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Abstract

Implementation of Beamforming Antenna

for UWB Radar using Butler Matrix

                                        Sun Woong Kim

Advisor: Prof. Dong-You Choi, Ph.D.
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Graduate School of Chosun University

The single antenna of conventional ultra-wideband radars has difficulty

tracking objects over a wide range because of the relatively narrow beamwidth.

This thesis is to prposed a beamforming antenna that can track objects over a

wide range by electronically controlling the beam of the antenna.

The proposed beamforming antenna was fabricated by connecting a 1 × 4

linear array antenna and a 4 × 4 Butler matrix. The 4 × 4 Butler matrix was

fabricated in a laminated substrate using two TRF-45 substrates, which have a

relative permittivity of 4.5, loss tangent of 0.0035, and thickness of 0.61 ㎜; the

overall size is 70.65 × 62.6 × 1.22 ㎣. The phase difference results of the 4 × 4

Butler matrix had an error of ± 10° at –45°, 135°, −135°, and 45°. Therefore,

the fabricated 4 × 4 Butler matrix has the characteristic of constant phase

difference, and the output phase was fed into the input ports of the 1 × 4 array

antenna. The distance between each antenna in the fabricated 1 × 4 array is 30

㎜. The proposed tapered-slot antenna was fabricated on a Taconic TLY
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substrate, which has a relative permittivity of 2.2, loss tangent of 0.0009, and

thickness of 1.52 ㎜; the overall size is 140 × 90 × 1.52 ㎣. The impedance

bandwidth of the antenna was achieved in the wide bandwidth of 4.32 ㎓ by

satisfying -10 ㏈ S11 and VSWR ≤ 2 in the 1.45 ∼ 5.78 ㎓ band. Furthermore,

the fabricated antenna has directional radiation patterns, which was found to be

a suitable characteristic for location tracking in a certain direction.

Therefore, the signal generated by the 4 × 4 Butler matrix was fed into the

input ports of the 1 × 4 array antenna, and the fabricated beamforming antenna

has four beamforming angles. The beamforming range of the fabricated antenna

has maximum values of 115°, 90°, and 80° in the 3 ㎓, 4 ㎓, and 5 ㎓band,

respectively.
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요 약

버틀러 매트릭스를 이용한

UWB 레이더용 빔 포밍 안테나 구현

김 선 웅

지도교수: 최 동 유

조선대학교 대학원 정보통신공학과

기존의 UWB 레이더의 단일 안테나는 비교적 좁은 빔폭으로 인해 넓은 공간

에 위치한 사물을 추적하는데 어려움이 있었다. 본 논문에서는 안테나의 빔을

전자적으로 제어함으로써 넓은 공간에 위치한 사물의 정보를 추적할 수 있는

빔 포밍 안테나를 제안하였다.

제안한 빔 포밍 안테나는 선형으로 배열된 1 × 4 배열 안테나와 4 × 4 버틀

러 매트릭스를 연결하여 제작하였다. 4 × 4 버틀러 매트릭스에 사용된 기판은

유전율 4.5, 손실 탄젠트 0.0035, 두께 0.61 ㎜를 갖는 2개의 TRF-45 기판에 적

층으로 제작되었으며, 전체 크기는 70.65 × 62.6 × 1.22 ㎣이다. 4 × 4 버틀러

매트릭스의 위상차 측정 결과는 각각 –45°, 135°, -135°, 45°에서 ±10°의 오차

가 관찰되었다. 따라서, 제작된 4 × 4 버틀러 매트릭스는 각 포트마다 적절한

위상차의 특성을 갖으며, 출력된 위상은 선형으로 배열된 1 × 4 배열안테나의

입력포트에 인가된다.
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제작된 1 × 4 배열 안테나의 이격 거리는 30 ㎜이다. 테이퍼드 슬롯 안테나

는 유전율 2.2, 손실 탄젠트 0.0009, 두께 1.52 ㎜를 갖는 Taconic TLY 기판에

제작되었으며, 전체 크기는 140 × 90 × 1.52 ㎣이다. 안테나의 임피던스 대역폭

은 1.46 ∼ 5.78 ㎓ 대역에서 –10 ㏈ S11 및 VSWR≤2를 만족하여 4.32 ㎓의

넓은 대역폭을 형성하였다. 또한, 안테나의 방사패턴은 특정 방향에 대한 감도

가 높아지는 지향성의 방사패턴이 관찰되었다.

이를 통해, 4 × 4 버틀러 매트릭스에 출력된 급전신호는 1 × 4 배열 안테나

의 입력 포트에 인가되며, 4개의 빔 조향 각을 갖는다. 제작된 빔 포밍 안테나

의 빔 조향 범위는 3 ㎓ 대역에서 115°, 4 ㎓ 대역에서 최대 90°, 5 ㎓ 대역에

서 최대 80°를 갖는다.
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Ⅰ Introduction

  Recently, the range of location tracking targets has been reduced to small sizes 

such as vehicles, persons, small articles goods at large objects such as aircraft, 

buildings, marine vessels, etc[1]. The location tracking fields in outdoor 

environments use precise global navigation satellite systems, such as the global 

positioning system of the United States and the global orbiting navigation satellite 

system of Russia. However, there are no obvious solutions to the problems of 

indoor location tracking technologies[2].  

  Ultra-wideband (UWB) radar technology is expected to improve conventional 

indoor monitoring systems by enabling precise location tracking in the ㎝ range 

within a room at low cost and reduced power consumption[3]. In particular, the 

U.S. Federal Communications Commission (FCC) has been using systems such as 

near-field communication, location tracking, penetrating radar, and distance 

measurement systems by revoking civil use regulations in February 2002[4∼7].

  The antenna in an UWB radar system must have a wide bandwidth to transmit 

and receive the impulse signals of ㎱ units in a specific direction, as well as high 

gain and directional radiation patterns to track the location of objects. Conventional 

UWB antennas have been studied for various antennas, such as the Vivaldi 

antenna[8][9], patch antenna[10], Yagi-type antenna[11][12], and tapered-slot 

antenna[13][14]. These antennas have difficulty tracking objects that are located 

over a wide range owing to the relatively narrow beamwidth of approximately. In 

order to solve this problem, thesis proposed a beamforming antenna that can track 

the information on objects over a wide range.
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  The proposed beamforming antenna was fabricated by combining beamforming 

networks that generate a constant phase and a tapered-slot antenna array. 

Conventional beamforming networks include the Butler matrix[15], Blass matrix[16], 

Nolen matrix[17], Rotman lens[18], etc.; these beamforming networks have different 

phase delays between the input and output ports. The beamforming antenna 

structure is shown in Fig. 1-1. 

  

Fig. 1-1. System structure of N × N beamforming antenna

  As shown in Fig. 1-1, the structure of the beamforming antenna requires a 

beamforming network (N × N Butler matrix) capable of giving different constant 

phase and for the N-array antenna to radiate toward the desired direction. The 

proposed technology was implemented using the Butler matrix, which is easy to 

manufacture and is low cost. The Butler matrix consists of 3 ㏈/90° slot-directional 

hybrid couplers and 45° phase shifters. When the input and output ports of the 

Butler matrix increase, the controlled phase beam increases, but the circuit size is 

large, and the design becomes complicated. Therefore, this thesis proposes a 4 × 4 

Butler matrix which has four input and four output ports, where the output phase 

is fed into the input ports of the linear array antenna (1 × 4 array antenna). The 

beams of the proposed beamforming antenna can be controlled in four directions, 

and can provide solutions to track the location of objects placed from 

approximately -50° to +50°.  
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  This thesis is organized as follows. In chapter 1, the proposed technology and 

the necessity and purpose of the UWB beamforming antenna are described. In 

chapter 2, the understanding of UWB radar systems and operating characteristics of 

the UWB antenna are examined, and the design theory of the Butler matrix for the 

phase array is described. In chapter 3 describes the simulation of tapered-slot 

antenna (TSA) and 4 × 4 Butler matrix using HFSS (Ansys Co.), a commercial 

electromagnetic simulator to implement the UWB beamforming antenna. In chapter 

4, the UWB beamforming antenna is fabricated based on the simulation results, and 

the antenna performance is measured and verified using various measuring 

equipment. Finally, chapter 5 draws conclusion regarding the proposed beamforming 

antenna.
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Ⅱ Theoretical Background

2.1 UWB Radar System

2.1.1 Overview of UWB Technology

  UWB is a wireless communications technology developed by the U.S. department 

of defense for military purposes, which has a bandwidth of several ㎓ for 

short-range wireless communications, and it define as ultra wide band system with 

100 Mbps to 1 Gbps of high speed transmission rate. In order to distinguish it 

from existing systems, the UWB signal is defined as radio transmission technology 

with an occupied bandwidth of more than 1.5 ㎓ or over 25% of the center 

frequency.

  The UWB permissive specification specified by the U.S. FCC satisfies the noise 

intensity of -41.3 ㏈m/㎒ and bandwidth of more than 20% factional bandwidth in 

frequency band of 3.1 to 10.6 ㎓[19]. The definitions of other band and the UWB 

band shown in Fig. 2-1. 

Fig. 2-1. Definition of UWB bandwidth
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  Applications of UWB radar systems include ground-penetrating radar systems, 

through-wall radar systems, medical imaging radar systems, search and rescue radar 

systems, and nondestructive radar systems[7]. The bandwidth for the signal 

spectrum of the UWB radar system is shown in Fig. 2-2.  

Fig. 2-2. Bandwidth definition for the signal spectrum of UWB radar system

The fractional bandwidth of the UWB radar system is given by 

   


   
  

×  ,                       (2-1)

where fH and fL are the upper and lower frequency, respectively, based on –10 ㏈

point-of-signal spectrum. 
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2.1.2 Configuration of UWB Radar System

  Recently, UWB radar systems have been studied for high-resolution radar 

systems. UWB radar technology radiates an impulse signal of ㎱ units and analyzes 

information on the target through signals reflected by object. The distance 

measurement process of the UWB radar system is shown in Fig. 2-3. 

Fig. 2-3. Distance measurement method of UWB radar system

  The basic UWB radar system consists of a transmitter and receiver. The distance 

measurement of the object is given by 

    
 
, (2-2)

where R is the distance of the object, c is the velocity of light, and t is the time 

difference between the received signal and transmitted signal[20][21]. 

  The UWB radar system includes transmission and receiving antennas, radio 

frequency (RF) filter, power amplifier (PA), and low-noise amplifier (LNA). The 

signal processing structure of the UWB radar system is shown in Fig. 2-4. 
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Fig. 2-4. Structure and signal processing process of UWB radar system

  The pulse signal is generated by the microcontroller unit (MCU) which is 

converted by the UWB transmitter. The RF filter passes only the necessary signal, 

and the PA amplifies the intensity of the signal and transmits it to the antenna. 

The signal that radiates into free space passes through the receiving antenna, and 

the signal is amplified at the LNA stage. Finally, digital signal processing converts 

the received analog signal into a digital signal[22].

2.2 Investigation of UWB Antenna

2.2.1 Types of Wideband Antennas

  Wideband antennas are used in various applications such as fractal 

antennas[23][24], bow-tie antennas[25], spiral antennas[26], and log-periodic 

antennas[27][28]. The fractional bandwidth of the wideband antenna is over 25%. 

The wideband antenna can be implemented to increase bandwidth by more than 

100% when constructing an antenna with a complementary structure and self-similar 

structure[29][30]. 
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  As shown in Fig. 2-5, the log-periodic antenna has a constant period between 

several antenna elements, and it achieves a wide frequency band by forming 

multiresonance through different lengths of elements[31]. 

(a) (b)

Fig. 2-5. Examples of log-periodic antenna, (a) Structure of log-periodic antenna[31],

(b) Actual log-periodic antenna[32]

  The fractal structure is similar to the structure that is  repeatedly created in the 

natural world, and the overall structure is characterized by similar self-similarity. 

The fractal structure is shown Fig. 2-6. 

(a) (b) (c)

Fig. 2-6. Examples of various fractal structures, (a) Sierpinski carpet structure,           

(b) Kuch curve structure, (c) Sierpinski gasket structure
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  The fractal antenna has multiple resonance owing to its repeating similar 

structures, which include a Sierpinski carpet structure, Koch curve structure, and 

Sierpinski gasket structure[33]. 

  The bow-tie antenna has a radiation pattern similar to the linear dipole antenna. 

The structure of the bow-tie antenna is shown in Fig. 2-7. 

(a) (b)

Fig. 2-7. Examples of bow-tie antenna, (a) Structure of bow-tie antenna, 

(b) Actual bow-tie antenna[34]

  The bow-tie antenna is used in wide-band systems because of its wide operating 

frequency[31]. 

2.2.2 Types of Travelling Wave Antennas

  Travelling wave antennas include TSAs, dielectric rod antennas, and horn 

antennas. These antennas provide the good characteristics for the UWB system and 

there is less distortion between transmitted and received pulses in the propagation 

path. 

  The horn antenna is commonly used for measuring patterns or ground-penetrating 

radar applications, and has a wide bandwidth of 50∼180%.
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  As shown in Fig. 2-8, the structure of the horn antenna is either a pyramid or 

conical. 

(a) (b)

Fig. 2-8. Examples of horn antennas, (a) Structure of pyramid horn antenna[35],         

(b) Structure of conical horn antenna[36]

  The TSA is mainly used in UWB radar systems. A typical TSA antenna is 

fabricated by etching the tapered shape on the substrate with a copper plate[37]. 

(a) (b)

(c) (d)

Fig. 2-9. Examples of TSAs, (a) LTSA, (b) Vivaldi, (c) CWSA, (d) BLTSA
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  As shown in Fig. 2-9, examples of TSAs include a linear TSA (LTSA), 

constant-width slot antenna (CWSA), broken linearly TSA (BLTSA), and 

Vivaldi-type antenna. These TSAs have a wide bandwidth of 125∼170%[37].

Fig. 2-10. Electromagnetic wave configuration of the tapered-slot antenna

  In the TSA, a surface wave propagates along the antenna substrate and shows a 

travelling wave characteristic of end-fire[38]. As shown in Fig. 2-10, the electronic 

field moves along the tapered aperture structure and radiates from the substrate 

edge. Therefore, the E-plane of the TSA is radiated horizontally (x-y) parallel to 

the substrate while the H-plane is radiated vertically[39].

  The 3D radiation simulation results of the proposed TSA are shown in Fig. 2-11. 

  As shown in Fig. 2-11, the main beam of the proposed TSA is directed toward 

the z direction, the E-plane is radiated horizontally (y-z), and the H-plane is 

radiated vertically (x-z). 
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(a) (b)

(c) (d) 

Fig. 2-11. 3D radiation pattern simulation results of the proposed antenna, (a) 2 ㎓ band, 

(b) 3 ㎓ band, (c) 4 ㎓ band, (d) 5 ㎓ band

2.3 Antenna Analysis Parameters

2.3.1 Impedance Bandwidth

  The reflection coefficient Γ of a single scattering parameter S11 is the amount of 

signal reflection by impedance mismatch that occurs between the source and 

antenna during the operation of an antenna in one port. The input voltage standing 

wave ratio (VSWR) and return loss are given by[40]
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  
  

, (2-3)

    log . (2-4)

  The optimal VSWR is  = 0, or VSWR = 1. This means that all the power is 

transmitted to the antenna and there is no reflection. The defined impedance 

bandwidth of the antenna is shown in Fig. 2-12. 

Fig. 2-12. Impedance bandwidth define of the antenna[41][42]

  Therefore, the impedance bandwidth of the antenna is defined a VSWR ≤ 2, 

and its point reflects approximately 11% of input power[41]. 
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2.3.2 Half-Power Beamwidth and Sidelobe Level

  The half-power beamwidth (HPBW) is defined as the point in which the 

magnitude of the maximum radiation drops to half or 3 ㏈ below, while the 

sidelobes are power radiation peaks in addition to the main lobe. The sidelobe 

levels (SLLs) are normally given as the number of decibels below the main-lobe 

peak. The HPBW and SLL are shown in Fig. 2-13[41]. 

Fig. 2-13. Antenna pattern characteristics[41][42]

2.4 Review of the Beamforming Antenna

2.4.1 Theory of the Phased Array Antenna

  The beamforming antenna theory for steering the main beam in the desired 

direction is achieved by adjusting the parameters of each antenna. The main beam 

is affected by four factors. 

  The first factor is the arrangement of array antennas, consisting of the linear 

structure, circular structure, planar structure, and spherical structure. The linear and 

circular structures are a one-dimensional array structure, while the planar and 
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spherical structures are two-dimensional and three-dimensional array structures, 

respectively. The second factor is the distance between each antenna. The 

appropriate distance between antennas is an important parameter that can reduce 

grating lobes. The third factor is the phase of the signal input into each antenna. 

The phase of the input signal can determine the direction of the main beam that is 

radiated into the space. The fourth factor is the pattern of the single antenna. The 

pattern of the single antenna is the fundamental factor that determines the beam 

direction by combining the array antenna[43]. These factors can steer the main 

beam of the beamforming antenna in the desired direction. 

  As shown in Fig. 2-14, the basic one-dimensional linear array antenna should be 

the same size as the array antenna, and the phase should constantly increase in 

order. 

Fig. 2-14. Configuration of linear array

  The radiated field of the one-dimensional linear array antenna is given by 

     


     

    


     

 ∙∙∙

   


     

 ∙∙∙

(2-5)
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where Ii, ρi, and  i are the size, polarization, and phase of the i-th single antenna, 

respectively,   is the radiation pattern, ko is the propagation constant (2π/λ0), 

and ri is the distance from the i-th element to an arbitrary point in space.

  Typically, the polarization of each antenna has co-polarization (i.e., ρi≈ρ=1). The 

array has N antennas with uniform spacing d, and is oriented along the z-axis with 

phase progression . The first antenna is placed at the origin with distance ri The 

phase is approximated using the following equation:  

 ≅ 

 ≅   cos 

∙
∙
∙

 ≅    cos 

(2-6)

  Therefore, the total field is given by 

   

 


  




    cos    

. (2-7)

  The total field of the array antenna is composed of each antenna pattern        

 
 and the array factor, which is known as pattern multiplication. 

Thus, the radiation pattern of the linear array antenna is given by the array factor 

equation 

    
  cos    

 
  cos    

 ∙∙∙  
    cos    

, (2-8)
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  or the following equation 

  
  

  


  , (2-9)

where   cos  .

  The parameter  is the progressive phase shift of the array antenna, which 

means that there is a phase difference between array antennas. The beamforming 

process of the linear phased array antenna is shown in Fig. 2-15. 

Fig. 2-15. Beamforming process of the linear phased array antenna with N antennas

  As shown in Fig. 2-15, the main beam of the linear phased array antenna is 

oriented in the direction θ0, and the scanning angle is given by equations (2-10) 

and (2-11). 
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  sin  , (2-10)

  sin
 

 . (2-11)

  The change of progressive phase shift,  result in the change of scanning angle 

θ0, which is the basic concept used in the phased array antenna[44].

2.4.2 Structure of the Butler Matrix

  The phase input into the beamforming antenna is supplied by the Butler matrix, 

which has N input and N output. Typically, N input/output ports in the Butler 

matrix are configured at values of 4, 8, and 16; as N increases, the direction of 

the beam increases, but the design is complicated. Hence the thesis proposed the 4 

× 4 Butler matrix which has four inputs and four outputs. The configuration of the 

proposed 4 × 4 Butler matrix is shown in Fig. 2-16[43]. 

Fig. 2-16. Configuration of the 4 × 4 Butler matrix[43]
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  The existing Butler matrix was designed on a single-layer substrate, but this 

increased the size of the circuit owing to the two crossovers. To address this 

problem, the proposed 4 × 4 Butler matrix was fabricated by integrating the two 

substrates, which removed the crossover. The proposed 4 × 4 Butler matrix consists 

of four 3 ㏈/90° hybrid couplers and two –45° phase shifters. The slot-coupled 

characteristics of the two-layer substrates improved the impedance bandwidth and 

circuit size.

  The ideal output (output ports 5∼8) for input port 1 of the proposed 4 × 4 

Butler matrix is shown in Fig. 2-17.

(a)

(b)
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(c)

(d)

Fig. 2-17. Phase and power output results of output ports (5∼8) from input port 1,       

(a) output port 5, (b) output port 6, (c) output port 7, (d) output port 8

  As shown in Fig. 2-17, the 3 ㏈/90° hybrid couplers generated a phase 

difference of 90° between each output port, and showed attenuation characteristic of 

–3 ㏈. The phase and signal attenuation in Fig. 2-16 (a) produce a 45° phase and 

attenuation characteristic of –6 ㏈ through two 3 ㏈/90° hybrid couplers and one 

–45° phase shifter. The remaining ports (6 to 8) are output in the same method, 

and the ideal phase output is shown in Table 2-1[45][46].  
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    Output  port

Input port

Port 5 Port 6 Port 7 Port 8
Output

between

phase 

differencePhase Phase Phase Phase

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. Ideal output phase for each input port

  As shown in Table 2-1, the 4 × 4 Butler matrix has a -45° phase difference 

when port 1 is fed, and each output port generated the phase of –45°, -90°, 

-135°, and -180°. Therefore, in order to control the direction of the main beam, the 

output phases must be sequentially supplied to the input ports of the antennas. 

Since each output port has a phase delay of -45°, 135°, -135°, and 45°, the main 

beam of the beamforming antenna can be controlled in four directions. 

  a. 3 ㏈/90° Slot-Directional Hybrid Coupler

  Generally, directional hybrid couplers are used in systems to combine or divide 

signals, and these should have low insertion loss, good voltage standing wave ratio 

(VSWR), good isolation, directivity, and constant coupling over a wide bandwidth. 

The structure of the general directional hybrid coupler is shown in Fig. 2-18. 
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Fig. 2-18. Structure of general directional hybrid coupler

   An applied signal in input port 1 of the directional hybrid coupler is coupled to 

ports 2 and 3, and port 4 is isolated. The structure of the directional hybrid 

coupler has four ports: input, through, coupled, and isolated ports. The important 

parameters of the directional coupler are directivity, isolation, and coupling factor. 

Therefore, the 3 ㏈/90 hybrid coupler is split equally into two signals at ports 2 

and 3, and the two signals have a phase difference of 90°. 

  The frequency characteristics of the S-parameters of the basic 3 ㏈/90 hybrid 

coupler are shown in Fig. 2-19[47]. 

Fig. 2-19. Frequency characteristics of S-parameters
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  As shown in Fig 2-19, the 3 ㏈/90 hybrid coupler obtains a perfect 3 ㏈ power 

division at ports 2 and 3, and perfect isolation and return loss at ports 4 and 1, 

respectively[48].

  The proposed 3 ㏈/90° slot-directional hybrid couplers were fabricated on a 

laminated substrate to solve the structural problem in which a circuit increases. The 

structure of the proposed 3 ㏈/90° slot-directional hybrid couplers is shown in Fig. 

2-20.

Fig. 2-20. Structure of the proposed 3 ㏈/90° slot-directional hybrid coupler

  As shown in Fig. 2-20, the circuit that transmits the signal is placed on the top 

and bottom layer of the dielectric substrate, and the rectangular slot is inserted into 

the ground plane located between two substrates. The even/odd-mode electric field 

distribution of the proposed 3 ㏈/90° slot-directional hybrid coupler is shown in 

Fig. 2-21. 
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(a)

(b)

Fig. 2-21. The electric field distribution of a 3 ㏈/90° slot-directional hybrid coupler,     

(a) Even-mode, (b) Odd-mode

  As shown in Fig. 2-21 (a), the electric field distribution of the even-mode is not 

coupled because the potential difference between the two lines is the same. On the 

other hand, the odd-mode electric field distribution in Fig. 2-21 (b) is coupled 

because of the potential difference between the two lines. Therefore, the 

characteristic impedance of the even-mode Z0e and odd-mode Z0o for the desired 

coupling value C㏈ given by[43][49]

  





  

  
  

and   





  

  
  

, (2-12)
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where the multiplication of the even/odd-mode characteristic impedance is 

Z0eZ0o=Z0
2
. When the coupling coefficient C㏈ is 3 ㏈, the even/odd-mode 

characteristic impedance is 120.9 Ω and 20.6 Ω, respectively, according to 

equation (2-12).

  From the even/odd mode analysis for the broadside coupled structure and 

conformal mapping method, the relationship between the even/odd mode 

characteristic impedances and the coupler dimensions is given by[49]

   ′ 

  
and    

 ′ 
, (2-13)

where K′(k) and K(k′) are given by 

 ′  ′    ′   . (2-14)

  In (2-14), K(k) denotes the first kind elliptical integral. The parameters k1 and k2

are related to the coupling structure dimensions, and are given by 

  



sinh  cosh

sinh
 (2-15)

  tanh , (2-16)



- 26 -

where h is the substrate thickness, and Wp and Wg are the widths of the microstrip 

patch placed on the top and bottom layers, and the rectangular slot inserted into 

the ground plane between the two substrates, respectively. An approximate equation 

for K(k)/K′(k) is given by[50] 

 ′


′


 


ln



   ≤  ≤ 



ln










 






  ≤  ≤  

(2-17)

  The length of the microstrip patch lp and rectangular slot lg can be calculated as 

a function of the effective wavelength λc and widths Wp and Ws of the microstrip 

patch[49][51].

  

 


 

   







 

(2-18)

  b. 45° Phase Shifter

  The 45° phase shifter consists of the phase coupler and microstrip line, and the 

structure is shown in Fig. 2-22. The design of the phase shifter is similar to that 

of the 3 ㏈/90° slot-directional hybrid coupler, and the microstrip line is placed on 

the top layer of the dielectric substrate.
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Fig. 2-22. Structure of the proposed 45° phase shifter

  The microstrip line is printed on the dielectric substrate, which has the width W

of the transmission line, thickness h of the dielectric substrate, and relative 

dielectric constant εr. The structure of the microstrip line is shown in Fig. 2-23. 

(a)

(b)

Fig. 2-23. Microstrip line, (a) Structure, (b) Electromagnetic line
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  As shown in Fig. 2-23 (b), because some of the field lines are in the dielectric 

substrate while some are in the air, the effective dielectric constant must satisfy the 

relation 1<εe<εr. The effective dielectric constant εe is given by 

 

  


  



 (2-19)

  The effective dielectric constant εe is determined by the relative dielectric 

constant εr, width W of the microstrip line, and thickness h of the dielectric 

substrate.

  The width of the microstrip line determines the impedance Z0, and the wider the 

microstrip line, the smaller the impedance; the narrower the microstrip line, the 

larger the impedance. 

 












ln 




 Ω  ≤ 

   ln  


Ω    
(2-20)

  From characteristic impedance Z0 and the relative dielectric constant εr, the ratio 

W/h of the dielectric substrate thickness and the width of microstrip is given by:   















   ≤ 




  ln  

   ln   
    

(2-21)

where A and B are calculated by equations (2-22) and (2-23), respectively. 
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  






 
  

  



 (2-22)

   . (2-23)

  The design of the microstrip line is determined by the dielectric constant of the 

substrate, thickness of the dielectric substrate, thickness of the metal, line width, 

etc[52].
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Ⅲ Design and Analysis of Beamforming 

Antenna

3.1 Implementation of UWB Antenna

3.1.1 Design and Simulation Analysis of Tapered-Slot Antenna

  TSAs are simple to manufacture owing to their low profile and they have 

infinite bandwidth. The desired bandwidth can be derived through the physical size 

of the radiator and various design techniques[53-55]. 

  The important parameters of the TSA are the antenna length LT, aperture width 

WT, and substrate thickness h. The directivity of the antenna length is given by 

  


.                          (3-1)

  The directivity ( ) of the TSA must satisfy the lengths 3 λg to 4 λg. Generally, 

the TSA operates as a surface wave antenna by separating electromagnetic waves 

along the tapered aperture. In order to operate as a stable surface-wave antenna, 

the following substrate requirement must be satisfied: 

   


   


  ,    (3-2)

where  is the effective thickness, εr is the relative permittivity, and  is the 

thickness of the dielectric substrate[39][56]. 
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  The aperture size of the TSA is determined by the minimum frequency of the 

operating frequency. Since wavelength is inversely proportional to frequency, the 

antenna at minimum frequency should be able to transmit a signal with the longest 

wavelength. In order to transmit the signal with the longest wavelength on a 

dielectric substrate, the following equation must be satisfied: 

  



m in


.      (3-3)

  The TSA operates as a resonance antenna at low-frequency fmin, where εe is the 

effective dielectric constant and c is the velocity of light[57]. The structure of the 

proposed TSA is shown in Fig. 3-1. 

Fig. 3-1. Structure of the proposed tapered-slot antenna

  As shown in Fig 3-1, the radiation element is placed on the top layer of the 

proposed TSA, while the transition feed is placed on the bottom layer. The overall 

parameters of the proposed TSA are listed in Table 3-1. 
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Parameters LS WS LT LT_1 WT Lm Lm_1 Wm

Overall

size
140 90 96.8 23 80 45 15 5

Table 3-1. Overall parameters of the proposed tapered-slot antenna

(Unit: ㎜)

  The proposed TSA was analyzed using HFSS ver. 12 (Ansys Co.), a 3D 

high-frequency analysis simulation design tool. The TSA structure designed using 

HFSS is shown in Fig. 3-2. 

Fig. 3-2. The antenna structure implemented using HFSS

  The proposed TSA was designed using a Taconic TLY substrate, which has a 

relative permittivity of 2.2, loss tangent of 0.0009, and thickness of 1.52 ㎜. The 

impedance bandwidth simulation analysis of the antenna was conducted through the 

return loss S11 and VSWR, as shown in Fig. 3-3. 
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(a)

(b)

Fig. 3-3. The impedance bandwidth simulation analysis of the proposed tapered-slot antenna, 

(a) S11, (b) VSWR

  The simulation results in Fig. 3-3 show that the antenna achieved a wide 

bandwidth of 4.29 ㎓, which was satisfied by -10 ㏈ S11 and VSWR≤2 at in the 

1.45∼5.74 ㎓ band. 
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  The current distribution simulation analysis of the proposed tapered slot antenna 

is shown in Fig. 3-4. 

(a) (b)

(c)

Fig. 3-4. Simulation analysis of the current distribution for the proposed antenna,        

(a) 3 ㎓ band, (b) 4 ㎓ band, (c) 5 ㎓ band

  The simulation results in Fig. 3-4 show that the current distribution of the 

proposed TSA radiated along the tapered aperture in the 3∼5 ㎓ band. Therefore, 

the proposed TSA operates as a surface wave antenna. 
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  The radiation patterns of the proposed TSA were analyzed in the E-plane (y-z) 

and H-plane (x-z), as shown in Fig. 3-5. 

(a) (b)

(c)

Fig. 3-5. Simulation analysis of the radiation patterns for the proposed antenna,           

(a) 3 ㎓ band, (b) 4 ㎓ band, (c) 5 ㎓ band

  The simulation results in Fig. 3-5 show that the E-plane and H-plane radiation 

patterns of the proposed TSA exhibited directivity of an end-fire that increased the 

sensitivity for a certain direction. The results of the gain and 3 ㏈ beamwidth 

simulation analysis of the proposed antenna are shown in Fig. 3-6 and Table 3-2. 
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Fig. 3-6. Simulation analysis of the gain of the proposed antenna

Table 3-2. The simulation results of gain and 3 ㏈ beamwidth of the proposed tapered-slot antenna

Frequency [㎓] Gain [㏈i]

3-㏈ beamwidth

E-plane H-plane

3 6.70 70.45° 117.00°

4 8.36 58.03° 96.38°

5 8.97 36.48° 72.25°

  The simulation results in Fig. 3-6 and Table 3-2 show that the gain of the 

proposed TSA was 6.70 ㏈i, 8.36 ㏈i, and 8.97 ㏈i in the 3 ㎓, 4 ㎓, and 5 ㎓

band, respectively. Furthermore, the 3 ㏈ beamwidth results of the E-plane and 

H-plane were 70.45° and 117.00° in the 3 ㎓ band, 58.03° and 96.38° in the 4 ㎓

band, and 36.48° and 72.25° in the 5 ㎓ band, respectively. 
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3.2 Implementation of 4 × 4 Butler Matrix

  This chapter discusses the implementation of the proposed 4 × 4 Butler matrix. 

The proposed 4 × 4 Butler matrix consists of the 3 ㏈/90° slot-directional hybrid 

couplers and 45° phase shifters, and it has four input/output ports. 

  The 4 × 4 Butler matrix was analyzed using HFSS (Ansys Co.), and was 

designed as a laminated substrate structure using two Taconic TRF-45 substrates. 

The structure of the proposed 4 × 4 Butler matrix is shown in Fig. 3-7. 

Fig. 3-7. Structure of the proposed 4 × 4 Butler matrix

3.2.1 Analysis of the 3 ㏈/90° Slot-Directional Hybrid Coupler

  The proposed 3 ㏈/90° slot-directional hybrid coupler was designed as a 

laminated substrate using two TRF-45 substrates, which have relative permittivity of 

4.5, loss tangent of 0.0035, and thickness of 0.61 ㎜. Details on the structure and 

overall size are shown in Fig. 3-8 and Table 3-3. 
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(a)

(b)

Fig. 3-8. Configuration of the proposed 3 ㏈/90° slot-directional hybrid coupler, 

(a) Structure, (b) The designed structure using HFSS

Parameters LS WS Lp Wp Wp1 Lg Wg Wm

Overall

size
30 12.8 10 3 5 10 6.4 1.2

Table 3-3. Overall size of the proposed 3 ㏈/90° slot-directional hybrid coupler

(Unit: ㎜)
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  The proposed 3 ㏈/90° slot-directional hybrid coupler consists of four ports: input 

port, direct port, coupled port, and isolated port. It is placed on the two signal 

lines on the top layer and bottom layer. The ground plane of the intermediate layer 

is inserted into a rectangular slot, and its structure is mutually coupled. The 

amount of the transmitted signal was determined by the length of the coupling 

patch lp, width of the coupling patch Wp, Wp1 and width of the rectangular 

coupling slot Wg. Therefore, the characteristics of the proposed 3 ㏈/90° 

slot-directional hybrid coupler was achieved by adjusting the parameters lp, Wp, Wp1

and Wg. 

  The S-parameters of the proposed 3 ㏈/90° slot-directional hybrid coupler were 

analyzed in terms of return loss S11, isolation S41, and insertion loss S21, S31, which 

are shown in Fig. 3-9. 

Fig. 3-9. S-parameters simulation analysis of the proposed coupler

  The simulation results in Fig. 3-9 show that the return loss S11 and isolation S41

are observed the good results, which is the lower results than –20 ㏈ in the 3–5 

㎓ band. The insertion loss S21 and S31 was 3 ㏈ in the 3 ∼ 5 ㎓ band; overall, 

the observed the error was ±0.4 ㏈.
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  The results of the phase and phase difference simulation analysis of the proposed 

3 ㏈/90° slot-directional hybrid coupler are shown in Fig. 3-10. 

(a)

(b)

Fig. 3-10. Phase and phase difference simulation analysis of the proposed coupler,       

(a) Phase, (b) Phase difference

  The simulation results in Fig. 3-10 show that the S31 and S21 phases of the 

proposed 3 ㏈/90° slot-directional hybrid coupler are 227° and 138° in 3 ㎓ band, 

161° and 72° in 4 ㎓ band, and 95° and 5° in 5 ㎓ band, respectively. The 

simulation analysis of the phase difference has an error of ±2° at 90°. 
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3.2.2 Analysis of the 45° Phase Shifter

  The proposed 45° phase shifter was designed as a laminated substrate using two 

TRF-45 substrates, which have a relative permittivity of 4.5, loss tangent of 0.0035, 

and thickness of 0.61 ㎜. Details on the structure and overall size are shown in 

Fig. 3-11 and Table 3-4. 

(a)

(b)

Fig. 3-11. Configuration of the proposed 45° phase shifter, 

(a) Structure, (b) The designed structure using HFSS
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Parameters LS WS Lp Wp Wp1 Lm Lm1 Wm

Overall

size
43.6 25 9 5 3.2 13.1 10.4 1.2

Table 3-4. Overall size of the proposed 45° phase shifter

(Unit: ㎜)

  The proposed 45° phase shifter was placed on the top layer and bottom layer. 

The ground plane of the intermediate layer was inserted into a rectangular slot, and 

its structure was mutually coupled. The amount of the transmitted signal was 

determined by the length of the coupling patch lp, width of the coupling patch Wp,

Wp1 and width of the rectangular coupling slot Wg. Therefore, the characteristics of 

the proposed 45° phase shifter was achieved by adjusting the parameters lp, Wp, 

Wp1 and Wg. 

The S-parameter simulation results of the proposed 45° phase shifter was analyzed 

in terms of return loss S11 and insertion loss S21, which are shown in Fig. 3-12. 

Fig. 3-12. S-parameters simulation analysis of the proposed shifter
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  The simulation results in Fig. 3-12 show that the return loss S11 are observed 

the good results which is less than -20 ㏈ in the 3 ∼ 5 ㎓ band. The insertion 

loss S21 was between -0.4 and -0.7 ㏈ in the 3 ∼ 5 ㎓ band.  

  The results of the phase and phase difference simulation analysis of the proposed 

45° phase shifter are shown in Fig. 3-13. 

(a)

(b)

Fig. 3-13. Phase and phase difference simulation analysis of the proposed 45° phase shifter, 

(a) Phase, (b) Phase difference
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  The simulation results in Fig. 3-13 show that the S21 and S43 phases of the 

proposed 45° phase shifter are 171° and 125° in 3 ㎓ band, 91° and 46° in 4 ㎓

band, and 12° and -32° in 5 ㎓ band, respectively. The phase difference simulation 

analysis had an error of ±2° at 45°. 

  The simulation results for the overall analysis of the proposed coupler and shifter 

are listed in Table 3-5 and Table 3-6.

Table 3-5. Overall analysis of the proposed coupler

   Parameters

Frequency

Phase
Phase

difference

Return 

loss S11

Insertion

loss S21

Isolation

S31, S41

3 ㎓
S21 138°

89°

S11 ≤

-20 ㏈

3 ㏈

± 0.4 ㏈

S31, S41  

≤ -20 ㏈

S31 227°

4 ㎓
S21 72°

89°
S31 161°

5 ㎓
S21 5°

90°
S31 95°

   Parameters

Frequency

Phase
Phase

difference

Return 

loss S11

Insertion

loss S21

Isolation

S31, S41

3 ㎓
S21 171°

46°

S11 ≤

-20 ㏈

-0.4 ㏈

∼

-0.7 ㏈

-

S43 125°

4 ㎓
S21 91°

45°
S43 46°

5 ㎓
S21 12°

44°
S43 -32°

Table 3-6. Overall analysis of the proposed shifter
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  The results in Table 3-5 and 3-6 show that the return loss of the proposed 

coupler and shifter is very low, and has good insertion loss and isolation 

characteristics. Furthermore, the phase difference of the coupler and shifter was 

approximately 90° and 45° within the proposed bandwidth, respectively. 

3.2.3 Analysis of the 4 × 4 Butler Matrix

  The overall size of the proposed 4 × 4 Butler matrix is 70.65 × 62.6 × 1.22 ㎣. 

The structure of the proposed 4 × 4 Butler matrix is shown in Fig. 3-14. 

(a)



- 46 -

(b)

Fig. 3-14. Configuration of the proposed 4×4 Butler matrix, 

(a) Structure, (b) The designed structure using HFSS

  As shown in Fig. 3-14, the proposed matrix has four input ports and four output 

ports, with each port generating a different phase. The top and bottom layers of 

the 4 × 4 Butler matrix consist of the 3 ㏈/90° slot-directional hybrid couplers and 

the 45° phase shifters, and the six coupling slots are inserted into the ground plane 

between the two substrates. Each port is connected to a connector. 

  a. Analysis of S-parameters

  The S-parameter simulation of the proposed 4 × 4 Butler matrix analyzed the 

return loss, isolation, and insertion loss. The results of the S-parameter simulation 

analysis for input port 1 are shown in Fig. 3-15. 
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(a)

(b)

Fig. 3-15. Simulation analysis of S-parameters for input port 1,

(a) Return loss & isolation, (b) Insertion loss

  The simulation results in Fig. 3-15 show that the return loss S11 and isolation 

S21, S31, and S41 are less than -20 ㏈ within the proposed bandwidth. The insertion 

loss S51, S61, S71, and S81 was low at approximately 6 ∼ 6.7 ㏈ within the 

proposed bandwidth.

  The results of the S-parameter simulation analysis for input port 2 are shown in Fig. 

3-16.
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(a)

(b)

Fig. 3-16. Simulation analysis of S-parameters for input port 2, 

(a) Return loss & isolation, (b) Insertion loss

  The simulation results in Fig. 3-16 show that the return loss S22 and isolation 

S12, S32, and S42 are less than -20 ㏈ within the proposed bandwidth. The insertion 

loss S52, S62, S72, and S82 was low at approximately 6 ∼ 7.4 ㏈ within the 

proposed bandwidth.

  The results of the S-parameter simulation analysis for input port 3 are shown in Fig. 

3-17.
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(a)

(b)

Fig. 3-17. Simulation analysis of S-parameters for input port 3, 

(a) Return loss & isolation, (b) Insertion loss

  The simulation results in Fig. 3-16 show that the return loss S33 and isolation 

S13, S23, and S43 are less than -20 ㏈ within the proposed bandwidth. The insertion 

loss S53, S63, S73, and S83 was low at approximately 6.5 ∼ 7.5 ㏈ within the 

proposed bandwidth.

  The results of the S-parameter simulation analysis for input port 4 are shown in Fig. 

3-18.
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(a)

(b)

Fig. 3-18. Simulation analysis of S-parameters for input port 4,

(a) Return loss & isolation, (b) Insertion loss

  The simulation results in Fig. 3-18 show that the return loss S44 and isolation 

S14, S24, and S34 are less than -20 ㏈ within the proposed bandwidth. The insertion 

loss S54, S64, S74, and S84 was low at approximately 6.5 ∼ 7.8 ㏈ within the 

proposed bandwidth.
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  b. Analysis of Phase and Phase Difference

  The phase and phase difference of the proposed 4 × 4 Butler matrix were 

analyzed. The results of the analysis for input port 1 are shown in Fig. 3-18 and 

Fig. 3-19.

(a)

(b)
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(c)

Fig. 3-19. Simulation analysis of phase for input port 1, 

(a) Phase of S51 and S61, (b) Phase of S61 and S71, (c) Phase of S71 and S81

Fig. 3-20. Simulation analysis of phase difference for input port 1

  The simulation results in Fig. 3-19 show that in the 3 ㎓ band, the phase is 17° 

and 59° in S51 and S61; 59° and 103° in S61 and S71; and 103° and 148° in S71

and S81, respectively. In the 4 ㎓ band, the phase is 139° and -177° in S51 and 

S61; -177° and -133° in S61 and S71; and -133° and -88° in S71 and S81, 

respectively. In the 5 ㎓ band, the phase is -100° and -56° in S51 and S61; -56° 

and -10° in S61 and S71; and -10° and -34° in S71 and S81, respectively. 
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  The simulation results in Fig. 3-20 show that the phase difference in the 3 ㎓, 4 

㎓, and 5 ㎓ band are -45° ± 3°, -45° ± 3°, and -45° ± 1°, respectively.

  The results of the analysis for input port 2 are shown in Fig. 3-21 and Fig. 

3-22.

(a)

(b)
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(c)

Fig. 3-21. Simulation analysis of phase for input port 2,

(a) Phase of S52 and S62, (b) Phase of S62 and S72, (c) Phase of S72 and S82

Fig. 3-22. Simulation analysis of phase difference for input port 2

  The simulation results in Fig. 3-21 show that in the 3 ㎓ band, the phase is 

103° and -29° in S52 and S62; -29° and -167° in S62 and S72; and -167° and 58° in 

S72 and S82, respectively. In the 4 ㎓ band, the phase is -133° and 92° in S52 and 

S62; 92° and -44° in S62 and S72; and -44° and -178° in S72 and S82, respectively. 

In the 5 ㎓ band, the phase is -10° and -145° in S52 and S62; -145° and 76° in 

S62 and S72; and 76° and -56° in S72 and S82, respectively.
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  The simulation results in Fig. 3-22 show that the phase difference in the 3 ㎓, 4 

㎓, and 5 ㎓ band are 135° ± 2°, 135° ± 2°, and 135° ± 1°, respectively.

  The results of the analysis for input port 3 are shown in Fig. 3-23 and Fig. 

3-24.

(a)

(b)
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(c)

Fig. 3-23. Simulation analysis of phase for input port 3, 

(a) Phase of S53 and S63, (b) Phase of S63 and S73, (c) Phase of S73 and S83

Fig. 3-24. Simulation analysis of phase difference for input port 3

  The simulation results in Fig. 3-23 show that in the 3 ㎓ band, the phase is 58° 

and -167° in S53 and S63; -167° and -29° in S63 and S73; and -29° and 103° in S73

and S83, respectively. In the 4 ㎓ band, the phase is -170° and -44° in S53 and 

S63; -44° and 93° in S63 and S73; and 93° and -132° in S73 and S83, respectively. 

In the 5 ㎓ band, the phase is -54° and 78° in S53 and S63; 78° and -143° in S63

and S73; and -143° and -9° in S73 and S83, respectively.
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  The simulation results in Fig. 3-24 show that the phase difference in the 3 ㎓, 4 

㎓, and 5 ㎓ band are -135° ± 3°, -135° ± 2°, and -135° ± 2°, respectively.

  The results of the analysis for input port 4 are shown in Fig. 3-25 and Fig. 

3-26.

(a)

(b)
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(c)

Fig. 3-25. Simulation analysis of phase for input port 4, 

(a) Phase of S54 and S64, (b) Phase of S64 and S74, (c) Phase of S74 and S84

Fig. 3-26. Simulation analysis of phase difference for input port 4

  The simulation results in Fig. 3-25 show that in the 3 ㎓ band, the phase is 

148° and 103° in S54 and S64; 103° and 58° in S64 and S74; and 58° and 15° in 

S74 and S84, respectively. In the 4 ㎓ band, the phase is -87° and -132° in S54 and 

S64; -132° and -177° in S64 and S74; and -177° and 139° in S74 and S84, 

respectively. In the 5 ㎓ band, the phase is 36° and -9° in S54 and S64; -9° and 

-54° in S64 and S74; and -54° and -99° in S74 and S84, respectively.
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  The simulation results in Fig. 3-26 show that the phase difference in the 3 ㎓, 4 

㎓, and 5 ㎓ band are 45° ± 2°, 45° ± 2°, and 45° ± 0°, respectively.

  The simulation results for the overall analysis of the proposed 4 × 4 Butler 

matrix are listed in Table 3-7.

Table 3-7. Overall analysis of the proposed 4 × 4 Butler matrix

Output port

Input port

Phase

[deg.]

Phase difference

[deg.]

P5 P6 P7 P8 S51-S61 S61-S71 S71-S81

Port 1

3 ㎓ 17 59 103 148 -42 -44 -45

4 ㎓ 139 -177 -133 -88 -44 -44 -45

5 ㎓ -100 -56 -10 34 -44 -46 -44

Port 2

3 ㎓ 103 -29 -167 58 132 138 135

4 ㎓ -133 92 -44 -178 135 136 134

5 ㎓ -10 -147 76 -56 135 138 132

Port 3

3 ㎓ 58 -167 -29 103 -135 -138 -132

4 ㎓ -170 -44 93 -132 -126 -137 -135

5 ㎓ -54 78 -143 -9 -132 -139 -134

Port 4

3 ㎓ 148 103 58 15 45 45 43

4 ㎓ -87 -132 -177 139 45 45 44

5 ㎓ 36 -9 -54 -99 45 45 45

  The simulation results in Table 3-7 show that input ports 1∼4 generate the 

phase difference at regular intervals in each output port, and the output phase is 

fed to the array antenna. 
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3.3 Implementation of Beamforming Antenna

  The proposed beamforming antenna consists of the linear array, and a signal is 

fed into the input ports of each antenna. When configuring arrays, the distance 

between each antenna is a very important parameter that determines the direction 

and gain of the main beam. Grating lobes are generated when the distance between 

each antenna is larger than the wavelength. On the other hand, if the distance 

between each antenna is small, the side lobe level increases owing to the 

interference between antennas. Therefore, the distance d of the array antenna must 

satisfy the condition λ/2 < d < λ[58][59].

3.3.1 Analysis of 1 × 4 Linear Array Antenna

  The distance of the array antenna was designed to be 30 ㎜ for ease of 

fabrication, and is shown in Fig. 3-27.  

Fig. 3-27. Configuration of the proposed linear array antenna



- 61 -

  Feed signals of the same size are fed to each antenna and analyzed using the 

HFSS simulation tool. The simulation results are listed in Table 3-8. 

Frequency Simulation results

3 ㎓

4 ㎓

5 ㎓

Table 3-8. Radiation patterns from simulation analysis of the proposed tapered-slot antenna
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  The simulation results in Table 3-8 show that the gain of the single antenna and 

1 × 4 array antenna are 6.70 and 11.62 ㏈i in the 3 ㎓ band, 8.36 and 13.78 ㏈i 

in the 4 ㎓ band, and 8.97 and 12.98 ㏈i in the 5 ㎓ band, respectively. In other 

words, when the antennas are arranged, gain increases and beamwidth narrows. 

3.3.2 Analysis of Beamforming Antenna

  The proposed beamforming antenna was designed by connecting the 1 × 4 array 

antenna and 4 × 4 Butler matrix. As shown in Table 3-5, the proposed 4 × 4 

butler matrix has constant phase difference, and the phase difference is fed into the 

input ports of the 1 × 4 array antenna to control the four beams. The simulated 

configuration of the beamforming antenna is shown in Fig. 3-28. 

Fig. 3-28. Simulation configuration of the proposed beamforming antenna

  As shown in Fig. 3-28, when the feed signal is fed into input port 1, the phase 

which has the phase difference of approximately–45° is generated and is fed into 

the input ports of each TSA. Furthermore, when the feed signal is fed into input 

port 2, the phase which has the phase difference of approximately 135° is 
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generated and fed into the input ports of each TSA. Input ports 3 and 4 have the 

same operation because the symmetry structure. The results of the simulation 

analysis of the 3-D beam patterns of the proposed beamforming antenna are shown 

in Fig. 3-9. 

Freq.
Simulation results

3 ㎓ 4 ㎓ 5 ㎓

3 Port

1 Port

4 Port

2 Port

Table 3-9. 3-D beam pattern of simulation analysis for the proposed tapered-slot antenna
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  The simulation results in Table 3-9 show that the main beam of the antenna was 

formed in the four directions. Therefore, the proposed beamforming antenna can be 

scanned approximately +50° to −50° from the left side. 
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Ⅳ Fabrication and Measurement of 

Beamforming Antenna

4.1 Fabrication of UWB Antenna

4.1.1 Fabrication and Measurement of the Tapered-Slot Antenna

  Based on the simulation results, the fabricated TSA is shown in Fig. 4-1. 

(a) (b)

Fig. 4-1. Photograph of the fabricated tapered-slot antenna, (a) Top layer, (b) Bottom layer
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  The proposed TSA was fabricated by etching process using the Taconic TLY 

substrate, which has a relative permittivity of 2.2, loss tangent of 0.0009, and 

thickness of 1.52 ㎜. The radiation element was placed on the top layer of the 

proposed TSA, and the transition feed was placed on the bottom layer.

4.1.2 Measurement Configuration of the Antenna 

  The fabricated TSA’s return loss and VSWR were measured using a network 

analyzer (N5230A, Agilent Co.), and the measurement configuration is shown in 

Fig. 4-2. 

(a)

(b)

Fig. 4-2. Measurement configuration of the fabricated antenna using network analyzer,    

(a) Network analyzer (N5230A), (b) Measurement configuration
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  The radiation patterns of the fabricated TSA were measured using a far-field 

analysis system in an anechoic chamber room of Korea Daejon Techno Park Co.. 

The measurement configuration and equipment configuration are shown in Fig 4-3 

and Table 4-1, respectively. 

Fig. 4-3. Measurement configuration of the fabricated antenna

Chamber size 14 × 7 × 6.7 ㎥

Chamber type Rectangular type

Measurement range 200 ㎒ ∼ 20 ㎓

Measurement configuration Far-field

Measurement parameter Antenna pattern, Antenna gain

Major equipment

- Network analyzer E8362B(∼20 ㎓)

- L/O unit(Agilent)

- RF control unit

- E5515C(Communication set)

Table 4-1. Equipment configuration and performance
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  a. The Impedance Bandwidth and the Radiation Pattern Measurement of 

the Antenna

  The impedance bandwidth measurement results of the fabricated TSA are shown 

in Fig. 4-4. 

(a)

(b)

Fig. 4-4. Impedance bandwidth results using network analyzer for the fabricated antenna,   

(a) S11, (b) VSWR
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  The results in Fig. 4-4 show that impedance bandwidth of the fabricated TSA 

achieved the wide bandwidth of 4.32 ㎓ by satisfying –10 ㏈ S11 and VSWR≤2 

in the 1.46∼5.78 ㎓ band. 

  The radiation patterns of the fabricated TSA were analyzed in the E-plane (y-z) 

and H-plane (x-z), as shown in Fig. 4-5. 

(a) (b)

(c)

Fig. 4-5. Measurement analysis of the radiation patterns of the proposed antenna,         

(a) 3 ㎓ band, (b) 4 ㎓ band, (c) 5 ㎓ band
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  The results in Fig. 4-5 show that the E-plane and H-plane radiation patterns of 

the fabricated TSA had the directivity of an end-fire that increased the sensitivity 

for a certain direction. The results of the gain and 3 ㏈ beamwidth measurements 

of the fabricated antenna are shown in Fig. 4-6 and Table 4-2, respectively. 

Fig. 4-6. Measurement analysis of the gain of the proposed antenna

Table 4-2. The measurement results of gain and 3 ㏈ beamwidth of the proposed 

tapered-slot antenna

Frequency [㎓] Gain [㏈i]

3-㏈ beamwidth

E-plane H-plane

3 6.17 72° 109°

4 8.19 40° 84°

5 9.18 29° 60°
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  The measurement results in Fig. 4-6 and Table 4-2 show that the gain of the 

fabricated TSA was 6.17, 8.19, and 9.18 ㏈i in the 3 ㎓, 4 ㎓, and 5 ㎓ band, 

respectively. Furthermore, the 3 ㏈ beamwidth results for the E-plane and H-plane 

were 72° and 109° in the 3 ㎓ band, 40° and 84° in the 4 ㎓ band, and 29° and 

60° in the 5 ㎓ band, respectively.

  Comparisons of the simulation and measurement results of the fabricated TSA 

are shown in Table 4-3.  

Parameters Simulation result Measurement result

Impedance 

bandwidth
1.45 ∼ 5.74 ㎓ 1.46 ∼ 5.78 ㎓

Antenna

gain

3 ㎓ 6.70 ㏈i 3 ㎓ 6.17 ㏈i

4 ㎓ 8.36 ㏈i 4 ㎓ 8.19 ㏈i

5 ㎓ 8.97 ㏈i 5 ㎓ 9.18 ㏈i

Antenna

beamwidth

3 ㎓
E-plane 70.45°

3 ㎓
E-plane 72°

H-plane 117.00° H-plane 109°

4 ㎓
E-plane 58.03°

4 ㎓
E-plane 40°

H-plane 96.38° H-plane 84°

5 ㎓
E-plane 36.48°

5 ㎓
E-plane 29°

H-plane 72.25° H-plane 60°

Table 4-3. Comparison of simulation and measurement results of the fabricated antenna

  As shown in Table 4-3, the simulation and measurement results of the fabricated 

TSA showed good agreement. 
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4.2 Fabrication of Butler Matrix

4.2.1 Fabrication and Measurement of the 4 × 4 Butler Matrix

  Based on the simulation results, the fabricated 4 × 4 Butler matrix is shown in 

Fig. 4-1. 

Fig. 4-7. Photograph of fabricated 4 × 4 Butler matrix

  The proposed 4 × 4 Butler matrix was fabricated by etching process using 

TRF-45 substrate, which has a relative permittivity of 4.5, loss tangent of 0.0035, 

and thickness of 0.61 ㎜. Furthermore, it was fabricated on the two laminated 

substrates, and has four input and output ports. 

4.2.2 Measurement Configuration of the 4 × 4 Butler Matrix 

  The fabricated 4 × 4 Butler matrix was measured the return loss, isolation, and 

insertion loss using a network analyzer (N5230A, Agilent Co.), and the 

measurement configuration is shown in Fig. 4-8. 
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Fig. 4-8. Measurement of the characteristics of the fabricated 4 × 4 Butler matrix using 

network analyzer

  a. Measurement of S-Parameters

  The results of measurement of S-parameters for input port 1 of the fabricated 4 

× 4 Butler matrix are shown in Fig. 4-9. 

(a)
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(b)

Fig. 4-9. Measurement analysis of S-parameters for input port 1, 

(a) Return loss & isolation, (b) Insertion loss

  The results in Fig. 4-9 show that the return loss S11 and isolation S21, S31, and 

S41 were less than -15 ㏈ in the 3 ∼ 5 ㎓ band. The insertion loss S51, S61, S71, 

and S81 had low insertion loss of approximately 6.2 ∼ 6.8 ㏈ within the proposed 

bandwidth.

  The results of measurement of S-parameters for input port 2 of the fabricated 4 

× 4 Butler matrix are shown in Fig. 4-10. 

(a)
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(b)

Fig. 4-10. Measurement analysis of S-parameters for input port 2, 

(a) Return loss & isolation, (b) Insertion loss

  The results in Fig. 4-10 show that the return loss S22 and isolation S12, S32, and 

S42 were less than -10 ㏈ in the 3 ∼ 5 ㎓ band. The insertion loss S52, S62, S72, 

and S82 had low insertion loss of approximately 6.1 ∼ 6.7 ㏈ within the proposed 

bandwidth.

  The results of measurement of S-parameters for input port 3 of the fabricated 4 

× 4 Butler matrix are shown in Fig. 4-11. 

(a)
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(b)

Fig. 4-11. Measurement analysis of S-parameters for input port 3, 

(a) Return loss & isolation, (b) Insertion loss

  The results in Fig. 4-11 show that the return loss S33 and isolation S13, S23, and 

S43 were less than -15 ㏈ in the 3 ∼ 5 ㎓ band. The insertion loss S53, S63, S73, 

and S83 had low insertion loss of approximately 5.8 ∼ 8 ㏈ within the proposed 

bandwidth.

  The results of measurement of S-parameters for input port 3 of the fabricated 4 

× 4 Butler matrix are shown in Fig. 4-12. 

(a)
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(b)

Fig. 4-12. Measurement analysis of S-parameters for input port 4, 

(a) Return loss & isolation, (b) Insertion loss

  The results in Fig. 4-12 show that the return loss S44 and isolation S14, S24, and 

S34 were less than -13 ㏈ in the 3 ∼ 5 ㎓ band. The insertion loss S54, S64, S74, 

and S84 had low insertion loss of approximately 6.08 ∼ 8.13 ㏈ within the 

proposed bandwidth.
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  b. Measurement of Phase and Phase Difference

  The phase and phase difference of the fabricated 4 × 4 Butler matrix were 

measured. The measurement results of phase and phase difference for input port 1 

are shown in Fig. 4-13 and Fig. 4-14.

(a)

(b)
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(c)

Fig. 4-13. Measurement analysis of phase for input port 1, 

(a) Phase of S51 and S61, (b) Phase of S61 and S71, (c) Phase of S71 and S81

Fig. 4-14. Measurement analysis of phase difference for input port 1

  The results in Fig. 4-13 show that in the 3 ㎓ band, the phase is -68° and -25° 

in S51 and S61; -25° and 20° in S61 and S71; and 20° and 62° in S71 and S81, 

respectively. In the 4 ㎓ band, the phase is 23° and 66° in S51 and S61; 66° and 

116° in S61 and S71; and 116° and 155° in S71 and S81, respectively. In the 5 ㎓

band, that phase is 115° and 157° in S51 and S61; 157° and -156° in S61 and S71; 

and -156° and -113° in S71 and S81, respectively. 
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  The measurement results in Fig. 4-14 show that the phase difference in the 3 

㎓, 4 ㎓, and 5 ㎓ band are -45° ± 4°, -45° ± 7°, and -45° ± 3°, respectively.

  The measurement results of phase and phase difference for input port 2 are 

shown in Fig. 4-15 and Fig. 4-16.

(a)

(b)
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(c)

Fig. 4-15. Measurement analysis of phase for input port 2, 

(a) Phase of S52 and S62, (b) Phase of S62 and S72, (c) Phase of S72 and S82

Fig. 4-16. Measurement analysis of phase difference for input port 2

  The results in Fig. 4-15 show that in the 3 ㎓ band, the phase is 19° and -116° 

in S52 and S62; -116° and 109° in S62 and S72; and 109° and -30° in S72 and S82, 

respectively. In the 4 ㎓ band, the phase is 115° and -25° in S52 and S62; -25° 

and -156° in S62 and S72; and -156° and 58° in S72 and S82, respectively. In the 5 

㎓ band, that phase is -153° and 63° in S52 and S62; 63° and -62° in S62 and S72; 

and -62° and 156° in S72 and S82, respectively. 
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  The measurement results in Fig. 4-16 show that the phase difference in the 3 

㎓, 4 ㎓, and 5 ㎓ band are 135° ± 5°, 135° ± 9°, and 135° ± 10°, respectively.

  The measurement results of phase and phase difference for input port 3 are 

shown in Fig. 4-17 and Fig. 4-18.

(a)

(b)
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(c)

Fig. 4-17. Measurement analysis of phase for input port 3, 

(a) Phase of S53 and S63, (b) Phase of S63 and S73, (c) Phase of S73 and S83

Fig. 4-18. Measurement analysis of phase difference for input port 3

  The results in Fig. 4-17 show that in the 3 ㎓ band, the phase is -17° and 112° 

in S53 and S63; 112° and -103° in S63 and S73; and -103° and 25° in S73 and S83, 

respectively. In the 4 ㎓ band, the phase is 79° and -152° in S53 and S63; -152° 

and -9° in S63 and S73; and -9° and 122° in S73 and S83, respectively. In the 5 ㎓

band, that phase is 176° and -59° in S53 and S63; -59° and 79° in S63 and S73; and 

79° and -147° in S73 and S83, respectively. 
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  The measurement results in Fig. 4-18 show that the phase difference in the 3 

㎓, 4 ㎓, and 5 ㎓ band are -135° ± 8°, -135° ± 8°, and -135° ± 10°, 

respectively.

  The measurement results of phase and phase difference for input port 4 are 

shown in Fig. 4-19 and Fig. 4-20.

(a)

(b)
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(c)

Fig. 4-19. Measurement analysis of phase for input port 4, 

(a) Phase of S54 and S64, (b) Phase of S64 and S74, (c) Phase of S74 and S84

Fig. 4-20. Measurement analysis of phase difference for input port 4

  The results in Fig. 4-19 show that in the 3 ㎓ band, the phase is 74° and 23° 

in S54 and S64; 23° and -15° in S64 and S74; and -15° and -63° in S74 and S84, 

respectively. In the 4 ㎓ band, the phase is 171° and 119° in S54 and S64; 119° 

and 79° in S64 and S74; and 79° and 30° in S74 and S84, respectively. In the 5 ㎓

band, that phase is -88° and -148° in S54 and S64; -148° and 173° in S64 and S74; 

and 173° and 124° in S74 and S84, respectively. 
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  The measurement results in Fig. 4-20 show that the phase difference in the 3 

㎓, 4 ㎓, and 5 ㎓ band are 45° ± 6°, 45° ± 6°, and 45° ± 12°, respectively.

  The measurement results for the overall analysis of the proposed 4 × 4 Butler 

matrix are listed in Table 4-4.

Table 4-4. Overall analysis of the fabricated 4 × 4 Butler matrix

Output port

Input port

Phase

[deg.]

Phase difference

[deg.]

P5 P6 P7 P8 S51-S61 S61-S71 S71-S81

Port 1

3 ㎓ -68 -25 20 62 -43 -45 -42

4 ㎓ 23 66 116 155 -43 -50 -39

5 ㎓ 115 157 -156 -113 -42 -47 -43

Port 2

3 ㎓ 19 -116 109 -30 135 135 139

4 ㎓ 115 -25 -156 58 140 131 146

5 ㎓ -153 63 -62 156 144 125 142

Port 3

3 ㎓ -17 112 -103 25 -129 -145 -128

4 ㎓ 79 -152 -9 122 -129 -143 -131

5 ㎓ 176 -59 79 -147 -125 -138 -134

Port 4

3 ㎓ 74 23 -15 -63 51 38 48

4 ㎓ 171 119 79 30 52 40 49

5 ㎓ -88 -148 173 124 60 39 49

  The results in Table 4-4 show that input ports 1∼4 generate the phase 

difference at regular intervals in each output port, and the output phase is fed into 

the array antenna. 
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4.3 Measurement Configuration of Beamforming Antenna

  The structure of the fabricated beamforming antenna is shown in Fig. 4-21. 

Fig. 4-21. Photograph of the fabricated beamforming antenna

  The proposed beamforming antenna was fabricated by connecting the 1 × 4 array 

antenna and 4 × 4 Butler matrix. 

  The radiation patterns of the fabricated beamforming antenna were measured 

using a far-field analysis system in an anechoic chamber room of Korea EMTI 

Co.. 
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Fig. 4-22. Measurement configuration of the fabricated beamforming antenna

Chamber size 16 × 11 × 9.5 ㎥

Chamber type Rectangular type

Measurement range 400 ㎒ ∼ 60 ㎓

Measurement configuration Far-field

Measurement parameter Antenna pattern, Antenna gain

Major equipment

- Network analyzer E8361A 

- LO/IF distribution unit 85309A (Agilent)

- Amplifier 83017A (Agilent)

- Amplifier 20T4G18AM2

- Mixer 85320A, 85320B (Agilent)

Table 4-5. Equipment configuration and performance

  In order to confirm the beam performance of the fabricated beamforming 

antenna, it was sequentially fed the feed wave of 3 ㎓, 4 ㎓, and 5 ㎓ into each 

input port. When the feed wave was fed to each input port, the terminating 

resistance was connected the remaining ports. The results of the radiation pattern 

analysis of the fabricated beamforming antenna are shown in Fig. 4-23, Fig. 4-24. 
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(a)

(b)

(c)

Fig. 4-23. Simulation results of the fabricated phased array antenna at each frequency,

(a) 3 ㎓, (b) 4 ㎓, (c) 5 ㎓
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(a)

(b)

(c)

Fig. 4-24. Measured results of the fabricated phased array antenna at each frequency,

(a) 3 ㎓, (b) 4 ㎓, (c) 5 ㎓
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  The results in Fig. 4-23, Fig. 4-24 show that the simulated and measured 

beamforming angles in the 3 ㎓ band are −22°, +60°, −62°, +22°; and −21°, 

+59°, −56°, and +23°, respectively. In the 4 ㎓ band, the simulation and 

measurement results are −16°, +45°, −50°, +16°; and −14°, +46°, -44°, +16°, 

respectively. In the 5 ㎓ band, the simulation and measurement results are −14°, 

+38°, −38°, +14°; and −13°, +44°, −36°, +17°, respectively.

  Therefore, the maximum beamforming range of the fabricated antenna are 115° 

(+59° to −56°) in the 3 ㎓ band, 90° (+46° to −44°) in the 4 ㎓ band, and 80° 

(+44 to −36°) in the 5 ㎓ band. 

  The proposed antenna is compared to conventional antennas with wide bandwidth 

in Table 4-6. 

Table 4-6. Comparison of the proposed antenna and conventional antennas

Antenna
Reference

[60]

Reference

[61]

Reference

[62]

Proposed 

single 

antenna

Proposed 

beamforming 

antenna

Antenna

type
LTSA Vivaldi Vivaldi LTSA Phased array

3 ㏈

beamwidth

6 ㎓ 38° 2.5 ㎓ 72° 1 ㎓ 76° 3 ㎓ 72° - -

7 ㎓ 40° 6 ㎓ 35° 2 ㎓ 50° 4 ㎓ 40° - -

- - 10 ㎓ 21° 3 ㎓ 35° 5 ㎓ 29° - -

Beamforming 

range

- - - - - - - - 3 ㎓ 115°

- - - - - - - - 4 ㎓ 90°

- - - - - - - - 5 ㎓ 80°
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  As shown in Table 4-6, the proposed single antenna has a similar 3 ㏈

beamwidth such as conventional antennas. However, by fabricating with a 

beamforming antenna, it becomes wider in  detection range. 

4.4 Object Tracking Test of Fabricated Beamforming Antenna

  This chapter describes the simple experiment to verify the practicability of 

fabricated antenna. The configuration of proposed radar system is shown in Fig. 

4-25. 

Fig. 4-25. Configuration of the proposed system

  As shown in Fig. 4-25, the proposed radar system is consisted by connecting the 

fabricated beamforming antenna and NVA-R661 UWB radar module (Xethru co.). 

The proposed radar system has four measurement regions according to four input 

ports, and the angle θ between each point is 15°. 
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4.4.1 Configuration of Object Tracking

  The signal processing procedure of the proposed radar system is shown in Fig. 

4-26.

Fig. 4-26. Signal processing procedure of the proposed radar system

  As shown in Fig. 4-26, the processing procedure of the proposed system consist 

of clutter reduction, detection, localization and tracking steps. In the clutter 

reduction step, the primary goal is to remove clutter in the raw data captured by 

the UWB radar. Because clutter, which is, unwanted signals reflected from static 

objects in indoor positioning applications, is present, so the received signal (which 

includes clutter) should be carefully handled[63]. This thesis applied the clutter 

reduction method using singular value decomposition (SVD)[64]. In the detection 

step, the location of object is determined. In localization and tracking step, the 

distance to the target is determined by using the TOA (Time-of-Arrival) of the 

detected target signal[65]. 

  The experiment environment of the proposed radar system is shown in Fig. 4-27. 
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(a)

  

(b)

Fig. 4-27. Experiment environment of the proposed radar system,

(a) Experiment environment #1, (b) Experiment environment #2

  As shown in Fig. 4-27, the distance between the radar and a target is 2 m, a 

target was measured in a staked sequential order of P0 to P12.  

4.4.2 Object Tracking Measurement

  In order to verify the performance of the proposed beamforming antenna, it is 

compared by measuring the proposed antenna and commercial UWB antenna. The 

antenna and module of the commercial products are shown in Fig. 4-28[66][67].

Fig. 4-28. Configuration of commercial UWB radar module[66][67]
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  Single target analysis using commercial UWB antenna is shown in Fig. 4-29. 

(a) (b)

(c) (d)

(e)

Fig. 4-29. Measured results of single target using commercial UWB antenna,

(a) P4, (b) P5, (c) P6, (d) P7, (e) P8

  The results in Fig. 4-29 shows that a target is detected at 2 m in the region of 

P4, P5, P6, P7, and P8. 

  Single target analysis using proposed beamforming antenna is shown in Fig. 

4-30. 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)
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(i) (j)

(k) (l)

Fig. 4-30. Measured results of single target using proposed beamforming antenna,

(a) P2, (b) P3, (c) P4, (d) P4, (e) P5, (f) P6, (g) P6, (h) P7, (i) P8, (j) P8, (k) P9, 

(l) P10

  The results in Fig. 4-29 shows that in port 3, target is detected at 2 m in the 

regions of P2, P3 and P4. In port 1, target is detected at 2 m in the regions of 

P4, P5 and P6. In port 4, target is detected at 2 m in the regions of P6, P7 and 

P8. In port 2, target is detected at 2 m in the regions of P8, P9 and P10. 

  Hence, the proposed beamforming antenna has a wide range of approximately 

60° which compared with the commercial UWB antenna.
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Ⅴ Conclusion

  Thesis gives the overview of a beamforming antenna that can track the location 

of objects over a wide range. Conventional UWB antennas have difficultly tracking 

objects over a wide range because of the relatively narrow beamwidth. In order to 

solve this problem, it proposed a beamforming antenna to track objects over a wide 

range by electronically controlling the beam of the antenna. 

  The Butler matrix for forming multibeams has N input and N output ports where 

the value of N are 4, 8, and 16. However, the increase of N result in the increase 

of beam direction, which is a complicated design with larger circuit pattern. The 

fabrication of 4 × 4 Butler matrix, which has four input and four output ports is 

studied.  

  The fabricated matrix consists of the four 3 ㏈/90° slot-directional hybrid 

couplers and the two 45° phase shifters, and the overall size is 70.65 × 62.6 × 

1.22 ㎣. The frequency band has a wide bandwidth of approximately 2 ㎓ in 3 ∼

5 ㎓. The insertion loss within the proposed bandwidth was approximately 6 ∼ 8 

㏈, while the return loss and isolation characteristics were less than -13 ㏈. 

Furthermore, the phase measurement results between output ports within proposed 

band were approximately ± 10° in -45°, 135°, -135°, 45°.

  The beamforming antenna was fabricated by connecting the 4 × 4 Butler matrix 

and 1 × 4 array antenna. The feed generated in the 4 × 4 Butler matrix was fed 

into the 1 × 4 array antenna, which controlled the four beams. The overall size of 

the fabricated TSA is 140 × 90 × 1.52 ㎣, and the impedance bandwidth has a 

wide bandwidth of 4.32 ㎓ in 1.46–5.78 ㎓. The fabricated beamforming antenna 

has beamforming angles of –21°, +59°, –56°, and +23° in the 3 ㎓ band; –14°, 

+46°, -44°, and +16° in the 4 ㎓ band; and –13°, +44°, –36°, and +17° in the 

5 ㎓ band.
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  The beamforming angles of the fabricated beamforming antenna have maximum 

values of 115°, 90°, and 80° in the 3 ㎓, 4 ㎓, and 5 ㎓ band, respectively. The 

results of object tracking shows that a target is detected at 2 m in the regions in 

P2 to P10. Hence, the proposed beamforming antenna provide a solution to enable 

the tracking of objects over a wide range compared with conventional UWB 

antennas. 
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