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ABSTRACT In this work, we present a compact four-direction beamforming 5G antenna based on a stacked 4
× 4 Butler matrix and a microstrip patch array antenna. The proposed beamforming antenna is a stacked-up
structure using the low temperature co-fired ceramics (LTCC) process and thus its size can be significantly
reduced by compared to a conventional beamforming antenna with a single-layer 4 × 4 Butler matrix.
Moreover, spurious radiation generated from the Butler matrix can be effectively suppressed due to shielding
effects inherent to themultilayer substrate. The fabricated beamforming antenna is composed the stacked 4×

4 Butler matrix with striplines and the 4× 1 array microstrip patch antenna. The overall size of the fabricated
antenna system is 22.02 mm × 5.93 mm × 1.20 mm. The beam steering angles are measured to be −16◦,
45◦, −45◦ and 16◦.

INDEX TERMS Butler matrix, array patch antenna, beamforming network, stacked butler matrix, 5G.

I. INTRODUCTION
In the realm of 5G communication systems, the integration of
beamforming network-based antennas is essential to optimize
data rates and maximize access point density [1], [2], [3], [4],
[5], [6], [7], [8], [9]. Typically, two approaches are available
for implementing the beamforming network system. The first
approach entails an adaptive beamforming network capa-
ble of continuous beam steering in any direction. However,
this method incurs high implementation costs and involves
design complexities [10]. In contrast, a passive beam-forming
network offers an alternative solution with reduced hard-
ware complexity and cost, while still enabling beam steering
capabilities in a discontinuousmanner. Various passive beam-
forming matrices, including the Blass matrix [11], [12],
Nolean matrix [13], Rotman lens [14], [15], and Butler
matrix [16], [17], [18], [19], [20], are utilized in the switched
beamforming antenna system. Among these alternatives, the
Butler matrix has attracted significant attention due to its
straightforward implementation and low power dissipation.
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However, it is worth noting that the Butler matrix gener-
ally occupies a larger area compared to the array antenna
within the beamforming antenna system. Therefore, mini-
mizing the size of the Butler matrix is crucial in reducing
the overall size of the beamforming antenna system. This is
particularly important in contemporary, space-limited appli-
cations such as IoT devices, mobile devices, and sensor
networks [21], [22].

Consequently, the development of a miniaturized Butler
matrix holds utmost significance in meeting industry
requirements. The miniaturization techniques for the
Butler matrix can be categorized into two main approa-
ches: single-layer design and multilayer design. The
single-layer design employs methodologies such as the
utilization of lumped elements in a coupler [23] and
meander transmission lines [24]. While these techniques
effectively achieve mini-aturization, they can suffer from
the problem of spurious radiation leakage from the But-
ler matrix, as it coexists with the array antenna on the
same layer. This phenomenon can significantly impact the
overall radiation pattern and compromise the antenna’s
performance.
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On the other hand, the dual-layer design offers an alterna-
tive solution. Several studies in the literature have explored
this approach [25], [26], [27], [28]. In [25] and [26], a mod-
ified Butler matrix is located on the bottom layer and the
array antenna is placed on the top layer. In [27], the dual-layer
Butler matrix is designed to implement the cross-over circuit
and the array antenna is located on the top layer. In [28], the
authors implemented the Butler matrix based on a substrate
integrated waveguide (SIW) and placed the array antenna on
the SIW. In [29], the dual-layer Butler matrix is designed
on the SIW technology and the array antenna is placed on
the SIW. Note that the dual-layer design can miniaturize the
Butler matrix and simultaneously alleviate spurious radiation
effects.

However, to achieve further size reduction and eliminate
the spurious radiation effects, it is essential to partition the
Butler matrix antenna into finer subcomponents and arrange
them in a vertical stack. Furthermore, the selection of a
high dielectric constant as a substrate is necessary to achieve
greater size reduction.

In this paper, we propose a beamforming antenna system
for 5G communication, utilizing a stacked 4× 4Butlermatrix
implemented in low-temperature co-fired ceramics (LTCC).
The incorporation of LTCC, with its high dielectric con-
stant of 7.5, enables a compact design. Furthermore, LTCC
exhibits favorable manufacturing characteristics for multi-
layer structures, as it is compatible with printing and filling
processes using conductive silver paste. The proposed beam-
forming antenna system divides the Butler matrix antenna
into four subcomponents and vertically stack them. Atop this
assembly, an array patch antenna is positioned. Although
patch antennas are identified with bandwidth as a limita-
tion, their notable attributes lie in their low profile and
seamless compatibility with integrated circuits, making them
a favorable choice, especially for our work where space
efficiency is paramount. By adopting this design strategy,
we have realized not just a notable miniaturization but
also a significant reduction in spurious radiation effects.
This approach can achieve significant size reduction and
eliminate spurious radiation effects. The remainder of this
paper is organized as follows. We first present the com-
ponents of the 4 × 4 Butler matrix, which are designed
using LTCC-based stripline technology. Next, we propose the
stacked configuration for the 4 × 4 Butler matrix, where the
components are vertically stacked in four layers. In addition,
we present the integration of the stacked Butler matrix with
the LTCC-based patch array antenna. Also, the effects of the
spurious radiation are investigated. To validate the design,
the proposed Butler matrix antenna is fabricated and experi-
mental results are presented. Finally, concluding remarks are
provided.

II. DESIGN & ANAYLSIS
A. COMPONENTS OF STACKED 4 × 4 BUTLER MATRIX
This section begins by presenting the structure of a conven-
tional 4× 4 Butler matrix. Subsequently we introduce a novel

FIGURE 1. Schematic of the conventional 4 × 4 Butler matrix.

design that illustrates the vertical stacking configuration of
the proposed Butler matrix components.

Fig 1 illustrates the structure of a typical 4 × 4
Butler matrix, which consists of four hybrid couplers, two
crossovers, and two 45◦ delay lines. The 4 × 4 Butler matrix
incorporates four input ports (P1−P4) and four output ports
(P5−P8). The output ports of the Butler matrix are connected
to an array antenna. Upon exciting one of the input ports, the
Butler matrix produces four output signals with equal power
but varying phase characteristics.

In this work, we propose a novel approach to partition
the 4 × 4 Butler matrix antenna into smaller subcomponents
and arrange them in a vertical stack. Fig. 2(a) depicts the
proposed structure, which consists of four stages labeled A
to D. Stage A and C consist of two 3 dB hybrid couplers
each, while Stage B includes one 0 dB crossover and two
45◦ delay lines. Stage D consists of one 0 dB crossover
and two full wavelength lines. As shown in Fig. 2(b), these

FIGURE 2. (a) Schematic of the 4 × 4 Butler matrix with four stages.
(b) Topology of the stacked 4 × 4 Butler matrix antenna.
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stages are vertically stacked, with the array antenna located
on the top layer. All subcomponents of the Butler matrix,
including the hybrid couplers, crossovers, and delay lines,
are imple-mented using striplines. The feeding of the array
antenna from the Butler matrix can be achieved either via
or aperture-coupling methods. In our design, the via feeding
method was chosen due to its ease of implementation using
the LTCC process. Moreover, all layers in Stage A to D are
interconnected through vias.

FIGURE 3. (a) Cross-sectional view of the 3dB hybrid coupler with
stripline. (b) Top view of the 3 dB hybrid coupler.

FIGURE 4. (a) Simulated S-parameters of the 3 dB hybrid coupler.
(b) Simulated output phase difference of the 3 dB hybrid coupler.

Having discussed the proposed partitioning and stacking
approach of the Butler matrix, we now delve into the key
components that contribute to its functionality. The hybrid
coupler plays a critical role in the functionality of the Butler

matrix by uniformly distributing power and introducing a
90◦ phase delay. Fig. 3 provides the cross-sectional and top
views of the hybrid coupler, illustrating its stacked structure
utilizing the stripline configuration with ground planes on
both the top and bottom layers, as depicted in Fig. 3(a). Fig. 4
presents the simulated S-parameters and phase results of the
designed hybrid coupler. In Fig. 4(a), it can be observed that
the reflection and isolation levels are below −15 dB within
the frequency range of 26.1 GHz to 30 GHz. Moreover, the
proposed hybrid coupler exhibits transmission coefficients
of −3.27 dB from P1 to P3 and P4, indicating successful
equal power distribution. The phases from P1 to P3 and P4
are depicted in Fig. 4(b), illustrating a phase difference
( ̸ S31–̸ S41) between P3 and P4 ranging from 85◦ to 90◦

across the frequency range of 26 GHz to 30 GHz.

FIGURE 5. Top view of (a) 0 dB crossover and (b) 45 ◦ delay line.

Fig. 5 shows the configuration a 0 dB crossover and a 45◦

delay line. The 0 dB crossover facilitates the transfer of
input power without introducing any phase delay, resulting
in equal output power, as shown Fig. 5(a). The 45◦ delay line
configuration, as depicted in Fig. 5(b), plays a crucial role
in introducing a specific phase delay of 45◦ to the signal.
Fig. 6(a) illustrates that the 0 dB crossover exhibits reflec-
tion and isolation levels falling below −15 dB within the
frequency range of 27.1 GHz to 30 GHz. The 0 dB crossover
has been verified to have the transmission coefficient of
approxi-mately −0.3 dB from the input port to the output
port, ensuring no power distribution. Fig. 6(b) displays the
phases response of the 0 dB crossover and the 45◦ delay
line. The transmission coefficient phase ̸ S41 of the 0 dB
crossover has the phase of about 0◦ and the transmission
coefficient phase ̸ S21 of the 45◦ delay line approaches
45◦ at 28 GHz. The all parameters of the designed compo-
nents were optimized using the CST Studio Suite simulation
tool, and the resulting optimized parameters are summarized
in Section III.

B. STACKED BUTLER MATRIX ANTENNA MODULE
The stacked 4 × 4 Butler matrix is now implemented by
integrating all relevant components as depicted in Fig. 7.
It utilizes a vertical stacked structure comprising five layers:
four layers for incorporating the previously described Butler
matrix components and one layer for coplanar waveguide
with ground (CPWG) feeding. Organized into four stages,
as depicted in Fig. 8, each stage sequentially arranges the
Butler matrix components. Additionally, shielding vias (SV)
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FIGURE 6. (a) Simulated S-parameters of the 0 dB crossover.
(b) Simulated phase of the crossover and 45◦ delay line.

FIGURE 7. Total layout of the stacked 4 × 4 Butler matrix.

are strategically positioned in each stage to mitigate leak-
age energy generated from the through-via. Stage A and
Stage C consist of two hybrid couplers, while Stage B incor-
porates a single crossover and two 45◦ phase delay lines.

FIGURE 8. Structure of the stacked 4 × 4 Butler matrix. (a) Stage A,
Stage C. (b) Stage B. (c) Stage D.

Furthermore, Stage D includes one 0 dB crossover and
two full wavelength transmission lines. Fig. 9 illustrates the
cross-sectional view of the stacked 4 × 4 Butler matrix
in the x–z plane. The bottom layer consists of a feed
stage with a CPWG, designed for assembly on a test board
for measurements. The input signals of P1−P4 are trans-
ferred sequentially from the feed stage to the vertically
stacked Stage A−D using through-via with a diameter
of 0.15 mm (∅ds). To prevent short-circuits between the
through-vias and the ground layers (G2–G5), anti-pads are
implemented. As described in Section II, the input impedance
of each component is designed to be characteristic impedance
of 50 �. However, an impedance mismatch point (MMP)
arises when connecting the through-via to each stage due
to the higher impedance of the through-via compared to the
stripline. Therefore, a solution is necessary to address the
MMP issue. Fig. 10 illustrates the three-dimensional struc-
ture and cross-sectional view in the x–z plane of the MMP.
To achieve impedance matching between the stage’s trans-
mission line and the through-via, the capacitance of the
through-via needs to be adjusted, which depends on the
distance between the trough-via and the middle ground.
Specifically, the width of anti-pad (as) should be optimally
set, and the simulated reflection coefficients according to as
are shown in Fig. 11. The results demonstrate that when as
is 0.8 mm, the reflection coefficient is the lowest in the
frequency range of 26 GHz to 30 GHz. Based on these results,
the optimized value of as obtained from the simulations was
applied to the MMP of the stacked 4 × 4 Butler matrix.

Fig. 12 presents the simulated S-parameters of the
4 × 4 stacked Butler matrix with excitation at input
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FIGURE 9. Cross-sectional view in the x–z plane of the stacked 4 × 4
Butler matrix.

FIGURE 10. (a) Structure of the MMP in a three-dimensional.
(b) Cross-sectional view of the MMP in the x–z plane.

ports P1 and P2. When P1 is excited, as shown in Fig 12(a),
the reflection and isolation levels remain below−15 dB in the
frequency range of 26.7 GHz to 28.5 GHz. At 28 GHz, the
simulated transmission coefficients from P1 to output ports
P5−P8 are −7.72 dB, −8.01 dB, −9.44 dB, and −8.87 dB,
respectively. Similarly, when P2 is excited, as depicted in
Fig 12(b), the reflection and isolation levels are below
−15 dB over the frequency range of 27.2 GHz to 28.5 GHz.
At 28 GHz, the simulated transmission coefficients from
to P2 to P5−P8 are −8.94 dB, −9.46 dB, −8.84 dB and
−10.08 dB, respectively. Fig. 13 illustrates the simulated
phase differences between two adjoining output ports (̸ S6p
– ̸ S5p, ̸ S7p – ̸ S6p and ̸ S8p – ̸ S7p), denoted as p
corresponding to the number of P1–P4. The theoretical rel-
ative phase differences between these output ports are −45◦,
135◦, −135◦, and 45◦, respectively, when P1–P4 is excited.

FIGURE 11. Simulated reflection coefficients at different width of
anti-pad (αs).

FIGURE 12. Simulated S-parameters results of the staked 4 × 4 Butler
matrix. (a) S-parameter with P1 excited. (b) S-parameter with P2 excited.

Table 1 summarizes the simulated results. Comparing the
theoretical relative phase difference with simulated phase
difference, maximum phase error of −3.67◦, 8.88◦, −8.88◦,
and −3.67◦, when p is 1, 2, 3 and 4, respectively.
Each single-patch antenna is realized using an LTCC-based

microstrip line technology and is carefully designed with

VOLUME 11, 2023 125523



J. Jung et al.: Multi-Beam 5G Antenna With Miniaturized Butler Matrix Using Stacked LTCC

FIGURE 13. Simulated output phase differences (p = 1, P1 excited),
(p = 2, P2 excited), (p = 3, P3 excited), (p = 4, P4 excited).

TABLE 1. Simulated output phase differences of the stacked 4 × 4 Butler
matrix.

optimized parameters, as shown in Fig. 14 and detailed
in Table 2. The power is transferred from the Butler matrix to
the patch antenna through the through-via, with an anti-pad.
Due to the high permittivity of LTCC, the input impedance
at the edge of the patch is inherently high. To address this,
an inset feed technique is employed, where the patch antenna
is fed near its center with a distance of dp from the patch end.
The influence of the inset feed position on the reflection coef-
ficient of the single-patch antenna is demonstrated in Fig. 15.
It is observed that when the dp is set to 0.74mm, the reflection
coefficient remains below than −20 dB at 28 GHz. Finally,
each single-patch antenna is connected to the corresponding
output of the 4 × 4 stacked Butler matrix, completing the
integration of the Butler matrix antenna module, as illustrated
in Fig. 16. Note that the spacing between the patch elements
is set to half the wavelength in free space.

Before proceeding with the measurement results, it is wor-
thy to investigate the spurious radiation. Fig. 17 illustrates
4 × 1 array patch antennas based on three different types of
the Butler matrix. As depicted in Fig. 17(a), the Butler matrix
is composed of microstrip on the same layer as the patch
antennas. Fig. 17(b) shows a patch array antenna utilizing a
stripline-based Butler matrix, which maintains a comparable
size to the microstrip-based Butler matrix antenna. In con-
trast, the proposed design is a patch array antenna based on
a stacked Butler matrix, as shown Fig 17(c), significantly
reducing its length in the y-direction. The simulated radiation
patterns of the three Butler matrix antennas are examined

FIGURE 14. Structure of the single patch antenna based on LTCC.

FIGURE 15. Simulated reflection coefficients depending on the position
of the inset feed (dp).

TABLE 2. Dimensions of the all components.

FIGURE 16. Structure of the array patch antenna with stacked 4 × 4
Butler matrix antenna.
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FIGURE 17. Three types of Butler matrix antenna. (a) Microstrip-based
design. (b) Stripline-based design. (c) Proposed design.

FIGURE 18. The simulated radiation patterns of the three different Butler
matrix antennas.

in the y–z plane, as shown in Fig. 18. The microstrip-based
Butler matrix antenna exhibits a non-flat main lobe with
increased side lobes when both P1 and P3 are excited. This
phenomenon is attributed to the radiation energy emitted
from the Butler matrix, which is exposed to the surrounding
air and interferes with the radiation pattern formed by the
patch antennas. In addition, the stripline-based Butler matrix
antenna form a flatter beam pattern due to the Butler matrix
being buried under the conductor. However, it still exhibits an
asymmetry in the main lobe when P1 is excited. This uneven
main lobe may introduce beam pointing errors and results in
a loss of gain. On the other hand, the proposed Butler matrix
antenna with the stacked Butler matrix generally maintains

a flat main lobe when each port is excited. This design
effectively mitigates the spurious radiation effects observed
in the conventional configurations. Thus, the proposed Butler
matrix antenna provides a viable solution for enhancing radi-
ation performance and achieving compact antenna designs by
unwanted spurious radiation.

III. MEASUREMENT & VERIFICATION
A fabricated prototype of the 4 × 4 Butler matrix antenna
was manufactured using the LTCC process. The dimensions
of the fabricated prototype are 22.02 mm × 5.93 mm with
a height of 1.20 mm, as shown in Fig. 19(a) and (b). For
measurement purpose, the fabricated prototype is assembled
on a dedicated test board, as depicted in Fig. 19(c). The test
board consists of a TLY-5A with a dielectric constant of 2.17
and a loss tangent of 0.0009 and has four transmission lines
with a characteristic impedance of 50 � to feed signals to
the prototype. The input ports are connected to 2.92 mm
end-launch connectors through extended transmission lines.
To ensure accurate measurements, when an input signal is
excited on one port, the remaining three ports are properly
terminated with 50 � terminators.
Fig. 20 shows the simulated and measured reflection

coefficients of the proposed 4 × 4 butler matrix antenna.
As observed, with the P1 excited, the measured reflection
coefficient is consistently below −15 dB within the fre-
quency range of 25.7 GHz to 28.1 GHz. In addition, both
the measured reflection coefficients with P2 excited and
with P3 excited are less than −15 dB between 27.9 GHz
and 28.4 GHz. Similarly, with the P4 excited, the mea-
sured reflection coefficient remains below −15 dB from

FIGURE 19. The fabricated array patch antenna with stacked 4 × 4 Butler
matrix. (a) Top view. (b) Bottom view. (c) Test board.
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FIGURE 20. Simulated and measured reflection coefficient.

FIGURE 21. Simulated and measured normalized radiation patterns on
the x–z plane. (a) f = 27.5 GHz. (b) f = 28.0 GHz. (c) f = 28.5 GHz.

FIGURE 22. Simulated and measured gain of the proposed Butler matrix
antenna.

27.5 GHz to 28.1 GHz. However, there are slight discrepan-
cies between the simulated and measured results, primarily
attributed to fabrication and measurement errors.

The radiation pattern of the fabricated prototype was evalu-
ated in an anechoic chamber. Fig. 21 provides a comparative
analysis of the normalized radiation patterns between sim-
ulation and measurement for the fabricated Butler matrix
antenna. These comparisons are made at three distinct fre-
quencies: 27.5 GHz, 28 GHz, and 28.5 GHz, with different
input ports (P1−P4) being fed. Notably, the four beams
exhibit the capability to cover a broad azimuthal range,
roughly spanning ±45◦. Furthermore, the measured results
indicate that beams are generated with peak angles of −16◦,
45◦,−45◦, and 16◦ at 28 GHz. In Fig. 22, we present the sim-
ulated and measured gain versus frequency when P1 or P2 is
used as a feed input. The gain of the other ports is similar due
to the symmetrical geometry of the structure. The measured
peak gains of P1 and P2 are 5.73 dBi and 5.37 dBi, respec-
tively, at 28 GHz. Some discrepancies between measured
and simulated results may be attributed to manufacturing
errors, material composition, measurement inaccuracies, and
simulation inconsistencies.

Table 3 provides a comparative analysis of our research
with previous studies on Butler matrix-based beamforming
antenna systems.Much of the literature discusses single-layer
or dual-layer Butler matrix antennas. They are constructed
using PCB processes and thus integrated modules with But-
ler matrix and array antennas utilizing four or more layers
remains under-explored [18], [20], [28], [30], [31], [32].
On the other hand, [33], [34], and [35] detail the creation
of a Butler matrix with four or more layers using the LTCC
process. The maximum beam steering angle and gain level
compared to the number of antenna arrays in this work were
similar or slightly worse than other studies using the LTCC
process. Nevertheless, the proposed Butler matrix antenna
is closely aligned with the theoretical beam scanning angle,
and the gain discrepancy at the scanning-providing angle is
under 0.5 dB. As such, these results are practically adequate
for the demands of 5Gmm-wave wireless systems. The focus
of our study being on miniaturization, the comparative size
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TABLE 3. Comparison of Butler matrix antennas.

factor is crucial. To ensure consistency in our comparison,
we adopted the normalized size factor as described in [26],
which entails dividing the footprint area by the product of the
square of the free space wavelength and the beam steering
count. Our work achieves a size factor of 0.28, marking it as
the most compact among Butler matrix antenna modules in
existing literature.

IV. CONCLUSION
The proposed stacked 4 × 4 Butler matrix antenna presents a
compact and efficient solution for 5G wireless applications.
By vertically stacking the elements of the Butler matrix and
the array antenna using the LTCC process, the size of the
Butler matrix is significantly miniaturized, resulting in a
compact overall antenna size of 22.02 × 5.93 × 1.20 mm3,
(2.056 λ0 × 0.554 λ0 × 0.112 λ0). This stacked struc-
ture also significantly alleviates spurious radiation effects,
enhancing the antenna’s performance. The fabricated pro-
totype demonstrated effective beam steering capabilities,
enabling radiation beam scanning within angles of −16◦,
45◦, −45◦, and 16◦. These results validate the feasibility and
effective-ness of the proposed stacked 4 × 4 Butler matrix
antenna. Its compact size and beam scanning capabilities
make it highly suitable for space-limited 5G applications,
where size constraints are critical.
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