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Abstract—This paper presents a compact multibeam antenna array
facilitated by a 4 x 4 Butler matrix with substantially miniaturized
dimensions based on slow wave substrate integrated waveguide (SW-
SIW). It is well known that conventional Butler matrix is bulky as the
beamformer that occupies most area of the multibeam array. In this
work, the miniaturization of the Butler matrix is realized by loading slow
wave (SW) structures in the form of loaded patches and blind via-holes
into substrate integrated waveguide (SIW). In this manner, the effective
permittivity and permeability of the SIW are increased. Consequently,
both the guided wavelength and the cut-off frequency of the SIW are
largely reduced. This SW-SIW technology enables the designs of
miniaturized couplers, crossovers, and phase shifters with substantially
reduced longitudinal and lateral dimensions. With these miniaturized
components, a Butler matrix with excellent performance is developed,
which is 75.5% smaller compared with conventional SIW-based Butler
matrix. The miniaturized 4x4 Butler matrix is then employed to design a
compact four-beam slot antenna array. The measured results agree
reasonably well with the simulations, demonstrating the feasibility of the
miniaturized SW-SIW Butler matrix in designing compact multibeam
antenna array.

Index Terms—Butler matrix, miniaturization, multibeam antenna
array, SIW, substrate integrated waveguide, slow wave.

1. INTRODUCTION

As typical passive beamforming networks, Butler matrices have
been extensively studied and adopted for multibeam antennas [1-2].
The Butler matrix was initially invented by J. Butler in [3]. The early
implementations of Butler matrices utilized metallic waveguides [4],
which suffered from bulky size and heavy weight due to their
nonplanar structures. Subsequently, Butler matrices based on
microstrip lines [5] and coplanar waveguides (CPW) [6] were
developed, offering advantages such as compactness, lightweight,
cost-effectiveness, and high integration levels. However, the non-
enclosed natures of microstrip and CPW configurations resulted in
significant radiation loss and mutual coupling between neighboring
components [7]-[9].

The substrate integrated waveguide (SIW) was introduced in [10]
that features the advantages such as low loss, cost-effectiveness,
lightweight, and high integration levels. The first realization of a
SIW Butler matrix was presented in [11], followed by the
development and investigation of planar SIW Butler matrices in
[12]-[14]. In spite of the aforementioned merits, SIW-based Butler
matrix still suffers from bulky size as many couplers, crossovers, and
phase shifters are required that may occupy much larger area than
antenna radiators.

Some miniaturized SIW Butler matrices have been proposed in the
literatures. A stacked SIW Butler matrix was developed in [15] with
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reduced the dimensions, but the multilayer structure increases the
fabrication complexity. In [16], by introducing the defected ground
structure in the form of interdigital slots, the longitudinal size of SIW
Butler matrix was reduced by 32%.

To realize miniaturization for planar circuits, slow wave SIW
(SW-SIW) was invented in [17] and extensively investigated [18]-
[20]. Slow wave structures used in this paper can reduce the guided
wavelength of the electromagnetic wave and decrease the cutoff
frequency of the SIW [20], [21].

This paper has successfully addressed a long-lasting challenge for
the miniaturization of multi-beam antenna based on Butler matrix
and SIW. For instance, SW-based crossovers and phase shifters are
reported at the first time that are effectively integrated with other
components, i.e., couplers, transitions and SIW transmission lines, in
a 4x4 multi-beam antenna array. Excellent transmission performance
is achieved. Noticeably, the new design is more than 75.5% smaller
compared with the conventional SIW-based Butler matrix. Then a
ultracompact multibeam antenna array excited by the miniaturized
SW-SIW Butler matrix is designed in Ku band that has been widely
adopted for satellite applications. The prototype was fabricated and
the measured results are in reasonable agreement with the
simulations, confirming the developed miniaturized SW-SIW Butler
matrix is an excellent beamformer for compact antenna array
systems.

II. DESIGN OF THE SW-SIW BASED MINIATURIZED BUTLER MATRIX

The configuration of the proposed miniaturized SW-SIW Butler
matrix is illustrated in Fig. 1. It consists of four 3-dB quadrature
couplers, two crossovers, two 45° phase shifters, and two 0° phase
shifters, all based on SW-SIWs. The topology is implemented using
two Rogers 5880 substrates with a dielectric constant of 2.2 and a
loss tangent of 0.0009.

The miniaturized Butler matrix proposed in this study utilizes the
SW-SIW [20] that is loaded with metallized blind via-holes and
shorted patches. Inside the lower substrate, metallized via-holes are
loaded. On the top surface of the lower substrate, metal patches are
printed and electrically connected to the blind via holes. These
metallized blind via-holes and patches are periodically distributed
along the longitudinal direction. The mechanism and design
guideline of this kind of SW-SIW have been clearly demonstrated in
[20], which are not provided here to avoid unnecessary repetition.

A. Miniaturized 3-dB Coupler Based on SW-SIW

Couplers are essential components in Butler matrices. Fig. 2 shows
the configuration of the miniaturized 3-dB quadrature coupler based
on SW-SIW that consists of two SW-SIW transmission lines and a
coupling slot. In the lower substrate of the coupler, slow wave
structures are introduced by loading three rows of metallized blind
via-holes and shorted patches. As shown in Fig. 2 (b), Port 1, 2, 3, 4
are input, through, coupled and isolated ports respectively.

© 2024 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.



8

4

i1
0.508mm

" Upper
substrate

NS,
» 'l'ffh(’«/

- Lower
substrate

Fig. 1. Configuration of the SW-SIW Butler matrix. (a) Exploded 3-D view,
(b) Top view of lower substrate.
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Fig. 2. Geometrical configuration of the proposed slow wave SIW coupler.
(a) Exploded 3-D view. (b) Top view of lower substrate. (4,;=h,=0.508,
L,:7.86, L1:2, Lz:2.35, W():6, W]: W2:0.7,p/:p2:1, d]: dZZOSmm)

The SW-SIW width Wy is set as 6 mm, ensuring the cutoff
frequency is lower than the operation frequency of the coupler.
Initially, two SW-SIW transmission lines are placed side by side and
a coupling slot is created by removing several metallized via-holes of
the shared wall. The propagation constants of TE10 and TE20 modes
in the coupling region of the original SW-SIW coupler are shown in
Fig. 3, the propagation constants of TEio and TE20 modes are
F10=553.2 rad/m and f20=403.6 rad/m respectively at 15 GHz. The
coupling slot length Ls of the original SW-SIW coupler is calculated
as 11.14 mm according to the design guideline of 3-dB short-slot
couplers [22]:

(B=P)L =5 m

where £1 and f2 are the propagation constants of the TEio and TE20
modes in the coupling region respectively, Ls is the length of
coupling slot.
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Fig. 4. Simulated S-parameters of the (a) SW-SIW coupler. (b) Simulated S-
parameters of the normal SIW coupler. (c) Dimensions of SW-SIW coupler,
(d) Dimensions of normal SIW coupler.

As indicated by (1), the coupling slot length is inverse-
proportionally correlated to the difference between propagation
constants of the TE10 and TE20 modes. The maximum electric field
of the TE10 mode occurs around the coupling slot, where the electric
field of the TE20 mode is at its minimum. By adjusting the size of the
slow wave structures in the coupling slot, the propagation constant 1
of the TE10 mode can be modified without affecting the TE20 mode.
In this study, increasing the length L> of the shorted patches at the
coupling slot enhances the capacitance between the shorted patches
and the top ground plane, thus intensifying the slow wave effect in
the coupling slot. Consequently, the propagation constant of the TE 1o
mode is increased, resulting in an enlarged difference in propagation
constants between the TE10 and TE20 modes. As a result, the length
of the coupling slot Ls is reduced from 11.4 mm to 7.86 mm, further
miniaturizing the longitudinal dimension of the coupler.

The simulated S-parameters and the phase difference between
through and coupled ports of the SW-SIW coupler are shown in Fig.
4 (a). The amplitude imbalance between the through and coupled
ports is lower than 1 dB from 13.5 to 16.5 GHz. The phase
difference between through and coupled ports is 90°+5°. To show
the miniaturization effect of the SW-SIW coupler, the dimensions of
the SW-SIW coupler are compared with conventional SIW coupler
in Fig. 4 (c) and (d). The dimensions of the SW-SIW coupler are
noticeably reduced by 73% from 350 mm? to 94.32 mm?. As shown
in Fig. 4 (b), the S-parameters of the SW-SIW coupler remains
desired despite its reduced size.
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Fig. 5. Block diagram of crossover cascaded by two identical 3-dB
quadrature couplers.
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Fig. 6. Configuration of the SW-SIW crossover. (a) Exploded 3-D view. (b)
Top view of lower substrate. (4,=h,=0.508, L=7.86, L,=2, L,=2.35, W=
W2:0.7,p:1, d1: dZ:OSmm)
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Fig. 7. Electric field distribution on the H-plane of SW-SIW crossover.

B Miniaturized Crossover Based on SW-SIW

Crossovers, whose block diagram is shown in Fig. 5, can be
realized by cascading two identical 3-dB quadrature couplers. To
clearly illustrate the operating principle, we consider the excitation
of Port 1 with a signal phase of 0°, and thus signals with phase 0°
and -90° will be generated at b2' and b3', respectively. For the signal
at b2', signals with phases of 0° and -90° are generated at Port 2 and
Port 3, respectively. Similarly, originating from the signal at b3’
signals with phases of -180° and -90° are generated at Port 2 and
Port 3, respectively. As a result, the two signals at Port 2 are out of
phase, while the signals at Port 3 are in phase. This implies that there
is no signal at Port 2, and the electromagnetic wave can directly
propagate from Port 1 to Port 3. Similarly, the wave can directly
propagate from Port 4 to Port 2 due to the symmetry of the
crossover. The SW-SIW crossover configuration is depicted in Fig.
6, consisting of two cascaded SW-SIW couplers. Each coupler’s
dimensions are the same as those mentioned in Section II 4.

The electric field distribution in the SW-SIW crossover when Port
1 is excited is shown in Fig. 7. The electromagnetic wave propagates
diagonally across to Port 3, while very little energy is transmitted to
Port 2. This behavior ensures the successful achievement of the
crossover function. Similarly, if Port 4 is excited, the
electromagnetic wave will propagate diagonally across to Port 2,
while very little energy is transmitted to Port 3.

The simulated S-parameters of the SW-SIW crossover are shown
in Fig. 8 (a). The insertion loss remains below 0.18 dB across the
frequency range from 13.5 to 16.5 GHz. To demonstrate the
miniaturization effect of the SW-SIW crossover, a comparison of the
dimensions between the SW-SIW crossover and a conventional SIW
crossover is presented in Fig. 8 (c) and (d). It can be observed that
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Fig. 8. (a) S-parameters of SW-SIW crossover. (b) S-parameters of normal
SIW crossover, (¢) Dimensions of SW-SIW crossover, (d) Dimensions of
normal SIW crossover.
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Fig. 9. Configuration of the SW-SIW phase shifter. (a) Exploded 3-D view.
(b) Top view of lower substrate. (h,=h,=0.508, L=7.86, L,=2, L,=2.35, W\=
W2=0.7,p=1, d1= d2=05mm)

the area is reduced by 67.8%, from 801.9 mm? (40.5mmx19.8mm)
to 258 mm? (21.5mmx12mm). Despite this substantial reduction in
size, the S-parameter performances of the miniaturized SW-SIW
crossover remain comparable with the conventional SIW crossover
shown in Fig. 8 (b).

C. Miniaturized Phase Shifter Based on SW-SIW

The phase shifter’s configuration is illustrated in Fig. 9. Slow
wave structures (SWS) that increases the propagation constant of the
SIW have significant impacts on wave’s phase. Therefore, in the
proposed Butler matrix, the desired phase shifters are realized by
simply adjusting the dimensions of the SWS. By increasing the
length of the patch L, the propagation constant can be increased
[20]. 1t is feasible to implement 45° and 0° phase shifters within the
SW-SIW Butler matrix by properly controlling the propagation
constant of the SW-SIW. This control is facilitated by adjusting the
length of the short patches.

By adjusting the length (L) of the shorted patches in the SW- SIW
between Port 1 and Port 2, the 45° and 0° phase shifters are
successfully realized. It is noted that the patch length (L) is set at 2.9
mm for the 0° phase shifter and 3.1mm for the 45° phase shifter. The
S-parameters and phase characteristics of the proposed phase shifters
are presented in Fig. 10 (a) and (b), respectively. For the 0° phase
shifter, the phase difference between Port 2 and Port 6 is 0°+15°
within 14 to 16 GHz. The reflection coefficient remains lower than -
10 dB, and the insertion loss is better than 0.12 dB. Similarly, for the
45° phase shifter, the phase difference between Port 2 and Port 6 is
45°+15° within the 14 to 16 GHz frequency range. The reflection
coefficient remains lower than -10 dB, and the insertion loss is better
than 0.13 dB in the operating band.
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Fig. 11. Signal-flow diagram of SW-SIW Butler matrix. Port 1, 2, 3, and 4
are excited for (a), (b), (¢), and (d) respectively.
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Fig. 12. S-parameters of the proposed SW-SIW Buter matrix. (a) Port 1 is
fed. (b) Port 2 is fed. (c) Port 3 is fed. (d) Port 4 is fed.
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D Miniaturized Butler Matrix Based on SW-SIW

The SW-SIW Butler matrix is realized by cascading the above
SW-SIW components, including four SW-SIW 3-dB quadrature
couplers, two SW-SIW crossovers, two SW-SIW 45° phase shifters
and two SW-SIW 0° shifters. The configuration of the proposed SW-
SIW miniaturized Butler matrix is shown in Fig. 1 and its overall
size is 74mm % 28mm (3.7 Ao % 1.4 doat center frequency 15 GHz).

The signal-flow diagram of SW-SIW Butler matrix with different
input port excited is shown in Fig. 11. The simulated S-parameters of
the miniaturized SW-SIW Butler matrix are shown in Fig. 12. For
each input port, the transmission coefficients (Ssp, Sep, S7p, Ssp, p = 1,
2, 3, 4) are around -6.6 = 1 dB from 14.5 to 15.5 GHz. The insertion
losses are around 0.6 dB. The Butler matrix achieves equal power
division among the output ports 5-8 regardless of which input port
(1-4) is excited. This demonstrates that the matrix effectively
distributes the input power evenly across the output ports.

Fig. 13 illustrates the simulated phase differences between two
adjacent output ports under different excitations of input ports 1, 2,
3, and 4. The phase differences between two adjacent output ports
are 45°£15°, -135°£15°, 135°+15° and -45°+15° from 14.6 to 15.4
GHz when the input port 1, 2, 3 and 4 is excited, respectively.

To demonstrate the miniaturization achieved by the SW-SIW
Butler matrix, a conventional SIW-based Butler matrix is designed
for comparison in terms of the dimensions and the transmission
performances. The configuration of the conventional SIW-based
Butler matrix is shown in Fig. 14 (a). The S-parameters and phase
differences between two adjacent output ports of the normal SIW-
based Butler matrix are shown in Fig. 15 and 16, respectively. The
transmission performances of the proposed SW-SIW Butler matrix
are comparable to the normal SIW Butler matrix. As compared in
Fig. 14, the size of the SW-SIW Butler matrix working at center
frequency 15 GHz is 74mm x 28mm (3.7 Ao X 1.4 ko), while the
normal SIW-based Butler matrix’s size working at same center
frequency is 123.5mm x 62mm (6.175 ko % 3.1 Xo). The area of the
Butler matrix is reduced by 75.5%. Comparing Figs. 13 and 16
reveals that the phase differences between the outputs of the SW-
SIW Butler matrix are greater than those of the conventional SIW
Butler matrix. This is due to the dispersion effects of the slow-wave
structures in the SW-SIW. As a result, the bandwidth of the SW-SIW
Butler matrix is somewhat reduced.
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TABLE 1
COMPARISONS OF DIFFERENT BUTLER MATRICES

Ref Freq. Trans. Type Dimensions (LxWxH)
‘ (GHz) _ Line P
13 60 SIW 4x4 5.42x3.56x0.0254~=0.49
14 30 SIW 4x4 5.56x2.74x0.0508 = 0.774
15 30 C-SIW 4x4 5.54%1.24x0.1016~=0.698
16(1) 30 SIW 4x4 3.78x2.74x0.0508 = 0.526
16(2) 30 SIW 4x4 2.96x0.76x0.2032~=0.457
16(3) 30 FC-SIW 4x4 3.84x1.24x0.1016~0.484
This Work 15 SW-SIW  4x4 3.7%1.4%x0.0508~0.263
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Fig. 17. (a) Configuration, and (b) reflection coefficient of the four element
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Table I presents a comparison between the proposed SW-SIW
Butler matrix and existing 4x4 SIW Butler matrices in the literatures,
highlighting the miniaturization effect achieved. The result illustrates
that the SW-SIW Butler matrix design has been successfully
miniaturized with the smallest electrical dimensions, showcasing the
advantage of SW-SIW in beamforming network design.

III. DESIGN OF THE COMPACT MULTIBEAM ANTENNA ARRAY BASED
ON THE MINIATURIZED SW-SIW BUTLER MATRIX

To validate the feasibility of the proposed miniaturized SW-SIW
Butler matrix, a compact SW-SIW multibeam antenna array system
is designed by integrating SW-SIW slot arrays with the miniaturized
SW-SIW Butler matrix.

A four element SW-SIW slot array shown in Fig. 17 (a) is
designed as the radiating parts of a 4x4 multibeam antenna array
system by two layers of stacked substrates. Slow wave structures in
the form of metallized blind via-holes and shorted patches are loaded
in the lower substrate. Four radiating slots are etched on the top
plane of upper substrate. The lengths of the slots and the distances
between adjacent slots are approximately set to half of the guided
wavelength. It should be noted that the slow wave structures loaded
in the lower substrate of the slot arrays are necessary in this design to
decrease the cutoff frequency of the SIW. Otherwise, none of the
electromagnetic wave can propagate into the slot array, because the
cutoff frequency of a 6mm-wide normal SIW implemented by
Rogers 5880 substrate is higher than the working frequency of the
SW-SIW Butler matrix. The reflection coefficient of the four
element SW-SIW slot array is better than -10 dB from 14.6 to 15.4
GHz as shown in Fig. 17(b). The normalized radiation patterns at the
center frequency 15GHz are shown in Fig. 18 (a). The gain of the
four element SW-SIW slot array is higher than 9.8 dBi in the
operation band as shown in Fig. 18 (b).

By cascading four slot array at the output ports of the SW-SIW
Butler matrix, a 4 x 4 multibeam antenna array system can be
formed. The transitions from grounded coplanar waveguide (GCPW)
to SW-SIW are adopted at input ports as shown in Fig. 19 (a), whose
S-parameters are given in Fig. 19 (b).
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A prototype of the multibeam antenna array based on the SW-SIW
Butler matrix is manufactured and measured as shown in Fig. 20 (a).
The simulated and measured S-parameters of the SW-SIW
multibeam antenna are given in Fig. 20 (b). The simulated reflection
coefficients are lower than -10 dB from 14.5-15.4 GHz, while the
measured ones are better than -10 dB from 14.6-15.6 GHz. Fig. 20
(c) illustrates the simulated and measured radiation patterns of the
SW-SIW multibeam antenna array when different ports are excited.
At the center frequency 15 GHz, the beam directions are 32°, -59°,
59°, and -32°, corresponding to the feeding ports 1, 2, 3, and 4. The
simulated and measured realized gains of the SW-SIW multibeam
antenna system with different input ports excited are presented in
Fig. 20 (d). When Port 1 or Port 4 is excited, the simulated gain
ranges from 12.2 to 12.7 dBi, while the measured gain ranges from
11.1 to 12.1 dBi. When Port 2 or Port 3 is excited, the simulated gain
ranges from 10.8 to 11.5 dBi, and the measured gain ranges from 9.2
to 10.8 dBi. The difference values between simulated and measured
gains, deducting the connector loss, are not greater than 0.46 dB.
These experimental results demonstrate the effectiveness of the
miniaturized SW-SIW Butler matrix in achieving compact SW-SIW
multibeam antenna array with reasonable gain values.

IV. CONCLUSION

This paper introduced a compact multibeam antenna array
facilitated by miniaturized SW-SIW Butler matrix. The antenna
utilizes a 4x4 Butler matrix with greatly reduced dimensions that is
realized by adopting the slow wave substrate integrated waveguide
(SW-SIW) technology. The SW-SIW Butler matrix realize a 75.5%
overall size reduction compared with a conventional SIW-based
Butler matrix. The measured results align reasonably well with the
simulations, indicating that the compact multibeam antenna based on
the miniaturized Butler matrix offers a competitive solution for
space-constrained scenarios of multibeam applications. The
proposed compact multibeam antenna array and miniaturized SW-
SIW Butler matrix can be scaled to higher frequencies, i.e. the
millimeter-wave band. This scaling will require more precise
manufacturing processes to accurately fabricate the slow-wave
structures.
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