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Abstract—In this paper, a novel design approach for designing 

4 × 4 and 8 × 8 filtering Butler matrices is proposed. The 

matrices, composed of combined 90° couplers and 180° filtering 
couplers as well as phase shifters, provide incremental phase 
shifts and a bandpass filter performance. The detailed design 

process and synthesis method for the Butler matrices are 
presented. A three-layer symmetrical stripline structure is used 
to realize the Butler matrix, allowing a fully planar structure 

without interlayer connections. For experimental verification, 
two prototype 4 × 4 and 8 × 8 filtering Butler matrices, operating 
at the center frequency of 2.4 GHz with a bandpass response, are 

devised, manufactured, and tested. The test results match well 
with the simulation ones. Based on the measurements, array 
factors have been calculated, which further indicate the 

acceptance of the measured results.  

  

Index Terms—Bandpass filter, Butler matrix, stripline, 90° 

couplers, 180° couplers. 

I. INTRODUCTION 

ULTI-BEAM antenna array has attracted much 

attention over the recent years because of its higher 

spectral efficiency and larger communication capacity. A 

classic multi-beam antenna array is usually comprised of three 

parts with different functions: the antenna array, a beam-

forming network (BFN), and switches [1]. First, the input port 

of BFN can be decided by using the switches. Then the input 

signal pass through the BFN and different phase increment can 

be generated at its outputs, depending on the selected input 

port. At last, the output signal with phase increment would 

feed the antenna array. The BFN is the most important part in 

a multi-beam antenna array system. Apart from the Blass 

matrix [2], which is rarely used and a lossy network, there 

exist two types of commonly used BFNs. One is the Nolen 

matrix [3]. In [4]-[6], the authors have presented several high-

performance Nolen matrices. The other one is the Butler 

matrix [7], and some high-performance Butler matrices have 
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been presented for the applications of multi-beam antenna 

array system [8]-[19]. However, in practical application, for a 

narrowband environment, extra bandpass filter should always 

be connected with the system, in order to restrain the 

undesired frequencies produced by the system. In this paper, 

we integrated the Butler matrix with extra bandpass filter as a 

new filtering Butler matrix, which could achieve the 

miniaturization of the system [20], [21].  

In general, the Butler matrix is composed of couplers and 

phase shifters and the detailed design process has been 

presented in [22], [23]. The 90° coupler, which is a 2 × 2 

network with a 90° phase progression between the two outputs 

[24], is the most frequently used in Butler matrix. Instead of 

90° couplers, 180° couplers could also be used, as proposed in 

[25]. Since the couplers are the key component of the Butler 

matrix, it is plausible to first introduce filtering functions into 

the couplers and then use these couplers to design the filtering 

Butler matrix. Several filtering couplers have been proposed 

previously [26]-[33]. In [20], a novel filtering Butler matrix 

based on 180° filtering couplers was presented, in view of the 

application in multi-port power amplifiers. 

The authors demonstrated the 2 × 4 and 4 × 6 filtering 

Butler matrices utilizing coupled-resonator structures in the 

previous work [21], [34]. However, because the filtering 

couplers are cascaded by the couplings between resonators, it 

was difficult to generate a 90° or other phase shift for the all-

resonator network, which limited the number of phase 

increments for filtering Butler matrix within 4. The novelty in 

this paper lies in the utilization of combined 90° and 180° 

couplers so as to solve the problem of generating phase 

shifters in the connecting network, which innovates the 

realization of filtering Butler matrix with 8 phase increments 

for the first time. In this paper, a 4 × 4 and an 8 × 8 filtering 

Butler matrix are presented using both 90° and 180° couplers. 

The detailed synthesis process for the Butler matrices is 

presented, and two prototypes are devised, manufactured, and 

measured, achieving an equal amplitude signal distribution 

and multiple phase increments between the adjacent output 

ports.  

The rest of this paper is arranged as follows. In Section II, 

the design process of the 4 × 4 filtering Butler matrix is 

presented in detail. A novel 8 × 8 filtering Butler matrix based 

on 90° and 180° couplers is demonstrated in Section III. 

Lastly, Section IV gives a conclusion for this paper. 
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II. 4 × 4 FILTERING BUTLER MATRIX USING BOTH 90° AND 

180° COUPLERS 

A. Analysis  

Fig. 1(a) shows the conventional topology of a 4 × 4 

Butler matrix based on 180° couplers, which can provide 

phase increments of 0°, 180°, and ±90°. On the one hand, to 

introduce the filtering characteristic into the Butler matrix, the 

couplers 1 and 2 are replaced by the 180° filtering couplers. 

On the other hand, the couplers 3 and 4 are replaced by the 

common 90° couplers plus an additional phase shifter as 

shown in Fig. 1(b). In this way, a new configuration of 4 × 4 

Butler matrix with using both 90° and 180° couplers is shown 

in Fig. 1(c). Because the 90° coupler is not composed of 

coupled resonators, now the output ports of the 180° filtering 

coupler and the input ports of the 90° coupler can be 

connected directly by transmission lines, which makes it easy 

to implement the phase shifters in the connecting network.   

In addition, because the transformations of couplers are 

equivalent, the phase increments between the adjacent output 

ports remains unchanged and can be expressed as  
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  (1) 

Different from our previous work [21][34], the filtering 

function of the new 4 × 4 Butler matrix is realized solely by 

the 180° filtering couplers but not the 90° couplers. The 

design of the 180° filtering coupler and the 90° coupler will be 

discussed next. 

 
Fig. 2. A three-layer symmetrical stripline structure. 

 

 
Fig. 3. Layout of the 180°filtering coupler. 

 

 
(a) 

 
(b)  

Fig. 4. Simulated S-parameters and output phases of the 180° filtering 

coupler. (a) S11, S21, S31, S41, S22, S32 and S42. (b) ∠S31, ∠S41, ∠S32 and 

∠S42. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. (a) Diagram of the traditional 4 × 4 Butler matrix using 

180°couplers. (b) The equivalence between 90° and 180° coupler. (c) 

Diagram of 4 × 4 filtering Butler matrix using both 90° and 180° 

couplers. 
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B. 180° Filtering Coupler  

The 180° filtering coupler is designed based on the method 

in our previous work [21]. However, a new transmission 

media based on a multi-layer structure is used here, as shown 

in Fig. 2. This three-layer stripline structure, consisting of one 

thin and two thick dielectric layers with the dielectric constant of 

2.55, offers more design freedoms for the crossovers and 

couplers. Fig. 3 shows the layout of a 180° filtering coupler, 

consisting of four coupled resonators. Two of them are placed 

in the top layer of the stripline and the other two in the bottom 

layer. The bandpass filter is designed to operate at a center 

frequency f0 = 2.4 GHz with a fractional bandwidth (FBW) 

of 5.5%. The passband ripple level is chosen to be 0.04321 

dB with respect to a 20 dB return loss. Using the design 

method in [21], the final parameters of the coupler after 

optimization in Zeland IE3D software are L1 = 13.99, L2 = 18.79, 

L3 = 7.00, L4 = 9.58, L5 = 12.60, L6 = 14.83, L7 = 7.28, 

L8 = 2.88, L9 = 11.75, L10 = 4.88, L11 = 12.05, L12 = 13.40, 

L13 = 5.96, L14 = 10.72, W1 = 0.5, W2 = 1.0, W3 = 2.4, S1 = 0.20, 

S2 = 0.78, S3 = 1.23, S4 = 0.72, S5 = 0.88, unit in mm. Fig. 4 

shows the simulation results of  S-parameters and output 

phases for the coupler. The coupler shows a 2nd-order filtering 

characteristic and expected phase response in the passband.  

C. 90° Directional Coupler  

The 90° directional coupler follows a design from [35] and 

its layout is shown in Fig. 5. Utilizing the odd–even mode 

analysis approach in [24], when the length of the coupled line 

keeps the same, the coupled port (P3 in Fig. 5) and the straight 

through port (P4 in Fig. 5) have a phase increment of 90° over 

a broadband range. The bandwidth is selected to be 2.1–2.7 

GHz and the even/odd mode characteristic impedances for the 

coupled line are acquired as Zoe = 120.4 Ω and Zoo = 16.7 Ω. 

The parameters of the coupler in Fig. 5 can be optimized in Zeland 

IE3D software. They are L15 =8.14, L16 = 0.50, S6 = 0.60, S7 = 0.35, 

W4 = 1.35, W5 = 0.5, unit in mm. Fig. 6 shows the simulation 

results of S-parameters and output phases for the coupler. The 

simulated results show the coupler has balanced amplitude and 

phase response over the range of 2.1–2.7 GHz. 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. (a) Diagram of the traditional 4 × 4 Butler matrix using 

180°couplers. (b) The equivalence between 90° and 180° coupler. (c) 

Diagram of 4 × 4 filtering Butler matrix using both 90° and 180° 

couplers. 

 

 
Fig. 5. Layout of the 90° directional coupler. 

 

 
(a) 

 
(b) 

Fig. 6. Simulated S-parameters and output phases of the 90° directional 

coupler. (a) S11, S21, S31 and S41. (b) ∠S31, ∠S41 and ∠S32-∠S42. 

 

 
Fig. 7. Layout of the 4 × 4 filtering Butler matrix.  

 

 
Fig. 8. Photo of the 4 × 4 filtering Butler matrix. 
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D. Butler Matrix Simulations and Measurements  

Based on the topology in Fig. 1(c), a 4 × 4 filtering Butler 

matrix is obtained by connecting the couplers with striplines. 

Fig. 7 presents the layout of the 4 × 4 filtering Butler matrix 

and a photo of the manufactured Butler matrix is given in Fig. 

8. The parameters of the connecting network in Fig. 7 can be 

optimized to be L17 =5.56, L18 = 25.37, L19 = 21.64, L20 = 9.87, 

L21 = 41.12, L22 = 22.07, unit in mm. Fig. 9(a) and (b) show 

the simulation and test results of S-parameters when different 

input port is excited. The test results have a good consistency 

with the simulation ones. The measured insertion loss in the 

passband is 6.7±0.7dB, which includes 6 dB power 

distribution loss. The measured return losses in the passband 

are above 13 dB. This small difference from the simulation 

results is mainly attributed to the assembling errors from the 

multi-layer structures. Fig. 9(c) shows the simulation and test 

results of isolation between the input ports. The measured 

isolation between the input ports is better than 21 dB. Fig. 10(a) 

and (b) show the measurement results of output phases and 

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Simulation and test results for the manufactured 4 × 4 filtering 

Butler matrix. (a) Simulated S-parameters. (b) Measured S-parameters. 

(c) Simulated and measured isolations between the input ports. 

 

 
(a) 

 
(b) 

Fig.10. Measurement results for the manufactured 4 × 4 filtering Butler 

matrix. (a) Output phases. (b) Phase differences. 

 

 
Fig. 11. Theoretical and calculated normalized array factors for the four-

element linear antenna array by using ideal and measured results.  
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phase differences for the Butler matrix, respectively. For the 

input port P1 to P4, it is easy to find that the measured phase 

differences between the adjacent output ports in the passband 

are 0°, 180° and ±90°. The measured output phase imbalances 

of filtering Butler matrix are within ± 10° in the passband. It is 

worth mentioning that the filtering function of the 4 × 4 

filtering Butler matrix is introduced by the 180° filtering 

coupler. Therefore, the filter order could be easily extended by 

cascading more resonators at the input or output ports of the 

180° filtering coupler. 

 In order to further verify the acceptance of the measured 

results, the normalized array factors of an linear antenna array 

with four elements have been calculated by using the 

measured phases and amplitudes of the 4 × 4 filtering Butler 

matrix. Fig. 11 shows the theoretical and calculated array 

factors for the center frequency f0 = 2.4 GHz with radiating 

elements’ spacing equal to 0.5λ0. Close correlation has been 

found between the calculated array factors and the theoretical 

ones. 

 
(a)                                                                                                                          (b) 

 
(c) 

Fig. 12. (a) Topology of the traditional 8 × 8 Butler matrix using 180° couplers. (b) Topology of the 8 × 8 filtering Butler matrix using both 90° and 

180° couplers. (c) Topology of the proposed new 8 × 8 filtering Butler matrix consisting of two 4 × 4 filtering Butler matrices and the output network.  
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III. 8 × 8 FILTERING BUTLER MATRIX USING BOTH 90° AND 

180° COUPLERS 

A. Analysis  

Based on the 4 × 4 filtering Butler matrix, a method for 

designing an 8 × 8 filtering Butler matrix is described in this 

section. Fig. 12(a) shows the topology of a conventional 8 × 8 

Butler matrix using 180° couplers, with phase progressions of 

0°, ±45°, ±90°, ±135°, and 180°. The 8 × 8 Butler matrix is 

composed of two 4 × 4 Butler matrices A and B and four 180° 

couplers. They are connected by crossover sections. Since the 

realization of a filtering Butler matrix is of interest, the 180° 

couplers connected with input ports are replaced by 180° 

filtering couplers, introducing filter functions into the Butler 

matrix. The other 180° couplers are replaced by 90° couplers 

and additional phase shifts. Fig. 12(b) shows the topology of 

an 8 × 8 filtering Butler matrix using both 90° and 180° 

 
(a)                                             (b) 

Fig. 13. Layout of the connecting network. (a) Crossover. (b) Phase 

compensator.  

 

 
(a)  

 
(b) 

Fig. 14. Simulation results of the connecting network. (a) Magnitude. (b) 

Phase difference. 

TABLE I 

PHASE DISTRIBUTION OF THE 4 × 4 FILTERING BUTLER MATRIX C  

 P5 P6 P7 P8 

P1 0° 0° -90° -90° 

P2 0° -180° -90° -270° 

P3 -90° -180° 0° -90° 

P4 -90° 0° 0° -270° 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 15. (a) Layout of the 4 × 4 filtering Butler matrix C. Simulation 

results of the 4 × 4 filtering Butler matrix C. (b) Magnitude. (c) Output 

phases. 
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couplers. In order to simplify the 8 × 8 filtering Butler matrix 

and make it easier to be integrated as a planar structure, the 

crossover section is rearranged, and the phase shifters are 

adjusted. This leads to a new topology as shown in Fig. 12(c). 

Noted that the number of crossovers is reduced from six to 

four compared with the topology used in [19]. The new 8 × 8 

filtering Butler matrix could be divided into two parts: the 

filtering 4 × 4 Butler matrix C and the output network, which 

can be designed as followed. 

B. Filtering 4 × 4 Butler Matrix C  

 The same design method as described in Section II is 

used. The filter is still operating at 2.4 GHz with a FBW of 

5.5% and a 20 dB return loss. The design of the 90° and 180° 

couplers keeps the same. The crossover in the filtering 4 × 4 

Butler matrix C is realized by a tandem connection of two 90° 

directional couplers. This is regarded the reference line. The -

90° phase shifter is realized by adding additional quarter-

wavelength stripline on top of the reference line. Fig. 13(a) 

and (b) show the layout of the connecting network of the 

filtering 4 × 4 Butler matrix C. By properly adjusting the 

length of the striplines (L18 and L20), the phase difference 

between the different path can be easily controlled. The 

parameters of the connecting network after optimization in 

IE3D software are L17 = 5.2, L18 = 10.3, L19 = 5.3, L20 = 20.56, 

unit in mm. Fig. 14(a) and (b) show the simulation and test 

results of S-parameters and output phase differences for the 

connecting network. The simulated phase imbalances between 

different paths are within ±5° in the range of 2.2–2.6 GHz. 

The 4 × 4 filtering Butler matrix C is obtained by connecting 

the couplers with the connecting network directly. The layout 

of the 4 × 4 filtering Butler matrix C is given in Fig. 15(a). 

From the topology of the 4 × 4 filtering Butler matrix C in Fig. 

12(c), Table I shows the phase distributions from each input 

port to output port for the Butler matrix C. Fig. 15(b) and (c) 

show the simulation and test results of S-parameters and 

output phases for the 4 × 4 filtering Butler matrix C when the 

input port P3 is excited. As can be observed from the 

simulated results, the 4 × 4 filtering Butler matrix C has 2nd-

order filtering characteristic and its output phase increments 

across the output ports are -90°, 180° and -90°, which are 

consistent with the theoretical phase distribution in Table I. 

 
Fig. 16. Layout of the output network for the 8 × 8 Butler matrix. 

 

TABLE II 

PHASE DISTRIBUTION OF THE OUTPUT NETWORK IN FIG. 16 

 P9 P10 P11 P12 P13 P14 P15 P16 

P1   -180°    -180°  

P2    -180°    -180° 

P3 -90°    -90°    

P4  -90°    -90°   

P5 -180°    0°    

P6  -225°    -45°   

P7   -180°    0°  

P8    -225°    -45° 

 

 
(a) 

 
(b) 

Fig. 17. Simulated S-parameters and output phases of the output network. 

(a) S11, S31, S11,1 and S15,1. (b) ∠S11,1, ∠S15,1 ∠S93 and ∠S13,3. 
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C. Output network  

The layout of the output network is shown in Fig. 16. 

From the output network in Fig. 12(c), Table II shows the 

phase distributions from each input port to output port for the 

output network. The crossover is still realized by a tandem 

connection of two 90° directional couplers. For the -90° and 

+45° phase shifters connected with the input port of the 90° 

directional couplers, taking the crossover path as the reference 

line, additional quarter-wavelength and one-eighth-wavelength 

stripline should be added and deducted, respectively. By 

properly adjusting the length of the striplines (L21 and L29), 

 
(a)                                                                                                                   (b) 

Fig. 18.  (a) Layout of the 8 × 8 filtering Butler matrix. (b) Photograph of the 8 × 8 filtering Butler matrix. 

    
      (a)                                                                                                                 (b) 

           
(c)                                                                                                                   (d) 

Fig. 19.  Simulation and test results for the filtering 8 × 8 Butler matrix when port P1 is excited. (a) Simulated S-parameters. (b) Measured S-

parameters. (c) Simulated and measured isolations between the input ports. (d) Measured output phase. 
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these phase shifters can be easily realized.  For the -45°, -90°, 

-135° and -180° phase shifters connected with the output port 

of the 90° directional couplers, additional one-eighth-

wavelength, quarter-wavelength, three-eighth-wavelength and 

half-wavelength striplines are added to the output ports. The 

parameters of the output network in Fig. 16 can be optimized 

in IE3D software to be L21 =41.02, L22 = 9.8, L23 = 7.0, L24 = 7.4, 

L25 = 22.55, L26 = 31.2, L27 = 46.48, L28 = 12.16, L29 = 26.48, 

L30 = 12.77, L31 = 32.34, L32 = 42.13, unit in mm.  

Fig. 17 shows the simulation and test results of S-

parameters and output phases for the output network when the 

input port P1 is excited. It can be observed from the simulated 

results that the output phases ∠S11,1 and ∠S15,1 (∠S93 and ∠

S13,3) are equal and the output phase difference between∠S11,1 

and ∠ S93 is -90°, which are consistent with the phase 

distribution given in Table II. 

D. Butler Matrix Simulations and Measurements                                                                                        

An 8 × 8 filtering Butler matrix is obtained by connecting 

the 4 × 4 filtering Butler matrix C with the output network 

according to Fig. 12(c). The entire layout of the 8 × 8 filtering 

Butler matrix is given in Fig. 18(a). Fig. 18(b) shows a photo 

of the manufactured filtering Butler matrix. Fig. 19(a) and (b) 

show the simulation and test results of S-parameters when the 

port P1 is excited, respectively. Small difference has been 

found between the test results and simulation ones. The 

measured insertion loss in the passband is 10.2±0.7 dB, which 

includes 9 dB power distribution. The measured return losses 

in the passband are above 15 dB. Fig. 19(c) shows the 

simulated and measured isolations between the input ports 

when port P1 is excited. The measured isolation between the 

input ports is better than 19 dB. Fig. 19(d) shows the 

measurement results of output phases for the Butler matrix 

when the input port P1 is excited. It is easy to find that the output 

phases from ∠S91 to ∠S16,1 are almost equal. Table III lists the 

measured return loss, insertion loss and isolation between the 

input ports when other ports are excited. Fig. 20 shows the 

measured phase differences when different port is excited. It can 

be concluded from the figure that when other input ports are 

excited, the measurement results of phase increment are 180°, 

±90°, ±135°, and ±45°. The measured output phase 

imbalances of filtering Butler matrix are within ± 12° in the 

passband. In the same way, the filter order of the Butler matrix 

could be extended by cascading more resonators at the input 

or output ports of the 180° filtering coupler. The normalized 

array factors for linear antenna array with eight elements have 

been calculated by using the measured phases and amplitudes 

of the Butler matrix at different frequency. Fig. 21 shows the 

theoretical and calculated array factors for the center 

frequency f0 = 2.4 GHz with radiating elements’ spacing equal 

to 0.5λ0. Close correlation has been found between the 

calculated array factors and the theoretical ones. Table IV lists 

the comparisons between the proposed Butler matrix and the 

previous work. It can be seen from the table that the proposed 

Butler matrix can provide a filtering function with more phase 

increments. 

TABLE III 

MEASURED RESULTS FOR THE FILTERING 8 × 8 BUTLER MATRIX 

 
RL 

(dB) 

IL (dB) Iso 

(dB) P9 P10 P11 P12 P13 P14 P15 P16 

P1 15 10.6 10.3 10.1 9.8 10.4 10.1 9.5 9.6 >19 

P2 14 10.3 10.4 9.9 10.1 10.2 10.4 9.8 10.2 >19 

P3 16 10.5 10.3 10.2 10.2 10.0 10.2 10.2 10.0 >17 

P4 17 10.3 10.2 10.0 9.9 9.9 9.9 10.2 9.9 >17 

P5 20 10.5 10.2 10.2 10.1 10.3 9.8 9.9 9.7 >17 

P6 14 10.2 10.1 10.3 10.2 10.1 10.1 9.8 10.1 >17 

P7 16 10.4 10.3 9.9 9.8 10.5 10.2 10.2 10.4 >18 

P8 15 10.3 10.3 9.8 10.1 10.2 10.3 10.1 10.2 >18 

RL: Return loss; IL: Insertion loss; Iso: Isolation. 
 

  
Fig. 20. Measured phase differences for the manufactured 8 × 8 filtering 

Butler matrix. 

 

 
Fig. 21. Theoretical and calculated normalized array factors for the eight-

element linear antenna array by using ideal and measured results. 

 
TABLE IV 

COMPARISON WITH PREVIOUS WORK  

Ref. 

Number of  

phase 

increments 

Filtering 

function 
Technology 

Type of 

realized 

couplers 

IL 

(dB) 

PI 

(deg) 

f0 

(GHz) 

FBW 

(%) 

[13] 8 No CMOS 90° coupler 3.1 ±22 60 16.6 

[16] 8 No Stripline 90° coupler 1 ±10 3 33 

[20] 0 Yes 3D printing 180° coupler NG NG 12.4 4 

[21] 2 Yes Microstrip 180° coupler 2.8 ± 9 2.4 3.5 

[34] 4 Yes Microstrip 180° coupler 2.9 ±10 2.4 8 

This 

work 
8 Yes Stripline 

90° and 180° 

couplers 
1.9 ±12 2.4 5.5 

IL: Insertion loss; PI: Phase imbalance; NG: Not given. 
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IV. CONCLUSION 

This paper presents a systematic design process for the 4 × 

4 and 8 × 8 filtering Butler matrices. The Butler matrices are 

composed of 180° filtering couplers based on coupled 

resonators, 90° directional couplers and phase shifters, which 

can realize different phase difference and equal power 

distribution as well a bandpass response. For validation, two 

examples of 4 × 4 and 8 × 8 filtering Butler matrices have 

been devised, manufactured, and measured. In addition, the 

normalized array factors were calculated based on the 

measured results to further indicate the acceptance of the 

measured results.  
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