivity analysis of the short-circuited cavity with respect to variations of the ellipticity of (b) the cavity length and (c) tiziamcli

in order to ensure close control of the setup under measukéereover, by choosing a tuned configuration it is possible to
ment. Representative data are reported in Fig. 4(a)—(c), whdesluce, in addition to data concerning the response deviation
measured responses are also compared with mode-matcHiog the reference condition, data relative to equivalent cou-
simulations. In particular, Fig. 4(a) shows cavity one with apling coefficients—the latter being particularly significant for
inclination of 6. We may note that a very good agreement ifiter applications.
maintained even for this aspect ratio and that being close to thén particular, a variation of- 0.01 mm in the cavity length,
circular shape requires a fairly lengthy and time-consuming + 5° in the inclination, and of£0.25% in the aspect ratio
mode search for the elliptic guide. Cavity two is shown fofcorresponding to approximately 0.05 mm in the minor
two angular positions of 30[Fig. 4(b)] and 78 [Fig. 4(c)], axis), has been applied. The results are shown in Fig. 5 where,
respectively. Apart from the good agreement between thedryall cases, the solid line represents the reference condition
and experiment, it is interesting to observe the situation ghd the dashed lines the variations.
Fig. 4(c), where the depth of the two resonant peaks iSAs can be seen, in case Fig. 5(b) (variation in length) the
approximately equal. It is well known that this correspondgsult is a bare shift of the response of approximately 4 MHz,
to a synchronous tuning of the two resonant modes. In othgith a coupling coefficient that remains virtually unchanged.
words, measured data show the response of a tuned duylthe case of a four-pole filter (two cavities) this would
mode cavity in which the reactive loading of the input iris hagorrespond to a shift in frequency of the response with a
been perfectly compensated, as explained in [18]. This furth@sgligible degradation of the shape. A variation in inclination
proves the tuning and coupling capability of the new cavity[see Fig. 5(c)] produces, on the contrary, appreciable effects
only on the coupling coefficient, leaving the center frequency
o ) nearly unaffected. It can be inferred from the data shown that
B. Sensitivity Analysis to keep the coupling error withite 1% the allowed error

The nearly tuned configuration reported in Fig. 4(c) hds the inclination angle is 0.2%. Finally, a variation in the
been taken as a reference for some representative sensitigigpect ratio (that is one or both of the ellipse axes) produces a
calculations. The aim of these computed data is to providesimultaneous coupling and detuning error [see Fig. 5(a)]. This
better insight into the allowed tolerance to be sought for theakes this kind of variation the most critical. Data worked
mechanical realization of the proposed new filter structureut from the curve shown give a permissible errott00.005
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Fig. 6. (a) Sketch of the intercavity geometry. Note that the two elliptical cavities are oriented in opposite directions. Intercavity couplffeyeor d
inclination angles of the elliptical cavities in ()= 0°, (c) ¢ = 90°, (d) # = 15°, and (e)¢ = 30°. The dimensions of the intercavity iris are 3.78-mm

wide, 5.31-mm high, and 1-mm thick. The major axis of the elliptical cavities is 22 mm, the minor axis 21.6, and their length is 16.5 mm. The feeding
rectangular waveguide is a WR75 and the input iris dimensions are 5-mm wide, 0.5-mm high, and 1-mm thick.

mm in order to maintain coupling and detuning errors withinoupling with respect to inclination, this information being

acceptable margins. particularly useful for design purposes. However, in order
to provide a further check of the developed theory, the
IV. STUDY OF INTERCAVITY COUPLING configuration with the cavities showing an opposite inclination,

either of + 15° (case d) andt 30° (case €) have also been
%onsidered. As it is expected, when the two cavities are not

fil A d K | hat d iderabl d§Iigned all four resonant modes (two in each dual-mode cavity)
liter. A second key element that deserves considerable afy oy ited and are visible in the input reflection response, as

tention before proceeding to the design and fabrication of #shown in the two cases considered. The correlation between
entire filter structure is the coupling between adjacent caviti% computed and measured responses is again very good

tEat IS accompllﬁhbed by mshertlng a rectangular_z;\]pelrltur_e Poving the accuracy and the reliability of the simulation tools
the common wall between the two resonators with ellipticgl .+ have been developed for elliptical cavities.

cross section. The accuracy of the rectangular-to-elliptica
scattering described in Section Il has been tested also in
this configuration, especially with reference to the case of
the two cavities with opposite inclinations, since the latter
configuration typically occurs in the design of filters havin% .
finite-transmission zeros. . Ease of Manufacturing

The two cavities under test [Fig. 6(a)] have been aligned Several prototypes of elliptic cavities with different aspect
at first, either with the major axis placed horizontally (case latios have been machined out of aluminum. The lack of
or vertically (case c). In both cases, a very good agreemdaigcontinuities inside the cavities has enabled the use of a
between measured and theoretical data can be observed. Motenerically controlled milling machine. Electric discharge
over, since the variation of the coupling coefficient is quiterosion has been limited to input coupling irises, resulting in a
modest between these limiting cases, it can be reasonapbtential cost-reducing technology. In particular, good internal
argued that there is a very weak dependence of the intercawtyface finish (which has a direct impact on the cavity loss)

The dual-mode cavity examined in details in the two pr
vious sections is the basic building block of a dual-mo

V. DISCUSSION
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length 16.62 mm, inclination 81.46 central iris: 3.50 mmx 4.98 mm,

can be achieved with a substantial cost reduction with respétgkness 1 mm, inputioutput guide: WR 75).
to a fabrication involving heavy electric-discharge steps.

VI. CONCLUSION

B. Unloaded® A novel cavity structure without screws for dual-mode
The cross-section uniformity also plays an important rolgarrow-band filters has been presented which significantly
in this case. All cavity samples were made using aluminufproves the unloaded), the ability to operate with high
alloy 7075 T6, which displays a typical conductivity rateghower levels, and the ease of manufacturing. The cavity has
at 30%-35% of that of annealed copper. A simple calculatieiptical cross section and no tuning or coupling elements
performed according to [16, Ch. 4] for a circular cavity havingre present in its interior; hence, allowing manufacturing by
approximately the same cross section, and with a practigallling techniques. Appropriate tuning and coupling actions
efficiency of 58%, deduced from [17], gives an unloadgd are obtained by suitably selecting the inclination angle with
value slightly less than 4000 at 12 GHz. Measurgd of respect to the input rectangular waveguide and the ellipticity
elliptic cavities are all in the range of 3700-3800, quite clossf the cavity.
to the theoretical prediction. Note that these values are nearly rigorous full-wave electromagnetic model for the step
50% higher than those measured in [5], and 25% higher thaicontinuity between rectangular and elliptical waveguides

that of a comparable rectangular cavity. has been developed and experimentally validated. Measured
and theoretical results for different inclination angles and
C. Four-Pole Filter Design and Realization different values of ellipticity of the cavity have been presented,

By extending the mode-matching software developed forSQOWi”Q _the accuracy of the elegtromagnetic analys?s and
single dual-mode cavity analysis to a full four-pole structurd'® ,Va“,d'ty of the proposed cavity for dual-mode filters
(two cavities), a demonstration filter has been designed. TRgplications. L .
selected prototype is of an elliptic type (two finite-transmission /* COMPplete four-pole elliptic filter with center frequency of
zeros), has a center frequency of 12 GHz with a passbat ©HZz, @ passband of 78 MHz, and sidelobes of 22.5 dB
of 78 MHz and sidelobes of 22.5 dB. Pretuning techniqué‘é’.als been designed, manufact.ured, and tgsted. Measured re-
described in [3] have been extensively employed to obtain>BONS€ compares favorably with co.mputa'tlor.l and prove_s_the
good starting point. A subsequent final optimization has led 62SiPility of the proposed approach in designing and realizing
the result shown in Fig. 7. The inclination angle of the secoﬁ@”ow_band bandpass filters V.V'thOUt screws and displaying
cavity is obviously the opposite with respect to the verticd Near-optimum performance in terms of unloadg@dand
axis of the first one. As can be noted, the typical capabili§°PWer-handling capabilities.
of generating responses with finite zeros of conventional dual-
mode filters is fully maintained. The equivalent cavity loss APPENDIX
used in computations corresponds to an unloageaf 3700. : —_ : :

Starting frcF))m the optimizec‘i)geometrical dimﬁsions an ex- In order to write the coupling integrals in compact form it

. . i convenient to introduce the following notation:
perimental aluminum prototype has been manufactured (accu-

racy = 0.01 mm) and tested. The measured response reported Cem(&, q)cem(n, q)

in Fig. 8 shows good agreement with theoretical computations. U (&) = {Sem(g, Q)sem(n,q) }

In particular, the measured passband and center frequency are O, (&, q)cem(n, @)

very close to theory (difference in bandwidth and frequency Vin(&,m) = {Se,’"(g’q)sem(n’q) }

is less than 2% and approximately 5 MHz, respectively). The m\S) :n )

measured return loss exceeds 20 dB and out-of-band sidelobe Win(€,17) = {Cem(& Q)celm(ﬁ, q) } (11)
asymmetries are less than 2 dB. Sem(&, q)sen (1, q)
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where the functionsl,,, V.., and W,, take the even or with the integrals/, andI, now taking the forms
odd expressions depending on the case considered. It is also

I
expedient to define the functiorts,, and GG,,, as I = vz @Ha i dy
¥ v Oz
P —b/2
F’nl(£7 77) = [ 7'77/(57 ) 5 + Wrn 57 } b/2 b ~
5 :kxcosmw/b/ sm{k <y+ )}U (x=a/2,y)d
2
Gm(ﬁﬂ?) = |: rn(£7 ) + W 57 :| (12) a/2 118(1)1 i
I, = / o!
—a d
With reference to Fig. 2, the termgfc—, 5L, 55, and 3 are /2 .3/2
obtained as =k, Cosp7r/ Sin|:/€ (a: + )} Upn(z,y = b/2) dx
—a/2
% = %[sinhé’cos ncos @ — cosh € sin 9 sin 6]
32 _h e bl " C. TE-TM Coupling Integrals
or K[_ cosh { sin 7 cos f — sinh { cos 7 sin ] The TE-TM coupling integrals are given by
% = %[sinhé’cosnsinH + cosh & sinn cos 6] j{ Bl 8\1/} =2l 1)
Y L-"J — +1
* On vy
3 = h [— cosh &sinysin 6 + sinh & cosncos 6] (13) !
dy A with the integralsl, and I, assuming the meanings
with A being defined as b2 8\1/1 L
_h2 Ix_/—b? g Y
A= ?(COSh 2¢ — cos 27). (14) / )
b/2
. b\~
By expressingg and 7 in terms ofz andy, as¢é + in = = —hky cos mﬂ/b/2 Sm{ky<y+ 5)}[]7"(“7 = af2,y)dy

cosh™ (’”*”’) we are now in a position to numerically eval-

uate the coupling integrals between elliptical and rectangulalry _ /a/2 (I)IIa\IjI do

waveguides. For the sake of clarity, we denote with a tilde the —a/2 dy

functions expressed in terms of the and y-coordinates as a/2 .

Fn(z,y) = Fn(&,m). We also note that by taking advantage = & COSPW/Q/Q sin [/f (37 + )} Un(z,y=b/2)dz

of the symmetries, only half of the contour has to be considered
when evaluating the coupling integrals. REFERENCES
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