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Abstract 
Nowadays, demands for fully integrated and miniaturized RFIC (Radio Frequency Integrated Circuits) 
have increased in wireless microwave communication system. Passive components such as coupler, 
divider and filters are always fabricated in outside of ICs due to their bulky sizes, which have been a great 
barrier to a realization of a fully integrated design. To solve this problem, miniaturization of passive 
components is one of the big issues at the present time. This paper shows the development of two 
important microwave passive components, quadrature hybrid and rat-race couplers for LTE lower (698 -
960 MHz) and higher (1.71 - 2.70 GHz) frequency bands, which are obtained by replacing quarter-wave 
(λ/4) transmission line of a conventional coupler by their equivalent coupled line, resulting in significant 
size reduction. The miniaturized quadrature and rat race couplers are designed and fabricated with a 
Rogers 4360 substrate as a platform in producing significantly reduction. The design is validated by 
electromagnetic simulation and measurement. The size of the implemented quadrature hybrid coupler is 
30   26.8     and 14.9   12.5    , which are 82.60 % and 69.03% compared to the conventional 
couplers for lower and higher frequency band respectively. And, 55.5   27.9     and 19.2   14.8      
for rat race coupler,   which are 79.69 % and 62.35 % compared to the conventional coupler for lower and 
higher frequency band, respectively. Also, the reflection coefficient and the isolation are as good as 
conventional one and coupling procedure is similar or better than it. 
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1 Introduction 
The trend of any sophisticated electrical technology is toward small size, lighter weight, lower cost, and 
increase complexity. Microwave technology has been moving in this direction for last few decades, with 
the development of microwave integrated circuits [1]. 

With fast development of multifunctional technology and the miniaturization of wireless communication 
systems, compact radio frequency (RF) and microwave components and circuits have become 
increasingly popular. The quadrature hybrid and rat race coupler are among the most fundamental 
building blocks of RF circuits and microwave integrated circuits [2]. They are commonly used in antenna 
feeds, frequency discriminators, balanced mixers, image-reject mixers, modulators, balanced amplifier, 
power amplifier combiners, phase shifters, mono-pulse comparators, automatic signal level control, and 
signal monitoring [3] - [6]. 

1.1 Background and Motivation 
Several techniques and approaches have been proposed and developed to miniaturize quadrature hybrid 
coupler in [7] - [19]. The miniaturization process has completed utilizing  shunt lumped capacitors with 
short high-impedance transmission lines, two-step stubs, high and low impedance open stubs, stepped-
impedance stub lines,  artificial transmission line, distributed capacitor inside the area of coupler, planner 
transformer coupling method, discontinuous microstrip lines for quadrature hybrid coupler. Also, several 
miniaturization techniques have been presented for rat race coupler in [11], [13] – [14], [20] – [28], where 
high and low impedance resonator cells, heptagonal rat-race coupler and photonic band gap cells, shunt-
stub based transmission line, meander curves, multiple open stubs, low impedance section are used 
method to shrink the size of the rat race coupler.  Many of them meet the performance requirements while 
miniaturization was their main consideration. Though, performance requirements depend on application.  
 
Therefore, this report introduces a compact quadrature hybrid and rat race coupler utilizing coupled line 
technique which is described in [29] - [36]. The presented structure is simple as it can be fabricated on a 
single layer printed-circuit board. These hybrids are designed to cover the frequency band for LTE 
applications.  

1.2  Problem Description 
The quadrature hybrid coupler, also known as the 90° hybrid coupler, has dimensions of a quarter-wave 
(     length by quarter-wave (     length at the center frequency, while a rat-race coupler has 
dimensions of a half-wave (λ/2) length by quarter-wave length. Due to these large lengths of the 
transmission line elements (    or 3   ), quadrature and rat-race couplers occupy a significant amount of 
circuit area. This problem worsens with decreasing frequency. Rat race coupler is often realized in a 
circular rather, in which case, even more circuit area is occupied. The 3λ/4 transmission line is especially 
challenging because it accommodates half of the total physical dimension, which 3λ/2 at the center 
frequency. Also, the size of conventional quadrature hybrid coupler and rat race couplers becomes quite 
large at low frequencies.  

As size reduction is an old and very important topic that runs through the design from the first to the last 
stage and portable devices require components with compact size and less cost. Therefore, high 
performances, compact size and low cost are often the stringent requirements that should be driven 



Chapter 1: Introduction 
 

  2 

 

forward in order to fulfill the demand of modern microwave communication systems. Of course, 
quadrature hybrid and rat race coupler are no exception.  

1.3 Thesis contribution 
A miniaturized quadrature and rat race coupler utilizing coupled line technique have been designed, 
implemented and scientifically evaluated for LTE lower (698 - 960 MHz) and higher frequency band 
(1.71 - 2.70 GHz), at operating frequency 825 MHz and 2.205 GHz respectively.  The presented design 
provides a significant size reduction compared with a conventional one. The main advantage of the 
presented miniaturization technique is that it significantly provides similar or better performance 
compared to conventional quadrature hybrid and rat race coupler.  
 

1.4 Thesis outline 
The thesis summarizes the work that has been done during this project. The report is divided into five 
chapters. The first chapter gives an introduction about the project with background, motivation, problem 
description and thesis contribution. The second chapter provides a literature overview of transmission 
line, quarter-wave (λ/4) transmission line, coupled line and theoretical behavior of coupler is described as 
well. The design, schematic and layout, of quadrature hybrid and rat race coupler are presented in third 
chapter. The forth chapter covers design implementation of conventional and miniaturized quadrature 
hybrid and rat race coupler along with result and analysis. The final chapter, chapter five, provides 
conclusions drawn from this research work and suggestions of further research directions. 
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2 Theoretical Overview 
The transmission lines considered are a stripline, microstrip line, coplanar waveguide, and their variants. 
Of all the planar transmission lines, microstrip is still the most popular for realizing microwave integrated 
circuit [1]. It has many advantages such as low cost, small size, absence of critical matching and cutoff 
frequency, ease of active device integration, use of photolithographic method for circuit production, good 
repeatability and reproducibility, ease of mass production, and compatibility with monolithic circuit. 
Compared to the rectangular waveguide and coaxial line circuits, microstrip lines disadvantages include 
higher loss, low power handling capability, and greater temperature instability [3]. 

2.1 Transmission Line 
Transmission line is a medium, which is used for transfer energy from one point to another.  Wires, 
coaxial cables, waveguide, microstrip lines are example of transmission lines.  The key difference 
between circuit theory and transmission line theory is electrical size. Circuit analysis assumes that the 
physical dimensions of a network are much smaller than the electrical wavelength, while the transmission 
lines may be a considerable fraction of a wavelength, or many wavelengths, in size. Thus a transmission 
line is distributed-parameter network, where voltage and current can vary in magnitude and phase overs 
its length.                                                                                   (2.1) 

Wire or any kind of medium considered as a transmission line as rule of thumb as in equation 2.1, if the 
wavelength (λ) is smaller than ten times of to the size (L) of circuit component, then it treated as 
transmission line [38], [39].  

2.2.1 Quarter-wave transmission line 
At a distance d away from the load, the input impedance of terminated transmission line can be expressed 
as, 

                                         

                                                          (2.2) 

The equation (2.7) shows that how the load impedance     is transformed along a transmission line with a 
characteristic impedance     and length d. It takes into account the frequency of operation through the 
phase constant β. Β can be expressed either in terms of frequency and phase velocity,            , or 

wave-length,        . 

For quarter-wavelength        , then the electrical length βd will be 
     (   ) (  )      

                                                                           (2.3) 

With the values of βd and d, the characteristic impedance is 
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     √      

                                                                             (2.4) 

It means that the characteristic impedance of a quarter-wave transmission line can be computed as the 
geometric mean of load and input impedance [38]. 

2.2.2 Coupled lines 
When two unshielded transmission lines are close together in close proximity with each other, power can 
be coupled between the lines due to the interaction of the electromagnetic fields of each line. Such lines 
are referred to as coupled transmission lines, and usually consist of three conductors close together, 
although more conductors can be used which is shown in Figure 2.3(a). These parallel lines are called 
edge-coupled structure. These lines can be symmetrical and asymmetrical. As both lines are place closed 
together, separation between lines is important. It can be constant or variable. The close the lines are 
placed together, the stronger the interaction takes place. This interaction effect known as desirable 
coupling is used to advantage in realizing several important microwave circuit functions, such as couplers 
and filters, with the length usually being approximately a quarter-wave length [1], [37]. 

Generally, this transmission lines are capacitive coupled. It means that they are connected by a capacitor 
which is shown in Figure 2.3 (b), where, C12 represents the capacitance between two strip conductors and 
C11, C22 represent the capacitance between one strip conductor and ground.  

 

 

Figure 2.3(a) Edge Coupled microstrip lines, and (b) its equivalent capacitance network [1], [37] 

If the two transmission lines are identical, then C11   C22. It reveals that a plane of circuit symmetry 
exists, and then the circuit can be analyzed using even and odd mode excitation.  

First we analyze the situation of the even mode excitation. If the incident wave along the two transmission 
lines are equal (i.e., equal magnitude and phase), then a virtual open plane is created at the plane of circuit 
symmetry. This means no current flows between the two strip conductors. This plane is called ‘’H wall’’.  
From figure 2.4 (a), it shown that there are no electrical field lines from conductor 1 to conductor 2, and 
vice-versa.  That’s why, 2C12 capacitors have been disconnected in Figure 2.4 (b).  
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Figure 2.4 Even mode excitation of coupled line [39] 

The capacitance per unit length of each transmission line, in the even mode, is             

                                                                               (2.5) 

And, the characteristic impedance, in the even mod, is, 

     √     

                                                                       (2.6) 

Second we analyze the situation of the odd mode excitation. If the incident wave along the two 
transmission lines are opposite, i.e., equal magnitude but 1      out of phase, then a virtual ground plane is 
created at the plane of circuit symmetry. Form Figure 2.5 (a), it is shown that, the electrical field lines are 
perpendicular to the plane of symmetry, where a voltage null between the two strip conductors. This plane 
is called E wall.  
 

 

Figure 2.5 Odd mode excitation [39] 

Thus, the capacitance per unit length of each transmission line, in the odd mode, is 
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                                                                (2.7)      

And, the characteristic impedance, odd mode,   is 

     √     

                                                                                     (2.8) 

2.3 S-Parameters 
Scattering parameters widely used in RF and microwave frequencies for component modeling, 
component specifications, and circuit design. S parameters can be measured by network analyzers and can 
be directly related to ABCD, Z-, and Y-parameters used for circuit analysis. For a general N-port network 
as shown in figure 2.6, the S-matrix is given in the following equations: 

[  
           ]  

    [                                               ]  [   
          ]   

 
                                       (2.9) 

where    ,   ,…,    are  the incident-wave voltage at ports 1, 2, …, N, respectively and   ,   ,…,    are 
the reflected –wave voltages at these ports. S-parameters are complex variables relating the reflective 
wave to the incident wave.  

 

Figure 2.6 N-port network [3] 

The S –parameters has following properties: 

1. For any matched port I,     = 0. 

2. For a reciprocal network,             
3. For a passive circuit,               
4.  For a lossless and reciprocal network for the ith port, 
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         +          +         +   +          = 1                                 (2.10) 
 

The equation (2.11) states that the product of any column of the S-parameters with the conjugate of this 
column is equal to 1. It means, the total power incident at ith port is normalized and becomes 1, which is 
equal to the reflected power at the ith port plus the transmitted into all other ports [3], [41], [45]. 

2.4 Coupler 
 Couplers and hybrids are components used in system to combine or divide signals. A good coupler or 
hybrid should have a good VSWR, low insertion loss, good isolation and directivity, and constant 
coupling over a wide bandwidth [3]. The coupler may be a three port component, with and without loss, 
and four-port component. Three port networks take the form of T-junctions and other power dividers, 
while four port networks take the form of directional coupler and hybrids. Hybrid couplers are special 
case of directional couplers, where coupling factor is 3 dB, which implies that α = β = 1/√2. There are two 
types of hybrids. The quadrature hybrids has a      phase difference between two output ports and the rat-
race hybrid has phase difference 1     between two output ports 1 . The term “hybrid” comes from the 
telephone wire line tradition, and refers to the presence of a port where there is a complete cancellation of 
the signal when the circuit is perfectly balanced - with equal amplitudes and accurate phases at all ports 
[6].  

2.4.1 Quadrature hybrid coupler 
The quadrature hybrid coupler is four port devices, also  nown as      coupler or branch line coupler. The 
scattering matrix has symmetric solution for matched losses, reciprocal 4 port devices. 

[S] = [                ]                                                              (2.11) 

Figure 2.7 shows a conventional quadrature hybrid coupler. For the 3 dB hybrid, the input signal applied 
to port 1 will be evenly split into two ports with a 90° phase difference at ports 2 and 3, which are called 
direct port and coupled port respectively, and port 4 will be isolated port. . In RF literature, ports are 
normally named for generalization. These port names are relative to the input port. 

This coupler has two pairs of horizontal and vertical quarter wave (     transmission lines and, for 3 dB 

coupling the impendences of vertical and horizontal arms are      and          respectively, where    is the characteristics impedance, for optimum performance of the coupler [1], [3], [41]. The 
characteristic impedance of the input and output ports,   , is normally equal to 5  Ώ for a microstrip line.  
The impedance of the series and shunt arms, i.e., quarter-wave transmission lines, can be designed to 
other values for different coupling factors [42]. Though, the quadrature hybrid coupler is symmetric, i.e., 
any port can be used as the input port. 
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Figure 2.7 Circuit configuration of conventional quadrature hybrid coupler  

Table 2.1 shows the phasing arrangement of quadrature hybrid coupler. When all ports are terminated 
with   , the isolated port load will dissipate no power, and the coupled port will have identical power 
levels, port 2 and port 3 in Figure 2.7. The signal path through the coupler is straight forward. A signal 
applied to the common port has two paths to be isolated port, λ/4 and 3λ/4, with the λ/2 (1     ) delay 
difference effectively canceled one another [6].  

Table 2.1 Phase arrangement of quadrature hybrid coupler 

Port 1 2 3 4 Phase 
difference 
between two 
output ports 

1 Input  Output  Output  Isolated 90   
2 Output  Input Isolated Output  90   
3 Output  Isolated Input Output  90   
4 Isolated Output Output  Input 90   
 

Figure 2.8 shows the equivalent coupled line quadrature hybrid coupler, which provides the same 
performances as the conventional one in Figure 2.6.  This circuit configuration is used for 
miniaturization of quadrature hybrid coupler. 
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Figure 2.8 Circuit configuration of equivalent coupled line miniaturized quadrature hybrid coupler  

2.4.2 Rat race coupler 
The 180   hybrid coupler is also known as rat race coupler. It has many characteristics similar to the 
quadrature hybrid coupler, e.g., both are typically employed as equally split 3 dB power dividers and they 
both possess a coupled port they can both be analyzed by the even-odd analysis, except that two output 
signals are 180   out of phase [43].  The scattering matrix for the ideal 3 dB, 180    hybrid coupler is the 
following form [1]: 
 

[S] = 
     [                  ]                                                        (2.12) 

 

The rat-race gets its name from its circular shape, shown in Figure 2.9. It comprises three quarter-wave       transmission line and one      transmission line.  The      transmission line section is 
decomposed into three quarter-wave       transmission line sections [44]. The impedance of the 

ring is       Zo, where Zo is the characteristics impedance of the input and output port.  
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Figure 2.9 Circuit configuration of conventional rat race coupler (ring shaped)  

Figure 2.10 shows the square-shaped rat race coupler.  The rat race coupler can be used for in-phase 
and 1     out-of-phase operations.  

 

Figure 2.10 Circuit configuration of conventional rat race coupler (square shaped)  

For the case of out-of-phase operation, a signal is injected into port 1 divides evenly in port 2 and port 4 
with 1     out of phase.  ort 1 and port 3 are isolated.  imilarly, port 2 and port 4 are isolated. The input 
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signal at port 3 is split into port 2 and port 4, equally but in phase. It hasno difference while changes the 
input port because the device is electrically and mechanically symmetrical [1], [3]. The phase 
arrangement of rat race coupler is shown in Table 2.2. 

Table 2.2 Phase arrangement of rat race coupler 

Port 1 2 3 4 Phase difference 
between two output 
ports 

1 Input  Output  Isolated Output 180   
2 Output Input Output Isolated 180   
3 Isolated Output Input Output  0   
4 Output Isolated Output  Input 0   
 

The rat race coupler has some advantages, such as its simple design and a high degree of saturation 
between the input ports. It also has serious drawbacks, such as a relatively narrow bandwidth and a large 
occupied area due to the requisite 3λ/4 transmission line section  44 .  

 

 

Figure 2.11 Circuit configuration of equivalent coupled lined rat race coupler  

Figure 2.11 shows the equivalent coupled line rat race coupler, which provides the same performances 
as the conventional one in Figure 2.9.  This circuit configuration is used for miniaturization purpose. 
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2.5 Performances metrics 
The key specifications of a quadrature hybrid and rat race coupler are bandwidth, return loss, isolation, 
forward transmission, amplitude imbalance and phase imbalances between two output ports, port 2 and 3 
and in Figure 2.5 and port 2 and port 4 in Figure 2.9 [43], [44], [46]. 

Input Reflection: The signal that is reflected from the input port, which is always considered as definite 
standard for perfect match. 

Isolation: The ratio of the input port power to the power out of the isolation port when both output ports 
are terminated in matched loads is called isolation. It is always expressed in dB.  

In other words, the ability of a quadrature hybrid coupler to prevent signal propagation in the two pairs of 
isolation port. The value of isolation means, how isolated the isolation port actually is. The isolation 
should be infinite but the isolation port is never perfectly isolated. The stronger the isolation is, the device 
will be providing better performance. 

Forward Transmission: The signal power that passes through the transmission line branch and is received 
at output ports is called forward transmission. Actually, it is the difference between the mainline loss and 
coupling loss which is also expressed in dB. The ideal level of forward transmission is 3dB but due to 
radiation, heat, dielectric loss, it may become higher at high frequencies. Low insertion losses are desired 
features of coupler. 

Amplitude Imbalance: The difference in the amplitude of the two output ports signal power. The value is 
typically ±1 dB.  

Phase Imbalance: The difference in the phase response of the two output ports. The value is typically 
 1   . 

Bandwidth: the operating frequency range over which the above metrics are quantified, including return 
loss, as well as insertion loss, isolation amplitude and phase imbalance.  
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3 Designs and Simulation 
Substrate is one of the important considerations for circuit design.  A high dielectric constant is often 

desirable for lower frequency circuits because it results in a smaller circuit size.  At higher frequencies, 
however, the substrate thickness must be decreased to prevent radiation loss and other spurious effects; 
the transmission becomes too narrow to be practical [1]. Availability of high permittivity substrate has 
extended the usage of coupled line sections to lower microwave and RF frequencies. Rogers 4360 and 
Rogers 4350B substrates have used for circuits design and the properties of substrates are given in table 
3.1. 

Table 3.1 Substrates Properties [47, 48] 

Substrates parameters Rogers 4350B Rogers 4360 
Substrate thickness (mm) 0.254 0.410 
Permittivity 3.48 6.15 
Loss Tangent 0.003 0.003 
Copper Thickness (    35 35 
Copper Conductivity (S/m) 5.8       5.8       
 

Computer-aided design (CAD) tools are used extensively for microwave integrated circuit design, 
optimization, layout, and mask generation. Common used software packages include CADENCE, ADS 
and Microwave Office. For this project, ADS is used to complete circuits design and electromagnetic 
simulation. 

3.1 Quadrature Hybrid Coupler for LTE Higher Frequency Band (1.71 - 2.70 
GHz) 

3.1.1: Reference transmission line of quadrature hybrid coupler for the higher 
frequency band (1.71 - 2.70 GHz) 
First step is to design the reference transmission line and equivalent reference coupled line for the 
horizontal and vertical arms of the quadrature hybrid coupler.  

 

 

Figure 3.1 Schematic of reference quarter-wave (λ/4) transmission line (         ) for the higher 
frequency band (1.71 - 2.70 GHz) 



Chapter 3: Designs and Simulation 
 

  14 

 

 
 

Figure 3.2 Reference quarter-wave (λ/4) transmission line (           outputs: a) Amplitude at port 
2, b) Phase response at port 2. 

Figure 3.1 shows the schematic of the reference quarter-wave transmission line for the shunt arms of the 
quadrature hybrid coupler and the impedance of this arm is same as characteristics impedance, e.g.           
The simulated responses of the circuit is shown in Figure 3.2 .The amplitude and phase properties of this 
reference transmission line from the input to the output arms are shown in Figure 3.2(a) and Figure 3.2(b), 
respectively. From Figure 3.2(a), it can be seen that this transmission line has flat transmission within the 
frequency band of 1.71 - 2.70 GHz and the amplitude is -0.076 dB at operating frequency 2.205 GHz.  
And, the phase response at port 2 is 90.261° at 2.205 GHz, which is near to 90° in Figure 3.2(b).  

Figure 3.3 shows the schematic of the reference quarter-wave (λ/4) transmission line for the series arms 

of the quadrature hybrid coupler and the impedance of this arm is   (     )         . 

 

Figure 3.3 Schematic of reference quarter-wave (λ/4) transmission line for                      for 
the higher frequency band (1.71 - 2.70 GHz) 

The simulated responses of the circuit is shown in Figure 3.4 .The amplitude and phase properties of this 
reference quarter-wave transmission line from the input to the output arms are shown in Figure 3.3(a) and 
Figure 3.4(b), respectively. 
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Figure 3.4 Reference quarter-wave (λ/4) transmission line (                     outputs: a) 

Amplitude at port 2, b) Phase response at port 2. 

From figure 3.3(a), it can be seen that this transmission line has flat transmission within the frequency 
band of 1.71 - 2.70 GHz and the amplitude is -0.59 dB at 2.205 GHz.  And, the phase response at port 2 is 
90.23°at 2.205 GHz in Figure 3.2(b). 

Table 3.2 summaries the length and width of the reference quarter-wave (λ/4) transmission line at 2.2 5 
GHz for both series and shunt arms of the quadrature hybrid coupler. 
 

Table 3.2 Length and Width of reference transmission lines for the higher frequency band (1.71 - 2.70 
GHz) 

 

 

 

 

 

 

3.1.2 Conventional quadrature hybrid coupler for the higher frequency band (1.71 - 
2.70 GHz) using Rogers 4350B substrate  
The Figure 3.5 shows the schematic of the conventional quadrature hybrid coupler with characteristic 
impedance,    50 Ω. It provides -3dB output at each output ports, direct port and through port, which is 
mentioned here as port 2 and port 3. And, Port 1 and Port 4 represent the input port and isolated port 
respectively. 

 

Impedance of quarter-
wave (λ/4) 

transmission lines 

Substrate Operating Frequency at 2.205 
GHz 

Length (mm) Width (mm)           Rogers 4350B 0.52 20.40 

                 

 
Rogers 4350B 0.90 19.85 
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Figure 3.5 Schematic of conventional quadrature hybrid coupler for the higher frequency band 

The Table 3.3 provides the length and width of the quarter-wave transmission lines for quadrature hybrid 
coupler for the higher frequency, 1.71 - 2.70 GHz at operating frequency 2.205 GHz. 

Table 3.3 Length and width of the quarter-wave transmission lines for quadrature hybrid  

Parameters Length (mm) Width (mm) 
Series Line 19.45 0.90 

Shunt Line 20.15 0.52 
 

Figure 3.6 shows the schematic simulation results of the conventional quadrature hybrid coupler for the 
higher band, 1.71 - 2.70 GHz, at operating frequency 2.205 GHz.  

Figure 3.6(a) & 3.6(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation achieved at 2.20 GHz. And, the value of input reflection and 
isolation in both cases are above -40 dB. As we know that the higher isolation provides better 
performance.  
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Figure 3.6  Conventional quadrature hybrid coupler (schematic) outputs: a) Input Reflection, b) Isolation, 
c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase 

response,  e) Phase difference  between port 2 and port 3. 

Figure 3.6(c) shows the forward transmissions from the input to the two output arms. In both cases, the 
losses are below -3 dB within the frequency range 1.71 - 2.70 GHz. 

Figure 3.6(d) shows amplitude imbalance of two output signal, port 2 and port 3 and the amplitude 
imbalance is between 0 to 2.04 dB.  

Figure 3.6 (e) shows the phase properties of two output ports and the Figure 3.6(f) shows the phase 
imbalance of the output ports.  The nominal phase difference between port 2 and 3 should be     but here 
it is shown 2  . 3  =  . 3   at 2.205 GHz.  

Figure 3.7 shows the layout of the conventional quadrature hybrid coupler with characteristic impedance,    50 Ω.  
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Figure 3.7 Layout of conventional quadrature hybrid coupler for the higher frequency band (1.71 - 2.70 
GHz) 

Figure 3.8 shows the layout simulation results of the conventional quadrature hybrid coupler for the 
higher band, 1.71 - 2.70 GHz, at operating frequency of 2.205 GHz. 

Figure 3.8(a) &3.8(b) show the input reflection and isolation. It is shown that the input reflection and 
isolation achieved at 2.20 GHz. And, the value of input reflection and isolation are -34.10 dB and -29.65 
dB respectively at 2.205 GHz. We know that normally more than -15 dB is acceptable. 
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Figure 3.8 Conventional quadrature hybrid coupler (layout) outputs: a) Input Reflection, b) Isolation, c) 

Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase 
response, e) Phase difference between port 2 and port 3. 

Figure 3.8(c) shows the forward transmissions from the input to the two output arms. In both cases, the 
losses,     and      are vary from -3.03 dB to -5.33 dB and -3.33 dB to -3.72 dB within the frequency 
band 1.71 - 2.70 GHz respectively. 
 
Figure 3.8(d) shows amplitude imbalance of two output signals, port 2 and port 3 and the amplitude 
imbalance is between 0.30 dB to -1.6 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.8 (e) shows the phase properties of two output ports. And, Figure 3.7(f) shows the phase 
imbalance of the output ports.  The nominal phase imbalance ±10° but here it is shown 11.92   to -11.3    
within the frequency band. 

3.1.3 Reference coupled line for quadrature hybrid coupler for the higher frequency 
band (1.71 - 2.70 GHz) 
Figure 3.9 shows the reference coupled line which is equivalent circuit of the reference quarter-wave 
transmission line for the shunt arms of quadrature hybrid coupler which is shown in Figure 3.1.  
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Figure 3.9 Schematic of equivalent reference coupled line (            for the higher frequency 
band (1.71 - 2.70 GHz) 

  
Figure3.10 Schematic of equivalent reference coupled line (            outputs: a) Amplitude at 

port 2, b) Phase response at port 2. 

The simulated results of the design figure 3.9 is shown in Figure 3.10. The amplitude and phase 
properties of this reference transmission line from the input to the output arms are shown in Figure 
3.10(a) and Figure 3.10(b), respectively. From Figure 3.10(a) it can be seen that this transmission line has 
flat transmission within the frequency band of 1.71 - 2.70 GHz and the amplitude is -0.08 dB at operating 
frequency 2.205 GHz.  And, the phase response at port 2 is 89.98° at 2.205 GHz, which is near to 90° in 
Figure 3.10(b). 

Figure 3.11 shows the reference coupled line which is equivalent circuit of the reference quarter-wave 
transmission line for the series arms of quadrature hybrid coupler which is shown in Figure 3.3. 
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Figure 3.11 Schematic of reference equivalent coupled line (                              for 
the higher frequency band (1.71 - 2.70 GHz) 

The simulated response of the design figure 3.11 is shown in Figure 3.12. The amplitude and phase 
properties of this reference transmission line from the input to the output arms are shown in Figure 
3.12(a) and Figure 3.12(b), respectively. 

  
Figure3.12 Schematic of reference equivalent coupled line (                             

outputs: a) Amplitude at port 2, b) Phase port 2. 

From Figure 3.12(a) it can be seen that this transmission line has flat transmission within the frequency 
band of 1.71 - 2.70 GHz and the amplitude is -0.06 dB at operating frequency 2.205 GHz.  And, the phase 
response at port 2 is 90.11° at 2.205 GHz, which is near to 90° in Figure 3.12(b). 

Table 3.4 summaries the length and width of the equivalent reference coupled line at 2.205GHz for both 
series and shunt arms of the quadrature hybrid coupler. 
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Table 3.4 Length and width of reference equivalent coupled lines for the higher frequency band 

 

 

 

 

 

3.1.4 Miniaturized coupled lined quadrature hybrid coupler for the higher band 
(1.71 - 2.70 GHz) 
The figure 3.13 shows the schematic of the miniaturized coupled lined quadrature hybrid coupler with 
characteristic impedance,    50 Ω. 

 

Figure 3.13 Schematic of miniaturized coupled lined quadrature hybrid coupler for the higher frequency 
band (1.71 - 2.70 GHz) 

Figure 3.14 shows the schematic simulation results of the miniaturized coupled lined quadrature hybrid 
coupler for the higher band, 1.71 - 2.70 GHz, at operating frequency 2.205 GHz.  

Figure 3.14(a) & 3.14(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation achieved at 2.2 GHz. And, the value of input reflection and 
isolation in are -33 dB and -44 dB. The Figure 3.14(c), 3.14(d), 3.14(e) and 3.14(f) show the forward 
transmissions from the input to the two output arms, amplitude imbalance, phase response and phase 
imbalance within the frequency band, 1.71 - 2.70 GHz. 
 

Impedance of  
equivalent coupled 

line 

Substrate Operating Frequency@2.205 GHz 
Length(mm) Width(mm) Spacing 

(mm)           Rogers 
4350B 

0.52 10.10 1 

                 
Rogers 
4350B 

0.90 9.55 1 
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Figure 3.14 Miniaturized coupled lined quadrature hybrid coupler (Schematic) outputs: a) Input 
reflection, b) Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and 

port 3, d) Phase response, e) Phase difference between port 2 and port 3. 

Figure 3.15 shows the layout of the miniaturized coupled lined quadrature hybrid coupler quadrature 
hybrid coupler (Type-I) with characteristic impedance,    50 Ω.  
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Figure 3.15 Layout of miniaturized coupled lined quadrature hybrid coupler (Type-I) for the higher 
frequency band (1.71 - 2.70 GHz) 
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Figure 3.16 Miniaturized coupled lined quadrature hybrid coupler (layout, Type-I) outputs: a) Input 
Reflection, b) Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 

and port 3, d) Phase response, e) phase difference between port 2 and port 3. 

Figure 3.16 shows the schematic simulation results of the miniaturized coupled lined quadrature hybrid 
coupler for the higher band, 1.71 - 2.70 GHz, at operating frequency 2.205 GHz. 
 
Figure 3.16(a) & 3.14(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation achieved at 2.20 GHz. And, the value of input reflection and 
isolation are -30.54 dB and -37.04 dB at 2.205 GHz. 
 
Figure 3.16(c) shows the forward transmissions from the input to the two output arms.     and     vary 
from -3.27 dB to -3.97 dB and 0.36 dB to -2.13 dB within the frequency band 1.71 - 2.70 GHz 
respectively. 
 
Figure 3.16(d) shows amplitude imbalance of two output signal, port 2 and port 3 and the amplitude 
imbalance is between 0.36 dB to -2.13 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.16 (e) shows the phase properties of two output ports, port 2 and port 3. And, the Figure 3.16(f) 
shows the phase imbalance of the output ports, which is 10.94     to -7.38   within the frequency band. The 
phase fulfills the normal requirement  1   . 

Figure 3.17 shows the layout of the miniaturized coupled lined quadrature hybrid coupler quadrature 
hybrid coupler (Type-II) with characteristic impedance,    50 Ω. 
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Figure 3.17 Layout of miniaturized coupled lined quadrature hybrid coupler (Type-II) for higher 
frequency band (1.71 - 2.70 GHz) 

Figure 3.18(a) & 3.14(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation achieved at 2.2 GHz. And, the value of input reflection and 
isolation in are -39.04 dB and -44.14 dB. 
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Figure 3.18  Miniaturized coupled lined quadrature hybrid coupler (Layout -Type-II)  outputs: a) Input 
Reflection, b) Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 

and port 3, d) Phase response,  e)phase difference between port 2 and port 3. 

Figure 3.18(c) shows the forward transmissions.     and     vary from -3 dB to -5.42 dB and -3.30 dB to 
-3.86 dB within the frequency band 1.71 - 2.70 GHz respectively. 
 
Figure 3.18(d) shows amplitude imbalance of two output signal, port 2 and port 3 and the amplitude 
imbalance is between 0.39 dB to -1.77 dB but the acceptance value of amplitude imbalance is ±1dB. 
 
Figure 3.18(e) shows the phase properties of two output ports, port 2 and port 3. And, the Figure 3.16(f) 
shows the phase imbalance of the output ports, which is  .51   to -10.98   within the frequency band. It 
almost fulfills the requirement of the phase imbalance which is    1   . 

For the purpose of comparison the simulated results of the conventional and miniaturized quadrature 
hybrid coupler are list in Table 3.5 for the higher frequency band (1.71 - 2.70 GHz) using Rogers 4350B 
substrate. 
 

Table 3.5 Performance parameters of conventional and miniaturized quadrature hybrid coupler (1.71 - 
2.70 GHz) 

 
Parameters 

Quadrature Hybrid Coupler 
Conventional Miniaturized 

(Type-I) 
Miniaturized 

(Type-II)  
Frequency band (GHz) 1.71-2.70 1.71-2.70 1.71-2.70 

Operating frequency(GHz) 2.205 2.205 2.205 
Input Reflection (    ) (dB) at 2.205 

GHz 
-34.10 -30.54 -39.04 

Isolation (   )(dB) at 2.205 GHz -29.65 -37.04 -44.14 
Forward Transmission at direct port 

(   )(dB) 
-3.03 to -5.33 -3.04 to -5.80 -3.00 to -5.42 

Variety of     (dB) -2.30 -2.75 -2.42 
Forward Transmission at coupled port 

(   )(dB) 
-3.33 to -3.72 -3.27 to -3.97 -3.30 to -3.86 

Variety of     (dB) -0.38 -0.69 -0.55 
Amplitude Imbalance(dB) 0.30 to -1.60 0.36 to -2.13 0.39 to-1.77 
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Variety of amplitude Imbalance(dB) 1.91 1.76 1.38 
 hase Imbalance(    ) 11.92 to -11.39 10.94 t0 -7.38 8.51 to -10.98 

 ariety of  hase Imbalance(    ) 23.32 17.38 19.49 
 
From Table 3.5 it is seen that, within the frequency range of 1.71 - 2.70 GHz, the miniaturized quadrature 
hybrid coupler has higher input reflection and isolation than conventional one. As we know that, the 
higher value provides good performance.  
 
The miniaturized and conventional design has almost the same forward transmission and the variety 
of      is better than    . The value of amplitude imbalance of conventional, miniaturized (Type-I) and 
miniaturized (Type-II) is 1.91 dB, 1.76 dB and 1.28 dB respectively. It means that miniaturized 
quadrature hybrid coupler (Type-II) has a good result of amplitude imbalance within the frequency band 
than conventional quadrature hybrid coupler. Actually the amplitude imbalance is less satisfied than phase 
properties. 
 
The miniaturized quadrature coupler (Type-II) has better phase characteristics with the phase imbalance 
from 8.51  to -10.98 , while for the conventional one from 11.92  to -11.39 . 
 

 

Figure 3.19 Size comparison of conventional and miniaturized quadrature hybrid coupler (Substrate: 
Rogers-4350B) 

Figure 3.19 shows the size comparison of conventional and miniaturized quadrature hybrid coupler when 
Rogers 4350B substrate is used. And, the dimension of traditional and miniaturized quadrature hybrid 
coupler is summarized in Table 3.6.  

Table 3.6 Dimension of conventional and miniaturized quadrature hybrid coupler using Rogers 4350B 
substrate 

Quadrature Hybrid 
Coupler 

Length (mm) Width(mm) Area(   ) Size (%) 

Traditional Coupler 26.55 22.21 590.03 100% 
Miniaturized 

Coupler(Type-I) 
18.24 17.98 328.06 55.60% 

Miniaturized 
Coupler(Type-II)  

17.62 12.64 222.87 37.66% 
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It is seen from Table 3.6 that, the miniaturized coupler (Type-II) reveals similar or better performance 
than conventional and miniaturized (Type-I) but require only 37.66% of the area.  It means that 
miniaturized coupler (Type-II) achieves reduction of 62.56% compared to the conventional one.  

For the above reason, the next design is done with Type-II for quadrature hybrid coupler using Rogers 
4360 substrate.  

3.1.5 Quadrature hybrid coupler for the higher frequency band (1.71 - 2.70 GHz) 
using Rogers 4360  
Figure 3.20 shows the schematic of the conventional quadrature hybrid coupler with characteristic 
impedance,    50 Ω.  

 

Figure 3.20 Schematic of conventional quadrature hybrid coupler for higher frequency band (1.71 - 2.70 
GHz) 

The Table 3.7 provides the length and width of the quarter-wave transmission lines for quadrature hybrid 
coupler for the higher frequency, 1.71 - 2.70 GHz when using Rogers 4360 substrate. 

Table 3.7 Length and width of trace lines for the higher frequency band (1.71 - 2.70 GHz) 

Parameters Length (mm) Width (mm) 
Series Line 15.52 1.03 
Shunt Line 16.26 0.57 

 

Figure 3.21 shows the schematic simulation results of the conventional quadrature hybrid coupler for the 
higher band, 1.71 - 2.70 GHz, at operating frequency 2.205 GHz when using Rogers 4360 substrate. 

Figure 3.21(a) & 3.29(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation achieved at 2.20 GHz. And, the value of input reflection and 
isolation in are -42 dB in both cases. The Figure 3.29(c), 3.29(d), 3.29(e) and 3.29(f) show the forward 
transmissions from the input to the two output arms, amplitude imbalance, phase response and phase 
imbalance within the frequency band, 1.71 - 2.70 GHz. 
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Figure 3.21 Conventional quadrature hybrid coupler (schematic) outputs: a) input Reflection, b) Isolation, 

c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase 
response,  e)Phase difference between port 2 and port 3. 

Figure 3.22 shows the schematic of the miniaturized coupled lined quadrature hybrid coupler with 
characteristic impedance,    50 Ω. 
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Figure 3.22 Schematic of miniaturized coupled line quadrature hybrid coupler for the higher band (1.71 - 
2.70 GHz) with Rogers 4360 substrate 
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Figure 3.23 Miniaturized coupled line quadrature hybrid coupler  (schematic) outputs: a) Input Reflection, 
b) Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) 

Phase response, e) phase difference between port 2 and port 3. 

Figure 3.23 shows the schematic simulation results of the miniaturized coupled lined quadrature hybrid 
coupler for the higher frequency band, 1.71 - 2.70 GHz, at operating frequency 2.205 GHz.  

Figure 3.23(a)-3.23(b), show the input reflection and isolation of the miniaturized quadrature hybrid 
coupler. It is shown that the input reflection and isolation achieved at 2.205 GHz. And, the value of input 
reflection and isolation are -23.50 dB and -27 dB. The Figure 3.31(c), 3.31(d), 3.31(e) and 3.31(f) show 
the forward transmissions from the input to the two output arms, amplitude imbalance, phase response 
and phase imbalance within the frequency band, 1.71 - 2.70GHz. 
 

 

Figure 3.24 Layout of conventional quadrature hybrid coupler for the higher frequency band (1.71 - 2.70 
GHz) 

Figure 3.24 shows the layout of the conventional quadrature hybrid coupler with characteristic 
impedance,    50 Ω.  
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Figure 3.25 Conventional quadrature hybrid coupler (layout  outputs : a) Input Reflection, b) Isolation, c) 
Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase 

response, e) Phase difference between port 2 and port 3. 

Figure 3.25 shows the layout simulation results of the conventional quadrature hybrid coupler for the 
higher frequency band, 1.71 - 2.70 GHz, at operating frequency 2.205 GHz.  

Figure 3.25(a) & 3.25(b) show the input reflection and isolation. It is shown that the input reflection and 
isolation achieved at 2.20 GHz. And, the value of input reflection and isolation are -33.17 dB and -29.59 
dB respectively.  
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Figure 3.25(c) shows the forward transmissions from the input to the two output arms. In both cases, the 
losses,     and      are vary from -3.04 to -5.22 dB and -3.23 to -3.74 dB within the frequency band 1.71- 
2.70 GHz respectively. 
 
Figure 3.25(d) shows amplitude imbalance of two output signal, port 2 and port 3 and the amplitude 
imbalance is between 0.21 dB to -1.72 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.25 (e) shows the phase properties of two output ports, port 2 and port 3. And, the Figure 3.25(f) 
shows the phase imbalance of the output ports.  The nominal phase imbalance ±10° but here it is shown 
11.98  to -4.10   within the frequency band. 

 

Figure 3.26 Layout of miniaturized coupled lined quadrature hybrid coupler using Rogers 4360 substrate 
for the higher frequency band (1.71 - 2.70 GHz) 

Figure 3.26 shows the layout of the miniaturized coupled lined quadrature hybrid coupler quadrature 
hybrid coupler with characteristic impedance,    50 Ω.  

Figure 3.27 shows the layout simulation results of the miniaturized quadrature hybrid coupler for the 
higher band, 1.71 - 2.70 GHz, at 2.205 GHz when using Rogers 4360 substrate. 
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Figure 3.27: Miniaturized coupled lined quadrature hybrid coupler (layout) outputs: a) Input Reflection, 
b) Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) 

Phase response,  e)phase difference between port 2 and port 3. 

Figure 3.27(a)-3.35(b), show the input reflection and isolation. It is shown that the input reflection and 
isolation achieved at 2.20 GHz. And, the value of input reflection and isolation are -43.19 dB and -34.64 
dB respectively.  
 
Figure 3.27(c) shows the forward transmissions from the input to the two output arms. In both cases, the 
losses,     and      are vary from -3.07 dB to -5.53 dB and -3.16 to -3.79 dB within the frequency band 
1.71 - 2.70 GHz respectively. 
 
Figure 3.27(d) shows amplitude imbalance of two output signals, port 2 and port 3 and the amplitude 
imbalance is between 0.14 dB to -1.75 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.27 (e) shows the phase properties of two output ports, port 2 and port 3. And, the Figure 3.27(f) 
shows the phase imbalance of the output ports.  The nominal phase imbalance ±10° but here it is shown 
2.81  to -11.56   within the frequency band. 

For the purpose of comparison the simulated results of the conventional and miniaturized quadrature 
hybrid couplers are listed in Table 3.8 for the higher frequency band, 1.71 - 2.70 GHz when Rogers 4360 
Substrate is used. 
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Table 3.8 Performance parameters of conventional &miniaturized quadrature hybrid coupler using Rogers 
4360 

Parameters Quadrature Hybrid Coupler 
Conventional Miniaturized 

Frequency band (GHz) 1.71 - 2.70 1.710-2.70 
Operating frequency(GHz) 2.205 2.205 

Input Reflection (    ) (dB) at 2.205 
GHz 

-33.17 -43.19 

Isolation (   )(dB) at 2.205 GHz -29.59 -34.63 
Forward Transmission at direct port 

(   )(dB) 
-3.04 to -5.22 -3.07 to -5.53 

Variety of     (dB) -2.17 -2.45 
Forward Transmission at coupled port 

(   )(dB) 
-3.23 to -3.74 -3.16 to -3.79 

Variety of     (dB) -0.501 -0.63 
Amplitude Imbalance(dB) 0.21 to -1.72 0.14 to-1.75 

Variety of amplitude Imbalance(dB) 1.51 1.60 
 hase Imbalance(    ) 11.98  to -4.10 2.81  to -11.56 

Variety of Phase Imbalance(    ) 16.08 14.37 
 
From Table 3.8 it is seen that, within the frequency range of 1.71 - 2.70 GHz, the miniaturized quadrature 
coupler has higher input reflection and isolation than conventional one. As we know that, the higher value 
provides good performance and stronger isolation.  
 
The miniaturized and conventional design has almost same the forward transmission and the variety 
of      is better than    . It provides similar amplitude imbalance within the frequency band in both 
deign, conventional and miniaturized quadrature hybrid coupler. Actually the amplitude properties of 
miniaturized coupler are less satisfied than phase properties. The miniaturized quadrature hybrid coupler 
has better phase characteristics with the phase imbalance from 11.     to -4.1   , while for the conventional 
one from 2.81   to -11.56  . 
 

 

Figure 3.28 Size comparison of conventional and miniaturized quadrature hybrid coupler (substrate: 
Rogers-4360 substrate) for the higher frequency band (1.71 - 2.70 GHz) 



Chapter 3: Designs and Simulation 
 

  37 

 

Figure 3.36 shows the size comparison of conventional and miniaturized coupler when using Rogers-
4360 substrate. And, the dimension of traditional and miniaturized quadrature hybrid coupler for two 
substrates is summarized in Table IX.  

Table 3.9 Dimension of miniaturized quadrature hybrid coupler (1.71 - 2.7 GHz) for different substrates 

Substrate Quadrature hybrid Coupler Area (     Size 
Rogers-4350B 

 
Conventional 590.03 100% 
Miniaturized 222.87 37.66% 

Rogers-4360 Miniaturized 182.50 30.93% 
 

It is seen that from Table 3.9, the miniaturized quadrature hybrid coupler reveals similar or better 
performance than conventional but occupies only 30.93% of the area when higher permittivity substrate,  
Rogers 4360, is used. On the other hand it occupied 37.66% area when lower permittivity substrate is 
used for circuit design.  It means that miniaturized quadrature hybrid coupler achieves reduction of 
69.07% and 62.34% area for Rogers 4360 and Rogers 4350B substrate respectively, compared to the 
conventional one. So, it means that higher permittivity substrate provides compact size devices than lower 
one.  

From Table 3.10, it is seen that the length of transmission line is decreased when Rogers 4360 is used 
instead of Rogers 4350B. This is the reason to get compact size when higher permittivity substrate is 
used.  

Table 3.10 Effect on trace line, length and width using Rogers 4350B and Rogers 4360 Substrate 

 
 
 

Impedance of quarter-wave 
transmission  lines 

Substrate 
(Operating 

Frequency@2.205GHz) 
Rogers 4350B Rogers 4360 

Length(mm) Length (mm) 

          
 

20.40 16.46 

                 
 

19.85 
 

15.92 

 

For the above described reason, the quadrature hybrid coupler for the lower frequency band (698 - 960 
MHz) is designed using Rogers 4360 Substrate.  
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3.2 Quadrature Hybrid Coupler for LTE Lower Frequency Band (698 - 960 
MHz)  
Figure 3.29 shows the schematic of the conventional quadrature hybrid coupler with characteristic 
impedance,     5  Ω, while using Rogers 4360 substrate. 

 

Figure 3.29 Schematic of conventional quadrature hybrid coupler for lower band (698 - 960 MHz) 

The Table 3.11 provides the length and width of the quarter-wave transmission lines for quadrature hybrid 
coupler for the lower frequency band (698 - 960 MHz) when Rogers 4360 substrate is used. 

Table 3.11 Length and width of transmission lines for the lower band (698 - 960 MHz) 

Parameters Length (mm) Width (mm) 
Series Line 42.10 1.03 
Shunt Line 43.25 0.57 

 

Figure 3.30 shows the schematic simulation results of the conventional quadrature hybrid coupler for the 
lower frequency band, 698 - 960 MHz, at operating frequency 825 MHz when Rogers 4360 substrate is 
used. 
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Figure 3.30 Conventional quadrature hybrid coupler outputs: a) Input Reflection, b) Isolation, c) Forward 
transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase response,  e)Phase 

difference between port 2 and port 3. 

Figure 3.30(a) & 3.30(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation achieved at 830 MHz instead of operating frequency 825 
MHz And, the value of input reflcetion and isolation in are near -40 dB in both cases. The Figure 3.30 (c), 
3.30 (d), 3.30(e) and 3.30(f) show the forward transmissions from the input to the two output arms, 
amplitude imbalance, phase response and phase imbalance within the frequency band, 698 – 960 MHz.  
 
Figure 3.31 shows the layout of the conventional quadrature hybrid coupler with characteristic 
impedance,    50 Ω.  
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Figure 3.31 Layout of regular quadrature hybrid coupler for lower band (698 - 960 MHz) using Rogers 
4360 substrate. 
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Figure 3.32 Quadrature hybrid coupler (layout) outputs: a) Input Reflection, b) Isolation, c) Forward 
transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase response, e) Phase 

difference between port 2 and port 3. 

Figure 3.32 shows the layout simulation results of the conventional quadrature hybrid coupler for the 
lower frequency band, 698 - 960 MHz, at operating frequency 825 MHz when Rogers 4360 substrate is 
used. 

Figure 3.32(a) & 3.32(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation are achieved at 826 MHz instead of operating frequency 825 
MHz.   

Figure 3.32(c) shows the forward transmissions from the input to the two output arms. In both cases, the 
losses,     and      are vary from -3.07 dB to -4.27 dB and -3.49 dB to -3.72 dB within the frequency 
band, 698 - 960 MHz, respectively. 
 
Figure 3.32(d) shows amplitude imbalance of two output signal, port 2 and port 3 and the amplitude 
imbalance is between 0.20 dB to -0.85 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.32 (e) shows the phase properties of two output ports, port 2 and port 3. And, the Figure 3.33(f) 
shows the phase imbalance of the output ports and it’s varying from 5.86  to -5.69  within the frequency 
band which clarifies that it meets the requirement of nominal phase imbalance ±1   . 

Figure 3.41 shows the schematic of the miniaturized coupled lined quadrature hybrid coupler with 
characteristic impedance,     50 Ω. 
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Figure 3.41 Schematic of miniaturized coupled lined quadrature hybrid coupler 
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Figure 3.42 Miniaturized coupled lined quadrature hybrid coupler (Schematic) outputs: a) Input 

reflection, b) Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and 
port 3, d) Phase response, e)Phase difference between port 2 and port 3. 

Figure 3.42(a) & 3.42(b) show the input reflection and isolation of the miniaturized quadrature hybrid 
coupler. It is shown that the input reflection and isolation achieved at 825 MHz. The Figure 3.42 (c), 3.42 
(d), 3.42 (e) and 3.42(f) show the forward transmissions from the input to the two output arms, amplitude 
imbalance, phase response and phase imbalance within the frequency band, 698 - 960 MHz. 

Figure 3.43 shows the layout of the miniaturized quadrature hybrid coupler with characteristic impedance,     50 Ω.  

 

Figure 3.43 Layout of miniaturized coupled lined quadrature hybrid coupler for the lower band (698 - 960 
MHz) 
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Figure 3.44 Miniaturized coupled lined quadrature hybrid coupler (layout) outputs: a) Input Reflection, b) 
Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) 

Phase response, e) Phase difference between port 2 and port 3. 

The figure 3.44 shows the layout simulation results of the miniaturized quadrature hybrid coupler for the 
lower frequency band (698 - 960 MHz) at operating frequency 825 MHz when Rogers 4360 substrate is 
used. 

Figure 3.44(a)-3.40(b), show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that the input reflection and isolation are achieved at 826.8 MHz instead of operating frequency 
825 MHz.   
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Figure 3.44(c) shows the forward transmissions from the input to the two output arms. In both cases, the 
losses,     and      are vary from -3.15 to -4.53 dB and -3.15 to -3.53 dB within the frequency band 698 - 
960 MHz respectively. 
 
 Figure 3.44(d) shows amplitude imbalance of two output signal, port 2 and port 3 and the amplitude 
imbalance is between 0.07 dB to -1.26 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.44 (e) shows the phase properties of two output ports, port 2 and port 3. And, the Figure 3.33(f) 
shows the phase imbalance of the output ports.  The nominal phase imbalance is ±10° and here it is 6.34  
to -0.87  within the frequency band, which meets the nominal requirements.  

For the purpose of comparison the simulated results of the conventional and miniaturized quadrature 
hybrid couplers are listed in Table 3.12 for lower frequency band (698 - 960 MHz) when Rogers 4360 
substrate is used. 

Table 3.12 Performance parameters of miniaturized quadrature hybrid coupler for the lower frequency 
band (698 - 960 MHz) 

Parameters Quadrature Hybrid Coupler 
Conventional Miniaturized 

Frequency band (MHz) 698 - 960 698 - 960 
Operating frequency (MHz) 825 825 

Input Reflection (    ) (dB) at 825 MHz -32.00 -38.89 
Isolation (   )(dB) at 825 MHz -27.89 -31.09 

Forward Transmission at direct port 
(   )(dB) 

-3.07 to -4.27 -3.15 to -4.53 

Variety of     (dB) -1.19 -1.38 
Forward Transmission at coupled port 

(   )(dB) 
-3.49 to -3.72 -3.15 to -3.53 

Variety of     (dB) -0.22 -0.37 
Amplitude Imbalance(dB) 0.20 to -0.85 0.07 to -1.26 

Variety of amplitude Imbalance(dB) 1.06 1.33 
 hase Imbalance(    ) 5.86  to -5.69 6.34 to -0.87 

 ariety of  hase Imbalance(    ) 11.55 7.21 
 

From Table 3.12 it is seen that, within the frequency range of 698 - 960 MHz, the miniaturized quadrature 
coupler has higher input reflection and isolation than conventional one. As we know that, the higher value 
provides good performance.  
 
The miniaturized and conventional design has almost the same forward transmission and the variety 
of     is better than    . The value of amplitude imbalance of conventional and miniaturized coupler is 
1.06 dB and 1.33 dB, respectively. It means that conventional quadrature hybrid coupler has a good result 
of amplitude imbalance within the frequency band than miniaturized quadrature hybrid coupler. Actually 
the amplitude is less satisfied than phase properties. 
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The miniaturized quadrature coupler has better phase characteristics with the phase imbalance from 6.34   
to -0.87  , while for the conventional one from 5.86   to -5.69. 
 

 

Figure 3.45 Size comparison of quadrature hybrid coupler for the lower band (698 - 960 GHz)  

The figure 3.45 shows the size comparison of conventional and miniaturized coupler when using Rogers 
4360 substrate. And, the dimension of traditional and miniaturized quadrature hybrid coupler is 
summarized in Table 3.13.  

Table 3.13 Dimension of conventional and miniaturized quadrature hybrid coupler 

Quadrature hybrid coupler 
for 

lower frequency band (698-
960 MHz) 

Length (mm) Width(mm) Area(   ) Size (%) 

Conventional 47.20 45.20 2156.04 100% 
Miniaturized 30.00 26.80 804.00 37.29% 

 

It is seen that from Table 3.13, the miniaturized coupler for lower frequency band occupies only 37.66% 
of the area compare to conventional one.  It means that miniaturized coupler achieves reduction of 
62.34% size compared to the conventional one.  

3.3 Rat Race Coupler for LTE higher Frequency Band (1.71 - 2.70 GHz) 

3.3.1 Rat race coupler for the higher frequency band (1.71 - 2.70 GHz) using Rogers 
4350B substrate 
The figure 3.46 shows the schematic of the conventional rat race coupler with characteristic impedance,     50 Ω.  
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Figure 3.46 Schematic of conventional rat race coupler for the higher frequency band (1.71 - 2.70 GHz) 

The figure 3.47 shows the schematic simulation results of the conventional rat race coupler for the higher 
frequency band, 1.71 - 2.70 GHz. 
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Figure 3.47 Conventional rat race coupler(schematic) outputs: a) Input Reflection, b) Isolation, c) 
Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase 

response, e) Phase difference between port 2 and port 3. 

Figure 3.47(a)-3.47(b), show the input reflection and isolation of the rat race coupler. It is shown that 
isolation achieved at desired frequency at 2.2 GHz but input reflection achieved at 2.17 GHz. And, the 
value of input reflection and isolation are -49 dB and -44 dB respectively. The Figure 3.47(c), 3.47(d), 
3.47(e) and 3.47(f) show the forward transmissions from the input to the two output arms, amplitude 
imbalance, phase response and phase imbalance within the frequency band, 1.71 - 2.70 GHz. 

Figure 3.48 shows the layout of the conventional rat race coupler with characteristic impedance,     50 
Ω.  

 

Figure 3.48 Layout of conventional rat race coupler for the higher frequency band (1.71 - 2.70 GHz) 
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Figure 3.49 Conventional rat race coupler(layout) outputs: a) Input Reflection, b) Isolation, c) Forward 

transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase response, e) Phase 
difference between port 2 and port 3. 

The figure 3.49 shows the layout simulation results of the conventional rat race coupler for the higher 
frequency band (1.71 - 2.70 GHz) at 2.205 GHz.  

Figure 3.49(a) & 3.49(b) show the input reflection and isolation of the conventional rat race coupler. It is 
shown that the input reflection and isolation achieved at 2.20 GHz. And, the value of input reflection and 
isolation in are -28.76 dB and -51.50 dB respectively. 
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Figure 3.49(c) shows the forward transmissions from the input to the two output arms.     and     vary 
from -2.33 dB to -3.20 dB and -3.14 to –4.83 dB within the frequency band, 1.71 - 2.70 GHz, 
respectively. 
 
Figure 3.49(d) shows amplitude imbalance of two output signals, port 2 and port 4 and the amplitude 
imbalance are between 0.05 dB to -2.50 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.49 (e) shows the phase properties of two output ports, port 2 and port 4. And, the Figure 3.49(f) 
shows the phase imbalance of the output ports, which is 14.43   to -14. 1   within the frequency band. The 
phase fulfills the normal requirement   1    but for rat race coupler it’s little bit difficult to meet this 
requirement for the whole frequency band.  

Figure 3.50 shows the schematic of the equivalent coupled line rat race coupler with characteristic 
impedance,     50 Ω and this is circuit configuration is used for miniaturization of rat race coupler.  

 

Figure 3.50 Schematic of miniaturized rat race coupler  

Figure 3.51 shows the schematic simulation results of the miniaturized rat race coupler for the higher 
frequency band, 1.71 - 2.70 GHz, at 2.205 GHz. 
 
Figure 3.51(a)-3.51(b), show the input reflection and isolation of the rat race coupler. It is shown that 
isolation achieved at desired frequency at 2.20 GHz but input reflection achieved at 2.15 GHz. And, the 
value of input reflection and isolation are -28 dB and -49.5 dB respectively.  
 



Chapter 3: Designs and Simulation 
 

  51 

 

The Figure 3.51(c), 3.51(d), 3.51(e) and 3.51(f) show the forward transmissions from the input to the two 
output arms, amplitude imbalance, phase response and phase imbalance within the frequency band, 1.71 - 
2.70 GHz. 

  

  

  
Figure 3.51 Miniaturized coupled lined rat race coupler (schematic) outputs: a) Input Reflection, b) 

Isolation, c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) 
Phase response, e) Phase difference between port 2 and port 3. 

Figure 3.48 shows the layout of the miniaturized rat race coupler with characteristic impedance,    5 Ω.  
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Figure 3.52 Miniaturized coupled lined rat race coupler) for higher frequency band 

Figure 3.52 shows the layout of the miniaturized rat race coupler with characteristic impedance,     50 
Ω. 

Figure 3.53 shows the layout simulation results of the miniaturized rat race coupler for the higher 
frequency band, 1.71 - 2.70 GHz, at 2.205 GHz.  

Figure 3.53(a) & 3.53(b) show the input reflection and isolation of the conventional rat race coupler. It is 
shown that the input reflection achieved at 2.17 GHz and isolation achieved at 2.20 GHz. And, the value 
of input refelction and isolation are -26.51 dB and -49.28 dB, respectively. 
 

  

  



Chapter 3: Designs and Simulation 
 

  53 

 

  
Figure 3.53 Miniaturized coupled lined rat race coupler (layout) outputs: a) Input Reflection, b) Isolation, 

c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase 
response,  e)Phase difference between port 2 and port 3. 

Figure 3.53(c) shows the forward transmissions from the input to the two output arms.     and     vary 
from -2.42 dB to -3.31 dB and -3.24 dB to –4.89 dB within the frequency band, 1.71 - 2.70 GHz, 
respectively. The Figure 3.53(d) shows amplitude imbalance of two output signals, port 2 and port 4 and 
the amplitude imbalance are between 0.07 dB to -2.46 dB but the acceptance value of amplitude 
imbalance is ±1 dB. 
 
Figure 3.53 (e) shows the phase properties of two output ports, port 2 and port 4. And, the Figure 3.53(f) 
shows the phase imbalance of the output ports, which is 13.08   to -14.01   within the frequency band. The 
phase fulfills the normal requirement  1      but for rat race coupler it’s little bit difficult to meet this 
requirement for the whole frequency band.  

For the purpose of comparison the simulated results of the conventional and miniaturized rat race 
couplers using Rogers 4350B substrate are listed in Table 3.14. 
 

Table 3.14 Performance parameters of conventional and miniaturized rat race coupler for the higher 
frequency band (1.71 - 2.70 GHz) 

 
Parameters Rat race coupler 

Conventional Miniaturized 
Frequency band (GHz) 1.71 - 2.70 1.71 - 2.70 

Operating frequency(GHz) 2.205 2.205 
Input Reflection (    ) (dB) at 2.205 

GHz 
-28.76 -26.51 

Isolation (   )(dB) at 2.205 GHz -51.50 -49.28 
Forward Transmission at direct port 

(   )(dB) 
-2.33 to -3.20 -2.42 to -3.31 

Variety of     (dB) -0.86 -0.89 
Forward Transmission at coupled port 

(   )(dB) 
-3.14 to –4.83 -3.24  to –4.89 

Variety of     (dB) -1.69 -1.64 
Amplitude Imbalance(dB) 0.05 to -2.50 -0.07  to -2.46 

Variety of amplitude Imbalance(dB) 2.55 2.53 
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 hase Imbalance(    ) 14.43 to -14.01 13.08 to -14.92 
 ariety of  hase Imbalance(    ) 28.44 28.08 

 

From Table 3.14 it is seen that, within the frequency range of 1.71 - 2.70 GHz, conventional and 
miniaturized rat race coupler substrate shows almost similar characteristics when Rogers 4350B is used. 
 

 

Figure 3.54 Size comparison of rat race coupler for the higher frequency band (1.71 - 2.70 GHz) 
(Substrate: Rogers 4350B) 

Figure 3.54 shows the size comparison of conventional and miniaturized rat race coupler when using 
Rogers 4350B substrate. And, the dimension of traditional and miniaturized rat race coupler is 
summarized in Table 3.15.  

Table 3.15 Dimension of conventional and miniaturized rat race coupler for the higher frequency band 
(1.71 - 2.70 GHz) 

Rat Race Coupler 
 

Length 
(mm) 

Width(mm) Area(   ) Size (%) 

Conventional 40 39.9 1596 100% 
Miniaturized 20.3 16.4 332.92 20.85% 

 

It is seen that from Table 3.15, the miniaturized rat race coupler reveals similar performance  compared to 
conventional one but require only 20.85 % of the area.  It means that miniaturized coupler rat race 
achieves reduction of 79.15% compared to the conventional one.  

3.3.2 Rat race coupler for the higher frequency band (1.71 - 2.70 GHz) using Rogers 
4360 substrate  
Figure 3.55 shows the layout of the conventional rat race coupler with characteristic impedance,     50 
Ω, when Rogers 43   substrate is used. 



Chapter 3: Designs and Simulation 
 

  55 

 

 

Figure 3.55 Layout of conventional rat race coupler for the higher frequency band (1.71 - 2.70 GHz)  

Figure 3.56 shows the layout simulation results of the conventional rat race coupler for the higher 
frequency band, 1.71 - 2.70 GHz, at 2.205GHz.  
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Figure 3.56 Conventional Rat race Coupler (Layout) outputs: a) Input Reflection, b) Isolation, c) Forward 
transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase response, e) Phase 

difference between port 2 and port 3. 

Figure 3.56(a) & 3.56(b) show the input reflection and isolation of the conventional rat race coupler. It is 
shown that the input reflection achieved at 2.2 GHz and isolation achieved at 2.21 GHz. And, the value of 
input reflection and isolation in are -31.62 dB and -50.57 dB, respectively. 
 
Figure 3.56(c) shows the insertion losses from the input to the two output arms.     and      vary from -
2.32 dB to -3.18 dB and -3.14 dB to –4.81 dB within the frequency band, 1.71 - 2.70 GHz, respectively. 
 
Figure 3.56(d) shows amplitude imbalance of two output signals, port 2 and port 4 and the amplitude 
imbalance are between 0.04 dB to -2.41 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.56 (e) shows the phase properties of two output ports, port 2 and port 4. And, the Figure 3.56 (f) 
shows the phase imbalance of the output ports, which is 15.54   to -15.26   within the frequency band. The 
phase fulfills the normal requirement  1      but for rat race coupler it’s little bit difficult to meet this 
requirement for the whole frequency band.  

Figure 3.57 shows the layout of the miniaturized rat race coupler with characteristic impedance,    50 
Ω. 

 

Figure 3.57 Miniaturized coupled lined rat race coupler for the higher frequency band (1.71 - 2.70 GHz) 
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Figure 3.58 Miniaturized coupled lined rat race coupler (layout) outputs: a) Input Reflection, b) Isolation, 

c) Forward transmission at port 2 and port 3, c) Amplitude imbalance at port 2 and port 3, d) Phase 
response,  e)Phase difference between port 2 and port 3. 

Figure 3.58 shows the layout simulation results of the miniaturized rat race coupler for the higher 
frequency band, 1.71 - 2.70 GHz, at 2.205 GHz, when Rogers 4360 substrate is used.  

Figure 3.58(a) & 3.58(b) show the input reflection and isolation of the conventional rat race coupler. It is 
shown that the input reflection achieved at 2.21 GHz and isolation achieved at 2.20 GHz. And, the value 
of input reflection and isolation in are -28.10 dB and -42.36 dB, respectively. 
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Figure 3.58(c) shows the forward transmissions from the input to the two output arms. In cases, the 
losses,     and     are vary from -3.25 dB to -4.88 dB and -3.22dB to –2.41 dB within the frequency 
band, 1.71 GHz - 2.70 GHz, respectively. 
 
Figure 3.58(d) shows amplitude imbalance of two output signals, port 2 and port 4 and the amplitude 
imbalance are between 0.04 dB to -2.61 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.568(e) shows the phase properties of two output ports, port 2 and port 4. And, the Figure 3.58 (f) 
shows the phase imbalance of the output ports, which is 14.     to -14.66   within the frequency band. The 
phase fulfills the normal requirement  1   .  ut for rat race coupler it’s little bit difficult to meet this 
requirement for the whole frequency band.  

For the purpose of comparison the simulated results of the conventional and miniaturized rat race 
couplers is list in Table 3.16, when Rogers 4360 substrate is used. 
 

Table 3.16 Performance parameters of conventional and miniaturized rat race coupler for the higher 
frequency band 

 
Parameters Conventional Rat 

race coupler 
Miniaturized rat 

race coupler 
Frequency band (GHz) 1.71 - 2.70 1.71 - 2.70 

Operating frequency(GHz) 2.205 2.205 
Input Reflection (    ) (dB) at 2.205 

GHz 
-31.62 -28.10 

Isolation (   )(dB) at 2.205 GHz -50.57 -42.36 
Forward Transmission at direct port 

(   )(dB) 
-2.32 to -3.18 -3.25 to -4.88 

Variety of     (dB) -0.86 -1.62 
Forward Transmission at coupled port 

(   )(dB) 
-3.14 to –4.81 -3.22 to –2.41 

Variety of     (dB) -1.67 -0.81 
Amplitude Imbalance(dB) 0.04 to -2.41 -0.04 to -2.61 

Variety of amplitude Imbalance(dB) 2.37 2.57 
 hase Imbalance(    ) 15.54 to -15.26 14.87 to -14.66 

 ariety of  hase Imbalance(    ) 30.80 29.542 
 

From Table 3.17 it is seen that, within the frequency range of 1.71 - 2.70 GHz, conventional and 
miniaturized rat race coupler using Rogers 4360 substrate shows similar characteristics.  
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Figure 3.59 Size comparison of rat race coupler for the higher frequency band (Substrate: Rogers 4360) 

Figure 3.59 shows the size comparison of conventional and miniaturized rat race coupler when using 
Rogers 4360 substrate. And, the dimension of traditional and miniaturized rat race coupler is summarized 
in Table 3.17. 

Table 3.17  Dimension of conventional and miniaturized rat race coupler (1.71 - 2.7 GHz) for different 
substrates 

Rat Race Coupler  
 

Substrate Area(   ) Size (%) 

Conventional Rogers 
4350B 

1596 100% 
Miniaturized 332.92 20.85% 
Miniaturized Rogers 4360 284.16 17.80% 

 

It is seen that from Table 3.17, the miniaturized coupler  revels similar performance compared to 
conventional one but require only 17.80% of the area when higher permittivity substrate,  Rogers 4360, is 
used. On the other hand it occupied 20.85% area when lower permittivity substrate is used for design.  It 
means that miniaturized coupler achieves reduction of 82.60% and 79.15% area compared to the 
conventional one. So, it reveals that higher permittivity substrate provides compact size coupler than 
lower one.  

3.4 Rat race coupler for the lower frequency band (698 - 960 MHz) using 
Rogers 4360 substrate 
Figure 3.60 shows the layout of the conventional rat race coupler with characteristic impedance,    50 
Ω. 
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Figure 3.60 Layout of conventional rat race coupler for the lower frequency band (698 - 960 MHz)  

Figure 3.61 shows the layout simulation results of the conventional rat race coupler for the lower 
frequency band, 698 - 960 MHz, at operating frequency 825 MHz when Rogers 4360 substrate is used. 
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Figure 3.61  Conventional Rrat race coupler for lower frequency band (layout) outputs: a) Input 

Reflection, b) Isolation, c) Forward transmission at port 2 and port 4, c) Amplitude imbalance at port 2 
and port 3, d) Phase response, e) Phase difference between port 2 and port 4. 

Figure 3.61 shows the layout simulation results of the conventional rat race coupler for the lower 
frequency band, 698 - 960 MHz, at operating frequency 825 MHz when Rogers 4360 substrate is used. 

Figure 3.61(a)-3.61(b), show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that isolation is achieved at desired frequency but the input reflection is achieved at 820 MHz 
instead of operating frequency 825 MHz.   

Figure 3.61(c) shows the forward transmissions from the input to the two output arms. In both cases, the 
losses,     and      are vary from -2.86 dB to -3.26 dB and -3.19 dB to –3.91 dB within the frequency 
band 698 - 960 MHz respectively. 
 
Figure 3.61(d) shows amplitude imbalance of two output signal, port 2 and port 4 and the amplitude 
imbalance is between 0.06 dB to -1.03 dB but the acceptance value of amplitude imbalance is ± 1dB. 
 
Figure 3.61 (e) shows the phase properties of two output ports, port 2 and port 4. And, the Figure 3.61(f) 
shows the phase imbalance of the output ports and it’s varying from 10.25  to -9.11  within the frequency 
band which clarifies that it meets the requirement of nominal phase imbalance ±1   . 
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Figure 3.62 shows the layout of the miniaturized rat race coupler with characteristic impedance,     50 
Ω.  

 

Figure 3.62 Layout of miniaturized rat race coupler for lower frequency band (698 - 960 MHz) 

Figure 3.63 shows the layout simulation results of the miniaturized coupled lined rat race coupler rat for 
the lower frequency band, 698 - 960 MHz, at operating frequency 825 MHz when using Rogers 4360 
substrate. 
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Figure 3.63 Miniaturized coupled lined rat race coupler (layout) outputs: a) Input Reflection, b) Isolation, 
c) Forward transmission at port 2 and port 4, c) Amplitude imbalance at port 2 and port 3, d) Phase 

response,  e)phase difference between port 2 and port 3. 

Figure 3.63(a) & 3.61(b) show the input reflection and isolation of the quadrature hybrid coupler. It is 
shown that isolation is achieved at desired frequency but the input reflection is achieved at 834.10 MHz 
instead of operating frequency 825 MHz.   

Figure 3.63(c) shows the forward transmissions from the input to the two output arms.     and     vary 
from -2.80 to -3.33 dB and -3.24 to –4.20 dB within the frequency band, 698 - 960 MHz, respectively. 
 
Figure 3.63(d) shows amplitude imbalance of two output signal, port 2 and port 4 and the amplitude 
imbalance is between 0.08 dB to -1.24 dB but the acceptance value of amplitude imbalance is ±1 dB. 
 
Figure 3.63 (e) shows the phase properties of two output ports, port 2 and port 4. And, the Figure 3.61(f) 
shows the phase imbalance of the output ports and it’s varying from 10.58  to -9.08  within the frequency 
band which clarifies that it meets the requirement of nominal phase imbalance  1   .  

For the purpose of comparison the simulated results of the conventional and miniaturized rat race 
couplers using Rogers 4360 substrate are list in Table 3.18. 
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Table 3.18 Performance parameters of conventional and miniaturized rat race coupler for the lower band 
(698 - 960 MHz) 

Parameters Rat race coupler 
Conventional rat 

race coupler 
Miniaturized rat 

race coupler 
Frequency band (MHz) 698 - 960 698 - 960 

Operating frequency(MHz) 825 825 
Input Reflection (    ) (dB) at 825MHz -33.92 -39.42 

Isolation (   )(dB) at 825MHz -48.78 -44.17 
Forward Transmission at direct port 

(   )(dB) 
-2.86 to -3.26 -2.80 to -3.33 

Variety of     (dB) -0.39 -0.52 
Forward Transmission at coupled port 

(   )(dB) 
-3.19 to –3.91 -3.24 to –4.20 

Variety of     (dB) -0.71 -0.96 
Amplitude Imbalance(dB) 0.06 to -1.03 0.08 to -1.24 

Variety of amplitude Imbalance(dB) 0.96 1.11 
 hase Imbalance(    ) 10.25 to -9.11 10.58 to -9.08 

Variety of Phase Imbalance(    ) 19.36 19.64 
 

From Table 3.18 it is seen that, within the frequency range of 1.71 - 2.70 GHz, conventional and 
miniaturized coupled line rat race coupler using Rogers 4360 substrate shows similar characteristics.  
 

 

Figure 3.64: Size comparison of rat race coupler for the lower band (698 - 960 MHz) 
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Figure 3.64 shows the size comparison of conventional and miniaturized rat race coupler when using 
Rogers 4360 substrate. And, the dimension of traditional and miniaturized rat race coupler is summarized 
in Table 3.19.  

Table 3.19 Dimension of conventional and miniaturized rat race coupler for the lower frequency band 
(698 - 960 MHz) 

Rat race coupler Length (mm) Width(mm) Area(   ) Size (%) 
Conventional 87.3 87.3 7621.29 100% 
Miniaturized 55.5 27.9 1548.45 20.31% 

 

It is seen that from Table 3.19, the miniaturized rat race coupler for lower frequency band occupies only 
20.31% of the area compare to conventional one.  It means that miniaturized coupler achieves reduction 
of 79.69% size compared to the conventional one.  
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4 Prototypes, Measurement and Analysis 
All prototypes have been fabricated on Rogers 4360 substrates on ITN PCB lab at Linköping 
University. The prototype for both quadrature hybrid and rat race coupler were fabricated and 
measured with vector network analyzer. 

4.1 Quadrature hybrid coupler for the lower frequency band (698 - 960 
MHz) 
Figure 4.1 shows the prototype of miniaturized quadrature hybrid coupler for the lower frequency 
band.  

 

Figure 4.1 Prototype of miniaturized quadrature hybrid coupler for the lower frequency band 

  

  
Figure 4.2 Comparison between measured and simulated outputs of miniaturized quadrature hybrid 

coupler (lower band): a) Input Reflection and Isolation, c) Forward transmissions at port 2 and port 3, 
c) Amplitude imbalance between port 2 and port 3, d) phase difference between port 2 and port 3. 
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Figure 4.2 shows the comparison between simulated and measured outputs of miniaturized quadrature 
hybrid coupler for the lower frequency band (698 - 960 MHz). The operating frequency is at 825 
MHz. The solid line shows the simulation results, whereas dotted line shows the measurement results.  

Figure 4.1(a) shows the variation between measured and simulated input reflection and isolation of 
lower band quadrature hybrid coupler. It observed that the input reflection is achieved at 826.8 MHz 
and 802 MHz, which are approximately -38.5 dB and -22.5 dB for simulated and measured data 
respectively. And, isolation is observed at 806.8 MHZ and at 826.8 MHz for measurement and 
simulation. For both cases, isolation is greater than -32 dB. It means that the device is properly 
isolated.   

The forward transmissions are shown in figure 4.1(b) for cases. It is noticed that there is a -3 dB equal 
power split between two output ports and the measured results is approximated same as simulated 
results. 

The amplitude imbalance and phase imbalance is shown in figure 4.1(c) and 4.1(d) respectively. As 
we know that the accepted value of amplitude imbalance is         and the bandwidth is 76.33 % of 
total bandwidth. Whereas, the acceptable value is         for phase imbalance but it exceeds in both 
cases but in acceptable level. The simulated and measured phase imbalance is same as expected. 

4.2 Quadrature hybrid coupler for the higher band (1.710 - 2.70 GHz) 
Figure 4.3 shows the prototype of miniaturized quadrature hybrid coupler for the higher frequency 
band. 

 

Figure 4.3 Prototype of miniaturized quadrature hybrid quadrature hybrid coupler for the higher 
frequency band 

Figure 4.4 shows the comparison between simulated and measured outputs quadrature hybrid coupler 
for the higher band, 1.71 - 2.70 GHz. The operating frequency is at 2.205 GHz.  

Figure 4.4(a) shows the variation between measured and simulated input reflection and isolation of 
lower band quadrature hybrid coupler. It observed that the input reflection is achieved at 2.20 GHz and 
2.12 GHz, which are approximately -42 dB and -17 dB for simulated and measured data respectively. 
And, isolation is observed at 806.8 MHZ and at 826.8 MHz for measurement and simulation. For both 
cases, isolation is greater than -30 dB. It means that the device has strong isolation. 

The forward transmissions are shown in figure 4.4(b) for cases. It is noticed that there is a -3 dB equal 
power split between two output ports and it covers wider bandwidth. But the measured results is not 
convincing because of unwanted nature of curve. There is variation on the graphs, especially    .  The 
prototype of higher band quadrature hybrid coupler is very small and it was little bit difficult to 
connect SME connectors in proper way. This might be generated some losses to get such type of 
forward transmissions.  
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Figure 4.4 Comparison between measured and simulated outputs of miniaturized quadrature hybrid 
coupler (higher band): a) Input Reflection and Isolation, c) Forward transmission at port 2 and port 3, 

c) Amplitude imbalance between port 2 and port 3, d) phase difference between port 2 and port 3. 

The amplitude imbalance and phase imbalance is shown in figure 4.4(c) and 4.4(d) respectively. The 
bandwidth is approximately 65.65 % of total bandwidth for          amplitude imbalance. The phase 
imbalance is exactly same for same for simulation and measurement. 

4.3 Rat race coupler for the lower frequency (698 - 960 MHz) band  
Figure 4.5 shows the prototype of miniaturized rat race coupler for the lower frequency band. 

 

Figure 4.5 Prototype of miniaturized rat race coupler for lower frequency band  
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The figure 4.6 shows the comparison between simulated and measured outputs rat race coupler for the 
lower band (698 - 960 MHz). The operating frequency is at 825 MHz.  

 
 

 
 

Figure 4.6 Comparison between measured and simulated outputs of miniaturized rat race coupler: a) 
Input Reflection and Isolation, c) Forward transmission at port 2 and port 4, c) Amplitude imbalance at 

port 2 and port 4, d) phase difference between port 2 and port 4. 

Figure 4.6(a) shows the variation between measured and simulated input reflection and isolation of 
lower band rat race coupler. It observed that the input reflection is achieved at 826.50 MHz and 800 
MHz, which are approximately -29.95 dB and -39.42 dB for simulated and measured data 
respectively. And, isolation is observed at 800 MHZ and at 825 MHz for measurement and simulation. 
For both cases, isolation is greater than -44 dB. It means that the device has isolation as expected.  

The forward transmissions are shown in figure 4.6(b) for cases. It is noticed that there is a -3 dB equal 
power split between two output ports and the measured results is approximated same as simulated 
results. 

The amplitude imbalance and phase imbalance is shown in figure 4.6(c) and 4.6(d) respectively. The 
bandwidth is approximately 77 % of total bandwidth for        amplitude imbalance and the 
simulated and measured phase imbalance is exactly matched. 

There is a good agreement between simulated and measured results of both the couplers. 
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5 Conclusion and Future Work 

5.1 Conclusion 
Miniaturized quadrature hybrid and rat race couplers utilizing coupled line technique have been 
presented in this thesis report, which couplers can operate in wide frequency band. The designated 
band covers frequencies from 698 - 960 MHz and 1.71 - 2.70 GHz, e.g., covering LTE applications. 
Then, the prototype of quadrature hybrid and rat race coupler are fabricated and verified to confirm its 
regular performance with comparison with simulation results. The structure of proposed quadrature 
hybrid has advantage that it can be fabricated on dual layer printed circuit board (PCB). Both 
simulation and measurement results confirm that the proposed miniaturized couplers designs work 
very well over their frequency bands for both miniaturized couplers. Also, the miniaturized quadrature 
hybrid coupler demonstrates 69.03% size reduction for the higher frequency band (1.71 - 2.70 GHz), 
whereas 82.60% size reduction for the lower frequency band (698 - 960 MHz). For miniaturized rat 
race coupler, it reveals 62.35% size reduction for higher frequency band (1.71 - 2.70 GHz), whereas 
79.69% size reduction for lower frequency band (698 - 960 MHz). This reduction is considerably 
beneficial as the quadrature hybrid and rat race are important components of various wireless 
communication systems. 
 

5.2 Future work 
Several methods and techniques have been reported in the literature and published publication  
concerning miniaturization for the quadrature hybrid and rat race coupler [5], [9-10], [14],[16-28], 
[30], [44]. As miniaturization is the main issue, then two techniques can be used to get a small device. 
For example, rat race coupler comprises three quarter-wave transmission line (λ/4) and one 3λ/4 
transmission line. In this thesis project, coupled line technique is used to replace quarter-wave (λ/4) 
transmission line. 3λ/4 transmission line is especially challenging because it accommodates half of the 
total physical dimension of rat race coupler. If quarter-wave (λ/4) transmission line is replaced by 
coupled line and 3λ/4 transmission line is replaced by a meander line, then it can be provided smaller 
device. It would be also more dynamic design too. Further research can be made on the above 
mentioned issue.  
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