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Abstract: The objective of this study is the design, fabrication, and test of types of
broadband reflect-array antenna. Combination of three different element types i.e. single
square patch, single square ring and patch loaded ring has been adopted from the literature for
application as sub wavelength unit cell(s) to achieve a broadband reflect-array without
sacrificing phase range. The choice of low-loss substrate materials include PTFE-Norclad
and PTFE-Polyglide (compared to FR-4 as standard substrate in widespread use). The
fabrication and testing was accomplished using in-house and I1TB research partner facilities.

As an extension of the design effort noted above, we have also investigated scaled-up,
meta-surface reflect-array in THz regime (0.3-10 THz). This has required adoption of new
materials (SU-8, PDMS as dielectric and Au, Al as metal) as well as fabrication processes
(micro machining, thin film deposiiton). Finally, testing of such structures has required
development of specialized THz-Time Domain Spectroscopy set-up which was accomplished
using IITB research partner facilities.
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Motivation: Reflect-array antenna (RAA) is a planar version of a parabolic reflector as shown
in Figure 1. There are certain advantages of a planar RAA Vvis-a-vis the standard
3-D parabolic design. These include suitability for manufacturing, ease of testing, and
flexibility of RAA design for different frequencies.
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Figure 1. Parabolic reflector and reflectarray antenna

In case of parabolic reflector, the incident beam radiating from the feeding horn impinges on
a 3-D curved structure at different angles for different points. The curvature of the structure is
adjusted such that all the reflected beams travel in parallel to each other leading to a
directional beam. In contrast, for a planar reflect-array antenna the propagation constant
vectors of reflected beams are adjusted from reflection phase of each reflector units such that
beams are directed to a particular direction. Figure 2 illustrates the design principle of an
RAA. A typical reflection phase graph as shown in Figure 2 (a) is obtained from varying the
resonance dimension of a unit cell parameter [1]. A particular unit cell located at ( Xi, Vi)
possesses a reflection phase of @ obtained from the equation:

@ = Ko [di — { Xi cos (Wb ) + Visin ( ¥p) } sin (Op) ]

di = {(xi—x0)? + (vi - yr)* + (zi— 20 )"}

Where ¥, and Op are azimuthal and elevation angles of a 3-D spherical coordinate system
with reflectarray antenna placed at ©, = 90 degree plane; di is the separation between feed
horn and corresponding unit cell. Once reflection phase is calculated at a particular
coordinate corresponding unitcell obtained from reflection phase graph and placed at that
position.
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Feed (X7, Y1,Z))

Figure 2: (a) a typical reflection phase graph; (b) unitcell position; (c) feed position w.r.t reflectarray

The reflection phase graph is the key to an optimized RAA design. The two main parameters
of the reflection phase graph are phase range and phase sensitivity. A phase range of at least
360° is required to avoid phase error. Also, phase sensitivity (units: degree / mm) should be
as low as possible to avoid fabrication error [2]. However there is a trade-off between phase
range and phase sensitivity. Low dielectric constant and thicker substrate help reduce phase
sensitivity (desirable). However, phase range is reduced as well (undesirable). The best phase
sensitivity reported so far by Yoon et. al. [3] is ~200° / mm with a phase range of 360°.

Design and Simulation: A broadband reflectarray antenna consisting of different unit cell
element types has been designed. Combination of three different element types i.e. single
square patch, single square ring and patch loaded ring has been adopted from [4] for studying
them in sub wavelength unit cell to get a broadband reflectarray without sacrificing phase
range or increasing slope in reflection phase graph. CST Microwave Studio has been
employed for both unit cell and full array simulation. Unit cells are shown in Figure 3.

}17 Lpau:h —»I }q— Lring —.{ |f|_pan:h loaded ring —»
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Figure 3: Different unit cell types

Figure 4 shows the reflection phase graphs of different phasing elements for grid spacing of
M2, M3 and M4 respectively. As single square elements cannot cover the minimum required
phase range of 360°, the rest of phase range has been covered by single ring and then patch
loaded ring element as described in [4]. Parts of phase range covered by three phasing
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elements are illustrated as black for single square patch, red for ring and blue for patch loaded
ring in Figure 4. Similarly phase angle graphs for three different frequencies have been
depicted as solid (4GHz), dashed (5GHz), and dotted (6 GHz) lines respectively.

Comparing Figure 4(a), 4(b), and 4(c) significant improvement of linearization of phase
graphs is observed for grid spacing A/4 as compared to A/2 and A/3. However, for A/4 grid
spacing the total reflection phase angle range does not exceed 360° which is minimum
required phase range to design a reflectarray antenna without introducing phase error. Thus it
is concluded that broadband behaviour for A/4 grid spacing has been achieved at the cost of
phase error which will in turn reduce RAA gain.

In order to resolve this problem an optimum grid spacing of 0.28X has been selected to design
the reflectarray which is slightly higher than 0.25)1 and also has covered full 360° phase
range. Reflection phase varied as a function of outermost length of different phasing elements
for 0.28 grid spacing is plotted in Figure 5. The spectral responses of reflection loss for three
phasing elements are plotted in Figure 6. The plot shows that the maximum reflection losses
for phasing elements used in reflectarray design element is less than -0.06 dB.
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Figure 4: Reflection phase response for unit cell of grid spacing (a) /2; (b) /3, (c) /4
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Figure 5: (a) Reflection phase graph for 0.284; (b) Reflection loss magnitude

We also address a novel design of reflectarray antenna consisting of a two sets of unitcell to
reduce phase sensitivity further with full 360° range. The simulation work has been
performed by CST MWS® to optimize the reflection phase of the unit cell. FEM based
frequency domain solver has been used for this purpose. Various types of substrate is being
simulated and tested for reduction of loss. After reflection phase optimisation full array has
been designed by a MATLAB code to place each unitcell at their proper position on full array
environment and then finally simulated using MoM based IE solver in high performance
server with 64 GB RAM which took almost 3 hour to complete a full array simulation.
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Fabrication and Testing: Three types of substrate have been used to optimize loss and get
highest possible gain. The name of substrates with their corresponding epsilons, loss tangents
and thicknesses are enlisted in the table below.

Name of substrate Epsilon Loss tangent Thickness
FR-4 4.8 0.017 1.60 mm

PTFE-Norclad 2.55 0.0011 3.175 mm
PTFE-Polyglide 2.32 0.0005 3.175 mm

At first step the design has been taken from a report [4] as a conceptual test for understanding
the principle of the reflectarray design, though in report it was operated at 15 GHz, we have
scaled down the design for 5 GHz and also used sub-wavelength unit cells. We further
optimize the focal length (F) / maximum dimension (D) to achieve maximum gain and low
side lobe level. The first fabricated prototype on FR-4 has been shown in figure 6.

Figure 6: (a) fabricated prototype on FR-4; (b) enlarged image of feeding horn antenna

Then a slight changed design has been fabricated on a PTFE Norclad substrate whose figure
is shown below in figure 7.

Figure 7: fabricated prototype on PTFE-Norclad
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As a final step a novel designed broadband reflectarray has been fabricated on PTFE-
Polyglide substrate and tested using a signal generator connected to a broadband horn
antenna to generate plane wave at 5 GHz and a spectrum analyser connected to AUT. The
measured results show a very good agreement of simulated result.
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Figure 8: simulated radiation pattern

Table: Simulated radiation pattern (Figure 8) in two principle planes

Plane Gain (dBi) SLL (dB) 3-dB beamwidth
@ =0 degree 24.8 -18.2 7 degree
@ =90 degree 25 -15.3 8 degree

The RAA test setup is show in Figure 9. The RAA test results are shown in Figure 10.

Figure 9: (a) AUT connected with spectrum analizer; (b) Reference horn antenna connected with transmitter
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The final array has shown higher gain i.e. 25 dBi compared to previous designed array which
had gain of 20 dBi. This increase of gain due to use of less lossy substrate compared to
previous substrate and also f/D ratio has been optimized for all three designs. The array
consists of total 545 unit cells arranged in 2-D matrix of 30 x 30. The feeding horn antenna is

designed and fabricated to operate at 5 GHz. The feed is placed as an offset feed with f/D
ratio as 0.75.
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Figure 10: Comparison between measured and simulated result

Conclusion: A novel reflectarray antenna consisting of optimized set of unit cells to reduce
phase error and phase sensitivity, operated at 5 GHz has been designed and tested. Measured
result supports the simulated result which shows a high gain i.e. about 25 dBi in both planes
with 7 and 8 degree 3-dB beamwidth respectively.
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