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Abstract

A novel tri-beam slot antenna array based on substrate integrated waveguide (SIW) technol-
ogy is proposed in this paper. The beam forming network is a 3 × 3 Butler matrix consisted of
three couplers and four phase shifters. A 1.76 dB coupler is located between two 3 dB cou-
plers, with this arrangement; the input signal can be divided into three parts with the same
amplitude and certain phase differences. Two parallel slots are cut off broadside of SIW trans-
mission line, which constitutes the basic unit of the antenna array. A 3 × 2 slot antenna array
is connected with this circuit. Three beams with the directions of −30, 0 and 30° are produced
when different ports are excited, respectively. The S parameters, radiation patterns, and gains
are simulated and measured, which show that it can be a candidate for multi-beam wireless
communication systems.

Introduction

The rapid development of the wireless communication technology is to meet people’s demand
for high rate and large capacity [1–2]. The multi-beam antenna has the advantages of simple
structure, easy implementation, and accurate beam control, which can improve the capacity of
the system and achieve a higher signal-to-noise ratio. Therefore, the study of multi-beam
antenna becomes more and more prevalent [3–4]. The core technology for multi-beam
antenna is its beam forming network. There are several methods to design this circuit, such
as Blass matrix [5]. To avoid complex processing of the signal to realize the power and
phase distribution, Butler matrix is more attractive to a lot of researchers [6–14].
Comparing with digital beam forming (DBF) antenna, the circuit of Butler matrix has the
advantages of low cost, easy design, and high reliability.

For the traditional Butler matrix, the number of input ports and outputs is in even order,
such as 4 × 4 or 8 × 8 networks. It can produce even beams with axis symmetry. With the
concept that the selected performance obtained for N × N Butler matrix at f0, whereas at
2f0 they show the properties of N/2 × N/2 Butler matrix, a frequency-dependent Butler
matrix can smoothly change their properties across an octave frequency band and achieve
two and four symmetrically located beams for antenna array [7]. With the function of
power division and phase shifter together, the filtering 180° hybrid coupler is applied in
the design of 2 × 4 filtering Butler matrix, which produces boresight and endfire radiation
patterns performance [8]. A swap was introduced in a vertically installed planar structure
to implement the quadrature coupler due to the location of output ports [9]. With this
method, a compact wideband 4 × 4 Butler matrix with the operating frequency of 1.8 GHz
is designed for four-beam antenna array. A broadband eight-port forward-wave directional
coupler with arbitrary coupling level was proposed in [10]. Then a three-layer Butler matrix
with multi-input phase shifter was designed for eight-beam antenna array. Different from the
Butler matrix with even input ports, tri-beam Butler matrix was proposed and designed in
[11–12]. It can produce one beam pointed at 0° and two axisymmetric beams. Compared
with microstrip transmission lines, substrate integrated waveguide (SIW) has better trans-
mission performance when the frequency is high. Therefore, many researchers have made
detailed study and analysis of the SIW characteristics, and have done a lot of research on
the SIW microwave components [13–16].

In this paper, Butler matrix with odd number input and output ports is proposed. Based on
SIW technology, 3 × 3 Butler matrix with 0° axis beam covering is designed. With three cou-
plers and four phase shifters, the proposed structure can divide the input signal into three
parts with the same amplitude and certain phase differences. The unit of SIW slot antenna
is designed and analyzed. A 3 × 2 slot SIW array is connected with this structure, which pro-
duces three beams with fixed directions. The theoretical analysis and experiment verification of
the proposed structure are carried out. The proposed structure has a good potential application
in wireless communication system and satellite communication.
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Tri-beam Butler matrix design

In order to design the tri-beam slot antenna array, the character-
istics of coupler and phase shifter based on SIW technology
should be studied first.

SIW coupler

As shown in Fig. 1, the basic elements of SIW coupler are two
parallel SIW transmission lines. The distance between two rows
of metal vias is a, and the diameter and spacing of the vias are
d and p, respectively. The substrate with a relative dielectric con-
stant εr and a thickness of h is used to fill waveguide. The SIW can
be equivalent to a rectangular waveguide, and the electromagnetic
wave propagates in a transmission mode similar to that in a rect-
angular waveguide. Only TEn0 mode can exist in the SIW struc-
ture. This is because that the slot of the side wall can affect the
longitudinal current and result in the radiation when the surface
current is not the same direction of slot. The coupling level of the
SIW coupler is controlled by the length of the coupling aperture.
When the signal is excited in Port 1, Port 2 is the direct port with
signal output, while Port 3 and Port 4 are the coupling port and
isolation port, respectively. Different lengths of the coupling aper-
ture mean different coupling strengths.

Two directional couplers at 10 GHz with different coupling
levels are simulated and their geometric parameters are optimized.
The substrate is Rogers 5880 with a thickness of 0.508 mm and a
relative dielectric constant of 2.2. The structure is designed,

simulated, and optimized with HFSS v15.0 software. The opti-
mized parameters are d = 1 mm, p = 1.8 mm, W = 15 mm, Wb =
25.2 mm for 3 dB coupling level, and Wb = 29.0 mm for 1.76 dB
coupling level. The taper transition with Wt = 4 mm and Lt =
7.5 mm is used to connect the microstrip and SIW structure.
The performance of 3 dB coupler is shown in Fig. 2(a). It can
be seen that the coupling level is very stable, the return loss is
<−15 dB and the isolation is >15 dB at 10 GHz. The phase differ-
ence between Port 3 and Port 2 is −90°. Meanwhile, the perform-
ance of 1.76 dB coupler is given in Fig. 2(b). The amplitude
difference between Port 2 and Port 3 is 3 dB. The return loss is
<−25 dB and the isolation is >25 dB, while the phase difference
between two output ports is about −90°.

SIW phase shifter

Usually, the phase shifter can be realized by extending the length
of the transmission line. For the waveguide and SIW structures,
this method means larger area needed. We introduce several
metal vias at the inner side of one transmission line and change
the width of the transmission line. The equivalent capacitor and
inductor are introduced in the transmission line, then the phase
of output signal changes. In order to compare with conventional
case, a SIW transmission line is placed nearby the SIW phase
shifter. The output phase can be controlled by changing the
length of L1 and L2. In order to obtain the 90° difference between
Port 2 and Port 3, the parameters L1 = 14.5 mm, L2 = 28.8 mm
are adopted. The simulated results are shown in Fig. 3. It can
be seen that the return loss of SIW phase shifter is <−20 dB,
and the phase difference is −90° at 10 GHz.

3 × 3 Butler matrix

The Butler matrix can transform the incident signal to each out-
put port with a certain power ratio, and a certain phase difference
between the adjacent output ports. A novel Butler matrix based
on SIW is proposed, as shown in Fig. 4. The structure is com-
posed of three couplers and four phase shifters. With the arrange-
ment of one 1.76 dB coupler located between two 3.0 dB couplers,
the proposed Butler matrix can split the incident signal into three
parts with the same amplitude. Phase shifters are used to adjust
the phase difference. For example, when Port 1 is excited, the inci-
dent signal is split into two parts by Coupler 1. As shown in

Fig. 2. Performance of SIW coupler. (a) 3 dB coupler and (b) 1.76 dB coupler.

Fig. 1. SIW coupler.
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Fig. 4, the signal A can be labeled as a direct signal with a power
level of −3.0 dB and signal B as a coupling signal. Then the signal
B transmits into Coupler 3 (1.76 dB coupler) and is split into sig-
nal C and signal D. Thus, there are two input signals E and C for
Coupler 2. The output signals F and G of Coupler 2 are compos-
ited of two parts, respectively. With the help of Phase shifter 1 and
phase difference of couplers, the output signals F, G, and H have
the same amplitudes. Phase shifters 2, 3, and 4 are applied to tune
the phase of output signals, which leads a −120° phase difference.
When antenna array is connected with these output ports, a beam
away from the bore sight direction can be produced. A similar
analysis can be done for the other two input ports.

The proposed 3 × 3 Butler matrix based on SIW structure is
designed and analyzed. The structure is simulated with HFSS
v15, and the S parameters are shown in Fig. 4. It can be obtained

that the return losses of three input ports at 10 GHz are <−15 dB.
The output signals have equal level near −5 dB and the error
<0.2 dB. The isolation between the input ports is >20 dB for
three input ports.

When the different input ports are excited, respectively, the
phase difference between the adjacent output ports is −120,
120, and 0°, respectively. The results of the phase difference
between the output ports are shown in Fig. 5. As shown in
Fig. 5(a), the phase differences of −120° at 10 GHz between two
adjacent ports, Port 5 and Port 4, Port 6 and Port 5, can be
obtained. Because of the narrow band property of SIW phase
shifter, there is about 5° of error here. Similarly, when Port 2
and Port 3 are independently excited, the phase differences
between the output ports is 120 and 0°, with a deviation of 6
and 3°, respectively. The results are shown in Figs 5(b) and 5(c).

Fig. 3. Structure and performance of SIW phase shifter. (a) Structure, (b) S parameter.

Fig. 4. S parameters of the proposed 3 × 3 Butler.
(a) Structure. (b) Port 1, (c) Port 2, and (d) Port 3.
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SIW slot antenna unit

The SIW is essentially a rigid structure that can shield electromag-
netic fields, and conduct electromagnetic radiation by a slot on
SIW. When the slot blocks the current on the waveguide, the elec-
tromagnetic field in the SIW acts as an excitation to the slot, and
the electromagnetic wave is coupled to the free space through the
gap. The gap is regarded as an impedance and an admittance
element on the waveguide, as shown in Fig. 6. The gap fed by
SIW can also be measured by its impedance or equivalent admit-
tance in the circuit.

The SIW antenna unit is designed with the substrate Rogers
5880, as shown in Fig. 6(a). The unit is simulated and its results
are shown in Fig. 6. We can notice that the return loss is <−20 dB
at 10 GHz, and a directional radiation pattern is obtained. The
corresponding parameter is Lt = 3.6 mm, Lt1 = 6 mm, Wt1 =
4.2 mm, Ws1 = 0.5 mm, and Ls1 = 16 mm.

Tri-beam antenna array

In order to realize three beams for antenna array, a 2 × 3 slot array
is connected with the proposed 3 × 3 Butler matrix based on SIW
structure, as shown in Fig. 7. The microstrip lines between the
Butler matrix and the array can regulate the matching and
improve the isolation between the ports to a certain extent. In
order to avoid the interference among SMA connectors and
feed the array conveniently, three microstrip line sections are
added to the input ports of 3 × 3 Butler matrix.

The overall structure of the proposed tri-beam antenna system
is simulated, optimized, and analyzed. As shown in Fig. 7, the
overall length of the three-beam antenna array is L = 26.9 cm,
and the width is W = 6.6 cm. The structure is designed with a
one-layer substrate and includes radiation units, beamforming
network, and microstrip section. Although the size of the pro-
posed circuit is large for the working frequency, its tri-beam

Fig. 5. Phase differences of output ports. (a) Port 1, (b) Port 2, (c) Port 3.

Fig. 6. Phase differences in SIW slot antenna unit. (a) S par-
ameter, (b) E-plane radiation pattern.

Fig. 7. Photograph of the proposed tri-beam
antenna system.
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characteristic guarantees its application in practical wireless com-
munication systems. The antenna overall size can be reduced if
multi-layer substrate is adopted. When the different ports are
excited, the distributions of electric field are shown in Fig. 8.
The power of input signal is set as 1 W, and the phase is 0°
when the distributions of electric field are plotted. It can be
seen that the isolation between input ports is very good and the
output signals of the 3 × 3 Butler matrix are at equal power
distribution.

The measured results of the tri-beam antenna system are given
in Fig. 9, from which we can notice that the return loss (S11, S22,
S33) of each port is <−15 dB, and the isolation between ports is
>30 dB at 10 GHz. Shown in Fig. 9(c), the response of S33 is in
some way resonant. The reason is that the main transmission
line for Port 3 is SIW structure including only phase shifter.
Meanwhile, the additional microstrip section has some impact
on the response. This performance can fully meet the require-
ments of practical application.

Fig. 9. Measured S parameters of the fabricated structure. (a) Port 1, (b) Port 2, (c) Port 3.

Fig. 10. Measured radiation patterns. (a) Photograph of the testing environment, (b) E-plane, (c) H-plane.

Fig. 8. Distributions of the electric field for the tri-beam antenna system. (a) Port 1, (b) Port 3, (c) Port 2.
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The radiation performance of the proposed tri-beam antenna
system is measured in a microwave anechoic chamber with far-field
measurement method. The standard horn antenna is used to trans-
mit the signal. As the antenna under test, the tri-beam antenna sys-
tem can rotate around the axis and receive signal at the same time,
as shown in Fig. 10(a). The directional radiation patterns at 10 GHz
are shown in Fig. 10, when three input ports are excited, respect-
ively. It can be seen from Fig. 10(b) that three beams with the direc-
tions of −30, 0, and 30° are obtained. The gain is measured by
comparing with standard horn antenna as sample. The gain of
each column antenna alone is about 6.5 dBi. Due to the loss of
0.8 dB of Butler matrix and the error of testing environment, the
gain of the beam along 0° has a maximum gain of about 10 dBi.
The H-plane patterns of tri-beam antenna system are symmetric
along 0° axis. The proposed tri-beam antenna system produces a
beam in the direction of 0°, which is a distinctive feature that is dif-
ferent from the conventional Butler matrix such as 4 × 4 or 8 × 8.

Conclusion

A novel 3 × 3 Butler matrix based on SIW structure is proposed in
this paper. With the help of SIW transmission line, SIW coupler,
and SIW phase shifter, 3 × 3 Butler matrix can divide the electro-
magnetic signals into three output signals with the same amplitude
and certain phase differences. The mechanism of the proposed
structure is simulated, analyzed, and experimented. The return
loss of <−15 dB and the isolation of >30 dB are obtained for the
proposed Butler matrix. Two slots are cut off SIW transmission
line and produce directional radiation. A 3 × 2 SIW slot antenna
array is designed and connected with the proposed circuit. Three
beams with the directions of −30, 0, and 30° are produced when dif-
ferent input ports are excited, respectively. This feature guarantees
its potential application in the large beamforming antenna array.
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