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Abstract 
 

         

 In the modern wireless communication system, the antenna plays an important role for 

transmitting and receiving the electromagnetic waves. In general, antenna is a backbone in wireless 

communication technology. In this project a dipole antenna which covers a number of communication 

standards was developed, i.e., it can operate in a number of common commercial frequency bands. 

Such as UHF band, frequency for the Long Term Evolution (LTE), mobile communications are 2G 

and 3G. This thesis work consists of two major parts, the first is the dipole antenna, the second is the 

differential coupler design, and also coupler in combination with antenna. The frequency band of 

interest is 0.7 - 3 GHz in all cases. 

  

 Different researches going on MIMO antenna which improves the bit error rate as well as the 

signal to noise ratio of the system. MIMO antenna setup requires certain amount of spacing between 

the antennas to reduce the mutual coupling. 

         

 In this project two antennas has been joined into a MIMO antenna setup, either by using a 90º or 

a 180º differential coupler has been investigated. The purpose of the coupler is to act as a decoupling 

network to make the antennas independent. In the development process, different designs have been 

investigated; different shapes of the dipole antenna have reviewed in literature study. Finally, a 

rectangular bevel shaped antenna was designed and used for the MIMO antenna study, and good 

performance for the antenna was achieved in the specified frequency range 0.7 - 3 GHz. Simulations 

were done using the Advanced Design System (ADS) software from Agilent Technologies Inc, and 

measurements were done using a Rhode & Schwarz ZVM vector network analyzer. The antenna and 

decoupling network was designed on Rogers 4360 (RO4360) substrate. 
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1.1. Introduction 
        In the beginning of wireless communication single antenna was used to transmit the signal, and 

a single antenna was used to receive the signal. So these types of equipment were used to support 

sending messages and voice transmission only. Recent development in communication field they 

introduce new techniques for increasing the data rates and band width. If the number of antennas are 

increases at the transmitter side as well as the receiver side to achieve the maximum data rate. 

 MIMO (Multiple Input Multiple Output) is effectively a radio antenna technology. In that uses a 

multiple antennas at the transmitter and receiver side to enable a variety of signal paths to carry the 

data and choosing separate paths for each antenna to enable multiple signal paths to be used. 

 The Master Thesis work is mainly focused on the principle of the wideband dipole antenna with 

180º hybrid coupler. The designing process has done based on available research designs published in 

the journals. The proposal for the thesis work is designing the wideband 0.7 - 3 GHz dipole antenna. 

Second one is the hybrid coupler which works in differential mode. The antenna design and 

simulations are done by using the ADS2009 software. To design the dipole antenna, we have done 

some calculations, which are provided from the research papers. A half wavelength dipole design 

gives the narrowband results, but when design has made with an array configuration, the results can 

give the wideband antenna. It depends on antenna parameters (inter-element spacing and Substrate 

values), the distance between the two arms, dielectric constant, the feeder length and feed gap.  

 

1.2. Aim of the thesis 
 The aim of the research work is to design a MIMO antenna which covers the bandwidth from 

0.7 - 3 GHz and also keep the correlation between two antennas are in acceptable level, which can be 

done by using differential hybrid couplers. In the current LTE standard defined by 3GPP to achieve 

the higher date rate and high throughput, need to implement one antenna i.e., MIMO antenna. This 

MIMO technology is improve the overall system performance in a handheld device. In this thesis 

research work decoupling network for lower band and high band has presented. So from the desired 

antenna connected to the decoupling network to get the better isolation and correlation factors. It can 

be used for the mobile applications and the wireless communication systems like GSM, 2G, 3G and 

3GPP standard for LTE.  

 

1.3. Background 
 We have done the literature study on antenna and hybrid coupler. A brief and wide knowledge is 

necessary to design the antenna and to show evidence for this work need background study. For the 

literature study, the main sources are books, journals (IEEE journals and magazines), Library and the 

Internet. It has done in various stages for literature review, which are antenna design, optimization 

methods in design, miniaturization techniques and design a differential hybrid coupler.  
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1.4. Objective 
        The research aim is to develop the wideband dipole antenna and differential hybrid coupler. 

Both are design on a Roger substrate 4360 and tuned for wideband 0.7 - 3 GHz. Here the research 

objectives are: 

 Perform the literature study on a half wavelength and wideband dipole antenna, single mode 

and differential mode hybrid coupler. 

 Parametric study on the MIMO antenna and understanding the results. It analyzes the 

simulation results to be achieving under 0.7 - 3 GHz and the goal of this project is to keep 

input reflection below the -10 dB over the whole band. 

 Study on wide side and edge coupling. Designing the broadsided bevel dipole antenna. 

 Designing the correlation between the two antennas and understanding the simulation results.  

 Designing the single mode and differential mode 90˚ and 180˚ hybrid coupler and analyzing 

the simulation results should be achieved in the 0.7 - 3 GHz.  

 Merging of the rectangular bevel dipole antenna with coupler and simulation analysis. 

 

1.5. Thesis organization 
        This report consists of eight chapters describing all the work done in the project. The 

organization of the research project described as follows. 

Chapter 1: It explains the introduction to the project, objective and aim of this project. This chapter 

sets the work flows according to the objectives and background of a project. 

Chapter 2: It gives the introduction of antennas, basic antenna theory, antenna radiation techniques and 

radiation pattern and radiation mechanism. It furthermore describes the antenna modeling equations. 

Chapter 3: It discusses the basic parameters of the antenna and its effects.  

Chapter 4: Deals with the dipole antenna theory, the basic concepts of the dipole and types of the 

dipole antenna. Later a short description on the characteristics of the antenna, voltage and current 

distribution are discussed. 

Chapter 5: It provides substrate selection and substrate parameter values, designing and parametric 

study on half wavelength dipole and rectangular bevel dipole antenna. Discussion on the simulation 

results of half wavelength and bevel dipole antenna. 

Chapter 6: It explains the hybrid coupler introduction, types of the hybrid coupler, designing of single 

mode, differential mode 90˚ and 180˚ couplers. 

Chapter 7: It provides information about the merging dipole antenna with coupler and discussion of 

the results and summarizes the conclusion and recommended limitation in the research.  

Chapter 8: It defines the prototypes and measurements means it gives clear idea how many prototypes 

designed and discussed their results compared with simulation results. 

Chapter 9: It gives an idea over all thesis work results and discussion. In this chapter clearly described 

how MIMO antenna performs with coupler and without coupler. 

Chapter 10: It provides information about the thesis work conclusion and future work. 
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2.1. Antenna introduction 
         Antennas are playing key role in wireless communication system. So, the antennas are the 

backbone of wireless communication technology. Some of the types of antennas are parabolic 

reflectors, patch antennas, slot Antennas and folded dipole antennas. Every antenna has its own 

properties and suitable usages. The microstrip antennas have since been researched extensively. This 

antenna‟s has wide inherent advantages like low profile, lightweight and low fabrication cost along 

with the ease of fabrication and integration with the other microwave devices. Microstrip antennas are 

used for many industrial applications [1], [2]. 

 

2.2. Antenna concepts 
        Every wireless system needs an antenna to radiate and receive the electromagnetic energy. The 

definition of an antenna can be described in many ways: A simple definition of the antenna is a 

metallic device which can radiate or receives the radio waves [3]. In modern wireless communication, 

antenna is a directional device to optimize the transmitted energy or received energy in some 

directions. In other words, antennas convert electromagnetic radiation into the electric signal or vice 

versa. 

        Antennas are used in systems such as radio and television broadcasting, point-to-point radio 

communication, wireless LAN, radar and space exploration. Antennas usually work in air or outer 

space but it can also be operated under water or even though soil and rock at certain frequencies for 

short distances. These are reciprocal devices, i.e., the antenna properties are identical in both the 

transmitting and receiving mode. It is explained with an example, if the antenna transmitting radiation 

in certain directions, those transmitted antennas receive the radiation from those directions, the same 

radiation pattern applies in both cases [2].        

  

2.3. MIMO antenna 
 MIMO is an antenna technology for wireless communications in which multiple 

antennas are used at the transmitter end and receiver end. These antennas are at each end of 

the communications circuit are combined to minimize errors and optimize data speed. In 

communication channel may affected by the fading, it will impact the SNR (signal to noise 

ratio). That means it impact the error rate, and to overcome these problems diversity techniques have 

been used. It provides the receiver with multiple copies of the same signal. Diversity helps to 

stabilize a link and improves performance, reducing error rate. 

  There are number of different MIMO antenna configurations that can be used, those are SISO 

(Single Input Single Output), SIMO (Single Input Multiple Output), MISO (Multiple Input Single 

Output) and MIMO (Multiple Input Multiple Output). MIMO antenna block diagram has shown in 

below Fig. 2.1. 
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Fig. 2.1 MIMO antenna block diagram 

 

 Where there is more than one antenna at either end of the radio link; this is term as MIMO- 

Multiple Input Multiple Output. MIMO can be used to provide improvements in both of the channel 

robustness as well as channel throughput. It can be used to provide additional robustness to the radio 

link by improving the signal to noise ratio, or by increasing the link data capacity [3]. 

 In MIMO antenna, arriving data streams from different transmitters/ paths will combine at the 

receiver side and it will increases the receivers signal capturing power. MIMO antenna uses the spatial 

diversity and spatial multiplexing to increase the data capacity and SNR of the system. 

 Two main techniques for MIMO are described below. 

Beam forming: The same signal is transmitted on multiple antennas, their phase and amplitude can be 

individually adjusted to maximize the performance. Improved signal to noise ratio, and then also 

improved link quality.  

  

Spatial diversity: Spatial diversity refers to transmits and receives diversity. This diversity system is 

used for improving the signal to noise ratio of MIMO and it characterized by the reliability of the 

system with respect to various forms of fading [4]. 

 

Spatial multiplexing: It provides the different paths to reduce the traffic in MIMO, also provides 

additional data capacity and it increase the data throughput [4]. 

  

2.4. Antenna radiation 
        The antenna radiation field pattern is associated with two parameters. One is distanced of the 

antenna, and another is antenna two energies. These two types of energies are reactive and radiation 

field. The reactive field typifies the stored energy; it is the portion of the antenna field characterized by 

standing waves [5]. The radiation field typifies the transmitted energy; it is characterized by 

propagating waves (radiating waves). 
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2.4.1. Antenna radiation field regions 
        The space surrounding an antenna can be divided into three regions according to the properties 

of the radiated field. As an antenna radiates, there are changes to the electromagnetic field structure as 

the radiation moves away from the antenna at a distance, R [6]. These changes can be split into three 

distinct groups and are shown in Fig. 2.2. 
 
 

 
      Fig. 2.2 Field regions of antenna 

2.4.1.1. Reactive near field region 
        The reactive near-field region sometimes called as the antenna region; this region is just 

immediate surrounded volume of the antenna. In this region reactive is dominant, no radiated energy 

exists, which is stored energy. The majority of antennas in this region exist at R < 0.62       (R < 

D) from the antenna [6], where R is the radius and D is the largest antenna dimension. Confined within 

this region is a high amount of non-propagating energy or reactive power. In general, objects within 

this region will result in coupling with the antenna and distortion of the ultimate far-field antenna 

pattern. 

  

2.4.1.2. Radiating near field (Fresnel) region 
        This region lies between the reactive near-field region and the far field region, in this the 

radiation fields are dominant and the angular field distribution is dependent on the distance from the 

antenna. The boundary for this region is 0.62      ≤    ≤      , where D is the largest antenna 

dimension. The radiating near-field doesn‟t display spherical power flow; it varies from the function 

of distance R, if the antenna is very small compared to the wavelength this region may not exist [5]. 

  

2.4.1.3. Radiating far field (Fraunhofer) region 
        This region is independent on the distance; it is far away from the antenna, where the field 

distribution is independent on the distance from the antenna. In this region, the antenna power flow is 

directed outwards in radial fashion. The field components in this region are transverse to the radial 

direction from the antenna, and apparent gain is a function of the angle. The inner boundary is taken to 
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be at distance R>      , where D is the largest dimension of the antenna, and outer boundary is 

infinite ideally [6], [7]. 

  

2.5. Characteristic impedance of EM waves 
        To help distinguish between near-field and far-field regions it is useful to analyze the 

characteristic impedance of plane waves that the characteristic impedance of a plane wave for a 

lossless medium is given by: 

    =  
 

 
   (Ω)                                                                                    (2.1) 

Where: 

   = Permittivity of free space 

   = Relative permittivity (dielectric property) 

 
 
= Permeability of free space 

 
 
= Relative permeability (magnetic property) 

 For plane waves, the characteristic impedance of the air is also known as the intrinsic impedance 

of the medium. In free space, where Z0 = 377 Ω, the E-field and H-field are orthogonal to each other 

and orthogonal to the direction of propagation. If the wave is in the near-field, in a free space 

environment, Z0 ≠ 377 Ω since the fields are not orthogonal to each other or in the direction of 

propagation [8]. 
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3.1. Antenna theory 
        Some of the parameters to be remembered when designing an antenna are discussed. To make 

an antenna as an efficient device when it is radiates the electromagnetic waves through the device. 

There are several important antenna characteristics that should be considered when choosing an 

antenna for your application. 

 

3.2. Antenna parameters 
        The fundamental parameters of an antenna are described below [2]: 

 Impedance bandwidth  

 Input reflection 

 S-parameters 

 Radiation pattern 

 Directivity 

 Gain 

 Polarization 

 Antenna efficiency 

 Correlation 

 Mutual coupling 

 

 The above all parameters are important for optimizing an antenna. For designing a perfect 

antenna there are certain parameters that are to be considered which defines the configuration of the 

antenna. 

 

3.2.1. Impedance bandwidth  
        The bandwidth of an antenna is broadly defined as the range of frequencies within the 

performance of an antenna with respect to the some characteristics. The bandwidth can be measured to 

be the range of frequencies on either side of a center frequency (usually the resonance frequency for a 

dipole). The definition of bandwidth for wideband antenna is the ratio of the upper-to-lower 

frequencies of acceptable operation. Antenna characteristics are critically affected by the frequency in 

different ways. For the bandwidth, there is no single definition (no need). There are two most 

commonly used definitions are pattern bandwidth and impedance bandwidth. Associated with pattern 

bandwidth are gained, side lobe level, beam width, polarization, and beam direction while input 

impedance and radiation efficiency are related to impedance bandwidth [9]. 

 Fig. 3.1 shows the bandwidth measurement, the antenna bandwidth is particularly important 

where radio transmitters are concerned as damage may occur to the transmitter if the antenna is 

operated outside its operating range and the radio transmitter is not adequately protected. In addition to 

this the signal radiated by the RF antenna may be less for a number of reasons [6]. 
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Fig. 3.1 Bandwidth measurement  

        The term „impedance bandwidth‟ is used to describe the bandwidth over which the antenna has 

acceptable losses due to mismatch. It is measured by VSWR and return loss at interest frequency band. 

These two parameters depend on the reflection coefficient (Г). The reflection coefficient is described 

as the ratio of the amplitude of the reflected voltage wave (  
   normalized to the amplitude of the 

incident voltage wave    
    at a load. Γ it is expressed in the mathematical equation as [9].  

                

                                                     Г = 
  

 

  
                                      (3.1) 

 

        VSWR is defined as the ratio of the maximum voltage to the minimum voltage in the standing 

wave. Larger impedance mismatch and larger amplitude are effects of stranding wave ratio [6]. The 

perfect impedance match occurs if there is no voltage standing wave. In general, the ratio of maximum 

voltage to the minimum voltage would be 1(1:1). It is expressed as [2]. 

 

                                                    VSWR = 
     

     
                  (3.2) 

 

        Where VSWR is the voltage standing wave ratio, which measures how well the antenna is 

matched to the source. The reflected power is given by   
         and the incident power by   

    . 

The ratio of the reflected power to the incident power is     . 

         

3.2.2. Input reflection (S11) 
 Any travelling wave is made up of two components. For example, the output of the two-port 

device to the load consists of the portion that is reflected from the output of the two-port device (a2) 

and the portion that is transmitted through the two-port device (a1). Similarly, the total wave flowing 

from the input of the two-port device toward the source consists of the portion that is reflected from 

the input port (a1) and the fraction of (a2) that is transmitted through the two-port device. This is 

briefly discussed in S-parameters [6]. 

(S11)  =         when b2 = 0 for a2 = 0 or Z1 = Z0. 

       This is an input reflection coefficient. S11 is equal to the ratio of a reflected wave and an incident 

wave with Z1 = Z0.  Thus, S11 can be plotted on a Smith chart and the input impedance of the two-port 

device can be found immediately [9]. 
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3.2.3. Antenna efficiency 
        The antenna efficiency depends on many parameters which are dielectric, conduction and 

reflection efficiency. The antenna efficiency is a parameter which includes the losses at the terminals 

and those exist within the structure of the antenna. The Antenna efficiency is described as the ratio of 

the total power radiated by an antenna to the net power accepted by an antenna from the connected 

transmitter [10].  

        Generally, the total power delivered to antenna terminals lesser than the transmitter give the 

power, that power effect of mismatch at the antenna terminals. The ohmic losses and total power 

radiated (      by the antenna together is equal to the total power delivered to the antenna, where 

ohmic looses of antenna (        is equal to the together of conduction loss and dielectric loss 

(conduction loss + dielectric loss).     is an efficiency factor, it measures the antenna radiated power 

delivered to terminals and efficient is an antenna, which can be expresses as [2], [10]: 

  

                                                      =           =  
    

          
      (3.3) 

 

        The total antenna efficiency      is losses at the input terminals and within the structure of the 

antenna. For looking the losses refers the Fig. 3.2. 

Reflections: because of mismatches between the antenna and transmission lines 

 Both losses (conduction and dielectric)    .  

 
Fig. 3.2 Losses of antenna 

 

 The antenna radiation efficiency does not consider the mismatch losses (reflection) at the 

antenna connection because it is not inherent to the antenna alone. The antenna efficiency depends on 

the losses due to the mismatch. Total antenna efficiency is nothing but [11]:  

 

                                                              =                                       (3.4) 

 

Where     is the total antenna efficiency, 

     is the conduction and dielectric efficiency 

and    is the reflected efficiency. 

        The reflection efficiency is defined as the ratio of power delivered to the antenna terminals to 

the total power incident on the antenna connection, it is directly related to the return loss (Г) and it is 

expressed as [6], [11]. 

                                                                          = 1-                                               (3.5) 
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3.2.4. Antenna gain 
        The antenna gain G, in the simplest form, is the product of efficiency and directivity. The gain 

and directivity have the main difference in the definitions. Directivity is defined by the radiated power 

while a gain is described by the input power. In general, gain is described by how much power is 

transmitted in the direction of peak radiation to that of an isotropic source. The gain is commonly used 

parameter for antenna efficiency [11]. 

        The 3 dB gain is the power received far from the antenna. The gain can also be expressed in 

angle, and the mathematical expression as: 

 

                                                                       G =     D.                                          (3.6) 
 

        Not all of the input power is radiated (because of losses). A high gain implies a better efficiency 

and narrow beams [6], [11]. 

 

3.2.5. S-parameters 
        S-parameters are important factors in microwave and radio communications. By using these 

parameters one can say that how much device has reached the results based on the system requirement. 

When designing an antenna, the designer has to consider many factors like input impedance and 

bandwidth, input and output reflection which is depended on the S-parameters [9]. 

 S-parameters use the wideband characteristics for an antenna. Impedance matrix is defined for 

voltages and admittance matrix is the inverse to the impedance matrix. S-parameters are defined on a 

two-port network where the input and output going waves are incident on the two-port network, which 

is shown in Fig. 3.3. 

 
Fig. 3.3 Two-port network 

        S-parameters depend on the voltage traveling wave in N-port network and its characteristic 

impedances of the source and load. The S-parameters value changes when load impedance, network 

and frequency changes. These parameters are complex because magnitude and phase values changes 

by the network [2], [12]. These can be briefly explained with the following Fig. 3.4.  
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Fig. 3.4 Two-port network with impedances 

Where, 

V1 =  voltage at port 1, V2 = voltage at port 2. 

a1, a2 = incident signals at port 1 and 2. 

b1, b2 = reflection signal at port1 and 2. 

I1, I2 = currents at port 1 and 2. 

Z0 = character impedance, 

Z1, Z2 = impedances at port1 and 2. 

 

Incident and reflected normalized power waves defined in expression as 

 

                                      ax = 
    

 

   
                                (3.7) 

 

                    Where ax  represents the incident signal at port 1 and 2, 

                                 Vx represents the voltages at both port 1 and 2 

 

 

                                       bx = 
    

 

   
                                    (3.8) 

                    Where bx represents the reflect signal at port 1 and 2. 

 From the above two equations, S-parameters can be depends on their own functionality 

                    Input reflection coefficient (S11) =        when b2 = 0 

                    Reverse voltage gain (S12) =        when a1 = 0 

                    Forward voltage gain (S21) =        when a2 = 0  

                   Output reflection coefficient (S22) =       when a1 = 0  

        This shows how the S-parameters of a network with equal characteristic impedance can be 

converted to a network connected to transmission lines with equal characteristic impedance [9], [12]. 

 

3.2.6. Radiation pattern 
         Radiation pattern is the distributed quantity. It characterizes the electromagnetic fields 

generated by the antenna. It is expressed in different ways like mathematical or graphical function 

representation in any dimensions. The radiation pattern represents the antenna parameters are phased, 

polarization, gain and directivity. The rectangular plots are nothing but two dimensional patterns. It 

can be easily read and more accurately used. The linear polarized antenna has the E-plane, H-plane 
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patterns. E-plane is nothing but electric field vector and the radiation direction and H-plane are also 

the same like an electric field plane. It contains magnetic-field vector and radiation direction. Here the 

important property is that the energy radiated relative to positions of an antenna to measure the 

radiation pattern [6], [13]. 

 There are two important parameters; additional parameters can be calculated from the radiation 

pattern. Those are half power beam-width and front-to-back ratio parameters. HPBW is described as 

the angle between the two directions in which the radiation power is one-half the maximum value of 

the main lobe. The front-to-back ratio is the difference between the power level at the peak of the 

beam and the power level at a specified backward direction [13]. 

 

 
Fig. 3.5 Radiation pattern 

        Antenna can be classified based on the shape of radiation pattern, which are isotropic, omni 

directional or directional pattern. Isotropic radiation pattern radiates power equally in all directions; it 

is useful to describe real antennas. The antenna radiates and receives equally in a given plane omni-

directional antenna [9], [13]. It doesn‟t have exact direction so, it is also called non- directional 

antenna. Examples of omni-directional antennas are dipole antenna and slotted antenna. Another type 

of antenna is a directional antenna which doesn‟t have symmetry in radiation pattern. These antennas  

have the particular direction and are useful as a dish antenna and slotted antenna.  

 

3.2.7. Directivity 
         Directivity is defined as energy of an antenna in particular direction when transmit the energy 

and receives the energy. The main function of the directivity is direction and narrowness of the 

antenna. It is defined only with the reference of the direction of the radiation pattern main lobe [2]. 

The directivity differentiate the two antenna, for example an isotropic antenna and practical antenna 

pattern fed with the same source, these antennas are calculate the directivity to confirm the better 

efficient antenna compare to each other. Directivity doesn‟t have dimensions and it is expressed in dB. 

If the antenna has a narrow beam, main lobe is nothing but it has better and high directivity than one 

which has a broad main lobe [10], [11]. 
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3.2.8. Polarization 
        An antenna radiates energy in electromagnetic wave that is comprised as electric and magnetic 

fields. Electric and magnetic fields are orthogonal to each other and propagation plane. Polarization of 

an antenna indicates that radiate wave of the antenna, which is in the far field region. It is defined as 

“The property of an electromagnetic wave describing the time-varying direction and relative 

magnitude of the electric filed vector” [14]. Electric field vector is perpendicular to the both the 

direction of travel and magnetic-field vector. The antenna polarization is a very important property for 

selecting and designing an antenna in radio frequency systems. 

  The polarization of antenna is classified in two types, which are linear and circular polarization, 

linear is classified as vertical and horizontal, circular is classified according to the rotation of the field 

vector, which can be left-hand and right-hand polarization [6], [14]. These types are shown in Fig. 3.6. 

 

                                                                         
                                          (a)                                                                                (b) 
                                                                                                      

                                                                   
                                         (c)                                                                                 (d) 

Fig. 3.6 Polarization: (a) vertical linear polarization, (b) horizontal linear polarization, (b) right hand 
circular polarization, (b) left hand circular polarization 

 

3.2.9. Correlation 

         Correlation is a main part in MIMO antenna. It is nothing but the two antennas how independent 

on each other. It is expressed in the value ρ in a range 0 to 1. The main aim in MIMO antenna design 

is that maintain low correlation as much as possible. If the ρ value is zero, it means that the two 

antennas are uncorrelated. The correlation is expressed in scattering parameters [3]. 

 

3.2.10. Mutual coupling 
         It is also an important parameter in MIMO antenna. Mutual coupling between array elements 

affects both the embedded element radiation patterns and the element input impedances. The radiation 

from one driven element induces currents on other nearby elements and scatters into the far-field 

which causes the embedded element pattern to differ from the isolated element pattern [3]. In MIMO 

antenna designing isolation is important to consider. When the radiated antenna is not distributed by 

surrounding antenna means that the isolation is high, it is expressed in scattering parameters. Mutual 

coupling is measured by S21 and it should be less than -10 dB to get high efficiency [4]. 
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4.1. Dipole antenna theory 
        The dipole antenna designed by Heinrich Rudolph Hertz in 19th century. Dipole antenna is used 

today in many applications. This chapter describes the types of dipole antenna, history of the dipole 

antenna and how it works. The basic steps were designing of dipole antenna. 

 

4.2. Dipole antenna 
        A dipole antenna is one of the most important antennas.  It is widely used to compare to other 

types of antenna. A dipole is a basic antenna structure consisting of two straight collinear wires. The 

first thing is to notice about a dipole has two parts, hence the term “di” in its name. The name of the 

dipole means it has two poles. These antennas are equally in length of arms and the center feed for 

current distribution.  

        In this antenna, current is driven when dipole ends are open circuit, it doesn‟t have the closed 

loop to return current path, but it has parasitic capacitance between the two arms can make closed to 

circulate current in the antenna [15]. Basic diagram of the antenna is shown in Fig. 4.1. 

        The dipole antenna is feed through the center point between the two arms, or the power supply 

in a dipole through the center feeder. Feeder works as receiving the power and transmit the power at 

the same end. 

 
Fig. 4.1 Half wave dipole antenna 

 

4.3. Half wave dipole antenna 
        The half wave dipole meaning is that the length of the total dipole arm is the half wavelength at 

the frequency [16]. The simple structure of the half wave dipole antenna as shown in Fig. 4.2. It uses 

in general case based on the frequency. Based on frequency radiation the antenna arm size is 

calculated by using this formula. 

 

λ = 
 

 
            (4.2) 

Where c - is the speed of light,  

f - frequency  

λ - wavelength 



21   
 

 
Fig. 4.2 Half-wave dipole antenna structure 

        It is easy to verify that for I = 0 current is equal to Io and for I = λ / 4 the current is zero. Energy 

may also be fed to the half-wave antenna by dividing the antenna at its center and connecting the 

transmission line from the final transmitter output stage to the two center ends of the halved antenna. 

 

4.4. Dipole antenna characteristics 
       The dipole antenna has some general characteristics to be considered [4], [15]: 

 Omni directional 

 The dipole antenna has a unity gain in almost all directions. It radiates power uniformly in all 

directions in one plane, with the radiated power decreasing with elevation angle above or below the 

plane, dropping to zero on the antenna's axis. 

 Low gain 

 One of the drawbacks of dipole antenna is its low gain. Its omni directional characteristic makes 

its power distributed evenly on all directions, so the power is divided into many directions instead of 

one particular direction. 

 Easy to build 

 The dipole can be made only by using two pieces of a conductor. So it can be easily built using 

any conducting materials such as copper wires. 

 No need of ground plane 

 Unlike the monopole antenna which needs a ground plane as a reflector, the half wave dipole 

antenna does not need a ground plane. It has two radiating arms for each arm, which is used to 

transmit or receive ¼ wavelengths. 

 

4.5. Wideband dipole 
        In this project the design of dipole antenna is a wideband antenna. It is nothing but which 

frequency band can cover multiple frequency bands. The frequency band is 0.7 - 3 GHz which covers 

UHF band, UMTS, GSM, 2G and 3G frequency bands [2]. 

        In order to reach the required bandwidth, the dipole has wideband characteristics are required. 

For achieving that frequency band, there are many ways to make such a kind of an antenna. Examples 

of wideband dipole antennas are dipole antenna array, bi-conical, rectangular bevel and cylindrical 

antenna. In part of those antennas rectangular bevel is interesting and to achieve the given band. 

Dipole antenna array has large dimensions so as per the requirement bi-conical structure is a better 

choice than a dipole array. 



22   
 

 



23   
 

 

 

 

 

 
 

 

 

 

 

 

 

Chapter 5 
Design and analysis of dipole antenna 

Design Specification 

Antenna design and simulation results 

 

 



24   
 

 

5.1. Design and analysis of dipole antenna 
         In this chapter parametric study has done on two antennas. This has been done in the four steps, 

which means four parameters varied when other parameters kept constant. This section has done only 

on MIMO antenna.  

 

5.2. Design specification 
         To design a MIMO antenna this needs substrate and antenna specification, which is provided by 

LIU wireless Department. Those have shown in table 5.1 and table 5.2. This section gives an idea 

what are the parameters are important for this thesis design, and how it will effects for the design. The 

main aim of this design is to operate under specified frequency and which has specified in table 5.1.  

 

5.2.1. MIMO antenna specification 

 The MIMO antenna required parameters are shown in below Table 5.1. Based on these 

parameters designed our prototypes. In our thesis design below all parameters for MIMO antenna 

works under our specified frequency which is given in table. The final design dimensions after doing 

miniaturization specified in below table. 

 

Table 5.1 MIMO antenna parameters 

Parameter Dimension 

Frequency band 0.7 - 3 GHz 

Input reflection  ≤  -6 dB 

Mutual coupling ≤ -10 dB 

Correlation ≤ 0.5 

Prototype dimensions 118 X 34 mm 

 
5.2.2. Substrate specification 
 The size of the MIMO antenna is depends on the permittivity; among all parameters in substrate 

relative permittivity is most important as it tells the size of the antenna. The main aim of this project is 

integrate the differential coupler in the MIMO antenna in compact size. Following Table 5.2 shows the 

comparison of different substrates [17].   

 

Table 5.2 Substrate properties 

Parameter RO4360 RO4350 

Substrate height (mm) 0.305  0.254  

Permittivity 6.15 3.48 

Loss tangent 0.003 0.003 

Copper thickness  (µm) 35  45  
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Copper conductivity (S/m) 5.8x10
7  

 5.8x10
7 
 

Surface roughness (µm) 1  1  

 

 The above substrate values were used to measure the transmission line length and width by 

using line calculator tool available in ADS. Among the two substrates, the best calculated width and 

length for quarter wavelength transmission lines is chosen. In Rogers 4360 (RO4360) substrate the 

frequency range (0.7 - 3 GHz) of quarter wave transmission line length is (42.5 - 16.2 mm) but in 

Rogers 4350 (RO4360) substrate is more i.e., (54 – 20 mm). So the substrate Rogers 4350 is 20% 

more in the length. Designed this thesis work with Rogers 4360 instead of Rogers 4350 [17].  

  

5.3. Antenna design and simulation results 
        Antenna design has been done in two steps. To understand design of a dipole antenna which can 

works for desired frequency, first designed half wave dipole antenna design with parametric study 

with all parameters. Later designed bevel rectangular dipole antenna with the effects of all parameters. 

Those designs discussed briefly below. 

    Half wave dipole antenna  

 Rectangular bevel dipole antenna  

 Simulation results analysis on both antennas 

 

5.3.1. Half wave dipole antenna 
        The main aim of this project is to design an antenna of such a size of hand-held devices like 

mobile in desired frequency range of 0.7 - 3 GHz. To achieve the required wideband design, before a 

half wavelength dipole antenna designed to understand and for parametric study. Half wavelength 

dipole has mentioned above it has two arms. The dipole antenna arm length measured with given 

formulas. 

Frequency range: 0.7 - 3 GHz, Bandwidth: 2.3 GHz. 

 

Center frequency (  ) = 
     

 
 = 

     

 
 = 1.85 GHz        (5.1) 

 

Length of the arms (λ) = 
  

        
 = 0.065                (5.2) 

         

 From the calculation‟s dipole antenna arm length for both sides equal to 65 mm, which means 

each arm, should be 32.5 mm and feed gap is adjusted to obtain optimal matching the resonant 

frequency. Dipole antenna designing has done in several steps. These designing steps are applied to 

the following different types of antenna; those are bevel square wave dipole antenna and circular disk 

antenna. 
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5.3.2. Parametric study of simple dipole antenna 
 This is simple structure of the half wave dipole antenna. This design has made for 

understand the parametric study under specified band. Fig. 5.1 shows the half wave dipole 

antenna structure.  

 

 
Fig. 5.1 Simple dipole antenna 

  The above designed antenna specification are total dipole arms together length is L= 65 mm. 

Each arm length L2, L3 = 32.5 mm, feed gap is fgap = 1 mm, feeder w1 = 0.5 mm, L1 = 1 mm. The 

simulation results with parametric study shown in Fig. 5.2. 

 

Effect with the length of arm: 

        The lengths of the dipole antenna values are calculated by using the equation 5.1, 5.2. Antenna 

length is varied for different frequency bands. The length of antenna is inversely proportional to the 

frequency. In dipole antenna length observed that the length of each arm is 32.5 mm; observe that the 

center frequency is 1.85 GHz,  

 

 
Fig. 5.2 Simulation results for different lengths 

        When the dipole antenna arm size is increases then the center frequency is decreased, the second 

time the dipole antenna arm size is 35 mm, the result shown in Fig. 5.2. It has mentioned in the graph. 

If the length is increased up to dipole arm is 45 mm, the result of the center frequency has occurred at 
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1.7 GHz. Theoretically, the frequency is dependent on the length of the arm and also see the 

simulation result which is dependent on length of arms. Fig. 5.2 shows the input reflection of the 

antenna, it has a resonant frequency at 1.85 GHz with the input reflection of -8 dB. The bandwidth is 

calculated from the lower to higher frequency at -10 dB value of the input reflection, until the upper 

frequency value which intercepts the -10 dB value of the input reflection.  

 

Effect of the width or height of the dipole arm: 

       The next parameter is height of the antenna. Among the all parameters the height is varied, and 

the remaining variables are kept constant. When the height is affected in antenna the simulation results 

are observed, it is shown in Fig. 5.3. 

 
Fig. 5.3 Simulation results by changing the antenna height 

       

 The antenna specifications of Fig. 5.1 have the total length of dipole antenna is L = 90 mm, in 

this section antenna length is varied. The length of the each dipole arm is (L2, L3) = 45 mm. Here 

consider the different lengths of dipole antenna, observed simulation results are carried out which are 

shown in Fig. 5.3. In that results it shows, when the height of the arm changes, then the frequency 

band varies slightly. By observing the above results when changes the width 45 mm to 75 mm, the 

input reflection is decreasing but the center frequency occurrence at the same i.e., 1.85 GHz, which 

means there is no radiation in the upper direction of the antenna. So by improving the height of the 

antenna gives the better bandwidth. 

 

Effect of the feed gap: 

        Dipole antenna factors affecting the results when changing the feed gap, when the feed gap 

changes dipole antenna performance is satisfied in specified band. But the changes made only in feed 

gap (fgap . Feed gap length is another factor for antenna design which influences the impedance 

matching of antenna, which is shown in Fig. 5.4.  
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Fig. 5.4 Simulation results when feed gap changes 

 

      By increasing the feed gap it reduces the input reflection but the resonant frequency occurred at 

the 1.3 GHz. The input reflection about -18 dB, -24 dB and -26 dB, these values are high, it means that 

input reflection is more while increasing the feed gap. Hence from simulation results conclude that by 

increasing the feed gap input reflection is high and lesser band cover the frequency. 

 

Effect of the feeder height: 

        The dipole antenna shown when the feeder length has changed, the feed gap changed 

dramatically and the layout of the dipole antenna as shown in Fig. 5.1. 

        As per the specification diagram Fig. 5.1, L1 has changed (consider two times). The simulation 

results are carried out, which are shown in Fig. 5.5. If the feeder length is 0.6 mm to 1 mm, there is no 

change in center frequency i.e., 1.8 GHz. When feed gap is increases, input reflection is also 

improved. 

 This parametric study done on several steps, keep on changing one parameter step by step. After 

doing several steps achieved the below results, which is depend on the feeder height. 

 

 
Fig. 5.5 Simulation results for feeder length changed antennas 
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5.3.3. Parametric study of rectangular bevel antenna 
        This design has made after several simulations on half wavelength dipole antenna. From the 

literature study, it can be easily understand the wideband antennas haven‟t made on a simple structure. 

Which can cover multiple bands that antenna should be have some different structure. 

        The rectangular bevel shape antenna designs and simulation results are discussed below. The 

length of the bevel antenna arm is calculated by using the equation 5.1 and 5.2. It is same as the half 

wavelength dipole length 65 mm. After doing several simulations on half wavelength dipole antenna, 

observe that cover the given specified frequency band, the arm should be large otherwise the antenna 

cannot achieve the specified frequency band. So the bevel antenna has made with the arm size 61.6 

mm for each side. From the simulation results observed that input reflection (S11), VSWR. 

  

 
Fig. 5.6 Rectangular bevel dipole antenna 

        The above designed antenna specifications are the total dipole arm lengths are L = 123 mm, 

each arm length L2, L3 = 61 mm, width of each arm w2 = 22 mm, feed gap is fgap = 0.6 mm, feeder  

w1 = 0.4 mm, L1 = 0.6 mm. It is shown in Fig. 5.6. 

 

Effect of the bevel shape: 

         In that rectangular bevel antenna changes made on bevel shape but the remaining parameters 

kept constant. Here increases the bevel shape by using chopping techniques and from the simulation 

results observe that frequency band has covered in twice under the input reflection of -10 dB. In Fig. 

5.7 shows the results, when the bevel shape is 11.32 mm, length has chopped in rectangular dipole 

antenna and bevel shape length and width has chopped as 8.5 mm. Then it has shown better results 

compare to the first. 

 
Fig. 5.7 Simulation results with bevel shape chopping 
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        The above figure shows the input reflection of the bevel dipole antenna. If the dipole antenna 

given simulation results below VSWR = 2 or input reflection = -10 dB, which means that the dipole 

antenna works under specified band. Form the Fig. 5.7, in that antenna operates at 0.9 GHz and the 

input reflection is below the -10 dB. Here, it can be seen that it has two resonant frequencies in the 1 – 

5 GHz. In Fig. 5.7 one peak is at 1 GHz with the input reflection at -15 dB and second one is at 3.3 

GHz with the input reflection is at -11 dB. For when chopping bevel antenna shape is 8.5 mm one 

peak is at 1.1 GHz with the input reflection at -19 dB and second one is at 3.3 GHz with the input 

reflection is -16 dB.  

 

Effect of the height of the antenna: 

         After increasing the length of antenna, the simulation results of bevel antenna has improved the 

bandwidth which has shown in Fig. 5.8. 

         By increasing the antenna height, operating frequency of antenna is improved. In this parametric 

study results carried out for two times change in the height of the antenna. When height of the antenna 

23 mm operated frequency is acceptable, but whiles improving the antenna height up to 30.5 mm, the 

input reflection and frequency improvement from Fig. 5.8.  

 So, conclude from this parametric study when the changes has made in the height wise, the 

results reached near to specified frequency band. 

 

 
Fig. 5.8 Simulation results when width changes 

 

Effect of the length of the antenna: 

         In this section the parametric studies depends on length, while considering the different lengths 

and maintain the remaining parameters constant. 

         Antenna specifications are that total dipole arms together length is 126 mm, First consider the 

length of the antenna L = 126 mm. For next simulation result length has changed to the 122 mm, i.e., 

each arm length L2, L3 = 61 mm. 
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Fig. 5.9 Simulation results for effect of the length 

        The output results of the antenna haven‟t changed much. However, the bevel dipole antenna 

shows good performance while any changes occur in the parametric study. From the above results 

observe that the small improvement in the bandwidth while increasing the length of the antenna. By 

this design, the rectangular bevel antenna has covered the specified frequency band, after several 

effects in parametric study, comparing above simulation results this antenna operates under the input 

reflection -10 dB. For making antenna compact size, miniaturization technique has followed. 

 

Effect of miniaturization techniques: 

        The miniaturization technique is followed by using different chopping techniques to reduce the 

area occupied by an antenna. In that bevel antenna has chopped at two sides of the antenna arms, 

which is sown in Fig. 5.10, the chopped arm height is 7 mm and deeper has chopped by 23.45 mm. 

The total height of the antenna is 27.9 mm. After doing chopping techniques those results were shown 

in Fig. 5.10. 

 

 
Fig. 5.10 Bevel antenna miniaturization 

 

        In Fig. 5.11 shows the visualization of antenna. It shows the current flow of the antenna. Here, 

some part flows more current, by using this visualization to chop the antenna at a current flow shows 

low. So the visualization helps to chop the antenna easily and perfectly. In the below figure 

visualization explains the current flow in that red indicate the highest flow of current, blue indicates 

the less than the red means that it is flowing 80 percent current flow from the entire antenna and green 

means that 60 percent of the current flow. 
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Fig. 5.11 Visualization of the bevel miniaturization 

 

        The simulation results of the miniaturized antenna shown in Fig. 5.12. From the results, 

observation has done that the antenna performance going back to the position, that means miniaturized 

antenna is not operating complete band under -10 dB input reflection. It concludes that performance is 

low compare to the un-miniaturized antenna. 

 

 
Fig. 5.12 Simulation of bevel miniaturized antenna 

  

Broadside coupled bevel antenna: 

        Edge coupling is nothing but the two arms have not overlapped each other, the arms are on same 

conductor layer. Broadside coupling is nothing that the antennas are overlapped with another arm, 

while both arms are in different conductor layer. The above bevel antenna‟s parametric study has been 

done on edge coupling. The antenna should preferably be designed as a broadside fed antenna because 

the coupler is basically impossible to design as an edge coupled component, i.e., impossible to route 

the coupler arms to have the same length. Broadside coupler and edge coupled antenna can be used but 

no point and is likely worse. A via is needed for one arm to connect (the fed becomes slightly un-

symmetrical) the coupler to  the antenna. Moreover, the matching can be done more freely with 

broadside fed antenna, hence no minimum gap limit of printed circuit board processing to worry 

about. 
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                              (a)                                                                                 (b) 

Fig. 5.13 Coupling techniques: (a) Edge coupling, (b) Broadside coupling 

        The bevel antenna has made by using broadside technique this antenna has given best results 

compare to all designs. The final design antenna specifications are total dipole arms together length is 

 L = 118 mm, in that each arm length is L2, L3 = 59 mm, width of each arm w = 34 mm, feed gap is 

 fgap = 0.6 mm, feeder w1 = 0.4 mm, L1 = 0.6 mm. Total size of the rectangular bevel broadside coupled 

dipole antenna is 118   34 mm. 

 

 

 
(a) 

 

 
(b) 

Fig. 5.14 Bevel antenna broadside coupling 

 

        The final design of bevel rectangular dipole antenna in broadside coupling results has shown in 

Fig. 5.15. If compare this results with edge coupling antenna, it has covered more bandwidth under -10 

dB input reflection. If express these results in voltage standing wave ratio is less than 2 (VSWR < 2). 
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Fig. 5.15 Simulation results of bevel antenna broadside coupling 

 
5.3.4. Correlation in MIMO antenna 
      This has been done in several steps. 

 Designing of half wave dipole antenna 

 Parametric study on half wave dipole  

 Designing of rectangular bevel antenna 

 Parametric study of bevel antenna 

 Broadside coupling bevel antenna 

 Correlation between two antennas 

 Merging the differential mode hybrid coupler with antenna 

 

        In general, correlation is defined as that two antennas are placed and connected each other. One 

antenna is depended on the other antenna performance. For connecting the two antennas has followed 

these steps. Place the two antennas side by side means in series and ports are defined by the conductor 

layer. In that left arm of the antenna is in same conductor, which is nothing but cond1 and the right 

side arms also in same conductor layer, i.e., cond2 layers. The ports defined by the conductor layer left 

arms of two antennas connected in serial, which are port1 and port 2. In this MIMO antenna other two 

arms, i.e., in cond2 layer arms are connected by the ports 3 and 4 in sequence. 

 

Bevel antenna correlation: 

         The bevel antenna‟s also same procedure follows to connect the two antennas. When MIMO 

antenna works the radiation flows in both and transmits and receive the power each other. The design 

has shown in Fig. 5.16. 
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Fig. 5.16 MIMO antenna correlation has the same orientation 

        The simulation results of MIMO antenna has shown in Fig. 5.17. When distance between the 

two antennas is 123 mm, the result shown in Fig. 5.17(a). It observed that isolation of the antenna is 

covers under -10 dB input reflection but some of the frequency band hasn‟t covered. But while keep 

on increasing the distance between the two antennas up to 133 mm, the results shown in Fig. 5.17(b). 

When compare both results the isolation is more in 133 mm distance between two antennas. The 

limitation of this design is the size and the correlation of antennas. Because of the dimension of the 

MIMO antenna it is not useful for compact size equipments. 

 

 
(a)                                                                (b) 

Fig. 5.17 Simulation results of MIMO antenna correlation in series connection 

 

Perpendicular bevel antennas correlation: 

        The bevel antenna correlation made in the perpendicular. This design reduces the occupying size 

of the correlation antennas. The design has shown in Fig. 5.18. 
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Fig. 5.18 Perpendicular correlation of bevel antennas 

 

        Designing of the perpendicular correlation of bevel antenna has done in several times, which can 

give the better result. The first design is used between the antenna spacing is 62 mm. It hasn‟t given 

the good results, which is shown in Fig. 5.19 (a). Here considered different spacing‟s such as 67, 72, 

102 mm. In Fig. 5.19 (b) shows the results of 67 mm and in Fig. 5.19 (b), the results are better in 67 

mm when compare to the 62 mm.  

  

        
(a)                                                                                     (b) 

Fig. 5.19 Simulation results of MIMO antenna correlation 
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6.1. Hybrid coupler 
        In this section briefly discuss about the hybrid coupler and its performance. The rapid 

development of modern communication systems such as antennas, couplers, power dividers with high 

performance are being required in large quantities [18], [19]. In electronics, the basic functionality is 

splitting and combining the electromagnetic signals. These devices are very difficult to design and 

construct because it requires matched, lossless, and reciprocal four port devices. Even mathematically 

determine these three properties are difficult so able to determine two out of three [15]. The main 

difference between power dividers and coupler is that coupler generates a phase shift between outputs.  

 Hybrid couplers are devices in that two transmission lines are place close together for energy 

propagating on one line to couple to the other line. The coupler concept mainly used for splitting the 

power into two parts or combines the two signals into one [20], [21]. A fundamental theme of hybrid 

coupler is efficiently divided the power of signal. In this thesis work, hybrid coupler is to reduce the 

distance of MIMO antennas by getting a good isolation between them. Hybrid coupler is a multiport 

device and it can also be called as a 3 dB coupler. The function of the 3 dB coupler is to equally divide 

the power at the output ports. One type of power divider is a directional coupler which is a four port 

device. In that the power flowing into port 1 and coupled in port 3 and the remaining of power deliver 

to port 2, there is no power at isolated port.  

 Hybrid coupler which is a type of directional, here the coupling factor is 3 dB [21]. There are 

two types of hybrid couplers are there 90˚ and 180˚ hybrid or rat race coupler. Basically hybrid 

couplers are used in reflection phase shifters. The 90˚ and 180˚ hybrid couplers are extensively used in 

microwave components [22], [23]. In all types of couplers, the 4 ports are always matched to an 

impedance of 50 Ω. These designed couplers to perform with high isolation, low insertion loss and 

high directivity.  

 Those are two types of hybrid couplers, which are 90˚ (quadrature) hybrids and 180˚ hybrids 

(rat race coupler). The 90˚ and 180˚ hybrid coupler both are available in crossover (even-mode) and 

non-crossover (odd-mode) configurations.  

 
6.1.1. 90˚ Hybrid coupler 
 The 90˚ hybrid coupler is nothing but a 3 dB directional coupler. Which is a 4 port network 

can be considered to have two pairs of terminals. In that the phase of output signal and the coupled 

output signal are 90˚. This is also called as quadrature hybrids because the two outputs are 90˚ apart 

[24], as seen in Fig. 6.1. If the input port is changes, then there is no difference in the output phase it 

remains the same because these devices are electrically and mechanically symmetrical. The 

characteristic impedances of vertical microstrip lines are found to be “Z0” and the horizontal microstrip 

line characteristic impedances are found to be at “Z0/√2”. 

 Here, the 3 dB coupler means half power which is equally divides the power between output 

and coupled ports. These devices are mostly used in microwave mixers, modulators, variable 

attenuators and other components in microwave systems [24]. 
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Fig. 6.1 Quadrature coupler 

        

        In Fig. 6.2 and in the Table 6.1 shows the complete operation of the 90˚ hybrid coupler. In that 

applied signal is given at any port the output will be divided into two equal amplitude signals that are 

in 90˚ out of phase. Sometimes the port allocation is different, here in Fig. 6.2 shows the two types of 

structures cross-over and non-crossover. In cross-over, where both the coupled output port and the 

primary output port are physically in the same side of the circuit. If in the non- crossover, the primary 

output and the coupled output port are physically in the opposite side of the circuit [24]. These types 

of designs are usually designed for mechanical convenience. 

 

 
Fig. 6.2 Cross over and non cross over quadrature coupler 

 The scattering matrix as shown in the following form: 
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Table 6.1 Truth table of quadrature coupler 

 T1 T2 T3 T4 

T1 X -90˚ 0˚ ISO 

T2 -90˚ X ISO 0˚ 

T3 0˚ ISO X -90˚ 

T4 ISO 0˚ -90˚ X 
 

 From the scattering matrix, which can observe the coupler has a high degree of symmetry, as 

each row can be obtained as a transposition of the first row [18]. So any port can be used as input port 

and the output will be other sides of the coupler from the input port and the isolated port will be placed 

in the same side of input port.  

 

6.1.2. 180˚ Hybrid coupler 
        Hybrid coupler has a 4 port component [25], which is shown in Fig. 6.3. Basically hybrid 

coupler complies with the several characteristics. The first one is should match at all ports means Snn 

= 0, if the power is applied at one port, it will be equally divided between two neighboring ports and 

there is no power will deliver to the fourth port which is called as isolated port [24]. The 180˚ hybrid 

coupler is also called as a ring or rat race coupler. Basically, the center conductor ring is six quarter 

wavelength circumference. In that three ports are separated each one by λ/4 wavelengths and the other 

side which is separated by 3λ/4 [26]. The characteristic impedance of the ring is “√2 Z0” and the 

impedance of each arm is “Z0” [27]. This is shown in below Fig. 6.3. 

 
Fig. 6.3 Rat race coupler 

 The phase difference between two output ports is either 0˚ in phase or 180° out of phase, 

which is depended on which port is the input [24]. For example, port 1 or port 3 is the input then the  

output will be equally split between 2 & 3 or 1 & 4 ports with 0° in-phase difference. On the other 

hand, if the input will be either 2 or 4 port then the output will be 180° out of phase because of (e
jπ

 = -
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1). If the 2 signals are applied at port 2 and port 3 then the output comes from port 1 which is a sum 

(∑) port.  Similarly port 4 is proportional to the difference between two inputs of the 180° hybrid 

coupler, which is often called as the delta (∆) port [24]. 

 Since, 180˚ hybrid coupler also called as a rat race coupler. And each port will be separated by 

90° [26], see in Fig. 6.4. This design will generate a low VSWR, high output isolation, lossless device 

and match output impedances. It has no difference while changes the input port because the device is 

electrically and mechanically symmetrical.   

 

 
Fig. 6.4 Top view of ring coupler 

 The operation of hybrid rat race coupler is summarized on the following table. 

 

Table 6.2 Ring coupler operation 

Input Port Output Port Isolated Port Phase shift b/w 

two output Ports 

1 2, 4 3 180° 

2 1, 3 4 180° 

3 2, 4 1 0° 

4 1, 3 2 0° 

 

        The scattering matrix of the 180° hybrid coupler as in the following form: 

 

 

 

 

 

The main criteria of hybrid couplers are: 

 All ports of hybrid coupler are matched 

S11, S22, S33, S44 < -20 dB 
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 If the input power is applied at any port is equally split between two other ports 

S11 = S14 = -3 dB 

S23 = S24 = -3 dB 

S31 = S32 = -3 dB 

S41 = S42 = -3 dB 

 

 The remaining ports are isolated ports 

S12, S21 < -20 dB 

S34, S43 < -20 dB 

 

 Even-odd mode analysis: 

        First here the total circuit of the ring hybrid coupler divided into two types of excitations 

symmetric (even) and asymmetric (odd) [28].  Apply unit amplitude of signal at port 1 of the hybrid 

coupler which is shown in Fig. 6.14. Furthermore the four port network can be divided into two 

cascaded networks those two networks are shown in Fig. 6.5 – 6.8. So the amplitudes of the scattered 

waves from the ring hybrids are as follows: 

 

                            B1 = ½ Гe + ½ Гo                                        (6.1a) 
 

                            B2 = ½ Te + ½ To                                          (6.1b) 

 

                           B3 = ½ Гe - ½ Гo                                       (6.1c) 

 

                            B4 = ½ Te 
-
 ½ To                                            (6.1d) 
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Fig. 6.5 Ring coupler even mode decomposition with unit amplitude incident on port 1 

 
Fig. 6.6 Ring coupler odd mode decomposition with unit amplitude incident on port 1 

 
  
  

 even =  
     

      
  

 

 
  
  

 odd =  
      

    
  

 

                        Гe = - j/√2                                       (6.2a) 

 

                                                               Te = - j/√2                                                                           (6.2b) 

 

                                 Гo =    j/√2                                                    (6.2c) 

 

            To = - j/√2                                                    (6.2d) 

 By using above results (6.1) in (6.2) then it gives 

 

                                                                B1 = 0                                                                        (6.3a) 

 

                                                              B2 = - j/√2                                                                 (6.3b) 

 

                B3 = - j/√2                                                                         (6.3c) 

 

                                                                 B4 = 0                                                                                (6.3d) 
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        The above result shows port 4 is isolated, input port is matched, and power is equally divided 

between port 2 and port 3. 

        Similarly, the input of unit amplitude which is applied at port 4 which is represents a 

difference port of the ring hybrid coupler [15]. The cascaded network and the amplitudes of emerging 

wave at each port can be expressed as follows: 

 

                                                                   B1 = ½ Te - ½ T0                                                            (6.4a) 

 

                                                                        B2 = ½ Гe - ½ Г0                                          (6.4b) 

 

                                                                      B3 = ½ Te + ½ T0                                        (6.4c) 
 

                                                                      B4 = ½ Гe + ½ Г0                                        (6.4d) 
 

 
Fig. 6.7 Ring coupler even mode decomposition with unit amplitude incident on port 4 

 

 
Fig. 6.8 Ring coupler odd mode decomposition with unit amplitude incident on port 4 
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6.2. Design and simulation results 
        The proposed differential hybrid coupler is implemented on Rogers 4360 (RO4360) substrate 

and the operating frequency at 1.85 GHz. All the design parameters are synthesized by using ADS 

from Agilent Technologies Inc.  

 
6.2.1. 90° Hybrid coupler 
        The main aim of this project is to get better isolation even placing the MIMO antennas are close 

together. The 90° hybrid coupler have four transmission lines and are quarter wavelength long, in that 

two of the transmission lines have characteristic impedance “Z0” and “Z0/√2”.  If the operating 

frequency is kept at 1.85 GHz from the line calculator the following lengths and widths of the hybrid 

coupler is shown in Table 6.3. Fig. 6.9 has shown the schematic view of quadrature coupler. 

 

Table 6.3 Dimension of the 90° hybrid coupler 

 Horizontal lines (TL1, 

TL3)  

Vertical lines (TL3, TL4) 

Length of TL (mm) 19.05  19.72  

Width of TL (mm) 0.762  0.418  

Total dimension                                                        23.8 x 21.2 mm 

   

 
Fig. 6.9 Schematic of 90° hybrid coupler 

        The following figure shows the layout diagram of differential 90° hybrid coupler. In that the 

length and width of transmission lines are shown. 

 



46   
 

 
Fig. 6.10 Layout of differential 90° hybrid coupler 

        From the Fig. 6.10, the quadrature has a 90° phase shift between ports 2 & 3 when the power is 

applied at port 1. There is no power at port 4 (isolated port).  

        The differential 90˚ or 180˚ hybrid couplers are designed at a center frequency of 1.85 GHz. The 

Rogers 4360 (RO4360) substrate was used with parameters of εr = 6.15, tan  = 0.0035 and thickness is 

35  m. By using the ADS tool, observe the simulation results of the differential hybrid coupler in 

different ways. First of all, observe the results of the differential 90° hybrid coupler. 

 

 
Fig. 6.11 Simulation results of differential 90° hybrid coupler 

 The simulated results of differential 90˚ coupler  close to the theoretical values of  90˚ hybrid 

coupler here the matching occurs at resonant frequency 1.85 GHz, which is shown in Fig. 6.11 and the 

phase shift between ports  2 and 1 is within the phase error of 16˚ which is comparatively close in 

differential mode. 
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 6.2.2. 180° Hybrid coupler 
  Since, 180˚ hybrid coupler also called as a rat race coupler. In that the center conductor ring 

circumference is 1½ the wavelength and each port will be separated by 90˚ [26], see in Fig. 6.4. The 

symbol of the 180° hybrid coupler is shown in Fig. 6.12. If the input is applied at port 4 then the 

output will be equally split into two parts at port 2 and port 3 with the 180° phase difference and the 

port 1 is isolated port [15].  

 

 
Fig. 6.12 Symbol of 180° hybrid coupler 

        In Fig. 6.13, shows the schematic view of the differential 180˚ hybrid coupler and in layout 

diagram uses via holes to connect the signal from one layer to other layers, and vice versa. These 

values of transmission-line lengths and widths are calculated by using ADS line calculator.  

  

 
Fig. 6.13 Schematic of differential 180° hybrid coupler 

           The 270° section in the differential 180° hybrid coupler comes from using crossed conductors 

[28], its shows in above schematic and the better view of conductor crossing as shown in below. In 

that crossing section provides 180° shift and the transmission line provides 90° shift, so the total phase 

shift is 270°. In Table 6.4 shows the dimensions of differential 180° hybrid coupler. 

 

 



48   
 

Table 6.4 Dimension of 180° hybrid coupler 

 Quarter wave line 3 quarter wave line 

Length of TL (mm) 20.51  10.2  

Width of TL (mm) 0.22  0.22  

Total dimension                                                      23.1 x 23.7 mm 

 

 

 
Fig. 6.14 Layout of differential 180° hybrid coupler 

 Since, the differential 180˚ hybrid coupler each transmission line has a lambda by 4 

wavelengths, the characteristic impedance is at “√2Z0”, port impedance is at Z0 (50 Ω) [28]. And the 

electrical length of whole structure of coupler is designed at 90˚ at 1.85 GHz. Here, the two types of 

results. 

 Rat race coupler 

 180˚ hybrid coupler by using conductor crossing 

       In the simulation results of the rat race coupler -3.2 dB matching occurs at 1.75 GHz and the 

phase shift between 3 and 2 is 114˚, 1 and 2 is 121˚. 

 
Fig. 6.15 Crossed conductors in differential 180° hybrid coupler 
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(a)                                                                                  (b) 

  
(b)                                                                                  (d) 

Fig. 6.16 Simulation results of differential rat race coupler 

        Here, differential 180˚ hybrid coupler has a -3.1 dB matching at 1.85 GHz frequency and phase 

shift between port 2 and 1 is 113°. Furthermore it has a very low loss and the phase shift between 1, 4 

are -88°. In that 180° hybrid coupler one side transmission line has a 3 quarter wavelength size. So the  

design of the 3 quarter wavelength is to take  one quarter wavelength transmission line which is cut 

into two equal parts those parts will be joined by a phase shifter (crossed conductors) then to get a 

270° phase shift, which is practically observed from Fig. 6.16 and 6.17. 
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(a)                                                                                (b) 

Fig. 6.17 Simulation results of differential 180° hybrid coupler 

         

 



51   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 7 

Combined components 

Merging antenna with coupler 

Simulation results 

 

 



52   
 

7.1. Combined components 
        In this chapter discuss the simulation results when the MIMO antenna combined with the hybrid 

coupler at different distances and polarization. Also shown the performance of MIMO antenna 

combined with the 90˚ and 180˚ hybrid coupler. 

 

7.2. Merging antenna with coupler 
         In the merging part, two antennas are connected to the two arms of the differential 180˚ hybrid 

coupler. Basically, if placing two antennas close together, then the mutual coupling between the two 

antennas (MIMO antenna) will be increases because it radiates power. The differential 180˚ hybrid 

coupler which is shown in Fig. 6.14, the antenna design can be done in two ways like broadside and 

edge side.  

    Here, the connection between antenna and coupler supports the broadside coupling which is 

shown in Fig. 7.1. If two antennas are connected to the coupler, then observe the coupling and 

isolation between ports 1 and 2. If two antennas are place close together, then the coupling is more, 

and the isolation will be reduced. The following equation shows the coupling between the two 

antennas. 

 

                                                              C = 
  

  
                                                   (7.1) 

Where,  

C is mutual coupling between the two antennas. 

PD is power radiated by exited antenna. 

PL is delivered to load by un-exited antenna. 

The following s parameters are related to the transmit mode coupling calculation by 

 

                                                                    
 

 = (1-      
  C                                                (7.2) 

 

        In this chapter, the simulations can be considered as the antennas are connected to the coupler in 

different positions and in different distances. 

        Mainly the isolation can be effected by the mutual coupling between antennas. It can be done by 

changing the lengths and positions of the antennas. The efficiency will be affected by increasing the 

mutual coupling, here the simulation results in different cases. 
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7.3. Simulation results 

Case 1: 

        First of all, consider the two chopped antennas which is shown in Fig. 7.1, the separation 

between the two antennas (feeder to feeder) are 130 mm and connect the antenna feed points to the 

coupler ports, then observe the isolation (S21).  

 
Fig. 7.1 Rectangular antennas merge with coupler 

        Isolation can be observed from the simulation results, which is shown in Fig. 7.2, the isolation 

S21 from the graph at -3 dB. Moreover, consider the isolation in different lengths and positions those 

results were shown in the following Fig. 7.2. 

        Here, the isolation for two different positions. When antennas are placed in 130 mm and 30 mm 

apart to the coupler then the isolation can be seen in below two different curves.  

 

 
Fig. 7.2 Simulation results for isolation at different distances 
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Case 2: 

        If the antenna 1 is connected to port 3 and antenna 2 is connected to port 4, place the two 

antennas parallel to each other. The distance between two antennas is 37 mm, which is shown in 

below Fig. 7.3. Here, the port 1 (top one) is sum (∑), bottom port 2 is difference port (∆).  

 

 
Fig. 7.3 Parallel antennas merge with differential 180˚ coupler 

       Observe the simulation results at 37, 40.7 and 50.7 mm. This is shown in Fig. 7.4. Isolations in 

all cases are good, but the better isolation is at 50.7 mm when compares to the other distances. In case 

1 has the bad isolation because of coupler port numbers. Re-arrange the port numbers; to get the better 

isolation.   

 
Fig. 7.4 Simulation results parallel connection to the coupler 
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Case 3: 

        In this case, 90° difference between antennas when connect to the coupler. The following Fig. 

7.5 shows, where the isolation can be observed at different distance between two antennas are 84.7 

mm and 106.7 mm. In the simulation results observe the better isolation got at 106.7 mm.  

 

 
Fig. 7.5 Coupler connect to the two antennas @ 90° 

 

 
Fig. 7.6 Simulation results of coupler connect to the two antennas @ 90° 

        This type of design reduces the overall size, which is shown in below Fig. 7.7. The simulation 

results for different level of overlapping positions. It should be decreases the performance for 

increasing the overlapping area of arms. 

 



56   
 

 
Fig. 7.7 Layout diagram of overlapped antenna with coupler 

 

 
Fig. 7.8 Simulation results of overlapped antenna with coupler 

Case 4: 

        Here the two antennas connected to the quadrature coupler at port 2 and port 3 then the isolation 

can be observed between port numbers 1, 2. Below the following Fig. 7.9 shows the different 

connections. The simulation results can observe from the above both cases.  
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Fig. 7.9 Combined antennas with differential 90° coupler 

 

         
(a)                                                                                        (b) 

Fig. 7.10 Simulation results of antenna merge with 90° coupler 

        Both the antennas place 90° apart to each other and connect to the quadrature coupler at 

different lengths. In the simulation results the better isolation observed at 83 mm. which is shown in 

Fig. 7.9. 

        In the above all cases the isolation is better at coupler connect to the long distance antennas 

when compare to the closely connected. From the simulations observe the 180° Hybrid coupler has a 

better performance than quadrature coupler. 
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8.1. Prototypes and measurements 
 All the prototypes have been fabricated in PCB lab at Linkoping University. The measured 

results of individual prototypes were taken by the use of vector analyzer. The measured results from 

the vector analyzer in complex form, so take the complex results from that equipment and to export 

these results in ADS software to observe the final results. 

 

8.2. Prototypes of differential antenna 
 The prototypes of differential antenna of front end shows in Fig. 8.1. Here the antenna requires a 

differential signal, so by the use of power divider to get a differential signal at two different frequency 

bands. 

 
Fig. 8.1 Differential antenna front view 

 The measured input reflection and isolation obtained in Fig. 8.2. In that shows the variation 

between measured results with the simulation results with respect of input reflection and isolation. For 

both the results, input reflection is greater than -6 dB from 0.7 - 2.8 GHz frequency band. The 

variation between measured results and simulated results were because of improper alignment. 

 

 
Fig. 8.2 Differential antenna measured and simulated results 
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8.3. Prototypes of differential 180° hybrid coupler 
 The prototypes of differential 180° hybrid coupler fabricated, which is shown in Fig. 8.3. It is 

very difficult to fabricate because of connection between the layers, but it has been successfully done. 

The measured and simulated results were obtained and plotted, which is shown in Fig. 8.4. 

 

                             
(a)                                  (b) 

Fig. 8.3 Prototypes of differential 180° coupler: (a) Front view, (b) Back view 

 In Fig. 8.4 shows the measured results of input reflection, forward transmission and phase shift 

between output ports. 

 

 
(a)                                                                               (b) 

Fig. 8.4 Measured results of coupler: (a) input reflection, (b) phase shift between port 3 and 4 

  

8.4. Power divider 
 Here the power divider concept came for the differential input to the differential coupler. 

Basically the power divider or combiners are mostly used in microwave applications and provide the 

desired 180° phase difference for one frequency. In that uses quarter wave transformers; these are 
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easily fabricated on printed circuit board and it provides high performance. The PCB transmission line 

approach is used to form a power dividers, it is also possible to form of transmission lines by using 

lumped components or coaxial cable. The advantages of the power divider are low cost, high degree of 

isolation between output ports and the drawback is limited bandwidth. 

 

                     

(a)                                                                                   (b) 

Fig. 8.5 Power divider: (a) low band, (b) high band 

 In Fig. 8.5 (a) shows of power divider, which is operated in 1.6 GHz center frequency (low 

band). By using the tuning to got the 180° phase shift between two output ports. From Fig. 8.5 (b) 

shows the Wilkinson power divider which is operated at 2.6 GHz center frequency. It is designed for 

equal power division between output ports and also got 180° phase shift between them, which is 

shown in Fig. 8.6 (a), (b). 

              
(a)                                                                        (b)           

Fig. 8.6 Measured results: (a) low band, (b) high band 

8.5. Prototypes of integrated antenna 
 After the verification of differential antenna and 180° hybrid coupler, the integrated design was 

fabricated; the prototype is shown in Fig. 8.7.  
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(a)                                                         (b) 

Fig. 8.7 MIMO antenna with coupler: (a) front view, (b) back view 

From Fig. 8.8 shows the measured and simulated results of the integrated antenna. Here the isolation 

for the integrated antenna shows below -15dB, which is considerably good from 0.7 – 3 GHz 

frequency band. 

 

 
Fig. 8.8 Integrated antenna measured results
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Results and discussions 

9.1. MIMO antenna with coupler and without coupler 
 Fig. 9.1 shows the comparison of isolation of the MIMO antennas with and without differential 

180° hybrid coupler. It can be seen that the antenna without coupler achieves the allowed isolation in 

the complete bandwidth. But it is improved the isolation when the MIMO antennas are connected to 

the coupler.  

 
Fig. 9.1 Comparison results of antenna with coupler and without coupler 

 The comparison between the simulation and measure results of antenna connected to the 

coupler. In Fig. 9.2, the forward transmission of simulated results is at -30 dB but the measured results 

it achieves at -10 dB. These variations are occurred because of alignment. For both cases the isolation 

is acceptable in range. 

 
Fig. 9.2 Comparison of MIMO antenna measured and simulated results 
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9.2. Polarized isolation 
 Also consider the forward transmission at different polarizations. In Fig. 9.3 shows the isolation 

for parallel and also observe when the antennas place perpendicular to each other. Here the isolation is 

better in 90° apart, which is below -35 dB. Because of cosine function isolation is not that much of 

good in parallel position, which is at -15 dB. 

 

 

Fig. 9.3 Polarized antenna results 

 

 In Fig. 9.4 shows the MIMO antenna connected to the quadrature and 180° differential coupler. 

It can be seen in Fig. 9.4 (a), (b) in that the forward transmission for both the conditions are acceptable 

but it is even better in 180° hybrid coupler in high frequency band. 

 

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

Fig. 9.4. MIMO antenna connected to 90° and 180° differential coupler: (a) isolation results of       

antenna megre with 90°  coupler, (b) isolation results of antenna merge with 180°  coupler, (c) MIMO 

antenna with 90° coupler input reflection at port 1 and 2, (d) MIMO antenna with 180° coupler input 

reflection coefficient at port 1 and 2 

 

 It can be seen in Fig. 9.4 (c), (d) the input reflections are good in both cases, which is at -6 dB in 

quarature coupler and -10 dB at low and high frequency bands.  

 The correlation  for with and with out coupler was found to be very low. Fig. 9.5 shows the 

correlation for both cases. The correlation of with out coupler is below 0.5 from 1 - 3 GHz but the over 

all correlation for the desired frequency band it show even lesser. The correlation can be depends on 

the two parameters input reflection coefficient and isolation, which can be drawn from the following 

equation. 

  e = |s
*
11 s12 + s

*
12 s22|

2
 / (1-(|s11|

2
 + |s21|

2
))

 
(1-(|s12|

2
+|s22|

2
))        (9.1) 

 
Fig. 9.5 Measured correlation
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Conclusion and future work 
 
10.1. Conclusion 
 The designed MIMO antenna operates in the range of 0.7 – 3 GHz frequency band. The overall 

size of the rectangular bevel antenna is 118 x 34 mm. Isolation or mutual coupling between adjacent 

antennas is a key factor to achieve high antenna performance in the MIMO antenna design. High 

isolation is desired to make the antennas independent (uncorrelated). Isolation is known to depend on 

the distance between the antennas in wavelengths (increased distance provides better isolation). In this 

work the distance between two antennas versus isolation was studied along with the orientation of the 

antenna elements. It was shown that the input reflection and isolations are much better when the 

antennas are in perpendicular position with respect to each other. For making the MIMO antenna setup 

as small as possible, this can be done by using decoupling network to obtained minimum distance 

between the antennas centre to centre  is 110 mm, it was the minimum distance with acceptable 

performance and they weren‟t placed closer because the arms are overlaped each other. 

 Two different decoupling networks have been studied, i.e., 90° and 180° differential coupler. 

When the antennas are connected to a decoupling network a considerable improvement in isolation 

was observed in both the cases. When connected to the differential 90° hybrid coupler, it operates 

satisfying in the lower frequency band 0.8 – 1.9 GHz. Whereas the differential 180° hybrid coupler 

operates well in the whole 0.7 – 3 GHz frequency band. This MIMO antenna is still not fully 

compatible for all hand held devices due to its size. However, it can with the achieved performance be 

useful for other applications such as routers and laptops. 

  

10.2. Future work 
 The main aim in this thesis project was to design MIMO antenna and coupler for the 0.7 – 3 

GHz frequency band and, additional parameter requirements are in tables 5.1 and 5.2. The primary 

focus was to achieve a high MIMO antenna performance, and secondary achieve an as compact size as 

possible. 

 The final design would be too large for most handheld devices but the performance is excellent 

in the specified frequency band i.e., 0.7 – 3 GHz. Main future work would then be to reduce the size to 

make the design attractive also for handheld devices, by using miniaturization techniques (E.g., 

employ meanders in the coupler and the antennas). 

 
  



71   
 

References 

[1]   A. V. Raisanen and A. Lehto, “Radio engineering for wireless communication and sensor     

applications”, Artech House, Inc., 2003. 

[2]    C. A. Balanis: “Antenna theory, analysis and design” Third edition, John Wiley & Sons, Inc. 

ISBN 0-471-60639-1. 

[3] R. Simon, A. Zavala. “Antennas and propagation for wirless communication systems” Second 

edition, John Wiley & Sons. 

[4]     P. S. Kildal, K. Rosengren “Electromagnetic characterization of MIMO antennas including 

coupling using classical embedded element pattern and radiation efficiency”, 2004.IEEE.vol.2,      

pp.1259-1262. 

[5]  J. S. Seybold, “Introduction to RF propagation”, John Wiley & Sons, Inc., 2005.ISBN-13 978-0-

471-65596-1. 

[6]    C. A. Balanis, “Antenna theory”, Proceedings of the IEEE, vol. 80, pp. 7-23, 1992. 

[7]    J. D. Krauss, “Antennas for all applications”, Third edition, McGraw-Hill, pp 130-165. 

[8]  J. C. Maxwell “A treatise on electricity and magnetism” Vol 1 & 2, Mitchell Library copy, 

Glasgow. 

[9] David M. Pozar, “Microwave engineering”, 2nd Edition, John Wiley & Sons, Inc, ISBN 0-471- 

17096-8. 

[10]   “IEEE Standard Definitions of Terms for Antennas”, Gang Li Shiwen Yang Zaiping Nie, Dept.     

           of Microwave Engg., Univ. of E;ectron. Sci. & Technol. Of China (UESTC), Chengdu, IEEE     

          Std 145-1993, p.i, 1993. 

[11] T. A. Milligan, “Modern antenna design”, Second Edition ed.: John Wiley & Sons, Inc., 2005. 

[12] R. Mavaddat, “Network scattering parameters”, Advanced Series In Circuits and Systems- 

Vol.2, Published by World Scienific Publishing co. Ltd, ISBN 981-02-2305-6. 

[13] W.  Stutzman and G. Thiele, “Antenna theory and design”, John Wiley & Sons Inc, 1998. 

[14]  IEEE “IEEE Standard Definitions of Terms for Antennas” Published by The Institute of 

Electrical and Electronics Engineers, Inc 345 East 47th Street, New York, NY 10017, USA, 

June 22, 1983. 

[15]  J. D. Krauss, “Antennas for all applications”, Third edition, McGraw-Hill, ISBN 0-07-112240-

0, Chapter 2, pp 38. 



72   
 

[16] Radio-Electronics, Visited 2011 August 11
th
 Available at http://www.electronics-

radio.com/articles/radio/antennas/dipole/dipole-antenna.php. 

[17] Rogers Corporation, Substrate RO 4360, Visited 2011 May 19th Available at             

http://www.rogerscorp.com/documents/1480/acm/RO4360-High-Frequency-Laminates-Data-  

Sheet.aspx.             

[18]  S. March, “A wideband stripline hybrid ring”, IEEE Trans. Microwave Theory Tech., Vol. 

MTT-16, pp.361, June 1968. 

[19] C.Y. Pon, “Control your power split using a hybrid rat race”, Microwaves, Vol. 9, pp. 34-37, 

April 1970. 

[20]    C. Y. Pon, “Hybrid-ring directional coupler for arbitrary power divisions”, IRE Trans. Microw. 

Theory Tech., Vol. MTT-9, pp. 529-535, Nov. 1961. 

[21]    J. Reed and G. J. Wheeler, “A method of analysis of symmetrical four-port networks”, IRE 

Trans. On Microwave Theory and Techniques, vol. MTT-4, pp. 246-252, October 1956. 

[22]    G.L. Matthaei, L. Young, and E.M.T. Jones, “Microwave filters impedance matching networks 

and coupling structures”, McGraw-Hill, New York, ISBN-10: 0890060991, pp. 1964 – 1096, 

1964.   

[23]    R. Mongia, I. Bahl, and P. Bhartia, “RF and microwave coupled-line circuits”, Artech House, 

Boston, 1999. 

[24]   C. T. Chiang and B.-K. Chung, “Ultra wideband power divider using tapered line”, Progress In 

Electromagnetics Research, Vol. 106, 61-73, 2010. 

[25]  W. A. Tyrell, “Hybrid circuits for microwaves”, Proc. IRE, vol. 35, pp. 1294–1306, Nov.            

1947. 

[26]   M. H. Murgulescu, E. Penard, and I. Zaquine, “Design formulas for generalized 180 degree 

hybrid ring couplers”, Electron. Lett., vol. 30, no. 7, Mar. 1994. 

[27]   E. H. Fooks, R. A. Zakarevicius, “ Microwave engineering using microstrip circuits”, Prentice 

Hall of Australia Pty Ltd., 1990, pp.155-173. 

 [28]   L. Chiu, Q. Xue, and C. H. Chan, “A compact wideband parallel-strip 180 degree hybrid 

coupler”, Microw. Opt. Technol. Lett., to be published.  

 

 

 


