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ABSTRACT

Microstrip filters have an important place in many electronic structures. With the recent rapid
technological developments, the need for filters has increased. Recent developments have
paved the way for 5G technology and expanded its application areas. It has led to the
emergence of new frequency bands. Filters are systems that are used to block unwanted
signals and are divided into types such as low-pass, high-pass, band-pass and band-stop.
Band-pass filters are used to allow signals within a certain frequency range to pass while
suppressing signals outside this range. In this thesis, the design and analysis of the band-pass
filter designed for 3.5 GHz operation for 5G applications were performed and the
measurement results were obtained. A 4th order Butterworth type band-pass filter was
designed for our filter operating at 3.5 GHz. It was observed that the S11 (Return Loss) value
of the filter with a center frequency of 3.5 GHz was around -30 dB and the S>; (Insertion
Loss) value was around -1 dB. FR-4 with a dielectric constant of &- = 4.3 was selected as the
substrate material and has a bandwidth of 300 MHz. The Printed Circuit Board (PCB)
distributed element structure was used in the designs. The production of the filter operating
at a center frequency of 3.5 GHz was carried out and similar results were obtained to the
simulation results.
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5G UYGULAMALARI iCIN BANT GECIREN MiKROSERIT FILTRE TASARIMI
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OZET

Mikroserit filtreler birgok elektronik yapida 6nemli bir yer tutmaktadir. Son zamanlardaki
hizli teknolojik gelismeler ile birlikte filtre ihtiyact artmustir. Son gelismeler 5G
teknolojisinin Oniinli olduk¢a agmis ve uygulama alanlarini genisletmistir. Yeni frekans
bantlarinin ortaya ¢ikmasima sebep olmustur. Filtreler, istenmeyen sinyalleri engellemek i¢in
kullanilan sistemlerdir ve algak geciren, yliksek geciren, bant geciren ve bant durduran gibi
tiirlere ayrilir. Bant gegiren filtreler, belirli bir frekans araligindaki sinyallerin gegmesine
izin verirken, bu aralik disindaki sinyalleri bastirmak amaciyla kullanilir. Bu tez
calismasinda, 5G uygulamalari i¢in 3.5 GHz ¢alismasi i¢in tasarlanan bant gegiren filtrenin
tasarimi ve analizi yapilarak 6l¢iim sonuglar1 elde edilmistir. 3.5 GHz ‘de ¢alisan filtremiz
icin 4. dereceden Butterworth tipi bant geciren filtre paralel kuplaj yapisi temel alinarak
tasarlanmistir. Merkez frekansi 3.5 GHz olan filtrenin 6l¢iim sonuglarmin S11 (Return Loss
- Geri Doniis Kaybi1) degerinin -30 dB ve S21 (Insertion Loss - Ekleme Kaybi1) degerinin -1
dB civarlarinda oldugu goézlemlenmistir. Dielektrik sabiti &, = 4.3 olan FR-4 alttas
malzemesi tercih edilmis ve 300 MHz bant genisligine sahip olacak sekilde hesaplamalar1
yapilmistir. Tasarimlarda baski devre kart1 (Printed Circuit Board - PCB) iizerinde dagilmis
eleman yapist kullanilmistir. 3.5 GHz merkez frekansinda calisan filtrenin iiretimi
gerceklestirilmis ve simiilasyon sonuglarina benzer sonuglar elde edilmistir.
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1. INTRODUCTION

The history of wireless communication goes back a long way. However, modern wireless
communication technology was introduced in the 19th century. It started the century with
the discovery of electromagnetic waves. People have long worked on wireless
communication in order to communicate in large areas and over long distances. Significant
progress was made when Marconi, a pioneer in wireless communication, invented the
telegraph [1]. In the following periods, communication technology has constantly advanced
and renewed. After the introduction of the first 1G (1 Generation) system in cellular network
structures, a new generation emerges every 10 years in the light of important developments.
After a long period of time and research, 1G, 2G, 3G, 4G and most recently 5G

communication structures play an important role in the development of societies and the

increase of production capabilities (Figure 1.1) [2].
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Figure 1.1. Development of the communication generation

5G has an important place in wireless communication. This system has many advantages
over previous generations. One of its most important features is its ability to provide data
transfer at high speeds. Theoretically, it shows download performance at gigabit speeds. This
allows users to watch videos in high resolution, download and upload quickly, and play
games and other internet-based applications more stable. Latency can be reduced to
milliseconds, and this is an important parameter in live streaming, virtual reality, and real-
time gaming. Another benefit is that it supports multiple connections. Smart devices, [oT-
based offers simultaneous connection support for devices and devices such as many other

devices.



In addition to these, high security, accessibility and low power consumption are among the
benefits it provides [3]. Up to 4G, mobile communication technology uses frequency bands
below 3 GHz, while in 5G, the frequency bands are FR-1 (410 MHz — 7125 MHz) and FR-
2 (24.25 GHz — 52.5 GHz). Where user demand is high, high frequencies such as 26 — 28
GHz are preferred [4].

Microwave frequency refers to electromagnetic waves covering the range of 300 MHz — 300
GHz. Their wavelength is between Im and Imm [5]. Microwave filters are one of the
important parts of communication systems. A filter is a communication element that
provides two-door frequency control that transmits signals in a certain frequency range and

stops unwanted signals in the other range [6].

The history of microwave filters goes back to the beginning of the 20th century. The
widespread use of new technological devices in the Second World War increased the
importance of microwave filters. After the war, developing technology gained momentum
with new filter structures and optimization techniques, resulting in complex, high-
performance filters. Microwave filters are used in wireless communication systems, radar
systems, satellite communication, transceiver systems and many high frequency

applications.

Microstrip filters are inexpensive, small-sized, economical, low-loss, compact design,
microwave filters that provide high frequency performance and flexibility at desired
frequencies with passive circuit elements such as capacitors and inductors [7-9]. These
structures are low-profile, suitable for planar and non-planar surfaces, simple and
inexpensive to manufacture using modern printed circuit technology. Adaptive elements
with variable resonant frequency, impedance and pattern can be designed by adding pins and
varactor diodes between the patch and the ground. Many commercial substrates are available

for use in its design and manufacture [10].
Today, most computer-based design tools use the insertion loss method. Insertion loss is the
loss of signal strength caused by the addition of a device to the transmission line and is

expressed in decibels [11].

In the literature, there are versions of the bandpass filter that have been examined at different



degrees with different techniques. Since it is desired to have as little fluctuation as possible,
the use of the Butterworth technique in the thesis was preferred [11]. Many methods such as
parallel coupling, step impedance, interdigital, capacitive coupling have been used. In this
thesis, a reduced size of the parallel coupling structure by bending it was used for the first
design. It has been observed that the defected ground structure used in many band-pass

designs in the literature provides great benefits in filter performance [12].

In this thesis, a bandpass filter was designed for 5G application. The speed and capacity
increase provided by the use of filters determined the cut-off frequencies of 5G. First, a
twisted parallel-coupled bandpass filter with a center frequency of 3.5 GHz and a bandwidth
of 300 MHz was designed from the 4th order. In these filters, frequency suppression at -30
dB levels is obtained. It is thought that it will be useful for 5G applications due to its high

selectivity and low insertion loss effect.

In the second part of the thesis, filter structures and techniques used are mentioned. Provides
information about microwave network structures, parameters and analysis of filter systems.
The methods used in the transformation of a low-pass filter into a band-pass filter structure
are mentioned and how to make dimensional calculations according to the requirement

characteristics in microstrip lines are explained.

In the third part of the thesis, the designs of bandpass filters were carried out according to
their properties. First of all, after the transmission line calculations of the filters with LC
circuits installed, their drawings were made in the CST program. The results of 5G filters
with two different frequencies, 3.5 GHz and 28 GHz, were examined through the CST

program.






2. MICROWAVE FILTER BASICS

Filters are an integral part of today's modern communication systems, and without
understanding them, the full functioning of many communication systems cannot be
understood. A filter is a network, usually a two-port, used in microwave systems to control
the transmission or interception of a particular frequency band. These systems increase the
transmission at a certain point in the frequency transition band and attenuate the signal in the
stop band. In this way, they are used to achieve the desired frequency response in microwave

systems [6] (Figure 2.1).
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Figure 2.1. Filter usage

2.1. Filters by Element Usage

Filter structures are divided into active and passive filters according to their usage patterns.
2.1.1. Active filters

Active filters, which are frequently used in electrical circuits, are electronic devices that pass
or stop a certain frequency range. These filters are designed to process signals of various
frequencies, change their amplitude or pass the signal. They are used in many areas such as
audio, video, Radio Frequency (RF), communication systems, and digital signal processing.
Active components, which usually consist of components such as transistors and operational

amplifiers, improve the performance of the filter circuit and allow to control the filtering

function more precisely.



There are many types of active filters, including low-pass, high-pass, band-pass, band-stop,
and filters with a variety of specific frequency responses. For example, a low-pass filter
intercepts high-frequency signals while passing low-frequency signals at a given cut-off

frequency.

The advantages of active filters over passive filters are that they have higher gain, lower
noise, better cutting characteristics. However, active filters also have some drawbacks, such

as complexity and power consumption.

These filters have a wide range of applications, from audio systems to radio frequency
receivers and from communication systems to medical devices. In particular, the
requirements for digital signal processing and separation of frequency bands in modern

communication systems further increase the importance of active filters [12].

2.1.2. Passive filters

Passive filters are one of the cornerstones of electrical circuits. These filters consist of
passive components such as resistors, Capacitors (C) and Inductors (L) and are used to
process signals of various frequencies. Their main purpose is to pass or intercept signals in

a certain frequency range.

Passive filters are a circuit element that changes their behavior, usually depending on the
signal frequency. For example, low-pass filters pass low-frequency signals, while high-
frequency signals are intercepted. High-pass filters, on the other hand, do the opposite. The
variety of these filters enables the design of customized filters for different application areas.
Passive filters are generally simpler and lower cost, but active filters provide more flexibility

and control.

2.2. Filters by Function

Filters are classified depending on the frequency of the signals. The type of filter is
determined by the way the circuit elements are connected to the output signals. These filters
allow signals to pass through unchanged in a certain frequency band range, while attenuating

unwanted signals. The amplitude response of an ideal filter is described using the frequency



response curve of four different types of filters.

2.2.1. Bandpass filter

Bandpass filters are electronic circuits that pass signals in a specific frequency band and
block frequencies outside that range. Theoretically, bandpass filters are defined by
amplitude-frequency characteristics. This frequency curve indicates in which frequency

range the filter will pass and which it will block.

Basically, the bandpass filter can be obtained by adding low-pass and high-pass filters end-
to-end. It consists of parallel inductors and capacitors connected to the circuit shunted to the

circuit attached to the inductors and capacitors connected in series to the circuit.

A bandpass filter is usually defined by three main parameters: center frequency (fc),
bandwidth (BW) and transition region. The center frequency indicates the frequency at which
the filter transmits the most. Figure 2.2 shows the width of the pass through region between
the BW, the undercut frequency (f;) and the upper cut frequency (f.). If the frequency of the
lower cut is subtracted from the upper cut frequent, there is a range in the form of BW=f,-
fa. The transition zone refers to the frequency range in which there is a transition between
the transition band and the stop band of the filter [12]. The figure below shows the LC circuit

structure.

\girig - L5

Figure 2.2. Bandpass bulk element filter circuit

Bandpass filters are used in many application areas. In wireless communication systems, for

example, they are used to selectively pass signals in the frequency band of a particular



channel. It is one of the first places where the signal from the antenna is processed in

transceiver systems.

However, bandpass filters also have some drawbacks. An ideal bandpass filter is difficult to
achieve in practice. In real applications, the amplitude response of filters can be affected by
factors such as phase loss and transition zone. Therefore, the design and application of filters
should be done carefully and filter performance should be constantly monitored. Figure 2.3

below shows the amplitude-frequency graph of a bandpass filter.
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Figure 2.3. Bandpass filter chart

2.2.2. Stop band filter

Band stop filters are passive components within electronic circuits that block signals in a
specific frequency band and pass other frequencies. These filters are often used to suppress
unwanted signals or to filter signals in a certain frequency range. The key components of
passive band-stopping filters are resistors, capacitors, and inductors (Figure 2.4). By
combining these elements correctly, the damping process in a certain frequency band and

the passage of signals at other frequencies are achieved [13].
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Figure 2.4. Band stop filter circuit

Band-stopping filters are especially commonly used in high-frequency applications such as
RF communication systems, wireless communications, and radar systems. For example, in
a wireless communication system, the use of band-stopping filters is preferred to suppress

unwanted interference or interference signals.

Band-stopping filters are optimized to provide maximum damping in the desired frequency
range (Figure 2.5). Throughout the design process, filter parameters are carefully selected
and the characteristic features of the filter designed for a particular frequency band are
obtained. The advantages of these filters include their simple structure, low cost, and

effective signal filtering capabilities.

4} Pass Pass
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Gain
Q0L ===k 3 o=

= —————
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Figure 2.5. Band stop filter chart

Active band-stopping filters are electronic circuits that contain active components connected
to the power supply, as opposed to passive band-stopping filters. They use active filters,

operational amplifiers, and other active components.
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2.2.3. Low pass filter

Low-pass filters play an important role in electronic signals. These are filtering circuits that
block high frequencies while preserving low-frequency components. For example, they pass
signals with a frequency lower than a certain cutoff frequency, while stopping those that are
higher than the cutoff frequency. This is especially useful for blocking out unwanted high-

frequency noise or interference in a given frequency band.

Vin Vout

Figure 2.6. Low pass filter circuit

Low-pass filters have a variety of applications. It is preferred in electronic data transmission

to improve the quality of signals and reduce transmission errors.

These filters usually require passive components such as resistors, capacitors and inductors
(Figure 2.6). Passive low-pass filters can be connected to the signal processing circuit
without the need for any power supply, while active low-pass filters use operational

amplifiers or other active elements to create more complex circuits.
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Figure 2.7. Low pass filter chart

The frequency response of low-pass filters indicates how the filter behaves (Figure 2.7).
Parameters such as cut-off frequency, pass-band, and stop band determine the performance
of the filter. The cut-off frequency is where the power is halved, that is, there is a drop of
3dB (decibel). It passes the signal below it and suppresses the part above it. As a result, low-
pass filters occupy an important place in many areas by preserving low-frequency signals

and blocking high-frequency unwanted signals in electronic systems [5].

2.2.4. High pass filter

High-pass filters are important elements used in electronic devices to suppress low-
frequency noise or to isolate unwanted low-frequency signals. Figure 2.8 shows a schematic

representation of a passive high-pass filter.

Figure 2.8. High pass filter circuit

Capacitors act as an open circuit at low frequencies and do not allow the passage of the
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signal, but at high frequencies they act as a short circuit, allowing the passage of signals. In
this circuit, a simple high-pass filter circuit with a capacitor and a resistor is shown (Figure
2.8). After the signal reaches the cut-off frequency (fc) point, it starts to transmit (Figure 2.9).
This point is actually the frequency point when it reaches the ground of -3 dB [14].

Av (dB) fe .
! Siop Band ! Pass Band
od |-~ — —.
-3dB
J3dB “*_- e
Frequency
" Response
a
5
le]
Bandwidth
feHp) Frequency (Hz)
(Logarithmic Scale)

Figure 2.9. High pass filter chart

2.3. Microwave Network Structure

Although the realization of different frequencies varies in applications, the circuit network
structure is the same for all of them. There is no direct use of conventional measuring devices
for measuring current and voltage at microwave frequencies. In order to take advantage of
low-frequency network calculations, the concepts of voltage, current, and impedance must

be defined in terms of the network parameters of a filter [5].

2.3.1. Network variables

Most microwave filters and their components are expressed in 2-gate networks, as shown in

Figure 2.10. Voltage and current values are complex variables.

V.
= =Zn 2.1
2 = Zy (2.2)

12
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Figure 2.10. Two-Port network structure

2.3.2. Scattering matrix

The scattering parameter (S-parameters) is a measurement that describes the relationships of
electrical signals in the RF and microwave circuit. This parameter is used in the design,
analysis and optimization of circuits. The S-parameter determines the reflection and
transmission of the signal applied to the terminal at the input terminal or the terminal at the
output terminal at the other terminals. Measurements are usually made using RF measuring
devices such as network analyzers and spectrum analyzers. S-parameters are generally valid
within a certain frequency range. In two-gate circuits, a specific element of the scattering
parameters is defined as in Eq.(2.1) [6].

_ Y

Sy = vt =0 fork#j 2.3)

vy

Where;
Vi~ = i'th terminal reflected wave voltage amplitude

V" = Wave voltage amplitude from the j’th terminal

In order to avoid reflections, the incoming waves at all terminals except the j’th terminal

should be set to zero in the mapping with the loads.

bl = alsll + a2512 (2.4)
bz == a1521 + a2$22 (25)

The scattering matrix is expressed in the 2x2 form as in Eq.(2.4)



14

Si S
sz[ H 12] 2.6
o Son (2-6)

Scattering parameters

by

b
S11 =a—1|a2=0 S12 = a_;|a1=0 (2.7)
b b
521=a_i |a2=0 522: a_z|a1=0 (28)

S11 and S»; represent the reflection coefficients, and Si2 and S»; represent the transmission
coefficients. Thanks to the S parameters, current and voltage values can be measured with
the transmitted wave and the reflected wave. S parameters are expressed in dB and are

logarithmically represented as shown in Eq.(2.6).

20 log |Sn| dB mn=1,2 (2.9)

The two parameters that determine the filter character are:

L,=—-201log|Syn|dB  m,n=12 (m#%n) (2.10)
Lp = 20 log(|Syn| dB n=1,2 2.11)

Where; n and m refer to the insertion loss between terminals.
As a result, the scattering matrices S11 and S are expressed as the characteristic impedance
(Zo) and the impedance at the input terminal (Zin1) in terms of the impedance at the output

terminal in Eq. (2.8).

Vi
Ziny = 2, (2.12)
1
Zini-z Zinz-z
g = Zini-Zoy G, . = Zin2=Zop (2.13)
11 Z: s 11 Z:
in1+Zgpq in2+Zgy

S- parameters have many useful features in network analysis. The reflection coefficient is
known as the transmission coefficient or voltage gain. The symmetric network also has the

property of reciprocity. In a lossless passive network, the transmitted and reflected power
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must be equal to the total incoming power. The mathematical explanation of this statement

is as follows [15].

Si1 = S,, (Ifthe network is symmetrical) (2.14)
Si2 = S,;1 (Ifthe network is mutual) (2.15)
21531 +S11S871 = 1or [Sy > + [S11]* =1 (2.16)
21531 + 11571 = 1 o1 [Si5|* + [Sz2[*= 1 (2.17)

Frequency dependency examination is performed to determine the correct operating
frequency range in RF and microwave circuits. It is used to describe certain properties such
as stability, bandwidth, gain, reflection losses, and insertion losses of circuits. These

parameters are useful in the evaluation of the design and analysis of circuits.

2.3.3. Z and Y matrices

The relationship between voltage and current at each terminal can be defined by the

impedance network as given in below equations.

Vl == lell + lelz (218)
V2 == Zlel + Zzzlz (219)

The impedance is known as a matrix or Z-matrix.

le ZlZ]
Z| = 2.20
[Z] Zo, Zy (2.20)
\% \%
Z11:I_1|12:0 Z12:I_1|I1:0
1 2
(2.21)
\% \%
Z21 &S f |12 ES 0 Z22 == ﬁ | Il = 0 (2.22)

The 4 inputs of [Z] are known as open-loop impedances and are referred to as the [Z] open

stream impedance matrix. Due to this feature, it is frequently used in serial network
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connection. The inverse matrix [ Y] is known as the short-circuit admittance matrix. Y-matrix

M=z = [ 32 (2.23)

In contrast to the open-circuit impedance parameter equation, the short-circuit

admittance parameter is derived from the short-circuit definition at the n’th terminal.

Y11=\I,_1|V2=0 Y12=‘I,_1|V1=0 (2.24)
1 2

I I
Yor = [ V2 =0 Yor = [ Vi =0 (2.25)

In the reciprocity network, the equality Zi2 = Z21 and Y12 = Y1 is valid. If it is
symmetrical, the equality Zi11 = Z22 and Y11 = Y22 are subtracted. In a lossless
transmission network, the open-circuit impedance and short-circuit admittance

parameters are completely virtual [15].
2.3.4. ABCD parameter

Microwave networks are easily characterized by S-, Z- and Y- matrices. In two-terminal
networks, Z- and Y- matrices are used in series and in parallel. In practice, many filters and
other components are expressed in serial steps. Therefore, it needs to be defined by ABCD
or conduction (T-matrix). The ABCD matrix of a circuit block can be obtained from the
product of several ABCD matrices of cascading two-terminal networks. In a two-terminal
network, the representation of the voltage and current relations between terminals 1 and 2
by the ABCD matrix is as shown in Figure 2.11 and the mathematical expression is as in

(2.18).

[\1111] - é\ g] [\1/22] (2.26)
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R s

o— ——0

+ [ABCD] +

v, or V,
(7]

o—— A —-)

Figure 2.11. ABCD parameter representation

In the case where the circuit is symmetrical, the equality A = D is satisfied, while in the case
where it has reciprocal properties, we obtain an equality of AD — BC = 1. In a lossless
network, A and D are completely real, while B and C have only the virtual component. The

input impedance of the circuit is shown in equation (2.19).

V, AZ_ +B
Zin= —=—"— 2.27
m I, CZy+D (2.27)
2.3.5. Transmission line network
The input impedance of two-gate networks can be defined as:
\% Zoo2A+B
Zimp = —="— 2.28
inl I Zo,C+D ( )

If this equation is combined with the transmission line network, the following equation is

obtained.

Zyp+Z tanh yl

€ Z.4Zy, tanh yl (2.29)

Zin1=

Z. = Feature empedans
y = Complex feed coefficient
/= Length of the transmission line

For a lossless environment, equality is provided, such as in Eq.(2.22).

Zoz +jZC tan ﬁl

Zini=Z
inl CZC+jZOZ tanﬁl

(2.30)
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In addition to these, it is equal to the value of two kinds of networks with a single terminal.
This is followed by a terminal of a two-terminal transmission line that becomes an open-

circuit or short-circuit [15].

A
Zin1|Zo2=00 = ¢ tanhyl (2.31)
A
Zil’ll |ZOZ=0 = E = ZC tanh yl (232)
When it is lossless,
ZC
Zin1|Zoz=0 = 1 (2.33)
Zin11Zoz=0 = JZctanpl (2.34)

2.4. Microstrip Lines and Components

Microstrip lines are specific paths that carry high-frequency electromagnetic waves and
operate at millimeter wavelengths. These lines are used in many places in RF and microwave
engineering applications. The lowest layer is the part consisting of soil. It has advantages
such as transmission at high frequencies, low signal loss over long distances, easy integration

and simple production.

Figure 2.12. Microstrip transmission structure.

When creating the structures of microstrip filters, features such as bandwidths, size
parameters and power consumption are examined.

We can see the structure of a microstrip in Figure 2.12. Here, we have a microstrip that has
a width of w and a thickness of ¢. The line is located on a dielectric surface with a dielectric

constant and thickness 4. The lower part of the surface is a grounding plane, usually made
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of copper. The areas in the microstrip have an inhomogeneous structure, with air at the top
and dielectric at the bottom. Since this inhomogeneous structure prevents the microstrip from
propagating a pure transverse electromagnetic (TEM) wave, the TEM wave has only
transverse components and the propagation speed depends only on the material properties.
The dielectric surface and the air, which form two different media, create electric and
magnetic fields of the waves. Therefore, the propagation rate of the waves in the microstrip

line also depends on the physical dimensions of the materials [10].

2.4.1. Effective dielectric constant and characteristic impedance

In the semi-TEM approach, the inhomogeneous dielectric-air medium in the microstrip is

replaced by a homogeneous dielectric material with an effective dielectric permeability.

The expressions of the effective dielectric constant and wave impedance values are

expressed by the following equations with the inferences in [16-17].

For W/h <1
£rp = STZH —) 0510.04(1 — —) } (2.35)
Ze= =Z+In(; k4o 25—) (2.36)
For W/h =1
Ere = =+ T (1412 ) ~0.5 (2.37)
Ze= =Z+ I 4o 257 (2.38)

Wy ,, Its approximate value and in terms are expressed as follows Z &, W/ B2

W _ 8exp(4)
h exp(24)-2 (239)

A= Z(friges 4 ET1(023+ ) 05



20

w 2 er—1 0.61

z:;g3—1y—muB—1}+kr@ﬂB—D+039—SJ} (2.40)

B = 607? 241
=2 (2.41)

These statements provide much more accuracy than one percent. If more precise values are

required, repetition or optimization processes can be carried out.

2.4.2. Directed wavelength propagation constant

After calculating the effective dielectric constant of the microstrip line, the directed

wavelength of the semi-TEM mode is calculated at Eq.(2.42).

_ Ao
Vere

A (2.42)

Where A, represents the wavelength of empty space at the operating frequency. In relation

to these, the propagation constant () and phase velocity (¥, calculation are made as

follows.
2T

B = - (2.43)
g
w C

P =5 = (2.44)

Where c is the speed of light in empty space (¢~ 3.0 X108 m/s). The electrical length of the
line with a physical length 1 is in the form of equality (2.45).

0 = Bl (2.45)

When 1:%‘] equals, when 6 = %, ]:%g = equals 6 = .

2.5. Filter Design Methods

In filter designs, features such as slope ratio, return loss and interference loss in the

suppression zone are important in the design. In addition, today, the fact that filters have
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features such as more compact, cost-effective, and small size affects their physical
parameters. There are basically two ways used in filter designs. Image parameters method
and insertion loss method. These structures are converted into parts in the transmission line

and used for filter design.

2.5.1. Image parameter method

The image parameters method for filter design includes simple two-terminal cascade band-
pass and band-stop. This method is quite simple, but random frequency responses cannot be
included in the filter. It provides a link between practical filter designs and infinite periodic
structures.

In Figure 2.13;

Zil = Input impedance at terminal 1 when terminal 2 is terminated by Z.

Zi2 = Input impedance at terminal 2 when terminal 1 is terminated by Zii.

I L
—_— —_——
[ o o ]
+ +
A B
Z Vi r |:C D:| T V | Ze
5 o 1
Zinl ZinZ

Figure 2.13. Two-Port ABCD matrix

Both terminals match their image impedances. We can express image impedances in terms

of ABCD parameters, as in Eq.(2.46) [6].

Zip = |— (2.46)

cD

2.5.2. Insertion loss method

A perfect filter should have zero insertion loss in the bandpass region, infinite attenuation in

the stop zone, and a linear response, but this is not possible in real life. The insertion loss



22

method has high control and phase characteristic in the bandpass and stop region in a
systematic way for the desired frequency response. Some applications are available
according to the required design requirements. For example, if low insertion loss is at the
forefront, the binomial method is used, and if a sharp cutting frequency is preferred, the
Chebyshev design method is used. As the degree of the filter is increased, its performance is

changed.

In the insertion loss method, a filter response is defined by its insertion loss or power loss

rate, P;p.
Pinc _ 1

Pir = biged ~ TGP (2.47)
Insertion Loss (IL) is expressed in dB as in Eq.(2.37).
IL =10 log P, (2.48)
| (w)|?w is a double function of and can be expressed as a polynomial of w?2.

2 _ M(w?)
ITWI* = e (2.49)
M and N are also real polynomials. This gives us the following equality.

M 2

Pp= 1+ (2.39)% (2.50)

In order to be a physically feasible filter, the power loss ratio must be the same as .The

process of designing a filter with the insertion loss method is as shown in Figure 2.14.

Filter TLow-Pass Scaling and - ELo
Features — Filter Design = Transforming A

Figure 2.14. General filter design process block
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1. Maximum flatness (Binomial or Butterworth) filter approach

This characteristic filter structure gives the straightest frequency response in the bandpass

region. The power loss parameter for a low-pass filter can be written as follows.
2N
— 2 (W
PLr= 1+ (2.40) k (W)

Where;
N = Degree of filter
w.= Cut-off Frequency

The band-pass part w, expands from w to a, and the power loss ratio at the belt corners is
1+k?. If the -3dB point is selected, k=1. If w > w, the attenuation gradually increases with

the frequency, as shown in Figure 2.15.

Figure 2.15. Maximum flat filter chart

In case of w >> w¢

2N

Pr =k* () 2.51)

c

equalization occurs, and the insertion loss increases by 20N dB/decade.

11. Equal Fluctuation (Chebyshev) Filter Approach

If we customize the insertion loss of a filter that passes lower than the n™ order using the

Chebyshev polynomial, we get the Eq. (2.52).
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— 22 (W
Pr=1+ kT2 (W) (2.52)
Even if there are fluctuations of 1+k? in the band-pass region, a sharper cut is obtained

(Figure 2.16).

Equal
ripple

1+k2

Figure 2.16. Chebyshev low-pass 3rd order filter response

In the case of w >>w,., the insertion loss is simplified as follows.

11 Elliptic function filter approach

The Maximum Flatness and Equal Ripple responses both have monotonically increasing
attenuation in the band-stopping region. In many applications it is sufficient for minimum
belt stopping but for a better cutting ratio Elliptic functions are preferred. These have an

equal ripple response in the band-stopping region in addition to the band-stop region.
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PirA

'min

max |

Figure 2.17. Elliptic filter frequency response

1V. Linear phase filter approach

The linear phase approximation is a design method that ensures that the frequency response
of a microwave filter is smooth and linear, especially in terms of group latency. In linear
phase filters, the differences between the phases of signals of different frequencies are kept
to a minimum. This preserves the phase harmony of the signals passing through the filter.
This property is often important in signal processing and transmission applications because

signals can be processed or transmitted without breaking the phase harmony.

O(w) = Aw [1 +p (wi)ZN] (2.53)

Where; @(w) is the phase of the voltage transfer function of the filter, p is a constant. The
group delay associated with this is expressed as in Eq. (2.54).

Ty =C=A [1 +p(2N + 1) (Wi)ZN] (2.54)

2.6. Filter Transformations and Application

In low-pass filters, we have normalized designs where the source frequency is 1 and the cut-
off frequency is 2w, = 1 rad/sec. We can achieve high-pass, band-pass and band-stop filters
by changing their frequency and impedance. The converted elements perform well for low

frequencies in bulk element filter designs, but some problems arise at high and RF
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frequencies. Batch-element inductors and capacitors are difficult to implement at microwave

frequencies.
2.6.1. Frequency and impedance scaling
In impedance scaling, in the prototype design, the welding and load resistors are one unit

and the welding impedance (R,) is obtained by multiplying by all impedances. The new

components are the same as in equality.
L'=RoL. C'=-=.R{ =Ry .R/ =RoR, (2.55)
o

Where; L, C and R}, are the original components. Frequency scaling, on the other hand, is

done by converting the cut-off frequency from unit to.

The new power loss ratio is the same as in Eq.(2.56).
Blr(w) = PLR(WiC) (2.56)

Frequency and impedance scaling for low-pass and high-pass filter are as shown Figure 2.18.

| | I I -

|
£
o
,\E
ey
&
£
o
ﬁE

g

Figure 2.18. Frequency and impedance scaling for low-pass and high-pass filter

When impedance and frequency scaling are applied together, equality is obtained for the low

pass:
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RoLg

! C
C = RO’V‘VC (2.58)

The low-pass filter prototype bandpass and band-stop transformations are as shown in Figure

2.19. If there are corners of the and band-passing section, following equations are achieved.

v (R -3 =

W2 —W71 \Wy w Wo w

% — Fractional Bandwidth
0

A:

w, = ywy;w, — Center Frequency

The series inductor circuit turns into a series LC circuit, and the parallel capacitor circuit

turns into a parallel LC circuit.

Equation for series inductor:

L = 22k (2.60)

Wo
1
wo Lk

Cx =

(2.61)

Equation for Parallel Capacitor:

(2.62)

T woACk
_ ACk

Wo

(2.63)
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b
~ky kﬂj —twy Wy
- L 11 I
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| |
—y —) w -y —w, wy W @

Figure 2.19. Bandpass and bandstop conversions

Transformations for all filter states are shown in Table 2.1.

Table 2.1 Filter Transform

Low-pass High-pass Band pass Bandstop
0
1 . LA 1
4 wpA == _
L T oL ’ wy T wylA
A

L 1 A 4 _C wyCA
-C w.C w,C wpA ’
CA

2.6.2. Richard's transformations

As a frequency conversion technique, it is used in circuit design to change the desired
properties in another frequency band while preserving them. These transformations make
Sparameters using a set of transformation functions as frequency-independent variables.

These transformations are used to reduce unwanted frequency responses. It transforms from
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the W plane to the plane that repeats with periods [18].

) =tanfl = tan (:—:) (2.64)
jX, = jOL = jLtanpl (2.65)
jBes = j2C = jCtanpl (2.66)

The short circuit in the inductor length and with the characteristic impedance can be
displaced by the stud. In the same way, an open circuit in the capacitor can be replaced by a
stud. The cut-off frequency for the low-pass filter prototype is one unit. In order to obtain

the same cut-off frequency, the equality in (2.67) must be achieved.

N =1=tanpl (2.67)

2.6.3. Kuroda identities

In the design of microstrip lines of bandpass filters, the filter elements are physically
separated by the transmission line sections. Kuroda identities determine the impedances of
the microstrip lines of the bands that are equivalent in the opposite sense. These equations
ensure that the bandpass filters on the microstrip line work in a balanced manner. These
equations, which are used to determine filter properties in a specific frequency range, help
determine the widths, lengths, and other parameters of microstrip lines. The fact that
microstrip lines simplify their complex interactions is the benefit of Kuroda equations. This

simplifies filter design. In Table 2.2 we can find all the transformations.
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Table 2.2. Equality of the Four Kuroda

| |
— VA
AT
Z,
oYY Y
Zy
0—
Z, Z,
1
Z,
Z,

(a)

n

(b)

(d)

Z,
n?
Y'Y\
Zz
n?
O
J_ 0
2 1
n Zl 2—
n Zz
[ #z
1:n?
n’ n?
1
2
n“z
| 2 n?:1
HZZ,
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3. DESIGN AND MANUFACTURE OF BANDPASS FILTER

Microstrip bandpass filters are the structures that passes the signals in the desired band range
and tries to suppress the signal in the other parts. Filters gain features according to specific
purposes. These are important parameters such as cutting frequency, center frequency,
pressure ratio, return loss rate, insertion loss rate. The aim of this thesis is to create a new
band-pass filter after parameter calculations are made in accordance with the frequencies

used in 5G applications.

The frequency values requested in 5G applications were investigated 3.5 GHz center
frequencies were taken. Filter types were examined and the Butterworth frequency response
technique was chosen because it does not cause fluctuations. Compared to other previous
studies, a more compact structure has been obtained. Dimensionally, it is reduced compared

to the standard parallel coupling structure.

In the filter design, a low-pass filter circuit is first installed in accordance with the

requirements.

These values with the desired values are converted into the L-C circuit. Our source supply
and output part are calculated to be 50 ohms. In the next step, these values are created in a
band-pass filter circuit using the filter transformations technique. In order to create the
microstrip transmission structure of the filter, the Richard transformation and the Kuroda

equations are used to transform it into a distributed element structure.

Various methods are used to evaluate filter performance and study its characteristic
structures. Methods such as Transfer Function, Attenuation factor, S-Parameters, ABCD
Matrix. In this study, S-parameters were taken as a basis and the attenuation properties with

filter pass band were examined using the S21 parameter.

ADS program was used for filter design, LC circuit design and optimization. CST program

was used for 3D design, electromagnetic analysis and examination of filter results.



32

3.1. Parallel Coupling 3.5 GHz Bandpass Filter Design

3.1.1. Butterworth low-pass LC filter prototype

A 300 MHz bandwidth with a 4th order band pass operating at 3.5 GHz and a cut-off

frequency of 3350 MHz and 3650 MHz was selected. In this study, a new design is proposed

to change the known parallel coupling bandpass filter structure.

Similar results were observed by bending 90 degrees from half of the filter to gain the overall

size of the filter. FR-4 was preferred as the substrate material in the filter design. The height

h and copper thickness ¢ of this insulating base material are preferred. The dielectric constant

of FR-4 material is €, = 4.3, h= 0.8 mm, t = 0.035 mm.

Table 3.1. Filter Properties

Properties Value

Center Frequency 3.5 GHz

Bandwidth 300 MHz

Low-Pass Prototype Butterworth

Filter Degree 4

I/0 Empedansi 50 ohms

Si11 and Sy; Values S11<-30 dB S21>-3 dB

In determining the degree of filter, the degree is determined on the Butterworth attenuation

normalized frequency graph according to the requirements.

£,=3.350 GHz,  £=3.650 GHz,
f, = /F,xf, = 3.49.10 GHz

FBW = % = 0.085

0

1 fa  fe) _
fn —ﬁx(a—a) = —-2.35
Normalize Frequency |an|_ 1=1.35

Where;

fo=3.5 GHz, {=3.7 GHz

(3.1)

(3.2)

(3.3)

(3.4)



The value we found was selected as 4 for the filter degree from the graph in Figure 3.1.

T0

&0

50

40

Attenuation (dB)

30

20

N\

Figure 3.1. Butterworth normalized frequency attenuation graph

3.1.2. 4th Degree low pass filter design and band-pass filter design
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After the filter degree is determined, the values used in the filter are determined from Table

3.2

Table 3.2. Butterworth Low-Pass Filter Values

N g g2 £3 g4 gs g6 g7 £8. g9 £10 £11
1 2.0000 1.0000

2 1.4142 1.4142 1.0000

3 1.0000 2.0000 1.0000 1.0000

4 0.7654 1.8478 1.8478 0.7654 1.0000

5 0.6180 1.6180 2.0000 1.6180 0.6180 1.0000

6 0.5176 1.4142 19318 1.9318 1.4142 0.5176 1.0000

7 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450 1.0000

8 0.3902 1.1111 1.6629 19615 1.9615 1.6629 1.1111 0.3902 1.0000

9 0.3473 1.0000 1.5321 1.8794 2.0000 1.8794 1.5321 1.0000 0.3473 1.0000

10 0.3129 0.9080 1.4142 1.7820 1.9754 1.9754 1.7820 1.4142 0.9080 0.3129 1.0000

According to the values obtained, the 4th degree Butterworth filter circuit is as shown in

Figure 3.2. PI-network collective element circuit was preferred as the topology.
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AVAVAY: a—2 YT Y
R L L
go g2 g4 A
.} visine R=1.0000 e L=1.8478 ¥ o L=0.7654
R= R= a5
=t o B R=1.0000
=~ C=0.7654 =~ Cc=1.8478 -

Figure 3.2. Prototype low-pass circuit of the 4th order

The input and output impedances of the circuit are selected as 50 ohms. By applying these
values to the transformation formulas, the bandpass filter aggregate element values are
obtained. In this conversion, the L (inductor) value in the parallel low pass becomes the
series L and C (capacitance) values, while the parallel C value is converted to parallel L and

parallel C values (Figure 3.3).

W2

Fractional Bandwidth: A= W% (3.5)
0

[ — L — A

r=X ¢'=2 (3.6)

[ A — ¢

r=2 =5 3.7)

When the values we have are put in their places and processed, the following results occur.

All elements values are shown in Table 3.2.

g, = 07654 g, =18478 g, = 18478 g, =0.7654 g =1.0000

Zo = 50 ohm f, = 3350 MHz f, = 3500 MHz f, = 3650 MHz
RS ) c2 L2 c4 L4
50.00Q 42 27 fF 49.01 nH 1020 fF 2030 nH

| YV I
| 11 | h|
Cc1 L1 C3 L3 RL
-|- 8.121pF < 2551 pH -|- 19.61 pF 105.7 pH 50.00 ©

Figure 3.3. 4th degree bandpass filter circuit with bulk elements
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Table 3.3. 4th Order Inductor and Capacitor Values

C, L C, L, Cs L. C, L,
8.121 pF | 255.1 pH | 42.27 fF | 49.01 nH | 19.61 pF | 105.7 pH | 102.0 fF | 20.30 nH

Admittance transducers play an important role in parallel-coupled bandpass filter designs
(Figure 3.4). As a result of ABCD matrix solutions and analysis, the following formulas

emerge.

ST B BT

5 L) 4] £ £

e

Figure 3.4. Bandpass filter admitance transducer

The intercoupling structure can be calculated from the following equations.

ZoJy = |22 (3.8)

291 wo

ZoJp = e (3.9)

2\/9n-19n Wo

T Aw
ZoJn+1 = ’29N9N+1W_0 (3.10)

The inverter response of each section is as follows:

20]1=J T S0OMHZ _0.4192 (3.11)

2x0.7654 3500 MHz
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s 300MHz
ZoJ, =
21/0.7654%1.8478 3500 MHz

=0.1131 (3.12)

70 300MHz
ZoJ3 =
24/1.8478%1.8478 3500 MHz

=0.072 (3.13)

s 300MHz
2v/1.8478%0.7654 3500 MHz

ZoJs = =0.1131 (3.14)

™ 300 MHz _
Zos = \[2)<0.7654 3500 MHz 0.4192 (3.15)

Each coupling has Double and Single characteristic impedance. These impedance values will
be used in the next step to derive the line width and gaps of the filter. According to the double

and single mode impedance formula, the calculations are as follows.

7001 = Zol1 + ZoJ1 + (ZoJ1)?] = 50[1 + 0.4192 + (0.4192)?] = 79.74 1
7001 = Zol1 = ZyJ; + (ZoJ1)?] = 50[1 — 0.4192 + (0.4192)%] = 37.82 02
Z0., = Zo[1 4+ ZyJ; + (Zy)1)?] = 50[1 + 0.4192 + (0.4192)%] = 56.30 12
Z00y = Zol1 + ZyJy + (ZoJ1)?] = 50[1 — 0.4192 + (0.4192)?] = 44.98 2
Z0.3 = Zo[1+ ZyJ; + (ZoJ1)?] = 50[1 + 0.4192 + (0.4192)%] = 53.85 12
Z0g3 = Zol1 + ZyJ; + (ZoJ1)?] = 50[1 — 0.4192 + (0.4192)?] = 46.65 2
Z0.4 = Zo[1+ ZyJ; + (Zo)1)?] = 50[1 + 0.4192 + (0.4192)?] = 56.30 12
Z00s = Zol1 + ZoJ; + (ZoJ1)?] = 50[1 — 0.4192 + (0.4192)?] = 44.98 2

Z0,s = Zo[1 + ZoJy + (ZoJ1)?] = 50[1 + 0.4192 + (0.4192)2] = 79.74 0
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Z00s = Zo[1 + ZoJy + (ZoJ1)?] = 50[1 — 0.4192 + (0.4192)2] = 37.82

The parallel coupling bandpass filter values are shown in Table 3.4.

Table 3.4. Parallel Coupling Bandpass Filter Values

Coupling Step Admitance Even Mode 0Odd Mode
Inverter Impedance Z, Impedance Z,,

1 0.4192 79.74 37.82

2 0.1131 56.30 44.98

3 0.072 53.85 46.65

4 0.1131 56.30 44.98

5 0.4192 79.74 37.82

3.1.3. Dimensional calculations of bandpass microstrip filter

In this design, the material FR-4 with a dielectric constant is chosen. Substone materials are
of great importance in terms of production cost and accuracy ofresults in filters. As the filter
size increases, it can be designed with materials with smaller dielectrics. The most important
feature of FR-4 material is that it is flame retardant and can be easily found in the market. It
is frequently used in circuit boards because it has fairly good electrical properties. For this
material, it is preferred to be used as copper thickness, which is one of the standard
transmission heights. According to the data obtained in Table 3.4 and the material properties,
the length, width and gap structures of each coupling part are calculated. The results of the
dimensional parameters are obtained by calculations made in the ADS program based on the

obtained data, as in Table 3.5. ¢, = 4.3,h = 0.8 mm,t = 0.035 mm.

Size calculation for 50 ohm supply lines;

_ Z (er+1) , (er—1) 011\ _
A=%x /—2 Hed (0.23 2 ) —1.3825 (3.16)
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w 8xe

A
z - 82‘4—2 - 22225

w=§xh=1.568

£>2;
h

T

B =377 X PRTNNw

w 2
h

=5.4053

_nx<B—1—1n(2><B—1)+(

2er

Wavelength calculation for 50 ohms;

Cc

A= c=3x10%, f=35x10°

fxer

er+1

er =Ll (1 412 x )7 = 3.546
f 2 2 w )

Cc

T

= 45.59

L=2=114mm

4_

, e, =428

(3.17)

(3.18)

(3.19)

0.61

“=1) x (In(B - 1) +0.39 - T)) =2.2185 (3.21)

(3.20)

(3.21)

(3.22)

The dimensional parameters in Table 3.5 are obtained directly without long calculations

through the ADS program (Figure 3.5).

Table 3.5. Calculated Filter Dimensional Parameters

Line Structure W (mm) S (mm) L (mm)
Feeding Line 1.55 - 11.6
Coupling Line 1 1.00 0.12 12.3
Coupling Line 2 1.55 0.88 11.6
Coupling Line 3 1.80 1.55 11.6
Coupling Line 4 1.55 0.88 11.6
Coupling Line 5 1.00 0.12 12.3
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Figure 3.5. 4th order bandpass filter ads dimensional calculations

The filter, all of whose values are calculated, is drawn through the CST program. A new

structure has been obtained by changing the standard parallel coupling structure (Figure 3.6).

Figure 3.6. Standard parallel coupling bandpass filter structure

Since it is desired to pass a signal in a certain range in band-pass filters, a design is made

accordingly. In this design (Figure 3.7), it was determined as 300 MHz, and other parameters

were calculated based on it. As shown in Figure 3.8, a bandwidth of 300 MHz has been

captured. The cut-off frequencies are 3.4 GHz and 3.7 GHz points. These points are where

the signal drops by -3dB. Since they are symmetrical circuits, the values of and are the

same. |S11| = |522| and |S12| = |521|~
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Table 3.6. Optimized Dimensional Values

Line Calculated Filter Dimensions Optimised filter sizes
Description | W (mm) | S (mm) L (mm) W (mm) S (mm) L (mm)
Coupling 1.17 0.16 12 1 0.12 12.3
Line 1
Coupling 1.85 0.8 11.7 1.55 0.88 11.6
Line 2
Coupling 2 1.18 11.7 1.8 1.55 11.6
Line 3
Coupling 1.85 0.8 11.7 1.55 0.88 11.6
Line 4
T
| |
I

Figure 3.7. Recommended bandpass filter structure

The results of the design drawn in CST were compared with the results of the ADS program.
It has been optimized by making corrections to the parameters through the design (Table
3.6). In the first results, the bandwidth of the filter was less than 300 MHz and the center
frequency was near 3.6 GHz. After optimization, the answer of the filter was obtained as

shown in Figure 3.8. It is seen that the return loss value Si; is -30.33 dB and the insertion

loss value S»;is -0.73 dB at the center frequency.
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Figure 3.8. Bandpass filter s11 and s> results

The results of the filter Si1, So1 were quite good. The closer our insertion loss value is to
zero, the better our signal will pass in that region. Conversely, our return loss is expected to
be less than -10 dB. These regions are our passing areas (Figure 3.9). In the signal stop
regions of our filter, it is seen that our value is generally below -40 dB and at most 1.7 GHz
it is around -85 dB. This leads us to conclude that a good stop has been made in unwanted

arcas.

[ : : : — 51,1

—_—52,1

D AANAAAANAAANNAN Nﬂu vaﬂnnnnnnﬂﬂﬂ \
ARV b

80
-69.558 | ; =
e [ d=0.035317
1.5 2 2.5 3 340495 | 3.7057 4 45 5 5.5 B
Frequency | GHz

Figure 3.9. Bandwidth graph of the bandpass filter

Another important parameter that affects filter performance is group latency. It refers to what
is the phase difference between the various frequency components. An ideal group delay

should be in the form of a horizontal line. In bandpass filters, where there is signal crossover,
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it should be between 0 and 5. In this study, the group lag results can be seen from the graph
in Figure 3.10. The group delay of the bandpass filter is at the desired level in the specified

frequency range.

Group Delay 2(2)1(1)
4.2873

g
5
£
0.5 doveee SRRSO SO ERU— AR S EIRRR AN SOOSNSSON JSSOSOSROSE SO SO
1]
<0.22434
3.333 335 34 345 35 355 36 3.65 a7 375 18 3.85 3.8689

Figure 3.10. Bandpass filter group latency graph

Figure 3.11 shows the results of the filter's surface current distribution at 3.5 GHz. Surface

currents indicate at which frequency the signal is more intense on the filter.

Figure 3.11. Bandpass filter surface current distribution

A comparison of similar parallel coupling structures made earlier is given in Table 3.7.
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Table 3.7. Comparison of Similar Studies

Return | Insertion Bandgap Dimensions Substone | Referenc
Loss Loss Material e
(S11) (S21)

-25dB -0.1 dB 24 GHz-3.6 Ghz | 9,6 cmx4.6cm | AD600 [24]

-20dB | -1.79dB 2.96 GHz-3.140 | 5.6cmx5.5cm | Duroid [25]

GHz 5880

-12dB -0.49 dB 2.92 GHz-10.95 109 ecmx7.59 | AD260A [26]
GHz cm

-17.3dB | -2.2dB 335GHz-4.5 6cmx3cm FR-4 [27]

GHz

-30 dB -0.1 dB 2.5GHz-3.2 6cmx6cm FABM [28]
GHz

-31dB -0.75dB | 3.4 GHz -3.7 GHz 6cmx3cm FR-4 Thesis

Study

3.2. Production and Measurement of the Designed 3.5 GHz Bandpass Filter

It was decided to produce the 4th order Butterworth 3.5 GHz bandpass filter, from which the
simulation results were obtained above. Electromagnetic analyses of two filters with every

different center frequencies were performed and in order to verify the results, the band-pass
filter at 3.5 GHz was produced on FR-4 material and S-parameter results were taken. PCB

integrated with microstrip technology was used in the design.

Laser cutting method was used in the production process. The pattern of the filter designed
over the CST on the computer is processed into the tool. Both surfaces of the FR4 material
are coated with copper, and unwanted copper is scraped off with a laser. After the scraping
process is completed, the inlet and outlet connectors are soldered so that the filter can be fed.

The post-production filter is as shown in Figure 3.12- Figure 3.13.
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Figure 3.13. Back side of the produced filter

Figure 3.14 shows the S-parameter measurements of the 3.5 GHz bandpass filter together
with the Vector Analyzer device. Measurements were carried out with MS4640B serial
device of Anritsu. Before the measurement, the transmissions on the line and the impedance
value of the filter were checked by means of a multimeter. Since measurements were made

at other frequencies before, it was calibrated with an automatic calibration kit.
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Figure 3.14. Measurement phase of the produced filter

From the measurements, it was observed that the S11 parameter was at -20 dB at 3.49 GHz

and values close to the simulation results were obtained.

Figure 3.15 shows the response of the generated filter. A result of -22 dB was obtained for
the S11 parameter at filter 3.49 GHz. It has been observed from S21 values that the center
frequency is at 3.6 GHz, the lower and upper cut-off frequencies are at 3.2 GHz and 3.75
GHz.

—s11
s21

o]

-10 4
20
-30

-40 4

S11 & 821 (dB)

-50 -

-60

-70

T T T T T T T T T T T 1
1,0 15 20 25 30 35 40 45 50 55 60 65 7.0
GHz

Figure 3.15. Results of the produced filter s11 and s2;

A comparison of the S11 results of the produced filter and the filter designed in the CST

program is made in Figure 3.16. According to the simulation results, a wider band gap was

formed. In both results, it is seen that the filter gives the same result for the S11 parameter .
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S11 Production Result
S11 Simulation Result
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-30
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Figure 3.16. S11 Simulation and production result comparison

The S21 values of the filter appear to be similar in both results (Figure 3. 17). It is seen that
there is a depature from the value close to 0 in the response of the produced filter. The reason
for this is thought to be due to filter soldering. It has been observed that unwanted frequencies

are suppressed to a good degree.

wse S21 Production Result

Sadhon

-25

-35
-40
-45

dB

-55

-70
75

-85

Figure 3.17. S21 Simulation and production result comparison
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4. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, a bandpass filter with a center frequency of 3.5 GHz were designed and the

results were analyzed.

While our first designed filter was a 4th and 6th degree Butterworth type filter, another
design of ours is a filter consisting of interdigital and step impedance parts with imperfect
ground. The frequency of the filter are used in the band range called n77, which are used in
5G applications. While the cut-off frequency of Butterworth type filters is 3.5 GHz, While
designing the filters, capacitive and inductive values were found by using bulk element
calculations. The calculated values were converted into dispersed elements and their
drawings were carried out in the CST program. In the program, FR4 material with a dielectric
constant of 4.3 was selected for the first designs, while its thickness was taken as 0.8 mm.

Copper heights for microstrip transmission lines are defined as 0.035 mm.

In the frequency responses of the Butterworth microstrip filter, fluctuations in the transition
regions of the signal are small. Suppression rates down to -80 dB have been observed in the
band stop zones. The simulation and measurement results of the filter operating at 3.5 GHz
were compared. According to the simulation result, while the S11 value is -32 dB in the center
frequency, this value is -23 dB as a result of the measurement, similarly, while the S21 values
are -0.73 dB as a result of the simulation, it is seen that it is -3 dB as a result of the
measurement. In general, the suppression level is below -40 dB. Good immersion rates were
obtained in the simulation and measurement results. Looking at the S21 parameter results, it
is seen that -0.5 dB levels were obtained in the 300 MHz band range for the first design. the

group delays of the filters were at the required levels.
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