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Abstract—In this paper, a novel ultra-wideband switched-beam
antenna system based on 4×4 two-layer Butler matrix is presented and
implemented to be used in hostile environment, such as underground
mines. This matrix is based on the combination of a broadband two-
layer slot-coupled directional coupler and a multilayer slot-coupled
microstrip transition. With this configuration, the proposed matrix
was designed without using any crossovers as used in conventional
Butler matrices. Moreover, this new structure is compact and offers
an ultra-wide bandwidth of 6 GHz. To examine the performance of the
proposed matrix, experimental prototypes of the multilayer microstrip
transition and the Butler matrix were fabricated and measured.
Furthermore, a three 4-antenna arrays were also designed, fabricated
and then connected to the matrix to form a beamforming antenna
system at 3, 5.8 and 6 GHz. As a result, four orthogonal beams are
produced in the band 3–9 GHz. This matrix is suitable for ultra-
wideband communication systems in confined areas.

1. INTRODUCTION

The main cause of degradation of communication quality in
underground mines is multipath fading [1]. This multipath
phenomenon arises when a transmitted signal undergoes reflection
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from various obstacles in the propagation environment which degrades
the transmission quality and limits the frequency efficiency [2–4].
Smart antennas are one resolution to overcome this problem [5].
Smart antenna systems are introduced to improve wireless performance
and increase system capacity by spatial filtering, which can separate
spectrally and temporally overlapping signals from multiple users.
Smart antennas systems can be generally categorized into two
approaches based on transmit strategy: adaptive arrays and switched
beams [6–8]. Adaptive arrays consist of multiple antenna elements
at the transmitting and/or receiving side of the communication link,
whose signals are processed adaptively in order to exploit the spatial
dimension of the mobile radio channel. This technique allow to steer
the main lobe in the desired signal direction and to create pattern
nulls in directions of interferences, which results in a better signal-
to-interference ratio. However, the physical implementation of these
algorithms is more complex and leads to costly systems. On other
hand, switched beams systems are referred as antenna array system
that forms multiple fixed beams with enhanced sensitivity in a specific
area. This antenna system detects signal strength, selects one of the
several predetermined fixed beams, and switches from one beam to
another as the user moves.

One of the most widely-known of switched beam networks is Butler
matrix [6]. It is a passive feeding N × N network with beam steering
capabilities for phased array antennas with Noutputs connected to
antenna elements and N inputs or beam ports. Feeding an N -element
antenna array using an N ×N Butler matrix, N orthogonal beams can
be generated, and each one has a gain of the whole array.

Recently, Ultra-Wideband (UWB) radio technology has been
getting more and more popular for high-speed wireless connectivity
[9–15]. UWB radio systems are very promising since transmission
data rates greater than those on the other wireless local area network
WLAN systems can be obtainable with less power dissipation [16].
It is foreseen today as a possible solution for short-range indoor
wireless applications where high resolution, reduced interference, and
propagation around obstacles are challenging [17]. In this area,
it is strategic to have wideband and spatial filtering at the same
time to combine the both advantages. However, conventional Butler
matrices, which use that a network composed of microwave hybrids
and crossovers, have a limited bandwidth. In addition, crossovers
add undesired effects such as increased insertion losses, mismatched
junctions, additional line cross couplings and poor power handling
[18]. For wideband applications, few configurations of Butler matrix
have been suggested [19–21]. In [19], a 4 × 4-microstrip single layer
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matrix using wideband crossover has been proposed. This matrix still
narrowband because of the limited band of the hybrid couplers used in
these structures. Tudosie et al. [20], have built an 8×8-matrix at 5 GHz
using LTCC technology. The obtained bandwidth is 2 GHz, which is
not enough to cover future high-speed systems. Moreover, the LTCC
technology is very difficult for fabrication. The suspended strip lines
with multilayer structure have also been studied in [21]. A modified
version of [21] using a combination of two directional couplers acting
as crossovers is proposed in [22]. However, the bandwidth still narrow,
which is around 1 GHz. The most challenge to take up in Butler matrix
is increasing the bandwidth and avoiding the line crossing.

In this contribution, a design of a new ultra-wideband multilayer
beamforming network based on a multilayer 4 × 4 Butler matrix is
described. This matrix is advantageously used to offer a very wide
bandwidth and to avoid using any crossing lines. To validate the
proposed design, an experimental prototype of the proposed 4 × 4-
matrix was designed, fabricated and measured. Simulation and
experimental results including return loss, insertion loss are presented
and discussed. Furthermore, to examine the performance of the
proposed matrix in terms of beamforming, a 4 antenna array was built
and connected to this matrix to form a multiple beam antenna system.
Simulation and measurements were carried out on this beamforming
system and the obtained results are also presented and discussed.

2. DESIGN PROCEDURE

A standard N × N Butler matrix has N input and N output ports.
Matrices with 90◦ hybrids are symmetrical networks, whereas those
with 180◦ hybrids are asymmetrical [21]. For each input port, the
network will produce signals with progressive phase shifts at the output
ports with equal power. As a result, this matrix produces N orthogonal
beams at its outputs. A conventional Butler matrix uses Nn/2 hybrids
with N/2(n − 1) phase shifters. For planar structure, the crossover
needed may be calculated as reported in [18].

Cn = 2Cn−1 + 2n−2
(
2n−2 − 1

)
(1)

where n is the matrix order, which is related to the number of ports
by N = 2n. In (1) n should equal or greater than 2, and C1 = 1.

From the relation (1), when the number of crossovers involved in
the implementation of conventional Butler matrices is high, more space
will be needed. For instance, a matrix with 32 ports, the number of
crossover is 416, which is very huge and could introduce a lot of losses.
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For this reason, configurations without crossovers are more suitable.
In this perspective, a new Butler matrix design is proposed.

Figure 1 shows the Butler matrix that uses microstrip directional
coupler, a two-port slot coupled transition, and phase shift
transmission lines. The key components of the proposed ultra-
wideband Butler matrix are the directional coupler and slot coupled
transition. Using the EM simulator IE3D, which is part of Zeland
software package [24], the design procedure of the directional coupler,
the slot-coupled transition, and the 4 × 4 Butler matrix was carried
out. In the following subsections, the design and the performance of
each component of this matrix are presented and described in more
details.
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Figure 1. Block diagram of the proposed UWB Butler matrix.

2.1. Microstrip Slot-Coupled Directional Coupler

Directional couplers are the most important devices in microwave
integrated circuits. Slot-coupled directional couplers between double-
sided substrate microstrip lines have recently found applications in the
design of many important microwave and millimeter-wave circuits [25].
To widen the bandwidth and to avoid crossovers in the proposed
Butler matrix circuit, a slot-coupled directional coupler [26] is chosen
(Fig. 2). The rule of this coupler is to ensure coupling between two
microstrip lines through a slot etched on the common ground plane
as illustrated in Fig. 2. This component is symmetrical and has the
following property: if port 1 is fed, then the signal travels to port 3
(direct path) and port 2 (coupled path), while the port 4 is isolated.
The input power is split equally (∼ −3 dB) between the two output
ports, and the two output signals present 90◦ of phase difference.
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Figure 2. Layout of the microstrip slot-coupled directional coupler.

Few researchers have worked on slot-coupled couplers. Tanaka [25]
has used a conformal mapping method to analyze and design the
coupler. Later, Uysal et al. [26] have proposed a hexagonal slot coupled
to optimize the performances of the coupler structure. In this work,
we design a slot-coupled directional coupler based on the approach
reported in [26]. The chosen slot-coupled geometry (hexagonal) offers
a good transition and enough coupling between the microstrip feed line
and the slot coupled region line.

The initial dimensions are calculated using the design procedures
given in [25]. Since the slot-coupled geometry is not rectangular, it
is difficult to predict the accurate values of the coupler dimensions.
Thus, the exact coupler layout was simulated and optimized by full-
wave simulations using IE3D [24], which is considered as a good
simulator for single and multilayer microwave circuits. With this CAD
tool, the coupler design was designed and optimized. The optimum
design dimensions are W = 3.5 mm, W1 = 4.8 mm, L = 10.6 mm and
h = 0.254 mm.

It was noted that the coupling mechanism is controlled by the
thickness of the substrate, the dimensions of transmission lines, and
the dimensions of the slot size located on the common ground plane.

Simulation results of the directional slot-coupled coupler are
shown in Fig. 3. From these curves, it can be seen that the directional
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slot-coupled coupler offers an ultra-wide bandwidth of 5 GHz. In terms
of phase shift, the coupler has roughly ∼ 90◦, which is illustrated in
Fig. 4. With these features, this coupler is suitable to build UWB
Butler matrix circuits.
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Figure 3. Simulated Scattering parameters of the directional coupler.
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Figure 4. Simulated result of phase shift between the outputs of
coupler.
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2.2. Microstrip Slot-Coupled Transition

Planar multilayer transmission lines, such as microstrip lines have
been applied in many microwave and millimetre-wave circuits [27].
In some multilayered structures, these transmission lines are even
combined to form circuit components. One drawback of using
these multiple layer structures is the fact that the necessity to
pass signals between transmission lines in different layers. In this
area, the use of transitions is necessary for designing circuits using
multilayer technology. Therefore, the low-loss, wideband, and compact
transitions are necessary to ensure the compatibility and flexibility
between transmission lines located in different layers.

There are two main techniques for a transition between microstrip
lines in multilayer technology. One employs an electrical contact and
the other use electromagnetic coupling [28–31]. One type uses vias
to connect the top layer microstrip ground planes with the lower
microstrip ground plane and the other does not. The transitions
using via holes are compact and broadband, but the vias can cause
parasitic inductance and are difficult to be fabricated [29]. In other
hand, the transitions by electromagnetic coupling require no wire
bonds or via holes [29–31]. In this perspective, printed slots have been
preferred to be versatile for vertical transitions. With this transition,
a signal arriving on the upper transmission line eventually reaches the
discontinuity in the end of this transmission line. This discontinuity
created here radiates energy that is mostly coupled to the bottom line
by the opening in the ground plane.

In this section, a broad-band back-to-back microstrip-to-
microstrip transition is designed using the frequency-dependent
behavior of surface-to-surface slot coupling [32, 33]. The choice of this
type of transition is justified by the enhancement features such as ultra
wide-bandwidth, low radiation loss, and deep up-band rejection [33].
Fig. 5 shows the geometrical layout of the two-port microstrip-to-
microstrip transition. This transition is characterized by an aperture
formed on the common ground plane of the two-layered structures to
provide a fed-through coupling between the upper and lower microstrip
lines. In this structure, the upper microstrip conductor is vertically
coupled with the central strip conductor of the lower microstrip
through a slot-coupled located in the common ground plane.

The transition was designed using the EM simulator IE3D, which
is part of Zeland software package. The top and bottom 50-ohm
transmission lines were computed using HP’s LineCalc. The coupling-
line widths and line lengths were varied in order to optimize the
transition match. The slot coupled offers a good transition and
enough coupling between the upper microstrip feed line to bottom
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Figure 5. Layout of an improved back-to-back slot coupled transition.

Figure 6. Photograph of the fabricated transition.

microstrip line section via the slot coupled region. The transition was
designed using a Duroid substrate (RT/Duroid 5880) with εr = 2.2
and thickness of 0.254 mm. The dimensions of the transition are
L = 9.2 mm, W = 5.5 mm and W1 = 6.9.

Based on this design, an experimental prototype was fabricated
and tested. Fig. 6 shows the photograph of the fabricated transition.
The simulated and measured results are shown in Fig. 7. From these, it
can be seen that the comparison between simulated and experimental
data shows a good agreement, and the optimized microstrip to
microstrip transition offers a very wide bandwidth of ∼ 8 GHz (130%).
The simulated insertion loss is observed to be less than 0.5 dB and the
return loss is higher than 40 dB in the whole passband of 8 GHz.

As an application of this transition, an ultra-wideband Butler
matrix was introduced, where a very wide bandwidth was achieved
and the details of this are given in the next section.
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Figure 7. Scattering parameters of the transition: (a) Simulated, (b)
Measured.

2.3. 4 × 4 Butler Matrix

The block diagram of the proposed 4 × 4 Butler matrix is presented
in Fig. 1 and its layout is shown in Fig. 8. Combining the above
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components presented in A) and B), the matrix circuit was designed
using two-layer substrates. The top layer is coupled to the bottom layer
through both the slot-coupled directional couplers and transitions.
This structure allows perfect isolation between cross lines. To
demonstrate our approach, an experimental prototype was fabricated
on Duroid substrate (RT/Duroid 5880) with εr = 2.2 and thickness of
0.254 mm. Simulation and experimental results are presented in the
following section.

To examine the performance of the fabricated prototype,
experimental measurements were performed. The phase shift of −45◦
is designed by using an appropriate transmission line section. With this
matrix, signals incident at input ports (#1, #2, #3, or #4) are divided
into four output ports (#5, #6, #7, and #8) with equal amplitude and
specified relative-phase differences.

This Butler matrix is designed for frequency range from 3 to
9 GHz. Figs. 9 and 10 show simulation and experimental results of
the insertion and the return loss for the ports 1 and 2 when the other
ports are matched. These results demonstrate that the matrix has a
good performance in terms of magnitude. The return loss is better
than 35 dB and the coupling to the output ports are almost equalized
(7.5 dB).

Figures 11 and 12 illustrate a good agreement between the
simulated and experimental results of the phase shift of adjacent output
ports, where

Phase difference 1 = Phase(S (5,1)) − Phase(S (6,1)) (2)
Phase difference 2 = Phase(S (6,1)) − Phase(S (7,1)) (3)
Phase difference 3 = Phase(S (7,1)) − Phase(S (8,1)) (4)
Phase difference 4 = Phase(S (5,2)) − Phase(S (6,2)) (5)
Phase difference 5 = Phase(S (6,2)) − Phase(S (7,2)) (6)
Phase difference 6 = Phase(S (7,2)) − Phase(S (8,2)) (7)

It can be seen that the phase differences are not perfectly flat in
the entire bandwidth which the theoretical values are in 45◦ (Fig. 11)
and −135◦ (Fig. 12) respectively. The phase errors are going from 19◦
(3 GHz) to 26◦ (9 GHz) in all the bandwidth compared to desired value
of 45◦ and 135◦. These errors are due to the use of the narrowband
transmission line phase shifters and transitions phases errors.

To demonstrate the performance of this matrix in terms of
beamforming in the entire bandwidth, we connect this matrix to three
different antenna arrays [34, 35] designed at operating frequencies of
3, 5.8 and 9 GHz, respectively. As reported in [34], the bandwidth of
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Figure 9. Simulated results of the 4 × 4 Butler matrix (a) Signal at
port1 (b) Signal at port2.

the element antenna is about 8% for each frequency (3, 5.8 and 9 GHz)
and mutual coupling is better than −20 dB. These characteristics allow
testing the proposed Butler matrix in terms of beamforming. The
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Figure 10. Measured results of the 4X4 Butler matrix (a) Signal at
port1 (b) Signal at port2.

spacing between elements for each array is kept 0.5λ0, where λ0 is the
length at operating frequency of each array. This spacing is necessary
to obtain the minimum level side lobes between elements at 3, 5.8 and
9 GHz.
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Figure 11. Simulated results of phase difference at the adjacent
output port of the Butler Matrix (a) Signal at port1 (b) Signal at
port2.

Figure 13 shows the simulated and measured results of radiation
patterns in the H-plane of the beamforming antenna array system
at 3, 5.8 and 9 GHz. With this matrix, four beams are produced
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Figure 12. Measured results of phase difference at the adjacent output
port of the Butler Matrix (a) Signal at port1 (b) Signal at port2.

for each array at −45◦, −15◦, 15◦ and 45◦. It can be shown that
the comparison between simulated and experimental results indicates
a good agreement, which validate the proposed concept. As can be
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concluded, the phase errors and imbalanced coupling obtained have
a minor effect on the side lobe levels of the produced beams. These
features make the proposed matrix suitable for UWB beamforming
applications in hostile environment.
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Figure 13. Simulated and measured H-plane radiation pattern (a)
3 GHz (b) 5.8 GHz (c) 9 GHz.

3. CONCLUSION

An ultra wideband 4 × 4 Butler matrix has been designed, fabricated
and tested using a two-layer structure. The circuit is compact and has
low losses. In the proposed design, a combination of a microstrip slot-
coupled directional coupler and a transition were employed to widen
the bandwidth and to avoid using any line crossovers as conventional
ones. Simulated and experimental results show a good agreement,
and they show that a bandwidth of about 6 GHz was achieved.
Furthermore, the proposed matrix has been connected to an antenna
array to form a beamforming system, resulting in four orthogonal
beams at 3, 5.8 and 9 GHz. With these features, the proposed Butler
matrix is suitable for UWB underground wireless applications.
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