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Abstract

The research work presented in this thesis deals with size miniaturization and performance
enhancement of various microwave passive devices using tapered lines and spoof surface
plasmon polariton (SSPP) on planar type of transmission line like microstrip line and
substrate integrated waveguide (SIW). Microwave passive devices and components such as
filters, power dividers, directional couplers and antennas are the essential building blocks
of microwave circuits and systems. In the modern time of ever-expanding wireless and
consumer electronics market, it is highly desirable to design these devices which have a

compact size, lower cost, lighter weight with superior performances.

Novel bandpass filters are designed, analyzed and fabricated for ultra-wideband (UWB)
(3.1-10.6 GHz) applications. To suppress the interference from IEEE 302.11a WLAN band
signals in UWB spectrum, sharp notch stopband around 5.5 GHz has been created using
exponentially tapered impedance line stub loaded microstrip resonator. The theoretical
characterization of tapered lines such as triangular taper, exponential taper, and Klopfen-
stein taper are proposed many years ago, but for practical realization, linear tapers are the
most common and simple tapers which are widely used for impedance matching, eliminat-
ing the step discontinuities between transmission lines, and in the design of power dividers,
directional couplers, filters, antennas, etc. Although linear tapers have been used in the
design of such several microwave devices, theoretical characterization of such taper is not
available in the literature. Hence, the theoretical characterization of linear tapers is pre-
sented in this work. Subsequently, using linearly tapered microstrip lines (MSLs), a taper
transition between microstrip line and substrate integrated waveguide (SIW) component,
an ultra-broadband bandpass filter, and an unequal T-junction power divider have been
designed, fabricated and tested. The proposed T-junction power dividers could be very
useful in UWB or super-wideband (SWB) system where coupling ratio of more than 10

dB over a very broad range of frequency is desired for a passive signal cancelation. A
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very compact dual-port, aperture coupled and tapered fed patch antenna with a very high
isolation has been proposed for in-band full-duplex 2.4 GHz ISM applications. The same
technique could further be utilized for designing antennas for in-band full-duplex radios

such as for WiMAX applications.

SIW is a relatively new type of transmission line which provides the bridge between bulky
metallic waveguide and lossy planar technology. By using the curve fitting technique, an
approximate design equation has been developed for calculating the width of iris windows
of iris SIW bandpass filter. An iris SIW bandpass filter at V-band has also been designed
to validate the proposed method. A taper transition is generally required to connect
microstrip line and SIW for smooth impedance and field matching between them over a
broad range of frequency. Also, the introduction of slow-wave or low pass characteristics
of SSPP in SIW offers higher performances broadband microwave devices. Hence, using
hybrid structure of linear taper, SIW and SSPP, broadband bandpass filters with wide out-
of-band rejection have been designed for X-band applications. A dumbbell-shaped SSPP
has been proposed, which shows more slow-wave effects than rectangle-shaped SSPP for
the same height of grooves. Hence, it could be used efficiently in the design of compact,
low loss and highly integrated microwave devices. The size of proposed hybrid SSPP-SIW
filters are very compact, amounts to only about a wavelength at the center frequency,

which is much lesser than the length of existing hybrid SSPP-SIW filters.
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1. Introduction

Microwave passive devices such as filters, power dividers, directional couplers and antennas are
the essential components of microwave communication, test and measurement systems. In the present
day, it is highly desirable to design these devices in compact size, lower cost, lighter weight with
superior performances. Over the past several decades, a lot of research works has been carried out to
achieve these requirements using planar transmission lines like microstrip line and substrate integrated
waveguide (SIW). In this introductory chapter, we briefly present the background and underlying mo-
tivation of this research to design planar microwave passive devices and antenna for different microwave

applications. Further, contribution and organization of the thesis are outlined in this chapter.

1.1 Microstrip line

Microstrip line is one of the simplest and most popular type of planar transmission line, as it
can be fabricated by photolithographic processes and easily integrated with other active and passive
microwave devices. The geometry of a microstrip line is shown in Figure [[1l(a). It consists of a
strip conductor of width W and thickness ¢, printed on a grounded substrate of height h and relative
permittivity .. Unlike stripline, where all the field lines are confined in a homogeneous dielectric
medium, microstrip has most of the field lines concentrated between the strip conductor and the
ground plane, and some fraction in the air region above the strip, as depicted in Figure [ T(b). Hence,
due to inhomogeneous nature and so phase mismatch occurs at the dielectric-air interface, a microstrip
line cannot support a pure TEM wave.

The exact fields inside microstrip constitute a hybrid TE-TM waves which requires more advanced
analysis techniques. In most practical applications, dielectric substrate is electrically very thin (h <<
A), that means longitudinal components of the fields in a microstrip line would be very much smaller
than transverse components which can be neglected, and so the fields are quasi-TEM [2]. For quasi-
TEM microstrip lines, we can replace the inhomogeneous air-dielectric media with an equivalent
homogeneous dielectric medium having effective permittivity e., (1 < €. < &,) which is dependent
on the substrate height A and conductor width W. For this equivalent model, effective permittivity
€. and characteristic impedance Zy of the microstrip are obtained using quasi-static analysis. The

effective dielectric constant (e.) of a microstrip line can be approximated as

= 1

Ce + . 1.1
2 2 1+ 120/W (1)
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1.1 Microstrip line

(a) (b)

Figure 1.1: Microstrip line (a) Geometry and (b) Electric and magnetic field lines.

Once the effective dielectric constant of a microstrip line is determined, the guided wavelength

(Ag) of the quasi-TEM mode of microstrip is given [2] by

X c
7 VEe  fovEe

where \q is the free space wavelength at the operation frequency fy and c is the velocity of light in

(1.2)

free space. The propagation constant (/) and phase velocity (v,) can be determined as
g="2T (1.3)

w C

"B Ve

For given dimensions of the microstrip line, the characteristic impedance can be calculated from [2]

v (1.4)

as
60 8h w w
—1n (3 + & for 2 <1
Zo= 1 Ve (3 + %) m (15)
1207 w
JZTW/RT1.393+0.667 In(W /At 1.449)] for 3> 1.

If the characteristic impedance Zy and the dielectric constant ¢, are known, the expression for

W/h in terms of Zy and €, can be expressed [2] as

8eA

1514 e v for % <2 (16)
h 2B —1-In(2B—1)+ %=L {1n(B—1)+0.39—%H for W > 2
where
A= Jet 4 22t (0234 01
60 2 ETJrl Epr (17)
_ 37
B =3
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Figure 1.2: A tapered transmission line and the model for an incremental length of the tapered line (a)
Continuously tapered transmission line and (b) Model for an incremental step change in impedance of the
tapered line.

1.2 Introduction to tapers

Two transmission lines of different characteristic impedances can be matched over the desired
bandwidth by using multisection quarter-wave transformers. However, its length would be larger if
a higher matching bandwidth is required. As the number of N discrete sections increases, the step
changes in characteristic impedance between the two sections becomes smaller. Thus, for N — oo, we
approach to a continuously tapered line, as shown in Figure [.2(a). For a finite and shorter length,
it is always being preferred to use a tapered line so that a smooth impedance and field matching
between two transmission lines of different characteristic impedances can be achieved over a very large
bandwidth. We will see that different passband characteristics can be obtained by changing the type
of tapers.

The continuously tapered line, as shown in Figure [[L2(a), can be considered to be made up of a
number of small incremental length Az, with a change in impedance of AZ(z) from one section to
the next, as shown in Figure [[2(b). Then, the step change AZ(z) in impedance at z produces an

incremental reflection coefficient given by

Z+AZ)-Z AZ
Ar. U+AZ)~Z

Z+122)1 2 27 (18)
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As the limit Az — 0, we can get the differential reflection coefficient as

dZ 1d Z

By using the theory of small reflections [2], the total reflection coefficient at z = 0 can be computed
by summing up all the partial reflections with their appropriate phase shifts as

L

i @)

0
where 6 = 21, is the electrical length and L is the total length of taper. So if impedance profile Z(z)
is known, I'(#) can be readily evaluated as a function of frequency. Alternatively, if I'(0) is specified,
then in principle Z(z) can be obtained, but this procedure is very difficult and generally avoided [314].
Now, we will discuss three different kinds of tapers: exponential, triangular and Klopfenstein taper,

whose impedance profile Z(z) is known, and the resulting responses are evaluated.
1.2.1 Exponential taper

For an exponential taper, the impedance variation Z(z) can be expressed as
Z(z) = Zpe** for 0 < z < L. (1.11)
At 2 =0, Z(0) = Zg and at z = L, Z(L) = Z1, = Zpe", so the constant a can be determined as
1 Zr,
1 1.12
a= -+l <Zo > (1.12)
Now, the reflection coefficient response I'(#) for exponential taper can be obtained from (II0) as
7 az
= l / *725'2 Zoe dz
2 Zo
0
, L
=1 726z 4
2L " <20> / c "
0

_ Ly (2L miensinAL (1.13)
2 "\ Zy AL

In the above derivation, it has been assumed that the propagation constant () of the tapered line is

constant along the line, which is an assumption generally valid only for TEM lines.
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1.2.2 Triangular taper

For a triangular taper, the differential term d% In <Z£0) is a triangular function of z, and Z(z) is

expressed as

ZOQQ(Z/L)QHI(ZL/ZO) for0 < z<L/2
Z(2) = == (1.14)
Zoe(47/L=22 /12 =1) In(Z1./ %) for L/2 <z < L.
So that
4z 1y (2o for0<z2<L/2
di In <£> | Bl ~ (1.15)
2 Zy (%—%) In (%) for L/2 < z < L.

Substituting (LI5) in (II0), and integrating, we get the reflection coefficient response I'(6) for trian-

gular taper as

(0) = %m (%) ¢8I [%] ) (1.16)

1.2.3 Klopfenstein taper

For a given taper length, the Klopfenstein impedance taper [4,5] has been proved to be optimum
due to the minimum reflection coefficient over the passband. Alternatively, for a maximum reflection
coefficient specification in the passband, the Klopfenstein taper yields the shortest length of matching
section. This taper is derived from a stepped Chebyshev transformer as the number of sections
increases to infinity. The logarithm of the characteristic impedance variation of the Klopfenstein

taper is given by [2]

In(Z(2)) = %ln (Z1.Zp) + CO];EAA2¢ (2—; = 1,A> for0<z<L (1.17)

where the function ¢ (z, A) is defined as

/xll <Aﬂ) ]

A1 — y?

¢(x,A)=—¢(—z,A) = y for |z| <1 (1.18)

where I (z) is the modified Bessel function. A very simple and effective method for finding the values

of ¢ (z, A) is presented in [6].
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- —-Exponential Taper
L Triangular Taper
N\ —Klopfenstein Taper

Tl

Figure 1.3: Reflection coefficient magnitude response for the different tapers.

The resulting reflection coefficient of Klopfenstein taper is given by [2]

(BL)? — A2

. COoS
INC) R N
() we cosh A

for BL > A. (1.19)

If BL < A, the cos\/(BL)* — A2 term becomes cosh /A2 — (BL)%. Ty is the reflection coefficient at

zero frequency, which is given as

7. -7 1. (Z5
Ty= 2L—20 2 (22, 1.20
= 7+ Z 2D<ZO> (1.20)

The passband is defined as SL > A, and so the maximum ripple in the passband is

~ cosh A

(1.21)

because I'g oscillates between :I:COl;ﬁ o for BL > A. The disadvantage of this taper is that it has

steps at z = 0 and L (the ends of the tapered section), and so does not connect the source and load
impedances smoothly.

The resulting reflection coefficient magnitude responses (versus L or frequency) for exponential,
triangular and Klopfenstein taper are plotted in Figure [[3l It can be noted that the peaks in |I'|
decrease with increasing length in case of exponential and triangular tapers, while it is set to be

constant for the desired passband of the Klopfenstein taper. A better matching at lower frequencies
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can be achieved by increasing the length of the taper, but at the same time length of the matching
section would become longer. The peaks of the triangular taper are lower than the corresponding
peaks of the exponential case, but the first null for the triangular taper occurs at L = 27, whereas
for the exponential taper it occurs at L = w. It implies that at lower frequencies, the exponential
tapers will have better passband than a triangular taper. For the given condition (say, I, = 0.02),
the Klopfenstein taper provides better passband than the other two tapers, but its design consists of
modified Bessel function which is very complicated to design practically and also it has step disconti-
nuities at the junctions z = 0 and L (the ends of the tapered section). It can also be noted that like
the stepped-Chebyshev matching transformer, the response of the Klopfenstein taper has equal-ripple

lobes versus frequency in its passband.

1.3 Microwave passive devices

Microwave passive devices and components are the essential building blocks of microwave circuits
and systems that operate in the frequency range from 300 MHz to 300 GHz (corresponding to wave-
lengths of 1 m to 1 mm in free space). These devices will split, combine, filter, attenuate, and/or shift
the phase of a microwave signal as it propagates through a particular transmission system. Microwave

filters, power dividers and antennas will be briefly discussed here.
1.3.1 Filters

A microwave filter is a two-port network used to control the frequency response at a certain point in
a microwave system by providing transmission within the passband of the filter and attenuation in the
stopband of the filter. The applications of filters can be found in almost every type of microwave com-
munication, test and measurement system, and radar. In the late 1930s, image parameter method was
developed to design low-frequency filters for radio and telephone applications. This method consists
of cascaded two-port filter sections to achieve the desired cutoff frequencies and attenuation charac-
teristics, but do not provide the specification of the response over the complete operating frequency
range. Thus, even being a relatively simple procedure, designing the filters using image parameter
method often need to be iterated many times to achieve the desired results.

The majority of modern microwave filters are designed by using the insertion-loss method, whereby
the amplitude response of the filter is approximated by using network synthesis techniques that have

been extended to accommodate microwave distributed circuit elements. A general four-step procedure
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is followed for all pole: determination of filter specifications, design of a low-pass prototype filter,
scaling and transforming the filter, and implementation (conversion of lumped elements to distributed
elements consisting of transmission line sections). The subject of microwave filters is quite extensive,
due to their importance in various practical systems and a numerous designs are carried out using
advanced computer-aided design (CAD) tools such as full-wave electromagnetic (EM) simulators and

advanced network synthesis techniques.

Filter parameters definition

The fundamental specifications for designing filters are frequency range, bandwidth, insertion loss,
return loss, stopband attenuation and frequencies, roll-off rate, input and output feedline impedances,
voltage standing-wave ratio (VSWR), phase linearity, group delay, temperature range, and transient
response. The input of a filter is driven by a signal generator with the output passing to a load. At
the input plane of the filter, the power may be broken down into three components:

P, — the incident power from the generator,

Pr — the power reflected back to the generator and

P, — the power passed on to the load.
Insertion loss

The insertion loss (IL) (in decibels) is the ratio of incident power to the transmitted power

IL = 10log(Pn/PL) = —101og (|T|2) = —201og (|Sa1) (1.22)

Return loss

Three related parameters, the return loss (RL), VSWR, and reflection coefficient (I'), are commonly
used to characterize filter reflections. The return loss is the ratio of incident power to the reflected

power (in dB)

VSWR — 1)
RL = 10log(Pn/Pr) = —101log (WRH) = —10log <\r\2) = —20log (|Su1|)  (1.23)

where I' is the reflection coefficient.

Types of filters and their applications

Basically there are four types of filters: low-pass, high-pass, bandpass and band-stop (also called band-
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reject). An ideal filter would have zero insertion loss in the passband, constant group delay or linear
phase response in the passband, and infinite attenuation in the stopband. But in practice, all filters
exhibit spurious responses where they have some rejection in the passband and finite transmission in
the stopband. It is best described by the filter performances over the frequencies of interest. Over
the past two decades, the explosive growth in wireless communication employing portable devices
has generated a significant market for compact size, lower cost, lesser loss, and light weight filters.
Various technologies such as monolithic microwave integrated circuits (MMIC), micromachining, mi-
croelectromechanic system (MEMS), high-temperature superconductor (HTS) and low-temperature
cofired ceramics (LTCC) are being used to meet stringent requirements for RF /microwave filters.
Furthermore, the incorporation of other active and passive devices in filter circuits, results in rapid
development of microwave filters. Almost all microwave receivers, transmitters, and test setups re-
quire filtering action. The main filter functions are to reject undesirable signal frequencies outside
the filter passband and to channelize or combine different frequency signals. Good examples for the
former applications are mixers (low pass) and multipliers (bandpass). A well-described example for
the latter application is the channelized receiver in which a bank of filters is used to separate input
signals. Specific applications include electronic support measure (ESM) receivers, satellite commu-
nications, mobile communications, metrology, radar, remote sensing systems, pulse code modulation

(PCM) communications, and microwave FM multiplexers.
1.3.2 Power dividers

A power divider (or, splitter) is a passive microwave component which divides the power of input
signal into two or more output signals of lesser power. Since power divider is a reciprocal network,
they can also be used as a power combiner, where two (or more) ports are used to combine input
signals into a single output port. Power dividers are used in microwave frequencies because usually we
have only one microwave source and we need to input this single source to many microwave devices in
a microwave device network. Similarly, we require power combiners to combine the power from many
microwave devices to the single output port in many practical applications. They are widely used in

mixers, antenna array feed networks, phase shifters, power amplifiers, and vector modulators [2].

Basic properties of power dividers

A power divider is a three-port network which can be characterized using the following properties:
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Reciprocal — A passive component with no anisotropic materials must be a reciprocal network.

Lossless — To avoid power loss, we aim to have a lossless network.

Matching — All ports should be matched to avoid reflection from the ports.

Isolation — The output ports should be isolated so that any unwanted signal coming from one

output port should not go to the other output lines.

However, it is impossible to design a power divider which is lossless, reciprocal and matched at all
ports simultaneously. By relaxing any of these conditions, different types of power dividers can be

realized.

Types of power dividers

Following three are the main types of power dividers:

(1) Lossless T-junction power divider: It is a simple three-port network which satisfies the
basic purpose of dividing an input signal into two separate transmission paths without any line
loss. But it suffers with two main problems: no isolation between the output ports and can not

be matched all the ports simultaneously.

(2) Lossy (resistive) T-junction power divider: The T-junction power divider can be matched
at all the ports by using lossy (resistive) components. The resistive power dividers are simple
and broadband but lossy due to the resistors which absorb power. They have lesser power
handling capability and higher insertion loss, which make them unsuitable for use in many types

of systems. Also, they do not provide isolation between the output ports [7].

(3) Wilkinson power divider: The Wilkinson power divider [] is the most popular kind of power
divider because it is easy to construct and it satisfies almost every properties of three-port
network: (i) it is a reciprocal network, (ii) lossless when the output ports are matched that
means only reflected power is dissipated, (iii) all the ports can be matched, and (iv) isolation
between the output ports can be achieved using isolation resistor. In this power divider, there
are four different sections namely: input port, quarter-wave transformer, isolation resistor, and
output ports. The quarter-wave transformers are used to split the input signal into two output
signals that are in phase with each other. The isolation resistor between the two output ports
enables the two outputs to be matched and isolated as well. The Wilkinson power divider can be

configured as N-way device, although it’s primarily used for 2-way power division. Both equal
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and unequal split Wilkinson power dividers are possible to design. Stepped multiple sections or

tapered sections can be employed for increasing the bandwidth of the power divider.

Regardless of the type of power divider, the goal of every power divider is to have the highest port-to-
port isolation, lowest insertion loss and VSWR, and minimum amplitude and phase imbalance over

the entire operating frequency range of the device.

1.3.3 Antennas

Antenna is one of the most important building blocks of a wireless communication system. It
can be defined as a transducer which converts electrical signal into electromagnetic wave radiation
or vice-versa. An antenna can also be viewed as a device used in matching the impedance of a
transmission line or waveguide to the impedance of free space medium or vice-versa. The types
of antennas can be classified based on their specifications like frequency, polarization, radiation, etc.
There are various types of microwave antennas being developed over the years for different applications,
including communication based applications. Microstrip patch antenna is one of the most common
and popular types of microwave antenna, due to its easier fabrication, thin planar profile, simple
structure, light weight, lower cost, and easier integration with other active and passive circuits on the
same circuit board. It can be mounted on rigid surfaces of high-performance spacecraft, satellites,
aircraft, missiles, cars and hand-held mobile phones. A microstrip patch antenna consists of a radiating

patch on one side of the substrate, with a ground plane on the other side of the substrate.

Antenna parameters

Every antenna has some parameters that signify its characteristics and efficient realization. Typical an-
tenna parameters are radiation pattern, bandwidth, directivity, gain, radiation efficiency, beamwidth,

radiation resistance and polarization.

Radiation pattern

Radiation pattern of an antenna is defined as a graphical representation of its radiation properties as a
function of space coordinates at the far-field. It can be magnitude of field patterns or power patterns.
The patterns are oftenly normalized with respect to their maximum value. The radiation pattern of

an antenna can be [9]:
e [sotropic: A hypothetical lossless antenna having equal radiation in all directions.
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e Omnidirectional: An antenna having an essentially non-directional pattern in a given plane (e.g.,

in azimuth) and a directional pattern in any orthogonal plane.

e Directional: An antenna having the property of radiating or receiving more effectively in some
directions than in others. Usually the maximum directivity is significantly greater than that of

a half-wave dipole.

Directivity, gain and efficiency

The directivity of an antenna is defined as the ratio of the radiation intensity in a given direction
from the antenna to the radiation intensity averaged over all directions. Gain is the ratio of radiation
intensity in a given direction to the average radiation intensity that would be obtained if all the power
input to the antenna were radiated isotropically. Directivity only measures directional properties while
gain accounts the efficiency of the antenna as well. The gain of the antenna can also be expressed as

the product of the antenna radiation efficiency and its directivity.

Polarization

Polarization is the curve traced by the end point of the arrow (vector) representing the instantaneous
electric field. The field must be observed along the direction of propagation. Polarization is classified
as linear, circular, or elliptical. If the vector that describes the electric field at a point in space as
a function of time is always directed along a line, the field is said to be linearly polarized. Linear
polarization and circular polarization are special cases of elliptic polarization. The figure of the electric
field traced in a clockwise rotation is designated as right-hand polarization and counter clockwise as

left-hand polarization.

1.4 Research background and motivation

A quarter-wave transformer can match any real load impedance to any impedance of the line
at the design frequency. Based on the theory of small reflections [3,[10], binomial and Chebyshev
multisection transformers [2L[11] are developed for the applications requiring more bandwidth than a
single quarter-wave transformer. These multi-stepped sections can be transformed into a continuously
tapered transmission line by increasing the number of sections and decreasing the step changes in
characteristic impedance between the sections. A smooth impedance and field transition between

the two transmission lines of different characteristic impedances can be achieved over a very large
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bandwidth by using tapered lines of shorter length than the corresponding length of multisection
quarter-wave transformers [2]. It is found that different passband characteristics can be obtained by
changing the type of tapers like exponential, triangular, and Klopfenstein taper [2H5]. The nonuniform
or tapered transmission lines can be efficiently used in the design of passive microwave components
like resonators [12-14], filters [13[15-17], power dividers [I8-22], and as a feed line in antennas [23-26].
An efficient technique for analyzing an arbitrary nonuniform transmission line with piecewise-linear
approximation of the characteristic impedance profile of the line has been presented in [27] and a
simplified analytical CAD model for linearly tapered microstrip line including losses has been developed
in [28]. Further, an analytical approach for analysis of nonuniform transmission line and tapered

microstrips using differential transfer matrix method has been proposed in [29].

Since the U.S. Federal Communications Commission (FCC) released the unlicensed use of the
ultra-wideband (UWB) spectrum (3.1-10.6 GHz) for indoor and hand-held devices in early 2002 [30],
a lot of research activities and interests have been shown in academic and industrial circles toward
exploring various UWB components and devices [31]. A wideband or UWB communication has large
operational bandwidth enabling high-speed data rate transfer for short-range wireless connections as
well as applications in long range, low data rate, radar, and imaging systems [32]. There are some
well-known techniques that have been presented in [33-37] to design wideband microwave filters, where
fractional bandwidth (FBW) up to 60~80% have been achieved. Several methods have been reported
in [38-51] to design UWB bandpass filters. The method presented in [38] is based on cascaded low-
pass-high-pass filter sections. The concept of multiple-mode resonator (MMR) was proposed initially
in [36] and based on that, UWB filters were developed in [39H45]. A design method based on network
analysis and optimization in Z-domain has been employed in [46,47]. An UWB microstrip filter with
an optimum FBW of greater than 120% is presented in [48] which is based on non-reductant unit
elements or connecting lines. In [50], a coupled double-stepped structure and an open-loop defected
ground structure (DGS) on the ground has been employed for achieving UWB bandwidth along with
a wide stopband attenuation. In [49], UWB filters utilize broadside coupling between elliptical-shaped
microstrip patches at the top and bottom layer of the filter’s structure via an elliptical slot located at
the mid layer, which contains the ground plane. A method to design microstrip bandpass filters with
UWRB performance, where three subsections of different lengths and coupling factors are connected

to form a stepped-impedance parallel-coupled microstrip structure, is presented in [5I]. To suppress
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the interference to certain frequency bands like wireless local area network (WLAN) operating at 5.5
GHz in UWB region, many efforts have been put forward to design notched-band UWB filters [52H58].
A meander line slot [52], embedded open-circuited stubs [53], embedded open stubs with U-shaped
DGS structure [54], complementary single split ring resonator (CSSRR) in the ground plane [55], and
spurline structure in the main line [56] have been employed to produce the notch-band around 5.5
GHz. Notched band-stop filtering effect is achieved in [57] by adding coupling interdigital finger to
reject the undesired WLAN radio signals. A spiral slot is introduced in [58] to achieve narrow notched

band characteristics in the UWB region.

Based on tapered lines, an ultra-broadband equal split Wilkinson-type power divider has been de-
signed in [19] which covers the whole UWB communication band. A broadband multisection Wilkinson
power divider with arbitrary power split ratio is presented in [59]. The disadvantage of Wilkinson di-
viders is that they require an additional component selection like a resistor. An UWB power divider
for spatial power combining has been proposed in [20], which comprised of a tapered transmission line
and 1-to-2 power dividers to realize a 1-to-4 power-dividing function. The T-junction power dividers
with prescribed response characteristics have been presented in [I8]60-63], which can be used as an
equal or unequal, narrowband and broadband T junction circuits. In many cases, T-junction power
dividers are preferred to be used as an unequal power division where most of the power is desired
in one of the output port and least power in the other output port over a very broad frequency
range [I8 21,22]. In [18], different empirical models have been employed to realize three distinct
geometrical configurations, but they do not provide much physical insight about the device operation.
An analytical method has been developed in [21] to find the port parameters of exponentially tapered
broadband T-junction power divider. However, the cut-off wavelength definition adopted in [21] is

incorrect and the analysis with correction has been presented in [22].

In early 1985, Pozar [64] introduced a new technique to feed microstrip patch antennas which do
not require a direct connection between the antenna and feedline. The method involves two substrates
separated with a common ground plane, where one substrate contains the radiating patch and the
other substrate containing the feed network, with a small aperture in the ground plane, located
under the patch. The analysis of this method has been further carried-out in [65H68]. Based on
this method, a dual aperture coupled circularly polarized (dual polarised) patch antenna [69] and a

dual slot-coupled microstrip antenna for dual frequency operation [70] have been developed. Various
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techniques are being evolved over time for designing high isolation dual-polarized antennas [71H74]
for narrowband and broadband applications. Dual-port dual-polarized antennas with high isolation
and low cross polarization are proposed in [75H78] for full-duplex 2.4 GHz ISM band applications.
A two-element monopole array excited by a 180° hybrid feeding network and an antenna system
operating at 2.4 GHz WLAN band is presented in [79] for in-band full-duplex applications. Based
on combined edge/aperture feeding method, dual-polarized (orthogonal polarized) microstrip-patch
planar array antennas with high port-to-port isolation have been developed in [R0L81]. A coax-feed
dual-polarised patch antenna with low cross-polarisation and high port-to-port isolation is presented
in [82] for WiMAX applications. A printed monopole antenna with a protruding stub in the ground
plane [83] and an asymmetric coplanar strip (ACS)-fed dual-band antenna using loaded capacitance

terminations [84] have been proposed for dual-band 2.4/5.8 GHz WLAN and RFID applications.

In 2001, K. Wu et al. invented substrate integrated waveguide (SIW), a new type of transmis-
sion line (TL) which has the merits of both metallic rectangular waveguide and planar transmission
line [85HK7], like low insertion loss, low radiation loss, planar structure and compact size. SIW technol-
ogy has emerged as a very promising candidate for the development of microwave and millimeter-wave
circuits and antennas [88-93]. A taper transition between SIW and microstrip line is presented in [85]
for the first time and later, its design equations have been developed in [91,94]. Spoof surface plasmon
polariton (SSPP), a plasmonic metamaterial sub-wavelength structure exhibiting slow-wave charac-
teristics has been employed in SIW to design bandpass filters with a very high level of attenuation in
the stopband. This concept of designing broadband bandpass filters using the low-pass characteristics
of SSPP and high-pass characteristics of SIW termed as hybrid SSPP-SIW filters [I95-100]. The first
hybrid SSPP-SIW filter was proposed in [95], where the SSPPs structure were connected in series with
SIW section. Since, the two structures are separated, resulting in a larger size, and the conversion of
the fields add more complication as well. In [96], a hybrid SSPP-SIW transmission line for designing
broadband BPFs have been proposed, where SSPPs propagate through arrays of transverse metallic
blind holes that were designed inside the SIW. Although, it requires a thicker substrate to achieve
larger slow-wave characteristics, and hence not a right choice for compact circuit applications. A
planar bandpass filter based on a hybrid SSPP-SIW transmission line is presented in [97], but only
simulation results have been shown. Hybrid HMSIW-SSPP structures have been proposed in [98,99],

which overcome shortcomings of large size. However, their transmission characteristics further need
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to be improved. Also, none of the above hybrid SSPP-SIW filters considers out-of-band rejection.
A broadband BPF using hybrid SSPP-SIW structure has been proposed in [1], which showed broad
out-of-band rejection but suffered from poor in-band performances. Recently, a bandpass filter based

on half-mode SIW and double-layer SSPPs has been developed [100], which features wider bandwidth,

smaller size and lower loss than previously reported structures.

In the above reported literature, further investigation needs to be carried out to miniaturize the
size and improve the performances of microwave passive devices, which can be achieved by employing
tapers, SIW and SSPP structures. In the modern time of ever expanding wireless and consumer
electronics market, it is highly desirable to integrate number of circuits in a single board, and hence
there is much demand for size reduction and high performance circuits. The main findings and

motivation behind carrying this research work are as follows:

e By choosing the type of tapers, one can obtain the desired reflection coefficient response by
setting the frequency above which there will be least reflections in the whole desired band
for varied length of the taper, or the length of taper can made to be fixed and accordingly
the response can be obtained by varying frequency, see Figure So broadband and highly
efficient impedance matching networks, resonators, filters, power dividers, etc. can be designed

using tapers.

e In many literature, they have used triangular taper specifications and analysis, while designing
the taper the width is varied linearly which is not actually a triangular taper rather a linear
width taper whose theoretical characterization is not available in the literature. So the linear
tapers, which are the most practically used type of taper, has been theoretically characterized in

this work and using them, several microwave passive devices have been designed and analyzed.

e Synthesis of iris SIW filters lacks the design equation for finding the widths of iris windows,
which were obtained by several simulations and optimizations using EM solvers. For that, a

design process and an approximate design equation has been presented and well validated.

e Recently, slow-wave or low pass characteristics of SSPP employed along with high pass charac-
teristics of SIW to design broadband bandpass filters with a very high level of attenuation in
the stopband, but they suffer with poor inband performances and large structure. These issues

can be solved using the proper field or mode transition structure. Linearly graded slots, which
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produces gradient momentum and smooth transition of SIW mode to SSPP mode, and a novel

SSPP structure showing higher slow-wave phenomena, have been proposed in this work.

1.5 Contribution of the thesis

This thesis aims at the novel design and analysis of various microwave passive devices (such as
filters, power dividers and antenna) that are light weight, low cost, compact size, and improved
performances for different microwave frequency band applications. The main contributions of the

thesis are as follows:

e Using exponentially tapered impedance line stub loaded microstrip resonator, a notch function in
the UWB bandpass filter is created for suppression of WLAN signals. An approximate theoretical
analysis of the filter is also presented. The fabricated notched UWB bandpass filter is tested

using vector network analyzer, which shows the desired notch filter characteristics.

e Linear tapers have been theoretically characterized, and their results are compared with the
other tapers. By using linearly tapered microstrip line, a broadband taper transition between
microstrip line and SIW component and a novel coupled-line ultra-broadband bandpass filter is
designed, fabricated and tested. The filter possesses a very compact size of 0.20), x 0.26), and
shows a wide 10 dB passband from 4.5 to 12 GHz.

e Unequal T-junction power dividers using linear tapers have been proposed, which exhibit the
power dividing ratio of more than 10 dB over an ultra-broadband or even a SWB bandwidth.
A method for theoretical analysis of the power dividers has also been developed. A prototype

fabricated power divider is tested and well verified.

e A dual-port, aperture coupled and linearly tapered fed patch antenna with high isolation for

full-duplex 2.4 GHz ISM band applications is designed, fabricated and tested.

e An approximate design equation for iris width calculation of iris SIW bandpass filter is presented.
A filter at V-band is designed and validated the design equation. T'wo bandpass filters using the
hybrid structure of SSPP, SIW and linear taper are designed for X-band applications. Dumbbell-
shaped SSPP has been proposed which shows more slow-wave effects than rectangle-shaped SSPP

for the same height of grooves. The proposed filters show very good passband and wide upper
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out-of-band rejection simultaneously. They possess very compact size of ~1A; x 0.7)\,. Their
length is only about a wavelength at the center frequency, which is much lesser than the length

of existing hybrid SSPP-SIW filters. Both filters are fabricated and tested successfully.

1.6 Thesis organization

This thesis is organized into seven chapters. The summary of each chapter is briefly outlined as

follows:

e Chapter 1: This chapter presents an introduction to microstrip line and tapered lines. It also
covers the brief background and literature review of microwave passive devices and antenna.

Thereafter, motivation and contribution of the thesis are presented.

e Chapter 2: In this chapter, we have proposed two UWB filters, one without notch band and
the other with notch band using exponentially tapered impedance line stub loaded microstrip
resonator. Their approximate theoretical analysis has also been presented. The simulated results

are in good agreement with the analytical and measured results.

e Chapter 3: This chapter presents the theoretical characterization of linear tapers and their
comparison with the other tapers. By using linearly tapered microstrip lines, a broadband taper
transition between the microstrip line and SIW component and a coupled-line ultra-broadband

bandpass filter is designed, fabricated and tested.

e Chapter 4: This chapter provides an ultra-broadband T-junction power divider using linearly
tapered microstrip lines. A method for theoretical analysis of the power divider has been pre-
sented approximately. The theoretical, simulated and measured results are presented. Also, a

super wideband power divider is designed by following the proposed method.

e Chapter 5: This chapter proposes a dual-port, aperture coupled and linearly tapered fed patch
antenna with high isolation for full-duplex 2.4 GHz ISM band applications. The designed antenna

is simulated, fabricated and measured.

e Chapter 6: This chapter presents the approximate design equation for iris width calculation
of iris SIW bandpass filter. By using the proposed equation, an iris SIW bandpass filter has

been designed and validated for V-band applications. Also, two bandpass filters using the hybrid
TH-2274 146102015
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structure of SSPP, SIW and linear taper have been developed for X-band applications. Both

filters have been designed, fabricated and tested successfully.

e Chapter 7: This chapter concludes the research work of the thesis and discusses some scope

for future research works.
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2. Notched UWB filter using ETILSLMR

In this chapter, two ultra-wideband (UWB) filters, one without notch band and the other with
notch band, with a fractional bandwidth (FBW) of more than 120% have been proposed. The first
filter is designed with three quarter wavelength short-circuited stubs and the second filter is designed
by using exponentially tapered impedance line stub loaded microstrip resonator (ETILSLMR). The
first filter consists of five transmission poles within the passband. The second filter with tapered
inductive loading on quarter-wavelength high impedance line exhibits a sharp notch stopband around
5.5 GHz, to suppress the interference from TEEE 802.11a WLAN band signals with an attenuation

level higher than 30 dB.

2.1 Introduction

A wideband or an UWB bandpass filter with compact size, improved selectivity, better passband
and the least varying group delays is one of the main requirements to realize UWB and other ra-
dio communication systems. There are various well-known techniques to design wideband bandpass
microwave filters [33H35,48,[I0T]. Parallel-coupled line, hairpin-line, interdigital line and combline
filters are traditional wideband bandpass filters, which are known for their low cost and simple fabri-
cation process [33]. The half-wavelength line resonators in parallel-coupled (or, edge-coupled) filters
are positioned so that adjacent resonators are parallel to each other along half of their length, which
gives relatively more coupling for a given spacing between resonators and hence wider bandwidth
than end-coupled half-wavelength resonator based microstrip filters. To make the structures more
compact, the resonators of parallel-coupled half-wavelength resonator filters have been folded in U-
shape, which are so-called as hairpin type resonators. Interdigital bandpass filter consists of an array
of quarter-wavelength line resonators, which are short-circuited at one end and open-circuited at the
other end with alternative orientation. This type of microstrip bandpass filter is relatively compact
but requires via-holes groundings. However, the second passband of such filter is centered at about
three times the center frequency of the first passband, while for the filters with parallel-coupled half-
wavelength resonators, the spurious passband is centered at around twice of the midband frequency.
The combline bandpass filter is comprised of an array of coupled resonators, which are short-circuited
at one end and the other end loaded with a lumped capacitance between the resonator and ground
plane. By increasing the loading capacitances, the length of resonators can be made shorter, and a

wider stopband can be achieved between the first passband and the unwanted second passband. These
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kind of filters have coupling gaps which would be very tight when a large FBW is desired, for exam-
ple, greater than 50%. The tight coupling gaps have been greatly relaxed by opting parallel-coupled
three-line microstrip structures [34,35], where wideband bandpass filters with FBWs from 40% to 70%
are presented. In [101], wideband and small-sized ring filters with FBWs of more than 100% have
been introduced. An UWB microstrip filter with an optimum FBW of greater than 120% is presented
in [48] which is based on non-reduntant unit elements or connecting lines. A comparison study has
also been presented in [48], showing advantages of this type of filter over conventional design whose

unit elements are redundant [33].

Nowadays, multiple-mode resonators (MMRs) are the most commonly known UWB filters which
have become very popular due to their simple design, compact structure and easy fabrication. The
original idea of an MMR was presented in [36] and based on this concept, an UWB bandpass filter
was reported in [4I] for the first time in which five transmission poles were realized using two-pole
parallel-coupled lines and three-mode MMR. The work of [41] was utilised in [42] for designing an
UWRB filter with a better feasibility by using aperture on the backside ground plane, which improved
the coupling between resonator and feeders. A MMR-based UWB BPF is proposed and implemented
in [39] using the hybrid microstrip/CPW structures, where a CPW nonuniform or MMR is formed
on the ground plane to excite and allocate the first three resonant modes occurring around the lower
end, center and higher end of the concerned UWB passband. By forming a MMR on a CPW and
two single microstrip-to-CPW coupling structures with enhanced degree, a compact UWB filter is
designed in [40]. An improved class of UWB BPFs is presented in [43] by driving the MMR resonator
with interdigital coupled lines of enhanced coupling degree. An improved microstrip-line UWB BPF
is presented in [44] by forming an alternative MMR, with proper loading of three open-ended stubs.
In [45], an UWB filter is realized by using modified MMR method, formed by attaching three pairs of
circular impedance-stepped stubs in shunt to a high impedance microstrip line. An UWB filter using a
microstrip stepped-impedance four modes resonator is proposed in [46] by implementing network anal-
ysis theory and optimization in Z-domain, where six transmission poles are obtained in the passband
with a very flat group delay and compact size. The same concept with a modified theory is employed
in [47], where transmission zeros have been produced on both sides of the passband by shunting two
section open-circuited stubs. In [50], a coupled double-stepped structure and an open-loop defected

ground structure (DGS) on the ground has been employed for achieving UWB bandwidth along with
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2. Notched UWB filter using ETILSLMR

a wide stopband attenuation. In [49], UWB filters utilize broadside coupling between elliptical-shaped
microstrip patches at the top and bottom layer of the filter’s structure via an elliptical slot located at
the mid layer, which contains the ground plane. A method to design microstrip bandpass filters with
UWRB performance, where three subsections of different lengths and coupling factors are connected to

form a stepped-impedance parallel-coupled microstrip structure, is presented in [51].

In UWB region, there are several other narrowband radio signals, including wireless local area
network (WLAN) which operate at 5.5 GHz. Therefore, a lot of attention has been paid to design
single or multiple notched-band UWB filters [52H58102,[103]. To suppress the undesired WLAN radio
signals, a meander line slot is employed in [52], and a narrow notched band is achieved in [53] by
using embedded open-circuited stubs. In [54], embedded open stubs with U-shaped DGS structure
are introduced to produce a notch characteristic in the desired frequency band. Notched UWB filters
were designed using complementary single split ring resonator (CSSRR) in the ground plane [55] and
spurline structure in the main line [56]. Notched band-stop filtering effect is achieved in [57] by adding
coupling interdigital finger to reject the undesired WLAN radio signals. A dual-notched bands UWB
bandpass filter based on a simplified composite right/left-handed (SCRLH) resonator and a triple-
notched bands UWB bandpass filter using triple-mode stepped impedance resonator, are developed
in [58] and [102] respectively. A microstrip bandpass UWB filter with three notch bands, using five

short-circuited stubs and three U-shaped open-circuited stubs is proposed in [103].

In this work, we introduce an UWB filter with FBW of more than 120%, where a uniform 50 €
transmission line is loaded with three identical and symmetrical quarter wavelength short-circuited
(SC) stubs. To suppress WLAN radio signals in UWB region, we have developed a novel notched UWB
filter using exponentially tapered impedance line stub loaded microstrip resonator (ETILSLMR). The
sharp notch frequency at 5.5 GHz is obtained with the help of tapered inductive loading on the quarter
wavelength high impedance lines. Two prototype filters, first without notch band and second with
a notch stopband, are fabricated, and a good agreement is achieved between their measured and

predicted results.

2.2 Initial UWB filter design

The configuration of the design with single quarter-wavelength SC stub is shown in Figure 2.1l By

loading a high-impedance quarter-wavelength SC stub on the conventional 50 §2 transmission line, an
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Figure 2.1:

Configuration of the design with single SC stub.
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Figure 2.2: Simulated S-parameters of the design with single SC stub.

UWB bandwidth can be achieved, as shown in Figure The results are plotted for 100 2, 110 €2

and 120 Q quarter-wavelength long SC stub, which is designed at the center frequency of 6.85 GHz

using an FR4-epoxy substrate (e, = 4.4, tand = 0.02, h = 1.6 mm). Since a quarter-wavelength SC

line behaves as an open circuit at the other end, a signal will get transmitted from the one port to the

other through the 50 Q2 line without any disturbance from the stub loading and will have a resonance

at the design frequency. Although, for the design with single stub has poor performances, which

could be further improved by increasing the number of resonators or stubs. The schematic of initially
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Figure 2.3: Schematic of the initial UWB filter design.

Table 2.1: Design parameter values for the initial UWB filter

L =38 mm W = 32 mm
L =65mm W; =31mm
Lo =7.75 mm Wy = 0.5 mm
L3 = 18.75 mm

designed UWB filter is shown in Figure It consists of a uniform 50 2 transmission line in the
horizontal plane and three quarter-wavelength short-circuited stubs loaded in the vertical plane. One
of the stubs is in the middle position of one side of 50 € transmission line and the other two, which
are of the same dimensions, are at the symmetrical locations on the other side of transmission line.
All the stubs are placed at a distance of about half wavelength apart from each-other to realize five
transmission poles within the passband. Due to the same dimensions of each stub, two transmission
zeros, one at the zero frequency and another in the upper stopband with higher selectivity has been
achieved. The optimized design parameters for the proposed filter are provided in Table 2.1l and its
simulated results obtained from HFSS software are shown in Figure 24l The passband for this UWB
filter ranges from 2.6 GHz to 10.6 GHz with FBW of 121% at a center frequency of 6.6 GHz. It can
be seen that S-magnitudes, |S21| >-3 dB and [S11] <-10 dB in the whole passband. The filters are
designed on FR4-epoxy substrate (¢, = 4.4, tand = 0.02, h = 1.6 mm). The diameter of each via-hole

is 1.1 mm.
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Figure 2.4: Simulated S-magnitudes of the initial UWB filter.

2.2.1 Theoretical analysis of proposed UWB filter

By using transmission line network analysis, an approximate theoretical analysis is performed for
the UWB filter design. It is considered that transmission lines are lossless and ignores the effects
of edge capacitances at the junctions, inductive effects at the short-circuited stubs and frequency
dispersion. The overall ABCD matrix, [R] for the transmission line model in Figure [Z7] is obtained
by multiplying the ABCD matrices of the terminal lines, shunt short-circuited stubs and connecting

lines in sequence, i.e.
[R] = = [UIVIwW][VIW][V][U] (2.1)

where

cos(6 3sin%)
U] = B 5 (2.2)
jYosin(fy) cos(6p)

V] Y 2.3
- |
jtan(671)

cos(6! Jsin(%)
W] = U (2.4)
7¥osin(f;) cos(fp)
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Figure 2.5: Equivalent configuration of the initial UWB filter.

Using the matched source and load condition with impedances, Zy, the S parameters of the proposed
model can be obtained from (2.1]) as

A+ Z-CZ-D
A+£+C2Z+D

S (2.5)

2

Sy —
YA+ B 1CZ+D

(2.6)

The analytical results of the designed UWB filter are plotted and compared with simulation results,
as shown in Figure A shift at higher frequencies are mainly observed in the analytical results due
to lossless transmission lines and frequency-independent dielectric material assumptions, which are
frequency-dependent parameters and subsequently their in-band transmission and stopband attenua-

tion are relatively higher than the simulated results.

2.3 Notched-band UWRB filter design

In order to design an UWB filter with notch characteristic, the designed UWB filter in the ear-
lier section is modified by loading exponential tapered impedance line on each quarter wavelength
short-circuited stub and the resonator is termed as exponentially tapered impedance line stub loaded

microstrip resonator (ETILSLMR). The configuration of the notched-band design with single tapered
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Figure 2.6: Comparison of simulation with analytical results for the designed UWB filter.

Wi

A

Figure 2.7: Configuration of the notched-band design with single tapered SC stub.

SC stub is shown in Figure 271 The design parameters are as: W = 32 mm, L = 38 mm, W; = 3.1
mm, Wy = 0.5 mm, L; = 6.5 mm and Ls = 3.25 mm. It has been found that by varying the width
of exponentially tapered section W3, the notch stopband at a desired frequency in the passband can
be achieved, as can be seen in Figure 2.8(a). The tapered loading result in higher inductive effect
on quarter-wavelength resonator, due to which a notch-band is produced in the passband. Simulated
S-parameters for the proposed single ETILSLMR with W3 = 10 mm are shown in Figure 2.§(b). The
notch-band attenuation could be further improved by loading more of such resonators. By using this

method, a notched-band UWB filter is designed, as shown in Figure Its optimized dimensions
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Figure 2.8: Simulated results for the notched-band design with single tapered SC stub (a) |S2;| for different
tapered widths W3 and (b) S-parameters with W5 = 10 mm.

are listed in Table All electrical parameters of this filter design are the same as initial UWB
filter; only tapered sections and their dimensions are added. The dimensions of exponentially tapered
impedance line sections are optimized so that the proposed filter with notch band around 5.5 GHz
can effectively suppress the interference from WLAN devices. Figure shows the simulated results
for the notched-band UWB filter. The attenuation in the notch band region is about 32 dB which is

also deep enough to suppress the interference from WLAN devices.
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L

Figure 2.9: Proposed notched-band UWB filter structure.

Table 2.2: Design parameter values for the notched-band UWB filter

L = 38 mm W = 32 mm
L =65mm W; =31 mm
Lo =775 mm Wy = 0.5 mm

L3 =187 mm W3 = 10 mm
Ly = 3.25 mm
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Figure 2.10: Predicted magnitude of S parameters for the notched-band UWB filter.
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Figure 2.11: Proposed two-section short-circuited transmission line structure.

2.3.1 Theoretical analysis of notched-band UWB filter

If an exponential line is terminated with a load impedance of Z; = 0, one can find the input

impedance Z:rt of Figure LTl from [13] as

in2

1

52
1/1—@%‘5 (ﬁQ,/ 452l2> 262

So, the impedance (or, admittance) of proposed ETILSLMR, as shown in Figure [ZT1] can be obtained

Zshort _]X :322

in2

(2.7)

as

Zshort 7 ler£120rt +]ZI tan 51l1
inl "2y + jZ3h tan Byl

. Rz—i-tanﬁlh{@cot (@@b) _%}
=J4 {\/%cot<ﬁ2ml2> 252} R, tan B14

yahort _ iy, (V1= o (/1= 5e) - o } - Retam il (2.9)
R. + tan fily {H cot (52m k) - o

where Zjs(z) is the impedance of exponentially tapered line with a positive rate of taper 6 and R, is

(2.8)

the lowest to highest impedance ratio of the stub line (R, = g—f) After defining the impedance (or,
admittance) of the proposed ETILSLMR and their electrical parameters, one can find the S-parameters
by using transmission line network analysis.

With the same assumptions as taken in the previous section and ignoring the effects of step
discontinuities, an approximate theoretical analysis for notched-band UWB filter has also been carried

out. The [U] and [W] matrices will remain same as equation (2.2]) and (24]), and only [V] matrix will
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Figure 2.12: Comparison of simulation with analytical S-magnitudes for the notched-band UWB filter.

(a) Initial UWB filter (b) Notched-band UWB filter

Figure 2.13: Photograph of the fabricated filters.

be changed as only each shunt short-circuited stubs of quarter wavelength are replaced by two-section
exponentially tapered impedance short-circuited stubs for realizing the notched-band UWB filter,

which can be written as

1 0
V] = (2.10)
Ykt 1

where, Y;5°" has already been derived in (2.3). The overall ABCD matrix of transmission line network
for the proposed model is obtained from (2]), and finally, S parameters are found from (2.5]) and (2.6]).
The analytical and simulated results of the proposed notched-band UWB filter are compared in Figure

2. 121 A good match between the two results is achieved except a slight shift at higher frequencies due
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Figure 2.14: Comparison of measured and simulated results for the initial UWB filter.

to simplified assumptions as mentioned in previous section.

2.4 Comparison with measured results

For experimental verification, two prototype filters with optimized electrical parameters are fabri-

cated using a conventional PCB technology

are shown in Figure 2.13l The via-hole grounds of 1.1 mm diameters are made through soldering and

two SMA connectors at the input-output ports are connected for the measurement. The predicted and

measured S-magnitudes and group delay for

TH-2274_146102015
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initial UWB filter, and notched-band UWB filter are plot-
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Figure 2.15: Comparison of measured and simulated results for the proposed UWB filter with notch function.

ted together in Figure 2.14] and Figure 2.I5 respectively. A good agreement between the two results
is achieved which validate the proposed filter designs. The measured 10 dB passband for initial UWB
filter ranges from 2.7 GHz to 11 GHz with FBW of 121% at a center frequency of 6.85 GHz, whereas in
case of the notched-band UWB filter, the measured sharp notch stopband is achieved between 5.3 GHz
to 5.8 GHz and passband regions are covered in the two frequency bands, 2.3-5.3 GHz and 5.8-11.7
GHz, respectively. The maximum predicted and measured group delay variation in their passband is
about 0.35 ns for both filters. The proposed filters do not incorporate any defected ground structures

and can be fabricated easily. The shift towards higher frequencies in measured results are observed
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Table 2.3: Comparison of notch band characteristics with reported notched-band UWB filters

References Notch Notch-band | Notch-band | Group Size
frequency | rejection level | 10-dB FBW | delay | (LengthxWidth)

(GHz) (dB) (%) (ns) (Ag X Ag)
[52] 5.47 25 ~ 6 <0.2 0.97x0.43
[53] 5.83 23, 34 4.6, 6.5 0.5 1.07x0.54
54] 5.8 30 ~5 1.11x0.79
[55] 5.5 32 9.09 3 1.47x0.21
[56] 5.6 39 15.6 <0.7 1.58x1.33
This work ~ 5.5 32 9 <0.35 1.58%x1.33

primarily due to imprecise calibration set-up for the measurement, frequency-dependent losses of the
dielectric material and the connectors, and unexpected tolerances in the fabrication similar to what
has been reported in [47] and [53]. The inductive loading at the short-circuited point get increased
when the diameter of vias becomes larger or when number of vias at the short circuited point will
increase. This is due to increased inductive reactance at that points. The fabrication tolerances also

add such reactive effects which causes slight shift of the frequency band.

The notch band characteristics of the proposed notched-band UWB filter is compared with the
other reported filters, as depicted in Table 2.3l The rejection level of 25 dB with a good group delay
(<0.2 ns) is achieved in [52], while in [53], two filters with better feasibility and narrower notch FBW of
4.6% and 6.5%, are developed. In [54], a narrow notch band of 30 dB attenuation with tight coupling
gaps is observed. By placing CSSRR on the ground plane in [55], a good notch characteristic of 32
dB is obtained, while in [56], rejection level is 39 dB which is highest among all but suffers with wider
notch band and higher group delay. In this work, a good rejection level of 32 dB, better notch band
FBW of 9% and less than 0.35 ns group delay is achieved. Since the fractional bandwidth of notch
band is lesser, the filter possesses higher selectivity as the selectivity of notch band filter is determined
by its quality factor or, 10-dB fractional bandwidth (FBW). Higher the 10-dB FBW of notch band
implies lesser its quality factor and lesser its selectivity. The selectivity of proposed notch band filter
can be calculated as the ratio (fo/(f2 — f1)) in dB = 10.5 dB, where fy, f1 and fy are the notch
frequency, lower and upper 10-dB cut off frequencies of the notch band respectively. The roll-off rate
or steepness of the proposed notch band filter at higher stopband transition is about 27.5 dB/GHz.

This can further be improved by increasing number of such resonators. The proposed design does not
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employ any defected ground structures or embedded structures and can be used in UWB technologies

with some trade-offs in its design and performances.

2.5 Summary

In this chapter, we have proposed a novel exponentially tapered impedance line stub loaded mi-
crostrip resonator (ETILSLMR) to design a notched-UWB filter. Initially, an UWB filter with FBW
of 121% at a center frequency of 6.6 GHz is designed by loading three identical quarter-wavelength
short-circuited stubs to the main 50 €2 microstrip line. Later on, to suppress interference from IEEE
802.11a WLAN band, a notched-band UWB filter is designed by tapered inductive loading on quarter-
wavelength high impedance lines. An approximate theoretical analysis has also been carried out for
both filters, and consequently, two prototype filter designs are fabricated and measured for experimen-
tal verification. We have found good agreements among the analytical, EM simulated and measured

results of the filters, which validate the proposed designs.
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2. Notched UWB filter using ETILSLMR
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3. Linear tapers: analysis, design and applications

Linear tapers are the simplest type of tapers, used mainly for broadband impedance matching be-
tween the two transmission lines of different characteristic impedances and also in the design of filters,
power dividers, antennas, etc. Surprisingly, they have not been theoretically characterized in the liter-
ature. By using theory of small reflections, the characteristics of linear impedance taper (generalized
case) and linear width taper (approximate case) have been analyzed in terms of reflection coefficient,
and their results are compared with the characteristics of other tapers. It has been found that the
reflection coeflicient response for the linear tapers is very close to exponential taper. For impedance
and field pattern matching between microstrip line and substrate integrated waveguide (SIW) com-
ponent, a linearly tapered transition has been designed and implemented at X-band. Moreover, using
linear width taper, a novel linearly tapered coupled-line ultra-broadband bandpass filter is designed,
fabricated and tested, which possesses a very compact size of 0.20)\, x 0.26, and wide 10 dB passband
of 4.5 to 12 GHz.

3.1 Introduction

The linear tapers, as shown in Figure Bl are the most common and simple tapers which are used
for eliminating the step discontinuities between transmission lines, designing broadband impedance
matching networks, couplers, filters, antennas etc. There are other types of tapers [2], like triangu-
lar taper, exponential taper, and Klopfenstein taper, whose reflection coefficient response I'() and
respective impedance variation Z(z) are well known. In their analysis, Z(z) is known and I'(0) is
found as a function of frequency. However, if I'(0) is specified, then in principle Z(z) can be obtained
but this procedure is very difficult and generally avoided [4]. An analytical solution and the exact
linear two-port ABCD matrix in terms of Bessel functions for linearly varied nonuniform transmission
line has been presented in [27] and a simplified analytical CAD model for linearly tapered microstrip
line including losses has been developed in [28]. An approximate expression for reflection coefficient
of a linear taper in rectangular waveguide has been examined for TE1g mode in [I04]. To the best
of my knowledge, linear width and linear impedance tapers have extensively used in the design of
microwave devices but they have not been theoretically characterized and compared with the other
tapers. In this work, we have tried to find-out impedance variation, width variation, and for the first
time, resulting reflection coefficient response for the linear tapers in the simplest form. The impedance

for linear impedance taper and width for linear width taper varies linearly along the line, as shown
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3.1 Introduction

in Figures B (a) and B (b) respectively. Based on the theory of small reflections, a generalized
reflection coefficient response for linearly varying impedance taper Z(z) and an approximate reflection
coefficient response for linear width taper has been derived and their characteristics are compared
with the other tapers. From the reflection coefficient response, we can see that the behaviour of linear
tapers is very similar to exponential taper. They are preferred over other tapers due to their simple

design and easy fabrication.

The tapers have been extensively used in the design for impedance and field pattern matching
between microstrip line and substrate integrated waveguide (SIW) component [85,91]94,105]. A
tapered transition from microstrip line to integrated rectangular waveguide on the same substrate has
been proposed in [85] for the first time. In [91], the design equations for tapered transition between
microstrip-to-SIW has been developed, which make it possible to design full bandwidth transitions
without much optimization or full-wave simulations. A millimeter-wave broadband transition on
high-to-low dielectric constant substrates for SIW technology has been implemented in [105], where a
tapered high dielectric constant substrate is sandwiched between two SIWs. A new design procedure
for tapered transition between microstrip line to SIW component has been presented in [94], following
some error approximation method and different structures designed at different frequency bands.
However in [94], the physical taper used for taper transition is linearly varied microstrip taper while
in the design procedure they have used reflection coefficient response of a triangular taper. As we will
see that linear tapers and triangular taper have different characteristics. Also, triangular taper is not
easy to realize practically like linear tapers. In this work, a linearly varied tapered transition as well
as different stepped transitions between microstrip-to-SIW have been realized at X-band, which shows

much better performance than [94] in the desired band.

As we have discussed in the previous chapter, there are several techniques being developed to
achieve a wideband, ultra-broadband or ultra-wideband (UWB) bandpass filters [33,35H37, 39,50
106, 107]. In [37], very compact and broad-band filters have been developed owing to coupled-line
sections and step impedance as an inverter circuits, and a coupled-line BPF with wide stopband by
using DGS has been proposed in [I0§]. By utilizing hybrid microstrip/coplanar waveguide (CPW)
structure, the desired tight coupling have been realized for designing UWB filters [39,[106], where the
CPW resonators are one or half-wavelength long. In [50], an UWB bandpass filter with insertion loss

of less than 1 dB for frequency band of 4.4 to 9.3 GHz has been proposed. The model consists a

TH-2274_146102015

41



3. Linear tapers: analysis, design and applications

Z) W(2)
Z, Z(2)

(a) (b)

Figure 3.1: (a) Linear impedance taper and (b) Linear width taper.

coupled double-stepped structure and an open loop defected ground structure (DGS) on the ground
for achieving UWB BPF characteristics. Also, six conventional DGSs, which work as a low pass filter,
have been etched on the ground plane to achieve a very wide upper stopband of attenuation more
than 30 dB in the range of 11.1 to 20 GHz at the cost of some increased size. In this work, a novel
linearly tapered coupled-line ultra-broadband bandpass filter (BPF) has been proposed and examined.
The filter comprises an open loop DGS on the ground which is coupled to quarter wavelength linearly
tapered coupled-microstrip line open-circuited stubs on the main 50 € line (input-output feedlines). It
shows wide 10 dB return loss bandwidth of 7.5 GHz from 4.5 to 12 GHz with a fractional bandwidth

of more than 90% at the center frequency of 8.25 GHz.

3.2 Linear impedance taper

In this section, the reflection coefficient for linear impedance taper is derived. For a continuously

varying tapered line of characteristic impedance Z(z), the reflection coefficient is given using (LI0) as

(0) = % /L e—wzd% {ln <%§)> } dz (3.1)

z=

The impedance variation for the linear impedance taper can be expressed as
Z(z)=az+ Zp (3.2)

where the constant a is
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3.2 Linear impedance taper

T
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Figure 3.2: Reflection coefficient magnitude response for the linear impedance taper.

At z=0, Z(0) = Zy and at z = L, Z(L) = Z1, where L is the length of tapered line.

So, the reflection coefficient for linear impedance taper can be obtained from (3.I)) as

g
b ; 1
re®) = 5/6_2]5’2 ——dz
0

bz +1
Where,b:ZiO.
Let,
bz+1=y=dz=dy/b
For
z=0,y=1 and z=L, y=bL+1
So,
28 bL+1 1
b _
F(0)262 /e 216y Ly
1
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Figure 3.3: Impedance variations for the different tapers.

Since,

/?daszln\x]—i-io:M (3.4)

Hence,

26

T () = %(m L 41 +§:1 <_b2Lj9)n [(bLnLl)n _ nln,D (3.5)

The magnitude of this reflection coefficient is plotted in Figure The minimum amplitude occurs

at each multiple of m and decreases gradually without reaching zero, unlike exponential taper.

3.3 Comparison with different tapered lines

The characteristics of linear impedance taper have been validated by comparing them with the
design of other tapers [2], a triangular taper, an exponential taper, a Klopfenstein taper (with T,
= 0.02) and a linear width taper to match a 100 Q load (Z; = 100 Q) to a 50 § line (Zyp = 50
Q). The impedance variations and width variations, W (z) in mm have been plotted in Figure 3.3
and Figure B4l respectively. In several cases, linear width taper has been taken as triangular taper
in the literature. But triangular taper does not have linear width as depicted in Figure B4l For

obtaining width variations from corresponding impedance variations using microstrip line equations,
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Figure 3.4: Width variations for the different tapers.

we have assumed the substrate with dielectric constant of 2.2 and height of 0.508 mm. To compare
the reflection coefficient magnitude response of linear impedance taper with linear width taper and
other tapers of known responses, we need to find reflection coefficient of linear width taper first, which

will be carried-out in this section.

For designing a linearly tapered microstrip line, the width should vary linearly along the line which
is named here as linear width taper. The reflection coefficient for linear width taper could be found
if its impedance variation Z(z) is brought in the form so that when we apply it in (3]), the integral
operation can be performed. As in all other case of tapers, their impedance variations are known and
(BI) has been used for finding their reflection coefficient response but for linear width taper case,
the impedance variation need to be found from its width variation followed by the complex equation
of impedance for microstrip line [2], and hence to apply (3.1]), it requires an approximation for this
case. Subsequently, we have considered one of the substrate material to validate and compare it with
linear impedance taper and others. However, in a general case of different substrate materials, the
characteristics of reflection coefficient response for linear width taper would not change significantly
as their derivation will be followed accordingly. Hence, for Z; = 100 2, Zg = 50 Q, L = 20 mm
and substrate with dielectric constant of 2.2 and height of 0.508 mm, an approximate closed form

exponential expression of impedance variation for linear width taper is obtained from curve fitting
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Figure 3.5: Reflection coefficient magnitude versus frequency for the different tapers.

technique by using Figure of impedance variation plot for linear width taper as
Z(z) = 1.012074206(0.02055z+0.00065z2) (3.6)

Hence, we can obtain the reflection coefficient for linear width taper line from (B.1]) as

(3.7)

’ | ' i8I
re)= %Le_m (0.02055 b, ST sin fL ¢ >

— 4L x 0. = L %0,
77 1L * QUODGSRE 2y + FHR000065 0=

The magnitude of this reflection coefficient is plotted in Figure along with the other tapers.
The reflection coefficient response of linear width taper almost coincide with linear impedance taper
which implies that passband characteristics of the two remain nearly same. However, in both cases,
the minima occur at each multiple of m and their amplitude is gradually decreasing without reaching
zero, unlike exponential taper. So, the passband characteristic of exponential taper will be somewhat
better than these two but it is not so significant as in case of higher frequency. Therefore, the linear
tapers can be preferred over it due to their simple design and easy fabrication. The peaks of the
triangular taper are lower than the corresponding peaks of exponential and linear tapers case but
the first null for the triangular taper occurs at SL = 27w, whereas for the exponential taper it occurs
at L = m. It implies that at lower frequencies, the exponential and linear tapers will have better
passband than triangular taper. For the given condition (I',, = 0.02), the Klopfenstein taper provides

better passband than all other tapers but its design consists of modified Bessel function which is very
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3.4 Linearly tapered transition between microstrip line and SIW component

sease

Figure 3.6: Schematic of the linearly tapered transition between microstrip line and SIW section.

complex to design practically and also it has step discontinuity at the junctions z = 0 and L (the
ends of the tapered section). The response of the Klopfenstein taper has equal-ripple lobes versus

frequency in its passband.

3.4 Linearly tapered transition between microstrip line and SIW
component

The schematic of linearly tapered transition between microstrip line and SIW component designed
at X-band is shown in Figure The design consists of two parts; one is SIW part and the other is
microstrip taper part. The SIW part is designed following the theory and well-known design equations
of [86,87]. The effective width W, of SIW can be found by

d2

We=W —
0.95-p

(3.8)

where W is the width of SIW, d is the diameter of metallic vias and p is the pitch. The pitch and via

diameter should follow the two design rules to neglect the radiation loss

(3.9)

where \g is the guided wavelength in the SIW. The initial width of microstrip taper (WW3) can be found
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3. Linear tapers: analysis, design and applications

(a) (b)

= D= —

(c) (d)

Figure 3.7: SIW model with different transitions (a) No transition (b) 3 steps transition (c) 5 steps transition
and (d) Linearly tapered transition.

from [91] as

—0.627 =

We - ET;1+ET51 V1 éh W
x = 0.38¢e +12h/ W3 (3.10)
60 8h Ww- W-
1) (i) (% <1 sy
X 1207 (Y2 > 1) '
nh[Wa2/h+1.393+0.667 In(Wa/ht1.444)] \h =

where n = (po/e0)"?. For a given substrate (h and ,) and effective width of SIW (W), we can
equate (3.10) and BII]), and solve it to find Wo, which is the width of microstrip taper. The length
of taper (L2) should be an integral multiple of quarter wavelength (nAgo/4, where Ay is the guided

wavelength at the design frequency).

To design an X-band SIW, the standard X-band rectangular waveguide WR-90 with dimensions
of 22.86 mmx 10.16 mm is considered. The model is designed using Rogers 4350B substrate with a
dielectric constant of 3.48, loss tangent of 0.0037 and thickness of 0.762 mm. The dimensions of SIW
are calculated as: W, = 12.25 mm, d = 0.6 mm, p = 0.9 mm, W = 12.67 mm and L = 5.4 mm. The

initial width of microstrip taper Ws is obtained from (8.10) and (B.I1)) and optimized using full-wave
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3.4 Linearly tapered transition between microstrip line and SIW component
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Figure 3.8: |S2| for stepped vs. linearly tapered transition.
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Figure 3.9: |S}1]| for stepped vs. linearly tapered transition.

HFSS simulations. The optimized dimensions are: the width and length of 50 €2 line, W; = 1.73 mm
and Ly = 8.7 mm respectively, and the width and length of taper line, Wy = 4.2 mm and Lo = 4.3
mm respectively.

Moreover, it has been investigated that as the design shifts from no transition to a linearly tapered
transition, as shown in Figure[37, their performances are gradually improved, as can be seen in Figures

B8 and 3.9 The dimensions of each designs are kept same as for the design shown in Figure Their
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S-parameters (dB)
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Frequency (GHz)

Figure 3.11: S-parameters of the linearly tapered transition (Solid lines represent simulated results and dashed
lines represent measured results).

insertion loss (IL) and return loss (RL) are shown in Figures and The IL is highly improved
from 2.2 dB for no transition to 0.35 dB for linearly tapered transition and the RL is considerably

increased from 5 dB for no transition to 27 dB for linearly tapered transition, in their whole desired
X-band of 8-12 GHz.

A prototype of linearly tapered transition between microstrip line and SIW section has been
fabricated and tested, as shown in Figure Their plots in Figure B.I1] show that the insertion
loss is better than 1 dB and return loss is more than 22 dB in whole X-band of 8-12 GHz. The
performances are quite better than [94], where the measured insertion loss is about 4 dB and return

loss of only around 6 dB in their frequency band of 8.20-12.47 GHz.
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[
(a) (b)

Figure 3.12: Schematic of the proposed ultra-broadband BPF design (a) Top view and (b) Bottom view (open
loop DGS on the ground).

3.5 Linearly tapered coupled-line ultra-broadband bandpass filter

This section presents a novel ultra-broadband bandpass filter (BPF) using linearly tapered coupled-
microstrip line and open loop defected ground structure (DGS). The filter structure consists of a quar-
ter wavelength linearly tapered coupled-microstrip line open-circuited stubs and an open loop etched
DGS on the ground. The quarter wavelength long linearly tapered and tightly coupled microstrip
open-circuited stubs can function as two resonators, and with an associated enhanced coupling struc-
ture to open loop DGS, it leads to a very compact three-pole filter. The proposed filter also exhibits
a quasi-elliptic function response, where two transmission zeros closer to each side of the passband to
improve selectivity and one transmission zero at higher side of the upper stopband, can be observed.
The simulated and measured results of the filter are in well agreement with each other, showing a wide
10 dB return loss (RL) bandwidth from 4.5 to 12 GHz, insertion loss better than 1.5 dB and group
delay variation of lesser than 0.2 ns in the whole passband. Furthermore, it has a very compact size

of 0.20)\; x 0.26), at the center frequency of 8.25 GHz.
3.5.1 Filter structure and operation

Coupled microstrip line, microstrip line loaded with open circuited stubs and defected ground

structure (DGS) are widely used in the design of microstrip BPF. In this work, we have proposed
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(a) (b) ()

Figure 3.13: The model with different coupled-lines (a) 3 stepped (b) 6 stepped and (c) Linearly tapered
coupled-line.

a compact linearly tapered coupled-microstrip line which is a hybrid of microstrip line loaded with
open circuited stubs and coupled microstrip line and open loop-DGS to realize an ultra-broadband
microstrip BPF. The BPF is highly compact because of the linearly tapered coupled-microstrip line
with tight coupling in the microstrip plane and open loop-DGS in the ground plane. Figure
shows schematic of the proposed ultra-broadband BPF, where a linearly tapered coupled-microstrip
line open-circuited stubs of about a quarter-wavelength long is loaded on the conventional 50 €2
input/output feedlines and an open loop DGS etched on the ground. The dielectric material used for
the design is Rogers RT /Duroid 5880 substrate with a dielectric constant of 2.2, dielectric loss tangent
of 0.0009 and thickness of 0.508 mm. The optimized dimensions of the filter are: [ = 9.14 mm, w = 16
mm, w; = 1.565 mm, wy = 0.86 mm, wy = 4.45 mm, /; = 5.187 mm, g = 0.25 mm, a = 4.95 mm, b =
5.4 mm, ¢ = 0.905 mm and g; = 0.25 mm. The open loop DGS ensures high Q factor as compared to

other types of DGSs and results in good out-of-band filter performances and reduced circuit size [50].

Firstly, we have designed multi-stepped coupled-line structures, which are about a quarter wave-
length long, as shown in Figure BI3] and wideband filtering is observed (see Figure BI4]). When the
multi-stepped coupled lines are transformed into linearly tapered coupled-line, a wider and better fil-
tering performance has been achieved. The HFSS simulated magnitude of So; for 3-stepped, 6-stepped
and linearly tapered coupled-lines without open-loop DGS on the ground are plotted in Figure B.141

The in-band characteristics such as insertion loss and bandwidth are still very poor and hence an open
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Figure 3.14: Simulated |S2;| of 3 stepped, 6 stepped and linearly tapered coupled-lines without open loop
DGS.

loop DGS is etched on the ground, which further enhances performance of the filter.

Secondly, we have performed parametric study using EM simulations and varied the width w3 (see
Figure B12(a)) from uniform width w3 = wy = 0.86 mm to tapered width ws = 4.45 mm without
open-loop DGS, and have observed their transmission response |S21 |, as shown in Figure B.I5(a). The
broadening in bandwidth can be noticed when this quarter wavelength long coupled-microstrip line
open-circuited stubs is linearly tapered towards open end of the line and reached maximum for wsg =
4.45 mm. It can also be seen from Figure B.I5(b) that by further tapering towards the open end or
increasing the width ws from 4.45 mm to 5.65 mm, the broadening in bandwidth towards the lower
side of band became almost constant, and hence ws = 4.45 mm is chosen as optimum value for the

design.

Finally, the proposed filter is investigated by varying the gap width g and their frequency responses
obtained from HFSS simulations are plotted in Figure It can be seen from the transmission
response |S2;| in Figure B.I0l(a) that the filter exhibits a quasi-elliptic function filtering characteristic
with two transmission zeros closer to each side of passband to enhance selectivity and one transmission
zero at the upper side to improve upper stopband attenuation and its bandwidth. The location of
transmission zeros can be controlled by varying the gap width. The smaller gap moves transmission

zeros or attenuation poles towards the passband, resulting in a higher selectivity. This strongly
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Figure 3.15: Simulated |So;| for different tapered widths ws in mm, without open loop DGS.

suggests that the finite-frequency transmission zeros could result from the cross-coupling between the
linearly tapered coupled-microstrip open-circuited stubs and open loop DGS as well as between the
input and output feed-lines. The effect of varying gap width on reflection response |S1;| is shown in
Figure BI6(b). Three transmission poles or reflection zeros (RZs) in passband of the filter can be
observed by varying the gap width g from 0.25 mm to 1.4 mm, with best return loss in whole passband

c

of the filter for ¢ = 0.25 mm. As an initial design, w and [ can be chosen slightly less than 3 and
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| S51] for varying g (dB)
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Figure 3.16: Simulated S-parameters for different gap widths ¢g in mm (with open loop DGS on the ground).

ﬁ respectively. Note that ¢ is the speed of light in free space and f, is the center frequency of the

[

BPF which is also approximately equal to frze. [1 is slightly less than Tz The length of open

loop-DGS (2a + b + 2¢) can be also chosen slightly lesser than chzs‘ The width of the taper ws (in
mm) can be calculated from frz; (in GHz) as w3 = 18.0967 — 6.2563 frz1 + 0.5288(frz1)?. The gap g
(in mm) can be taken approximately as 0.03f,, where f, is in GHz. The proposed design is simulated
and examined using two different EM solvers (HFSS and CST microwave studio), as shown in Figure

B.17
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Figure 3.17: Simulated S-parameters (HFSS and CST) for the proposed ultra-broadband BPF.

(a)

(b)
Figure 3.18: The photographs of fabricated prototype proposed BPF (a) Top view and (b) Bottom view.

3.5.2 Implementation and experimental results

The proposed filter is implemented using the material and dimensions, as mentioned above. The
fabricated prototype design is shown in Figure The simulated and measured results are plotted
in Figures and [3:220) which validated the same. A slight shift in measured results and losses are
incurred due to fabrication tolerances, some connector losses and frequency-dependent characteristic
of dielectric material. It can be noted from the measured results that insertion loss is <1.5 dB and
return loss is >15 dB in whole desired passband of the filter. The lower stopband attenuation is higher
than 20 dB and the upper stopband attenuation is more than 13 dB upto 18 GHz, with a very good

roll-off in both stopbands. The measured 10 dB return loss passband ranges approximately from 4.5
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S-parameters (dB)
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Figure 3.19: S-parameters of the proposed BPF (Solid lines represent simulated results and dashed lines
represent measured results).
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Figure 3.20: Group delay of the proposed BPF.

to 12 GHz with fractional bandwidth (FBW) of about 91%. The group delay variation is less than

0.2 ns in the whole passband, which is much better than [50] (0.4 ns). Upon using a DGS on the

ground plane, which functions as a band stop filter, the upper stopband characteristics can further

be improved as in [50]. However, the size of the filter might need to be increased, as in our case,

the length of proposed filter is nearly half of the design proposed in [50]. The other wideband BPFs

can be designed following this design method, like a filter for ultra-wideband (UWB) (3.1-10.6 GHz)
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applications.
3.6 Summary

By using theory of small reflections, the reflection coefficient response for linear tapers have been
derived and their response are compared with the other tapers. The linear tapers are very simple to
design and easy to fabricate and hence have wide-range of applications such as impedance matching
networks, filters, antennas, etc. Although linear width taper has been used in the design of several
microwave devices, theoretical characterization of such taper is not available in the literature. In
several cases, linear width taper has been taken as triangular taper. But triangular taper does not
have linear width as depicted in Figure B4l The reflection coefficient response of linear impedance
taper almost coincides with linear width taper which implies that their passband response remains the
same and their response is very close to the exponential taper. However, in both cases, the minima
occur at each multiple of m and their amplitude is gradually decreasing without reaching zero, unlike
exponential taper. To match the impedance and field patterns, a linearly tapered line transition
between the microstrip line and SIW component is designed, which exhibits RL of more than 22 dB
and IL of less than 1 dB in whole X-band (8-12 GHz).

Also, an ultra-broadband BPF using quarter wavelength long linearly tapered coupled-microstrip
line open-circuited stubs and open-loop DGS is presented. The proposed three-pole filter exhibits
a quasi-elliptic response with two finite-frequency transmission zeros closer to each side of passband
enhancing the selectivity and one at the upper side of stopband improving its attenuation and band-
width. The filter size is 0.20)\; x 0.26)4 only at the center frequency of 8.25 GHz and achieved a wide
10 dB return loss passband from 4.5 to 12 GHz with fractional bandwidth (FBW) of about 91%. The
insertion loss is less than 1.5 dB, and group delay variation is well below 0.2 ns within the passband

of the filter. Both EM simulation and experiment show reasonable agreement between them.
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4. Broadband T-junction power dividers using linear taper

In this chapter, T-junction power dividers using linearly tapered microstrip lines (MSLs) have been
proposed; where the line to port 3 has also been tapered for achieving higher power dividing ratio
between the output ports (ports 2 and 3). A method for approximate theoretical analysis of the power
divider is developed. The simulated (HFSS and CST) and measured results of the power divider are
in good agreement with each other, which show an average power dividing ratio of nearly 11 dB over a
broad frequency range of 1.7-5 GHz. Also, a super wideband (SWB) power divider is designed, where
the power dividing ratio of more than 10 dB in the whole SWB bandwidth of 0.5-6 GHz is achieved.

4.1 Introduction

Power dividers are the passive microwave components used in microwave systems for equal or un-
equal division of power into the output ports. Such components are commonly realized in the form
of microstrip line (MSL) due to simple design, lower cost and easier fabrication. The T-junction
power divider is a three-port network, which can be used as an equal or unequal division of power,
like in antenna array design and some other applications. The power dividers like Wilkinson type,
are most commonly used in the planar stripline or microstrip line technology. An ultra-broadband
equal split tapered Wilkinson-type power divider has been developed in [19], and a broadband un-
equal multisection Wilkinson power divider with arbitrary power split ratio is presented in [59]. The
disadvantage of Wilkinson dividers is that they require an additional component selection like resistor.
T-junction power dividers with prescribed response characteristics and detailed theory have been pre-
sented in [I8/60-63], which can be used as an equal or unequal, narrowband and broadband T junction
circuits. In many cases, T-junction power dividers are preferred to be used as an unequal power divi-
sion where most of the power is desired in one of the output port and least power in the other output
port over a very broad frequency range [I8/21122]. In [I8], three distinct geometrical configurations of
T-junctions have been realized: asymmetrical tee (narrowband cicuit), 2-step tee and linearly tapered
tee (broadband circuit). Different empirical models have been employed to realize these geometrical
configurations but they do not provide much physical insight about the device operation.

Nowadays it is highly desirable to design a circuit which can operate in a system over a broad
range of frequency for applications like in broadband, ultra-wideband or super-wideband systems. An
analytical method has been developed in [21I] to find the port parameters of exponentially tapered

broadband T-junction power divider. This theoretical method can be employed to achieve power
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dividing ratios from 2-10 dB over broad range of frequency. However, the cut-off wavelength definition
adopted in this paper is incorrect and the analysis with correction has been presented in [22]. A
uniform transmission line (UTL) has been used for output port-3 in [I8,211122], which further can be

investigated for achieving even higher power dividing ratio between the output ports.

In this work, the transmission line to port 3 has also been tapered for achieving higher power
dividing ratio of more than 10 dB over a very broad range of frequency. As it is evident from the
previous chapter, the reflection coefficient response for linear taper is almost similar to exponential
taper, where the minima in both cases occurs at each multiple of 7. Also, the design and fabrication
of linear taper is relatively easier than exponential taper. Hence, a T-junction power divider using
linearly tapered MSLs has been proposed which exhibits power dividing ratio of more than 10 dB over
a broad frequency range of 1.7-5 GHz. An approximate theoretical analysis of the linearly tapered
power divider has also been developed; where each of linearly tapered lines are divided into N uniform
lines and their ABCD parameters are found and subsequently S-parameters have been obtained [109].
The electromagnetic (EM) simulation of the power divider has been carried-out using two different EM
solvers (HFSS and CST). The power divider is fabricated and measured for experimental verification
of the predicted results. Furthermore, a super wideband (SWB) power divider is designed following
the same procedure, where power dividing ratio of more than 10 dB in whole SWB bandwidth of 0.5-6
GHz is achieved.

4.2 Design and analysis

The proposed power divider design consists of three linearly tapered transmission lines as shown
in Figure [I[a). The first two tapered sections are joined at the point where the characteristic
impedance is lowest, Z;n and at the same point the characteristic impedance of third tapered line is
set to maximum, Zy,ax. All ports are terminated with the system characteristic impedance of Z.

The equivalent model is shown in Figure 4.Il(b). To analyze the model, we need to find the ABCD

paraments of each sections first so that we can get the S parameters subsequently.
4.2.1 An approximate theoretical analysis

This section will describe an approximate theoretical analysis of the proposed power divider. It

has been assumed that transmission lines are lossless and ignore the effects of step discontinuities at
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4. Broadband T-junction power dividers using linear taper

L,
@Z =4

(a) (b)

Figure 4.1: (a) Layout of the proposed unequal T-junction power divider and (b) Equivalence of (a) in terms
of ABCD parameters of elementary block.

the junctions. The analysis model is shown in Figure [£.2] where each of the three linearly tapered
lines are divided into N uniform transmission lines with small length of Al; and Aly (Aly =13 /N and
Als =13/N).

The ABCD matrix of a lossless uniform transmission line is given as [2]

A B cos(Bl) jZysin(pl
C D jsnéfl) cos(p1)
Hence, the ABCD matrix for i*" section in Figure can be written as
cos(B;Al)  jZy; sin(B;Al)
e (4.2)
=T cos(B;Al)

where Al = Al; or Als, Zy; is the characteristic impedance of " uniform MSL element and f; is their

phase constant. They can be calculated using (LH) & (L3)) as

60 8h | w; w:

= In <— + —1) -+ <1
Zoi={ V' v (5 ) (4.3)

1207 (% > 1)

Ze,ilwi/h+1.393+0.667 In(w; /h+1.444)] h =
2w

= 4.4
b= (4.4)
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4.2 Design and analysis

Figure 4.2: Analysis model of the design.

where h is thickness of the dielectric material, w;, €.; and A; are the width, effective dielectric
constant and guided wavelength of the i*" uniform MSL element respectively. The e and A ; can be

expressed using (L2)) & (L)) respectively as

c

Aesi = 4.5
T fo/Fei (4.5)
er+1 e —1 1
€eq = + 4.6
o 2 2 1+ 12h/w; (46)
The width of " small uniform line w; (for 1 <1i < N) can be written in a linear function as
wy; = wy + 7(2‘_1()]61121—)11;1)
wi =4 g = wp — D) (47)

 Nwr
w3; = w3 + {im2) o ) ()]E;Lfl)wg)

where wy;, wo; and ws; are the width of it? small uniform line element of first, second and third linearly

tapered MSL respectively, see Figure w1, wo and ws are the width of corresponding impedances

20, Zmin and Zp, .5 respectively.

The ABCD matrices of left-side (1°t), right-side (2"¢) and middle (3'9) tapered MSL can be represented
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4. Broadband T-junction power dividers using linear taper

e ek @]

o ®

Y3,~,1,,~:1 Y. _ C3,i:lZ3in,i:2 +D3,f:1 Yzm,le Y _ C2,1'=1zzm.[=2 +D2.[=l
3inji=1 Qinji=1
J_ A},i:IZ3in,i:2 + B&,i:l J_ AZ,i:lZ2in,i:2 + B2‘i:1
(a) (b)

Figure 4.3: Equivalent 2-port network of Figure 1 when (a) Port-3 is terminated with the matched load Zj
and (b) Port-2 is terminated with the matched load Zj.

using (£])-(ZI0) as
_ y . -
= [T]; = [ [T2);--[Ti)y - [T )4 (4.8)
L ¢ D d1
_ o -
= [Tz = [T]5[ Do)y [Tily e [T, (4.9)
C D
L 12
A B
= [T)y = [N]5[T0]5- . [T 5. [TV]5 (4.10)
C D .

The input impedance of a uniform transmission line terminated with a load impedance Zj can be

obtained as [22]

AZL + B
Lipg = ———— 4.11

where A, B, C and D represent the ABCD parameters of the uniform transmission line.
The ABCD parameters between port-1 and port-2 of the power divider shown in Figure 1] can

be obtained by terminating port-3 with matched load Zy. The equivalent 2-port network for this case

is shown in Figure [4.3|(a). Their ABCD matrix can be expressed as

= (4.12)
12 1 2
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where

C3,i=123in,i=2 + D3,i=1

. 4.13
A3 i—1Z3ini=2 + B3 i—1 (4.13)

Y3in,i=1 =

The As;—1, Bsi=1, C3,=1 and D3 ;—; represent the ABCD parameters of first small uniform line of
third (or, middle) linearly tapered line, see Figure Zs3ini—2 and Y3y ;—1 are the input impedance
and input admittance of second and first small uniform line of third linearly tapered line respectively.
Y3in,i=1 can be obtained following the technique explained here as: The tapered section (37 is divided
into N small uniform sections with port-3 terminated with matched load Z,. For i = N, Z; = Z
and ABCD is found from (4] for a very small length uniform line Aly = l5/N. Using these ABCD
parameters, Zi, for i = N can be obtained from (£IT]) which in turn becomes Zy for i = N — 1, and
similarly Zj, for i = N — 1 can be obtained. Finally, following these iterations we can obtain Z;, for
t =1 and hence Y3, ;—1.

Similarly, the ABCD parameters between port-1 and port-3 of the power divider shown in Figure
[41] can be obtained by terminating port-2 with matched load Zy. The equivalent 2-port network for

this case is shown in Figure 3|(b). Their ABCD matrix can be expressed as

A B A B 1 0| A B
= (4.14)
C D C D YQinﬂ':l 1 C D
13 1 3
where
C2,i=123in,i=2 + Da,i=1
Yo iiq = ) ’ J 4.15
=" A2 i—129in,i=2 + B2 =1 (4.15)
which can be calculated following the above technique for Ysip ;j—1.
Finally, S-parameters can be obtained from ABCD parameters of (4.12]) and ([d.I4]) as [22]
_ Bij — Z5Cij + Zo (Ayj — Dyj)
S = 0 (4.16)
Bij + Z5Cij + Zo (Aij + Dij)
_ By — Z§Cij — Zo (Ayj — Dyj)
i = 2 (4.17)
Bij + Z5Cij + Zo (Aij + Dij)
27,
Sji = Sij 0 (4.18)

N B;j + chij + Zy (A,‘j + Dij)
where i, 5 € {1,2,3}. This process completes the analytical analysis of the model approximately.
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4. Broadband T-junction power dividers using linear taper

e = S —
O= < =2 T =%

S-parameters (dB)

95 2 25 3 3.5 4 45 5
Frequency (GHz)

Figure 4.4: Theory and simulated S-parameters of the power divider. Black lines — theory & gray lines —
HFSS results.

4.3 Simulation and experimental results

Using linearly tapered MSLs, a very broadband and unequal T-junction power divider has been
designed and investigated. The model is designed using Rogers RO4350B substrate with a dielectric
constant of 3.48, thickness of 0.762 mm and loss tangent of 0.0037. As it can be seen from Figure B.5],
the first minima or first null in accordance to first resonance frequency fy in each case of linear and
exponential taper occur at a half wavelength or electrical length of 7. Hence, initially we can assume

the length [y for linearly varying transmission line same as of [22]

Lo +<w>2 (4.19)

~ 2/, 2

where ¢ is the velocity of light. The first resonance frequency is chosen as fo = 1.7 GHz and the
characteristic impedance of each port as Zy = 50 €2, the lowest impedance as Zy;, = 9 ©Q and the
maximum impedance of Zyax = 115 . The initial value of length [; using (Z19]) is 91.5 mm and the
final optimized length of each tapered lines are 84.88 mm (I; = lo = 84.88 mm). The approximate
theoretical results using (AI6)-(£I8) for the design are plotted using MATLAB and compared with
HESS results, as shown in Figure[£.4l The results show the power dividing ratio between the output
ports (ports 2 and 3) of about 11.5 dB in whole broadband frequency range of 1.7-5 GHz. Note that
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|S11| for varying ws (dB)
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Figure 4.5: Simulated S-parameters of the power divider for varying ws in mm.
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Figure 4.6: Simulated amplitude and phase response of So; & S31 for the power divider.

we have assumed that transmission lines are lossless as well as ignored the dielectric and other losses
in case of approximate theoretical analysis, hence there is some difference in the HFSS simulated and
analytical results. But the reflection zeros are located at approximately same frequencies for both

HFSS simulation and analytical results.

By using HFSS software, a parametric study of the design has been carried-out, in which the
width of third transmission line at the junction is varied from 1.73 mm (for a uniform 50  line)
to 0.3 mm (for Z = Zyax = 115 Q) and their S-parameters have been observed as shown in Figure
It can be noted that the power dividing ratio (|Sa1]| — |Ss1]) is greatly improved when the rate of

taper for the third line is increased towards the junction, without much affect on matching at port-1.
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Figure 4.7: Simulated amplitude and phase response of S3o for the power divider.

Simulated amplitude and phase of So1, S31 and Sso for the power divider is plotted in Figures and
[4.1 respectively. It can be seen from Figure that fluctuations in their amplitude response cause a
slight shift in their phase response from each other, which have also been reported in unequal power
dividers of very large bandwidth [I8,21.22]. A sharp -360° phase change at the frequencies such as
2.5, 3.5, 4.5 GHz etc. from the flat line in the phase response of Sso (see Figure 7(b)) is due to the
sharp change in phase of S9; and S3; (-180°-180°=-360°) at the corresponding frequencies, as shown
in Figure A6|(b).

The two EM simulations (HFSS and CST) of the design are plotted in Figure .8 The average
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Figure 4.8: Simulated S-parameters of the power divider. Black lines — HFSS results and gray lines — CST
results.
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Figure 4.9: Simulated S-parameters of the SWB T-junction power divider.

power dividing ratio between the output ports are around 11.5 dB in whole frequency band of 1.7-5

GHz and both (HFSS and CST) results are in well agreement with each other which validate the same.

Furthermore, this technique can be extended to the design of SWB T-junction power divider,

where the ratio bandwidth (fz/fr, highest to lowest frequency ratio) of more than 10:1 and a power
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S-parameters (dB)
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Figure 4.11: S-parameters of the T-junction power divider (Solid lines represent HFSS simulated results and
dashed lines represent measured results).

dividing ratio of more than 10 dB simultaneously can be achieved. To design such a SWB power
divider, here the first resonance frequency is chosen as fy = 500 MHz (Zy = 50 Q, Zpnim = 9 Q and
Zmax = 115 ). The optimized length of each tapered lines are 288.68 mm (I = lo = 288.68 mm).
The simulated results for the design are plotted in Figure The power dividing ratio is more than
10 dB in whole SWB bandwidth of 500 MHz to 6 GHz, which can be a good candidate for SWB

applications.

A prototype model of the power divider for fy = 1.7 GHz, has been fabricated and tested, as
shown in Figure The simulated and measured results of the design are plotted in Figure 11l
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4. Broadband T-junction power dividers using linear taper

Table 4.1: Performance comparison of the power divider with existing unequal T-junction power dividers

References Power dividing ratio Frequency range Isolation Size (Lengthx Width)

(1S21] — S31]) (dB) (GHz) (dB) (Mo % o)

18] <6 1-8 <6 0.20x0.086
[21] 9.3 1.75-3.5 9.3 0.57%0.086
[27] 6.5 1.7-5 6.5 0.96%0.566
This work 11 1.7-5 11 0.96%0.566

The average power dividing ratio between the output ports are around 11 dB in whole frequency band
of 1.7-5 GHz and they are in well agreement with each other which validate the same. The third port
can just only be used for reception or monitoring of the signal propagating between primary ports,

the matching at port-3 is not of interest like in [I821}22].

Table [A1] shows the performance comparison of power divider with existing literature [18]21]22].
The first two lines in [I8] are linearly tapered while in [21,122], they are exponentially tapered and
third line in each of them is considered of 50 € uniform line. As in our case, each of three lines are
linearly tapered and hence a higher power dividing ratio has been achieved. Such a simple power
divider design could be very useful for a passive signal cancelation in a system where coupling ratio

of more than 10 dB are desired over a very broad range of frequency.

4.4 Summary

An unequal T-junction power divider has been designed and tested where the line to port 3 has
also been tapered linearly for achieving higher power dividing ratio of more than 10 dB over a broad
frequency range of 1.7-5 GHz. An approximate theoretical analysis of the power divider has also been
presented. It has been observed that a SWB unequal T-junction power divider can be designed by
using the same method. For example, in this work a SWB power divider is designed which shows a

power dividing ratio of more than 10 dB in whole SWB bandwidth of 0.5-6 GHz.
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5. Dual-port, aperture coupled and linearly tapered fed full-duplex antenna

Dual-port, aperture coupled and linearly tapered fed patch antenna with high isolation is proposed
for full-duplex 2.4 GHz ISM applications. Two different types of feeding mechanism are used in this
antenna topology to excite dual polarization. One of the ports is excited by a quarter wavelength
linearly tapered microstrip line feed to match the impedance between the port and edge of the patch
smoothly and another by aperture coupled feeding technique to achieve better isolation between the
ports. The proposed antenna can achieve a measured isolation of around 60 dB at 2.4 GHz and more

than 59.5 dB in the band of 2.3-2.6 GHz.

5.1 Introduction

Full duplex radios allow simultaneous transmission and reception of signals with a single antenna.
It has numerous advantages over the traditional Frequency division duplex (FDD)/ Time division
duplex (TDD) radios like higher spectral efficiency. One of the major issues with in-band full duplex
radios is the crosstalk of the transmitter and receiver ports when employing a single antenna. Single
polarized antenna in full duplex communication system degrades the sensitivity of the system and does
not able to discriminate between the transmitting and receiving signal. These issues can be addressed
by employing dual polarized antenna which utilizes different polarization for transmitting and receiving
signal. It also minimizes interference between transmitter and receiver. Low cross polarization of the
antenna is achieved using orthogonal polarization for transmitting and receiving signal. To tackle the
crosstalk between transmitter and receiver in a in-band full duplex radio, a dual-port antenna with
high isolation between port 1 and port 2 can be employed. A lot of research works have been carried
out to achieve low cross polarization and high isolation microstrip patch antenna employing different

feeding mechanisms such as aperture-coupled feed, microstrip line feed or coaxial probe feed.

The aperture-coupled technique for feeding microstrip patch antennas is first proposed in [64],
which consists two substrates separated with a common ground plane, where one substrate contains
the radiating patch and the other substrate containing the feed network, with a small aperture in the
ground plane, located under the patch. The numerical analysis of aperture-coupled microstrip patch
antennas have been developed in [65,[66]. Parametric study of their different feed sizes and aperture
positions are performed in [67]. A design procedure following the parametric study of the critical
antenna dimensions and other parameters is developed in [68], where the operating frequency, VSWR,

percent bandwidth, polarization ratio, and broadside gain were observed for different configuration.
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A dual-port, dual aperture-coupled and dual or circular polarized microstrip square patch antenna is
proposed [69], where each aperture is coupled with the radiating patch to the two microstrip feed lines
which are placed on the same side of the dielectric material. The similar approach is employed in [70],

where dual slot-coupled microstrip circular patch antenna is developed for dual frequency operation.

Dual-port dual-polarized antennas with high isolation and low cross polarization are proposed in
[T5HT8] for full-duplex 2.4 GHz ISM band applications. In [75], the dual orthogonal linear polarizations
are generated by a new dual-hybrid-feed structure comprised of a pair of meandering strips with a
phase difference of 180° and a full-wavelength annular-ring coupling slot. The isolation between the
two feeding ports is below 40 dB over a 10 dB input impedance bandwidth of 14%. Following the
similar approach, a simple antenna structure with a wide input impedance bandwidth (23.25% for
Port 1 and 35% for Port 2) and ports isolation of better than 40 dB is presented in [76]. A dual
linearly polarized aperture coupled patch antenna with dual ports of good impedance matching and
ports isolation of 35 dB over the desired band is proposed in [77] for RFID ISM band (2.4-2.48 GHz)
applications. The antenna uses four symmetric coupling apertures to excite two orthogonal modes for
dual polarized operation. The dimensions and offset position of the apertures are optimized to achieve
the better isolation and return loss in the desired band. A dual-polarised patch antenna utilising a
modified ring hybrid feeding structure is presented in [78] for in-band full-duplex systems. The isolation
between the ports is better than 50 dB in the band of 2.4-2.5 GHz with a centre frequency of 2.45
GHz. A method to prevent the degradation in the isolation between the orthogonal polarization ports
caused by beam forming network routing in combined edge/aperture fed dual-polarized microstrip-
patch planar array antennas is proposed in [80]. The ports isolation of 50 dB at the center frequency,
and better than 40 dB over a 4% input impedance bandwidth is achieved. A coax-feed dual-polarised
patch antenna with low cross-polarisation and high port-to-port isolation of more than 40 dB in the
whole bandwidth is presented in [82] for WiMAX applications. An ACS-fed dual-band antenna for
2.4/5.8 GHz WLAN applications have been proposed in [84], which size is very compact and has
omnidirectional radiation patterns. Diplexer with high isolation [I10] is used in conjunction with a
single antenna for transmission and reception of radio signals. But the transmission and reception
frequency bands are different. Isolation improvements for patch antenna are reported in [IT1],[112].

But such isolation improvements are meant for reducing mutual coupling in antenna arrays.

In this chapter, we present a dual-port microstrip patch antenna whose port 1 is aperture coupled
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5. Dual-port, aperture coupled and linearly tapered fed full-duplex antenna

fed and port 2 is linearly tapered fed. Such a compact antenna can achieve maximum measured
isolation of 67.5 dB around 2.3 GHz. It has measured isolation more than 59.5 dB in the frequency

band of 2.3-2.5 GHz. This antenna can be used for full duplex ISM operations.

5.2 Antenna design

The configuration of the proposed antenna is shown in Figures|5.1(a)|and [5.1(b)l As it can be seen

from Figure that the two different types of feeding mechanism are used in this antenna topology
to excite dual polarization; port 1 is excited by a quarter wavelength linearly tapered microstrip
line feed to match the impedance between the port and edge of the patch smoothly and port 2
by aperture coupled feeding technique which exhibits reduced transmission line radiation, enhanced
antenna radiation and better co- to cross-pol performances. Note that we have not used inset fed
microstrip antenna since the cross-pol components would be higher for such feed lines. For edge fed
antenna, the antenna impedance at the edge is much higher than 50 €2, which need to be transferred
to 50 2 impedance at the port end for impedance matching, in order to perform the measurement
using SMA connectors. Hence, a linearly tapered feed line has been used for matching such a high
impedance at the edge to 50 €2 line as shown in Figure 5.1l Basically two orthogonal polarizations
are excited viz. horizontal and vertical polarizations for better isolation. Besides, the two feedlines
are separated by two ground planes of the two FR4 boards. As usual, ground plane reflects the wave
incident on it. Double ground planes of two FR4 boards will reflect even better than a single ground

plane; therefore high isolation between the ports can be achieved.

The antenna is designed using FR4-epoxy substrate with a dielectric constant of 4.4, loss tangent
of 0.02 and thickness of 1.6 mm. The dimensions of the antenna are L = 60 mm, W = 62 mm, L,
= 26.5 mm, W), = 29 mm, Ly = 42.75 mm, L; = 12 mm, Wy = 3 mm, Wy = 3 mm and Wy3 =1
mm. The slot length and width are chosen as Ly = 13 mm and Wy = 0.9 mm respectively. Layer by
layer illustration of the proposed antenna is shown in Figure From bottom to top, the layers
are: microstrip feed line (15 layer), FR4 substrate (2"¢ layer), ground planes 1-2 with slot (3'¢ layer),
FR4 substrate (4" layer) and radiating patch with microstrip feed line (5% layer). The fabricated
prototype of the antenna is shown in Figure Since there are two FR4 layers, the total thickness
of the proposed antenna is 3.2 mm. This antenna is very compact and its overall size amounts only

60 x 62 x 3.2 mm3. The full wave simulator HFSS is used to design and simulate the proposed antenna.
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Figure 5.1: Geometry of the proposed antenna.
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Figure 5.2: |S11| vs frequency of dual-port patch antenna.
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Figure 5.3: |S22| vs frequency of dual-port patch antenna.

The HFSS simulated and measured frequency response of dual-port patch antenna, |S11| and |Sas|,

are plotted in Figures and [B.3] respectively. The measured 10 dB bandwidth for |S1;| and |Sas]

are approximately 2.4-2.5 GHz and 2.33-2.55 GHz respectively.

TH-2274_146102015

There is a minor frequency shift

78



5.3 Results and discussion

-58 :
—— Measured
60 e —Simulated|

-62

.......
"

™,
"
-64 .
" Y,
a "N,

-66

S,,| (dB)

68/
-70

-72

_74 1 1 1 1
2.3 2.35 2.4 2.45 2.5 2.55 2.6

Frequency (GHz)

Figure 5.4: |So;| vs frequency of dual-port patch antenna.

between the HFSS simulated and measured results. This is mainly due to imprecise calibration set-up
for measurement, connector losses and fabrication tolerances which were not included in the HFSS
simulation. Besides, the ground plane size has been slightly increased in order to connect the SMA

connectors to the two ports (see Figure [5.1(c)).

The measured and HFSS simulated results of |S91| vs frequency is shown in Figure 5.4l There
are some difference between the simulation and experimental results. Such differences are due to
measurement performed in a real laboratory environment, where interference from nearby signals,
reflections and scattering from surroundings and addition of ambient noises which are more pronounced
at such low values of |Sy;| as also reported in [75], which cause a rapid variations in their amplitude.
The measured ports isolation (|S21]) is greater than 59.5 dB from 2.3 to 2.6 GHz which is suitable for
ISM band antennas for full duplex operations. The maximum measured isolation (|S2;1]) is 67.5 dB
at 2.3 GHz. |Si2| vs frequency has very similar performance. The surface current distributions at all
three metallic surfaces upon excitation of Ports 1 and 2 at 2.4 GHz are shown in Figures and
respectively. It is obvious from these patterns that the current maxima appear in a mutually orthogonal
direction upon excitation of Port 1 and Port 2 confirming the excitation of horizontal and vertical
polarization. This is the reason for high isolation between the ports. For port 1, E-plane, H-plane and

for port 2, E-plane, H-plane radiation patterns (both simulation and experimental) of the dual-port
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Figure 5.5: Surface current distributions at all three metallic surfaces when Port-1 is excited.
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Figure 5.6: Surface current distributions at all three metallic surfaces when Port-2 is excited.
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Figure 5.7: Radiation pattern (port 1) of the dual-port patch antenna at 2.4 GHz.

antenna at 2.4 GHz are shown in Figures [5.7(a)} |5.7(b)| and Figures|5.8(a)}, [5.8(b)| respectively. It can

be seen that co-polar radiation patterns are mostly oval in shape and the cross-polar components are
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Figure 5.8: Radiation pattern (port 2) of the dual-port patch antenna at 2.4 GHz.

well below —40 dB for all of the above cases. Hence, the cross-polarization components are sufficiently

low. The experimental and simulation results are well agreement with each other.
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5. Dual-port, aperture coupled and linearly tapered fed full-duplex antenna

Table 5.1: Performance comparison (experimental) of the proposed antenna with the antennas available in
the literature

References | Matching Isolation Band Maximum Isola- | Size
band (RL > tion
10 dB)
[77] 2.33-2.52 GHz | 2.34-2.5 GHz (isola- | 42 dB at 2.4 GHz | 80 x 80 x 5.1 mm?® =
tion > 28 dB) 32,640 mm?
[82] 2.15-2.72 GHz | 2.15-2.72 GHz (isola- | 50 dB at 2.4 GHz | 120 x 120 x 25 mm?® =
tion > 40 dB) 3,60,000 mm?
This work | 2.4-2.5 GHz 2.3-2.6 GHz (isola- | 67.5 dB at 2.3 |60 x 62 x 3.2 mm® =
tion > 59.5 dB) GHz 11,904 mm?

Table B.1] compares the performance of the proposed dual-port antenna with antennas available in
the literature in terms of matching band (]S11| < —10 dB), isolation band, maximum isolation and
size. It can be seen that the proposed antenna can achieve the best isolation in terms of maximum
isolation and isolation band. Besides, the size of the proposed antenna is much smaller than the other
reported antennas. It may be noted all the antennas compared in Table B.] are fabricated on FR4

substrate. Hence the comparison of size is fair.

5.4 Summary

A dual-port, orthogonal polarized patch antenna with high isolation and low cross polarization
has been designed, fabricated and tested. This antenna can achieve a maximum isolation of 67.5 dB
at 2.3 GHz and more than 59.5 dB in the band of 2.3-2.6 GHz. Such a simple and compact antenna
can be efficiently used for in-band full-duplex ISM operations. The same antenna geometry with the
two feed lines (tapered feed and aperture coupled feed) can be tuned and used for designing antennas

for in-band full-duplex radios such as for WiMAX applications.
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6. Filters design using SIW, SSPP and linear taper

This chapter presents the approximate design equation for iris width calculation of iris substrate
integrated waveguide (SIW) bandpass filter. The design equation has been derived by using curve
fitting technique followed by de-embedding method. It is valid for designing narrowband iris SIW
bandpass filter whose fractional bandwidth (FBW) should not be more than 10%. A generalized
procedure has been presented to calculate the inverter parameters of the iris window and a design
equation is developed at 60 GHz for its validation. The theoretical and calculated normalized reactance
values are in good agreement. An iris SIW bandpass filter at 60 GHz has also been designed using

the same procedure.

Two bandpass filters based on hybrid spoof surface plasmon polariton (SSPP) and substrate inte-
grated waveguide (SIW) has been proposed for X-band applications. The dispersion and transmission
characteristics of the proposed hybrid SSPPs-SIW structures are analyzed, and influence on the varia-
tion of their structural parameters are investigated. The proposed dumbell-shaped SSPP shows more
slow-wave effects than rectangle-shaped SSPP for the same height of grooves, and hence could be a
good choice in the design of compact, low loss and highly integrated microwave and terahertz devices.
The lower and upper cutoff frequencies of hybrid SSPP-SIW bandpass filters can be adjusted inde-
pendently by varying the structural parameters of SIW and SSPP units, respectively. The proposed
two filters exhibit excellent passband (8-13.15 GHz for filter I & 8-13.5 GHz for filter II) and wide
upper-band rejection (>42.5 dB from 14.1-20 GHz for filter I & >41 dB from 14.2-19.5 GHz for filter
IT) simultaneously. Their size are very compact, amounts to only about 1\, x 0.7),, where A, is the

guided wavelength in the SIW at the center frequency.

6.1 Iris SIW bandpass filter for V-band applications

6.1.1 Introduction

Substrate integrated waveguide (SIW) is relatively a new type of transmission line, which has the
merits of both metallic rectangular waveguide and planar transmission line, like low insertion loss, low
radiation loss and compact size. In other words, it provides bridge between bulky metallic waveguide
and lossy planar technology. Hence, SIW technology has emerged as a very promising candidate for
designing microwave and millimeter wave components like filters, couplers and antennas [88,[90}92].
The SIW filters design based on iris cavity are equivalent to shunt-inductance-coupled waveguide

filters design [93]. In recent years, iris SIW filters have been reported for narrowband applications
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6.1 Iris SIW bandpass filter for V-band applications

where the width of iris is calculated from equivalent K-inverter. But it has not been reported in the
literature how one can find the width of the iris from the K-inverter parameters for a given order. In
this work, a generalized procedure has been presented which can be utilized to design any narrowband
iris SIW filters with FBW not more than 10%. Finally, for 60 GHz band, the design equation of iris
width calculation is derived using curve fitting technique. Also, an iris SIW filter at 60 GHz has been

designed following the same procedure.
6.1.2 Design techniques

Substrate integrated waveguide is made of two periodic arrays of metal cavity which connects the
top and ground plane and works as side walls of conventional metallic waveguide. The longitudinal
spacing between them is kept below a certain limit so that radiation leakages are minimized [I113]. The
characteristics of electromagnetic fields in SITW structure and its equivalent rectangular waveguide are
similar. Hence, a relation has been developed between the width of SIW and the effective width of the
equivalent rectangular waveguide in terms of diameter and pitch of metallic vias, which is expressed

in chapter 3 as (B.8).

After defining the dimensions of STW structure, now it is equivalent to a conventional waveguide, so
we can use the iris structure of waveguide to design iris SIW band pass filter. The resonators of band
pass filter are cascaded via K-inverters where each iris is equivalent to a K-inverter; the normalized

impedances of the inverters can be calculated from [89] as

Ko [mon (6.1)
A 2 gog1
Kjj41 _ T wy (6.2)
2 2 \/9;95+1
Zo 2 gnGn+1 ’

where Zj is the waveguide impedance and w) is the guided-wavelength fractional bandwidth at the
edges Ag1, Ag2 and mid-band Ao, which is defined as below

Mgl — Ag2

” (6.4)

Wy =

The low pass prototype element values g for a given order is found from [33]. Thus, one can find the
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6. Filters design using SIW, SSPP and linear taper
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Figure 6.1: Model of inductive window and its equivalent circuit.

K-inverters theoretically.

Using the theoretically calculated values of K-inverters, we can find the shunt reactance X; ;1 for

purely lumped inductance discontinuities as follow [89]

K, -
Xjj+1 _ i
= 5 (6.5)
Zo 1 <KjZ,g(')+1>

6.1.3 Approximate design equation

Once the normalized impedances of the inverters are calculated, the physical dimensions of cor-
responding irises need to be found. Since each iris is equivalent to K-inverter with corresponding
reactance X as shown in Figure The K-inverters can be found from S parameters (from the

simulation results) approximately as [93]

X 2591
il 6.6
]ZO (1 —511)2 —S%l ( )
2X
(b = — tan_l <Z—O> (67)
_lian @
70 = tan 5 (6.8)

Once the inverter parameters are known from (G.0)-(6.8]), the distance between each iris windows (I;)

for filter design can be found as
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Figure 6.2: Plot of iris width variation corresponding to normalized inverter parameter K.
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o7

I (6.9)

b, =7+ %(qﬁz‘ + ¢it1) (6.10)

Steps followed for iris width calculation:

Step 1: De-embedding: Using full wave simulator like HFSS, we can chose de-embedding technique
to find out S parameters for different values of iris width instead of moment method [114]. The length of
the SIW section is chosen about half to one wavelength or twice the width of the equivalent waveguide
from each side of the iris. Then, the reference plane is moved to the centre of the iris for each port in
order to de-embed the phase changes occurred in the waveguide. Finally, extract the S parameters at
the mid-frequency.

Step 2: Substitute the S parameters in (6.0) and get the inverter parameters.

Step 3: Repeat the procedure for different values of the iris width.

Step 4: Applying curve-fitting technique, plot the graph between inverter parameters (K, ¢) and
iris width (w).

Step 5: Obtain the approximate iris width corresponding to normalized inverter parameters.

The specifications for the design are:
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6. Filters design using SIW, SSPP and linear taper

Table 6.1: Calculated and theoretical normalized inverter parameters for different iris width

Calculated | Calculated | Calculated | Iris width w | Theoretical
Z% Z£0 ¢ (radians) | (mm) Z%
0.1125 0.1111 0.2213 1.1 0.1125
0.12 0.11723 0.2356 1.12 0.1189
0.1324 0.13 0.259 1.15 0.1322
0.1541 0.15 0.3 1.2 0.1535
0.1774 0.172 0.341 1.25 0.1772
0.204 0.196 0.3874 1.3 0.2038
0.23128 0.22 0.43325 1.35 0.2312
0.261 0.2453 0.4811 14 0.2610
0.2923 0.271 0.529 1.45 0.2925
0.3043 0.2804 0.5467 1.47 0.3043
0.325 0.2965 0.574 1.5 0.3251
0.34625 0.3124 0.6057 1.53 0.3426
0.39868 0.35 0.673 1.6 0.3989
0.4777 0.4 0.7626 .ot 0.4762
0.5042 0.41667 0.78958 188 0.5042
0.521736 0.42673 0.80667 1.75 0.5217
0.548 0.4413 0.8312 1.78 0.5480
0.5658 0.451 0.847 1.8 0.5662
0.5858 0.4612 0.86425 1.82 0.5858
0.5944 0.4656 0.87144 1.83 0.5945
0.6131 0.4749 0.8867 1.85 0.6132
0.644 0.4896 0.9106 1.88 0.6440
0.6723 0.5 0.931 1.91 0.6667
0.765 0.541 0.992 2 0.7649
0.8712 0.579 1.05 2.1 0.8710
1.0986 0.6436 1.1437 2.3 1.0987

e Solution Frequency : 60 GHz

e Substrate: Taconic TacLamPLUS (g, = 2.1,h = 0.2 mm).
The diameter of each metal cavity is set to 0.25 mm and spacing between adjacent via holes is 0.4

mm. The width of SIW is 2.8 mm.

3rd

By using curve fitting technique (Figure [6.2]), an approximate order polynomial equation has

been derived for iris width calculation (in mm) corresponding to each normalized K-inverter

K K\?2 K\?
w = 0.7734 + 3.4266— — 4.6881( — +4.7287( — (6.11)
Zo Zo Zo

However, the accuracy of the above proposed design equation can be improved at the cost of higher

order polynomial and non-linear approximations.
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6.1 Iris SIW bandpass filter for V-band applications

Figure 6.3: 3" order iris SIW bandpass filter design.

Table lists the calculated and theoretical normalized inverter parameters and also the approx-
imate iris width corresponding to them. The theoretical normalized reactance values obtained from
(63) are very close to calculated normalized reactance from simulation, (6.0), validating the above
procedure and approximate design equation. However, the design procedure is valid only for narrow-
band filter but can be applied for any desired frequency band. In case of wideband applications (FBW
greater than 10%), the theoretically calculated width of each irises will not remain enough accurate

and simulation requires more number of tuning to achieve desired dimensions.

6.1.4 Iris SIW bandpass filter design

Following the above procedure, a 3" order Chebyshev filter with 0.1 dB insertion loss and 15 dB
return loss in 57-66 GHz passband [93] has been designed for V-band applications. The normalized
inverter values are calculated first from (6.I))-(€.3]) theoretically as Ko = K34 = 0.48 and K19 = Ko3
=0.28. Then dependencies of normalized inverter parameters (K, ¢) with iris width (w) from (6.11])
are used. The iris width values corresponding to the calculated K-values are obtained as w; =1.87 mm
and we = 1.47 mm. Using the phase change occurred (¢;) from (6.7)) into (€.10), the distance between
each iris windows from ([6.9]) can be calculated as l; = I3 = 1.68 mm and ls = 1.81 mm. These values
are considered as a first approximation for filter design and then tuned to achieve optimum passband

return loss.

The schematic design of the filter has been shown in Figure Their final dimensions are [} =
l3 = 1.65 mm, ls = 1.78 mm, w; =1.83 mm and wy = 1.51 mm. The design has been simulated using

FEM based HFSS software. The frequency response of the designed iris SIW BPF is shown in Figure
TH-2274_ 146102015
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Figure 6.4: Simulated frequency response of the designed iris SIW BPF.

The insertion loss of the filter is less than 0.5 dB and its return loss is better than 13.5 dB in whole
designated passband. The performance of the filter is in good agreement with [93]. However, there
is very poor rejection and roll-off rate at the higher frequencies which can be improved by employing

the method as proposed in [93].

6.2 Hybrid SSPP-SIW bandpass filters for X-band applications

6.2.1 Introduction

Surface plasmon polaritons (SSPs) are highly localized surface electromagnetic waves that propa-
gate along the dielectric-metal interface and decay exponentially in the directions perpendicular to the
surface [IT15,[116]. The most important characteristic of SSPs is the electromagnetic field confinement
in the near vicinity of the interface in subwavelength scales, but they only exist in the optical regime.
In 2004, Pendry et al. [I17] proposed a new structure by perforating conductor surfaces to mimick the
SSPs behaviour at lower frequencies like microwave or terahertz (THz) bands, called as designer sur-
face plasmon polaritons or spoof surface plasmon polaritons (SSPPs). After that, many efforts have
been performed to design plasmonic metamaterial structures [II8H121], broadband transition from

guided waves to SSPP [122H124], in the microwave or THz bands. A comb-shaped SSPP structure
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6.2 Hybrid SSPP-SIW bandpass filters for X-band applications

loaded with two H-shaped cells in the center forms a non-periodic SSPP [125], and a highly selec-
tive wideband bandpass filter (BPF) is realized by using spiral-shaped defected ground structure on
coplanar waveguide (CPW). Due to inimitable advantages such as high field confinement, slow-wave
characteristic and flexible planar structure, SSPPs has inspired a lot of research works in the design

of microwave, millimeter-wave and THz devices.

The traditional SIW filters often suffer with narrow passband and poor stopband attenuation
[88,92]. There are some efforts have been made in [126H129], to broaden the passband bandwidth
of SIW filters. By using electromagnetic bandgap (EBG) periodic structure, super-wide bandpass
SIW filters are designed [126], and fractional bandwidth (FBW) of up to 61.5% have been reported.
In [127], a folded SIW is integrated with compact resonant cell, and a wide FBW of 77% has been
achieved, but it has not been accounted the stopband performances. An ultra-wideband BPF using
hybrid half-mode T-septum SIW and EBG has been presented in [128], but it suffers with an insertion
loss of more than 2.2 dB in the desired passband. A compact wideband BPF using U-slotted SIW
cavities with 3-dB FBW of 42% has been presented in [129], where out-of-band rejection of only 15

dB up to 20 GHz being reported.

The concept of designing broadband bandpass filters using low-pass characteristics of SSPP and
high-pass characteristics of SIW is termed as hybrid SSPP-SIW filters [1,[95H100]. The first hybrid
SSPP-SIW filter was proposed in [95], where the SSPPs structure were connected in series with SIW
section. Since, the two structures are separated, resulting in a larger size, as well the conversion of the
fields add more complication. In [96], a hybrid SSPP-SIW transmission line for designing broadband
BPFs have been proposed, where SSPPs propagate through arrays of transverse metallic blind holes
that were designed inside the SIW. Although, it requires a thicker substrate to achieve larger slow-
wave characteristics, and hence not a right choice for compact circuit applications. A planar bandpass
filter based on a hybrid SSPP-SIW transmission line is presented in [97], but only simulation results
have been shown. Hybrid half-mode substrate integrated waveguide (HMSIW) SSPP structures have
been proposed in [98,[99], which overcome shortcomings of large size. However, their transmission
characteristics further need to be improved. Also, none of the above hybrid SSPP-SIW filters considers
out-of-band rejection. A broadband BPF using hybrid SSPP-SIW structure has been proposed in [1],
which showed wide out-of-band rejection but suffers from poor in-band performances. Recently, a

bandpass filter based on half-mode SIW and double-layer SSPPs has been developed [100], which
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6. Filters design using SIW, SSPP and linear taper

(a) (b) ()

Figure 6.5: Configuration of unit cells (a) SIW unit (b) Rectangle-shaped SSPP unit and (¢) Dumbbell-shaped
SSPP unit.

features wider bandwidth, smaller size and lower loss than previously reported structures.

In this work, we propose two hybrid SSPP-SIW filters, one using rectangle-shaped and the other
using dumbbell-shaped SSPPs, for X-band applications. Firstly, the dispersion and propagation char-
acteristics of SSPPs and SIW units are investigated. It is found that the dumbell-shaped SSPP
shows much and better slow-wave characteristics than rectangle-shaped SSPP for the equal height of
grooves. By tuning the structural parameters of SIW and SSPPs, the lower and upper cutoff frequen-
cies of bandpass filters can be obtained independently. The proposed filters show excellent broadband

passband and wide out-of-band rejection simultaneously.
6.2.2 Dispersion characteristics of SIW and SSPPs

Figure shows the configurations of SIW, rectangle-shaped SSPP and dumbbell-shaped SSPP

units. The dispersion relation for fundamental T'E1o mode of SIW is derived as [130]

p= \/urer(%)g - (2)2 (6.12)

where [ is the propagation constant of fundamental T'F1¢g mode of SIW and « is the width of SIW.

The grooves are corrugated in a metal conductor to construct a SSPP structure, where g and h are the

width and height of grooves, respectively, and p is the period of SSPP unit. It has been shown that

TH-2274_146102015

94



6.2 Hybrid SSPP-SIW bandpass filters for X-band applications

60 T
—— Microstrip line
——a =10 mm
50 |-8—a =14 mm
—6—a = 18 mm
T 40+
e
3
2301
()
>
g
I 20
ZI.OE
0 L L L L
0 0.2 0.4 0.6 0.8 1
Bp/m™
(a)
35
—— Microstrip line
30 I | —&—Rectangle, h = 6 mm
—8—Rectangle, h = 8 mm
—~25 " —6—Rectangle, h = 12 mm
E —& -Dumbbell, 7 = 0.5 mm, h = 6 mm
O] —8-Dumbbell, r = 0.5 mm, h = 8 mm
: 201 —@©-Dumbbell, r = 0.5 mm, A = 12 mm
2
15 ]
o M4 K
(] =) = H1
T T+ ---F---8
Va)
§——8-—8
0 0.2 0.4 0.6 0.8 1
Bp/m
(b)
20
15+

—»— Microstrip line

—45—h = 6.5 mm, r = 0.25 mm
—B—h = 6.5 mm, r = 0.35 mm
—6—h = 6.5 mm, r = 0.45 mm
~%—h =6.5 mm, r = 0.6 mm

Frequency (GHz)
=
o

0.2 0.4 0.6 0.8 1
Bp/=

()

Figure 6.6: Dispersion diagrams (a) STW unit (b) Rectangle-shaped & dumbbell-shaped SSPP units and (c)
Different radii of dumbbell-shaped SSPP unit.
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Figure 6.7: Dispersion diagrams of hybrid SSPP-SIW units (a) Rectangle-shaped and (b) Dumbbell-shaped
with fixed r = 0.41 mm.

such periodic metallic grooves can support and propagate a SSPP mode at microwave frequencies,

when g and p are much less than the wavelength of light at the design frequency. The dispersion
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relation of SSPP is given by [11§]

_ v 9 a2 (¥
8= c\/1+p2tan (Ch> (6.13)

where (3 is the propagation constant of SSPPs mode. The initial width of SIW and SSPP design
parameters (width, height and period) can be analytically determined using these equations and then

can be fine-tuned with the help of full-wave EM field solvers.

The structures are designed using Rogers RT /Duroid 5880 substrate with a dielectric constant of
2.2, dielectric loss tangent of 0.0009, dielectric thickness of 0.508 mm and metal (copper) thickness
of 0.018 mm. The parameters are set as: d = 0.6 mm, s = 0.9 mm, p = 1.8 mm, and g = 0.2
mm. Eigen-mode solver of CST microwave studio is used for analyzing dispersion characteristics of
the unit cells. The dispersion curves of pure SIW, pure rectangle- and dumbbell-shaped SSPPs are
plotted in Figures [6.6(a) and [6.6(b), respectively. It can be observed that SIW unit has a low cutoff
frequency which decreases with the increase in width of SIW (a), and falls under the fast-wave region
as expected. The SSPPs have a high cutoff frequency which decreases as the height of groove (h)
increases and shows slow-wave characteristics with the increase in frequency. It is found that the
dispersion curves of SSPPs with the same height of A on the dumbbell grooves are much lower than
that of with rectangle grooves. When working at the same frequencies, wave vectors of SSPPs on
the proposed dumbbell-shaped structure are larger than the rectangle-shaped structure, which means
that stronger confinement of SSPP can be achieved based on a dumbbell-shaped structure in such a
case. Hence, a more compact structure with higher slow-wave characteristics can be achieved using
dumbbell-shaped SSPPs. The dispersion curves of dumbbell-shaped SSPPs with different radii are
plotted in Figure [6.6(c), where it can be observed that bigger the radii, lower the dispersion curves,
for the same height of h. So, it is also possible to independently determine the upper cutoff frequency

of the structure by just manipulating the radius and keeping the height of groove fixed.

The proposed hybrid SSPP-SIW structures exhibit the dispersion features of both SIW and SSPP,
supporting a hybrid fast-wave and slow-wave modes. Their dispersion curves, as shown in Figure [6.7]
start at the low cutoff frequencies at the fast-wave region and then enter into the slow-wave region
and cut off at asymptotic (high cutoff) frequencies. Their behaviour is like a SIW at low frequencies
and like an SSPP at high frequencies. Therefore, the slow-wave effect can be achieved by applying

such sub-wavelength corrugation to the SIW.
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Figure 6.8: Configuration of the hybrid SSPP-SIW structure with graded rectangular slots heights of h;
(i =1,2,3,4) (a = 14.85 mm, h = 6.5 mm, W = 17.5 mm, L; = 9.25 mm, W; = 1.565 mm, Ly = 6 mm,
Wy = 3.625 mm and L3 = 21.6 mm).

6.2.3 Demonstration of hybrid SSPP-SIW bandpass filters

Initially, the hybrid SSPP-SIW structure, as shown in Figure [6.8] is investigated by varying the
graded rectangular slots heights of h; (i = 1,2,3,4). The simulated S-parameters are plotted in Figure
[6.9) where it can be observed that the performances are optimum for the linearly graded slots with
same slope of the microstrip taper. This is due to the optimum conversion of T'F1y mode of SIW to

the mode of SSPP.

The configurations of proposed hybrid SSPP-SIW filters are depicted in Figure The proposed
structures consist of three regions: microstrip to SIW transition (Region I), SIW to SSPP transition
(Region II) and hybrid SSPP-SIW part (Region IIT). The linearly tapered microstrip line [85,91] is
employed for broadband impedance matching of 50  input/output feedline to SIW; as can be seen
in Region I. It enables a smooth transition of quasi-TEM mode of microstrip to fundamental T E1q
mode of SIW. To match the momentum of conventional SIW to the hybrid SSPP-SIW, we propose a
transition using linearly graded rectangular slots to produce gradient momentum, as shown in Region
II. It can also be noted that the rectangular slots are made to be tapered at the ends and matched
with the same slope of microstrip taper. This has been done so that broadband impedance matching
with least reflections, to smoothly convert fundamental T'E19 mode of SIW to the mode of SSPP, can

be achieved.

The transmission characteristics of proposed hybrid SSPP-SIW structures have been investigated
by varying the parameters such as width of SIW a, height of groove h and radius of dumbbell r,
as shown in Figure The width and length of 50 €2 microstrip lines are W7 = 1.565 mm and

L1 = 9.25 mm. The initial width and length of linearly tapered microstrip lines are calculated from
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Figure 6.9: Simulated S-parameters of the hybrid SSPP-SIW structure with varied graded rectangular slots
heights, h; (i =1,2,3,4).

[27]. They are optimized using EM simulations, and the parameters are set as Wy = 3.625 mm and
Lo = 6 mm. The length of SIW section L3 is 21.6 mm. The variation in width of SIW of a rectangle-
shaped SSPP-SIW structure with the groove height of 8 mm are depicted in Figure [6.11(a), where
it is evident that the lower cutoff frequency of the passband can be controlled independently with
a very less or no influence on the upper cutoff frequency. Figure [6.IT[(b) illustrates that the upper
cutoff frequency can be adjusted independently by varying the height of rectangle-shaped groove and

keeping the width of SIW fixed as 14.85 mm, but has a little influence on the lower cutoff frequency
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Figure 6.10: Configurations of the proposed hybrid SSPP-SIW filters (a) Rectangle-shaped and (b) Dumbbell-
shaped.

Table 6.2: Design parameters of rectangle-shaped hybrid SSPP-SIW filter (Units: mm)

a d S P |y h
14.85 1 0.6 | 0.9 1.8 0.2 8
1% L, | W Ly | Wo Ls
175 19.25 | 1.565 | 6 | 3.625 | 21.6

mainly due to the attenuated coupling between SIW and SSPP units. The similar characteristics
for varying width of SIW and groove height of a dumbbell-shaped SSPP-SIW case can be obtained.
Transmission coefficients for different radii of dumbbell-shaped hybrid SSPP-SIW structure with a
fixed groove height of 6.5 mm are plotted in Figure [6.11lc). By increasing the radius of dumbbell, the
upper cutoff frequency independently can be shifted towards the right with no influence on the lower
cutoff frequency. The lower and upper cutoff frequencies in transmission coefficients of Figure
agree well with the dispersion curves of unit cells in Figure 6.6, which validates them.
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Figure 6.11: Simulated transmission coefficients of the proposed hybrid SSPP-SIW structures (a) Different
widths of SIW with rectangle-shaped SSPP (b) Different heights of rectangle-shaped SSPP and (c) Different
radii of dumbbell-shaped SSPP with fixed h = 6.5 mm.
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Figure 6.12: Electric field distributions of the rectangle-shaped SSPP-SIW bandpass filter (a) At the lower
frequency stopband (b) At the passband and (¢) At the upper frequency stopband.
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Figure 6.13: Electric field distributions of the rectangle-shaped SSPP-SIW bandpass filter (a) Across the
cross-sections at 10.25 GHz and (b) 0.5 mm above the top surface at 10.25 GHz.
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To demonstrate the proposed hybrid SSPP-SIW structures, two filters are designed and analyzed
for X-band applications. Their schematic configurations are shown in Figure The material
parameters for the filters are the same as presented above. The design parameters of the rectangle-
shaped hybrid SSPP-SIW filter are given in Table For dumbbell-shaped hybrid SSPP-SIW filter,
the design parameters are the same as for rectangle-shaped case, only the height of groove h is
changed to 6.5 mm and the radius of dumbbell 7 is chosen as 0.41 mm. Their simulated electric-
field distributions at different frequencies are shown in Figures As can be seen in Figures
612(a), 612(c), [6I4(a) and 6.14(c), the electromagnetic (EM) waves cannot propagate through the
structures when frequency lies in the stopband regions. In the passband, the EM waves are propagating
intensively and exhibit efficient mode conversion, as shown in Figures [6.12(b) and [6.14(b). It can also
be noted that the electric fields are highly confined in the corrugated surface of hybrid SSPP-SIW
structures. Their electric field distributions across the cross-sections and 0.5 mm above the top surface
at the passband frequency of 10.25 GHz are shown in Figures [6.13(a), [6.15(a) and Figures [6.I3(b),
[6.15I(b) respectively. It can be observed that fields are highly localized, propagate along the dielectric-

metal interface and decay exponentially in the transverse directions, similar to the natural SPPs.

The proposed hybrid SSPP-SIW filters are fabricated and tested for experimental verification.
Photographs of the fabricated prototype rectangle- and dumbbell-shaped STW-SSPP filters are shown
in Figures and respectively. The simulated and measured S-parameters of the rectangle-
shaped hybrid SSPP-SIW bandpass filter are plotted in Figure The bandwidth (BW) ranges
from 8 to 13.15 GHz for |S11| <—10 dB and |S2;| >—1 dB, covering the whole X-band of 8-12 GHz. A
very good return loss (RL) of more than 13 dB in the whole passband has been achieved. The upper
out-of-band rejection is better than 42.5 dB from 14.1 to 20 GHz. Figure shows the simulated
and measured S-parameters of the dumbbell-shaped SSPP-SIW filter. Its 10-dB passband ranges
from 8-13.5 GHz with a return loss of better than 12 dB and insertion loss (IL) less than 1 dB in the
whole passband. The stopband attenuation is more than 41 dB from 14.2 to 19.5 GHz. The roll-off
rate of the filters is also very high. It is important to note that at the transition edges of proposed
bandpass filters (stopband to passband and passband to stopband transition phases), the transmission
and reflection coeflicients have been very smooth transitions as compared to previously reported SSPP
based filters. The proposed filters possess very compact size and can be an excellent candidate for

X-band applications.
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Figure 6.14: Electric field distributions of the dumbbell-shaped SSPP-SIW bandpass filter (a) At the lower
frequency stopband (b) At the passband and (c) At the upper frequency stopband.
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Figure 6.15: Electric field distributions of the dumbbell-shaped SSPP-SIW bandpass filter (a) Across the
cross-sections at 10.25 GHz and (b) 0.5 mm above the top surface at 10.25 GHz.
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Figure 6.18: S-parameters of the rectangle-shaped SSPP-SIW bandpass filter (Solid lines represent simulated
results and dashed lines represent measured results).

Table compares the performance of the proposed hybrid SSPP-SIW filters with the existing
SIW or hybrid SSPP-SIW filters. The proposed filters show excellent performance in the passband
and out-of-band simultaneously. They also outperform almost in all parameters of the existing hybrid

SSPP-SIW filters. As we have utilized least possible SSPP units (only three) and linearly graded
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Figure 6.19: S-parameters of the dumbbell-shaped SSPP-SIW bandpass filter (Solid lines represent simulated

S-parameters (dB)
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10 12
Frequency (GHz)

results and dashed lines represent measured results).

Table 6.3: Performance comparison with the existing planar SIW filters

References | 10-dB BW | FBW | RL IL | Size (Length Upper-band Type
(GHz) (%) | (dB) | (dB) x Width) Rejection
(Ag X Ag)
[129] 6.75-10.25 41.1 >11 | <1.1 1.2x0.6 20 dB U-slotted
@11.1-16.5GHz SIW
[95] 11.92-21.54 | 57.5 | >10 <1 10.3x0.74 40 dB Hybrid
@22.5-30GHz SSPP-SIW
[97] 11.8-18.3 43.2 | >10 | <1 7.88x0.67 40 dB Hybrid
@20.3-22GHz SSPP-SIW
[98] 8-16 67 >12 | <1.5 2.64x0.29 7 dB Hybrid
@16.2-17GHz | HMSIW-SSPP
] 7.3-11.2 422 | >12 <2 2.85x0.67 40 dB Hybrid
@11.8-19.8GHz SSPP-SIW
[100] 15.6-32.1 69.2 | >10 | <0.8 4.23x0.25 20 dB Hybrid
@35-40GHz HMSIW-SSPP
This work 8-13.15 48.7 | >13 | <1 0.99x0.69 42.5 dB Hybrid
@14.1-20GHz SSPP-SIW
8-13.5 olL2 | >12 | <1 1.03x0.71 41 dB
@14.2-19.5GHz

rectangular slots for the optimum conversion of SIW to SSPP mode, the resultant structures are very

compact. Their size are only about 1\, x 0.7A,, where ), is the guided wavelength in the SIW at the
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Figure 6.20: Dispersion diagrams (a) SSPP unit and (b) SIW unit.

center frequency.
6.3 Comment on “ [1]”

The dispersion diagrams for proposed spoof surface plasmon polariton (SSPP) unit (Figure 1(b)

of [1]) and substrate integrated waveguide (SIW) unit (Figure 1(c) of [1]) are plotted in Figure 2 of [1],
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Figure 6.21: Dispersion curves for varied SSPP unit parameters.

which are incorrect and the correct dispersion curves for the same are presented here, as shown in
Figure The dispersion curves are analyzed and plotted for mode-1 simulation in eigen-mode
solver of CST microwave studio. Furthermore, the dispersion curve with optimized dimensions, L;
and W; where i € (5,..,8) for SSPP part (Figure 1(a) of [1]), are shown in Figure The lower
and upper cut-off frequencies for passband of the filter are defined from the structural parameters of
SIW and SSPP units, respectively. It can be seen from the dispersion curves of SIW and SSPP units
(Figure 2 of [1]) that the lower cut-off frequency obtained from SIW unit is around 7 GHz, while the
upper cut-off frequency obtained from SSPP unit is around 6 GHz (W = 15 mm of SIW unit and
W = 8 mm of SSPP unit). However, only the cutoff frequency in the dispersion curve of SIW unit
is correct, from where the lower cut-off frequency of the proposed BPF is set around 7 GHz. The
dispersion curve of SIW unit (Figure 1(c) of [1]) with correct distribution trend is shown here in Figure
[620(b). The passband of proposed hybrid SSPP-SIW filter is about 7-11 GHz and hence the correct
upper cut-off frequency for passband of the filter, as it can be seen from our corrected dispersion curve
of SSPP unit, Figure [6.20(a), is about 11 GHz. It can also be noted that p is the period of SSPP in

our corrected dispersion curves.
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6.4 Summary

A design procedure has been presented for calculating iris width of an inductive window of narrow-
band iris SIW filter followed by de-embedding technique; the fractional bandwidth is about 10%. At
60 GHz, a design equation has been developed for calculating different width of iris windows by using
curve fitting technique and an iris SIW BPF has also been designed following the proposed method.
The theoretical and calculated normalized reactance parameters are well matched which validate the

same.

Two hybrid SSPP-SIW bandpass filters based on rectangle- and dumbbell-shaped SSPPs have
been presented for X-band applications. The dispersion and propagation characteristics of SSPPs and
SIW are analyzed. It has been found that the proposed dumbbell-shaped SSPP shows more slow-wave
effects than rectangle-shaped SSPP for the same height of grooves, which could be very efficient in
the design of compact, low loss and highly integrated microwave and terahertz devices. The lower and
upper cutoff frequencies of hybrid SSPP-SIW bandpass filters can be adjusted independently by just
varying the structural parameters of SIW and SSPP units, respectively. Linearly graded slots are being
utilized for optimum conversion of SIW to SSPP mode in the proposed hybrid SSPP-SIW structures.
The proposed filters show very good passband and wide upper out-of-band rejection simultaneously.
They possess very compact size of ~1\; x 0.7),. Their length is only about a wavelength at the center

frequency, which is much lesser than the length of existing hybrid SSPP-SIW filters.
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7. Conclusions and future work

The objective of the work presented in this thesis is to design, analyse and fabricate various mi-
crowave passive devices such as filters, power dividers, antennas, etc. for different microwave frequency
band applications. Commercial full wave simulators (HFSS and CST microwave studio) and MAT-
LAB are used for the design and analysis purpose. In this chapter, we conclude the thesis, discuss its
findings and contributions, and also provide some suggestions for future extension of the presented

works.

7.1 Conclusions

Briefly, the conclusions of the thesis are summarised as follows:

e An exponentially tapered impedance line stub loaded microstrip resonator (ETILSLMR) is pro-
posed to design notched-UWB filter. An ultra-wideband (UWB) filter with a fractional band-
width (FBW) of 121% at a center frequency of 6.6 GHz is designed first and then to suppress
interference from IEEE 802.11a WLAN band, a sharp notch band is created around 5.5 GHz
by tapered inductive loading on quarter-wavelength high impedance lines. An approximate

theoretical analysis of the filters is also presented.

e Linear tapers have been theoretically characterized, and their results are compared with the
other tapers. By using linearly tapered microstrip line, a broadband taper transition between
microstrip line and SIW component and a novel coupled-line ultra-broadband bandpass filter
are designed. The proposed filter possesses a very compact size of 0.20\, x 0.26), and shows

wide 10 dB passband from 4.5 to 12 GHz.

e An unequal T-junction power divider has been designed where the line to port 3 has also been
tapered linearly for achieving higher power dividing ratio of more than 10 dB over a broad
frequency range of 1.7-5 GHz. An approximate theoretical analysis of the power divider has
also been presented. It has been observed that a SWB unequal T-junction power divider can be
designed by using the same method. For example, in this work a SWB power divider is designed

which shows a power dividing ratio of more than 10 dB in whole SWB bandwidth of 0.5-6 GHz.

e A dual-port, orthogonal polarized patch antenna with high isolation and low cross polarization
has been proposed. The antenna can achieve a maximum isolation of 67.5 dB at 2.3 GHz and

more than 59.5 dB in the band of 2.3-2.6 GHz. Such a simple and compact antenna can be
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efficiently used for in-band full-duplex 2.4 GHz ISM operations. The same antenna geometry
with the two feed lines (tapered feed and aperture coupled feed) can be tuned and used for

designing antennas for in-band full-duplex radios such as for WiMAX applications.

e A design procedure has been presented for calculating iris width of an inductive window of
narrowband iris SIW filter followed by de-embedding technique; the fractional bandwidth is
about 10%. At 60 GHz, a design equation has been developed for calculating different width of
iris windows by using curve fitting technique. An iris SIW BPF has also been designed validating

the design equation for V-band applications.

e Two hybrid SSPP-SIW bandpass filters based on rectangle- and dumbbell-shaped SSPPs have
been presented for X-band applications. The dispersion and propagation characteristics of SSPPs
and SIW are analyzed. It has been found that the proposed dumbbell-shaped SSPP shows more
slow-wave effects than rectangle-shaped SSPP for the same height of grooves. They could be very
efficient in the design of compact, low loss and highly integrated microwave and terahertz devices.
The lower and upper cutoff frequencies of hybrid SSPP-SIW bandpass filters can be adjusted
independently by just varying the structural parameters of SIW and SSPP units, respectively.
Linearly graded rectangular slots are being utilized for optimum conversion of SIW to SSPP mode
in the proposed hybrid SSPP-SIW structures. The proposed filters exhibit excellent passband
(8-13.15 GHz & 8-13.5 GHz) and wide upper-band rejection (>42.5 dB from 14.1-20 GHz & >41
dB from 14.2-19.5 GHz) simultaneously. They possess very compact size of ~1X; x 0.7A,. Their
length is only about a wavelength at the center frequency, which is much lesser than the length

of existing hybrid SSPP-SIW filters.
7.2 Suggestions for future work

Some of the possible directions that can be taken up as extensions of this works are as follows:

(1) Equivalent circuit analysis for the notched-UWB filter: As the notched-UWB filter
is designed using exponentially tapered impedance line stub loaded microstrip resonator, the
input-output feedlines, 50 2 main line and the resonator can be demonstrated in the form of
equivalent circuit containing series or parallel RLC circuits. If the circuit parameters R, L. and

C extracted correctly, then S-parameters and group delay can be plotted. Hence, the results
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(2)

(3)

(4)

from equivalent circuit analysis can be compared with the theoretical, simulated and measured

results of the filter for the another validation.

Ultra-broadband filtering power divider using tapers: The linearly tapered coupled-line
BPF, presented in Chapter 3, possibly can further be extended to design compact and ultra-
broadband filtering power divider by properly utilizing defected ground structure (DGS) and
placing the third tapered section coupled with the existing two linearly tapered coupled-line
sections. The broadband nature of tapers can also be used in the design of other highly compact

and efficient UWB or even SWB filtering power dividers.

Super-wideband (SWB) filter design using tapers: As it has been seen from reflection
coefficient magnitude response for the tapers that setting length of the taper and choosing the
frequency above which there will be minimum reflections, possibly over a very large bandwidth,

can further be used for designing filter with a SWB bandwidth.

New SSPPs structure implementation in SIW: New shape of SSPPs exhibiting higher
field confinement and better slow-wave characteristics can be designed and implemented in SITW
for achieving excellent passband and wide out-of-band rejection simultaneously for different mi-
crowave and millimetre wave applications. As we have proposed circular dumbbell-shaped SSPP,
rectangular dumbbell-shaped SSPP and other types are also possible which might shows even
better slow-wave characteristics. The dimensional synthesis of hybrid SSPPs-SIW structures

would also be a great future scope.
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