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ABSTRACT Wireless communications with greater transmission capacities are possible in the millimeter
wave (mmWave) region. However, to overcome the significant propagation losses in this frequency band,
it is necessary to employ more efficient and intelligent antennas based on MIMO and beam-steering phased
array technologies. This paper demonstrates the fabrication of a beam steerable array antenna using a 4 × 4
Butler matrix at 60 GHz employing the metallic nanowire membrane (MnM) substrate. This substrate has the
advantage of interconnecting twometallization layers by vias fabricated through its nanopores. Experimental
characterization of the fabricated samples shows that theMnMplatform represents a high-potential candidate
for millimeter-wave front-ends supporting the beam-steering technique.

INDEX TERMS MnM plataform, Butler matrix, millimetre waves.

I. INTRODUCTION
The never-ending growth of global mobile data traffic has
maintained an exponential increase in the last years [1]. For
instance, from 2018 to 2022, the global mobile network data
traffic increased from 26.6 to 90 exabytes (EB) per month and
is projected to reach 325 EB per month in 2028 – a growth
by a factor of nearly 400%. This tendency is expected to
continue in the short and mid-term future, especially driven
by the deployment of 5G systems, which has reached one
billion users by the end of 2022 [1]. It is widely recognized
that the sub-6 GHz band cannot further support the aforemen-
tioned data traffic demand, rendering it unattractive for the
development of innovative technologies that are highly reliant
on spectrum availability [2], [3], [4], [5], [6]. In this context,
millimeter wave (mmWave) frequencies (30–300 GHz) have
emerged as an interesting solution, since they are still
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largely unexploited for commercial wireless applications [7].
Therefore, various technologies are being proposed to operate
within the under-utilized mmWave frequencies. For instance,
the personal wireless communication operation mode of
5G operates between 52.6 and 71 GHz [8], whereas the
evolution of the Wi-Fi family (802.11ad – WiGig) employs
the frequency band around 60 GHz [7].
In addition to the extensively available bands, the adoption

of mmWave bands presents two significant advantages:
on the one hand, the larger wireless propagation loss
provides higher immunity to interference and an improved
security level, which is a critical requirement in modern
wireless communication systems [9]. On the other hand, the
shorter wavelength leads to more compact devices, including
antennas. Consequently, mmWave technologies represent
a high-potential solution to overcome the challenges not
only of the near but also of middle future communication
systems. However, these technologies’ popularization and
broad adoption will be possible only if the required devices
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FIGURE 1. Illustration of a 3D heterogeneously integration
System-on-Chip using MnM interposer and TSV of cooper nanowires.

can be efficiently manufactured. Therefore, a lot of effort
has been dedicated to the development of cost-efficient
manufacturing technologies for mmWave devices [10], [11],
[12], [13], [14], [15].

In this sense, several semiconductor technologies have
been developed for front-end implementation at mmWaves,
among which it is worth mentioning: semiconductors of
group III-V, bipolar silicon-germanium heterojunction tran-
sistor (SiGe), and bipolar CMOS (BiCMOS) or CMOS
platforms in their multiple variants [10]. These technologies
have matured significantly in recent years to enable the
manufacture of active mmWave components with acceptable
performance. CMOS transceivers, including those with
integrated antennas, have already been demonstrated [11].
The 3D integration approach on silicon is interesting because
it reduces interconnection losses, but implementing devices
such as filters, couplers, phase shifters, impedance-matching
networks, and especially array antennas, occupies a large
area of the die, prohibitively increasing the final cost of the
device [12].

Several alternatives have been proposed using interposers
that enable the integration of active components manu-
factured with CMOS technology and passive components
constructed in other platforms [12]. Fig. 1, for example,
shows a complete transceiver on an interposer with an
integrated circuit (IC) chip, an antenna, and interconnecting
pins. The choice of materials, manufacturing technology, and
integration techniques, however, is not trivial as it should
attain a trade-off between cost and performance.

Alumina is well-known for its low loss at high frequencies,
which allows high-performance devices [14]. Nevertheless,
as a ceramic material, it is difficult to be holed, rendering
the fabrication of vias difficult. Consequently, the adoption
of alumina substrate limits the type of devices to be manu-
factured and their integration with other technologies. On the
other hand, the use of alumina membrane, also denominated
Metallic-Nanowire-Membrane (MnM), is a cost-efficient
material made of anodic aluminum oxide (AAO) that inherits
the isolation characteristics of the alumina but with patterned
nanopores that can be exploited to build vias [13]. The
nanopores, generated through an anodizing process of the
alumina membrane, have diameter and spacing of the order

of tens and hundreds of nanometers, respectively. The great
differential of this technology is that, due to the nanopores,
it enables the implementation of low-loss vertical nanowires
by filling the nanopores with metal by electrodeposition,
allowing the fabrication of low-loss Through-Substrate-Vias
(TSVs) to interconnect the upper and bottom metallization
layers [15]. Additionally, the alumina membrane provides
a high dielectric constant (ϵr = 6.7), enabling the
development of smaller devices. The MnM platform has
already demonstrated good performance in implementing
high-quality transmission lines, TSVs, antennas, impedance
transformers, and other passive devices [13]. Moreover, this
substrate is capable of supporting slow-wave microstrip
lines [17], [18], thus leading to the reduction of passive
devices’ footprint.

However, the performance of MnM in implementing
more complex devices is still unclear. This is the case, for
instance, of an array antenna equipped with a Butler matrix,
which permits beam orientation without requiring active
electrically controllable phase shifters. The implementation
of the Butler matrix is particularly challenging due to the
required crossovers and the sensitivity to the electrical path
lengths.

In this work, we experimentally demonstrate that MnM
is suitable for building sophisticated devices with accurate
control of the electrical path lengths and high-performance
crossovers. We will present a detailed description of the
fabrication process using the MnM platform, as well as
the evaluation of the technology’s performance through
the design, fabrication, and characterization of mmWave
devices for operation in the 60 GHz band. In particular,
we will also present microstrip lines and hybrid couplers
that allow for the evaluation of the technology’s capacity
in relation to all three geometric dimensions (width, length,
and thickness). Crossovers will be presented as a way of
evaluating the capacity to fabricate TSVs. Finally, to evaluate
the system integration, we will present the development
of a complete Butler matrix, whose scheme is shown in
Fig. 2.
The rest of the paper is organized as follows. In Section II,

we describe the MnM fabrication process whereas the
devices’ development is presented in sections III through V.
More specifically, Section III presents the hybrid coupler;
Section IV describes the development of transmission lines
and crossovers and the complete Butler matrix’s project is
detailed in Section V. Lastly, Section VI concludes this paper.

II. MNM FABRICATION PROCESS
The adopted MnM substrate is made of nanoporous alumina
manufactured by Inredox through aluminum electrochemical
oxidation and annealing at 600 ◦C for four hours. In partic-
ular, the employed MnM membrane manufactured, shown
in Fig. 3(a), has a diameter of 25 mm and a thickness of
50 µm. The nanopores have a diameter of 40 nm and are
spaced by 107 nm, which were measured using scanning
electron microscopy. Once the MnM substrate is prepared,
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FIGURE 2. 4 × 4 Butler matrix layout with pads and patch antennas.

FIGURE 3. Inredox membrane: (a) picture of the whole membrane and
(b) scanning electron microscopes image of the membrane nanopores.

FIGURE 4. Manufacturing steps to build a device on MnM substrate,
including a TSV.

the steps required to build the device are shown in Fig. 4 and
are detailed below.

Step 1: Deposition of thin titanium (Ti, < 20 nm) and
copper (Cu, < 50 nm) layers on theMnM subtract backside by

RF magnetron sputtering (in orange, see Fig. 1). Titanium is
used as an adherence layer for copper, which, in turn, is used
as a seed layer for the electrodeposition of copper nanowires
through the MnM pores;

Step 2: Deposition of a silicon dioxide (SiO2, 200 nm)
layer, by reactive sputtering on the MnM substrate front side
(in blue, see Fig. 4). This layer is used as a mask to allow the
selective growth of copper nanowires only in the regions of
interest;

Step 3: Transfer of the TSV mask to the SiO2 film by
photolithography and etching with Buffered Oxide Etching
(BOE);

Step 4: Growth of copper nanowires by electrodeposition
in a cupric sulfate solution until a solid copper film is formed
on the front side;

Step 5: Deposition of thin titanium and copper layers on
the MnM substrate front side by RF magnetron sputtering;

Step 6: The devices and crossovers are defined using the
photoresist AZ1518 on the front side of the membrane, and
the thin copper is thickened up to 3 µm by electrodeposition.
Soon after, the same process is realized on the membrane
backside;

Step 7: Selective electrodeposition of copper (3 µm),
is performed to thicken only the regions that are not masked
by the photoresist;

Step 8: The photoresist on the front and back sides is
removed;

Step 9: Remove the thin layers of copper and titanium
using an etching process with a solution of ceric ammonium
nitrate in acetic acid.

III. HYBRID COUPLER
One of the Butler matrix’s fundamental building blocks is the
quadrature hybrid coupler, illustrated in Fig. 5. It is a four-
port network, composed of two pairs of transmission lines
of impedances Z0 and Z0/

√
2 with lengths of λ/4. The ideal

scattering matrix at the design frequency f0 is given by [19]:

SHC =
−1
√
2


0 j 1 0
j 0 0 1
1 0 0 j
0 1 j 0

 (1)

The hybrid coupler design requires the optimization of
the transmission lines’ dimensions (widths and lengths) to
achieve a scattering matrix as close as possible to (1).
Even if a rough approximation of these parameters can be
obtained through analytical expressions, these expressions
do not consider some significant electromagnetic effects at
the T-junctions [14]. Full-wave numerical solvers, such as
Finite Element Method (FEM) available on the commercial
software Ansys HFSS, are then used to refine the values of
the dimensions that lead to the desired behavior.

The estimated initial dimensions for λ/4 at 60 GHz, Z0 =

50� and Z0/
√
2 = 35.35� were obtained using Advanced

Design System’s (ADS) tool LineCalc, and are listed in
Table 1. However, simulations revealed that these values lead
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FIGURE 5. Top-view and perspective view of an integrated hybrid coupler,
indicating the dimension parameters and the port identification.

TABLE 1. Dimensions of the hybrid coupler before and after optimization.

FIGURE 6. Magnitude of the S11, S21, S31, and S41 of the hybrid coupler
(simulated results).

to an unbalance between the outputs and a frequency shift
of the impedance matching point. The analytically estimated
dimensions were refined by performing a parametric analysis
of the four variables using the aforementioned software in
which theMnMwasmodeled as a 50 µm-thick solid substrate
with ϵr = 6.7, tan δ = 0.015 and the metallic layers
were modeled with a thickness of 3 µm and conductivity of
5.8·107 S/m (copper) [17]. The restrictions in the lithography
process during the fabrication were considered by setting
a resolution of 1 µm during the optimization process. The
optimized dimensions, also presented in Table 1, resulted in a
hybrid coupler device whose behavior in terms of scattering
parameters was obtained from a simulation utilizing Ansys
HFSS, and is shown in Fig. 6.
Two samples of the optimized hybrid coupler were

fabricated and characterized. One of the samples is shown in
Fig. 7. Measurements were performed using a Keysight PNA
N5227B vector network analyzer (VNA); MPI Titan ground-
signal-ground (GSG) probes, with a 100 µm pitch; and a

FIGURE 7. Photograph of the fabricated hybrid couplers.

line-reflect-reflect-match (LRRM) calibration. The couplers’
response curves in Fig. 8 show (a) the magnitude of the S11
and S41, (b) the magnitude of the S21 and S31, and (c) the
phase difference between S21 and S31 for both samples. At the
design frequency of 60 GHz, insertion loss and coupling
were 3.6 dB and 3.9 dB, respectively. Thus, the measured
unbalance was lower than 0.3 dB for the two samples. The
reflection coefficient of both samples remained below –15 dB
for a 10 GHz wide band, while isolation was higher than
20 dB over a 5-GHz-wide band around the design frequency.
The phase difference between the outputs at 60 GHz was
90.8o and remained in the interval from 87o to 93o in the range
of 54-63 GHz.

IV. TSV-BASED CROSSOVER
As already mentioned, one of the advantages of the MnM
substrate is the potential to create compact and low insertion
loss TSVs employing a simple fabrication process (detailed
in Section II) [15]. However, there is no precise analytical
model capable of predicting the losses and possible mis-
matches caused by the vias. Due to the complexity of the
nanowire structure that constitutes the vias (size, aspect ratio,
density, etc.), the discretization and solution of Maxwell’s
equations in this domain would require prohibitively high
computational resources. For this reason, we chose not to
use simulation tools to design and optimize the TSVs, but
rather create layouts of simple structures with dimensions
compatible with transmission lines and other components
used in the Butler matrix (detailed in Section V). Afterward,
the electrical parameters of interest would be extracted to
analyze possible losses and parasitic characteristics.

Considering that the interconnections between the Butler
matrix’s components were done with 50 � microstrip lines,
the crossover between two lines was implemented as a detour
of one of them to a 50� co-planar waveguide (CPW) section
in the bottom metallization level, as shown in Fig. 9. The
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FIGURE 8. Characterization of the two fabricated samples of hybrid
couplers: (a) the magnitude of the S11 and S41, (b) the magnitude of the
S21 and S31, and (c) the phase difference between S21 and S31.

lines’ width and the slot in the bottommetallization level were
dimensioned so that both the microstrip and CPW section had
an impedance of 50�. The length of the CPW section had to
be sufficiently small for a compact device, yet large enough
to prevent crosstalk between the direct microstrip section and
the microstrip with vias and CPW section. In order to attain
a trade-off between compactness and performance, three
crossover configurations with different CPW section lengths
were fabricated. The layouts of the fabricated crossovers
are shown in Fig. 10. Additionally, the layout includes
transmission lines with vias and a CPW section, and a section
of microstrip without vias used as a reference for losses
and phase shifting, both separated from the crossovers (see
Fig. 10). Fig. 11 exhibits one sample of the 300 µm CPW
crossover and the reference microstrip line as seen through
an optical microscope.

In Fig. 12, |S11| and |S21| curves for the 300 µmand 400 µm
CPW sections with vias are shown together with those of the
reference microstrip line. The results show that the signal
detour to a CPW in the bottom metallization level does not
significantly impact insertion losses, showing a penalty lower
than 0.1 dB at 60 GHz compared to the reference microstrip.
These slight discrepancies may be attributed to random

FIGURE 9. 3D view of the crossover structure.

FIGURE 10. Layouts of the crossovers with CPW section lengths of
(a) 600 µm, (b) 400 µm, and (c) 300 µm, a (d) section of microstrip line
for reference, and transmission lines with CPW section lengths of
(e) 400 µm and (f) 300 µm.

FIGURE 11. Optical microscopy images of the fabricated samples:
(a) front and (b) back view of the crossover with 300 µm CPW; (c) front
and (d) back view of the crossover with scale 1:100 µm; (e) reference
microstrip line.

environmental errors during the measurement process, but
they are so small that can also fall within the equipment
error. Observing the phase, however, different behavior is

22136 VOLUME 12, 2024



B. M. Verona et al.: Implementation of a Millimeter-Wave Butler Matrix

FIGURE 12. Measurements of (a) |S11|, (b) |S21| and (c) phase (̸ S21) of
300 µm, 400 µm CPW section with vias and reference microstrip line.

noted. Although the dimensions of both microstrip and CPW
sections were adjusted so that the characteristic impedance
is close to 50 �, the propagation constants differ. Therefore,
the longer the CPW segment, the more distinct the difference
presented between the behavior of the structures with vias and
CPW section, and the reference microstrip line. This may be
observed in the phase graph in Fig. 12, which shows that the
structures with vias and 300 µm and 400 µm CPW sections
deviate 4.8◦ and 8.5◦ from the reference microstrip line at
60 GHz, respectively.

The scattering parameters of the fabricated crossovers are
presented in Fig. 13, where we show (a-b) the reflection
coefficients and (c-d) transmission coefficients of the direct
as well as the CPW and vias sections. At 60 GHz, the section
with vias presented a reflection coefficient below –25 dB
and insertion losses between 0.5 dB and 0.7 dB for all
three manufactured structures. The direct section, however,
exhibited higher losses and poorer matching, in addition
to more significant performance degradation as the CPW
segment’s length grew. This performance degradation of the
direct microstrip section can be attributed primarily to the slot
in the bottom metallization layer, designed to correspond to
a 50� CPW line. In the direct section, the slot functions as a
defected ground structure (DGS), which disrupts the current

FIGURE 13. Characterization of the fabricated crossovers’ reflection
coefficient of (a) the direct section and the (b) the section with CPW;
transmission coefficient of (c) the direct section, and (d) section with
CPW.

distribution of the ground plane. Consequently, it alters
the effective resistance, capacitance, and inductance of the
microstrip line by introducing resistance, capacitance, and
inductance associated with the slot [20].

To verify the influence of the slot on the degradation of
the microstrip line’s performance, we conducted simulations
that exclusively considered the microstrip’s direct section
and the slot in the bottom metallization layer, functioning
as a DGS. The slot’s length was examined at 300 µm,
400 µm, and 600 µm, to match the analysis performed
for the crossover. Figure 14 illustrates (a) the reflection
coefficients and (b) transmission coefficients obtained from
the simulations, demonstrating poorer matching and higher
losses as the slot length grows, which is consistent with
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FIGURE 14. Simulated results of the magnitudes of (a) reflection
coefficient and (b) transmission coefficient for a microstrip section with a
slot (DGS) on the ground plane corresponding to the CPW section.

the observations made for the crossover in Fig. 13. For the
crossover design, the slot’s length is the sole controllable
variable, as the other dimensions of the slot are fixed to
achieve a 50� CPW line. Thus, we established the crossover
design by evaluating the outcomes presented in Fig. 13. The
best case was the crossover with a 300 µm CPW section, for
which the reflection and transmission coefficients at 60 GHz
were –15 dB and 0.7 dB, respectively. At this frequency, the
crossover with a 600 µm CPW section presented an insertion
loss higher than 1.4 dB and a reflection coefficient of around
–10.2 dB.

Another relevant aspect for evaluating the crossovers is the
isolation between the two lines, which quantifies the signal
interference between the direct microstrip line and the one
with CPW sections and vias. Although both sections are
electrically isolated, a capacitive coupling between the two
lines leads to a signal leak that increases with frequency.
This effect can be seen in the curves in Fig. 15, where the
measured isolation levels for the three crossover structures are
shown. In Fig. 15, we can also observe that even though signal
crossing increases at higher frequencies, at 60 GHz isolation
still exceeds 20 dB for all crossover structures. Additionally,
we can note an increase in signal interference for the more
compact crossover structures. However, even for the 300 µm
crossover, the most compact fabricated device, the isolation
level obtained is acceptable for application in the Butler
matrix. All measurements of the crossover were acquired
using the same setup described in Section III.

V. DESIGN AND FABRICATION OF THE BUTLER MATRIX
The Butler matrix is a linear and passive network with typi-
cally N inputs and N outputs, composed of an arrangement
of hybrid couplers, crossovers, and fixed phase shifters. The

FIGURE 15. Measured isolation of the fabricated crossovers.

FIGURE 16. Schematic of a 4 × 4 Butler matrix.

TABLE 2. 4 × 4 Butler matrix progressive phase difference and the
resulting beam direction.

signal injected into one of the input ports of the Butler matrix
is equally split among the output ports with a progressive
phase. The phase difference value will change depending
on the input port at which the signal is input. In this way,
by feeding the elements of an array antenna with a Butler
matrix, whose inputs are selectively excited using an RF
switch, the beam direction can be controlled. The schematic
of a 4 × 4 Butler matrix designed according to the method
proposed in [21] is presented in Fig. 16.

A 4 × 4 Butler matrix provides consecutive phase
differences of 1ψ1 = −45◦, 1ψ2 = +135◦, 1ψ3 = −135◦

or 1ψ4 = +45◦, depending on the excited input port. With
these phase differences, the beam-steering angle is given by:

θBSi = arcsin
(
1ψiλ

2πd

)
,with i ∈ [1, . . . , 4], (2)

where λ is the operation wavelength and d is the center-to-
center element separation.

If this network is connected to a linear array of antennas
spaced by a distance d = λ/2, the angle of the main beam
can be oriented toward θBS = ±14.48◦ and θBS = ±48.59◦

with respect to the broadside direction. The progressive phase
difference and the resultant beam direction in terms of the
exited input port are summarized in Table 2.

We combined the devices described in previous sections
according to the schematic presented in [21] to build the first
complete 4×4Butlermatrix onMnM technology. In addition,
to verify that the implemented Butler matrix induces the
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TABLE 3. Transmission coefficients and phase differences at the outputs of the matrix simulated using MoM.

TABLE 4. Transmission coefficients and phase differences at the outputs of the matrix simulated in the SPICE environment using measured S parameters.

required progressive phase, we connected the Butler matrix
to a 4-element array antenna, which allowed us to validate the
beam steering capability of the fabricated Butler matrix. The
characterization of the components presented in Sections III
and IV was used to design and predict the performance of
the Butler matrix, which was simulated using Momentum
fromADS that employs theMethod ofMoments (MoM). The
4 × 4 Butler matrix layout, based on Fig. 16, is shown in
Fig. 17. This layout was designed to operate at 60 GHz and
feed a four-element linear array of patch antennas with an
interelement separation of λ/2 ≈ 2.5 mm.
The layout was composed of five stages that were built

using the previously designed and characterized devices,
except for the 45◦ phase shifter, which was designed
according to the available space between stages 2 and 4
(see Fig. 17). To position the devices in the matrix layout,
the hybrid couplers were fixed so that the crossing of two
transmission lines would always occur orthogonally, in order
to make the design compatible with the crossover that was
already designed. In addition, the device was designed to
ensure that the distances between each input and the four
outputs to be the same, thus avoiding unwanted phase
differences. The couplers and crossovers were positioned
and interconnected, and the 45◦ phase shifters in stage 3
were designed, using the 774 µm straight lines as reference.
A curved microstrip section was used to design the 45◦ phase
shifter which resulted in a 1095 µm long microstrip line,
as shown in Fig. 17.

In order to obtain a first prediction of the assembled Butler
matrix’s behavior, we analyzed the results obtained from two
different simulation methods: MoM, and SPICE with mea-
sured data obtained from the characterization of the couplers,
crossovers, and transmission lines. Simulations using MoM
considered the top and bottom metal layers as bidimensional
planar conductors, with sheet resistance equivalent to a
3 µm thick layer of copper (σcopper = 5.8 · 107 S/m). The
Tables 3 and 4 compile the main results obtained at 60 GHz

FIGURE 17. 4 × 4 Butler matrix layout.

for the simulations using MoM, and using data from two
measured samples. Comparing the results from the two
simulation procedures, the behavior predicted by the SPICE
environment, using measured data from fabricated sample
(tables 3 and 4) indicate that the proposed layout is close
to the ideal model of the Butler matrix, with progressive
phase shifts and uniform power between outputs. On the
other hand, simulations using MoM (Table 3) revealed an
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FIGURE 18. Fabricated 4 × 4 Butler matrix.

inferior performance with more dispersed phase differences
and less uniform power distribution at the outputs but still
indicating that the proposed layout is able to produce the
desired behavior for a Butler matrix.

With the design of the 4×4 Butler matrix done, we created
the layout for the complete device, shown in Fig. 2, including
the RF pads at the inputs and the patch antenna array. The
dimensions for the patch antennas are such that allow the
operation at the V band (57 GHz to 66 GHz). To analyze
the designed device’s ability to control the beam direction
radiated by the antenna array, the final layout (Fig, 2) was
imported into ADS’ Momentum environment for numerical

FIGURE 19. Setup used to measure the radiation patttern.

simulation. The device’s operation at 60 GHz was evaluated
using the same parameters employed for the simulation of the
Butler matrix layout of Fig. 17.

Using the layout shown in Fig. 2, a sample with two
complete 4 × 4 Butler matrices, shown in Fig. 18, was
fabricated according to the process detailed in Section II.
The individual matrices were separated using a laser cutting
system (LPKF U3). The samples were characterization
by measuring the radiation pattern of the 4-element array
antennawhen eachmatrix input is excited. To do that, we used
the test setup shown in Fig. 19, where a horn antenna is
fixed to a movable structure that is able to conduct the
azimuthal sweep around the device under test (DUT) [16].
With this setup, each radiation pattern was measured by
positioning the RF probe (connected to the VNA) in one of
the Butler matrix inputs while the remaining inputs were kept
open. Nonetheless, even with three unmatched inputs, the
reflection coefficient for the excited input in each of the four
measurements remained lower than −10 dB for the expected
operation bandwidth.

Fig. 20(a) presents the four simulated radiation patterns.
For each of them, one of the input ports is excited, while
the others remain matched, with null incident power. The
simulated radiation patterns predict that the designed Butler
matrix is able to steer the antenna array’s radiation pattern
with reasonable agreement with the ideal angles. Even
with eventual phase errors and mismatches predicted in the
designed layout, the ideal directions of ±14, 5◦ and ±48, 6◦

are within the half-power beamwidth (HPBW). Furthermore,
the side lobe level (SLL) is affected by beam steering,
with wider angles of beam-steering resulting in higher SLL.
Fig. 20(a) shows that the SLL is −12 dB when power is
applied to ports 1 and 4, while for ports 2 and 3 the SLL rose
up to −6.9 dB. The measured beam directions are shown in
Fig. 20(b) and compiled in Table 5. From the values organized
in Table 5, it is possible to observe in agreement with the
simulation results, the measured angles are within HPBW.

Measurements of the reflection coefficient for each input
port of the Butler matrix are presented in Fig. 21. It can be
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FIGURE 20. Radiations patterns at 60 GHz for 4 × 4 Butler matrices
connected to an antenna array.

TABLE 5. Beam directions* observed in each fabricated sample of the
Butler matrix.

FIGURE 21. Measured reflection coefficient for each of the Butler matrix’s
input port.

observed that the matrix is operational within the 57.5 GHz
to 65 GHz range. However, when examining the gain as
a function of frequency (see Fig. 22), it becomes apparent
that the gain is not constant across the entire operational
bandwidth; instead, it remains relatively stable within a
narrow bandwidth around 60 GHz. Fig. 22 also illustrates that
when the matrix feeds only one antenna, as in this project,
the gain is not substantial. Therefore, additional antennas
may be incorporated into the array to enhance directivity and,
consequently, the gain.

FIGURE 22. Measurements of gain as a function of frequency for each
input port of the Butler matrix.

TABLE 6. Comparison between the proposed Butler matrix and the
matrices presented in literature operating at millimeter waves.

A comparison between this work and other Butler matrices
operating at millimeter waves reported in the literature is
presented in Table 6. The proposed 4 × 4 Butler matrix,
fabricated on the MnM platform, exhibits the smallest
footprints, aside from the design presented in [22], which
employs CMOS technology. However, the matrix in [22] is
a multi-layered structure, unlike the single-layer fabrication
process used in this work, rendering the proposed Butler
matrix simpler to manufacture.

VI. CONCLUSION
In this work we have presented the design, fabrication,
and characterization of transmission lines, crossovers, and
couplers using the MnM platform. The individual devices
were then used to build a complete Butler matrix, which
demonstrated the capabilities of the MnM platform in
functioning as an interposer for system integration.

The adopted fabrication method was able to produce vias
capable of interconnecting the bottom and top metallization
layers, thus enabling the construction of non-planar devices.
These vias were then used to implement high-performance
crossover. Experimental results reveal that the insertion loss,
isolation, and reflection levels of constructed crossovers
are sufficient to build an operational 4 × 4 Butler matrix.
The fabricated couplers showed low reflection losses, good
isolation, and output signals that are approximately balanced
and in quadrature at 60 GHz. Lastly, this work enabled
the fabrication and characterization of an initial prototype,
utilizing the MnM platform, of the Butler matrix feeding a
linear array antenna, capable of modifying the beam direction
according to the matrix’s input.
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Consequently, the results presented in this work contribute
to developing a complete cost-efficient RF front-end on the
MnM substrate, which enables facilitated integration with
active components manufactured utilizing well-established
technologies such as CMOS. Additionally, by offering an
RF front-end that supports the beam-steering technique, it is
expected that the proposed design can be exploited for various
applications at millimeter wave frequencies, particularly in
the advancement of technologies such as 60 GHz Wi-Fi.
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