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Abstract

Branch-line coupler and phase shifter are widely used passive components in RF and
microwave communication systems. The designing of circuits operating at multi-band
frequencies has the advantage of both compact size and cost. Therefore, it becomes very
fascinating to design the RF and microwave circuits with such specifications. This thesis
work has been divided into two parts. The first part focuses on the designing of Tri-band
coupler with port matching technique in which an architecture of 3-dB tri-band branch
line coupler operating at three arbitrary frequencies is presented. It is capable to provide
a phase shift of 90° and equal power division at its output ports. To validate the proposed
design procedure, a coupler working at 1.8 GHz, 2.4 GHz and 3.5 GHz is prototyped.

The second part of the thesis work focuses on designing and validation of wideband phase
shifter circuit with stub loaded transmission lines in which a modified architecture of
wideband phase shifter having 90° phase shift is presented. A number of design examples
capable of multiple phase shifts up to 90° for a wide bandwidth are presented to demon-
strate the effectiveness of the proposed phase shifter. The designed phase shifter have
a bandwidth of operation 190MHz around central frequency. To validate the reported
design procedure, a 90° phase shifter working at 1.8 GHz is prototyped. The proposed
design is able to provide the 90 ° phase difference over a bandwidth of 106 % considering
only 3 ° phase ripples. Both design are prototyped on Rogersb880 substrate with thick-
ness of 1.575 mm and dielectric constant of 2.2. All EM Simulated and results measured

with VNA are in good agreement with each other.
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Chapter 1
Introduction

This chapter provides a background of branch line coupler and phase shifter. Section 1.1
of this chapter explains the various terminologies used in this work. In section 1.2 and
section 1.3, coupler and phase shifter overview is discussed is detail with their application.
Section 1.4 includes the motivation for carrying out this work as a master thesis. Liter-
ature survey of branch line coupler and phase shifter is provided in section 1.5. Finally,

section 1.6 presents the organization of this thesis work.

1.1 Terminology

In this section, some important terminologies used in this thesis work are provided along
with their definition and mathematical description. Refer figure for any port number

used in description of any term in this section.

Radio frequency (RF): It is any of the electromagnetic (em) wave frequencies that lie
in the range from 3 kHz to 300 GHz. These frequencies are used for communications or

radar signals.

Coupling coefficient (C): It is commonly referred as coupling factor. It indicates the

fraction of input power that is coupled to coupled port.



For example, a 10 dB coupling factor of a coupler means that the output of coupled port
will be 10 dB lower than the signal applied at input port. Mathematically, it can be

represented as:

Py
CdB = 10[0931 (11)
Or
CdB = —2010g(|531|) (12)

where P, and Pj are the input and coupled power.
Directivity (D): Directivity is defined as the power level difference between coupled and
isolated port of a coupler. Thus it is a measure of how independent the coupled port and

isolated ports are.Mathematically, it can be represented as:

P
D,yp = 10log— 1.
ap =10 %9, (1.3)
Or g
DdB = 20lOg(| 31|) (14)
| S

Isolation (I): The isolation provides the fraction of power that is delivered to isolated
port or the power level difference between input and isolated ports. Mathematically, it

can be represented as:

Py
I, = —10log— 1.
dB 0 9P, (1.5)
Or
IdB = —20[09<|S41|) (16)

Return Loss: The total loss of signal reflected back by any type of discontinuity in
transmission line is measured as return loss and is expressed in decibel (dB). These dis-
continuities can be due the impedance mismatch etc. Return loss at port 1 in figure [1.2
is given as:

RLap = —20log(|S11]) (1.7)



Insertion Loss: The total loss in signal amplitude from input to the output port is
measured as insertion loss. It is expressed in decibels (dB). Ideally there should be no

insertion loss. Mathematically, it can be represented as:

P
ILgp = —10log== (1.8)
Py
Or
ILdB = —20l0g(|521|> (19)

Bandwidth (BW): It is defined as the difference between upper and lower cutoff fre-

quencies. It is also known as passband bandwidth and typically measured in Hertz (Hz).
Amplitude Imbalance (AI): It is defined as the power level difference between the
two output ports i.e. coupled and transmitted port. For an ideal circuit, the difference

should be 0 dB. Practically, It is a frequency dependent term and thus departs from the

ideal 0 dB difference. Mathematically, it can be represented as:

Al = |So1] — [ S| (1.10)

Phase Range: It is defined as the phase shift range of the device. A design will only be

able to provide a phase shift within this range based on the type on its configuration.

Phase Ripple: It is measured as the deviation is phase from the required phase value

in phase range. It is expressed in degree (°). It’s value should be as small as possible.

For an ideal coupler, the Directivity (D) should be infinite and Isolation (I) should be zero.

Vector Network Analyzer: It is a Keysight instrument used for measuring the re-

sults of a fabricated prototype.



1.2 Branch-Line Coupler: Introduction

Branch line couplers are an important part of RF and microwave integrated circuits. They
have several applications in the designing of many RF and microwave components such
as balance amplifiers, phase shifters, mixers etc. They possess the dividing/combining
properties of magnitude and phase so they are widely used in communication systems as
well and as a feeding networks in smart antenna array systems. Couplers are passive three
or four port components commonly used in RF and microwave designs. These components

also provide a phase shift between its output ports i.e. transmitted and coupled port.

The block diagrams of power divider and power combiners are shown in figure [[.1 In
power divider, an input signal is splitted into two output signals of lesser power. a denotes
the power division ratio and it may have value in between 0 and 1. Thus depending on

the value of «, design may be lossy or lossless.

Divider = P: =(1‘P; PI =P, + P, Divider e [
P — or ¢ - or -
coupler p——m Py = (1- )P, coupler

e B— P}

Figure 1.1: Power division and power combiner [1]

A power combiner has two or more input signals and produces an single signal at output
port. Power combiner and divider devices are generally three port networks. However,
four-port networks such as directional couplers are very widely used. The main difference
between coupler and power divider is that coupler provides a particular phase shift at
output ports and power dividers provide zero phase shift. Microstrip couplers are able to
provide a phase of 90 ° or 180 ° phase shifts [2] but couplers having arbitrary phase shifts
are also possible. Because of the reciprocity characteristics of these devices, the same
device can be used to perform both combining and diving operation. Therefore, in this
work a symmetrical coupler structure has been designed. A four port symmetric network
of coupler is shown in ﬁgure In this figure, port 1 (input port) and port 2 (transmitted
port) are known as primary ports while isolated (port 4) and coupled ports (port 3) are
secondary ports. Ideally couplers are perfectly matched, lossless, reciprocal and provide
a phase difference of 90 or 180 in between its output ports. In figure 1.2 assuming input
power signal is applied at port 1 and evenly divided between its output ports (port 2

and port 3) as in case of 3-dB coupler with a phase difference of 90 degree between these
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output ports. No power will be delivered to the isolated port of coupler. As the couplers
are symmetric devices, so any of the port can be defined as input port and thus according
to that port, through, coupled and isolation ports can be defined appropriately. Lets
assume input power of P1 is applied at port 1 then this power signal will be coupled
to port 3 with coupling coefficient of3%2. At port 2, also known as throughput port or

transmitted port, the power is obtained with a coefficient of «.

Input port Zy, 6, Transmitted port
1¢
o
z,0,
— —_—
Isolated port Z,, 0, Coupled port

Figure 1.2: Conventional Branch line coupler
The relation between v and [ is given by:
a = (>
The power at transmitted port will be:

P2=(1-42) x P1

and power at coupled port will be:

P3=(p* x P1

The most adopted method of analysis of a four port symmetric network like branch line
coupler, is even and odd mode analysis. Branch line couplers (BLCs) have entirely planar
structure with very simple and robust design. They are the basic building blocks in many
of the communication application. The bandwidth of a single stage branch line coupler
is mainly limited by its electrical length (f). And due to low bandwidth, a single stage

branch line coupler is not suitable to wideband operation.



Bandwidth of a coupler can be increased by cascading more sections together but it will
also increases the physical size of chip. Cascading of many sections of transmission line
may also complicate the fabrication process. These can be categorized into two main
categories listed below.
a. Waveguide Couplers
b. Microstrip Couplers

Generally, waveguide couplers have one or more holes between them for coupling. The
most basic type of waveguide coupler is the Bethe hole coupler. Bethe hole coupler have
one small hole to couple two waveguide transmission lines. Similarly, the multihole coupler
can be designed by using two waveguides coupled by two or more holes. Other waveguide
couplers are Moreno crossed-guide coupler, Riblet short-slot coupler, Schwinger reversed-

phase coupler etc.

The second type of commonly used RF couplers are microstrip coupler. Branch line and
rat-race couplers are the two most widely used couplers that uses microstrip transmission
lines in their designing. The main specification of these type of couplers are to achieve
phase shift and equal power division at output ports. These are 3 dB couplers i.e. half
of the input power should be output at the transmitted (port 2) and other half should
be at the coupled port (port 3). For achieving wider bandwidths and lower coupling,
coupled line couplers with tight coupling are common. These couplers uses proximity of
the microstrip transmission lines to achieve the tight coupling e.g. single-section coupled

line coupler or the Lange coupler.

1.3 Phase Shifter: Introduction

The phase shifter block introduce an amount of time delay in the signal passing through
it. RF phase shifter are used to change the transmission phase angle (Ss;) of an input
signal. Ideally these network provides an output signal which has equal amplitude to that
of the input signal but have different phase. Any loss in amplitude from input to output
signal is accounted as the insertion loss of the design. They modifies the phase of input
signal and provides as an output signal. Amount of change in phase of any phase shifter
is controlled by its logic circuit. The shifting of input signal in phase at output depends

on the configuration of phase shifter selected. Phase shifter has a numerous applications



in RF and microwave integrated circuits but it finds the most important application as
an electronic beam steering in phased array antenna as shown in figure [1.3]

Radio frequency components are widely used in wireless communication systems and
phase shifter is a major component used in RF transmitter circuits. Every RF signal
transmitter used in communication system has the following blocks:

Signal Generator

Phase Shifter

Variable Gain Amplifier (VGA)

Power Amplifier

Transmitting Antenna

In radio communication network, phase shifters along with VGA are used as a electronic
beam steering of transmitted RF signals as shown in figure[I.3] To minimize the losses in
a receiving signal at receiver end, its radiation should be controlled in a proper direction
and it is known as beam steering. In this application of beam steering, phase shifters
are required to control both the amplitude and the phase of signal radiation radiated by
each RF antenna. Both amplitude and phase control is used to adjust side lobe levels
more properly as compared to side lobe level achieved only by phase control. As shown in
figure [I.3] a number of antennas radiating signals coming from power distributed network
with different phase shifts. From this figure it can be seen that beam of radiated signal

is being steered in a particular direction depending on the phase of that signal.

BROADSIDE

SCANNED BEAM
DIRECTION

RADIATORS v '
i i
1 1
1 1

Y
1
1
: -
0° - 360°
7 B 5 4 3 2
PHASE (o] [o's| s |oo] 2] [©]
SHIFTERS Lol loe] (aef|2e)|a0
1 - - - - - - - -
POWER 1 !
DISTRIBUTION 1 !
METW !

ORK Lo == =

ANTENNA INPUT

Figure 1.3: Phase shifter for beam steering application [2|

They can also be used in radar systems for multi-target tracking. An American company
is working on a high tech commercial application where an phased array can be used to

calculate the blind stops on road while vehicle is in motion and this makes the driving
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safer. Therefore, phase shifter circuits as a phased array has a wide applications in both
defence and in daily life. Other applications are in frequency translator, phase modulator,

radio communications, remote controlled applications, aircraft, defence etc.

1.3.1 Topologies of phase shifter

Phase shifters can be passive or active with digital or analog signal. Analog phase shifters
provide a continuous phase shift such as voltage controlled phase shifter in which phase
is controlled by varactor diodes. Digital phase shifters provide a discrete phase shift
and these are realized by switches. In this thesis work, only passive phase shifters are
considered. There have been several methods adopted to implement phase shifter, some

of those configurations are described in this subsection.

1. Reflection type phase shifter

This is the first type of phase shifter which was initially presented in [3|. The basic
building block of this topology is a branch line coupler loaded with frequency dependent
load impedances (vary with frequency) is shown in figure . It consists of a branch line

coupler loaded by two variable impedances Z;. The reflected signals from Zj are phase

o

3dB90°
coupler

e

Figure 1.4: Reflection type Phase shifter [3|

shifted and combined at output port. The phase difference between port 1 and port 2 of
figure [1.4] is given by equation [L.11}

Phase Difference = 7 — 2tan_1(g—i) (1.11)

where 7}, is variable load impedance and Z, is the port impedance.



2. Passive vector modulator phase shifter

A passive vector modulator was first implemented in [4] using GaAs MESFET process.
The configuration of this type of phase shifter is shown in the figure [I.5| in which three
control voltages (Vip, Vyp and V,) are shown. By changing these control voltages in a
specified range, amplitude of the signal can be changed and therefore, required phase shift

can be achieved at a particular operating frequency.

L L“ﬁme il
H;i f;

N o]
fi____ iy,

F—ws—ip

¥ |l oUT

RERLIE

Figure 1.5: Passive vector modulator |4

3. Switched network phase shifter

In this type of phase shifter, the output phase is obtained by varying the switching
frequency between two phase shifter networks and is also known as switched delay line
phase shifter. One network is known as phase shifting circuit and the other one is called
phase reference circuit. A basic diagram for this topology using two single-pole double-
throw (SPDT) switches is shown in figure [1.6l They can be implemented using the

combination of low pass and high pass filter, and produces differential phase shift.

SPDT SPOT
IN switch JOoT——— 1 Oyswitch QUT
4 In .
2500 % 4 500z
J Iy

Figure 1.6: Switched network phase shifter [5]

The main disadvantage of these type of phase shifters is that the transmitted signal can

be interrupted and this may create problem in communication systems.



4. Loaded line phase shifter

In these type of phase shifters design, a shunt reactance (an inductor or a capacitor)
is added to the microstrip transmission line which cause the input signal to undergo a
phase shift. In micro-strip transmission line, the reactive components can be formed by
using microstrip open and short stub transmission line. This topology is used to tune the

characteristics of a transmission line. The basic block diagram of loaded line phase shifter
is shown in figure [1.7]

Z.,0

E
®

4C 03

Figure 1.7: Loaded line phase shifter

The total phase shift and insertion loss of this type of phase shifter will be given by
equation and respectively.

Phase shift = -tan™!(2) (1.12)

and
IL = 10log ¥ (1.13)

From equation [1.12] it is clear that for obtaining larger phase shift, value of constant b’
should be high. And large value of b’ will increase the insertion loss. Return loss of
these phase shifter is also very poor. Therefore a Modified loaded line phase shifter
with some extra circuitry also came into the picture. In this design, the return losses
of loaded line phase shifter can be improved by using two shunt susceptance which are
separated by 90 ° phase. In the implementation of these design, a transmission line is
loaded with symmetric pair of reactive elements at its both ends. In this thesis work to
design a wideband phase shifter, the configuration of loaded line phase shifter is used. It
consists of a main line with a T shaped network and a modified conventional reference

line with an L shaped network.

10



1.4 Motivation

I am writing to express my interest in pursuing my Master Thesis in RF Design on
Designing of Tri Band Coupler and Wideband Phase Shifter starting in May
2016. T have been active member of the "RF and Microwave design Lab" group of IIIT
Delhi, where I have been involved in several RF projects. I have also been involved in
many workshops and seminars in this field. The reason for choosing this specific field
comes from the fact that in the near future I would like to get to know many things and

how they work in such a high frequency.

In past few decades, there has been a lot of innovations using RF waves as the growth
in Radio Frequency (RF) wave research is evolving very fast because of its use in radio
communications and other applications. In order to expand communication applications
of RF waves, there is more demand for basic RF passive components which makes the
communication efficiently and on a broad scale such as couplers, phase shifters, power
dividers, mixers etc. The specification required for these components are that they should
have high performance with very less cost, larger bandwidth, small size and also very less
power consumption. Phase shifters has a several number of applications like in Radar
system for multi-target tracking, in communication system as a RF transmitter, in high

speed modulation, in aircraft and defence system etc.

Now a days, modern communication system requires the use of low cost, bandwidth
efficient, compact size and multi band components. The designs operating at multi band
frequencies has the advantage of both compact size and cost. Therefore, it becomes very

fascinating to design the RF and microwave circuits with such specifications.

Moreover 1 can say that I would like to continue my research in this field in order to
enhance my domain knowledge and I believe a Master Thesis in RF design would offer

me the possibility of receiving a picture of some aspects of this field.
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1.5 Literature Survey

In this section literature study for both branch line coupler and phase shifter components

has been provided.

1.5.1 Branch Line Coupler

Till now, only a few number of works dealing with multi-frequency operation has been
reported in the open source. Most of the research describes the devices with narrow band
and dual band operation. The first basic analysis of a symmetric structure is provided
in [6] but conventional branch line coupler consisting of only one section [7] [8] suffers
with very narrow bandwidth. The bandwidth of a single stage branch line coupler is
mainly limited by its electrical length and due to low bandwidth, a single stage branch
line coupler is not suitable to wideband operation. Bandwidth can be increased by cas-
cading more sections together presented in [9] but it will also increases the physical size of
chip. Cascading many sections of transmission lines may also complicate the fabrication
process. A lot of dual band coupler structures were also reported in [10] [11] [12]. Now
a days, modern communication system requires the use of low cost, bandwidth efficient,
compact size and multi band components. In [13|, a design of branch line coupler using
open stubs with high impedances was presented to obtain miniaturized size. The size
reduction in this research was around 65 % as compared to that of conventional branch
line coupler. But in this design, performance degrades. Another design of 10 dB coupler
using DGS was provided in [14] to increase its bandwidth. After adding DGS in a struc-
ture, it introduces some inductance and increase the effective electrical length (6) of the
microstrip transmission line. Thus it provides slow wave characteristics and enhance the
operational bandwidth.

A coupler having very flat coupling property is first realized in [15] using analytical equiv-
alent admittance approach. In |15, Riblet proves that coupling of an externally matched
branch line coupler is independent of frequency and depends on the impedance ratio of
in and branch arm. In [16], tri band coupler is designed with compensation technique to
achieve matching in pass band region. This design is capable of operating three arbitrary
frequencies but it also involve the use of lumped components which restricts its use at high
frequencies due to more parasitic effects. Another tri band coupler structure is presented

in [17] consisting of an external matching network connected at each port of conventional

12



coupler. But in this design, there can be chosen only two arbitrary frequencies and third
will the center of other two. Also this design doesn’t give any information about phase
at output ports. Its a 10 dB coupler, so equal power division is also not there at output
ports.

In this thesis work, a tri band directional coupler is proposed operating at three arbi-
trary frequencies with equal power division and 90 ° phase difference at output ports.
The reported coupler design possesses additional design variables and this provides it the

flexibility to scale it to wideband operations.

1.5.2 Phase Shifter

Phase shifter is one of the most useful passive components in RF and microwave integrated
circuits. Active phase shifters have more gain but they introduce high non-linearity to
the system [18]- [19]. Passive phase shifters have better performance but they suffers
from insertion loss [20]- [21]. In practical applications, phase shifter with large fractional
bandwidth, low return loss are required and these specifications can be achieved by using
various configurations. The concept of broadband phase shifters were first introduced by
Schiffman [22] that the designing of wideband and matched differential phase shifter can
be possible by using coupled transmission lines. After Shiffman, many improvements were
achieved and there have been several reports [22]- |23] suggesting different architectures
for the passive phase shifter working for a wide range of frequencies. Among the earlier
reports are Schiffman phase shifter [22] which consists of a coupled line structure exhibiting
a bandwidth of approximately 80 % with a phase ripple of 10 °. By proper selecting the
length of lines and coupling factor, required phase difference can be achieved constant
over a wide bandwidth. Schiffman phase shifter also requires a long reference line and
tight coupling in coupled lines which is difficult to realize unless a very expensive thin film
technology is used. The modifications in Schiffman phase shifter exhibit good performance
but suffers from unequal odd and even mode velocities and design complexities [24] [25].
In one improvement, multisection coupled lines are used to compensate the difference
in odd-even mode velocities [19] but these designs again requires tight coupling which is
difficult to fabricate. Another multisection phase shifter design provided in [26] which has
good return loss over more than 90 % bandwidth but has the limitation of small phase
ripples. These designs still require narrow gap in coupled lines and high characteristics

impedance. In [27], a structure of phase shifer using TEM transmission line for obtaining

13



ultra wideband differential phase shift is presented. The design consists of a cascade of two
blocks whereas each block is a single section coupled line with parallel transmission lines
connected at each end. To obtain a wideband phase shifter structure, a switching network
was combined with basic Shiffman phase shifter in [5]. The switching network consists of a
half wavelength coupled line and 45 ° open and short stubs which are connected at edge of
coupled line respectively. In [28|, Garver presents phase shifter designs such as switched
line, high-pass low-pass filter, reflection and loaded line phase shifters using different
types of PIN diodes as a switching elements. In [29], various phase shifter topologies were

presented to reduce the resonance effects.

The alternative simple designs with miniaturize structures possess slightly lower band-
width i.e. approximately 80 % [30] [31]. Another structure [23| proposed for the wide
band applications employs loaded inductor and capacitor. But due to the presence of
lumped components, this type of phase shifters can work only at lower frequencies. A
detailed synthesis procedure for symmetrically loaded RC bridge circuits were presented
in [32]. In this phase shift is obtained by switching between two RC networks of second
order. Another modification of Schiffman phase shifter in which slot under the coupled
lines was cut on the ground plane and a rectangular conductor was inserted under the
coupled line to act as a capacitor [25]. Phase imbalance of this design was within 5 °
over a wide bandwidth of 1.5 to 3.1 GHz. However, tight coupling and high impedance
transmission lines are still needed which makes makes fabrication process more compli-
cated. Latest improvement on Shiffman design was presented in [33] in which a broadband
dumb-bell shaped 45 ° phase shifter was constructed using a parallel combination of OCSC
stubs. The proposed phase shifer design in this research results in smaller size and wider

bandwidth as compared to conventional phase shifter.

1.6 Organization of thesis work

This thesis work is organized as follows: In Chapter 2, proposed deisgn of Tri-band coupler
and its analysis with result is discussed. Chapter 3 discusses about the proposed design of
wideband phase shifter and its analysis in details. Finally, chapter 4 concludes the work

done with comparing the proposed designs with the state of art designs.
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Chapter 2

Design of Tri Band Branch Line
Coupler

In this chapter, the proposed architecture for tri band BLC with its detailed analysis and

different matching networks has been presented.

2.1 Matching Networks

Impedance matching networks are the blocks which are used for maximum power transfer
from one network to another network and are mostly used in all RF /Microwave circuits.
Power delivered from one network to other will be maximum when the load impedances
matches with the source impedance i.e. Ry, = Rg. This is also known as the condition
of the maximum power transfer theorem. Matching networks are used to match a load
impedance to source impedance. The load impedance and source impedance can be either
of the real or complex. We mostly take source impedance (Zg) a standard real impedance
i.e. 50 Q.

There are different type of matching network configuration depending on the requirement
of number of operating frequencies. It can be dual, tri, quad or multi band matching
network. Dual band matching networks are used in the circuits which are designed
to operate at two arbitrary frequencies. A huge amount of research work on matching
networks are focused on dual band frequency application. In this thesis work, a dual band

matching circuit is used to match the complex load (obtained at the port of coupler) to
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the real 50 €2 impedance. The two operating frequencies for this are f1 (1.8 GHz) and 2
(2.4 GHz). A T-type network [34] has been used for this application. It is evident from the
literature survey that designing of multi band matching network is very challenging as we
increase the number of operating frequency of a design then its bandwidth gets divided.
The designs operating at multi band frequencies has the advantage of both compact size
and cost. Therefore, it becomes very fascinating to design the RF and microwave circuits
with such specifications. Therefore, in this thesis work, a branch line coupler has been
designed operating at three arbitrary frequencies. For port matching of coupler, a Tri
band matching network is proposed operating at 1.8 GHz, 2.4 GHz and 3.5 GHz

frequencies.

2.2 Proposed Design

The proposed design has symmetricity around all the four ports. The basic block diagram
of the proposed design is shown in the figure 2.1} It consists of a core of conventional
branch line coupler and external matching network at all the four ports. Dual and tri band
matching circuit are used in matching network at each port to achieve good matching at
all operating frequencies of the proposed design. The proposed architecture is capable to
provide a phase shift of 90 ° and equal power division between through and coupled port.
Due to symmetric structure, odd-even mode analysis can be easily applied for analytical

design equation.

17,0,

10— Matching - Matching | 5
Network Network
Z.0
X ¥ Z\'r ev X’
Matching Matching o3
4 Network -5[ 0 Network
h Oy

v

Figure 2.1: Basic Block Diagram of Proposed Design

Matching network as shown in figure is a combination of dual and dual to tri band
matching circuit to achieve good matching at all ports. Dual band matching consists of a

T shaped network [34] and dual to tri band matching consists of a parallel combination of
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Figure 2.2: Matching Network
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Port 1

open and short stubs. A parallel combination of open and short stubs is used to provide

matching at third frequency without disturbing matching at first two frequencies.

2.3 Design Analysis

The design parameters of the proposed circuit are determined with a systematic analytical
procedure using even-odd mode analysis [6]. The microstrip transmission line is assumed
to be nondispersive that is its characteristics impedance is independent of frequency and

the electrical length is directly proportional to the frequency.

0=f (2.1)

Thus according to equation , the electrical length (6) at three operating frequencies
1.8 GHz, 2.4 GHz and 3.5 GHz are 90 °, 120 ° and 175 ° respectively.

The equivalent admittance of the coupler at its port is calculated using odd-even mode
analysis. For simplicity, MATLAB is used for computing the impedance at each port of

the coupler. The analytical equations for port impedance are given below [15]:

_Yux (-1

Yin .
sind

—Y,(1+Y,)cotd (2.2)

where Y, =Y},/Y, and 0, =0, = 6

The value of port impedances calculated from equation[2.2]will behave as a load impedance
for the matching network. Now, first this load impedance is matched at f1 and {2 by using

the dual band matching design procedure as explained in [34]. In this design, the param-
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eters of left most transmission line is calculated in such a way that it gives conjugate
impedances at f1 and {2 frequencies then a T shaped open circuited stub is used to cancel
the imaginary part of this conjugate impedance and finally a transmission line is used to
match the remaining real impedance to 50 €2. In this way, the port impedance is matched
at first two operating frequencies. The various design parameters of each transmisison
line are listed in design parameter section of this chapter. Now after dual band matching,
a parallel combination of Open Circuit Short Circuit (OCSC) stubs is used to obtain the
matching at third design frequency. Design parameter of a OCSC is chosen in such a

way that it provides infinite impedance at first two frequencies and for this to happen
following conditions of equation 2.3 and [2.4 must be satisfied.

Zsl = Z52 X tanQHS (23)
and
14+n)mw
0, = 1+7‘) (2.4)

where, Z and Zs are OCSC stub impedances as shown in the figure [2.2]
r = f3/f2 and 'n’ is any integer.

Thus, this condition will cancel out the imaginary part of impedance obtained at third
operating frequency without effecting matching at f1 and f2 and a transmission line is

used to match real impedance at {3 to source impedance i.e. 50 (2.

2.4 Design Parameters

Now following the design analysis provided in previous section, different design parameters
of a tri band coupler working at 1.8 GHz, 2.4 GHz and 3.5 GHz are calculated. The
fundamental frequency of the proposed design is 1.8 GHz. The port impedance of a
conventional coupler calculated using equation at three operating frequencies and is
provided in equation

51.02 4 40.0, f1
Zin = 17.67 —i21.65, 2 (2.5)
0.6391 — i1.560, f3
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The impedance calculated after T-shaped dual band circuit as shown in the figure is
Zin1 and provided in equation [2.6]

50.07 4 40.59, f1
Zim1 = 4 50.05 —i0.50, f2 (2.6)
1.579 +429.443, 3

Various design parameters of matching network are calculated using the design procedure

provided in previous section are listed in table

Table 2.1: Design parameters of matching network

Parameter | Value | Parameter | Value

7, (Q) | 21.80 | Zy (Q) 50.00

7o (Q) | 44.00 | Zy (Q) 29.48

75 (Q) | 5323 | Zyw (Q) | 127.07

6y (°) | 144.72 | 64 (°) 144.24
6, (°) | 7714 | 6,4 (°) 154.28
05 (°) | 7714 | 6,5 (°) 154.28

where Z is the characteristics impedance of transmission line and 6 is its electrical length.
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2.5 Simulation and Measurement Results

All the simulation of proposed design are carried out in Keysight ADS tool and the fab-
ricated prototype results are measured using Keysight VNA (Vector Network Analyzer).
Electro-Magnetic (EM) simulation and measured results for various scattering parameters
are plotted and analyzed in details. The return loss (S1; parameter) are shown in Fig.
2.3] From Fig. 2.3]it is clear that the return loss at all the three operating frequencies is
less than -38 dB for EM simulation and approximately -32 dB for measured results.
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o
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|
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2 2.5 3 3.5
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A
S

Figure 2.3: Return loss, S1; (dB)

Insertion loss (S3; parameter) is shown in ﬁgure also known as transmission parameter
and S3; is shown in figure , having value around 3 dB (2 to 4 dB) at all operating
frequencies which shows transmission is taking place and also equal power division at

output ports of designed coupler.

Isolation loss, S21 (dB)

a5t " u = Simulated
v — = Measured

-40

2 2.5 3 3.5
Frequency (GHz)

Figure 2.4: Insertion loss, S2; (dB)

20



S31 (dB)

I | ==—Simulated
= = Measured

2 2.5 3
Frequency (GHz)

Figure 2.5: S3; parameter (dB)

Figure [2.6) shows the Sy parameter or isolation losses of designed coupler. From this
figure, it is clear that the design provides good isolation at isolated port (port 4) as the
value of S, at all operating frequencies is less than -38 dB for both em simulated and
measured results. The bandwidth obtained at the operating frequencies is approximately
120 MHz which is better than state of art bandwidth for tri band circuits.

= Simulated
| | = = Measured

'
W

Isolation, S41 (dB)

2.5 3
Frequency (GHz)

Figure 2.6: Isolation, Sy; (dB)

The proposed design is able to provide a phase difference of 90° at all operating frequencies.
The em simulated and measured phase difference between output ports i.e. transmitted
port and coupled port is shown in the figure From this figure, it is clear that the
simulated and measured phase matches well and provides 90° phase at all operating
frequencies. The fabricated prototype of the design is shown in the figure 2.8 This
proposed design of coupler is also compared with the state of art techniques in table
provided in last chapter of this thesis.
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Figure 2.8: The fabricated coupler design prototype

2.6 Conclusion

A modified architecture of 3dB tri band branch line coupler working at three arbitrary fre-
quencies is proposed in this work. External port matching technique is used at each port
of the coupler to achieve good matching at all operating frequencies of the design. This
architecture of coupler is capable to provide a phase shift of 90 © and equal power division
between through and coupled port. This design also gives good return loss and insertion
loss at all design frequencies. To verify this reported design procedure, the design param-
eters of the coupler are computed for 1.8 GHz, 2.4 GHz and 3.5 GHz arbitrary frequencies.
For validation of the proposed methodology, the prototype is fabricated using ROGER5880
substrate of thickness 1.575 and permittivity of 2.2. The measured results and the simu-
lated results matches well and thus validates the deign. A comparison with state of art

is provided in chapter 4 of this work which shows the advantages of this proposed design.
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Chapter 3

Design of Wideband Phase Shifter

3.1 Proposed Design

The proposed wideband phase shifter in this thesis work is developed around two simple
microstrip transmission lines. The basic building block for the proposed phase shifter
shown in figure [3.1] consists of two microstrip line sections. One section is referred as the

main line and other one is referred as reference line.

7,6, Main Line 7,6,
1 2
Zﬂ: 62
Open/Short

so— :

7365 7,8,
: ZS: 65
Reference Line
Open/Short

Figure 3.1: Architecture of proposed phase shifter
Here, the main line is a symmetric two-section transmission line with a center tapped

stub that forms a T-network. Whereas the reference line is a two-section transmission

line tapped by a stub at the edge and this forms into an L-network.
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Here, an open stub is used in the main line and a short stub is used in the reference line.
The reported phase shifter design possesses additional design variables and this provides
it the flexibility to scale it to wideband operations. The proposed concept is validated
through a 90 ° phase shifter working at 1.8 GHz and prototyped on Rogers 5880 with
substrate thickness of 1.575 mm and dielectric constant of 2.2. The prototype is able
to provide a phase difference of 90 ° over a bandwidth of 106 % if phase ripple of 3 °© is
considered. The characteristics impedance and the electrical length of all the transmission
lines are denoted by Z; in 2 and 6;, in degrees (°) where i= 1,2,...,5. The required phase
difference for this architecture is the transmission phase difference between the main line

and the reference line.

3.2 Design Analysis

The microstrip transmission line is assumed to be non-dispersive that is its characteristics
impedance is independent of frequency. The design parameters of the proposed circuit are
determined with a systematic analytical procedure using ABCD parameters. The over-

all ABCD matrix of the main line and for reference line are provided in below expressions:

A, B, B COSp, JZ7 sing, 1 0 COSp, JZ7 sing,
_Cm D,, 7Y sing, COSp, jYasing, 1| |7Y;sing, COSg,

A, B, B cosg,  JZssing, cosg,  JZ4sing, 1 0
_CT D, JY3 sing, COSp, JYysing, cosy, —7Y5sing, 1

Here, “Y;” denotes respective admittance value. The subscript “m” is used for the main

[y
T

line and is used for the reference line throughout the paper.

It is convenient from these parameters to determine the S-parameters as given in equations

and As the main line is symmetric, so it should have S;; = S99, and Sy = Sio.

Bm/r + ZO(Am/r - Dm/r) - chm/r
Bm/r + ZO(Am/r - Dm/r) + ZgC’m/r

S11/33 = Sag/44 = (3.1)

27
Bm/r =+ ZO(Am/r - Dm/r) + chm/'r

512/34 = 521/43 = (32)
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where,

A,, = cos20; — 0.57,Y5sin 20, tan 0, (3.3)
By, = j(Zysin 20, — Z?Y, sin? 6, tan 6,) (3.4)
Cyn = j(Y18in20; + Y cos® 0 tan 6s) (3.5)
D,, = cos20; — 0.57Z,Y5sin 20, tan 6, (3.6)

A, = cosfzcosly — Z3Y3sinfssin 6y + Ys(Z3sin 03 cos 0y + Zy cos O3 sinfy) cot 05 (3.7)

B, = j(Z3sin 03 cos 0y + Z4 cos O3 sin by) (3.8)
C, = j(Y3sin 05 cos 04+Y, cos 05 sin 04— Y5(Y3 2, sin 05 sin 04+ Z, cos 63 cos 04) cot 05) (3.9)

D, = —Y37,sin 05 sin 04 + cos 05 cos 0, (3.10)

Now, the phase shift of main line and reference line in terms of ABCD parameters can be
given by equations and respectively.

Phase(Sy1) = —tan % (3.11)
Phase(Sy3) = — tan Z;T—iﬁ (3.12)
where B, = jB, and C,,, = jC,,
For any phase shifter, the following conditions must be satisfied:
[S11] = 0; |S33/ =0 (3.13)

|521| =1; |S43\ =1
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Finally, the phase shift at the operating frequency can be calculated as:

Required phase shift= Phase(Ss1) — Phase(Sy3) (3.14)

The electrical length of the transmission line is directly proportional to the operating

frequency of a transmission line.

0 = efO% (3.15)

where, 0y is the electrical length defined at operating frequency fo.

Now, as the phase shift between the two transmission paths, i.e. the main line and
the reference line, should be constant, the difference between the two phase slopes must

be zero.

dPhase(Ss1)  dPhase(Ss3)
df df

=0 (3.16)

Equations [3.13] [3.15] and [3.16| can be used to obtain the value of various design parame-

ters.

3.3 Design Example

Based on the design analysis provided in above section 3.2, four different cases of the
phase shifters, working for 30 °, 45 °, 60 ° and 90 ° have been designed and simulated
in ADS. The operating frequency for all the cases is 1.8 GHz. The design parameters of
all the main line elements are provided in table [3.1] whereas table [3.2] contains the design

parameters for the reference line.

Where, 7 is the characteristics impedance and 6 is the electrical length of transmission

line.
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Table 3.1: Design parameter of main line

Design Example | Phase Shift | Z1(Q) | Zo(Q2) | 61(°) | 62(°)

Case 1 30 ° 33.8 | 94.10 | 130.1 | 58.00

Case 2 45 °© 69 105.6 | 57.00 | 49.30

Case 3 60 ° 79.8 83.2 | 84.5 | 179.2

Case 4 90 ° 61.9 75.0 | 130.2 | 166

Table 3.2: Design parameter of reference line

Design Example | Phase Shift | Z3(Q2) | Z4(2) | Z5(2) | 65(°) | 04(°) | 05(°)
Case 1 30 ° 49.8 136.0 | 125.0 | 199.7 | 116.0 | 87.5
Case 2 45 ° 34.0 130.0 | 122.0 | 102.7 | 79.70 | 87.90
Case 3 60 ° 64.0 30.80 | 108.0 | 40.70 | 209.0 | 24.50
Case 4 90 ° 29.5 100.0 | 95.00 | 225.6 | 108.0 | 110.6
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3.4 Simulation and Measurement Results

All the four cases are designed in the Keysight ADS simulation environment and the
performance is evaluated and demonstrated. Simulated return loss and insertion loss of
main line for all cases are shown in figure [3.2] and [3.3| respectively.

From these results, it can be seen that return loss value is less than -40 dB at central

frequency for all the four design cases and insertion loss value is unity throughout the
required frequency range.

O
A
5 Ne
- NS
) R
z 10 >
2 ~§
=15 \
"
£ Y
£ 20} ",
£ '\
251 \
\
1
30 o
0.5 1 1.5
Frequency (GHz)

Figure 3.2: Simulated return loss for all design cases
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Figure 3.3: Simulated insertion loss for all design cases

Figure [3.4] shows the simulated phase difference for various design cases which provides a
constant phase shift with 3 © phase ripple throughout the required frequency range. As

we increases the value of required phase shift then its bandwidth goes on decreases.
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Figure 3.4: Simulated phase difference for all design cases

To validate the working of these design examples, a prototype for the case of 90 © has been
developed on Rogersb880 with substrate thickness 1.575 mm, relative dielectric constant
2.2, and tan as 0.0009, with the copper cladding of 35 ym on both the sides.

. The eventual design also requires slight optimization in the simulation environment for
achieving flatter response. The fabricated prototype, with dimensions of 45 mm x 62

mm, shown in figure [3.5] is measured using Keysight VNA.

Figure 3.5: The fabricated prototype of phase shifter

29



TANY
v\
\
“ 7
= 5 \\ 7
% ~ 1 //
E \\ ffx
2 10 N s
X, P s
= %X #
=
= R N\ ,/
kol A /Y e
£ 15 AW WP
\i A\ ?,' = measured
l i 'll —=simulated
20 ‘ | I ‘
0.5 1 1.5 2 2.5 3
Frequency (GHz)

Figure 3.6: EM-simulated and measured return loss

All the measured results are compared with EM simulation results. Both simulated and
measured results for return loss are plotted in figure [3.6] and for insertion loss plotted

in figure [3.7] These figures confirms very good match between simulated and measured

results.
0 — e e
AT v
/ I' Y
BT %
s % Y
» H [}
2 i 1
= 10 [n r
S 1
€ | '
g i l
E 15 M |
b ! = measured i
! —=-simulated
20 I 1 1 1 1
0.5 1 1.5 2 2.5 3
Frequency (GHz)

Figure 3.7: EM-simulated and measured insertion loss

The simulated and measured results for 90 ° phase shifter are provided in Fig. [3.8 which
confirm very good return 90 ° phase difference for 106 % bandwidth (0.7 GHz to 2.6
GHz) for a phase ripple of 3 °. The measured results from the prototyped phase shifter
are compared in next chapter with the state-of-the-art designs. It is apparent that the
proposed phase shifter performs better over a larger bandwidth with small phase ripple

and insertions loss.
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Figure 3.8: EM-simulated and measured phase difference
3.5 Conclusions

In this chapter, a unique wideband phase shifter is proposed. The design has a very simple
architecture and can be analyzed easily. First the design was supported with mathematical
modelling. After obtaining the electrical parameter values of the transmission line using
mathematical modelling, the design was verified using Advanced Design System (ADS).
A number of case studies have been presented to demonstrate the key concept behind
the proposed technique. A prototype has been developed for the validation of the design
procedure and it has been shown that a wideband performance with 106 % bandwidth
considering 3 ° phase ripples can be obtained. A comparison with the state-of-the-art

shows the advantages of the proposed technique.
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Chapter 4

Comparison with State of Art

In this chapter, the proposed works are compared with the state of art designs.

As explained in previous chapters, a tri band coupler operating at three arbitrary fre-
quencies and wideband phase shifter has been designed in Keysight ADS and fabricated
prototype is measured with VNA. After measurement, the obtained results are compared
with the various state of art designs and it is found that the proposed design has better

performance.

Proposed designs of tri-band coupler and wideband phase shifter are compared with the
state-of-art techniques keeping in perspective the various performance parameter of a
design such as efficiency of design, circuit size, bandwidth, insertion loss (IL), return loss
(RL) and complexity of design. The comparison of tri band coupler and wideband phase
shifter are provided in Table [4.1] and [4.2] respectively.
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Table 4.1: Comparison of proposed coupler with state of art technique

All Arbitrary | Phase Equal Power . . Design
Ref Frequencies | Difference (°) | Division Design Technique Complexity
[16] Yes NA Yes Triple Band otk
Resonator
Coupled line sk
[36] No 90 Yes and DCS
[37] No NA No Resonators and ok
| | microstrip stubs
Compensation Technique
[38] Yes 90 No with folded ok
microstrip stubs
139] No 90 Yos Stepped Impedance sk
Resonator
[17] No NA No Microstrip line *
Proposed Yes 90 Yes Microstrip line *
Coupler
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Table 4.2: Comparison of proposed phase shifter with state of art technique

Phase Shifter

Ref Wl]dgi?llllc(l%) rifl))slis?o) Inies:;(m Design Technique CO]I)ne;Egity
[25] 70 5.0 1.0 CZEglgiéiSne Hokk
130| 82 6.4 0.6 Microstrip line *
]40] 80 4.0 2.5 Coupled line ok
]31] 67 2.1 2.5 Microstrip line ok
]23] 116 10 0.5 Lumped Components | *
%Pmposed 106 3.0 1.0 Microstrip line *
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Chapter 5

Conclusion and Future Works

5.1 Conclusion

In this thesis work, a modified architecture of tri band branch line coupler and wideband
phase shifter has been presented. The proposed architecture of tri band coupler operating
at three arbitrary frequencies is capable to provide a phase shift of 90 ° and equal power
division between through and coupled port. To validate the reported design procedure, a
branch line coupler working at 1.8 GHz, 2.4 GHz and 3.5 GHz is prototyped.

In second part of this thesis, a unique structure for wideband phase shifter with stub
loaded transmission line has been presented. A number of case studies have also been
presented to demonstrate the proposed design technique. A prototype has been developed
for the validation of the design procedure and the proposed wideband phase shifter is able

to provide a bandwidth of 106 % considering only 3 ° phase ripples.

Both designs were fabricated using Rogersb880 with substrate thickness of 1.575mm and
dielectric constant of 2.2. After simulation in ADS, All simulations of the proposed
designs were carried out using Keysight ADS simulator and the fabricated design PCB has
been practically tested using Vector Network Analyzer (VNA). The EM simulation and
measurements results matches well and thus they validates the theory used in proposed

designs.
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5.2 Future Work

Slow wave structure can be used for reducing the size of circuits especially it reduces the
physical length of the transmission line. The periodic shunt loading of these structures
reduces the phase velocity and therefore increases the effective electrical length of the
transmission line. This same concept can be used in miniaturizing the physical size of
design and size reduction can be achieved by increasing the transmission line slow-wave
factor. Slow wave factor (SWF) can be defined as the ratio of wavelength of free space
wave to the wavelength of guided wave. SWF can be increased by using a high dielectric

constant material in substrate as it gives smaller wavelength.

The tri band coupler design can be extended to quad band, multi band or broadband
operating frequencies with wider bandwidth. Similarly, the wideband phase shifter can
be further extended to multi-band operating frequency with wider bandwidth. Any new
design technique can also be introduced to achieve better performance as compared to

this work.
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