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Abstract

Three dimensional meta surface lens is proposed to improve
the gain and beam shaping of horn antenna. Hence an array
of SRR as a meta surface lens has been designed, fabricated
and investigated. This meta surface lens can be used to
convert the spherical wave to plane wave for a wide range
of frequency. It is proved by permeability and permittivity
of meta surface. In this work the operating bandwidth of the
proposed antenna is in the range of 9GHz to 11GHz for
satellite application. The radiation pattern of E and H plane
is sharpened in this work. The antenna 3dB beam width,
and front to back ratio were 9.2°, 28dB at 10GHz.The
radiation characteristics of horn antenna with meta surface
have been studied numerically and confirmed
experimentally, showing an average gain improvement of
~3dB with respect to horn antenna without meta surface
lens.

Keyword: 3D Meta surface lens, array of SRR, negative
permittivity, satellite application.

1. Introduction

With the growing need of inexpensive, simple, compact high
directional antenna, pyramidal horn antenna may be the best
solution. Its robustness and simplicity make pyramidal horn
antenna to use widely in microwave and millimeter wave
systems, especially used in calibration standard due to its
predictability [1].

In the past decade engineers are finding a new technique to
enhance the directivity of antenna, particularly for satellite
reflector feed. In such case meta surface lens play a key role
in reducing side lobe levels in radiation characteristics.
Since meta surface lens convert the spherical wave into
plane wave in minimum [2 - 6]. This paper presents a new
technique for improving the performances of pyramidal horn
antenna with meta surface lens.

In recent years the realization of negative refractive index
media has been made possible by developments in the field
of meta surface. A meta surface is a composite material, as
it contains some conductors are arranged in a proper lattice
over the dielectrics in order to give rise to dielectric and
magnetic properties which is not present in natural material.
For wavelength much longer than the lattice spacing the
electromagnetic response is averaged over the cells giving
rise to value of effective dielectric constant £(®w), magnetic
permeability p(m) and refractive index n(w) that are not
obtainable in nature [7]. This kind of material can be easily
designed and fabricated for particular range of frequency
with unusual characteristics, like negative effective
permeability and permittivity that make the wave
propagation characteristics [8].Pyramidal antenna
performance can be improved using the proposed approach
of sharpening field at E-plane and H-plane. By keeping the
meta surface lens in the near field of horn antenna to
suppress the side lobe of the far field radiation pattern [11].
Gain enhancement of millimeter wave horn antenna [12] is
achieved with hybrid design, combines the Soret and fishnet
metamaterial lens.

In section II, Numerical simulation of unit cell with SRR is
presented and reviewed its critical parameter like relative
permeability and permittivity. In section III, 2D numerical
result for the X- band horn antenna with meta surface lens
are presented and discussed. Experimental results of horn
antenna with and without meta surface are presented in
section IV.

2. Unit Cell of Meta surface Design

The split ring resonator has become common element as that
repeated element in meta surface that exhibits magnetic and
electric property. A medium in which SRR are periodically
positioned can be approximately characterized by the
following frequency dependent permeability p( w) and
permittivity €(w).

To study the characteristic of planar periodic structures in
HFSS, Floquet ports are exclusively used. Unit cell can be
analyzed in HFSS with Floquet port with specialized



boundary condition instead of analyzing infinite array
periodic structure. Master and slave boundaries enable us to
model planes of periodicity where the E-Field on one
surface matches the E-field on another to within a phase
difference at each corresponding point on the master
boundary. In this setup HFSS performs a modal
decomposition that gives information of the radiating
structure in the form of S-matrix. This S-matrix will
interrelate all wave modes and all Floquet modes in the
model. Assume that electromagnetic wave propagate
through z-axis, the applied magnetic field lies along the SRR
(x-axis) and electric field line along the y-axis in the SRR
plane. While SRR medium is known to have a
predominately magnetic response, it concern with the phase
advantage of wave propagation with in the medium.
Effective refractive index of the meta surface medium is (),
relative impedance is (z), relative permeability () and
relative permittivity (g,). The value of 1, z, u. and €, can be
extracted from the S-parameter assuming that the unit cell
test is symmetric with respect to the (y-z) plane which
means S;; = Sy, and S,; = Sy,. The law of refraction is used
for analysis. Deflection of ray at the interference can be
calculated with help of low refractive index. The relative
permittivity and permeability can be given with respect to
the S - parameter using the following equation and
calculated values are shown in figure 1.

In this work numerical simulation is performed with Ansys
HFSS 16.0 for proposed horn antenna with and without meta

surface lens.
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where,

ko - free space propagation, D - is the thickness of the unit
cell

The meta surface lens consist of array of split ring resonator
on the FR4 with relative permittivity &, = 4.4 and dielectric
loss tangent &6 = 0.02, the thickness of the substrate is
1.6mm. The simulated unit cell of SRR on HFSS has shown
very good results, a wide pass band is observed in the range
of 9GHz to 11 GHz, which can be used to achieve antenna
directivity and gain enhancement with narrow beam. Figure
I(a) presents the real and imaginary part of relative
permittivity and permeability respectively in the frequency
range of 9GHz to 11GHz. The real and imaginary values of
effective index of refraction are shown in figure 1(b). From
the figure it is evident that real value is less than land close
to zero at the range of frequencies from 9.7 to 10.8 GHz.
This metamaterial has minimum index of refraction is 0.14.
The characteristics of meta surface lens are studied from
dispersion diagram (phase (deg.) with respect to frequency)
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and plotted in figure 1(c). This dispersion values calculated
numerically by following equation,
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The figure 1(c) gives the additional proof for fast wave
nature of meta surface lens. From the figure it is observed
that, phase advance of 82 degree is achieved with meta
surface lens due to low refractive index.
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Figure 1(a): Extracted real and imaginary part of relative
permittivity and relative permeability of unit cell with
respect to frequency.
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Figure 1(b): Extracted real and imaginary part of effective
refractive index of unit cell with respect to frequency.
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Figure 1(c): Phase variation of electromagnetic wave when
passes through the unit cell with respect to frequency.



3. Design of Meta Surface lens — Loaded Horn
Antenna

A prototype pyramidal horn antenna is designed based on
WR-90 standard for X band frequency range and numerical
simulation with HFSS software package have been carried
out. Horn antenna is fabricated with aluminum material.

The meta surface lens is kept in the near field of the horn
antenna and various analysis has been done with respect to
gap(d) between the horn and meta surface lens. Referring to
figure 2, the geometric dimensions of the analyzed horn
antenna are chosen as L1 = 30mm, L2 = 285mm, A =
150mm, B = 125mm, a = 22.86mm, b = 10.16mm, t =3.63
mm, gl= 0.5mm, g, and g; = 10mm. Meta surface lens
consist of array of SRR (unit cell) which is presented in
figure 1 with horn antenna. Figure 3 present the S;; on the
aperture for the normal impedance with and without meta
surface lens.
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Figure 2: Pyramidal horn antenna and 3D meta surface lens
and Unit cell with SRR

In this case S;; lies between -17 and -25 in the operating
frequency of 9GHz to 11GHz. In the proposed approach the
aperture fields are manipulated by using 3D meta surface
lens and succeeded in improving directivity of horn antenna.
Geometry of horn with meta surface lens illustrated in figure

2. The meta surface lens consist of array of SRR on a strip
of FR4. Strips are arranged with the gap g, and g3 on to
achieve the directivity and gap is filled with foam which is
having dielectric constant is approximately equivalent to 1.
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Figure 3: S;; of horn Antenna with and without meta surface
lens.
This meta surface lens is arranged in such a way that the
amplitude of E field gets tapered with uniform phase
distribution to get high directivity with narrow beam width.
For the fixed resonance frequency of 10 GHz. Figure 4(a),
4(b), 4(c) and 4(d) illustrates the relation between gain and
number of meta surface strip arranged in column and row.
Gain of horn antenna is 25dB and 22dB with and without
meta surface lens. Gain increases when meta surface lens
placed in front of horn antenna.
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Figure 4: Simulated realized gain with respect to number of
column and row meta surface lens at 10GHz respectively. (a)
Gain versus number of columns of strip, (b) gain versus
number of rows of strip, (¢) gain versus number of columns
of strip with fixed row and (d) gain versus number of rows of
strip with fixed column.

Meta surface lens consist of FR4 strip, by increasing the
meta surface strip with respect to column gain rise up and
get saturated when more than 15 columns are added. But in
case of row, gain rise up with respect to number of rows of
strip and fall down when aperture of lens increase’s beyond
the aperture of horn antenna which is presented in figure
4(c) and 5(d). The simulated radiation pattern of the horn
antenna with and without meta surface lens at far field
presented in figure 5 at the two sample frequencies (9.7GHz
and 10GHz).

It is observed that in the far field, horn antenna (with meta
surface lens) beam width in the E- plane is narrower than H-
Plane and also gain is enhanced. It has apparently lower side
lobe when it is compared with the horn antenna without
meta surface lens. Also gain drops down due to non-uniform
phase distribution when the meta surface lens aperture is
increased higher than the horn aperture which is presented in
figure 4.
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Figure 5: Simulated far-field radiation patterns in the (a and
b) at E —plane of the horn antenna loaded outside with and
without meta surface at 9.7GHz and 10GHz, respectively.

The electric field distributions in E-plane of horn antenna
with and without meta surface lens for 9.7GHz and 10GHz
are shown in Figure 6. From the figure it is observed that
with the presence of metasurface lens, antenna is able to
focus more field than the without metasurface lens.

The radiation efficiency of meta surface lens loaded horn
antenna is numerically calculated from 3dB beam width of E
and H plane at 9.7GHz and 10GHz are presented in Table I.
From the table it is observed that loading of meta surface lens
does not affect the radiation efficiency much but it slightly
improved the radiation efficiency for both the frequencies.

Table I: Radiation efficiency of horn antenna with and
without meta surface

Sl Frequency Radiation Efficiency (%)

No. (GHz)

1. 9.7 Without meta surface lens= 79.46
With meta surface lens= 83.3

2. 10GHz Without meta surface lens= 74.2
With meta surface lens = 75.3
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Figure 6: E-field distribution — (a) and (b) without and with
metasurface lens at 9.7GHz, (¢) and (d) without and with
metasurface lens at 10GHz, respectively.

4. Experimental Results of Horn Antenna With
and Without Meta surface Lens

The Meta surface lens were fabricated with FR4 strip was
placed in front of the horn antenna. Transmitting and
receiving horn antenna were X-band and placed 10 feet off
the ground on Teflon stands. The test antenna were placed
3m away from transmitting antenna and photograph of
outdoor setup is show in figure 7. Pattern measurement was
measured at 9.7GHz and 10GHz by rotating the test antenna
in azimuth direction from -180° to +180°. In the beginning
power was measured for various gaps (d) between the
aperture of horn antenna to (and) the meta surface lens with
fixed position of both transmitting and receiving horn
antenna. Measured gain at receiver when -5dBm power was
transmitted from a distance of 3m for various gap(d) given
in Table II. The E-plane beam pattern at 9.7GHz and 10
GHz is shown in figure 8. The measurement agrees with the
simulated results shows that 3dB improvement in gain with
sharpening of beam at far field with £ 0.25 dB errors. Half
power beam width of the horn antenna with meta surface
lens were reduced to 8°from 13°.

3
Without meta
surface lens
") | e With meta
a surface lens
=21
N/
=
w33
-45
-57
-90 -60 '3°Theta{’(deg) 30 60 90
(a)

Figure 7: Open area Far field radiation pattern measurement. Top view of fabricated meta surface lens with array of SRR on
fr4 strip. Each strip has 49 SRR elements and each layer has 15 strips. Similarly 11 layers are stacked to get 3D lens.
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Figure 8: Measured far-field radiation patterns in the (a and
b) at E - plane of the horn antenna loaded outside with and
without meta surface at 9.7GHz and 10GHz respectively.

Table II: Measured power of horn antenna with and without
meta surface

Measured | Gap | Measured | Gain
Gain (d) | Gain improved
Sl. | Frequency | Without mm | With with Meta
No. | (GHz) Meta Meta surface
surface surface lens(dB)
lens (dB) lens (dB)
50 223 1
100 22.9 1.6
150 1.64
1. 9.7GHz 21.3 22.94
200 2336 2.06
250 24 2.7
50 24.08 2.08
100 24.12 2.12
150 24.05 2.05
2. 10GHz 22
200 24.7 2.7
250 24.9 29

Comparison of proposed work with recently published work
is presented in Table III. In the both the cases refractive
index is close to zero. But in proposed work gain
improvement of 1dB is achieved more than the fishnet
metamaterial lens antenna.

Table III: Comparison of proposed work with existing work

SI. . Refractive Gain
No Title index(n) Improved
i (dB)

Soret Fishnet Metalens

L. Antenna (Existing Work) -0.06 ~2
Gain Enhancement of

7 Horn Antenna Using Meta 014 3
Surface Lens (Proposed
Work)
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5. Conclusion

In this paper, meta surface lens hold an array of SRR which
was designed and numerically simulated and tested. The
obtained results shows that permittivity have negative real
parts; this means it becomes resonance at particular range of
frequency can able to convert spherical wave into plane
wave. Simulated results show that, return loss is weakened
slightly after placing a meta surface lens in front of the
aperture of horn antenna. E-Plane and H-Plane radiation
pattern at main lobe is sharpened obviously and antenna gain
is improved approximately 3dB with meta surface lens.
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