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Abstract—This paper introduces a novel additive-
manufacturing technique to obtain high-resolution selective-ink-
deposition on complex 3-D objects, packages, and modules for
5G applications. The technique consists of embossing the desired
pattern directly on the 3-D printed dielectric surface and then
applying ink with a suitable tool. This approach is tested in
combination with stereolithography 3-D printing technology
to obtain selectively metallized 3-D circuits. In particular, the
“clear” resin from FormLab is utilized for the 3-D printed
dielectric, while the metallization is performed with silver
nanoparticle ink from Suntronic. As a preliminary study, test
samples containing lines with different widths are manufactured,
demonstrating a pitch down to 135 um and satisfactory sheet
resistance of 0.011 2/sq. (the electromagnetic characterization
of the dielectric resin is reported in the Appendix). Then, two
broadband multiport RF structures are developed to show the
versatility of the proposed technology. First, an ultrawideband
3-D crossover, operating in the range 100 MHz-5 GHz,
is conceived to test the suitability of the proposed technology to
perform selective metallization on curved semienclosed areas.
Then, the technology is applied to a multiple-input-multiple-
output (MIMO) antenna system, based on four proximity-fed
annular slot antennas, arranged on the lateral sides of a cube
and decoupled by introducing a cross-shaped structure in
the interior of the cube. This circuit offers a broad range of
metallization challenges, as it features embossed and engraved
parts, high-resolution patterns (line widths down to 0.7 mm) and
sharp edges. Each slot radiates unidirectionally with the same
polarization and uses the cube and its internal cross-shaped
structure as a resonant cavity. The antenna system is designed
to operate in the band 3.4-3.8 GHz, which is one of the
sub-6-GHz 5G bands in Europe, and it is thought for hotspot
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and access-point applications. The final antenna topology is
composed of only two blocks, weighs 21.29 g, and occupies
a volume of 44.4 x 45.8 x 45.8 mm3, featuring an envelope
correlation coefficient (ECC) lower than 0.005 and a total active
reflection coefficient (TARC) lower than —6 dB in all the bands
of interests.

Index Terms—3-D printing, 5G, additive manufacturing,
broadband antennas, Internet of Things, multiple-input—
multiple-output (MIMO) antennas, slot antenna cube, stereolitho-
graphy.

I. INTRODUCTION

N THE upcoming 5G era, wireless communications will

become ever more ubiquitous and pervasive [1], [2]. Differ-
ent systems with heterogeneous needs in terms of number and
type of users, bandwidth, and read range will be established.
Everyday objects equipped with suitable transponders will
interact with each other in variable environments [3]-[5].
Techniques, such as “space division multiple access” [6]
and multiple-input-multiple-output (MIMO) systems [7]-[10],
will enable simultaneous communications utilizing the same
frequency bands. This calls for the adoption of broadband
multiport RF components.

Recently, research has focused on the optimization of
MIMO antenna topologies for wireless portable devices, such
as mobile phones, hotspots, and access points [11], [12].
Antennas arranged on the sides of 3-D polygons are pro-
posed to implement MIMO antenna topologies with improved
scanning ability [17]-[22]. Unfortunately, traditional low-cost
circuit prototyping techniques are typically optimized for
planar structures. Consequently, every time the third dimension
needs to be exploited, fabrication processes become complex
and expensive, as shown in Table I. The structure must be split
into multiple parts, shaped by adopting techniques, such as
laser machining and drilling, and assembled by using screws,
soldering techniques, and so forth. Sometimes, the result-
ing prototype can be heavy, fragile, and unstable. In all of
the reported cases, the mutual coupling between copolar-
ized radiating elements is higher than —15 dB, while lower
values are obtained placing adjacent elements in orthogonal
polarization.
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TABLE I

EXAMPLES OF POLYGONAL MIMO ANTENNAS MANUFACTURED
WITH TRADITIONAL TECHNOLOGIES

Ref.  Description Fabrication

[17] Six aperture-coupled  Each antenna is individu-
patch antennas  ally fabricated in a multi-
orthogonally  polarized layer thick substrate and
arranged on the lateral is mounted with screws on
sides of a pyramidal a hollow trucated hexago-
metal structure working nal pyramidal metal structure
at 5 GHz. with grooves.

[18] Cube with three Metal shell made of two
orthogonal  rectangular pieces of bronze soldered
slots working at together; slot and probes
5.85GHz. The antennas manufactured with laser
utilize the cube as sintering. The cavity is filled
a cavity and are fed with a CNC machined block
with shortened probes, of Teflon, while holes are
featuring an impedance drilled to accommodate
bandwidth of 2 %. probes.

[19] 24-port and  36-port “joint” approach: high num-
antenna cubes based on ber of 2D building compo-
cross-polarized quarter- nents made of FR4 PCB.
wave and half-wave slots  Slits are milled out, while the
operating at 2.7 GHz antenna forms are etched.

[20] 20 dual-polarized  Antennas made of curved
inverted-F antennas  pieces of metal on an FR4
operating in the PCB substrate. Shorting pins
frequency range are attached to the radiat-

2.4 — 2.8 GHz suspended
on 5 sides of a cube (4
elements for each side).

ing edges opposite to the
feed points. Their localized
ground plane is etched from

the PCB. The cube is formed
by connecting five PCB sides
with screws.

In this a scenario, additive-manufacturing techniques,
including nonmetallic 3-D printing, such as fused deposi-
tion modeling and stereolithography, and metallic 3-D print-
ing, such as binder jetting and selective laser melting, can
enable easy, low-cost, and scalable fabrication of arbitrarily
shaped circuits, as reported in the literature [23]-[30]. For
instance, metallic 3-D printing has been used to manufacture
waveguide-based antennas and RF components up to tera-
hertz frequencies [23], [24]. This approach makes it possible
to realize one-piece metallic components, thereby reducing
assembling time, and it requires only minimal postprocessing
(limited to surface polishing). On the other hand, nonmetallic
3-D printing has been used to realize both the dielectric
scaffolding for lightweight waveguide-based components (the
3-D-printed parts are completely metallized with techniques,
such as electroless plating) and to manufacture dielectric
parts of the circuit, such as dielectric lens, substrates, and
packages [25]-[30].

A residual difficulty associated with nonmetallic 3-D print-
ing is the realization of high-resolution metal patterns on
arbitrarily shaped dielectric objects. At present, ink-jet printing
and microdispensing are utilized for planar surfaces, while
expensive tools, such as aerosol-jet printers, are used to
perform metal patterns on more complex objects.

This paper aims to overcome the aforedescribed limitations
by proposing an embossed surface patterning technique. The
proposed methodology is then applied to two broadband
multiport RF structures developed to show the versatility
of the proposed technology: a 3-D microstrip-line crossover
and 3-D MIMO cube antenna topology. The cube features
an internal 3-D printed structure that is utilized to place
adjacent antennas in vertical polarization (same polarization
can be useful in beam-steering applications) while obtaining
a satisfactory isolation, bandwidth, and volume occupation.
At the same time, high robustness is achieved by minimizing
the number of parts to be assembled, which combines with
lightweight and reduced costs.

In Section II, the proposed fabrication process is outlined.
In Section III, the technique is applied to a 3-D crossover,
while Section IV reports the design process and the obtained
experimental results of the proposed antenna topology. Finally,
the conclusions are drawn in Section V.

II. MANUFACTURING PROCESS

The proposed additive manufacturing process aims to enable
the fabrication of 3-D microwave circuits by relying on a
single 3-D printing tool. In particular, embossed/engraved pat-
terns, realized on arbitrary surfaces of 3-D printed objects, are
harnessed to yield high-resolution ink patterns. Although this
paper focuses on manufacturing conductive traces, the process
can be easily applied to any kind of ink. This technology is
presently tested with stereolithography 3-D printing. In stere-
olithography, 3-D objects are manufactured by laser curing
liquid photoreactive resins. This approach is, here, preferred
to other 3-D printing techniques for its low surface roughness
and high resolution.

The experimental activity is carried out by using the Form 2
3-D printer [31], and the chosen photoreactive material is the
so-called “clear” liquid resin from Formlabs. A preliminary
electromagnetic (EM) characterization of the used material
is conducted, and the adopted procedure is reported in the
Appendix. The characterization includes testing multiple sam-
ples, to verify the consistency of the EM properties between
one sample and the other. A measured dielectric constant €, of
2.8 and a tand of 0.03 have been obtained. It is worth noticing
that the EM properties of the material (especially loss) depend
on the curing profile (see [32]), so a limited variability in the
dielectric properties after the metallization procedure (which
involves curing steps) is expected.

Given the 3-D nature of the considered designs, standard
approaches, such as ink-jet printing, are not applicable to
perform selective metallization. Therefore, an alternative tech-
nique has been developed, and its schematic process is shown
in Fig. 1.

In the proposed manufacturing process, the areas of the
3-D-printed dielectric “scaffolding” destined for ink deposition
are extruded with respect to the others (i.e., the feedlines
are embossed with respect to the rest of the surface, while
slots are engraved), thereby obtaining an embossed surface
patterning, as shown in Fig. 1(a). This can be readily achieved
with 3-D printing at the design level. Then, metallization can
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Fig. 1. Schematic process of the proposed 3-D-printing-based manufacturing
technology. (a) 3-D-printed embossed surface. (b) Ink application. (c) Com-
plete prototype with selective ink deposition.

be achieved by applying conductive ink (in this case, silver
nanoparticle ink from Suntronic is utilized) to the protruding
parts with a suitable tool, such as a brush or a cotton swab,
as shown in Fig. 1(b).

To avoid overflow issues, low-viscosity inks must be utilized
(the adopted silver ink has a viscosity of 11-15 cP), and the
brush must be loaded with a small amount of ink. The latter
quantity can be controlled by optimizing the immersion time
of the brush in the ink bottle and removing excess ink. The
brush bristles must be applied parallel to the embossed parts so
that the brush area in contact with the pattern is almost flat and
unwanted areas are not touched. That way, only the protruding
areas are covered with ink [see Fig. 1(c)]. To keep control
of the ink thickness, the brush must be moved with uniform
pressure and must be loaded with a constant amount of ink.
The chosen silver ink is cured at 110 °C for 10 min (a tradeoff
has been performed between the ideal curing temperature of
the ink, which is around 150 °C, and the heat deflection
temperature of the resin, which is around 73 °C), and the
procedure is repeated four/five times to achieve a satisfactory
conductivity for the metal traces.

The resolution of the proposed ink deposition technology
depends on the resolution of the 3-D printing process. The
adopted stereolithography 3-D printing process features a
minimum resolution step of 25 um. The pitch is tested by
manufacturing line patterns with different widths on a curved
surface, as shown in Fig. 2. The minimum nominal linewidth
of 100 xm has been tested in line 5. Lines 4 and 5 are
inspected with a stereomicroscope equipped with a reticle
(model Stemi SV 11 from Zeiss [33]), and their measured
width is shown in Fig. 3. Both lines feature a constant width.
Line 5 features a width of 135 um, while line 4 features a
width of 237 pum. The higher percentage error of the former
line with respect to the latter is due to the fact that the width of
line 5 is close to the resolution of the 3-D printing technology.

Surface roughness is also checked. To this purpose,
an embossed line on a flat surface is manufactured, as shown
in Fig. 4. Part of the sample has been covered with tape so that
ink is deposited only on a portion of the line. An atomic force
microscope (AFM, model easyScan DFM from Nanosurf) is
then used to measure the surface roughness of the 3-D printed
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(a)

(b)

Fig. 2. Proposed manufacturing process applied to lines of different width
on a curved surface: (a) top view and (b) perspective. Nominal linewidth:
1) 2 mm; 2) 0.5 mm; 3) two 0.2-mm-width lines separated by 0.3 mm;
4) 0.2 mm; and 5) 0.1 mm.

(@) (b)

Fig. 3. Line view at microscope: (a) linewidth: 0.135 mm and (b) linewidth
0.237 mm. The width of each scale division has been calibrated with a stage
micrometer and is equal to 21.5 xm.

Fig. 4. Test sample with a line on a flat surface, where only a portion of
the line is covered with ink. Linewidth: 2 mm. The areas analyzed with the
AFM are marked in red.

sample with and without ink. AFM instrument operates in
tapping mode using silicon cantilever. All the AFM images are
produced by keeping the scan speed and scan size (i.e., 70 x
70 um?) constant. Four areas are scanned along the embossed
line, which are marked with red boxes in Fig. 4. The first
measurement is performed in an area without ink to check
the surface roughness of the 3-D printed substrate alone.
The measurement results are shown in Fig. 5. Fig. 5(a)
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Fig. 5. 3-D-printed area without ink. (a) AFM surface topography. (b) Scan
profile recorded at y =35 um.
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Fig. 6. (a), (c), and (e) AFM surface topography and (b), (d), and (f) scan
profiles (recorded at y = 35 xm) of 3-D printed areas with ink.

shows the surface topography with AFM, while Fig. 5(b)
reports the surface profile along a profile line at y = 35 um.
The line covered with ink, instead, is analyzed in three
different areas to evaluate the ink uniformity. Fig. 6 shows the
obtained results. Table II reports average surface roughness S,,
maximum peak height S, and maximum pit height S, for
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TABLE II

AVERAGE SURFACE ROUGHNESS, MAXIMUM PEAK HEIGHT, AND
MAXIMUM PIT HEIGHT. RESPECTIVELY OBTAINED BY AFM
MEASUREMENTS ON FOUR DIFFERENT AREAS

Sa (pm) Sp (/me) Sy (/me)
“no ink” 0.126 0.186 -0.334
“ink1” 0.218 1.97 -1.52
“ink2” 0.148 0.978 -1.08
“ink3” 0.120 0.780 -1.23

the four measurements. S, for the 3-D printed surface alone
compares well with the results found in the state of the
art [34]. Interestingly, S, is on the same order also for the
ink samples, and a limited variability is observed among
the three measurements. Peaks and pits, which for the ink
are mainly caused by solvent evaporation during curing steps,
are lower than 2 um in all cases.

Finally, the sheet resistance of the cured Ag ink is measured
with the four-point probe method, and the result of 0.011 Q/sq
is obtained, independently of the linewidth, confirming the
high-resolution potential of this approach, while ink thickness
is about 10 um for five-layer depositions.

III. ULTRAWIDEBAND 3-D CROSSOVER

The proposed manufacturing process is first applied to an
ultrawideband 3-D crossover in microstrip technology. Such
a circuit has been conceived to test the suitability of the
manufacturing method to perform ink deposition on hardly
accessible areas. Besides, crossovers are heavily utilized in
MIMO front ends (see, for instance, the Butler matrix) and
are, therefore, of interest for 5G.

The layout of the 3-D structure is shown in Fig. 7. The
circuit is based on two 50-Q lines crossing each other. The
crossover consists of an overpass and an underpass obtained
by cutting and bending the microstrip substrate. The radius of
curvature is related to the dimension of the utilized brush.
Indeed, the brush must access the interior of the node to
realize both the ground plane of the overpassing line and the
microstrip trace of the underpassing line. Utilizing a brush
with a diameter of 4 mm, a radius of curvature of about
7-8 mm has been chosen. Besides, the edges in correspon-
dence of the transition between straight and curved surfaces
are blended to avoid the risk of reduced metal conductivity.

The manufactured prototype is illustrated in Fig. 8. Fig. 8(a)
shows the photograph of an intermediate step (ink deposition),
while the complete prototype is shown in Fig. 8(b). This
circuit features limited parasitics (no vias) and eliminates the
need for resonant components. Therefore, it can operate over
extended frequency ranges, as required by next-generation
communication systems. Besides, as the substrate at the exte-
rior of the crossover is straight, the microstrip lines can be
easily accessed with end-launch SMA connectors (connectors
designed to operate up to 6 GHz are, here, utilized).

The circuit performance was tested with a FieldFox
N9918A Vector Network Analyzer (VNA). Fig. 9 shows the
S-parameters of the four-port circuit from 100 MHz to 5 GHz.
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Fig. 7. Layout of the ultrawideband 3-D crossover. (a) Top view. (b) Front
view. Main circuit parameters: L; =42 mm, Ly = 40 mm, w5y = 3.5 mm,
ry = 8.6 mm, rp = 7.2 mm, hf =0.5 mm, and &7 = 1.4 mm.

()

(b)

Fig. 8. Fabricated prototype of the ultrawideband 3-D crossover.
(a) Intermediate step. (b) Complete prototype.

The length of each line is about 50 mm, corresponding to
an attenuation of —1.5 dB at 3.6 GHz [see Fig. 9(a)], with
a maximum variability between the two lines lower than
0.3 dB, which can be due to manufacturing uncertainties
and SMA connection variability. An isolation better than
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Fig. 9. Measured S-parameters of the ultrawideband 3-D crossover.

(a) Insertion loss and isolation of the two lines. (b) Phase difference.
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Fig. 10. Layout of the MIMO antenna cube: (a) front view and (b) top view.
Main circuit parameters: d; = 29.1 mm, dp = 17.7 mm, [} = 7.85 mm,
L = 10.05 mm, w; = 3.5 mm, wy = 0.7 mm, hf = 0.5 mm, and hy; =
0.4 mm for the annular slot antenna; L. = 44.4 mm, L. = 45.8 mm, and
h = 1.4 mm for the cube; and d3 = 6 mm and dq = 4 mm for the internal
structure of the cavity. Gray color is used for the metallized areas and yellow
for the dielectric.

—30 dB is experienced throughout the whole band. The phase
difference between the transmission coefficients of the two
lines is lower than 5° for the whole considered band, as shown
in Fig. 9(b), which confirms the ultrawideband operation of the
CroSSOVer.

IV. MIMO ANTENNA TOPOLOGY

Finally, a 3-D antenna structure has been implemented. The
3-D printed antenna topology proposed in this paper consists
of a cube, where four annular slot antennas, operating in the
band 3.4-3.8 GHz, which is one of the sub-6-GHz bands
destined for 5G applications in Europe [35], [36] (marked with
a yellow box in all subsequent graphs), are placed on the lateral
faces (one for each face), so that the proposed system has the
capability to steer radiation over 360°. This antenna structure
is thought for hotspot and access-point applications [37].
An additional structure is placed in the interior of the cube
to decrease mutual coupling so that a good isolation level is
achieved without requiring to make the antennas operate in
orthogonal polarization.

A. Design Process

The main dimensions of the proposed antenna are reported
in Fig. 10, including both the side view [see Fig. 10(a)] and the
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Fig. 11.
the cavity.

Magnitude of the electric field distribution on the cross section of

top view [see Fig. 10 (b)]. The antenna design is conducted
within the CST environment. The slots are designed in the
interior, while the proximity-coupled feedlines are placed on
the exterior of the cube. The slot length is approximately
equal to one guided wavelength at the central frequency of
the band (i.e., 3.6 GHz), and the feedlines have been tuned to
match the antennas to a 50-Q impedance. Slot antennas are
chosen for their low profile and their inherent capability to
operate over broad bands (the antenna impedance bandwidth
increases with the width of the slot [38]), whereas the resonant
annular slot configuration is chosen instead of the rectangular
slot because it guarantees higher gain and isolation between
adjacent antennas. Moreover, being that the slotline is less
sensitive than microstrip to dielectric losses, the slot antenna
has been preferred in order to minimize the effect of the
relatively high loss of the dielectric material.

The antenna is completed by a cross-shaped structure,
placed in the internal volume of the cube to increase the
isolation between the radiating elements. The structure is
composed of a central vertical post and a horizontal cross.

The horizontal cross is placed in the middle of the cube to
increase its decoupling effectiveness. The distance between
the slots and the vertical post is approximately a quarter-
wavelength at the central frequency, while the height and the
width of the cube are equal to half-wavelength (the length of
the sides of the cube corresponds to about 0.551¢, where 4g is
the free-space wavelength at 3.6 GHz). Both the cavity walls
and the internal structure are covered with ink according to
the procedure described in Section II.

Therefore, a resonant field is established in each triangular
cavity obtained by intersecting the cube with two ideal half-
planes delimited by the straight line passing through the
center of the vertical post (parallel to the vertical post) and
cross-cutting each of the two arms of the horizontal cross
that separates each antenna from the adjacent ones. The
electric field distribution on the plane perpendicular to the
slots (xy plane), cutting the cube in the middle, is shown
in Fig. 11. The front antenna [top side in Fig. 6(b)] is excited.
A maximum of the E-field is noticed in the area close to the
slot, whereas the field decreases approaching to the vertical
post. The adoption of triangular cavities enables a considerable
volume saving while maintaining a reduced coupling between
antennas.
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Fig. 12. Study of the impact of the post: S-parameters with and without the
internal structure and as a function of the z-position of the horizontal cross
(the offset is calculated with respect to the center of the cube). Dimensions
are expressed in millimeters.

The impact of the cross-shaped structure is analyzed by
reporting the relevant S-parameters of the proposed circuit
(i.e., input reflection coefficient, |S11|, and mutual coupling
values between adjacent, |S21|, and opposite-side, |S31[, radi-
ating elements), with and without the designed internal post,
as shown in Fig. 12. Two different positions of the horizontal
cross along the z-axis are also considered: “offset = 0~
refers to the cross placed in the middle of the cube, while
“offset = 10” indicates that the horizontal cross is translated
by 10 mm along the z-axis. The analysis of the graph reveals
that, when the internal structure is present with “offset =
0,” 1S21| decreases from —12.3 to —21.8 dB at the central
frequency, while |S31| decreases from —17.1 to —25 dB.
In addition, the horizontal cross attenuates |S>1| more effec-
tively when placed at “offset = 0,” while |S3;| is more
attenuated in case “offset = 10.” Since |S>;]| is the highest
contribution, the case “offset = 0” is chosen for the present
design.

A parametric study of the impact of the diameter of both
the vertical post (d3) and the four horizontal axes (d4) on
the S-parameters of the antenna topology is shown in Fig. 13.
In Fig. 13(a), d4 is kept fixed to 4 mm, while d3 is var-
ied. In Fig. 13(b), d3 is kept fixed to 6 mm, while d4 is
varied. In both cases, the isolation among radiating elements
improves as the diameters of the post and cross-shaped struc-
ture increase; at the same time, though, the resonant frequency
is upshifted. Consequently, d3 = 6 mm and d4 = 4 mm
are chosen as tradeoff values to guarantee a good isolation
between elements without compromising in-band input match-
ing. To get a higher isolation, not only d3 and d4 but also the
cube sides must be increased.

B. Experimental Results and Discussion

Fig. 14 depicts the manufactured prototype at different
stages. In Fig. 14(a), the antenna topology dielectric “scaffold-
ing” is removed from the printer and cleaned off the excess
liquid material. The structure at the base, made as well of
clear material, represents the structural support, utilized by the
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Fig. 13.  Study of the impact of the dimension of the cross-shaped internal
post on the S-parameters of the antenna topology. (a) S-parameters versus d3.
(b) S-parameters versus dq. Dimensions are expressed in millimeters.

printer to put the object in a convenient orientation to optimize
the printing process. The whole cube is fabricated as a single
piece, including the interior cross-shaped structure, with the
exception of the lid, which is separately manufactured. The
removal of at least one of the top/bottom sides of the cube is
needed to access the interior of the box and allow for selective
metallization. Fig. 14(b) shows a detail of a metallized trace.
Lines as thin as 0.7 mm are easily realized. Finally, Fig. 14(c)
illustrates the completed prototype after metallization, includ-
ing the lid. The complete cube weighs only 21.29 g. Four
rectangular holes are present on the bottom of the cube so that
each antenna is connected to an end-launch SMA connector
(Fig. 15 shows the detail of the SMA-to-microstrip transition);
metal epoxy is adopted for soldering. Therefore, the outer
conductor of each connector is in contact with the ground
plane in the interior of the cube, and all four SMAs are
connected to the same ground potential, whereas their inner
conductor is connected to the respective feedlines.

To realize this antenna structure with standard subtractive
technologies, the following steps would be implemented:
The four slots would be manufactured by using four dual-
layer printed circuit boards, and the internal cross-shaped
structure would be realized starting from five metal rods
shaped with micromachining. Two additional metal panels
would be utilized for the top and bottom lids, and the holes
for the SMA connectors would be performed with drilling
or laser machining. All these parts, realized with different
manufacturing tools, would be soldered together, leading to
a much more unstable, heavier, and expensive prototype and
a high volume of material waste.

The MIMO antenna topology that is integrated on the 3-D
printed cubic package is experimentally tested with a VNA.
Leveraging the symmetry of the topology, the S-parameters
referred to a single radiating element are considered, while
the antennas not involved in the measurement are terminated
with 50-Q loads.

The input reflection coefficient is shown in Fig. 16(a).
A good agreement between simulations and measurements
is obtained. Minor variations are likely due to fabrication
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(©)

Fig. 14. Fabricated prototype of the MIMO antenna cube. (a) 3-D-printed
circuit with support structure. (b) Detail of a metallized trace. (c) Complete
prototype.

tolerances and to uncertainties in the EM properties of the
sample caused by the additional curing steps. A downshift
of the minimum |S;;| of 65 MHz is experienced, which
corresponds to 1.8% at the operating frequency. Nevertheless,
the input reflection coefficient is below —10 dB in the whole
band of interest. The measured impedance bandwidth of the
antenna is about 16%.

Fig. 16(b) shows the mutual coupling between adjacent-
and opposite-side-placed radiating elements. The coupling
between adjacent elements reaches a maximum of —21 dB
in the operating band, while the coupling between opposite
antennas is lower than the expected value from simulations
(about —30 dB). Both these values are quite good if compared
with other MIMO systems based on copolarized antennas
representing the state of the art.
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(d)

Fig. 15. Detail of the SMA-to-microstrip connection for antenna testing:
(a) exterior and (b) interior of the cube.
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Fig. 16.  Simulated and measured S-parameters of the proposed MIMO
antenna topology: (a) input reflection coefficient, |S7(], and (b) mutual

coupling between opposite, |S31| (red curve), and adjacent, |S71| (blue curve),
antennas.

The simulated and measured radiation patterns of a single
antenna are depicted in Fig. 17. The measurements are taken
in an environment with anechoic provisions. The radiation
patterns are evaluated at 3.6 GHz for both the xy (H -plane)
and the xz (E-plane) cuts. As expected, the antenna is
linearly polarized with a cross-polar component at least
22 dB below the copolar. The maximum of the radiated
field occurs in broadside direction, and the radiation pat-
terns are unidirectional, with a front-to-back ratio of 10 dB.
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60°- -&-- cross-pol (meas)
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Fig. 17.  Simulated and measured radiation patterns when one radiating

element is excited: (a) xy (H- or ¢-) plane and (b) xz (E- or #-) plane.

The half-power beamwidth is about 101° in the H-plane and
81° in the E-plane.

The gain of a single radiating element, evaluated in broad-
side direction, is reported as well (see Fig. 18). In the band
of interest, the measured gain varies between 3.6 and 5.1 dBi,
in good agreement with the simulation results, corresponding
to radiation efficiencies in the range [65-92]%. It is worth
noticing that the antenna gain takes on values around 5 dBi
also outside the band of interest, between 3.8 and 4.4 GHz.

Finally, an evaluation of the proposed antenna topology in
terms of channel diversity reception is performed. An essential
criterion to assess the behavior of an MIMO system is the
envelope correlation coefficient (ECC). From [39], the ECC
between any two antennas (denoted by i and j) in an MIMO
system consisting of N antennas [p, (i, j, N)] can be derived
from their radiation patterns as follows:

2
fir Ei0. ) E(0. ) d|
Saz 1Ei©, $)I? dQ- [[, 1E;(©0, $)I* dQ
where E;(0, ¢) is the electric field radiated by ith antenna.

pei, j, N) = ey
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Fig. 19. ECC of the proposed MIMO antenna topology. The correlation

between opposite-side placed (blue curve) and adjacent (red curve) slots is
reported.

In the present case, N = 4 and, given the symmetry of
the topology, the performance can be evaluated by consider-
ing only two correlation parameters, namely, ECC between
adjacent antennas [p.(1,2,4)] and ECC between opposite-
side placed antennas [p.(1, 3, 4)]. Fig. 19 illustrates the values
of ECC derived from antenna-simulated radiation patterns
in CST. The ECC is lower than 0.005 in all bands, well below
the acceptable limit of 0.5 [39], thus testifying the excellent
capability of the proposed MIMO system to take advantage of
channel diversity.

Likewise, an important parameter to characterize the radi-
ation performance of a multiport antenna system is the total
active reflection coefficient (TARC) [15]. It is defined as the
ratio of the square root of the total reflected power divided by
the square root of the total incident power, and for an N-port
system, it can be expressed as

N N
r= | D Ibil? / > lail? )

i=1 i=l1

where a; is the incident signal at each port and b; is the
reflected signal at each port. Since the incident and reflected
signals are related to the S-matrix as follows:

b =Sa 3)
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Fig. 20. TARC of the proposed MIMO antenna for three different excitations:

one element is excited (“case 17), two elements are excited in phase (“case 2”),
and four elements excited in phase (“case 3”).

TARC can be evaluated on the basis of the S-parameters.
In particular, according to both the property of reciprocity
of the antennas and the symmetry of the proposed topology,
S0 = S12 = 830 = 823 = S3¢ = Ss3 = Ss1 = Sis and
S$31 = S13 = S42 = S24. As a consequence, the TARC can be
determined on the basis of only three S-parameters, namely,
S11, S12, and S13.

Three excitation cases have been considered in this paper.
First, only the first port is excited, whereas all the other ports
are connected to matched loads (i.e., a; = 1 and a» = a3 =
as = 0). As a consequence, (2) becomes as follows:

4

DSl =VISuR +2SnlP +1Sal? @)
j=1

the latter equality being due to the symmetry of the structure.
In the second case, adjacent elements (both ports 1 and 2) are
excited in phase (i.e., a; = a; = 1/\/5 and a3 = a4 = 0).
Again, the following expression is obtained by exploiting the
symmetry of the topology:

Il = VIS11 + S22 + |S12 + Si3]2. )

Finally, all elements are excited in phase (i.e., aj = ay = a3 =
a4 = 1/2). This corresponds to

Ty =VIS11 + 2812 + Si3/2. (©6)

The results are illustrated in Fig. 20. A satisfactory —6-dB
bandwidth of about 410 MHz (including the band of interest)
is measured in all excitation cases.

The proposed MIMO antenna has also interesting beam-
steering properties. In fact, feeding each slot individually,
four radiation patterns can be obtained, rotated by 90° with
respect to the neighbors, as depicted in Fig. 21(a). In addition,
when a couple of adjacent antennas are fed in phase [10],
the maximum of the resulting radiation pattern lies in between
the maxima of the original radiation patterns of the two
antennas, as anticipated in [40] and shown in Fig. 21(b). As an
aggregate, in case the antenna topology is fed through the
network proposed in [40], all of the xy plane is uniformly
covered, and eight steerable directions can be obtained from
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Fig. 21.  Radiation patterns on the xy plane (H-plane cut). (a) All slot
antennas fed one at a time and (b) antennas 1 and 2 both individually and
jointly fed.

four radiating elements, thus proving the capability of the
system to provide high angle diversity [8] and its suitability for
diverse applications, such as, for instance, hotspot and access-
point implementations.

V. CONCLUSION

A novel manufacturing technology, aimed at achieving high-
resolution ink patterns on complex 3-D antennas, packaging,
and microwave structures, has been presented. By conveniently
either embossing or engraving suitable areas of the prototype,
selective metallization with silver nanoparticle ink has been
achieved, with both high accuracy (metal traces as thin as
135 um have been realized), low sheet resistance (0.011 €/sq),
and low surface roughness (S, < 0.220 um). The process has
been first successfully applied to a 3-D crossover tested in
the band 100 MHz-5 GHz and finally applied to an MIMO
antenna topology working in the band 3.4-3.8 GHz. Thanks to
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(a) (b)

Fig. 22.
test.

Characterization of clear material: (a) setup and (b) sample under

the adopted 3-D printing technology, the whole system, con-
sisting of a cube with four slot radiating elements, has been
fabricated as a single block plus the lid. By taking advantage of
a fully printed cross-shaped metal-coated structure in the inte-
rior of the cube, high isolation between the radiation elements
is achieved (i.e., mutual coupling lower than —21 dB between
adjacent and —32 dB between opposite-side placed elements).
The good agreement between simulations and measurements
testifies the accuracy of the electromagnetic characterization
of the adopted 3-D printed material and the consistency of
the printing process. In the end, an ECC lower than 0.005
and a TARC lower than —6 dB are obtained throughout the
whole band, meaning that the system is thoroughly suited to
effectively exploit channel diversity.

APPENDIX

The characterization of the 3-D printed “clear” resin from
Formlab is performed by using a WR340 waveguide [see
Fig. 22(a)]. Its unimodality band lies in the range 2.2-3.3 GHz,
which is within the working band of the crossover and close
to the operating band of the antenna (i.e., 3.4-3.8 GHz).
Therefore, the obtained results can be considered valid with a
good approximation for the designs presented in this paper.

The proposed method can be considered an alternative to
other characterization methods suitable for microwave fre-
quencies, such as Nicholson—Ross—Weir (NRW) [41]. The
waveguide is connected to a VNA, and a calibration is
performed, so that the reference planes of the measured
S-parameters are set at the borders of a 3.6-cm-thick spacer
[the brown component in Fig. 22(a)]. The advantage of the
proposed technique is that it does not require that the sample
has the same thickness as the available sampler, thus avoiding
the problem of singularities at frequencies corresponding to
an electrical length of /2 [32]. Indeed, two samples of clear
material, with the same cross section as the spacer and variable
thickness (i.e., 1.04 and 2.02 cm, respectively), are fabricated
[in Fig. 22(b), one of the samples is reported]. The first one
is referred to as “samplel,” the second one as “sample2.”
Two samples are considered instead of one to compensate for
possible uncertainties in the block dimension stemming from
fabrication tolerances. Moreover, two samples are also useful
to verify the consistency of the electromagnetic properties
between one sample and the other. Then, the aforementioned
geometries are electromagnetically simulated with the CST
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Fig. 23. Characterization of clear material. (a) Phase and (b) magnitude in dB
of the transmission coefficient of the waveguide, loaded with the samples of
clear material under test.

Microwave Studio, and both permittivity ¢, and dielectric
loss tand of the samples are varied so as to achieve a good
matching between simulations and measurements for both
blocks. In particular, the permittivity is used to obtain an
agreement between the phases of the transmission coefficients
over frequency (i.e., £S21), while the dielectric loss is used for
the matching of the magnitude of the transmission coefficients
(i.e., dB|S21).

Fig. 23 shows a comparison between simulations and mea-
surements of the transmission coefficient of the waveguide,
loaded with one sample of clear material at a time. The
permittivity is varied in steps of 0.05, and the chosen ¢, is
the one, which minimizes the sum of the mean square error
(mse) for the phase of the transmission coefficient (mse;;,) for

L

5 and mseé, calculated as follows:

the two samples, i.e., mse
_ : A
€r,0pt = arg minmseg
€r
= arg min (msesll + mseé). (7)
€r

L

s

/ Z/I{v:l(lsﬂ(fk)sim i~ ZAS'21(fk)meas i)2
si= (®)
N
where N is the number of frequency points, where the

S-parameters are evaluated.
Same procedure is repeated for the dielectric loss

_ : I
tan dopt = arg min mse,
tand

Each term mse;; is evaluated as follows:

mse

_ : Il I'|
= arg Igllr}lal (mses1 + msesz). )

where each term mse‘s"

0 N @B (f)lsim i — dBIS21 (fi) lmeas i)

s i N

; 1s obtained as follows:

mse

(10)

In the latter case, tand is varied in steps of 0.005.
Fig. 24 illustrates both mseét [see Fig. 24(a)] as a function

of permittivity and rnse‘t'o‘t [see Fig. 24(b)] as a function of
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Fig. 24. Characterization of clear material: (a) total mse for the magnitude
and (b) total mse for the phase of the transmission coefficient.

dielectric loss. In the optimum case, corresponding to an
€r,0pt = 2.8 and tand = 0.03, mset%t = 0.091° and msel;)lt =

0.004 dB.
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