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Abstract — We consider a novel transition for broadband efficient transmission of the fundamental
mode and suppression of the higher order parasitic modes in the multi-mode rectangular waveguide
with an increased dimension of the narrow wall. The CAD procedure utilizes rigorous EM simulation
algorithm and optimization. The designed compact Ka-band transition demonstrates excellent
electrical capability and stability with respect to fabrication tolerance variations.

Introduction - At millimeter wavelengths, the problem of reducing the dissipation losses in the
transmission lines becomes critical for various applications. Due to its low-loss characteristics, the
rectangular waveguides with a significantly increased dimension of the narrow wall are of promising
value for this purpose [1]. The indicated waveguides become multi-mode but operate on the

fundamental TE,, mode. For instance, insertion losses of uniform WR-28 waveguide 7.112x 3.556
mm are about 1 dB/m, while the attenuation of the waveguide with 7.112x 16-mm cross section is
about 0.3 dB/m for TE,, mode. Main advantage of a multi-mode rectangular waveguide is that this
structure allows smooth H -plane bending [2]. As the result, in-phase H -plane systems of mm-wave
power distribution can be implemented with excellent performances. Such systems find important
application in the array antenna [3].

Realization of the multi-mode waveguides requires excitation of the fundamental TE,, mode as well

as suppression of the parasitic waves. To this end, specially constructed transitions are needed. There
are two common ways to construct a transition. One is a smooth transition and the other is a stepped
one. Here we consider stepped type of transition for optimization by use of an EM CAD procedure.
Thereason for this choiceis its compactness.

Statement of Problem — The desired transition is the two-port device, which excites fundamental

TE,, mode and suppresses parasitic modes in the multi-mode port for the given TE,, incident in the
single-mode port. Typically the “narrow” wall “b " sizeis required to be increased in about 5 times as

that of the singleemode port, while the dimension “a” is normally within limits from half of
wavelength to one wavelength. So together with the fundamental mode, the propagating waves in such

awaveguide port are the following modes: TE,,, TM,, TE,, TM,, TE;;, TM 3, TE;, TE,, and
TEy;. However, TE,;, TM,,, TE;;, TM 5, TE,,, TE,,, and TE; parasitic modes can be excited in

the symmetrical transition only in the case of distortion of the symmetry in the process of fabrication.
So the parameters to be minimized are power reflected from the single-mode waveguide input and

levels of excitation of parasitic modes TE, and TM,, in the multi-mode waveguide. The
transmission of fundamental TE,, mode to multi-mode port should be maximized. To allow more

compact transition design, an overall length of the transition can be included into the sat of parameters
to be minimized.

Simulation Approach - A rectangular waveguide stepped transition from width a, and height b, to
be width a, and height b, is shown in Fig. 1. This transition structure consists of discontinuities of

the step waveguide junctions and uniform waveguide segments. Although the desirable ideal transition
is of symmetrical shape with respect to longitudinal axis, the more general unsymmetrical case has
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been chosen as a modd in order to simulate the unsymmetry effects possibly occurring in the
fabrication process. In this connection the unsymmetrical double-plane waveguide junctions were used
in the model structure. The generic case of waveguide junction is shown in Fig. 2a and b, where the
correlation between geometrical parameters is arbitrary and parameters ¢ and d can be positive as
well as negative.
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Fig. 1. A generic configuration of transition. Fig. 2. Unsymmetrical double-plane waveguide

dementary junction. (@) Longitudinal x0z -
sectional view (b) y0z — sectional view.

The analysis takes into account higher order mode interaction of the structure s discontinuities by use
of generalized scattering matrix technique. Thus, the main simulation problem reduces to a
determination of the generalized multi-mode descriptor for the junction. An EM basis in the form of a
system of LSE and LSM eigenmodes has been used for the solution of the junction problem. Note

that the LSE,, (LSM,,,) modes are equal to TE,, (TE,, ) ones respectively. The linear combination
of each pair of arbitrary LSE , and LSM,,, modes can be represented as a pair of TE_, and

TM ,, modes.

The generalized scattering matrix of the junction was obtained by solving 3D vector diffraction
problems formulated by use of the following principle - “each of the eigenmodes excites the entire
spectrum of eigenmodes’. These problems were rearranged to the system of integral equations for the

unknown transverse eectric field E, | (x, y) in the aperture of the junction. The integral equations are

solved by Galerkin's method.

A key point of suggested theory is special choice of the basis functions for the Galerkin's procedure.
Namely, these basis functions are weighted Gegenbauer polynomials. Such choice of basis functions
adequately describes fidd behavior not only very near the structure's metal edges, but also within
middle distances [4]. In essence, the utilization of prior explicit information about field behavior near
the discontinuities guarantees rapid convergence, high accuracy, and consequently, also high
efficiency for the entire simulation algorithm. The efficiency is of critical value here because of
iterative essence of the optimization procedure to be applied.

Objective Function - Consider the case that the LSE,; modeisincident in the waveguide port 1 upon
the plane of thefirst junction (Fig. 1). If the amplitude of the incident is normalized to be unity, then

LSE, o

the amplitude of the reflected LSE ,mode in waveguide port 1 is S, the amplitude of the
transmitted LSE,, in waveguide port 2 is S, and the amplitudes of the excited LSE,, and



LSM,, modesin port 2 are S, 2 and S.>'* respectively. Unlike the conventional transformer design

approach [5,6], the objective function here explicitly includes the terms corresponding to the higher
order mode excitation. For the ideal symmetrical caseit is sufficient to consider the objective function
to be minimized as follows:
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Where f, arefrequency sample points, @ isthe geometrical parameter vector, W, W, , W, , W, , W,

are weighting factors, and S, S;>v, Sz S= gre scattering parameters. The number of

equidistant frequency sample points | was chosen to be equal to 21 here. The objective function (1) is
minimized with respect to the parameter vector @ = (a,,a,,...,a,;,0,,0,,....0_;,1;,1,,...,1 ). Where

a, bq , and Iq are, respectively, the width, the height, and length of the transition section

Transition Design Example - The designed Ka-band transition begins with standard waveguide WR-
28 (7.112x3.556 mm) and ends with conversed WR-62 (7.899x 15.779 mm). In order to expedite
experimental back-to-back test fixture, standard WR-62 tube has been chosen as a multi-mode
waveguide. Such choice has allowed the increase of the narrow wall dimension in about 5 times as
much, while theincrease of the broad wall size has been within 10%. The transition is contemplated to
operate within the frequency band from 27 GHz up to 37 GHz.

The five-sectional transition has been optimized. The dimensions of optimized transition are given in
Table 1. It should be noted that the topology of the transition structure has a nonmonotonic variation

of the a, dimensions along the longitudinal axis as shown in Fig.1. Such shape of the transition

provides the successful suppression of the parasitic modes. The physical fact of the matter is that the
currents in the waveguide walls for the parasitic LSE, and LSM,, modes have the different
distributions as compared with fundamental one.

Table 1: Dimensions of optimized transition. All units arein mm.

q 0 1 2 3 4 5 6
a, 7112 | 663 | 7.75 6.42 6.57 7.29 7.899
b 355 | 491 | 923 | 1193 | 13.69 | 14.93 | 15.779

o)

I - 211 | 325 4.06 4.59 9.98 -

Thelevels of excited parasitic modes as well as reflection coefficient of the fundamental mode for the

optimized transition are shown in Fig. 3. The maximum value of LlSE“’ is-25 dB, and insertion losses

L0 amount to no more than 0.1 dB.

The praobable distortion of the symmetry in the process of fabrication has been also simulated. In order
to perform the sensitivity analysis some offsets were superinduced into the model of optimized
transition. The effect of the £ 0.05-mm offsets in the X -direction was evaluated first. In this case the

corresponding level of parasitic L9V ;, mode doesn't exceed —40dB (hereinafter the worst case).
Note that LSM,, and LSM ,, modes are not excited in the case of X-distortion of the symmetry
because the LSE is incident. The effect of the + 0.05-mm offsets in the Y -direction was evaluated

second. The corresponding maximum levels of the excited LSE,;, LSM,, LSE;, LSM ; modes

are —26dB, -42dB, -36dB, and —50dB, respectively. The data corresponding to the distortion of
symmetry in both directions together are presented in Fig. 4. All eigenmodes above cutoff are excited



as expected. The attenuation of LSE,, and LSV, modes is not shown in Fig.4 and, however, has

been observed to amounts to better than —18 dB. For the worst case the maximum value of S, has
been observed to be still about -25 dB.
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Fig. 3. Scattering parameters for optimized transition. Fig. 4. Levels of the parasitic modes excited
because of the distortion of symmetry.

An overal length of the transition is about 24 mm. Such length looks very competitive compared with
the smooth structure [2] with similar eectrical performances and size of 50 mm.

Conclusion - An EM theory based CAD procedure has been proposed and demonstrated for the
transition from single-mode to multi-mode rectangular waveguides. The rigorous EM method outlined
provides high efficiency of the simulation algorithm and guarantees veracity of numerical results.
Proposed compact optimized structure of the Ka-band transition provides excelent transmission of the
fundamental mode and effective suppression of the parasitic higher order modes. An extensive
tolerance study was also undertaken. It was found that transition design is stable with respect to typical
fabrication variations. The aforementioned features provide a useful transition that can be
implemented in mm-wave power distribution systems.
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