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5G YENI RADYO iCiN 3.5 GHZ BANT GECIREN PARALEL
KUPLAJLI MIKROSERIT FILTRE TASARIMI

Ismail Oguz Saylan
Yiiksek Lisans Tezi
Elektrik - Elektronik Miihendisligi Anabilim Dali
Elektrik - Elektronik Miihendisligi Programi
Danisman: Dog. Dr. Serkan Topaloglu
Maltepe Universitesi Fen Bilimleri Enstitiisii, 2019

Filtreler, elektronik sistemlerde onemini ve gerekliligini korumakta ve son
yillarda yeni teknolojilerin ortaya ¢ikmasindaki hiz ile birlikte filtre talepleri artmaktadir.
Haberlesme sistemindeki yeni teknolojilerden birisi 5G’dir. Haberlesme sisteminde
ortaya ¢ikan her yeni teknoloji ile birlikte, mevcut frekans bantlarinin kullanimi artmis
veya yeni frekans bant tahsisleri yapilmistir. Yeni frekans dagilimlarinin bir sonucu
olarak, birbirine ¢ok yakin bitigik frekans bantlart meydana gelmektedir.

Filtreler, tasinan sinyale girisimi Onlemek i¢in iletisim sistemlerinin temel
parcasidir. Algak geciren, yiiksek geciren, bant geciren veya bant durduran, haberlesme
sistemlerinde kullanilan farkli filtre tipleridir. Bant geciren filtre, belirli bir frekans
araligindaki sinyali iletmek ve bu aralifin disindaki sinyalleri sondiirmek ig¢in
kullanilabilir. Frekans bandi veya filtrenin kullanilacagi uygulamaya gore, filtre
teknolojisi secilebilir. Toplu elemanl filtreler kompakt tasarimlar i¢in pratik degil ve
yiiksek frekanslarda giivenilir degildir, ¢iinkii sinyalin dalga boyu devrenin fiziksel
boyutlarindan ¢ok daha kii¢liktlir. Dagilmis elemanli filtre; yliksek dielektrik sabitiyle
yiikksek frekansli uygulamalar icin kullanilabilir, diisiik kayiplidir ve haberlesme
sistemlerinde filtre topolojisine gore iletim hatlarina uygulanmasi kolaydir.

Bu ytiksek lisans tez calismasinda, paralel kuplajli mikro serit bant gegiren filtre,
5G (n78 bant; 3400 MHz — 3600 MHz ) uygulamalarinda tasinan sinyallere bitisik
bantlardan gelen girisimleri 6nlemek igin tasarlandi, simiile edildi, optimize edildi ve
gerceklendi. Tasarimda ve filtrenin gergeklenmesinde, dielektrik sabitli €. = 3.48
RO4350 (Rogers) alt katman malzemesi olarak segildi. Filtre tasariminda, gecis bandinda
0.5 dB dalgalanmali Chebyshev algak gegiren filtre prototipi kullanildi. Besinci derece
paralel kuplajli mikro serit bant gegiren filtre, 200 MHz bant genisligi ve merkezi frekans
3.5 GHz ile tasarlanmistir. Simiilasyon sonuglarina gore; 3.5 GHz merkez frekansinda
araya girme kaybi s,; = —3.49 dB geri doniis kayb1 s;; = —16.94 dB’ dir ve —3 dB
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bant genisligi, iist ve alt kesim frekanslarin sirasiyla 3617 MHz ve 3418 MHz oldugu
199 MHz’ dir. Bant durdurma bastirmasi, 3.3 GHz’ de —33.33 dB ve 3.8 GHz ’de
—50.81 dB’ dir. Tasarlanan filtre gerceklendi ve 6l¢iildii; 3.5 GHz merkez frekansinda
araya girme kaybi s,; — 3.23 dB, geri doniis kayb1 s;; — 27.84 dB’ dir ve —3 dB bant
genisligi, list ve alt frekanslarin sirasiyla 3615 MHz ve 3382 MHz oldugu 233 MHz’ dir.
Bant durdurma bastirmasi, 3.3 GHz’ de —22.45 dB ve 3.8 GHz’ de —41.99 dB’ dir.
Gergeklenen filtrenin 6l¢limii ve tasarlanan filtre simiilasyonu, filtre cevabinda benzer
sonuglara sahiptir. Tasarlanan filtre ger¢eklendi ve sonucta diisiik araya girme kaybu,
diisiik gergekleme maliyeti ve yiiksek sondiirme 6zelligi elde edildi. Tasarlanan filtrenin
uygulama alan1 boyutlarinda herhangi bir sinirlama yoksa, bu gerceklenmis filtre, diisiik
maliyetli ¢ozlimler i¢in avantaj saglar.

Anahtar Sozciikler:. 1. Mikro serit; 2. Bant geciren filtre; 3. 5G NR Frekans bandi; 4.
Paralel kuplajh

vii



ABSTRACT

DESIGN OF 3.5 GHZ BANDPASS PARALLEL - COUPLED
MICROSTRIP LINE FILTER FOR THE 5G NEW RADIO

Ismail Oguz Saylan
Master Thesis
Department of Electrics-Electronics Engineering
Electrics-Electronics Engineering Program
Advisor: Assoc. Prof. Dr. Serkan Topaloglu
Maltepe University, Institute of Science and Technology, 2019

Filters maintain their importance and necessity in electronic systems and filter
demands are increased in recent years due to speed of emerging new technologies. One
of the new technologies in communication system is 5G. With every new technology
emerged in communication systems, existing frequency bands usage increases or new
frequency band allocations are made. As a result of new frequency allocations, very close
each other adjacent frequency bands are occurring.

The filters are the essential part of communication systems to prevent transporting
signal from interference. Different type of filters; low pass, high pass, bandpass or
bandstop are used in communication systems. The bandpass filter can be used to pass
signals in a specific frequency range and to attenuate signals out of this range. According
to frequency band or application which filter will be used, filter technology can be chosen.
Lumped element filters are not practical for compact designs and not reliable in high
frequencies because the wavelength of the signal is much smaller than the physical
dimensions of the circuit. Distributed element filter; can be used for high frequency
applications with high dielectric constant, is low loss and easy to implement to
transmission lines according to filter topology in communication systems.

In this master thesis, a parallel coupled microstrip bandpass filter is designed,
simulated, optimized and realized for 5G (n78band; 3400 MHz — 3600 MHz )
applications to prevent transporting signal from adjacent band interference. In the design
and for filter realization, RO4350 (Rogers) with dielectric constant €. = 3.48 is chosen
as substrate material. In the filter design, 0.5 dB ripple in the passband Chebyshev low
pass filter prototype is used. The 5th order parallel coupled microstrip bandpass filter is
designed with 200 MHz bandwidth and central frequency 3.5 GHz. According to
simulation results; the insertion loss s,; is —3.49 dB, return loss s;; is —16.94 dB at
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3.5 GHz central frequency and —3 dB bandwidth is 199 MHz where upper and lower
frequencies are 3617 MHz and 3418 MHz respectively. The stopband attenuation at
3.3 GHz is —33.33 dB and at 3.8 GHz is —50.81 dB. The designed filter is realized and
measured; the insertion loss s,; is —3.23 dB, return loss s;; is —27.84 dB at 3.5 GHz
central frequency and —3 dB bandwidth is 233 MHz where upper and lower frequencies
are 3617 MHz and 3418 MHz respectively. The stopband attenuation at 3.3 GHz is
—22.45dB and at 3.8 GHz is—41.99 dB. The realized filter measurement and the
designed filter simulation have similar results in filter response. The designed filter is
realized and as a result low insertion loss, low cost of realization and high attenuation
characteristic is achieved. If there are not any limitations at the designed filter application
area dimensions, this realized filter has the advantage for low cost solutions.

Keywords: 1. Microstrip; 2. Bandpass Filter; 3. 5G NR Frequency Band; 4. Parallel
Coupled
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SECTION 1. INTRODUCTION

In the near future, GSM operators will start using the emerging Fifth Generation
(5G) technology to allow data exchange at higher speeds as well as many advantages.
According to such new technology, new frequency bands are proposed. The New Radio
(NR) 5G technology carries the frequency bands used for communication above 3 GHz
(URL-1, 2018).

The NR 5G n78 (3.3 GHz to 3.8 GHz) band is planned to be used mostly by
Europe, China and Australia (Shin & Eilert, 2018). Some European countries define
frequency bands for GSM operators in the n78 band. One of the European countries which
Is started to work in the n78 band of NR 5G is the United Kingdom. Frequencies which
will be used by UK GSM operators is between 3.4 GHz to 3.6 GHz. According to global
groups, particular interest to the n78 band, more base stations, cell phones, and
communication devices are expected to support the n78 band near future (URL-2, 2018).

New bandpass filter designs play an important role to avoid interference by
suppressing of adjacent bands whose spectrums are expected to increase in NR 5G
technology. One of them is NR 5G n41 band (2.5 GHz to 2.7 GHz) which is used currently
for the traditional industrial, scientific and medical purposes named as ISM band. The
ISM band which is a commonly accepted at 2.54 GHz frequency for worldwide
operations (Shin & Eilert, 2018).The upper adjacent is (4.9 GHz to 5.0 GHz) which is
used as a WLAN band to expand band spectrum to lower frequency to support more
channels. Depending on the intensity of use in adjacent bands in the near future, a
bandpass filter designed for the n78 band requires good attenuation at 2.7 GHz and 4.9
GHz. In (Shin & Eilert, 2018), the designed bandpass filter with 3.3 to 3.8 GHz passband
which meets 5G n78 band demonstrated a size benefit with good insertion loss <1.8 dB
and attenuations characteristic >30 dB at 2.7 Ghz and 4.9 GHz to filter out adjacent bands.

There are different types of microstrip line filters; hairpin, step impedance and
parallel coupled line. Some works about microstrip parallel coupled line filter design
details will be given as examples. In (Al-Aregi, Seman, & Rahman, 2017), a parallel
coupled line microstrip bandpass filter for the application 5G wireless communication
was defined and optimized using Rogers RO4003C substrate with center frequencies of
5 GHz, 15 GHz and 28 GHz. The designed bandpass filter demonstrates an optimal
average performance of 8.59% bandwidth with an insertion loss of 1.53 dB and return
loss greater than 12 dB.

Another parallel coupled line bandpass filter proposed in (Seghier, Benahmed,
Bendimerad, & Benabdallah, 2012) for frequency modulation (FM) application using
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Rogers RO4003C substrate at 6 GHz bandwidth of 200 MHz and minimum attenuation
of -15 dB at 6.2 GHz, passband ripple of 0.5 dB. It is designed using half wave long
resonators and admittance inverters.

In addition to the works mentioned here, there are a lot of other works related to
parallel coupled bandpass filters. Only some of them are picked and used as a reference
to decide for bandpass filter specifications.

In this thesis, a parallel coupled line microstrip bandpass filter is designed at 3.5
GHz with 200 MHz for NR 5G n78 band applications using the RO4350 substrate with
the help of AWR iFilter wizard software.

In the second chapter, literature is reviewed based on reviewed articles and books.
The name of articles and main books used in literature are given. Firstly, articles on
parallel coupled microstrip bandpass filter design are reviewed. According to the review
of works, filter design sections are defined. Secondly, subjects of fundamental books that
are related to filter design and defined by article reviews are summarized. The outlined
topics are 'Lumped and Distributed Elements in Filters', 'Filter Types', 'Low Pass
Prototype’, 'Normalized Chebyshev Low-Pass Filter Prototype’, 'Filter Transformation
Types', 'Impedance and Admittance Inverters', 'Filter Realization with Transmission
Line', 'Richard’s Transformations', 'Kuroda’s Identities', 'Resonator with Transmission
Lines', '‘Coupled Line Filters', ‘Calculation of Microstrip Dimesions', 'Input and Output of
a Parallel Coupled Line Filter' with a given sequence.

In the third chapter, according to the literature review and emerging technology
trend, bandpass filter specifications are chosen to design a new filter for being used in
new applications. And these specs are used to design a bandpass filter. The designed filter
is simulated with the use of AWR software. For the realized filter; insertion loss, return
loss, bandwidth and central frequency values are measured and these are compared with
the simulation results.

In the last chapter, designed and realized parallel coupled bandpass filter
measurement results are evaluated with AWR software simulation results. Using
simulated filter dimensions, the parallel coupled microstrip bandpass filter is realized
using RO4350 as a substrate. The desired response is achieved in the realized filter
measurement in the laboratory using a network analyzer. Both designed and realized filter
response results are similar. The realized filter has low insertion loss and high return loss
at central frequency. The bandwidth of the filter is covers the n78 band 3400 Mhz to 3600
MHz frequency range. The stopband attenuations at the edge of the n78 frequency band
are high enough to block interference from adjacent bands. The filter size can be
acceptable due to the system design which the filter will be used with cheap realization
cost.



1.1 Aim

One of the most important component used in communication systems is filters.
A large number of filters used in the applications allows working properly of the devices
operating at different and near frequencies. With the new technologies, the number of
instruments used at the same frequency increases day by day. Filters are designed
according to the application to be used in different types, sizes, and specifications. In
order to keep wireless communication up to date numerous researches on component
design being conducted including bandpass filter (Al-Areqi, Seman, & Rahman, 2017)
(Mahon, 2017) (Albreem, 2015).

5G NR technology, which has been used to meet the evolving needs and will
become very widespread in the near future, necessitated new filter designs. 5G NR
technology has many frequency channels. The n78 channel has a range of 3300 to 3800
MHz, one of the frequency ranges used in 5g technology (Shin & Eilert, 2018) (URL-1,
2018). 5G NR frequencies bands were distributed to GSM operators for use in the UK.
According to the results of the auctions, the frequency range of the current situation (3400
- 3600 MHz) was officially given to the use of GSM operators (URL-2, 2018).

The aim of the thesis is to design, to simulate and to realize of a 5" degree parallel
coupled microstrip bandpass filter with a 3.5 GHz central frequency for to use 5G NR
technology applications, 200 MHz bandwidth, high attenuation characteristics in the
stopband, low insertion loss and low cost of realization.

1.2 Methodology

In the literature review chapter of the thesis, filter and filter related topics are
examined. A research was conducted to determine the needs arising from current
technology approaches. Current technology approaches are used to determine the central
frequency and bandwidth of the filter to be designed.

Numerous frequencies have been defined for 5G NR technology, which will be
used more in the near future. One of the frequencies defined is the 3.5 GHz (3300-3800)
n78 band. For the 5G NR n78 band, it was decided to design a filter with high attenuation
characteristics in the stopband regions, stable in the passband area and low insertion loss
in order to prevent interference caused by adjacent bands. The bandwidth of the n78 band
(3.3 - 3.8 GHz) is 500 Mhz. In the current situation, the frequency range planned to be
used in the UK is the range of 3.4 - 3.6 GHz having a bandwidth of 200 MHz (URL-1,
2018) (URL-2,2018).

Generally, in bandpass filter design parallel coupled inductor and capacitor are
used to resonate at desired frequency and shunt resonators are grounded to attenuate the
frequencies outside of the passband. The series inductor and capacitor couples are also
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used to pass desired frequencies. Beside on given specification, microstrip transmission
lines should be used rather than lumped elements due to high frequency. According to the
restriction about a lumped element,a parallel coupled microstrip is used to design a
bandpass filter.

The filter design was started by selecting the low-pass filter type. Butterworth,
Chebyshev and Bessel filters responses were examined. Although Chebyshev has ripple
in the passband region, it has better stopband attenuation than other filter types, therefore,
Chebyshev 0.5 dB ripple in the passband filter was decided to use in the design. To
suppress the interference caused by adjacent bands as stopband attenuation > -40 dB at
3.8 GHz, the filter degree was calculated as the fifth order.

A 5-degree low pass prototype filter was designed using Chebyshev circuit
element values.

The designed low pass prototype filter was transformed to a lumped element
bandpass filter and element values were calculated with transformation equations. To
transform the lumped element filter circuit to parallel coupled line filter, admittance
invertors were inserted between the shunt resonators. The values of the admittance
invertors were calculated. With the results of them, even and odd mode impedance of
parallel couples were calculated.

For the simulation and realization, RO4350 PCB substrate was decided to use.
Equations for the calculation of physical dimensions required for the design are shown
and according to given equations, the width (w) and space (s) of parallel coupled lines
were calculated with the use of even and odd mode impedance values. For the calculation
of the length () of parallel coupled lines were used effective dielectric constant values.
The width (w), and length (1) of resonators and space (s) between parallel coupled lines
values were also figured out with the AWR iFilter simulation software.

The simulation of the filter was performed with the AWR iFilter software and for
the realization, the filter was realized on the chosen material RO4350. The measurements
of the realized filter were made at laboratory using a network analyzer. The results of the
laboratory measurements were compared with the simulation results.



SECTION 2. LITERATURE REVIEW

In this chapter, topics are focused on the theory of filter design and realization of
a microstrip parallel coupled line bandpass filter. Firstly, literature related to new
technologies and works to support new technologies are reviewed and the result of this
review is shared in the introduction section of the first chapter. After the thesis subject
was determined, similar articles about this subject were examined and the topics that will
guide the filter design in the thesis were defined and the method of the thesis work was
formed. Topics are related to bandpass filter design but also for other response types some
substantial subjects are evaluated in this chapter by showing fundamental references.
Sample figures are given to make the topic more comprehensible. The sequence of
sections is given in an order similar to the design process.

Among the works examined on the subject, highlighted articles are the following:

In this “Parallel Coupled Microstrip Bandpass Filter Designed and
Modeled at 2 GHz” named article, author (Vipul M Dabhi) shows the
design technique, parametric analysis, and simulated and realized results
of parallel coupled transmission line filter and gives design equations for
calculation of coupled line parameters space gap between lines, line widths
and lengths are and define the theoretical design process of the filter (Vipul
& Ved, 2016).

This “Parallel-Coupled Line Bandpass Filter Design Using Different
Substrates for Fifth Generation Wireless Communication Applications”
named article author (Nadera Najib Al-Areqi) used quarter wave parallel-
coupled line resonators and additional small resonator attached between
the first/last coupled-line section and the ports’ 50 ohm transmission line
to design filter. And the effect of a substrate in the bandwidth performance
is examined (Nadera, Norhudah, & Tharek, 2015).

In this “Improved Design Equations of the Tapped-Line Structure for
Coupled-Line Filters” named article, coupled-line filters with tapped input
and output are worked by the author (Chih-Ming Tsai) (Tsai, 2007).

The author is in “Development of 5.8 GHz Microstrip Parallel Coupled
Line Bandpass Filter for Wireless Communication System” article show
the design technique, parameter analysis, real prototype realization, and
measurement results compare to simulation (Othman, Sinnappa, Hussain,
Aziz, & Ismail, 2013).

In this article, “Design and Simulation of a Parallel-Coupled Microstrip
Bandpass Filter” author has examined the calculation of even-mode and



odd-mode characteristic impedances of coupled line pairs (Yang, Cross,
& Drake, 2014).

e This “The Complete Design of Microstrip Directional Couplers Using the
Synthesis Technique” named article author (Abdullah Eroglu) examined a
symmetrical technique to design microstrip directional coupler (Eroglu &
Lee, 2008).

Main books which are used to outline sections are; “Microwave Engineering 4th
Edition” by David M Pozar, “Foundations for Microstrip Circuit Design” by Terry C.
Edwards,Michael B. Steer , “Microstrip Filters for RF Microwave Applications” Jie
Sheng Hong , M. J. Lancester, “RF and Microwave Coupled Line Circuits Second Ed”
R. K. Mongia, I. J. Bahl, P. Bhartia, J. Hong, “RF Circuit Design Theory and
Applications” Reinhold Ludwig, Pavel Bretchko, “Design of Analog Filters” Rolf
Schaumann, Mac E. Van Valkenburg are selected as main reference books.

2.1 Lumped and Distributed Elements in Filters

Lumped elements are resistor, inductor or capacitor. A distributed element is a
specifically defined part of the transmission line. A distributed element can be realized
with a cavity in a waveguide, coaxial cable or copper on a board. Figure 2.1 shows lumped
elements resonators with capacitance and inductances and equivalents representation with
distributed elements. (Edwards & Steer, 2016)

c c | |
| |
| |
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d 4 d | |

(a) (b)

Figure 2.1 (a) Lumped elements resonators (b) Equivalents representation with
distributed elements

In practice, distributed elements are useful in high frequency and lumped elements
in low frequencies. The relationship between frequency and wavelength means that as
frequencies increase, lumped elements become unreliable as the length of the components
approaches the 0.1th guideline with respect to wavelength (Pozar, 2012).

The wavelength (A) is calculated by the velocity of propagation (V,) and the

highest frequency (f) of the operation. Transmission lines have importance in high
frequency applications (Pozar, 2012).



1% (2.1)

Distributed element is a part of transmission line inductive or capacitive elements
can be realized simply. In the later section, lumped and distributed components are used
to make filter design. As a starting point, lumped elements are used and then
transformation is applied to create the equivalent of this circuit with distributed elements
to use the filter in microwave frequencies (Edwards & Steer, 2016) (Levy, Snyder, &
Matthaei, 2002).

2.2 Filter Types

Filters are basically classified according to passing and attenuating frequencies.
According to the frequency range, there are four main types of filters. These are low-pass,
high-pass, band-pass and band-stop. In an ideal filter, signals passing through passbands
are not attenuated and gained. However, in such an ideal type filter, stopband signals are
completely blocked (Schaumann & Van Valkenburg, 2001).

Low pass filters pass all frequencies till cut off frequency starting from zero. High
pass filters pass all frequencies above cut off frequency till infinity. Bandpass filter passes
signals between two specified frequency ranges and attenuates all signals out of this
range. Band stop filter attenuates all signals between two specified frequency ranges and
passes all signals out of this range (Mongia, Bahl, Bhartia, & Hong, 2007) (Schaumann
& Van Valkenburg, 2001) (Edwards & Steer, 2016) (Hinton, 1980) (Abbas, Zubair, &
Mojeeb).

The filters can be also classified according to filter response shapes. Mostly used
low pass prototype ones are Butterworth filter, Chebyshev filter and Bessel filter (Figure
2.2) (Schaumann & Van Valkenburg, 2001).

Butterworth filter is also known as a maximally flat filter. Response shape is
maximally flat in the passband and there is no ripple, steep transition from pass band to
stop band. Chebyshev filters are also called as equal ripple filters. The response has
ripples in the passband region and has a steeper transition from pass band to stop band.
Bessel filters are also known as maximally flat time delay filters. Response shape has a
relatively gentle transition from pass band to stop band and a uniform phase delay in
passband region (Figure 2.3) (Cakir, Giindiiz , & Sevgi, 2006).
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Figure 2.2 Four types of the filter with attenuation versus angular frequency
(Schaumann & Van Valkenburg, 2001)

—— Butterworth
— Besse

—— Chebyshes

Figure 2.3 Response shapes of low pass (a) Butterworth filter (b) Chebyshev filter (c)
Bessel filter (Floyd, 2012)

2.3 Low Pass Prototype Approach

Matthaei, Young, and Jones popularized the low pass prototype approach, which
is very useful for filter design (Matthaei, Young, & Jones, 1980). A low pass prototype
can be used as a starting point of filter design. In this prototype, normalized impedance
and frequency are defined. Transformation is needed to get the desired frequency range
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and impedance. Low pass prototype which response shapes commonly used in
Butterworth, Chebyshev, and Bessel filters (Ludwig & Bretchko, 2000).

The elements of low pass filter prototype are numbered from g,at the generator
side to g,,, at the load side. The elements are changed according to network topology.

These topologies are Pi network and T network. There is not any difference at the
performance whether Pi network or T network topology is used because both are dual
from each other. However, it affects the types of distributed resonators, which could be
used later in filter design (Ludwig & Bretchko, 2000).

(n even) (n odd)

(a)

SaHl or Boa

(n even) {m odd)

(b)

Figure 2.4 Low pass prototype filter with normalized elements (a) Pi network (b) T
network (Hong & Lancaster, 2001)

(4 29

The elements “’g’’ are defined as below:

_( resistance for generator Pi network
® | conductance for generator T network

_ (inductance for series inductance
@N | capacitance for shut capacitor

_( resistance for load if g, is a shunt capacitor
Jovn conductance for load if g, is a series inductor

g, can be resistance or conductance according to the network topology,

Juwny alternates between inductance (series inductance) and capacitance (shut
capacitor),



Oy Can be load resistance or conductance according to the number of circuit elements
(Ludwig & Bretchko, 2000).

2.4 Normalized Chebyshev Low-Pass Filter Prototype

As previously discussed, the low-pass prototype approach which is simplified by
Matthaei, Young and Jones, can be applied to specific response shape filters. The element
values "g" can be calculated using the network synthesis method developed by Brune
and Darlington (Schaumann & Van Valkenburg, 2001). Previously calculated element
values are given in tables, which are available for different response shapes such as
Butterworth and Chebyshev which can be found in the literature (Matthaei, Young, &
Jones, 1980)(Pozar, 2012). These tables include normalized element values as assuming
w =1rad/secand g, =1. In filter prototypes, a number of reactive elements is equal to

the order of filter (Pozar, 2012) (Ludwig & Bretchko, 2000). In most cases, the sharper
transition is desired between pass-band and stop-band. It can be achieved by increasing
the number of circuit elements (order of filter) (Schaumann & Van Valkenburg, 2001).

Table 2.1 Chebyshev low-pass prototype normalized element values passband ripple
level 0.5 dB (Pozar, 2012)

0.5 dB Ripple
N3 Fop) 23 24 gs 26 g7 g3 g9 210 £n
1 0.6986 1.0000
2 14020 0.7071 1.0841
3 15063 1.0067 1.5063 1.0000
4 16703 1.1926 2.3661 0.8419 10841
5 1.7058 12296 2.5408 12206 1.7058 1.0000
6 17254 12479 2.6064 13137 24758 0.8696 10841
7 17372 12583 2.6381 13444 26381 12583 1.7372 1.0000
8 17451 12647 2.6564 13500 2.6964 13380 2.5003 0.8796 19841
0 1.7504 12600 2.6678 13673 27230 13673 2.6678 1.2600 1.7504 1.0000
10 1.7543 12721 2.6754 13725 27392 13806 2.7231 13485 25230 (.8842 10841
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Table 2.2 Chebyshev low-pass prototype normalized element values passband ripple
level 3 dB (Pozar, 2012)

3.0 dB Ripple
N a g g3 84 8 g6 g7 gs g9 g0 fu
1 1.9953 1.0000
2 3.1013 05339 58095
3 3.3487 0.7117 3.3487 1.0000
4 34380 07483 43471 05920 5.8005
S 34817 07618 45381 07618 3.4817 1.0000
6 35045 07685 46061 07920 44641 06033 58005
7 3.5182 0.7723 46386 08039 4.6386 0.7723 3.5182 1.0000
8 3.5277 0.7745 4.6575 08080 4.6000 0.8018 44900 0.6073 5.8005
0 35340 0.7760 4.6692 08118 4.7272 08118 46692 0.7760 3.5340 1.0000
10 3.5384 0.7771 46763 08136 4.7425 08164 47260 0.8051 45142 0.6091 5.8005

Chebyshev low-pass prototype filter normalized element values are given in Table
2.1 and Table 2.2. In Table 2.1, element values exist for designing Chebyshev low-pass

prototype filter with a normalized source impedance (g, =1), cut-off frequency (o, =1

rad/s) and passband ripple level 0.5 dB or in Table 2.2 same values exist for passband
ripple level 3 dB. These element values can be used both and T network type filter
topologies. The element values can be inductance value or capacitor value according to

selected topologies.

The filter order can be decided using previously define attenuation responses for
low pass prototype filters. Attenuation versus normalized frequency for a Chebyshev
filter prototype is given in Figure 2.5 passband ripple is 0.5 dB and in Figure 2.6 passband

level 3 dB ripple.
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Figure 2.5 Attenuation / normalized frequency, 0.5 dB ripple Chebyshev low pass filter
prototype (Pozar, 2012)
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Figure 2.6 Attenuation / normalized frequency, 3 dB ripple Chebyshev low pass filter
prototype (Pozar, 2012)

According to design specification, if the value of wanted attenuation is known, the
order of filter can be decided using these attenuations versus normalized frequency
figures. The equation for calculation of filter order is given below (Hong & Lancaster,
2001).

fo=yf- 1, (2.2)
f,—f
FBW =21
T (2.3)
1 f, f
f o~ (L__c
" FBW f, fl) (24)
: f,
Normalized frequency; 1 -1 (2.5)

According to normalized frequency calculated using attenuation graphs order of
filter can be decided. Generator and load element values are equal to each other when the
order of the filter is odd. In design using Chebyshev filter prototype, load element values
are alternating according to the number of N if N is odd it equals 1 and in even condition,
it creates a mismatch between the generator and load impedance. Quarter wave
transformer or adding new filter element is a solution for making N odd (Pozar, 2012).
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2.5 Filter Transformation Types

In the filter transformation, the low pass prototype filter which has normalized
source impedance of Rs=1 Q, a cutoff frequency of w. = 1 rad/s and normalized element
values are used as a starting design. To transform a low pass prototype filter, both
impedance and frequency scaling is needed. Impedance scaling is applied to component
valuesL, C and R, of original prototype, equations are given below. R, is equal to
desired filter source resistance hence source resistance of prototype filter is an equal one.

In the below scalled impedance values of filter components equations are given (Pozar,
2012) (Matthaei, Young, & Jones, 1980).

L =R,L (2.6)
. C

c "R (2.7)

R =R, (2.8)

R, = RyR, (2.9)

The cutoff frequency of a low pass prototype is equal to one as w. = 1, to scale
the frequency replacing w by w/w. is applied. In this case, new cutoff frequency occurs
when w/w, = 1 or w = w. (Pozar, 2012) (Matthaei, Young, & Jones, 1980).

2.5.1 Low-Pass Transformation

At the transformation of low-pass prototype filter to a low-pass filter, inductors
and capacitors both are remains as inductors or capacitors. The calculation equations to
make load impedance 50 Q are given below (Hong & Lancaster, 2001) (Collin, 2001)
(Pozar, 2012).

R =R R,
| (2.10)
R, =1-500hm =500
R =R, -
=RRy (2.11)

R =1-500hm =500

The value of resistance is frequency independent so it can be scaled to any value
directly by multiplying element values with scaled value in case of N is odd. The circuit

13



normalized elements remain as same with low pass prototype in low pass filter. To
provide filtering at the desired value, frequency scaling is needed for normalized element

values of g, to g, .

As previously discussed, these elements can be capacitors or inductors according
to design topology. As an example, in © network g, is used as shunt capacitor. The

calculation for these element values for the desired frequency is given below.

w = 2mf (2.12)
L =RoOe 2.13)
a)C
Cl=Ic (2.14)
RO : a)c

Using low-pass prototype, other types of filter also can be derived using a
transformation impedance scale and normalized element scales at a specific frequency.
In Figure 2.7, lowpass prototype to lowpass, highpass, bandpass and bandstop
transformations are shown. The equations in Figure 2.7 does not include impedance

scaling (Collin, 2001).

Low-pass High-pass Bandpass Bandstop

T | L
L agh La L. 1
L o L - iy T wwelA
A
T wol
o Q o

I . 1
A e agCA

c ==

1
w,C wyC alyy
CA
I I

Figure 2.7 Lowpass prototype to lowpass, highpass, bandpass and bandstop
transformation (Pozar, 2012)

2.5.2 High-Pass Transformation

At the transformation of low-pass prototype filter to a high-pass filter, inductors
are replaced with a capacitor and capacitor with an inductor. Using normalized element
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values in low-pass prototype, translated values of elements can be calculated with below
equations for the high-pass filter (Collin, 2001).

1
C=— -
oo R (2.15)
R
L =—%
Iy (2.16)

2.5.3 Band-Pass Transformation

At the transformation of low-pass prototype filter to band-pass filter, inductors are
changed with series inductor and capacitor, capacitances are changed with parallel
inductor and capacitor which are shown in Figure 2.7.

Band-pass transformation is slightly different from low-pass and high-pass
transformation because pass-band is defined between two specific frequencies denoted as
w4 and w, (Pozar, 2012). The center frequency w, can be calculated as the arithmetic
mean of w, and w,; but to make it simpler, geometric mean is used.

Using fractional bandwidth and central frequency in transformation equations,
normalized elements values can be scaled according to design specifications. The central
frequency and fractional bandwidths can be calculated with the below equations.

@, =Jor o, (217)
Fractional bandwidth of pass-band is;

Wy —Wq

A=2222 (2.18)

Wo

By using these two values, element values can be calculated for a band-pass filter
with below equations:

For inductor to series inductor and capacitor;

g, R,
L =2n
n o, A (2.19)
A
C,= 2.20
@,-9,"Z, ( )



For capacitor to parallel inductor and capacitor;

A-R
Ly =——2

a)O'gn
:—gn
" w, A Z,

2.6 Impedance and Admittance Inverters

(2.21)

(2.22)

Designing with using the same type of elements helps to filter calculation. Kurado
identities can be used for this purpose to change series elements. Series elements can be
changed with shunt ones or vice versa. Another method to change elements connections
in the circuit is to utilize impedance (K) or admittance (J) inverters according to the
desired design (Edwards & Steer, 2016). This (K) impedance or (J) admittance inverters
in Figure 2.8 can be realized using the below options (Pozar, 2012) (Seghier, Benahmed,

& Benabdallah).

Impedance mverters

o——

o—

1
L =]
=

Zn=E%Z;

Admittance mverters

[ M—

[ SE—

Ty =TT

Figure 2.8 Shows impedance and admittance inverter (Pozar, 2012)

1) A quarter-wave transformer.

Afd

=K

o

8]

Figure 2.9 Impedance and admittance inverter (1) (Pozar, 2012)
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2) Transmission lines and reactive elements.

— () — ] — — () — — ) —
o o o o
B
Zy E Xz I, / Ty
O - - s i
E=Z;tan| 672 J=Tytan |62
=—E B=—"I
1 = (KiZg)y 1=y~
'3 d 1 2B
)= —tan} == =_fan—" ==
i tan Z, i fan T

Figure 2.10 Impedance and admittance inverter (2) (Pozar, 2012)

3) Capacitor networks.

? IJ_I

E=lwC J=wC
Figure 2.11 Impedance and admittance inverter (3) (Pozar, 2012)

Realization technique and type of filter which will be designed take a role when
inverter type is chosen. In some cases, one type has an advantage over another. Impedance
inverters show load impedance Z, as an inverse to the rest of circuit Z,, with an element
which characteristic impedance is K shown in Figure 2.8. Similarly, admittance inverter
show load admittance Y, as an inverse to rest of circuit Y,, using a unit element with
admittance J (Seghier, Benahmed, & Benabdallah) (Hong & Lancaster, 2001) (Ferh &
Jleed).

2.6.1 Quarter-wave Length Transmission Line Invertors

A simple way to implement an impedance inverter is to use a A/4 length of the
transmission line. Quarter-wave length (A/4) of transmission line behaves like an
inverter, and this nature is can be described with sin wave. In the sin wave oscillation
amplitude changes from zero to the maximum amplitude at each A/4 length.

This nature of quarter-wave (A/4) transmission line makes it useful as an inverter.
In below Figure 2.12 Z load impedance matches to Z;; which equalsto Z, .
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Al =
WL =
o I N — O
K R Z
O— —o Z=K zZ =K

To calculate Z,:

Z 2
Zy=—"— (2.23)
ZL

With using a A/4 inverter with Z, impedance, the condition Z =Z_ impedance
match is achieved. In this example, impedance inverter K makes the load impedance Z,

appear like a characteristic impedance Z, to the rest of the circuit Z . The same

procedure can be used to apply admittance inverters (Edwards & Steer, 2016) (Collin,
2001).

2.7 Filter Realization with Transmission Line

There are several alternative types of transmission lines exist to construct
distributed elements. Type of transmission line technologies which is used to realize filter
design should be selected before transmission lines transformation is applied.

Coaxial lines, waveguides and planar transmission lines can be utilized as media
or transmission lines. When considering bandwidth, the coaxial line is convenient for test
applications with very high bandwidth. Waveguides are big in size and expensive despite
its high power handling capability and low loss (Pozar, 2012).

Stripline, microstrip, slotline, coplanar waveguide and other types of related
geometries is composed with planar tranmission lines. Planar transmission lines are
alternative to retire devices such as diodes and transsistors for microwave integrated
circuits with compact, low cost and easy integration features. With thin substrates, the
frequency dependence of the line is decreased in microstrip lines. This makes microstrip
is mostly preferred media for microwave filter applications. In the following sections,
some of planar transmission line media will be discussed (Pozar, 2012) (Wadell, 1991).
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2.7.1 Stripline

A planar type of transmission line that consists of three layers, a signal conductor
in the middle of two ground planes. Stripline transmission lines geometry is shown in

Figure 2.13.
: Ground élane —

: - Strip

Ground plane

Figure 2.13 Stripline (Edwards & Steer, 2016)

Between ground planes and signal conductors in the middle is a field with a
uniform dielectric material, dielectric constant & . This self-shielded geometry gives some
advantages to the stripline transmission line. Figure 2.14 shows the electrical and
magnetic field lines in stripline geometry. Self-shielded structure decreases radiation loss
in this type of transmission line and behaves electrically stable (Edwards & Steer, 2016).

A A A
TIEET

Figure 2.14 Electric and magnetic field lines of stripline (Pozar, 2012)

The characteristic impedance is controlled by the signal conductor width, the
distance ground planes do not affect characteristic impedance. And also this type of
transmission line has some disadvantages according to other types. Realization of the
stripline transmission lines is difficult. This structure cannot be constructed with
traditional PCB realization techniques because geometry includes a number of layers.
Access to signal conductor is difficult because it is encapsulated between two dielectric
layers. The difficulties and complexity in the realization technique increase the cost.
Considering, for microwave circuit adding other components to stripline can be a problem
because of to access the signal conductor (Pozar, 2012) (Edwards & Steer, 2016) (Wadell,
1991).
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2.7.2 Coplanar Waveguide (CPW)

The coplanar waveguide has one signal carrying conductor on a top layer and
ground planes that are located on the top layer as the signal conductor. CPW was invented
in 1969 by C.P. Wen (WEN, 1969). Below top layer uniform dielectric material where
the dielectric constant € exists, and the surrounding material for a signal conductor is air
e, =1. Figure 2.15 shows cross-section view of coplanar wave-guide media (Pozar,

2012).

. o o & 7 -
- o Sy A .-__.-""-.-_.-'"- "

Figure 2.15 Coplanar wave-guide (Edwards & Steer, 2016)

Radiation loss can be a disadvantage as compared to the stripline transmission
line. In stripline signal conductor is encapsulated with a uniform dielectric material and
ground planes locate at ends. This topology decreases radiation loss as compared to CPW
because in CPW topology signal conductor is between the dielectric material and free
space as an interface which causes more radiation loss. CPW transmission lines can be
realized with traditional PCB realization techniques. Signal conductors in ground planes
are easily accessible for connection with other circuit elements and testing measurement
is more easily (Pozar, 2012) (Wadell, 1991) (Gupta, Garg, Bahl, & Bhartia, 1996).

As compared to microstrip lines, CPW transmission lines have also both
advantages and disadvantages. Only a single layer exists in CPW topology, which both
ground planes and signal conductor is placed. Figure 2.16 shows the geometry and
naming of geometries.

: h . W E,
- ¥ e
Figure 2.16 Coplanar waveguide geometry (Edwards & Steer, 2016)

This geometry allows easy connection between the ground plane and signal
conductor as compared to microstrip lines. Adding distance like the connection between
the ground plane and signal conductor causes parasitic inductance. This smaller parasitic
inductance exists although the connection is easily between two planes (Edwards & Steer,
2016).
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In a theoretical approach, the area of ground planes in the CPW transmission line
should extend to infinity. In a practical case, it is applicable and performance discrepancy
is negligible if the ground plane is greater three times than the signal width (w). The
ground plane places in the CPW transmission line limit the type of coupling that can be
used compared to microstrip transmission line topology. For example, end coupled can
be achieved with the CPW transmission line but a parallel coupled line cannot be realized
because it violated signal conductor and ground plane spacing. This disadvantage limits
the usage of CPW transmission lines in microwave structures when the parallel coupling
is needed (Pozar, 2012) (Gupta, Garg, Bahl, & Bhartia, 1996) (Wadell, 1991).

2.7.3 Microstrip Line

Microstrip line has one signal-carrying conductor on a top layer. The ground plane
is separated by a dielectric material with a uniform dielectric constant € from the signal
conductor (Edwards & Steer, 2016).

Strip __

/ k3 Vs

Fres

Figure 2.17 Microstrip transmission line (Edwards & Steer, 2016)
t = thickness of conductor

w = width of conductor
h = thickness of dielectric material

&= dielectric constant of free space

The signal conductor is surrounded by air, which has g, = 1. Figure 2.17 shows
cross-section view of microstrip transmission line media. As compared to stripline and
CPW lines, microstrip line has suffered significantly more radiation loss like CPW lines.
Because similar to CPW, the signal conductor is between the dielectric material and free
space as an interface which causes more radiation loss. Like CPW lines, microstrip lines
also can be easily realized with simple PCB realization techniques. The signal conductor
in microstrip line as compared to stripline is easily accessible for connection with other
circuit elements and testing measurement is more easily like CPW (Barrett, 1984) (Pozar,
2012).

Two signal layers are required in a microstrip line topology. As shown in Figure
2.18 signal conductor layer is separated by ground plane layer with a dielectric material
and definitions for the naming of geometries are given in Figure 2.18. A signal conductor
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has the characteristic impedance Z_ and its value is controlled by the geometry of the

signal conductor. The placing of a ground plane and signal conductor in different layers
gives advantages in case of the types of coupling which can be applied (Pozar, 2012)
(Edwards & Steer, 2016).

Figure 2.18 Coupled microstrip line (Hong & Lancaster, 2001)

Figure 2.18 shows of cross-sectional view of a simple coupled microstrip line and
possible coupling techniques in microstrip lines; parallel coupling and end coupling are
given in Figure 2.19. In end coupling, the signal is capacitively coupled across the gap on
the microstrip lines. In parallel coupling, the signal is capacitively coupled between the
overlapping parallel lines with gaps on the microstrip lines (Mariani & Agrios, 1970)
(Wadell, 1991) (Bahl & Trivedi, 1977).

ST T

\ —| 5 f=— |"
-~ ) N~ )
Figure 2.19 Quarter-wave coupled and end coupled microstrip lines (Edwards & Steer,
2016)

The connection can be created with a hole drilled from the signal conductor to the
ground plane and filled with a conductive material. This connection is adding distance
like CPW lines but it is more difficult to realize connections and cause unwanted parasitic
inductances and also effect realization techniques. This connection effect can be reduced
by applying different design techniques, which does not use such connections. To sum up
all transmission lines, stripline, microstrip line, and CPW transmission lines have some
advantages and disadvantages. Table 2.3 summaries some differences between these
transmission lines (Edwards & Steer, 2016).

Table 2.3 Attributes comparision of stripline, CPW and microstrip line

Types of Transmission Line
Characteristic Attribute Stripline CPW Microstrip
Conductor Layers 3 1 2
Signal Conductor Access No Yes Yes
Realization Using PBC Techniques No Yes Yes

Stripline has an access problem to signal conductor and has a complicated
realization technique with three-layer count as compared to microstrip line and CPW.
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These problems are decreasing the use of this type of transmission line. The main
disadvantage of the CPW line is the limited type of couplings, which are available. The
main disadvantage of the microstrip line is the parasitic inductance caused by connections
between the ground plane and signal conductor. The main advantage of the microstrip
line is lots of different types of coupling can be realized. According to above descriptions;
because of versatility in coupling and ease of realization, the microstrip transmission line
is the best choice for bandpass filter design (Pozar, 2012).

2.8 Richard’s Transformations

According to transformations developed by P.Richard, LC networks can be
synthesized using open and short-circuited transmission lines. This transformation relies
on a mapping between w plane to the m plane (Richard, 1948).

In the below equation;

Q=tanpl = tan(i)—ﬁ) (2.24)

p

Mapping is repeating with a period of (/v =2z . By replacing frequency w
with Q, the reactance of an inductor can be written as:

X, = jOL= jLtan B¢ (2.25)

And the susceptance of the capacitor can be written as:

jB. = jOC = jCtan B¢ (2.26)

For low pass filter prototype cut-off occurs at unity frequency to obtain some

result for the Richard’s transformed filter.

Q=1=tanpl (2.27)

Which gives a step length of ¢=1/8. J wave length of the line at the cut-off
frequency (w.).

The desired filter prototype response is changed when the frequency increases.
The response is periodic when frequency repeats every 4w, . At the frequency

23



wo = 2wy, the transmission line is A/4 length and an attenuation pole will be added to
response (Hong & Lancaster, 2001).

The inductors and capacitors of lumped element filter design can be replaced with
short circuit and open circuit stubs as shown in Figure 2.20 (a) and (b).

: A8 at w,
G LE
Xy = L X => :] 5.C.
.
¢ 2.:. =L
(a)

e A/B at @,
. O
B, == —cC B => 0.C.
2 ] o
O — L=+
(b)
Figure 2.20 (a) Richards transformation for an inductor, (b) for a capacitor (Pozar,
2012)

2.9 Kuroda’s Identities

Kuroda identities use A./8 lengths redundant transmission lines to provide a more
applicable microwave filter design by performing any of the following operations.

1) Separate shorted or open transmission line stubs physically.

2) Transform shunt stubs into series stubs or vice versa.

3) Change impractical characteristic impedances into more realizable ones
(Pozar, 2012).

Four Kurado identities are illustrates in Figure 2.21.

In Figure 2.21 each box represents a unit element or transmission line with
represented characteristic impedance and length (A./8 at w.). The inductors represent
short-circuited stubs and the capacitor represents open circuited stubs. To show the
usefulness of Kuroda identities, Richard transformation applied low pass prototype filter
circuit can be transformed as an example.
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Figure 2.21 Kurado identities (Pozar, 2012)

Before example, first two most useful identities will be discussed. Consider Figure
2.22 (a) two-port network, constructed an open circuit shunt stub and a length of the
transmission line as shown in the figure.

0 o
bl = Zyim*
o
Unat J L Unit
element element
nw=1+2,/Z

Figure 2.22 Kuroda identity (a) equivalent circuit (Pozar, 2012)

The length of the stub and the transmission line are identical, but the characteristic
impedance of each part is different. By using the first Kurado identity equivalent circuit
is obtained as shown in Figure 2.22. According to Kuroda identity the two-port network
in Figure 2.21 (a) is precisely the same with the two-port network in Figure 2.22 (Pozar,
2012). Thus, applying Kuroda identities, the circuit in Figure 2.22 can be changed to an
equivalent circuit using a short-circuited series stub in Figure 2.22 and the behavior of
that circuit does not change.
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The second Kuroda identity in Figure 2.21 (b) shows a two-port network
constructed with a short circuit series stub and a length of a transmission line is shown in
below Figure 2.23.

-y

-
4
s :-.l-f -
Unit
element

Figure 2.23 Kuroda identity (b) equivalent circuit

By using 2. Kuroda identity, the equivalent circuit is obtained as shown in Figure
2.23. The equivalent circuit uses on open shunt stub. The low pass filter with lumped
elements is transformed into distributed elements by applying Richard transformations.
But this distributed circuit model has some problems when it is needed to implement. The
first problem is, the stubs are ideally infinitely close to each other. They should be
separated from each other. Separating needs new transmission lines length between them,
which will affect filter response. The second one is, it is difficult to construct series stubs
in microstrip. It will be better if all elements are shunt stubs. To solve these problems,
the transmission line (Z,and ¢=A4/8) is added to the beginning and end of the filter.
Adding these lengths only causes a phase shift in the filter response, the transformer and
reflection function remains the same. After that 2. Kurado identity can be applied to
replace series stubs with shunts. The realizable filter with three separated shunt stubs is
obtained in Figure 2.25 with length and characteristic impedances as labeled.

(a) (b)

Figure 2.24 (a) Low pass filter with inductors and capacitor, (b) Richard’s
Transformations applied form (Pozar, 2012) (edited by author)
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Figure 2.25 Low pass filter 2" Kuroda identities is applied (Pozar, 2012) (edited by
author)

Similar procedures can be used for band-stop filters, but Kuroda identities are not
useful for high-pass and band-pass filters (Pozar, 2012).

2.10 Resonator with Transmission Lines

2.10.1 Short-Circuited (A/4) Length Transmission Line

Short-circuited A/4 length transmission line behaves like a lumped parallel
resonator. In Figure 2.26, Z, is the characteristic impedance of the line, § is propagation

constant and « is attenuation constant.

Figure 2.26 Short-circuited A/4 length lossy transmission line (Pozar, 2012)

Assume the transmission line is lossless when the length of the transmission line
is exactly A/4at w,, the input impedance to the line (Zin) is infinite. In case of losses are

in accounting the input impedance (Zin) is at a maximum value. The input impedance (Zin)
value is changing between a short (Zin=0) to an open (Zin=c0) at resonance, this behavior
implies this line would be a good reciprocating element. A/4 length line can be used as a
type of immittance inverter. For the A/4 length short-circuited case, if the line length
increased at set wo, the input impedance (Zin) is increasingly capacitive. As the line length
decreases, the input impedance (Zin) is increasingly inductive. Similarly, at a fixed length
A/4, the input impedance (Zin) is more and more capacitive if wo is increase and (Zin) is
increasingly inductive as wo is decreased (Pozar, 2012).

From similar behavior of a shorted A/4 length of line and a parallel lumped
resonator circuit, the below relationship can be derived. As assuming that resonator losses
are negligible (loss per length is very small).

The input impedance of the parallel RLC circuit;
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R

Z =——#H—
" 1+2j0Ao] o, (2:28)
And the input impedance of the shorted A/4 line is;
Z = 1 2.29
" (1/R)+2jAwC (2.29)

Both results are in some form. Then the resistance, inductance, and capacitance of
the equal circuit are given below.

Resistance;

R=— 2.30
al ( )
Capacitance;
T
C=
tZ, (2.31)
Inductance;
1
L=
2’C (2.32)

2.10.2 Open-Circuited (A/2) Length Transmission Line

Open-circuited A/2 length transmission line behaves like a lumped parallel
resonant circuit. This practical resonator is often used in microstrip circuits. In Figure
2.27, Zo is the characteristic impedance of the line, S is propagation constant and « is
attenuation constant.
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Figure 2.27 Open-circuited A/2 length lossy transmission line (Pozar, 2012)

Assuming the transmission line is a lossless /2 length open-circuited line at wo,
the input impedance to the line (Zin) is infinite or at a maximum value when losses are
taking account.

A12length line behavior repeats every ni/2where n is any positive integer.
When the length is exactly ni1/2at w,, the performance of the resonator is best and
comparable to a parallel lumped resonator.

Comparing Zin of the 4/ 2 length resonator in with (Zin) of 1/ 4 the short-circuited
transmission line in the previous chapter.

— ZO
al+ j(Aor/w,)

(2.33)

in

The resistance, capacitance, and inductance of the equivalent circuit can be
identified by the below equations.

Resistance;

R=— (2.34)
al
Capacitance;
T
C=
20,2, (2.35)
Inductance;
1
L=
2C (2.36)
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And unloaded @ is;

(=7l p atresonance.

T
0, =w,RC=—="- 2.37
0 0 200 2a ( )

At frequencies, away from «, distributed resonator performance degrades. The

performance similarities between lumped and distributed resonators are only valid at
frequencies near a, (the frequency of operation). This performance problem affects the

usage of distributed resonators. They are only used when fractional bandwidth
requirements are about 15% or less.

2.11 Coupled Line Filters

The parallel coupled transmission lines can be utilized to obtain different types of
the filter such as low-pass, band-pass, all-pass and all-stop. The higher order band-pass
or band-stop coupled line filters which have bandwidths less than about 20% can be
realized in microstrip or stripline form. If the bandwidth of the filter is wider than 20%,
it requires very tight coupled lines which is difficult to realize (Bhattacharjee & Singh,
2012).

A two-port network can be created from the coupled line by terminating two of
the four parts in either open or short circuits ten possible combinations can be established
(Pozar, 2012). As indicated in Table 2.4, various termination causes different frequency
responses including low-pass, band-pass, all-pass and all-stop.
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Table 2.4 Coupled line circuits with various terminations (Pozar, 2012)

Circuit Image Impedance Response
Re(Z;
— ] — Z:] = EZWZDDCM 8 ( I]:I
e JZoe + Zyo 008 2 — (Zpg— Zgo)*
e I | |
? — 1o Z 7= ZneZne il - - e
) 4y 2 Low-pass 2
REEZ.:]]
- ] ——
— o= 2F 0, sm \/ \/
= Zi | Za=— e | | |
N e N V(Zoe = Zoo)" = (Lo ™ Zoo) cos0 U
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RE(ZI:]:I
e ] ——= )
———E (e Zo0P— Zga+ ZooP cos 20 T f
% | 7, = Y% 1_0; o) | | |
i M— o 0 =+ 7 m
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I ' - = = Re(ZI;]]
Zn —f— 7. = ¥ Ze Zpo (e — Zoa) — (Zoe + Ep ) cos 10
S | & T Zuyiid x /7
= | | |
Sy M— 7, = Zoe 0 = w3
il Zy 2 Bandpass 2
—— | ——=
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—o{ o= -
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— | ——
B e R e 3
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- o= Za Z00
Zi Zin
i - | ——
Zy Zn= v ZoeZe All pass
—_—
~—)— 27
o | Bt ot
== Z Zng* Ly Alls
. ) 7 ZoeZig stop
o— ] 2=
Z_"_ 2 Z.:]_
— ] —
o D e r
Zy = Zn=j Zpeliy tan @ All stop
i D e
2_.-_ =
= o— ]
_L,, ] Zjy = + ZpeZyy cot b All stop
z:'_ - | ——=

According to the realization, advantage of open circuit structures in microstrip,

the below figure shows coupled line filter with terminated with open circuits.
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Figure 2.28 Coupled open circuits (Pozar, 2012)

In this type, I, =1, =0 and four port impedance equations can be updated as
below:

Vl :Zn|1+213|3 (2-38)

Vs =2yl + 244 (2.39)

Image impedance with Z-parameters is;

f Z,,22
Z = Zﬁ——; s (2.40)
33

Z = %\/(zOe —Z4,)? CSC? 0— (24 +Z,, )% COt? O (2.41)

When the coupled line is A/ 4the length & =2/ 2, the image impedance reduces to

1
Zi = E (ZOe - ZOo) (242)
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Figure 2.29 Bandpass network image impedance real part

The image impedace Z; is real and positive since Z,, >Z,, shown in Figure
2.29.

When 8 —0 or 7 ,Z, - *o , indicating attenuation.

Cut off frequencies calculated from Z,

Z,,—Z
cosf, =—cosf, = -2 "%
' i ZOe + ZOo (243)
The propagation constant;
Z.Z Z,.+Z
cosf= |28 = Lu_Loetle cosé (2.44)

Z123 - le ZOe _ZOO

Which shows g s real for 6,<0<6,=nr—-6, ,where
COS 6, = (Zoe —Zoo) I (Zoe +Zy,)

2.11.1 Admittance Inverters and Coupling in Filter Design

Narrowband band-pass filters can be created with cascaded parallel coupled lines.
The relation is important between admittance inverters and coupling between lines.
Admittance inverter provides a model for this coupling (Hong & Lancaster, 2001).

In Figure 2.30, two transmission line resonators of length & are parallel coupled
with spacing between lines S and w of the lines. In Figure 2.31 these two & length
transmission line resonators are coupled together by an admittance inverter and form
equivalent circuit model (Hong & Lancaster, 2001).
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Figure 2.30 Coupled transmission lines (Pozar, 2012)
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Figure 2.31 Equivalent of the coupled lines in Figure 2.30 (Pozar, 2012)

In Figure 2.32, a parallel coupled line filter of n order is displayed. There is a
coupling section admittance inverter value J related with each coupling section of each
individual resonator. In Figure 2.32, the impedance of the generator and load is Z,, the

line lengths @ are A/4 in

length at the central frequency. Each section coupling will

differ according to filter design specifications. This means the spacing and line widths of

each coupled section will

effect filter response and to maintain desired response all

dimensions have a different value. As a result, each coupled section has different (J)

admittance inverter value and the input and output part of admittance inverter constant
calculation is different from the interior part (Hong & Lancaster, 2001).

Z{]

Z[Ir . zlb
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N

Figure 2.32 n'" order parallel coupled line filter (Pozar, 2012)

In below equations,

A is the fractional bandwidth of the band-pass filter, g, to

g,., are normalized element values of the low pass filter prototype.

To calculate input section admittance inverter constant;

(2.45)

7-A
R ey
0 91
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To calculates the admittance inverter constant between generator and load sections;

A
Z\fgj'gju

To calculate output section admittance inverter constant;

-A
Jona 4o =, /2;[—@] (2.47)
n n+1

Even and odd mode impedances can be calculated with all the values defined in
above equations (Pozar, 2012).

Jin-Zy where j=1to n-1 (2.46)

jj+1

First and last equations are only used for symmetrical coupled lines, the
characteristic impedance of the filter Z, is equal to the individual resonator characteristic

impedances Z, . The asymmetrical coupled lines can be derived because of input and

output resonators Z, # Z; . In this case, using input and output inverters solve this

problem. There are also other options to solve this asymmetrical problem like A1/4
transformers, lumped inverters or applying the input or output at the appropriate location
on the first (input) and output (last) resonators to produce the equivalence in filter
characteristic impedance Z, (Hong & Lancaster, 2001).

Because of the coupling section (inverter port) can have a different admittance
inverter value (Jy,J;,,....6tC) the even, odd mode impedances Z,, , Z,, of each section
may be different.

Previously even and odd mode impedance of a coupled line is calculated relative
to the ground when the line is excited by an even or odd mode excitation.

For the calculation of even and odd mode characteristic impedance of resonators
in filter based on the admittance inverter (J,,,J,,,....etc) calculated by coupled lines

admittance inverters, the below equations are used.

(Zoe) 1 =Zo(A+3; 5.2, +Jj’j+12202) (2.48)
(Zoe)jja=2Zo(L=3; ;.2 + JLHZZOZ) (2.49)
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These even and odd mode characteristic impedances can be used to calculate
microstrip filter layout dimensions of line widths and spacing of the parallel coupled lines
(Pozar, 2012).

2.11.2 Coupled Line Theory and Even-Odd-Mode Analysis

If two transmission lines are close to each other, electromagnetic fields of each
lines interactions cause a power coupling between the lines. These lines are called as
coupled transmission lines, and in general consist of three conductors. With close
proximity as shown in Figure 2.33. Coupled transmission lines are usually assumed to
operate in the TEM mode which is valid for microstrip structures. Supporting two distinct
propagating modes gain this three-wire line can be used to implement filters (Pozar,
2012).

Assuming TEM propagation is valid, the effective capacitances between three
lines and the velocity of the propagation on the line set the coupled lines’ electrical
characteristics. Figure 2.33 shows the equivalent capacitance network of three-wire lines.
In Figure 2.33, C,, symbolizes the capacitance between two strip lines, the capacitance

between one strip line and the ground line is shown with C, and C,, (Pozar, 2012).

A A Cra

! ! | f I
— I
— ek 1.,
T
S, AR, N R E L LT

Figure 2.33 Equivalent capacitance network of three-wire lines (Pozar, 2012)

In symmetrical structures, C,, =C,, which are identical in size and location

relative to the ground line. In many applications, the third line is used as a ground plane
of a microstrip circuit (Pozar, 2012).

Even and odd modes are two special excitation types of coupled lines. To mention
the electrical characteristic of coupled lines, even and odd mode analysis is used. In even
and odd mode analysis, it is assumed that lines are symmetric and fringing capacitances
are equal for both modes. In Figure 2.34, the even and odd mode excitations of a coupled
microstrip line are shown (Hong & Lancaster, 2001).
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Figure 2.34 Quasi-TEM modes of coupled lines; (a) Even mode excitation (b) Odd
mode excitation (Hong & Lancaster, 2001)

C;

In the even mode, the currents in the two lines are equal in amplitude and in the
same direction. The even mode excitation creates an electric field which has even
symmetry about the center line and is without current flows between two lines, resulting
as a magnetic boundary which can be considered as an open circuit. There is not any
electric field interaction between lines in even mode. Figure 2.34 (a) shows an updated
capacitance network of even mode applied coupled lines (Pozar, 2012) (Hong &
Lancaster, 2001).

C,, capacitance between lines is replaced with an open circuit. If C,, and C,, are

equal, even mode capacitance C, is C, =C, =C,,.

Assuming two lines are identical in size and location, the characteristic impedance
for even mode can be calculated with the below equation:

v, = velocity of propagation, C, = even-mode capacitance.

JLC
Zy = L _vhb_ L (2.50)
C, C  vC,

where v, =¢/\J&, =1/ JL.C. =Y/ JL,C, (2.51)

In the odd mode, in the two lines, the currents are equal in amplitude and flow in
the opposite directions on each line. The odd mode excitation creates an electric field, the
symmetry of which is odd about the center line and there is not any voltage difference
between the two lines. It can be obtained from assuming a ground plane is exist in the

middle of C,,. Figure 2.34 (b) shows the equivalent capacitance network off odd mode
excitation applied coupled lines (Pozar, 2012) (Hong & Lancaster, 2001).

C,, capacitance between lines is replaced with 2C,, between one line and ground

conductor. If C;; and C,, are equal, odd mode capacitance C, between either line and
ground is
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C,=C,+2C,=C,,+2C, (2.52)

And characteristic impedance for odd mode is given in the below equation:

v, = velocity of propagation, C, = odd-mode capacitance.

1
Loy =—=
0o v.C, (2.53)
Z,. and Z, is valid for one line relative to the ground when even or odd mode

excitation is applied. These characteristic impedances are used to determine many design
specifications of parallel coupled line filters such as widths of lines, the spacing between
lines and coupling factor of the lines (Pozar, 2012) (Hong & Lancaster, 2001).

For coupled microstrip lines, predefined even mode and odd mode impedance
graphs are existing for specific dielectric constants. In Figure 2.35, even and odd mode
impedances for symmetric coupled microstrip lines on a substrate with ¢, =10 is shown

to determine microstrip dimensions (Quasi TEM Mode) (Yang, Cross, & Drake, 2014).

20 40 60 80 100 120

Figure 2.35 Even and odd mode characteristic impedance for symmetric coupled
microstrip line on a substrate with e, =10 (Pozar, 2012)
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2.12 Calculation of Microstrip Dimensions

2.12.1 Akhtarzad’s Equations

The Akhtarzad method is based on the even and odd mode impedances (Z,,,Z,,)
which are derived by individual coupling sections for example (J,,,J,,) admittance
inverter. The Akhtarzad method gives the ratios for the width to height (W /h) and space
to height (s/h) of parallel lines (Akhtarzad, Rowbotham, & Johns, 1975).

£ h

Figure 2.36 Cross-sectional view (Hong & Lancaster, 2001)

Each line has A/2length at central frequencies and overlaps each other by 1/4
length. A/ 4length overlap increases the value of coupling and minimizes the required
spacing (S) between resonators.

In Figure 2.36, the distance between resonators is illustrated by 's’, the width of
the resonator by 'W ', substrate thickness with 'h*' and the relative dielectric constant at
the material with "¢,

&, and h are known as values for a specified substance which is chosen for filter

layout. W and S can be determined by using Akhtarzad equations (Akhtarzad,
Rowbotham, & Johns, 1975).

Akhtarzad’s equations are given below;

WY 2 ., 2h-g+1
—£ :—COShl— .
(hj 7 ( g+1 ) (254)

(V%jzécoshl(%‘g‘lh 4 coshtar2 /Ny (2.55)
T

g-1 n(l+e,12) s/h
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where;

= cosh z3 2.56
g &) (2.56)
W s

h =cosh(z(—+— 2.57
(250 (257)

s\ 2 cosh(z-%ﬂcosh(z-%)—Z
()2 — 2 — L) @59

4 cosh(Z -0y —cosh(Z - "e)—2

2 h 2 h

h is known as a value, even and odd mode widths (W,,W,) can be calculated by

using the characteristic impedances Z,, /2 and Z,,/2. One of the useful methods for

this calculation is given below with equations. This method is used to determine the
microstrip width from characteristic impedance (Wadell, 1991) (Bahl & Trivedi, 1977).

W 8e”
(Fj r (mj forW/h<2 (2.59)
(Vl) - 2 B-1-In(2B-1) + &1 In(B-1) +O.39—o'—61

i 2 e (2.60)

forwW/h>2

where;
_ L |atl & _1(0.23+O'—11) (2.61)
60\ 2 +1 &,

B 377x

e (2.62)

In the above equations, Z, is equal to Z,, /2 or Z,, /2 depending on which one
W, /hor W, /his calculated using Akhtarzad’s equations. ¢, is also known as a value
which is a substrate relative dielectric constant.
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By solving the above equations simultaneously or applying iteration with known
value (h) substrate thickness, all the geometries of layout can be calculated.

2.12.2 Calculation of Parallel Coupled Line Filters Line Lengths

The line length of parallel coupled filter resonators is generally equal to A/2.
The overlap between resonator is /4. 1 is the wavelength of the signal at central
frequency. The wavelength is affected by several factors such as dielectric constant
(¢,), the velocity of propagation (1) and fringing fields at the ends of the lines.

Figure 2.37 Simple display of parallel coupled line filter

<
Gap

Open\W
’ "/.' €
. I ;

Figure 2.38 Microstrip open circuit and gap layout with electric fields (Edwards &
Steer, 2016)

\ Fringing E field

Placing equivalent effective length on simple parallel coupled line filter display
(Figure 2.39):

— (|
(= (=]
= =
Figure 2.39 Parallel coupled line filter with equivalent effective length

The method for calculating microstrip effective dielectric constant was developed
by (Hammerstad & Bekkadal, Microstrip Handbook, 1975). This value will be used later
to define effective wavelength (4, ) at central frequency.

1 &1 h
gf=‘9f2+ +‘9f2 (412 (2.63)
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By applying the below calculation using effective dielectric constant v can be

calculated.

v, = (2.64)

Aoy = (2.65)

According to the Figure 2.38, the line lengths are 4, /2. This length does not take

account of fringing fields which is the radiated energy at the end of open lines. This field
affects the electrical length of the line. The line seems longer than physical it does. To
define the exact value of lengths, the fringing field lengths ¢ ( equivalent effective

length) can be neglected by decreasing physical length. As a simple rule, it is assumed,

fringing field adds h/\3 length to the line. The more formal method to calculate this
value is given in the below equation using effective dielectric constant (Edwards & Steer,
2016) (Hammerstad & Bekkadal, Microstrip Handbook, 1975).

W
iy +03 F+0262
[, =0.412-h : (2.66)
h .

In parallel coupled line filters, all resonators have fringing affects both open ends.
The value of this affect is decreased in interior resonators because of flux stolen by
adjacent resonators. The equivalent effective length value in interior resonator is ¢, /2.

The aim of calculating equivalent effective length is to determine physical length which
is realized because of the equivalent effective length, the electrical length is equal to
A« 12 length but physical length is smaller than the electrically appear (Edwards &

Steer, 2016) (Hammerstad & Bekkadal, Microstrip Handbook, 1975).
2.13 Input and Output of a Parallel Coupled Line Filter

The parallel coupled line filters input and output can be obtained from using input
and output resonators to apply the signal to the filter.
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In this case, the input coupling section admittance is J,, and output coupling
section admittance is J, ., forann' order filter. However, this solution causes a problem

when the filter characteristic impedance Z, does not equal to individual resonators
characteristic impedance Z . and the equations are invalid for J, and J

n,n+1

calculations. Because this technique is valid for symmetrical coupled lines.

In asymmetrical coupled lines, several other techniques can be used to obtain input
and output of the filter. 1/4 transformers, lumped inverters and tapping resonators into
input and output sections are others choices that can be applied. In the below section
tapped line technique is discussed.

2.13.1 Tapped Line Technique

The tapped line technique can be used to couple lines which have asymmetrical
coupling to solve input and output impedance matching problem. This technique was
originally introduced by Dishal for use with round-rod interdigital filters (Dishal, 1965).

Cristal is applied the same technique in other topologies like stripline, microstrip
line, etc. and Wang applied this technique to parallel coupled lines and to hairpin lines
(Cristal, 1975). In this technique input and output is created over first and last resonators
and this gives space-saving advantage over standard parallel coupled line input and output
creation (Wong, 1979).

In Figure 2.40 (a), standard 5th order parallel coupled line filter is given. In the
case of tapped line technique usage, there is no need to use input (0) and output (n+1)
resonators. As shown in Figure 2.40 (b), taps are directly applied to first (1) and last (n)
resonators of the filter (Tsai, 2007).

In 2/2 length resonator, the voltage and current are changing sinusoidal along
the length of the line. This sinusoidal variation causes a very range of impedances. At the
open ends very high impedances are obtained and in the middle very low, impedance,
which is nearly zero, is obtained. In this case, applying tap to the correct distance in the
resonator will yield an impedance match between the filter characteristic impedance Z,

and individual resonator impedance Z .

43



(a)

(b)
Figure 2.40 (a) Standart 5" order parallel coupled bandpass filter, (b) tapped
input/output

The tap can be located in only distance ¢ away from the middle of the resonator.
To determine the location of the tap, defining the singly loaded Q, is needed.

Q =% (2.67)

g; = input and output normalized coefficient of the low pass prototype.

f, = frequency of operation.

A = bandwidth in terms of frequency.

Using the below equation and the value of Q,, which is calculated with the above
equations. ¢ the tap distance from the middle of the resonator can be calculated (Hong
& Lancaster, 2001) (Wong, 1979).

Qq _ “
z,1Z., Zsinz(”-f] (2.68)
2 L
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SECTION 3. PARALLEL COUPLED MICROSTRIP BANDPASS
FILTER DESIGN

According to the application which the filter is used, a set of filter specifications can
be given or the input signal of the filter defines filter specifications. To use in NR 5G
wireless communication applications, a bandpass filter is designed and optimized at a
center frequency of 3.5 GHz via the use of Applied Wave Research (AWR) Design
Environment (13.03r) software. Chebyshev low pass prototype is used to design a filter
with lumped elements and transformations are applied. The realization of the filter is
performed, using a microstrip parallel coupled line technique with the implementation of
Rogers RO4350 substrate. The bandpass filter design and performance are presented and
discussed in the following sections. For the following design, Table 3.1 defines the filter
specifications.

Table 3.1 Target filter specifications

Specifications Value
Center Frequency 3.5 GHz
Bandwidth 200 MHz
Low Pass Prototype Chebyshev
Passband Ripple 0.5dB
Filter Order 5th
I/0 Impedance 50 ohm
Stopband Attenuation at 3.8 GHz >-40 dB

3.1 Bandpass Filter Design
3.1.1 Chebyshev Low Pass Filter Prototype

According to filter design, stopband attenuation at 3.8 GHz specification the order
of the filter is defined with below calculation and attenuation versus normalized
frequency graph for 0.5 dB ripple Chebyshev low pass filter prototype Figure 3.1. The
filter order is decided as five (5). The related normalized values of Chebyshev low pass
prototype with 0.5 dB ripple in the passband are given in below Table 3.2. These values
are used to design a lumped element low pass filter prototype.

f =3400MHz  f,=3500MHz f, =3600MHz f, =3800MHz

45



fo=Jf-f, = (3.49857-109)-%MHZ

FBW = ot 0.057166
0
f At —-3.8993
FBW " f

n

Normalized frequency= fl

—1=2.8993

According to the graph order of the filter is decided as five (5).
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Figure 3.1 Attenuation / normalized frequency; 0.5 dB ripple Chebyshev low pass filter

prototype (Pozar, 2012)

Table 3.2 Chebyshev low pass filter prototypes element values for 0.5 dB ripple

(Matthaei, Young, & Jones, 1980)

0.5 dB ripple
Order (n) 91 9z g3 9a s e
1 0.6986 1
2 1.4029 | 0.7071 | 1.9841
3 15963 | 1.0967 | 1.5963 1
4 16703 | 1.1926 | 23661 | 0.8419 | 1.9841
5 1.7058 | 1.2296 | 25408 | 1.2296 | 1.7058 1
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Chebyshev type filter with the number of orders, n is chosen as five (5). Using
normalized elements “g,” values in Table 3.2, the 5th order low pass prototype circuit is
created in Figure 3.2, pi-network is chosen as a lumped element network topology.

FIYYYN\__ g Y YYN
g2 g4
1.2296 2.5408
g L L L < o
,~ 1.0000 T~ 091 T~ g3 T~ g5 , 1.0000
N 1.7058 1.2296 1.7058 N
I |

Figure 3.2 5" order low pass prototype circuit

3.1.2 Bandpass Transformation

From the low pass to bandpass transformed topology is shown in below Figure
3.3. The shunt L (inductor) is transformed into series L (inductor) and series C
(capacitance) with new values. The shunt C (capacitance) is transformed to shunt L
(inductor) and shunt C (capacitance) with new values.

: _ W, — W,
Fractional Bandwidth; A= w (3.5)
0
. L A

L>L=—,C=—

W,A w, L (36)
. A . C

C>>L = ,C=—

w,-C WA S
Low Pass BandPass

A
‘%
_EO

1
— C >

Figure 3.3 Low pass prototype to bandpass transformation

The related calculation is applied to the low pass prototype filter normalized
elements in Figure 3.2 and results are given below. Figure 3.4 shows a filter circuit with
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element values after bandpass transformation is applied. Figure 3.4 shows the bandpass
filter and the element values are given in Table 3.3. The circuit element values of the 5th
order bandpass filter are used to calculate of admittance inverters, even-odd mode
impedances.

Normalized element values;
g,=1.0000 g, =1.7058 g,=1.2296 g,=2.5408 ¢,=12296 @, =17058
g, =1.0000

Z,=50Q  f =3400MHz f,=3500MHz f, =3600MHz

w, =2z f,w, =2r-f, (3.8)

W, =Q/W1 - W, (3.9

W, —W,
Al (3.10)
0
C,=— —(2.715.10™)F
W,AZ, (3.11)
L = 2% _ (762310 ™)H
091
C,=—2  _(423.10™F
WOgZZO
z (3.12)
L, =92%0 _ (4.892.10%)H
W,A
C,=— % —(4.044.10)F
W,AZ, (3.13)
L =A% _(5118-10")H
093
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A

C,= — (4.23-10%)F
W094ZO (3 14)
L, = 9% _ (4.892.10%)H
WA
C.=—%  _(2715.10%)F
W,AZ, 315
AZ, B (3.15)
L, = 2% — (7.623-10™)H
Wo3Js

Figure 3.4 5" order bandpass filter with lumped elements

Table 3.3 Capacitor and inductor values of 5" order bandpass filter
C, Ly C, L, Cs A C, L, Cs Ls
27pF | 76pH | 42fF | 49nH | 40pF | 51pH | 42fF | 49nH | 27pF | 76pH

3.1.3 Admittance Inverters and Even — Odd Mode Impedance

Calculation

Admittance inverters has an important role to transform the lumped element filter
into an equivalent form that can be performed using a parallel couple line microstrip
structure (Edwards & Steer, 2016).

v LS LS L5 L5
(a)

ekt o I o B o 0 L I U ]

n\} I g J 2

|' - Dj

(6)
Figure 3.5 Bandpass prototype filter with admittance inverters: (a) shunt resonators (b)
series resonators
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Figure 3.5 shows a bandpass prototype filter with shunt resonators and admittance
inverters. Intermediate coupling structures; admittance inverters values can be calculated
with the below equations (Edwards & Steer, 2016). The admittance inverters and even-
odd mode impedance calculations are given below. The calculated admittance inverters
and even-odd mode impedance values are given in below Table 3.4.

n-1

J. A
INES
- (3.16)
YO ‘j:l 2'W1'\égjgj+l
-FBW
First coupling section; Zydy = z =0.229438 (3.17)
2'90 -0,
Middle coupling sections;
zJ,== FZBW —1 0062003 (3.18)
«/ 0:-9;
73, -ZFBW 1 5050803 (3.19)
2 \/gz 0,
2.0, =W 1 0050803 (3.20)
2 \/93 Q4
23, =W 1 0062003 (3.21)
2 \jg4 Qs
-FBW
Last coupling section; ZyJ., = Z 0 g =0.229438 (3.22)
"Ys e
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Even Mode Impedances;

Z,., =50-(1+Z,dy +(Z ,,,)%) =64.104
Zy, =50-(1+2,J,, +(Z 0J12)2) =53.292
ZOe3 = 50 (1+ ZoJ23 + (Z 0J23)2) = 52669

, (3.23)
Zy., =50-(1+ 2,3, +(Z ,J,,)7) =52.669
Z,.s =50-(1+2Z,J s +(Z,Jd,5)°) =53.292
Z,.s =50 (1+Zy e +(Z yJs)?) =64.104
Odd Mode Impedances;
Zyy =50-(1-2Z,3,, +(Z ,3,,)°) = 41.1602
Zy,, =50-(1-2,J,, +(Z,3,,)*) = 47.0921
Zys =50-(1—=2ZyJy; +(Z ,J,,)°) = 47.5889 (3.24)
2y, =50-(1—-2,J,, +(Z ,J,,)%) = 47.5889 '
Zoos =50-(1=Z,J s +(Z ,J,5)%) = 47.0921
Zoos =50-(1=Z,ds +(Z ;Js5)?) = 41.1602
Table 3.4 Calculated parallel coupled line bandpass filter parameters
Parallel Coupled Admittance Even Mode Odd Mode
Inverter Impedance Z, Impedance Z,

1 0.2294 64.10 41.16

2 0.0620 53.29 47.09

3 0.0508 52.66 47.58

4 0.0508 52.66 47.58

5 0.0620 53.29 47.09

6 0.2294 64.10 41.16

3.1.4 Parallel Coupled Microstrip Dimensions Calculation

In this design RO4350 with a dielectric constant €. = 3.48 is chosen as substrate
material. Substrates are playing very important role in filter performance also affect the
cost of realization. Smaller microstrip filters can be designed and realized by using higher
dielectric constant materials as substrate (Microwave Journal, 2019). The Rogers RO4350
substrate specifications are stated below Table 3.5.
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Table 3.5 Rogers RO4350 substrate specifications

Property Value
Conductor thickness 0.07mm
Height (h) 0.51mm

Dielectric Constant (&, ) 3.48
Loss Tangent tan g 0.0031

By using the RO4350 substrate with specifications given in Table 3.5 and the
calculated even, odd mode parameters in Table 3.4, the dimensions of parallel coupled
lines w (width) and s (spacing) can be calculated for desired impedances. Firstly,

determine the equivalent single microstrip shape ratios e The relation of the coupled

line ratios with a single line ratio is used to find the dimensions of coupled microstrip
lines that exhibit the desired even mode and odd-mode impedances.

W L
50 ohm line F calculation;

Z, =50 e, =3.48 h=0.51

c

For w/h<2;
a=Ze |@FD (& TD 693, 0L g 59 (3.25)
60 2 (e +1) e
w_8e¢ ;o602 (3.26)
h e*-2 '
w:%-h ~1.157 (3.27)
For w/h>2;
T
B=377.— 7 _ -6.34895
7 (3.28)
%:g.(B—l—ln(z- 5_1)+(26r_—g)-(|n(B—1)+o.39—Oé—m)) —2.26863  (3.29)
T *Sr

r
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Wavelength () Calculation of 50 ohm line with e, ;
f=3510° e =348

~3.10°
f-e

r

A

= 24.63054 (3.30)

L= % = 6.1576mm (3.31)

The length of the microstrip line is calculated below (Pozar, 2012). Before
wavelength calculation, the effective dielectric constant is calculated with an equation
which is developed by Bekkadal (Hammerstad, Equations for microstrip circuit design,
1975) (Hammerstad & Bekkadal, 1975).

Bekkadal equation;

Wavelength () Calculation of 50 ohm line with e, ;

f=35-10° e =3.48 h=0.51mm

w=%-h ~1.157 (3.32)
o =&t &=l g 1p. Nyos 573 (3.33)
2 2 w

3.10°
h=s " 51.83427 (3.34)

VA

A

L= 1 12.9586mm (3.35)

1st & 6th Coupled line calculation;
Even part w/h calculation;

e, =348 h=0.51mm
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Zoy =+ = 32,052 (3.36)
For w/h<?2;
A~ Lose /(e +1) (& -1) -(0.23+ 011)=o.9443 (3.37)
60 2 (e, +1) &
w 8.e? 3.38
F=m=4.461218 (3.38)
For w/h>2;
T
M_2 (81 B (S 5 -(n(e - ~1)+039-220) = 434521 (3.40)
VA

r

Odd part w/ hcalculation;

e =348 h=05lmm

Z,. = Z;f’l — 20,5801 (3.41)
For w/h<?2;
Zow . |@+D (&1 403, 0_11) 0.6582 (3.42)

~ 760 2 (e) &

A
% - 8—92 —8.931762 (3.43)

eZA
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For w/h>2;

B =377 2# —~15.42497 (3.44)

Z.\Je.

-(B-1-In(2-B-1) + (;—;) -(In(B-1)+0.39 —0'8—61)) =7.67528  (3.45)

r r

w
h

SN

Remaining coupled line single microstrip shape ratios m are calculated with same

equations given above and values are given in Table 3.6.

Table 3.6 Calculated w/hdimensions of transmission lines

Line Description Even Mode Odd Mode
w/h <2 w/h>2 w/h <2 w/h>2

Coupled Line 1 4.46 4.34 8.93 7.67
Coupled Line 2 5.89 5.54 7.15 6.49
Coupled Line 3 6.00 5.63 7.03 6.40
Coupled Line 4 6.00 5.63 7.03 6.40
Coupled Line 5 5.89 5.54 7.15 6.49
Coupled Line 6 4.46 4.34 8.93 7.67

After single microstrip shape ratios w/h calculation, coupled line ratio relate with
single line ratio calculations are given below for s/h and w/h dimensions (Akhtarzad,
Rowbotham, & Johns, 1975).

s/h calculation;

cosh| (3)- (1), cosn{ 51, |2

% _2 cosh™o - v (3.46)
T T T
cosh| (=) -(— cosh| (%) -(—
(G- Joosn( G-,
For 1st & 6th coupled line s/h calculation forw/h < 2 ;
(%)so ~8.931762; (%)Se — 4461218 (3.47)
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cosh| (5)-(1), |+cosh( (2)- (1. |2

%:E-coshla - - ~0.038  (3.8)
T T T
cosh| (=) -(— cosh| (=) -(—
(G Jroosn()-(1.
S

S, :H-h =0.019 (3.49)

For 1st & 6th coupled line s/ h calculation for w/h>2 ;
(%)SO —~7.67528; (%)Se — 434521 (3.50)

T, W 7, /W
cosh ((2) ’ (F)so j +cosh ((2) ) (h)sej -2
cosh (3)- () cosn{ (51,

.cosh™@

=0.0932  (351)

SHELN]

S_
h
w/ h calculation for ;

%zl[cosh1%((cosh(’2’—;)—1)+(cosh(’zf—ljm)cosh[(%)(VFVLED—(;’—DJ 352

T
For 1st & 6th coupled line w/h calculation for w/h<?2 ;
W
(F)se =4.461218 (3.53)

% = 1[cosh1 %((cosh(% -0.038) -1) + (cosh(% -0.038) +1) cosh ((%) ~4.461218D - (% : 0.038)j =2.212
T

(3.54)

W, ="F"-h ~1.128 (3.55)
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For 1st & 6th coupled line w/h calculation for w/h>2 ;

(%)Se — 4.34521 (3.56)

w_ l[cosh-1 l[(cosh(z -0.0932) —1) + (cosh(Z -0.0932) +1) cosh [(5) : 4.34521)) -&. o.ogsz)j =2.128
h = 2 2 2 2 2
(3.1)

In the above equations, 1% and 6™ coupled line s/hand w/h dimensions are
calculated. Remaining coupled line dimensions are also calculated with the same
equations and all dimensions are given in the below table.

Table 3.7 Parallel coupled microstrip dimensions
Line Description W (mm) S (mm) L (mm)
50 ohm Line 1.157 - 6.158
Coupled Line 1 1.128 0.019 12.971
Coupled Line 2 1.401 0.254 12.863
Coupled Line 3 1.412 0.31 12.859
Coupled Line 4 1.412 0.31 12.859
Coupled Line 5 1.401 0.254 12.863
Coupled Line 6 1.128 0.019 12.971

Calculations are made above and the source of these formulas is given in the
previous section literature review. First of all, with the above equations, microstrip
resonator dimensions are calculated and after that AWR simulation software is used for
better filter design and simulation. The steps of filter design using simulation software
and the realized filter measurements are given in the following sections.

3.1.5 Simulation of Parallel Coupled Microstrip Bandpass Filter

AWR, iFilter wizard is used to calculate parallel coupled lines dimensions and
spacing between two lines and to simulate a designed filter. During design, PCB
specifications are set for Rogers RO4350 two-layer substrate with 20z copper both sides.
EM simulation which includes dielectric losses is applied to get real filter response. The
simulation values are optimized to set the desired result in filter response such as central
frequency, insertion loss, and return loss.

After desired values are achieved in filter response with simulation, a designed
parallel coupled microstrip bandpass filter is realized. The realized parallel coupled
microstrip bandpass filter response is measured with a network analyzer. According to
measurement results, it is decided to perform second realization to fix the deviation of
central frequency in the first realization measurements. The designed filter is optimized
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again to get the desired filter response and second realization is performed with new filter
dimensions. In below, all the simulation process is defined with details.

Firstly, iFilter wizard is used to design a desired bandpass filter with central
frequency 3.5 GHz and 200 MHz bandwidth. The output of simulator for even and odd
mode impedance values are shown in below Figure 3.6. The calculated values in the
previous section and simulator output values comparison are given in below Table 3.8.
Calculated and simulation program values are close to each other.

Zoe=64.1007 Zoe=53.2909 Zoe=52.668 Zoe=52.668

Zoo=41.1614 Zoo=47.0932 Zoo=47.5899 Zoo=47.5899

Zoe=53.2909

Zoo=47.0932

Zoe=64.1007

iy | | e e [

Figure 3.6 iFilter wizard even and mode values output for the desired filter

Table 3.8 Even and odd mode impedance values comparassion

Parallel Couple Even Mode Odd Mode Even Mode Odd Mode
Impedance Z, | Impedance Z, Impedance Impedance
iFilter Z,, iFilter Z,

1 64.10 41.16 64.10 41.16

2 53.29 47.09 53.29 47.09

3 52.66 47.58 52.66 47.58

4 52.66 47.58 52.66 47.58

5 53.29 47.09 53.29 47.09

6 64.10 41.16 64.10 41.16

From even and odd mode characteristic impedance values, the desired width,
length and spacing of the strips are obtained by using the iFilter wizard built in AWR
software. The values of resonator widths, lengths, and spacing between resonator couples
which compose of bandpass microstrip filter are given in Table 3.9 and input and output
50 ohm strips width and length values in Table 3.10. The parallel coupled microstrip
bandpass filter design layout and layout with dimensions are shown in Figure 3.7.

Table 3.9 Calculated dimensions of 3.5GHz bandpass filter

Line Description Width W (mm) Gap S (mm) Length L (mm)
Coupled Line 1 0.982 0.373 13.119
Coupled Line 2 1.115 1.028 12.935
Coupled Line 3 1.118 1.149 12.928
Coupled Line 4 1.118 1.149 12.928
Coupled Line 5 1.115 1.028 12.935
Coupled Line 6 0.982 0.373 13.119
Table 3.10 Input and output 50 ohm line dimensions
Width W (mm) Length L (mm)
50 ohm line 1.133 6.611
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|

Figure 3.7 Filter layout

The calculated dimensions of the fifth (5th) order parallel coupled filter is
compared with iFilter results. According to calculation limitations and simulation
program advance iteration techniques, the difference is great between both results, very
small changes in dimensions of microstrip filter are effected filter response in a great
amount. In the simulation of bandpass filter using AWR software, EM simulation is
applied to get dielectric losses into account (Dabhi & Dwivedi, 2016). In the remaining
part of the filter design, the dimensions are calculated by iFilter. The dimensions of the
designed filter are optimized to get the desired response according to filter response in
simulation.

EM simulation is applied to the fifth (5th) order parallel coupled bandpass filter
which is designed using by AWR iFilter wizard. In the filter, response bandwidth is less
than the desired 200MHz when dielectric losses are taken into account. A new filter is
designed with AWR iFilter wizard which response has approximately 200 MHz
bandwidth after EM simulation is applied. In Figure 3.8, EM simulation filter response
of the designed filter is shown.

Bandpass Filter EM Simulation Response

0 5 = =i =] =i 0
m2: Value 3 val
3329 MHz mo. value
'20 -7.382 dB 3531 MHz '10
-7.382 dB

mb5:
3300 MHz
meé:
-14.69 dB 2800 MHz -20

Return Loss

-65.89 dB

Insertion Loss
1
N
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Figure 3.8 Bandpass filter EM simulation response
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In Figure 3.8, bandpass filter response, insertion loss s,; is —4.382 dB, return
loss sy, is —11.43 dB at 3428 MHz and —3 dB bandwidth is 202 MHz are shown.

Bandpass Filter EM Simulation Response with 3500MHz Central Frequency
0 =

=] = = 0

m2: Value m3: Value
3403 MHz 3610 MHz
20 -7.326 dB -7.326 dB -10
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o
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o
Return Loss
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Figure 3.9 Bandpass filter EM simulation response with 3.5GHz central frequency

Bandpass Filter Optimization Response IL. and RL
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Figure 3.10 Bandpass filter optimization response IL and RL

After central frequency correction, to get better values as insertion loss and return
loss in filter response, optimization goals are set as IL > —2 dB,RL < —16 dB and
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optimization includes changing dimensions of resonators length, width, and spacing
between resonator couples. Optimization is applied and new filter dimensions are defined
as a result of optimization. In Figure 3.10, the filter response after optimization is applied
is shown.

According to a shift in central frequency in the output of optimized filter response,
resonators lengths are reduced again to set central frequency as 3.5 GHz. The circuit
diagram of the designed filter in AWR software is given in Figure 3.11. The circuit
diagram consist of elements blocks which are used for the notation of microstrips includes
filter dimensions and substrate information. As a consequence of this optimization, in the
Figure 3.12, the designed filter simulation result with new insertion loss s,; is —3.49 dB,
return loss s;; IS —16.94 dB at 3.5 GHz central frequency and —3 dB bandwidth is
199 MHz where upper and lower frequencies are 3617 MHz and 3418 MHz respectively
are shown. The stopband attenuation at 3.8 GHz is —50.81 dB. The simulation results
are met with filter specifications given at the beginning of the filter design. The filter
layout before realization is given in the following Figure 3.13.

HOPENX

1D
Wz,

Figure 3.11 Circuit diagram of the designed bandpass filter.
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Figure 3.12 Bandpass filter response with 3.5 GHz central frequency.

Figure 3.13 Microstrip filter layout.

The ultimate filter dimensions, filter designed and optimized filter are given in
Table 3.11. Optimized filter dimensions are used for realization. The designed, simulated,
and optimized filter layout is realized and measured. Optimized filter simulation response
results and measured realized filter results are compared in the following section.

Table 3.11 Designed filter dimensions

Line Description Filter Designed Optimized Filter

Wmm)| S(mm) | L(mm) | W(mm) | S(mm) | L (mm)

50 ohm line input 1.133 - 6.611 1.359 - 7.848
Coupled Line 1 0.982 0.373 13.119 0.940 0.262 12.778
Coupled Line 2 1.115 1.028 12.935 1.106 0.905 12.624
Coupled Line 3 1.118 1.149 12.928 1.228 0.844 12.776
Coupled Line 4 1.118 1.149 12.928 1.228 0.844 12.776
Coupled Line 5 1.115 1.028 12.935 1.106 0.905 12.624
Coupled Line 6 0.982 0.373 13.119 1.940 0.262 12.778

50 ohm line output 1.133 - 6.611 1.359 - 7.848
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Filter Response with Shifted Central Frequency
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Figure 3.14 Filter response with shifted central frequency

The realized filter is measured and the filter response includes < %3
manufacturing error which causes central frequency shift to 3426 MHz from
3500 MHz. According to measurement results, to eliminate this error new design is
applied for new realization which causes central frequency shift to the right from
3500 MHz to 3580 MHz in the simulation. The deviation from the central frequency in
filter simulation is corrected by manufacturing error during realization and it is expected
to be the central frequency of realized filter response will be measured as 3.5 GHz. In
Figure 3.14, new designed filter simulation response which resonator lengths are reduced
to move central frequency is shown.

The designed filter updated dimensions are given in Table 3.12. The parallel
coupled microstrip bandpass filter new layout is created with new dimensions and shown
in Figure 3.15.

Table 3.12 Filter layout dimensions

Line Description Filter Dimensions

W (mm) S (mm) L (mm)

50 ohm line input 1.359 - 7.848
Coupled line 1 0.940 0.262 12.478
Coupled line 2 1.106 0.905 12.324
Coupled line 3 1.228 0.844 12.476
Coupled line 4 1.228 0.844 12.476
Coupled line 5 1.106 0.905 12.324
Coupled line 6 0.940 0.262 12.478
50 ohm line output 1.359 - 7.848
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Figure 3.15 Microstrip filter new layout

The simulated filter new layout is realized and measured, both simulation and
measured results are compared in the following section.

3.1.6 Measurement of Realized Design and Results

After the simulation part is completed, the realization of microstrip bandpass filter
is performed to make the realization of the work. Realization of the designed parallel
coupled microstrip bandpass filter is performed by a private and professional company to
reduce manufacturing defects. The realized filter response measurements are performed
at RF laboratory using a network analyzer.

Figure 3.16 Measurement of realized filter with network analyzer
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In Figure 3.17, filter response and some measurement values are given. The
central frequency of the designed filter is shifted approximately 74 MHz to the left of
simulation central frequency 3500 MHz to 3426 MHz . —3dB bandwidth is
191 MHz with f; = 3319 MHz lower and f, = 3510 MHz upper cutoff frequencies.
Stopband attenuation at 3800 MHz is —46.73 dB.

Realized Filter Response Measurement of First Design
0 0
2 Val m3: Value
-10 ?319:/|l|j-|ez 3510 MHz -10
-5.123 dB -5.123 dB
@ -20 -20 "
o mb5: 8
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'% -30 -9.739 dB — — 3800 MHz -30 g
o 3426 MHz|  |3426 MHz 46,7308 T
c -2123dB | | |-13.07dB o
= 40 -40
-50 -50
‘+DB(\S(2,1)I)(L) £ DB(S(, 1) (R)
-60 -60
3000 3200 3400 3600 3800 4000
Frequency (MHz)

Figure 3.17 Realized filter response measurement of first design.

To make a realization much far better, this approximately <%3 derivation in
central frequency is taken into account and the second iteration is performed according
to second simulation results. In Figure 3.18 realized parallel coupled microstrip bandpass
filter with connected SMA connectors for measurement is shown. The newly realized
filter is tested, response and some measurement values are given in Figure 3.109.

Figure 3.18 Pare{I-IeIAcoupIed microstrip bandpass filter
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Realized Filter Response
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Figure 3.19 Realized filter response

The insertion loss s,; of the designed filter is IL = —3.23 dB and return 10ss s;;
is RL = —27.84 dB at central frequency 3500 MHz. —3 dB bandwidth is 233 MHz with
f, = 3382 MHz lower and f, = 3615 MHz upper cutoff frequencies. Stopband
attenuation at 3800 MHz is —41.99 dB.

Table 3.13 shows both simulation results for the filter design and measured values
of realized 5th order parallel coupled microstrip bandpass filter.

Table 3.13 Simulated and realized filter response values

Description Simulated Filter Response | Realized Filter Response
Insertion Loss -3.48 dB at 3580 MHz -3.23 dB at 3500 MHz
Return Loss -17.23 dB at 3580 MHz -27.84 dB at 3500 MHz
Frequency Range (MHz) 3499 MHz to 3703 MHz 3382 MHz to 3615 MHz
Bandwidth (MHz) 204MHz 233MHz
Stopband Attenuation (dB) | -54.46 dB at 3300 MHz -22.45 dB at 3300 MHz
-34.09 dB at 3800 MHz -41.99 dB at 3800 MHz
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SECTION 4. CONCLUSION

In some countries, 5G is started to use and its usage will be increased near future.
One of the countries which started to deal with deployment 5G technology is the UK. In
UK n78 (3300 MHz to 3800 MHz) band will be used for 5G applications. The 5G
frequency band range is decided as between 3400 MHz to 3600 MHz in UK.

After the deployment of LTE in the UK, interference problem has emerged which
effects tv broadcast. To prevent such problems, filters are designed to eliminate this
interference between LTE and broadcast. The 5G frequency band n78 has adjacent bands
used for a different type of applications. According to auction result in the UK, 3400 MHz
to the 3600 MHz range is decided to use by telco operators. The filter design frequency
range is selected as 3400 MHz to 3600 MHz because this range will be frequently used
in the near future for NR 5G applications.

In this thesis, the 5th order parallel coupled microstrip bandpass filter with 3.5GHz
central frequency and 200 MHz bandwidth are designed and simulated to eliminate
interference to the 5G n78 band from adjacent bands. The filter is designed with 200 MHz
bandwidth to cover all telco operator 5G applications bandwidths in the UK.

Before starting to filter design, literature are reviewed to improve knowledge about
filter design, to examine existing works for filter design and to check upcoming and
emerging new trends in frequency usage and new frequency allocation to use for
communication. Initial filter design is started with using lumped-elements. Then, the
transformation is applied to change lumped elements into distributed elements.
Calculation is performed to calculate the lengths, widths of resonators and gaps between
microstrip couples. Applied Wave Research (AWR) Design Environment software is
used to make a simulation of calculated filter values. The filter design is continued with
AWR software because of its high performance in iterative calculation during filter
design. EM simulation main purpose is to find an approximate solution to Maxwell’s
equations which match a given set of boundary and initial conditions. In circuit
simulation, signal flow is only through the connections that is draw between circuit
components or blocks. In the block, coupling can be exist if the block includes coupled
lines but for to take into account of coupling between blocks in the circuit EM simulation
can be applied. In the designed filter coupling between coupled lines are also important,
EM simulation is appiled for this purpose and also to get dielectric losses into account. In
the end, the filter is designed in the simulation program to meet design specifications. The
layout file is created for realization and the design process is completed with the
realization of microstrip parallel coupled line using the RO4350 substrate. Measurements
are performed at the radio frequency (RF) laboratory using a network analyzer. The
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realized filter response file is exported from the network analyzer and imported to AWR
software to examine realized filter response.

As a result, to use a simulation program like AWR helps to decrease design periods
and gain time to try different designs more rapidly because calculations take a much
longer time. The simulation of the filter before realization helps to fix design mistakes
forehand, decrease wasting time and improve the design quality. Dielectric losses can get
into account using EM simulation during filter design. Realized filter central frequency
is deviated from simulation result so a new design is developed and simulated to eliminate
this deviation. The second realized filter gives better results and meets the desired 3.5GHz
central frequency in filter response. The insertion loss s,; is IL = —3.23 dB and return
loss s;1 IS RL = —27.84 dB at a central frequency 3500 MHz, which meets the design
specification. In the realized filter better insertion and return losses are achieved when
compared with designed filter simulation response. —3 dB bandwidth is 233 MHz with
3382 MHz lower and 3615 MHz upper cutoff frequencies, it is quite a bit wider than
desired 200 MHz in design specification but it is also in the range of n78 band (3300
MHz to 3800 MHz). Stopband attenuation at 3300 MHz is —22.45 dB which is
decreased when compared to designed filter simulation response and at 3800 MHz is
—41.99 dB which is better than designed filter simulation response. High stopband
attenuation is achieved out of the n78 band as desired in design specifications. This high
attenuation is blocked interference from adjacent bands.

In the Table 4.1, the designed filter specifications are compared with similar works.
The designed and realized filter has good response results like low insertion loss, high
return loss, high stopband attenuation, and low cost realization in comparison with some
referanced works shown in the table. Despite the fact that the realized filter meets the
specifications, the designed filter size is larger when compared other much more
expensive used filter technologies like integrated circuit. But this loss in size can be
ignored in the face of cheap costs depending on the application to be used.
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New filters can be designed with different narrow bands like 50 MHz, 40 MHz or
20 MHz to match real single telco operator bandwidths or wide bandwidth like 500 MHz
to cover all NR 5G n78 band (3.3 GHz to 3.8 GHz). Different microstrip topologies can
be applied to decrease the size of the filter or to improve the performance of the filter.
Better results can be achieved; by increasing order of filter but it will be cost to more area,
by choosing another material with higher relative permittivity e, value but it will

increase the price of a substrate. Wider resonators can be designed to decrease the length
of filter but they require tightly coupled lines which is difficult to realize.

In the future, filter parts of communication systems will keep importance as like
today, the increased demand of communication in every field of humans life will also
cause to increase the demand and usage of the filter in applications. Frequency allocation
will become more difficult with increasing communication demand. After LTE
deployment in the UK, the frequency used for LTE caused interference between LTE and
TV broadcast. To prevent from interference problems in advance, upcoming technologies
can be followed and new filter designs can be performed forehand.
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