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Compact 3-D-Printed 4 x 4 Butler Matrix Based on
Low-Cost and Curing-Free Additive Manufacturing

Valentina Palazzi
Paolo Mezzanotte

Abstract— This letter presents a 4 x 4 Butler matrix realized
using stereolithography 3-D printing technology and liquid metal
filling. The matrix is in coaxial technology and relies on circular
branch lines and curved 50 € lines. Input and output ports
are aligned and placed on the same plane, while branch lines are
organized using all three dimensions to minimize the length of the
connecting lines. A prototype, designed at an operating frequency
of 12 GHz, is manufactured and tested, showing a footprint
of only 1.7 x 1.3 A3. A good agreement between simulated
and measured transmission coefficients is observed regardless
of the selected input port. These encouraging results open the
door to the realization of compact low-cost and high-performing
RF beam-steering networks in coaxial technology, based on
curing-free additive manufacturing processes.

Index Terms—3-D printing, additive manufacturing, Butler
matrix, liquid metal, microfluidics, stereolithography.

I. INTRODUCTION

D PRINTING is an emerging approach to create com-
plex RF circuits not feasible with standard subtracting
technologies [1].

Among the solutions enabled by 3-D printing, there are
unconventional antenna topologies [2], [3], innovative packag-
ing solutions [4], [5], and RF crossovers [6]. In planar circuits,
crossovers can be realized either using 0-dB branch lines,
which are cumbersome and narrowband, or resorting to via sig-
nals and multilayer technologies, which are expensive. On the
other hand, the third dimension can be used to overcome the
limitations experienced by planar circuits, by allowing lines to
lie on different portions of the space [6].

3-D printing can also be used to realize RF components by
means of unconventional waveguide structures. Among them,
coaxial technology has attracted significant attention [7]-[9].
In some contexts, it is preferred to microstrip technology
for its higher immunity to interference, no air radiation,
and lower dispersion. However, realizing coaxial RF compo-
nents with variable line impedances is generally inconvenient
with traditional manufacturing technologies. High-performing
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Fig. 1. Fabrication steps of additively manufactured coaxial line.
(a) 3-D-printed dielectric, (b) prototype before colloidal silver deposition, and
(c) complete prototype.

rectangular coaxial lines, based on sequential microfabri-
cation processes, have been reported in [10]-[12]. These
technologies, though, require the manufacturing of multilayer
circuits. A 3-D-printed rectangular coaxial cable has been
reported in [9], where the 3-D-printed dielectric is metalized
via electroless plating. This approach leads to low-loss lines
(the coaxial dielectric is just air), but holes must be made
on the external conductor to enable electroplating of the
internal surface, and quarter-wave short-circuited stubs must
be used to support the inner conductor, leading to cumbersome
components.

This letter presents a compact 4 x 4 Butler matrix in coaxial
technology. A previous version of the matrix, with some
preliminary results, was presented in [13], where, however, all
90° hybrid couplers were realized on the same plane. Here,
not only the lines but also the hybrids are spatially arranged
in an optimized configuration using all three dimensions to
minimize the length of the connecting lines (the line length
between each input and output port is reduced by 1.3 mm, with
a reduction in the average insertion loss of 0.5 dB at the design
frequency), and combining equally spaced parallel input and
output ports with a compact layout. Furthermore, the outer
conductor of the coaxial structure, which was realized using
silver nanoparticle ink in [13], is here replaced by colloidal
silver to remove any curing steps.

II. MANUFACTURING TECHNOLOGY

The process steps to realize coaxial lines are summarized
in Fig. 1. First, the dielectric scaffolding is 3-D printed [see
Fig. 1(a)]. The structure is oriented so that most of the
channels are nearly perpendicular to the printing plate to
avoid clogging. The channel diameter is adjusted at the design
stage to precompensate systematic errors of the 3-D printing
process [13]. Then, every channel is filled with a liquid metal
alloy at room temperature. In the case of multiport circuits, all
channel ends but one are closed with a sticky removable resin,
and the ink is inserted with a syringe pump [14]. After the
channel filling, the sub-miniature version A (SMA) connectors
are attached to the prototype with a dielectric glue (liquid
metal is sealed), as shown in Fig. 1(b). 50 Q SMA end-launch
female connectors with outside 0.76-mm center pins are used.
Every pin is inserted in the corresponding channel of the
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dielectric scaffolding to be in touch with the liquid metal (the
amount of liquid metal is fine-tuned to guarantee low contact
resistance). Finally, colloidal silver paste is applied to the
exterior of the dielectric [see Fig. 1(c)], to both manufacture
the outer conductor and to ensure the electrical connection of
the circuit with the ground of SMA connectors. As the field is
confined within the dielectric, the thickness variability in the
paste has no impact on propagation. Alternative curing-free
metallization techniques can be also used, such as sputtering
deposition and electroless plating [8].

The characteristic impedance Z,. of a coaxial line depends
on the ratio of the radius of the inner conductor r; to the radius
of the outer conductor r, (corresponding to the inner and outer
radii of the dielectric scaffolding) as follows:

Z.= T 1n (r—z) (1

2w ry

where 7 = (u/€)'/? is the intrinsic impedance of the dielectric
medium, and u and € are its complex permeability and per-
mittivity, respectively. With the proposed fabrication process,
r; can be readily changed by modifying the radius of the
inner channel of the dielectric scaffolding, thereby making it
possible to realize complex coaxial components with variable
line impedances, with a few simple steps.

To fabricate proof-of-concept prototypes, the Form2 3-D
printer by Formlabs is utilized [15]. The adopted printer is of
low cost, and relies on stereolithography, a 3-D printing tech-
nique in which a photo-reactive liquid resin is UV cured by a
laser beam. The maximum resolution for the printer is 25 gm.
The adopted resin is the Clear material V4 [16], which has a
permittivity of 2.7 and a loss tangent of 0.03 at 12 GHz [13].
This material is transparent, which allows for visual inspection
of the metal filling procedure. Lower-loss photo-reactive resins
are also available on the market, as shown in [8].

The metal used for the inner conductor is a eutectic gallium
indium (EGaln) alloy by Sigma Aldrich [17], with a conduc-
tivity of 4.3 x 10® S/m. This material is liquid at room tem-
perature, and it is pumped into the channels using a syringe.

Finally, the outer conductor is realized with the Pelco
Colloidal Silver by TedPella [18]. This paste is applied with
a brush, solidifies at room temperature in 16 h/20 h, has high
adhesion and a conductivity of about 10° S/m. This way,
curing steps can be avoided, thereby reducing the risks of
dielectric deformation (the clear material has a heat deflection
temperature of about 70 °C), and of EGaln reflow and leakage
out of the channels due to thermal expansion.

III. CIRCUIT DESIGN

The 4 x 4 Butler matrix in this work is based on standard
circuit blocks: four circular branch-line couplers in coaxial
technology (the shape of the coupler is chosen to get the largest
spacing among the branches) [19], two phase shifters and two
crossovers, made using 50 Q curved pieces of coaxial lines.

The layout of the matrix, designed at 12 GHz with full-wave
simulations (CAD CST Microwave Studio), is shown in Fig. 2.
Both input (P1-P4) and output (P5-P8) ports of the network
are aligned, lay on the same plane, and are matched to 50 Q.
The ports are evenly spaced by about 9.8 mm, which is
the minimum distance required by SMA connectors. The
distance among ports, however, can be modified based on the
requirements of the circuit blocks connected to the matrix.

Fig. 2. Layout of the 4 x 4 Butler matrix: (a) top view, (b) perspective,
and (c) side view. Main circuit parameters: D = 4mm, dsp = 1 mm, d35 =
1.55mm, d, = 53mm, h = 19.6mm, ¢; = 14.77mm, ¢; = 12.88 mm,
g =5mm, o =42.85°, and y = 2.15°.

Fig. 3. Photographs of the fabricated prototype: (a) before colloidal silver
deposition and (b) complete prototype.

The four 90° hybrids are labeled as B1, B2, B3, and B4 in
Fig. 2. B1 and B2 are placed on the same plane. B3 and B4,
instead, are placed one on a parallel plane above and the other
on a parallel plane below the plane of the ports, respectively,
to minimize the length of the two crossovers. The four output
lines coming out of B3 and B4 have the same length (equal
to 18 mm).

The design of the 45° phase shifters is based on the
highlighted red triangle in Fig. 2(a). Every couple of lines
connected to each branch line forms a 90° angle. Therefore,
the triangle highlighted in Fig. 2(a) is a right triangle. To guar-
antee that the signal on the path c; is phase-shifted by 45°
more than the signal on the path c,, these path lengths must
satisfy the following relationship:

cr=c+4g/8 )

where A, is the guided wavelength at the design frequency,
and Ag/8 is equal to 1.89 mm at 12 GHz. The hypotenuse
h is known and fixed (determined by the distance among the
input ports), therefore, c; and ¢, can be found as follows:

h=\Je} + = \J(c2+2e/8) + 2. 3)
Finally, the bending angle a is found as follows:
. (€2
o = arcsin (7) = 42.85°. )

Since «a is different from 45°, the branch line B3 is rotated
with respect to B1 and B2 by an angle y defined as

y =45° —q =2.15° (5)

which is compensated by the bending angles at the output
lines, so that all output ports are parallel to each other.

The final prototype can be enclosed in brick with volume
43.3 x 33.2 x 17 mm?, including input and output lines.
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Fig. 4.  Simulated (dashed line) and measured (solid line) transmission
coefficients of the Butler matrix: (a), (c), (e), and (g) magnitude and (b),
(d), (f), and (h) phase difference.
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Fig. 5. Measured S-parameters of the Butler matrix: (a) return loss and
(b) isolation.

The .stl file of the dielectric scaffolding is imported in the
Preform CAD [20] utilized by the printer.

IV. EXPERIMENTAL RESULTS

Fig. 3 shows the prototype fabricated with the process
described in Section II. The S-parameters of the matrix are
measured with a vector network analyzer. The magnitude
and phase difference between the transmission coefficients are
shown in Fig. 4. A good agreement between simulations and
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TABLE I
COMPARISON WITH THE STATE OF THE ART

freq. mag. phase

ref. tech. €r volume ()\3) err.  err.
(GHz) (dB) (deg)
this .
3D prin. 11 —-13.6 27 1.7x1.3x0.56 2 15
work
[13] 3D prin. 12 27 18x21x065 2f 5t
[21] s. layer 6 22 3.7x1.5x0.02 0.8 6
[22] s. layer 28 6.2 1.7x1.8x0.02 4.7* 16*
[23] s. layer 27.5—28.3 22 2.8 x3x0.02 / 14.5%

“3D prin.” stands for 3D printing, “s. layer” stands for single layer.
* Value from simulation results. T Value from partial results.

measurements is observed. The measured average magnitude
of the transmission coefficients at 12 GHz is —11 dB for
ports 1, 2, and 4, and —11.5 dB for port 3 (due to its higher
return loss), while the simulated average value is —10 dB
for all ports. The high loss of the circuit is mostly due to
the 3-D-printed dielectric. Magnitude discrepancies between
simulations and measurements can be due to imperfect chan-
nel filling and metal coating, and variations in the channel
dimensions.

Although narrowband components are used, the adoption of
nondispersive transmission lines allows the matrix to operate
on broadband. The band corresponding to a phase error lower
than £15°, see the gray-shaded regions in Fig. 4, is 11—
13.6 GHz. The bandwidth is mainly limited by port 3, where
the highest fabrication tolerances are observed. Within this
band, the magnitude difference among the transmission coef-
ficients of the matrix is lower than 2 dB, the measured return
loss is better than —10 dB for all ports except for port 3, where
a peak value of —7.2 dB is observed, and isolation is better
than —16 dB, as shown in Fig. 5.

In Table I, the presented circuit topology is compared with
previous 3-D printed and single-layer 4 x 4 Butler matrices.
The proposed matrix has a smaller footprint than state-of-
the-art solutions. In [22] compactness is achieved adopting a
high-permittivity substrate, at the expense of using a different
substrate for the antennas. With the proposed solution, both the
feed network and the antennas can be realized with the same
material. Additionally, although the matrix is not optimized for
broadband performance, its operating bandwidth is superior to
microstrip solutions, due to the nondispersive nature of coaxial
technology, and the absence of 0-dB branch lines.

V. CONCLUSION

A compact Butler matrix, based on curing-free and low-cost
additive manufacturing, has been designed and tested. The
fabrication process has been presented in detail and a proof-of-
concept prototype, working at 12 GHz, has been characterized.
The good agreement between simulations and measurements
testifies that the accuracy of the proposed process is adequate
for circuit fabrication up to at least Ku band that can be
further extended using newly reported lower-loss 3-D printable
materials. In the frequency range 11-13.6 GHz, magnitude and
phase errors lower than 2 dB and 15° have been observed,
which shows the potential of the proposed approach to realize
low-cost broadband beam-steering networks. In future works,
the building blocks of the matrix can be optimized to further
improve its performance (see, for instance, [24]).
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