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Abstract

Radio frequency (RF) filters are essential components of the present wireless communication
systems as it enables and enhances their functionality. RF filter’s primary objective is to govern
and control electromagnetic signals ensuring that they operate within a particular frequency
spectrum. However, the upper stopband of conventional Ultra-Wideband (UWB) filters was
limited, and they were sensitive to interference from other wireless services. To satisfy the
need of integrated services and overcome the shortcomings of its forerunner, UWB filters have
greatly improved. They are compact and have several notches which are strategically
positioned to improve transmission efficiency. With the help of this development, UWB filters
may be seamlessly integrated into several devices and applications, making more efficient use
of limited space and spectrum allocations. UWB filters play an important role in minimizing
interference and maintaining the smooth functioning of wireless services by targeting and
suppressing undesirable frequencies. In today's technology-driven society, their advanced
designs let numerous systems exist harmoniously, promoting an integrated and efficient
wireless ecosystem. Revolutionary developments, such as high-speed data transfer, Internet of
Things (IoT) applications, and the establishment of smart city infrastructure, have been made
attainable by advancements in UWB filter technology. The capability of these filters to
precisely filter specific radio frequencies provides reliable data transmission, allowing for
smooth communication across a wide range of scenarios and environments.

The design of UWB filters poses a distinctive challenge of strategically incorporating notches
at specific frequencies to effectively mitigate interferences. the design must achieve a wide
bandwidth while maintaining acceptable performance characteristics across the entire
frequency spectrum.

This thesis explains the design and analysis of band pass filters for UWB applications. In the
present endeavour, six filters for UWB applications are fabricated and measured, namely:
MMR-based filter, flexible and transparent filter using silver nanowire, stepped impedance
resonator (SIR) based filter, broadside coupled filter based on microstrip to CPW transition
filter, multiple notches filter based on CSRR, and Hybrid SIR and Modified CSRR based
multiple notches filter. Extensive simulations are used to analyse and then experimentally
validate the aforementioned structural designs. These all suggested filters are suitable for UWB

applications.
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The first chapter offers a concise and comprehensive introduction to UWB (Ultra-Wideband)
technology, providing a foundational understanding of its concepts and applications. It
explores the anticipated spectrums that UWB technology is expected to utilize, highlighting its
potential to exploit a broad range of frequencies for diverse wireless communication purposes.
The second chapter explores the complexity of UWB filter design and provides significant
insights into the underlying concepts and modelling methodologies. The next section of the
chapter explores numerous techniques used to enhance selectivity, passband flatness, stopband
extension, and other frequency characteristics of UWB filters. In addition, the chapter
investigates the implementation of single and multiple-notch functions within the filters,
intending to eliminate any potential in-band interference. The in-depth examination offers a
thorough grasp of the complicated design issues and modern techniques utilized to enhance the
functionality of UWB filters, ensuring the effective suppression of undesirable signals while
maintaining the integrity and quality of the desired UWB signals.

The third chapter describes the construction of planar structures that generate a passband
utilising multimode resonators (MMRs) and interdigital capacitors (IDCs). The upper
transmission zero (TZ) is regulated by the arm dimension of the IDCs, while insertion loss is
reduced by tight coupling among the IDCs' arms. By integrating inverted L-type resonators in
the design, the lower TZ is tuned. The result makes it possible to manage the TZ.

In the fourth chapter, silver nanowires are utilized for creating the circuit on a transparent and
flexible PET substrate. The TZ is controlled by the length of the three pairs of arms that
collectively make up the passband. The TZ of this structure is determined by the arm length of
the IDCs, and it demonstrates an extended stop band of up to 50 GHz.

In the fifth chapter, a dual-notched band UWB-BPF was built using broadside linked
techniques. This structure incorporates complementary split ring resonators (CSRRs) in the
bottom plane to introduce two notches in the passband. These notches are positioned at 5.4
GHz and 8.2 GHz, and they can be independently controlled. By changing the dimension of
the CSRRs, both notches can be positioned to desired frequencies. The incorporation of CSRRs
in the design allows for precise control over the notches, enabling selective suppression of
unwanted frequencies. This dual-notched band UWB filter offers improved interference

rejection capabilities and enhances the overall performance of UWB systems. The design
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methodology here involves optimizing the dimensions and placement of the CSRRs to achieve
the desired notch frequencies.

In the sixth chapter, the planar structure has been designed for the application of triple-notched
bands. In this the structure utilize a broadside coupled technique, employing a basic
architecture of a BPF with microstrip-to- CPW transitions arranged on either side of the
dielectric. This UWB-BPF exhibited favourable frequency characteristics, featuring two TZs
located at the edges of the passband. To eliminate in-band interferences, DGS in the form of
CSRRs and complementary folded split ring resonators (CFSRR) were incorporated, resulting
in the placement of three TZs within the passband. The triple notches were centered at
frequencies of 5.6, 6.42, and 8.03 GHz, attenuating over 19 dB. The measured 3-dB BW of the
suggested filter spanned from 3.25 to 10.73 GHz and stopband attenuation was achieved up to
17 GHz.

The basic geometry of the BPF was built in the seventh chapter employing microstrip lines on
the upper layer linked to an altered CPW on the bottom layer. Because of the presence of two
TZs at the lower and upper edges of the passband, this design with a broadside alignment
produced a highly desirable Ultra-Wideband (UWB) response. This concept was improved
further by incorporating numerous circular resonator CRs and a CFSRR into the basic
architecture. These additional components were added to the ground plane to efficiently
mitigate interference from in-band RF sources. By effectively arranging the CRs and CFSRR,
the filter was able to establish TZs at frequencies of 5.2, 6.5, and 8 GHz, effectively filtering
undesirable signals from WLAN, C band, and X band, respectively.

In the eighth chapter, a compact quad-band notched filter was developed for UWB
applications. This suggested filter was constructed using a single-layered Roger 6010 dielectric
with a height of 0.635 mm and a dielectric constant of 10.8. In this design, Quad notches were
introduced within the passband at frequencies of 3.6 GHz, 5.4 GHz, 7.5 GHz, and 8.7 GHz.
These notches effectively eliminate interference caused by WiMAX, WLAN, C band, and the
super-X band for satellite TV networks (ranging from 7.2 GHz to 8.4 GHz) within the UWB
passband. The quad notches were implemented using SRR and CSRR. The suggested UWB-
BPF was developed and simulated using IE3D EM simulation software.

Chapter 9 concludes this thesis by, summarizing the findings and contributions presented

throughout the work. It also offers valuable insights and suggestions for potential future
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enhancements and extensions of the research, particularly concerning diverse UWB filter

design applications.
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CHAPTER 1

INTRODUCTION

1.1. Introduction:

Radio frequency (RF) filters are critical elements of present wireless communication
systems, since they aid in the management and control of electromagnetic (EM) signals
within certain frequency bands. These filters are critical for reducing interference while
increasing the efficiency with the performance of RF circuits and devices. RF filters
provide dependable and high-quality signal transmission and reception in a wide range of
applications by selectively allowing certain frequencies to pass while attenuating others.
Here a filter works as a two-port device that controls the S-parameters of a system and it
achieves this by permitting low insertion loss (S21) at the desired frequency band while
providing significant attenuation outside that band.

Figure 1.1 illustrates a schematic representation of a typical two-port filter configuration.
In this configuration, there's an input voltage (Vs) that has a load impedance (Z1r) and
source impedance (Zs) that terminates the circuit and powers the filter. The transmission
and reflection coefficient. are defined as the magnitude of the transmitted and reflected
waves, respectively. These coefficients are denoted as R (®) for reflection and T (o) for

transmission., where the angular frequency is denoted by .

Ze |
. l,n"','_.'\, -
1. input L—% y V—C:)—

i

W M

| MW Filter I =< Z T(w): transmission

Il

T

T

V. (no
R(w): reflection ® 1 |

Fig. 1.1. A microwave two-port filter is defined by its reflection and transmission

coefficients, which are represented by R (0) and T (®), respectively

-



Wireless communication has grown pervasive in today's globe, with technologies like
cellular networks, Wi-Fi, Bluetooth, and satellite communications forming the backbone
of our networked civilization. These systems rely on the effective use of the RF spectrum,
which refers to the frequency range employed for wireless communication. However, as
the number of wireless devices grows and frequency bands become scarce, the RF
spectrum has become crowded and prone to interference.

RF filters protect the RF spectrum by ensuring that signals inside certain frequency bands
are pure and undistorted. They achieve this by selectively attenuating unwanted
frequencies, such as noise, harmonics, and other undesirable signals while enabling desired
signals to flow through with little distortion. This selected frequency response is
accomplished by carefully designing and implementing various filter technologies and
topologies.

Four of the most popular types of filters are lowpass (LPF), highpass (HPF), bandpass
(BPF), and bandstop (BSF) microwave filters. [1]. As seen in Figure 1.2, each of these
filters has a distinct frequency response. LPFs used for the transmission of signals below
the cutoff frequency w. are more effective than those above wc which are then discarded,
as shown in Figures 1.2(a). HPFs, on the other hand, attenuate signals below ®c while
passing signals above it, as seen in Figures 1.2(b). BPFs and BSFs are designed to pass
through and attenuate all frequencies in between, Figures 1.2(c) and 1.2(d) below illustrate

oc1 and oc2 which are the lower and higher cutoff frequencies accordingly.

1.2. Prototype of a basic lowpass filter for the production of any

filtering response:

The cutoff frequency, w., determines the normalized frequency, which is Q = ®/®c, and it
can be used to characterize the LPF. The power insertion loss parameter is represented by
the expression L (Q) = 1/|T () |>, which determines its frequency response. A general
polynomial function Fx () may also be used where N is the order of the LPF to describe
the function L(Q). This is detailed in the reference [2].
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Fig. 1.2. The ideal frequency selective characteristics can be classified into four categories:

(a) LPF, (b) HPF, (c) BPF, and (d) BSF.
L(Q) = 1+k*Fn(Q) (1.1)

The constant & in the polynomial function Fn () is connected to the passband ripple or
tolerance. It is critical to consider the physical constructability of the network topology by
picking the right Fx (€). In practice, two basic types can be specified as Butterworth filters
and Chebyshev filters where Butterworth filters are a type of analog or digital filter
characterized by their maximally flat passband response which have a steady gain across
the passband and a smooth roll-off rate. Chebyshev filters, on the other hand, were
developed to provide a sharp roll-off than Butterworth filters. However, the equal-ripple
characteristic produces some distortion in the passband. The selection of these filter types
is determined by the application's specific requirements. When a smooth frequency
response is required, Butterworth filters are preferable, whereas Chebyshev filters are
utilized when a steeper roll-off and tolerable passband ripple are required. The insertion
loss parameters of these filter types are given by Equations (1.2) and (1.3), respectively,
where Tn (Q) indicates the Chebyshev function of Nth-order [2]. The insertion loss

parameter for a Butterworth filter is given by.



L(Q) = 1+k> QN (1.2)
And the insertion loss parameter for the Chebyshev filter is given by.
L(Q) = 1+k’TN(Q) (1.3)

Figures 1.3 shows the frequency responses for N=5 lowpass prototype filters. When these
two curves are compared, it is clearly visible that the Chebyshev filter has a steeper
transition beyond . than its Butterworth equivalent. As a result, Chebyshev filters are

preferred to approximate the optimum frequency response depicted in Figure.

{I:\/

Linear phase
N=5
10 f— Maximally flat

20 |—

= Equal-ripple

- N=5

Attenuation (dB)

] 1.0 2.0 3.0 4.0

Frequency (GHz)

Fig. 1.3. Butterworth Chebyshev low pass responses.

Two ladder networks are shown in Figure 1.4 as low-pass filter (LPF) prototypes. These
networks have different components, normalized inductance or capacitance of the kth level,
where denoted by gk. Furthermore, at the input port go symbol represents the normalized
source conductance or resistance. Whereas the normalized load conductance or resistance
at the output port is denoted by gn+i. These ladder networks serve as a foundation for
developing and analyzing LPF circuit. To initiate the design process, the first step involves
deriving the input impedances and subsequently converting them into their corresponding

insertion losses.



Consequently, the value of every element gk (where k = 1 to N) for gn + 1 load could be
determined conceptually by equating with insertion loss of the two sets, as specified by
Equations (1.2) and (1.3). These insertion losses are illustrated in Figure 1.4 which are
obtained from the ladder networks. As an example, let's consider the prototype Butterworth
low-pass filter with the specific value of Lc =3dB at Qc = 1, where k = 1. In this particular
situation, Component’s value (referred to as gk) may be obtained using the following

equations, which provide a direct and concise representation.

go=gn+1=1 (1.4)
A e [2Kk-1
gk =2 sin (Wﬂ) (1.5)
fork=1ton

£ En
— ¢ e ._L

£ E Y

1= =g { Ensl

. o

—0 ¢ IEEm NN —0 —

g )

R 1§ =g {8
—9 @ N

Fig. 1.4 Lowpass prototype filters with lumped-element ladder networks that consist of

both inductive and capacitive element types.



Equation (1.3) may be used to design to get the constant k for the kind of Chebyshev
prototype filter at Qc = 1 with a desired insertion loss Lc.

Following that, for a given value of N, the values of each and every component individually
of gk can be calculated according to the envisioned stop-band performance described at
frequency . by the insertion loss (Ls). Equations (1.6), (1.7), and (1.8) can be used to do
this. In order to make sure that the filter matches the necessary specifications, N, an integer
value, should be determined by the required stop-band performance.

By following this approach, the design process for the Chebyshev prototype filter, insertion
loss may be managed and controlled precisely with the ripple characteristics in the low
pass-band, providing the flexibility to meet specific application requirements. The
calculated values of the elements gk enable the construction of the Chebyshev filter with
the desired performance characteristics, facilitating effective signal processing and filtering

in various applications. [2].

= 1.6
8 () (1.6)
k=21 Tk 1.
bg—1 Gk-1 (1.7)
k=2toN
N+l = { LN e e e e e e e e .....odd} (1)
g 2k +1—2kv1+ k2 N ...... even '
Where
B=in <m+1)
Virke-1
ak= sin (2'2(—;171)
And

bk= sinhz(%)wL sinz(%n)

6



1.3. BPF realization based on a LPF:

The LPF is characterized by the conductance (go and gn+1), normalized source/load
resistance, normalized susceptance, or reactance (gk), with the domain of normalized
frequency (2 = o/wc). However, it is essential to do frequency transformation of the
frequency response from o to Q for designing realistic lumped-element LPF, HPF, BPF,
and BSF filters working with the real frequency domain (®). An impedance scaling process
is also necessary to make sure the low-pass prototype filter’s response and in context of
S21, contrast it with the practical filter's response. The low-pass prototype filter's insertion
loss response and its practical filter transformation are unchanged. This section offers an
overview of the need to perform frequency and element transformations to achieve the
desired objective for a BPF, Using the Fig. 1.5(a) network topology can be understood and

its associated frequency characteristic is also visible in Figure. 1.5(b).
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Fig. 1.5. (a) Ladder network of the microwave BPF. (b) Frequency-dependent microwave

BPF's attenuation response.



To develop the BPF filter seen in Fig. 1.5(a), one must choose a frequency transformation
that achieves a BPF response with the passband defined by Equation (1.9). According to
the figure, when constructing BPF, it is advised to simultaneously transform the prototype's
inductive and capacitive elements into series and parallel LC resonators. The capacitance
and inductance values Ck and Lk, for every LC resonator, may be determined using [2], to
make sure that at the mc1 and wc2 the insertion losses (Lc) are seen in Fig. 1.5(b) are the

same as those at Qc =1 in the corresponding LPF prototype:

=% (% _ %o -
Q= We2—weq ((uo w ) where Wo WaWq (19)
Lk=—2kR cp =220 4 series LC (1.10)
We2—Wey wsgkRyL
— RL(wcz—wcl) — gk
Lk = oo Ck —RL(wcz_wﬂ), for parallel LC (1.11)

At lower frequencies, a variety of filters can be developed via effectively employing
lumped element capacitors and inductors by using an efficient synthesis approach [1]. As
the reactance or susceptance of the lumped components deviates nonlinearly in term to
frequency when the operating frequency reaches the microwave region. Hence, while
designing microwave filters, it is essential to consider the distributed nature of the
components that are used in microwave circuits. Despite this, these elements are

expressed in the low-frequency domain as quasi-lumped elements. As a consequence, the
previously stated synthesis method may still be utilized successfully in the creation of a

microwave filter. [2].



1.4. Conversion of a filter's lumped element form to its distributed

form:
In the construction of realistic RF circuits, it is crucial to employ distributed transmission
line (TL) components. To achieve this, an approximate equivalency between lumped and
distributed elements is obtained through Richard's transformation [3].

1.4.1. Richards’ Transformation

Richards demonstrated that distributed networks, composed of TLs with the same electrical
lengths and lumped elements, can be analyzed as LCR networks of lumped elements

through a transformation.

t=tanhi—’; (1.12)

The transformation used by Richards is defined by Equation (1.12), where p =6 + jo.
t is defined as a Richards' variable, and its domain is the complex plane, also known as the
t plane. Richards' transformation is usually known as Equation (1.12). We have p = jo for

lossless (6=0) passive networks, and the Richards' variable can be written as

t = jtan0 (1.13)
-2
here 9—vpl (1.14)

is known as the electrical length.

The phase velocity (vp) of TEM TLs remains constant and irrespective of frequency,
whereas the electrical length (0) and frequency are directly proportional. The relationship
is written as = 0 = 6o (w/wo), where electrical length is represented by 6o at a specific
frequency wo. We choose wo as the reference radian frequency where all line lengths are
equal to one-quarter wavelength, corresponding to an electrical length of 60 = /2. We can

define the variable Q as tan 0, so that:

Q= tan (2"—“’) (1.15)

wWo

Figure 1.6(a) illustrates the frequency mapping, which shows that Q varies from 0 to o as
o varies from 0 to mo.
The periodic mapping from o to € reflects the distributed network's periodic nature. We

obtain the response of periodic frequency for the distributed filter network with a
9



periodicity of 2wo by applying Richards' transformation for the Chebyshev prototype
lowpass transfer functionas displayed in fig. 1.6 (b). This response can be identified as a
distributed BSF with a centered frequency at wo. As a result, depending on the design
purpose, it is possible to change a p-plane lowpass or bandstop response into a t-plane
lowpass or bandstop response. In similar way, it is possible to transform a highpass or
bandpass frequency characteristics in the p-plane into a HPF or BPF response in the t-
plane.

Richards' transformation demonstrates a substantial relationship among lumped capacitors
and inductors, as there exist specific positions or regions in p-plane. Similarly, open-
circuited and short-circuited TLs occupy particular locations or regions in the t-plane.
Within the p-plane, the existence of an inductive element (inductor) of one port exhibiting
an impedance Z = jXL is equivalent to line element (stub) which is short-circuited
possessing an input impedance Z = tZc = jZc¢ * tan(0). In this case, Zc represents the line's

characteristic impedance.

0

0 Lo 2wo 3w 4o

(a)
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Fig. 1.6. Figure (a) illustrates the relationship between a distributed frequency variable and
a real frequency variable in terms of frequency. The Chebyshev LPF utilizes the Richards'

transformation for response which is illustrated in Figure (b).

In addition, Richards' transformation creates an equivalency between the lumped

capacitors along with the inductors of the p-plane and for the t-plane’s open- and short-

circuited TLs.A lumped capacitor with impedance Z = jBc is equivalent to a line element
(stub) which is open-circuited with input admittance Y = 1/Z = tY. =jYctanf where Y.

represents the line's characteristic admittance. The input impedance equal to Z = tZc¢ =

jZctan® of the short-circuited line component which is equivalent to an inductor with
impedance Z = XL. Figure 1.7 (a) and (b) depicts these relationships, and the short and

open-circuited line components are often employed as the t-plane and inductor and

capacitor, accordingly. The contrast across lumped and distributed components simplifies

the analysis and construction of distributed filter networks based on the t-plane.
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Fig. 1.7. The correspondence between lumped and distributed elements for Richards'

transformation.

Distributed elements are essential in microwave circuit design and include a two-port
network made up of an identical dimension, also known as a unit element (UE). This
element has no equivalent in lumped-element circuits. A TL with the ABCD matrix and
characteristic impedance Zu is given by (1.15a) and (1.15b):

A Bl_ cos@ jZusin
[ D]_[j

sin8/Zu  cosfO (1.15)
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which becomes in terms of Richards’ variable as

A [B]:#[ 1 Zut (1.15b)

c Lpl vi-ez|t/Zu 1
The commensurate-length line, also known as the UE, is a significant distributed element
without a comparable lumped element. The UE is a network of two-port which
compromises a TL with characteristic impedance Zu, and its schematic representation is
shown in Figure 1.8. An important feature of the UE (Unit Element) at t = £1, is the
presence of a half-order TZ. UEs are often used to differentiate distributed filter elements
that are positioned at the same physical location. In filter design, UEs can be either
redundant or non-redundant. Redundant UEs do not affect filter selectivity, while non-

redundant UEs can enhance it.

2l

c. 3
<— g —
Fig. 1.8. Unit element (UE).

1.4.2. Kuroda Identities

The Kuroda identities [4], as seen in Figure 1.9, allow for transformations of Filter
networks with the same electrical characteristics but different physical structures or
component values. These transformations provide more design flexibility and freedom in
developing physically realizable networks with precise dimensions. For every identity, the
Kuroda identities assume commensurate line elements of equal electrical length. The initial
pair of Kuroda identities encompasses the interchange of a UE having a shorted series stub

or an open shunt stub, and vice versa. Conversely, the second pair of Kuroda identities

13



employs ideal transformers so that interchange stubs of the same type can be done. By
comparing various networks for the ABCD matrices under discussion, these Kuroda

1dentities are determined.

L=Zl, C=1/Z2, n= 1-|-ZQ/Z1

Fig. 1.9. Kuroda Identities.

Various kinds of resonators are employed in the microwave spectrum, including coaxial,
dielectric, waveguide, and micro stripline (MSL) resonators. Microstrip resonators (MRs)

and MSL are commonly employed in microwave circuits because to their practical benefits,
14



such as their compact shape, ease of manufacture, simplicity of making, and
interoperability with integrated circuits The basic architecture of a microstrip filter will be

discussed in the next section.
Microstrip Filter:

Microstrip filters are frequently employed in cutting-edge radio communication systems
because of to its small size, ease of integration, and broad frequency range. These filters
are made with microstrip TL technology, in which a conductor is put on a dielectric
substrate to form a planar structure. The small size of microstrip filters is beneficial in
miniaturized circuit designs with minimal space requirements. Additionally, their low cost
makes them a popular choice for mass production. The planar structure also allows for easy
integration with other microwave components and circuits, which simplifies system design
and construction. Microstrip filters have a wide spectrum range, ranging from megahertz
to gigahertz. Microstrip filters' design versatility allows for the realization of many filter
types such as LPF, HPF, BPF, and BSF. They can be built with precise frequency responses
and properties, such as narrow or wide bandwidth, excellent selectivity, and minimal
insertion loss. Microstrip filter design characteristics like as conductor width, dielectric
constant, and substrate thickness can be customized to match individual requirements.
Conventional printed circuit board (PCB) manufacturing processes are used for
manufacturing microstrip filters, which are well-established and readily available. These
filters are used in microwave devices. As given in Figure 1.10, in microstrip structure of
filter which consists of a width W conducting strip positioned on top and a height h
dielectric with relative permittivity &risolating it from the bottom layer. Because the
substrate material and the air above, the architecture becomes inhomogeneous, causing EM
waves to disperse and propagate. As a consequence of this, the microstrip design, is

incapable of directing pure transverse EM (TEM) waves.
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Fig. 1.10. Layout (a) cross section. (b) top view.

The presented approximation simplifies the MR structure by combining it into a single
layer with an effective dielectric constant, &r, that accounts for the presence of both air and
dielectric materials. By using this approximation, it is feasible to effectively characterize
the behavior of microstrip TL by utilizing Zc for characteristic impedance and &re for
effective dielectric constant. The application of the quasistatic analytic techniques, as
indicated in the literature [5-6], is widely used to determine the values for ere and Zc as

depicted in Eqn. (1.16 ) and (1.17) respectively.

_ -05
ere=%+srzl(1+12%) (1.16)

o F 2\?
Ze= = lnl;+ /1+ (;) l (1.17)
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Where u = W/h, n = 120m ohms, and
0.7528
F=6+ (2n—6)exp[— (?’Ouﬁ) l

Microstrip Losses:

A microstrip TL 's total loss includes conductor loss, dielectric loss, and radiation loss. The
propagation constant can be calculated when dealing with a lossy TL by y =a + jp as a
complex variable. Now jp denotes the phase constant, which describes the phase shift
experienced by the propagating wave along the TL, while a accounts for the attenuation
constant (associated with conductor and dielectric losses). This complex propagation
constant is essential in accurately modeling and understanding the behavior of signals in

lossy microstrip structures. Attenuation which occurs through conductor loss is given by
[7]:

_ 8.686Rs
ZcW

dB/unit length (1.18)

Olc

The surface resistance of the bottom layer and conducting strip in ohms per square is

denoted by Rs and is given by:

Rs= |2X0 (1.19)

26
Here

o = Conductivity,

o= Permeability of free space.

The attenuation caused in a microstrip by dielectric can be computed using existing

research equations [7, 8].

d= 8.686n(ﬂ)

Er—

£t 4B/unit length (1.20)

Ere g

Where tand is the loss tangent of the dielectric.
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1.5. UWB-BPF:

Ultra-wideband (UWB) technology has an extremely broad working bandwidth, allowing
for fast speeds transmission of data, massive channel capacity. It has several uses, including
short-range wireless communications, radar, imaging systems, and many others. In
acknowledgment of its importance. The Federal Communications Commission (FCC) has
allowed the utilization of unlicensed UWB spectrum (3.1-10.6 GHz) for worldwide
deployment in limited coverage wireless transmissions in February 2002. [9]. Figure 1.11

provides a comparative illustration of UWB signals and narrowband signals.

NARROWBAND
SIGNAL
TRANSMITTING
ENERGY SPREAD-SPECTRUM
S|'GNAL ULTRAWIDEBAND
/ SIGNAL
________________________________ NOISE FLOOR

FREQUENCY

Fig. 1.11. A comparative illustration of narrowband and UWB signal.

According to the FCC, signal is considered to be UWB if it meets the criteria of either
having a fractional bandwidth (FBW) of at least 20% or total at the center frequency is 500
MHz. This means that the signal occupies a wide frequency range, allowing for high-speed

data transfer and increased channel capacity. A UWB pulse is seen in Figure 1.12.

FBW > 20% and /or BW > 500 MHz
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The FBW is defined using the -10 dB emission points and can be calculated using the
formula (1.21):

FBW =2(fu - f1) | (fu + fi) (1.21)

The -10 dB emission points at the higher frequencies fu and lower frequencies fi, are used
to calculate the FBW as shown in Figure 1.12. However, for UWB systems, the FCC has
set a stringent emission in the UWB mask with a power spectral density limit of -41.3

dBm/MHz [9].

1 I I l ] l I I 1 l I
2 o L
T 50 | n D
A [ N 109.5% :
g S -
= - " a2 10.6
m -0 - -
= L Indoor radiation mask
= -80 -  J— Outdoor radiation mask
GPS band
& L an
_90 i | i | [ | i | 1 | 1

0 2 4 6 8 10 12
Frequency (GHz)

Fig 1.12. FCC approved UWB radiation mask for Indoor and outdoor systems.
UWB Applications:

UWB technology finds applications across various domains due to its unique
characteristics and capabilities. UWB allows for high-speed data transmission in
communication systems, making it suited for wireless personal area networks (WPANSs),
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and multimedia streaming. UWB is used in radar systems for high-resolution imaging,
object detection, and localization in both indoor and outdoor contexts. In healthcare, UWB
is utilized for precise tracking of medical devices, patient monitoring, and imaging
applications. UWB is also important in automotive systems, enabling greater collision
avoidance, radar-based sensing for autonomous vehicles, and vehicle-to-vehicle
communication.

UWRB is used in asset monitoring and localization systems, as well as accurate positioning
in industrial contexts, inventory management, and logistics. Natural calamities such as
earthquakes and avalanches are detected and tracked using UWB in environmental
monitoring systems. UWB is used in security systems for monitoring, personnel tracking,
and access control. UWB also has uses in entertainment and virtual reality, allowing for
precise motion tracking and gesture recognition. The adaptability of UWB technology
enables new solutions in a variety of industries by providing high data rates, precise
positioning, and dependable communication in many different types of applications.

A UWB-BPF becomes a crucial component of the suggested system to govern the limited
UWB mask and dominate the spectrum capabilities of the UWB technology. This need
requires extensive research in the development and advancement of UWB-BPFs. The
development of such UWB filters is difficult since it must take into account the following

factors:
* At the center frequency, the FBW is 109 %.
» Low insertion loss.

* A small variation in group delay in passband.
1.6. Motivation:

Traditional UWB filters have limitations due to their small upper stopband and
susceptibility to interference from other wireless services. These constraints offer
substantial hurdles to the overall performance of UWB systems. Addressing these
difficulties concurrently necessitates the use of specific filter structures, as there are only a

limited number of planer filter structure available in the current landscape.
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1.7. Objectives:

In this study major goal is to develop planar microstrip-based BPFs for UWB applications.
These filters will be built to enable fine control over single or multiple notches in the
frequency response while also extending the stopband region. At the same time, the goal
is to ensure that the filters preserve a linear and flat group delay characteristic. By reducing
interference and enhancing signal fidelity, these goals will improve the performance and
adaptability of UWB systems. The suggested planar microstrip-based UWB BPFs provide
a viable alternative for overcoming the constraints of existing UWB filters, allowing for

improved signal filtering and spectrum utilization in a variety of applications.
1.8. Organization of the thesis:

This thesis' structure is summarized as-
The second chapter goes into the complexities of UWB filter design, providing significant
insights into the underlying ideas and methodologies used in their modelling. The chapter
then delves into the numerous approaches used to improve the frequency characteristics of
UWRB filters, including stopband extension, passband flatness enhancement, and selectivity
enhancement. In addition, the chapter investigates the implementation of single and
multiple notch functions within the filters, with the goal of eliminating any potential in-
band interference. This in-depth examination provides the comprehensive understanding
of the design complexities and advanced techniques used to optimize the performance of
UWSB filters, allowing for the effective suppression of unwanted signals while maintaining
the integrity and quality of the desired UWB signals.
In the third chapter, planar structures are designed. The structure utilizes Multimode
Resonators (MMRs) with interdigital capacitors (IDCs) to generate a passband. Tight
coupling among the arms of the IDCs reduces insertion loss, while the upper transmission
zero (TZ) is regulated by the IDCs' arm dimension. The lower TZ is tuned by integrating
inverted L-type resonators into the structure. This allows for control over the TZ.
In the fourth chapter, a transparent and flexible substrate made of PET is used, and silver
nanowires are employed to design the circuit. Three pairs of arms are used to develop the
passband, and the length of these arms controls the TZ. This structure exhibits an extended
stop band of up to 50 GHz, and the TZ is determined by the IDCs' arm length.
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In the fifth chapter, a dual notched band UWB-BPF was built employing broadside linked
techniques. The structure incorporates complementary split ring resonators (CSRRs) in the
bottom plane to introduce two notches in the passband. These notches are positioned at 5.4
GHz and 8.2 GHz, and they are able to managed separately. By tailoring the dimension of
the CSRRs, both notches can be positioned to intended frequencies. The incorporation of
CSRRs in the design allows for precise control over the notches, enabling selective
suppression of unwanted frequencies. This dual notched band UWB filter offers improved
interference rejection capabilities and enhances the overall performance of UWB systems.
The design methodology involves optimizing the dimensions and placement of the CSRRs
to achieve the desired notch frequencies.

In the sixth chapter, planar structure has designed for the application of triple notched
bands. The first structure utilized broadside coupled techniques, employing a basic
architecture of a BPF with microstrip-to- CPW transitions arranged on the opposite side of
the dielectric. This UWB-BPF exhibited favorable frequency characteristics, featuring two
TZs located at the edges. In order to eliminate in-band interferences, DGS in the form of
CSRRs and complementary folded split ring resonators (CFSRR) were incorporated,
resulting in the placement of three TZs within the passband. The triple notches were
centered at frequencies of 5.6, 6.42, and 8.03 GHz, attenuate over 19 dB. The observed 3-
dB BW of the suggested structure spanned from 3.25 to 10.73 GHz, and stopband
attenuation was achieved up to 17 GHz.

The basic geometry of the BPF was built in the seventh chapter employing microstrip lines
(MSL) on the upper layer linked to an altered CPW on the bottom layer. Because there are
two TZs at the lower and upper edges, this design with a broadside alignment produced a
highly desirable Ultra-Wideband (UWB) response. The concept was improved further by
incorporating numerous circular resonators CRs and a CFSRR into the basic architecture.
These additional components were added to the ground plane in order to efficiently
mitigate interference from in-band RF sources. The filter was able to establish TZs at
frequencies of 5.2, 6.5, and 8 GHz by strategically arranging the CRs and CFSRR,
effectively filtering undesired signals from WLAN, C band, and X band, respectively.

In the eight chapter, a compact shape quad-band notched filter was developed for UWB

applications. The suggested filter was constructed using a single-layered Roger 6010

22



substrate. Quad notches were introduced within the passband at frequencies of 3.6 GHz,
5.4 GHz, 7.5 GHz, and 8.7 GHz. These notches effectively eliminated interferences caused
by WiMAX, WLAN, C band, and the super-X band for satellite TV networks within the
UWRB passband. The quad notches were implemented using SRR and CSRR. The simulated
and observed outcomes were obtained for the quad-notches UWB-BPF, both without the
inclusion of complementary split ring resonators (CMSRR) and with CMSRR.
Finally, Chapter 9 encapsulates the research provided in this thesis and gives proposals for
subsequent enhancements and prospective adaptations of this work to various UWB filter

design applications.
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CHAPTER 2

REVIEW ON PLANAR ULTRA-WIDEBAND FILTERS

2.1. Introduction:

Extensive research has been conducted on UWB-BPF following the spectrum’s allocation
for unlicensed use in indoor and handheld devices. The design of UWB filters involves

considerable challenges due to the requirement to address the following factors:

Passband insertion loss.

= FBW

= Low Ripples in the passband.

= Upper stopband

=  Multiple notches to mitigate the interference.

In this chapter a review on planar BPFs based on different design methodologies [10-27]
are presented. The literature review also carries report on advanced planar UWB filters

with extended stopband [28-37] and notched band [38-52].

2.2. Various UWB-BPF design methodologies:

There are numerous approaches to designing UWB-BPF filters. One typical strategy is to
incorporate a LPF section into a HPF section [10, 11]. Another design strategy involves
broadside coupling of top-plane MSL with ground-plane co-planar waveguides (CPW) via
a shared dielectric material [12-19]. Furthermore, multiple mode resonators (MMR) are
commonly used, either individually or on several TL topologies, such as hybrid
MSL/CPW, [20-27]. Then the sections that follow provide a full description of each

methodology.
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2.2.1. UWSB filters with cascaded HPF and LPF:

A simple method for creating a BPF is to sequentially combine a HPF and LPF section [10,
11]. The upper boundary is determined by the frequency of the LPF section's cutoff, while
the lower boundary is determined by the frequency of the HPF section's cutoff. On the
other hand, directly cascading the HPF and LPF sections, may result in an increase in
circuit size. To overcome this issue, [10] proposes a UWB filter design technique in which
the LPF portion is integrated into the HPF structure. The stepped impedance component
serves as the LPF in Figure 2.1(a), while the shunt short-circuited stubs act as the HPF.

Figure 2.1(b) depicts the frequency response of this arrangement.
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(a) (b)

Fig. 2.1. (a) BPF filter composed of lowpass filter embedded into highpass filter. (b)

observed and simulated data [10].

Another UWB filter design solution reported in [12] connects a broadband BSF with a BPF
using two short-circuit stubs. The BSF and BPF are designed independently by carefully
selecting TLs impedances to meet the appropriate bandstop and bandpass characteristics,
respectively. An alternate UWB filter design provided in [12] has an advantage over the
one presented in [11], namely sharp selectivity.
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2.2.2. Broadside coupled UWSB filter:

Broadside coupling structures are another important technique used in UWB filter
construction [12-19]. Through a shared dielectric material, MSLs are placed on the upper
layer coupled with underneath bottom layer.

The broadside coupled structure was first implemented in [12], followed by the proposal
of an equivalent circuit in [13]. The fundamental structure of filter consists of two MSL
separated on the upper layer by a gap that are shown in Figure 2.2(a) which is broadside
coupled on the bottom layer via the dielectric material to an open-end CPW. The existence
of a dielectric substrate and the tight coupling achieved through broadside coupling lead to
a wide bandpass operation. The coupled length of the UWB filter can be altered to control
the bandwidth, whereas the distance that lies across the two sections determines the
resonant frequency. The modifications in the spacing changes the TZ, increasing skirt
performance at higher frequencies. It has no effect on bandwidth or passband performance.
The stopband performance of the filter architectures illustrated in [12, 13] was
unsatisfactory at both the lower and upper frequencies. Short-circuited stubs with series
chip capacitors were integrated into the aforementioned arrangement to improve these
features. This adjustment introduced attenuation poles at the upper and lower stopband
frequencies. As a result, the skirt's performance was increased. This improvement,
however, came at the expense of worsening passband performance, as seen in Fig.2.2(b).
In [15] introduces a novel UWB broadside coupled filter with similarities to the structure
provided in [12]. The use of a MMR design for the CPW on the ground plane is a significant
difference. In this design, three resonant modes: one at the lower end, one in the middle,
and one at the top is supported by setting CPW at the end of the UWB passband.

Here [16-17] present apprised versions of the UWB broadside coupled filter proposed in
[15]. The CPW is intentionally shorted in these enhanced designs to create a split mode
resonator. Additional lower and upper TZs are obtained by inserting a cross-coupled
capacitor. These zeros are intentionally placed near the passband's boundaries to improve
selectivity. In addition, two MSL are employed to provide shunt inductances that resonate
at higher frequencies, improving the out-of-band response [16]. The structure is enhanced

further in [17] by incorporating a well-designed microstrip-to-CPW feeding mechanism.
26



[ Y ™ f
| J : :\ i Wl 1] /
okt ! Al | Io¥ R A
7 R B TSR\ | | £~
(13 L P R { | I F\
Wil ‘l | (| fl l =
- 20 fobd | \ L Y 1 S o 18
|Smm g [N P LTI |3
"_—’ = ‘l' }lu\lm ny nL ’ | ‘0 | :57
A 30 f—1t R e e e et et L
e R N AR
: : : 7 j‘ . — ~| \!/ ll i £
-~ - - = b U R T k. Sy P (| e WOR AL <RNEETY
"'Dmm I ()~)I]]|]] G : 11" "ll': : :(nr uxlpcs:l.lﬂl ?‘,— : : >
. : , & | |
LOpF )¥  4.0pF / T T . -
' | |
iu ‘ | [ | | | [
0 | — I SN |
0 p B 6 X 10 1 " 16 X
Frequency [GHz)
(a) (b)

Fig.2.2. (a) Photograph of UWB-BPF using broadside-coupled structure. (b) Simulated

frequency response [14].

Here [18] Proposes a simplest broadside coupled structure consists on the ground plane
with the A/4 resonator, closely linked to the MSL on the layer at the top. These TZs are
caused by the cross coupling present in between the two that is the feeding lines and the
stubs, which improves the filter's selectivity. The spacing between the two open-circuited
MSL is critical in setting the bandwidth (BW). The extent of this gap, in particular, is
oppositely related to the filter's BW. Furthermore, altering the gap allows for manipulation

of the TZ positions within the passband of the filter.

2.2.3. Multiple mode resonator (MMR) based UWB filter:

The MMR concept serves as the foundation for the basic category of UWB filter design
[20-27]. UWB filters based on MMR theory have various advantages, including a simple
construction and an easy design technique. The stepped variant of MMR, in instance, is
usually known as a stepped impedance resonator (SIR). The appropriate UWB is achieved
by simultaneous activation of numerous resonant modes inside the MMR. To further
prolong and smooth passband response, the MMR is firmly connected with the input and

output feeding lines. This concept was first introduced in [23], and it has been applied on
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a various topologies of TL, including MSL CPW [24], and hybrid MSL/CPW
configurations [25]. These many implementations have been added to the MMR-based
UWSB filters.

Figure 2.3(a) shows the classical MMR consists of wide center arm with low impedance,
roughly A/2 in length, and thin arms on both ends with high impedances, each around A/4
in length. The goal is to optimize the MMR modelling in purpose of concurrently excite
and place its resonant modes in a quasi-equal manner inside the UWB passband. The UWB
bandwidth is influenced by the center arm portion, whereas the frequency characteristics
filter is displayed in Figure 2.3(b). This is accomplished by inserting five TZs into the
filter's response. The coupling degree is increased by stretching the narrow arms of the
MMR.

The classical MMR was first reported in [23] and is composed of a wide central arm, of
low-impedance, of approximately length A/2 and narrow arms on either ends, of high
impedances, of A/4 each, as shown in Fig. 2.3(a). The idea is to optimize the modeling of
MMR to simultaneously excite its modes which are resonant and insert into the passband.
The wider arm section affects the UWB bandwidth while the length of narrow arms of the
MMR enhances the coupling degree. As can be observed from its frequency response in
Fig. 2.3(b), a five pole UWB filter with good in band performance has been constructed
with five TZs.

Due to manufacturing limitations related to the coupled line's width, the edge coupled filter
design faces problems in attaining tight coupling. [24] Introduces an innovative strategy to
overcome this limitation and improve the coupled line’s coupling degree. This method
employs a UWB filter based on a MMR with an aperture beneath the linked lines, in the
bottom layer. When compared to the typical MMR design provided in [23], the inclusion
of the aperture allows for substantially tighter coupling. This novel solution addresses the
edge coupled filter's coupling issues and improves performance in UWB filter applications.
[25] Proposes a UWB filter with a MMR with the bottom layer on CPW, linked to MSL
on the upper layer, as seen in Figure 2.4(a). First three resonant modes are designed to
allocate through MMR, which are centered at the UWB on the lower, middle, and upper

ends.
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Fig. 2.3. (a) Schematic of design (b) observed and simulated data [25].

The dimension of the central CPW portion is chosen to excite the MMR's first and third
resonant frequencies, which are linked with the upper ends and the lower ends of the UWB
pass band, 10.4 GHz and 3.3 GHz accordingly, as displayed in figure 2.3.

A unique UWB filter based on MMR is explained in [27]. This structure is built by
connecting IDC line (IDCL) portion with stepped impedance stubs (SIS) in a cascade. The
parameters of the short-ended SIS are carefully modelled in the filter design to obtain a
characteristic impedance of 50, whereas the default lengths are selected as A/4.Proper

modelling of this geometry allows for the required impedance matching. The structure is
29



discovered to produce a highly favorable UWB response, showing its efficacy in obtaining

the requisite filtering properties as displayed in fig 2.4.
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Fig. 2.4. (a) Fabricated photo of MMR based UWB filter. (b Simulated and measured S

parameter characteristics [27].
2.3. Advanced planar UWB filters:

Traditional UWB filters were limited by a small upper stopband and were susceptible to
interference from other wireless services. Researchers developed microstrip-based planar
advanced UWB filters to overcome these difficulties. These advanced filters used
attenuation poles in the stopband [28-37] to decrease spurious harmonics and interference
cancellation techniques in the passband [38-56]. These advancements sought to improve
UWB filter performance by increasing stopband characteristics and minimizing
interference from external sources, resulting in a more reliable and efficient UWB
communication system.
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2.3.1. UWB filters with the extended stopband:

Because of the presence of spurious harmonics, MMR-based filters frequently have a
narrow upper stopband. Various strategies have been used to bypass this limitation and
expand the stopband, such as integrating lowpass or bandstop structures on the MMR or
embedding the MMR with an EM bandgap (EBG).

To solve these issues, Figure 2.5(a) depicts a unique MMR-based UWB filter that employs
tapered interdigital lines (IDL) on both ends of the MMR. Initially the MMR is modeled
so as to distribute, the UWB passband's first three resonant frequencies almost equally. As
a result, the IDL's two outer arms are adequately tapered to compensate for the phase
imbalance towards the UWB upper-end. As a result, a tight coupling degree is achieved,
resulting in a nearly flat frequency response and significant return loss throughout the
passband. Furthermore, as shown in Figure 2.5(b), the first spurious harmonic near 13.5

GHz is effectively suppressed by reallocating the TZ of the provided capacitive-ended

stubs.
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Fig.2.5. (a) Layouts of UWB BPF (b) Frequency responses for Simulated and measured
values [28].

The article introduces a unique UWB filter frequency responses in shunt to a SIR [29]. By
carefully regulating the lengths of these stubs, the first four resonant modes of the MMR
are uniformly distributed across the UWB, where the fifth resonant frequency is exceeded
beyond 15.0 GHz. As a result, the first four modes help to build the UWB, while the fifth

resonant mode helps to reduce spurious signals in the stopband. This design method makes
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optimal use of resonant modes to accomplish desirable passband properties as well as
efficient spurious stopband suppression.

Enhanced versions of the UWB filter introduced in [29] have been presented in subsequent
studies [30-33]. The original three symmetric stubs in [29] are replaced with alternative
structures in these updated designs, greatly optimizing the filter's performance. To replace
the symmetric stubs, [30] use shunt capacitive loaded EBG structures. The first three
resonance frequencies of these EBG structures are carefully optimized so as to locate it
into the UWB passband, while the fourth and fifth resonant frequencies are pushed to
higher frequencies to function as spurious stopband harmonics. Furthermore, the
interdigital coupled line (IDCL) utilized in this design has an attenuation zero, which
allows the fourth resonant frequency to be adjusted closer to the IDCL's TZ. The EBG
structure's bandgap behavior effectively suppresses the fifth resonant peak. SIR are used in

[31] to substitute the original symmetric stubs. When compared to the previous design,
these stepped impedance stubs contribute to a 33% reduction in total size while preserving
the acceptable filter performance.

[32] Suggests a unique structure that combines features from [30] and [31]. It has a SIS at
the center and symmetrical uniform-impedance two MSL on each side. This arrangement
permits the presence of five resonant modes, all within the specified spectrum. The middle
stepped-impedance stub generates two TZs at the lower and upper cut off frequencies.By
varying the proportions of the center SIS, the behavior of the even mode varies whereas
the odd modes stay constant, allowing for better control over their features.

[34] proposes an alternate technique that uses circular impedance-stepped stubs instead of
the rectangular stubs used in [30-33]. A configuration is formed by coupling a high
impedance MSL with multiple circular stubs interconnected in shunt. The resonant modes
inside the UWB can be assigned, and the upper-stopband’s spurious harmonics can be
suppressed, by modifying the radius of the circular stubs. By keeping the outer circle’s
radius constant while decreasing the radius of the central circle, the even resonant modes
will be shifted to lower frequencies but the modes that remains unaltered is the odd resonant
modes. This enables for exact control of the resonance frequencies as well as the

development of the filter response.
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In [37], a brand-new multimode dual-ring UWB-BPF is demonstrated. The filter was built
using open stubs in the dual-ring resonator's horizontal and vertical axes. This architecture
ensures that the five modes are dispersed uniformly across the UWB passband.
Furthermore, at the left and right transition bands, a pair of TZs are introduced,
significantly increasing selectivity. Parallel-linked lines are used to establish appropriate
external coupling capability in order to realize the UWB features. A cross junction is also

used to attenuate spurious signals at high frequencies, hence increasing the filter's upper

stopband.
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Fig. 2.6. (a) Photo of the design. (b) observed and simulated data [35].

A novel UWB filter is presented in [36], which makes use of cross-junction transition in
the back-to-back microstrip-slotline. The design procedure begins with the installation of
a consistent slot line resonator on the ground that spans one full wavelength. A back-to-
back microstrip-slotline transition is developed by the placement of two microstrip feed
lines above the slotline resonator. The linear slotline resonator is converted into a W-shape
to improve frequency selectivity, induce cross coupling, and reduce overall size. This
change adds another coupling method that can generate single or multiple TZs outside of
the specified UWB passband. These TZs, which have the same amplitude as the main
transition-slotline-transition path but are out of phase with it, occur at certain frequencies

outside the passband. Two lowpass filters (LPFs) are cascaded with the current structure
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to boost out-of-band performance even further. This extra step improves the filter's

capacity to attenuate undesirable frequencies outside the UWB passband.
2.3.2 UWSB filters with single notched band:

Because of their low power density, UWB systems normally do not interfere with existing
radio services. However, the inverse is not always true. WLAN, X band, C band, and other
wireless services run at high power density and may cause interference for UWB systems.
Several UWB filters have been developed to deal with this issue and reduce interference
from these wireless services. UWB systems may efficiently minimize the impact of high-
power density wireless services and assure reliable and interference-free communication
by adding these notch filters. UWB filters were created in order to reduce interference from
specific wireless services. To do this, these filters use a variety of ways. Some filters [38-
49] use single notches inside the UWB passband, whereas others [50-56] use several
notches. These notches are designed to selectively attenuate or reject frequencies
associated with interfering wireless services. These UWB filters enable the UWB system
to operate without interruptions caused by external interference by effectively suppressing
undesirable signals.

[38] describes a notched band UWB filter design. Five stubs which are short-circuited are
connected via non-redundant connecting lines in the design. Introduction of a passband
notch, open stubs are incorporated into the first and last connecting lines. The notch's
bandwidth is controlled by width adjustment of the width of the stubs/gaps, while the
frequency position is identified by the dimension of the stubs. The UWB filter effectively
attenuates specific frequencies within the passband as a result of these adjustments,

resulting in a notch characteristic and precise control over the filter's frequency response.

[39] presents a design for a single notched band that employs a MMR. The notched band
is formed by unequal placing stubs in the two outer arms of three parallel linked lines. A
narrow passband notch is formed by varying the lengths of these stubs. The length
difference between the two stubs can be used to alter the notch's bandwidth. This design
allows for exact frequency response modification, which enables effective suppression of

specific frequencies within the UWB passband.
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[40] presents a modified non-uniform resonator-based design with a notched band.
Attaching three pairs of SIS transversely creates the non-uniform resonator. Out-of-phase
transmission cancellation produces the notched band. This is accomplished by greatly
expanding one of the two arms of the IDCL that is connected to the resonator. A customized
notched band can be achieved by using this design, allowing for selective suppression of
specific frequencies within the UWB passband.

In [41], a hybrid microstrip and CPW construction is used to provide an ultra-narrow
notched band for a small UWB filter. With the MSL on the upper layer of the structure acts
as the feed lines for the detached-mode resonator (DMR) installed on the ground plane in
a broadside configuration. A structure with the A/4 meander slot-line is integrated inside
the DMR so as to solve interference concerns from other wireless services. This meander
slot-line incorporate in the filter design enables the formation of a notched band. The UWB
filter effectively attenuates specific spectrum by deliberately employing this design, giving
increased interference rejection capabilities.

In [42], metal lines embedded in a DGS are open circuited that are used to implement a
notch in an UWB-BPF. The filter structure is made up of two layers: the top layer consists
of two stubs and MSL while the bottom layer consists of two open circuited lines and a
DGS. This arrangement enables the development of a notch within the UWB-BPF,
resulting in increased selectivity and notch performance.

The physical parameters of the MSL define the location of the notch. the level of coupling
in this gap determines the width of the notch. The suggested UWB-BPF architecture
achieves notch functionality by adopting this approach, allowing for selective attenuation
of specific frequencies within the passband. This method gives you more control over the
notch location and bandwidth, which improves the performance and adaptability of the
UWB-BPF.

[43] Presents a defective split-ring resonator (DSRR). The architecture consists of a TL on
top layer and two units MSL. This arrangement improves selectivity, extended stop band
performance, and contributes to the filter's compact size. A DSRR is implemented within
the ground construction to introduce a notched band specifically targeting the WLAN
frequency range. This DSRR produces a band rejection within the BW of the filter. The

TL position is carefully tuned to create the appropriate coupling effect, resulting in optimal
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filter performance. The suggested UWB filter creates a notched band by using this design
method, efficiently attenuating signals inside the WLAN frequency range while keeping
the desired UWB passband. This compact filter design, which has a split-ring resonator
defective ground construction, provides higher selectivity, improved extended stopband
performance.

The article [44] introduces a small size UWB-BPF with a notched frequency. The layout
design employs a novel technique that employs a parasitic coupled line to create the UWB
passband with a notch. The notched band’s position and width can be changed by
modifying the architectural parameters of the parasitic linked line. This novel approach
allows for greater flexibility in getting the desired frequency response and successfully
mitigating interference from unwanted signals. The suggested UWB BPF has the ability to
improve interference immunity while also providing dependable performance in UWB
radio systems.

In [45], a compact notched band with a slow-wave CPW based MMR is proposed. The
UWRB filter is built with feed lines on the top layer that are linked to the slow-wave MMR
on the bottom layer in a broadside configuration. A passband notch is generated by a new
bridge structure implemented on the top layer, allowing for controlled frequency
suppression. The cascaded capacitive-loaded CPW lines in the slow-wave CPW MMR
result in a larger capacitance per unit length between the interdigital fingers. Because of
the enhanced capacitance, the electrical length is stretched, resulting reduction in compact
size. Furthermore, two open-ended stubs connected to the top MSL generate TZs, which
contribute to improved roll-off characteristics.

[46] Proposes a design with a notched band and a ring resonator for UWB-BPF as displayed
in Figure 2.7(a). An IDCL feeds two stepped-impedance stubs in the layout. Harmonic
suppression in the stopbands is performed by altering the length of the IDCL to
approximately A/4. Because of the IDCL's asymmetry, out-of-phase signals on the two
pathways at a particular frequency create a notch at the appropriate frequency of interest
as seen in Figure 2.7(b). These novel designs show the successful deployment of notched
band UWB-BPFs with various resonator configurations. Slow-wave CPW MMR and ring
resonator designs suggested here provide better performance, small size, and notch

characteristics for tailored frequency suppression in the UWB passband.
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Fig. 2.7. (a) Photograph of notched band of UWB filter. (b) S-parameters for observed and

simulated values [46].

2.3.3. UWSB filters with dual notched bands:

[47] describes an UWB-BPF that has multiple notch bands. A SIR is used to attenuate
higher order harmonics of the HPF. To create dual band notches at 5.75 and 8.05 GHz, the
filter design features two stubs which are open implanted on the primary MSL. These
notches are intentionally placed in the UWB passband to attenuate specific frequencies.
The paper [48] describes a unique triangular defective ground structures (DGS) UWB-BPF
with dual notches. To enhance the BPF's performance, the design employs symmetrical
dumbbell-shaped interdigital capacitors as shown in figure 2.8 (a). Furthermore, by
intelligently aligning their TZs away from the required UWB frequency range, three pairs
of tapered DGS are used to minimize spurious passbands. To produce the notched bands,
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In the coupled-line parts, one of the arms has been extended and folded, generating in a
notched band centered at 5.3 GHz. To produce another notched band centered at 7.8 GHz

a meander line slot is also used as displayed in figure 2.8 (b).
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Fig. 2.8. (a) Image of proposed dual bands UWB filter. (b) Characteristics of simulated

and measured values [48].

The paper [49] describes a high rejection notched band miniature UWB-BPF. The filter
consists of an open-loaded Y-shaped stub resonator (YSSR), a rectangular ring, interdigital
feedlines and a DGS. The combination of these features leads to the UWB-BPF's
miniaturization and performance. On a FR4 substrate, the suggested filter is developed,
simulated and manufactured. The observed results match the simulated data very well. The
filter has a 3-dB passband that covers the frequency ranges 2.73-4.36 GHz and 6.82-11.78
GHz, as well as having an in-band Sz1 is less than 1.13 dB and Si1 is less than 10 dB (except
at the notches).

2.3.4. UWSB filters with triple notched bands:

[50] Describes a UWB-BPF compact filter with triple-notched bands. To accomplish the

requisite filtering properties, the filter design utilizes SIR with a new triple-mode linking
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lines with lengths of Ago/4 and Ago/2 separate the four folding shunt quarter-wavelength
short-circuited stubs in the UWB BPF. This configuration serves as the basis for the UWB
passband response. The suggested coupled triple-mode SIR improves the filter design by
introducing triple-notched bands and allowing for more flexibility in adjusting the resonant
frequencies. This enables exact control and customization of the filter's properties.

[51] Describes a UWB-BPF which is highly selective filters with three notches band. The
filter design makes use of C-shaped and E-shaped resonators as well as a triangular ring
loaded stub resonator (TRLSR) relied on the MMR. According to figure 2.9, the MMR
structure is built with 50 feed lines connected at both ends to 50 parallel coupled lines and
a uniform TL. This arrangement produces five even and odd modes, yielding a UWB
passband response. The TRLSR introduces two TZs at the passband's lower and higher
cutoff frequencies, resulting in a high skirt factor (SF), signifying sharp roll-off
characteristics as given in figure 2.9 (b).

Also, the proposed filter incorporates a number of notch bands produced by Ag/2
resonators. These notch bands are placed deliberately to eliminate interferences. The notch

frequency may be changed by adjusting the design's dimensions.
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Fig. 2.9 (a). The triple-notch band UWB filter's layout. (b). Measured and simulated

frequency response [51].
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2.3.5. UWB filters with Quad notched bands:

The paper [52] describes UWB-BPF with quad-notches and an extended stopband. To
attain the needed features, the design employs a quad-mode SIR (QMSIR) structure which
is constructed using a square ring design with a A/4 short-circuited stub, resulting in a
square ring quad-mode resonator (SRQMR). The goal of the design is to produce a compact
notched UWB BPF bands having the center frequencies of 5.2 GHz, 5.8 GHz, 7.0 GHz,
and 8 GHz.
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Fig. 2.10 (a). Quad notched band filter (b). Simulated frequency characteristics [52].

2.4. Summary:

This chapter presents a chronological overview of the approaches used to design and
construct planar microstrip-based UWB-BPFs. The review focuses on three types of UWB-
BPF design methodologies, with MMR-based designs being the most frequent. MMR-
based UWB filters, on the other hand, frequently suffer from a narrow stopband and
interference from other wireless services. To solve this, sophisticated designs of microstrip
filters that expand the stopband by cancelling spurious harmonics have been proposed. The
thesis also explores improved UWB filters that deal with passband interference by creating
a passband notch at the desired frequency of interest. These enhancements are intended to

improve the performance and usefulness of UWB-BPFs for variety of applications.
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CHAPTER 3

MMR BASED UWB-BANDPASS FILTER WITH
EIGHT POLES AND MULTIPLE TZs

3.1. Introduction :

The development and modelling of a proposed UWB-BPF using multimode resonators is
the subject of this chapter. The MMR concept was introduced in the development of UWB
BPF. This concept was used to achieve most desirable characteristics such as, smooth
passband with high selectivity. In earlier reported work, interdigital coupled lines are used
to reduce insertion loss in [53-55]. This concept preserves the filter's effectiveness while
reducing its total circuit dimensions. The inclusion of radial stubs technique was further
used in [56] for a significant reduction in filter size without sacrificing performance.
Similarly, in [57-58] a rectangular stub resonator is used to generate tunable TZs with a
wide stopband and appropriate UWB response. In the works [59-64], the appropriate
frequency response was achieved by using the concept of a hybrid microstrip-coplanar
waveguide. T-shaped slots are used in [65] to broaden the passband and improve the upper
band rejection. Furthermore, to improve passband characteristics, [66] have used a precise
closed-form relation of microstrip TLs and microstrip T-junction discontinuities. A
multimode resonator, open-ended TL, parallel coupled-line sections, and DGS are used in
[67] - [72] to create a BPF with improved stopband response for ultra-wideband
applications. The first step in analyzing a MMR is to investigate its equivalent circuit to
identify its inductance, capacitance, and resonant frequencies. In addition, the relationship
between the MMR's dimensional characteristics and its resonant frequencies is examined,
and the requirements for simultaneously activating the MMR's resonant modes are

presented.
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Flow diagram of UWB-BPF Design:
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3.2. Analysis of the proposed design methodology:
The suggested BPF is realized using an MMR, with an ILSIR integrated at its center and

IDS coupled at its ends. The ground plane has two rectangular DGS, arranged diagonally,
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and exactly under the IDC structure (IDCS). Fig. 3.1 exhibits the architecture of the

envisaged design.

(b)

Fig-3.1: Suggested MMR based UWB filter (a) Upper and (b) Bottom layer
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The simulated data in Fig (3.2) depict that IDCS has the potential to achieve outstanding
quality of transmission over the whole passband, and provide steep transition. Upper TZ is

tuned by the arm length of the IDCS as display in Fig (3.3),
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Fig-3.3: Parametric study (W2) of upper TZ variations
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The tuning range of upper TZ can be defined as the function of the arm Length (W7 < \/4)
of the (IDS), and it is verified from Fig (3.3) and Fig (3.4), whereas the ILSIR tunes the
lower TZ displayed in Fig (3.5) and Fig (3.6).
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Fig-3.6 Parametric study (L2) of Si1 and Lower TZ variations.

whereas lower TZ frequency calculated by using following equation-
C
4(W1 +W4+ L4_ )\[S_r

frz: =

The effect of DGS in bottom layer identified from Fig (3.7).

The physical parameters of the suggested design in figure (1) are given as (in mm) L1 =
39, wi=3.6, L2=2.5, w2=5.75, L3=0.3, w3 =1.85, L4= 0.6, ws = 0.5, Le = 1, we = 0.2, L7
=4.1,wr=44,wg=1,wo=4.6, wio=8.95, 61 =0.05, n=0.1, L=13.7, W= 14.7.
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Fig-3.7 Effect of DGS in bottom layer.
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Table: 3.1 Comparison of the designed filter with reported literatures

Ref | S.F | IL/RL | Extended Structure FB TZs Size
stop band W
(g X'hg)
(%)
[53] | na na/10 na Step impedance 116 yes 0.45%0.21
[54] | 0.9 | 1.4/11.1 | 29.7 Step impedance 117 yes 0.32X0.23
[55] | na 0.94/12 | 18 Step impedance 123 yes -
[56] | na 0.9/12.8 | 14 Stub loaded 109.5 yes 0.36X0.36
0.97 Parellel  coupeld 0.48X0.40
[57] 1.2/11.3 | 17.1 ) NA yes
5 line
Parellel  coupled Lower TZ 0.24X0.19
[58] | na 0.8 25 ) 101.9
line absent
Lower TZ 0.98X0.54
[59] | na 0.65/12 | 15 Broadside coupled | NA
absent
[60] | 0.75 | 1.4/13 17 Broadside coupled | 109 yes 1.04X0.66
[61] | na 0.9/20 14 Broadside 100.7 yes 0.67X0.54
yes, but poor | 0.99X0.90
cpw-microstrip roll off at high
[62] | na 0.85/16 | 15 N 141
transition frequency
passband edge
cpw-microstrip Lower TZ 1.15X0.24
[63] | na 0.5/20.5 | 12 N 112
transition absent
cpw-microstrip Lower TZ 0.76X0.32
[64] | na 2.5/10 10 - 132
transition absent
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Lower TZ 0.75X0.33
[65] | na 0.5/17 20 SIW 62
absent
least mean squares Lower TZ 2.60X0.28
[66] | na NA/12 na NA
(LMS) absent
0.92 MMR 0.32X0.20
[32] | Na/na 16 117 yes
MMR Lower TZ absent 1.1X0.40
[67] | na 1.5/na na 109 and upper TZ
around 14 GHz
[68] | 0.92 | 1.6/12 100 MMR 110.1 yes 0.60X0.54
[69] | 0.89 | 0.9/na 20 MMR 108 yes 0.28X0.14
MMR Lower TZ 0.74X0.67
[70] | na 0.4/20 20 109
absent
[71] | na 0.7/16 17 MMR 106.5 yes -
This | 0.94 1.01X0.34
0.8/11.5 16 MMR 122 yes
work *
BW3aB

*Selectivity factor { = W
25dB

S.F=Selectivity factor
3.3. Odd and Even Mode Analysis "of suggested UWB-BPF:

The MMR-based suggested structure is displayed in figure 3.8. Since the suggested design
is symmetrical about the Z’-Z plane, this structure could be analyzed using even-mode and

odd mode analysis. Fig. 3.8(b) and 3.8(c) display the even- and odd-mode circuits.
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(b) (©)

Fig-3.8 (a)Even Mode and odd mode circuits (b) Odd mode circuit (c) Even mode circuit.
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3.3.1. Odd Mode Analysis:

The open-circuited transmission-line resonator has characteristic admittances Ya, Yb, and
Yc. when odd mode excitation is applied, the voltage is null along the plane Z’-Z. The odd
mode layout is demonstrated by the circuit design as shown in Figure 3.8.b, and all
calculations and analysis are performed in the admittance domain. The determination of

each specific input admittance follows the equation mentioned in section (3.b) and (3.c).

The resonate modes could be extracted from the resonance condition y 3¢

(3.a).

Input Admittance of the circuit displayed in figure 3.8.b are represented as

= 0 in Equation

dd, ;
odd va +Jyatan9a] 3
. = —_— _a
YVin Ya [ya+ v0%tang, (3.a)
Where
odd | :
odd _ Yp + jyptanfp 3b
Ya Vb [yb+jygddtanb (3.b)
odd _ ;
Yo o = —jyccotb, (3.c)

for odd mode structure analysis, putting the value of Eqn. (3.b) and (3.c) in Eqn. (3.a) and
further simplifying this equation at resonance y 4% =0 ,we get

v (Y tan8, + yptan6,) = y.cotl.(y, — y,tanb,tandy) (3.d)

Hence, odd mode resonance frequencies can be deduced by Equation (3.d)

3.3.2 Even Mode analysis:

The even mode layout is demonstrated by the circuit design shown in Figure 3.8.c, and all
calculations and analysis are performed in the admittance domain. The determination of
each specific input follows the equation mentioned as 3.f to 3.j.

For even mode, the input admittance of the circuit is displayed in Fig 8(c), represented as

(3.e)
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yeven =y [ygven+jJ/atan9a]
n @ lyq+ jy§ve"tanb,
Where
yeven =y [y{;’”e"+ jybtaneb]
a b lyp+ jygertane,
yeven =y [J’gven+ fJ’ctaTch]
b ¢ Vet jygventanec

yeven — 1Ya|vq""+ Jyatandq
‘ 2 |yat+jyg " tanbq

even _ | JYetanB,
Yo T |7 5

From equation (3.h) and (3.1) we get

even _ JYd [yetan06+ ydtaned]
Ye 2 lyg—yetan6 tané,

At resonance, even mode frequency can be analyzed using

even _

Yin
Further equation (3.e) can be simplified by using (3.k),

even

Va = —jyqtant,
From equation (3.1) and (3.f), we get

even

Vb

Vatanbg+ jybtaneb]

=—JjYp [

Vp— YatanO,tanby

And from equation (3.m) and (3.g), we get

Yatan0g+ jybtaneb] _ [yg"en+ jyctanec]
yp— Yatanfgtany |~ 7€ Ly .+ jy€’emtan6,

—JYb [

After simplifying equation (3. n), we get

—jyp(Yatan8, + jyptandp)(y. + jye e tanb )=y (y7" + jy.tanb.)(y, —

ytanf,tan,)
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(3.k)
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By putting the value of y£fY¢"™ From (3. j), we can deduce even mode frequency using

equation (3.0).
3.4. Analysis of Interdigital structure:

Upper TZ in pass band introduce by this parallel coupled stub and position of this TZ is
adjusted by its length. The circuital model and equivalent circuital model of IDC are shown
in Fig (3.9) interdigital capacitance calculated by using [72]. From Fig (3.1),

C=¢ €&re N(M)
18 N(n)

(k — 1)W7 pF

where W7 is in mm, tj=Slot width of MSL, t2= Width of microstipline, and W7 < A/4,
k= Number of fingers in arm pair of IDCS.

The elliptic integral ratio of n and n’ is

) 0.707<n<1

= — 0<n<0.707

where n and n’ can be calculated as
a=t1/2, B = (ti+t2)/2, nztanz(j—g), n’=V1 — n2

This MMR-based BPF is developed on Roger 6010 substrate (thickness h= 1.6 mm and

dielectric constant =10.2).

3.5. Lumped Equivalent circuit model:

An approximated Lumped Equivalent circuit was introduced in Fig (3.10) to analyze the
proposed structure using commercial software ADS, the lumped elements are retrieved.
The obtained results of this lumped equivalent model are approximately the same as those

retrieved from IE3D EM Simulator.
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Fig-3.10: (a) Circuital model of suggested filter. (b) Equivalent circuit [L1 = L2 = 0.1 nH,
L3=2.7nH,L4=0.1 nH, L5=0.1 nH, C1 =C2= 1.5 pF, C3 =2 pF, Cpl =0.95, pF, Cp4

=Cp5=0.2 pF.

(@)

Fig-3.11: Suggested filter photo (a) Top view (b) Bottom view.
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Result.
3.6. Summary:

This chapter described a unique MMR based UWB-BPF. The UWB filter basically made
up of MMR on upper layer and CSRR on ground plane. Initially the MMR was analyzed
based on its equivalent circuit model and its topology was designed in order to position its
resonant modes quasi-equally within the bandwidth. The optimized modeling of the MMR
topology leads to simultaneous excitation of its resonant modes which in turn generates the
requisite passband. Various dimensional parameters of the MMR were varied to study its
effect on the UWB passband. Finally, the proposed UWB filter was designed based on its

optimized dimensional parameters.
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CHAPTER 4

DESIGN OF UWB-BPF UTILIZING SILVER NANOWIRES

4.1. Introduction:

The flexible UWB-BPF has become a substantial element of RF and microwave circuits,
especially since the UWB spectrum spans 3.1 to 10.6 GHz [9,63], was available for
commercial communication applications. These filters are often used in transparent
smartwatches, vital sign tracking, imaging devices for healthcare, and remote patient
tracking equipment. Traditional UWB-BPF are used to improve communication system
performance and have critical qualities such as a wide upper stopband, lightweight design,
low Sz1, high S11, and superior sensitivity. To adapt to a wide range of applications, modern
wireless systems require UWB filters that are extremely flexible, transparent, and
compatible with a variety of fabrication processes. Several strategies for achieving
miniaturization and ultra-wideband features in BPF have been published. A transversal
resonator and asymmetrical IDC lines are used to produce a wide passband by applying a
transversal signal-interference approach, which results in the formation of a pair of TZ on
either side of the passband edges. To enhance the filter's performance even further, two
asymmetrical IDC lines are used to drive the transversal resonator, yielding five additional
TZ in the lower and upper stopbands. [73], A differential-mode (DM) wideband BPF with
adjustable bandwidth is based on a slotline MMR. The BPF made up of two pairs of
microstrip feed lines and a cross-shaped slotline MMR engraved on the bottom plane. The
linking between DM feed lines and MMR can be regulated by strategically positioning the
slotline MMR to achieve the required DM passband. [74], A novel MMR design based on
IDC MSL sections and stepped impedance stubs is presented. The suggested MMR
structure has seven distinct resonances, which are investigated using a TL model. The
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MMR resonances have various modes of operation, providing for a wide range of
frequency response characteristics [27]. Four resonant modes from a pair of parallel-
coupled lines loaded with EBG structures, are included in the design. The suggested
design's combination of resonant modes allows the filter to demonstrate exceptional
selectivity while delivering a super wide stopband. The filter achieves wideband
performance by combining these resonant modes, allowing for effective signal filtering
within the appropriate frequency range while simultaneously offering excellent stopband
characteristics [68]. A MMR arrangement is used in the design, which combines an altered
SIR with a stepped-impedance open-end stub in a shunt configuration. The open-end stub
introduces two TZs, which contribute to increased band edge steepness. To improve
coupling strength, external couplings are accomplished utilizing interdigital coupled-lines.
[75], and coupling between two MMRs [69] are examples of these techniques. The
literature also discusses several ways to design adaptable and small bandpass filters.
Examples include the utilization of flexible PerMX polymer substrates [76] and a novel
single-layer CPW BPF with exceptional selectivity. To accomplish its distinctive
properties, the filter employs interdigital spoof surface plasmon polaritons (SSPP) with
bow-tie cells. The independent adjustment of the lower and upper TZ is a remarkable
feature of this system. The SSPP of bow-tie cells controls the upper TZ, whereas the IDC
structure of the SSPP controls the lower TZ [77, 78] employs inkjet printing technique to
create a two-sided flexible device. Furthermore, [79,80] shows how to make filters using
spoof surface plasmon polariton lines. [81] creates a hybrid circuit employing an aerosol
jet printed pad as well as a surface-mount device utilizing silver nanoparticle-based aerosol
jetink. Longitudinal and four-by-four slot array antennas are proposed in [82] for a flexible
SIW-based slot antenna capable of operating at 79 GHz. Compactness in a multilayer open-
loop MR is obtained by developing two four-pole, quasi-elliptic microwave BPF using
low-loss organic substrate [83]. In [84], a flexible filter for wireless area network

applications is built employing a liquid crystal polymer substrate.
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Fig.4.1: Steps for screen printed UWB filters on PET substrate.

— Silver Nanowires

Intensity (a.u)

0 10 20 30 40 50 60 70 80 90
Angle (20)

Fig.4.2. Silver nanowire X-ray diffraction pattern produced on PET substrates.

4.2. UWB filter fabrication utilizing silver nanowire ink:

Screen printing UWB filters on PET substrates with silver nanowire ink was used in the
fabrication procedure. The procedure included multiple steps, as illustrated in Fig.4.1. To
begin, a pattern mask matching the dimensions of the UWB filter was created. The mask
was then precisely positioned on the PET substrate by using camera. The desired UWB
filter design was then screen printed onto the patterned mask using silver nanowire ink.

Few modifications were made to the preparation of silver nanowire ink mentioned in
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previously published papers [85]. The printed design was then annealed for 10 minutes on
a hot plate at 80°C. The substrate was subsequently flipped, and a bottom mask was
precisely positioned utilizing cameras. The bottom pattern of the UWB filter has been

printed with silver nanowire ink and then annealed.
4.3. Characterization of silver nanowire ink:

The application of silver nanowires in radio frequency circuit design on PET substrates
was investigated, as well as their important attributes such as sheet resistance, conductivity,
and transmittance. To ensure the existence of silver nanowires, X-ray diffraction (XRD)
investigation was carried out. The XRD pattern in Fig.4.2 shows unique peaks at different
diffraction angles, especially (111), (200), (220), (311), and (222). These peaks were
contrasted. to the JCPDS file:04-0783, demonstrating that silver nanowires were
successfully deposited on the PET substrate. The existence of silver nanowires present on

the PET substrate is demonstrated by the well-matched XRD peaks.
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Fig.4.3. (a) Sheet resistance as the layer count increases, (b) Resistivity as the layer count
increases, (c) Transmittance across wavelength range of 350 to 750 nm. (d) Average

transmittance as the layer count increases
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when displayed in Fig. 4.3(a), the sheet resistance steadily reduces from 45 €/Sq to 5 €/Sq.
when the layer count increases from 1 to 4. As shown in Fig. 4.3(b), the resistivity of silver
nanowire films fluctuates between (2.8-4.1) 107° Q cm as the layer count increases from 1
to 4. Furthermore, for wavelengths spanning from 350 to 750 nm, Fig. 4.3(c) shows that
the transmittance falls as the layer count increase from 1 to 4. Finally, Fig. 4.3(d) exhibits
the average transmittance, which shows a linear fall as the layer count increases, possibly

due to increased silver nanowire thickness.
4.4. Filter Configuration & working mechanism:

Figures 4.4(a) and 4.4(b) display the structure of the suggested UWB-BPF. It's constructed
from three pairs of interdigital coupled (IDC) open-circuited rectangular stubs, put together
on a flexible polyethylene terephthalate (PET) substrate with a height of 0.114 mm, relative
permittivity & =3, and a loss tangent tand = 0.002. The width of the silver nanowire layer

is 514 nm. The parameters of the suggested structure are as follows:

Table 4.1: Dimensions (in mm) marked in 4(a) and 4 (b)

Parameters Size Parameters | Size Parameters | Size
L 5.8 Wiy 0.2 Ws 0.5
Wi 1.15 Ls 0.6 'Y 20.0
L 0.5 Ws 0.1 S1 0.1
W2 0.3 Le 7.65 S2 0.2
Ls 1.5 Ws 6.7 tl 0.3
W3 0.5 L 16.2

L4 2.75 W7 4.0
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The interdigital capacitance is generated by three pairs of IDC arms. The wave cancellation
method was used in the design. The IDC structure and the defective ground structure,

respectively, tune the lower and upper TZ. The simulated data is seen in Figure 4.5.

W

(a) (b)
Fig.4.4. The suggested filter's geometry is shown in (a) Top plane (b) Bottom plane.

According to the simulated data in Fig. 4.5, the suggested UWB filter design achieves a 3
dB passband of 9.7 GHz, covering the spectrum of 1.05 to 10.75 GHz. Throughout the
whole 3 dB passband, the insertion loss remains lower than 1.6 dB. The simulation shows
that combining three pairs arm of IDC structures with a DGS, not only assures good

transmission efficiency in the UWB, but it also allows for extended stopband performance.
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Fig.4.5. S-parameter simulations of the suggested design
4.5. Interdigital coupling (IDC) structure analysis:

Increasing the IDC arm pairs enhances filtering effectiveness, resulting in lower insertion
loss Sz21 within the BW, as shown in Figs. 4.6(a) and 6(b). However, by varying the count
of arm pairs in the IDC Lines. The simulation results show that using of interdigital
structures allows good transmission efficiency across the full passband while preserving
the appropriate filtering performance. The lower TZ is tuned independently by the IDC
arm length, which ranges from L1 = 5.8 to 3.5 mm as shown in Figs. 6(c) and 6(d), on the
other hand, the upper TZ is tuned by DGS, length ranging from W6 = 6.7 to 5.2 mm, as
displayed in Figs. 4.6(e) and 6(f).
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It's worth noting that changes to one TZ have little effect on the other, allowing for
independent control and optimization of the two TZ.

The suggested UWB BPF was simulated using CST Microwave Studio software. The
interdigital structural parameters of the filter were set to L1 = 6.4 mm, S1 = 0.1 mm, and
W5 = 0.1 mm, with the arm width equal to the gap width (W5 = S1). The interdigital
coupled (IDC) circuit are presented in Figs. 4.7(a) and (b), illustrating the setup depicted
in Fig. 4.4(a). Capacitances Cij represent the capacitive coupling between the fingers,
where 1 and j denote the finger counts. In this case, neglecting inductive coupling is
justified. The equivalent circuit's circuit parameters were calculated using the Advanced
Design System (ADS).

The interdigital coupling structure of the circuit produces a capacitance that can adjust the
flexible bandpass filter's lower TZ. Using the method outlined in [72], the capacitance C
of the IDC structure can be determined.

The observed center frequency of the manufactured device is 5.90 GHz, as shown in Fig.
4.8, with a 3-dB BW covering the spectrum from 1.20 to 10.65 GHz, corresponding to
160% FBW.
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(b)

Fig.4.7. (a) Circuital model (b) Lumped equivalent circuit model of an IDC structure [L7
=1.81 nH, Ls=0.15 nH, C1 = 1.1 pF, C2 =0.22 pF, C3=0.22 pF, C4 = 1.05 pF].

4.6. Measurements and testing:

The manufactured device has high selectivity, indicating that it has outstanding filtering
capability. Furthermore, an extended upper stopband up to 50 GHz may be detected,
emphasizing the device's broad frequency range of operation.

The manufactured device's measured center frequency is 5.90 GHz, with a 3-dB BW
spanning from 1.20 to 10.65 GHz, representing a FBW of 160%. The insertion loss (S21)
is lower than 1.60 dB. Moreover, the manufactured device has excellent selectivity and a

50 GHz upper stopband is observed.
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Fig.4.8. The Equivalent Circuit, EM simulation and observed S-Parameter responses.

Figure 4.9 shows photos of the UWB-BPF in various states, including bent and folded
forms. Figures 4.10(a) and 4.10(b) display the bandpass filter's measured results in the flat,
bending, and folded states.

(a]) (b) (c)
Fig.4.9. The proposed designs are (a) flat, (b) bent, and (c) folded.
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Fig.4.10. (a)S11and (b)S2: of the suggested UWB-BPF in flat, bending, and folded states.

The reflection coefficient Si1 is less than -11 dB in all states. Table 4.2 provides a detailed
comparison of the measured data for the UWB-BPF in these three states. In particular, the
observed results in the bent and folded states nearly match those in the flat state, indicating

that the suggested design is effective for transparent and flexible device applications.

Table.4.2: Data comparisons in flat bent and folded state

Device state fi. (GHz) fu (GHz) S21(dB)
Flat state 1.05 10.75 1.6
Bent state 1.0 10.8 1.6
Folded state 1.3 10.6 1.6

And Table 4.3 compares the performance of the constructed UWB-BPF to previously
reported filters.
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Table.4.3: Performance comparisons of reported UWB-BPF

Ref Filter design Size BW IL (dB) | Upper Transpa | Flexibili
(AgX1g) stop band | rency ty
(GHz2)
CPW and | 0.92 x|2.14- |0.8-14 | 6-8 No Yes
interdigital 2.92 4.95
[77] :
structure with
bow-tie cells
Substrate No
integrated 091 x
[79] _ 7.5-13 |2 NA No
plasmonic 3.4
waveguide
uasi-spoof No
Q P 0.71 x
[80] surface plasmon |58 8.8-17 | 1.3 30 No
polaritons '
Interdigital Yes
Proposed - 10.79 x| 1.05-
structure with 1.6 50 yes
work 0.64 10.75
modified DGS
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CHAPTER 5

DUAL NOTCHED UWB-BPF

5.1. Introduction:

UWB radio technology is extensively utilized for indoor short-range communications.
However, due to the availability of many radio signals such as WLAN, X band, etc., these
signals interact with the UWB system, causing interferences. Researchers developed
multiband BSF to avoid such scenarios. However, increasing the circuit size by adding the
BSF to the current UWB-BPF weakens the structure's compactness, which is undesirable.
Several strategies for developing UWB-BPFs have been proposed. One extensively used
strategy for UWB filter design is the integration of MMRs, which was initially introduced
in [86-87].

In particular, folded triple-mode resonators have been employed to create dual-notched
band UWB-BPFs [88]. Additionally, UWB-BPFs based on broadside-coupled [89], ring
resonators [90], step impedance stub-loaded resonators [91], slotline structures [92] and
open-circuited stub [47] have also been investigated.

The proposed design is unique compared to previous studies. Unlike other designs
incorporating multiband bandstop filters, which resulted in larger circuit sizes, this design
integrates the band stop filter within the bandpass filter. Previous designs also had issues
such as a lack of proper TZs, complex geometries, and large sizes. The proposed design
eliminates these issues and provides a compact and efficient solution. Using the method of
moment-based IE3D, full-wave EM software, the filter was developed and optimized for a
Roger 6010 substrate. The suggested design was verified to be effective based on the
simulated data as displayed in figure 5.2. and observed experimental results. Parametric

study of proposed structure is shown in fig.5.3 to fig.5.6
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5.2. Filter Configuration & Working Mechanism:

Figure 5.1(a) displayed the fundamental structure of the Short-Circuited Coplanar
Waveguide (SCCPW). This allowed its resonant modes to be assigned to the Ultra-
Wideband (UWB) spectrum. We built MSL on the upper plane, connecting them to the

bottom plane using the broadside technique, as illustrated in Figure 5.1(b).

L

L2

o

S2 w2

L1

—_— ———

S1

(a) (b)

Fig.5.1: Fundamental Geometry of suggested UWB-BPF (a) Modified short circuited
coplanar waveguide (MSCCPW) (b) Microstrip line on top plane

b
Freq. [GHz]

Fig.5.2: Simulated S-Parameter response.
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The simulated response of the suggested UWB-BPF is seen in Figure 5.2 The existence of
two TZs at the lower and upper passband edges, in particular, adds greatly to the
outstanding frequency characteristics exhibited in the fundamental BPF response.

The first notch is created by incorporating a step impedance stub into the bottom layer, as
displayed in Figure 5.3. A specific frequency notch is created by deliberately inserting this

stub, giving specific signal filtering and suppression capabilities in the system.

L

Fig.5.3: Bottom plane integrated with step impedance stub

The simulated response of suggested structure is displayed in figure 5.4. To finely adjust
the notched frequency, one can manipulate the length of the step impedance stub. This
alteration allows for precise control over the frequency at which the notch occurs. As
shown in Figure 5.5, a second notch is formed by inserting a stub into the ground plane.
This additional stub introduces another frequency notch, improving the system's overall

performance and capabilities.
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Fig.5.4: Simulated S-Parameters response of first notch.
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Fig.5.5: Suggested geometry integrated with stub in ground plane
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The simulated data of suggested structure is displayed in figure 5.6. The dimension of the
step impedance stub(SIS) can be modified to obtain exact frequency tuning, allowing us to

fine-tune the notched frequency. The simultaneous integration of stub and step impedance

stub on the bottom plane results in a dual notched design, as depicted in Figure 5.7 (b)

0 2 a4 6 . 8 10 12 14
Freq. [GHz]

Fig.5.6: Simulated S-parameters response of second notch.

(a) (b)

Fig.5.7: Final geometry of suggested filter (a) Top plane (b) Bottom plane.
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Optimized dimensions (mm), L1=3.9, W1=1.25, L2=0.9, W2=3.05, L3=0.15, W3=1.55,
L4=2.45, W4=0.8, L5=3.3 , W5=1.85, L6=2.8, W6=3.95, L7=0.6 , W7=1.25, L8=1.5,
L=9, W=9.6, S1=0.15, S2=0.9, S3=0.35..
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Fig.5.8: Simulated s21 and s11 of the suggested filter
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5.3 Measurement of the suggested design:

To verify the frequency characteristics obtained from simulations, in this study prototype
of the suggested designed layout is fabricated and subjected it to testing using VNA.
Observed frequency characteristics were then contrast to the simulated results. Any
discrepancies between the observed simulated data were attributed to factors such as
unexpected fabrication tolerances, the finite size of the substrate, reflections from

connectors, and other similar factors.
5.4. Summary:

This study introduces a compact UWB BPF that features two notches at 5.5 GHz and in
8.2 GHz. The suggested design is based on broadside coupled technology, enabling the
creation of a passband with two TZs at the edges, leading in low insertion. Incorporating

step impedance stub and simple stub into the ground enables the achievement of dual
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notches and an enhanced stopband. The frequency response of the built prototype was
observed using VNA, and it validated the simulation results. The proposed UWB-BPF
exhibits highly desirable frequency characteristics and compact size, making it a promising

component for integrating a wide range of UWB communication systems.
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CHAPTER 6

TRIPLE-NOTCHED PASSBAND UWB-BPF

6.1. Introduction:

The UWB BW, which spans 3.1 to 10.6 GHz, is susceptible to interference from a different
type of EM wave sources. These sources can interfere with UWB signals, potentially
causing communication and performance concerns. This interference makes it difficult for
UWB systems to work optimally. To overcome this issue, researchers created UWB
Bandpass Filters (BPFs) with several notched passband features integrated. To introduce
triple passband notches, these filters employ several techniques such as DGS [93], wave

cancellation [60,94,95], step-loaded resonators [96-97], and other resonators [98—109].

6.2. Filter Configuration & working mechanism:

Figure 6.1 shows a triple passband notched UWB-BPF built with broadside linked
technique, as described in references [110]. On either side of the substrate, microstrips and
SCCPW are used in the design. A pair of circular resonators (CRs) CFSRR is used to
generate passband notches. The entire structure is optimized using the IE3D software on
an RT/Duroid dielectric 6010.

To begin, simulate SCCPW to discover its resonant modes into the UWB frequency range,
the coupling is further optimized using top-plane MSL. Figure 6.2a depict the basic design
of the SCCPW and its TL counterpart. The narrow and wide parts of the SCCPW exhibit
impedances Z1 and Z2, along with electrical lengths 61 and 02, respectively. The input
impedance (Zin) of the left end is determined as [25].

The impedance ratio is represented by R = Z1/Z22. When Zin = 0, we have equations that,
when solved, Provide the resonant frequencies fa, fb, and fc. For an easier solution, we use
R=1.0and 1 2, which gives us the middle section lengths of the SCCPW as al =5.24 mm
(gCPW1/4),Z1 =Z0(CPW1)=39,s=0.4 mm, bl =5.56 mm, and 01 = 39.33°. Similarly,
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a2 =2.46 mm, s = 0.4 mm, and b2 = 6.84 mm, Z2 = Z0(CPW2) = 37.87 correspond to and
02 = 36.35° for the end segments.

—l1

Fig.6.1: Suggested triple-notched UWB filter.

Within the UWB band, resonant frequencies of 3.6, 7.15, and 10.74 GHz were identified
as the three lowest frequencies to be nearly equidistant from one another. For an easier
solution, we choose R = 1.0 and 1 2, which gives us the length and width of the middle
portion of the SCCPW as al = 5.24 mm (AgCPW1/4), bl =5.56 mm, s = 0.4 mm, for which
Z1=7Z0(CPWI1)=39 and 1 =39.33°. likewise, for the ends of the portions, a2 = 2.46 mm,
b2 = 6.84 mm, and s = 0.4 mm, resulting to Z2 = Z0(CPW2) =37.87 and 2 = 36.35°.

Figure 6.2b displays that when the variable impedance ratio (R) is equal to one, the resonant

frequencies are completely equally spaced from each other, however, for R 1/R > 1, they
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diverge/converge. The SCCPW can be optimized for coupling with MSL. The relationship

between each of their characteristic impedances as [21].

Z0(microstrip) =2Z0(CPW1)

(6.1)
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Fig.6.2: (A)SCCPW design incorporating TL network overlay. (B) Normalized frequency
variation versus R. (C) The basic UWB-BPF's response has been optimized. BPF stands
for band pass filter; SCCPW stands for short-circuited planar waveguide; and UWB stands

for ultra wideband.

Subsequently, the slot adjacent to CPW?2 is formed into a circle to tune the 3dB cutoff
frequency of the suggested filter. As demonstrated in Figure 6.2C, the passband covers
2.53 to 10.76 GHz, with a return/insertion loss of a value below 16 dB and 0.41 dB
respectively. The UWB bandwidth indicates TZs at 0.9, 11, 13.8, and 14.5 GHz, in that
order.

The existence of a TZ at 0.9 GHz is critical in attaining remarkable attenuation more than
35 dB in the lower stopband. The upper TZs at 11, 13.8, and 14.5 GHz, on the other hand,
increase the stopband coverage up to an astonishing 15.5 GHz while maintaining an
attenuation level more than 12.5 dB. This multi-TZ arrangement not only guarantees exact
frequency control, but also allows the filter to block undesired signal throughout a wide

frequency range. Furthermore, there are two TZ at 0.9 and 11 GHz, results in a considerable
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roll-off, which aids in maintaining a steep transition, resulting in little signal distortion and
interference.

The dimensions with values that have been optimized are as follows: w0 = 0.76 mm, 12 =
2.15 mm, w2 = 1.95 mm, I3 = 0.7 mm, w3 = 0.875 mm, g0 = 0.46 mm, gl = 0.6 mm, al =
5.56 mm, a2 = 3.57 mm, r0 = 1.25 mm, r1 = 0.88 mm, r2 = 1. To prevent interference from
in band RF sources, we augment the basic BPF (in the ground plane) with multiple CRs
and CFSRR. TZs are produced by the CRs and CFSRR at 5.2, 6.5, and 8 GHz, accordingly
to restrict WLAN, C band, and X band. Figure 6.3A depicts the notche’s configurable
spectrum for various resonator/DGS. The physical dimension of the resonators/DGS and

the layout of the notches have a relationship using the formula Eq 6.2 to 6.6:

C

f@52 GHz ~ —— 6.2
@ (anrz\/greffz) ( )
C
f@6.5GHz ~ —— 6.3
@ (2lcrsrRV Ereff) (6.3)
C
f@7.9GHz ~ —— 6.4
@ (anrl\/greffl) ( )
l1 = (nr1+(n/3) 11-5/2) (6.5)
l,, = (2@r2-s) (6.6)
(A) o+ (B)
-10-
2
= E
g
) S
304 A
:
Ggd = [,=588mm, [ = 315mm, [ . = 11.65mm
— [, =548mm, [ = 275mm, [ = 09.65mm
v ] = 5.08mm, /)= 235 mm, [, = 07.65 mm
2 4 6 8 00
Frequency ( GHz ) Frequency ( GHz )

Fig.6.3: (A) The length of each of the triple notches gets adjusted to accommodate varied
resonator/DGS sizes. (B) Simulated spectrum response of suggested filter.
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Figure 3B depicts the optimized performance of the suggested triple notched band UWB-
BPF, demonstrating its excellent frequency response. Figure 6.4 depicts the current
distribution within the BPF, exhibiting considerable current densities in the CRs, CFSRR,
and CRs at 5.2, 6.5, and 7.9 GHz, respectively. This highlights their critical function as the

most energetic elements at notched frequencies.
6.3. Measurement of the Suggested design:

After fabricating the suggested UWB-BPF layout, experimental testing is performed, and
the acquired findings are thoroughly verified and validated against the initial modelling
data. Figure 6.5 depicts the observed spectrum characteristics obtained with the Vector
Network Analyzer (VNA), verifying the filter's outstanding performance and alignment

with the projected results.

(A)

Max E-Current = 411.94 (4/m)

Freq 5.2GHz

(B)

Max E-Current = 417.52 (A/m)

Freq 6.5 GHz
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(C)

Maxe € Cunent = 480 42 (/)

Fig.6.4: (A) The distribution of current throughout the BPF at (A) 5.2 GHz, (B) 6.5 GHz,
(C) 7.9 GHz.
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Figure 6.5A compares the S parameter characteristics, with a recorded passband width of
2.5-10.96 GHz. Significant attenuation over 15 dB is detected in each of the triple TZs
operating at frequencies of 5.1, 6.45, and 7.9 GHz. Throughout the passband, the insertion
losses maintain consistently low levels, measuring below 0.54 dB before the first notch,
0.44 dB between the first and second notches, and 0.43 dB between the second and third
notches. After inserting the 3rd notch, the signal remains robust with a small post-notch
insertion loss of 0.52 dB.

Although the attenuation is below 16 dB, the observed stopband is 16 GHz. Apart from the
three notches, the observed group delay remains below 0.45 ns across the passband. The
difference between what was observed and what the simulation predicted is due to human
error during production and measurement. Table 6.1 compares our suggested BPF to those

from the literature.

Table.6.1: Performance comparisons of reported UWB-BPF

Reference | Passband | Notches Electrical | Physical | Stopband | TZs at
(GHz) (GHz)/ size (Ag x | size (GHz)/ either
attenuation | Ag) (mm X | attenuation | passband
(dB) mm) (dB) edges
[93] 3-102 |52, 58,[>1.22 x|>30%30|17/>12 V,
8/>15 0.8
[94] 2.7-10.6 |52, 6.1,]1.8 x 12526 x| 18/>26 X, X
8.15/>18 0.78 11
[95] 2.1-11.5 |55, 62,18 x 12526 x| 18/>23 X, X
8.2/>15 0.78 11
[60] 3.25- 56, 642,11.04 x|146 x|17/>16 v,
10.73 8.03>19 |0.66 9.2
[69] 33-10.7 |44, 5.5, [>1x0.65]>32x20|20/>20 \,
7.64/>12
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[96] 3.5— 54, 5.8,|>1.15 x|[>38x15]15/>11 \,
10.85 8.2/>18 0.5
[97] 2811 |52, 585, [1x066 |31x20 |20/>10 X, X
8/>10
[98] 28-11.8 [3.6, 5.9,[1x066 |31x20 |20/>10 X, X
8/>10
[99] 3-103 |52, 5.8,/067 x|>18x25]|30/>15 X, X
6.8/>15 0.43
[100] 28-10.6 |33, 5.1,|>1.67 x|>40x14]|11/>10 X, X
8.3/>12 0.67
[101] 33-10.4 |5.2/6.8/9.2 [ >0.74 x |[>18x25]28/>15 X, X
> 15 1.02
[102] 1.8-11.8 [3.7/5.2/7.8 [ 0.68 x| 16.6 x| 14/>10 x, \
> 11 0.486 11.8
[103] 43-10.2 | 5.9, 8,[>07 x[>30x10]15/>14 x, \
9/>18 0.2
[104] 3.1-10.6 [3.6, 53,[>12 x|[>43x30|17/>18 \,
8.4/>16 0.7
[105] 3.1- 5.18, 5.86, | >1.2 x| >37x23|16/>15 x,
10.62 7.9/>16 0.75
[106] 2.86— 6/6.53, >123 x| >30x25]|16.5>16 |V, x
10.72 8.35/15 1.02
[107] 3.1-10.6 |5.85, 7.12, [ >0.93 x| >25x10 | 18/>17 X, X
8.13>21 [037
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[108] 2683 |443, 52,|122 x|41x18 |11/>19 \,
6.4>11 [0.53
[109] 32-12 |41, 66, [>124 x]|>60x10|14/>10 v, x
9/>13 0.32
This work | 2.5— 5.1, 6451095 x|14 x| 16/>16 \,
10.96 7.9/>18 0.78 11.4

6.4. Summary:

The addition of two TZs strategically located at the lower and upper sides of the passband
resulted in the effective implementation of the basic BPF response. Iteratively adding
numerous CRs and CSRRs to the basic design resulted in triple passband notches at
specified required frequencies. The BPF displayed extremely acceptable and desired
frequency characteristics as a result of these improvements. Following that, a real prototype
was carefully built, and testing was carried out to ensure the accuracy of what was
predicted. The resulting BPF design is astonishingly compact and well-suited for usage in

current UWB communication systems, offering improved performance and efficiency

in practice.
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CHAPTER 7

UWB-BPF WITH MULTIPLE PASSBAND TRANSMISSION
ZEROS

7.1. Introduction:

The COVID-19 epidemic imposed severe restrictions, forcing people all across the world
to depend primarily on the internet for amusement. Due to restricted data rate capacity, a
sudden increase in internet users, reaching billions at the same time, frequently results in
bandwidth shortages. at such cases, the actual potential of UWB communication systems
is shown, with astounding data speeds of 10 Gb/s at small ranges, such as homes [9].
Despite the benefits of rapid communication rates and low power emissions, UWB systems
suffer problems when interrupted by within-band high-power Radio signals. To solve this
issue, a cascaded system comprised of a UWB BPF and several BSF to reduce and attenuate
interferences is a viable option. However, when merging several BSFs with the current
BPF, this technique poses a new challenge of increasing circuit size. As a result, researchers
have investigated novel approaches for integrating the BSF into the BPF, assuring
compactness and optimizing performance. This integration enables efficient filtering of
unwanted signals, enabling the smooth operation of ultra wide band communication
systems in the face of high-power RF sources, resulting in improved user experiences and
continuous connectivity.

Several ways have been proposed to build triple passband TZs, with one prominent
approach including the use of triple stepped impedance (TSIR) in several modified
variants, based on a simple premise [97,98,111]. Another approach is to use three defective
microstrip structures (DMS) [112, 113], DGS such as three CSRR [114], or three spiral
DGS to accomplish triple TZ implementation. Furthermore, the concept of wave
cancellation is used to create triple notches in the context of linked MMRs and modified
MMR-based BPFs [70] [115]. These novel methodologies enable the development of triple
passband TZs with improved performance and efficiency. Stubs, each a quarter wavelength

long, are used to create multiple notches at certain notch frequencies [116,117]. These
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strategies are combined in [107,118], where a hybrid method is employed to generate triple
notched bands in [118], Wave cancellation methods are used with CSRR, whereas in [107],
multi-mode SIR function in conjunction with asymmetric coupling structures to attenuate
triple passbands using the wave cancellation concept. These various techniques
provide with a variety of alternatives for designing and optimizing triple TZs in BPF to
meet specific application needs and limits, thereby improving the performance and
adaptability of communication systems and wireless technologies.

As displayed in Fig. 7.1, we provide a small and planar UWB-BPF with triple notched
bands in this chapter. The filter's basic design comprises of a transition from microstrip to
CPW. [63,119], which is accomplished by EM coupling via the substrate. The Multiple
Mode Resonator's impedance ratio is changed to position the initial three resonant
frequencies into the UWB to get the appropriate frequency response. Due to the meticulous
tuning of the MSL above, the transition is tightly coupled, resulting in an FCC-compliant
UWRB spectrum with numerous TZs.

Multiple DGS are carefully included to introduce notches inside the passband for
interference reduction, further enhancing its performance. The complete structure was
developed and built on RT/Duriod 6010. using IE3D software. A physical model of the
UWB-BPF was built and thoroughly measured to confirm the expected frequency
characteristics. The testing findings validate the filter's excellent performance,
emphasizing its potential for usage in a variety of UWB communication systems and

applications.

7.2. Filter Configuration & working Mechanism:

The modelling of the SCCPW begins with the initial design of the basic BPF. Fig. 7.2
depicts the TL analogue of the CPW design. The CPW is an MMR with a central high-
impedance (thin) segment and two identical low-impedance (thick) portions on both ends.
The analysis is focused on the MMR's frequency characteristics for BPF formation, with
insignificant consideration for the CPW step discontinuities at the endpoints because their

influence on the BPF features is small [25].
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The next step is to determine the impedance conditions required to achieve the appropriate
passband and stopband characteristics. The needed physical dimensions of the MMR, such

as its length and breadth, are computed using these impedance criteria (7.1)

2(Ktanf1 + tan62)(K — tanf1tanf2)
(1 —tan?01)(1 — tan?62) — 2(1 + K2)tanf1tanbh2

Zin = jZ2K (7.1)

The impedance ratio (K) between the MMR's central and end sections, suggested as
ZCPW1/ZCPW2, is critical in the design process, along with other pertinent factors. When
the MMR is in resonance, the input impedance (Zin) is zero, as a result, a number of
equations are needed to be solved to determine the resonant frequencies (fl1, f2, £3).The core
CPW dimensions are carefully adjusted based on our special design to match the
appropriate performance parameters for the BPF, providing efficient signal filtering and
transmission within the prescribed frequency range. The impedance ratio (K) between the
MMR's central and end sections, indicated as ZCPW1/ZCPW?2, is critical in the design
process, along with other pertinent factors. The core CPW dimensions are carefully
adjusted based on our specific design to match the appropriate performance parameters for

the BPF.

Table.7.1: The optimized dimensions (in mm) of the suggested structure:

Parameter Size Parameter Size
11 5.83 sl=s2=s 0.4
12 3.185 s2 0.4
L 14.6 g0 0.9
W 9.2 gl 5.15
w0 0.76 p 3.165
wl 0.98 q 2.5
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w2 3.28 r 1.6

u 1.08 t 1.5

Fig.7.1. (a) Top-plane layout (b) Ground plane (c) A complete image of the suggested
layout.
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Fig.7.2. (a) The layout of the suggested CPW. (b) Model of corresponding TL.




The weak coupling behavior of this MMR is display in Fig.7.3 for various values of K.
When K is reduced, the lowest resonant mode (f1) shifts somewhat to the right, but the
modes with higher frequencies move substantially to the left. For our design, we assume K
= 1.2, which allows us to build the UWB spectrum using (f1, f2) and dragging f3 for over
15 GHz.

The simulated S-parameters are displayed in Fig.7.4,revealing that the filter has a BW range
of 3.15-10.62 GHz.

1 (dB)

IS,

| | I | | | | | |

0 2 4 6 8 10 12 14 16

Frequency (GHz)

Fig.7.3. Weak coupling behavior for varying impedance ratio
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Fig.7.5. (a) Architecture of CSRR and CFSRR. (b) Single notch optimization for different
length of the CSRR. (c) Dual passband TZs for different length of CSRR and CFSRR. (d)
Varying CFSRR1, CFSRR2, and CSRR lengths result in triple passband notches inside the

passband.
94



<10

-20 4

-30 4

Sparameters (dB)

-40

-50 4

T
0 2 4 6 8 10 12 14 16 18

Frequency ( GHz)
Fig.7.6. Simulated frequency characteristics of the suggested structure.

After modelling the CPW, the next step is to improve its transition, an optimization
procedure employing a microstrip on the upper layer was used. To achieve optimal
transition coupling at around 6.85 GHz, the characteristic impedance of the MSL is tuned
to double the value of the CPW [110]. With Z0 (CPW1) at 51.58, a characteristic
impedance of Z0(microstrip) = 102 is sought in our suggested BPF structure, requiring a
thickness (t) of 0.065 mm. However, because of manufacturing constraints, reaching a
thickness of 0.065 mm is difficult. However, because of production restrictions, achieving
a width of 0.065 mm is challenging, thus, t = 1.5 mm of thickness is used, resulting in Zo
(microstrip) = 81. The length of this 81 line is 4.165 mm, which corresponds to
Jgmicrostrip/4. Regardless of the impedance difference, the frequency characteristics are
only marginally changed.

To mitigate such interference, we incorporate a BSF into UWB systems. As shown in Fig.
7.5(a), the BSF is smoothly incorporated inside the BPF utilizing two DGSs, the CSRR
[120] and the CFSRR [121]. Depending on whether they work alone or together, the
CFSRR and CSRR can generate a single or several TZs. These TZs are positioned
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deliberately within the passband at precise positions that correlate to the sites of interfering
RF services. The notches exhibit adjustable characteristics, as displayed in Fig. 7.5 (b, c,
d), enables for fine modification to match the conflicting frequencies. Because of its longer
length, the CFSRR may locate TZs deeper into the passband than the CSRR, enabling
versatile interference mitigation choices for improved UWB system performance. The
suggested triple band-notched BPF's optimized frequency characteristics is depicted in Fig.
7.6, and Fig. 7.7 which displays the current distribution at the three corresponding notches.
The current distribution clearly identifies the DGS in charge of creating the passband TZs.
Each DGS displays a significant concentration of current surrounding it at its allocated
notch frequency, demonstrating a clear connection with the notch frequency and a
significant linkage to the UWB-BPF. These findings provide important insights into how
the DGS structures shape the frequency characteristics of the BPF and provide the required
triple notched response. The strong coupling and accurate current distribution at the
relevant notched bands justify the suggested design's efficiency and appropriateness for

eliminating interference and advanced UWB communication systems.

".llq-wc.'iu"u'-."

]

- B B S

T T R R EEETET

Foug S0 000

96



M £ Cumort « W

N

[

B S 5 S A B B AR>S

Frog 65002

M £ G « 1L A

- . e - om e

5 $
T N N Y e

Fog 01 G04s

(¢)

Fig.7.7. Current distribution at different notches.

97



7.3. Measurements:

The suggested structure prototype has been meticulously observed for validation, and the

relevant frequency responses are given in Fig. 7.8
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Fig.7.8. Comparing the frequency characteristics of observed and simulated data. (a)

s21/s11(observed and simulated). (b) Group delay (observed and simulated).

The reported 3-dB BW spans 3.25 to 10.73 GHz, with upper stopband attenuation reaching
as high as 17 GHz. Outstanding s21/s11 performance observed during triple notches
testing, measuring less than 1.4/13 dB between 3.25 and 5.4 GHz, 1.6/13 dB between 5.8
and 6.1 GHz, 1.1/12 dB between 6.7 and 7.55 GHz, and 1.2/10.2 dB between 8.4 and 10.73
GHz. The triple notches center frequencies are accurately positioned at 5.6, 6.42, and 8.03
GHz, with superior attenuation surpassing 19 dB.

The measured group delay is amazingly less than 0.63 ns, suggesting superb linearity over
the passband (excluding the triple notches). However, considerable discrepancy between
observed and simulated data is because of human error during manufacture, reflections
from connections, and the substrate's limited size. To evaluate the proposed filter's
performance, Table 7.2 compares it to reported multiple notches UWB-BPF structures

from the literature. In terms of frequency characteristics and dimensions, the results show
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that the suggested BPF outperforms or is equivalent to most current structures, indicating

its potential for advanced UWB communication applications.

Table.7.2: Performance comparisons of reported UWB-BPF

Ref. BW Notched band | Wide  Stopband | Size (4g x 4g)
frequency (GHz) /| (GHz) /
(GHz) 1 Y
Attenuation (dB) Attenuation (dB)
97 2.8-11 52,585 8/ >10|20/>10 1 x0.66
98 2.8-11.8 [3.6,59,8/>10 20/>10 1 x0.66
111 3-10.3 52,58,68/>15|30/>15 0.67 x 0.43
112 3-10.2 52,58 8/ >15|17/>12 >1.22x0.8
113 2.1-11.5 |55,62,82/>15|18/>23 1.8 x0.78
114 2.7-10.6 |5.2,6.1,8.15/> 18 | 18/>26 1.8 x0.78
70 33-10.7 |44,55,7.64/>12|20/>20 >1x0.65
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115 3.5-10.85 |54, 58, 82 /> 18| 15/>11 >1.15x0.5
116 3.1-10.6 |3.6,53,84/>16|17/>18 >1.2x0.7
117 43-10.2 |59,8,9/>18 15/>14 >0.7%0.2
118 3.2-12 4.1, 6.6, 9 / > 13|14/>10 >1.24 x0.32
107 3.1-10.6 | 5.85,7.12,8.13>21 | 18/>17 >0.93 x 0.37
This 3.25— 5.6, 642, 8.03 >19|17/16 1.04 x 0.66
work 10.73

7.4. Summary:

This chapter describes a planar UWB-BPF with several TZs in its passband, with the
essential design relying on two microstrip-to-CPW transitions on opposite side of the
dielectric. Multiple Defected Ground Structures (DGS) are interconnected to produce three
passband TZs, deliberately located at frequencies of relevance, to improve performance
and prevent possible interferences. These TZs effectively remove unwanted disturbances
from inside the passband, ensuring constant and efficient signal transmission. Notably, the
suggested structure is compact in size, allowing it to be readily integrated with various
UWRB systems. This capability, together with the BPF's superior frequency management
and interference avoidance capabilities, establishes the BPF as an important component in
current communication technologies, offering improved performance and smooth

integration with UWB communication system.
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CHAPTER 8

QUAD NOTCHED BAND UWB-BPF

8.1. Introduction:

The FCC introduced a spectrum of UWB in 2002 for unlicensed commercial use, providing
substantial scope for researchers in UWB technology [9] The utilization of UWB
technology is diverse, with applications ranging from imaging systems to radar and
communication systems. A crucial aspect of UWB communication systems is the ultra-
wide bandpass filter. Due to the rise in spectrum demand and concerns regarding traffic
issues, researchers have introduced a notched band that focuses on frequencies of other
operational radios to mitigate spurious signals. The objective of this approach is to tackle
the problem of signal interference frequency spectrum.

Several strategies have been developed to boost performance parameters of UWB-BPF,
such as insertion loss(S21), roll-off, selectivity of filter return loss (S11), and group delay.
Some of these methods involve using a MMR [69], employing the broadside-coupled
approach [122], open-circuited stub [123], hybrid designs, where elements of both low-
pass and highpass filter are integrated into a single topology [124], MSL integrated with
coplanar waveguide [125], asymmetric coupled line [126], CMOS based UWB Filter
[127], Multilayer filter [128].

This chapter describes a unique UWB-BPF with four passband notches intentionally
constructed on opposing sides of the substrate utilizing modified SRR and CSRR. The
formation of notched bands into the BW of the suggested UWB-BPF is enabled by this
unique arrangement of resonators, and the notched frequency can be tuned by tailoring the
dimension of the resonators. To evaluate the design's efficacy, a real prototype of the filter
is built and thoroughly tested, validating the correctness of the simulation findings. The
UWB-BPF's small size and strong performance features make it an ideal match for current
UWB communication systems, enabling increased signal filtering and efficient

transmission.
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8.2. Filter Configuration & working mechanism:

The suggested UWB filter employs a basic geometry that is based on broadside coupling.
The filter's top plane is made up of modified ring resonators, while the ground plane is
made up of CSRR. This arrangement allows the UWB filter to develop a quad notched
band. The complete filter is built on a Roger 6010 substrate. Figure 8.1 depicts the
architecture and placement of the modified split ring resonators and CSRR on the substrate

of the quad notched band UWB filter.

LI L6

w7

(b)

Fig.8.1: Schematic of suggested structure:(a) Top plane (b) ground plane,

The UWB BPF proposed in this study was designed with optimize dimension as shown in

table-1 and simulated using commercial IE3D EM simulation software.

Table.8.1: The optimized dimensions (in mm) of suggested design:

Dimension | Size Dimension | Size Dimension Size
L1 8.1 L8 5.7 W5 0.2
L2 3.95 L9 1.5 W6 0.8
L3 3.2 L10 1.95 w7 6.65
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L4 5.25 W1 4.4 W8 4.6

L5 3.8 W2 2.35 S1 0.10
L6 17.6 W3 1.25 S2=S4 0.25
L7 8.1 W4 0.5 S3 0.15

Figure 8.2 depicts the suggested structure's S-parameters response in the absence of a
Complementary modified Split Ring Resonator (CMSRR). This response displays the
frequency characteristics and performance of the filter without the CMSRR, allowing for
a clear comparison with the succeeding figures that include the CMSRR. The lack of the
CMSRR gives vital insights on the filter's initial behavior and functionality, establishing a

foundation for assessing the CMSRR's influence on the filter's overall performance and

passband notching capabilities.
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Fig.8.2: S-parameters of the filter without CMSRR.

Figure 8.3 depicts the response of the suggested structure using the Complementary
Modified Split Ring Resonator (CMSRR). The graph depicts the effect of the CMSRR on
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filter performance and the formation of notched bands inside the passband. This
comparison demonstrates how the CMSRR adds to the filter's functioning and capacity to
efficiently suppress undesirable frequencies. The CMSRR analysis provides vital insights

into the filter's improved performance and possible uses in interference avoidance for

current UWB communication systems.
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Fig.8.3: Simulated response of the suggested filter.
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Modifications in the value of L2 have a major impact on the filter's functionality. As L2
decreases from 3.95 mm to 2 mm, the insertion loss (S21) and upper stopband performance
degrade noticeably, as seen in Fig. 8.4. The examination of Fig.8.4 shows that setting [.2
to 3.95 mm results in an ideal notch configuration inside the passband, guaranteeing

enhanced filter performance and effective suppression of undesirable frequencies.
8.3. Measurement and experimental verification of the proposed design:

The suggested structure was constructed on a substrate of Roger 6010. The fabricated
circuit was tested using VNA. After comparing the simulated data with the measured data,
it was determined that they were in good agreement. Therefore, there was a high degree of
similarity between the two data sets. The results displayed a minor deviation, which was
linked to a misalignment of the circuit's top and ground layers. Despite this, the quad-
notched UWB filter showcased outstanding performance in both the passband and
extended stopband band regions, without impacting other frequencies in the passband.
Furthermore, it demonstrated a linear phase response throughout the entire passband, with
the exception of the band-notched frequencies. The measured S21 was less than 1 dB, and
the S11 was greater than 15 dB. The first notch displayed a rejection of 15.1 dB at 3.6 GHz,
whereas the second notch showed a rejection of 20.84 dB at 5.4 GHz. Similarly, the third
notch exhibited a rejection of 17.9 dB at 7.5 GHz, and the fourth notch displayed a rejection
of 21 dB at 8.7 GHz.

8.4. Summary:

In this chapter, a novel compact UWB-BPF with four notches is introduced. The filter
incorporates notched bands as a new feature, with the basic design utilizing hybrid
technology that combines microstrip and CPW. The basic BPF design is based on the
hybrid multimode mode resonator and broadside coupled technology, which facilitates the
creation of the necessary UWB with sharp TZs at both passband edges, along with
significant S21 and S11.The integration of composite split ring resonators (CSMRRs) into
the ground enables the realization of an improved stopband and the creation of four notches
in a filter. To confirm the accuracy of the simulation results, a VNA was used to observed
the response of the filter prototype, which validated the results. Owing to its small size and
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favorable frequency characteristics, the newly proposed UWB-BPF is a promising

component for integration into a variety of UWB communication systems.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK
9.1. Conclusions:

Compact UWB) BPF are crucial components in UWB systems because they meet the
stringent FCC emission mask criteria. Because of their low radiated power, which remains
below the noise level, these filters are critical components for enabling efficient
communication inside UWB networks without interfering with other wireless services.
However, dealing with other wireless services that operate as high-energy radiators and
can potentially cause interference to UWB systems presents a substantial challenge. To
successfully solve this issue, a UWB filter with integrated passband notch features must be
designed. This capability mitigates undesired frequencies from other wireless services,
increasing overall system performance. Furthermore, an extended stopband is required to
improve isolation and prevent unwanted crosstalk. As a result, the creation of a tiny UWB
filter with these vital qualities becomes critical for the operation of a seamless and
interference-free UWB system.

This research work presents a novel architecture of an UWB-BPF with multiple passband
notches and an extended stopband, which was successfully implemented. Initially,
Multimode Resonators (MMR) were utilized in the creation of the UWB filter. The bottom
layer was constructed using a DGS linked to the microstrip on the top, sharing a common
dielectric. By optimizing the modeling of the MMR, the resonant modes were efficiently
excited, leading to the desired UWB passband. To augment the filter's performance, the
common overlap area between the MSL on top and the narrow arms of the MMR at the
bottom was fine-tuned to increase the capacitance. This adjustment, in turn, significantly
improved the coupling strength of the filter, ensuring its effective operation in achieving
the specified passband characteristics and extended stopband.

This study investigates the use of various Defected Ground Structures (DGS) within the
Multimode Resonator (MMR) to achieve adjustable passband notches. Different DGS
types were used, including rectangular, dumbbell, CSRR, CFSRR, CMFSRR, spiral,
meander, and so on. DGS disrupts ground current distribution, resulting in passband
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notches at their respective resonance frequencies (f). The effective permeability of the
material becomes negative in this limited frequency range (f), leading propagating waves
to become evanescent and establishing stopband features. The dimension of the DGS
profile determines the centre frequency of the notches. Similar DGS structures were
cascaded at equidistant spots on the MMR to extend the notch bandwidth, as their near
proximity promotes EM coupling.

On the other hand, Widening the gap between the DGS structures, reduces the notch BW
due to decreased EM coupling. Dual/triple passband notches were built on the MMR by
cascading numerous DGS structures to solve various passband interferences. Dual notches
were created by using two non-equidimensional DGS structures spaced apart on the MMR,
with their bandwidth shifting according on the distance between them. Similarly, triple
passband notches were created by cascading three non-equidimensional DGS structures on
the MMR, with the potential for either narrow or wide bandwidth depending on how the
DGSs were positioned. Furthermore, quadruple notches were obtained by employing split
ring resonators and cascading two non-equidimensional complementary split ring
resonators.

A wide and deep stopband is critical for the UWB filter in the context of the UWB system
because it offers the essential isolation. This is accomplished by extending and reducing
false harmonic frequency points. The harmonics are effectively suppressed by integrating
DGS beneath the input/output feeding lines within the ground plane. While standard DGSs
normally generate single attenuation poles, this strategy is inadequate for our design, which
involves many spurious stopband harmonics. To properly suppress these many harmonics,
our suggested filter architectures need the use of a DGS with multiple attenuation poles.
A roughly lumped equivalent circuit model for the UWB-BPF was developed in this study,
along with numerous notch configurations. The first priority was to create a
lumped equivalent circuit for the UWB-BPF structure. Following that, lumped equivalent
circuit models for the multiple notch structures were built, with interconnections
established among the multi-notch resonant circuits. The circuit was carefully tuned to
provide a matched frequency response of the constructed circuit architectures correlated

strongly with the results of EM simulations. These promising outcomes validate the
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efficacy of the proposed models in accurately representing the behavior of the UWB-BPF
and multiple notch structures.

Finally, all of the proposed structures were built on Rogers RT/Duroid 6010 substrate.
However, the flexible and transparent UWB-BPF was designed using silver nanowires
printed on a flexible polyethylene terephthalate (PET) substrate with a relative permittivity
of 3. The fabricated structures were then observed using an VNA. The frequency graphs
obtained were compared to full-wave EM simulations and circuit simulations, and there
was remarkable agreement. All of the proposed filter’s measured findings showed excellent
consistency with the EM simulation results, thus supporting the efficacy and accuracy of

the developed filter designs.
9.2. Limitations:

Multimode Resonator (MMR) UWB filters are planar structures with a MSL on the upper
and a DGS on the bottom layer. With this setup, exact mask alignment becomes critical to
avoid misalignment and inaccurate results. Because of the limits imposed by the proposed
MMR on the DGS dimension, the center frequency of the lowest passband notch has
limited tunability. To attain a lower notch center frequency, the MMR must be increased
in size, resulting in an increase in overall filter size. To achieve optimal performance,
maintaining a balance between notch frequency tunability and the physical dimensions of

the MMR becomes a vital factor in the design process.
9.3. Future work:

There are various potential areas of investigation and development for multiple notched
band filters in future work. To begin, more research can be done to optimize the design of
the various notch structures, with an emphasis on improving their performance in terms of
notch depth, bandwidth, and tunability. This could involve experimenting with different
Defected Ground Structures (DGS) shapes and configurations in order to get more accurate

and controllable notch characteristics.

Furthermore, the incorporation of adaptive tuning processes could be investigated for

improvement in the flexibility and reconfigurability of the multiple notched band filters.
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This could involve integrating varactors or other tunable elements into the filter structure
that allow for dynamic adjustment of the notch frequencies in response to changing system
requirements or interference sources. Manufacturing procedures can be improved to
increase the overall efficiency and manufacturability of the multiple notched band filters.
Exploring alternate substrate materials, sophisticated fabrication processes, and integration
approaches to reduce losses, improve signal integrity, and reduce manufacturing
difficulties could be part of this. Finally, novel applications for multiple notched band
filters can be investigated. This could involve incorporating them into certain wireless
communication systems, such as IoT devices, radar systems, or wireless sensor networks,
in order to address interference issues and increase spectral efficiency.

To fulfill the expanding requirements of wireless systems, future study on multiple notched
band filters should focus on improving their design, tunability, fabrication procedures,

performance evaluation, and exploring new applications.
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