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X-Band Multilayer Butler Matrix and SIW Multi-Beam Antenna:
Analysis and Design
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Abstract—This article presents a new Butler matrix made on stacked Printed Circuit Boards (PCBs).
The matrix is based on Substrate Integrated Waveguides (SIW) and microstrip lines. Transitions using
through metallic vias are designed and optimized for the crossover sections of the matrix. The other
components of the circuit are as follows: 3-dB SIW directional coupler, 45° phase-shifter, and SIW
dual-slot linear antenna array. Different sections of the matrix were simulated, fabricated, and tested.
Using the full structure with radiating elements, we obtained good numerical and experimental results
in terms of radiations patterns for the different beam directions, impedance matching, and isolation
between the input ports.

1. INTRODUCTION

In nowadays wireless communication systems, Multi-Beam Antennas (MBAs) have become essential
because of their ability to reduce undesirable interferences and thus to improve the quality of
communication. An MBA is usually made of a Beam Forming Network (BFN) [1]. Beamforming
networks can be used for Space Division Multiple Access (SDMA) [2] and multi-port amplifiers for
distributed amplification in satellite systems [3]. Since the early 1960s, two families of beam forming
networks have been proposed: quasi-optic designs and circuit designs. The quasi-optic designs include
boot-lace lenses such as Ruze and Rotman lenses, which usually suffer from low efficiency due to spillover
and high coupling losses among adjacent ports. These make quasi-optic designs less appropriate for high
power applications [4-6]. Circuit beam forming networks, based on various guided-wave transmission
lines such as directional couplers, crossover lines, and phase-shifters, are available in the literature, for
example, the Blass matrix [7], Nolen matrix [8], and Butler matrix [9].

The Butler matrix is the most used beam forming network. It has theoretically low loss, employs the
least number of components [10], and requires far fewer phase shifters than the Blass and Nolen matrices.
However, the main challenges in the Butler matrix are the design of the crossover and the difficulty
to obtain good phase characteristics. Various designs were proposed in [11-15] by using Substrate
Integrated Waveguides (SIWs) and with solutions for omitting the crossover and for improving the
phase balance compared with the traditional Butler matrix. The solutions presented in [11] increases
the size of the matrix, and miniaturization techniques are proposed in [12-15]. Stacked Printed Circuit
Boards (PCBs) and coupling slots are used in [13], whereas multilayer PCB technology is used in [15].

In this paper, a new multilayer 4 x 4 Butler matrix with microstrip lines, SIW couplers, and SIW
phase shifters is proposed for X-band applications. The main novelty of our design is the utilisation
of low cost stacked PCBs with metallic wires transitions for the crossovers. The different sections of
the matrix are tested independently. The full structure is implemented, fabricated, and tested. A
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multi-beam antenna is also designed and tested by using the proposed matrix with a SIW antenna
array.

The remainder of the paper is organized as follows. Section 2 describes the design and tests of the
different components of the proposed matrix. Then, numerical and experimental results are presented
for the full matrix in Section 3. Section 4 presents the SIW antenna array, and Section 5 gives the result
for the optimized multi-beam antenna. Finally, concluding remarks are given in Section 6.

2. DESIGN AND TESTS OF THE DIFFERENT COMPONENTS OF THE BUTLER
MATRIX

The schematic of a multilayer 4 x 4 symmetric Butler matrix can be represented as shown in Fig. 1.
The matrix consists of 3-B 90° directional couplers, 45° phase shifters, and crossovers.

In the rest of this section, and in all the paper, an electromagnetic solver based on the finite
element method (Ansys HFSS) has been used for the simulations and optimizations of the structures.
A Rogers RT/Duroid 5880 is used as a substrate with permittivity (e,) of 2.2, height (b) of 0.508 mm,
and tané = 0.0009. All S parameters measurements have been taken using the Agilent E8362B vector
network analyzer.

A conventional waveguide is first optimized and then transformed to its SIW counterpart with the
following design rules (via hole diameter d is 1 mm, and pitch size p is 2mm), as reported in [16].

Output A A, A A
ports

Phase
shifter
3dB 90°
coupler
Input
ports IR 2L 2R 1L (a) (b)
Figure 1. Schematic of a 4 x 4 Butler matrix. Figure 2. SIW based 3dB 90° directional

coupler.  (a) Layout of the structure. (b)
Photograph of prototype.

2.1. Double-Layer 3-dB SIW Directional Coupler

A double-layer SIW based 3 dB directional coupler as shown in Fig. 2 is proposed. The coupler is made
of two SIW waveguides with three pairs of circular apertures located on the common wall. The two
PCBs consisting of SIW waveguides are stacked together on the side of etched circular apertures as a
common wall. The rows of circular apertures are used to couple the two SIW structures. Port 1 is
the input-port; the direct output port is port 2; the coupled-port is port 3; and port 4 is used as an
isolation port. The optimized design dimensions of the SIW coupler are (Fig. 2(a)) asrw = 12.1 mm,
di = dy = \g/4 = 5.13mm, 79 = 2.5mm, r; = r, = 2.2mm, and S = 3.3mm. Several steps of
optimization were required to achieve the desired coupling without affecting the size of the structure.
These steps are reported in Table 1.

The simulated and measured S-parameters of the proposed SIW directional coupler are shown in
Fig. 3. From the curves in Fig. 3(a), the amplitude of the measured coupling factor (Ss;) is around
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Table 1. Optimized parameters for different coupling levels.

Offset (S Coupling value
Number of apertures | 79 (mm) | 71 (mm) | 79 (mm) (%) i
(mm) at 10 GHz
1 1.43 2.75 25dB
1 2.525 2.84 19.2dB
2 (in series) 2.525 2.425 2.92 16.3dB
3 (in series) 1.5 2 2 3.0 15dB
6 (3-3 in parallel) 2.5 2.2 2.2 3.3 3.7dB
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Figure 3. Simulated and measured S-parameters for the two-layer SIW hybrid coupler. (a) Magnitudes
of coupling (S31), reflection (S11), and isolation (S41). (b) Difference between the magnitudes of the
transmission coefficients from port 1 to the direct (S21) and coupled (S3;) ports. (c) Phase difference
between the direct (S21) and coupled (S31) ports.

—3.7dB which is in close agreement with the simulated result, i.e., —3.4dB. The return loss 57 is
well below the —18dB over the operating frequency and is below —10dB from 9 GHz to 12 GHz. The
magnitude of Sy; is below —15dB over that frequency range. Fig. 3(b) shows the comparison of
measured and simulated differences between magnitudes of So; and S31. It can be observed that it
varies within 7.5dB, and it is around 0dB at 10.2 GHz. The phase difference between S3; and S31 is
shown in Fig. 3(c). Its range variation is about 20°, and it is close to 90° from 9.5 GHz to 12 GHz. The
oscillating effect observed with the phase is due to the nonlinear phase characteristics of the SIW based
microstrip transition. These results show that the relative bandwidth of the 3-dB directional coupler is
approximately 30%.

2.2. 4 Port through Via Transition Circuit

A new two-layer microstrip 4 port via-transition is presented in this section (Fig. 4). This transition
consists of a low-loss interconnect between the two layers of the Butler matrix across two metallic wires.
For ports 1 and 2, two-transmission lines on two layers share a common wall with a narrow transverse
aperture across one via-transition. The same applies to ports 3 and 4.

With notations defined in Fig. 4 and this two-layer vias-transition, the incoming signal at port 1
is directly fed towards the output port 2 through one via, and the incoming signal at port 4 is directed
towards output port 3 using another via. A clearance is made on the common broad wall to couple
energy between ports 1 and 2. Another one is made to couple energy between ports 3 and 4 (as shown
in Fig. 4(b)). The diameter of the aperture (Daperture) is larger than the diameter of via (Dyiy) and
must be optimized for good matching. The optimized dimensions are W = 1.544mm, Dy, = 4 mm,
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Figure 4. Two-layer microstrip 4 port via-transition. (a) 2D view of the structure. (b) Magnified
vias-transition.

Figure 5. Photograph of the fabricated crossover element.

Daperture = 2.064 mm, and Dy, = 1.016 mm as shown in Fig. 4(b). The fabricated prototype in shown
in Fig. 5. Simulated and measured S-parameters for the proposed crossover are presented in Fig. 6.
The isolation between input ports 1 and 3, as well as between the input and crossover output ports 1
and 4, is below —30dB over the bandwidth of 8 GHz—12 GHz. The magnitude of Si; is below —20dB
over the same frequency band. The transmission coefficient obtained from port 1 to port 2 is around
—0.2dB over the desired bandwidth which indicates a small insertion loss.

2.3. 45° Phase Shifter

The proposed SIW phase shifter is designed based on the rules proposed in [16]. This structure, as
shown in Fig. 7, is composed of two parallel arrays via holes, two metallic parallel plates, and two
asymmetrical metallic posts. The parallel plates form the waveguide for signal transmission, and the
locations of the asymmetrical posts in the substrate are used to control the phase of the wave. The
optimized dimensions of the phase shifter are agyyy = 12.5mm, p = 2mm, and d = 1 mm. The positions
of the two inserted posts with a diameter of 0.4 mm in the SIW waveguide are given in Table 2.

A prototype of the proposed 45° phase shifter was fabricated with a microstrip to SIW transition.
This transition is composed of a tapered microstrip line (with a characteristic impedance Zy) connecting
to the SIW waveguide. The taper is designed to transform the quasi-TEM mode of the microstrip
line into a TEj9 mode in the waveguide. The optimized dimensions for the tapered transition are
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Figure 6. Simulated and measured S-parameters of the microstrip 4 port via-transition (a) isolation,

(b) magnitudes of S1; and So;.
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Figure 7. Proposed 45° phase shifter with two asymmetrical posts.

Table 2. Positions of the two inserted posts in the SIW.

Post 1 Post 2
Sy | L.bmm | S5 | 0.5mm
Z1 | 0.bmm | Zy | 1.5mm

W = 1.544mm, W; = 3.08mm, and L; = 3mm.

The magnitude and phase responses of the 45° phase shifter are presented in Fig. 8. The simulated
and measured insertion losses at 10 GHz are about —0.1dB and —1.1dB, respectively. The simulated
and measured phases at 10 GHz are about 45.37° and 45.8°, respectively. The measured phase curve
is slightly shifted to higher frequency than simulation. The difference in insertion loss (S21) may be
attributed to tolerances of the substrate material, in terms of dielectric constant and conductor and

dielectric losses.
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Figure 8. Simulated and measured S-parameters of the 45° phase shifter, (a) magnitudes of S1; and
Sy for 45° phase shifter, (b) phase of Sy and Sy2 for 45° phase shifter.

A comparison of this work with [17] is presented in Table 3 in terms of bandwidth and size. It is
observed that a significant reduction of 30% in terms of size and an increase of 0.4% of the bandwidth
are achieved.

Table 3. Size and bandwidth between in the present work and in Reference [17].

Parameter Present work [17] Significance
Size 15.7mm x 27.6mm | 15.7mm X 35 mm 30% reduction
Phase bandwidth (¢ £ 3°) 0.7% 0.3% 0.4% improvement

3. NUMERICAL AND EXPERIMENTAL ANALYSIS OF THE FULL MATRIX

The proposed 4 x 4 Butler matrix uses four SIW couplers, two crossovers of via transitions connected
with two SIW 45° phase shifters. It is fabricated on stacked printed circuit boards (PCBs) as shown
in Fig. 9. The top PCB is coupled to the bottom PCB through the vias-transition (crossover). The
Butler matrix has four inputs named 1R, 2L, 2R, and 1L, and four outputs A;, Az, As, and A4,
which are also represented as input ports 1, 2, 3, and 4 and output ports 5, 6, 7, and 8. The four
outputs are used as inputs to antenna elements to produce four different radiation beams. The designed
crossover introduces a non-zero phase difference between input 1 and output 2 (or input 4 and output
3) This additional phase is compensated through a delay line (L,.) in the Butler matrix such that:
Ap = Ap; — Apy = 45°, where Ay is the phase due to the phase shifter, and Ays is the phase due to
the crossover. The dimensions of the Butler matrix are optimized for a frequency range around 10 GHz,
and they are L,, = 139mm (about 6\, at 10 GHz), W, = 93mm (about 4\, at 10 GHz), Ap = 45°,
and L,. = 1.06 mm.

The simulated and measured S parameters of the Butler matrix are shown in Figs. 10 and 11,
respectively. Simulated and measured insertion losses are, at 10 GHz, around 1.4dB and 4.4dB,
respectively. Simulated and measured reflection coefficients are bellow —15dB, from 9.5 GHz to
11.5 GHz. The differences observed in experimental insertion loss and return loss parameters in
comparison with the simulations can be caused by the added connectors and fabrication tolerances.
The experimental results could be improved by including the connectors and their real parameters in
the simulations during the optimisation of the transitions between the connectors and microstrip lines.



Progress In Electromagnetics Research M, Vol. 107, 2022 85

W i
1
Qutput ports

i
1
] Ay Az Ay As
1
i

[ir 21 IR L s tmput ports

+— Axis of symmetry

Figure 9. Structure of the proposed 4 x 4 Butler matrix. Fabricated 4 x 4 Butler matrix 4 x 4.
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Figure 10. Simulated S parameters for 4 x 4 Butler matrix.

Table 4 summarizes the measured results of the corresponding phase shifts between the inputs
and outputs for the proposed Butler matrix at 10 GHz. When the current is excited at any input
port, the phase difference between adjacent output ports will only have one constant (/) as shown in
Table 5. When the incoming signal is fed at input ports 1, 2, 3, and 4, the theoretical relative phase
progression () between adjacent output ports should be —45°, +135°, —135°, and +45°, respectively.
The measured phase differences between different output ports when the signal is fed at input ports
are —45° 4+ 8°, 135° £+ 10°, —135° 4+ 6°, and 45° £ 6°, respectively. This degradation could be due
to fabrication tolerance and tolerance in dielectric constant of the substrate. However, the achieved
performances are acceptable for X-band applications.
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Figure 11. Measured insertion and return loss plots for 4 x 4 Butler matrix.

Table 4. Measured results of the phase shifts between the inputs and the outputs of the Butler matrix.

Ports A1 AQ A3 A4
1R | +173.25° | +136.59° | +94.05° | +51.58°
2L +91.19° | —127.48° | +13.74° | +138.3°
2R | +135.56° | +3.85° | —132.56° | +85.89°
1L +53.58° +99.4° +138.5° | —172.5°
Table 5. Computed measured phase error.
Ports | p1 = Ay — Ay | Bo = A3 — Ay | B3 = Ay — Az | Target
1R —36.66° —42.55° —42.47° 450
|Error| 8.34° 2.45° 2.53°
2L +141.33° +141.22° +124.56° 1135
|Error| 6.33° 6.22° 10.44°
2R —131.71° —136.41° —141.55° _135°
|Error| 3.29° 1.41° 6.55°
1L +45.82° +39.1° +49° 450
|Error| 0.82° 5.9° 4°

4. SIW ANTENNA ARRAY

A SIW based 4-element antenna array as presented in Fig. 12 was designed. To minimize the effect of
mutual coupling between the elements and to ensure a low secondary lobe level, the ideal choice of the

separation between the antenna elements is taken as \g/2.

The coupling coefficient between two adjacent ports is plotted in Fig. 13(a). The mutual coupling
is below —15dB in simulation, while in the measurement, it is below —20dB in the desired X-band
range. The measured and simulated return loss plots are in close agreement for the proposed antenna
array as shown in Fig. 13(b).
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Figure 12. (a) Proposed antenna array layout. (b) Photograph of the fabricated dual-slot linear
antenna array.

—— Simulated
— — - Measured

15

20 4

25 4

dB -30

-35 4

40 4

v v, — Simulated
. v
8 ' 9 ' 10 " ' 12 9 10 " 12
frequency [GHz) frequency [GHz]
@ (b)

Figure 13. (a) Coupling factor between two elements of the antenna array. (b) Return loss of the
antenna array.

5. MULTI-BEAM ANTENNA

A schematic layout of the integrated dual-slot linear antenna array with the proposed Butler matrix
is presented in Fig. 14, and the optimized dimensions of the antenna array are presented in Table 6.
Four beams should be theoretically produced at —45°, —15°, 15°, and 45° with their radiation patterns
in the H-plane of the array at 10 GHz. Fig. 15 shows the simulated and measured radiation patterns
of the multi-beam antenna in H plane, for different input ports. The antenna generates four beams
oriented in the following directions: —45°, —15°, 15°, and 45°. In the radiation diagrams, variation in
the level and number of secondary lobes are due to phase errors between different output ports.

The overall measured results are acceptable, and the four beams have an offset between 2° and 15°.
The main beam directions measured at 10 GHz are: —11.25° (1L), —30° (2L), +15° (1R), and +42°
(2R). The side lobes of the 1L and 2L beams are below —5dBi and 0dBi, respectively. For other 2L
and 2R ports, the side lobes are below 5dBi. A good agreement can be observed between simulated
and measured results.
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SIW slot antennas
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Figure 14. Schematic and photo of integrated dual-slot antenna array with the proposed Butler matrix.

Table 6. Dimensions of a proposed multi-beam antenna array.
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Figure 15. Radiation patterns at 10 GHz for the different input ports: (a) simulated and (b) measured
results.

6. CONCLUSION

In this work, a novel 4 x 4 Butler matrix has been proposed for X-band applications. Prototypes of the
different components and of the full structure have been designed, fabricated, and tested. The measured
results are in good agreement with the simulated ones in terms of magnitudes of S-parameters and of
phase shifts. A dual-slot antenna array has been integrated with the proposed matrix to form a multi-
beam antenna, resulting in four different beam directions. Measured radiation patterns agree well with
the theoretical predictions, validating the proposed work. The proposed Butler matrix is suitable for
satellite communication systems operating in X-band.
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