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Abstract—Near zero refractive index based materials have been
useful for building antennas with high directivity at the broad side
direction. We demonstrate a directive multi slot antenna structure
with a near zero refractive index substrate that is capable of
directing the main lobe of the radiation pattern away from the
broad side. The tilt of the main lobe is a function of the position
of the source excitation, within the substrate, with respect to the
two slot apertures.

1. INTRODUCTION

As per Snell - Descartes law, incident waves from a point
source embedded in a near-zero refractive index material will
be refracted close to the normal direction in a homogeneous
right hand medium [1]. For instance, if we consider the
Lorentz/Drude model with homogeneous plasma-like disper-
sive permittivity (€) and permeability (1) as shown in (1),
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the refractive index of the material is close to zero at the
plasma frequency (wp). Therefore highly directive emission
from a source embedded in this medium can be realized at
plasma frequencies. This property has been exploited towards
designing antennas with high directivity [2]-[4]. However, in
all of these cases, the main beam is directed towards the broad
side. The unique contribution of our paper is to demonstrate,
through simulations, a directive antenna that radiates away
from the broad side. Such an antenna will be especially useful
for realizing on-chip antennas in Silicon-On-Chip applications
where near-zero refractive index substrates have been identi-
fied as the means towards mitigating the losses due to surface
wave propagation through the silicon [5]. We first, consider
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Fig. 1. (a) FDTD simulation model of a slot antenna with a metamaterial
substrate (b) 2 slot array

a single slot antenna with a zero refractive index substrate as
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shown in Fig.1(a) and then extend the analysis to two slots
shown in Fig.1(b). Though we have considered a simple two-
dimensional slot antenna, the principles of this work apply
equally to more realistic three-dimensional structures (results
not shown here). When the position of the source excitation
within the substrate is such that it is not equidistant from the
two slot apertures (position 2 in Fig.1(b)), then there is unequal
phase excitation of the magnetic current sources across the slot
apertures. This results in the shift of the main lobe away from
the broadside. We demonstrate the functioning of the antenna
using finite difference time domain (FDTD) simulations.

II. EXPERIMENTAL RESULTS

In Fig.1(a), we model the dispersive material properties of
(1) using Z transform techniques described in [6]. The antenna
is excited by a TM mode Gaussian pulse source of 0.25ms
width. The plasma frequency of the substrate is f, = 1GHz.
The simulation space is enclosed by a perfectly matched
layer [7]. Using Fourier transform, we obtain the electric field
E, (w) at every point in the aperture. From field equivalence
principles, the far field radiation pattern is obtained from (2),
where M = 2F, x 9, is the magnetic current source across
the aperture.

“ LR O(M(r') x #)e IREq) 2)
Here k is the propagation constant, R is the far field ra-
dius and C' is the aperture. Fig.2(a) compares the radiation
patterns of the slot antenna with the air substrate at 1GHz
and the metamaterial substrate at 3 frequencies. At 1GHz,
the beamwidth for the metamaterial substrate is clearly lower
than that of the air substrate. In the case of a metamaterial
substrate, the beamwidth is lowest at the plasma frequency
(1GHz) as compared to frequencies above (1.5GHz) and below
the plasma frequency (0.5GHz). This is because, at different
incident angles, the refracted rays are in-phase and normal
to the slot aperture at f; = f,. At other frequencies, the
refracted waves bend either away or towards the normal at
different angles depending on the incident angle. Fig.2(b)
shows the half power beamwidth of the single slot antenna
for different excitation frequencies. We can observe that there
exists a band of frequencies about the plasma frequency where
the directivity is high due to low refractive index. Next, we
consider different slot lengths in Figs.2(c) and 2(d). The half
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Fig. 2. (a) One dimensional far field radiation patterns and (b) directivity versus frequency, for single slot antenna with air and metamaterial substrate. (c)
Radiation patterns and (d) directivity versus frequency for varying lengths of the slot aperture with metamaterial substrate.
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Fig. 3. Two dimensional far field radiation patterns for 2 slot antenna with (a) air substrate and source excitation at position 1 (b) metamaterial substrate and
source excitation at position 1 and (c) metamaterial substrate and source excitation at position 2.

power beamwidth reduces as the slot length increases until it
converges for a slot length of 2\, where A, is the wavelength
corresponding to f,. For lower slot lengths, we do not obtain a
broad band of frequencies where the beamwidth is low. Next,
we consider a case with two-slot antennas where the antennas
are perfectly aligned along the XY plane but are separated
by 0.5\, along the Z axis as shown in Fig.1(a). Each slot is
2), long along the X dimension and very short along the Z
dimension. The radiation of each slot still remains oriented
along the broad side direction at plasma frequency even when
the source excitation is moved away from the center of the
slot. The combination of the array factor due to the two slot

substrate.

ACKNOWLEDGEMENT

This work is supported by the DST Inspire Fellowship
Award by the Government of India.

REFERENCES

[1] S. Enoch, G. Tayeb, P. Sabouroux, N. Guérin, and P. Vincent, “A
metamaterial for directive emission,” Physical Review Letters, vol. 89,
no. 21, p. 213902, 2002.

P. Baccarelli, P. Burghignoli, F. Frezza, A. Galli, P. Lampariello, G. Lovat,
and S. Paulotto, “Effects of leaky-wave propagation in metamaterial
grounded slabs excited by a dipole source,” Microwave Theory and
Techniques, IEEE Transactions on, vol. 53, no. 1, pp. 32-44, 2005.

[2]

antennas and their elemental pattern results in beam patterns as  [3] B.-I. Wu, W. Wang, J. Pacheco, X. Chen, T. M. Grzegorczyk, and I. A.
. . . . . Kong, “A study of using metamaterials as antenna substrate to enhance
shown in Fig.3 where _the azimuth .beamWIdth_ 1s g'overned by gain,” Progress In Electromagnetics Research, vol. 51, pp. 295-328, 2005.
the element pattern while the elevation beamwidth is governed  [4] G. Lovat, P. Burghignoli, F. Capolino, D. R. Jackson, and D. R. Wilton,
by the array factor. Fig.3(a) shows the beam pattern of the “Analysis of directive radiation from a line source in a metamaterial slab
two slot structure with the air substrate when the source is at with low permittivity,” Antennas and Propagation, IEEE Transactions on,
> e ; ' vol. 54, no. 3, pp. 1017-1030, 2006.
position 1 in Fig.1(b). Fig.3(b) shows the beam pattern realized [5] H. M. Cheema and A. Shamim, “The last barrier: on-chip antennas,”
for a 2 slot antenna array with a metamaterial substrate when IEEE Microwave Magazine, vol. 14, no. 1, pp. 79-91, 2013.

. ‘o . . PSR . [6] D. M. Sullivan, “Frequency-dependent fdtd methods using z transforms,”
the source is at position 1. Superior dlrec't1v1ty is achieved Antennas and Propagation, IEEE Transactions on, vol. 40, no. 10, pp.
when compared to the free space case. Fig.3(c) shows the 12231230, 1992.
beam pattern when the source excitation is at 2. Here, the [7] ——, “A simplified pml for use with the fdtd method,” Microwave and
beam is steered away from the broad side along the elevation. Guided Wave Letters, IEEE, vol. 6, no. 2, p. 97, 1996.

III. CONCLUSIONS
Directive emission, away from the broadside, is achieved
using a two slot array antenna with a near zero refractive index
1749

Authorized licensed use limited to: Indraprastha Institute of Information Technology. Downloaded on July 21,2021 at 14:04:03 UTC from IEEE Xplore. Restrictions apply.



