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Synthesis of a Dual-Band Flat-Top Pattern Using Polarization
Dependent Metasurface

Pallapati Vinod Kumar”® and Basudeb Ghosh

Abstract—A simple and novel polarization-dependent phase gradient metasurface (PGMS) is proposed
to synthesize a flat-top radiation pattern by dividing the metasurface (MTS) into multiple regions. Each
sub-region generates a beam in a particular direction, and multiple beams with different directions form
a flat-top pattern in the far-field. A flat-top pattern in a single and 3D plane is realized by dividing the
MTS into two and four regions, respectively. The proposed MTS consists of a multi-layered elliptical
geometry encircled by a square loop. The elliptical shape of the unitcell offers polarization-dependent
behavior and produces dual-band characteristics for different incident wave polarizations at 10 and
12 GHz. Two microstrip patch antennas operating at 10 GHz and 12 GHz are placed at the focal point
of the MTS. The simulated flat-top beamwidths in a single plane with a 1dB ripple are 36° and 34°
at 10 and 11.8 GHz, respectively. Similarly, in 3D space, the beamwidths are 33° and 31° at 10 and
11.8 GHz, respectively. Both simulated and measured results are presented for 3D flat-top patterns.

1. INTRODUCTION

The flat-top radiation pattern has uniform gain over a wide angular region with low ripples, usually
less than 1dB. Hence, the antennas with a flat pattern have been used in modern communication
systems to serve uniform signal strength within the desired coverage area. Adaptive phased array
antennas can provide flat-top radiation patterns by controlling the amplitude and phase of the individual
antenna elements [1-4]. The amplitude and phases of the antenna elements are synthesized using
various optimization algorithms. However, this approach suffers from its narrow bandwidth and the
requirement of a complex feeding network. Alternatively, the flat-top pattern is also generated by
shaping the reflector and lens profile as demonstrated in [5-8]. However, lenses and reflectors at
microwave frequencies suffer from their bulky size and heavy weight. On the other hand, PGMS
eliminates the feeding network requirement, thereby reducing the weight and complexity of the overall
antenna system.

Over the past decade, metasurfaces are also found in several applications such as mutual coupling
reduction, polarization conversion, and bandwidth enhancement [9-11]. Among metasurfaces, PGMS
antennas have received attention from researchers due to their localized phase characteristics and
easy fabrication. These MTSs have found applications in gain enhancement and beam shaping at
microwave [12-16] and millimeter-wave frequencies [17,18]. Recently, flat-top radiation pattern using
MTS is presented in [19-21]. Multiple PGMSs separated by an optimized distance result in a flat-
top radiation pattern [19]. On the other hand, the transmission characteristics of the unitcells were
optimized using the array theory for flat-top pattern beam shaping [20, 21].

Most of the literature concentrates on the design of single-band flat-top pattern synthesis. Multi-
band PGMS antennas offer alternate solutions to traditional multi-band antennas with reduced cost and
enhanced bandwidth. Several multi-band PGMS antennas are reported in [22-24]. The unitcell design
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for multi-band operation is challenging, requiring a high transmission/reflection coefficient with phase
controllability [25-28]. However, dual-band operation can also be achieved by asymmetric unitcells,
which can provide independently controllable characteristics for different polarizations of the incident
wave [29,30]. Hence, an elliptical unitcell is considered, whose phase characteristics for z- and y-
polarizations can be controlled independently by varying the major (a) and minor (b) axes, respectively.

In this paper, a novel technique is proposed to realize a dual-band flat-top radiation pattern. The
novelty of the present design lies in the synthesis procedure, where the entire MTS is divided into
multiple subregions. Fach subregion is designed to tilt the beam in an optimized direction. The beams
from multiple regions result in a flat-top pattern. Hence, the challenges of simultaneous amplitude and
phase control can be effectively avoided. Another significant contribution of this work is the realization
of a flat-top beam at two frequencies, which is obtained by the elliptical shape of the unitcell. Initially,
the MTS is divided into two subregions as shown in Fig. 1(a), to produce a flat-top pattern in the
xz-plane. Then, the work is further carried out in 3D space by dividing the entire MTS into four
subregions, as shown in Fig 1(b). These MTSs are referred to as MTS-1 and MTS-2. Some preliminary
results based on the present work are presented in [31]. This paper is organized as follows. The design
principle to realize flat-top radiation pattern is presented in Section 2. The unitcell design and analysis
are presented in Section 3. Section 4 presents the simulation and measured parameters of the antennas
with MTS. Finally, the conclusions are outlined in Section 5.
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Figure 1. Flat-top pattern generation with MTS by dividing into (a) two sub-regions (MTS-1), (b)
four sub-regions (MTS-2), (c) alignment of the MTS and antenna.

2. WORKING PRINCIPLE

The principle of flat-top pattern synthesis for dual-band operation is presented here. The radiation
pattern of a 2D planar array with M x N elements for the MTS and antenna configuration is shown in
Fig. 1(c) and is given by [27]

M/2  NJ2

cos?® 07 ¢ : Cosqf 07 (b mn —7 = -q

m=—M/2n=—N/2

where k is the wavenumber, 7 n the position vector of mnth element, r_} the feed position vector,

and cos?/ (0, #)m,n the approximation of amplitude (for patch antenna ¢f ~ 1.2) due to the feed at
(m,n)th position. Here, (0, @)y is the angle between feed and the mnth element. cos?¢(6, gb)e(jk?"m'ﬁ)
is the element pattern of the unitcell, and |T},,| is the transmission coefficient of the PGMS at (m,n)th
position. The main beam direction is represented by @, and 9, is the compensated phase on the MTS

given by [27]
wmn:jkq?mn_rﬂ_?mn'ﬂ)‘}"(bo (2)



Progress In Electromagnetics Research Letters, Vol. 100, 2021 83

where 1) is the phase reference located at the center of MTS.

As shown in Fig. 1(a), MTS-1 is divided into two regions with phase profiles 1. and 2 to
generate two beams simultaneously in 41 (6 = 61, ¢ = 0°) and 42(0 = 01, ¢ = 180°) directions. By proper
optimization of the angle 6, a flat-top radiation pattern in ¢ = 0° plane can be realized. Similarly,
MTS-2 generates four beams simultaneously at (§ = 6) with ¢ = 45° 135°,225° 315° directions.
Optimization of #y results into a 3D flat-top pattern.

A 15 x 15 array with unitcell periodicity of 9mm and feed position (F) at 30 mm away from the
center of MTS is considered in this work. The phase at the center of MTS is considered as ¢y = 0°.
Using Eq. (2), ¥}, and v2,, are calculated for an initial value of §; = 15°. The resulting radiation
pattern for the complete MTS is obtained through Eq. (1). To obtain a nearly flat-top pattern, the
value of 0; is varied, and at each step the resulting radiation pattern is calculated. It is found that
a nearly flat-top pattern is obtained for #; = 20°. The corresponding phase profiles for 10 GHz and
12 GHz are shown in Figs. 2(a) and 2(b), respectively. Similarly, for 3D flat-top pattern, the optimized
value of 9 is 23°. The resulting phase profiles are depicted in Figs. 2(c) and 2(d) for 10 GHz and
12 GHz, respectively. The flat-top beamwidth can be varied by changing the MTS dimension and focal
distance.
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Figure 2. Phase profile for the MTS: Single plane at (a) 10 GHz, (b) 12 GHz; 3-D plane at (c) 10 GHz
and (d) 12 GHz.

3. UNIT CELL DESIGN AND ANALYSIS

For proper functioning of MTS, the unitcell should provide a complete 360° phase coverage. The phase
coverage at a given frequency can be increased by adding more dielectric layers, and a minimum of
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Figure 3. Unitcell dimensions (mm) are given as P =9, w = 0.2, sh = 0.8, a = 8, b = 6.5: (a) top
view, (b) side view; (c) variation of transmission coefficient for z and y-polarized waves.

three layers are required for 360° phase coverage [27]. The proposed unitcell consists of four identical
elliptical patches encircled by a square loop printed on a three-layer dielectric substrate (FR4, ¢4 = 4.4),
and the top and side views of the unitcell are depicted in Figs. 3(a) and 3(b), respectively. The unitcell
analysis is carried out in CST Microwave Studio with unitcell boundary conditions placed along z- and
y-directions and excited with Floquet ports along +z-directions. The unitcell is illuminated with two
orthogonal Floquet modes. Fig. 3(c) shows the transmission response of the unitcell in the frequency
range of [6-14] GHz. For E, incidence, it can be seen that |Sa1| is greater than 0.7 in the frequency
range from 8 to 10.1 GHz with phase variation of 350°. Similarly, for E, incidence, |S2;| is greater
than 0.75 in the frequency range from 10 to 12.2 GHz with phase variation of 450°. The |Ss;| drops
significantly beyond 10.2 GHz and 12.2 GHz for  and y polarized incident waves, respectively.

To realize 360° phase variation at 10 GHz, a is varied from 4 to 8 mm with an interval of 0.02 mm
for a fixed value of b = 6.5 mm. Similarly, b is varied from 2 to 6.5 mm with ¢ = 8 mm. Fig. 4(a)
shows the variation of transmission response at 10 and 12 GHz for E, and E, incidences, respectively.
It can be seen that |S2;| is always greater than 0.65 with phase varying from —40° to —380°. Hence,
at 10 GHz, a stable amplitude with a phase span of 340° is achieved. Also, the effect of a variation at
12 GHz for y-polarized wave is minimum. Similarly, for b variation at 12 GHz, |Ss;| is greater than 0.7
with 370° phase variation for E, incidence as shown in Fig. 4(b).
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Figure 4. Simulated unitcell response: (a) a variation with b = 6.5 mm, (b) b variation with a = 8 mm.
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4. METASURFACE DESIGN AND ANALYSIS

The MTS is independently designed by one-to-one phase mapping with corresponding dimensions of a
at 10 GHz and b at 12 GHz. The designed MTSs for 2D and 3D flat-top pattern generation are shown
in Figs. 5(a) and 5(b), respectively. For the analysis of the MTS, a dual-band antenna with broadside
radiation pattern having orthogonal polarization purity needs to be placed at the focal point. A dual-
band patch antenna with orthogonal polarization may be designed to demonstrate the performance
of the MTS. However, the primary concern of the current study is to realize a dual-band flat-top
radiation pattern. For simplicity, we have demonstrated the performance of MTS by two independent
patch antennas operating at two operating frequencies. Hence, two linearly polarized coaxial fed patch
antennas printed on an FR4 substrate (e, = 4.4, thickness = 1.6 mm) operating at 10 GHz and 12 GHz
are considered for the realization as shown in Fig. 6(a), and they are referred to as antenna-1 and
antenna-2. The antenna dimensions are reported in Table 1. The antennas with and without MTS are
analyzed in CST Microwave Studio using T-solver with open and add space boundary conditions in all
directions. Antenna-1 with and without MTS is analyzed from 9 GHz to 10.5 GHz; however, antenna-2
with and without MTS is analyzed from 11 GHz to 12.5 GHz. It is observed that a single standalone
patch antenna has typical gains of 4.2dB and 4.6 dB at 10 and 12 GHz, respectively.
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Figure 5. Designed PGMS (a) MTS-1, (b) MTS-2.
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Figure 6. Antenna with MTS-2: (a) antenna, (b) fabricated prototype, (c) reflection coefficient.
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Table 1. Dimensions of the patch antennas (all dimensions are in mm).

Antenna | S, | Sy | Px | Py | I
Antenna-1 | 15 | 15| 7 [ 6.25| 1.6
Antenna-2 | 15 | 15| 6 5 1.4

At 10 GHz for E, excitation on MTS, antenna-1 radiating edge is placed along the x-direction.
Similarly, for antenna-2, the radiating edge is placed along y direction to excite F, on MTS. As the
patch antenna is not an ideal point source, the phase center is not precisely located 30 mm away from
the center of MTS. Hence, the focal distance is optimized, and for F' = 40 mm, a flat-top pattern with
ripples less than 1dB is realized. Fig. 6(c) shows the simulated reflection coefficient of the antenna with
MTS-1 and MTS-2.

For MTS-1, the simulation results show a good impedance matching with a flat-top pattern at
10 GHz and 11.8 GHz. At 10 GHz, a peak gain of 9dB with —30dB cross-pol level has been observed.
Fig. 7(a) shows the radiation pattern at 10 GHz. It is evident that in ¢ = 0° plane, a flat-top pattern is
generated with a 1 dB ripple bandwidth of 36°. In ¢ = 90° plane, the beam is in the broadside direction
as expected. The side-lobe levels (SLLs) of —10 and —11 dB have been observed in ¢ = 0° and ¢ = 90°
planes, respectively. Similarly at 11.8 GHz, 1dB ripple width of 34° has been observed in ¢ = 0° plane
as shown in Fig. 7(b). A peak gain of 11dB with SLLs of —11dB and —10dB have been observed in
¢ = 0° and ¢ = 90° planes, respectively.
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Figure 7. Simulated radiation pattern of the antenna with MTS-1 at (a) 10 GHz, (b) 11.8 GHz.

Figure 6(b) shows the fabricated structure of MTS-2 using a chemical etching process having an
accuracy of 0.1 mm. The antenna and metasurface are fabricated using chemical etching procedure. The
antenna input characteristics are measured using a PNA. The radiation patterns are measured with a
horn antenna. Due to the non-availability of anechoic chamber, the radiation pattern is measured in an
open environment. The simulated and measured reflection coefficients with antenna-1 and antenna-2 are
shown in Fig. 6(c), where a foam of 40 mm is used between MTS and antenna. A very small difference
in the reflection coefficient (S11) is observed due to the fabrication tolerance of the MTS and antenna,
however the maximum deviation is observed to be 1.5% and 1.6% at 10 GHz and 12 GHz, respectively.
The simulated and measured radiation patterns of the M'TS for both the frequencies are shown in Fig. 8.
For pattern and gain measurement, X-band horn antennas have been used as reference antennas. The
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Figure 8. Far-field patterns of the antenna with MTS-2 (simulated-straight line, measured-dotted line,
3D-radiation pattern is shown in the inset) at (a) 10 GHz, (b) 11.8 GHz.

results show a flat-top pattern with ripples less than 1dB in the frequency range of 9.8 to 10 GHz for
x-polarized incident wave and 11.6 to 11.8 GHz for y-polarized incident wave. However, the maximum
1dB ripple beamwidth is observed at 10 GHz and 11.8 GHz. It can also be seen that in all the planes,
the 1dB ripple beamwidth of 30° is achieved with the measured gain of 7.8 dB. Similarly at 11.8 GHz,
1dB ripple beamwidth of 26° has been achieved with the gain of 9.1 dB. The simulated efficiency of the
system is about 57% at 10 and 11.8 GHz, which is a moderate value for MTS-antennas. However, SLLs
and the back lobe levels are only —10dB and —12dB, respectively. Higher SLL appears because of
the non-uniformity of transmission amplitude throughout the MTS. The proposed method offers stable
radiation characteristics, gain, and beamwidth at both operating frequencies. The beamwidth can be
enhanced by reducing the MTS dimensions. A comparison of the present work with the earlier works
on flat-top radiation patterns is given in Table 2.

Table 2. Comparison table with other works.

Proposed
3] 32] [20] [21] L] | o ructure
Method Antenna array Lens MTS MTS MTS MTS
Center frequency (GHz) 1.7 28 10 10 10 10/12
Beamwidth (1dB) 40° 60° 80° 76° 34° 30°/26°
Gain (dB) _ _ 148 | 7.8/9.1
Number of elements 676 169 162 225
Number of antennas 10 1 1 1 1 1/1
Size (\2) 1% 7.9 7T5x75 | 48x48 | 43x43 |4x4| 45x45

5. CONCLUSION

A dual-band polarization-dependent PGMS is designed to generate flat-top patterns in single and dual
planes. The MTS is divided into two and four subregions to generate a flat-top pattern in single and
dual planes, respectively. For demonstration, a 15 x 15 PGMS is designed occupying 135 x 135 mm?
with a focal point of 30 mm. The MTS is excited with antennas operating at 10 GHz and 12 GHz for E,
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and £, polarizations, respectively. The proposed method is very simple, and it can be easily fabricated.
A good matching between the simulation and measurement is achieved. The present work suffers from
high SLL, which can be reduced by reducing the quantization error in amplitude and phase. Further,
it can be reduced by introducing amplitude tapering over the MTS.
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