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ABSTRACT

ANALYSIS AND DESIGN OF A NEW TYPE OF COUPLER AND
PHASE SHIFTER BASED ON SEMI-ELLIPTICAL EDGE-COUPLED
STRUCTURE

Lo Yew Chiong

The analysis and design of wideband directional coupler and phase shifter using
semi-elliptical edge-coupled structure are presented. The structures consist of
two semi-elliptical patches on the top layer and an elliptical defected ground
plane on the bottom layer to increase the coupling coefficient and operating

bandwidth.

The proposed structure is modelled as a four-port device. Two of the ports are
open circuited for the case of phase shifter. The coupling coefficient can be
expressed in terms of even and odd mode characteristic impedances. For phase
shifter design, the amount of phase shift can be controlled by changing the
coupling coefficient. Even and odd mode analysis is carried out and sets of design
graphs are formulated to facilitate the design of the directional coupler and phase
shifter on substrate with dielectric constant of 2.2 and 3.38. Using the design
graphs, the physical dimensions of the directional coupler and the phase shifter
can be obtained. An approximate equation is also formulated to estimate the

center frequency of the device.

For the case of directional coupler, designs are made with coupling factor, C of

10dB = 1 dB. The reflection coefficient, insertion loss, coupling, and isolation
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are first simulated. The designs are fabricated on Rogers RT/Duroid 5880 and
RO4003C with different substrate thicknesses and tested using a vector network
analyser. The fabricated couplers have a reflection coefficient of better than -18
dB, isolation of better than 22 dB, and insertion loss of less than 1 dB. The
proposed coupler design exhibits wideband characteristics, with a bandwidth

ratio of 2.4.

For the case of phase shifter, designs are made with coupling factor, C of 5 dB
and 6 dB. The reflection coefficient, insertion loss, and differential phase shift
are first simulated and the designs are fabricated on Rogers RT/Duroid 5880 and
RO4003C with different substrate thicknesses. The bandwidth ratio are
approximately 2.4 and 2.1 for coupling of 5 dB and 6 dB, respectively. The phase
shifts are 80 = 3° and 97.5 £ 3.5° for coupling of 5 dB and 6 dB, respectively. All
phase shifters have reflection coefficient better than -10 dB, and insertion loss
better than 1 dB throughout the operating frequency range. These results show
that the proposed design exhibits wideband characteristics with low phase ripple.

The proposed structure is compact, simple, easy to fabricate and low cost.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Directional Coupler and Phase Shifter

Directional couplers are passive devices widely used in microwave
circuits and subsystems. They allow a certain portion of microwave power to be
coupled to the secondary port in a preferred direction. They are used to sample
power for amplitude control and used in power splitting and combining.
Directional couplers are commonly found in amplifiers, balanced mixers,
microwave instruments, modulators and antenna beam-forming networks (Pozar,

2011).

The electrical symbol of directional coupler is shown in Figure 1.1. Power
is supplied to port 1 (input port) and the coupled signal appears at port 3 (coupled
port). The remaining of the input power will be delivered to port 2 (through port),

and ideally, no power is delivered to port 4 (isolated port).

Port 1 R Port 2 Port 1 Port 2

Input \ Through Input Through

Port 4 Port 3 Port 4 Port 3
Isolated Coupled Isolated Coupled

Figure 1.1:  The common symbols used for directional couplers.



The general characteristics of a coupler include insertion loss (L),

coupling factor (C), isolation (/), and directivity (D), which can be defined by

(1.1):
L=10log(R/P,) (1.1a)
C=10log(P,/P) (1.1b)
1=10log(R/P,) (1.1c)
D=10log(P,/P,) (1.1d)

The earliest form of directional coupler is introduced by Affel of A.T.T.,
Co in 1922 (Cohn and Levy, 1984), followed by the works by Alford (1941) and
Pistolkors and Neumann (1941). Bethe hole coupler is one of the earliest
waveguide directional coupler, constructed by coupling one waveguide to
another through a single hole between the two waveguides. Subsequently,
coupled waveguides with two or more holes (Mumford, 1947; Riblet, 1947), slot

(Riblet, 1952) and multi-apertures (Levy, 1968; Levy, 1983) were introduced.

Directional couplers are also implemented on parallel-coupled TEM lines
of single section (Oliver, 1954), multiple sections (Barnett et al., 1955; Shimizu
and Hones 1958; Cristal and Young, 1965) and tandem configuration (Monteath,
1955). This is the point where even and odd mode analysis is first applied to
study the properties of the coupled lines. The exact formulas are derived for
coplanar strips (Cohn, 1955) and broadside coupled strips (Cohn, 1960) between
two ground planes. Offset broadside coupled strips are later introduced (Shelton,

1966; Shelton and Mosko, 1966) to allow the implementation of multisection
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broadside coupled structure. Tapered TEM couplers are also introduced (Tresselt,
1966, Kammler, 1969) in order to improve the performance and widen the
bandwidth of the coupler. Branch line couplers were introduced (Kyhl, 1947;

Lomer and Crompton, 1957) to realize tight coupling between the coupled lines.

Microstrip couplers are gaining attention due to the widespread use of
microstrip lines in microwave circuits. Microstrip coupler has the advantage of
easy integration with microwave circuit on a single substrate. However, due to
inhomogeneous medium, the inequality of the even and odd mode propagation
velocities degrades the directivity of the coupler. Compensation techniques are
introduced to equalize the modal phase velocities (Podell, 1970; Sheleg and
Spielman, 1974; Paolino, 1978; Kajfez, 1978; March, 1982; Dydyk, 1990). In
order to achieve tight coupling, narrow gap width between coupled lines is
required. The solution is first proposed by Lange (1969) and a few variations of
Lange’s design were also published (Waugh and LaCombe, 1972; Paolino, 1976;

Ho and Moser, 1981).

Phase shifters are passive device used to provide a constant phase shift
over a frequency range. They are used in many modern microwave systems such
as electronic beam-scanning phased arrays, modulators, microwave
measurement and instrumentation systems, and many other industrial

applications.

Phase shifters can be considered as a four-port network, which consists

of the main line and the reference line, as shown in Figure 1.2. The main line



produces a phase shift of @, while the reference line produces a phase shift of ©,.
The differential phase shift, A® between the two lines is AD = ® — ®,. One of
the basic requirements of phase shifter is to produce a constant A® over a wide
frequency range, at the same time maintain low insertion loss between the input

and output ports of the main line.

Phase shift, ZS,, = ®

Port 1 . Port 2
— Main Line —

Phase shift, ZS,, = ®,

Port 3 Port 4
—_— Reference Line —

Figure 1.2:  Circuit schematic of differential phase shifter.

One of the earliest design of phase shifter is the Schiffman differential
phase shifter, constructed based on coupled stripline structure (Schiffman, 1958).
It consist of a folded edge-coupled section and another reference transmission
line. In order to increase the bandwidth and lower the phase deviation, phase
shifters which consist of cascaded multiple sections are later introduced
(Schiffman, 1966; Shelton and Mosko, 1966; Schiek and Kohler, 1977).
Continuous tapered coupled section is also proposed by Tresset (1968) to
increase the performance of broadband phase shifter. In order to equalize the
even and odd mode phase velocities when implemented on microstrip technology,
Taylor and Prigel (1976) introduced a wiggling technique to design a broadband
edge-coupled phase shifter. Ahn and Wolff (2002) introduced an asymmetric
ring-hybrid phase shifter which is built without using coupled lines. The phase

4



shift is tuned by the terminating impedances. With the advancement in
microwave integrated circuit technology, switched phase shifters are introduced
(Eom, 2004; Jin et al., 2006; Cheng et al., 2006) to deliver a wide range of phase
shift from a single device. However, this type of phase shifters usually has limited

bandwidth and suffers from high insertion loss.

1.2 Coupled Lines Circuits and Their Characteristics

Coupling occurred when two unshielded transmission lines are placed in
close proximity due to the interaction of electromagnetic fields. The coupling
strength depends on the physical dimensions of the structure, the operating
frequency, the mode of propagation, and the direction of propagation of the
primary power (Mongia et al., 2007). These lines are referred to as coupled
transmission lines, and generally consists of two or more transmission lines in
close proximity. Figure 1.3 shows a few examples of coupled transmission lines,

which includes edge coupled and broadside coupled transmission line.

N\




«— —

&

(c)

Figure 1.3:  Coupled transmission lines. (a) Coupled stripline (edge coupled),
(b) Coupled stripline (broadside coupled), and (c) Coupled
microstrip line.

For stripline structure, the coupled transmission lines are assumed to

operate in the TEM mode. This assumption is only approximately valid for

microstrip line due to nonhomogeneous dielectric media.

The symmetric coupled line structures shown in Figure 1.3 support two
modes: the even and odd mode. For TEM propagation, the electrical
characteristic can be determined from the capacitances between the lines and the
velocity of propagation on the line, as shown in Figure 1.4. The capacitance
between the two conductors is represented by C;2, and the capacitance between

a conductor to ground is represented by C;; and C>2, respectively.

C== —

N N N = N SN

Figure 1.4: Coupled transmission line and the equivalent capacitance network.

The coupled lines are excited with even and odd mode signals. In even

mode excitation where the currents in the conductors are in the same direction
6



and equal in amplitude, the electric field has even symmetry at the center of the
coupled line. The equivalent circuit is shown in Figure 1.5(a) where C;> is
effectively an open circuit. The capacitance of either line to ground is C. = C;; =

C>2. The characteristic impedance for the even mode, Zy. is given by:

LC
Zy = | =N (1.2)
C, C vC

where v, =c/ \/2 is the phase velocity of propagation.

In the odd mode excitation, currents in the conductors are in the opposite
direction and equal in amplitude. The electric field pattern is illustrated in Figure
1.5(b), where the middle of C;, can be represented by a virtual ground plane. The
capacitance between either conductor and ground can be expressed as C, = C;;

+2C12 = C22 + 2Cy2. The odd mode characteristic impedance, Zo, 1s

1
Z,, = (1.3)
v,C,
C12
______ b
L
C“—— ——CZZ

) N NN o RN

H-wall



2C); 2C);

:ng

NN ) N

(b)
Figure 1.5: Even and odd mode excitations and their equivalent capacitance
networks. (a) Even mode and (b) Odd mode.

For TEM coupled lines, the capacitance per unit length of the line can be
determined by techniques such as conformal mapping (Howe, 1974). For quasi-
TEM line such as microstrip, the results can be obtained either numerically
(Pozar, 2011) or approximated by quasi-static techniques by Mongia et al.

(2007). From (Mongia et al., 2007), the even and odd mode phase velocities are

given by
C
Voe = - (1.4)
v, = (L.5)
&

where &.. = Co/Co. and &,, = C,/Co, are the even and odd mode effective dielectric
constant, respectively. Co. and Co, are the free space even and odd mode
capacitance of either line. Using (1.4), (1.5) and the expression of ¢, and &, the

even and odd mode impedances for quasi-TEM line can be expressed as:

1
Z, =—F—— 1.6
" CVCeCOe ( )
Z, — (1.7)
¢ C()COO



Applying even and odd mode analysis to a pair of coupled line, it can be

shown by Pozar (2011) that if

Zy =~ZoeZy, (1.8)

then the input impedance, Z; = Zy and all ports are matched. The coupling
coefficient, C can be defined as

C=Zo"lun (1.9)
ZOe +ZOo

From Equation (1.8) and (1.9), the even and odd mode characteristic

impedances can be expressed as

1+C
L, =2, —— 1.10
Oe 0 l—C ( )
1-C
Z, =2, |—— 1.11
0o 0 1+C ( )

If the characteristic impedance, Zo and the coupling factor, C are specified,
the required even and odd mode characteristic impedances can be calculated from

(1.10) and (1.11).

1.3 Research Objectives and Motivation

The existing designs of coupled line directional couplers and phase
shifters suffer from several limitations, such as limited bandwidth and high phase
deviation (phase shifter). The requirement of narrow gap width between coupled
lines and the use of multilayer structure increase the difficulty in fabrication.
Therefore, the first objective is to explore new structure and configuration for the

design of directional coupler and phase shifter. The structure shall be simple,



easy to fabricate and exhibit wideband performance. To meet this objective, a
new structure consists of semi-elliptical coupled lines and a defected ground

plane is proposed.

The second objective is to analyze and design the wideband directional
coupler and phase shifter based on the proposed structure. Electromagnetic
simulation software is used to optimize the performance of the structure and
analyze its characteristics. Using the analysis, sets of design graphs are generated

to facilitate the design of the proposed coupler and phase shifter.

The final objective is to fabricate the proposed design and verify their
performance experimentally. To meet this objective, a number of couplers and
phase shifters are fabricated on materials with different dielectric constants and
substrate thicknesses. Their performance parameters are measured using a vector

network analyzer and compared to the simulation results.

14 Thesis Overview

This thesis consists of 5 chapters. The first chapter gives an introduction
on directional coupler and phase shifter, and an overview on the coupled line
circuits and their characteristics. The research objectives and motivation are

explained in the later part of the same chapter.
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Chapter 2 gives a survey on the different types of directional couplers and
phase shifters designs documented in the literatures, together with their
advantages and disadvantages. The preferred characteristics of directional

coupler and phase shifter design are also discussed.

Chapter 3 reports on a novel directional coupler design based on semi-
elliptical lines and a defected ground plane. The chapter explains the design
technique of the proposed structure and contains design graphs for materials with
dielectric constant of 2.2 and 3.38 to facilitate the design of the directional
coupler. It also contains the simulation and measurement results of the proposed

design.

Chapter 4 focuses on the design of wideband phase shifter based on the
similar semi-elliptical lines and a defected ground plane. Design graphs are also
included to facilitate the design of the proposed phase shifter. Theoretical
analysis is performed and series of simulations are carried out to characterize the
phase shifter. The measurement results are also documented in the later part of

the chapter.

Chapter 5 gives a summary of the work and reports conclusions. It also

gives some recommendations for future work.
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CHAPTER 2

DESIGN OF DIRECTIONAL COUPLERS AND PHASE SHIFTERS

2.1 Introduction

In this chapter, several designs of the directional couplers and phase
shifters available in the open literature are studied. The design process is briefly
summarized and the design is reviewed in terms of design complexity, ease of
fabrication, physical sizes, along with their performance such as operating
bandwidth and phase stability (for the case of phase shifter). Each design has
their advantages and disadvantages, which will be discussed in the following

sections.

2.2 Design of Directional Couplers

Edge-coupled directional couplers such as stripline couplers and
microstrip couplers are backward-wave couplers. The coupling strength for these
types of couplers is determined by the difference between the even and odd mode
characteristic impedance. Since it is difficult to obtain large impedance
difference, tight coupling is difficult to realize unless extremely small spacing

between the coupled lines is used (Pozar, 2001).

Multisection coupled-line coupler is introduced by Wu et al. (2013) to
realize tight coupling. The design consists of two coupled-line sections which are

symmetry along the horizontal and vertical axes. Due to its symmetry nature, the

12



even and odd analysis method (Reed and Wheeler, 1956; Yeung, 2001) is used
to analyse the proposed structure. The coupler is designed by first determining
the required coupling coefficient, k and the center frequency. The even and odd
mode characteristic impedances of the first section, Z.; and Z,;, together with the
electrical length of the second section, 62, are chosen. The electrical length 6; is
assumed to be 90°. The corresponding even and odd mode characteristic
impedances of the second section, Z.> and Z,>, are then calculated. The electrical
parameters are then converted to physical parameters and the design can be
optimized using commercial simulation software. The advantages of the design
are high directivity and tight coupling coefficient while maintaining reasonable
gap width, making the structure practical to realize on a printed circuit board
(PCB). However, this design shows limited bandwidth (bandwidth ratio less than
1.6 : 1). Cascaded multiple sections also increases the size and design complexity

of the circuit.

When tight coupling is required, branch-line couplers, Lange couplers,
and tandem couplers can also be used. Branch-line couplers suffer from limited
bandwidth due to the quarter-wave requirement. In order to increase the
bandwidth of branch-line coupler, multisection design (Levy and Lind, 1968) is
proposed. However, higher number of coupled sections requires higher
characteristic impedance, making it difficult to realize on planar structure. Tang
et al. (2014) introduced a multisectional branch line coupler to increase the
bandwidth and lower the required impedances of the transmission lines. At the
same time, defected ground structure (Tang et al., 2006) is used to further

increase the characteristic impedances of the transmission line, making it more
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practical to realize on PCB. Although the proposed design achieved a fractional

bandwidth of more than 70%, the size of the coupler increased considerably.

Lange (1969) introduced a design which uses multiple conductors in
interdigital configuration to increase the mutual capacitances between the lines
and therefore results in higher coupling. In this design, each of the coupled-line
is divided into two lines, and arranged in an interdigital manner with alternate
conductors connected together at the ends. The mutual capacitance increases
considerably as the number of adjacent line increases. Ou (1975) and Presser
(1978) presented the design of interdigital coupler with an arbitrary even number
of conductor, N. The design equations are written in terms of even and odd mode
impedances of a pair of coupled lines. For a given value of characteristic
impedance (Z), number of conductors (N), and coupling coefficient (k), the

design equation can be written as:

 (v-)(1-R)
k_(N—l)(1+R2)+2R _

. :%: \/R[(N—l)J(rl}:]IESN—l)RH] -

N

R=20 (2.3)

Oe

N

where Zo, and Zo. are the odd and even mode characteristic impedances.
Equation (2.1) to (2.3) will be used to determine the even and odd mode

characteristic impedances, which can be used later to determine the physical

parameters of the lines including the dimension and spacing between them. These

equations are approximate equations assuming that the mode of propagation
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along the structure is TEM. An improved version was proposed by Kajfez, et. al
(1978) taking into account unequal velocities for even and odd mode. Design
graph which consists of different values of s/4 and w/h are computed for substrate
with dielectric constant, &-= 10 and N = 4 conductors to facilitate the design of

the directional coupler.

Han et al. (2009) improved the accuracy for the synthesis of a four line
interdigitated coupler by defining two new mode admittances. A design graph is
generated to represent the relation between the two mode admittances and the

physical dimensions of the coupled lines.

Kemp et al. (1983) introduced a tandem Lange coupler configuration to
realize tight coupling and extend the bandwidth of typical Lange coupler. The
typical coupling is 3 dB and the achievable bandwidth is approximately 3 : 1.
Another multisection tandem coupler is proposed by Cho et al. (2005), where the
coupler is realized with N sections of parallel-coupled microstrip line. The design
does not require high impedance lines. Therefore, narrow line width limitation
of Lange couplers is eliminated. The number of coupled sections can be increased
to lower the required coupling coefficient, maintaining a practical gap width for
PCB implementation. However, the operating bandwidth is limited to 3.6 — 5.5

GHz (bandwidth ratio of 1.5 : 1).

Tang et al. (2013) presented a modified tandem coupler with short
circuited coupled lines and asymmetrical feeding. Compared to the couplers

presented by Hindin and Rosenzweig (1968), Kemp et al. (1983) and Cho et al.
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(2005), the proposed design achieve broadband characteristic without
multisection coupled lines. Detailed design formulas are provided by the authors.
The design starts by specifying the required fractional bandwidth determined
from the return loss and find the corresponding odd mode impedance. The even
mode impedance and the characteristic impedance of the transmission line are
calculated. The physical dimensions of the coupler are then converted from the
calculated parameters. A bandwidth of more than 70% is reported. All the Lange
couplers and tandem couplers reviewed in this report require extra bonding wires,
narrow strips width and small spacing between the coupled lines, making them

inconvenient to manufacture on a printed circuit board.

The problem of narrow spacing can be alleviated by using broadside
coupled structure. Chang, et al. (2008) introduced a broadside coupler using
coplanar waveguide. The design uses a single layer substrate with air above and
below the structure. The direct output port and the coupled ports are placed on
the same side of the coupler, on the top and bottom layer, respectively. The
ground planes are connected to each other using via holes to avoid undesired
waveguide modes (Chiu et al., 2006). Even and odd mode analysis is performed
on the coupled region. By using (1.8), (1.10) and (1.11), the even and odd mode
characteristic impedances, Zo. and Zo, are calculated for a desired coupling value,
C. The author performed analysis using HFSS to determine the relationship
between Zo., Zoo, and C with the spacing, s, between the coupled line and the
ground plane for different width, # of the coupled line. Based on the calculated
values of Zy, and Zo., s and W are obtained graphically for ¢ = 4.4 and substrate

thickness, d = 0.35mm. The proposed coupler offers tight coupling and good
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performance in terms of return loss. However, the high coupling variation limits

the coupler’s bandwidth to approximately 2 : 1 (with a coupling variation of £

1dB).

Tanaka et al. (1988) presented a broadside coupler which consists of two
layers of substrate. Two microstrip lines that are located on the top and bottom
layers are coupled through a rectangular slots in the ground plane located at the
middle layer. The lengths of the slot and the coupling strips are both equal to a
quarter wavelength at center frequency. Equation (1.10) and (1.11) are used to
determine the even and odd mode characteristic impedances, Zo. and Zo,. Design
graphs are provided to determine the physical dimensions of the coupler for

dielectric constant, &- = 2.5.

Abbosh and Bialkowski (2007) presented another broadside coupler
constructed from two elliptically shaped microstrip lines on the top and bottom
layers, coupled through an elliptical slot in the middle layer. The design concept
is similar to Tanaka et al. (1988), but elliptical patch (slot) are used instead of
rectangular patch (slot) to increase the operating bandwidth. The initial design
stage approximates the elliptical patch and slot to their rectangular equivalent.
By setting the required coupling coefficient, C, the even and odd mode
characteristic impedances, Zo. and Zp, are calculated. The widths of the
rectangular patch and slot are obtained by solving the equations given by Wong
etal. (1991) and Hillberg (1969), while the length is calculated from Pozar (2005).

The dimensions of the rectangular patch and slots are then converted into the
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dimensions of their elliptical counterparts using the approximation given by the

author:

D= (i +w;+1,)2 (2.4)
D, ~1.273(w, x1,)/ D, (2.5)
D, ~1.273(w,x1,)/ D, (2.6)

where D; and D; are the widths of the elliptical patch and the elliptical slot,
respectively. D3 is the length for both the elliptical patch and slot. The widths of
the rectangular patch and slot are w, and wy, respectively, while /, is the length
for both the rectangular patch and slot.

The design will then be optimized using HFSS. Designs with coupling
values of 3 dB, 6 dB and 10 dB are simulated and measured. The results show
that the couplers exhibit wideband characteristics. However, these circuits
(Tanaka et al., 1988; Abbosh and Bialkowski, 2007) require multilayer substrates
which are inconvenient to manufacture. Multilayer design is also sensitive to
alignment error. Misalignment of the microstrip layers forming this type of
coupler may lead to high insertion loss, as demonstrated by Abbosh and

Bialkowski (2007).

2.3 Design of Phase Shifters

The use of edge-coupled quarter-wave section requires extremely tight
coupling in order to achieve the desired performance. This results in narrow gap-

width which is very difficult to fabricate and reproduce. Some researchers

18



(Meschanov et al., 1994; Quirarte and Starski, 1993) have proposed the use of

cascaded multiple coupled sections.

The design proposed by Meschanov et al. (1994) consists of a cascade of
coupled line pairs with different lengths and coupling coefficients, and each
element is connected at one end. Each of the coupling sections contributes to the
phase shift performance. In the proposed design, section with maximum length
has the lowest coupling coefficient while the section with minimum length has
the highest coupling coefficient. In order to obtain the physical parameters of the

design, the author solved the parameter optimization problem given by

min max]‘¢(v,9—¢0 )‘ (2.7)

v 0€0.6,
where v consists of parameters such as normalized lengths and coupling
coefficients of coupled sections, and the normalized length of reference line. The
optimization problem was solved using one of the numerical methods of
nonlinear programming (Gill et al., 1981) and Mitchel’s standard maximum
smoothing procedure (Demyanov and Malozemov, 1972). The proposed phase
shifter was optimized for two and four coupled sections. The four-coupled
sections design offers good phase ripple over a wide bandwidth, but the
requirement of a large number of coupled-line pairs increases the size of the

design.

Quirarte and Starski (1993) introduced a double parallel Schiffman phase
shifter configuration where each section in the double Schiffman phase shifter is
connected in parallel. The parallel sections have the same length. Each section

can be designed to have a higher input impedance, thus achieving an equivalent
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phase response as the standard Schiffman phase shifter at weaker coupling
coefficient. The design is easier to realize compared to the standard Schiffman
phase shifter. However, high phase variations near the lower and upper frequency

band indicate a narrowband performance.

Chai et al. (2003) introduced a Teflon-based asymmetric 45° Schiffman
phase shifter for 2.3 GHz applications. The proposed design comprises either 1
or 2 coupling sections for both the phase shifter and the reference guide. The
accuracy of the phase shift is strongly affected by the coupling lengths, especially
the coupling length of the reference guide. The advantage of the proposed design
is a smaller circuit size compared to the conventional Schiffman phase shifter.
Higher phase stability is achieved with two coupling sections design, but the

useful frequency range is limited to just few hundreds MHz.

Minnaar et al. (1997) proposed a multilayer design where a 5 mil
substrate consisting the coupler is sandwiched in between two 32-mil substrates.
For a certain required phase shift ¢, the coupling coefficient, C and the coupling

ripple AC (which relates to the phase ripple A¢ ) are given as:

C=20 log[sin ¢] dB (2.8)
AC =20log {M} dB (2.9)
sin ¢

The design uses tapered coupled method consisting of a nine-section structure
and several impedance transformers. The design parameters and line dimensions
were obtained from Cristal and Young (1965), Tresselt (1966) and Shelton

(1966). The proposed design operates over a bandwidth of 1 — 17 GHz. However,
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the insertion loss is higher than 3 dB and phase ripple is £5° for the 45° phase

shifter.

Another multisection coupled line design was introduced by Pu et al.
(2015). The design consists of a reference line and three delay lines to produce
differential phase shifts of 45°, 90°, and 135°. The reference line is a multisection
coupled line with uniform gap width and one end open circuited. On the other
hand, the delay line consists of 50 Q transmission line and open-circuited
multisection coupled line, also with a uniform gap width. The coupled sections
have equal lengths of /16 but slightly different coupling coefficients, C,. The
designs are fabricated on Rogers RT/Duroid 5870 with dielectric thickness of
1.575mm. The phase deviation are 45° £+ 2°, 90° &+ 3°, and 135° = 5°. However,

the bandwidth is limited to 1.58 : 1.

Compensation technique was introduced by Gruszczynski et al. (2006) to
improve the performance of the Schiffman phase shifter (Schiffman, 1958). The
authors use capacitive compensation technique to improve the return loss and
insertion loss caused by the parasitic reactance at the transition region between
the coupled lines and the signal lines. Circuit analysis made based on the method
given by Reed and Wheeler (1956) shows that the transition effects strongly
deteriorate the return loss. EM analyses are later performed in order to find the
optimum values and locations of the compensating capacitors. A total of six
compensating capacitors have been added at various locations in the presented

design and the return loss is improved by more than 10 dB. However, the
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technique is unable to increase the bandwidth of the phase shifter. The usable

bandwidth of the compensated 90° Schiffman phase shifter is 2 to 3 GHz .

Guo et al. (2006) presented an improved version of Schiffman phase
shifter with a modified ground plane under the coupled lines. The even and odd
mode characteristic impedances can be increased by introducing a rectangular
slot on the ground plane. The even mode impedance increases at a much faster
rate compared to the odd mode impedance. At the same time, a floating
rectangular conductor is placed under the coupled lines to decrease the odd mode
impedance. The authors vary the width of the ground opening and the floating
rectangular patch and track the even and odd mode impedance until they match
the required impedance given by Quirarte and Starski (1991). The proposed
method allows wider separation between coupled lines, making it more practical

to be realized on a printed circuit board. The achieved bandwidth is about 2 : 1.

Abbosh (2007) introduced a three-layer broadside coupled phase shifter.
It comprises two elliptical microstrip patches on the top and bottom layers, and
a ground plane with elliptical slot in the middle layer. The phase shifter is
modeled as a four-port device with two of the ports open circuited. A theoretical
model is developed based on the analysis for the coupled microstrip lines by
Riblet (1947), Oliver (1954), Jones and Bolljahn (1956), and Reed and Wheeler

(1956). The return loss, S;; and insertion loss, S2; are expressed as:

Su= L€ (Lsin’(1) (2.10)

[ﬁcos(ﬂl)+jsin(ﬂl)}2
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j2C\1-C? sin(ﬁl)

= (2.11)

[x/ﬁcos(ﬁl)+jsin(ﬂl)}2

21

where C is the coupling coefficient, f is the effective phase constant and / is the
physical length of the coupled structure. The differential phase shift, AD is
obtained by comparing the phase shift of the structure with that of a reference

transmission line:

sin(ﬂl)
[ 2.12
J1-C? cos(ﬂl)]+ﬁmm 212

A®D =90°—2tan™" {

where S, and /,, are the phase constant and the physical length of the reference
line, respectively. The phase shift is a function of coupling factor. For a certain
coupling factor, the even and odd mode characteristic impedance, Zo. and Zo, are
calculated. The physical dimensions are calculated using the equations given by
the same author (Abbosh and Bialkowski, 2007). The phase shifter shows a
broadband performance from 3.3 to 10.6 GHz. However, the useful phase shift

range is limited to 25° - 48° with a phase deviation of £3°.

A modified design based on the work of Abbosh (2007) and Marynowski
et al. (2008) was introduced by Sorn et al. (2012) to provide 90° phase shift. The
design consists of the broadside elliptical coupled section similar to Abbosh
(2007). However, the transmission and coupled ports are terminated with reactive
loads (rectangular patches) instead of open circuited. These elliptical and
rectangular patches on the top and bottom layers are coupled through the slots
cut in the ground plane located at the middle layer of the structure. The

differential phase shift is given by:
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AD = KO—90°—2tan"’ (ﬂJwLQtan_l LﬂJ (2.13)

where k. and k; are the coupling coefficients of the coupled section and the
reactive loads, respectively. The value of K is estimated to be 4 at the center
frequency where 6y = 90°. The value k. is determined based on the work of
Abbosh (2007), and k; is determined based on the allowable phase deviation from
(2.13). The proposed design extends the phase shift proposed by Abbosh (2007)
without cascading multiple phase shifters. However, this design offers lower

bandwidth (3 to 7 GHz) with a phase deviation of +4° for a 90° phase shifter.

Zheng et al. (2010) introduced a broadband phase shifter using a T shaped
open stub loaded 4/2 transmission line. In the proposed design, an open stub with
characteristic impedance of Z is located at the middle of a half wavelength
transmission line with characteristic impedance of Z;. The value of Z; and Z; is a
function of the required differential phase shift which can be determined
theoretically. The T shaped stub consists of an open stub terminated by triangular
patches, each having a length of a quarter wavelength. Further optimization are
carried out using EM simulation software. The proposed design achieves a
bandwidth of 2.39 : 1, but exhibits high phase deviation of £6.4° for a 90° phase

shifter.

A broadband phase shifter constructed using a pair of three-section radial
line stubs was introduced by Yeung et al. (2012). The phase shifter consists of
eight microstrip line section connected in series, which includes the feed line and

the impedance matching sections. A pair of radial stubs which provides the phase
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shift function is connected in parallel at the middle of the main line. The pair of
multisection radial stubs is able to provide wider bandwidth compared to only a
single radial stub. The circuit is optimized using a mutiobjective genetic
algorithm (Deb et al., 2002; Yeung et al., 2012). The objectives are to minimize
the insertion loss, maximize the return loss, and optimize the phase response. The
phase shifter shows a wideband performance from 2.02 GHz to 6.18 GHz with a
phase deviation of 90° £ 5°. The insertion loss is better than 1.2 dB. However,

the circuit occupied a large area due to the pair of multisection radial stub.

Yeung et al. (2013) later proposed a modified version of wideband phase
shifter consisting of a multisection radial stub and ladder networks. Two ladder
networks are added to the side of the open stub and act as impedance matching
network to the input and output ports (An et al., 1994). The use of only one
multisection radial stub reduces the circuit size compared to the earlier design
(Yeung et al. 2012). The operating frequency range is 3.1 — 10.6 GHz. Although
the design offers acceptable performance in terms of return loss and insertion

loss, a phase deviation as high as +£9° is observed.

Liu et al. (2014) proposed a 90° phase shifter which is designed using a
two-section stepped impedance open stub and a coupled-line pair to improve the
bandwidth of Zheng et al. (2010). The electrical lengths of the two-section open
stub and the coupled-line are & = A/2 at the center frequency. The characteristic
impedances of the two sections of the open stub, Zs; and Z;., and the even and

odd mode impedances of the coupled line, Z. and Z,, can be determined from
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theoretical analysis. The design exhibits wideband characteristics with

bandwidth ratio of 3.2 : 1 and a phase deviation of £5°.

Another open-ended parallel coupled-line structure was introduced by
Guo et al. (2016), where two L-shaped networks were added to the structure to
improve the return loss performance. The differential phase shift is controlled by
the coupling coefficient, which can be calculated from (Abbosh, 2007). The even
and odd mode impedance for the parallel coupled-line can then be determined
using (1.10) and (1.11). The characteristic impedance of the L-network is
determined using the design graph provided by the author. The structure also
consists of a ground slot and a patch at the ground layer to realize the required
even and odd impedances in the coupled lines. The dimensions of the slot and
patch are determined by the method given by Abbosh (2009). The proposed
structure offers an operating bandwidth of 1 — 3 GHz with a phase deviation of

+8°. The circuit also have a larger size due to the use of the short ended stub.

24 The Preferred Characteristics of Directional Coupler and Phase
Shifter Design

The directional coupler and phase shifter shall exhibit wideband
characteristic, with high return loss and low insertion loss across the operating
frequency range. Small coupling variation and low phase ripple are desired for

the coupler and phase shifter, respectively.
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The design should be simple, compact and easy to fabricate. In order to
achieve these objectives, a single coupled section structure which does not
require more than one layer of substrate is preferred. The design shall be able to
achieve tight coupling without the need of narrow gap width and thin strip width,

making it practical to realize on a printed circuit board.

In addition, a simple design procedure is preferred so that the circuit can
be designed easily. These include the characterization of the electrical parameters

and the computation of the physical dimensions of the device.

In order to meet these preferred characteristics, an edge-coupled
structure which uses only two conducting layers is introduced in this thesis. The
structure consists of two semi-elliptical lines on the top layer and an elliptical
defected ground plane on the bottom layer to increase the coupling coefficient
and operating bandwidth. Design graphs which relate the even and odd mode
characteristic impedances to the physical dimensions are also formulated to

facilitate the design of the proposed directional coupler and phase shifter.
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CHAPTER 3

DESIGN AND ANALYSIS OF WIDEBAND DIRECTIONAL COUPLER

3.1 Introduction

In this chapter, a semi-elliptical edge-coupled structure with a defected
ground is proposed. Defected ground structure has been used in various
microwave circuits to increase the coupling coefficient and to reduce the size of
microwave circuits (Weng et al., 2008; Velazquez-Ahumada et al., 2004; Wang
and Song, 2016). As a result, larger spacing between the coupled lines can be
used compared to the conventional microstrip coupler, making it practical to
realize on a PCB. In order to facilitate the coupler design, analysis of even and
odd mode characteristic impedances are performed and sets of design graphs are
formulated. These design graphs can be used to determine the physical
dimensions of the proposed coupler and will also be useful for the design of other
microstrip devices such as a phase shifter (Lo and Chung, 2012), which requires
tight coupling and wide bandwidth. The validity of the proposed design is

verified experimentally.

3.2 Configuration and Analysis

The proposed directional coupler is a two-layer device. One layer
consists of an edge-coupled semi-elliptical structure and the other layer consists

of an elliptical defected ground plane, as shown in Figure 3.1. The use of
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elliptical structure provides an almost constant coupling coefficient over a wide

bandwidth.

: .

Air Gap, s

(a) (b) (©)

Figure 3.1:  Configuration of the proposed directional coupler. (a) Top layer,
(b) Bottom layer, and (c) Overlay of the two layers.

The directional coupler is a four-port device, having a symmetry with
respect to the vertical plane. Curved microstrip lines are used to make

connections to the subminiature A (SMA) connectors.

The length and width of the top semi-elliptical patch are denoted as L and
w, respectively. The defected ground plane has the same length, L as the top patch,
and a width denoted by w,. The axial ratio of the top elliptical patch is defined as
2w/L (denoted as “ratio”), whereas the axial ratio of the bottom defected ground

is defined as wy/L (also denoted as “gratio”).

Even and odd mode analysis has been performed to characterize the
circuit. In this case, port 1 and port 3 are excited with even and odd mode signals.

The analysis is carried out using the CST Microwave Studio. The simulation
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setup is shown in Figure 3.2 and Figure 3.3. Discrete face ports are used in order
to reduce the ports’ inductance. In order to improve the accuracy of simulation
results, local mesh settings are used on the semi-elliptical patches and the air gap.
The edge refinement factor is increased to 10 and the air gap is set to contain 4
mesh cells. Mix mode converter is used in order to excite port 1 and port 3 with
even and odd mode signals, as shown in Figure 3.3 (a) and Figure 3.3 (b). A
voltage probe is placed at port 1 and a current probe is placed at port 2 to monitor
the voltage and current, respectively. A multi-sequence parameter sweep is set
up with varying s/d (11 samples) and w/d (8 samples) for each ratio and gratio
configuration. A total of 88 points are obtained in order generate a design graph.

The analysis follows the procedures given in Appendix A (Edwards and Steer,

2000).

Port 1 Port 3 -

Figure 3.2:  Simulation setup in the CST Microwave Studio.
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Figure 3.3: Even and odd mode analysis. (a) Even mode, and (b) Odd mode.

As shown in Figure 3.4, the electric field distributes itself in both the
dielectric and in the air for even and odd mode excitations. For a certain desired

coupling factor, the even (Zo.) and odd (Zo,) mode characteristic impedances can

1+107¢

Zoe :ZO 1_1076‘/20 (31)
1_10—C/20

Zy, =2y \f 141072 (3.2)

where 7y is the characteristic impedance of the coupler and C is the coupling

be calculated as follows:

factor in dB.
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Id Id
Ground Ground

(a) (b)
Figure 3.4: Electric field for (a) Even mode excitation, (b) Odd mode
excitation.
Assuming that Zp = 50 Q and the desired coupling factor Cis 10 dB + 1
dB, the values of Zo. and Zo, can be calculated using (3.1) and (3.2) as 72.45 Q

and 34.5 Q, respectively.

33 Design of Wideband Directional Coupler

Even and odd mode analysis is performed using CST Microwave Studio.
Sets of design graphs are generated by varying the ratio s/d and w/d for various
defected ground axial ratios (gratio) and top patch axial ratios (ratio) to facilitate
the design of the directional coupler, as shown in Figure 3.5 and Figure 3.6 for
dielectric constant, & = 2.2 and 3.38, respectively. The design graphs enable one
to design the coupler directly without the need of EM simulation software. Using
these design graphs, the physical dimensions of the coupler can be determined

and the circuit can be fabricated.
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Design Graph for gratio = 0.5, ratio = 0.6
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Design Graph for gratio = 0.5, ratio = 0.8
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Design Graph for gratio = 0.5, ratio = 1.0
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Design Graph for gratio = 0.6, ratio = 0.7
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Design Graph for gratio = 0.6, ratio = 0.8
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Design Graph for gratio = 0.6, ratio = 1.0
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Design Graph for gratio = 0.7, ratio = 0.9
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Design Graph for gratio = 0.8, ratio = 1.0
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Design Graph for gratio = 0.9, ratio = 1.0
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Figure 3.5:  Design graphs for &, = 2.2 (a) gratio = 0.5, ratio = 0.6, (b) gratio =
0.5, ratio = 0.7, (c) gratio = 0.5, ratio = 0.8, (d) gratio = 0.5, ratio
=0.9, (e) gratio = 0.5, ratio = 1.0, (f) gratio = 0.6, ratio = 0.7, (g)
gratio = 0.6, ratio = 0.8, (h) gratio = 0.6, ratio = 0.9, (i) gratio =
0.6, ratio = 1.0, (j) gratio = 0.7, ratio = 0.8, (k) gratio = 0.7, ratio
=0.9, (1) gratio = 0.7, ratio = 1.0, (m) gratio = 0.8, ratio = 0.8, (n)
gratio = 0.8, ratio = 0.9, (o) gratio = 0.8, ratio = 1.0, (p) gratio =
0.9, ratio = 0.9, (q) gratio = 0.9, ratio = 1.0, and (r) gratio = 1.0,
ratio = 1.0.
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Design Graph for gratio = 0.5, ratio = 0.6
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Design Graph for gratio = 0.5, ratio = 0.7
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Design Graph for gratio = 0.5, ratio = 0.8
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Design Graph for gratio = 0.5, ratio = 1.0
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Design Graphs for gratio = 0.6, ratio = 0.8
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Design Graph for gratio = 0.6, ratio = 1.0
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Design Graph for gratio = 0.7, ratio = 0.8
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Design Graph for gratio = 0.7, ratio = 0.9
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Design Graph for gratio = 0.8, ratio = 1.0
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Design Graph for gratio = 0.9, ratio = 1.0
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Figure 3.6:  Design graphs for ¢ = 3.38 (a) gratio = 0.5, ratio = 0.6, (b) gratio
=0.5, ratio = 0.7, (c) gratio = 0.5, ratio = 0.8, (d) gratio = 0.5, ratio
=0.9, (e) gratio = 0.5, ratio = 1.0, (f) gratio = 0.6, ratio = 0.7, (g)
gratio = 0.6, ratio = 0.8, (h) gratio = 0.6, ratio = 0.9, (i) gratio =
0.6, ratio = 1.0, (j) gratio = 0.7, ratio = 0.8, (k) gratio = 0.7, ratio
=0.9, (1) gratio = 0.7, ratio = 1.0, (m) gratio = 0.8, ratio = 0.8, (n)
gratio = 0.8, ratio = 0.9, (o) gratio = 0.8, ratio = 1.0, (p) gratio =
0.9, ratio = 0.9, (q) gratio = 0.9, ratio = 1.0, and (r) gratio = 1.0,
ratio = 1.0.
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From Figure 3.5 and Figure 3.6, one can see that Zy, increases with s, as
the larger separation between the top patches reduces its capacitance. However,
the rate of increment reduces as the top patches are separated further apart. The
larger separation distance reduces the capacitance between the top patches, but
increases the capacitance between the top patches and the ground conductor. On
the other hand, Zo. decreases with s because of the larger overlapping area
between the top patch and the ground plane, which in effect increases the
capacitance. Increase in w causes the capacitance per unit length to increase. This

results in the decrease of both even and odd mode impedances.

From the design graphs, it can be shown that there are many possible
combinations of s/d and w/d to achieve the same coupling factor. Different
parameter combinations, together with the thickness of the substrate, result in

different physical dimensions of the coupler. The effective wavelength at center

frequency, 4., can be estimated using the following equation:

A
Ao = TO (3-3)
o

I+eg,

where Eyp B

This approximation is made based on the assumption that the electric field
is distributed equally in the dielectric and in the air for this coupler structure, as

illustrated in Figure 3.4.
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Using the approximate equation of an ellipse, the physical dimension of

the structure can be related to the effective wavelength, 4, (and hence the

center frequency) using the following approximation:

3k
ﬂ‘O(e/]‘) ~ ﬂ'(L + W{l + mj (34)

2

where k = (L — W)2 , L is the coupler length and w is the coupler width.
(L + w)

34 Summary of the Design Procedure for Directional Coupler

The proposed directional coupler can be designed with the following
procedure:

1. For a desired coupling factor, C, determine the even and odd mode
characteristic impedances, Zo. and Zo, using Equation (3.1) and Equation
(3.2).

2. Using the design graphs in Figure 3.5 and Figure 3.6, find the corresponding
s/d and w/d.

3. The gap width, s and the width of the semi-elliptical patches, w can be
calculated from the values of s/d and w/d, where d is the thickness of the
substrate.

4. The length, L of the coupler can be calculated from the axial ratio (“ratio™)
indicated on the design graph. Finally, the width of the defected ground, wy,

is calculated from the defected ground axial ratio (“gratio”).
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3.5 Results and Discussion

Using the design graphs in Figure 3.5 and Figure 3.6, the parameters for

coupling factor, C = 10 dB £+ 1 dB are determined and shown in Table 3.1:

Table 3.1:  Design parameters of directional couplers.

&r s/d w/d d(mm) | L (mm) |w((mm) |s(mm) | wg(mm)

221 0325 7.240 | 1.575| 38.010 | 11.403 0.512 | 19.005

2.2 0.325 7.240 | 0.787 | 18.993 5.698 0.256 9.496

338 | 0353 | 4400 | 1.524| 22352 6.706 | 0.538 | 11.176

3.38 0.353 4.400 | 0.813| 11.924 3.577 0.287 5.962

Using (3.4), the estimated center frequencies for &- = 2.2 and substrate
thickness of 1.575 mm and 0.787 mm are found to be 1.423 GHz and 2.847 GHz,
respectively. For ¢ = 3.38 and substrate thickness of 1.524 mm and 0.813 mm,

the estimated center frequencies are 2.029 GHz and 3.804 GHz, respectively.

The reflection coefficient, insertion loss, coupling, and isolation of the
proposed couplers are first verified using CST Microwave Studio. The designs
are fabricated on Rogers RT/Duroid 5880 and RO4003C with different substrate

thicknesses. The photographs of the fabricated couplers are shown in Figure 3.7.
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(b)
Figure 3.7:  Fabricated couplers. (a) RT/Duroid 5880, (b) RO4003C.

The fabricated couplers are tested using a two-port vector network
analyzer as shown in Figure 3.8. A full two port SOLT calibration is performed
before the measurements are made. For each measurement, two of the unused

ports are terminated with match loads.
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Figure 3.8: Measurement setup for the directional coupler.

The simulation and measurement results are shown in Figure 3.9 to Figure

3.12.
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Figure 3.9: Simulation and measurement results for RT/Duroid 5880, d =
1.575mm. (a) Reflection coefficient and transmission coefficient,
and (b) Coupling and isolation.
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Figure 3.10: Simulation and measurement results for RT/Duroid 5880, d =
0.787mm. (a) Reflection coefficient and transmission coefficient,
and (b) Coupling and isolation.
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Figure 3.11: Simulation and measurement results for RO4003C, d = 1.524mm.
(a) Reflection coefficient and transmission coefficient, and (b)
Coupling and isolation.
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Figure 3.12: Simulation and measurement results for RO4003C, d = 0.813mm.
(a) Reflection coefficient and transmission coefficient, and (b)
Coupling and isolation.
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The center frequencies and the couplers’ bandwidths are summarized in

Table 3.2 and Table 3.3:

Table 3.2:  Simulated and measured center frequencies and bandwidths for

RT/Duroid 5880.
Simulation Results Measurement
Results

Substrate thickness (mm) 1.575 0.787 1.575 0.787
Center frequency, f. (GHz) 1.401 2.811 1.420 2.808
Bandwidth (GHz) 1.194 2.490 1.246 2.364
Bandwidth ratio 2.485 2.590 2.564 2.453
Fractional Bandwidth (%) 85.22 88.58 87.77 84.16

Table 3.3:  Simulated and measured center frequencies and bandwidths for

RO4003C.
Simulation Results Measurement
Results

Substrate thickness (mm) 1.524 0.813 1.524 0.813
Center frequency, f. (GHz) 1.917 3.753 1.922 3.727
Bandwidth (GHz) 1.674 3.306 1.699 3.279
Bandwidth ratio 2.550 2.574 2.583 2.576
Fractional Bandwidth (%) 87.32 88.09 88.37 88.15

The measured insertion loss is generally higher than the simulated results,
especially at higher frequencies due to the slight mismatch between the SMA
connectors and the microstrip line. Apart from that, the simulation and

measurement results for all four couplers agree very well.
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Both the simulated and measured center frequencies agree very well with
the estimated center frequencies that are calculated using (3.4). The simulation
and measurement results show that the proposed coupler design exhibits

wideband characteristics.

Figure 3.9 and Figure 3.10 show the simulation and measurement results
for the coupler fabricated on RT/Duroid 5880 with a coupling of 10 dB + 1 dB.
The operating frequency range is 0.8 —2 GHz and 1.6 GHz — 4 GHz for substrate
thicknesses of 1.575 mm and 0.787 mm, respectively. Both couplers have a
reflection coefficient of better than -20 dB, isolation of better than 22 dB, and

insertion loss of less than 1 dB.

For the coupler fabricated on RO4003C with the same coupling factor,
the results in Figure 3.11 and Figure 3.12 show that the operating frequency
ranges are 1.1 — 2.7 GHz and 2.1 GHz — 5.4 GHz for substrate thicknesses of
1.524 mm and 0.813 mm, respectively. Both couplers have a reflection
coefficient of better than -18 dB, isolation of better than 22 dB, and insertion loss

of less than 1 dB.

A comparison between the required air gap width between the proposed
coupler and parallel microstrip coupler is made and illustrated in Table 3.4. The
required air gaps for the proposed 10 dB coupler are 0.512 mm and 0.256 mm
for the RT/Duroid 5880 substrate with thicknesses of 1.575 mm and 0.787 mm,
respectively. For the RO4003C substrate with thicknesses of 1.524 mm and 0.813

mm, the required air gaps are 0.538 mm and 0.287 mm, respectively. In the case
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of parallel microstrip couplers, the required air gaps for 10 dB couplers are 0.142
mm and 0.0787 mm for the RT/Duroid 5880 substrate with thicknesses of 1.575
mm and 0.787 mm, respectively. For the RO4003C substrate with thicknesses of
1.524mm and 0.813mm, the required air gaps for 10 dB coupling coefficient
become 0.18 mm and 0.106 mm, respectively, in the case of parallel microstrip
couplers. The required spacing and tolerance can be difficult for practical
implementation, especially when tight coupling is required for substrate with low

dielectric constant.

Table 3.4: Comparison of air gap width requirement.

Required Air Gap width (mm)
RT/Duroid 5880 Thickness = 1.575 mm | Thickness = 0.787 mm
Microstrip coupler 0.142 0.0787
Proposed design 0.512 0.256
RO4003C Thickness = 1.524 mm | Thickness = 0.813 mm
Microstrip coupler 0.18 0.106
Proposed design 0.538 0.287

The bandwidth ratio for 10 dB + 1.5 dB coupling coefficient of the three-
layer broadside coupler by Abbosh (2007) is approximately 3.4. Applying the
same criteria, the bandwidth ratio for the proposed coupler is approximately 3.2.
This shows that the proposed coupler has a bandwidth comparable to the design
by Abbosh (2007) despite being a two-layer device. At the same time, the
proposed coupler offers similar performance in terms of insertion loss, reflection

coefficient and isolation.
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3.6 Conclusion

A new wideband directional coupler that is designed using the semi-elliptical
edge-coupled structure is presented. This structure consists of two semi-elliptical
patches on the top layer and an elliptical defected ground plane on the bottom
layer. Sets of design graphs are formulated to facilitate the design of the coupler.
The operating frequency and coupling can be controlled by changing the
dimensions of the elliptical patch and the width of the air gap. The structure is
compact, simple, easy to fabricate and low cost. Both the simulation and
measurement results show that the proposed design exhibits wideband
characteristic with a bandwidth ratio of more than 2.4 for coupling deviation of
+1 dB. Both of the return loss and the isolation are better than 20 dB, while the

insertion loss is less than 1 dB.
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CHAPTER 4

DESIGN AND ANALYSIS OF WIDEBAND PHASE SHIFTER
4.1 Introduction

In this chapter, a phase shifter design which requires only two conductive
layers is proposed. It uses semi elliptical structures similar to the directional
coupler introduced in Chapter 3. One layer consists of an edge-coupled semi-
elliptical structure and the other layer consists of an elliptical defected ground
plane, as shown in Figure 4.1. Tight coupling to provide different values of phase
shift with broadband performance can be achieved without the need for narrow

gap width at the coupled region.

4.2 Configuration and Analysis

(b) (©)

Figure 4.1:  Configuration of the proposed phase shifter. (a) Top layer, (b)
Bottom layer and (c) overlay of the two layers.

()

The phase shifter is modeled as a four port device where two of its ports
are open circuited. Port 1 and port 2 are the input and output ports, respectively,

as shown in Figure 4.1. The performance is defined by its insertion loss, return
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loss, and the deviation of the differential phase shift. Microstrip lines are included

to make connections to the subminiature A (SMA) connectors.

The length and width of the top semi-elliptical line is denoted as L and w,
respectively. The defected ground plane has the same length, L, and a width
denoted by w,. The axial ratio of the top elliptical structure is defined as 2w/L
(denoted as “ratio”), whereas the axial ratio of the bottom defected ground is

defined as wy/L (denoted as “gratio”).

The input impedance and the two-port Z-parameter of the open-circuited

coupled line is given by D. M. Pozar (2011):

L, \/(ZOQ ~7,,) ~(Zy,+2,,) cos* 0
o 2sind

(4.1)

Z, Zy —j (Zo. +Zy,)c0t Bl (Z,,—Z,,)csc Bl

=— 4.2
Zy Zy 2 | (Zy—2Zy,)esepl (Z,,+Z,,)cot Bl “2)

The reflection coefficient, S11 and the transmission coefficient, S>1 can be
obtained from the Z-parameter and expressed as (4.3) and (4.4). The derivation
is shown in Appendix B.

. (l—Cz)coszﬁ
" cos? :9—(1+sin2 49)C2 + j2Ccos@sinf

(4.3)

¢ j2C*sin@ »
v coszg—(l-l-sin2 9)C2+j2Ccosﬁsin¢9 44

where C = (Z()e —ZOO)/ (Z()e +ZOO) is the coupling factor and @ = g7 is the
coupling length.
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The phase shift between the input and output signal can be found from

(4.4) as:

2Ccos@sin @
cos’ 6 — (1 +sin? (9) C?

® =90° —tan”"' 4.5)

In order to obtain the differential phase shift, a comparison is made with
a reference transmission line of length /,.. The differential phase shift, A® can be

expressed as:

2Ccos@sinf

AD=D—p 1 =90°—tan™ -p.l, (4.6

cos’ 0 — (1 +sin® (9)C2

where S, is the phase constant.
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Figure 4.2: Theoretical estimation of (a) Reflection coefficient, (b)

Transmission coefficient, and (c) Differential phase shift.

From Figure 4.2(a) and (b), it can be seen that the operating bandwidth is

affected by the coupling factor. Higher coupling factor results in wider
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bandwidth. Figure 4.2(c) shows the differential phase shift, A® for different
coupling factors C. Analysis shows that the amount of differential phase shift is
inversely proportional to the coupling factor where higher coupling factor results
in lower differential phase shift. Hence, it is possible to design a phase shifter
with different phase shifts by varying the coupling factor of the proposed

structure.

4.3 Design of Wideband Phase Shifter

The design of the proposed phase shifter requires different range of even
and odd mode characteristic impedances compared to the design of directional
coupler in Chapter 3. This range of impedances can only be obtained through
different top patch axial ratios and defected ground axial ratios combinations.
Therefore, extended sets of design graphs are generated by varying the ratio s/d
and w/d for various top patch axial ratios and defected ground axial ratios to
facilitate the design of the phase shifter, as shown in Figure 4.3 and Figure 4.4
for dielectric constants, ¢ = 2.2 and 3.38, respectively. The design graphs enable
one to design the phase shifter directly without the need of EM simulation
software. Using these design graphs, the physical dimensions of the phase shifter

can be determined and the circuit can be fabricated.

68



Design Graph for gratio = 0.5, ratio = 0.5
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Design Graph for gratio = 0.6, ratio = 0.6
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Design Graph for gratio = 0.7, ratio = 0.6
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Design Graph for gratio = 0.8, ratio = 0.5
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Design Graph for gratio = 0.8, ratio = 0.7
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Design Graph for gratio = 0.9, ratio = 0.6
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Design Graph for gratio = 0.9, ratio = 0.8
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Design Graph for gratio = 1.0, ratio = 0.6
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Design Graph for gratio = 1.0, ratio = 0.8
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= 0.6, (1) gratio = 0.9, ratio = 0.7, (m) gratio = 0.9, ratio = 0.8, (n)
gratio = 1.0, ratio = 0.5, (o) gratio = 1.0, ratio = 0.6, (p) gratio =
1.0, ratio = 0.7, (q) gratio = 1.0, ratio = 0.8, and (r) gratio = 1.0,
ratio = 0.9.
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Design Graph for gratio = 0.5, ratio = 0.5
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Design Graph for gratio = 0.6, ratio = 0.6
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Design Graph for gratio = 0.7, ratio = 0.6
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Design Graph for gratio = 0.8, ratio = 0.5
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Design Graph for gratio = 0.8, ratio = 0.6
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Design Graph for gratio = 0.8, ratio = 0.7
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Design Graph for gratio = 0.9, ratio = 0.5
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Design Graph for gratio = 1.0, ratio = 0.8
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Design graphs for ¢ = 3.38 (a) gratio = 0.5, ratio = 0.5, (b) gratio
=0.6, ratio = 0.5, (¢) gratio = 0.6, ratio = 0.6, (d) gratio = 0.7, ratio
= 0.5, (e) gratio = 0.7, ratio = 0.6, (f) gratio = 0.7, ratio = 0.7, (g)
gratio = 0.8, ratio = 0.5, (h) gratio = 0.8, ratio = 0.6, (i) gratio =
0.8, ratio = 0.7, (j) gratio = 0.9, ratio = 0.5, (k) gratio = 0.9, ratio
= 0.6, (1) gratio = 0.9, ratio = 0.7, (m) gratio = 0.9, ratio = 0.8, (n)
gratio = 1.0, ratio = 0.5, (o) gratio = 1.0, ratio = 0.6, (p) gratio =
1.0, ratio = 0.7, (q) gratio = 1.0, ratio = 0.8, and (r) gratio = 1.0,
ratio = 0.9.
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From the design graphs, it can be shown that there are more than one
combinations of s/d and w/d to achieve the same coupling factor. Different
parameter combinations, together with the thickness of the substrate, result in a

different physical dimension of phase shifter. The effective wavelength at center
frequency, /10(@7) can be estimated using the equation given in Lo et al. (2017):

A
Aoy = ——= 4.7)

Eey

1+¢,

where Sy R

A series of simulations have been performed using parameters from the
design graphs in Figure 4.3 and Figure 4.4. Figure 4.5 shows the simulated
differential phase shifts for coupling factors of 4 dB, 5 dB, and 6 dB. The amount
of phase shift is varied by changing the value of coupling factor, C. Figure 4.6
shows the relationship between the differential phase shift, (A®) and the coupling

factor, (C) of the proposed phase shifter.
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Figure 4.5: Differential phase shift for different coupling factors. (a)
RT/Duroid 5880, (b) RO4003C.
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The coupling coefficient for a desired phase shift can be determined from

Figure 4.6. At the center frequency where 8 = 90°, Equation (4.1) reduces to:
— Z0e = “00 (4.8)

Solving (4.8) and the expression of coupling factor,
C= (ZOe _Zoo)/ (ZOe +ZOO), the even (Zo.) and odd (Zo,) mode characteristic

impedances can be expressed as follows:

Z,,=2Z,(1/C+1) (4.9)
7, =7Z,(1/C-1) (4.10)

where Zj is the input impedance of the phase shifter at the center frequency.

The nominal value for Zj is 50 Q. However, it can be shown from (4.1)
that the impedance match bandwidth will be larger if a slightly larger Zj is used.
In this project, Zio = 55 Q is chosen. The values of Zo. and Zy, are calculated using

(4.9) and (4.10) for different coupling factors.

Apart from minimum phase deviation around the nominal value, a phase
shifter must also have low insertion loss and high return loss across the operating
band. Figure 4.7 and Figure 4.8 show the simulated transmission coefficient and
reflection coefficient for different values of coupling factor for the proposed
design. From the figures, it can be shown that the bandwidth generally reduces

with lower coupling factor, which agrees with the theoretical analysis.
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Figure 4.7:  Simulated reflection coefficient (S;;) for (a) RT/Duroid 5880, and

(b) RO4003C.
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Figure 4.8: Simulated transmission coefficient (S2;) for (a) RT/Duroid 5880,
and (b) RO4003C.
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4.4 Summary of the Design Procedure for Phase Shifter

The proposed phase shifter can be designed with the following procedure:

1. Determine the coupling factor, C, for the desired phase shift using Figure 4.6.

2. Calculate the even and odd mode characteristic impedances, Zo. and Zo, using
Equation (4.9) and Equation (4.10).

3. Using the design graphs in Figure 4.3 and Figure 4.4, find the corresponding
s/d and w/d.

4. The gap width, s and the width of the semi-elliptical patches, w can be
calculated from the values of s/d and w/d, where d is the thickness of the
substrate.

5. The length, L of the coupler can be calculated from the axial ratio (“ratio”)
indicated on the design graph. Finally, the width of the defected ground, wy,

is calculated from the defected ground axial ratio (“gratio™).

4.5 Results and Discussion

Using the design graphs in Figure 4.3 and Figure 4.4, the parameters for

coupling factor, C =5 dB and 6 dB are determined and shown in Table 4.1.
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Table 4.1:

Design parameters of phase shifters.

i LI o il e e R
2210209 | 5.575| 1.575|35.123 | 8.781 | 0.329 | 24.586 5
2.210.209 | 5575 | 0.787 | 17.550 | 4.388 | 0.164 12.285 5
2210574 | 5440 | 1.575(34.272 | 8568 | 0.904 | 27.418 6
2210574 5440 | 0.787 | 17.125 | 4.281 | 0.452 | 13.700 6

33810418 | 7.110| 1.524 | 36.119 | 10.836 | 0.637 | 32.507 5

33810418 | 7.110 | 0.813 |19.268 | 5.780 | 0.340 17.341 5

3.38 1 0.890 | 5.415| 1.524|33.010| 8.252 | 1.356 | 29.709 6

3.3810.890| 5415 | 0813 |17.610| 4.402 | 0.724 15.849 6

The reflection coefficient, transmission coefficient, and differential phase
shift of the proposed phase shifter are first verified using the CST Microwave
Studio. The designs are fabricated on Rogers RT/Duroid 5880 and RO4003C

with different substrate thicknesses and tested using a vector network analyser.

The photographs of the fabricated phase shifters are shown in Figure 4.9.
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(b)

Figure 4.9: Fabricated Phase Shifters. (a) RT/Duroid 5880, (b) RO4003C.

The simulation and measurement results are shown in Figure 4.10 to

Figure 4.13 .
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Figure 4.10: Simulation and measurement results for RT/Duroid 5880, d =

1.575mm. (a) Reflection coefficient, (b) Transmission coefficient,
and (c) Differential phase shift.
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Figure 4.11: Simulation and measurement results for RT/Duroid 5880, d =
0.787mm. (a) Reflection coefficient, (b) Transmission coefficient,
and (c¢) Differential phase shift.
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Figure 4.12: Simulation and measurement results for RO4003C, d = 1.524mm.

(a) Reflection coefficient, (b) Transmission coefficient, and (c)
Differential phase shift.
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Figure 4.13: Simulation and measurement results for RO4003C, d = 0.813mm.
(a) Reflection coefficient, (b) Transmission coefficient, and (c)
Differential phase shift.

The center frequency and the bandwidth are summarized in Table 4.2 and

Table 4.3.

Table 4.2:  Simulated and measured center frequencies and bandwidths of the
phase shifter with ¢, = 2.2.

Simulation Results

Measurement Results

Substrate  thickness 1.575 0.787 1.575 0.787
(mm)

Coupling (dB) 5 6 5 6 5 6 5 6

L (mm) 35.123| 34.272| 17.550| 17.125]| 35.123| 34.272| 17.550| 17.125

Center frequency, f-
(GHz)

1.71 1.7 3.44 3.46

1.72 1.68 341 3.45

Bandwidth (GHz)

1.4 1.16 2.85 2.54

1.48 1.29 2.85 245

Bandwidth ratio

2.39 2.04 241 2.16

2.50 2.26 2.44 2.10

Fractional Bandwidth
(%)

82.11 | 68.55 | 82.79 | 73.61

85.82 | 77.24 | 83.67 | 70.96
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Table 4.3:  Simulated and measured center frequencies and bandwidths of the

phase shifter with ¢, = 3.38.

Simulation Results Measurement Results
Substrate  thickness 1.524 0.813 1.524 0.813
(mm)
Coupling (dB) 5 6 5 6 5 6 5 6
L (mm) 36.119| 33.010| 19.268| 17.610| 36.119| 33.010| 19.268| 17.610

Center frequency, f. | 1.42 1.57 2.7 2.96 1.42 1.58 2.61 2.87
(GHz)
Bandwidth (GHz) 1.16 1.16 | 226 |224 1.19 1.19 | 2.08 |2.02
Bandwidth ratio 238 | 218 |244 222 |243 |221 233 | 2.08
Fractional Bandwidth | 81.61 | 74.33 | 83.68 | 75.71 | 83.52 | 75.40 | 79.76 | 70.30
(%)

From Figure 4.10 to Figure 4.13, the simulation and measurement results
for all the phase shifters are closely matched. Figure 4.10 and Figure 4.11 show
the simulation and measurement results for the phase shifters fabricated on
RT/Duroid 5880 with coupling of 5 dB and 6 dB. Both substrate thicknesses offer
similar bandwidth ratio, which are approximately 2.4 and 2.1 for coupling of 5
dB and 6 dB, respectively. The phase shifts are 80 + 3° and 97.5 + 3.5° for
coupling of 5 dB and 6 dB, respectively. All phase shifters have return loss of

better than 10 dB, and insertion loss better than 1 dB.

For the phase shifters fabricated on RO4003C with the same coupling
factors, the results in Figure 4.12 and Figure 4.13 show that the bandwidth ratio
are also approximately 2.4 and 2.1 for coupling of 5 dB and 6 dB, respectively.
The phase shifts are 80 + 3.5° and 97.5 + 4° for coupling of 5 dB and 6 dB,

respectively. The return losses are better than 10 dB, and the insertion losses are
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less than 1 dB. These results show that the proposed design exhibits wideband
characteristic with low phase ripple. Generally, weaker coupling (larger air gap)

results in higher insertion loss, and a lower bandwidth ratio.

A comparison between the proposed phase shifter and the edge-coupled
phase shifters published in recent years is made and illustrated in Table 4.4. The
proposed design offers the highest phase stability over a wide bandwidth, while
maintaining low insertion loss. It also features smaller circuit size compared to

phase shifter by Liu et al. (2014) and Guo et al. (2016).

Table 4.4:  Comparison between the reported edge-coupled phase shifters.

Reference Phase Phase deviation | Insertion Bandwidth
Shift (°) ) Loss (dB) (%)

Pu et al |90 +3 <09 45

(2015)

Guo et al. |90 +5 <1 70

(2006)

Liu et al |90 +5 <I1.1 105

(2014)

Guo et al. | 180 +8 <0.6 100

(2016)

This work 80 +3 <1 82
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4.6 Conclusion

A new design of wideband phase shifter using semi-elliptical edge-
coupled structure is presented. This structure consists of two semi-elliptical lines
on the top layer and an elliptical defected ground plane at the bottom layer. Sets
of design graphs are formulated to facilitate the design of the phase shifter. The
operating frequency and coupling are controlled by the dimension of the semi-
elliptical structure and the size of the air gap. The structure is compact, simple,
easy to fabricate and low cost. Both the simulation and measurement results show
that the proposed design exhibits wideband characteristic with a bandwidth ratio
of more than 2.4 and a phase deviation of less than 3.5° for 5 dB coupling factor.

The return loss is better than 10 dB and the insertion loss is less than 1 dB.

103



CHAPTER 5

CONCLUSION

5.1 Summary of the Work

Directional couplers and phase shifters are widely used in microwave
system such as power amplifiers, modulators, mixers, phase arrays antennas, and
microwave measurement systems. Existing designs suffer from several
limitations including limited bandwidth, narrow gap width between coupled lines,
large circuit size, and the requirement of multilayer structure, making it difficult

to be integrated onto existing circuit design.

Motivated by these limitations, a study on the design and construction of
directional couplers and phase shifters is carried out. A number of designs
available in the open literature are studied. A new structure which is simple,
compact, easy to fabricate, and requires only two conducting layers is proposed.
The design consists of two semi-elliptical patches on the top layer and an
elliptical defected ground plane on the bottom layer to increase the coupling
coefficient and operating bandwidth. The proposed structure is modelled as a

four-port device. Two of the ports are open circuited for the case of phase shifter.

Even and odd mode analysis is carried out using commercially available
electromagnetic simulation software. Sets of design graphs are formulated to
facilitate the design of the directional coupler and phase shifter on substrate with

dielectric constants of 2.2 and 3.38. The physical dimensions of the directional
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coupler and the phase shifter can be obtained using the design graphs. An
approximate equation is also formulated to estimate the center frequency of the

device.

The validity of the proposed designs are verified experimentally. The
directional couplers and phase shifters are fabricated on substrate with different
dielectric constants and thicknesses. Their performance are measured using a
vector network analyser. The measurement results show good agreement with
the simulation results and suggest that the proposed designs exhibit wideband
performance with small coupling variation (directional coupler) and phase
deviation (phase shifter). The required gap width between coupled lines for the
proposed designs is much wider than the conventional microstrip design of the
same coupling factor, making it more practical to realize on printed circuit board.
The proposed designs also do not require multisectional coupled lines and

matching networks, resulting in compact size.

5.2 Recommendation for Future Work

Additional technique to enhance the performance of the coupler and
phase shifter, such as its return loss and directivity can be studied. A floating
elliptical patch may also be introduced on the defected ground to reduce the odd
mode impedance and increases the coupling and phase shift range. The proposed
structure may be modelled and sets of mathematical equations may be formulated

for the design of the proposed coupler and phase shifter.
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APPENDIX A

The fort-port configuration of parallel coupled TEM transmission lines
can be analyzed by connecting matched terminations, Zy at ports 2, 3, and 4. The
circuit is driven from a 2V source which also has an impedance of Zj, as shown

in Figure A.1.

ZO ZO

W
~

2V Zy

Figure A.1: Terminated parallel-coupled transmission lines.

The analysis is applied to TEM mode, where the even and odd mode
characteristic impedances appear and the phase velocities for both modes are the
same. For propagation that is not strictly TEM, the basic impedance relationships
and the principle frequency dependence of voltage ratios can still be applied quite

accurately.

The parallel-coupled transmission lines in Figure A.1 may be analyzed
by considering even mode excitation first, followed by odd mode excitation, and
finally combining the results. Figure A.2 shows the equivalent circuits for the

coupled lines under even and odd mode excitation. The transmission lines are

118



assumed to be lossless so that the propagation constant, y is reduced to phase

constant, jf only.

Zo I3e I4e
— o> >—o—
o ! !
0D 1ve v, Zye Ve ||
- l_
Zo I]e IZ@
— f—o—> »—o——
+ T T
(i) 1VQ) Vie Zye V| |z
_ |
(a)
Zg 130 140
— f—o—> »—O0——
@O e Vi, Zoo Vio H Z
' |
ZU 110 ]20
—L__F—o—> »—o—
+ T T
(i) 1vQ Vie Zo V|20 H Z
(b)

Figure A.2: Equivalent circuits for the parallel-coupled transmission lines. (a)
Even mode excitation, and (b) Odd mode excitation.

Only two of the circuits (Figure A.2(a)(ii) and Figure A.2(b)(ii)) need to
be solved since the structure is physically symmetrical. For even mode, ;. = I,
De =14, Vie = Ve and Ve = Ve, while for odd mode, 110 = — 30, L20 = — I40, V1o
= — V3o, and V2, = — V4. The total voltages and currents are a superposition of

the even and odd mode solutions, which can be given as:

Vl :I/le-l_KO ]1 :11€+110 (Ala)
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V2 = VZ@ + V20 [2 = ]26 +]20 (A lb)

I

V3:V3€+V30:V16_V10 ]3:[3e+130:[1 lo (AIC)

e

V4:V4€+V40:V2e_V20 [4:]48-'_]40:]26_[2 (Ald)

0
Using the 4BCD matrix, the voltage and current relationship can be

expressed as:

Vie| | cos@ JZ,,sin@ || V,, (A2)
|1, B | j Y, sinf cost || 1,, | .
v, | B [ cos®  jz, sin@|[V,, ] (A3)
|1, - | j Yy, sin® cos® || L, '

Applying the conditions Vze = Zolze, V2o = Zol2o, Vie + 11eZo = 1, and Vi,

+ 11079 = 1, the following voltage and current expressions are obtained:

_ ZZycos0+ jZ,, sin0 A
© 27,7, cosé’+j(Z§€ +ZO2)sin¢9 .
Z,,cos0+ jZ,sin0
le = . 2 2\ - (AS)
27,,Z,cos0+ j (Z()e +Z, )sm 0
Vse = ZO?ZO —— (A.6)
27Z,,Z,cos0+ j (ZOe +Z, )sm 0
Z
IZe = .06 2 2 . (A7)
27,,Z,cos0+ j (ZOe +Z, )sm 0
Z,,Z,cos0+ jZ; sin@
o = 7 o\ (A.8)
27,,Z,c0s0+ j (ZOO +Z, )sm 0
B Z,,c080+ jZ,sin0
lo — . 2 2\ . (A9)
27,,Z,c080+ ] (ZOO +Z, )sm 0
v, ZoZ (A.10)

- 27,7, cos¢9+j(ZO20 +Z§)sin9
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Zoo (A.11)

22,7, cost9+j(Z§0 +Zoz)sin6

120

The input impedance of port 1, Zi; can be expressed as:

VetV

Zm=5= ldt (A.12)
I, I,+1,
Let
D,=27,7,cos0+ j(Z(fe + Zg)sin 0 (A.13)
and
D, =27, 7Z,cos0+ j(Z(fo +Z; )sin 0 (A.14)

Equation (A.12) can be written as:

Z,(2y,D, +2,,D, ) cos 0+ j(Z;,D, + Z;,D, )sin 6

/. = 0o e 00 e
in (Z,,D,+Z,,D,)cos0+ jZ,(D,+D,)sin6 (A.15)

In order for all ports to be matched, Zi, = Zy. The condition will be

satisfied if:
Z,(D,+D,)=Z,,D,+ 7D, (A.16)

Substituting (A.13) and (A.14) into (A.16),

27, (20e+Z00)cos 0+ j(Z5,Z; +Zo,Zs +2Z4 )sin @ AL
=270, 20,20 (Zo. + 2y, )08 O+ j(Z0. 25 + 25,2 + 223,25, )sin O

Therefore,
ZO2 :ZOE +ZOo (Alg)
Substituting (A.18) into (A.4) to (A.11),

B Z,co80+ jZ,,sinf
2Z,cos0+ j(ZOe +Z, )sin@

(A.19)

le
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le

2e

2e

lo

lo

Voo

120

~ c0s0+j(ZOO/ZO)sin6’
- 2Z, cosz9+j(ZOE +ZOo)sin9

Zy

- 27, cos9+j(ZOe +ZOO)sin¢9

1
- 2Z, cosH+j(ZOe +ZOo)sin¢9

B Z,co80+ jZ, sin6d
2Z,cos6+ j(ZOe +Z,, )sin 0

~ cos@+j(ZOe/ZO)sin6’
- 27, cos&+j(ZOe +ZOo)sint9

V4

0

- 27, cost9+j(20€ +ZOo)sint9

1

N 27, cos6’+j(ZOe +ZOO)sin6?

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

The total voltages and currents can be obtained by substituting (A.19) to

(A.26) into (A.1):

1

_2c080+j(Z,,+Z,,)/Z,sin0 1

2Z,c080+ j(Z,, +Z,,)sin6
2Z,c080+ j(Z,, +Z,,)sin@

2Z,cos O+ j(Z,, +Z,,)sin6 _Z_O

v

12

3

27, c080+ j(Z,, +Z,

27,

0

B 2Z, 0056?+j(ZOe +ZOo)sin6’

2

)sin @

o

B (2. —-Z,,)sin@
2Z,c080+ j(Zy, +Z,, )sin 6
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(A.27)

(A.28)

(A.29)

(A.30)

(A.31)



i(z,,-2,,)/Z,sin0

= A32
P 2Z,c0s0+ j(Zy, +Z,,)sin (A.32)
0
v, = . —=0 (A.33)
2Z,cos0+ j(Z,, +Z,,)sin6
0
I, = : —=0 (A.34)
2Z,cos0+ j (ZOe +Z,, )sm 0
If the coupling coefficient, C is defined by:
Z,,—Z
C=_—t—0 (A.35)
Z()e + ZO()

Using equation (A.18) and (A.35), the voltages at each port can be re-

written as:
V=1 (A.36)
1-C?

V,= : (A.37)

V1-C? cos@+ jsin@
- jCsin@ (A39)

V1-C? cos@+ jsin@
V,=0 (A.39)

For 8 =7/2 , the length of the coupled structure is 4/4 long. Equation

(A.37) and (A.38) can be reduced to
v, =—1-C° (A40)

V,=C (A.41)

123



APPENDIX B

The input impedance and the two-port Z-parameter of the open-circuited

coupled line is given by D. M. Pozar (2011):

_ \/(Zotz _ZOU )2 _(Z()e +ZOa )2 COS2 0

4= 2sin @ ®.1)
Z, Z, iy Z,,+Z,,)cotpl (Z,,—Z,,)cscpl
7o 7o " 2 |(Zo =27, esc Bl (Zy,+ 2, ) cotpl| B
From (B.2),
Z, =—§(ZO€ +Z,,)cotf (B.3)
2y =22~ 2,) (B.4)

The Z-parameters can be converted to S-parameters using the conversion

formulas:

(B.5)

27,7
S, = 2170 (B.6)
B (Zn +Zo)(Zzz +Zo)_ZuZzl

For the proposed structure, Z;; = Z2> and Z;> = Z>;. Therefore, the reflection
coefficient, S;; is given by:

g = (2121_25)_2221
! (le+Zo)2_2221
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_ (ZOe +ZOo )2 COSZ 9 _ (ZOe _ZOO )2 + (ZOe _ZOO )2

_ 4sin’ @ 4 4sin’ 0
(2,+2,) 005’0 (Z,,-2,) (Zu-2,) . (Zyo =20, )(Z4, + Z,,) cos6
4sin* 6 4 4sin’ 6 2 sin@

_ —cos’ —C?sin’ 0+ C*
C?sin’ @—cos* @+ C* — j2CcosOsin O

(1—(72)cos2 0

= (B.7)
cos’ 9—(1+sin2 9)C2 + j2Ccos@sin 6
From (B.6), the transmission coefficient, S>; can be expressed as:
_ 22,2,
21
(Zn +Zo)(le +Zo)_2221
. Zy (ZOe _Z()o)
_ sin @
7 Zy(Zy, +2,,)c080 (Zy,+Z,,) cos’ 0 (Z.-2, )
0 sin @ 4sin® @ 4sin” @
2
2 (ZOe _ZOO)
_ 2sin@
2 2 2
(2.=7y,) (2, +Z,,) cos’ N (Z,,-Z,,) iy (Z0.— 2y, )(Z,, + Z,, ) cos 6
4 4sin* @ 4sin* @ 2sin6
B —j2C*sin@
C?sin’ @ —cos* @+ C* — j2CcosOsin O
j2C*sin@
T2 VI ; (B.8)
cos 0—(1+sm 0)C + j2Ccosfsind
Base on Equation (B.8), the phase shift, ZSZI =D is given by:
b =90° — tan"! 2Ccosd §1n 0 (B.9)
cos’ 6 —(l +sin’ 6’) C?

125



