YILDIRIM BEYAZIT UNIVERSITY

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

THE EFFECTS OF THE DC BIAS LINES

ON TERAHERTZ PHOTOMIXER ANTENNAS

MSc Thesis by

Adem YILMAZ

Electronics and Communication Engineering

August, 2015

ANKARA



THE EFFECTS OF THE DC BIAS LINES
ON TERAHERTZ PHOTOMIXER ANTENNAS

A Thesis Submitted to the
Graduate School of Natural and Applied Sciences of Yildirim Beyazit University
In Partial Fulfillment of the Requirements for the Degree of Master of Science in
Electronics and Communication Engineering, Department of Electronics and

Communication Engineering

by

Adem YILMAZ

August, 2015

ANKARA



M.Sc THESIS EXAMINATION RESULT FORM

We have read the thesis entitled “THE EFFECTS OF THE DC BIAS LINE ON
TERAHERTZ PHOTOMIXER ANTENNAS” completed by ADEM YILMAZ under
supervision of Assist. Prof. Dr. Mehmet UNLU and we certify that in our opinion it is

fully adequate, in scope and in quality, as a thesis for the degree of Master of Science.

Assist. Prof. Dr. Mehmet UNLU

Supervisor

Assoc. Prof. Dr. Asaf Behzat SAHIN Assoc. Prof. Dr. Ahmet Fazil YAGLI

(Jury Member) (Jury Member)

Prof. Dr. Fatih V. CELEBI

Director

Graduate School of Natural and Applied Sciences

1



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my thesis supervisor Assist. Prof. Dr.
Mehmet UNLU, for his guidance, generous support, and encouragement.

I also thank my family for their endless love, advice and encouragements.

111



CONTENTS

Page
THESIS EXAMINATION RESULT FORM.....covtiiineicssercssercsssanssssesssssssssanes ii
ACKNOWLEDGMENTS ..cccoiiviiiinuiiissnencssneicsssenssssnsssssssssssssssssssssssssssssssssssssssns iii
CONTENTS ...tttiiiitntiicnntnticisnntescssssseessssssssssssssssessssssssssssssssssssssssssassssssssssse iv
LIST OF TABLES .....tiiiitttiiinntiicinnnteicssnneessssssessssssssssssssssssesssssssssssssssssens vi
LIST OF FIGURES ......uuuuiiitiiiitttiiiinneicnsnnntcsssnneeesssssssessssssssesssssssssssssssnss vii
ABSTRACT ..ccoooiiiiiiintiiiinnntiiiinnntticsssnsesssssssessssssssessssssssssssssssssssssssssssssssssssse ix
OZET ...ccoooiiiiiinniiicninteeicisnsesicsssseesssssssesssssssssssssssssessssssssssssssssssssssssssssssssssssssssss X
CHAPTER 1 - INTRODUCTION.....cccveiiireiisreresssaescsssesssssenssssensssssesssssssssssssssssens 1
1.1. THZ TeChNOlOZY ......evviiiiiiiieeeeeeeeee e e e e e 1
1.2. Motivation and ODBJECHIVE.......ceevviiuiiiiiiieeeeeiciiieeeee e e e e e e 3
1.3. ThesiS OVEIVIEW ...ceeiuiiiiiiiiiiiieieeiiiee e 7
CHAPTER 2 - NUMERICAL METHOD.......uuuiiinuiiinuiicsnencssnersssneessseesssssssssanes 9

2.1. Finite Element Method (FEM) and High Frequency Structure Simulator
(HFSS) 9

2.2. Variation of Solution Parameters ..............cccoeviiieiiniiiiiinniiieenee, 14

2.3. Variation of Boundary Conditions ............cceeeevvuviiieeeeeeeeniiiiiiieeeeeennn. 17
CHAPTER 3 - DESIGN OF BIAS LINES.....uviiiniiinirinnnencssensssersssssnssssssscsans 21
3.1. Bias LINe TYPeS..cceeeeeeiiiiiiiiiieee ettt e e e e e e rereeeee e 21
3.1.1 Coplanar Stripline (CPS) Type of Bias Line ..........ccooovieeennnneeen. 22

3.1.2 Photonic Band Gap (PBG) Type of Bias Line..........ccccccceeeeeeennnne. 25

3.13 Resistively Loaded Line (RLL) Type of Bias Line ....................... 27

v



CHAPTER 4 - ANTENNAS WITH BIAS LINES.....cccoiinniiiiinrnreiiinsnneeccssnneens 30

4.1. Basic Antenna ThEOTY ........ccviiiiiiiiiiiiiiiieeeeeeeeee e 30
4.1.1 Radiation Pattern........ooooeeiiiiiiiiiieece e 30

4.1.2 DITECHIVILY 1ottt e e e e e e eareee e e e e e e e e nees 32

4.1.3 GIN . 33

4.1.4 Input IMmpedance............oooviiiiiiiiiieeeeeeee e 34

4.2. Dipole ANLENNA.......ccoiiiiiiiiiiiee e 36

4.3. Folded Dipole ANtenna..........cccevviiieieeeeeiiiiiiiieeeeeeeeeieeee e e e e e 41

4.4. Archimedean Spiral ANtenna ...........ccceeeeeeeeeeeiiiiiiiiieee e 45

4.5. Log-periodic ANLENNA........ceeveeeeeriiiiiiiieeeeeeeeeiiireee e e e e e e eeeirereeeeeeeens 51

4.6. The Effects on Radiation Efficiency..........cccoeeeciiiiiiiiiieeiniiiiieeee, 57
CHAPTER 5 - CONCLUSION ...uuuutiiiiiiiinerisseisssssescssssscsssesssssssssssssssssssssssssssssns 59
REFERENCES ......uuuiiiiiiiniiiinraincsneicssseissssesssssssssssssssssssssssssssssssssssssssssasssssssssssns 62



LIST OF TABLES

Table 2.1 HFSS solution parameters: variation of max delta S and total mesh number.16

Table 2.2 HFSS solution parameter: variation of solution frequency. ...................... 16
Table 2.3 HFSS solution parameters: variation of steps over frequency sweep. ....... 17
Table 4.1 The design parameters of the dipole antenna................ccccvvveveeeennninnnnnnn. 37
Table 4.2 The design parameters of the folded dipole antenna...................ccceeene 43
Table 4.3 The design parameters of the spiral antenna...............ccccvvvveeeeeeennninnnnnn. 46
Table 4.4 The design parameters of the log periodic antenna..............cccceeevvennnnnne. 55

vi



LIST OF FIGURES

Figure 1.1 Schematic diagram of electromagnetic Spectrum. ..........cceeeeeriuieeeeeninneenn. 3
Figure 1.2 (a) to (b) Photomixer antenna. .............cceeeeeriiieeeaniiiieeeniiieee e 5
Figure 1.3 Equivalent circuit model of photomixer antenna.............cccceeeviiiieeennneeen. 6
Figure 2.1 Discretization process Of FEM (@) .....ccoccuviiiiiiieeiiiiiiiiiieeeeeeeieeeee e 9
Figure 2.2 Designed dipole antenna in HFSS. ..., 10
Figure 2.3 (a) to (b) HFSS model with and without PML boundary......................... 12
Figure 2.4 Solution data for thirteen passes view in HFSS...........ccooooii 13
Figure 2.5 Fast and discrete sweep solution results............coooviiieiiniiiieiiniiieeeenne. 15
Figure 2.6 (a) to (b) The effects of airbox size variations............ccceecvveeeeniiieeeennnee. 19
Figure 2.7 PML and ABC solution results. ...........ccueeiiiniiiiiiiiiiiieiiieeeieceeee 20
Figure 3.1 (a) to (b) Coplanar stripline (CPS) bias lin€. ..........ccceeeeniiiiiiiniiiieeannne. 24
Figure 3.2 Two-port simulation results of CPS.........cccooiiii 25
Figure 3.3 (a) to (c) Photonic band gap (PBG) bias line...........cccceeviiiiiiiniiiiennnnne. 26
Figure 3.4 Two-port simulation results of PBG bias line. ...........cccociiiiiniinnnne. 27
Figure 3.5 (a) to (b) Resistively loaded line (RLL) bias line. .......cccccceeeeiniiiennnnnne. 28
Figure 3.6 Two-port simulation results of RLL. ..o 29
Figure 4.1 Spherical coordinate SyStem. ............coocuieiiiiiiiiiiiiiiiiie e 31
Figure 4.2 The layout of the designed dipole antenna. ...............ccccoeiiiiiiniiiienanne. 37

vil



Figure 4.3 (a) to (b) The simulation results of dipole antenna. .............cccoceeeeenee. 39

Figure 4.4 (a) to (c) The current distributions of dipole antenna with bias lines at 398.5

GHZ. ettt e et e e s 40
Figure 4.5 The layout of the designed folded dipole antenna. ..............cccooiieeeennne. 42
Figure 4.6 Folded dipole antenna with different spacing lengths...............ccccunnneeee. 42
Figure 4.7 (a) to (b) The simulation results of folded dipole antenna. ...................... 43

Figure 4.8 (a) to (c) The current distributions of folded dipole antenna with bias lines at

399 GHZ. ..o 45
Figure 4.9 The layout of the designed spiral antenna. .............ccccceeeviiiiiiiniiiienennne. 46
Figure 4.10 (a) to (b) The simulation results of spiral antenna. ..............c.cccceeenee. 49

Figure 4.11 (a) to (c) The current distributions of spiral antenna with bias lines at 468

GHZ. ..ot 50
Figure 4.12 Archimedean spiral antennas with different turn numbers..................... 51
Figure 4.13 The layout of the designed log periodic antenna. .............ccccceevvnennnnenee. 53
Figure 4.14 Computed return loss of log periodic antenna..........ccceceeeeeeniiieeennnnee. 53
Figure 4.15 (a) to (b) The simulation results of log periodic antenna. ...................... 55

Figure 4.16 (a) to (c) The current distributions of log periodic antenna with bias lines at

426 GHZ. ..o 57

Figure 4.17 Folded dipole antenna with different values of lumped resistance......... 58

viil



THE EFFECTS OF THE DC BIAS LINES
ON TERAHERTZ PHOTOMIXER ANTENNAS

ABSTRACT

Photomixer antenna is an essential part of photomixer design. The development on
photomixer antennas has still being received considerable attention. DC bias lines are
being used in photomixer design to provide required DC voltage to photomixer antenna
in order to collect the electron-hole pairs that is excited by a laser beam focused on

semiconductor substrate.

This research investigates the effects of the DC bias lines on several types of antennas
for terahertz photomixers and proposes a method, namely resistively loaded lines
(RLL), to compensate the effects of the DC bias lines. The RLL is formed by placing
lumped resistances periodically on the DC bias line in order to cease the leakage current
virtually, which cause a significant amount of distortion on the antenna performance. In
order to achieve a proper simulations of bias line effects on photomixer antennas, a
parametric investigation is carried on electromagnetic simulator HFSS to obtain an
optimized simulation technique. The simulation results of the dipole, folded dipole, log-
periodic, and spiral antennas show that RLL almost removes the effects of the bias lines
and improves the radiation pattern notably compared to that of the commonly used bias

line types, such as coplanar stripline and photonic bandgap type bias lines.

Keywords : terahertz, photomixer, antenna, DC bias line, numerical method
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TERAHERTZ FOTO KARISTIRICI ANTENLER UZERINDEKIi
DC BAYAS SERITHAT ETKIiLERI

OZET

Foto-karistiric1 diizeneklerinde antenler ¢ok Onemli bir yer tutar. Bu antenlerin
gelistirilmesi lizerine ¢alismalar artarak devam etmektedir. Dogru Akim (DC) bayas
serithatlar gerekli DC gerilimini antenlere tasiyabilmek icin foto-karistirict
diizeneklerinde yer alirlar. Foto-karistirici antene uygulanan DC gerilim, bir siirekli
dalga araciligiyla yari-iletken malzemeler {lizerinde uyarilan elektron-hole ¢iftlerinin

toplanip bir akim dolagimi olusturulabilmesi i¢in gereklidir.

Bu arastirmada, DC bayas serithatlarin farkl terahertz foto-karistirici antenler tizerinde
olusturdugu etkiler incelenmistir. Bu dogrultuda, DC bayas serithat etkisini minimum
diizeye indirgeyebilmek i¢in yeni bir metot dnerilmistir. Onerilen bu metotta, empedans
yiiklii serithat (RLL), esdiizlemsel serithatt1 belli periyotlara bolerek, boliinmiis pargalar
arasma empedans yerlestirilmesiyle olusturulmustur. Boylelikle, bayas serithat {izerine
sizabilecek terahertz akimin engellenmesi amaglanmis ve DC bayas serithatlarin anten
performansi lizerindeki etkisinin minimuma indirgenmesi ongoriilmiistiir. Bu etkileri
uygun simiilasyon kosullarinda inceleyebilmek i¢in, kullanilan HFSS programu iizerinde
parametrik bir ¢calisma yapilmis olup optimum simiilasyon prosediirii elde edilmistir. Bu
prosediir ile yapilmis olan bayas serithatli anten simiilasyonlarda, onerilen RLL’in
dipol, katlanmis dipol, spiral ve log-periyodik antenler iizerindeki DC bayas serithat
etkisini kaldirdig1 ve anten performansinin eklenen bayas serithatlardan etkilenmedigi
gozlemlenmistir. Ayrica, literatiirde yaygin olarak kullanildig1r gézlenen es-diizlemsel
serithat ve fotonik bant tipi bayas serithatlarla karsilastirma yapildiginda, RLL’in anten

1s1ma Orlintiisiinii bozmadig1 goriilmiistiir.

Anahtar kelimeler: terahertz, foto karistirici anten, DC bayas serithat, sayisal metot



CHAPTER 1

INTRODUCTION

1.1. THz Technology

Terahertz (THz) waves refer to electromagnetic radiation that has a frequency between
0.3 THz and 10 THz, occupying a large portion of the electromagnetic spectrum
between microwave and infrared bands [1]. THz band, which has variously been named
such as sub-millimeter, far infrared and near millimeter wave, is depicted in Figure 1.1.
Even though this part of the electromagnetic spectrum remains the least explored region
mainly due to the technological challenges of producing efficient and compact
sources/detectors suitable for THz radiation, it offers some unique properties when
compared to its neighbor ranges, microwave-millimeter and infrared areas. Some of

these properties can be listed as follows:

e Penetration: The THz radiation has relatively longer wavelength than the
infrared ones; which enables THz wave to penetrate many materials such as paper,
soil, fabric, plastic and wood. Therefore it can be used in security to detect the
threat objects inside luggage, mail, and especially on people since using THz

waves of a few meV of photonic energy is much safer than using X-rays [2].

e Resolution: THz waves have shorter wavelengths in comparison to the
microwave ones; hence a better spatial imaging resolution can be achieved by

THz waves.

e Safety: THz radiation 1s non-ionizing. The photon energies in THz band are
much lower when compared to X-rays. Therefore it is not expected to damage

tissues and DNA, unlike X-rays, which makes them much safer in medical

1



imaging. Diagnosing and imaging some cancer tissues can be given as an example
[3]. Another important feature of THz waves used in biotechnology for sensing
chemical and biochemical compounds is that biological structures including DNA
exhibit characteristic motions such as, rotation, vibration or twisting at THz
frequencies. It is possible to detect the presence of mutation in a DNA sequence

using THz [4].

e Spectral fingerprint: Many materials show their own absorption and
reflection features in the THz range, therefore distinguishing the different
ingredients and materials is easier in the THz range of the electromagnetic

spectrum [5].

e Large bandwidth: In communication systems, THz frequency provides a very
large bandwidth; hence it enables the transmission of broadband signals and
carrying large amount of information. Also, the size of antenna and its equipment
will be reduced at THz frequencies. Due to the water vapor in atmosphere, free
space communication is limited to short a distance which is suitable for short
distance wireless communications and networking very promising for future
communication systems with faster speeds than current UWB (Ultra-wideband)
technology [6]. On the other hand at high altitudes, THz wave transmission is
almost lossless and makes aircraft-satellite or satellite-satellite communication

possible.
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Figure 1.1 Schematic diagram of electromagnetic spectrum.

1.2. Motivation and Objective

Terahertz technology has been recently receiving considerable attention due to its
potential applications on a variety of fields such as medical imaging, wireless
communication, security, material spectroscopy, and pharmaceutical [7 - 12]. Although
a great deal of effort has been spent on developing several different components for
terahertz systems, the main concentration is focused on the terahertz sources and
detectors [13 - 19], the development of which is still the most important challenge in
this field. Photomixing is one of the most commonly used techniques for continuous-
wave (CW) terahertz generation or detection [20 - 28]. Photomixing, also known as
optical heterodyne conversion, is a method of generating CW THz radiation in which
two laser beams that have close frequencies or a dual mode laser excite an active
semiconductor area. The advantage of this technique is the wide tunability of the output
THz frequency which is determined by the frequency difference of two CW laser

beams. On the other hand, a low optical-to-THz conversion efficiency, which is defined



by ratio of the THz output power to the input optical power, is the main drawbacks of
this technique [29, 30]. In a photomixer device, an integrated planar antenna, which is
so called photomixer antenna, is used in order to radiate the excited THz wave to the
free space. The integrated THz photomixer antenna devices are one of the best
developed parts of photomixers. The most commonly used photomixer planar antennas
that exist in literature are dipole [15, 20, 27, 31, 32, 40, 41], folded dipole [33 - 35], log
periodic [36 - 38, 40], bow-tie [27, 28, 38], and spiral antennas [21, 28, 38 - 41]. Each
of planar antennas is chosen in a photomixer design to take the advantages of their own
characteristic properties such as existing high impedance or offering impedance over

wide range of bandwidth.

The basic working principle of a typical CW THz photomixer device is shown in Figure
1.2, where a dipole antenna is used as an example of photomixer antenna. As it can be
seen from figure, the optical excitation is directed on photoconductive gap, which is the
gap between the arms of dipole antenna. The laser beams illuminate the device on the
photoconductive gap and generates the electron and hole carriers in this area. In order to
collect the excited carriers, a DC voltage is needed. This voltage is carried by using the
DC bias lines that are connected to the antenna terminals. By following this way, the
generated THz photo-current acts as the exciting source at the antenna feed point and
the coupled antenna will radiate the THz wave into the free space. Figure 1.3 shows the
equivalent model of the THz photomixer antennas, where / is the current drawn from
the bias source, V5. Capacitance between electrodes is represented as C, and antenna is

represented as R,.
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Figure 1.2 (a) to (b) Photomixer antenna.




— T

| I . |

— ! | 1 R
Vbias — ! Celec i : a:
Photomixer Antenna

Figure 1.3 Equivalent circuit model of photomixer antenna.

The main goal of this thesis is to study the effects of these DC bias lines on radiation
characteristics of the antenna from the electromagnetic radiation perspective.
The effects of DC bias lines are mostly neglected although they have a significant effect
on the radiation performance of the photomixer antenna. The bias line dimensions that
are being used by the community are generally much larger when compared to the
dimensions of the antenna itself [40, 43 - 50] which will directly effects the radiation
performance of the photomixer antenna. Therefore, reducing the DC bias line effects
still remains under investigation and different kind of DC bias lines are suggested for

this purpose.

One of the most popular, and easy to design, bias line type is coplanar stripline (CPS)
[41, 43, 45, 46, 59]. They are basically composed of two thin metal lines which actually
behave as a high impedance transmission line between the DC supply and photomixer
antenna. The dimensions of CPS are most of the time comparatively larger than the
antenna; in addition to that, they are directly connected to the antenna itself, which
results in a considerable amount of current leakage to the CPS, causing a significant
distortion on the radiation pattern and input impedance, and a considerable loss of

generated or detected power.



A better alternative for bias lines is using photonic bandgap type structures [40, 41, 44 -
47, 49, 50]. Photonic bandgap structures (PBG) are designed as filters that are formed
using high and low impedance sections through CPS. The PBG bias lines are also
connected directly to the photomixer antenna just as the CPS bias lines, the current
leakage from the antenna can be reduced to a certain extent by a proper design;
however, they still cause an important malformation on the current distribution, and
hence, the radiation pattern of the antenna is distorted drastically. Moreover, the
radiated power decreases due to the leakage current running on the long bias lines. As a
result, these two types of bias lines affect the antenna radiation pattern and input
impedance notably, they decrease the antenna efficiency; hence, a better solution is

needed.

In this thesis, a new type of bias line, namely resistively loaded line (RLL), is studied
for the biasing of the photomixer antennas, where the conventional CPS bias line is
delimited by a set of periodically placed lumped resistances. The lumped resistances are
formed using a resistive thin film that has a high and adjustable resistivity, such as
silicon chromium (SiCr) or tantalum nitride (TaN), which makes it possible to adjust the
resistance level specifically for each design. Different types of photomixer antennas
with the CPS, PBG, and RLL bias lines have been designed in order to compare the
effects of all three types of bias lines.

1.3. Thesis Overview

This research is organized as follows. A brief review of THz technology and CW THz
photomixer sources with particular emphasis on photomixing theory and concept as
well as important factors such as antenna and bias lines in the photomixer performance

are presented in Chapter 1.

Chapter 2 will discuss a computational simulation method, such as High Frequency

Structure Simulator (HFSS), to achieve a best result when simulating such a photomixer
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antenna. The effects of airbox size, port meshing, boundary condition, and choosing the

proper size of a substrate will be discussed.

In Chapter 3, the characterization of bias lines will be given. Design parameters for each
of bias lines will be given. Then, the bias lines will be treated as two port networks and
the numerical studies will be carried out. Since the two-port network results of bias lines
indicates the isolation between DC bias pads and antenna, the possible effects of each

bias line on photomixer antennas will be discussed.

In Chapter 4, the design parameters of antennas that will be used for testing structures of
bias lines will be discussed, and then different kind of planar antennas will be designed.
The performance of antennas with each bias line will be compared in a perspective of

radiation pattern and input impedance of antenna.

Finally, Chapter 5 concludes this research and suggests the future directions.



CHAPTER 2

NUMERICAL METHOD

2.1. Finite Element Method (FEM) and High Frequency Structure
Simulator (HFSS)

Finite Element Method (FEM) is a very powerful numerical technique that is used for
solving complex engineering problems. In this method, a complex structure is divided
into smaller sections of finite dimensions known as elements. These elements are
connected to each other via joints called nodes. These processes can be seen in Figure
2.1, where actual size of the structures is divided into much smaller elements (also
called as mesh) to obtain a solution rather easily. The solution is started with each
unique element independently, which drastically reduces the solution complexity. The
final solution is then computed by reconnecting all the elements and combining their

solution. These processes are named assembly and solution respectively in FEM [51].

& ¥ Actual
y 7 6 Boundary

/ i Node no,
e
1 3 3 f::i:} Element no.

a) X by x

Figure 2.1 Discretization process of FEM (a) the solution region (b) finite element discretization [52].

High Frequency Structure Simulator (HFSS) is a three-dimensional (3-D) full-wave
electromagnetic simulator that implements FEM [53]. In this thesis, HFSS is mainly

used as a design tool for structures and numerical simulation of them. There are some



main steps that need to be understood for a simulation in HFSS: structure modeling,
excitation of structure, defining boundary condition, setting up solution parameters and

getting post-processing results.

In HFSS, modeling a structure, which can be created in 2-D, 3-D or combination of
them, is relatively easy. HFSS offers objects to be drawn either directly or equation
based, which gives flexibility to users in modeling structures. HFSS offers an extensive
library for material assignment. Also, it is possible to create new materials not contained
in the library of HFSS. In this thesis, substrates are modeled as three dimensional
Gallium Arsenide (GaAs) objects, and the radiators and feedings of designed antennas
with bias lines are modeled as two dimensional, which are defined as perfect electric
boundary in order to see the effects of bias lines on antenna efficiency more clearly. The
designed three dimensional models that will be tested structure for various HFSS

parameter in this section is shown in Figure 2.2.

2

i

Figure 2.2 Designed dipole antenna in HFSS.

In order to excite the designed structures, HFSS offers many types of excitation such as
wave port, lumped port, terminal, and floquet port. The first two types are mainly used

throughout this thesis. Wave ports take place in a design internally or externally. On the

10



other hand, lumped ports are recommended only for surfaces internal to the geometric

model, and S-parameters can be directly calculated at ports.

The modeled structures need to be specified by boundary conditions. There are two
main options in HFSS: radiation boundary and perfectly matched layer (PML). The
radiation boundary (or Absorbing Boundary Condition, ABC) allows waves to radiate
infinitely far into space. The boundary is normally assigned to an airbox, which is
placed away from any radiating object at least one quarter wavelength of minimum
operating frequency. A drawback to this boundary is that if there is any energy incident
at an angle greater than 30 degrees it will be reflected. As in the radiation boundary, the
PML also allows waves to radiate infinitely far into space. The PML is not strictly a
boundary condition but a fictitious material that fully absorbs the electromagnetic fields
impinging upon the PML boundary. The main advantages of the PML is that there is no
angle of incidence problem and the boundary can be placed away from any radiating
object at least one tenth of a wavelength of minimum operating frequency. These two
boundary conditions are applied to the structures during this thesis work. Figure 2.3

shows the designed structure enclosed in an airbox with and without PML boundary.

The next step of the simulation process is to specify solution parameters such as
solution (adaptive) frequency, maximum number of passes and maximum delta S
parameters. In HFSS, adaptive frequency is usually set to expected solution frequency
or about solution frequency. After selecting the adaptive frequency, the frequency
sweep is defined in order to perform an adaptive analysis in a range of frequencies.
While specifying the frequency sweep, there will be three options to be selected:
discrete, interpolative, and fast sweep. Discrete sweep performs a full solution at every
frequency specified in the sweep, hence offers the highest accuracy. This sweep is best
when only a few frequency points are necessary to accurately represent the results in a
frequency range. Interpolative sweep estimates a solution for an entire frequency range.

This sweep is best when the frequency range is wide and the frequency response is

11



b) Airbox with boundary

Figure 2.3 (a) to (b) HFSS model with and without PML boundary.

smooth. Fast sweep generates a unique full-field solution for each division within a
frequency range. This sweep is best for models that will abruptly resonate or change

operation in the frequency band. A fast sweep will obtain an accurate representation of

12



the behavior near the resonance. Either the discrete or fast sweep is used throughout this

thesis.

During the simulation process of designed model, HFSS refines the mesh in an ordered
cycle; hence it is important to specify convergence of the solution, which is named as
maximum delta S in HFSS. The mesh refinement stops when it reaches a specified
maximum delta S, which is normally 2% or less. In addition, it is important to specify at
least two consecutive convergent passes for higher accuracy. In Figure 2.4, a solution
data with 0.01 max delta S and 4 consecutive convergent in a HFSS is shown. During
simulations, one should keep in mind that, convergence criteria directly effects solution
time and amount of the required memory. In this thesis, two consecutive converged

passes within the specified maximum delta of 0.02 or 0.01 are interested.

Final step of simulation process in HFSS is getting post-processing results. When a
solution is completed, convergence information, mesh statistics, S-parameters,

impedances and radiation parameters can easily be viewed and plotted.

Profile [ Matrix Data | Mesh Statistics |
Number of Passes Pass Number | Total Tetrahedra | Max Mag. Delta S
Completed 13 1 1992 N/&
Maximum 15 2 2591 08103
Minimum 1 3 372 056172
Max Mag. Delta S 4 4387 0.20497
Target 0.01 5 5711 0.093973
Current  0.0025285 [ 7429 0.0508
View: * Table " Plot 7 9658 0.032851
8 12563 0.020849
Export... 9 16336 0.013403
10 21241 0.0079252
CONVERGED 11 27623 0.0053915
Conseculive Passes 12 35748 0.0034446
Target 4 13 48513 0.0025285
Current 4

Figure 2.4 Solution data for thirteen passes view in HFSS.
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In order to investigate the effects of aforementioned major parameters in HFSS, a series
of simulation is run with the designed dipole antenna. The design parameters of dipole
antenna are as follow: it has a dipole length of 230 um, which is placed on a Gallium
arsenide (GaAs) substrate of lateral dimensions 400 um and thickness 200 pum. It is
important to note that the outcomes of this chapter constitute the basis of all simulation

during this thesis.

2.2. Variation of Solution Parameters

Specifying the solution parameters in HFSS defines the accuracy of simulation. For this
reason, various simulations are run with designed dipole antenna to investigate the
effects of these parameters. General simulation conditions for dipole antenna are as
follows: substrate and antenna arms are assigned as Gallium arsenide (GaAs) and
perfect electric conductor (PEC), respectively. PML is applied as boundary condition,
and a frequency sweep between 350-400 GHz is specified. For each trial run, certain
parameters such as max delta S, solution frequency and total number of mesh are being
altered in these simulations. As the impedance of photomixer antennas is essential in
this thesis, results of maximum real impedance and frequency where it exits are

considered mostly. The details and results of simulations are shown in Table 2.1.

First solution parameter that is being under investigation is max delta S. Two different
values of this parameter are chosen for convergence criterion of first simulation. It can
be deduced from Table 2.1 that with a smaller max delta S, total number of mesh is
increased; hence simulation time and system memory usage is consequently increased.
It is also important in a simulation that convergence should be satisfied at least two
consecutive max delta S convergent. By doing so, the probability of miscalculation due
to mesh refinement on structure will be prevented; hence accuracy of convergence will
be guaranteed. For this reason, the designed antenna is also simulated with 2, 3, and 4
consecutive convergent criteria, which increases simulation time as expected. Although,

first two consecutive convergent are enough for an accurate simulation, 4 consecutive
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convergent is also applied to solve the structure with greater mesh number, hence

investigate the simulation results when they are solved with greater mesh.

As HFSS offers different frequency sweep over solution frequency band, two of them,
namely as fast and discrete sweeps, are applied to designed structure in order to
compare these two simulation sweep methods. The simulation results are illustrated in
Figure 2.5, where one can say that these two sweeps give the exactly identical results
for a structure simulation. In addition, results in Table 2.1 indicate that the discrete-
sweep simulation has longer simulation run time than the fast-sweep simulation. This is

mainly because the solution in discrete-sweep occurs at each frequency point separately.

—s— Fast Sweep 1
: —e— Discrete Sweep {
800 .

-

o

o

o
T

0 N 1 . 1 N 1 . 1 M
350 360 370 380 390 400
Frequency (GHz)

Figure 2.5 Fast and discrete sweep solution results.

Mesh refinement in HFSS also depends on solution frequency of structure. Specifying
different solution frequency produces different mesh refinement. Although it is
suggested to define the solution frequency at around resonance frequency, various
solution frequencies are applied to designed structure in order to see their effect on

mesh refinement. The details for these simulations are listed in Table 2.2.
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Table 2.1 HFSS solution parameters: variation of max delta S and total mesh number.

Simulation Parameters Simulation Data
Run Real
Max Consecutive | Tetrahedral | Passes before
Simulation time max(Z,)
Delta S | Convergence in Mesh Convergence
(min.) (Frequency)
1 - Fast 3.5 995.3
0.02 1 16336 9 (369.69 GHz)
1 - Discrete 9 979
(369.3 GHz)
2 - Fast 5 991
0.01 1 21241 10 (370.20 GHz)
2 - Discrete 10 981
(370.41 GHz)
3 - Fast 525 989
0.01 2 27623 11 (370.70 GHz)
3 - Discrete 16.25 977
(370.41 GHz)
4 - Fast 8 989
0.01 3 35748 12 (370.70 GHz)
4 - Discrete 20.45 979
(371.43 GHz)
5 - Fast 9 986.2
0.01 4 46513 13 (371.42 GHz)
5 - Discrete 25 981
(371.43 GHz)

Table 2.2 HFSS solution parameter: variation of solution frequency.

Simulation Parameters Simulation Data
Solution
Max Tetrahedral | Run time Real max(Z;,)
Simulation Frequency
Delta S in Mesh (min.) (Frequency)
(GHz)

1 - Fast 0.01 360 27517 5.45 981.9

(370.85 GHz)
2 - Fast 0.01 370 46513 10.5 989

(371.11 GHz)

3 - Fast 0.01 375 36121 7.5 983.9
(371.11 GHz)

4 - Fast 0.01 380 27443 7 981.2
(370.85 GHz)
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When comparing the real impedances for two sweep methods illustrated in Table 2.1, it
can be seen that the results are slightly different. This difference occurs due to the
defined number of steps over solution frequency band. In order to obtain the most
accurate results for real impedances and where they exists, number of steps over
frequency band are increased for both sweep method. The details and results of these

simulations are shown in Table 2.3.

Table 2.3 HFSS solution parameters: variation of steps over frequency sweep.

Simulation Parameters Simulation Data
Simulation | Max Delta S | Number of Steps | Run time (min.) | Real max (Z;,) (Frequency)
1 - Fast 0.01 50 8.3 (371.i§6GHz)
1 - Discrete 0.01 50 24.5 (371,2-§1GHZ)
2 - Fast 0.01 100 ? (371.3?8GHZ)
2 - Discrete 0.01 100 41 (3713? 1GHZ)
3 - Fast 0.01 150 9:3 (371.91§19GHZ)
3 - Discrete 0.01 150 50 (371.912-1GHZ)
4 - Fast 0.01 200 10 (371 .91?)9GHZ)
4 - Discrete 0.01 200 85 (371 .91?)1(}1-[2)

In brief, it is important for an accurate simulation in HFSS to define the solution
parameters correctly. There should be at least two consecutive convergent with 0.01
max delta S parameter for most accurate results. Also, the larger mesh defines the
precision of simulation but it will give increased simulation time and system memory

usage. In addition, there is no significant difference between discrete and fast sweep
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methods except the simulation run time. When the accuracy of simulation is critical,
more steps over frequency band can be defined with considering the time consumption.
As a result, once the fundamental conditions are satisfied, it is a trade-off between more

accuracy results and simulation time.

2.3. Variation of Boundary Conditions

As mentioned in Section 2.1., there are some restrictions in covering the structure with
airbox. In order to clarify effects of airbox size that is assigned as Perfectly Matched
Layer (PML) and Absorbing Boundary Condition (ABC), a fast sweep design with 0.01
delta max S is simulated with varying airbox size. In these simulations, the solution
frequency is specified as 370 GHz, and fast frequency sweep is defined between 350 to
400 GHz with 150 steps over frequency band. In Figure 2.6, the effects of airbox
variations with PML and ABC boundary conditions are illustrated. Note that in these
figures, letters of A, B, and C refers to airbox size of 550*350 um, 800*600 pum, and
1000*800 pum, respectively. It can be seen from figures that variation of PML airbox
size does not significantly affect results. On the other hand, airbox size of ABC has
important effect on results, especially when it is closer to simulated substrate. This

mainly occurs due to the reflected energy back into the substrate.

In order to obtain a comparison between PML and ABC boundary conditions, a fast
sweep design with 0.01 delta max S is simulated with two boundary conditions. The
results are illustrated in Figure 2.7, where one can see that two boundary conditions

have almost same effect on results.
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a) Airbox assigned as perfectly matched layer (PML)
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b) Airbox assigned as absorbing boundary condition

Figure 2.6 (a) to (b) The effects of airbox size variations.

19



0 N 1 . 1 N 1 . 1 "

350 360 370 380 390 400
Frequency (GHz)

Figure 2.7 PML and ABC solution results.

As a conclusion, the important parameters for an accurate simulation in HFSS are
investigated in this chapter. Once the structure is modeled and excitation of structure is
decided, defining boundary condition and setting up solution parameters must be
carefully chosen in order to obtain accurate results. The outcomes of this chapter are

utilized during the numerical studies of bias lines and antennas in following chapters.
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CHAPTER 3

DESIGN OF BIAS LINES

In this chapter, the bias lines are first analytically designed using closed form equations,
and then simulated using a full-wave electromagnetic solver, HFSS. The behavior of
each bias line is investigated as a two port network, and their possible effects on

photomixer antennas are discussed through this chapter.
3.1. Bias Line Types

The requirement of bias lines in a photomixer design arises from necessity of collecting
the excited electron-hole pairs from photoconductive gap area by providing DC voltage
to the photomixer antenna. For this purpose, different types of bias lines are employed
in literature in order to carry the required DC voltage to the photomixer antenna [30, 41,
43 - 46, 48]. The diversity of bias lines is originating from blocking the THz current into
the bias lines and hence reducing the possible effects of them on antenna performance.
One of the popular, and easy to design, bias line is coplanar striplines (CPS). The CPS
takes places in a photomixer design as a direct connection between the probe pads and
antenna. Although CPS can be designed easily in photomixer antennas, it fails to be
successful at blocking the THz current, and hence distorts the antenna performance
significantly. For this reason, there has been conducting researches on improvements of
CPS in order to minimize the bias line effects on antenna performance. The Photonic
Band Gap (PBG) type of bias line can be shown as an example to that kind of advanced
bias line. The PBG structure is an array of metallic periodic pattern placed along the
coplanar striplines. The low impedance and high impedance surfaces are constituted by
added metallic surface throughout the CPS and the bias line acts as a filter with these

advancements in photomixer design. Therefore, the PBG type bias line shows ability to
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mitigate THz current through the line and enhances the reducing of the current leakage

into lines when compared to the CPS.

In this thesis, Resistively Loaded Line (RLL) type of bias line is proposed for
photomixer antennas. In this case, the conventional CPS bias line is delimited by a set
of periodically placed lumped resistances. The lumped resistances are formed using a
resistive thin film that has a high and adjustable resistivity, such as silicon chromium
(SiCr) or tantalum nitride (TaN), which makes it possible to adjust the resistance level
specifically for each antenna design. By achieving a proper design of RLL, current
leakage into bias line will reduce to minimum, and antenna performance will be barely

affected.

In order to clarify the working principle of each aforementioned bias line, they are first
analytically designed using closed form equation, and then they are treated as two-port
networks. The simulation results of bias lines are examined first; the advantages and

disadvantages of each bias line are outlined in this chapter.
3.1.1 Coplanar Stripline (CPS) Type of Bias Line

Coplanar striplines have been extensively studied and characterized. The design
variables for a symmetric CPS are the gap between the strips, d, and the width of the
strips, a, as shown in Figure 3.1-(a). Also, the equivalent circuit for CPS is given in
Figure 3.1-(b). In order to obtain the impedance of a symmetric CPS on a substrate of

thickness 4, calculation steps can be given as follows [54];

k= d
2a+d

k'=1-k? (3.2)

@3.1)

22



4h

" )

4h

sinh(nd)

(3.3)

k= J1—k? (3.4)

e, ~1 K (k') K (k)

= k) K (k)

£ (3.5)

Mo K(k)

Z,=

(3.6)

where 1, = /1, / €, , €, is the relative dielectric constant of the substrate, K is the

complete elliptical integral of the first kind.

In order to clarify the behavior of CPS bias line, one of the CPS design, which has a gap
of 36 um and strip width of 2 um, is designed. The value of impedance for designed
CPS is obtained as 197.8 Q by using the formulas (3.1) — (3.6). The CPS design is also
simulated by HFSS, and the two port simulation results are presented in Figure 3.2. It
confirms that the CPS type bias line exhibits a typical transmission line [64] (as
illustrated in Figure 3.1-(b)) behavior with a high magnitude of transmission coefficient,
IS21|, forming a direct path between the probe pads and antenna. In addition to that,
when this type of bias lines are directly connected to the antenna without any
precautions, it will behave as a part of the antenna and contribute to the radiation

because there will be a strong amount of terahertz current leakage on the bias lines.
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a) Coplanar stripline (CPS) design
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Figure 3.1 (a) to (b) Coplanar stripline (CPS) bias line.
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Figure 3.2 Two-port simulation results of CPS

3.1.2 Photonic Band Gap (PBG) Type of Bias Line

The photonic band gap (PBG) bias lines are used as a better alternative to the CPS bias
lines, which is shown in Figure 3.3-(a). In THz photomixer designs, the PBG bias line,
also called as choke filter, behaves as a filter and reduces the THz leakage into lines.
The PBG design is based on CPS discontinuities, which is an addition of metallic load
to constitute a high/low impedance sequences through the CPS bias line. These loads
bring additional capacitance such as parasitic capacitance, which is due to the proximity
of loads, and fringe capacitance, which is due to edge of the loads. The additional
effects of inductance and capacitance on a prototype of a low pass filter (Figure 3.3-(b))
are illustrated in Figure 3.3-(c). In this kind of filters, the cut off frequency is specified
by lengths of the high/low impedances. As an example performance, a PBG structure
with 5 sections of high/low impedances is designed. The design parameters of PBG is as
follows; a =1 um, b = 70 um, ¢ = 2 um, and d = 60 pm. When a 5 sections low pass
filter is designed with these parameters, the inductance and capacitance values can be

obtained as follows: L; = Ls = 33 pH, L; =69 pH, C, = C4 = 0.22 pF.
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a) Photonic band gap (PBG) design bias line.
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Figure 3.3 (a) to (¢) Photonic band gap (PBG) bias line

The PBG design is simulated with HFSS and results are illustrated Figure 3.4, where
one can see that the PBG structure behaves as a low-pass filter with the given
dimensions; hence when it is used as a bias line in a photomixer design, it will provide

isolation between probe pads and antenna above cut-off frequency. On the other hand,
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the PBG bias lines occupy a large metal area, which drastically loads the antenna, and
hence contributes to the radiation. Moreover, the PBG bias lines are still not sufficient
for wide band applications, since the cut-off frequency of the PBG bias line must be

selected at a low frequency, causing the PBG bias line dimensions to grow extensively.
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Figure 3.4 Two-port simulation results of PBG bias line.

3.1.3 Resistively Loaded Line (RLL) Type of Bias Line

In CPS and PBG types of bias lines, it is observed that the dimensions of the bias lines
are much larger compared to the dimensions of the antenna, which directly causes a
considerable distortion on the antenna performance. In addition to that, when CPS and
PBG bias lines are directly connected to the antenna without any precaution, they will
bring additional losses due to the leakage current towards the bias lines. Therefore,
resistively loaded line (RLL) type bias line, which is presented in Figure 3.5-(a), is
proposed as an alternative to CPS and PBG. The equivalent circuit of a RLL design is
illustrated in Figure 3.5-(b), where one can see that the design is same with CPS except
the impedances (Rg;) inserted between much smaller striplines. The proposed idea was

previously introduced for MEMS reconfigurable antennas working in the microwave
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and millimeter-wave frequencies [55 - 57]. The working principle of RLL differs from
CPS. In this scenario, the CPS bias line length is divided into much smaller lengths that
become much shorter than the wavelength in the band of interest so that they do not
load the antenna. The lumped resistors are placed periodically along the divided CPS
bias line. The lumped resistances of the RLL lines are implemented as thin-film SiCr or

TaN resistors. The conductivity of these layers can be tuned so that the lumped

resistance can be easily adjusted in 100 £2-100 k€2 range.
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a) Resistively loaded line (RLL) design
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Figure 3.5 (a) to (b) Resistively loaded line (RLL) bias line.
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As an example performance, a RLL design with 1 kQ resistor is designed and
simulated. It is clearly seen from simulation results in Figure 3.6 that the RLL prevents
the current leakage on the bias lines and guarantees the isolation between the probe pads
and antenna in a wide frequency band. In addition, the value of impedances is varied
between 20 Q to 1 kQ, and it is seen that the isolation between two ports can be still
achieved within these wvalues. Therefore, the distortion on the antenna radiation
characteristics will be minimized when the RLL bias lines with are used. Within a
proper design of RLL, THz transmission will be reduced while providing a perfect

transmission of bias current.

The only drawback of using RLL bias lines for the photomixer antennas is that the
applied DC voltage needed for the operation of the photomixer antenna is increased.

This is because the RLL adds series resistances between the probe pads and antenna.

Typically, the total resistance is in the order of 5 k(2-to-30 k2. Considering that DC

photoconductance of the photomixers is in the order of (10 k)" [26], the bias voltage

should be roughly increased by 1/2 to 3 times of its original value. It is important to
keep in mind that, the effective DC voltage seen by antenna remains unchanged, and

hence, the operation of the antenna is not affected by the addition of the RLL bias lines.
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Figure 3.6 Two-port simulation results of RLL.
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CHAPTER 4

ANTENNAS WITH BIAS LINES

In this chapter, several antennas with different types of bias lines are investigated
numerically to observe the effects of each bias line on antenna radiation performance.
Firstly, some important parameters of antenna are given, and then antennas are designed
first without the presence of any bias lines. Once the antenna performances are clearly
understood then each of the bias lines is connected to the designed antenna in order to

investigate their effects on the performance of the antenna.
4.1. Basic Antenna Theory

In order to select and design antenna integrated with bias lines, design theories have to
be well understood. For this purpose, this subsection is devoted to introduce some basic
antenna parameters. Here, the most important parameters are considered and explained,

and an overview of each is essential to describe antenna’s performance.
4.1.1 Radiation Pattern

The radiation pattern is a graphical (three-dimensional or two-dimensional) or a

mathematical illustration of the radiation properties of an antenna as a function of the
space coordinates defined by the spherical coordinates (Q,gp,r) as shown in Figure 4.1,
where 6 is elevation plane and ¢ is the azimuth plane. It is mostly determined in the far

field region where the spatial (angular) distribution of the radiated power does not
depend on the distance. Radiation pattern gives the power that is radiated or received by
a transmitting or a receiving antenna, respectively, using the angular distribution already
referred. Usually, the pattern describes the normalized field (power) values with respect

to the maximum values. An antenna can have one of the three types of radiation patterns
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such as; isotropic, directional and omni-directional [58]. An antenna can be called as
‘Isotropic’ if it has the same radiation pattern in all direction. This type of pattern is
called as a hypothetical lossless antenna model which can be considered as an ideal
model but not physically realizable. The term ‘isotropic’ is usually taken as the
reference while expressing the directive properties of any antenna. If an antenna can
send/receive radiation energy more efficiently in one or multiple directions than other
directions then it’s called the directional antenna. The omni-directional antenna is one
kind of directional antenna which has a constant (or directional) beam in one plane (6 or
¢ plane) and non-directional in the other plane [58]. The radiation pattern of an antenna
1s many times characterized by its lobes (or beams). The part that concentrates more
radiation is often referred to main lobe. All the other lobes are called minor lobes, but
some of them can have a more specific name also. When some lobe also radiates
(although in a second plan) in another direction than the main lobe, it is called as side
lobe. At last, there are so-called back lobes which make an angle of approximately 180°

to the main beam.

Elevation 0
plane

\ 4

Azimuth plane

Figure 4.1 Spherical coordinate system.

31



4.1.2 Directivity

The term ‘directivity’ can be defined as the ratio of the radiation intensity in a given
direction from the antenna to the radiation intensity averaged over all directions and if
in that given direction the radiation intensity is maximum than it is called the maximum

directivity. The analytical expression can be defined as [58]:

U 4nU
D=—="= 4.1)
U, P

rad
where
D - directivity;

U - concentration of radiated power in a specific direction;

U, - concentration of radiated power of an isotropic reference;
P, - total radiated power.

Note that U is given by:

Prad
U, =—"= 4.2)
Ar

If there 1s no directivity in a specific direction, it means that the radiated power will be

distributed uniformly in all directions; therefore it is referred as isotropic reference.
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Otherwise, there will be directivity in a specific direction if the concentration of power

radiated in that direction is bigger than the one of an isotropic reference.

4.1.3 Gain

The gain is expressed as the ratio of the power radiated by an antenna in a particular

direction to the power that would be radiated if the supposed antenna was radiating

isotropically, emitting the total forward accepted power (at the input terminals) instead

of the total radiated power (at the output terminals), as in directivity. Also, that forward

power is divided by a term4x. Therefore, while in directivity a lossless antenna is

implicit; in gain the losses are considered. This is commonly referred as to absolute

gain, and it is given by the following formula:

g =Y _4u

in

where

G ,, - gain of the antenna;

U - power radiated in a given direction;

U, - power that would radiate isotropically;

P, - forward accepted (input) power.

Now, the relationship between gain and directivity is specified by:
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G=¢-D 4.4)

where:

G - relative gain or absolute gain;

& - antenna radiation efficiency;

D - directivity.

The radiation efficiency comes as:

e = rad (4.5)

where:

P, - total radiated power

Thus, radiation efficiency parameter gives an idea of how much power is radiated by an
antenna when compared to the power that was delivered to the input terminals. The

bigger is the radiation efficiency, the bigger is the gain for the same directivity.

4.1.4 Input Impedance

The input impedance of an antenna is the measure the ratio of the voltage to the current
at its input terminals. Basically, those terminals are a transition between the

transformation of the electric current produced by the transmitter and the
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electromagnetic (EM) waves that will be radiated, work as a load to the transmission
line; therefore, the input impedance is a characteristic that describes and gives an idea of
how powerful the radiation will be, once it is possible to calculate the maximum power
that 1s transmitted to the antenna before emitting the EM waves. The general expression

of input impedance is given by:

Z,=R,+jX, 4.6)

where:

Z, - input impedance in ohms (Q2);

R, - antenna resistance in ohms (Q);

X ,- antenna reactance in ohms (Q).

All these values are pointed to the input terminals of the antenna. R , is:

R,=R, +R 4.7

where:

R, - loss resistance in ohms (Q);

R - radiation resistance in ohms (Q).
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As shown above, input impedance is the sum of a real number and of an imaginary
number. The first specifies the power that antenna radiates or the power that antenna
takes in, while the imaginary part specifies the power that is not radiated by the antenna,

thus retained not far away from its terminals.

4.2. Dipole Antenna

A Dipole antenna is the simplest and most widely used class of antennas. Basically, it
consists of two conductive elements such as metal wires within a fed between them.
They are usually named by their wire longs in wavelength [58]. In planar antennas, the
calculation of a dipole length is also dependent to property of substrate, in which the

relation can be given in terms ofe¢,; by;

+1 e —1 12h\ 2
£ =l 1+ 20 04122 (4.8)
K 2 2 w h

where ¢, is the relative dielectric constant of substrate, / is the thickness of the substrate

and w is the width of the dipole trace. Throughout this thesis study, Gallium Arsenide

(GaAs), which has a ¢ = 12.8, is chosen as a host material for antennas and bias lines.

Thus, effective permittivity is calculated from (4.8) as ¢,= 7.2. Moreover, the

(5

wavelength in planar antennas can be calculated as /4, / where /, is the free space

Eeﬂ ,

wavelength.

As a first test structure for bias lines, a A-long dipole antenna operating at a center
frequency of 400 GHz is designed (Figure 4.2). In order to achieve the specified
operation frequency, the length of dipole is tuned. The design parameters of the dipole
antenna and bias lines are given in Table 4.1. In order to calculate the average

impedance of designed dipole antenna with no bias line, Schnelkunoff’s approach is
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utilized, which is firstly reported by [60]. In this approach, the two arms of printed

dipole antenna are modeled as two conductors of transmission line and the characteristic
impedance of antenna is adopted as;

Z,= 120 [rz (ln(gi)—l)—r] (ln(gi)—l)] 4.9)
= w w

By using the design parameters of dipole antenna listed in Table 1, the impedance of

dipole is calculated by using (4.9) and a value of 570 Q is obtained.

A
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Figure 4.2 The layout of the designed dipole antenna.

Table 4.1 The design parameters of the dipole antenna.

Antenna and substrate parameters Bias line parameters

Parameter Value (um) Parameter Value (um) | Parameter Value (um) Parameter Value (um)

d; 114.5 X 600 a 1 d 60
d, 232 y 400 b 70 e 70
d; 3 C 2 r 1
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Once the characterization of dipole antenna in terms of design parameters and
impedance calculation are achieved, the simulations of antenna with different bias lines
are conducted, and the results are illustrated in Figure 4.3. Note that, the simulation
procedure described in Chapter 2 is followed during the numerical work in this chapter.
Once can see from simulation results that the impedance of antenna with no bias line is
428 Q at 399 GHz. In addition, it can be clearly seen that the CPS and PBG bias lines
change the antenna impedance and operation frequency, whereas RLL bias line keeps
the operation frequency almost the same with the original antenna. It is also observed
that the RLL bias line hardly affects the radiation pattern while the former two types
distort the radiation pattern. This behavior can be more clearly understood once the
current distributions are examined for all cases. The current distributions at highest
intensity of each bias line are presented in Figure 4.4. When CPS bias line is used, a
considerable amount of current leakage is noted on the bias lines; moreover, a standing
wave pattern is clearly observed as expected, proving the transmission line behavior
(Figure 4.4-(a)). Although the amount of current leakage on the bias line decreases
when the PBG bias line is used (Figure 4.4-(b)), it still has a notable effect on antenna
radiation pattern (Figure 4.3-(b)). On the other hand, the intensity of current leakage on
the bias lines are reduced extensively when the RLL bias line is selected, and therefore,
having the closest input impedance and radiation pattern performance compared to that

of the no bias line scenario is explained.
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Figure 4.3 (a) to (b) The simulation results of dipole antenna.
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4.3. Folded Dipole Antenna

Folded dipole antennas (see Figure 4.5) are also employed as photomixer antennas due
to their nature of having high radiation resistance. In a standard dipole the currents
flowing along the conductors are in phase and as a result there is no cancellation of the
fields and radiation occurs. When the second conductor is added to make the folded
dipole antenna this can be considered as an extension to the standard dipole with the
ends folded back to meet each other. As a result the currents in the new section flow in
the same direction as those in the original dipole. The currents along both the half-
waves are therefore in phase and the antenna will radiate with the same radiation
patterns as a simple half-wave dipole. The impedance increase can be deduced from the
fact that the power supplied to a folded dipole antenna is evenly shared between the two
sections which constitute the antenna. This means that when compared to a standard
dipole the current in each conductor is reduced to a half. As the same power is applied,

the impedance has to be raised by a factor of four to retain balance in the equation

Watts = I* X R. In addition, the spacing between two sections of folded dipole is
essential for operating frequency. In order to clarify this effect, folded dipole antennas
with different length of spacing are designed and simulated. The variation of spacing
length is altered between 3 pm and 20 um. One can say from the simulation results
illustrated in Figure 4.6 that the operating frequency is shifted to low frequencies while
increasing the spacing between arms (S1 to S5 from figure 4.6). Hence, the design that
has an operating frequency at 400 GHz (length of spacing = 15 um) is selected in order
to understand the behavior of folded dipole antenna with bias lines. The exact design
parameters of antenna and bias lines can be found in Table 4.2. The same calculation
and simulation steps for the dipole antenna are also applied for the folded dipole
antenna, and simulation results are illustrated in Figure 4.7. It is seen that the CPS and
PBG bias lines reduce the radiation resistance considerably, shift the operating
frequency, and narrow the bandwidth of the antenna (Figure 4.7-(a)). On the other
hand, the RLL bias line causes a much lower radiation resistance drop and operating

frequency shift, and the bandwidth of the antenna stays almost the same.
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Figure 4.6 Folded dipole antenna with different spacing lengths

Additionally, the CPS and PBG bias lines distract the radiation pattern of the antenna
(Figure 4.7-(b)) due to the considerable amount of the current leakage on the bias lines
(Figure 4.8-(a) and Figure 4.8-(b)), while the RLL bias line shows quite similar
behavior with the radiation pattern of original antenna, since the current leakage is
blocked by lumped resistances (Figure 4.8-(c)). As a result, one can say that the RLL
bias line gives a satisfactory improvement compared to the previous two types of bias

lines for the folded dipole antenna.
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Table 4.2 The design parameters of the folded dipole antenna.

Antenna and substrate parameters

Bias line parameters

Parameter Value (um) Parameter Value (um)| Parameter Value (um) Parameter Value (um)
f) 15 X 600 a 1 d 20
f 58 y 400 b 70 e 70
f3 28.5 c 1 r 1

6000 —— T —————————7—
! —=— No Bias Line]
5000 F —— CPS ]
E —— PBG j
= 4000} —— RLL .
G :
<+ 3000F 3
N [ ]
S 2000F ]
o ]
1000 | .
0 [
7360 380 400 420 440
Frequency (GHz)
a) Real part of input impedance
—s=—No Bias Line 0 ——PBG
54
04
5- 300
m )
= 104
EN
Z -154270
§ )
"Q" -10-
1 240
0-
54

180
b) directivity (at 399 GHz)

Figure 4.7 (a) to (b) The simulation results of folded dipole antenna.

43




Jsurfla_per_m]

 BEER e +AEY
7857 e+80Y
cS714e+88Y
35V Ze+0EY
429 +88Y
L9286 +AEY
714 3e+A8Y
 SEE1e+AEY
2858 e+00Y
CB715e+08Y
CE5721e+B0835
Y4294 e+A035
. 2866e+883
C1438e+8835
. BEEE e +AEE

B i R =i N I A e T T LS L T e N R ]

a) Folded dipole antenna with CPS

JsurfLa_per_m]

BEEE e +EE Y
. 785V e+0EY
SV 1Y e+EEY
357 Z2e+0EY
CA4Z9e+0EY
L 9286e+0EY
P14 SGe+0EY
SEE1e+P0EY
. 2855e+0EY
LB715e+0EY
SV 21e+083
4294 e+0E 3
. 286Ge+0E 3
A435e+0E 3
 BEBH e +0EE

Ll R = B e R et R % T L% ]

b) Folded dipole antenna with PBG

44



JsurfLa_per_mn]

 BEEE e +68 4
75T e+EEY
57 1Ye+E8Y
L 357 2e+084
C14Z29e+E8Y4
L9286 +08Y
P14 Ze+E8Y4
L SEEle+E8Y
L 2858e+80Y
LB715e+884
57 21e+B835
4294 e+88 35
. 2866e+B8 3
C14EEe+E8 35
 BEEE e +B8E

| B e R = B Il R e T LS L% T %

¢) Folded dipole antenna with RLL

Figure 4.8 (a) to (¢) The current distributions of folded dipole antenna with bias lines at 399 GHz.

4.4. Archimedean Spiral Antenna

The effects of bias lines on frequency independent antennas are also investigated. An
antenna that can be completely specified by angles is frequency independent [61],
which means that antenna impedance and radiation properties depend on the shape and
dimensions expressed in wavelengths. The archimedean spiral antenna is one of the
popular of frequency independent antenna, hence a self- complementary archimedean
spiral antenna with tapered end is chosen as test structure for bias lines. A spiral
antenna, which is depicted in Figure 4.9 and dimensions are given in Table 4.3, is self-
complementary if the patch and air regions of the antenna are equal. Each arm of an
archimedean spiral is linearly proportional to the angle, ¢, and is described by the

following relationships

r=rg+r (4.10)
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where 7 is the inner radius of the spiral. The proportionality constant is determined

from the width of each arm, w, and the spacing between each turn, s, which for a self

complementary spiral is given by

< y »
4
s . Y
v 'rzlz I _.
x el [ 77 77T

Figure 4.9 The layout of the designed spiral antenna.

Table 4.3 The design parameters of the spiral antenna.

Antenna and substrate parameters Bias line parameters
Value
Parameter Value Parameter Parameter Value (um) Parameter Value (um)
(degree)
I 2 pm X 500 a 2 d 165
Offset angle 90° y 500 b 62 e 60
c 1 r 2
st+w 2w
1, = =— 4.11)
T T
The strip width of each arm can be found from the following equation
n—h
S=E————w=w 4.12)
2N
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If the structure is self-complementary structure then (4.12) can be written as

s=w=2—1 (4.13)

where r, is the outer radius of the spiral and N is the number of turns.

The Archimedean spiral antenna radiates from a region where the circumference of the
spiral equals one wavelength. This is called the active region of the spiral. Each arm of
the spiral is fed 180° out of phase, so when the circumference of the spiral is one
wavelength the currents at complementary or opposite points on each arm of the spiral
add in phase in the far field. The low frequency operating point of the spiral is

determined theoretically by the outer radius and is given by

c

-flow -

— 4.14
27, 19
where ¢ is the speed of light. Similarly the high frequency operating point is based on

the inner radius giving

c

T o = 4.15)

2mr,

In practice the low frequency point will be greater than predicted by (4.14) due to
reflections from the end of the spiral. The reflections can be minimized by using
resistive loading at the end of each arm or by adding conductivity loss to some part of
the outer turn of each arm. Also, the high frequency limit may be less than found from

(4.15) due to feed region effects.
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The simulation conditions for previous antennas are also applied to the spiral antenna.
The simulation results in Figure 4.10-(a) show that the antenna has an input impedance
of 2337 Q at 468 GHz when no bias lines are connected. It is clearly observed from the
simulation results that the input impedance is severely reduced in case of using the CPS
and PBG bias lines. The input impedance for the CPS and PBG bias line cases are 279
Q and 174 Q (both measured at 492 GHz), respectively. Alternatively, the RLL bias
line results in an input impedance of 1776 Q, which is 6 times and 10 times better than
that of the CPS and PBG bias lines, respectively; moreover, it keeps the operating
frequency at almost same value compared to the original antenna with no bias lines. The
current distributions for all three types of bias lines are shown in Figure 4.11 in order to
see their effects clearly on the antenna performance. It is seen from the simulations
results that the CPS and PBG bias lines have a significant intensity of current leakage
into the bias lines (Figure 4.11-(a) and Figure 4.11-(b)), and as a result, the radiation
patterns of the antennas with these bias lines have considerable changes (Figure 4.10-
(b)). On the other hand, the current leakage into bias line is minimized when the RLL
bias line is used, and the radiation pattern remains almost the same compared to the
original antenna with no bias lines. As a result, one can say that the proposed RLL bias
line gives the closest performance among three types of bias lines compared to the

original antenna with no bias lines.
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Figure 4.10 (a) to (b) The simulation results of spiral antenna.
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One can also keep in mind that the investigated spiral antenna exhibits as an one turn
spiral antenna’s property [62]. Naturally, frequency independent antennas exhibit
impedance over a wide band frequency spectrum. However, in order to obtain a high
impedance of spiral antenna, the turn numbers of antenna is reduced. To prove this idea,
spiral antennas that possess different turn numbers are designed and simulated. One can
see from simulation results shown in Figure 4.12 that if the turn numbers are greater
than 2 turns for designed spiral antenna, it behaves as a frequency independent antenna
as explained at the beginning of this subsection. However, if the turn number of spiral
antenna is reduced to 2 or less, the spiral antenna will exhibit high impedance at a
certain frequency. Since high impedance antennas are needed in photomixer design (as
explained in Chapter 1), 1.6 turns spiral antenna is chosen for testing the bias line in this

thesis.

2500 —
2000 F —a— 1.6 turns |
—e— 2 turns
[ —a— 3 turns
/C:\ 1500 | —v— 5 turns
N 1000 f ]
V]
o
500 -
0

200 300 400 500 600 700 800
Frequency (GHz)

Figure 4.12 Archimedean spiral antennas with different turn numbers.

4.5. Log-periodic Antenna

The log-periodic antenna is also one of the popular of frequency independent antenna,
hence a self- complementary log-periodic antenna is chosen as test structure for bias

lines. A log-periodic antenna is self-complementary if the patch and air regions of the
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antenna are equal and the angles of antenna should fulfill the conditiond + 8 = 90°.

There are three basic design principles that symbolize the logarithmically periodic
antenna whose properties vary periodically with the logarithm of the frequency. The
first one is the angle concept. In this design concept, the geometry of the antenna

structure is completely described by angles rather than lengths, d and ff angles as shown

in Figure 4.13. The second principle is that input impedance and radiation pattern of this
type of antenna vary periodically with the logarithm of the frequency [64]. The third
principle is to design the antenna structure where its electrical properties repeat

periodically with the logarithm of the frequency.

The layout of a trapezoidal-toothed log-periodic antenna, which is investigated in this
study, is given in Figure 4.13. It can be seen that the arms of log-periodic antenna are
rotated version of each other. The number of teeth on each side of the center strip

(angular dimension ) should be the same as stagger spaced. Defining R as the

distance from the vertex to the edge of the n” tooth of one side of strip (n =1 for outer
tooth) and #, as the distance from the vertex to the edge of the n” tooth of the other side

of the strip, the scaling ratio for the structure is defined as;

R
o= B (4.16)

and the spacing factor is characterized by

t
= 4.17
o R 4.17)

n

With respect to the logarithm of frequency, the input impedance has a period

J7=0.836. It should be noted that the number of teeth specify the number of

resonance occurred. Hence the designed log periodic antenna is simulated and the result

illustrated in Fig 4.13 indicates that designed antenna is operating between 0.4-1.2 THz
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and six teeth of log periodic antenna excite six resonance behaviors. These resonances

follow the approximate periodicity of Jr= 0.836, which is a natural result of log-
periodic geometry of antenna. Here, the designed antenna is investigated between a

frequency spectrum of 300-750 GHz.

A

S, [dB]

00 02 04 06 08 10 12 14

_40 " 1 " 1

Frequency (THz)

Figure 4.14 Computed return loss of log periodic antenna
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As it is explained at the beginning of this section, self-complementary antennas exhibits
frequency independent impedance which is based Babinet’s principle and can be given

as;

Z,= (4.18)

ZO

where Z, =120 =370Q is the wave impedance in free space. The effective
permittivity ¢ , can be deducted from (4.1) as (er +1)/2. For GaAs substrate

(er = 12.8) the impedance Z , can be calculated from (4.18) as 72 Q.

In order to investigate the RLL bias line performance in log periodic antenna, the bias
lines are connected to the antenna and simulation for each of them is accomplished. The
design parameters are given in Table 4.4. The simulation setup defined previously is
also followed for log periodic antenna. Firstly, it can be seen from Figure 4.15-(a) that
when CPS and PBG bias lines are connected to the log-periodic antenna, they distort the
antenna characteristics. In addition, the resonance frequencies are shifted and the
radiation resistances are reduced significantly, especially for the third resonance around
670 GHz. The radiation patterns are also affected, which can be seen in Figure 4.15-(b)
as an example. The current distributions at highest intensities shown in Figure 4.16 also
support and verify the observation where a strong leakage current is observed for the
CPS and PBG bias line cases and almost no leakage current is observed for the RLL
bias line case. Comparing all three results, one can conclude that using RLL bias lines
improves the log-periodic antenna performance compared to the CPS and PBG bias line

cases and gives the closest results to that of the original antenna with no bias lines.
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Table 4.4 The design parameters of the log periodic antenna.

Antenna and substrate parameters Bias line parameters
Value Value
Parameter Value (um) Parameter Value Parameter Parameter
(um) (um)
X 600 3 30" a 2 d 62
y 400 B 60° b 42.5 e 42.5
length 52 T 0.7 c 1.5 r 2
o 0.87
200 T T T T
—s=— No Bias Line
—o—CPS
150 ——PBG
g
=100
N
[0}
x

50
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5+
54 300
3 -10-
2]
& -154270
§ ]
A -‘IO-.
91 240
0-
54

180

b) directivity (at 558 GHz)

Figure 4.15 (a) to (b) The simulation results of log periodic antenna.
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Figure 4.16 (a) to (c) The current distributions of log periodic antenna with bias lines at 426 GHz.

4.6. The Effects on Radiation Efficiency

It is expected that the lumped resistances used in the RLLs affect the radiation
efficiency of the antenna. As mentioned previously, antenna metals are modeled as
PECs in order to see the effects of the RLLs clearly on the antenna efficiency. It is
observed from the simulation results of the four antennas that the radiation efficiency is
reduced at most 2% when RLL bias lines are employed, and the radiation efficiency can
be increased further by increasing the value of the lumped resistances. In order to clarify
this idea, the designed folded dipole antenna in Section 4.3 is chosen as a test structure
for different values of lumped resistance, which is varied between 250 Q —to- 30 kQ.
The simulation results are shown in Figure 4.17, where one can see that when the
lumped resistance value is increased the performance of antenna with RLL is getting

closer to antenna performance with no bias line. Also, one should note that the
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increasing the value of resistance does not affect the voltage seen by the antenna, which

means that the operation of the antenna remains unaffected.
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Figure 4.17 Folded dipole antenna with different values of lumped resistance

It should also be underlined once more here that the usage of the lumped resistances
effectively blocks the leakage current formed on the bias lines. This is an important
result because the leakage currents on the thin, narrow, and long bias lines is expected
to cause a considerable amount of resistive power loss, which will decrease the antenna
efficiency notably. It is observed from the simulations that increasing the value of
resistance significantly effects the antenna efficiency, which is a direct consequences of
reducing the current leakage into bias lines, hence the closest performance to antenna
with no bias line is achieved when using the highest value of lumped resistance. During
this study, the lumped resistances for each antenna are selected starting from 1 kQ as
resistance values less than 1 kQ did not provide good isolation. Although resistance
values up to 30 kQ are applied for different types of antennas, a resistance level of a few
kQ is sufficient to provide good isolation and recover the original antenna performance

(without any bias lines) for most of the cases.
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CHAPTER 5

CONCLUSION

In this research, a novel DC bias line, namely resistively loaded line (RLL), is
introduced to photomixer antennas. Among the performance affecting factors in
photomixer antennas, DC bias lines are taken into consideration during this thesis.
Therefore, the bias lines that exist in literature are reviewed firstly. Coplanar stripline
(CPS) and photonic bandgap (PBG) type bias lines are mostly being used in photomixer
systems. RLL type bias line is proposed for photomixer antennas. Basic theoretical
background of these bias lines is studied and their two-port network is outlined in order
to understand their behavior when they are implemented in a photomixer design.
Advantages and disadvantages of each bias line are discussed. Once the
characterizations of bias lines are obtained, their applications to antennas are
numerically studied. In order to compare each performance of bias line, various

antennas are designed and numerical study on them is carried out.

HFSS is chosen as designing tool and numerical simulation method for this thesis. Since
accurate simulation depends on proper choice of solution parameter in HFSS, some of
main parameters with various boundary conditions are investigated in this thesis. It is
observed that reducing the max delta S, one of the main solution parameter to be
specified in HFSS, will increase the mesh number, hence the simulation time will be
naturally increase, but more accurate results will be obtained. In addition, it is seen that
PML and ABC boundary conditions will give exactly same results when their airbox
distance to substrate is properly specified. The outcomes of these studies are taken into

consideration during all simulation studies throughout this thesis.

Types of bias lines are studied in terms of two-port network equivalent of each of them.

CPS i1s one of the well known structure and its characterization is well studied. A CPS
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design, which has a characteristic impedance of 197.8 €2, is investigated. It is seen that it

exhibits a typical transmission line behavior, hence it will be the worst candidate for
achieving isolation of probe pads and antennas when they are used in a photomixer
system. PBG type bias line takes place in order to reduce the current leakage into the
bias lines. A PBG design is investigated in this study and it is observed that it operates
as a low pass filter by virtue of holding high/low impedance sections through the bias
line. Although the designed PBG provides isolation above 200 GHz, when it is used in
with photomixer antennas it fails to preserve the performance of antenna with no bias
line due to the large metal sections inserted into photomixer system. RLL type bias line
is proposed due to the challenges discussed above. A RLL design is investigated with

varying the impedance values. It is observed that it provides isolation between probe

pads and antenna even the values of impedance is reduced to 20 €2.

The effect of each bias line on photomixer antenna is investigated. For this purpose,
various antennas such as dipole, folded dipole, spiral, and log-periodic antennas are
designed as test structures of bias lines. Dipole antenna is one of the most popular
photomixer antennas. For that reason, a dipole antenna that operates at 400 GHz is

chosen as a first test structure for bias lines. The designed dipole antenna itself exhibits

an impedance value of 428 (2. The simulation results of dipole antenna indicate that the

closest performance to antenna with no bias line case is achieved by RLL. Next, folded
dipole antenna takes places in photomixer systems due to its nature of having high
radiation resistance. It is showed that the impedance value increases and operating
frequency is decreases when the length between the two arms of folded dipole antenna
is increased. A folded dipole design that operates at 400 GHz is chosen as a test
structure for bias lines, and it is observed that the antenna radiation characteristics
barely effected when RLL type bias lines are used. In order to see effects of bias lines
on frequency independent antenna, two of them, namely archimedean spiral and log

periodic antennas, are designed. The investigated spiral antenna exhibits one turn
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impedance property and gives an impedance of 2337 ) at 468 GHz. Since the high

impedance of antennas is essential in photomixer system the designed spiral antenna is

chosen for bias lines. It is observed that the antenna with CPS and PBG designs exist

impedances as 279 ) and 174 (), respectively. On the other hand, RLL gives an

impedance values of 1776 €2, which is 6 times and 10 times better than that of the CPS

and PBG bias lines, respectively. The investigated log periodic antenna is a 6 toothed
antenna, which indicates the reason of 6 resonances between 0.4 — 1.2 THz. When the
CPS and PBG type bias lines are connected to the log-periodic antenna, it is seen that
they distort the antenna characteristics, and the resonance frequencies are shifted. The
effects of bias lines on all of aforementioned antennas can be more clearly understood
when the current distributions are investigated. Since the CPS and PBG type bias lines
are directly connected to antenna without any precautions, there is a considerable
amount of current leakage into these bias lines, which is the main reason of distortions
on antenna radiation characteristics. On the other hand, RLL barely allows THz current

leakage even with the low lumped impedance values. It should be carefully noted that,

the RLL bias lines are formed with at least 1 k{2 lumped resistance in order to obtain the

least antenna efficiency drop. However, the antenna efficiency can be improved by

using lumped resistance values up to 20 k€2. As a result, with a proper design of

proposed bias line, the performance of photomixer antenna will be barely effected.

As a future work, it can be suggested that proposed bias line can be fabricated and
tested with designed antennas. Then, the experimental results can be used to verify the
simulation results for practical application. In addition, performance of proposed bias

line can be tested for different antennas and for various frequencies.
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