41ZMIR .
KATIP CELEB]
UNIVERSITESI

GRADUATE SCHOOL OF NATURAL
AND APPLIED SCIENCES

Electronic Controlled Vertical
Integration Directional Coupler Design
with Artificial Neural Networks for
Dual Band Application

Master’s THESIS

Department of Electrical and Electronics in Engineering

by
Hacer DANACI

ORCID 0000-0003-4057-4749

Thesis Advisor: Assoc. Prof. Dr. Merih PALANDOKEN

September, 2021



This is to certify that we have read the thesis Electronic Controlled Vertical
Integration Directional Coupler Design with Artificial Neural Networks for Dual
Band Application submitted by Hacer DANACI, and it has been judged to be
successful, in scope and in quality, at the defense exam and accepted by our jury as a
MASTER’S THESIS.

APPROVED BY:

Advisor: Assoc. Prof. Dr. Merih PALANDOKEN .................
Izmir Katip Celebi University

Committee Members:

Assoc. Prof. Dr. Merih PALANDOKEN  .................
Izmir Katip Celebi University

Assist. Prof. Dr. Esra Aycan BEYAZIT  .................
[zmir Katip Celebi University

Assist. Prof. Dr. Sule COLAK ...
Adana Alparslan Tiirkes Bilim ve Teknoloji University

Date of Defense: 06.08.2021



Declaration of Authorship

I, Hacer DANACI, declare that this thesis titled Electronic Controlled Vertical

Integration Directional Coupler Design with Artificial Neural Networks for Dual

Band Application and the work presented in it are my own. | confirm that:

This work was done wholly or mainly while in candidature for the Master’s /

Doctoral degree at this university.

Where any part of this thesis has previously been submitted for a degree or any
other qualification at this university or any other institution, this has been

clearly stated.

Where | have consulted the published work of others, this is always clearly
attributed.

Where | have quoted from the work of others, the source is always given. This

thesis is entirely my own work, with the exception of such quotations.
I have acknowledged all major sources of assistance.

Where the thesis is based on work done by myself jointly with others, | have
made clear exactly what was done by others and what | have contributed

myself.

Signature:

Date:

06.09.2021




Electronic Controlled Vertical Integration Directional
Coupler Design with Artificial Neural Networks for

Dual Band Application

Abstract

In this thesis, two different varactor diode-based electronically controllable planar
directional couplers with DC biasing control circuits are presented. The magnitude
values of reverse bias voltages of varactor diodes have been controlled through one
microcontroller via Bluetooth wireless communication by the mobile application. Any
coupling ratio of the proposed smart directional coupler to be set at the operating
frequency can be widely tuned by training the experimental data in a machine learning
algorithm for the determination of the correct voltage to be applied in the DC biasing
network. The operating frequency band of the proposed coupler is extending from 500
MHz up to 1 GHz covering and 2 GHz up to 3 GHz the dedicated wide/local area loT
(internet of things) frequency bands ranging from radio frequency identification
(RFID) up to mobile network applications. The proposed directional couplers
prototypes have been fabricated on low loss Rogers RO4003C substrate. The high
isolation level of more than 32 dB and low return loss higher than 10 dB have been
experimentally measured in the whole operating frequency band. The numerical and
experimental results of the proposed directional coupler agree well. The compact
directional coupler has the high technical potential to be used for smart loT

applications.

Keywords: Electronically tunable coupler, Raspberry Pi 3B+, size reduction,

Bluetooth controller, power dividing ratio, Machine Learning.



Dual Band Uygulamasi i¢in Yapay Sinir Aglar ile
Elektronik Kontrollii Dikey Entegrasyon Y onlii

Baglayic1 Tasarimi

Oz

Bu tezde, iki farkli varaktor diyot tabanli, elektronik olarak kontrol edilebilen, DC
ongerilim kontrol devrelerine sahip diizlemsel yonlii kuplorler sunulmustur. Varaktor
diyotlarin ters Ongerilim gerilimlerinin biiyiikliik degerleri, mobil uygulama ile
Bluetooth kablosuz iletisim iizerinden tek bir mikrodenetleyici tizerinden kontrol
edilmistir. Onerilen akilli yonlii kuploriin calisma frekansina ayarlanmasi igin
herhangi bir baglanti orani, DC kutuplamali agda uygulanacak dogru voltajin
belirlenmesi i¢in deneysel veriler makine 6grenme algoritmasinda egitilerek genis
capta ayarlanabilir. Onerilen kupldriin calisma frekans bandi, radyo frekansi
tanimlamadan (RFID) mobil ag uygulamalarina kadar genig/yerel alan IoT (nesnelerin
internet) frekans bantlarini1 kapsayan 500 MHz'den 1 GHz'e kadar ve 2 GHz'den 3
GHz'e kadar uzanmaktadir. Onerilen yonlii kupldr prototipi, diisiik kayipli Rogers
RO4003C substrati iizerinde tiretilmistir. 32 dB'den fazla yiiksek izolasyon seviyesi ve
10 dB'den yiiksek diisiik geri doniis kaybi, tiim ¢alisma frekans bandinda deneysel
olarak &lciilmiistiir. Onerilen yonlii kuplédriin sayisal ve deneysel sonuglar1 biiyiik
Olctide uyumludur. Kompakt yonlii kuplor, akilli IoT uygulamalari i¢in kullanilmak

izere yiiksek teknik potansiyele sahiptir.

Anahtar Kelimeler: Elektronik olarak ayarlanabilen kuplor, Raspberry Pi 3B+, boyut

kiiciiltme, Bluetooth denetleyici, giic bolme oran1, Makine Ogrenimi.
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Chapter 1

Introduction

In microwave and radio-frequency (RF) systems, directional couplers commonly have
been utilized for the versatile purpose to distribute input power into different output

ports with the necessary coupling ratio levels.

With the rise of the Internet of Things (10T), the ability of user-based reconfigurable
individual RF components in wireless systems have become increasingly important.
Bluetooth module-controlled wireless hardware, which is easy and reaches

inexpensive, supports user-based interface approaches.

There are different technological approaches including Micro Electro Mechanical
System (MEMS)[1,2], Complementary Metal Oxide Semiconductor (CMQS) [3-5].
Printed Circuit Board (PCB) [6-12], Coaxial Line [13-15], Waveguide [16,17], for

directional coupler design and fabrication.

In addition to different technological approaches, various techniques have been used
to include the tunable feature in RF components. Examples of these techniques are
mechanically, electrically, photonic-based to ensure reconfigurable printed RF

components [18-24].

H. A. Affel of AT.T., Co. is widely credited with inventing the first directional
coupler, with his U.S. Patent 1615896, which was filed in 1922 and granted in 1927,
In the 1940s, the MIT Radiation Laboratory invented and characterized a wide range
of waveguide couplers, including multihole couplers, the Bethe hole coupler, and the
Schwinger coupler [25]. The directional coupler was a useful tool for laboratory and
production testing at this time[26]. Later, many waveguide couplers were fabricated
[16, 27].



A group at Stanford Research Institute designed coupled TEM line directional couplers
in the 1950s, primarily using stripline transmission line structures [28]. Then there
were microstrip couplers, which were planar and open-sided, making it easy to mount

semiconductors and other devices [29, 30].

In 1999, the first varactor-tuned electronically tunable directional coupler was
proposed. To control the resonance condition of a parallel LC resonator, the bias

voltage of the varactor is varied [31].

Among the versatile different technological and technical approaches, the PCB
technology and electronically tunable technic have been extensively addressed to
ensure the cost efficiency in the fabricated components [22—24].

Wang and others, a novel coupler structure based on two varactors was realized to
create an electronically tunable microstrip parallel coupler. A tunable coupling
coefficient can be obtained by adjusting the capacitances of the two varactors. After
entering the required coupling coefficient into the computer, the computer
automatically controls the data acquisition component (DAQ) NI USB-6008 to output
a pair of outputs [32].

Zhang and others proposed a flexible quadrature coupler. Its control voltages provided
tunability for simultaneous operating frequency, coupling ratio, and coupling-direction
control with three varactor diodes. A tunable operating frequency of 1 to 1.5 GHz, a
controllable power division ratio between output ports of 1 to 0.7, and a switchable

operational direction of forwarding and backward were demonstrated for the coupler

[6].

Chi and others presented a simple and clear varactor-tuned balanced directional
coupler structure. The power dividing ratio of the coupler is specifically tuned by a
single control biasing voltage across only two shunt varactors and depends on the
available capacitance tuning ratio. Power dividing ratio can be tuned range from -5.5
dB to - 11.9 dB at 1 GHz operating frequency where the differential-mode insertion
loss is better than 0.84 dB in terms of input power efficiency, the differential-mode

isolation and return loss greater than 23.2 dB and 27.5 dB, respectively [7].



Chu and others presented a novel tunable directional coupler design with a very wide
adjusting range of coupling ratios. The proposed tunable directional coupler was
fabricated and tested using microstrip technology at 2.4 GHz. The experimental
representation features the widest coupling ratio tuning range (—39~29 dB) among the
literature with an insertion loss of 1.2 dB and excellent port isolation greater than 22
dB [23].

Tan and Lin designed two different frequency reconfigurable rat-race couplers with
power-dividing ratios of 1:1 and 2:1, the tuning elements are three varactor diodes.
The operating frequencies of the proposed couplers with power division ratios of 1:1
and 2:1 are adjusted range from 840 MHz to 2480 MHz and 840 MHz to 2410 MHz,
respectively, with return loss and isolation of better than 15 dB [8].

Tianyu and Wenquan proposed a microstrip coupler model with reconfigurable
coupling and frequency. In the study three varactor diodes were used to ensure
tunability. Tunable frequency range from 1 to 3 GHz with 3 dB coupling, and a tunable
coupling coefficient range from 0.86 to 9.5 dB at operating frequency (2GHz) [10].

Shen and others proposed coupled line coupler with a reconfigurable coupling ratio
and center frequency simultaneously. In this study, the tunability on coupler
performance parameters has been accomplished through eight varactor diodes placed
in the coupler branches. Power division ratio can be electronically adjusted from 3 dB
to 0.71 9 dB for the operating frequencies between 0.55GHz and 1.48 GHz division
ratio can be varied from 0 dB to 9 dB at 1 GHz [11].

Some tunable directional coupler models in the literature, fabrication technology, and

tuning elements of the couplers have been given in Table 1.1.

In this thesis, two different user-based and elecronically controllable planar directional
couplers are designed, fabricated, and measured for loT applications. Figure 1.1
presents a block diagram of the directional coupler system connected to a
microcontroller to reverse bias the varactor diode through an Android-based RF

component-specific application in a remote system.

The design and numerical calculation of the directional couplers have been carried out

viathe CST Microwave Studio software. The directional couplers have been fabricated



by using the MITS Eleven Lab brand PCB device in Izmir Katip Celebi University.
The couplers have been fabricated on Rogers 4003 substrate having a loss tangent of
0.001, dielectric constant of 3.55 and height of 1.52 mm. The varactor diode has been
selected from Skyworks Solutions Inc. (SVM2019) for two designs.

Block Diagram of Smart Microwave
Component System

-
Generator Electronic Spectrum

HP Signal | Input Port Through Part Anritsu
Tunable Analyzer

Directional

Coupler
Isolation Port Coupled Port | Signal Hound
Dummyload ™ Spectrum
Analyzer

DC Supply

Smartphone *4) Microcontroller — DAC —  Amplifier

Figure 1. 1: The block diagram of smart directional coupler system

Varactor diode has been used to ensure the electronic tunability of the coupling of the
proposed smart directional coupler. The capacitance values of the varactor diode have
been remotely set through the Bluetooth-controlled biasing network. For two different

systems, two different android interfaces have been designed.

First, the user-based reconfigurable directional coupler is composed of three-layer as
ground, substrate, and directional coupler. The coupler including only one varactor
diode whose biasing network is Bluetooth-controlled via a Raspberry Pi 3 B+
microcontroller for the setting of desired coupling performance through machine
learning algorithms. The control unit of the directional coupler dedicated to being used
for DC biasing of varactor diode result in the user operating the proposed directional

coupler at the desired frequency with the intended coupling coefficient.

The second user-based reconfigurable directional coupler is composed of six-layer
from the bottom layer ground, substrate, space, resonator structure which provide

tunability via varactor diode, substrate, and directional coupler structure respectively.



Table 1.1: Samples of tunable directional coupler models in the literature

Tuning

Items Geometry of the Coupler Technology Elements
[33] PCB Varactor
[18] Cw Mechanically
[34] PCB Varactor
[35] MEMS Light
[36] PCB Varactor

l.lllll!.,llllll%

= [Etesmeseemeecesis
[37] act : CMOS Varactor
{TIMOM Cap R s e oL
Coupled-Line

SEEEEEEEEAEENENEEN
[32] PCB Varactor
[38] PCB Varactor




The coupler has been named user-based tunable vertical integration directional coupler
because it has six vertical layers. The coupler including only one varactor diode whose
biasing network is Bluetooth-controlled via a Raspberry Pi Pico microcontroller for

the setting of desired coupling performance through machine learning algorithms.

The control unit of the directional coupler dedicated to being used for DC biasing of
varactor diode result in the user operating the proposed directional coupler at the

desired frequency with the intended coupling coefficient.

This thesis study basically consists of seven chapter. In the introduction chapter, in
addition to giving information to the general literature about the directional coupler,
the couplers designed in the study are mentioned. In chapter Il, the theoretical
background of the directional coupler is explained in detail. Design and numerical
calculation results of the electronically controllable directional couplers are presented
in chapter Il1. In chapter IV, fabrication and measurement results of the electronically
controllable directional couplers are represented. In chapter V, machine learning
algorithms for smart and remotely controllable directional couplers are represented. In
chapter VI, two different microcontroller-based smart control directional coupler

systems are represented. The concluding remarks are conducted in chapter VII.



Chapter 2

Directional Coupler Theory

In this chapter, the theoretical background of the directional coupler is explained in

detail.

2.1 Theoretical Background of the Directional Coupler

In order to understand how the directional coupler works, it is necessary to be able to
analyze its theoretical background. Figure 2.1 describes the simple operation of a four-

port coupler.

Port 1 Port 2

Input ﬁ » Through

Isolated Coupled
Port 4 Port 3

Input Port 1 Port 2 Through

Isolated >< Coupled
Port 4 Port 3

Figure 2.1: Symbols for directional couplers that are commonly used

When the input power is assumed to be applied to port 1, there are certain quantities
used to define the characteristics of the directional coupler shown in from Equation
2.1ato Equation 2.1d.

Coupling = C = 10log(P1/P3) = -20log 5 dB (2.1a)



Directivity = D = 10log(P3/P4) = -20log (/|S14|) dB (2.1b)
Isolation = | = 10log(P1/P4) = -20log |S14| dB (2.1c)

Insertion Loss = L = 10log(P1/P2) = -20log |S12| dB (2.1d)

The coupling represents the percentage of input power that is coupled to port three.
The directivity of a coupler indicates how well it isolates forward and backward waves.
The isolation parameter specifies the percentage of power delivered to the
uncoupled/isolated port. Finally, the insertion loss accounts for the amount of power
delivered to the through port, which is reduced by the amount of power delivered to
the coupled and isolated ports. The directivity and isolation of an ideal coupler are
infinite [39].

2.2 S-Parameter of the Directional Coupler

The directional coupler's S-parameter matrix is defined as in Equation 2.2:

(2.2)

The ideal symmetrical directional coupler should have a lossless scattering matrix. If
the network is matched at every single port, then in the scattering matrix, all diagonal

elements (S;; = 0) become 0, as shown in Equation 2.3.

$11=522=S33=S44=0 (2.3)

In the reciprocal network, it has to be S21=S12, S31=S13, S32=S23, S41=S14, S42=S24,
S43=S3a.



The reciprocal and matched four-port network's S matrix has been given in Equation
2.4.

0 S Si3 Su
[S] = S12 0 Sz Sy,
Si3 S23 0 Sy,
Sia S22 S3z 0

(2.4)

In addition, there is no coupling between the input and isolation ports in an ideal

directional coupler. So, Equation 2.5:

S14 =541 =0 (2.5)

There is also no coupling between the coupled and through ports. So, Equation 2.6:

523 = 532 = O (26)

Then S matrix has been given in Equation 2.7 :

0 S Si3 O
Si2 0 0 Sy

SZ s 000 s, @7
0 S22 Sz 0
The concept of unitary property implies that Equation 2.8,
[SI.[S]" = [1] (2.8)

And, then the following formulation is reached as from Equation 2.9a to Equation 2.9d:

(IS121* +1S1315) =1 (2.9a3)
(IS121% +1S241%) =1 (2.9b)
(IS1312 + [S341®) =1 (2.9¢)



(ISz4l* + IS341®) =1 (2.9d)

which imply that |S;3]=|S,4| [using (2.9a) and (2.9b)], and that |S;,|=|S34] [using
(2.9c) and (2.9d)].

2.3 Coupled Line Directional Couplers

Due to the interaction of electromagnetic fields between two unshielded transmission
lines in close proximity, power can be coupled from one line to the other. Coupled
transmission lines are such lines, and they generally have three conductors in close
proximity, however additional conductors might be utilized. Figure 2.2 represents

several samples of coupled transmission lines.

Figure 2.2: Diverse coupled transmission line geometries. (a) Coupled stripline. (b)
Coupled stripline. (c) Coupled microstrip lines [39]

As shown in Figure 2.2 the coupled lines are symmetric, which the two conducting
strips are the same width and location relative to the ground, which simplifies their
operating analysis.

2.3.1 Coupled Line Theory

The coupled lines as shown in Figure 2.2 can be represented by the equivalent circuit
shown in Figure 2.3. C12 indicates the capacitance between the two strip conductors,
whereas C11 and C22 represent the capacitance between one strip conductor and

ground, as shown in Figure 2.3.

10



It has to be C;; = C,,, because the strip conductors are the same size and position as

the ground conductor.

I

Cn= -

S .

Figure 2.3: A three-wire coupled line equivalent capacitance network [39]

Consider two forms of coupled line excitations: the even mode, in which in the strip
conductors, the currents are equal in amplitude and direction. And there's the odd mode
when the currents in the strip conductors have the same amplitude but flow in opposite

directions. Figure 2.4 depicts the electric field lines for these two situations.

4

| s | et

ll/ /l \ — = ('|.+ ’ %(‘::
| f 7 /
|

H-wall

(b)

Figure 2.4: Even- and odd mode excitations for a coupled line, and the resulting
equivalent capacitance networks. (a) Even-mode excitation. (b) Odd-mode excitation
[39]
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The propagation constant and phase velocity for both of these modes are the same
since the line is TEM: = w /v, and v, = c/+/€,, where €, is the relative permittivity

of the TEM line.

The electric field is symmetrical around the centerline in the even mode, and between
the two strip conductors, no current flows. As a result, C;, is essentially open-circuited
in the comparable circuit illustrated. For the even mode, the resultant capacitance of

either line to ground is as in Equation 2.10:

Ce = C11 = Cp (2.10)

Assume that the size and position of the two strip conductors are equal. Then for the

even mode, the characteristic impedance is as in Equation 2.11:

7 [re _ TG _ 1
Oe i

T ACe Ce vpCe

(2.11)

On the line, the phase velocity of propagation is v, = % = \/L;_Ce =1/{L,C, .

e

The electric field lines for the odd mode have an odd symmetry about the centerline,
and there is a voltage null between the two strip conductors. In this situation the

effective capacitance between ground and strip conductor is as in Equation 2.12:

CO = Cll + 2612 = sz + 2612 (212)

for the odd mode, the characteristic impedance is as in Equation 2.13:

7 = [ko _ylolo_ 1 2.13)
00 Ic, C v

o pCo

The lines are assumed to be symmetric, and the fringing capacitances for even and odd

modes are the same.
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2.4 The 90° Hybrid Couplers

The hybrid couplers have equal power split with a 90° phase difference between
through and coupled ports. This hybrid is commonly made in the form of a stripline or

microstrip line, as shown in Figure 2.5.

Z, ) \ Z,
Input  Port 1 ‘ Port 2 Through
- M4 >
Zy Zy
M4
Isolated  Port4 ‘ Port 3 Coupled
Zy \ R
Zo
V2

Figure 2.5: Geometry of a hybrid coupler

All ports matched, as shown in Figure 2.5. With a 90° phase shift between these
outputs, power entering port 1 is evenly distributed between ports 2 and 3. Port 4 has
no power connected to it (the isolated port). The scattering matrix has been given in
Equation 2.14:

1o

- 2.14

si==ll 0§ ] (219
01 Jj 0

Because each port can be utilized as an input port, the branch-line hybrid has a high

degree of symmetry.

2.5 The 180° Hybrid Couplers

A four-port network with a 180° phase shift between the two output ports is known as
a 180 hybrid junction. It may also be set up to produce outputs that are in phase. A

signal supplied to port 1 will be equally divided into two in-phase components at ports

13



2 and 3, and port 4 will be isolated, as represented by the 180 hybrid symbol in Figure
2.6.

When the input is applied to port 4, it is evenly divided into two components with a
180 phase difference at ports 2 and 3, while port 1 is isolated. When used as a combiner
with input signals at ports 2 and 3, the total of the inputs is generated at port 1, while

the difference is formed at port 4.

180°
hybrid

4 37T

Figure 2.6: Symbol for a 180° hybrid junction.

As a result, ports 1 and 4 are known as the sum and difference ports, respectively. As

a result, the scattering matrix has been given in Equation 2.15:

0o 1 1 0
_Jl1 0 o0 -1

[S]—\/E 1 0 0 1 (2.15)
0 -1 1 0

This matrix is unitary and symmetric, as the reader can see.
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Chapter 3

Design and Numerical Calculation
Results of the Electronically

Controllable Directional Couplers

In this chapter, the design and numerical results of proposed coupler structures have
been presented. In this thesis, two different electronically controllable directional
coupler design concepts are realized for versatile applications and different operating
frequencies. Electronically controllable directional coupler for 900 MHz applications
is briefly referred to as Coupler Design | in the remainder of the thesis. An
electronically controllable directional coupler for 2.45 GHz applications is briefly
referred to as Coupler Design Il in the remainder of the thesis. The design and
numerical calculation of the directional couplers have been carried out using the CST

Microwave Studio numerical analysis tool.

3.1 Design and Numerical Calculation Results of the

Coupler Design |

The Coupler Design | structure has been planned to be created within the scope of the
project consists of three layers as shown in Figure 3.1. These three layers consist of
the metallic ground plane, dielectric material, and directional coupler structure from
bottom to top respectively as shown in Figure 3.1. It has been planned to establish the
electronic controllability required in the electronically controlled coupler design in the

directional coupler structure.
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Figure 3.1: Layout of the Coupler Design |

The final configuration of the Coupler Design | geometry is shown in Figure 3.2,
including the arrangement of varactors and DC bias networks. Table 3.1 lists the circuit
characteristics and key physical dimensions. The loss tangent, dielectric constant, and
height of the electronically tunable coupler are 0.001, 3.55, and 1.52 mm, respectively,
on a Rogers Duroid 4003 substrate. The overall physical dimension of the proposed
smart Coupler Design I is 13.66 mm x 15.99 mm x 1.59 mm, (0.041 A x 0.048 A x
0,0047 A). A is the guided wavelength at the 900 MHz operating frequency.

Figure 3.2: The circuit model of the Coupler Design |

Varactor diode has been selected from Skyworks Solutions Inc. (SVM2019). With
reverse voltages ranging from 0 to 20 V, it has an adjustable capacitance range of 2.2
to 0.3 pF. See Appendix A for a varactor diode with changing reverse bias voltage

value. Varactor diode is used to ensure the electronic tunability of the coupling
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parameter of the proposed smart directional coupler. The capacitance values of the
varactor diode have been remotely set through the Bluetooth-controlled biasing
network. Three 20 pF SMD capacitors are incorporated within the coupler structure in

order to protect the Network Vector Analyzer from possible DC supply.

Table 3.1: Geometrical parameter of numerical the Coupler Design | structure with

dimension
Symbol Value(mm)
L1 5
L. 2
L3 0.65
La 2
Ls 2.45
W1 1.71
W; 1.58
G1 1
G2 1.7
Gs 1.65

Figure 3.3 shows return loss values with changing SMD capacitor values at varactor
value 1pF. From Figure 3.3, it was observed that the frequency value decreased as the
capacitor value increased. When the S parameter results with different varactor values

were analyzed, 20 pF was chosen as the ideal value for 900 MHz applications.
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Figure 3.3: Reflection coefficient value by changing DC block capacitor value

Figure 3.4 depicts the S-Parameter Result of the Coupler Design | without varactor
diode.
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Figure 3.4: S-Parameter comparison of the Coupler Design | without varactor diode

At the operating frequency of 900 MHz, ideal return losses, insertion losses, and
isolation losses are all realized, as shown in Figure 3.5 with the voltage changes
between 0 and 20 V with a 1-volt difference. The designed coupler's return loss and
isolation loss are both higher than 10 dB within the operational frequency spectrum.
The simulated results of the designed directional coupler show a tuning coupling
coefficient range from 4.51 and 19.37 dB at the operating frequency 900 MHz as

shown in Figure 3.5.
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Figure 3.5: S-Parameters results of the Coupler Design | by biasing reverse voltage at
900 MHz

Figures 3.6, 3.7, 3.8, 3.9 show the numerical calculation results including return losses,
insertion losses, coupling value, and isolation losses. Figure 3.6 represents return loss
of Coupler Design | with different voltage values spans the 500 MHz to 1 GHz
frequency range. The reflection coefficient (|S11|) keeps higher than 13 dB at the entire
frequency range.
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Figure 3.6: The reflection coefficient values of the Coupler Design | with different
varactor voltage feeding

Figure 3.7 indicates insertion loss of the Coupler Design I with different volt-varactor
values spans the 500 MHz to 1 GHz frequency range. The insertion losses (|S21|) keep
lower than 0.45 dB at the entire frequency range. Figure 3.8 shows the simulated

coupling value of the Coupler Design | with versus reverse biasing voltages at the
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frequency range from 500 MHz to 1 GHz. The simulated results of the designed
directional coupler show a tuning coupling coefficient range from 500 MHz to 1 GHz.
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Figure 3.7: Insertion losses of the Coupler Design | with different varactor voltage
feeding
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Figure 3.8: Coupling coefficient value of the Coupler Design | with different varactor
voltage feeding

Figure 3.9 represents isolation losses of the Coupler Design | with different voltage
values span the 500 MHz to 1 GHz frequency range. The isolation is below 50 dB at

the entire frequency range.
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Figure 3.9: S41 numerical calculation results the Coupler Design | with different
varactor voltage feeding

3.2 Design and Numerical Calculation Results of the

Coupler Design Il

Coupler Design Il has been planned to be created within the scope of the project
consists of six layers as shown in Figure 3.10. These six layers consist of the metallic
ground plane, dielectric material, resonator structure, space, dielectric material, and
directional coupler structure from bottom to top respectively. It has been planned to
establish the electronic controllability required in the multi-layer electronic controlled
vertical integration coupler design in the resonator structure. Defected ground structure

(DGS) has been utilized to ensure 2.45 GHz operating frequency.

wz
= JL

directional coupler

‘ dielectric material
[ i : resonator

‘ ' dielectric material

Figure 3.10: Layout of the Coupler Design Il
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Figures 3.11, 3.12, and 3.13 show the proposed electronically tunable vertical
directional coupler layers. Table 3.2 lists the circuit characteristics and key physical
dimensions of the vertical integration directional coupler. Electronically tunable
vertical integration directional coupler has been modeled on Rogers Duroid 4003 of
thickness 1.52 mm, a dielectric constant of 3.55, and a loss tangent of 0.001. The
overall physical dimension of the proposed 2.45 GHz directional coupler is 20 mm x
20 mm x 3.62 (0.164L x 0.164A x 0.0296 A). A is the guided wavelength at the 2.45
GHz operating frequency.

cL3 cL3

Figure 3.11: Top layer of the Coupler Design Il

GL1 6L
GLI

oLe

GLs

Figure 3.12: Ground plane layer of the Coupler Design Il
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Figure 3.13: Resonator layer of the Coupler Design 11

Varactor diode is used to ensure the electronic tunability of the coupling parameters of
the proposed electronically controllable directional coupler. The capacitance values of
the varactor diode have been remotely set through mobile application. Varactor diode
IS incorporated within the resonator structure in order to ensure electronic tunability,

in addition, to protect DC supply to be fed back to Network Vector Analyzer.

Table 3.2: Geometrical Parameters of Electronically Controllable Directional
Coupler Structure and Optimized Dimensions from Numerical Calculations
Performed at 2.45 GHz

SYMBOL VALUE(mm) SYMBOL VALUE(mm)
L1 2.82 GL4 9
L2 0.59 GL5 2.57
L3 1.64 GG1 1.5
L4 1.15 GG2 2
L5 2.18 GG3 1.64
L6 1.82 CL1 5
L7 2.5 CL2 2
L8 5.64 CL3 2
L9 9.78 CL4 3
L10 3.82 CL5 1
Gl 1.5 CL6 1
w1 0.82 Ccwi 1
GL1 7.36 CG1 15
GL2 2 CG2 1
GL3 5.50
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Figure 3.14 shows that S-Parameter value of the directional coupler without a
resonator.
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Figure 3.14: S-Parameter value of the directional coupler without resonator

S-Parameter values of the Coupler Design Il without varactor diode are shown in
Figure 3.15. As can be seen in Figure 3.15, the resonator structure ensured the
frequency value of the coupler to reach the 2.45 GHz band. Also coupling value of the

Coupler Design Il increases.
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Figure 3.15: S-Parameter value of the vertical integration directional coupler without
varactor diode

Figure 3.16 shows that the reflection coefficient values of the Coupler Design Il with
changing GL4 value at the ground layer. From Figure 3.16, it was observed that the

frequency value increase as the GL4 values increased. When the S parameter results
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with different GL4 values were analyzed, 9 mm was chosen as the ideal value for 2.45

GHz applications.
.
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Figure 3.16: Reflection coefficient values of the Coupler Design

Ideal return losses, insertion losses, and isolation losses are all realized, as shown in

Figure 3.17 at the operating frequency of 2.45 GHz under different voltage states (0 —

20). The simulated results of the designed directional coupler show a tuning coupling

coefficient range from 13.33 and 22.14 dB at the operating frequency 2.45 GHz as
shown in Figure 3.17. The reflection coefficient is (J]S11|) higher than 10 dB and

isolation losses are (|S41|) better than 32 dB between biasing voltage value 2 and 20 V

(1.2 - 0.30 pF).
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Figure 3.17: S-Parameters results of the Coupler Design Il by biasing reverse voltage

at 2.45 GHz
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Figures 3.18, 3.19, 3.20, 3.21 show the simulated reflection coefficients, insertion loss,
coupling, and isolation loss values range from 2 GHz to 3 GHz with reverse biasing
voltages of 2 V (1.2 pF), 4 V (0.81 pF), 7 V (0.48 pF), and 20 V (0.30 pF). Figure 3.18
demonstrates return loss of the Coupler Design 11 with different voltage values across
the 2 GHz to 3 GHz frequency range. The reflection coefficient keeps higher than 10
dB at the operating frequency.

LTI e imete .
g, A e TR e, T .
i LT P “\ e
s R o . IRV
RS ST e M
N e, ~ x - A Y N
L, s
_ . * B K
10 \'\ +, / T » N-—
*a k)
5 U3 [
it R\
a7 A L] *
] 8: Cn
—20 \‘". i *
] 5
\ionE et
Vi
5 - Simulation - 2V - 1.20 pF N CN
<we+ Simulation - 4 V - 0.81 pF ‘\f
Simulation - 7 V - 0.48 pF .
- Simulation - 20 V - 0.30 pF 1y
. . ' '
20 22 2.8 30

2‘I4 Z‘IG
Frequency [GHz]

Figure 3.18: Reflection coefficient values of the Coupler Design Il with different
varactor voltage feeding

Figure 3.19 indicates insertion loss of the Coupler Design Il with different reverse
biasing volt values across the 2 GHz to 3 GHz frequency range. The insertion losses

(S21)) keep lower than 0.85 dB at the operating frequency range.
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Figure 3.20 shows the simulated coupling value of the Coupler Design Il with versus

reverse biasing voltage at the frequency range from 2 GHz to 3 GHz.
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Figure 3.21 shows isolation losses of 2.45 GHz directional coupler under the biasing
condition (2 V, 4 V, 7 V, and 20 V) over the frequency range from 2 GHz to 3 GHz.

The isolation is higher than 32 dB at the all-over frequency range.
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Figure 3.21: The Isolation loss values of the Coupler Design 11 with different

varactor voltage feeding
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Chapter 4

Fabrication and Measurement Results
of the Electronically Controllable

Directional Couplers

In this chapter, the fabrication and measurement results of the proposed couplers are

represented.

4.1 Fabrication and Measurement Results of the Coupler

Design |

Fabricated Coupler Design | coupler is shown in Figure 4.1.

Figure 4.1: Fabricated Coupler Design |

Electronically controllable directional couplers have been designed and fabricated for
experimental demonstration. The results of the S parameter of the electronically

controlled directional coupler have been measured via the HP Signal Generator, Signal
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Analysis, and Signal Hound Spectrum Analyzer measurement devices in University.
The experimental setup required for the S11 measurement is shown in Figure 4.2. When

measuring the return loss value, the remaining port terminated Dummy Load (50 Q).

/ Slgnal Dummy ‘
Gencrator Load "
Measuring || Trackmg Conpl Directional Dummy
Computer \Generator OHpLEL Coupler Load
Dummy DC _i
Load Supply D, O TG

Figure 4.2: Block diagram of the experimental setup for reflection coefficient result

The comparison between the measured and simulated return loss is shown in Figure
4.3 at range 500 MHz to 1000 MHz, when 4 V (0.81 pF), 6 V (0.55 pF), and 15 V
(0.32 pF) control voltage levels are applied.
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Figure 4.3: The comparison of simulated and measured reflection coefficient value of
the Coupler Design |

The experimental setup required for the insertion loss, coupling value, and isolation
loss measurement is shown in Figure 4.4. When measuring the coupling, and isolation

loss values, the remaining port terminated Dummy Load (50 Q).
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Figure 4.4: Block diagram of the experimental setup for the S21, S31, and S41
S-Parameter results

Figure 4.5 demonstrates the experimental setup. In the experimental setup, the HP
signal generator provides the 1ImW power to the input port.

Figure 4.5: The experimental setup for the S21, S31, and S41 S-Parameter results

The power level in the transmission port is measured using an Anritsu spectrum
analyzer (S21). The power level in the coupling port is measured by the Signal Hound
spectrum analyzer (S31). The power level in the isolation port is measured by the
Signal Hound spectrum analyzer (S41). The remaining port ended 50 when the

coupling factor and isolation were measured.

Figures 4.3, 4.6, 4.7 and 4.8 show the comparison of measured and simulated insertion
loss, coupling value, and isolation at range 500 MHz to 1000 MHz, when 4 V (0.81
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pF), 6 V (0.55 pF), and 15 V (0.32 pF) control voltage levels are applied. It's clear that

the simulated and measured findings are similar.
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4.2 Fabrication and Measurement Results of the Coupler

Design Il

Fabricated Coupler Design Il coupler is shown in Figure 4.9.

Figure 4.9: Fabricated Coupler Design 11

Varactor diode is used to ensure the electronic tunability of the coupling, directivity,
and isolation parameters of the proposed smart directional coupler. The capacitance
values of the varactor diode have been remotely set through the Bluetooth-controlled
biasing network. In this coupler design, unlike the first 900 MHz electronically tunable
directional coupler design, varactor diode has been incorporated within the resonator
structure in order to protect DC supply to be fed back to Network Vector Analyzer. In
this way, there is no need to use SMD capacitor components in the coupler structure,
which are used to prevent damage to the measuring devices and cause RF power loss.

DC supply has been provided ground plane layer by via.

Anritsu & Signal Hound Spectrum Analyzer have been used to make the S-Parameters
measurements across the 2 GHz to 3 GHz frequency range. The setup for measurement
of S11 of 2.45 GHz electronically tunable vertical integration directional coupler is

shown Figure 4.10.

/ Signal Dummy

Gcncralor Load

Tracking oy Dircctional Dummy
Generator e i (nuplcr Load

‘
Dummy DC —l
l oad Supply PWE O
WD e e v

Figure 4.10: Block diagram of the experimental setup of the Coupler Design 1l for
S11 S-Parameter results
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Figure 4.11 demonstrates the experimental setup.

Figure 4.11: The experimental setup for the S11 S-Parameter results

The experimental setup required for the insertion loss, coupling value, and isolation
loss measurement is shown in Figure 4.12. When measuring the coupling, and isolation

loss values, the remaining port terminated 50 Q.

=

Anritsu
Spectrum Analyzer

Signal Hound

Electronically Spectrum Analyzer

Tunable
Directional
Coupler

Dummy
Load

Dummy
Load

-
EEroTEn DC
S s Supply

Figure 4.12: Block Diagram of the Experimental Setup of the Vertical Integration
Directional Coupler S31 S-Parameter results

Figure 4.13 demonstrates the experimental setup. In the experimental setup, the HP
signal generator provides the 1mW power to the input port.

33



Figure 4.13: The experimental setup for the S21, S31, and S41 S-Parameter results

The power level in the transmission port is measured using an Anritsu spectrum
analyzer (S21). The power level in the coupling port is measured by the Signal Hound
spectrum analyzer (S31). The power level in the isolation port is measured by the
Signal Hound spectrum analyzer (S41). The remaining port ended 50 when the

coupling factor and isolation were measured.

Figures 4.14, 4.15, 4.16, 4.17 show the comparison of measured and simulated
insertion loss, coupling value, and isolation at range 2 GHz to 3 GHz, when 2 V (1.2
pF), 7 V (0.48 pF), and 16 V (0.32 pF) control voltage levels are applied. It's clear that

the simulated and measured findings are similar.
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Figure 4.14: The comparison of simulated and measured reflection coefficient value
of the Coupler Design 1l
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Chapter 5

Machine Learning Algorithm for
Smart and Remotely Controllable

Directional Couplers

In this chapter, a brief literature review on the use of machine learning in microwave
systems has been presented. Data collection, analysis of data, and selection of the

appropriate machine learning algorithm have been out to be used in machine learning.

Computational statistics are used to find a mathematical model that describes input and
output data in this field of Artificial Intelligence (Al). A data-driven archetype is a built
mathematical model that may be used in place of an analytical equivalent. The data-
driven model can handle regression difficulties because it can interpolate output
depending on unknown input [41]. Regression is one of the most fundamental methods
for prediction in the field of machine learning. Regression involves fitting a function to
the given data and attempting to forecast the outcome for the future. This function-

fitting serves two functions. This purpose is interpolation and extrapolation.

In many microwave applications nowadays, ML is one of the fast-growing fields that
has a wide range of applications. ML is a subclass of artificial intelligence that employs
computational statistics to discover a mathematical model that describes input and
output data. Over the last few years, Machine learning algorithms have been utilized
for different purposes in various fields. Some of these fields are beam control for phased
array antenna system [40-42] position detection of the RFID tags [45], optimization
[45, 46], failure diagnosis of phased array antenna system [40, 47] antenna selection

problem [49] and adaptive spherical near field antenna measurement [50].
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The purpose of using machine learning in this thesis is to decide the output voltage
value through the prediction-based machine learning algorithm where the training data

have been obtained experimentally in the determined frequencies.

In this thesis ML model consist of three components as shown in Figure 5.1.

of Data Algorithm of Algorithm

[ Collection J : [ Selection of} :>[ Implementation 1

Figure 5.1: ML model of the smart coupler systems

For the parameter prediction to be used in both designs, 192 separate data have been
collected by the measurement setup in Anritsu Spectrum Analyzer. Mathematical
criteria such as Root Mean Square Error (RMSE), Mean Square Error (MSE), and R-
Squared (R?) value have been used for prediction verification. See Appendix B for
RMSE, MSE, and R? metric explanations.

5.1 Collection of Data for Smart Coupler Designs

Within the scope of this section, the data required for training, verification, and testing
of the machine learning have been collected through experimentally from the

measurement systems in Figure 5.2, 5.3 through the Anritsu spectrum analyzer.

DC SUPPLY

g ] Anritsu Anritsu 9 ®
; <:——_l Spectrum > —> Spectrum '::> T
v Analyzer Analyzer v

Electrically Tunable Directional
Coupler

Dummy Load }47 —» Dummy Load

Figure 5.2: Block diagram of the measurement system for S21

37



For the parameter prediction for Coupler Design I, 192 data have been collected by the
measurement setup in Anritsu&Signal Hound Spectrum Analyzer at frequency range
500 to 1000 MHz with the volt ranges between 0.5 and 15.5 volts with 1 Volt
difference. 96 data have been collected for S21 and 96 data have been collected for
S31.

DC SUPPLY

A e Anritsu
<}: Spectrum Dummy Load
v Analyzer

Electrically Tunable Directional

Coupler =
Anritsu . =
‘ Dummy Load %— Spectrum :> ‘
Analyzer ,

Figure 5. 3: Block diagram of the measurement system for S31

900 MHz applications dataset distribution to give machine learning algorithm as input
are shown in Table 5.1. The measurement data was separated into two sections, with
a ratio of 66 percent for training and 34 percent for testing procedures of machine

learning algorithms, respectively.

Table 5.1: 900 MHz applications dataset

Items Feeding Voltage (V) Frequency (MHz)
Inteval 0.5-15.5 500 — 1000

Step 1 100
Number 16 6

For the parameter prediction for Coupler Design 11, 192 data have been collected by
the measurement setup in Anritsu & Signal Hound Spectrum Analyzer at frequency
range 2 to 3 GHz with the volt ranges between 0.5 and 15.5 volts with 1 Volt
difference. 96 data have been collected for S21 and 96 data have been collected for
S31.
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2.45 GHz dataset distribution to give machine learning algorithm as input are shown
in Table 5.2. The measurement data was separated into two sections, with a ratio of 66
percent for training and 34 percent for testing procedures of machine learning

algorithms, respectively.

Table 5.2: 2.45 GHz applications dataset.

Items Feeding Voltage (V) Frequency (MHz)
Interval 0.5-15.5 2000 - 3000

Step 1 200
Number 16 6

5.2 Selection of Machine Learning Algorithm for

Coupler Design |

Different regression algorithms have been applied to the prediction of S21 and S31
parameters and to select an ideal regression algorithm with a high prediction rate by
using the measurement data taken during the thesis measurement period. There are 192
measurement data in the data set. VVoltage and frequency values have been given as
input to the ML models. S21 and S31 have been the outputs of the ML models. R2
value, MSE, RMSE have been determined for prediction metrics of the ML algorithms.

Table 5.3 represents regression algorithm performance comparison for S21 output

value with different algorithms.

Table 5.3: Regression algorithm performance comparison for S21 output value

Regression Algorithm Metric Results
R2 0.52

Linear MSE 0.0422

RMSE 0.205
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Table 5.3 (continued)

R2 0.99
Polynomial 3" Degree MSE 0.000652
RMSE 0.0255
R2 0.95
Decision Tree MSE 0.0042
(max_depth=2)
RMSE 0.065
R2 0.99
Gradient Boosting MSE 4.074
RMSE 0.0020
R2 0.52
Bayesian Ridge MSE 0.042
RMSE 0.21

Table 5.4 shows regression algorithm performance comparison for S31 output value
with different algorithms.

Table 5.4: Regression algorithm performance comparison for S31 output value

Regression Algorithm Metric Results
R2 0.52
Linear MSE 0.0422
RMSE 0.205
R2 0.99
Polynomial 3" Degree MSE 0.027
RMSE 0.165
R2 0.83
Decision Tree MSE 331
(max_depth=2)
RMSE 1.82
R2 0.99
Gradient Boosting MSE 0.00098
RMSE 0.031
R2 0.87
Bayesian Ridge MSE 24
RMSE 154
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As shown in Table 5.3 and Table 5.4 3" order polynomial regression with the best
prediction metric has been chosen for the parameter prediction of S21 and S31 values.
The R2 value is larger than 0.99, the MSE value is less than 0.027 and RMSE is less
than 0.165. The polynomial regression equation is stated has been obtained in Equation
5.1.

f(x) = p1.x3 + p2.x2 + p3. X + p4 (5.1)

5.3 Implementation of Machine Learning Algorithm for

Coupler Design |

Voltage and frequency values have been given as input to the ML models. S21 and
S31 have been the outputs of the ML models. In Raspberry Pi 3b+, the output voltage
values have been decided through the prediction-based machine learning algorithms
where the training data have been obtained from the measurement results. It is
important to ensure the correct S21 and S31 values of the smart directional coupler
have been obtained for the performance parameter settings on the smartphone via the
Android user interface. Table 5.5 shows the polynomial constants of the regression
equation at three different frequencies for S21 and S31.

Table 5.5: Constant of third degree polynomial regression equation for Coupler
Design |

Symbol pl p2 p3 p4

S21_880  0.000979 -0.03275 0.3678  -2.307
S21_900 0.001083 -0.03443 0.3537  -2.397
S21_920 0.001188 -0.03869 0.4087  -1.965
S31_880 0.003135 -0.02106  -1.338 -7.286
S31_900 0.008041  -0.1197 -0.8851  -7.317

S31.920 0.003236  -0.02706  -1.181 -6.504
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In Figure 5.4 the prediction curves resulting from the polynomial regression model at
880,900, and 920 MHz frequencies are shown.

_0_5-
— — —10+
o -1.0= m
2, =)
— —15m= — —-15=
™~ m
ﬂ =@~ 521 880 MHz ﬂ -»- 531_880 MHz
—-2.0= = 521 900 MHz —20= W 531900 MHz
=l 521 920 MHz = 531_920 MHz
0 5 10 15 0 : 10 15
VDC Varactor [V] VDC Varactor [V]
(a) (b)
Figure 5. 4: The sample of the prediction curve for 880,900, and 920 MHz: a) |S21|
and b) |S31|

5.4 Selection of Machine Learning Algorithm for

Coupler Design Il

Versatile different regression algorithms have been applied to the prediction of volt
parameters and to select ideal regression algorithm with a high prediction rate by using
the measurement data taken during the thesis measurement period. There are 192
measurement data in the data set. S31 and frequency values have been given as input
to the ML models. Volt has been the output of the ML models. The R2 value, the MSE,

RMSE have been determined for prediction metrics of the ML algorithms.

Table 5.6 shows regression algorithm performance comparison for S31 output value
with different algorithms. As shown in Table 5.6 3" order polynomial regression with
the best prediction metric has been chosen for the parameter prediction of S31 values.
The R2 value is larger than 0.99, the MSE value is less than 0.27 and RMSE is less
than 0.52. The polynomial regression equation is stated has been obtained in Equation
5.2.

f(x) = p1.x3 + p2.x> + p3. X + p4 (5.2)
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Table 5.6: Regression algorithm performance comparison for output value

Regression Algorithm Metric Results
R2 0.6
Linear MSE 13
RMSE 3.61
R2 0.99
Polynomial 3" Degree MSE 0.27
RMSE 0.52
R2 0.78
Decision Tree MSE 703
(max_depth=5)
RMSE 2.65
R2 0.94
Gradient Boosting MSE 2.13
RMSE 1.45
R2 0.60
Random Forest MSE 13.05
RMSE 3.61

5.5 Implementation of Machine Learning Algorithm for

Coupler Design Il

Frequency and S31 values have been given as input to the ML models. Voltage value
has been the output of the ML models. In Raspberry Pi Pico, the output voltage values
have been decided through the prediction-based machine learning algorithms where
the training data have been obtained from the measurement results. It is important to
ensure the correct voltage value of the smart directional coupler has been obtained for

the performance parameter settings on the smartphone via the Android user interface.

Table 5.7 shows the polynomial constants of the regression equation at three different

frequencies for S31.
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Table 5.7:

Constant of third degree polynomial regression equation for Coupler
Design Il
Symbol pl p2 p3 p4
S31 2400 0.009178 -0.4557 7.974 -46.28
S31_2450 0.008229  -0.3861 6.453 -35.41
S31 2500 0.0071 -0.3127 4.988 -25.71

In Figure 5.5 the prediction curves resulting from the polynomial regression model at
2400, 2450, and 2500 MHz frequencies are shown.

144
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Figure 5. 5: The sample of the prediction curve for 2400 MHz, 2450 MHz, and 2500

MHz
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Chapter 6

Integration of the Electronically

Controllable Smart Coupler System

In this chapter, microcontroller-based system smart control of electrically tunable
directional coupler systems is represented. Electronically controllable smart
directional coupler system design consists of four main sections. The first part is the
directional coupler design. The second part is Android interface designs. The third part
is the DC supply to drive the varactor diode. And last part is system integration. In
chapter 3, directional couplers have been designed, and in chapter 4 these couplers

have been fabricated.

6.1 Android Interface Designs

Android applications can be created using either IDEs such as Android Studio (AS) or
MIT's App Inventor. In this thesis, two different interface design approach has been
realized for two different directional couplers. For both user-based interfaces, the
Bluetooth connection must be provided to ensure data flow between the android
smartphone and microcontroller. To ensure this situation, firstly the devices must be

paired.

6.1.1 Android Interface Design for Coupler Design |

This interface design has been prepared by using the Java language in Android Studio
integrated development environment for Coupler Design I. The interface outline is as
shown in Figure 6.1. This system has been used Raspberry Pi 3 B+ as a

microcontroller. That microcontroller has a Bluetooth module as an integrated.
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The terminal is the easiest way to link your Bluetooth devices with your Raspberry Pi

3 B+.

Launch a new Terminal window from the Raspberry Pi desktop.
Enter the administrator password after typing ‘sudo bluetoothctl'.

Next, type ‘agent on' and click enter. Then, in the search box, type

‘default-agent' and click enter.

Type ‘scan on' once again and press enter. The special addresses of
every single Bluetooth devices around the Raspberry Pi 3 B+ will look

something similar an alphanumeric XX:XX:XX:XX:XX:XX.

type ‘pair [device Bluetooth address]’ to pair the device.

After two devices are paired, connect button must be pressed to connect devices by

selecting Raspberry Pi 3 B+.

1ZMIR
KATIP CELEBI
UNIVERSITY

Elecironically Controfiabis
Directional Coupler

Frequency (MHz):
Volt (V):

SEND DATA

Predicted 521 (dB):
Predicted $31 (dB):

ﬁ RaspberryPi

H

Figure 6.1: Android interface outline design for a system of the Coupler Design |

With the Android interface application to be designed, the voltage level required to

drive the varactor diode and the frequency information required to operate the
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directional coupler is received as input from the user and transmitted to the
microcontroller via Bluetooth protocol. In addition, S21 and S31 values obtained from
the microcontroller with the help of the artificial neural networks and high
performance is be taken via Bluetooth protocol and displayed to the user. Third Degree
Polynomial Regression has been utilized for the parameter prediction of S21 and S31
values by Raspberry Pi 3 B+.

6.1.2 Android Interface Design for Coupler Design Il

The interface design has been prepared through a visual programming environment as
known MIT APP Inventor for Coupler Design Il. The graphical user interface outline
is as shown in Figure 6.2. This system has been used Raspberry Pi Pico as a
microcontroller without a Bluetooth module. The Bluetooth module (HC-06) is wired

to the Raspberry Pi Pico board to guarantee continuous with the Android phone.

ZMIR
KATIP CELEBI
UNIVERSITY

Electronically Controlisble
Vertical integration Directional Coupler

Frequency (MHz):
Power Ratio:
Volt (V):

SEND DATA

Predicted S21 (dB):
Predicted 31 (dB):

t RaspberryPi

ﬁ

Figure 6.2: Android interface outline design for a system of the Coupler Design 11

The module uses the Bluetooth 2.0 protocol and can only be used as a slave device.
The communication with this HC-06 module is done through the UART interface. The

module is powered by a controlled +5V power source. Android phone pair with
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standard password 0000 or 1234. After two devices are paired, connect button must be
pressed to connect devices by selecting the HC-06 module.

With the Android interface application to be designed, the frequency information and
power division ratio required to operate the directional coupler has been received as
input from the user. The voltage level required to drive the varactor diode and S21,
S31 values have been obtained from the application with the help of the artificial neural
networks have been displayed to the user, also volt value transmitted to the

microcontroller via Bluetooth protocol.

6.2 DC Supply

Varactor diode is used to ensure the electronic tunability of the coupling, directivity,
and isolation parameters of the proposed smart directional couplers. The capacitance
values of the varactor diode have been remotely set through Bluetooth-controlled
biasing networks. Varactor diode has an adjustable capacitance range of 2.2 to 0.3 pF
and reverses voltages that range from 0 to 20 V.

Pulse Width Modulation is a default output Raspberry Pi 3b+ Microcontroller and
Raspberry Pi Pico. It is required a DC supply to drive a varactor diode, so it becomes
necessary to convert a PWM to a DC signal. The DAC circuit provides from input 0-
3.3 Volt PWM to 0-3.3V analog output. Thanks to LM741 the maximum 3.3 Volt
PWM signal that DAC converts to analog signal is increased by 5 times to 16.5 DC
Volt. See Appendix C for the amplifier schematic. CST Microwave Studio is used to
realized amplifier design. The amplifier has been fabricated with the help of MITS
Eleven Lab brand PCB device. Figure 6.3 shows the designed and fabricated amplifier.

(a) (b)
Figure 6.3: Amplifier design (a), Fabricated amplifier (b)
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6.3 System Integration and Working Principle

Figure 6.4 represents a block diagram of the remote controller Coupler Design | system
connected to Raspberry Pi 3b+ microcontroller to reverse bias the varactor diode
through an Android-based RF component-specific 900 MHz applications in a remote
system.

N
.

L s e Signal |
HITTE TS Generator

Dummy Load F |

Figure 6.4: Electronically controllable system design for first directional coupler

The system integration and validation setup of the Coupler Design | for the S21, S31

S-Parameter results show in Figure 6.5.

Figure 6.5: The system integration and validation setup for the S21, S31
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Figure 6.6 shows a block diagram of the remote controller Coupler Design 1l system
design for vertical integration directional coupler connected to Raspberry Pi Pico

microcontroller to drive the varactor diode.
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Figure 6.6: Electronically controllable system design for vertical integration
directional coupler
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The system integration and validation setup of the Coupler Design Il for the S21, S31

S-Parameter results show in Figure 6.7.

Figure 6.7: The system integration and validation setup of the Coupler Design 11 for
the S31 and Volt
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The system flowchart diagram of the Coupler Design | is shown in Figure 6.8 and
Figure 6.9. Figure 6.8 demonstrates the application working principle and
communication with Raspberry Pi 3 B+. Figure 6.9 shows the flowchart after the

application starts.

Start Application Write Prediction
on Application
Turn on
Bluetooth
S Daa

No

®

Is Bluetooth on? -
Listen

T~ Bluetooth

Yes

Send Volt with Bluetooth

Connect .
Raspberry Pi 3B+ Send Frequency with Bluetooth

Yes

Input Volt Are the values within
Input Frequency the desired range?

No

Figure 6.8: Flowchart diagram of the Coupler Design | application side

Start Raspberry Pi )
3B+ a .
meﬂu{‘y",orvr‘hm
Listen (@ comeer |
Bluetooth fvontans
No [ SENO DATA J
Received Yes e
Data . RaspberryPi
Yes !
Make S21 prediction Convert Volt to PWM
Make S31 Prediction Send PWM Coupler

Send Predicted S21

Send Predicted S31

Figure 6.9: Flowchart diagram of the Coupler Design | Raspberry Pi 3 B+ side

The system flowchart diagram of the Coupler Design Il is shown in Figure 6.10 and
Figure 6.11. Figure 6.10 demonstrates the application working principle and
communication with Raspberry Pi Pico via HC-06. Figure 6.11 shows the flowchart

after the application starts.
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Figure 6.10: Flowchart diagram of the Coupler Design Il application side
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Figure 6.11: Flowchart diagram of the Coupler Design Il Raspberry Pi Pico
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Chapter 7

Conclusion

The concluding remarks are conducted in this chapter. In this thesis, a single varactor
diode-based balanced compact smart system with two different directional couplers
has been proposed for 10T applications. A smart system of directional couplers was
designed, simulated, and validated experimentally. Numerical analysis software based
on the Finite-Difference Time-Domain (FDTD) method has been used for the design
and numerical calculation of directional couplers. The electrically tunable feature of
the smart directional couplers can be successfully accomplished remotely through
Bluetooth connection with the intended performance parameters set on the Android

application. DC bias voltage control is supplied by using a microcontroller.

The operating frequency band of the Coupler Design | is extending from 500 MHz up
to 1 GHz covering the dedicated wide/local area IoT frequency bands ranging from
radio frequency identification (RFID) up to mobile network applications. The Coupler
Design | prototype has been fabricated on a low-loss Rogers RO4003C substrate. The
compact overall size of the first design is 13.66 mm x 15.99 mm x 1.59 mm, (0.041 A
x 0.048 A x 0,0047 X). The high isolation level of more than 50 dB and low return loss
higher than 12 dB have been experimentally measured in the whole operating

frequency band.

The center frequency of the Coupler Design 1l is 2.45 GHz covering the dedicated
wide/local area 0T frequency bands ranging from radio frequency identification
(RFID) up to mobile network applications. The Coupler Design Il prototype has been
fabricated on low-loss Rogers RO4003C substrate. The overall physical dimension of
the proposed 2.45 GHz directional coupler is 20 mm x 20 mm x 3.62 (0.164A x 0.164A
x 0.0296 A). The high isolation level of more than 32 dB and low return loss higher
than 10 dB have been experimentally measured in operating frequency.
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In this thesis, small discrepancies between the the numerical and experimental results
of the proposed directional couplers were largely caused by the parasitic effect of the
lumped elements and the fabrication tolerances. The compact directional couplers have

high technical potential to be used for smart loT applications.

Table 7.1 points out the RF performance parameters of the proposed smart coupler
structure in comparison to the alternative coupler designs in the literature. According
to the analysis Table 7.1, unlike other studies, the proposed directional couplers are
controlled via the user interface. In addition, the tunability of the S31 value is provided
by the ML algorithm. Coupler Design I and Coupler Design Il electrically controllable
smart directional couplers have better isolation levels greater than 32 dB and low
insertion loss level smaller than 0.9 dB in more compact cell size with only a single

varactor diode.

The proposed different configurations offer several advantages, which can be listed as:
1) user-friendly DC bias voltage control ii) ideal port isolation and return loss
performance; iii) electronic remote controllability of the coupling level; iv) simple
design with only a single varactor diode by a single control voltage; v) cheap and

compact design; vi) integrity potential to 10T components and systems.

Table 7.1: Comparison of RF performance parameters between the proposed coupler
structure and referenced coupler

Coupler Coupler
Items (] [23] (8] [10] Design | Design 11
Technology PCB PCB PCB PCB PCB PCB
Tuning Varactor
Elements Varactor (4) @) Varactor (4) Varactor (3) Varactor (1) Varactor (1)
User Based
Voltage No No No No Yes Yes
Control
ML
Implementati No No No No Yes Yes
on
Return Loss
(dB) >15 >20 >15 >20 >10 >10
Insertion Loss
(dB) <1.8 12 | - <1.3 <0.9 <0.8
Isolation (dB) >15 >22 >20 >20 >50 >32
Coupling 0-3 39-29 35-4.1 0.7-117 451-19.37 | 13.33~22.14
Factor (dB)
Operating
Frequency 1-15 24 2.48 1.7 0.9 2.45
(GHz)
Size (A*)) 0.08*0.08 0.65*0.28 0.19*0.15 0.21*0.09 0 041*0 048 0.164*0.164
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Appendix A

Varactor Diode Value

Varactor diode has been selected from Skyworks Solutions Inc. (SVM2019). Varactor
value is shown in Appendix Figure 1 with changing reverse bias voltage value. The
varactors are subjected to a reverse voltage ranging from 0 to 20 V, causing the
capacitance to fluctuate between 2.2 and 0.3 pF.

= Valt - Varactor

Varactor [pF)
-

.

10.0 125 150 175 200
Volt [V]

Appendix Figure 1: Biasing reverse voltage (V) & varactor value (pF)
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Appendix B

Validation of Regression Machine Learning Problem

Three metrics are commonly used for assessing predictions on regression problems.
These are Mean Squared Error (MSE), Root Mean Squared Error, and R-Squared

Error.

MSE is the average of the squared difference between the data set's original and
predicted values. MSE measures the performance of a machine learning model,
estimator, it is always positive and it can be said that estimators with MSE value close

to zero perform better.

The root mean square error (RMSE) is the residuals' standard deviation. Residuals are
a measure of how distant the data points are from the regression line; RMSE is a
measure of how to spread out these residuals are. In other words, it indicates how
tightly the data is clustered around the line of best fit.

MSE = - ¥, (y; — §)? (Appendix.1)
1 n
RMSE = —Z(yi — )2 (Appendix.2)
n
i=1

Where,

y - predicted value of y

The R2 statistic indicates how well a set of predictions fits the actual data. The
coefficient of determination is the phrase used in statistical literature to describe this
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metric. This is a number between 0 and 1 that represents a no-fit or perfect-fit situation.
With a value near zero and less than 0.5, the predictions show a poor match to the

actual data.

2
R>’=1- % (Appendix.3)

Where,

y- mean value of y
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Appendix C

Amplifier Schematics

As shown from Appendix Figure 2 in the amplifier schematic diagram, the amplifier
circuit may be built using only three resistor, one capacitor, two battery and LM741

opamp.

—= N

R2
R1 4kQ
1kQ

AMPLIFIER DESIGN

pIp
8
pins

10kQ

PWM Signal 0-3.3v_——AAN,

. DCVOLT 0-16.5v

—

LMm74a1

= L I J

Appendix Figure 2: The amplifier schematics

10pF

-

N

The circuits take a tiny signal as an input and output the amplified signal. The two

resistors R1 and R2 regulate the gain according to this simple law:

Gain = (1+R2/R1) (6.1)

This circuit above provides a gain of about 5 when R2 and R1 are selected 4kQ and
1kQ, respectively. This means the voltage output will be 5 times greater than the
voltage input. So, the maximum 3.3 Volt PWM signal that DAC converts to analog
signal is increased by 5 times to 16.5 DC Volt.
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