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Introduction

Meta-substrates [1, 2] are artificial dielectric substrates with unusual properties. In
[2] an anisotropic meta-substrate was proposed with the same fully-space scanning
capability as leaky-wave antennas based on composite right/left-handed (CRLH)
patterned transmission line (TL) structures. This meta-substrate is a mushroom
type structure [3] with uniaxially anisotropic properties, where the wires perpendic-
ular to the air-substrate interface exhibit a Drude permittivity and the loops between
the adjacent mushrooms exhibit a Lorentz permeability. This paper presents a rig-
orous spectral TL approach analysis [4] of this meta-substrate, which is constituted
of the anisotropic medium of Fig.1la, with the constitutive parameter tensors,
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and which is represented in Fig.1b. Moreover, it derives, using the transverse res-
onance techniques [5], the dispersion relations of the TM modes, which are the
modes with the most significant effects of dispersion and anisotropy, and discusses
the effects of anisotropy on its leaky modes.
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Figure 1: Uniaxially anisotropic structure. (a) Unbounded medium. (b) Grounded slab. (c)
Transmission line (TL) model.

TM Spectral TL Model for the Unbounded Anisotropic Medium

Assuming the time dependence exp(+jwt), the TM, spectral domain TL equations
are relations between the electric field components in the form of dV /dz = —j Zk, I
and df/dz = —ijZV, where V, f, Z, Y and k, are the spectral voltage, cur-
rent, impedance, admittance and the longitudinal wave number along the z axis,
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respectively. The current solution of the TL equations is I = 1/Z.[V T exp(—jBz) —
V=~ exp(jfz)], where VF are constants, Z. = 1/Z/Y is the characteristic impedance
and 3 = VZYk, is the propagation constant of the TL along the z axis. The
TM, TL equations of the uniaxially grounded slab (Fig. 1b) are obtained by insert-
ing Eq. (1) in the source-less spectral domain Maxwell’s equations (H, = 0), with
0/0x — jk, and 0/0y — jk,, which leads to

dH, -
_7dzy = jwek,, (2&)
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e JweEy, (2b)
gk H — Jjky H, = jwe,E,, (2¢)
o= dE.

]kyEz - TZy = _]wﬂpHaﬁ (2d)
dE, -

dz _]WﬂpHya (26)

jkiEy — jkyEy = 0. (2f)

To find the first TL equation, derive Eq. (2c) with respect to 2, then substitute
Egs. (2a) and (2b) into the resulting equation. Further eliminating E, by using

Eq.(2f) leads to
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where k,” = k,? + k,” is the square of the transverse wave number. For obtaining
the second TL equation, substitute H, computed from Eq. (2c¢) into Eq. (2e) and
substitute H, from Eq. (2d) into the resulting equation. Further eliminate Ey from
Eq. (2f), that leads to
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where k? = k +k,% = w? [p€ - is the square of the wave number. From Eqs (3) and
(4) the elements of the anisotropic TL model are found as V = —(k,?/k,?)E,, I =

wez/kr)Ez, Z =kyjwe,, Y =we/ky, Z. = (ky/we)\/e/e, and [ = (\/e/e2)k.
TM Dispersion Relation of the Uniaxially Anisotropic Slab

~—

The dispersion relation of the uniaxially grounded slab (Fig. 1b) with the TL model
shown in Figs. 1c can be obtained by satisfying the transverse resonant condition
Zino + Zin, = 0 [5], where Z;0 = Zoo and Zj,, = jZ.tan(3d) are the impedance of
the semi-infinite free-space and the input impedance of the slab from its interface
with the air, respectively, and Z.g = k,o/weg is the characteristic impedance of the

free space with k.o = +4/w?ppeo — ka as the longitudinal wave number in the air,
that leads to
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Table 1: Characteristics of the TM, modes of the isotropic grounded slab (Fig. 2).
Mode |  Re(k,/ko) Im(k,/ko) Re(k.o/ko) Im(k.o/ko) Nature

a 1 <and < /e =0 =0 <0 surface mode
b,c | 1<and < e =0 =0 >0 non-physical
d, f >1 <0 >0 >0 non-physical

e <1 <0 >0 >0 leaky mode

Dispersion Analysis

Fig. 2 compares the dispersion behavior of the anisotropic slab with various amounts
of anisotropy e./e (1 = pp = po) with that of an isotropic slab with ¢ = 2¢¢ and
i = po. The modes of the isotropic slab [6] are summarized in Tab. 1. It is seen that
decreasing ¢, /e decreases the bandwidth of the surface modes and transform them
into leaky modes, especially for u,e, < 1. Moreover, the slopes of the leaky modes
decrease and become almost flat for a sufficient amount of electrical thickness. This
provides the following practical benefit: since the radiation angle of the main beam
of a leaky-wave antenna is (w) = sin~*(k,/ko), a flat dispersion curve (i.e. a fixed
k,/ko) results in a fixed pointing angle, immune of beam squint. In addition, the
bandwidth of the leaky-mode with fixed pointing angle is enhanced.

However, the anisotropic meta-substrate of interest is inherently dispersive [2].
The wires along the z axis exhibit a Drude permittivity along this axis, €,/g9 =
Eroo —Wep>/w? [T], while the loops between the adjacent mushrooms exhibit a Lorentz
permeability along the p axis, pi,/po = 1 — Fw?/(w? — wine?) [8]. The permittivity
and permeability along the other axes are the same as for the host medium. Fig. 3
shows the curves of €, /¢¢ and 1, /10 and the dispersion characteristics of the disper-
sive anisotropic slab. In this study, only the right-handed frequency range is ana-
lyzed. The figure shows that for sufficient amount of electric thickness, the dispersive
anisotropic grounded slab shows the same characteristics as the non-dispersive slab.

Conclusion

The TM dispersion characteristic of a uniaxially anisotropic meta-substrate has
been analyzed by the spectral domain transmission line (TL) approach. It has
been shown that the beam squint effect in its leaky-modes may be significantly
reduced and that the bandwidth of these leaky-modes may become very large. This
effect may lead to unprecedented applications in point-to-point communication and
sensing applications.
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Figure 2: Dispersion of the various anisotropic slabs with ¢ = 2g
and p4 = p, = po, for the spatial dependencies exp (—jko.r) =
exp (—jRe(k,)p) exp (Im(ky)p) exp (—jRe(k=0)z) exp (Im(k=0)2). (a) Re(ky/ko) and

Im(kip/kio) (b) RC(k‘Zo/ko) and Im(kao/ko)
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Figure 3: Dispersion curves of the dispersive and non-dispersive anisotropic grounded slab’s
leaky-mode. (a) €./eo and p,/po dispersion curves . (b) Re(k,/ko) and Im(k,/ko).
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