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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 m and satisfactory sheet
resistance of 0.011 /sqg. (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 mm?, 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.

2156-3950 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-8184-8297
https://orcid.org/0000-0001-9180-0553
https://orcid.org/0000-0002-4523-2193
https://orcid.org/0000-0002-6803-5889
https://orcid.org/0000-0003-0476-3577

PALAZZI et al.: 3-D-PRINTING-BASED SELECTIVE-INK-DEPOSITION TECHNIQUE ENABLING COMPLEX ANTENNA AND RF STRUCTURES

TABLE |

EXAMPLES OF POLYGONAL MIMO ANTENNAS MANUFACTURED

WITH TRADITIONAL T

ECHNOLOGIES

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.
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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 Il, the proposed fabrication process is outlined.
In Section 1ll, the technique is applied to a 3-D crossover,
while Section 1V reports the design process and the obtained
experimental results of the proposed antenna topology. Finally,
the conclusions are drawn in Section V.

Il. 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. 10. Layout of the MIMO antenna cube: (a) front view and (b) top view.
Main circuit parametersd; = 29.1 mm, d; = 17.7 mm, |1 = 7.85 mm,

lo = 1005 mm,w; = 3.5 mm,wp = 0.7 mm,hs = 0.5 mm, andhs =

0.4 mm for the annular slot antennbgg = 444 mm, Lo = 45.8 mm, and

h = 1.4 mm for the cube; and3 = 6 mm andds = 4 mm for the internal
structure of the cavity. Gray color is used for the metallized areas and yellow
for the dielectric.

(a) S30 dB is experienced throughout the whole band. The phase
difference between the transmission coef cients of the two
lines is lower than 5for the whole considered band, as shown
in Fig. 9(b), which con rms the ultrawideband operation of the
crossover.

IV. MIMO A NTENNA 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 360This antenna structure
is thought for hotspot and accegsint applications [37].

Fig. 8. Fabricated prototype of the ultrawideband 3-D crossovef\n additional structure is placed in the interior of the cube
(a) Intermediate step. JtComplete prototype. to decrease mutual coupling so that a good isolation level is

o ~achieved without requiring to make the antennas operate in
The length of each line is about 50 mm, corresponding Kthogonal polarization.

an attenuation 061.5 dB at 36 GHz [see Fig. 9(a)], with

a maximum variability between the two lines lower thai\. Design Process

0.3 dB, which can be due to manufacturing uncertainties The main dimensions of the proposed antenna are reported
and SMA connection variability. An isolation better thann Fig. 10, including both the side view [see Fig. 10(a)] and the

(b)
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dB(1v/m)

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- 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 0.55Ag, where Ag 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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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, |Si1|, and mutual coupling
values between adjacent, |S1|, and opposite-side, |Ss1|, 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,” |S1| decreases from —12.3 to —21.8 dB at the central
frequency, while |Ss1| decreases from —17.1 to —25 dB.
In addition, the horizontal cross attenuates |S1| more effec-
tively when placed at “offset = 0,” while |Sgz| is more
attenuated in case “offset = 10.” Since |S1| 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. 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., - S1), while the dielectric loss is used for
the matching of the magnitude of the transmission coefficients
(i.e., dB|S1]).

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

the two samples, i.e., mseg; and mse,, calculated as follows:

ropt = argmin msegg,
r
=argmin mseg + mses, . )
r

is evaluated as follows:

|’<\l=1(—&1( fk)sim i —&1( fk)meas i)2

N ®)
where N is the number of frequency points, where the
S-parameters are evaluated.

Same procedure is repeated for the dielectric loss
tan 8opt = arg min msel;!
opt g tand tot

= arg mirg mse's:{ + mse's} . 9
tan

Each term mseg

mses_i =

where each term msegli is obtained as follows:

o ke1(dBISu(fi)lsim i — dBlSoa( fic)lmeas 1)
msesi = N .

(10)

In the latter case, tand is varied in steps of 0.005.
Fig. 24 illustrates both mseg; [see Fig. 24(a)] as a function
of permittivity and mse{;)lt [see Fig. 24(b)] as a function of
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and (b) total mse for the phase of the transmission coefficient.

dielectric loss. In the optimum case, corresponding to an
ropt = 2.8 and tand = 0.03, mseg; = 0.091° and mse{;)lt =
0.004 dB.
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