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ABSTRACT 

Dissertation presents the design and simulation of 50W, 140-240MHz, 3dB hybrid 

coupler using multi-element coupled lines and its applicability in development of mock-

up fast RF matching network is discussed. In mock-up RF matching network, 3dB hybrid 

coupler is used to divide the RF power coming from the RF source and it also provides 

essential protection to the RF generator by coupling of reflected power to isolated port. A 

single quarter wavelength coupled element provides narrow frequency band and is used 

in development of narrow band 3dB hybrid coupler. For the broadband applications, 

multi-element coupled lines are used where several number of quarter wavelength 

element are cascaded in a specific manner. Coupling of each of the cascaded element is 

calculated using theory of equal ripple polynomial i.e. based on curve fitting method. 

This theory is also explained in detail in thesis and values of coupling for 3-elements 

coupled lines are derived. In multi-element coupled lines, coupling of middle element is 

found to be much higher as compared to side elements and provide small gap between the 

coupled lines. The increase in number of elements provide very narrow coupling gap and 

at a certain limit its fabrication becomes very difficult. Therefore, development of 

broadband 3dB coupler using single section of multi-element coupled lines could not be 

possible due to fabrication constraints.  To achieve the wider coupling gap in middle 

element, two broad band 8.34dB multi-elements sections are connected in tandem to have 

overall 3dB coupling.  Initially a narrow band single element 3dB hybrid coupler is 

designed, simulated and presented in detail. It provides very narrow frequency band 

which is not sufficient for the application of mock-up RF system and therefore, ultra-

wide band hybrid coupler is designed. Here, result of both the devices is presented in 

comparative manner.     
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 CHAPTER 1 

INTRODUCTION 

 

1.1 Preamble 

Coupler based on single element works in a narrow frequency band and thus, has 

confined applications. For the ultra-wide band applications, multi-element coupled 

lines are used where several number of quarter wavelength elements are cascaded in a 

specific manner. The ultra-wide band coupled lines can be used to achieve the wider 

bandwidth in RF components such as balanced amplifiers, balanced modulator, power 

measurements and antenna array networks. These components are utilized in the area 

of satellite communication, defense, broadcast, and aerospace. One of its most desired 

applications is the development of 3dB hybrid coupler based on strip-line in VHF 

range.  

3dB hybrid coupler is used to divide the RF power coming from the RF source and it 

also provides essential protection to the RF generator by coupling of reflected power 

to isolated port. 

 

1.2 Single Element Coupled Line Coupler 

Two transmission lines in proximity are used to obtain coupled line coupler such that 

power is delivered from the one line to other. Usually, we mostly deal with the lines 

that are coupled over a single quarter wave section, or multiple sections. 

In order to get a quadrature coupled-line coupler, a quarter-wave section needs to be 

coupled. This leaves two broad categories of coupled line couplers [1]:  

1. Edge coupled 

2. Broadside coupled 

Both these can be realized in micro strip, strip line or even coax. 

For a usable coupler, there are two things necessary for directivity and quadrature 

phase: 

1. The coupled section should be a quarter-wave at center frequency. 

2. The product of even and odd mode impedances must be equal to 2

0 . 
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1.2.1 Properties of Coupler 

The coupler, as given in Fig. 1.1, consists of two transmission lines 1-2 and 3-4 with 

uniform spacing having length 4/ . 

 

Fig. 1.1 4-port 4/ coupled line section 

 

This coupler has an Input port, Output port, Coupled port and Isolated port as Port 1, 

Port 2, Port 3 and Port 4, respectively. Coupled transmission line coupler has the 

following properties when a signal generator is connected to Port 1, regardless of 

whether it is symmetrical or not [2]: 

 Power transfer from port1 to 2 

 Power transfer from port 1 to 3 

 No power transfer from port 1 to 4 

 No reflected wave out of port 1 

 

A symmetrical directional coupler has symmetry with respect to the two planes. Port 1 

and Port 2 have end-to-end symmetry with respect to Port 3 and Port 4; Port 2 and 

Port 3 have side to side symmetry with respect to Port 1 and Port 4.   

One of the unique properties of a symmetrical coupler is that the two outputs at Port 2 

and 3 have 90
0 

phase difference between them at all frequencies. 

In 1954, Oliver [1] and Firestone [3] showed that the natural electric and magnetic 

coupling between a pair of TEM transmission line produces directional coupling. 

Specifically, a wave is induced from one lineto another that propagates in the opposite 

direction. The TEM mode quarter-wave coupled transmission line coupler is shown in 

Fig1.1 above. 
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Fig. 1.2 Cross-sectional view of four widely used TEM coupled line pair. 

 

Selection of structural configuration of the coupled lines is based on the coupling 

values. The configuration in part (a) and (c) are used if tight coupling (6dB or greater) 

is required where part (a) is often used in the design of 3dB couplers. For the loose 

coupling, coplanar strip line arrangement as shown in part (b) and (d) are most 

commonly used. The coupled lines shown in Fig. 1.2 consist of three conductors and 

represent the two transmission lines with common ground. Superposition of 

amplitudes of even and odd mode corresponds to excitation in the coupled lines [4]. 

In even mode, current in strip conductors has same amplitude and direction, whereas 

in odd mode, current in strip conductors hassame amplitude but flow in opposite 

direction. 

Coupling coefficient, i.e. C, of the coupled lines depends on the even and odd mode 

impedance values given by 

oe

oe

ZZ

ZZ
C

00

00




  

 

here, eZ 0 and oZ 0 can be expressed as 

v

v
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C

C
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


1
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
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0  

 

For input power P1, output power P2, output power from the coupled port P3 and 

power output from the isolated port P4, some of the characteristics of the coupled line 

coupler are defined as: 

 

1.2.2 Coupling factor 

The coupling factor is given as: 

dB
P

P
C )log(10

3

1
1,3   

The coupling is defined as the power incident at input port to the power coupled at the 

coupled port.Coupling is a measure of how much of the incident power is being 

sampled. 

 

1.2.3 Insertion loss 

Insertion loss: 

dB
P

P
L )log(10

2

1
1,2   

Insertion loss is defined as the ratio of amount of power incident at input port to the 

amount of power received at the output port. 

 

1.2.4 Isolation 

Isolation is given as: 

 

 

 

Isolation is defined as the difference in signal level between the input port and the 

isolated port when the other two ports are terminated by the matched load. 

 

 

 

dB
P

P
I )log(10

1

4
1,4 
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1.2.5 Directivity 

Directivity is given as: 

dB
P

P

P

P

P

P
D )log(10)log(10)log(10

1

3

1

4

3

4
4,3   

Directivity is defined as ratio of power output in coupled arm to the power flowing in 

isolated port. Directivity is a measure of how well the coupler distinguishes between 

forward and reverse travelling waves. 

 

1.3 Mode Analysis 

It is found that the transmission lines are capacitive coupled such that it appears as if 

these lines are connected by capacitors. 

 

 

Fig. 1.3 Transmission line and Capacitive network [4] 

 

A plane of symmetry exists when the two transmission lines are same. As a result, this 

circuit can be analysed using odd and even mode analysis. 

Under the identical condition of the two-transmission line, 𝐶11=𝐶22. 

Note in Fig. 1.4 below that the capacitor 𝐶12 has been divided into two capacitors 

connected in series, each with a value of 2𝐶12. 
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Fig. 1.4 Coupler with Plane of Symmetry [5] 

 

1.3.1 Odd Mode Analysis 

When incident wave in the two lines is opposite in the odd mode analysis such that 

they are equal in magnitude but 180⁰ out of phase,a virtual ground plane is formed at 

plane of symmetry. 

 

 

Fig. 1.5 Odd Mode Analysis [5] 

 

In odd mode, capacitance per unit length is given by: 

12221211 22 CCCCCo   

 

The corresponding characteristic impedance is:  

o

o
C

L
Z 0  
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1.3.2 Even Mode Analysis 

When incident wave in the two lines is equal in the even mode analysis such that they 

are equal in magnitude and phase, a virtual open plane is formed at plane of 

symmetry.  

It is worth noting that the two 2C12 capacitors aredisconnected, and thus capacitance 

per unit length, in the even mode is given by: 

1211 CCCe   

 

Therefore the corresponding characteristic impedance is:  

e

e
C

L
Z 0  

 

 

Fig. 1.6 Even Mode Analysis [5] 

 

1.4 Multi-section Coupled-Line Couplers 

Multiple coupled lines are added in series to increase coupler bandwidth. The 

couplers are typically designed such that they are symmetric, i.e., here, N is odd such 

that the phase characteristics are better. The design parameters for maximum coupling 

are same as 4-port coupler. 
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Fig. 1.7 Multi-element coupler of length 4/ and junction of length l [5] 

 

The coupler based on single element works in narrow frequency band and thus has 

confined or limited applications. For the ultra-wide band applications, multi-element 

coupled lines are used where several number of quarter wavelength elements are 

cascaded in specific manner. Normally the odd numbers of elements are connected to 

form a coupled line coupler, this is because of the phase characteristics usually better 

when odd number are connected and each of the element of the coupler have λ/4  

length requirement. Stripline technology is preferable for the multi-element coupled 

line couplers. The Mismatched in the phase velocities will degrade the coupler 

properties, load mismatches, and fabrication tolerances. 

 

1.4.1 Coupled Line Section with Three Elements 

The diagram of 3-element symmetrical coupled line coupler is given in Fig. 1.8, 

where the element-B on both side of element-A are identical. Every element has the 

length of λ/4 and also has four ports shown in diagram represented as input port, 

output port, coupled port, isolated port. 

 

Fig. 1.8 Prototype of 3-elements, 3.01 dB coupled line coupler 
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oBeBoAeA ZZZZ 0000   

where, Z0eA, Z0eBare normalized even mode impedance of element-A and Z0oA, Z0oB 

odd mode impedances of element-B. 

 

1.4.2 Derivation of Coupler Parameter 

From the Given Insertion-loss function, the derivation of the coupler parameter is 

presented here as: 

 The necessary and sufficient condition for having an insertion loss function L 

represent a symmetrical network is of the form [2]: 

 2)(sin1  nPL  

 The synthesis of a symmetrical directional coupler can be stepped as: 

1. Finding the optimum odd polynomial )(sinnP  

2. Extracting the transmission-line impedances from the resulting insertion-loss 

function. 

 

The derivation of the coupler parameters from the given insertion-loss function is                                                                                                                        

presented as step by step procedure. 

 Let )(xPn be an odd polynomial in x of degree n that makes the function-  

                                            )(1)( 2 xPxL n                                                    (1) 

an equal ripple function on the interval 0 to 1. 

Function L(x) may be identified as an equal-ripple insertion-loss function. 

 From above equation, the magnitude square of the reflection coefficient is 

obtained as: 

                                              
)(1

)(
2

2
2

xP

xP

n

n


                                                  (2) 

where,  is reflection coefficient. 

 Richard’s transformation is applied in two parts: 

 Replace x by 
j

s

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 Replace  
j

s


       by

2)(1

)(

j

s

j

s







 

Using the two part transformation process, the synthesis procedure is as follows: 

 

 Step A: 

 

Factoring is simplified by solving the lower order equationsto find the roots: 

1.   0jspn  

 

2.   jjspn   

 

 Step B: 

 

Zeros of numerator and denominator mapped to new zeros  

 
2

'

)(1 i

i
i

z

z
z


  

  

 

 The complex reflection coefficient given as: 














n

i

i

n

i

i

psb

zsa

s

1

'

1

'

)(

)(

)(  

 

 Step C: 

 

The constants a and b evaluated as 

2

'

)(1 i

i
i

p

p
p



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 Step D: 

 

   Impedance function determined from reflection coefficient 

''

''

'

'

1

1
)(

nd

ndsZ








  

   From Z the ABCD transmission matrix is constructed 

  A is identified with the even part of ''

nd   

  B is identified with the odd part of ''

nd   

  C is identified with the odd part of ''

nd   

  D is identified with the even part of ''

nd   

 

For a network to be symmetrical it is necessary that its ABCD matrix has A=D 

 

 Step E: 

 

 Transmission line impedances are extracted from ABCD matrix 

                                                        
11

1
)(

)(

)(

)(




ss

sD

sB

sC

sA
Z                                 (3) 

 Matrix multiplication is performed resulting new ABCD matrix 





































 DC

BA

DC

BA

Z

s

sZ

s 1

1

1

1

1

1

2
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 The new Input Impedance 

                                          DC

BA
sZ




)(

 

The Next line impedance is 

                                                     
1)(

)(
2 


ssC

sA
Z                                                      (4) 

In this way all the line impedances may be obtained.Since the structure is 

symmetrical, it is necessary to perform a cycle of (n+1)/2 times, where, n is the odd 

number of section in the line. 

The overall transfer matrix for three sections is given by [8] 

                     





















 )()(

)()(

)1(

1

1/

1

)1(

1
2/32

3

1
2/32 tDtC

tBtA

tZt

tZ

t r r

r
                          (5) 

where, tanjt  . In this case A(t) = D(t) because of the symmetry of the network. 

The overall matrix can be expressed as 

                                       
 























 3

1
1

33

33

1

1

)()(

)()(

r

r

Z

t

tZ

tEQtOQ

tOPtEP
                                  (6) 

To obtain the value of 1Z the overall matrix (6) is pre multiplied by the inverse matrix  

                                                     








 1/

1

)1(

1

1

1

2 Zt

tZ

t
                                             (7) 

and then condition that all elements of the resulting matrix must be divisible by 

)1( 2t is applied. 

The overall transfer matrix becomes 

                                           












 batftet

dtctbat

t 23

32

2/32 )1(

1
                                         (8) 

Pre multiplying (8) by (7) gives the matrix 
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
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1

1
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                                                                                                                                     (9) 

Since all elements divisible by )1( 2t  are given by 

                                               
ba

dc

fe

ba
ZZ









 31                                             (10) 

Matrix (9) reduces to 
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Repeating this process and pre multiplying (11) by 














 1/

1

)1(

1

2

2

2 Zt

tZ

t
 

We see that 

                                             

b
Z

c

caZ

e
Z

a

beZ
Z











1

1

1

1
2                                                 (12) 

In this way, by pre multiplying, the generalized solution may be obtained. So we get 

the required parameter i.e. all the line impedances values of the coupler. 

By the use of MATLAB software we obtain the line impedance values for different 

ripple value. 

These line impedance values are further required to obtain the coupling coefficient 

values so that we can find the amount of coupling for every element of the coupler. 

After that, HFSS software is used for designing the coupler. 

 

 

 

 



 

 

 

 14 

Table 1.1 Characteristics impedance values for 3-element coupled line 

  1Z  2Z  

0.1 1.2785 3.6702 

0.2 1.3978 4.0656 

0.3 1.2399 3.5431 

0.4 1.2703 3.6656 

 

The coupling coefficient of each section is obtained by 

 

 

 

Fig. 1.9 Characteristic of 3-elements, 8.34dB section using table values of crystal. 
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CHAPTER 2 

LITERATURE SURVEY 

 

In order to find the right topic for the dissertation, various research papers have been 

studied. The papers related to the selected topic are chosen based on the previous 

research done and its applicability, and studied thoroughly. Literature survey helps in 

getting better understanding and learning sustainable approach to carry out the 

required work. 

 

Bernard M. Oliver [1] provided a simple treatment by eradicating the natural 

coupling since it caused cross-talk. He proposed matrix algebra for the investigations 

that provided mathematical solutions to the problem. By providing the required 

changesto coupling with distance, variations in transmission characteristics were 

realized. 

 

E. G. Crystal et al. [2] designed tables for multi-element couplers, symmetrical in 

nature, using equal ripple polynomial. The design parameters were developed for 

different number of elements, viz. three, five, seven and nine, for wide bandwidth. 

Design tables for these couplers having mean coupling of -3.01, -6 and 8.34 were 

presented with various equal-ripple tolerances. For the given mean coupling and 

tolerance, it was shown that couplers of defined number of sections gave maximum 

bandwidth. Designs for maximally flat coupler were also demonstrated to complete 

the tables. 

 

Ralph Levy [6] gave the designs of two to six section directional couplers.These 

couplers have an equal ripple approximation to mean coupling and are optimum such 

that for a specific number of sections maximum bandwidth isavailable. Thus, 

synthesis procedure can be derived for multi element directional couplers with 

different number of elements. The approach was based on the equivalence between 

the directional coupler and that of a stepped filter. 
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Yadav et al [7] gave a theoretical analysis on junctions and said that it is reactive in 

nature, i.e., it may either behave capacitive or inductive. Analyses were done and 

compensation designs were developed for the junction discontinuity effect in multi-

element coupled lines. The performance of these couplers was analyzed with the 

effect of discontinuity in the junction for both inductive and capacitive nature of the 

junction. The junction behavior can be predicted on the basis of coupling performance 

and thus, required compensation can be defined for the known behavior of the 

junction. These theoretical analyses have been proved and verified through 3-D 

simulation of two different models with different behavior of their respective 

junctions, in electromagnetic, using HFSS. Based on this analysis, the effect of 

discontinuity in the junction can be completely compensated. 

 

P. P Toulios et al. [8] obtained a composite approach for 3-element and 5-element 

based on symmetrical coupler. This approach was based on equivalent between 

directional coupler and stepped filter, as given by Levy and Young. Toulios obtained 

the results for 5-element coupler and showed the bandwidth improvement over the 3-

element coupler and that the result was in good agreement with theoretical response. 

Also, an experimental model was developed for 5-element coupler having good 

agreement with the theory and insertion loss function was also obtained for the 5-

element coupler which resulted in an equal-ripple response. 

 

SEYMOUR B. COHN et al. [13] examined various passive components of 

microwave, especially the directional couplers. Maxwell theory on electromagnetic 

wave using the spark-gap microwave source was proved by Hertz until 1930. 

However, the work in the microwave range remained unknown until then with limited 

use until 1939. World War II saw the advancement in these passive components 

because of the needs of military for radar, limitations in space and invention of high 

power magnetrons. Thus, the paper focused on the sub fields of these directional 

couplers, rotary joints, transitions from co-axial cable to waveguides, etc.  

 

K. C. Gupta, Tatsuo Itoh, Arthur A. Oliner [16] presented the past and future 

scope of microwave and RF education. Primary events that led to the development of 

microwave and RF education have been summarized. These events may be listed as 
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the need for radar during world war-II for the military use, emergence of printed 

transmission lines during 1950s, invention of integrated circuits and solid-state 

devices of microwave in the 1960s, the exceedingaccessibility of computers and the 

growth of numerical methods in the 1970s, and the accessibility of circuit simulators 

and field simulators of microwave in the 1980s and 1990s, respectively. The results 

and scope of advances in internet technology have also been defined for the dispersal 

of information. The paper at the end focused on the challenges of microwave and RF 

engineers. 

 

I. J. Bahland, K. C. Gupta [17] In this, the author has discussed about the power 

handling capacity and gives information about the calculation of rise in temperature of 

the strip conductor. Electrostatic and the heat flow fields are used for the calculation 

and also the paper presented the expression for the average power handling ability. 

 

Yadav et al. [18] discussed about the analysis of multi-element coupled line with the 

incorporation of the discontinuity effect and its miniature at the final stage of 

designing. The design has its applicability in high power RF system. Junctions are 

basically formed when two elements are connected to each other. Because of the 

formation of junction, an undesired property comes into effect which can degrade the 

property of the coupler. These discontinuities are found in VHF frequency because of 

structural length increase. Design rated for 38-112MHz and power of 200KW has 

been simulated. The simulation is done on HFSS. The results which are obtained after 

simulation are highly deviated from the theoretical result in which the effect of 

discontinuity is ignored. 

 

Jones et al. [22] developed the phase and impedance equations for coupled lines of 

several configurations, one of which is coupled lines with one end connected. Jones 

and Balljahn also provide equations relating the image impedance, and the image 

transfer constant. 

 

J. Reed et al. [23] analyzed four-arm networks for example double stub coupler and 

the hybrid coupler, also known as the rat race. In these networks, the wave is divided 

into even and odd mode. The sum or difference of transmission and reflection 
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coefficients for the even and odd mode gives the amplitude of a respective arm in the 

network. A directional coupler with zero decibels expressed and its use as duplexer 

has also been explained. Multiple stub- coupler designs have been defined for 

different degrees of coupling and computations of bandwidth curves and output power 

from different arms are also done. Tables were presented for six 3dB couplers and 

their characteristics were studied like standing wave ratio, isolation and power 

splitting with respect to frequency. 

 

Henry J. Riblet [24] has given a general solution of the synthesis of equal length 

impedance transformers with given insertion loss function. It shows that optimum 

Tchebycheff characteristics can be physically realized and are true optimums for 

quarter wavelength transformers. 

 

J.K Shimizu et al. [25] has given the formula for the two basic type the one is quarter 

wavelength long at the center of its frequency band and the other is three-quarter 

wavelength long design of coupled transmission line directional coupler. The quarter 

wavelength type can be used over an octave of frequencies with approximately 

constant coupling, while the three quarter wavelength type can be used over than two 

octaves.The experimental results for models of these directional couplers have been 

found to conform very closely to the theoretical coupling functions, while the 

directivity is limited by discontinuity effects and constructional tolerances. 

 

R. Levy [28] has given the tables for the design of TEM-mode asymmetrical coupled 

line couplers. In this paper the present computation gives results to only 6 elements. A 

limitation on n no. of elements will occur because of the accuracy of the computer is 

limited by the effective number of decimal places to which numbers are held. 

Synthesis for large number of n would demand better than 9-figure accuracy. In this 

Levy showed the table for different coupling values for n up to six. 

 

Person et al. [30] proposed some original technological configurations for 

implementing highly coupled wideband structures in a 3D environment. Thanks to a 

convenient combination of thinkable topologies, difficulties commonly encountered 

with a classical approach can be solved. Different design examples of couplers are 
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given, and experimental and simulated results are presented. 

 

R. P. Yadav et al. [37] presented the design of 3dB hybrid coupler of 1.5 MW having 

frequency 30-96MHz and the applicability of the designing ICRH system. With the 

increase of power, author takes into consideration various structural parameters 

related to the design which deteriorates the performance of the coupler. All the 

parameters like tolerance, discontinuities related to fabrication have been considered 

and explained theoretically. 
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CHAPTER 3 

Choice of Transmission Line 

 

3.1Introduction 

This chapter gives knowledge about the transmission lines and the development of 

ultra-wide band 3dB hybrid coupler using these transmission lines. It deals with the 

basic theory of coupled lines. This helps in governing the type, parameters and 

configuration of transmission lines as per the application. For high power handling 

applications, circular rigid transmission line is employed[9, 10]. However, strip line 

with similar configuration is used for ultra-wide band couple line design. 

 

3.2 Review of Transmission Line Theory 

A transmission line is a cable or any structure that is designed to carry alternating 

current of radio frequency such that current and voltage vary in both magnitude and 

phase over the length. Now, according to the transmission line theory, the physical 

dimensions of a transmission line network are a fraction of wavelength [38]. When a 

TEM wave propagates, the transmission line has at least two conductors. Lumped 

equivalent of the two wire transmission line is shown in Fig. 3.1. (a) and (b), with R, 

C, L, G defined as series resistance, shunt capacitance, series inductance and shunt 

conductance per unit length, respectively. 

 

Fig. 3.1(a) Transmission line 
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Fig. 3.1(b) Transmission line lumped equivalent circuit 

 

Voltage and current for the TEM wave travelling along the z-direction can be 

obtained by the given equations [4, 11]: 
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These equations represent the travelling wave in z-direction which has solution 
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where, ze  and ze  represent wave propagation in +z and –z directions respectively. In 

time domain this can be written as, 
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         )cos()cos(),( zteVzteVtzV zz                                               (3a)                                                     

)cos()cos(),( zteIzteItzI zz                                                 (3b) 

where,  and   are the attenuation and propagation constant respectively. Applying 

equation (1a) to the voltage of (1b) gives the current 

                                ][)( zz eVeV
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On comparing with (2b), we see that characteristic impedance, oZ can be defined as 
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Also, we find that wavelength  and phase velocity 
pv  can be given as 
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This is obtained for a lossy line. In many practical cases, loss of the line can be 

neglected, resulting in simplification. Substituting R=G=0 for a lossless-line, we have, 

LC  , 
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3.2.1 Choice of Transmission Lines 

A transmission line is characterized by the values of capacitance and inductance 

distributed along the network length. In coaxial transmission line, the electromagnetic 

field is confined between the inner and the outer conductor and supports TEM mode 

which has no cut off. Thus, it may be employed from very low to very high 

frequencies [35]. A coaxial transmission line, even though it has very good power 

handling capability, cannot be employed in ultra-wide band devices because of its 

non-planer structural configuration. It is thus necessary to have a transmission line 

which is compatible for designing complex structure of ultra-wide band hybrid 

coupler. This is realized by planar strip line type transmission line. The first planar 

transmission line called the strip transmission line was proposed by Barrett and 

Barnes [12] as early as in 1951. The structure has a thin strip conductor surrounded by 

a rectangular outer conductor. Although it is somewhat similar to coaxial transmission 

line, but has many advantages over it, such as, compact size, simple geometry, easy 

fabrication and suitability in the development of ultra-wide band devices. 

Also, many other configurations of the planar transmission line were proposed later 

from the year 1952 to 1970 like micro strip line, slot line, suspended micro strip, 

suspended strip line, inverted micro strip, co-planar waveguide and co-planar strip 

[13].Unlike the strip line, these transmission lines are limited to the low power 

applications and require a dielectric substrate of very high permittivity to confine the 

electromagnetic field near the strip conductor. Therefore, 3dB hybrid coupler concept 

based on strip line is selected for simple and cost effective design and for the ease of 

fabrication. 

 

3.2.2 Strip line 

The transverse electromagnetic mode (TEM) is the dominant mode of propagation in 

the strip line and has radial electric field and azimuthal magnetic field. TEM wave has 

phase velocity
pv , propagation constant   and oZ  characteristic impedance, given 

by 
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where, c is the velocity of light in free space and r  is  relative permittivity of the 

dielectric between the conductors. L and C are the inductance and capacitance per unit 

length of the line where, C can be evaluated in following different ways: 

1. Conformal mapping techniques, 

2. Mode matching techniques, 

3. Finite difference and finite element solutions. 

The resulting solutions of these methods involve complicated functions andthus, 

simple formulae are used for practical computations. The two well-known 

approximations are given as, 

 Hawe’s Approximation Formula [14]: 
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It is assumed here that thickness t=0. We see that the accuracy is 1% of the exact 

results and that oZ  decreases as w increases. While designing strip line circuit, we 

need w, whereas oZ ,b and r  are given. 
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 Collin’s Approximate Formula [15]: 
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If we denote the attenuation constant due to the center conductor as 1c  and the 

attenuation constant due to ground planes as 2c , then we have the following 

approximate formulas: 

bwfor

b

w

b

w

T

b

b

R ers

c

o

2.0

2
2ln

2

4
ln

1 


























 

      

bwfor

b

w
b

wR

o

rs

c 2.0

2
2ln4 2

2 



















 

                               bwfor

w

b
w

T
R

o

e

rs

c 2.0
8

ln

4
ln2

1 



















  

bwfor

w

R

o

rs

c 2.0
8

2 

















 

where, 



wt

eTe

4
2  and 





2

w
Rs   

Both these formulae give approximately the equal results. By using these formulae, 

dimensions of the strip line can be calculated for the given impedance. 
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Power Handling Capability of Strip line 

Dielectric breakdown in a strip line limits its peak power handling capability like any 

other transmission line. However, increase in temperature due to conductor loss and 

dielectric loss limits its average power rating. 

Peak Power Handling Capability 

Peak power handling capability in a strip line depends on the maximum voltage 

applied without causing any dielectric breakdown. For the maximum voltage oV that a 

strip line of characteristic impedance oZ  can withstand, maximum peak power 
pP  is 

given by 

o

o
p

Z

V
P

2

2



 

The region between inner to ground conductor can support very high voltage values. 

Also, maximum electric field on the surface of strip line conductor should be less than 

the breakdown strength of dry air, which is 30kV/cm at the atmospheric temperature 

and pressure. Thus, allowances are a must for changes with altitude, humidity and 

presence of dust particles in the air since this has no margin of safety. 

Average Power handling Capability 

Increase in temperature in the strip line conductor and dielectric losses determine the 

average power handling capability. Following parameters are important while 

calculating average power handling capability [16]: 

1. Transmission line losses. 

2. The thermal conductivity of the dielectric strip conductor. 

3. Surface area of the dielectric strip conductor. 

4. Maximum allowable temperature of the strip line structure. 

5. Ambient temperature 

Heat is generated in the strip line due to loss of electromagnetic power in the strip 

conductor and the dielectric medium. The heat flows to the ground because the 

ground plane of the strip line configuration is held at ambient temperature and the 
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heat is uniformly distributed along the width of the conductor because of good 

conductivity of the strip metal. This heat flow can be calculated by considering the 

electric field distribution [17]. 

The temperature rise T of inner conductor with respect to the outer conductor can be 

determined by the following relation. 

t
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where, cP  and dP  represent the dissipation per unit length of the line due to the losses 

in inner conductor and dielectric respectively; tG  represent the thermal conductance of 

the strip conductor. cP , dP  and tG  can be expressed as  
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where, TP is incident power in watts, c  and d  are loss coefficients of the conductor 

and dielectric (neper per unit length), g is thermal conductivity of the dielectric 

medium and 
oZ  is characteristic impedance of the stripline.  

Substituting these in T above, we obtain: 
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That means that the temperature rise perwattT per one watt of incident power is, 
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Maximum Average Power Handling Capability: 

Maximum average power that a strip line can handle is given by [17]: 
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It is defined as the maximum power that a strip line can handle with rise in 

temperature from ambT  to maxT . 

Here, maxT is the maximum operating temperature, ambT  is temperature of the outer 

conductor and T  denotes rise in temperature per watt. Change of substrate properties 

and change of physical dimensions with temperature limit the allowable maximum 

operating temperature of the strip line circuits. The maximum operating temperature 

of a strip line circuit is the one at which its electrical and physical properties are 

within the acceptance limits. For example, the maximum temperature of polystyrene 

is found to be Co100 . So, the breaking point of maxT  is taken as Co100  in this case. 

Hence, the maximum allowable temperature can be safely limited to Co100  for 

average power handling calculations. 
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CHAPTER 4 

Comparison between Single Element and Multi-element Coupled Lines 

  

4.1 Introduction 

This chapter describes the comparison of single element and multi element coupled 

lines. We have already studied that single element coupler has narrow bandwidth 

compared to multi element coupler. This has been proved by graphical analysis using 

mathematical tool below. 

Coupled lines are formed if there are two transmission lines close enough such that 

power is transferred from one transmission line to other transmission line. Single 

element coupled line means having a quarter wavelength coupled line and having a 

limited application due to the desired bandwidth available. It works in a narrow 

frequency band, but the bandwidth can be increased substantially by connecting 

several sections of quarter wavelength coupled elements in a certain configuration 

called multi-element coupler. 

The comparison is based on 8.34dB of single section and then multiple sections of 

three sections, five sections and seven sections. We have compared the results of 

single and multiple sections and foundthat the results are in good agreement to the 

theory.The overall coupling of dB2.034.8  for single, three, five, seven elements 

coupled lines section using Crystal tabulated parameter is analyzed and plotted using 

MATLAB software as shown in Fig.4.2,4.3, 4.4 and 4.5. 

Parameter like characteristic impedance ( 1Z , 2Z ….) is taken from crystal tabulated 

data. 

Appropriate values of coupling coefficient ( NCCC ..........., 21  ) for the desired 

coupling response of ultra-wide band coupler can be calculated as 
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4.2 For Single Coupled line section  

The ratio of voltage at coupled port to voltage at input port is given by [5] 
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This ratio gives us the desired coupling with 1C  

Also, the ratio of voltage at output port to the voltage at the input port is given by [5] 

 sincos1

1

2

2

1

2

jC

C

V

V




  

je
V

V 
1

2  

By calculating C<<1 equal to 0.38 we get the result approx. to 8.34dB for the single 

section coupler. The coupling versus electrical length plot has been plotted by using 

the MATLAB as shown in Fig. 4.1 below. 
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Fig.4.1 Characteristic of single-element, 8.34dB coupled line section 

The graph shows that single section coupler has a narrow range of frequency for the 

desired band. 

 

4.3 For Multi-elementCoupled line section  

 

Fig. 4.2 N-section multi-element coupler 

 

The multi-section analysis has also been done similar to single section as follows: 

The total voltage at coupled port of the cascaded coupler can be expressed as [5], 
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4.3.1 Three-Element Coupled line section 

 

Fig. 4.3 Characteristic of 3-elements, 8.34dB coupled line section using Cristal theory 
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The above figure shows the coupling between 3-elementsfor dB2.034.8  , which uses 

the Crystal tabulated parameters having  

0743.11 Z 7848.12 Z  

4.3.2 Five-Element Coupled line section 

 

Fig. 4.4 Characteristic of 5-elements, 8.34dB coupled line section using Cristal theory 

 

The above figure shows the coupling between 5-elements for dB2.034.8   which 

uses the Crystal tabulated parameters with 

054.11 Z 1202.12 Z 8700.13 Z  
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4.3.3 Seven-Element Coupled Line Section 

 

Fig. 4.5 Characteristic of 7-elements, 8.34dB coupled line section using Cristal theory 

 

The above figure shows the coupling between 5-element for dB2.034.8   which uses 

Crystal tabulated parameters having 

0046.11 Z 0440.12 Z 18141.13 Z 1209.24 Z  

From the above graphical analysis we find that single element has a narrow band as 

compared to three, five and seven section coupler. For multi element coupler as we 

increase the number of elements i.e as the number of elements cascaded increases the 

bandwidth goes on increasing and we get broad bandwidth in multi-element coupler 

as compared to the single element coupler. 
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CHAPTER 5 

Design of 3dB Tandem Hybrid Coupler with Single Element 

5.1 Introduction 

The design of 3dB Tandem coupler is done by connecting two 8.34dB coupled lines 

which are aligned one over the other such that the input is equally divided into the 

coupled and output port with a 90
0
 phase difference between them. These outputs can 

thus drive two antennae simultaneously in the known phase.The 3dB tandem hybrid 

coupler is used to provide the essential protection to the RF generator. The 3dB 

hybrid coupler is a 4-port device in which the RF power at input port (port-1) is 

equally divided between the output port and the coupled port with a phase difference 

of 90
0
 and the port-4 remain isolated [37]. The total reflected power from both port 2 

and 3 that are equal in magnitude and phase goes to port 4 which is isolated. Thus, RF 

generator is protected from the reflected power [18].The 3dB tandem hybrid coupler 

can also be used as power divider, combiner and to protect generator by coupling of 

reflected power to the isolated port. The 3dB coupler is fundamental part of the RF 

system life cellular communication, broadcast, satellite communication, defense, 

aerospace etc. It also has several useful applications in the plasma related experiments 

[19]. 

In this Chapter, design of strip line based arched typeof 50W 3dB Hybrid coupler at 

182.5MHz is introduced. Electromagnetic analysis software (HFSS) is used for 

designing of 3dB hybrid coupler.  

In a multi element coupler, for designing 3dB coupler of three-elements, high 

coupling of nearly 0.5dB is required for the middle section which is difficult to 

achieve because of very thin gap between the two transmission lines and thus the 

designing and fabrication of such coupler becomes impractical. 

To achieve the wider spacing for designing the 3dB coupler, two 8.34dB quarter 

wavelength coupled lines are used in tandem. This 3dB coupler can be used as power 

dividers, combiners and to protect the RF generator from the reflected power [36]. 

Power handling, frequency of an arched type is selected such that it may be useful in 

application related to plasma experiments. 
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Fig. 5.1 Tandem 3dB hybrid Coupler 

 

5.2 Concept and Design of 3dB Tandem Hybrid Coupler 

The 3dB tandem coupler consistsof metallic enclosure with in which two rectangular 

strip-linecentral conductors are arranged one over the other  as shown in Fig. 5.1. 

Coupler model consist of  two sections: 

1. Coupled section. 

2. Non-Coupled section. 

The electrical length of the coupled line is taken as quarter wavelength at desired 

fequency with coce ZandZ as the characteristic impedance for even and odd modes 

respectively. 

The degree of coupling is decided by the width and the gap between the coupled 

lines.Connecting signal lines and patch of oZ characteristic impedance are part of 

non-coupled section. Patch is used to connect two 8.34dB sections in tandem as patch 
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is a small segment of strip line. Grounded metallic enclosure filled with air which acts 

as a dielectric. 

 

5.2.1 Coupled Strip-line design 

The schematic diagram of single 8.34dB tandem hybrid coupler broad-side coupled 

strip line is illustrated in Fig. 5.2. 

 

Fig. 5.2 Simplified diagram of Single 8.34dB Coupled strip-line 

In the diagram b, d, t, w define the height of grounded box, spacing between the 

coupled lines, thickness and width of the coupled lines, respectively. 

coce ZandZ are the coupled line characteristic impedances of  even and odd modes, 

respectively. 
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In order to calculate the parameters we have used following equations given by Cohn 

[13] 
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where 
2' 1 kk  , 

 'kK and  kK  are the complete elliptic integrals of first kind. 

The value of 
 

 kK
kK '

 can be found in [20] 

All the parameters are found to be as follows: 

 

Fig. 5.3 Dimentions of the coupled line section 

 

5.2.2 Non-Coupled Strip-line design 

Connecting lines and the patch both are the part of non-coupled section.Connecting 

lines are 0.8cm away from the center, therefore 2d =1.6cm, b=5.0cm, w=5.0cm, 

t=0.3cm.Using these dimensions and by connecting non coupled section to the 
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coupled one, a tandem 3dB hybrid coupler is obtained.Performance is calculated in 

terms of S-parameters. Designed dimensions are shown in Fig.5.4. 

 

Fig. 5.4 Dimentions of the Non-coupled line section 

Both the coupled and non-coupled section are joined in tandem to form a 3dB tandem 

hybrid coupled section. Performance has been calculated in terms of S-parameters by 

using HFSS software.HFSS designed results are shown below: 
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5.3 Calculated S-Parameters for Single-element 3dB Tandem Hybrid 

Coupler. 

1. Return loss:- 

 

Fig.5.5 Return Loss of 3dB tandem hybrid coupler 

 

The return loss represented as S11determine how much power isreflected back to 

port1.At the center frequency of 182.5MHz, the return loss is calculated to be -

28.57dB which is approximately .17 % of the input power. 
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2. Output power:- 

 

Fig. 5.6 Output of 3dB tandem hybrid coupler 

 

The output represented as S21determine how much power isreceived at the output port 

when input power is given at port1. At the center frequency of 182.5MHz, the otput is 

calculated to be -3.088dB which is approximately 50 % of the input power. 
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3. Coupling power:- 

 

Fig. 5.7 Coupling of 3dB tandem hybrid coupler. 

 

The coupling represented as S31determine how much power iscoupled to port3 from 

input port.At the center frequency of 182.5MHz, the coupling is calculated to be -

2.97dB which is approximately 50 % of the input power. 
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4. Isolation:- 

 

Fig 5.8 Isolation of 3dB tandem hybrid coupler. 

 

Isolation is defined as the difference in signal level between the input port and the 

isolated port when the other two ports are terminated by the matched load. At the 

center frequency of 182.5MHz, the isolation is calculated to be -28.25dB which is 

approximately .18 % of the input power. 
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CHAPTER 6 

Design of 3dB Tandem Hybrid Coupler with Multi- Elements 

6.1 Introduction 

In the previous chapter, analysis of 3dB hybrid coupler with single element is 

discussed. Single element coupler works in narrow band of frequency and has limited 

applications. So, we designed an ultra-wide band 3dB hybrid coupler with multi-

element. To increase the bandwidth we cascade multiple section of quarter 

wavelength so that the coupler works in ultra-wide band frequency. 

 The designing of 50 Watt 3dB tandem coupler of three sections at 182.5MHz is done 

by connecting two 8.34dB three section coupled lines which are aligned one over the 

other such that the input is equally divided into the coupled and output port with a 90
0
 

phase difference between them. 

The 3dB hybrid coupler is a 4-port device in which the input RF power at input port 

(port-1) is equally divided between the output port (port-2) and the coupled port (port-

3) with a phase difference of 90
0
 and the port-4 remain isolated. The total reflected 

power from both port 2 and 3 that are connected to antennae having equal magnitude 

and phase goes to port 4 which is isolated. Thus, RF generator is protected from the 

reflected power.The 3dB tandem hybrid coupler can also be used as power divider, 

combiner and to protect generator by coupling of reflected power to the isolated port. 

The two section of 8.34dB coupling with three element are combined in tandem to 

form 3dB tandem hybrid coupler. Diagram of the symmetrical 8.34dB 3-element 

coupler is shown in Fig. 6.1, where extreme elements are identical. These three 

elements are named as B, A, B, where A1, A2, A3, A4 and B1, B2, B3, B4 are the return 

loss, output, coupling and isolation of element-A and element-B, respectively.  
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Fig. 6.1 Symmetrical 8.34dB coupled section with three elements. 

 

Every section is having 4/  length section as represented in the figure and junction 

of length l is placed to join the two sections.To achieve the exact voltage standing 

wave ratio and isolation properties, every element has the identical effective 

characteristic impedance. 

oBeBoAeA ZZZZ 0000   

where, eAZ0 , oAZ0  and eBZ0 , oBZ0  are the normalized even and odd mode impedances 

of element-A and element-B respectively. 

Fig. 6.2 shows the dimensions of element-A and element-B of one section of 8.34dB 

coupled three section coupler 

 

Fig. 6.2(a) Dimensions of Element-A 
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Fig. 6.2(b) Dimensions of Element-B 

 

Crystal [20] table for dB2.034.8   helps in simulation using HFSS, where we get the 

normalised even mode impedances for three element coupled line as 7848.1oeAZ  

and 07434.1oeBZ where oeAZ is the normalized even mode impedance for element-A 

and oeBZ is the normalized even mode impedance for element-B. 

After that, the next step is to find the coupling coefficient of element-A and element-

B.The coupling coefficient of an element is given by: 

1

1
2

2






oeA
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Z

Z
C  

1

1
2

2





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oeB
B

Z

Z
C  

By calculating the values using (1) and (2),the coupling coefficient for element-A and 

element-B come out to be AC =0.5222 and BC = 0.07074 and the values in Decibel 

after calculation are found to be: 

6.123 -= (dB)AC  

896.22)( dBCB  

The design in HFSS requires dimensions that are calculated for AC and BC using 

equation[2, 21].To join the three elements a junction of length l is employed and 

simulation has been performed using HFSS. 
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Fig. 6.1 shows the model of dB2.034.8  coupled section consisting of three cascaded 

section.To achieve the overall coupling of 3dB ,similar two section of 8.34dB coupled 

section are connected in tandem as shown in Fig. 6.3. 

6.2 Simulation using HFSS of 3dB tandem three element coupler 

A metallic Box having dimensions cmcmcm 8653.179  is taken with air inside 

which acts as a dielectric. Rectangular strip line central conductors are arranged in 

this metallic box.The length of each element is taken to be 4/ (i.e.41.1cm) for centre 

frequency of 182.5MHz.To simulate a 3dB hybrid coupler using HFSS the procedure 

is described as follows: 

The first step is to design element-A and element-B independently and the coupling 

parameters are to be verified at the centre frequency of 182.5MHz. For element-A,  - 

6.123dB and element-B , -22.896 of coupling is to be verified by HFSS.Simulated 

coupling result for element-A and element-B are given in Fig. 6.3.(a) and Fig. 6.3.(b). 

 

 

Fig. 6.3(a) Simulated result of Coupling for element-A using HFSS 
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The result shown in figure shows that at the centre frequency of 182.5MHz the 

coupling coefficient is nearly equal to the desired coupling of – 6.123dB. 

 

Fig. 6.3(b) Simulated result of Coupling for element-B using HFSS 

The result shown in figure shows that at the centre frequency of 182.5MHz the 

coupling coefficient is nearly equal to the desired coupling of – 22.896dB. 

So,the result for element-A and element-B are verified at the centre frequency. 

Next step is to connect a junction between these three elements namely B,A,B to 

achieve dB3.034.8  coupling. For the given configuration, junction length of 5cm is 

provided in each element after joining the dB2.034.8  coupler model is shown in 

Fig. 6.1 and the simulation result of  8.34dB coupling is shown in Fig. 6.4. 
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Fig. 6.4 Simulated result of 3-elements, 8.34dB coupled line section using HFSS. 

Now, the next step is to connect two dB2.034.8   sections in tandem to form desired 

coupling of dB4.03 .Here, the design of ultra-wide band dB4.03 tandem hybrid 

coupler of 50 Watt power handling capability and 130 to 240Mhz frequency range of 

VHF is covered and presented in Fig. 6.6. 

The dimensions of connecting linesthat are connected to join two section of 8.34dB 

section to make it 3dB are given below: 

 

Fig.6.5 Dimensions of connecting line 
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Fig. 6.6 Schematic 3dB tandem hybrid coupler of three elements. 

 

The ultra-wide band 3dB hybrid coupler as shown in the Fig. 6.6 shows the two 

8.34dB coupled lines connecting in tandem  and the four ports through which we 

obtain our results.The results are obtained by calculating the S-parameters as shown 

below. The results shows that the coupler work for ultra-wide band range of 

frequency in the VHF band.Mainly from the application point of view, the hybrid 

coupler can be used in the experimental set upof Load resilient mock-up ICRH system 

of tokamak with variable load. The use of hybrid coupler ensures that no reflections 

return back to the generator when the reflections on the output are equal both in 

magnitude and in phase, which in this case are diverted to the dummy load. Fig. 6.7, 

6.8, 6.9 and 6.10 show the return loss, output power, coupled power and the isolation. 
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6.3 Calculated S-Parameters for Three-element 3dB Tandem hybrid 

coupler. 

1. Return loss:- 

 

Fig. 6.7  Return Loss of 3dB tandem hybrid couplerfor three element 

 

The return loss represented as S11determine how much power is reflected back to 

port1. At the center frequency of 182.5MHz, the return loss is calculated to be -

25.04dB which is approximately .31 % of the input power. 
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2. Output power:- 

 

Fig. 6.8 Output of 3dB tandem hybrid coupler for three element 

 

The output represented as S21determine how much power isreceived at the output port 

when input power is given at port1. At the center frequency of 182.5MHz, the otput is 

calculated to be -2.9614dB which is approximately 50 % of the input power. 

 

 

 

 

 

 



 

 

 

 53 

3. Coupling power:- 

 

Fig. 6.9  Coupling of 3dB tandem hybrid couplerfor three element 

 

The coupling represented as S31determine how much power iscoupled to port3 from 

input port.At the center frequency of 182.5MHz the coupling is calculated to be -

3.1141dB which is approximately 50 % of the input power. 

The figure shows that the coupling power can be obtained upto a significant band 

from 140MHz to 240MHz. 
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4. Isolation:- 

 

Fig. 6.10  Isolation of 3dB tandem hybrid couplerfor three element 

 

Isolation is defined as the difference in signal level between the input port and the 

isolated port when the other two ports are terminated by the matched load. At the 

center frequency of 182.5MHz, the isolation is calculated to be -25.23dB which is 

approximately .29 % of the input power. 
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CHAPTER 7 

Concluding Remarks and Future Scope 

7.1 CONCLUSION 

The dissertation presents the investigation on design and simulation of ultra-wide 

band 3dB tandem hybrid coupler for the load resilient mock-up fast RFmatching 

network. The designed hybrid coupler works for the VHF range nearly 140MHz to 

240MHz for the low power of about 50 Watt. The study has been done in various 

steps that are given as follows: 

1. Initially, theory of single element and multi element coupled lines has been 

studied and analyzed using MATLAB software and coupling characteristics of 

both are presented in comparative manner. 

2. Coupling of each of the cascaded elements is calculated using theory of equal 

ripple polynomialand it is found that coupling of middle element in multi-

element coupled line coupler is very high which is difficult to achieve because 

of very thin slitin between coupled lines and thus the designing and fabrication 

of such coupler becomes impractical. The solution for this is the design of 

Tandem Coupler. 

3. A narrow band single element 3dB hybrid coupler has been designed, 

simulated and presented.  

4. Finally, a ultra-wide band 3dB tandem hybrid coupler with three elements is 

designed and simulated.The design has been simulated using HFSS and 

verified for the desired performance. 

The developed ultra-wide band coupled lines can be used to achieve the wider 

bandwidth in RF components such as balanced amplifiers, balanced modulator, power 

measurements and antenna array networks. These components are utilized in the area 

of satellite communication, defense, broadcast, and aerospace. 
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7.2 FUTURE SCOPE 

The designing and simulation of single element hybrid tandem coupler has been 

carried out using HFSS and the future work will focus on its fabrication and testing 

which is useful for applications in narrow frequency band. For the broad band 

applications, multi-element hybrid tandem coupler has been designed and simulated 

and the focus will be laid on its fabrication in coming future. This hybrid coupler has 

to be used in the experimental set up of mock-up fast RF matching network.  
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