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Abstract

The Butler matrix, which i1s a feeding system of the beamforming
networks, i1s capable of adjusting the beam direction of array antenna. The
beam pattern of array antenna is determined by the magnitude and phase of
feeding signal, and interval between antenna elements. Therefore, the
magnitude and phase of feeding signal supplied to Butler matrix is used for
adjusting the beamforming direction. Since the feeding signal decides on the
performance of Bulter matrix, designing each component such as the
directional coupler, phase shifter and crossover is very important.

In this paper, we propose design methodology for the 4x4 Butler matrix to
reduce its overall size and improve the performance. The techniques
combining three-branch line directional couplers with slot-coupled directional
couplers are introduced to extend the limited narrow bandwidth. Especially, in
order to minimize the size of beamforming network, the Butler matrix circuit
1s constructed in a multilayer technology and designed without using a
crossover which is one of the essential matrix components. The structural
problems caused by multilayer composition are resolved by using the
slot-coupled directional coupler. Finally, the Butler matrix was designed and
fabricated on double layer microstrip transmission line by the proposed
configuration. And also, the simulation results and the measured results were
compared for performance analysis each other. As a result, the proposed
matrix has good performance that the relative bandwidth, maximum return
loss, insertion loss and progressive phase shift are 24 9, 15.76 dB, 65 £ 0.8
dB and £ 95 ° in operating frequency band, respectively. Also, the beam
pattern according to each input has good coverage with a half power

beamwidth of 30 ° within a range of 120 ° sector for mobile base station.
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Table 1. Output signal properties of butler matrix according to each input port.
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Figure 10. The structure of double-layered microstrip substrate.

Table 2. The properties of substrate.

Substrate
Property Dielectric 1 Dielectric 2
Dielectric Constant (e,) 35 35
Dissipation factor (tand ) 0.0018 0.0018
Height (h) 0.5 mm 0.5 mm
Thickness () 0.035 mm 0.035 mm
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Table 3. Design parameters of three-branch line coupler.

Three-branch line coupler
Parameters | Optimized results | Parameters | Optimized results
s 1.127 mm c 2.061 mm
a 0.143 mm l, 18.013 mm
b 2.153 mm L, 17.015 mm




3¢ Bl Az Ae7lelth of Z97|= 231 HoAN HE ©]
24 WE&e 7Ivter 74 Billx dze Judas 7] A grer Fof AdAst
dom, HFAoR HA FAFIAST 26 GHzol 3 HA s}t shqivh 3¢ BAlA A
Zo AA AL % 3ol YEh A

2. €X-2¢ ¥¥4 27

fol NE Mzsb g

s
rlr
i
~

Hol glomz AAd ALgE 7%
of FH(w)d Azel Aoj(l), €59 F(wyol meh 25 = AT

=
o ool AAHLh webd 3 dBE AW AHAE olES 2FRE Aol T2
4

0.90 ————

085 E £=35 ]
- —g=615
0.80 |- ]

075 | 3
0.70 F

0.65 |

Coupling Coefficient

0.60 |

055 F .

0.50-....1....1....1....1....1....
7.0 75 8.0 8.5 9.0 9.5 10.0

w/h

Figure 12. Coupling coefficient according to the ratio of the line width vs.

substrate height.

¢
o
fr

O

f
K3
N
el
1o
i
o
=
=
il
2l
127

f
AgASFE Yl Aoz 747 §4L 359 61594 AANE wlo A

il
2
9



A5 O wht FHEEE AAE AL 5 dow, o wik E7H

g WA Y1) Pxs AAsE A ALES 7Y 135 E 4o vhel

Port 2 Port3
(Coupled) (Direct)

Port1 Port4
(Input) (Isolated)

I : Signal line (top)
: Signal line (bottom)

Figure 13. Layout pattern of slot-coupled directional coupler.

Table 4. Design parameters of slot-coupled directional coupler.

Slot-coupled directional coupler

Parameters | Optimized results | Parameters | Optimized results

s 1.127 mm w 4.382 mm
a 0.848 mm wy 6.522 mm
3.316 mm l 18.673 mm
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Performance
Bandwidth 24 % ( 218 GHz ~ 2.78 GHz )
Return loss 22.81 dB
Phase error +9°
Mag. error + 0.6 dB
Size 839 X 83.6 mm’
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Figure 22. Comparison between simulation results and measured results for

the insertion loss when feeding into the port 1.
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Figure 23. Comparison between simulation results and measured results for

the insertion loss when feeding into the port 2.
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the insertion loss when feeding into the port 3.
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Figure 25. Comparison between simulation results and measured results for

the insertion loss when feeding into the port 4.
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Figure 26. Comparison between simulation results and measured results for

the return loss when feeding into each input port.
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Figure 27. The results of phase difference between output ports when feeding

into each input port.
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Table 6. Output properties of the butler matrix at 2.6 GHz.

Output signal

. ) Phase difference between
Input signal Magnitude [dB]
output ports [degree]

Port 5 | Port 6 | Port 7 | Port 8 | s B 7 Br s

Theory -6 -6 -6 -6 =45 =45 -45

Port 1 Simulation -6.17 | 630 | -6.46 | —-6.60 | -46.01 | -44.32 | -44.82

Measurement | —6.46 -6.84 -6.32 -6.74 | -46.19 | -41.74 | -45.70

Theory -6 -6 -6 -6 135 135 135

Port 2 Simulation -634 | 614 | -6.68 | -6.45 | 13399 | 13536 | 134.98

Measurement | -6.85 | —6.44 | -6.86 | —-6.32 | 134.85 | 137.15 | 134.83

Theory -6 -6 -6 -6 -135 -135 -135

Port 3 Simulation -647 | -6.66 | -6.16 | -6.32 | -135.76 | -134.52 | -134.34

Measurement | -5.80 | 725 | -591 | -7.32 | -134.40 | -132.79 | -134.45

Theory -6 -6 -6 -6 45 45 45

Port 4 Simulation -6.58 | 648 | -6.29 | -6.19 | 44.01 45.21 45.19

Measurement | -5.80 | -7.25 | -591 | -732 | 4532 46.65 45.67
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Figure 28. The results of radiation pattern when feeding into each input port

at 26 GHz.
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Table 7. Output properties of the butler matrix at 2.18 GHz.

Output signal

Input signal Magnitude [dB] Phase difference between

output ports [degree]

Port 5 | Port 6 | Port 7 | Port 8 | [ Be.7 B8

Theory -6 -6 -6 -6 -45 -45 -45

Port 1 Simulation -6.60 | -6.25 | -6.42 | -6.08 | -53.38 | -37.24 | -51.94
Measurement | -6.75 | -6.63 | -6.35 | -6.15 | -52.19 | -36.12 | -52.41

Theory -6 -6 -6 -6 135 135 135

Port 2 Simulation -6.29 | =656 | -6.13 | -6.44 | 12647 | 143.19 | 127.49
Measurement | -6.84 | -6.89 | -6.19 | -6.41 | 12545 | 14571 | 127.73

Theory -6 -6 -6 -6 -135 -135 -135
Port 3 Simulation -6.45 | -6.12 | -658 | -6.26 | -128.19 | -142.36 | -127.26
Measurement | -5.78 | -6.65 | -6.40 | -7.32 | -128.93 | -140.47 | -126.82

Theory -6 -6 -6 -6 45 45 45

Port 4 Simulation -6.06 | -6.44 | -6.24 | -6.61 | 51.27 38.01 52.62
Measurement | -6.61 | -584 | -7.22 | -6.34 52.69 39.23 52.66
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Figure 29. The results of radiation pattern when feeding into each input port

at 2.18 GHz.
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Table 8. Output properties of the butler matrix at 2.78 GHz.

Output signal

. . Phase difference between
Input signal Magnitude [dB]
output ports [degree]

Port 5 | Port 6 | Port 7 | Port 8 5576 56,7 5773

Theory -6 -6 -6 -6 -45 -45 -45

Port 1 Simulation 633 | 618 | -6.73 | 649 | -43.12 | 4747 | -41.84

Measurement | -6.54 | -6.74 | -6.40 | -6.63 | -43.17 | -44.32 | -42.23

Theory -6 -6 -6 -6 135 135 135

Port 2 Simulation -6.17 | 629 | 653 | -6.69 | 13691 | 13241 | 138.25

Measurement | -6.92 | -6.50 | -6.71 | -6.41 | 13712 | 134.70 | 136.93

Theory -6 -6 -6 -6 -135 -135 -135

Port 3 Simulation -6.72 | -651 | 632 | -6.14 | -139.21 | -131.42 | -137.88

Measurement | -5.92 | -7.16 | -6.04 | -7.26 | -137.13 | -129.51 | -136.77

Theory -6 -6 -6 -6 45 45 45

Port 4 Simulation -646 | 675 | -6.16 | -6.34 | 4093 48.50 42.16

Measurement | -7.16 -5.81 =7.22 -6.08 41.58 51.12 41.46
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Figure 30. The results of radiation pattern when feeding into each input port

at 2.78 GHz.
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