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Abstract: This document presents the design and manufacture of a reflectarray (RA) antenna
for the Ku-band, based on a fully-metallic 3D architecture. The reflectarray unit cell is formed
by a square-shaped waveguide section ended in a short circuit, that is the reflectarray back
ground plane. Each cell has the ability of configuring the phase of its own reflected field by
means of resonators perforated on the walls of the cell waveguide section. The resonator-based
waveguide cell introduces the 3D character to the design. The geometry of the resonators and its
size variation introduces the phase behaviour of each cell, conforming the radiation pattern of the
reflectarray. This design explores the potential of phase value truncation (6 states and 2 states),
and demonstrates that proper pattern results can be obtained with this phase truncation.

Keywords: reflectarray, 3D architecture, resonator-based waveguide cells, Satellite communica-
tions, Ku band

1. Introduction

The increasing requirements in antennas for broadcast and telecommunications
are becoming challenging due to the emergence of novel technologies and the fast
development of new fabrication techniques. Especially the arrival of 5G communications
standard and the establishment of the operating bands at millimeter frequencies [1].
Microwave devices operating at these frequencies finds several restrictions associated
with size, weight, fabrication constraints or a relevant increase of losses [2].

An essential element in current satellite infrastructures are beamforming networks
[3]. Parabolic antennas has widely covered this task, especially beam-redirection and
focusing. However they have intrinsic drawbacks as very large dimensions, bulkiness
and heavy weight [4], and their use is not suitable in several scenarios. The common
alternative to parabolic reflectors are phased array antennas [5-7,9]. Phased array
antennas are, in contrast to the parabolic ones, planar devices. The are formed by
distributions of individual emitters whose field amplitudes and phases are externally
controlled. The global radiation pattern of a phased array antenna is obtained by
superposing the contribution of the individual fields radiated from each emitter [8].

Phased arrays exploit the ability to steer a radiation beam into a desired direction.
They may include the feeding network in the device architecture, generally supported on
complex circuitry. For instance they require the use of power dividers [10], phase-shifters
[11], or active elements [12]. Reflectarray (RA) antennas are a less complex solution of
phasing systems, being lightweight, low-profile, and showing adaptability [4,13]. To
the author’s knowledge, the first RA design was reported in the sixties by D. Berry et
al [14]. At first, RA prototypes were typically based on metallo-dielectric structures
[15-18], fabricated via standard PCB techniques. However thanks to the growing of
novel 3D-printing fabrication techniques, RA based on fully-dielectric [19] and fully-
metallic designs [20] have emerged. In particular, fully metallic RAs are being demanded
beyond the K- and Ka-bands, where dielectric losses stop being negligible. Examples of
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fully metallic RAs have already been proposed and published in the literature, as those
reported in [21,22].

The fast and recent development of 3D-printing techniques introduces the possi-
bility of innovating in the shape of the cells [23]. For instance 3D architectures arise as
elegant solutions thanks to the additional degrees of freedom they introduce [24]. The
3D character of a given cell is forced by including resonant elements along the axial
(or propagation) direction [25,26]. 3D cells have the ability to control independently
different field components. Paradigmatic examples were reported in [27,28], where
fully-metallic cells with 3D architectures were employed to design dual-band /dual-pol
devices, combining both 3D architecture and full-metal cavities. These type of cells are
promising since they are mechanically self-consistent, and no help of support is needed.

In this work we present a fully-metallic RA based on the ideas reported in [28].
Though our final goal is the conception of a RA operating at millimeter frequencies, in
this document we focus in a Ku-band prototype with the aim of obtaining a first proof
of concept. The RA is supported on a metallic metasurface consisting of distributions
of square waveguides. The structure is illuminated by a normally-oriented plane wave.
The waveguide walls are perforated with resonators, whose role is to modify/control
the individual phase of the reflected wave associated with each of the waveguide cells.
Under these circumstances two kind of RAs will be presented. First, a RA formed by a
discrete distribution combining 6 possible phase states; and a second case considering
binary cells, highly used nowadays because of their easy implementation [29].

This document is organized as follows: Section II describes the principle of opera-
tion in terms of the unit cell. Section III shows the performance of the cell for different
geometries. Section IV includes a numerical validation of the concept, for both proto-
types with 2 and 6 possible states. In section V we explain the fabrication process and
the experimental results obtained in the laboratory. Finally, the conclusions of this work
are drawn in Section VI.

2. Brief description of the unit-cell type

The structure under consideration in the present manuscript is a Frequency Selective
Surface (FSS) based on a full-metal design. As shown in Fig. 1(a), it consists of a two-
dimensional arrangement of classical square waveguides (cells). The dimensions of
the cells are such that no propagating modes are excited at the operation frequency
(P < Ap/2 with Ay being the wavelength in vacuum). Instead, only evanescent modes
will be present inside the cell. A ground plane is placed at the bottom of the cell, in order
to force full-reflection response.

Perforations with special shape are done on the waveguide walls with the purpose
of controlling the field behavior inside the cell. These perforations actually play the
role of slot resonators, which modify drastically the electromagnetic response of the cell
at frequencies close to their own resonance frequency. Two main resonator-shapes are
proposed, illustrated in Fig. 1(b)-(c). Fig. 1(b) shows a C-shaped perforation. Similarly, a
S-shaped resonator has been perforated on the wall of the cell in Fig. 1(c). Their effective
length L is assumed to be long in comparison with the waveguide dimensions.

The resonators are extended along the propagation (axial) direction z, giving a
3D character to the structure. 3D architectures enhance certain typical properties of
2D FSSs designs. The inclusion of resonant elements along the propagation direction
introduces an additional degree of freedom, very useful for design and optimization
processes. Moreover, the control of the vertical and horizontal field-polarizations (V-
and H-pol, respectively) can rigorously be decoupled. In this sense, the resonators on
the walls inside the YZ-plane manipulate V-pol and are completely opaque for H-pol.
The structure here proposed is optimal for V-pol incidence. More information about this
issue is reported in [28].
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Figure 1. (a): Array 14x14 of square waveguides. (b): Unit-cell type with C-shaped resonator on
the wall and dimensions. (c): Unit-cell type with S-shaped resonator on the wall and dimensions.
The length of the slot perforations is calculated as L = Ly + Ly + Lz + Lg + Ls.

3. Performance of the unit cell. Choice of the resonant element

The phase of the reflection coefficient associated with a particular cell is manipulated
in terms of the resonant frequency of the resonator. It is well known that in the RA-design
context the role of each cell is to provide the correct phase shift to re-direct the incident
beam to a desired (different) direction.

In order to study and analyze the phase behaviour of each cell as a function of
frequency, we must carry out a detailed study of the configuration of the resonator
employed. The process involves modifying the geometry of the resonator so that it
becomes smaller and smaller but always maintaining the same width value w between
its edges. To do this, we first define the effective length L = Ly + Ly 4+ L3 + L4 + L5 of


Free Hand

Free Hand

https://doi.org/10.20944/preprints202110.0024.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2021 d0i:10.20944/preprints202110.0024.v1

cs

Phase as a function of Frequency for cells of type C and S

200

12.50GHz

— 100 e

=100

Phase (Degrees

-200

Frequency (GHz)
(@

AL as a function of APhase

3
—S-shaped Resonator
—C-shaped Resonator
251
2 -
€
Eist
-
<]
1
0.5+
D 1 1 1 1 1 1 | J
-250 -200 -150 -100 -50 0 50 100 150

APhase (Degrees)
(b)

Figure 2. (a): Phase versus frequency for cells with C-shaped and S-shaped resonators. (b): AL
versus APhase for S-shaped and C-shaped resonators.

the resonant element. In each iteration we reduce this parameter so that, consequently, a
phase curve is obtained, which shifts in frequency as we shorten the resonator.

The study of the phase is realized by computing the Sii-parameter of the cell
when it is illuminated by a V-polarized plane wave. This study is focused on the Ku-
band, specifically at frequencies close to 12.5 GHz. Though no propagating modes are
excited inside the cells, the dominant (evanescent) mode is the TE ), whose electric
field is oriented on the §j-axis and is the responsible of excitation of the resonances. By
modifying the dimensions of the resonator, the phase of the reflection coefficient can be
controlled. A specific resonator geometry is characterized by a specific phase curve.

Fig. 2(a) illustrates the phase variation as a function of frequency, for C- and S-
shaped resonators. The curves have been obtained by the use of the electromagnetic
solver CST. Different curves, each associated with a particular geometry of the resonators,
are appreciated. The first graphical difference that we observe corresponds to the slope
of the curves of both resonators, being much greater for the S-shaped resonator, which
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implies a greater phase change in a smaller range of frequencies. Additionally, taking
the central frequency of the configuration as a reference (12.5 GHz), small variations can
be appreciated on the C-shaped resonator geometry, corresponding to small phase shifts
at the reference frequency. As it can be noticed, S-shaped resonators are more sensitive,
providing a stronger shifting even for small geometry variations. Therefore, considering
the reference frequency at 12.5 GHz, greater phase variations are given with S-shaped
slots while smaller variations are associated with the C-shaped ones, corresponding to
smaller phase shifting.

The dependence between the geometry variation and the phase shift is clearer
plotted in Fig. 2(b). The geometry variation is denoted by AL, whereas the phase shift is
identified as APhase. The way to obtain these curves is straightforward thanks to Fig.
2(a). It is done by taking separately all the cut-off points of the phase curves, both of the
C- and S-shaped resonators, with the vertical line marking the frequency of 12.5 GHz,
that corresponds to the center frequency of the reflector. A soft interpolation has been
applied to the curves in order to achieve greater smoothing.

This graph gives us useful information about the phase variation obtained when
we modify the effective length L. Analyzing in detail the behavior of these curves, we
observe a very similar trend although with a different slope. For the final design of our
reflective structure we will take into account two different areas: on one hand, the blue
curve (corresponding to the C-shaped resonator) for the central cells, and the orange
curve (corresponding to the S-shaped resonator) for the outermost cells. Since the blue
curve (C shape) has a bigger slope, greater phase jumps are obtained as we reduce the
geometry of the resonator. This is not the case of the S-shaped resonator because a very
small change in L (specially from AL = 2.5mm to AL = 1.35mm) causes a large phase
jump. It can also be inferred that both kind of resonators are necessary in order to cover
an almost 360°-range. C-shaped resonators cover the central area, from —200° to 100°
approximately (300° phase span) whereas the external area is covered by the S-shaped
ones. This allows us to obtain a greater phase variation and to be able to reach the full
range very close to 360°.

4. Reflectarray design: numerical validation

The design plots in the previous section illustrate that the combination between C-
and S-shaped perforations practically covers the 360°-phase range necessary to design a
RA. At this point, and for fabrication purposes, we will restrict the phase gradient of
our RA to a set of discrete values. On the one hand, a gradient formed just by 6 possible
states, whose corresponding phase values are defined by the following relation:

2 nelos) (1)
3

On the other hand, a simple design based in just two phase-states: 0 and 7, which will
be encoded as 0 and 1, respectively. This is the so-called binary cell.

The design and optimization of the RA is realized according to the scenario shown
in Fig. 3. A standard WR-75 horn antenna feeds the RA and is placed at 15cm from
it. This distance is optimal to reduce the spillover. The RA is a 14x14-cells panel with
periodicity P = 10.53 mm. Ray-tracing approximation is employed to estimate the phase
arriving to each of the cells.

The total phase in each cell is equal to the phase of the incident field (due to the
propagation from the feed) plus the phase-shift introduced by the own cell. In this sense,
the phase shift required at each element to re-direct the incident field is given by the
following expression [4]:

Pnm = ko (dum—[xn cos(@p) + yn sin(@p)] cos(6y))
nm=1,..,14
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Figure 3. Scenario simulated in CST. The horn feeds the RA from a distance of 15 cm. Structure
parameters of the cells in the RA: P = 10.53mm, T = 0.5mm, D = 10 mm.

where (x,, Y ) are the coordinates of the position of the nmth RA-cell, kj is the wavenum-
ber in vacuum, and d;, is the distance from the phase center of the feed to the nmth
RA-cell. The parameters 0, and ¢, denote the outgoing polar and azimuthal angles
respectively, namely, the pointing direction of the steered beam.

For the sake of simplicity, and as proof of concept, two different pointing angles
have been chosen: 8, = 20° and 6, = 35° with ¢, = 0°. Assuming first a 6-states
phase distribution, the phase-shift value satisfying (2) is approximated to the nearest
phase-value in (1). The 14x14-panels for 8, = 207, 35° are plotted in Fig. 4(a) and Fig.
5(a), respectively. The corresponding radiation diagrams associated with these panels
are plotted in orange line in Fig. 4(c) and Fig. 5(c) respectively. The main lobes are
exactly at the desired angles, with a gain of 22.5 and 22.6 dB and a side-lodes level (SLL)
of 12.5 and 11.8 dB respectively.

The RA based on binary cells has been optimized by using a Genetic Algorithm since
an ad-hoc truncation can result in big phase errors. Specifically, NSGA-II is employed
to reach our goal. Non-dominated Sorting Genetic Algorithm, NSGA-II [30], has been
used, which is a multi-objective algorithm that has been applied in some of our previous
jobs [31]. The optimization process is initialized with a random set of solutions, each one
with 142 binary variables (0/1). The selection operator utilized is Binary Tournament,
while the recombination (also known as crossover) consists in the exchange of random
subzones of the phase configuration. In this way, we provide diversity among the
solutions, which is key for the algorithm to not stall. Finally, the mutation operator just
flips the value of a single bit, from 0 to 1 or vice versa. Previously, we tried to flip a group
of bits, but it prevented the algorithm to converge completely. The crucial component of
a GA is the fitness function to optimize. Although this algorithm is multi-objective, in
this functionality that we call beam steering, only one objective can be established. Thus,
we will maximize the gain of the structure at the desired pointing direction.

We can observe in Fig. 4(b) and Fig. 5(b) the 14x14 phase-panel obtained for this
case. As expected, the RA has gained in simplicity. It is worth remarking that the phase
evolution follows a similar tendency in both cases, simulating a sort of partial rings. The
phase diversity is, as expected, richer in the 6-states case. The simplicity of the 1-bit RA
is manifested in the results plotted in blue curve in Fig. 4(c) and Fig. 5(c). However, the
gain decreases down to 20.8 and 20.7 dB, whereas the SLL increases up to 15.5 and 15.4
dB respectively.

Finally, the scenario in Fig. 3 has been simulated by the commercial software CST.
The RA choice is the one with 6 phase-states. The phase distribution in Fig. 4(a) and Fig.
5(b) are implemented in the RA with the help of the design plots in Fig. 2(a)-(b). The
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Figure 4. (a): phase arrangement considering 6 states. (b): phase arrangement considering 2
states. (c): Radiation pattern, beam direction: (¢,6)=(0,20)°.

results of the simulation are also plotted in Fig. 4(c) and Fig. 5(c) (yellow curves). Minor
differences are appreciated due to the avoidance of possible mutual coupling among
cells at the designing process. The SLL is otherwise still acceptable, with differences of
more than 10 dB with respect the main lobe maximum.

5. Manufacturing and experimental validation

Once the design is optimized and completely adjusted to fulfill the requirements,
the structure is manufactured. A 14x14 array prototype has been fabricated. As a
proof of concept, we have decided to focus on the 6-states RA operating for § = 20°.
The manufacturing process has been carried out thanks to the manufacturing facilities
of the SWAT group of the University of Granada. The process implies accurate 3D
stereolithography, consisting on the construction of the structure layer by layer by a
photochemical process. The material is a resin characterized by &, = 2.55 —j0.0612. Since
the dimensions of the entire RA are larger than recommended by the 3D printer, it was
split and printed in 9 individual pieces. Each of these individual pieces consisted of
arrangements of 3x3 or 4x4 cells. Additional supports were needed in order to guarantee
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Figure 5. (a): phase arrangement considering 6 states. (b): phase arrangement considering 2
states. (c): Radiation pattern, beam direction: (¢,0)=(0,35)°.

the self-robustness of the pieces during the fabrication process. Fig. 6(a) shows the 9
pieces including the supports, which are basically very narrow dielectric bars. These

(@ (b)

Figure 6. (a): Photo of the individual pieces including the supports. (b): Photo of the final RA
prototype. The S- and C-shaped resonators can easily be visualized.
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supports are carefully removed by using special scissors. After that all the pieces are
glued together, giving rise to the entire RA. Finally, the metallization is realized by using
a commercial conductive ink. Fig. 6(b) shows a detailed view of the final prototype. The
presence of the ink can be inferred from the darker color of the structure.
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Figure 7. RA Antenna prototype mounted in its final configuration (a and b), and (c) measuring
setup at the antenna measuring facility of the SWAT Group at the University of Granada.

The structure has been mounted in its setup with the feeder located at the defined
distance of 15cm and measured at the mmWave antenna measuring facility of the
SWAT Group at the University of Granada. The RA setup can be seen in Fig. 7(a) and
7(b), while the measuring setup in the measuring system is depicted in Fig. 7(c). The
prototype is finally characterized in terms of its radiation pattern in the vertical plane.
The pattern measurement is shown in Fig.8, having the center working frequency at
12.7GHz. This yields a frequency shift of 0.2 GHz with respect the theoretical results.
The position of the main lobe is approximately situated at the expected angle. There
exist a small angular shift towards higher angles. Additionally, the secondary-lobes
level is larger than expected from the simulations. It oscillates between -4 and -10 dB
in the region close to the main lobe position. This disagreement is important since it
reduces considerably the efficiency of the RA. The source of inaccuracy is clearly the
fabrication process. The structure is actually challenging from the printing-process point
of view. As we explained above, it was split into 9 sections. When the pieces are put
together, small misalignments appear among all of them. Furthermore, the metallization
via ink must be carefully taken into account. It is very important to metallize all the
structure. In the resonator regions the conductive ink may not reach all the corners,
reducing the efficiency of the resonator (longer or shorter than expected). Finally, the
process of removing the additional supports is very cumbersome. This task is done
manually. Some portions of the supports may rest in the structure, affecting the phase
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shifting and the final far-field pattern. It is worth mentioning this RA is the first structure
manufactured in our group. Now we are refining the technique and we expect to have
better prototypes in the near future. We are also exploring how to metallize with copper.
The results reported in this paper encourage us to continue.
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Figure 8. Radiation pattern in the vertical plane. Best result obtained at 12.7 GHz
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6. Conclusions

This work presents the design and manufacture of a reflectarray (RA) antenna for
the Ku-band, based on a fully-metallic 3D architecture. The structure used for the array
structure is a FSS based on a fully-metallic design, which consists of a two-dimensional
arrangement of classical square waveguides, being each of these waveguides the unit
cell of the whole structure. The cell is shorted by placing a ground plane at the bottom,
in order to force full-reflection response. Each cell has the ability of configuring the
phase of its own reflected field by means of resonators perforated on the walls of the cell
waveguide section. These perforations actually play the role of slots resonators, which
modify drastically the electromagnetic response of the cell at frequencies close to their
own resonance frequency. In this manuscript, two main resonator-shapes are proposed
(C-shaped and S-shaped slot resonators). The inclusion of resonant elements along the
propagation direction permits the separate control of the vertical and horizontal field-
polarizations. The designed structure proposed in this paper as a proof of concept is
focused on the control of the V-pol incidence. This design explores the potential of phase
value truncation (6 states and 2 states), and demonstrates that proper pattern results can
be obtained with this phase truncation. There is good agreement between the design
outcomes and the measurement results of the design.
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