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Fundamental Mode Selection Thanks to
Metamaterial Wall Insertion in Waveguides

Lucille Kuhler, Nathalie Raveu, Gwenn Le Fur, and Luc Duchesne

Abstract—In this paper, a new application of metamaterials is
put forward, the selection of the fundamental mode of
waveguides. To demonstrate this new application, the Modal
Expansion Theory (MET) hybridized with a 2D Finite-Element-
Method (FEM) is used. The procedure to design metamaterial
waveguides using the MET is also introduced. This method is
used to design a corrugated waveguide with a TMo; mode as
fundamental mode, knowing that in metallic waveguide the
fundamental mode is the TE{i. As a proof of concept, this
metamaterial waveguide is fabricated as well as the metallic
waveguide. Both waveguides are excited with the TE{; mode,
which results in a standard propagation of this mode in the
metallic waveguide, and no propagation in the corrugated
waveguide. To excite the TMoi;, a new Coaxial to Waveguide
Transition (CWT) is developed and presented in the paper. Both,
simulations and experiments are carried out in order to verify
and prove the fact that the fundamental mode of the corrugated
waveguide is the TMo; mode.

Index Terms—Coaxial to waveguide transition, cylindrical
waveguide, fundamental mode, metamaterials, modal expansion
theory (MET).

I. INTRODUCTION

ETAMATERIALS are well known and widely used in the

industry [1]-[4]. Thanks to their space arrangement,
they can be designed to exhibit special electromagnetic
properties, usually not encountered in natural materials [5],
such as a relative permittivity and/or a permeability smaller
than 1 or less than 0 [6]-[8]. In most applications,
metamaterials are used to reduce the waveguide size, and
therefore its weight [9]-[14] or to control the field at the hom
antenna aperture [3], [14]-[17]. In the past few years, a new
method of characterization of waveguides with anisotropic
walls and metamaterial walls hasbeen put forward: the Modal
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Expansion Theory (MET) [14], [18]-[23]. In [19], only
waveguides with fixed anisotropic walls were studied. By
combining the main algorithm of the MET and a 2-D Finite
Element Method (FEM) code, the study of waveguides with 2-
D metamaterials is realized [20]-[23]. In these articles,
metamaterials are replaced by their equivalent surface
impedances at any given volume height. These impedances
are dependent on the frequency, the incidence angle and on the
propagating mode. Thus, the MET returns the propagation
characteristics of 2-D metamaterial waveguides. Moreover,
the characterization is obtained drastically faster than when
obtained using commercial software such as HFSS [21]-[23].
As a matter of fact, the 3-D problem is solved and reduced
into a 2-D problem [20]-[23].

In this article, a new application of metamaterials in
waveguides is proposed selecting the fundamental mode. In
cylindrical metallic waveguides, the TEi1 mode is the
fundamental mode while the TMy; is the second propagating
mode. However, the TMo1 mode presents a circular symmetric
pattern very useful for signals detection when coming from
unknown directions [24]. In the space industry, the TMo
modeis particularly relevant for communications and satellites
positioning [25], [26]. Another application domain of the
TMo1 mode is in High-Power Microwaves (HPMs) [27], [28].
Hence, the mode of interest in this article is the TMo1 mode,
andit is selected asthe fundamentalmode of the metamaterial
waveguide. A new procedure to design the metamaterialbased
on the MET is also proposed in this article. First of all, the
MET is applied to anisotropic waveguides [19] to find the
impedancesrange allowing a TMo fundamentalmode. Then,
the 2-D FEM code is used to design the metamaterial. As a
matter of fact, the 2-D FEM code returns the equivalent
surface impedances of the metamaterial. By calculating these
impedances for different frequencies and incidence angles, the
dimensions of the metamaterial can be found. Then the
algorithm of the MET including the 2-D FEM code [21]-[23]
is used to plot the dispersion diagram to verify thatthe TMo is
the fundamentalmode.

In cylindrical waveguides, 2-D metamaterials are those with
a @ invariance. There are plenty of 2-D metamaterials, some of
which havealready been presentedin [21]-[23]. As a trade-off
between the metamaterial design and the complexity of its
fabrication, a corrugation is proposed in this work. While
many articles deal with corrugated waveguide [29]-[35], the
novelty of this method lies in the fact that all 2-D
metamaterials can be studied. In caseno corrugation achieves



the impedances range criteria, any 2-D metamaterial can be
considered.

In this article, the main objective is to design a corrugated
waveguide with a TMo1 fundamental mode by using a new
procedure based on the MET. Section II addresses the design
of a waveguide with TMo; fundamental mode. A comparison
with the equivalent classical waveguide is also performed. As
a proof of concept this new waveguide is fabricated. In the
third section, simulations and measurements are compared.
Firstly, the new waveguide is tested with a TE1; excitation to
prove that this mode is not a propagating mode. Then the
TMo is injected in this waveguide, and the propagation is
confirmed. A new Coaxial to Waveguide Transition (CWT) is
proposed to generate this particular mode.

II. WAVEGUIDE DESIGN WITH TMo1 FUNDAMENTAL MODE

In classical cylindrical waveguides, the fundamental mode
is the TE11 and the second one is the TMoi. However, it is
possible to change the fundamental mode by adding an
anisotropic wall [36]. In this article, a metamaterial with a 6
invariance is proposed to achieve this goal. In part II.A, the
design methodology to find the impedances range allowing a
TMo1 fundamental mode is given by using the MET for
waveguides with fixed anisotropic wall [19]. In part I1.B, the
dimensions of the corrugation that respects this range are
presented as well as the dispersion diagram of the corrugated
waveguide obtained with the MET and the 2-D FEM code
[211-[23].

The cylindrical waveguide with metamaterial wall is
considered invariant along the z-axis, the propagation axis.
Therefore the electromagnetic field has an eIk dependence,
with k, the propagation constantalongthe z-axis.

A. Design Methodology

As explained in the introduction, the goal is to have a
TMoi1 fundamentalmode. Consequently, the externalradius of
the metamaterial waveguide is fixed by the metallic
waveguide used as the reference. This metallic waveguide has
an A section of 34.2 mm. Thus, the two first mode cutoff
frequencies are imposed by the A radius and computed with

(1) [37]:
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where y1, is the first zero of J; derivative of Bessel first order
function, y,, the first zero of J, zero order Bessel function and
¢ the free space light speed.

The MET [19] is, first, applied to cylindrical waveguides
with fixed isotropic and anisotropic wall, as represented in
Fig. 1. These waveguides have the same a radius smaller than
A. As amatteroffact, A is fixed at 34.2 mm, and the a radius
is the radius where the equivalent surface impedances of the
metamaterial are computed. Therefore, the metamaterial is
between A and a. For this application, a is equalto 44/10 in

order to have
metamaterial.

enough degree of freedom to design the

#
Zz

Fig. 1. Cylindrical waveguide with fixed isotropicanisotropic wall at the a
radius.

The dispersion properties of the a waveguide vary by
changing the surface impedances (Z,Z;). The dispersion
diagrams of the different waveguides (with different
combinations of surface impedances) are obtained with the
MET [19] also allowing the identification of the propagating
modes. Dispersion diagrams are represented in Fig. 2, which
show the impedances range that permits the TMo1 mode to
propagate as fundamentalmode with a cutoff frequency in the
vicinity of 3 GHz. This choice of frequency is made in order
to keep the same order of magnitude of the cutoff frequency of
the TMo1 mode in the metallic waveguide. This range is
defined by (2):

JZy
A —

TS @)
JjZ, < ZéS 2jZ,.

Hence, the dimensions of the metamaterial are found in
order to respect the impedancesrange (2).

B. Metamaterial Waveguide Design

1) Waveguide Wall Choice

Among different 2-D metamaterials, the corrugation is
chosen because its fabrication is less complex. Corrugation in
a waveguide induces metamaterial properties because it is a
periodical structure and its depth is small compared to the
wavelength. A unit cell of a corrugation is presented in Fig. 3.
The dimensions that can be modified to comply with (2) are
the d depth, the p periodicity and the w width. These
dimensions are adjusted in order to have the (Z;,Z,)
equivalent surface impedances computed in the a radius in the
range (2). These impedances are computed thanks to the 2-D
FEM code. Finally, the resulting corrugation is represented in
Fig. 3.

Fig. 4 confirms that the corrugation of Fig. 3 respects (2).
Indeed, Z; surface impedance varies between jZ, and 2jZ,
without reaching these values. Moreover, only the TMo1 mode
is propagating, consequently Z is notequalto jZ,/2.
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Fig. 2. An extract of thetable with different values ofthe surfaceimpedances fixed onthe a radius. In red, thedispersion diagram ofthe metallic
waveguide. Inbold green line, the dispersion diagrams thathavethe TM fundamental mode with a cutoff frequency around 3 GHz.
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Fig. 3. Unit cell mesh and dimensions: A = 34.2 mm, a = 13.68 mm, Fig. 4. The Z, surface impedance ofthe corrugationrepresented in Fig. 3.

h =20.52 mm, p =115 mm, w =85 mm and d = 17.4 mm. On the [}

boundarya PEC condition s applied. Fig. 5 represents the dispersion diagrams of the metallic

waveguide (triangles) and the corrugated one (dots for the

2) Dispersion Diagrams MET and circles for HFSS).

To affirm that only the TMo1 mode is propagatingand thatit
is the fundamental mode, the dispersion diagram of the
corrugated waveguide is plotted using the MET and the 2-D
FEM code. However, as explained in [21]-[23], with this
algorithm only m = 0 mode are obtained. Consequently, the
commercial software is also used to plot the entire dispersion
diagrams. To counter this issue, the MET is currently extended
to deal with all metamaterials and all order modes with to 3-D
FEM code.

The first mode of the corrugated waveguide is the TMo
mode and its cutoff frequency is 3.57 GHz. The second mode
is the EH11 hybrid mode, its pattern is represented on the Fig.
6 [16], [17], [31], and its cutoff frequency is 4.7 GHz.
According to Fig. 5, the TE;1 mode is canceled an a new
mode, the EH 1 hybrid mode, appearsathigher frequencies.
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Fig. 5. Dispersion diagrams of the corrugated waveguide obtained with MET
(dots) and HFSS (circles) and comparison with the metallic waveguide
(triangles).
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Fig. 6. The electric field of the EH;; mode in a section of the corrugated
waveguide.

III. NUMERICAL AND EXPERIMENTAL RESULTS

To verify the metamaterial waveguide performances, it is
necessary to measure the S-parameters of both waveguides
(metallic and metamaterial) with two different excitations
(TE11 and TMoz1). Firstly, the TE11 mode is generated in the
metallic waveguide to wverify its propagation, then it is
generated in the metamaterial waveguide where it is not
expected to propagate. Secondly the TMo1 mode is excited in
both waveguides with a new Coaxial to Waveguide Transition
(CWT). This mode should propagate into the corrugated
waveguide. In the next parts, the excitation of the TE;; mode
is explained and CWT for the TMo; is proposed. The
corrugated waveguide, the metallic waveguide, the transitions
and the CWT have been fabricated with a milling machine, as
represented in Fig. 7a)andb).

Corrugated
waveguide

a)
Fig. 7. a) The corrugated or metallic waveguides and b) the cylindrical CWT
for TMo; generation.

Fig. 8. Measurement setup for TE,; generation.

A. TE;; Excitation

To generate the TE;1 fundamental mode of the metallic
cylindrical waveguides, the WR229 calibration kit of the
rectangular waveguide is used. To connect cylindrical and
rectangular waveguides a transition is fabricated. This
transition is not perfectly matched since the matching would
be different for the metallic and the metamaterial waveguides.
However, the goal of this experiment is to prove that the TE1;
is not propagating in the corrugated waveguide and still
propagating in the metallic waveguide. Fig. 8 represents the
measurement setup to prove that the TE;1 mode is not

propagating.

The S-parameters are plotted in Fig. 9. The measured S-
parameters of the corrugated waveguide, Fig. 9a) are
compared to the S-parameters of the metallic waveguide, Fig.
9b). Fig. 9a) evidently confirms that no mode is propagating
with the TE1:1 excitation in the corrugated waveguide within
the [3,4.7] GHz band, while in the metallic at least one mode
is propagating, Fig. 9b) with a matching that is not perfect as
explained at the beginning of this section.

B. TMy; Excitation

[27], [28], [38]-[43] deal with TMo1 mode generation.
However, the proposed designs are quite complicated.
Looking at the TMo1 mode field cartography, Fig. 10, a
centered electric probe along the z-axis seems to be the easiest
choice. A washer is placed at the feeding access end to
improve the transmission bandwidth, shown in Fig. 11.
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Fig. 9. a) The measured S-parameters of the corrugated waveguide andd)the
measured S-parameters ofthe metallic waveguide with the TE; feed. S;; is in
blue circles while Sy is in red squares.
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Fig. 10. The electric field of the TMy; modein asection of the corrugated
waveguide.

1) Measurement and Simulation Principles

Different simulations are realized in order to fully study the
behavior of the proposed CWT before its manufacturing.
These simulations are similar to calibrations made before
measurements. A first simulation is performed to find the
CWT S-parameters by connecting them directly, see Fig. 12.
In HFSS, the waveports are deembed to remove the coaxial
cable lengths.

The HFSS simulation returns the S-parameters of the
structure in Fig. 12. Using a Matlab code, S-parameters are
transformed into ABCD-parameters [44]. Then, ABCD-
parameters of one CWT areisolated thanksto (3). In fact,both
CWT are assumed to be identical.

[TCWT] = [Tstruc]l/z' (3)

where [Tgy,r] is the chain matrix of one transition, and
[Tstruc] is the chain matrix of the structure in Fig. 12.

x
\
Washer
& = 1.105 /
v \7—%
< —
2123 Z3

Fig. 11. The dimensions of the CWT: z;, =8 mm, z, =10 mm,
z3; =454 mm, x; =342 mm, x,=11 mm, x;=429 mm, and
x, = 1.79 mm.

—— %

Fig. 12. Two connected CWT, L, = 45.4 mm.

. Waveport

Ly "

Fig. 13. Simulation of the metallic waveguide inserted between CWT, with
Ly =454mmandL,, =207 mm.

Then to be sure that the TMo1 mode is created, a simulation
with both CWT and a metallic waveguide is made according
to Fig. 13.

The fields in the waveguide are plotted to verify that the
TMo: is propagating. Fig. 14a) and 14b) validate the TMo;
generation thanks to the CWT [45]. Indeed, the magnetic field
hasno componentsalongthe z-axis which is the characteristic
of a TMu» mode. Moreover, this field is invariant along the 8-
axis, consequently, the order of the modeis 0.
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Fig. 14. a) The electric field in the metallic waveguide b) The magnetic field
in the metallic waveguide.

With (3) and the Fig. 13 simulation, S-parameters of the
metallic waveguide are isolated thanks to the properties of the
ABCD-parameters:

[Twel = [TCWT]_1 [Teee] [TCWT]_lﬂ )

where [Ty, ] is the chain matrix of the set displayed in Fig.
13, and [Ty, ;] the chain matrix of the metallic waveguide.

With post-processing, it is possible to plot the dispersion
diagrams. Indeed the k, phase constant is related to the 25,;
phase of the S,,-parameter, by (5):

A

ky, =——,
=L 5)

with L,,; = 207 mm the length of the waveguides.

2) Results

CWT are used with the corrugated waveguide according to
Fig. 15. The dispersion diagram, represented in Fig. 16 with
triangles, is obtained thanks to (5) and HFSS simulation of the
Fig. 15a). This diagram is in agreement with the MET
diagram.

The measurement setup to obtain the dispersion diagram of
the corrugated waveguide is presented in Fig. 15b). The
measured k, is obtained with the same process explained in
partIII.B.1).

The measured dispersion diagram is represented in dashed
line in Fig. 16. According to these curves, the TMo1 is
propagating in the corrugated waveguide. Moreover, the
predicted k, is in agreement with its measured values.

Thus, the TEi1 mode is propagating in the metallic
waveguide but not in the proposed corrugated waveguide.
Furthermore, thanks to the new proposed CWT, the dispersion
diagram of the TMo1 has been obtained from simulations and
measurements. They are very similar to the one initially
expected using the MET. The TMyo: is therefore the
fundamentalmode of the new proposed waveguide.

Waveport %

b)

Fig. 15. a) Simulation of the corrugated waveguide in betweenthe CWT and
b) measurement setup for TMy, generation.
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Fig. 16. Dispersion diagrams ofthe corrugated waveguide obtained with MET
(dots), with a drivenmode HFSS simulation (triangles) and with the
measurements (dashes).

IV. CONCLUSION

In this article, the MET has been used to put forward
another application to metamaterial waveguides. The
fundamental mode in metallic waveguide is the TE1, but by
adding corrugations this mode hasbeen canceled and the TMo)
mode became the new fundamental mode. In order to verify
this, a Coaxial to Waveguide Transition has been designed to
create a TMo1 excitation. This device is used with the
corrugated waveguide and with a metallic one, to verify that
this mode is propagating. Moreover, the corrugated waveguide
is excited with a TE¢ rectangular waveguide similar in field
distribution to TE1 cylindrical waveguide; as a result, no
modeis propagatingatall. A compact mode extractorthat will
separate the TEi1 mode from the TMor mode is in the
fabrication phase, with the use of the corrugated waveguide



presented in this work. Some restrictions should be pointed
out. Indeed, adding metamaterial wall to change the
fundamental mode has some limitations: only few modes can
be fundamental: the TE11,the EH11,the HE11,the TEoi and the
TMo1, as presented in the section II.A. Moreover, the MET
used in this article deals only with 2-D metamaterialsandm =
0 order mode. Nevertheless, the MET has been extended to
handle all metamaterials (with or without 6 invariance)andall
order modes.
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