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ABSTRACT In this work, the design, fabrication and characterization of micro-air-channel-based unit cells
aimed at phase control exploitable in 5G-mmwave applications are reported. The basic unit cell consisted
of rectangular dielectric blocks (RDB) placed onto a thin substrate, realized by means of a resin polymer.
The RDB effective relative permittivity was changed by tuning specific design parameters and infill density
percentage (ID%), that was engineered through the introduction of a number of uniformly distributed
micro-air channels. The reflected phase variation was numerically quantified in terms of frequency range and
ID%, thus proving that a controlled phase variation can be accomplished depending on air-channel number.
The prototypes were fabricated by means of the micro-inverted Stereolithography (SLA). In order to assess
the accuracy of the SLA technology on the dimensions imposed by the high aspect ratio of the structures,
larger unit cells operating in the X band were first fabricated. The acquired technological know-how has been
subsequently exploited to fabricate smaller unit cells operating at mmwave. Geometrical characterizations of
the prototypes, performed via a visual system setup, put in evidence the technological challenges, especially
faced to realize open micro-air channels. In particular, as smaller micro-channel were actually obtained
for some samples, a consequent increase of the actual ID% and effective relative permittivity values was
experienced by the related unit cells. Nonetheless, the experimental results performed on the fabricated
prototypes in the X band and mmwave range were in good agreement with the numerical ones, confirming
the phase variation vs. ID% trends of the simulated unit cell arrays.

INDEX TERMS 5G communications, additive manufacturing, antenna arrays, antenna measurements,
layered manufacturing, millimeter wave communication, reflectarray, smart surfaces, stereolithography,

vision systems.

I. INTRODUCTION

Fifth-Generation (5G) communications have recently
attracted the attention of the scientific community and of the
wider public due to their promise to enhance and accelerate
the interconnection among devices and people [1]. Nonethe-
less, despite its diffusion, the availability of highly efficient
antennas and devices tackling the task of high data rate
with negligible losses is still one of the main challenges.
Additionally, similar issues are faced in the development of
next-generation payloads in the mmwave and sub-THz range
also aimed at space applications, which must be lightweight
and multi-band, in order to guarantee the required spatial
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resolution and sensitivity along both earth-space segments.
Therefore, the design and fabrication of these systems exhibit
several issues to be addressed.

When designing surfaces operating at such high frequen-
cies, the material losses are the major concern, since they
affect gain and radiation efficiency. In this scenario, reflec-
tarray antennas (RAs), transmit arrays (TAs) and integrated
lens arrays (ILAs) may have a key role when it comes to
accomplishing improved performance. In particular, the use
of dielectric elements and the tailoring of their dielectric
properties represent an excellent solution to enhance the
bandwidth, as well as an interesting alternative in the view
of reducing the overall system weight. The very recent topic
related to the design and fabrication of such 5G-mmwave
devices focuses on the arrangements of dielectric elements
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made of low relative permittivity (¢;) materials. This scien-
tific orientation is motivated by the following two main rea-
sons: i. bandwidth improvement; ii. opportunity to simplify
and gain flexibility in device fabrication via additive man-
ufacturing (AM) technologies. However, in order to realize
dielectric-based surfaces, the first step is the design and the
optimization of the unit cell composing the whole arrange-
ment. The design of the unit cell is a delicate task, since
the elements must introduce controllable phase shift, which
can be generally accomplished by a variation of the effective
relative permittivity (er—efr). Concerning RAs and TAs, the
tailoring of e,_cfr was generally obtained by changing one
of the geometrical parameters of the element of the basic
RA/TA unit cell. To this regard, the authors in [2] proposed a
unit cell based on cross-shaped metamaterial slab, fabricated
by Fused Deposition Modeling (FDM), placed on a metal
ground; different ,_g values were obtained by varying the
gap width of the slab, and thus realizing cross-like shapes
with diverse arms width. The simulation results showed that,
in this way, a full 360 degrees range of phase shifts at 9.3GHz
could be accomplished through a continuous variation of
&r—eff, from 1.4 t0 5.0. In [3], three RAs designed to operate at
100 GHz were proposed; the unit cells were made of dielec-
tric slab elements with variable height placed on a conductor
plane and fabricated via polymer jetting. The results showed
that the change of & (from 2.78 to 2.70) and loss tangent
tand (from 0.02 to 0.05) provided three different reflected
phase variations, measured in the center of each device: 3.7,
187.5 and 190 degrees.

Dielectric resonator antennas (DRAs) located on a thin
substrate were considered as unit cells for a RA operating
in the Ka band (26-40 GHz) [4]: the relative permittivity
variation and consequent phase shift were accomplished by
changing the DRA length. The unit cells were fabricated by
means of fused deposition modelling (FDM) and acrylonitrile
butadiene styrene (ABS) material, which was properly mod-
ified to increase the original dielectric characteristics (& =
4.4 and tand = ~ 0.008). Differently from previous works,
a novel concept of unit cell for a TA operating at 30 GHz
was proposed in [5]: the unit cell was a three-layers dielectric
structure, composed by a central layer featuring a square
hole with varying size sandwiched between two identical
layers having tapered holes. However, as the final TA was
fabricated by polymer jetting, the original designed unit cells
were modified to enable their manufacturing. Measurements
on prototypes were satisfactory, thus proving the feasibil-
ity of AM technologies and related dielectric materials in
these applications. Graded lens, operating between 19 and
25 GHz was described in [6]—[7]: the lens was fabricated by
means of Preperm ABS material and fused filament-based
AM technology. In particular, the desired grading of ¢, and
tand was accomplished by acting on two parameters setting
of the FDM machine, i.e. infill density (ID) percentage and
infill pattern. Similarly, the ID percentage was also exploited
as key parameter in the design and fabrication of an Integrated
Lens Array (ILA) made of polylactic acid (PLA) [8]. The
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lens array was realized by FDM, with the goal of reducing
dielectric loss and lens weight, and speeding up the fabrica-
tion time thus decreasing cost. The authors also provided a
parametric analysis on three different ID values and different
deposition patterns, showing how each ID and orientation of
the deposited material affected the PLA permittivity and loss
tangent, and consequently, the performance of the final ILAs.

As it can be noticed, the relative permittivity of a unit cell
can be modified in at least two ways: by varying the geomet-
rical parameters of the unit cell, or the infill pattern and sizing
by the exploitation of some AM technology settings, such as
ID%.

In the present work, unit cells are designed and fabri-
cated considering the combination of both approaches. The
proposed basic unit cell (UC) is composed by a rectan-
gular dielectric block (RDB) located on a thin substrate,
similar to that reported in [4]. In order to provide a con-
trollable phase variation, the relative permittivity of each
RDB was changed by acting on both the RDB length and
ID%. As ID% refers generally to the percentage of polymer
material with respect to air, this concept can be applied
to other AM technologies, different from extrusion-based
processes. Therefore, as described in Section II, the ID%
was implemented artificially by introducing a number of
squared air micro-channels within each RDB: this action
allowed to fine-tune the relative permittivity of each unit cell
and, consequently, control the induced phase shift variation
on a wider frequency range. Numerical results, reported in
Section III and achieved via Finite Element Method (FEM)
analyses, showed that UCs with different value of ID% pro-
vide controlled phase shifts over wideband frequency ranges
(10-12 GHz, 26-40 GHz), depending on the air-channel
number. Some prototypes, described in Section IV-A, were
then fabricated by micro-inverted stereolithography (SLA).
In order to assess the accuracy of the SLA technology on
dimensions and tolerances imposed, especially, by the high
aspect ratio of the air-channels, larger UCs operating in the X
band were first fabricated. Subsequently, improvements were
achieved in fabricating smaller UCs operating at mmwave.
The geometrical characterization of the prototypes was per-
formed by means of a visual system setup, which gave evi-
dence to the impact of dimensional accuracy on the actual
ID% and corresponding actual &;_.f values (Section IV-C).
Finally, Scattering parameter Sq; and phase shift measure-
ments were performed in the X band and mmwave range on
the fabricated UC arrangements: results and discussion are
reported in Sections V and VL.

Il. DESIGN OF THE UNIT CELL

Without loss of generality, in order to verify the impact of
the ID% tuning on the phase behavior, the unit cell design
will refer to a RA configuration. The periodic arrangement
of a number of UCs, considering periodicities Px and Py
along x and y axes respectively, is reported in Figure la. The
basic unit cell (UC) is composed by a rectangular dielec-
tric block (RDB) located at the center of a grounded thin
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FIGURE 1. a) Periodic arrangement of unit cells; b) Full bulk RDB-based
UC; ) UC composed by RDB and 6 x 2 air channels; d) UC with air 6 x 6
channels arrangement within the RDB, considering Pycx = Pacy = 0.7 mm
along x and y axes.

dielectric layer (Figure 1b-c); the RDB can be a full bulk
structure (Figure 1b) or a micro-structured one (Figure Ic),
featuring periodically arranged channels (Figure 1d). The
squared air channels have section equal to 0.5 mm x 0.5 mm
each and are periodically arranged considering constant pitch
along both x-y axes equal to Pacx = Pacy = 0.7 mm
(Figure 1d).

With the introduction of the air channels, the polymer
volume of the RDB is reduced, and consequently the &g
can be controllably decreased varying the infill density (ID%)
explicated by equation (1):

Vrpg —n-m-Vac

ID% = 100 (1)

Vue

where Vrpg is the volume of the bulk polymeric structure
without air channels, V sc is the volume of a single air channel
introduced within the RDB, “n” and “m” are the numbers
of air channels along x and y axes, respectively and Vyc is
the volume of the overall unit cell. Bulk RDBs have different
ID% in relation to their dimensions: for instance, by keeping
height H and width W fixed, if the RDB length L is equal
to 4.2 mm, the ID% is 69.93%, while for a length L equal
to 1.4 mm, the ID% is 25.36%. The ID% would be 100%
only in case of RDB coincident with the whole unit cell area
(Figure 1c), i.e. the e;_cgr would correspond to the actual one
of the finite dielectric blocks.

Table 1 shows the main design parameters of UC and
RDB and periodicities of the Unit Cell and air channels.
It is worth noticing that the overall UC array dimensions,
indicated by Dx and Dy, were adjusted to fit the WR90 and
WR28 waveguide sections (22.86 mm x 10.16 mm and
7.11 mm x 3.55 mm, respectively).

Table 2 shows twenty configurations achievable with the
indicated sizes. In particular, the first twelve configura-
tions are fabricated for WR90 measurements and feature air
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TABLE 1. Nominal dimensional parameter of the UC, RDB and periodic
arrangement.

Value [mm]
Symbol Definition X Band mmwave
WR90 WR28
W RDB width 4.2 2.8
L RDB length 14,42 14,28
H RDB height 6.3
T RDB Substrate thickness 0.2
Wue Unit Cell width 5.5 3.5
Luc Unit Cell length 4.65 3.5
Hyc Unit Cell height (Hyc=H+T) 6.5
P, x-Periodicity (P,=Wc) 5.5 3.5
P, y-Periodicity (Py=Lc) 4.65 3.5
a Number of Unit Cells along the x-axis 4 2
b Number of Unit Cells along the y-axis 2 1
D, Total length of the periodic array (Dy=aPy) 22 7
D, Total width of the periodic array (D,=b-P,) 9.3 3.5
n Number of air channels along x-direction 0,6 0.4
m Number of air channels along y-direction 0,1,...6 0,1,...4
Wac Air Channel width 0.5
Lac Air Channel length 0.5
Pacs, Pacy Air Channels xy-periodicity (Pac;= Pacy) 0.7

TABLE 2. Infill density resolution, unit cell dimensions and air channels

distribution.
. 5 o i Infill Density
RDB unit cell RDB with Air Channels Unit cell % g 3
: il ! Equation (1)
. - - nfill i
Width | Length | Height | Volume | Width | Length | Height | Layout | #AC | Volume | (W0 | Resolution
W 1 H+T L Wy Lac Ha nxm om | nm Ve mn IDR
fmm| | (mm| | (mm] | fmm’) | (om] | (mm] | (mm] 1-] [T 1%]
61B | 420 | 0.0 2364 0,00
628 | 420 | 140 42,16 | i 1 000 |

638
618
658
568
6I1C
62C
60
| 4C_
65C
66C
418
B
438
4B
41C
42C
43C
44C

210 | o [To0s8 0.00
280 | O 79,20 0,00
150 973 0,00
320 11625 0.00
070 2364 | 0500 | 0500 | 6500 | Ix6 3 975
140 4216 | 0500 | 0.500 | 6500 | 2x6 12 | 1950
210 6068 | 0500 | 0.500 | 6500 | 6 18 | 3935
20 7920 | 000 6500 | a6 | 24 | o0
350 .73 | 050 6500 | sx6 | 30 | 4835
420 11625 | 0500 | 0500 | 6500 | 6x6 | 36 | s850
0.70 14,80 0.00
140 2715 0,00
. 650 |— =
210 39.49 0,00
250 S84 0.00
070 1450 | 0500 | 0500 | 6500 | Ixd 3 6,50
140 | oo [22.05 [T0500 [ 050 | 6500 [ 24 [ 13.00
6.3
210 3949 0,500 0,500 6,500 3x4 12 19.50
250 5184 | 0500 | 0500 | 63500 | 4t 16| 2600

4.46%

channels sizes equal to 0.5 mm x 0.5 mm x 6.5 mm; UC
5.5 mm X 4.65 mm x 6.5 mm, substrate thickness of 0.2 mm,
RDB sizes 4.2 mm x 4.2 mm x 6.3 mm. The last smaller
eight configurations are devoted to WR28 measurements and
exhibit air channels sizes 0.5 mm x 0.5 mm x 6.5 mm; UC
3.5mm x 3.5 mm x 6.5 mm, substrate thickness of 0.2 mm,
RDB sizes 3.5 mm x 3.5 mm x 6.3 mm. The configurations
1-6 are the bulk RDB-based (from 61B to 66B) which provide
an ID% ranging between 14.22-69.93%. In this case, the
resolution of the engineered ID% values is equal to 9.42%.
Conversely, configurations 7-12 relate to RDB with air chan-
nels (from 61C to 66C), which allow to have ID% values
ranging between 8.35-34.74%, with a resolution of 4.46%,
thus proving that the presence of the micro-air channels
enables a more accurate control over the &,_ef. The bulk
RDB-based configurations 13-16 (from 41B to 44B) assess
an ID% between 18.58-65.11%; in this case, the resolution
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FIGURE 2. Array of UCs. (a) Array of 4 x 2 UCs corresponding to
configuration 66C in a WR90 and (b) Array of 2 x 1 UCs corresponding to
configuration 44C in a WR28; the air channels are here represented as
smaller blocks within the RDB.

related to the engineered ID% values is equal to 15.51%.
The configurations 17-20 refer to RDB with air channels
(from 41C to 44C) and provide ID% values ranging between
10.42-32.45%, with an engineered ID resolution equal to
7.34%.

IIl. REFLECTED PHASE ASSESSMENT

In order to quantify the reflected phase of the UCs in the
frequency range of interest, between 10-40 GHz, numerical
analyses were performed on arrays of UCs by means of
Finite Element Method implemented via the COMSOL Mul-
tiphysics software [9]. The electromagnetic approach chosen
for the analysis was based on One-Port cell configuration
involving Perfect Electric Conductors (PEC) to simulate both
rectangular waveguides, WR90 and WR28, and the ground
plane supporting the UCs. Perfect Matched Layer (PML)
were used along the z-axis in order to avoid unwanted reflec-
tions. Both WR90 and WR28 were only excited by means of
the fundamental mode TE in the ranges equal to 10-12 GHz
and 20-40 GHz, respectively, in order to avoid multimode
propagation. In particular, the numerical calculations were
performed on arrangements of UCs corresponding to 62B and
62C, 66B and 66C, 42B and 42C, 44B and 44C configurations
(Table 2, Figure 2); the air-channels are represented as smaller
blocks within the RDB.

The arrays composed by the bigger UCs were inserted into
a WRO90 while, for the mmwave range (20-40 GHz) analysis,
the smaller arrays of UCs, involving 42B, 42C, 44B and 44C
RDBs, were considered. The numerical results related to the
reflected phase of the UCs in function of the frequency range
pertaining WR90 (10 — 12 GHz) and WR28 (20 — 40 GHz)
analyses are plotted in Figure 3.

As clearly visible from Figure 3a, referring to the UCs
inserted in the WR90 waveguide, the reflected phases mea-
sured for all samples follow a linear behavior and the phase
variation detected between same bulk and channeled config-
urations is kept constant throughout the X band. In particular,
the phase variation A® experienced by the 66B-66C config-
urations is equal to 63 degrees, corresponding to 1.75 deg/
air-channel, while A® is equal to 8 degrees for 62B-62C
configurations, i.e. 0.67 deg/air-channel. Therefore, it is
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FIGURE 3. Phase distribution vs. frequency for configurations: (a) 62B
(ID = 25.36%), 62C (ID = 13.63%), 66B (ID = 69.93%), 66C (ID = 34.74%)
and (b) 42B (ID = 34.09 %), 42C (ID = 17.77 %), 44B (ID = 65.11 %), 44C
(ID = 32.45 %).

evident that a higher ID% variation between bulk and chan-
neled UCs leads to higher A®, obtained in a more con-
trollable fashion. Additionally, it can be noticed that as the
number of air-channels in the UC arrangement is increased,
the reflected phase values become higher (solid and dashed
green lines in Figure 3a) and the phase variation is about
36.80 deg/ 24 air-channel.

Numerical results concerning the smaller UCs matching
WR28 waveguide sizes are reported Figure 3b. As inferable
from the curves, also in this range, the reflected phases have
linear trends and the phase variation detected between same
bulk and channeled configurations is kept constant through-
out the mmwave range band. In particular, the phase vari-
ation measured considering 44B-44C configurations (solid
red and green lines) is about 121 degrees, corresponding to
7.56 deg/air-channel, while this value is about 46 degrees for
42B-42C configuration, thus obtaining 5.75 deg/air-channel.
Therefore, also in this case, a higher ID% variation between
bulk and channeled UCs leads to higher phase variation.
Finally, referring to solid and dashed green lines in Figure 3b,
the comparison between 44C-42C configurations shows that
an average phase variation of about 99 deg/8 air-channels
can be obtained throughout the mmwave range. Finally, it is
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FIGURE 4. Drawings of the UC arrangements with air channels. Top view
of sample 62C (a) and 66C (c); Side view of samples 66C and 62C (b);
detailed views of air channels (d).

worth pointing out that, for both ranges, a similar behavior
has been observed when plane wave excitation was applied
to the simulations.

IV. 3D PRINTING OF THE UNIT CELL ARRAYS AND
GEOMETRICAL CHARACTERIZATION OF THE
PROTOTYPES

AM technologies provide rapid prototyping with signifi-
cant reduction of machining time and costs and they have
already proved their effectiveness at enabling the fabrica-
tion of dielectric resonator antennas (DRAs) with intrigu-
ing 3D geometries for 5G applications [10]-[12]. These
technologies are very advantageous to create small form
factors and complex structures, especially compared to the
conventional subtractive manufacturing techniques. In this
study, the main fabrication challenges were due to the over-
all sizes of the RDB and to the micro-scale of the air
channels featuring very high aspect ratio. To address these
issues, the unit cell samples were fabricated using inverted
(bottom-up) Stereolithography (SLA) [13], which is capable
of ensuring high-accuracy, high-resolution and good surface
finishing.

A. UNIT CELL ARRAY FABRICATION VIA MICRO-INVERTED
STEREOLITHOGRAPHY

Bulk UC arrays and RDB with air channels inclusion UC
arrays were 3D-printed; in particular, configurations 62B,
62C, 66B, 66C, 42B, 42C, 44B and 44C (see Table 2) were
fabricated. The final design was developed by means of
Solidworks 3D CAD software: as an example, drawings of all
prototypes are represented in figures 4 and 5. The 3D models
of 66C, 62C, 44C and 42C UCs are reported in figure 6. The
fabrication of all samples was made exploiting the Formlabs
Form3 SLA machine (figure 7a), which provides a minimum
resolution of 85um (laser spot diameter) and a positioning
resolution of 25 um on the XY plane. The polymerization,
implying the change of state from liquid mixtures to solid,
was triggered by a class 1 violet laser operating at a wave-
length of 405 nm, considering a power of 250 mW. The
photopolymer used for the UC arrangements fabrication was
the Formlabs Tough V05 [11], [12], [14].
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FIGURE 5. Drawings of the UC arrangements with air channels. Top view
of sample 42C (a) and 44C (c); Side view of samples 42C and 44C (b);
detailed views of air channels (d).

(a)

(b) (@

FIGURE 6. 3D solid models of UC arrays. a) Sample 66C; b) Sample 62C;
c) Sample 44C; d) Sample 42C.

FIGURE 7. Picture of the fabrication process of UCs arrangement by
means of SLA. a) Formlabs Form3 3D printer; b) Sample models
pre-processing with Formlabs PreForm; c) Samples after IPA washing and
UV curing.

In order to pursue higher quality of the prototypes, the layer
thickness (Z-axis resolution) was set equal to 50 xm, which
is the lowest value allowed by the material. For each layer,
the laser spot polymerized the slice of the model according
to the path generated with the software Formlabs PreForm
v.3.4.2, by pre-processing the STL file of the 3D model
(figure 7b).
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In the specific case, the most challenging part was the
realization of the micro-squared air channels, due to the cum-
bersome evacuation of the liquid resin out of the channels.
Therefore, a proper 3D placement (orientation) of the part
within the build volume was accurately selected. The chan-
nels should be aligned along the vertical z-axis of the printer
as much as possible, with open sides at the bottom, in order
to exploit gravity for resin evacuation. Additionally, the sup-
ports were designed to avoid interference with the flow
out of the resin from the channels. After the 3D printing,
the samples underwent three post-processing steps: washing,
manual supports removal and additional UV curing. The
washing was required to remove the residual liquid resin on
the printed sample surface and also aiding the removal of
the liquid resin potentially left into the air channels. To this
purpose, a first washing was made via immersion of the
samples into high purity 99.9% isopropyl alcohol (IPA) for
20 minutes into a Formlabs Wash machine. Washed sam-
ples are showed in figure 7c. After the immersion in IPA,
an additional washing operation was performed by means of
syringes and shaped funnels, preliminarily prototyped on pur-
pose via Form3 3Dprinter. Using these customized washing
tools, it was possible to force the high-purity IPA through
the air channels at pressure, thus promoting the removal of
residual liquid resin. A 4 bar compressed air jet was also
used to push the liquid resin and IPA outside the channels.
After washing and blowing, all supports were then gently
removed with a cutter and, finally, the samples were exposed
to UV light into a Formlabs Cure machine for 60 minutes at
a temperature of 60°C for additional curing. The additional
UV post-processing was aimed at improving the mechanical
strength and homogeneity of the part, paying close atten-
tion, though, to avoid the polymerization of residual liquid
resin into the narrow channels. The fabrication of a proto-
type required about 12.5 processing hours and 3 hours of
post-processing operations.

B. GEOMETRICAL CHARACTERIZATION OF THE
PROTOTYPES BY MEANS OF A VISUAL SYSTEM SETUP

The final prototypes were measured by using a vision system
and image processing techniques, which has already been
successfully exploited in other similar applications [15], [16],
based on a USB digital microscope (Texon U500x) with
500x maximum magnification and resolution of 640 x 680
pixels (0.3 Mpixels). A flexible jointed arm was used to
keep the microscope in the correct position, with its lon-
gitudinal axis orthogonal to the measurement plane, and at
a constant distance from the surface of the samples. Four
different configurations of the visual setup were defined
for the RDB measurements: #1 and #3 featuring a large
field-of-view (FoV) but lower magnification, and #2 and
#4 exhibiting higher magnification but lower FoV, suitable
for narrow micro-channels measurements (table 3). In the
first and third configurations, the FoV was set to acquire
and measure both sides of the RDBs, i.e. larger than squared
areas [14.2 mm and [J2.8 mm, while in the second and forth
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TABLE 3. Parameters of the four vision systems configurations.

Spatial Feature

4 Scale Image FoV Resl:)lution Resolution
Width Height R R¢

(px/mm] | [px] | (mm] | [px] | [mm] | [pm/px] | [um]

1 98.503 640 | 6.50 | 480 | 4.87 10.15 30.46
2| 223.846 | 640 | 2.86 | 480 | 2.14 4.47 13.40
3] 117333 | 640 | 545 | 480 | 4.09 8.52 25.57
4| 279417 | 640 | 2.29 | 480 | 1.72 3.58 10.74

" gD pomse
R wat fimeorg
R .
v o (R 0 4 8

FIGURE 8. Images acquired with the first vision system configuration.
a) RDB 4.2 x 1.4 mm ID = 13.63%; b) RDB 4.2 x 4.2 mm ID = 34.74%;
c) Bulk RDB 4.2 x 1.4 mm ID = 25.36%; d) Bulk RDB 4.2 x 4.2 mm ID =
69.93%.

configurations, the magnification was maximized to effec-
tively measure the air channels’ dimensions The image scales
were measured by means of a microscope micrometer cali-
bration ruler and with the software ImagelJ v.1.52a developed
by the National Institute of Health NIH, USA [17]. All param-
eters related to the four configurations are summarized in
table 3. Figures 8 and 9 show the images of samples acquired
by means of the first and third visual system configurations
respectively.

From visual inspection, it can be noticed that debris and
burrs can be present on the samples (figures 8 and 9 a-b)
while the typical layer-by-layer texture due to the fabrication
process is clearly visible on the surface of the bulk sam-
ples (figures 8 and 9, c-d). Length (L) and width (W) of
twenty-two samples of RDBs were measured: mean val-
ues, standard deviation (SD) and deviation of measurements
from the nominal values were calculated after three measure-
ments of each dimension. Figure 10 shows two prototypes
located on the metal shorting plates of the WR90 waveguide
(figure 10, a) and WR28 waveguide (figure 10, b) used for
the experimental measurements.

Measurements deviate from nominal values of a quantity
ranging between 34 and 271 um. Mean standard devia-
tions (SD) are comprised in the range of 0-86 um. These
values of SD can be also considered as an estimate of the
inverted SLA machine repeatability. All measurements are
summarized in table 4 and 5.
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FIGURE 9. Images acquired with the third vision system configuration.
a) RDB 2.8 x 1.4 mm ID = 17.77%; b) RDB 2.8 x 2.8 mm ID = 32.45%;
c) Bulk RDB 2.8 x 2.8 mm ID = 65.11%; d) Bulk RDB 2.8 x 1.4 mm ID =
34.09%.

FIGURE 10. Samples placed at the center of shorting plates for the
assembly with the waveguides. a) Sample 66B on the steel plate for
WR90 waveguide; b) Sample 44B on the aluminum plate for WR28
waveguide.

The second and forth vision system configurations were
exploited to measure air channel sections within the UCs.
The original 24-bit RGB color images (figure 11a) were
also filtered with Image] SW via a Hue Saturation and
Brightness (HSB) to highlight air channels edges (red color)
(figure 11b). In particular, ten measurements for each side
(width Wc and length Lac) were performed: mean values,
SD and mean deviations from nominal values related to each
air channel side are reported in table 6. The results reveal that
the actual air channel sides are in the range of 316-509 pm,
thus, some samples exhibit smaller air-channel sizes than the
nominal ones (0.5 mm).

Measurements reported in tables 4 and 5 are also plotted
in two graphs (figure 12). The dashed lines highlight the
nominal dimension values, which were 1.4, 2.8, 4.2 for RDB
(figure 12a) and 0.5 mm for air channels sides (figure 12b),
respectively. As shown in figure 12a, being the standard
deviation lower, UCs’ prototypes are slightly bigger than
nominal ones. Therefore, these results allow to conclude that
the fabrication accuracy is about £100 um and hence in line
with the 3D printing process capability.
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TABLE 4. UC Samples measurements performed by using visual system
configuration 1.

Nominal | Mean | Standard Mean O e
uc Sample | Dimension value value Deviation | Deviation M
Prototype P ! ! Deviation
[mm] [mm] [mm] [mm] [%]
L 1.4 1.441 0.016 0.041 2.9
62B 1
(4.2%1.4%6.5 mm; w 42 4.288 0.056 0.088 2.1
Bulk; L 1.4 1.434 0.016 0.034 24
1D=25.36%) 2
w 42 4274 0.031 0.074 18
L 42 4.261 0.041 0.061 1.5
66B 1
(4.2%4.2%6.5 mm; w 42 4.290 0.061 0.090 2i
Bulk; L 42 4255 | 0.039 0.055 13
1D=69.93%) 2
w 42 4270 0.030 0.070 17
. E 14 1.544 0.027 0.144 10.3
w 42 4384 0.033 0.184 4.4
L 14 1.539 0.027 0.139 9.9
62C 2
(4.2x1.4%6.5 mm; w 42 4.295 0.050 0.095 2.3
Air Channels; L 14 1.598 0.037 0.198 14.1
ID=13.63%) 3
w 42 4.437 0.069 0.237 5.6
; L 1.4 1.559 0.040 0.159 114
w 42 4398 0.035 0.198 47
i 42 4.400 0.039 0.200 4.8
66C 1
(4.2x4.2x6.5mm; w 42 4.385 0.048 0.185 4.4
Air Channels; % 42 4.386 0.043 0.186 4.4
1D=34.74%) 2
W 42 4.414 0.038 0214 5.1

TABLE 5. UC Samples measurements performed by using visual system
configuration 3.

ve ! ) Nominal Mean Sml?da‘rd Mesu} Nm;;:;l:ml
Prototype Sample | Dimension wvalue value Deviation | Deviation Deviation
[mm] | [mm] [mm] [mm] [%]
L 2.8 2.972 0.013 0.172 6.13
42B ! W 14 1551 0.015 0.151 10.80
(2.8x14x6.5 L 28 2977 0.010 0.177 6.33
Bulk; 2
ID%=34.09) W 14 1.509 0.009 0.109 735
s L 5 3.014 0.020 0214 7.65
W 14 1.520 0.010 0.120 8.56
i L 2.8 2.957 0.017 0.157 5.62
44B W 2.8 2.966 0 0.166 5.93
(28x28x65| L 2.8 3.060 0.009 0.260 827
Bulk; W 2.8 2.966 0.017 0.166 5.93
ID%=65.11) 5 L 28 2.966 0.037 0.166 5.93
W 2.8 2.963 0.010 0.163 5.82
0 238 3.003 0.021 0.203 7.24
42¢ ! W 14 1.545 0.018 0.145 10.39
(2.8x1.4x6.5 T 238 3.028 0.027 0228 8.16
Channels; 2
D%=17.77) W 14 1.594 0.009 0.194 13.84
5 L 2% 3.077 0.017 0277 9.88
W 14 1.614 0.020 0214 15.26
i L 238 3.074 0.086 0274 9.78
44C W 2.8 3.048 0018 0.248 8.87
(28228565, L 2.8 3.026 0.026 0.226 8.06
Channels; W 2.8 3.034 0.037 0.234 8.36
ID%=32.45) , E 2.8 3.068 0.034 0.268 9.58
W 2.8 3.071 0.013 0.271 9.68

On the contrary, figure 12b shows that the fabrication
accuracy for the air channels related to UC samples meant
for WR90 measurements is lower, as their actual dimensions
are smaller than nominal ones. A possible explanation can be
found in the residual liquid resin still remained trapped into
the narrow channels and attached to the internal walls, which
likely caused also rounded edges of air channels (figure 11).
Conversely, smaller prototypes fabricated for WR28 waveg-
uide (42B, 44B, 42C, 44C) exhibit air channels affected by
lower deviation from nominal value due to a more effective
IPA washing of channels performed with customized funnels.
In addition, it can be noticed that a different fabrication
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TABLE 6. Air channels sample measurements by exploiting the visual
system configurations 2 and 4.

RDB measurements

(b)

FIGURE 11. Images acquired with the vision system configuration 2.
a) Raw image of air channels on the UC; b) Color threshold image
processed by Image) with measurements of air channels width W,¢ and

length Lpc.

accuracy is also detected in the two direction (X-Y) due to the
machine accuracy along the two axes and to the orientation
of the samples into the build volume.

As inferable from visual acquisitions and measurements,
from the fabrication viewpoint, the most critical issue was the
liquid resin flow-out from the narrow channels. Resin high
viscosity, along with surface tension and small air channel
sizes resulted in difficult evacuation of the liquid photopoly-
mer resin.

However, despite this fabrication complexity, the realiza-
tion of passing air-channels within the prototypes was suc-
cessful, as no obstruction can be clearly observed from the
inspection of the unit cell cross section along the air channel
direction, obtained by sectioning a UC sample (Figure 13).
The different sizes measured for the fabricated UCs and air
channels sizes lead obviously to different actual ID% com-
pared to nominal values.

To this aim, by assuming mean values of RDB and air chan-
nel dimensions as reference, the actual ID% values can be
calculated (table 7): as expected, actual ID% values increase
in particular for prototypes 66C and 62C featuring air
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4.9
4,2
- £,
Nominal Mean Standard Mean Noll\z:;l:ized £ »
UC Prototype | Sample | Dimension | value value Deviation | Deviation Deviation o 28
il
mm] | [mm] (mm] [mm] 1%] 22
: Wac 05 0.388 0.015 -0.112 224 @ 1,4 1
Lac 0.5 0.425 0.024 -0.075 -15.0
0,7
62C 5 Wac 05 0.382 0.018 -0.118 -23.6
(4.2x1.4%6.5 g . 0.0
Chanaels: Lac 0.5 0.446 0.030 0.054 10.8 62C 3 42B
_ Wac 0.5 0.334 0.026 -0.166 332
ID%=13.63 3 mL 43 ,25 5 ,393 2,98 2 3,03 3,05
) Lac s 0i389 0039 013 2% I 1,438 4,258 1,560 4,39 988 994 3,036 056
. Wac 0s 0316 0016 0184 368 mW| 4281 4280 | 4,379 | 4,400 1,527 2,965 1,584 3,051
Lac 0.5 0.374 0.009 -0.126 -25.2 UC samples (a)
66C . Wac 0.5 0.354 0.012 -0.146 -29.2
(4.2x4.2x6.5 Lac 05 0.424 0.012 -0.076 -15.2 Air channels measurements
Channels; ) Wac 05 0.357 0.014 -0.143 28.6
ID%=34.74) Lac 0.5 0.414 0.011 -0.086 -17.2 05 mmem————————————
Wac 0.5 0.493 0.013 -0.007 146 —
42c 1 g
B Lac 05 0.452 0.002 -0.048 957 E o4
2.8x1.4%6.5 /
W, 05 0.470 0.009 -0.030 -5.99 =
Channels; 2 AC g
D%=17.17) Lac 0.5 0.486 0.022 -0.014 -2.89 S
5 Wac 05 0.488 0.008 0012 242 & 103
Lac 05 0.456 0.015 -0.044 -8.86 E{
; Wac 0.5 0.499 0.002 -0.001 027 ER
Lac 05 0.488 0.002 -0.012 242 =
44C S
(2.8x2.86.5 Wac 0.5 0.502 0.025 0.002 0.45 -
2 i
Channels; L 0.5 0.509 0.005 0.009 1.88 < 01
ID%=32.45) 5 Wac 0.5 0.451 0.016 -0.049 981
Lac 05 0.472 0.009 -0.028 552 0.0
i 62C 66C C 14C
B W-AC 0,355 0356 0,484
mL-AC 0,409 0419 0.465 0490
UC samples (b) |

FIGURE 12. a) Mean values and standard deviations of RDB
measurements of dimensions L and W; b) Mean values and standard
deviations of air channels measurements of dimensions Lyc and Wpc.

FIGURE 13. Prototypes cross-section along air channels direction.

channels, as their sections were smaller than those set by the
design.

C. ACTUAL RELATIVE PERMITTIVITY OF THE FABRICATED
UNIT CELL

Starting from the ID%, the relative permittivity of the fab-
ricated UCs can be retrieved. In order to obtain such data,
the general rule of mixtures theory [18] can be exploited.
This rule considers the empirical correlation between some
physical properties and the chemical composition of materi-
als. Indeed, it was successfully applied to composite materi-
als [19], [20] made of a matrix and a filler or reinforcement,
to predict the overall value of a mechanical properties, such as
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TABLE 7. Actual ID% Estimated by means of uc and air channel
measurements and comparison with nominal values.

RDB AIR CHANNELS (AC) INFILL DENSITY
Width | Length | Height | Volume | Width | Length | Height | ’.‘C Nominal | Actual
ve olume

w L HAT | Veos | Wac | Lac Hac nmVic I

[mm] | [mm] | [mm] | [mmY | [mm] | [mm] [mm] [mm?] (%]
6B | 434 | 152 | 650 | 4753 0.00 25.36% | 28.03%
66B | 434 | 434 | 650 | 12444 0.00 69.93% | 74.29%
62| 434 | 152 | 6s0 | a1s3 | 0355 | 007 | 6500 1127 | 13.63% | 21.25%
66C | 434 | 434 | 650 | 12444 | 0355 | 0407 | 6500 3381 | 34.74% | 53.96%
2B | 302 | 155 | 650 | 3189 0.00 34.09% | 40.05%
uB| 302 | 302 | 650 | sem 0.00 65.11% | 75.00%
w2¢| 302 | 155 | 650 | 319 | 0480 | 0ass 65 1211 | 17.77% | 24.85%
4c| 302 | 302 | 650 | 5972 | 0.480 | 0485 65 2421 | 3245% | 44.59%

TABLE 8. Estimates of effective permittivity of UC SR-EFF, Calculated by
equation (3).

Relative Permittivity estimation

Relative Nominal i Actual i
UC | Permittivity | fin | Eiectve | g, | Effective

of Resin Density Rel‘fxtl.v ¢ Density Rel‘fxtl.v ¢

Permittivity Permittivity
€ Res IDn% & BT IDA% £ REf

62B 2.7 25.36 143 28.03 1.48
66B 2.7 69.93 2.19 74.29 2.26
62C 2.7 13.63 1.23 21.25 1.36
66C 2.7 34.74 1.59 53.96 1.92
42B 2.7 34.09 1.58 40.05 1.68
44B 2.7 65.11 2.11 75.00 2.27
42C 2.7 17.77 1.30 24.85 1.42
44C 2.7 32.45 1.55 44.59 1.76

Young’s Modulus E, or other physical property (i.e. density).
The basic model of this theory is formalized by the following
equation (2) [20]:

Pe=VFy-Pu+(1—VF,)- P 2)

where VF is the volume fraction of the component matrix
(m) of the material and P is the property to be identified,
P, is the property of the composite material, Py, and Py are
the known property of matrix and filler, respectively. In this
work, the UC is conceived as a composite material made of
two components: the dielectric resin and the air. Therefore,
the &g of the composite UC can be identified by means of
the ID%, rearranging the previous formula in equation (3) to
calculate the er_eft:

Er—eff = ID - ERes + (1 -1D) 3

where eRes 1S the relative permittivity of the resin [12], equal
to 2.7.

The estimates of the effective relative permittivity of the
UCs are reported in table 8: the actual er_efr values are in
the range of 1.36-2.27, which results in Aeﬁ_eff = 0.91.
Nonetheless, nominal and actual er_.fr values are still very
close.
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FIGURE 14. Scattering Parameter S, for (a) samples 66B-1, 66B-2,
66C-1 and 66C-2 and b) samples 62B-1, 62B-2, 62C-1 and 62C-2. The
black line refers to the aluminum plate (MET) used as reference.

V. SCATTERING PARAMETER S;; AND REFLECTED
PHASE MEASUREMENTS

In order to measure the Scattering parameter S;; and the
reflected phase in the X band (10-12 GHz), the prototypes
of the 62 and 66 series were inserted into a standard X-band
(WR-90) waveguide, connected to a Vector Network Anal-
yser (VNA - Agilent Technologies, N9917A) by means of a
SMA/waveguide adaptor. The plots of the scattering param-
eters S11, reported in figure 14a-b, show good repeatability
for all the tested prototypes: negative values and oscillating
behavior of S;j, displayed also by the metal shorting plate,
are reasonably due to the SMA-WG transition, which caused
losses induced by non-perfect matching.

Figure 15 reports the experimental results of the reflected
phase in the X band range, 10-12 GHz. In line with the
previous results, very good repeatability of the phase curves
can be observed. Similarly to the observations reported for the
numerical results (figure 3a), the inspection of figures 15a-b
confirms that larger phase shift is accomplished when passing
from air-channel to bulk configurations, and so applying
the maximum available ID% variation. This is particularly
evident for prototypes 66B and 66C (figure 15a), where an

46057



IEEE Access

V. Basile et al.: 3D Printed Micro-Cells for Phase Control in 5G mmWave Applications

-400 e
—MET
-500 -

-600

-700

Phase [deg]

-800 -

-900 -

(a)
-1000
10 10.5 11 11.5 12

Frequency [GHz]

-400

® &,
S &
S o

Phase [deg]
L
o
o

—62B-1
62C-1
- - 62B-2
62C-2

o
S
S

(b)
-900

10 10.5 11 11.5 12
Frequency [GHZ]

FIGURE 15. Phase curves for (a) samples 66B-1, 66B-2, 66C-1 and 66C-2,
b) samples 62B-1, 62B-2, 62C-1 and 62C-2. The black line refers to the
aluminum plate (MET) used as reference.

average phase variation of about 25 degrees can be obtained
throughout the range as the ID% varies from 74.29% to
53.96% (delta_ID% = 20.33 %). Conversely, for prototypes
referring to 62B and 62C (figure 15b) the phase shift is
about 5 degrees, achieved with an ID% variation equal to
6.78%. Consistently, all curves fall under the reference black
line related to the metal plate. Nonetheless, ripples in both
amplitude and phase measurements are evident and due to
the not perfect match of the SMA-WG adaptor; this, in turn,
modulates the phase difference between the curves in the
range of interest.

The Scattering parameter S1; and the reflected phase in
the mmwave range (20-40 GHz) related to 42B, 42C, 44B
and 44C prototypes were plotted in figure 16. Also in this
case, the measurements were carried out by inserting the
samples in the WR28 waveguide connected to the VNA
via a 2.4mm-connector to a WR28 waveguide adaptor, and
exciting the fundamental mode TEg. The Scattering param-
eter S1; (figure 16a) exhibits some dips, similarly to what
observed also for X band measurements: the cause of such
behavior can be imputed to the SMA-WG adaptor. Nonethe-
less, the trend of the curves is coherent with the change of the
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FIGURE 16. (a) Scattering Parameter S;; and (b) Phase curves for
samples 42B, 42C, 44B and 44C. The black line refers to the aluminum
plate (MET) used as reference.

ID% of the structures: indeed, a frequency shift toward higher
frequencies is observed as the ID% decreases. Figure 16b
shows the measured reflected phase in the range between
26-40 GHz: the average phase variation measured comparing
bulk and channeled samples 44B-44C (solid red and green
lines) is about 43 degrees, obtained with a delta_ID% =
30.41%, while the comparison between 42B-42C (dashed red
and green lines) provides a phase variation of 31 degrees
achieved by a delta_ID% = 15.2%. Therefore, the phase
shift between bulk and channeled configurations are in agree-
ment with the numerical results, reported Figure 3b, although
averagely smaller: indeed, 2.68 deg/air-channel are obtained
for 44B-44C and 3.87 deg/air-channel for 42B-42C. Finally,
the average phase variation exhibited between 44C and 42C
is about 121 deg/8 channels, obtained by considering a
delta_ID% = 19.74%.

VI. CONCLUSION

In this work, the design, fabrication and characterization
of unit cells with micro channels aimed at phase control
in 5G-mmwave applications were reported. The unit cells
were designed to allow the control of the reflected phase:
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this goal was obtained by tuning the unit cell size and the
infill density percentage (ID%), and so, the effective rela-
tive permittivity of the structures. The ID% was engineered
through the introduction of a number of uniformly distributed
air micro-channels within the basic unit cell. Array configura-
tions of unit cells having different sizes and ID% values were
numerically analyzed via FEM analysis; the numerical results
showed that very small phase variation over a wide band
can be obtained especially in the mmwave range, depending
on the air-channel number. The unit cell arrays, with and
without micro-channels, were 3D printed by micro-inverted
Stereolithography and resin polymer as material. This AM
technology was feasible to fulfil the requirements of dimen-
sional accuracy imposed by the unit cell and micro-feature
sizes. Visual inspection of the prototypes highlighted that the
most significant technological challenge was related to the
fabrication of high aspect ratio micro-channels along the unit
cell height. The geometrical analysis also put in evidence dif-
ferences between nominal and actual sizes of micro-channels,
which induced an increase of the actual ID% values and con-
sequent increase of the effective relative permittivity of the
prototypes. Finally, experimental results were performed in
the two frequency ranges: the X band range, where scattering
parameter S1; and reflected phase curves were measured by
means of WR90 waveguide and a VNA; the mmwave range,
where reflected phase variation measurements were obtained
by means of a WR28 waveguide, a WG to coaxial transition
and the VNA. The comparison between experimental and
numerical analyses showed good agreement, especially in
relation to the phase control and wideband behavior of the
fabricated unit cell arrays. As micro-air channels may be
filled with other materials, such as liquid crystals, these unit
cells would allow to obtain wideband, tunable and smart
surfaces, as well.
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