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中文摘要 

隨著時代的進步及行動通訊需求大量增加，第五代行動通訊技術利用毫米波

段中的部分頻譜來增加通信容量、降低功耗、提高資料傳輸速率和減少延遲。其中

透過波束成形技術可以鎖定特定區域，來改善基地站無法涵蓋之區域的傳輸速率，

而波束成形是藉由調整多個天線的輸入訊號大小與相位權重，以控制主波束的方

向。巴特勒矩陣是其中一種可以達到此種目的的電路，且巴特勒矩陣使用元件數較

少、損耗較小、以及較便宜。另外，為了降低功耗，需減少傳輸路徑上的損耗，因

此本文採用空氣填充式基板集成波導結構來設計巴特勒矩陣饋入陣列天線，以達

到波束成形功能，以及降低損耗之特性。 

傳統波導管之體積較笨重、耗費較高又無法與平面集成。為了有利於封裝整合，

因此衍生出基板集成波導結構的設計。該結構利用基板上下兩層的全金屬，配合兩

側穿層的金屬柱作為金屬牆，形成一個可以與平面集成體積較小又低成本的平面

波導結構。由於基板集成波導在傳輸過程中會接觸到有損介質，且在高頻時，有損

介質材料的損耗大，因此造成能量在傳輸過程大量損耗。為了降低損耗，因而衍生

出本文採用之空氣填充式基板集成波導結構。該結構將傳統基板集成波導之有損

介質基板改為空氣基板，由於有損介質材料的損耗大於空氣，因此空氣填充式基板

集成波導結構可以降低傳輸過程產生的損耗。 

巴特勒矩陣是由耦合器、交叉耦合器以及相移器所組成的，其中本論文所使用

的相移器為短截線相移器。本論文針對此相移器進行分析，並建立其等效電路模組，

以此模組設計出可應用於空氣填充式基板集成波導結構的巴特勒矩陣之相移器。 

為了驗證空氣填充式基板集成波導結構損耗較低，因此利用空氣填充式基板

集成波導結構設計四乘四巴特勒矩陣饋入陣列天線，經模擬得知，在 60 GHz時，

此設計電路之損耗低於 1 dB，與參考文獻中，使用傳統基板集成波導設計之巴特

勒矩陣相比明顯小 1 dB，因此證實使用空氣填充式基板集成波導結構設計出來之
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四乘四巴特勒矩陣之損耗較低，而將此電路饋入陣列天線，不但具有波束成形功能，

又低損耗，且應用於毫米波頻段。 

關鍵字：巴特勒矩陣、空氣填充式基板集成波導、毫米波、相移器、陣列天線。 
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ABSTRACT 

With the advancement of the times and the increasing demand for mobile 

communications, the fifth-generation mobile networks will utilize part of the spectrum in 

the millimeter-wave (mm-Wave) band to increase communication capacity, reduce power 

consumption, increase data transmission rate, and reduce delay. The beamforming 

technology can specify a specific area to improve the transmission rate of an area that 

cannot be covered by the base station. And beamforming controls the direction of the 

main beam by adjusting the input signal magnitude and phase weight of multiple antennas. 

The Butler Matrix is one of the circuits that can achieve beamforming. The Butler Matrix 

uses fewer components, less loss, and is less expensive. In addition, in order to reduce 

power consumption, it is necessary to reduce the loss on the transmission path. Therefore, 

this thesis uses an air-filled substrate integrated waveguide (AFSIW) structure to design 

an extremely low loss Butler matrix feeding beamforming antenna array. 

Traditional waveguides are bulky, expensive, and can’t be integrated with the plane. 

In order to make package integration easy, the design of the substrate integrated 

waveguide (SIW) structure is evolved. The structure utilizes the full metal of the upper 

and lower layers of the substrate, and the through-hole via on the two sides is used as the 

metal wall to form a planar waveguide structure which can be integrated with the plane 

and has a small size and low cost. However, due to the contact with the lossy substrate or 

air during the transmission, there is still a non-negligible power loss when applied in high 

frequencies. In order to further reduce losses, the AFSIW structure is evolved on this 

thesis. The AFSIW structure changes the lossy dielectric substrate of the conventional 

SIW into the air. Therefore, the AFSIW structure can avoid the loss from substrate and 

achieve better performance than traditional SIW. 



doi:10.6342/NTU201904216

v 
 

Butler matrix is composed of the coupler, the crossover and the phase shifter. The 

stub phase shifter is used in this thesis. In this thesis, the stub phase shifter is analyzed 

and the equivalent circuit module of the stub phase shifter is established. The module is 

designed to apply in the phase shifter of the Butler matrix on AFSIW structure. 

In order to verify that the structure of the AFSIW has low loss, a 4×4 Butler matrix 

feeding array antenna is designed by using an AFSIW structure. The simulation shows 

that the loss of this design circuit is less than 1 dB at 60 GHz, which is significantly 

smaller than the traditional SIW Butler matrix 1 dB. Therefore, it is confirmed that the 

loss of the 4×4 Butler matrix designed using the AFSIW is low. And the extremely low 

loss Butler matrix feeding beamforming antenna array is applied in the millimeter-wave 

band. 

Index terms – Butler matrix, air-filled substrate integrated waveguide (AFSIW), 

millimeter-wave (mm-Wave), phase shifter, array antenna 
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Chapter 1  
pter 1 Introduction 

 

1.1 Research Motivation 
Due to the large increase in mobile data demand, a fifth-generation(5G) mobile 

networks will utilize part of the spectrum in the millimeter-wave (mm-Wave) band to 

increase communication capacity [1]. And because of operating at high frequency, mm-

Wave communications suffer from high propagation loss and limited scattering. To solve 

these problems, some advanced antenna techniques are applied in 5G mm-Wave 

communication systems, such as the beamforming technique and the massive multiple-

input multiple-output (MIMO) technique [2]. There are several kinds of beamforming 

technique, such as Butler matrix [3], Blass matrix [4] and Nolen matrix [5]. Among them, 

the Butler matrix has a lower loss and is cheaper than others. 

There are several challenges for mm-Wave communications, such as a planar 

integrated circuits design [1]. Using waveguide to design the Butler matrix is a typical 

method, but hard for packaging and system integration. To solve this problem, substrate 

integrated waveguide (SIW) can integrate planar circuits and offer smaller size than the 

traditional waveguide. However, due to the contact with the lossy substrate or air during 

the transmission, there is a non-negligible power loss in general SIW when it is applied 

in high frequency. In order to further reduce losses, the AFSIW structure is evolved on 
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this thesis. The AFSIW structure changes the lossy dielectric substrate of the conventional 

SIW into the air. Therefore, the AFSIW structure can avoid the loss from the substrate 

and achieve better performance than traditional SIW. So that, using this structure to design 

the Butler matrix can achieve low loss. That is why we use AFSIW to design the Butler 

matrix in this thesis. 

1.2 Literature Survey 
There are many different types of Butler matrices. The first type is the fundamental 

type. Four-input four-output ( 4 × 4 ) Butler matrix [3],[6],[7] is composed of four 

couplers, two crossovers, two 0-deg phase shifters, and two 45-deg phase shifters. The 

second type is the 4 × 8 Butler matrix [8],[9], which adds the power divider to reduce 

the sidelobe level. The third type is the two-dimensional Butler matrix [10],[11], which 

is composed of the N E-plane sub-beamforming network and the N H-plane sub-

beamforming network. If this Butler matrix cascades the antenna array, it will obtain the 

N × N beam direction angle. Namely, if the circuit network is propagated on the z-axis, 

the beam-steering will obtain the N beam direction angle on the x-axis and N beam 

direction angle on the y-axis. The fourth type is the Butler matrix composed of multilayers 

[12],[13]. Except for the first type, other types are modified from the first type. Therefore, 

if the fundamental 4 × 4 Butler matrix is designed first, it will be easier to improve it 

into other types of Butler matrices. 

The method to design the coupler is short-slot coupler, which is composed of two 

parallel waveguides with a common narrow wall between the waveguide is removed 

[14],[15]. The other method is the multilayer substrate, which is drilled a slot on the 

substrate to couple to another layer [16]. The disadvantage is that the multilayer is not 

cheap. 
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There are many different types of crossovers on the Butler matrix. The first type is 

cascaded 3-dB coupler [17],[18], which is a popular method to cascade two 3-dB coupler 

to form a 0-dB coupler. The disadvantages of this type are that the size will be large and 

return loss will be worse if the designed coupler is not good. The second type is 0-dB 

coupler, which is the same design method of the coupler [19]. The third type is without 

the crossover, which needs to rearrange the circuit network [20]. The advantage is that 

the loss of the crossover and the space of the crossover are reduced. The disadvantage is 

that the input ports should on the outside of the circuit and the output ports are inside the 

circuit, so the antenna array will be designed inside the circuit. 

Phase shifters on the Butler matrix, there are many different types. One is the curved 

type, which propagates the desired phase through the curved line [21],[22]. The second 

type is changing the width of the waveguide to control the phase constant [23]. The third 

type is shunting a short stub to change the phase [24],[25]. 

From the above, we choose two papers to discuss detail. In [19], the Butler matrix is 

composed of a 3-dB coupler, a 0-dB coupler to be the crossover and the curved phase 

shifter. The total power insertion losses of the Butler matrix are below 2.5 dB and the 

phase error within 17° at 60 GHz on measurement. The array factors computed from the 

measured results are consistent with the ideal ones. In [20], the Butler matrix is composed 

of the 3-dB coupler, without the crossover and the curved phase shifter. The total power 

insertion losses of the Butler matrix are below 2 dB and the phase error within 4° at 77 

GHz on simulation. Since the output ports of this Butler matrix are surrounded by the 

Butler matrix circuit, it’s difficult to measure the Butler matrix. The measured direction 

angles of the Butler matrix antenna array are consistent with the ideal ones. 
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1.3 Contributions 
The Butler matrix on AFSIW has a lower loss than the Butler matrix on SIW. And 

compared with a conventional waveguide, the Butler matrix on AFSIW can be a planar 

integrated circuit. 

The shorted-end stub phase shifter is designed on AFSIW structure. The stub phase 

shifter on AFSIW is designed based on the waveguide theory. The equivalent circuit 

module of the stub phase shifter on AFISW is established considering the non-negligible 

T-junction in the AFSIW stub phase shifter. And the design flow for AFSIW phase shifter 

is introduced. 

Based on the theory of the slot-coupler, the 3-dB coupler and 0-dB crossover are 

designed. The error of the phase difference between the crossover and the phase shifter is 

small to avoid the phase error on the Butler matrix. The Butler matrix is composed of the 

proposed stub phase shifter, the proposed coupler, and proposed crossover.  

The slot antenna array is designed based on the theory of the slot antenna. And the 

drilling slots between the antenna array are designed to prevent the mutual coupling 

affecting the radiation pattern. The antenna array is cascaded then with the Butler matrix. 

An extremely low-loss beamforming antenna array in AFSIW is proposed. 

1.4 Organization of This Thesis 
This thesis is organized as follows. In Chapter 2, the theory of the Butler matrix and 

SIW are introduced. First, the basic concept of the waveguide is introduced. Second, the 

concept of SIW is introduced. Then, the theory of the antenna array and the array factor 

would be derived. The theory of the Butler matrix and the phase of the output port would 

be derived in the end. 
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In Chapter 3, the fabrication process of the AFSIW would be introduced. Then, the 

feeding of the AFSIW would be introduced. In Chapter 4, the stub phase shifter is 

introduced. First, many kinds of phase shifters would be introduced. And the design 

formula of the stub phase shifter would be derived. Analyzed by taking the important 

effect of waveguide junction into consideration. In the end, the AFSIW stub phase shifter 

is proposed. 

Chapter 5 starts with the design of the Butler matrix network. First, the crossover 

and the coupler would be proposed. Second, the slot antenna array would be designed. 

Then, each component would be combined to form the Butler matrix antenna array. And 

the phase difference of each output port and the simulated performance would be given. 

The measurement of the Butler matrix would be given and discussed in the end. Finally, 

the conclusions of this thesis are given in Chapter 6. 
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Chapter 2  
pter 2 Introduction of SIW and Butler 

Matrix 
 

The rectangular waveguide is widely used in the microwave and mm-wave 

communication system, and many applications. Since the disadvantage of the waveguide, 

such as the size is bulk and non-planar, the new structure is evolved. This new structure 

is substrate integrated waveguide (SIW). SIW can be used to design the butler matrix 

network and be a planar integrated circuit. This chapter will first introduce the waveguide 

and SIW. The array factor of the antenna array will be derived. Then, the Butler matrix 

will be introduced and analyzed to know the phase difference of each output port. Thus, 

the combination of the Butler matrix and the antenna array can predict that when the input 

port input, the main beam will be directed to where. 

2.1 Introduction of Waveguide 
Rectangular waveguides are often used to transport microwave signals and used for 

many applications. But the size of the rectangular waveguide is often huger than using 

microstrip line or strip line. There are two modes to be propagated in a rectangular 

waveguide. One is TE mode, another is TM mode. 
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A typical rectangular waveguide is shown in Fig. 2.1. The width is a at the x-axis, 

and the height is b at the y-axis. Sometimes, the width is larger than height so that 𝑎𝑎 > 𝑏𝑏. 

And the waveguide is propagated at the z-axis. 

 

Fig. 2.1 Rectangular waveguide 

 TE modes 

TE modes are characterized by Ez = 0  and  Hz ≠ 0 . Then Hz(𝑥𝑥,𝑦𝑦, 𝑧𝑧) =

ℎ𝑧𝑧(𝑥𝑥, 𝑦𝑦)𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 , where propagation constant β = �k2 − 𝑘𝑘𝑐𝑐2 , kx2 + 𝑘𝑘𝑦𝑦2 = kc2  and 

hz(x, y) = (𝐴𝐴 cos𝑘𝑘𝑥𝑥𝑥𝑥 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑘𝑘𝑥𝑥𝑥𝑥)�𝐶𝐶 cos 𝑘𝑘𝑦𝑦𝑦𝑦 + 𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝑘𝑘𝑦𝑦𝑦𝑦�.  

Since Maxwell’s equations, 

 ∇ × 𝐸𝐸�⃑ = −jωµ𝐻𝐻��⃑  ( 2.1 ) 

 ∇ × 𝐻𝐻��⃑ = jωϵ𝐸𝐸�⃑  ( 2.2 ), 

can be reduced to  

 Hx =
𝑗𝑗
𝑘𝑘𝑐𝑐2
�𝜔𝜔𝜔𝜔

𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝑦𝑦

− 𝛽𝛽
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝑥𝑥

 � ( 2.3 ) 
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 Hy =
−𝑗𝑗
𝑘𝑘𝑐𝑐2

�𝜔𝜔𝜔𝜔
𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝑥𝑥

+ 𝛽𝛽
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝑦𝑦

 � ( 2.4 ) 

 Ex =
−𝑗𝑗
𝑘𝑘𝑐𝑐2

�𝛽𝛽
𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝑥𝑥

+ 𝜔𝜔𝜔𝜔
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝑦𝑦

 � ( 2.5 ) 

 Ey =
𝑗𝑗
𝑘𝑘𝑐𝑐2
�−𝛽𝛽

𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝑦𝑦

+ 𝜔𝜔𝜔𝜔
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝑥𝑥

 � ( 2.6 ) 

and apply the boundary conditions on the electric field that tangential to the waveguide 

walls: ex(𝑥𝑥,𝑦𝑦) = 0,𝑎𝑎𝑎𝑎 𝑦𝑦 = 0 𝑎𝑎𝐵𝐵𝑎𝑎 𝑏𝑏, ey(𝑥𝑥,𝑦𝑦) = 0,𝑎𝑎𝑎𝑎 𝑥𝑥 = 0 𝑎𝑎𝐵𝐵𝑎𝑎 𝑎𝑎 [26]. 

 From the above equations and conditions can get that B = 0, D = 0, kx = 𝑚𝑚𝑚𝑚
𝑎𝑎

, 𝑘𝑘𝑦𝑦 =

𝑛𝑛𝑚𝑚
𝑏𝑏

, for m, n = 0,1,2 … . Then the final  

 Ez = 0 ( 2.7 ) 

 Hz = 𝐴𝐴𝑚𝑚𝑛𝑛 cos
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

cos
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.8 ) 

 𝐸𝐸𝑥𝑥 =
𝑗𝑗𝜔𝜔𝜔𝜔𝐵𝐵𝑚𝑚
𝑘𝑘𝑐𝑐2𝑏𝑏

𝐴𝐴𝑚𝑚𝑛𝑛 cos
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

sin
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.9 ) 

 𝐸𝐸𝑦𝑦 =
−𝑗𝑗𝜔𝜔𝜔𝜔𝐵𝐵𝑚𝑚
𝑘𝑘𝑐𝑐2𝑎𝑎

𝐴𝐴𝑚𝑚𝑛𝑛 sin
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

cos
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.10 ) 

 𝐻𝐻𝑥𝑥 =
𝑗𝑗𝛽𝛽𝑚𝑚𝑚𝑚
𝑘𝑘𝑐𝑐2𝑎𝑎

𝐴𝐴𝑚𝑚𝑛𝑛 sin
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

cos
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.11 ) 

 𝐻𝐻𝑦𝑦 =
𝑗𝑗𝛽𝛽𝐵𝐵𝑚𝑚
𝑘𝑘𝑐𝑐2𝑏𝑏

𝐴𝐴𝑚𝑚𝑛𝑛 cos
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

sin
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.12 ), 

where Amn is the amplitude of the multiplication of A and C, the propagation constant 

is 

 
β = �k2 − 𝑘𝑘𝑐𝑐2 = �k2 − �

𝑚𝑚𝑚𝑚
𝑎𝑎
�
2
− �

𝐵𝐵𝑚𝑚
𝑏𝑏
�
2

  
( 2.13 ) 

and the guided wavelength is 

 λg =
2𝑚𝑚
𝛽𝛽

 ( 2.14 ). 
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The cutoff frequency of each mode is  

 
fCmn =

kc
2𝑚𝑚√𝜔𝜔𝜔𝜔

=
1

2𝑚𝑚√𝜔𝜔𝜔𝜔
��

𝑚𝑚𝑚𝑚
𝑎𝑎
�
2

+ �
𝐵𝐵𝑚𝑚
𝑏𝑏
�
2
 

( 2.15 ). 

 Because a is larger than b. So that TE10 mode is the dominant mode, where m =

1, n = 0. The field of TE10 mode is shown in Fig. 2.2. The solid line is the electric field 

line. The dashed line is the magnetic field line. 

 

Fig. 2.2 TE10 mode 

 TM modes 

TM modes are characterized by Hz = 0  and  Ez ≠ 0 . Then Ez(𝑥𝑥,𝑦𝑦, 𝑧𝑧) =
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𝑒𝑒𝑧𝑧(𝑥𝑥,𝑦𝑦)𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 , where propagation constant β = �k2 − 𝑘𝑘𝑐𝑐2 , kx2 + 𝑘𝑘𝑦𝑦2 = kc2  and 

ez(x, y) = (𝐴𝐴 cos 𝑘𝑘𝑥𝑥𝑥𝑥 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑘𝑘𝑥𝑥𝑥𝑥)�𝐶𝐶 cos 𝑘𝑘𝑦𝑦𝑦𝑦 + 𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝑘𝑘𝑦𝑦𝑦𝑦�.  

 From equation ( 2.3 )-( 2.6 ) and apply the boundary conditions on the electric field 

that tangential to the waveguide walls: ez(𝑥𝑥, 𝑦𝑦) = 0, 𝑎𝑎𝑎𝑎 𝑥𝑥 = 0 𝑎𝑎𝐵𝐵𝑎𝑎 𝑎𝑎 ,  ez(𝑥𝑥,𝑦𝑦) =

0, 𝑎𝑎𝑎𝑎 𝑦𝑦 = 0 𝑎𝑎𝐵𝐵𝑎𝑎 𝑏𝑏. 

 From the above equations and conditions can get that A = 0, C = 0, kx = 𝑚𝑚𝑚𝑚
𝑎𝑎

,𝑘𝑘𝑦𝑦 =

𝑛𝑛𝑚𝑚
𝑏𝑏

, for m, n = 0,1,2 … . Then the final  

 Hz = 0 ( 2.16 ) 

 Ez = 𝐵𝐵𝑚𝑚𝑛𝑛 sin
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

sin
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.17 ) 

 𝐸𝐸𝑥𝑥 =
−𝑗𝑗𝛽𝛽𝑚𝑚𝑚𝑚
𝑘𝑘𝑐𝑐2𝑎𝑎

𝐵𝐵𝑚𝑚𝑛𝑛 cos
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

sin
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.18 ) 

 𝐸𝐸𝑦𝑦 =
−𝑗𝑗𝛽𝛽𝐵𝐵𝑚𝑚
𝑘𝑘𝑐𝑐2𝑏𝑏

𝐵𝐵𝑚𝑚𝑛𝑛 sin
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

cos
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.19 ) 

 𝐻𝐻𝑥𝑥 =
𝑗𝑗𝜔𝜔𝜔𝜔𝐵𝐵𝑚𝑚
𝑘𝑘𝑐𝑐2𝑏𝑏

𝐵𝐵𝑚𝑚𝑛𝑛 sin
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

cos
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.20 ) 

 𝐻𝐻𝑦𝑦 =
−𝑗𝑗𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚
𝑘𝑘𝑐𝑐2𝑎𝑎

𝐵𝐵𝑚𝑚𝑛𝑛 cos
𝑚𝑚𝑚𝑚𝑥𝑥
𝑎𝑎

sin
𝐵𝐵𝑚𝑚𝑦𝑦
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑧𝑧 ( 2.21 ), 

where Bmn is the amplitude of the multiplication of B and D, the propagation constant 

is 

 
β = �k2 − 𝑘𝑘𝑐𝑐2 = �k2 − �

𝑚𝑚𝑚𝑚
𝑎𝑎
�
2
− �

𝐵𝐵𝑚𝑚
𝑏𝑏
�
2

  
( 2.22 ) 

and the guide wavelength is 

 λg =
2𝑚𝑚
𝛽𝛽

 ( 2.23 ). 
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The cutoff frequency of each mode is  

 
fCmn =

kc
2𝑚𝑚√𝜔𝜔𝜔𝜔

=
1

2𝑚𝑚√𝜔𝜔𝜔𝜔
��

𝑚𝑚𝑚𝑚
𝑎𝑎
�
2

+ �
𝐵𝐵𝑚𝑚
𝑏𝑏
�
2
 

( 2.24 ). 

 Because Ez includes m and n. If m or n is equal to zero, the Ez will be equal to 

zero. So that TM11 mode is the lowest order mode, where m = 1, n = 1.The field of TM11 

mode is shown in Fig. 2.3. The solid line is the electric field line. The dashed line is the 

magnetic field line. 

 

Fig. 2.3 TM11 mode 
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2.2 Introduction of SIW 

Because the traditional rectangular waveguide is bulky, non-planar, and more 

restrictive in manufacturing, it is difficult to be the mm-wave planar integrated circuits 

[27]. The substrate integrated waveguide (SIW) is a structure using a printed circuit board 

(PCB) and metallic via holes on both sides, it’s shown in Fig. 2.4. SIW structure is like a 

rectangular waveguide so that SIW can preserve the advantage of traditional rectangular 

waveguides, such as the high Q factor and high-power capacity [28]. And also, the 

advantage of the SIW is a small size and the planar circuit, which can improve the 

disadvantages of the traditional rectangular waveguide. 

Since SIW is made up of metallic via holes, there are many gaps. From these gaps, 

it can be judged that SIW may produce the leakage problem or wave attenuation. In 

addition, the substrate of the SIW is lossy dielectric, so some losses were produced by the 

substrate. 
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Fig. 2.4 SIW structure (Top view) 

 

The equivalent width of the SIW (weff) is [28]  

 𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑤𝑤 − 1.08 ∙
𝑎𝑎2

𝐵𝐵
+ 0.1 ∙

𝑎𝑎2

𝑤𝑤
 ( 2.25 ), 

where w is the width of the SIW, s is the pitch of the metallic via holes and d is the 

diameter of the metallic via holes, it’s shown in Fig. 2.4. 

 As soon as, the gap of metallic via holes s is too large, the large radiation loss will 

be produced. The return loss of the SIW transition will be affected by the diameter of the 

metallic via holes (d). There are two useful criteria to establish upper bounds for s and d 

[29]. 

 d ≤
λg
5

 ( 2.26 ) 

 s ≤ 2d ( 2.27 ), 
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where λg  is the guided wavelength and the width of waveguide equal 𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒 . So that 

when the fundamental mode of SIW is TE10 mode, the guided wavelength of the SIW is 

equal to  

 λg10 =
2𝑚𝑚

��𝜔𝜔𝑟𝑟𝜔𝜔
2

𝑐𝑐2 �
2
− � 𝑚𝑚

𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒
�
2
 ( 2.28 ). 

 If the first higher mode of SIW is TEm0 mode, the limit of the via diameter equation 

( 2.26 ) can be simplified from equation ( 2.15 ) and equation ( 2.28 ), which is given by 

 d ≤
2weff

5√𝑚𝑚2 − 1
 ( 2.29 ). 

2.3 Introduction of antenna array 
An antenna array is composed of N single antennas, which are separated at the same 

distance. The antenna array can achieve higher directivity and narrower beam than the 

single element. The antenna array also can control the direction of the beam by the phase 

difference. The antenna array is regarded as many isotropic point sources be separated the 

same distance. Then the radiation pattern can be calculated by the principle of pattern 

multiplication [30], 

 Radiation pattern of antenna array

= Array factor × Radiation pattern of individual antenna  

 

( 2.30 ). 

Fig. 2.5 shows the antenna array with n elements. Assume all individual antennas 

are isotropic point sources with the same distance. Then the electric field of the antenna 

array can be calculated as 

 E = 𝐸𝐸0 + 𝐸𝐸0ej𝜓𝜓 + 𝐸𝐸0ej2𝜓𝜓 + ⋯+ 𝐸𝐸0ej(n−2)𝜓𝜓 + 𝐸𝐸0ej(n−1)𝜓𝜓  ( 2.31 ), 
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where 𝜓𝜓 = 2𝑚𝑚𝜋𝜋
𝜆𝜆
𝑐𝑐𝑐𝑐𝐵𝐵 (90° − 𝜃𝜃) + 𝑏𝑏 , d is the distance between the point sources, and b is 

the phase difference. Then equation ( 2.31 ) can be simplified as  

 
E = E0

1 − 𝑒𝑒𝑗𝑗𝑛𝑛𝜓𝜓

1 − 𝑒𝑒𝑗𝑗𝜓𝜓
= E0

𝑒𝑒
𝑗𝑗𝑛𝑛𝜓𝜓
2

𝑒𝑒
𝑗𝑗𝜓𝜓
2
�
𝑒𝑒
𝑗𝑗𝑛𝑛𝜓𝜓
2 − 𝑒𝑒

−𝑗𝑗𝑛𝑛𝜓𝜓
2

𝑒𝑒
𝑗𝑗𝜓𝜓
2 − 𝑒𝑒

−𝑗𝑗𝜓𝜓
2

� = E0𝑒𝑒
𝑗𝑗𝑛𝑛−12 𝜓𝜓 sin𝐵𝐵𝜓𝜓2

sin𝜓𝜓2
   

( 2.32 ). 

The maximum of the electric field occurs on 𝜓𝜓 = 0. The array factor is the normalized 

total electric field. Thus, the equation of the array factor (AF) of the antenna array can be 

obtained by 

 
AF =

|𝐸𝐸|
|𝐸𝐸max| =

1
n

sin �𝐵𝐵𝜓𝜓2 �

sin �𝜓𝜓2�
  

( 2.33 ) 

This analysis is assumed that the amplitude and the phase difference of all point sources 

are the same. 

 

Fig. 2.5 Antenna array with N elements 
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2.4 Introduction of Butler Matrix 

Butler matrix is a beamforming network for the multibeam antenna array. Butler 

matrix is a low loss network. The block diagram of the Butler matrix is shown in Fig. 2.6. 

Butler matrix is composed of four 3-dB couplers, two crossovers, two 45° phase shifters, 

and two 0° phase shifters.  

 The output port of the butler matrix will be satisfied with two conditions. One is that 

the amplitude of each output port will be the same. Another is that when the same input 

port is input, the phase difference between adjacent output ports are the same.  

 

Fig. 2.6 Block of a 4x4 butler matrix 

 In the ideal case, the insertion loss of the coupler is 3 dB. The insertion loss of the 

crossover and the phase shifter are 0 dB. Thus, the total loss of each output port of the 

butler matrix is 6 dB. On the coupler, the phase difference between the coupled port and 
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the through port is 90 degrees. And the phase difference between the crossover and the 

0° or 45° phase shifter is 0 degrees and 45 degrees, respectively. Assumed that couplers 

and crossovers are symmetric structure. The clearer descriptions are transformed into 

formulas as following: 

 |𝑆𝑆𝐵𝐵𝐵𝐵| = |𝑆𝑆𝐷𝐷𝐵𝐵| = |𝑆𝑆𝐵𝐵𝐵𝐵| = |𝑆𝑆𝐷𝐷𝐵𝐵| = 3𝑎𝑎𝐵𝐵 ( 2.34 ) 

 |𝑆𝑆𝐸𝐸𝐵𝐵| = |𝑆𝑆𝑂𝑂𝐷𝐷| = |𝑆𝑆𝐺𝐺𝐺𝐺| = |𝑆𝑆𝐼𝐼𝐼𝐼| = 0𝑎𝑎𝐵𝐵 ( 2.35 ) 

 ∠SDA − ∠SBA = ∠SBC − ∠SDC = −90° ( 2.36 ) 

 ∠SEB = ∠SOD − 45° ( 2.37 ) 

 ∠SIF = ∠SSH − 0° ( 2.38 ) 

 The phase of each output port of the Butler matrix and phase difference of the Butler 

matrix are computed at the following. And at the following, the PD is represented the 

phase difference of the Butler matrix. 

 Input port at port 1 

 ∠S51 = ∠SBA + ∠SEB + ∠SFE + ∠SIF ( 2.39 ) 

 ∠S61 = ∠SDA + ∠SOD + ∠SPO + ∠SJP ( 2.40 ) 

 ∠S71 = ∠SBA + ∠SEB + ∠SHE + ∠SSH ( 2.41 ) 

 ∠S81 = ∠SDA + ∠SOD + ∠SRO + ∠STR ( 2.42 ) 
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 PD1 = ∠S61 − ∠S51

= (∠SDA − ∠SBA) + (∠SOD − ∠SEB) + �∠SJP − ∠SIF�

= −90° + 45° + 0° = −45° 

 

 

( 2.43 ) 

 PD2 = ∠S71 − ∠S61

= (∠SBA − ∠SDA) + (∠SEB − ∠SOD) + (∠SHE − ∠SPO)

= 90° − 45° − 90° = −45° 

 

 

( 2.44 ) 

 PD3 = ∠S81 − ∠S71

= (∠SDA − ∠SBA) + (∠SOD − ∠SEB) + (∠STR − ∠SSH)

= −90° + 45° + 0° = −45° 

 

 

( 2.45 ) 

 Input port at port 2 

 ∠S52 = ∠SBC + ∠SEB + ∠SFE + ∠SIF ( 2.46 ) 

 ∠S62 = ∠SDC + ∠SOD + ∠SPO + ∠SJP ( 2.47 ) 

 ∠S72 = ∠SBC + ∠SEB + ∠SHE + ∠SSH ( 2.48 ) 

 ∠S82 = ∠SDC + ∠SOD + ∠SRO + ∠STR ( 2.49 ) 

 PD4 = ∠S62 − ∠S52

= (∠SDC − ∠SBC) + (∠SOD − ∠SEB) + �∠SJP − ∠SIF�

= 90° + 45° + 0° = 135° 

 

 

( 2.50 ) 
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 PD5 = ∠S72 − ∠S62

= (∠SBC − ∠SDC) + (∠SEB − ∠SOD) + (∠SHE − ∠SPO)

= −90° − 45° − 90° = −225° = 135° 

 

 

( 2.51 ) 

 PD6 = ∠S82 − ∠S72

= (∠SDC − ∠SBC) + (∠SOD − ∠SEB) + (∠STR − ∠SSH)

= 90° + 45° + 0° = 135° 

 

 

( 2.52 ) 

When the input ports are port 3 and port 4, the calculation method is the same as the input 

ports are port 2 and port 1. So that when the input ports are port 1, port 2, port 3, and port 

4, the phase difference is −45°, 135°, −135°, and 45°, respectively. The phase of the 

output port and the phase difference can be summarized in Table 2.1.  

 

Output 
 

Input 
Port 5 Port 6 Port 7 Port 8 

Phase 
difference 

Port 1 −45° −90° −135° −180° −45° 

Port 2 −135° 0° −225° −90° 135° 

Port 3 −90° −225° 0° −135° −135° 

Port 4 −180° −135° −90° −45° 45° 

Table 2.1 Phase of output ports of the Butler matrix 
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Then, the antenna array is fed by the Butler matrix. From the equation ( 2.33 ), the 

array factor of the antenna array with 4 elements can be expressed as 

 AF =
1
4
∙

sin(2𝜓𝜓)

sin �𝜓𝜓2�
  ( 2.53 ), 

where  

 𝜓𝜓 =
2𝑚𝑚𝑎𝑎
𝜆𝜆

𝑐𝑐𝑐𝑐𝐵𝐵 (90° − 𝜃𝜃) + 𝑏𝑏  ( 2.54 ). 

When the array factor of equation ( 2.53 ) is the maximum, the 𝜓𝜓 is equal to zero. And 

the equation ( 2.54 ) can be derived by 

 𝜃𝜃 = 90° − 𝑐𝑐𝑐𝑐𝐵𝐵−1(−
𝜆𝜆𝑏𝑏

2𝑚𝑚𝑎𝑎
) ( 2.55 ) 

where 𝜃𝜃 is the angle of the main beam, b is the phase difference. Thus, the different 

phase difference can obtain the different direction of the main beam. 

 Assumed the distance (d) equal half wavelength (λ/2) to substitute into the equation 

( 2.53 ) - ( 2.55 ). And the phase difference (b) is substituted by the phase difference of 

each output port of the Butler matrix. The radiation pattern of the butler matrix is shown 

in Fig. 2.7. The radiation pattern is the cut section on the spherical coordinate system 

when ϕ = 0 . However, the angle of Fig. 2.7 is the polar angle (θ)  on the spherical 

coordinate system. From Fig. 2.7, it’s shown that when input port is port 1, port 2, port3, 

and port 4, the direction of the main beam is 14.5°, −48.6°,  48.6°, and −14.5° on 

the spherical coordinate, respectively. So that when phase difference is ±45° , the 

direction of the main beam is ∓14.5°. The direction of the main beam is mirrored at 0°. 
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Fig. 2.7 The radiation pattern of the butler matrix when ϕ = 0 (x-z) cut on the spherical 

coordinate system.  
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Chapter 3  
pter 3 Novel Structure of AFSIW 

 

 AFSIW on PCB is a novel structure. So, the fabrication process and stacking of 

AFSIW on PCB will be introduced in this chapter. And the feeding method of AFSIW 

also will be introduced in this chapter. 

3.1 AFSIW Fabrication 
In this thesis, we use the AFSIW structure, which is composed of three cores stuck 

by the prepreg (PP) and copper paste. The description of each layer of AFSIW is shown 

in Fig. 3.1. The CORE1 is a low loss material, whose Dk = 3 and Df = 0.0019 at 10 

GHz. The properties of the material of the CORE2 and CORE3 is Dk = 4.1 and Df =

0.016 at 10 GHz. 

 

Fig. 3.1 The description of each layer of AFSIW 
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The fabrication process of the AFSIW as following:  

Step1: CORE2, M3, and M4 are dug with the desired width and length of the AFSIW. It’s 

shown in Fig. 3.2(a). 

Step2: CORE2 and CORE3 are stuck by the PP2. It’s shown in Fig. 3.2(b). 

Step3: The copper is plated around the dug M3 to PP2. The bottom of the AFSIW is 

formed. It’s shown in Fig. 3.2(c). 

Step4: CORE1 and CORE2 are stuck by the PP1. It’s shown in Fig. 3.2(d) 

Step5: A row of the through-hole via on the two sides of the air channel to form the metal 

wall on the PP1 layer. The complete AFSIW is formed. It’s shown in Fig. 3.2(e). 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

Fig. 3.2 The fabrication process of the AFSIW (a) step1 (b) step2 (c) step3 (d) step4 (e) 

step5 
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The front view of the AFSIW is shown in Fig. 3.3. It’s shown that the air channel of 

the AFSIW is formed by M2 to M5, the dug CORE2, and some PP1. The structure of 

AFSIW is like a T-shaped waveguide, which is the slash section in Fig. 3.3. Due to the 

fabrication process, there is a prepreg layer embedded in the top of the T-shaped structure 

(only on two sides, shown by the dot part in Fig. 3.3 slash section). We can still regard it 

as a traditional rectangular waveguide, as long as the prepreg sizes on two sides are not 

too large. 

But compared with the waveguide equation derived in Chapter 2.1, there will be 

some slight errors on the properties of the AFSIW, such as the cutoff frequency, guided 

wavelength or propagation constant. And also, there will be a slight error on transmission 

loss. Those errors are caused by the T-shaped structure and the embedding prepreg. Since 

the width of the AFSIW is larger than the height of the AFSIW. The fundamental mode 

propagating in the AFSIW is TE10 mode.  

The geometrical dimensions of the AFSIW is shown in Fig. 3.3 and Table 3.1. In 

Table 3.1, s is the pitch of the through-hole via. 

 

Fig. 3.3 The front view and geometrical dimensions of the AFSIW 
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Geometrical dimensions 

h1, h5 = 5 mil m1, m6 = 48 um 
h2, h4 = 3 mil m2, m5 = 35 um 
h3 = 20 mil m3, m4 =42 um 
a = 2.8 mm @60GHz 
b = 0.744 mm 
 

d = 0.25 mm 
s = 0.4 mm 
w_pp = 0.3 mm 

Table 3.1 The geometrical dimension of the AFSIW 
 

However, when the Butler matrix is fabricated, some places are surrounded by air 

channels from three sides or all around. At this time, the above fabrication process might 

encounter some fabrication process problems which makes the AFSIW collapse. So, the 

other method must be used. 

The modified method is that the PP1 is changed to the copper paste on step 4 and 

step 5 is removed because the copper paste forms the metal wall on the PP1 layer. The 

front view of the modified AFSIW is shown in the Fig. 3.4. The modified AFSIW is 

almost equal to the waveguide. So, the properties of the AFSIW, such as the cutoff 

frequency, guided wavelength or propagation constant, can use the waveguide equation 

derived on Chapter 2.1. Since the width of the AFSIW is larger than the height of the 

AFSIW. The fundamental mode propagating in the AFSIW is TE10 mode. The geometrical 

dimensions of the AFSIW is shown in Fig. 3.4 and Table 3.2. 
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Fig. 3.4 The front view and geometrical dimensions of the modified AFSIW 

 
 

Geometrical dimensions 

h1, h5 = 5 mil m1, m6 = 48 um 
h2, h4 = 3 mil m2, m5 = 35 um 
h3 = 20 mil m3, m4 =42 um 
a = 2.8 mm @60GHz b = 0.744 mm 

Table 3.2 The geometrical dimensions of the modified AFSIW 

 
The simulation results and measurements of the AFSIW and modified AFSIW on 

HFSS software are shown in Fig. 3.5. In Fig. 3.5(a), it’s shown that when the width of the 

AFSIW is 2.8mm, the cutoff frequency is equal to 52.3 GHz, which is not equal to the 

equation (2.15). But, when the width of the modified AFSIW is 2.8mm, the cutoff 

frequency is equal to 53.5 GHz, which matches the equation (2.15). The loss of the 

AFSIW and the modified AFSIW are 0.1 dB/cm and 0.064 dB/cm, respectively. These 

results verify that modified AFSIW doesn’t include the prepreg and is similar to the 

waveguide, so loss is very low and the cutoff frequency the same as the waveguide. 

In Fig. 3.5(b), the cutoff frequency of AFSIW and modified AFSIW are about 51.9 

GHz and 52.9 GHz, respectively. The loss of the AFSIW and the modified AFSIW 

roughly are 0.16 dB/cm and 0.1dB/cm, respectively. 
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(a) 

 
(b) 

Fig. 3.5 The simulation and measurement of the AFSIW on HFSS (a) Simulation (b) 

Measurement 
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3.2 AFSIW Feeding 
There are several methods for feeding the SIW, such as the transition between 

microstrip line to SIW with tapered microstrip feeding, by probe feeding or by slot 

coupling [31].The slot coupling for feeding AFSIW is used in this thesis, which refers to 

[31] and [32] to design AFSIW feeding. 

The design method of AFSIW feeding is introduced as follows. The signal of the 

microstrip line is at M1 and the ground of the microstrip line is at M2. The signal is 

propagated from M1 to the slot at M2 to couple into the air channel. There is a one-quarter 

wavelength open stub, which is used to short the microstrip line. The slot whose length is 

half-wavelength is used to make the power couple into the air channel to complete feeding. 

The structure of AFSIW feeding is shown in Fig. 3.6. In Fig. 3.6(c), the air channel is 

stepped because it makes the power easily couples into the air channel.  

 

 

 

(a) 
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(b) 

 

(c) 

Fig. 3.6 The structure of the AFSIW feeding. (a) 3D view (b) Top view (c) Side view 

 

The simulation results and measurement of AFSIW feeding on HFSS software are 

shown in Fig. 3.7. It’s shown that the bandwidth (defined by S11 lower than -15 dB) is 

58.3 to 62.3 GHz on simulation. The minimum loss of the feeding is about -0.37 dB on 

simulation. The bandwidth of the measured is 58.4 to 61.6 GHz. The measured minimum 

loss is about 0.4 dB. 
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Fig. 3.7 The simulation results of AFSIW feeding on HFSS. 
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Chapter 4  
pter 4 AFSIW Stub Phase Shifter 

 

 Corresponding to the Butler matrix architecture in Fig. 2.6, the main goal of this 

chapter is to design a phase shifter which provides a 0/45-degree phase difference 

compared with the crossover. And in order to reduce the complexity of the path on Butler 

matrix circuit design and reduce the circuit size, the phase shifter should be designed with 

the same physical length of the crossover. 

 There are many methods to design the phase shifter on the SIW structure. However, 

in the AFSIW fabrication process, some methods will encounter some fabrication 

problems. Thus, this chapter will introduce the methods to design the phase shifter on the 

SIW structure and discuss the problems about these methods on the AFSIW structure. 

And the reason that the stub phase shifter is chosen in this thesis is explained. The stub 

phase shifter designed in AFSIW structure is analyzed. Next, the design rule of the 

proposed phase shifter is introduced. 
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4.1 Introduction of Stub Phase Shifter 
Several typical methods for SIW phase shifter design are shown in Fig. 4.1. In Fig. 

4.1, it is shown the top view of the SIW phase shifter. 

The first method is a curved phase shifter as shown in Fig. 4.1(a). The curved phase 

shifter can achieve the requirements of the desired electrical length and the same physical 

length of the crossover. The disadvantage of this method is that the return loss is relatively 

poor. The second method can improve this disadvantage. The second method is the 

straight phase shifter which changes the width of the SIW to achieve the requirement of 

the desired electrical length, as shown in Fig. 4.1(b). Because the propagation constant is 

affected by the variation of the width of the SIW, the guided wavelength is also affected. 

So, the phase shifter with the desired electrical length and the same physical length of the 

crossover is proposed. The overall size of the second method is smaller than the first 

method. 

But these methods will encounter some problems in the AFSIW fabrication process. 

For the first method, the curved line should be fabricated accurately. As soon as the 

curvature is wrong, the significant phase error will be provided. For the second method, 

if the minimum unit of the width of the SIW is too small, the fabrication process cannot 

be accurate. Thus, in order to avoid the above problems, we choose stub phase shifter for 

our design, as shown in Fig. 4.1(c).  

Stub phase shifter doesn’t require the accurate curvature and too precise unit width 

in the AFSIW fabrication process. And also, the stub phase shifter can be easily designed 

with desired electrical length and the same physical length of crossover. So, the stub type 

is chosen for the AFSIW Butler matrix design at this thesis.  
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(a)     (b) 

 
(c) 

Fig. 4.1 Top view of SIW phase shifter (a) Curved phase shifter (b) Straight phase 

shifter(c) Stub phase shifter 

 
As shown in Fig. 4.1(c), a short-ended or open-ended stub is connected to the middle 

of the original transmission line. The simple equivalent circuit for the stub phase shifter 

with short stub is shown in Fig. 4.2.  

 

Fig. 4.2 The equivalent circuit of the stub phase shifter 
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 A short stub with the characteristic impedance of Z2 and electrical length of θ2 is 

shunted in the middle of two transmission lines with the characteristic impedance of Z1 

and electrical length of θ1 , which is equivalent to a transmission line with the 

characteristic impedance of Z3 and electrical length of θ3. Then, the ABCD matrix of 

the transmission line and short stub is used to calculate the characteristic impedance of 

the transmission line and short stub, and the electrical length of the transmission line and 

short stub. The above derivation is shown in formula ( 4.1 ). 

 
�

cos 𝜃𝜃1 𝑗𝑗𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1

𝑗𝑗
1
𝑍𝑍1
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃1

� �
1 0

1
𝑗𝑗𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2

1
𝑍𝑍2

1� �
cos𝜃𝜃1 𝑗𝑗𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1

𝑗𝑗
1
𝑍𝑍1
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃1

�

= �
cos 𝜃𝜃3 𝑗𝑗𝑍𝑍3𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3

𝑗𝑗
1
𝑍𝑍3
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃3

�  

 

 

( 4.1 ), 

where �
cos𝜃𝜃𝑖𝑖 𝑗𝑗𝑍𝑍𝑖𝑖𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃𝑖𝑖

𝑗𝑗 1
𝑍𝑍𝑖𝑖
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃𝑖𝑖  𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃𝑖𝑖

� is the ABCD matrix of the transmission line, 𝐵𝐵 = 1,3. 

�
1 0
1

𝑗𝑗𝑗𝑗𝑎𝑎𝑛𝑛𝜃𝜃2

1
𝑍𝑍2

1� is the ABCD matrix of the shunted short stub. 

Then simplified the formula ( 4.1 ) as 

 

⎣
⎢
⎢
⎢
⎡ cos 2𝜃𝜃1 +

𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1
2𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2

𝑗𝑗(𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1 +
𝑍𝑍12 sin2 𝜃𝜃1
𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2

)

𝑗𝑗(
1
𝑍𝑍1
𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1 −

cos2 𝜃𝜃1
𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2

) 𝑐𝑐𝑐𝑐𝐵𝐵2𝜃𝜃1 +
𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1
2𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2 ⎦

⎥
⎥
⎥
⎤

= �
cos 𝜃𝜃3 𝑗𝑗𝑍𝑍3𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3

𝑗𝑗
1
𝑍𝑍3
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃3

�  

 

 

 

( 4.2 ). 

From formula( 4.2 ), it can obtain three equation as following: 

 cos 2𝜃𝜃1 +
𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1
2𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2

= cos 𝜃𝜃3 ( 4.3 ) 
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 𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1 +
𝑍𝑍12 sin2 𝜃𝜃1
𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2

= 𝑍𝑍3𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3 ( 4.4 ) 

 
1
𝑍𝑍1
𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1 −

cos2 𝜃𝜃1
𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2

=
1
𝑍𝑍3
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3  ( 4.5 ). 

Equation ( 4.3 ) and ( 4.4 ) can be simplified as 

 𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2 =
𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵2𝜃𝜃1

2cos𝜃𝜃3 − 2cos2𝜃𝜃1
 ( 4.6 ) 

 𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2 =
𝑍𝑍12 sin2 𝜃𝜃1

Z3sin𝜃𝜃3 − 𝑍𝑍1sin2𝜃𝜃1
 ( 4.7 ). 

Equation ( 4.6 ) and ( 4.7 ) can obtain the Z1 equal  

 Z1 =  
Z3sin𝜃𝜃3cot𝜃𝜃1

cos𝜃𝜃3 + 1
 ( 4.8 ). 

Then, equation ( 4.4 ) and ( 4.5 ) can be simplified as 

 𝑍𝑍2𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2 =
𝑍𝑍12𝑍𝑍3

(Z32 − Z12)sin𝜃𝜃3
 ( 4.9 ). 

The Z3 and θ3 of the transmission line is known from the desired transmission line. 

Assume the Z2 and θ1, then using equation ( 4.8 ) and ( 4.9 ) can obtain the Z1 and θ2.  

For example, we can choose the target impedance and phase as Z3 = 443Ω and 

θ3 = 45°  and also assume Z2 = 337Ω  and θ1 = 28.5°  are given. Then, the Z1 =

337Ω and θ2 = 68.5° is obtained by the equation ( 4.8 ) and ( 4.9 ). The ADS software 

is used to verify this data. And also, we can transfer impedance and phase to 

corresponding structural parameters in AFSIW to simulate a stub phase shifter in HFSS. 

The results are shown in Fig. 4.3.  
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(a) 

 

 
(b) 
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(c) 

Fig. 4.3 Use the ADS and HFSS to simulate the stub phase shifter (a) ADS circuit (b) 

Magnitude (c) Phase 

From Fig. 4.3, it’s shown that the S11 of ADS is very deep at the 60 GHz, the S21 of 

ADS is close to 0 dB and the phase is clearly at −45°. So, following the design flow 

mentioned above, we can design an ideal stub phase shifter. But the simulation results of 

the HFSS don’t match the results of the ADS. Thus, it implies that the T-junction effect 

on the AFSIW might not be ignored in the model of phase shifter. In the next section, we 

will discuss and analyze the model of AFSIW stub phase shifter. 
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4.2 Analysis of Stub Phase Shifter in AFSIW 
From Fig. 4.3(b) and (c), the mismatch of results implies that T-junction effect 

should be taken into consideration. In this section, we will try to model T-junction to get 

a revised equivalent circuit model for phase shifter. 

The T-junction in the waveguide is discussed by the waveguide handbook [33]. 

There are two types of T-junction in the waveguide. One is the E-plane T-junction, another 

is the H-plane T-junction. In the waveguide, the E-plane T-junction is extended in the 

height direction (E-plane). The H-plane T-junction is extended in the width direction (H-

plane). They are shown in Fig. 4.4. 

  

(a)       (b) 

Fig. 4.4 (a) E-plane T-junction (b) H-plane T-junction 

 

The E-plane T-junction might encounter some problems in the AFSIW fabrication 

process. First, the substrate thickness cannot fit the desired height. Second, the fabrication 

for connecting the AFSIW different layers is difficult. So, the H-plane is the best choice 

for design. The equivalent circuit of the H-plane T-junction in the waveguide is shown in 

Fig. 4.5. The stub is not included in the equivalent circuit of the T-junction in Fig. 4.5. 
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Fig. 4.5 The equivalent circuit of H-plane T-junction 

 

From Fig. 4.5, two impedance of jXa are shunted a series of complex circuits in the 

middle, which is composed of jXb, jXc and jXd.The ABCD matrix of the T-junction is 

equal to  

 �
𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑐𝑐𝑗𝑗𝑖𝑖𝑗𝑗𝑛𝑛 𝐵𝐵𝑗𝑗𝑗𝑗𝑛𝑛𝑐𝑐𝑗𝑗𝑖𝑖𝑗𝑗𝑛𝑛
𝐶𝐶𝑗𝑗𝑗𝑗𝑛𝑛𝑐𝑐𝑗𝑗𝑖𝑖𝑗𝑗𝑛𝑛 𝐷𝐷𝑗𝑗𝑗𝑗𝑛𝑛𝑐𝑐𝑗𝑗𝑖𝑖𝑗𝑗𝑛𝑛

�

= �1 𝑗𝑗𝑋𝑋𝑎𝑎
0 1 �

⎣
⎢
⎢
⎢
⎡

1 0
1

𝑗𝑗𝑋𝑋𝑏𝑏 + 1
1
𝑗𝑗𝑋𝑋𝑐𝑐

+ 1
𝑗𝑗𝑋𝑋𝜋𝜋

1

⎦
⎥
⎥
⎥
⎤
�1 𝑗𝑗𝑋𝑋𝑎𝑎
0 1 � 

 

 

( 4.10 ), 

where the equations about Xa,𝑋𝑋𝑏𝑏 ,𝑋𝑋𝑐𝑐,𝑋𝑋𝜋𝜋 are shown as following. 

 
Z0
Xa

=
1
𝑋𝑋1

=
𝜆𝜆𝑔𝑔
2𝑎𝑎

⎣
⎢
⎢
⎢
⎡
𝑥𝑥 cot

𝑚𝑚𝑥𝑥
2
− 0.0103 −

� 4
5𝑚𝑚

1 + 𝑥𝑥2
4 − 𝑥𝑥2 + 0.2614   �

2

√3 − 𝑥𝑥2

1 − 𝑒𝑒−2𝑚𝑚√3−𝑥𝑥2
− 0.0694 ⎦

⎥
⎥
⎥
⎤
  

 

( 4.11 ) 

 
Xa + 2Xb + 2Xc

𝑍𝑍0
= X2 =

2𝑎𝑎
𝜆𝜆𝑔𝑔
�−

𝐴𝐴
𝐴𝐴𝐶𝐶 + 𝐵𝐵2

− 0.057 +
0.085

1.62 − 𝑥𝑥2
� ( 4.12 ) 

 −
2Xc
Z0

= 𝑋𝑋3 =
2𝑎𝑎
𝜆𝜆𝑔𝑔
�

B
AC + B2� ( 4.13 ) 

 
2Xd
Z0

= 𝑋𝑋3 + 𝑋𝑋4 =
2a
𝜆𝜆𝑔𝑔
�
𝐵𝐵 + 𝐶𝐶
𝐴𝐴𝐶𝐶 + 𝐵𝐵2

� ( 4.14 ) 

 x =
2a
𝜆𝜆𝑔𝑔

  ( 4.15 ) 
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 A =
x
2

cot(𝑚𝑚𝑥𝑥) − 0.0322 ( 4.16 ) 

 B =
1
π

1 + 𝑥𝑥2

1 − 𝑥𝑥2
+ 0.3246 ( 4.17 ) 

 C = x tan
𝑚𝑚𝑥𝑥
2

+ 0.0195 ( 4.18 ) 

 

There are some limits to these equations. First, the wavelength should be inside the 

range between the width of the waveguide and twice the width of the waveguide (a <

λ < 2a). Second, if the waveguide is in the range of 0 < 2a/λg < 1, the error will be 

less than 15 percent. Third, the width of the junction’s three-port should be the same width. 

For the short-ended stub phase shifter, the short stub with the characteristic 

impedance of Z1 and electrical length of θ2 is connected after the impedance of jXd. 

This circuit is called the middle network here. The equivalent circuit is shown in Fig. 4.6. 

 

Fig. 4.6 The equivalent circuit of H-plane T-junction with short stub 

 
 
 
 

The ABCD matrix of the middle network is equal to  
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 �𝐴𝐴𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒 𝐵𝐵𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒
𝐶𝐶𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒 𝐷𝐷𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒

�

= �1 𝑗𝑗𝑋𝑋𝑎𝑎
0 1 �

⎣
⎢
⎢
⎢
⎡

1 0
1

𝑗𝑗𝑋𝑋𝑏𝑏 + 1
1
𝑗𝑗𝑋𝑋𝑐𝑐

+ 1
𝑗𝑗(𝑋𝑋𝜋𝜋 + 𝑍𝑍1𝑎𝑎𝑎𝑎𝐵𝐵𝜃𝜃2)

1

⎦
⎥
⎥
⎥
⎤
�1 𝑗𝑗𝑋𝑋𝑎𝑎
0 1 � 

 

 

( 4.19 ). 

 

Then, as shown in the region BB’- CC’ and DD’- EE’ in Fig. 4.7, two sides of the 

middle network are extended to form a stub phase shifter with the characteristic 

impedance of Z3 and the electrical length of θ3. And this circuit is called the unfinished 

(UF) network here. The ABCD matrix of the UF network can be obtained by 

 
�𝐴𝐴𝑈𝑈𝐼𝐼 𝐵𝐵𝑈𝑈𝐼𝐼
𝐶𝐶𝑈𝑈𝐼𝐼 𝐷𝐷𝑈𝑈𝐼𝐼

� = �
𝑐𝑐𝑐𝑐𝐵𝐵 𝜃𝜃3 𝑗𝑗𝑍𝑍3𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3

𝑗𝑗
1
𝑍𝑍3
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃3 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃3

�

= �
𝑐𝑐𝑐𝑐𝐵𝐵 𝜃𝜃1 𝑗𝑗𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1

𝑗𝑗
1
𝑍𝑍1
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃1

� �𝐴𝐴𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒 𝐵𝐵𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒
𝐶𝐶𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒 𝐷𝐷𝑚𝑚𝑖𝑖𝜋𝜋𝜋𝜋𝑚𝑚𝑒𝑒

� �
𝑐𝑐𝑐𝑐𝐵𝐵 𝜃𝜃1 𝑗𝑗𝑍𝑍1𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1

𝑗𝑗
1
𝑍𝑍1
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃1 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃1

� 

 

 

( 4.20 ). 

 

As shown in ( 4.20 ), the stub phase shifter equivalents to the waveguide with the 

characteristic impedance of Z3 and the electrical length of θ3. Two sides of the overall 

short-ended stub phase shifter should be designed with the characteristic impedance of 

Z3 to match the UF network. As shown in the region AA’- BB’ and EE’- FF’ in Fig. 4.7, 

two sides of the UF network are connected to the waveguide with the characteristic 

impedance of Z3 and the electrical length of θ4. So, the equivalent circuit of the overall 

short-ended stub phase shifter is completed. It’s shown in Fig. 4.7. 
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Fig. 4.7 The equivalent circuit of the overall short-ended stub phase shifter 

 

The ABCD matrix of the overall short-ended stub phase shifter is given by 

 
�𝐴𝐴𝑗𝑗𝑜𝑜𝑒𝑒𝑟𝑟𝑎𝑎𝑚𝑚𝑚𝑚 𝐵𝐵𝑗𝑗𝑜𝑜𝑒𝑒𝑟𝑟𝑎𝑎𝑚𝑚𝑚𝑚
𝐶𝐶𝑗𝑗𝑜𝑜𝑒𝑒𝑟𝑟𝑎𝑎𝑚𝑚𝑚𝑚 𝐷𝐷𝑗𝑗𝑜𝑜𝑒𝑒𝑟𝑟𝑎𝑎𝑚𝑚𝑚𝑚

� = �
𝑐𝑐𝑐𝑐𝐵𝐵 𝜃𝜃5 𝑗𝑗𝑍𝑍3𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃5

𝑗𝑗
1
𝑍𝑍3
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃5 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃5

�

= �
cos𝜃𝜃4 𝑗𝑗𝑍𝑍3𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃4

𝑗𝑗
1
𝑍𝑍3
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃4 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃4

�  �𝐴𝐴𝑈𝑈𝐼𝐼 𝐵𝐵𝑈𝑈𝐼𝐼
𝐶𝐶𝑈𝑈𝐼𝐼 𝐷𝐷𝑈𝑈𝐼𝐼

� �
cos𝜃𝜃4 𝑗𝑗𝑍𝑍3𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃4

𝑗𝑗
1
𝑍𝑍3
𝐵𝐵𝐵𝐵𝐵𝐵𝜃𝜃4 𝑐𝑐𝑐𝑐𝐵𝐵𝜃𝜃4

� 

 

 

( 4.21 ). 

 

As shown in ( 4.21 ), the overall short-ended stub phase shifter equivalents to the 

waveguide with the characteristic impedance of Z3 and the electrical length of θ5. 

4.2.1 Design Procedure 

As shown in Fig. 4.7 and formula ( 4.21 ), except the parameters Z3 and θ5 are 

known, the others (Z1 ,  θ1 ,  θ2 ,  θ4 , 𝑗𝑗𝑋𝑋𝑎𝑎 ,  𝑗𝑗𝑋𝑋𝑏𝑏 ,  𝑗𝑗𝑋𝑋𝑐𝑐 ,  𝑗𝑗𝑋𝑋𝜋𝜋 ) are unknown. Thus, we 
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determine the width of the T-junction in waveguide (a1) at first to obtain the parameters 

of the junction (𝑗𝑗𝑋𝑋𝑎𝑎, 𝑗𝑗𝑋𝑋𝑏𝑏, 𝑗𝑗𝑋𝑋𝑐𝑐, 𝑗𝑗𝑋𝑋𝜋𝜋) and the characteristic impedance (Z1). Second, the 

 θ1, θ2 and  θ4 are calculated in MATLAB. The detailed procedure is listed as follows: 

Step 1: The characteristic impedance of the waveguide is related to the width of the 

waveguide. When the fundamental mode of the waveguide is the TE10 mode, the 

characteristic impedance of the waveguide is equal to [34]  

wherwhere a is the width of the waveguide, and b is the height of the waveguide. 

As shown in formula ( 4.11 ) - ( 4.18 ), the parameters 𝑗𝑗𝑋𝑋𝑎𝑎, 𝑗𝑗𝑋𝑋𝑏𝑏, 𝑗𝑗𝑋𝑋𝑐𝑐, 𝑗𝑗𝑋𝑋𝜋𝜋 are 

related to the width of the T-junction in waveguide (a1) with the characteristic 

impedance of Z1. 

Thus, if the width of the T-junction in waveguide (a1 ) is determined, only 

parameters  θ1,  θ2 and θ4 are unknown. 

Step 2: Since the physical length of the phase shifter is same to the physical length of the 

crossover, θ4 can be simplified as 

where 𝑙𝑙𝑐𝑐𝑟𝑟𝑗𝑗𝑐𝑐𝑐𝑐  is the physical length of the crossover,  𝜆𝜆𝑔𝑔,𝑎𝑎𝑖𝑖  is the guided 

wavelength of the waveguide with the characteristic impedance of Z𝑖𝑖, where 𝐵𝐵 =

1,3.  

 

Z0,TE10 =

2b
a � 𝜔𝜔0

𝜔𝜔0𝜔𝜔𝑟𝑟  

�1 − �𝑓𝑓𝑐𝑐𝑓𝑓�
2

  

 

( 4.22 ), 

 

𝜃𝜃4 =
𝑙𝑙𝑐𝑐𝑟𝑟𝑗𝑗𝑐𝑐𝑐𝑐 − 𝑎𝑎1 − 2 �𝜆𝜆𝑔𝑔,𝑎𝑎1 × 𝜃𝜃1

360�
2

×
360
𝜆𝜆𝑔𝑔,𝑎𝑎3

  

 

( 4.23 ), 
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The parameters  θ1 ,θ2 and  θ4 are calculated by the formula ( 4.11 ) - ( 4.23 ) 

in MATLAB. Thus, the overall short-ended stub phase shifter is designed. 

 For example, given the height of the waveguide b is 0.744mm and the width of the 

waveguide a3 is 2.8mm, the characteristic impedance of the waveguide Z3 = 445Ω at 

f = 60 Hz  can be calculated by formula ( 4.22 ). And we set the desired phase (θ5) 

shift from the phase shifter to be 45 degree. Then we can start to analyze the UF network 

part. 

First, we assume the width of the T-junction in waveguide (a1) is 3mm. Second, 

θ1 = 70° and θ2 = 40° are calculated by the formula ( 4.11 ) - ( 4.23 ) in MATLAB. 

The desired stub phase shifter is proposed. This example is simulated and verified by 

HFSS. The results of the MATLAB and the HFSS are shown in Fig. 4.8.  

In Fig. 4.8, the result of HFSS is slightly mismatched with the result of MATLAB. 

As mentioned from [33], there is a 15 percent error on the T-junction. But overall, the 

result of HFSS and the result of MATLAB are roughly the same. The magnitude of the 

S21 of the HFSS is -0.15 dB at 60 GHz. The magnitude of the S21 of the MATLAB is -

0.04 dB at 60 GHz. The phase of the S21 of the HFSS is -41.8° at 60 GHz. The phase of 

the S21 of the MATLAB is -45.8° at 60 GHz. 
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(a) 

 
(b) 

Fig. 4.8 The 45-degree stub phase shifter compared by HFSS and MATLAB 
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(a)Magnitude (b) Phase 

4.3 AFSIW Stub Phase Shifter Design 

 From the previous verification, the formula ( 4.10 ) - ( 4.23 ) can be used to design 

the stub phase shifter. According to the Butler matrix concept in Fig. 2.6, the phase of the 

proposed stub phase shifter should be compared to the phase of crossover. Also, for a 

compact design, we have to restrict the physical length of the stub phase shifter to the 

same length of the crossover. With these criterions, the design formula in ( 4.10 ) - ( 4.23 ) 

and the design flow mentioned in 4.2.1 can be used to find the rough value of parameters 

Z1, θ1, θ2 by MATLAB. With these rough values, we can further use HFSS to optimize 

the performance of the stub phase shifter. 

The configuration of the theoretical phase shifter is shown in Fig. 4.9. The 

geometrical dimensions of the theoretical 0-degree phase shifter and 45-degree phase 

shifter are summarized in Table 4.1. Then, the results of the HFSS are shown in Fig. 4.10. 

We know the phase of the proposed crossover is −47.1°, and the detailed design of the 

proposed crossover will be discussed in the next chapter.  
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Fig. 4.9 The configuration of top view of the theoretical phase shifter 

 0 deg phase shifter 45 deg phase shifter 

a 3.5 mm 3.5 mm 

a1 2.8 mm 2.8 mm 

L1 6.5 mm 7.4 mm 

L2 3.4 mm 4.0 mm 

L3 4.7 mm 3.8 mm 

Table 4.1 Geometrical dimensions of the theoretical phase shifter. 

 

In Fig. 4.10, the magnitude of the S21 of the 0-deg phase shifter is -0.22 dB at 60 

GHz. The magnitude of the S21 of the 45-deg phase shifter is -0.15 dB at 60 GHz. The 

bandwidth (defined by the desired phase difference ±5°) of the phase difference between 

the crossover and the 0-degree phase shifter is between 58.4 to 61.1 GHz. The bandwidth 

(defined by the desired phase difference ±5° ) of the phase difference between the 

crossover and the 45-degree phase shifter is between 59.4 to 60.8 GHz. 
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(a) 

 
(b) 
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(c) 

Fig. 4.10 The theoretical phase shifter (a) 0-deg phase shifter magnitude (b) 45-deg 

phase shifter magnitude (c) the phase difference between the crossover and the 0/45-deg 

phase shifter 

The theoretical phase shifters in Table 4.1 are the theoretical cases. After these, 

parameter analysis and some optimizations are done to find whether there is better 

performance. The most influential part is that if the width of the junction is larger than 

the junction limit from [33] (0 < 2a/λg < 1), the bandwidth (defined by S11 lower than 

-15 dB) will be better in some cases. As a result, we can try to set the width of the stub as 

a new variable to get an AFSIW stub phase shifter with larger bandwidth. 

The configuration of the proposed tuning phase shifter is shown in Fig. 4.11. The 

geometrical dimensions of the proposed tuning 0-degree phase shifter and 45-degree 

phase shifter are summarized in Table 4.2. Then, the result of the HFSS is shown in Fig. 

4.12. We know the phase of the proposed crossover is -146.6°.   
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Fig. 4.11 The configuration of top view of the proposed tuning phase shifter 

 0 deg phase shifter 45 deg phase shifter 

a 4.2 mm 4 mm 

a1 2.8 mm 2.8 mm 

a2 3 mm 4 mm 

L1 4.1 mm 5.6 mm 

L2 1.8 mm 2.5 mm 

L3 3.35 mm 1.35 mm 

Table 4.2 Geometrical dimensions of the proposed tuning phase shifter. 

In Fig. 4.12, the magnitude of the S21 of the 0-deg phase shifter is –0.09 dB at 60 

GHz. The magnitude of the S21 of the 45-deg phase shifter is -0.08 dB at 60 GHz. The 

bandwidth (defined by the desired phase difference ±5°) of the phase difference between 

the crossover and the 0-degree phase shifter is between 57.2 to 61.2 GHz. The bandwidth 

(defined by the desired phase difference ±5° ) of the phase difference between the 

crossover and the 45-degree phase shifter is between 58.4 to 62 GHz. 

 From Fig. 4.10(c) and Fig. 4.12(c), the phase of tuning phase shifter is flatter than 

the theoretical phase shifter. Because the tuning phase shifter has one more variable 
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compared to the theoretical case, where the widths of the junction (a and a2 in Fig. 4.11) 

should be the same according to the restriction of the theory. 

 

 

(a) 
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(b) 

 (c) 

Fig. 4.12 The proposed tuning phase shifter (a) 0-deg phase shifter magnitude (b) 45-

deg phase shifter magnitude (c) the phase difference between the crossover and the 
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0/45-deg phase shifter 

4.4 Measurement and Discussion 

 The photographs of the proposed phase shifters are shown in Fig. 4.13. Fig. 4.13 

shows the 0/45-deg theoretic phase shifter and the 0/45-deg tuning phase shifter. The 

measured and simulated results of the 0-deg tuning phase shifter without calibration are 

shown in Fig. 4.14. It’s shown that the S21 of the measured result is below than -15 dB. 

Thus, we guess that there might be some serious structural error in manufacturing process, 

such as the collapse of air channel or the copper paste flowing into the air channel. When 

some parts of the slot in feeding part are blocked by the copper paste, it will cause 

radiation and radiation loss. As shown in Fig. 4.15, the slot of B region is black which 

represents the copper paste.  

 It is necessary to check the cross-section cut of the phase shifter to find the actual 

reason of the failure for future research. Since the 0/45-deg theoretic phase shifter and the 

0/45-deg tuning phase shifter are both failed, we only show the measurement of the 0/45-

deg tuning phase shifter. 
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Fig. 4.13 The photograph of the proposed phase shifters. (a) 0-deg theoretic (b) 45-deg 

theoretic (c) 0-deg tuning (d) 45-deg tuning 

 

Fig. 4.14 The measured and simulated results of the 0-deg tuning phase shifter without 
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calibration. 

 

Fig. 4.15 The X-ray photo of phase shifter. 

 

4.5 Sensitivity About Fabrication 

 Because the dimension error from fabrication will make the performance worse, we 

will discuss each parameter about stub phase shifter. We choose 0-deg tuning phase shifter 

to discuss as follows. As shown in Fig. 4.11, there are 6 parameters (a, a1, a2, L1, L2, L3). 

We took the values of Table 4.2 and swept ±0.5mm on simulation as the fabrication error.  

 For the magnitudes of the S-parameter, there are not large difference when 

parameters are changed. However, phase of the phase shifter is important factor which 

affects the phase difference of Butler matrix. Thus, we just focus on the phase of the phase 
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shifter at 60 GHz. As shown in Fig. 4.16, when L1±0.05mm, the phase (∠𝑆𝑆21) of phase 

shifter will differ in ±3°. And the other parameters with ±0.05mm error, including L2, 

L3, a, a1, and a2, will lead to ±1° , ±3° , ±5° , ±17° , and ±4°  difference for phase 

(∠𝑆𝑆21). From the above all, we can find that the phase is very sensitive to a1. 

 

 
    (a)         (b) 

 
    (c)         (d) 
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    (e)         (f) 

Fig. 4.16 Sweep the parameters ±0.05mm in phase shifter.  

(a)L1 (b)L2 (c)L3 (d)a (e)a1 (f)a2  
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Chapter 5  
pter 5 AFSIW 4x4 Butler Matrix Antenna 

Array 
 

 A beamforming antenna array is composed by crossovers, couplers, phase shifters 

and the antenna array. Among them, we have successfully designed the phase shifter in 

Chapter 4. In this chapter, we are going to discuss the design of coupler and crossover 

based on AFSIW configuration, respectively. And then, the Butler matrix will be 

combined by couplers, crossovers and phase shifters. The comparison of the phase 

between each output port will be given. 

 After the Butler matrix design, slot antenna array in AFSIW configurations has been 

designed and connected to the Butler matrix. The simulation results for the overall 

beamforming antenna array will be shown. Also, the measured results will be included in 

this chapter. Lastly, a comparison between the proposed Butler matrix and the previous 

work will be given. 
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5.1 Coupler Design 
In this thesis, we use the configuration in [19] to design the AFSIW couplers. The 

configuration is called short-slot coupler. The short-slot coupler consists of two parallel 

waveguides with the common wall removed in the center, which forms a slot region of 

size with 𝑤𝑤 × 𝑙𝑙. It’s shown in Fig. 5.1. By adjusting the dimension of the slot region, the 

TE10 and TE20 modes can be generated. And by theory, the short-slot coupler can achieve 

any power ratio. The design equations are derived by the even-odd mode as following. 

 

Fig. 5.1 The configuration of the coupler (Top view) 

 

The incident waves of the port 1 − 4 are respectively equal to 𝑎𝑎� = [𝑎𝑎1, 0,0,0]. The 

even mode incident waves of the port 1 − 4  are respectively equal to 𝑎𝑎𝑒𝑒��� =

[𝑎𝑎1/2,0,0,𝑎𝑎1/2]. The odd mode incident waves of the port 1 − 4 are respectively equal 

to 𝑎𝑎𝑗𝑗��� = [𝑎𝑎1/2,0,0,−𝑎𝑎1/2]. The relationship of the incident wave is that 𝑎𝑎� = 𝑎𝑎𝑒𝑒��� + 𝑎𝑎𝑗𝑗���. 
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To easily discuss the slot region of the coupler, the port 1’ − 4’ represent the port 

on the slot region, which is shown in Fig. 5.1. It’s obvious that between port 1 and port 

1′, there is a phase shift of the incident wave. And the same situations occur between port 

2 − 4  and port 2′ − 4′ , respectively. Here we represent the wave at port 1’ − 4’  as 

𝑎𝑎′� ,𝑎𝑎𝑒𝑒′���,𝑎𝑎𝑗𝑗′���, 𝑏𝑏′� , 𝑏𝑏𝑒𝑒′���, 𝑏𝑏𝑗𝑗′��� , which are different from 𝑎𝑎�, 𝑎𝑎𝑒𝑒���,𝑎𝑎𝑗𝑗��� ,𝑏𝑏�, 𝑏𝑏𝑒𝑒���,𝑏𝑏𝑗𝑗���  at port  1 − 4  with 

phase shifts. And 𝑏𝑏�, 𝑏𝑏𝑒𝑒���, 𝑏𝑏𝑗𝑗���,𝑏𝑏′� , 𝑏𝑏𝑒𝑒′���, 𝑏𝑏𝑗𝑗′��� are the reflected wave here. 

For the even mode, the TE10 mode is induced to propagate in the slot region. And 

for the odd mode, the TE20 mode is induced to propagate in the slot region. So, the 

reflected wave of the port 1’ − 4’  for the even mode is 𝑏𝑏𝑒𝑒′��� = (𝑎𝑎1′ /2) ×

[0, 𝑒𝑒−𝑗𝑗𝑗𝑗10𝑚𝑚, 𝑒𝑒−𝑗𝑗𝑗𝑗10𝑚𝑚, 0]. The reflected wave of the port 1’ − 4’ for the odd mode is 𝑏𝑏𝑗𝑗′��� =

(𝑎𝑎1′ /2) × [0, 𝑒𝑒−𝑗𝑗𝑗𝑗20𝑚𝑚,−𝑒𝑒−𝑗𝑗𝑗𝑗20𝑚𝑚, 0]. The relationship of the reflected wave is 𝑏𝑏′� = 𝑏𝑏𝑒𝑒′��� +

𝑏𝑏𝑗𝑗′��� . The reflected wave of the port 1’ − 4’  is 𝑏𝑏′� = (𝑎𝑎1′ /2) × [0, 𝑒𝑒−𝑗𝑗𝑗𝑗10𝑚𝑚 +

𝑒𝑒−𝑗𝑗𝑗𝑗20𝑚𝑚, 𝑒𝑒−𝑗𝑗𝑗𝑗10𝑚𝑚−𝑒𝑒−𝑗𝑗𝑗𝑗20𝑚𝑚, 0] . Then, the S-parameter of the slot region is obtained as 

follows: 

 
S1′1′ = 0 , 

S2′1′ = (1/2) × �𝑒𝑒−𝑗𝑗𝑗𝑗10𝑚𝑚 + 𝑒𝑒−𝑗𝑗𝑗𝑗20𝑚𝑚�

= cos[(𝛽𝛽10 − 𝛽𝛽20)
𝑙𝑙
2

] 𝑒𝑒−𝑗𝑗(𝑗𝑗10+𝑗𝑗20)𝑚𝑚2 , 

S3′1′ = (1/2) × �𝑒𝑒−𝑗𝑗𝑗𝑗10𝑚𝑚 − 𝑒𝑒−𝑗𝑗𝑗𝑗20𝑚𝑚�

= −jsin[(𝛽𝛽10 − 𝛽𝛽20)
𝑙𝑙
2

] 𝑒𝑒−𝑗𝑗(𝑗𝑗10+𝑗𝑗20)𝑚𝑚2 , 

S4′1′ = 0 

 

 

 

 

( 5.1 ), 

where 𝛽𝛽10 and 𝛽𝛽20 are the phase constant of the TE10 and TE20 mode in the waveguide, 

respectively. By the equation ( 5.1 ), it can be derived that  
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 sin−1|𝑆𝑆3′1′| = (𝛽𝛽10 − 𝛽𝛽20)
𝑙𝑙
2

  ( 5.2 ). 

There is an even mode junction discontinuity as shown in Fig. 5.2, which is the left side 

of Fig. 5.1. The reflected wave at port 1’ and 4′ are given that  

 b1′ = b4′ ≈ �
a1′

2
� × �SAA + �SBAe−jβ10𝑚𝑚�

2
SBB� ( 5.3 ). 

It can be approximated [6] and simplified to  

 1 + e−j2β10𝑚𝑚 = 0  ( 5.4 ). 

Then, the length of the slot region can be derived by 

 𝑙𝑙 =
(2n + 1)π

2β10
  ( 5.5 ), 

where n is a positive integer. 

 

Fig. 5.2 The even mode junction discontinuity of the coupler (Top view) 
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 From equation ( 2.13 ), the 𝛽𝛽10 and 𝛽𝛽20 are related to the width of the waveguide, 

so they are also related to the width of the slot region. Then, the equation ( 5.2 ) and ( 5.5 ) 

are related to the length and width of the slot region. It can be simplified as 

 
𝑤𝑤 =

π
k
�

[π(2n + 1) + 4 sin−1|𝑆𝑆3′1′|] [3π(2n + 1) − 4 sin−1|𝑆𝑆3′1′|]
8 sin−1|𝑆𝑆3′1′|[π(2n + 1) − 2 sin−1|𝑆𝑆3′1′|]

  
 

( 5.6 ), 

where k is the wavenumber. From equation ( 5.5 ) and ( 5.6 ), we can obtain the dimension 

of the slot region to design the coupler. 

 The target coupler for our proposed Butler matrix is a 3-dB coupler with 90-degree 

phase difference between couple port and through port. So, assigning the |𝑆𝑆3′1′| = 1/√2 

into the equation ( 5.5 ) and ( 5.6 ) we can obtain the length and width equations of the 

slot region. 

 
𝑤𝑤 =

π
k
�4(3n + 1)(𝐵𝐵 + 1)

4𝐵𝐵 + 1
  

( 5.7 ) 

 
𝑙𝑙 =

π
k
�(3𝐵𝐵 + 1)(𝐵𝐵 + 1)

3
  

( 5.8 ) 

When n = 1 − 4, w and l is obtained from the equation ( 5.7 ) and ( 5.8 ). The parameters 

are summarized in Table 5.1. 
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n 1 2 3 4 

w (mm) 6.32 7.64 8.77 9.78 

l (mm) 4.08 6.61 9.13 11.64 

Table 5.1 Width and length of the slot region of the coupler. 

 When choosing the width, it is necessary to pay attention to whether the TE30 mode 

will be generated in the AFSIW structure at 60 GHz. So, the dimensions of n = 1 are 

chosen as the initial value of the simulation on HFSS software. Then, the width and length 

of the slot region are optimized on HFSS software so that the phase difference between 

couple port and through port is close to 90-degree and the magnitude difference between 

couple port and through port is close to 0-dB. 

 The final geometrical dimensions of the proposed coupler are shown in Fig. 5.3. And 

the photograph of the coupler is shown in Fig. 5.4. The simulation results on the HFSS 

software and measurement results are shown in Fig. 5.5. The S21 and S31 of the simulated 

coupler respectively are -3.13 dB and -3.14 dB at 60 GHz. The bandwidth (defined by S11 

lower than -15 dB) of the simulated coupler is between 57.8 to 80 GHz. The bandwidth 

is very wide. The S41 of the simulated coupler is below -15 dB from 57.7 GHz to 80 GHz. 

The phase difference between S21 and S31 is 90° ± 5°  between 56.2 to 65.6 GHz on 

simulation.   
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 The measurements are calibrated by Thru-Reflect-Line (TRL) calibration method 

[26] due to the calibrating part (Fig. 5.4 AA’-BB’ and CC’-DD’) are included in the actual 

measurements. TRL calibration is a method removing the excess losses and phase effects 

to obtain the accurate S-parameter of the object to be measured. The error box of TRL is 

the calibrating part which includes the end launch, curved microstrip line, the feeding of 

AFSIW and a small segment AFSIW. The measurement results of device under test (DUT) 

(Fig. 5.4 BB’-CC’) are shown in Fig. 5.5.  

 From 60.5 GHz to 61.5 GHz, the measured maximum difference between S21 and 

S31 is 1 dB. The phase difference between S21 and S31 is 90° ± 5° between 59.4 to 62.4 

GHz on measurement. The reason why the measurement results are not match to 

simulation will be discussed in Section 5.5. 
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Fig. 5.3 The geometrical dimensions of the proposed coupler. (Top view) 

 
Fig. 5.4 The photograph of the coupler. 
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(a) 

 

(b) 
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(c) 

Fig. 5.5 The simulation results and measurement results of the proposed coupler. (a) S11 

and S31 (b) S21 and S31 (c) Phase difference 

5.2 Crossover Design 

 The design method of the crossover is the same as the coupler. So we can also use 

the equation ( 5.5 ) and ( 5.6 ) to obtain the dimensions of the slot region to design the 

crossover. The proposed crossover is the 0-dB coupler. Assigning the |𝑆𝑆3′1′| = 1 into 

the equation ( 5.5 ) and ( 5.6 ) we can obtain the length and width equation of the slot 

region. 

 
𝑤𝑤 =

π
k
�(6n + 1)(2𝐵𝐵 + 3)

8𝐵𝐵
  

( 5.9 ) 
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𝑙𝑙 =

π
k
�(6𝐵𝐵 + 1)(2𝐵𝐵 + 3)

12
  

( 5.10 ) 

When n = 1 − 4, w and l is obtained from the equation ( 5.9 ) and ( 5.10 ). It’s 

summarized in Table 5.2. 

n 1 2 3 4 

w (mm) 5.23 5.96 6.67 7.33 

l (mm) 4.27 6.88 9.44 11.97 

Table 5.2 Width and length of the slot region of the crossover. 

 

The dimensions of n = 3  are chosen as the initial value of the simulation and 

optimize on HFSS software so that the magnitude of S31 is close to 0-dB. Due to the phase 

shifter is designed on Chapter 4, there are three important restrictions that we have to pay 

attention to. The first restriction is that the total physical length of the crossover should 

be the same as the total physical length of the phase shifter. This restriction is to simplify 

the complexity of the Butler matrix circuit and reduce the overall circuit size. The second 

one is that the phase of S31 of the crossover should be different from the phase of the 

phase shifter by 0 degrees or 45 degrees. The last one is that when choosing the width, it 

is necessary to avoid the generation of TE30 mode. 

 The final geometrical dimensions of the proposed crossover are shown in Fig. 5.6. 

And the photograph of the crossover is shown in Fig. 5.7. The simulation results on the 

HFSS software and measurement results are shown in Fig. 5.8. The S31 of the simulated 

crossover is -0.15 dB at 60 GHz. The bandwidth (defined by S11 lower than -15 dB) of 
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the crossover is between 58.7 to 61.6 GHz on simulation. The phase of S31 of the 

simulated crossover is −146.6° at 60 GHz.  

 The measurements are calibrated by TRL calibration due to the calibrating part (Fig. 

5.7 AA’-BB’ and CC’-DD’) are included in the actual measurements. The error box of 

TRL is the calibrating part which includes the end launch, curved microstrip line, the 

feeding of AFSIW and a small segment AFSIW. The measurement results of the DUT 

(Fig. 5.7 BB’-CC’) are shown in Fig. 5.8.  

 The S31 of the measured crossover is -2 dB at 60 GHz. The phase of S31 of the 

measured crossover is −163.1° at 60 GHz. The frequency deviation phenomenon can 

be found from the phase comparison. The reason why the measurement results are not 

match to simulation will be discussed in Section 5.5. 

 

 

 

Fig. 5.6 The geometrical dimensions of the proposed crossover. (Top view) 
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Fig. 5.7 The photograph of the crossover. 

 
(a) 
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(b) 

Fig. 5.8 The simulation results and measurement results of the proposed crossover. (a) 

magnitude (b) phase 

5.3 Slot Antenna Array Design 

5.3.1 Slot Antenna Design 

The transverse wave currents on the short-circuited waveguide is shown in Fig. 5.9 

[35]. The design rules of slot antenna in waveguide are shown as follows.  
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Fig. 5.9 The transverse wave currents on the short-circuited waveguide 

 

First, the end of the waveguide is a short end. The short end is realized by the via 

wall. Second, the distance of the first slot (closest to the short-end) to the short-end is 

λg/4. It can be regarded as open circuit at the slot center of the first slot for impedance 

matching. The length of the slots is λ/2. Finally, each slot should be separated by λg/2.  

Also, each slot should be offset from the right or left side of the centerline. The 

reason of this design rule can be observed from Fig. 5.10 and Fig. 5.11. The peaks of two 

adjacent transverse wave current with λg/2 spacing are shown in Fig. 5.10. We can find 

that the currents are 180° out of phase on the two sides of the centerline, which means 

there is a negative sign between the peak of two adjacent transverse wave current. So, the 

slot is separated λg/2 and be placed on the other side of the centerline to compensate for 

out of phase from the peaks of two adjacent transverse wave current. The structure of the 

slot antenna is shown in Fig. 5.11. 
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Fig. 5.10 TE10 mode waveguide transverse wave currents. 

 

 

Fig. 5.11 Structure of the slot antenna 

 

The geometry of the slot antenna is summarized on Table 5.3. And the simulation 

results of the slot antenna are shown in Fig. 5.12. The bandwidth (defined by S11 lower 

than -10 dB) of the slot antenna is between 58.9 GHz and 62.3 GHz. The gain of the slot 

antenna is 14.7 dB. 
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d1 d2 d3 d4 w 

2.5 mm 5 mm 5 mm 5 mm 0.2 mm 

offset1 offset2 offset3 offset4 l 

0.2 mm 0.15 mm 0.15 mm 0.15 mm 2.3 mm 

Table 5.3 Geometry of the slot antenna 

 

 
(a) 
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(b) 

Fig. 5.12 The simulation results of the slot antenna. (a) S-parameter (b) Radiation 

pattern (ϕ = 0) 

5.3.2 Slot Antenna Array 

The proposed slot antenna is used and be separated by same distance to implement 

the slot antenna array for broadside radiation. There are two issues affecting the radiation 

pattern of the antenna array. The first issue is the spacing between each antenna element, 

which is the key parameter for array factor. The second issue is the mutual coupling 

between each antenna element.   

In general, in order to achieve proper main beam directivity, reduce sidelobe level 

and avoid grating lobe generation, the distance of the antenna elements (or called inter-

element distance) in antenna array is designed with half wavelength spacing. However, 
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the width of AFSIW structure is designed as 0.5λ to handle the fundamental mode in the 

center hollow part. Considering fabrication limit and manufacturing problems, some 

space needs to be reserved between the antenna array. So, the spacing of the antenna array 

must be larger than 0.5λ.  

In order to observe the effect of the inter-element distance on the radiation pattern, 

we choose two cases to compare the radiation pattern. One is the case with half 

wavelength spacing. The other one is a larger spacing that can be made after considering 

the fabrication limit.  

The radiation patterns with different inter-element distances are obtained by using 

the radiation pattern of the proposing slot antenna and the array factor derived from 

Section 2.3. The radiation patterns of the beamforming antenna array with 4 elements are 

shown in Fig. 5.13. These four figures show the radiation patterns with four different 

phase differences provided by the Butler matrix, respectively. As shown Fig. 5.13, when 

d (inter-element distance) is larger than 0.5λ, the sidelobe becomes large and the grating 

lobe exists. The angle between the direction angle of main beam and 0 degrees becomes 

small. 
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Fig. 5.13 The radiation pattern of the antenna array calculated by MATLAB with 

different inter-element distances. 

 
In order to improve the second issue, from [36], many methods are mentioned for 

reducing the mutual coupling of each antenna. Such as decoupling network, frequency-

selective surface (FSS), electromagnetic bandgap (EBG) or making a drilling slot 

between the antennas. Thus, in this thesis, we choose making a drilling slot between the 

antennas to reduce the mutual coupling, as shown in Fig. 5.14. There are drilling slots in 

the antenna array from M1 to PP2. 
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(a) 

 

(b) 

Fig. 5.14 The structure of the antenna array with isolation (a) 3D view (b) front view 
 

To observe the effect of the mutual coupling on the radiation pattern, some cases are 

compared by following methods: 

Considering the proposed slot antenna array in this thesis, the distance of each 

antenna element is 0.79λ and the number of antenna element is 4 (N = 4). The radiation 

pattern of the single antenna simulated on HFSS is multiplied by array factor to calculate 

final radiation pattern by MATLAB. This case is the ideal case without non-ideal mutual 

coupling. The results are shown by case 1. The antenna array consisting of four proposed 

slot antennas and without drilling slot between antennas is simulated on HFSS. The 

simulated results are shown by case 2. Case 3 is an antenna array simulated on HFSS 

which is composed of four proposed slot antennas and drilling slots between antennas. 
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For case 4, compared to case 3, the drilling slot is changed to a row of through-hole via. 

The simulated results of these cases are shown in Fig. 5.15 and Fig. 5.16. 

 

 

Fig. 5.15 The maximum mutual coupling in the antenna array of the case 2- 4. 
 

From Fig. 5.15, since the case2 is without any isolation design, the magnitude of the 

mutual coupling is larger than case3 and case4. For case3, compared to case4, the 

magnitude of the mutual coupling is smaller than case4. Thus, it can be observed that 

making drilling slots between the antennas is the best method to reduce mutual coupling. 

From Fig. 5.16, case 2 does not match case 1. When array factor is multiplied by the 

radiation pattern of single antenna simulated on HFSS, ideal isolation between each 

element is assumed. In comparison, the results of case2 are from complete full wave 

simulation, so the mutual coupling will be induced by each element. And also, the main 

beam of case 1 is larger than that of case 2. And the grating lobe of case 2 is larger than 
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case1. For case3, the main beam is larger compared to case 2. Because the mutual 

coupling is reduced by the drilling slot design, the main beam is increased. With the 

drilling slot design, the main beam level can be approximately similar to ideal case. From 

these data, we can summarize that mutual coupling affects the radiation pattern. 

 

 

Fig. 5.16 Slot antenna array radiation pattern of case 1- 3. 

5.4 AFSIW 4x4 Butler Matrix Antenna Array 

5.4.1 Butler Matrix 

Butler matrix is composed of the previously designed coupler, crossover and phase 

shifter. Since the bandwidth of the tuning phase shifter is wider than the bandwidth of the 
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theoretic phase shifter. The tuning phase shifter is chosen for the Butler matrix. The 

dimension of the phase shifter, coupler and crossover are according to Table 4.2, Fig. 5.3 

and Fig. 5.6, respectively. 

The S-parameter of the proposed Butler matrix is shown in Fig. 5.17. From the Fig. 

5.17(a) and (b), when input port is port 1, the simulated S11, S21, S31, and S41 are all smaller 

than -15 dB from 59.7 GHz to 61.3 GHz. The simulated S51, S61, S71, and S81 are kept 

within -6.3 ± 1 dB from 59.7 GHz to 61.3 GHz.  

From Fig. 5.17(c) and (d), when input port is port 2, the simulated S12, S22, S32, and 

S42 are all smaller than -15 dB from 59.5 GHz to 61.6 GHz. The simulated S52, S62, S72, 

and S82 are kept within -6.8 ± 1.1 dB from 59.5 GHz to 61.6 GHz. 

 

 
(a) 
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(b) 

 
(c) 
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(d) 

Fig. 5.17 S-parameter of the butler matrix on HFSS while exciting at port 1and port 2. 

(a) S11, S21, S31, S41, (b) S51, S61, S71, S81, (c) S12, S22, S32, S42, and (d) S52, S62, S72, S82. 

The total power insertion loss is defined as 

 L = −10 log10(�𝑆𝑆5𝑞𝑞�
2

+ �𝑆𝑆6𝑞𝑞�
2

+ �𝑆𝑆7𝑞𝑞�
2

+ �𝑆𝑆8𝑞𝑞�
2

) ( 5.11 ), 

where 𝑞𝑞 = 1 or 2  represents the exciting port. The simulated total power 

insertion loss while exciting port is port 1 or port 2 are shown in Fig. 5.18. The simulated 

total power insertion losses are smaller than 2 dB from 58.29 GHz to 62.05 GHz. 

Compared to [19], the power insertion losses are below 2.5 dB from 58-62 GHz. Thus, 

the proposed AFSIW Butler matrix can provide extremely low loss. 
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Fig. 5.18 The total power insertion loss of the Butler matrix 

 

The bandwidth of the Butler matrix is defined as the frequency range where the error 

of the phase difference between the output ports is within ±10°. The phase difference of 

the Butler matrix is shown in Fig. 5.19. For ideal case, while the input ports are port 1 

and port 2, the phase differences between output ports are −45°   and 135° , 

respectively. For the proposed design here, while the input port is port 1, the simulated 

bandwidth is between 59.3 GHz to 61.6 GHz. While the input port is port 2, the simulated 

bandwidth is between 58.9 GHz to 60.7 GHz. 
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(a) 

 
(b) 

Fig. 5.19 Phase difference of the butler matrix on HFSS. (a) Port 1 (b) Port 2 
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5.4.2 Proposed Beamforming Antenna Array Using AFSIW 

Structure 

The proposed beamforming antenna array is composed of the previously designed 

butler matrix and the slot antenna array. The inter-element distance of the slot antenna 

array is 0.79 λ. The radiation pattern is shown in Fig. 5.20. The four figures are the 

radiation pattern with different port as exciting port. And the three cases are slot antenna 

array with and without isolation design and ideal case. The radiation pattern of the single 

antenna simulated on HFSS is multiplied by array factor to calculate final radiation 

pattern by MATLAB. The results are shown by “ideal case”. The “with isolation” case 

represents the HFSS simulation results of Butler matrix antenna array with isolation 

design. The “without isolation” case represents the HFSS simulation results of Butler 

matrix antenna array without isolation. 

From Fig. 5.20, it’s shown that the main beam of the Butler matrix antenna array 

with isolation almost match the ideal case. The gain of the Butler matrix antenna array is 

summarized on Table 5.4. It’s shown that while exciting port is port 1 and 4, the gain of 

the “with isolation” case is almost equal to ideal case, respectively. But while exciting 

port is port 2 and 3, the gain of the “with isolation” case is smaller than ideal case about 

2 dB. The direction of the Butler matrix antenna array is summarized on Table 5.5. It’s 

shown that the errors of the direction angle are within ±3°. 
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Fig. 5.20 Butler matrix antenna array radiation pattern on HFSS. 

       Input 

 
Port1 Port2 Port3 Por4 

Ideal 20.56 dB 18.72 dB 18.96 dB 20.48 dB 

without isolation 15.27 dB 16.51 dB 16.8 dB 15.39 dB 

with isolation 20.43 dB 16.67 dB 16.44 dB 20.38 dB 

Table 5.4 The gain of the Butler matrix antenna array. 
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       Input 

 
Port1 Port2 Port3 Por4 

Ideal 8° 335° 25° 352° 

without isolation 8° 334° 28° 353° 

with isolation 8° 333° 27° 352° 

Table 5.5 The direction angle of the Butler matrix antenna array. 

 

5.5 Measured result and discussion 

5.5.1 Coupler and Crossover 

Since coupler and crossover are based on the same design method and similar 

structure, we will only discuss the measured results of the coupler. 

From Fig. 5.5 and Fig. 5.8, the measurement results are not match to the 

simulation results. The reason for the difference will be discussed in the following 

part. 

Due to the manufacturing process errors, the calibrating part (Fig. 5.4 AA’-BB’ 

and CC’-DD’) of each TRL component and DUT are not the same. The cut-section 

of Thru and Line are shown in Fig. 5.21. As shown in Fig. 5.21(a), the cut position 

is at slot for AFSIW. In Fig. 5.21(b) and (c), it’s obviously shown that there are large 

differences between the calibrating parts no matter we compare region A or region 

B of the Thru and Line.  



doi:10.6342/NTU201904216

92 
 

Another reason is that the Dk and Df of the substrate are set at the 10 GHz on 

simulation first. The real Dk and Df at 60 GHz are 3.16 and 0.004, respectively, 

which are found by measuring the microstrip line at 60 GHz. 

We use post-simulation to observe possible source of the manufacturing process 

error for calibrating part. The new Dk, Df and value of the cut-section on feeding 

slot are used to post-simulate on HFSS. 

The post-simulated results and the error box of the TRL are shown in Fig. 5.22. 

From Fig. 5.22(a), the post-simulated results still didn’t match the measured results. 

So we guess that there are still some structural parameters affecting the performance 

severely but we can’t check the actual value by cut-section, such as the length of the 

stepped-feeding for AFSIW (as shown Fig. 3.6 (c)). From Fig. 5.22(b), S11 of the 

post-simulated results is more similar to the measured results. But S21 still has 

difference about 4 dB.  

 

 
(a) 
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(b) 

 

(c) 

Fig. 5.21 The cut-section of the thru and line. (a) The position of the cut-section. (Top 

view) (b) Thru (c) Line 

 



doi:10.6342/NTU201904216

94 
 

 

(a) 

 
(b) 
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(c) 

Fig. 5.22 The post-simulated results and the error box of the TRL. (a) Thru (b) Line (c) 
Error box 

 

Except for the effect from the manufacturing process error in calibrating part, 

the reason for why S21 and S31 of coupler has difference on 60.5 GHz to 61.5 GHz 

is that the coupler is not symmetry. For example, the sidewall of wide air channel at 

the center is shifted as shown in Fig. 5.23(a). In Fig. 5.23(b), it’s shown that 

asymmetry coupler will increase the difference between S21 and S31. 

In summary, there are too many factors that might affect the performance, 

including the error and inconsistency of the manufacturing process on calibration 

element and DUT, actual performance of end launch and the accuracy of dk and df 

at our target frequency. 
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(a) 

 

(b) 

Fig. 5.23 The post-simulated results of asymmetry coupler. (a) Top view of asymmetry 

coupler (b) S21 and S31 of post-simulated results 
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 Sensitivity About Fabrication 

 Because the dimension error from fabrication will worsen performance of 

coupler and crossover, we will discuss each parameter about coupler and crossover 

in this section. As shown in Fig. 5.3, there are 6 parameters (w, w1, w2, L, L1, L2). 

We took the value of Fig. 5.3 and swept ±0.5mm on simulation as the fabrication 

error.  

 There are not much differences of the magnitudes of S11 and S41 when 

parameters of coupler are changed. However, the magnitude of S21 and S31 in coupler 

should be as similar as possible to avoid the output power of two output ports 

inconsistent. Thus, we just focus on the magnitude difference of coupler between S21 

and S31 at 60 GHz. As shown in Fig. 5.24, when L ± 0.05mm, the magnitude 

differences ( 𝑆𝑆21 − 𝑆𝑆31 ) of coupler will differ in ±0.02  dB. And the other 

parameters with ±0.05mm error, including L1, L2, w, w1, and w2, will lead to ±0.5 

dB, ±0.02  dB, ±0.1  dB, ±0.01  dB, and ±0.03  dB difference for magnitude 

differences( 𝑆𝑆21 − 𝑆𝑆31 ). From the above all, we can find that the magnitude 

difference is very sensitive to L1. 
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    (a)         (b) 

 
    (c)         (d) 

 
    (e)         (f) 

Fig. 5.24 Sweep the parameters ±0.05mm in coupler.  

(a)L (b)L1 (c)L2 (d)w (e)w1 (f)w2 
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 The phase of the crossover in Butler matrix is important. Thus, we discuss the 

variation of phase in crossover at 60 GHz when the parameters of crossover are 

changed as follow. As shown in Fig. 5.6, there are 6 parameters (w, w1, w2, L, L1, 

L2). We took the value of Fig. 5.6 and swept ± 0.5mm on simulation as the 

fabrication error.  

As shown in Fig. 5.25, when L±0.05mm, the phase (∠𝑆𝑆31) of coupler will ±3°. 

And the other parameters with ±0.05mm error, including L1, L2, w, w1, and w2, will 

lead to ±2° , ±2° , ±20° , ±1° , and ±5°  difference for phase (∠𝑆𝑆31 ). From the 

above all, we can find that the magnitude difference is very sensitive to w. 

 
(a)         (b)
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(c)         (d)

 
(e)         (f) 

Fig. 5.25 Sweep the parameters ±0.05mm in crossover.  

(a)L (b)L1 (c)L2 (d)w (e)w1 (f)w2 

 

5.5.2 Butler Matrix and Butler Matrix Antenna Array 

The photograph of the Butler matrix and Butler matrix antenna array are shown 

in Fig. 5.26.  
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(a) 

 

(b) 

Fig. 5.26 The photograph of (a) Butler matrix (b) Butler matrix antenna array. 
 

The measured results of the Butler matrix and Butler matrix antenna array are 

also failed. The reason might be the same as the phase shifter manufacturing 

mentioned in Section 4.4. Also, the manufacturing errors for crossover and coupler 

discussed above might occur in the Butler matrix and Butler matrix antenna array. 

Further cut-section is needed to check the detailed root cause for this failure. 
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5.5.3 Comparison and Discussion 

Table 5.6 compares several previous Butler matrices in related literature. The 

structure (SIW/AFSIW) and the total power insertion losses (using equation ( 5.11 ) 

to calculate) are included in the table. Since phase difference of each output port is 

related to the directions of main beam, the phase errors are included in the table, too. 

The phase errors are defined as the error of the ideal phase difference at center 

frequency. Since the measurement has not been successful, the simulation results are 

compared.  

As shown in Table 5.6, the total power insertion losses of previous works are 

larger than this work because these works are designed based on SIW. In 

[8],[12],[13],[22], the total power insertion losses are lower than 1 dB since the 

substrates inside the SIW are low-loss material. 

In [6],[9],[20], phase error of them are below 10°. Since the coupler in [6] is 

modified with hollow rectangular holes in a dielectric substrate and [9],[20] are 

designed without the crossover, these methods can achieve smaller phase error. But 

the total power losses of them are larger than 1 dB. 

Only in [12], both total power insertion losses are below 1 dB and the phase 

error is below 10°. Since the coupler in [12] is double-layer structure, it can reduce 

the size and remove the crossover to reduce total power insertion loss and phase error. 

But the total power insertion losses per lambda (total power insertion losses ÷

length of the Butler matrix) in [12] are still higher than this work. 

The size is defined as the width and length of Butler matrix. The size of this 

work is 4.44λ × 11.4λ. Although the size of this work is the largest among all works 

listed in Table 5.6, the total power insertion loss of this work is the smallest. The 
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total power insertion loss of this work is 0.6 dB. Compared with the works with 

center frequency of 60 GHz, the phase error of this work is the smallest one.  

Ref. 
Center 

frequency 
Structure Size (𝑤𝑤 × 𝑙𝑙) 

total power 

insertion loss 

Phase error (@ 

center frequency) 

[3] 26 GHz SIW 3.03λ × 9.53λ N/A < 10° 

[6] 26 GHz SIW 3.47λ × 5.11λ < 2 dB 7° 

[7] 60 GHz SIW N/A 
1.4 dB* 

(@59.5 GHz) 
< 20°* 

[8] 16 GHz SIW 5.87λ × 9.33λ < 1 dB* N/A 

[9] 38 GHz 
SIW 

(2 layer) 
7.6λ × 8.16λ 1.8 dB* 5°* 

[12] 12.5 GHz 
SIW 

(2 layer) 
1.51λ × 3.47λ < 1 dB 10° 

[13] 60 GHz 
SIW 

(3 layer) 
2.6λ × 6.4λ < 1 dB* < 15°* 

[16] 9.5 GHz 
SIW 

(2 layer) 
1.08λ × 1.74λ N/A < 10° 

[17] 30 GHz SIW N/A N/A 13°* 

[19] 60 GHz SIW 3.56λ × 5.42λ < 2.5 dB 17° 

[20] 77 GHz SIW 7.32λ × 8.09λ 1.6 dB** 4°* 

[22] 60 GHz SIW 3λ × 3.8λ < 1 dB* < 32°* 

[23] 60 GHz SIW 1.76λ × 4.74λ < 2.7 dB* < 15°* 

This 

work 
60 GHz AFSIW 4.44λ × 11.4λ 0.6 dB* 14°* 

N/A: Did not mention in the paper.  **: Estimated measurement result 

*: Simulated result 

Table 5.6 Performance summary and comparison of Butler matrix to related literature. 
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Chapter 6  
pter 6 Conclusions 

 

In this thesis, the low loss beamforming antenna array using AFSIW applying at 

mm-Wave is proposed. The motivation is to reduce the path-loss of the beamforming 

antenna array. The proposed method is to develop the novel structure AFSIW, which 

changes the lossy dielectric substrate of the conventional SIW into the air. Therefore, the 

AFSIW structure can avoid the loss from the substrate. The Butler matrix on AFSIW 

structure provides extremely low path-loss compared to the Butler matrix on SIW 

structure. In addition, since AFSIW is modified from the SIW, AFSIW has the same 

planar characteristic of the SIW and is easy for system packaging.  

In Chapter 3, the novel structure is developed. It deals with the problem of the path-

loss. In Chapter 4, the shorted-end stub phase shifter is designed on AFSIW structure. The 

stub phase shifter formulas are derived and design flow for AFSIW phase shifter are 

introduced. In Chapter 5, the other components of the Butler matrix are designed on the 

AFSIW to form a low loss beamforming antenna array.  

The phase shifter is designed to produce a desired phase difference compared to 

crossover for Butler matrix. And the bandwidth is the frequency range where the phase 

difference error is in ±5° in contrast to desired phase difference. The bandwidth of 0-
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degree phase shifter is 4GHz on simulation. The bandwidth of 45-degree phase shifter is 

3.6 GHz on simulation.  

The coupler and crossover are designed based on the short-slot method. The S21 and 

S31 of the simulated coupler respectively are -3.13 dB and -3.14 dB at 60 GHz. The phase 

difference between the S21 and S31 is 90° ± 5° between 56.2 to 65.6 GHz on simulation. 

The S31 of the simulated crossover is -0.15 dB at 60 GHz. The bandwidth (defined by S11 

lower than -15 dB) of the crossover is between 58.7 to 61.6 GHz on simulation.  

The proposed Butler matrix is composed of the above components. The simulated 

total power insertion losses are 0.6 dB at 60 GHz. Compared with the other works in 

related literature, the proposed Butler matrix has the lowest total power insertion losses. 

While the input port is port 1, the simulated bandwidth (defined by the desired phase 

difference ±10°) is 2.3 GHz. While the input port is port 2, the simulated bandwidth is 

1.8 GHz. Then, the gain of proposed Butler matrix antenna array without isolation is 

between 15 to 17 dB on simulation. The gain of proposed Butler matrix antenna array 

with isolation is between 16 to 21 dB on simulation. The isolation of the antenna array is 

improved obviously. 

So far, the isolations of proposed beamforming antenna array are improved on 

simulation. But the measurements of the proposed beamforming antenna array are failed. 

In the future, more cut-sections are needed to check the main root cause of measurement 

failure. We can try to design the proposed beamforming antenna array in the stable 

manufacturing process to prevent failure. The bandwidth (defined by the desired phase 

difference ±10°) of the Butler matrix can be wider by optimizing crossover or phase 

shifter to improve the error of phase difference. The end launch can be changed to probe 

to avoid the bad performance caused by human influence. In the future based on stable 
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manufacturing process, we can provide an extremely low path-loss beamforming array 

for 5G communication.  
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