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Abstract - This paper presents a procedure to design passive
waveguide components taking into account the presence of
complementary modesin the formulation. The algorithm, based
on the Boundary Element Method (BEM), solves the wave
equation for each discontinuity plane using two different
formulations (TE and TM). The complete waveguide structure
is obtained by cascading all discontinuities. The scattering
parameters for a rectangular waveguide transformer are
presented and it is shown to be computationally affordable.

Index Terms — Complementary modes, Ridge waveguide,
BEM, Cutoff wavenumber, I ntegral Equation Method.

I. INTRODUCTION

Ridge waveguide plays an important role in
telecommunication applicaions. They ae dements used in
many devices as filters, tranformers and polarizers. When
complex components ae required the numerica effort
involved by dectromagnetic modds may easily become
unaffordable. Moreover, these components are part of
complex waveguides sub-systems that requires an  accurate
software tool, to perform, in short time, the analysis of the
sructures involved. In theses agorithms the complete set of
the modes, which is the main part of the design, represents a
significant computational effort. It takes over 80% [1-3] of
thetotal CPU time.

The commonly approaches of dectromagnetic  (EM)
problems analyss can be divided into three groups the
volume method, mode matching method and integrd method
(MoM). The modes solutions in these methods are obtained
from the roots of the characteristic equation of the problem.
Thee roots are the wavenumbers (eigenvaues). Once the
boundary conditions have been <specified, we can find
accountable numbers of roots. Elsewhere, not dl of them
result in aphysical mode solution [3].
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The st of numericd solutions is composed by physica,
nonphysica  (spurious) and complementary solutions.  This
last one is intrinsc to the numerical solution of boundary
methods, like as BEM. In this case, e surface domain of the
problem is replaced by a contour one. Then, al information

about the red direction of the outward norma vector N to
the surface is log (Fig. 1). By the way, others methods
currently  present cutoff wavenumbers (solutions) in the
vicinity of the complementary solutions. It is pointed out that
even the solutions of the hollow waveguide can be very
closed to the modes of theridge one [4].

In this paper, we use a paticular case of the method of
moments (MoM), the Gaekin method, to solve the
homogenous sysem in matrix form AX=0 This matrix
obtained from the system of partia differentiad equetions is a
non-lineer eigenvadues problem. The solutions are determined
usng a monotonous functions approach [5]. The modes
orthogondity and the inner product ae automaticaly
verified.

In order to illustrate the efficiency of the dgorithm in the
section of the numericd solutions we desgn a metdlic
rectangular waveguide transformer (Fig. 2). For the desgn of
these structures, some important aspects need to be taken into
account, as the influence of the finite thickness, higher order
mode coupling effects and the optimisation posshilities in
stepped  design  (height and width). To sudy these
components it is important to determine with accuracy;
firstly, the different types of transitions used in the complete
gructure (Fig. 2); and secondly, the interaction between
subsequent  discontinuities by considering it in cascade. The
contour integra formulation is used to caculae the coupling
coefficients and to determine the trangtion parameters. The
functions are cascaded by taking into account the numbers of
coupled modes, in conjunction with an impedance matrix
association  technique [6]. The scateing paameers are
cdculated and they are in good agreement with the published
data

Of course, the analysis presented here is not limited to the
shape of waveguide nether the complexity dong the
propagation axis z. The transformer is homogeneous and
uniform.



Il. FORMULATION

Fig.1 Cross-section of an arbitrary homogenous waveguide with perfect
metdlic wall.

The modding method is divided in severd successve
steps. Its begin with the resolution of Helmholtz's equation,
through a Green's function sisfying the boundary
conditions, and finish in a matrix form by projection of the
operators deduced from the segmentation method with
Gderkin's procedure.

By using a 2D method (BEM) the domain of study can be
reduced to the cross section presented in Fig.l. It represents
the cross section of an abitrary homogenous waveguide,
uniform aong the propagation axis z. In this waveguide, the
eectric and magnetic fields satisfy Helmholtz's equetion (1).

(N7 +k)y (M) =0 @

wherey (I) representsthe TE or TM modes.

To modd the dectromagnetic fidds in a waveguide we
usethe scalar Green's function that satisfies (2).

(N2 +K)G(F,F) =-d(F,7") @

The TE and TM modes are trated independently with its
approprigte  boundary conditions. The matrix size is reduced
with the hdp of a judicious choice of the Green function. In
this way, for a rectangular contour G (Fig. 2) the basis
functions j (') ae developed in a series of snes and
cossinestrigonometric functions.

A T™M modes

Using the second Green's identity we can relate the fidds
and the scalar Green function.

y (F)=gG(r, )1y (F)dr’

- .G, )y (F)dr’ ®
G

The Dirichlet conditions for TM modes y (F)=E, =0,
leads the follow final system on the contour G

Gf,E.(F)=0 @

Where é is a monotonous integral operator as defined in

[5. The unknowns 9 E, ae devdoped in weighting
functions.

B. TE modes

In this case we use the vector Green's function. The
transverse dectric fidd, solution of the wave equaion, can be
written as a complete set of basis functions with free curl,

f " andfreedivergence, f E.
ET(X,y):KIfTE+|§|fTH “n (5)

where T denotes transverse coordinates and i is the norma
unit vector.

The appropriate boundary conditions to theses basis leads
the follow final system of equations to be solve

GJ,(r)=0 ©

A

where G is the monotonous integral operator as defined in

[3] ad the unknowns J, ae developed in weighting
functions.
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Fig.2: A metdlic rectangular waveguide transformer.

C. Impedance matrix

The find systems of homogeneous equations ((4) and (6))
ae represented in the marix form usng the Gderkin
procedure and BEM, over the contour C. It iswritten as



[Alx]=0 ™

A indicates dl marix dements of the sysem and the
unknowns are placed in Nx1 column matrix, K]. [Al isa NxN
squae marix axd N is the number of segments over
discretized contour C.

The zeros of the matrix determinant are solved by a
systematic procedure [3]. Once the coupling coefficients have
been obtaned, usng the integra contour technique, the
matrix impedance of each the discontinuity can then be
evduated by the Multimodad Variationad method [7]. The S-
parameters for the complete sructure are deduced by
cascading the Z-matrix of each discontinuity plane.

I1l. COMPLEMENTARY MODES

In the boundary elements method (BEM), the surface
domain of the problem is replaced by a contour one. Then, all
information about the red direction of the outward norma
vector N, when the fidds unknowns ae numerica
represented on the contour C, are lost.

The st of cutoff wavenumbers caculated are then put in
the modes expressons and they should satisfy the
orthogondity properties.

(i oK) ko)) =d,, ®)

where d g FEpresents the Kronecker delta and J 0 is the

p-thmode (TE or TM).

We numericadly identified the vadues of (8) that are greater
than 1.001 as nonphysica modes and those that are less than
094 as complementary one (insgde the hollow ridge). If the
scdar products are between these two values, we dsate tha
the functions represent modes of ridge waveguide. This rule
is a purdly empiricd one. It was verified in some cases of
ridged rectangular and circular waveguides.

IV. NUMERICAL RESULTS

In Fig. (3), we can see the cross section of the transformer

mounted in a WR-140. This is the geometry of each
discontinuity with different valuesof S .
— 10I<—
T =77.95
15.9 >

Fig.3: Cross-section of the rectangular waveguide transformer.

The dimendons presented
millimeters, as we can see in Table |. Where |i

of i-th ridge and WG is i-th ridge wavegtide.

in Fg. 3 ae given in
is the length

TABLEI

DIMENSIONS OF THE DOUBLE RIDGE WAVEGUIDE
(S and | in millimeters)

: WG1 [ WG2 | WG3 | WG4 | WG5 | WG6E
S 6.67 | 532 | 429 | 334 | 244 [ 200
li 598 [ 6.00 [ 737 | 690 | 562 [ 6.02

The trandformer has symmetry along the propagetion axis,
i.e, the fird gx ridges (WGi) are repested to form the
complete structure. The results for the cutoff wavenumbers
that satisfy equation (8) for four TE and TM modes are
shownin Tablell.

TABLEII
FOUR CUTOFF WAVENUMBERS OF THE TRANSFORMER
(K¢in rad/m)
KC

WoLlTE | 19261 | 5840 [ ei216 [ 925
T™M | 84408 | 101769 | 128358 | 163027

Wea |TE | 1823 | 5991 | 8076 | 90406
T™M | 87482 | 108003 | 133272 | 164654

el TE | 17150 | 52504 | 80499 | 88263
TM | 88750 | 112461 | 140881 | 167343

TE | 15000 | 50325 | 80416 | 87131
WGA M| 89807 | 114613 | 146815 | 175167

TE | 14432 | 48377 | 80365 | 86424
WG5S T 89526 | 115400 | 148779 | 178538

TE | 13580 | 47475 | 8321 | 86159
WG6 "\ 89573 | 115555 | 149101 | 178937

Once the modes orthogondity assured, we can obtain the
meatrix impedance of esch discontinuity and so cascade al of
them to compute the scattering parameter. It should be
pointed out here that the cutoff wavenumbers presents in
Table Il are not the first ones detected by agorithm. They are
the first onesthat satisfy equation (8).

Fig. 4 presents the results for the module of the reflection
coefficient (|S;;] in dB) of the transformer. The frequencies
are given in GHz. The results are very closed to the reference
[10] even thought we can see a little displacement in the
second resonance frequency. It can be attributed to the
differences in the input data. In this case this difference is not
so important, in fact, this power is -60 dB. Vdidaed our
results to experimental and theoreticd one published we
checked it with a commercid software based on finite
edements method (FEM), HFSS. In a PC with 400 MHz and
64Mo, 35000 tetrahedra are used to discretize the entire
structure.
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Fig4: The module of the reflection parameter of the transformer as a
function of the frequency (GH2).

The PC daacterigics put the HFSS software under
condraints limitations. The results obtained after 264
hours in CPU time were not good, even though the dope
curve give us a sngle idea of the reflection coefficient
behavior. By the way, our adgorithm took 3,5 hours only to
arive in the above reaults (Fig. 4). A 655% of this time
was resarved to search the cutoff wavenumbers of al ridge
waveguide. In each step of this procedure the symmetry of
the structure was considered.

V. CONCLUSIONS

In this paper we shown that the criterion use to check
physcad modes in ridge waveguide can be used without
increase the CPU time. By the way, the dgorithms based
on the BEM should to gpply any kid of sdection technique
to build a complete set of modes. The complementary
modes are more pronounced when the dimensons of the
ridge are in same order of the guide house. The results are
accurate and the curves for the module of the reflection
coefficient of a transformer with twelve discontinuities
planes have been shown. In the andyss of the table Il we
can see the wdl behaved of the cutoff wavenumbers and it
can be taken asintuitive information.
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