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Emulation of metamatrial waveguides

Khedidja BOURAS™Y", Abdelhadi LABIAD®,Chaker SALEH®, Mouloud BOUZOUAD®

Electronic. Amar Telidji of Laghouat University (UATL), Laghouat, Algeria
kh.bouras@lagh-univ.dz

Abstract: In this work, we are interested by emulating metamaterial microwave waveguides which behave
like conventional metallic ones. We use metamaterial layers based on two types of unit cells. The first one is a
connected cross type unit cell which leads to a metamaterial with a near zero refraction index (n;= 0). The
second one is a disconnected cross type unit cell which leads to a metamaterial with a refraction index greater
than unity (n2 >1). With these two type of metamaterials we can define, in the metamaterial layer, different
sections each one can have a refraction index equal to n; or nz. Using these metamaterial layers we can build
a metamaterial waveguide. This latter is obtained by stacking a number of layers. The waveguide is obtained
by selecting an inner section with a refraction index n, and an outer section with a refraction index n; close to
zero which plays a similar role as a metallic reflector to form the waveguide.

Keywords: Metamaterial, Waveguides, Refractive index, Dispersion diagram, Metamaterial waveguides.

1. INTRODUCTION

In recent years, metamaterials are widely used in telecommunication field. These atrtificial
materials can improve the performance of microwave components such as antennas, transmission
line, filters[1]-[5][16]. The theory study of the metamaterial of refractive index allows us to use it in
several applications such as the cloaking [19], refractive index and light sensing [20][21], so the
metamaterial devices involved special properties of magnetic permeability and dielectric permittivity
to treat the phenomenon studied. The emulated waveguides based on metamaterial used in this
work consisting two different refractive index extracted from a metamaterial unit cell which
respected the sub-wavelength conditions [17][18] ,where its period is much smaller than the work
wavelength. In this work we use a metamaterial based on a cross type unit cell. These unit cells
are arranged in manner that all the crosses are connected (connected cross type metamaterial) or
disconnected (disconnected cross type metamaterial). According to that the metamaterial can
exhibit two different behaviors. The first one corresponds to the connected cross type unit cell, in
which case the metamaterial behaves as a uniform medium with a refraction index close to zero
(ny= 0). The second one corresponds to the disconnected cross type unit cell, in which case the
metamaterial behaves as a uniform medium with a refraction index slightly greater than unity (n, >
1).Consequently, by stacking metamaterials layers, we can form a 3D bulk, formed by a hosting
metamaterial with refraction index n; close the zero in which we can form a 3D shape which is filled
with a metamaterial having a refractive index equal to n,. This 3D shape can have the adequate
geometrical design to emulate for example a circular or rectangular waveguide.

2. DESCRIPTION OF METAMATERIAL UNIT CELL

The cross unit cell is formed by two printed dipoles at 90° to each other, as shown in Fig. . This
structure is arranged in a periodic fashion to constitute the metamaterial layer. In the case where
the printed dipoles, forming the unit cross, have a length L, equal to the metamaterial period, all
adjacent crosses forming the periodic structure are connected and hence, we obtain a connected
cross type metamaterial. Otherwise, the printed dipoles have a length equal to L-g, where g is the
gap between two adjacent crosses, in this latter case all the crosses forming the periodic structure
are disconnected, and we obtain a disconnected cross type metamaterial. These two types of
metamaterials (connected and disconnected cross type metamaterial) are used to design the
metamaterial waveguide.
The metamaterial complex constitutive parameters are obtained by Fresnel inversion extraction
method using the transmission and reflection coefficients derived by using home-mad or
commercially available simulation code[10]. The dimensions of the elementary unit cell are
represented in Fig. 1.
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Fig. 1 Elementary metamaterial unit cell (a) the connected cross (b) the disconnected cross: L = 0.711mm, w = 0.35 mm,
t=0.035mm, d=1.27 mm, g=0.02 mm

The connected cross type metamaterial exhibits plasmatic-type permittivity frequency variation and
follows Drude-type (non-resonant) frequency dependence [11]. For frequencies larger than the
plasma frequency (fp,) the relative permittivity stays between 0 and 1. And negative for frequencies
lower than the f,. The connected cross metamaterial is positive and close to zero (n,= 0), as shown
in Fig -c. The disconnected cross type metamaterial exhibits a Lorentz type (resonant) frequency
variation [14]-[15]. The refractive index is slightly greater than unity (n, = 1.95).
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Fig 2 The constitutive parameters on the order are (a), (b), (c) for the connected cross and (d), (e), (f) for the
disconnected cross.

3. EMULATION OF METAMATERIAL WAVEGUIDE
The emulated waveguide is a block composed by a stack of metamaterial layers. Each layer is
composed by a periodic arrangement of metal cross pattern printed on a dielectric substrate. In
each layer we can differentiate two areas, the first one form the inner section of the metamaterial
waveguide and the second area forms the outer section of the metamaterial waveguide.

(a) (b)
Fig.3The 3D bulk metamaterial waveguide (a) rectangular (b) circular waveguide

The waveguide inner section, based on disconnected cross type metamaterial (n, = 1.95), can
have any arbitrary shape (Rectangular, circular, elliptic...) and form the medium filling the
waveguide. The remaining area, in the metamaterial layer, forms the outer section based on
connected cross type metamaterial (n; = 0), as shown inFig..
4. RESULTS AND DISCUSSIONS
4.1. Rectangular waveguide emulation
In this work we simulate the standard rectangular waveguide WR-22, its inner dimensions are a
= 5.69 mm, b = 2.845 mm. The cutoff frequency calculated using equationf, . == /(%)2 + ()2
() is fcy0 = 26.36 GHz for TE, dispersion mode [8][12][13]:
Fomn =2 /(%)2 + ()2 (1)
The metamaterial waveguide inner section has the same dimensions (a x b) as the conventional

metallic one. To form this rectangular section we need a matrix of 8 x 4 unit cells as shown in Fig.
4.
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Fig.4 One grid matrix of 8 x 4 cross section

Each unit cell is a square area of L x L mm? (L =0.711 mm = 1 unit cell). The Dispersion diagrams
of the conventional WR-22 metallic and the 8 x 4 unit cells metamaterial rectangular waveguide as
shown in
Fig..
The metamaterial rectangular waveguide cutoff frequencies are given by [6][9]
femn

Jemmpmm = Taton 2

From equations (1) and (2), the following can be obtained:

Jemnprm = %\/ e e (3)

Which it can be written as:
_c m n
femmmrn = 3 /(;)2 +()? 4)
A = an,? —n,? (5)

B = by/n,? — n,? (6)
The metamaterial waveguide dimensions are reduced by a factor equal to /n,% —n,;? as show
the equations (5) and (6), where n; is close to zero and n, is equal to 1.95. In the case of our study

the used metamaterial has a refraction index of n,, the metamaterial waveguide inner section is
reduced by a factor of 1.95 and is obtained by a matrix of 4 x 2 unit cells only.

Where:

And
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Fig. 5 The first seven modes of the metamaterial WR-22 rectangular waveguide for an inner section of 4 x 2
unit cells.
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Fig.6 Dispersion diagrams comparison between the conventional and Metamaterial WR-22

Table 1 summarizes the cutoff frequencies of the first seven modes for the metallic, theoretical
calculation and the emulated WR-22 waveguide, which was represented in Fig. 5.

Table 1 TE and TM dispersion modes cutoff frequencies of the conventional WR-22Circular waveguide emulation

. Feonm (GHZ) TR (7 Fermngm GHZ) Fermnrmg GHZ)
odes .
Metallic WR-22 MTM WR-22 (4 x 2) MTM WR-22 (8 x 4) units
units cell cell
TE1o 26.37 26.45 13.25 13.52
TEo1 52.8 53.4 26.45 27.07
TE2o 52.8 53.4 26.45 27.07
TE11 59.03 59.45 29.75 30.27
TM11 59.03 59.45 29.75 30.27
74.63 76.2 38.1 38.27

TEo

TMas 74.63 76.2 38.1 38.27

We use the same procedure to simulate the C255 (R = 4.165mm) standard metallic circular
waveguide [7]. The inner section of the metamaterial waveguide is obtained by a circular shape of
diameter R equal to 12 times the unit cell, inscribed in a grid matrix of 12 x12 disconnected cross

unit cells,

as shown in Fig. 7.

Dispersion diagrams of the dominant TE;; mode of both conventional C255 metallic waveguide
and the 6 cells radius circular metamaterial waveguide inner section are shown in Fig. 8.

j— 9 an
Jemn = 2 eerm ()
Where, X, ,are the zeroes of the derivatives J(X,,,) = 0of Bessel function, R is the circle radius.
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The metamaterial circular waveguide cutoff frequencies can be written as [6]:

C Xmn

men = ;R np2—n,2 (8)
— c an
Jemn = 22w ©)

According to equation the circular metamaterial waveguide inner section diameter is smaller
compared to that of the conventional metallic one. To obtain the same cutoff frequency as the
C255 metallic waveguide of radius R, the metamaterial one should have a radius R’ equal to R

divided by a factor equal to \/n,? —n,%[9]. In the case where n, = 1.95 and, n;= 0, R’ is equal to
2.136 mm inner which is 3 time the unit cell. A comparison of dispersion diagrams of the
metamaterial circular waveguide of radius R’ compared to that of the conventional metallic is
represented in Fig. 9.

We note a good agreement for the cutoff frequencies. The metamaterial dominant mode cutoff
frequency obtained by simulation and by equation (2) agrees well [12][13], as it can be seen in table
2. The metallic circular waveguide TE mode cutoff frequencies given by [8]:

Fig.7 One grid matrix of 12 x12 disconnected cross unit cells in the inner section diameter
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Fig.8 The first five dispersion diagrams of the metallic and metamaterial C255 waveguide with an inner section of 12
disconnected cross unit cell diameter
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Fig. 9 Dispersion diagrams of the metallic C255 and metamaterial circular waveguide of an inner section diameter of 6
disconnected cross unit cell

Table 2 The first five dispersion diagrams of the metallic and metamaterial C255 waveguide

Modes feo,,,(GH2) femnprny(CH2) femnprny(CH2) femnprny(CH2)
3 qnit cells radius 6 unit cells rgdius inner
inner section section
TE1n 21.2 215 10.87 10.68
TMox 27.6 28.19 14.15 14.15
TE2; 35.2 35.8 18.05 17.75
TEo1 44.15 44.89 22.64 22.55
TM11 44.15 44.89 22.64 22.55

especially for the TE dominant mode cutoff frequency.
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waveguides. We have design a circular and rectangular metamaterial waveguide to emulate the
metallic WR-22 rectangular and C255 circular waveguides. The obtained results agree well
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