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Abstract— This article presents a novel 4 × 4 Butler matrix
implemented in the grounded co-planar waveguide (GCPW) tech-
nology, compactly integrated with a highly efficient and broad-
band 1 × 4 air-filled substrate integrated waveguide (AFSIW)
cavity-backed patch antenna array (AA), giving rise to a broad
operational frequency range [23.75, 31 GHz] (26.5%) covering
the n257, n258, and n261 fifth-generation (5G) bands. Three novel
quadrature hybrid couplers and two crossovers are designed and
compared to obtain the optimal building blocks for the Butler
matrix. Within each of the supported 5G bands, the measured
excess insertion loss of the optimized Butler matrix remains
smaller than 3.5 dB with a maximal amplitude imbalance of
±0.9 dB. Isolation between input ports is higher than 16.4 dB.
A maximal measured realized gain of 12.3 dBi is obtained for the
Butler matrix with integrated 1 × 4 AA while ensuring a −3-dB
beamwidth coverage of 110◦ . The main beamsteering directions
of [−40◦, −14◦, 14◦, 40◦] exhibit measured deviations that stay
within ±3◦. The fabricated Butler matrix with AA features a
very compact footprint of 21.4 mm × 46.0 mm × 2 mm [2λ0×
4.3λ0× 0.2λ0].

Index Terms— Beamforming, Butler matrix, crossover, fifth
generation (5G), grounded co-planar waveguide (GCPW), hybrid
coupler, millimeterwave (mmWave), multilayer printed circuit
board (PCB), size, weight, power, and cost (SWaP-C).
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I. INTRODUCTION

THE new generation communication systems aim to
expand connectivity, offering 4K video streaming and

augmented reality (AR) / virtual reality (VR), introduc-
ing self-driving cars and device-to-device (D2D) commu-
nication, and connecting smart objects, homes, buildings,
and cities to the wireless network [1], [2]. To this end,
an increased operational bandwidth is essential [3], still avail-
able at millimeterwave (mmWave) frequencies. The resulting
increase in path loss can be overcome by employing highly
directive antenna arrays (AAs), although this necessitates
advanced beamsteering networks. The ecological challenge in
this fifth-generation (5G) revolution requires energy-efficient
designs [4] while maintaining a small footprint to counter
material spill, feasible by minimizing interconnection losses in
the feed network and employing antennas with high total effi-
ciency. Exploiting a Butler matrix beamsteering network [5],
[6] enables a passive multibeam solution without any addi-
tional control signal requirements usually needed by active
beamforming chips. In contrast to alternatives, such as Blass
and Nolen matrices [7]–[10], it is a cost-effective option and
relatively simple to implement due to its modularity, provided
by a discrete amount of building blocks. In addition, it can
be leveraged in the analog stage of a hybrid beamformer for
efficient multi-user mmWave multiple-input multiple-output
(MIMO) communication [11]. A judicious selection of the
feed network implementation technology is key in achieving
a well-balanced trade-off between all figures of merit.

Substrate integrated waveguide (SIW) and air-filled SIW
(AFSIW)-based Butler matrix topologies proposed in the
literature exhibit significant footprints, complicate compact
integration with antennas other than slot arrays, and
require dedicated transitions to connect to integrated circuits
(ICs) [12]–[19]. In contrast, Butler matrix implementations
based on stripline (SL), microstrip line (MSL), and co-planar
waveguide (CPW), which are often integrated with simple,
yet less efficient, patch AAs, have an increased transmission
loss [20] and the spurious radiation of the routing network
influences the radiation pattern of the AA [21]–[28].

This article presents a novel compact 4 × 4 Butler matrix in
the grounded CPW (GCPW) technology, for direct integration
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TABLE I

COMPARISON OF THE PROPOSED SOLUTION WITH THE STATE-OF-THE-ART DESIGNS

with a highly efficient, broadband 1 × 4 AFSIW cavity-backed
patch AA [31] to obtain a total solution with favorable size,
weight, power, and cost (SWaP-C), covering all global 5G
26- and 28-GHz bands, being: n257 [26.5, 29.5] GHz, n258
[24.25, 27.5] GHz, and n261 [27.5, 28.35] GHz while facili-
tating integration with additional communication ICs. To the
best of the authors’ knowledge, neither the components nor a
full mmWave GCPW Butler matrix manufactured in standard
printed circuit board (PCB) technology have yet been pursued.
This article substantially extends the conference paper [32] by
proposing three novel implementations of quadrature hybrid
couplers and two novel crossover designs in the GCPW tech-
nology. The Butler matrix, incorporating the best performing
building blocks and occupying a compact footprint of only
19.2 mm × 29.9 mm × 0.65 mm, allows easy integration with
antenna topologies employing a GCPW feed, (M)SL via taper-
ing, and (AF)SIW technology via slot coupling. The latter is
demonstrated by compactly integrating the Butler matrix with
four broadband and highly efficient AFSIW cavity-backed
patch antennas in an array configuration, as presented in [31],
and by fully validating the integrated solution in the entire
[23.75, 31] GHz frequency band.

Table I provides an overview of the state-of-the-art Butler
matrix implementations, including the design proposed in this
work. Note the compact footprint of the proposed solution
while maintaining broadband operation. The average excess
insertion loss of 3.5 dB is better than most proposed MSL
implementations. The isolation (>16.4 dB in case of the
standalone Butler matrix and >10.4 dB after integration with
the AA) competes with (AF)SIW solutions. Considering the
four antenna element layout, our design achieves a high
measured gain amounting up to 12.3 dBi, with an excellent
−3-dB beamwidth coverage of 110◦ for all 5G bands.

Section II gives an overview of the proposed system and
details the design, integration, and fabrication requirements.

Section III compares three different GCPW implementations
of quadrature hybrid couplers, as well as two different
crossover designs. The optimal building blocks are assem-
bled in a 4 × 4 Butler matrix and the performance is
evaluated in Section IV. The beamsteering capabilities with
integrated 1 × 4 AFSIW cavity-backed patch AA are demon-
strated in Section V, whereas Section VI elaborately compares
our solution to the state of the art. A conclusion is formulated
in Section VII.

II. BUTLER MATRIX TOPOLOGY

Before providing a detailed description of the design
procedure for the Butler matrix, we first outline its over-
all architecture, being a composition of hybrid couplers,
crossovers, and phase shifters implemented in the GCPW
technology. Then, we list the different specifications we target
during the design process. Next, we discuss the requirements
imposed on the Butler matrix to optimally interface with the 1
× 4 AFSIW AA proposed in [31].

A. System Overview
Fig. 1 shows the architecture of the proposed Butler matrix

with compactly integrated AA. The Butler matrix consists
of four quadrature hybrid couplers, two crossovers, and two
phase shifters to support four beams. The quadrature hybrid
couplers provide near 3-dB power splitting while maintaining
a stable 90◦ phase difference between their output ports and
are designed for minimum insertion loss and amplitude/phase
imbalance. Fixing the two phase shifters and crossovers yields
the required phase difference between adjacent antenna ele-
ments δ such that each input port excitation of the Butler
matrix (ports 1–4) gives rise to a distinct main beam direction
θ [33], as shown in Fig. 1. The Butler matrix is directly
integrated at the backside of the broadband and highly effi-
cient 1 × 4 uniform linear array (ULA) proposed in [31],
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Fig. 1. Block diagram of the proposed Butler matrix with integrated AA.

which is implemented in the stacked AFSIW PCB technol-
ogy. This approach ensures peak performance in a compact
footprint by minimizing the interconnect lengths and reusing
the AA as an integration platform.

B. Specifications
Both the standalone Butler matrix and the Butler matrix

with integrated 1 × 4 array are designed for efficient and
robust operation in all worldwide-planned 26- and 28-GHz
5G bands, being the n257 [26.5, 29.5] GHz, the n258 [24.25,
27.5] GHz, and the n261 band [27.5, 28.35] GHz. Thereto,
all input and output reflection coefficients with respect to
50 � should remain below −10 dB in the entire [23.75,
31] GHz band, including a 2-GHz impedance bandwidth
margin to mitigate detrimental effects from fabrication process
variations. Hence, a large fractional bandwidth of 26.5% is
pursued. In addition, in each of the supported 5G bands, the
Butler matrix is designed to ensure a peak realized gain above
10 dBi, a sidelobe level (SLL) below −6 dB, a port-to-port
isolation of at least 10 dB, and simultaneous support of four
distinct beams in the azimuth plane with main beam directions
(θ ) [−40◦, −14◦, 14◦, 40◦] and a θ -deviation not exceeding
5◦. The latter is chosen to ensure a total −3-dB beamwidth
system coverage of more than 90◦ while not exceeding the
−3-dB beamwidth of the single antenna element [31]. Table II
lists for each input port excitation the main beam direction θ
and the required phase difference between adjacent antenna
elements δ. The derived target specifications for the individual
components are listed in Section III.

C. Integration Requirements
The 1 × 4 AFSIW AA is realized by stacking three low-

cost single-layer PCB laminates: a 0.254-mm-thick RO4350B
substrate for the GCPW feed of the antenna elements, a 1-mm-
thick FR-4 layer to implement air-filled edge-plated cavities,
and another 0.254-mm-thick RO4350B substrate for the radi-
ating antenna patches on top [31]. The proposed Butler matrix
is implemented on the same layer as the GCPW feed lines of
the antenna, capitalizing on the excellent antenna-to-platform
isolation offered by the antenna topology and reducing feed

TABLE II

PHASE DIFFERENCE BETWEEN ADJACENT PORTS δ AND SIMULATED MAIN
BEAM DIRECTION θ FOR EACH INPUT PORT EXCITATION

line losses to the bare minimum. An additional 0.254-mm-
thick RO4350B substrate is used at the bottom of the stack
to implement a multilayer crossover. Considering all 35-μm-
thick conductor layers, this results in a total thickness of
2.042 mm for the Butler matrix with integrated AA.

III. PASSIVE BUILDING BLOCKS

This section elaborately discusses and compares novel
implementations of the passive building blocks that are
needed for a GCPW-based Butler matrix. Standard PCB
manufacturing is adopted for the fabrication of all prototypes.
Measurements of the prototypes, using SouthWest 2.4-mm
female end launch press-fit connectors, are performed with
a Keysight N5247B PNA-X vector network analyzer (VNA).

A. Quadrature Hybrid Coupler Designs
Three distinct designs, implemented in the GCPW

technology for minimal insertion loss and decent power han-
dling, are shown in Fig. 2. The optimized behavior of the
double branch-line and triple branch-line hybrid couplers is
shown in Fig. 3(a) and (b), respectively. The two latter designs
are used for benchmarking. The best performing design is the
novel bent quadrature hybrid coupler in Fig. 2(c), of which the
optimized behavior is plotted in Fig. 3(c). By bending the clas-
sic square topology [34], fabrication difficulties concerning the
required copper pad around each via for full GCPW realization
are mitigated, thereby enabling scaling to even higher frequen-
cies. The employed PCB manufacturer’s guidelines dictate a
copper clearance of at least 0.1 mm. Furthermore, signals can
easily be routed to the hybrid coupler under any incoming
angle because of the bent feed lines. This allows the efficient
and compact integration of the beamforming network with
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Fig. 2. Quadrature hybrid coupler design layout with annotated dimensions
in millimeter. (a) Double branch-line coupler in a footprint of 4.1 mm ×
5.5 mm. (b) Triple branch-line coupler in a footprint of 4.0 mm × 7.6 mm.
(c) Bent hybrid coupler design in a footprint of 5.2 mm × 5.5 mm.

active electronic and even opto-electronic components [35],
[36] into an antenna unit.

1) Specifications: Optimization of the designs targets mul-
tiple requirements, such as keeping the excess insertion loss
below 1 dB as well as ensuring an amplitude imbalance below
0.5 dB. A return loss above 10 dB and an isolation higher than
15 dB are aimed for while retaining a stable phase difference
between the output ports close to 90◦, where the imbalance
remains within 5◦.

2) Design: To simplify the design procedure of the bent
topology, the sum of the trace width and twice the gap width
is kept constant in the circular part of the design [see Fig. 2(c)].
In particular, the final dimension amounts to 0.39+2×0.34 =
0.66 + 2 × 0.205 = 1.07 mm. Similar to the design procedure
of a classic square branch-line coupler, the impedances of the
transmission lines (TMLs) are initially set to Z0,i = 50 �

Fig. 3. Measured (dashed) and simulated (solid) scattering parameters of all
quadrature hybrid couplers. (a) Double branch-line coupler. (b) Triple branch-
line coupler. (c) Bent hybrid coupler.

and Z0,i/
√

2 = 35.4 � [37]. Full-wave optimization using
CST Microwave Studio results in characteristic impedances
of Z0,opt = 55 � and Z0,opt/

√
2 = 38.9 � for the TMLs of the

bent hybrid coupler design when optimizing for minimal inser-
tion loss. The incoming GCPW feed traces are still matched
to 50 � to minimize reflections. Adding the central via
[see Fig. 2(a) and (c)] is essential for a full GCPW realization.
Notice that how the triple branch-line coupler in Fig. 2(b) has
its middle section implemented in (quasi-) MSL, to achieve a
nominal impedance of Z1,i = (

√
2 + 1)Z0,i = 120.7 � [38].

The required dimensions to realize this impedance in the
GCPW technology exceeds the space available within the
GCPW sections on the top and bottom, and the manufacturing
capabilities.

3) Performance: The fabricated prototypes are shown in
Fig. 4. The measurements are performed after thru-reflect-
line (TRL) calibration up to the port planes defined in Fig. 2.
The measured and the simulated behavior of all quadrature
hybrid coupler designs, which are plotted in Fig. 3, agree
well and show that the bent hybrid coupler exhibits the
lowest reflection coefficients (blue curves) and the highest
isolation toward undesired ports (red curves), while the double
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Fig. 4. Pictures of the quadrature hybrid coupler prototypes. (a) Double
branch-line coupler. (b) Triple branch-line coupler. (c) Bent hybrid coupler.

Fig. 5. Measured transmission characteristics of all couplers.

branch-line coupler shows the highest transmission loss and
largest amplitude imbalance (purple and yellow curves) over
the frequency range [24.25, 29.5] GHz. The latter can also be
seen in Fig. 5, showing an enlarged version of the measured
transmission characteristics of all hybrid couplers. Notice that
some manufacturing tolerances introduce a slight asymmetry
in the fabricated prototypes since we notice small differences
between |S31| and |S41|, and between |S32| and |S42|. The com-
parison between the measured and simulated phase relations
of both output ports, being (�S31 − �S41), is presented in
Fig. 6. The full GCPW realization of the bent hybrid coupler
shows reliable phase behavior, with a small measured phase
imbalance of ±0.55◦ over the n257 band and ±1.2◦ over all
5G bands [24.25, 29.5] GHz.

Numerical comparison of the performance of all three
designs in the n257 band is presented in Table III. The
bent hybrid coupler achieves the best measured results in
terms of excess insertion loss (<0.8 dB) and amplitude
imbalance (<0.5 dB), fulfilling the aforementioned proposed
specifications. The bent hybrid coupler also performs best in
terms of return loss (>14.8 dB) and phase imbalance (<1.1◦).
The achieved performance meets the requirements for return
loss and phase imbalance by a large margin. In terms of
isolation, we see that the bent hybrid competes with the double
branch-line coupler (>20 dB), both achieving much better
isolation than the targeted 15 dB. Similar observations can be
made in the n258 and n261 bands. The footprint of the double
branch-line coupler equals 4.1 mm × 5.5 mm = 22.55 mm2,
compared to 4.0 mm × 7.6 mm = 30.4 mm2 for the triple
branch-line coupler and 5.2 mm × 5.5 mm = 28.6 mm2 for
the bent hybrid design.

4) Conclusion: Considering all figures of merit, we con-
clude that the novel bent hybrid coupler, fully implemented in
GCPW technology, performs best. This design enables easy

Fig. 6. Measured (dashed) and simulated (solid) output port phase difference
of all quadrature hybrid coupler designs.

TABLE III

OVERALL WORST-CASE MEASURED (SIMULATED) PERFORMANCE FOR

ALL PASSIVE BUILDING BLOCKS

integration into a full Butler matrix due to its bent input and
output signal lines while ensuring low radiation losses and a
compact footprint.

B. Crossover Designs
Fig. 7 shows the two proposed crossover topologies in the

GCPW technology. Traditional crossover designs are usually
realized by concatenating two quadrature hybrid couplers,
typically resulting in a bulky and lossy crossover component.
The bent hybrid coupler-based crossover shown in Fig. 7(a)
serves as a benchmark. Its optimized performance is shown in
Fig. 8(a). The novelty of the multilayer crossover, presented
in Fig 7(b), lies in its compact GCPW implementation,
where the indirect path provides an additional degree of
rotational freedom due to the coax-like transition, matched to
50 �. Moreover, separating the signal paths provides excellent
crosstalk suppression, confirmed by the scattering parameters
plotted in Fig. 8(b).

1) Specifications: Optimization of the designs aims for
multiple goals, such as keeping the insertion loss below 1 dB
as well as ensuring an amplitude imbalance below 0.5 dB.
In addition, a return loss above 10 dB and an isolation higher
than 15 dB are targeted while minimizing the phase difference
between the output ports, keeping the imbalance within 5◦.

2) Design: The coax-like transition of the multilayer
crossover is matched to 50 � to ensure minimal reflection.
By applying the impedance calculations in [37], we obtain for
the ratio between the outer and inner diameter of the coax:
douter/dinner = 4.93. Initially, the starting values are set to
dinner = viad = 0.25 mm and douter = 1.23 mm, where, given
the via implementation of the outer conductor, we expect douter

to increase slightly after optimization to obtain a perfect 50-�
match, according to [39]. Manufacturing guidelines specify a
via pad clearance of 0.25 mm, which results in a total pad
diameter of 0.5 mm, as shown in Fig. 7(b).
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Fig. 7. Crossover topologies with annotated dimensions in millimeter.
(a) Bent hybrid coupler-based crossover design in a footprint of
5.5 mm × 10.2 mm. (b) Multilayer crossover in a footprint of
5.0 mm × 5.1 mm: top (left) and bottom (right) copper layer with a copper
ground plane layer in the middle to minimize crosstalk.

Since both signal paths of the multilayer crossover are not
necessarily of identical electrical length, special attention is
devoted to preserving an equal signal phase at the output
ports. This can be easily controlled by exploiting the degrees
of freedom given by the design angles α and β. The two PCB
layers for the multilayer crossover are assembled by adding an
appropriate amount of solder paste on the via pads of the signal
vias in the middle of the coax-like structure, shown on the right
of Fig. 7(b). Both layers are then temporarily fastened with
brass screws of 1 mm diameter while applying a heatgun to
reflow the solder paste locally. Finally, the screws are removed
and the galvanic contact between both PCB layers is verified.

The fabricated multilayer crossover prototype has a small air
gap between both PCB substrates due to the etching process
and the soldering. Simulations show that a larger air gap
increases the phase of the multilayer path from port 1 to
port 2: �S21. To accommodate for the presence of such an
air gap, the initially designed phase of the indirect path (port
1 to 2) is 25◦ smaller than for the direct path (port 3 to 4),
giving some leeway to the fabricated prototypes’ output port
phase difference. An air gap thickness variation from 1 to 5
μm corresponds to an additional phase shift within ±5◦.
A consistent fabrication technique resulted in an air gap of
about 3 μm between both PCBs, corresponding to a phase
difference of 20.5◦ between both output ports at the center

Fig. 8. Measured (dashed) and simulated (solid) scattering parameters of all
GCPW crossovers. (a) Bent hybrid coupler-based crossover. (b) Multilayer
crossover.

Fig. 9. Pictures of both crossover prototypes. (a) Bent hybrid coupler-based
crossover design. (b) Multilayer crossover: top view (left) and bottom view
(right).

frequency of 28 GHz, which can be compensated for when
designing the full Butler matrix. In terms of magnitude of the
transmission coefficient, the influence of an air gap thickness
between 1 and 5 μm causes negligible variations smaller than
0.06 dB.

3) Performance: The fabricated prototypes of both
crossovers are shown in Fig. 9. All measurements are
performed after TRL calibration up to the port planes defined
in Fig. 7. The comparison of the measured and simulated
behavior of both crossover designs, shown in Fig. 8, proves
good agreement and shows that the multilayer crossover
exhibits the lowest reflection coefficients, the highest isolation
between undesired ports, and the lowest transmission
loss over the frequency range [24.25, 29.5] GHz. Fig. 10
shows an enlarged version of the measured transmission
characteristics of both crossovers. In case of the concatenated
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Fig. 10. Measured transmission characteristics of both crossovers.

Fig. 11. Measured (dashed) and simulated (solid) output port phase difference
of both crossover designs.

bent hybrid coupler-based crossover, the manufacturing
tolerances introduce a slight asymmetry in the fabricated
prototypes, which is characterized by an amplitude imbalance
||S21| − |S43|| < 0.25 dB. The amplitude imbalance of
the multilayer crossover remains below 0.21 dB at every
frequency, which is smaller than its bent crossover alternative.
The larger insertion loss and frequency-dependent behavior
of the bent crossover make this solution less attractive than
the multilayer crossover.

The comparison between the measured and simulated phase
relations of both output ports, being (�S21 − �S43), is rep-
resented in Fig. 11 for both crossover designs. A consistent
fabrication technique for the multilayer crossover resulted in
an air gap around 3 μm between both PCBs. The phase
imbalance remains within ±2.5◦ in the n257 5G frequency
band, for both simulation and measurement, and within ±4.5◦
for the entire [24.25, 29.5] GHz band.

Numerical comparison of both designs is presented in
Table III for the n257 band. From this table, we see
that the multilayer crossover achieves the best measured
results in terms of insertion loss (<0.5 dB) and ampli-
tude imbalance (<0.2 dB), fulfilling the target specifica-
tions on insertion loss (<1 dB) and amplitude imbalance
(<0.5 dB). The multilayer crossover also performs best in
terms of isolation (>43 dB), which is significantly better than
the postulated value of >15 dB. Consequently, the excel-
lent isolation achieved by the multilayer crossover exceeds
high-performance SIW implementations [12], [19], [40] while
maintaining an extremely compact footprint. In terms of return
loss, we see that the multilayer crossover competes with the
bent hybrid-based crossover (>15 dB), both satisfying the
requirement of 10 dB. The phase imbalance of the multilayer
crossover is slightly worse than the benchmark design (<4◦).

Fig. 12. Full Butler matrix design with highlighted building blocks, color
coded according to Fig. 1.

However, this is a trade-off with the substantially improved
transmission coefficient and isolation, and it still complies
with the targeted limit of 5◦. Similar observations can be
made in the n258 and n261 bands. In addition, the multilayer
crossover is significantly more compact with a footprint of
only 5.0 mm × 5.1 mm = 25.5 mm2, compared to a footprint
of 5.5 mm × 10.2 mm = 56.1 mm2 for the bent hybrid-based
crossover, which is more than double.

4) Conclusion: Considering all figures of merit, we con-
clude that the novel multilayer crossover, fully implemented
in GCPW technology, performs best. This design enables a
very compact realization of a full Butler matrix, while the
rotational degree of freedom of the indirect multilayer path,
due to the matched 50-� coax-like transition, allows easy
manipulation of the phase difference between both output
ports by adjusting the rotation angle β, currently set to 132◦
[see Fig. 7(b)].

IV. STANDALONE BUTLER MATRIX

The spacing between the GCPW tracks of the best perform-
ing bent quadrature hybrid coupler and multilayer crossover,
carefully examined in Section III, is adapted to match the
antenna pitch of half a wavelength at 29.5 GHz, being 5.4 mm.
The full 4 × 4 Butler matrix consists of four bent hybrid
couplers, four phase shifters, and two multilayer crossovers,
as shown in Fig. 12. It fits within a footprint of 19.2 mm ×
29.84 mm × 0.648 mm [1.8λ0 × 2.8λ0 × 0.06λ0].

A. Phase Shifters

The adapted multilayer crossover with GCPW track pitch
of 5.4 mm exhibits a phase shift of �S21 = �S43 = 78◦
for both its signal paths. Consequently, two additional phase
shifters of 78◦ are introduced on top of the two essential 45◦
phase shifters, to compensate for the additional path length
introduced by the crossovers. These can be found at the right
edge in Fig. 12. Both 45◦ phase shifters also get an additional
phase shift of 78◦, resulting in a total phase of 123◦, present
at the center-left side of Fig. 12.

B. Measured Results

The measured transmission characteristics of the full
eight-port standalone Butler matrix after TRL calibration are
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Fig. 13. Standalone Butler matrix, transmission coefficients: simulated
(a) without and (b) with surface roughness and ENIG surface finish versus
(c) measured, and input reflection coefficients and crosstalk between the input
ports: (d) simulated (with surface roughness and ENIG surface finish) versus
(e) measured.

shown in Fig. 13(c). The TRL calibration allows de-embedding
of the employed SouthWest 2.4-mm female end launch con-

Fig. 14. Butler matrix with integrated 1 × 4 ULA prototype inside the
anechoic chamber.

nectors and the longer GCPW tracks, which are essential to
ensure that the transition effects from the capacitive connector
press have died out. The measured excess insertion loss
varies between 2.5 and 4.3 dB for all covered 5G bands.
The increased losses are mainly attributed to a high surface
roughness value at the side of the laminate (Ra = 7 μm) [41]
and the ferromagnetic properties of nickel in the electroless
nickel/immersion gold (ENIG) surface finish [42], with the
covering gold layer being much thinner than its skin depth.
This is confirmed by simulation in Fig. 13(a) and (b).

The simulated and measured input reflection coefficients
and crosstalk between the input ports of the full eight-port
standalone Butler matrix are shown in Fig. 13(d) and (e),
respectively. It shows good agreement between simulation
and measurement. The measured reflection coefficients stay
below −13.3 and −11.9 dB, whereas the isolation is higher
than 16.6 and 16.4 dB for the n257 and n258 bands, respec-
tively. In the n261 band, a return loss above 15.7 dB and
a crosstalk below −17.8 dB are measured. Similar perfor-
mance is obtained at the output ports of the Butler matrix.
In conclusion, the proposed Butler matrix achieves all corre-
sponding targets provided in Section II.

V. BEAMSTEERING

Finally, the Butler matrix, proposed and validated in
Section IV, is compactly integrated with a 1 × 4 ULA,
consisting of highly efficient AFSIW cavity-backed patch
antennas [31]. The fully integrated prototype, equipped with
four press-fit connectors (one for each distinct ULA steering
angle), is deployed and characterized inside an anechoic cham-
ber, mimicking free-space conditions. As shown in Fig. 14,
the prototype is mounted such that the H -plane, in which
the main beam can be steered by selecting the input port,
corresponds to the azimuth plane. By means of an NSI-MI
spherical measurement system operating in the far-field mode,
a Keysight N5242B PNA-X VNA, and an NSI-MI standard
gain horn [22, 33] GHz, the far-field gain patterns are char-
acterized in the azimuth plane through the gain comparison
method. Each port is measured separately, with the other ports
being terminated by 50-� loads. The simulated and measured
isolation and reflection coefficients of the prototype are shown
in Fig. 15(a) and (b), respectively.
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Fig. 15. Full Butler matrix with integrated AA, input reflection coefficients,
and crosstalk between input ports: (a) simulated and (b) measured.

Fig. 16. Measured (dashed) and simulated (solid) realized peak gain in the
azimuth plane as a function of frequency for each input port.

The realized peak gain in the azimuth plane (after compen-
sating for the additional feed line length and the connector’s
insertion loss) and the SLL as a function of frequency are plot-
ted in Figs. 16 and 17, respectively. The proposed ULA with
integrated Butler matrix outperforms the Wilkinson-power-
divider-based corporate-fed AA proposed in [31] in terms of
peak gain and steerability. Fig. 16 shows that the 4 × 4 Butler
matrix with integrated 1 × 4 ULA achieves a measured
(simulated) gain of 11.05 ± 1.25 dBi (10.66 ± 0.39 dBi) for
the inner beams and 9.25 ± 1.5 dBi (9.15 ± 0.64 dBi) for
the outer beams in the n257 band. In addition, the Butler
matrix with AA is steerable in four discrete directions covering
up to 120◦ in terms of −3-dB beamwidth. In contrast, the
corporate-fed array in [31] has a fixed beam and exhibits a
realized peak gain of 10.1 ± 0.7 dBi (10.5 ± 0.6 dBi).

The obtained steering angles as a function of frequency are
presented in Fig. 18. In the n257 band, the measured (sim-
ulated) main beam deviation stays within ±2.5◦ (±3.5◦) for

Fig. 17. Measured (dashed) and simulated (solid) SLLs as a function of
frequency for each input port.

Fig. 18. Measured (dashed) and simulated (solid) beamsteering angles as a
function of frequency for each input port.

all port excitations. In case of the n258 band, these deviations
remain smaller than ±3◦ (±2.5◦). Simulated and measured
radiation patterns are compared in Fig. 19, while the most
important far-field metrics are summarized in Table IV. Excel-
lent agreement can be seen between simulated and measured
radiation patterns. It shows reliable broadband behavior for the
developed Butler matrix with integrated 1 × 4 highly efficient
ULA for the targeted 5G bands.

VI. STATE-OF-THE-ART COMPARISON

This section compares the proposed GCPW-based
4 × 4 Butler matrix with integrated 1 × 4 highly efficient
AFSIW cavity-backed patch AA to the state of the art, readily
summarized in Table I.

A 4 × 4 SIW Butler matrix is integrated with a 2 × 4 ULA
of slotted waveguide antennas in [12], whereas an enhanced
implementation is described in [13]. Similar gain is achieved
in [12], [13] despite the use of a lower loss, high-frequency
laminate, and the deployment of more radiating elements while
exhibiting a larger footprint. Zhong et al. [14] proposed
an 8 × 8 SIW Butler matrix integrated with a 2 × 8 slot
array. The multilayer topology halves the footprint of the
Butler matrix, although it still remains more than four times
larger than our solution and exhibits a reduced fractional
bandwidth. An 8 × 8 SIW-based Butler matrix in multilayer
PCB technology with a physically interchangeable slot AA
layer for 1D and 2D steering is examined in [15]. The
novelty of this design comes at the cost of moderate gain
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TABLE IV

OVERALL MEASURED PERFORMANCE OF THE 4 × 4 BUTLER MATRIX (BM) WITH INTEGRATED 1 × 4 AA

Fig. 19. Measured (thick) and simulated (thin) radiation patterns at (a) 26.5 GHz, (b) 28 GHz, (c) 29.5 GHz, (d) 24.25 GHz, (e) 25.5 GHz, and (f) 31 GHz.

and bandwidth while exhibiting a significant footprint. Inte-
gration of a dual-polarized AA onto a 4 × 4 Butler matrix,
demonstrated in [16], shows excellent performance but only
within a narrow scan range. In [17], a 2D scanning 9 × 9 SIW-
fed Butler matrix with 3 × 3 slot array is presented. This
solution makes use of a three-way coupler to maintain a
reasonable footprint. Despite the larger number of antenna
elements, the realized peak gain is in the same order as
our proposed design and the fractional bandwidth is limited.
In [18], a 2 × 2 highly efficient cavity-backed patch AA is
fed by a 4 × 4 SIW Butler matrix, integrated behind the
antenna elements in a multilayer PCB. While this design has a
similar performance, its footprint is more than twice as large.
A 16 × 16 SIW Butler matrix is connected to a 4 × 4 patch
AA in [19]. An effort to reduce the footprint is attempted
by employing a novel eight-way crossover and an eight-port
hybrid coupler. The measured excess insertion loss of 6 dB and
the amplitude imbalance of 7 dB are not negligible. Moreover,
the design has a measured total efficiency of 24% and a
realized maximal gain of 12.1 dBi, despite using 16 radiating
elements. In conclusion, the main drawbacks of all presented
SIW implementations [12]–[19] are their inherently larger
footprint, the narrower bandwidth (except for [18]), and the
more complicated integration process of ICs.

Next, several MSL-based designs are discussed. In [21],
a 4 × 6 Butler matrix is presented, by utilizing two Wilkinson

power dividers at the two outermost ports. It yields an
increased simulated maximal amplitude imbalance of 5 dB and
a limited fractional bandwidth of only 3.6%. A 4 × 4 patch
AA with underlying 8 × 8 Butler matrix, equipped with a
power divider at each output port, is implemented in [22].
The authors attribute the excess insertion loss around 4 dB
and the low efficiency between 29% and 36% to the MSL
technology. Single-layer PCB implementations of 4 × 4 MSL
Butler matrices integrated with a 1 × 4 patch array are
investigated in [23] and [24]. The former uses an aluminum
enclosure to suppress undesired radiation originating from
the beamforming network. The design integrates a single-
pole four-throw (SP4T) switch to enable beam selection with-
out multibeam functionality. The latter work compares three
MSL-based 4 × 4 Butler matrices, all exhibiting more loss
than our proposed GCPW-based solution. The 1 × 4 planar
inverted-E antenna (PIEA) array with integrated Butler matrix
in [25] shows reliable performance at lower frequencies,
albeit with significant sidelobes. In general, we can conclude
that all MSL implementations [21]–[25] suffer from unde-
sired radiation, an increased transmission loss, a lower total
efficiency, and no coverage of all global 26- and 28-GHz
5G bands.

A compact CPW-fed inverted slotline Butler matrix solution
on a high permittivity laminate (εr = 10.2) for easy integration
with GaAs solid-state active components is proposed in [26].
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In [27], a very compact, broadband, planar Butler matrix
in SL technology is demonstrated, without array integration.
Both [26] and [27] operate at lower frequencies. Another com-
pact implementation based on suspended integrated SL (SISL)
technology is presented in [28]. The 4 × 4 Butler matrix is
implemented in a multilayer PCB stack, which also contains
the 2 × 4 patch AA. Despite their eight-antenna-element
configuration, the realized maximal gain (11 dBi) is lower than
in our proposed design with only four radiating elements.

A stereolithographically (SLA) 3D-printed and copper-
plated 2 × 4 groove gap waveguide (GGW) Butler matrix
without AA is proposed in [29]. This very narrowband
air-filled implementation allows low excess insertion loss at
the cost of a large footprint. Another narrowband air-filled
implementation based on CNC machining of rectangular
waveguides (RWGs) is presented in [30]. The achieved inser-
tion loss and amplitude imbalance quickly deteriorate when
moving away from the center frequency. The compact foot-
print is achieved by arranging the 4 × 4 Butler matrix in
a 2 × 2 input and a 2 × 2 output configuration.

VII. CONCLUSION

An elaborate investigation of three novel planar GCPW
quadrature hybrid couplers and two novel GCPW crossover
designs yielded the optimal components for a compact,
broadband and efficient Butler matrix. Their measured (excess)
insertion loss remains below 0.75 and 0.5 dB while the
amplitude imbalance does not exceed 0.5 and 0.2 dB for the
bent hybrid coupler and multilayer crossover, respectively.
In the future, an alternative high-frequency laminate with
a lower loss tangent, a lower surface roughness, and
an alternative surface finish may be used to mitigate
transmission loss even further. Based on these building blocks
and four phase shifters, a 4 × 4 Butler matrix is realized in
the GCPW technology. In-depth characterization showcases
a good insertion loss (<3.8 dB) and amplitude imbalance
(±1.1 dB) over the entire targeted [23.75, 31] GHz band.
Next, the GCPW-based Butler matrix is compactly integrated
with a broadband and highly efficient 1 × 4 air-filled
SIW cavity-backed patch AA. The proposed Butler matrix
with ULA features a peak gain of 12.3 dBi, SLLs below
−7 dB, a −3-dB beamwidth coverage of 110◦ in the azimuth
plane, and a fractional bandwidth larger than 25%, which
is sufficient to cover all global 26- and 28-GHz frequency
bands. Moreover, the design fits within a small footprint of
[2λ0 × 4.3λ0 × 0.2λ0], which makes it suitable for compact,
broadband and cost-effective beamforming applications for
future (5G and beyond) generation communication systems.
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