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ABSTRACT

Terahertz (THz) wave radiation, which lies between microwave and infrared,
has attracted many researchers to explore its potentials and to develop the THz wave
technology. Various studies have shown potentials of the THz wave applications to
solve some issues, such as non-destructive inspection of concealed weapons, food
examination, pharmaceutical examination, and analysis of DNA molecules. In the
development of the THz wave technology, source and detector performance, speed
of measurement and cost are some issues for extending the utilization of the THz
waves. Among those issues, we study two optical elements in the THz region to
improve performance of THz systems, which are dielectric silicon lens antenna for
focusing and collimating beams of THz wave radiation and a glass for attenuating
THz wave at frequency 250 GHz applied for a body scanner system.

An extended hemispherical silicon lens antenna is an attractive and a
practical element used in a THz system to focus and collimate beams of THz wave
radiation. By adjusting the extension length to the focal point and placing a detector
or an emitter at around the focus, we can improve coupling efficiency of the THz
system. Because linearly polarized radiation is ordinary in the THz system, a
practical method to calculate a precise profile of power-flow density distribution of
the polarized THz wave radiation is important to design a silicon lens antenna.

In optics, the ray-tracing is widely used to design lenses and to analyze
optical systems. However, if we calculate the power-flow density distribution, the
regular ray-tracing method is not enough to evaluate a correct power-flow density
distribution because it does not take into account transmittances depending on

angles of incidence at different positions on the spherical boundary of the Si-lens.

In this research, we propose a ray-tracing method combined with Fresnel’s
transmission to calculate the power-flow density distribution in a silicon lens

antenna irradiated with linearly polarized THz wave. Fresnel’s transmission is



included in the proposed method to cover accurate transmittance and polarization
dependence of the THz wave radiation.

A material of the dielectric lens considered in this work is high resistivity
silicon, which has a very low dispersion of refractive index and low absorption in
the range of 0.3 — 2.5 THz. Therefore, the proposed method is applicable for

calculating power-flow density distribution in the wide range of THz region.

We consider an extended hemispherical Si-lens antenna with radius of the
hemisphere and length of the extension are two millimeters and one millimeter,
respectively. A parallel beam of THz waves are travelling to the Si-lens antenna.
When the rays pass through the hemisphere boundary, transmittance and refractive
angle of every ray are calculated by using Fresnel’s law of transmission and Snell’s
law of refraction, respectively. By tracing the transmitted rays inside the Si-lens,
the power-flow density distributions are calculated by considering the rays’ path

and the transmittance of the transmitted rays.

We execute an electromagnetic (EM) simulation by using CST Microwave
(MW) studio at frequency 1 THz for incoming radiation with a linear polarization
to compare with and confirm the results of the proposed method. We also compare
our method with a regular ray-tracing of an optical simulator of Zemax to clarify

the difference between them.

The power-flow-density distribution calculated by the proposed method has
a good agreement except for interference and diffraction with the result obtained by
the electromagnetic wave simulator. The result was consistent with each other,
though the EM simulation has effect of interference and diffraction, which are not

considered in our proposed method.

The power transmittance estimated by the proposed method is 68.3% of the
input radiation power; on the other hand the one estimated by the regular ray-tracing



is 70.0% of the value for normal incidence. This shows the proposed method is

necessary for executing the precise calculations.

Our proposed method is so simple and reliable that it is useful for designing
and evaluating THz optical systems using dielectric lens antennas. The evaluation
of the power-flow density distribution by the ray-tracing method with Fresnel’s
transmission will contribute to designing optical elements like dielectric lens

antennas in THz quasi-optical systems.

After the discussion of the proposed method to calculate the power-flow
density distribution, we study attenuation characteristics of soda-lime glass at
frequency 250 GHz. An attenuator is an important element used in a THz system to
prevent saturated power detected by a detector. In this research, we propose a low
cost material of an ordinary glass or also known as soda-lime glass to effectively

attenuate power of THz waves.

We analyze attenuation of the soda-lime glass at frequency 250 GHz from
measurement data by using a pyro detector and a body scanner system. The THz
waves passed through the glass is measured to obtain the measurement data. Some
samples of the glass with different thickness are used in the analysis. Statistical
analysis of the least square method is conducted to calculate the attenuation factor.
To include Fresnel’s transmission and refraction affected by the THz wave
polarization, refractive index of the glass is measured by using a transmission THz

time domain spectroscopy.

The results show that the glass is a potential material used to attenuate the
THz wave. The refractive index measurement shows that the refractive index of the
glass has low dispersion between 0.2 — 1 THz, therefore, the glass can provide an
attenuation element for a wide range frequency. The glass attenuation analyzed
from the pyro detector measurement data are around 0.556 mm™ and 0.4988 mm*
when the analysis conducted without and with consider the Fresnel’s factor,

respectively. The attenuation analyzed from the body scanner measurement without

vi



consider the Fresnel’s factor is around 0.574 mm™, which is close to the pyro
detector result. The results show that the glass is a potential and low cost material

to reduce around half of THz wave power for every 1 mm.

vii



CONTENTS

ACKNOWLEDGMENTS ..ottt et i
ABSTRAGCT ..ttt sttt sttt st et be st b eebe st e eneenas iv
CONTENT S e e e et e e ab e e e e raeeanes viil
LIST OF FIGURES ...ttt X
LIST OF TABLES ..ottt XV
CHAPTER 1 INTRODUCTION ..ottt 1
1.1 Research background ............cccooiiiiiiii e 1
1.2 Materials for THz appliCation ...........ccccooiiiiiiiiiiiiceec e 4
1.3 Quasi-optical iIN THZ SYStEMS.......cccueiiiieiieiieie e 9
1.4 Antennas on dielectric SUDSLIAteS .........cccovveriiiniiieie e, 10
1.5 Design asilicon lens antenna for THz application...........cc.ccocevvvvinennen. 14
1.6 Anextended hemispherical silicon lens antenna.............ccccccoeeverereennenn. 15
1.7  Soda-lime glass for a THz wave attenuator..............cccccvevvevveieeiieseenenn, 17
1.8  Purpose of thiS WOIK..........cccoiiiiiicceccec e 18
1.9 TheSiS OULHNG. .....ccviiiiieece e 19
CHAPTER 2 GEOMETRICAL OPTICS AND FRESNEL’S EQUATIONS FOR
TRANSMISSION AND REFLECTION ...cccvviiiiic e 21
2.1, GeOMELrICAl OPLICS....ccviiieiieiciee et 21
2.2.  Fresnel reflection and transmission coefficient...........ccccoceivviviinieinnnn, 24
2.3.  Reflectance and tranSmIttanCe.........ccoocveiveieriieieeie e 28

CHAPTER 3 METHODHOLOGY TO CALCULATE THE RADIATION-

POWER-FLOW DISTRIBUTION IN A SILICON LENS ANTENNA

IRRADIATED WITH LINEARLY POLARIZED RADIATION .......ccccoevviennnnn. 31
3.1  Model of a Si-Iens antenna...........ccocveieiieiieie e 31
3.2 Method to calculate the power-flow density distribution focused by a Si-

[€NS ANTENNA ...t 33
CHAPTER 4 RESULTS AND DISCUSSION OF POWER FLOW DENSITY IN
A SILICON LENS IRRADIATED LINEARLY POLARIZED THZ WAVE......41

4.1 Transmittance diStribDULION..........ccoeiveieiiiere e 41

4.2  Power flow density distribution for frequencies 100 — 700 GHz............ 44

viii



4.3  Power-flow density distribution at frequency 1 THz ...........ccocvovvvenenen. 51

4.4 Transmitted power focused in the Si-lens extension............cc.ccoeeeveinenne. 59
CHAPTER 5 EXPERIMENT AND ATTENUATION ANALYSIS OF GLASS
AT FREQUENCY 250 GHZ .....coiiiiiiiieee e 62

5.1  Samples of the soda-1ime glass .........cccooviiiiiiiiiiicee 62

5.2  Refractive index measurement with a transmission THz-TDS

MEASUIEIMENT ...t eesne e 63
5.3  THz wave measurement with a THz pyro detector...........cccccevvevvviienen, 66
5.4  THz wave measurement with a body scanner system...........c.ccoceevenene. 69

5.5  Attenuation calculation using data measured with the pyro detector by
least square fit to an arbitrary fuNCtioN...........cccocove e 70

5.6  Attenuation calculation using data measured with the body scanner by

Least Square Fit to a linear fUNCHION .........cccooiiiiiiiiee 74
5.7  Results and diSCUSSION.........cccueiierieieiieii e e e eie e ee e e 77
CHAPTER 6 CONCLUSION ..ottt 80
REFERENGCES ..ottt ettt 82
LIST OF PUBLICATION AND ATTENDED CONFERENCES........................ 88



LIST OF FIGURES

Figure 1-1The electromagnetic spectrum shows a THz gap between the
electronics domain and the photonics domain [1]......ccccccevevievieiiiie i 2
Figure 1-2 Some study of the THz waves applications for (a) inspection a
concealed weapon [4], (b) pharmaceutical examination [9], and (c) non-
destructive food INSPECLiON [8].....cvcvviiiieiieeiie e 3

Figure 1-3 Refractive index of High-resistivity silicon measured with THz Time

Domain Spectroscopy (TDS) in the THZ region. ..........cccovviviiiieienenciesesene 6
Figure 1-4 Absorption coefficient of High-resistivity silicon measured with THz
Time Domain Spectroscopy (TDS) in the THz region. ........cccccvevvvieiievcciicieens 7
Figure 1-5 Resistivity versus impurity concentration at temperature 300 K for (a)
Silicon and (D) GAAS [25] .. ..ecoveiierieiiiee e 8
Figure 1-6 Geometry of antennas on a semi-infinte substrate. (a) Printed dipole.
(D) SIOt dIPOIE [28]. .. eeeveeieiecie et 10
Figure 1-7 Radiation patterns of a printed dipole antenna for different substrates
(28] oottt 11

Figure 1-8 A transmitting antenna on a dielectric substrate showing the rays

trapped as surface waves. The critical angle 8¢ = 300, an appropriate for fused

QUAMZ €1 = 4 [BL]. coeeeiee e 12
Figure 1-9 Dielectric lenses antenna : (a) hemisphere, (b) extended-hemisphere
L2 7] e 13

Figure 1-10 Parallel rays travelling from air to a Si-lens antenna simulated with an
optical ray-tracing SOftware (ZemaxX).........ccevveierererirenese e 17
Figure 2-1 Reflection and refraction of a light ray at the boundary between two
different transparent Media. ..........ceeceiiieiieii e 22
Figure 2-2 Total internal reflection of a ray at the surface of hypotenuse face b in
@ GIASS PIISIM. ..t 23
Figure 2-3 Dispersion of a ray of white light..............ocooiiiii, 24
Figure 2-4 Schematic of a plane of incidence, a ray of incidence, a ray of
reflection, a ray of transmission, and the polarization vector for polarization (a)

perpendicular and (b) parallel to the plane of incidence. .........c.cccceecvvieiivecerinenee. 25



Figure 2-5 Plot for Fresnel reflection and transmission coefficient, which is
calculated from air to water (n=1.33), for (a) perpendicular polarization and (b)
parallel POIAriZation............cccvoi e 28
Figure 2-6 Plot for Fresnel reflectance and transmittance, which is calculated from
air to water (n=1.33), for (a) perpendicular polarization and (b) parallel
POIANIZALION. ... 30
Figure 3-1 (a) Hlustration of a model of a Si-lens antenna and parallel rays of
incoming radiation. (b) Schematic of incoming, reflected and transmitted
(refracted) rays around the boundary of air to a Si-lens antenna. R and d are a
radius of a hemisphere and a length of extension of the hyper hemispherical lens,
FESPECTIVEIY. .o et re e 32
Figure 3-2 E-field vector (E) of an incoming ray on the x-y plane and the two
transmittance components of parallel (EP) and perpendicular (ES) to the plane of
incidence around the hemisphere boundary. ...........ccccccveviiieicic e 34
Figure 3-3 Schematic of a ray of incidence and a ray of transmission around the
boundary of air to the Si-1ens antenNa...........ccceeeieiiiiiiee s 36
Figure 3-4 Square meshes used to calculate the power-flow density distribution

ON The XY PIANE. ..o e 37

Figure 3-5 Illustration of n rays located at a particular unit area with size 4R x 4R.

Figure 3-6 Flow-chart of the proposed method to calculate the power-flow density
distribution and the radii of circles in the Si-lens antenna............ccccoceveiviinnnnne. 39
Figure 3-7 An illustration of linearly polarized plane waves irradiated to the

] 1ol o] [ TSRS 40
Figure 4-1 Transmittance distributions of THz radiation just after passing from air
to the Si-lens for the rays of incidence with linear polarization parallel to x-axis.
(@) Transmittance calculated from the total transmitted-power referred to the
incoming power, (b) the ratio calculated from the parallel component of the
transmitted power to the incoming power, and (c) the ratio of the perpendicular
component of the transmitted power to the incoming POWEr...........cccceevvveiieeinnns 43
Figure 4-2 Transmittances around the hemisphere boundary from air to the Si-lens

antenna on (a) the x-axis and (b) the y-axis. .......cccccoeiiiiiininin e 44

Xi



Figure 4-3 Power flow density distribution at the plane orthogonal to z-axis at z=0
mm calculated with the proposed method...........ccccooviiiiiiiiii e 45
Figure 4-4 Power-flow density distribution simulated by the EM-simulation at
frequency 700 GHz at plane orthogonal to the z-axis at z=0 mm......................... 47
Figure 4-5 Transmitted energy simulated for frequencies 100 — 700 GHz by the
EM-SIMUIBLION ..ottt 48
Figure 4-6 Power-flow density distribution simulated by the EM-simulation at
frequency 700 GHz at plane orthogonal to the z-axis at z=0 mm......................... 49
Figure 4-7 Profiles comparison of the power-flow density distribution at plane
z=0 mm between the proposed method and the EM-simulation simulated at
frequency 700 GHz. (a) at line y=0 mm and (b) at line Xx=0 mm.............c..c........ 50
Figure 4-8 Power flow density distribution comparison calculated with the
proposed method and the EM-simulation at plane orthogonal to z-axis at z=0 mm
(@) at line y=0 mm and (b) at line X=0 MM. .......ccccceiiiiiiiiiiree e 51
Figure 4-9 Power-flow-density distributions on the planes (a) parallel and (b)
perpendicular to the linear polarization of incoming rays with an electric field of 1
V/m obtained by 2D calculation of the ray-tracing with Fresnel’s transmission.. 53
Figure 4-10 Power-flow density distributions on the planes (a) perpendicular and
(b) parallel to the polarization of radiation of incidence, calculated by the EM
simulation for uniform radiation of incidence with linear polarization of the x-axis
direction and electric field of L V/M. ..o 54
Figure 4-11 Comparison of power-flow-density profiles of 2D calculation by the
proposed method with the EM-simulation of CST MW studio. (a) and (b) are the
power-flow-density profiles by the two methods on the plane parallel to the
polarization of incoming radiation at z=0.4 mm and 0.9 mm, respectively. (c) and
(d) are the ones on the plane perpendicular to the polarization of incoming
radiation at z=0.4 mm and 0.9 mm, respectively. .........c.ccooriiiiiiiinnie 56
Figure 4-12 Power-flow-density distributions on planes orthogonal to z-axis
obtained by three-dimensional (3D) calculation using our proposed method for the
incoming radiation with the linear polarization parallel to x-axis and an electric
field of 1 VV/m. (a) and (b) are the power-flow-density distributions on planes at

z=0.4 mm and 0.9 mm, resPeCtiVElY. ........ccccovvi i 57

Xii



Figure 4-13 Encircled power in an aperture referred to the total transmitted power
as a function of the aperture’s radius at (a) z=0.4 mm and (b) z=0.9 mm. ........... 58
Figure 4-14 Comparison of the encircled power in an aperture referred to the total
transmitted power as a function of the aperture’s radius at z=0.4 mm for incoming
linearly polarized rays calculated by our ray-tracing method including Fresnel’s
transmission and the one obtained by the regular ray-tracing. The latter assumes a
constant transmittance of the normal incidence from air to Si........cccccocevcviinenne. 58
Figure 4-15 Radii of circles for 50%, 70 and 90% of the transmitted power in the
cylindrical extension calculated by the ray-tracing with Fresnel’s transmission and
the regular ray-tracing SOftware (ZemaX). ......cccevereereriierienie e 59
Figure 5-1 Schematic of the transmission THz-TDS system [56]..........c.ccccevenene 63
Figure 5-2 THz time domain signal of (a) the reference signal and (b) the sample
signal measured with the transmission THz-TDS..........c.ccooviiiiiinenince 65
Figure 5-3 Refractive index and standard deviation analyzed from the measured
data of the transmission THz time domain SPeCtroSCOPY........cocevvervviviereerreennenn. 66
Figure 5-4 A schematic of measurement setup with the pyrodetector to measure
the THz wave passed through the glass sample. ..........cccooriiniiiiiii 67
Figure 5-5 A schematic of measurement setup to measure the THz waves with the
DOAY SCANNET ...ttt 70
Figure 5-6 A schematic of a ray of incidence, rays of reflection, rays of
transmission and multi-reflection in a glass with thickness d. .............c.cccccoeee. 71
Figure 5-7 Transmittance from air (n1=1) to the glass (n.=2.715) as a function of
angles of incidence. Tp and Ts are transmittance of the incoming radiation whose
polarization are parallel and perpendicular to the plane of incidence, respectively.

............................................................................................................................... 72
Figure 5-8 Sample images measured with the body scanner from three glass
configuration which the total thickness of (a) 6.854 mm and (b) 8.689 mm,
FESPECTIVEIY. .ottt 75

Figure 5-9 Transmittance measured with the pyro detector and fitting plot to an
exponential function without consider Fresnel’s transmission and reflection. ..... 77
Figure 5-10 Transmittance measured with the pyro detector and fitting plot to the

function of Equation 5-4 consider Fresnel’s transmission and reflection............. 78

xiii



Figure 5-11 Signals measured with the body scanner and fitting plot to a linear

FUNCHION. 1ottt sttt re et nee e 78
Figure 5-12 Estimation of transmittance, reflectance and attenuated power of the

glass as a function of the thiCKNESS. .........ccccveiiiieii e 79

Xiv



LIST OF TABLES

Table 1-1 Refractive index of several THz materials at frequency around 1 THz 5
Table 4-1 Location of the focus on the z-axis and length of the radii for some
percentages of the transmitted power calculated by the proposed method........... 60

Table 5-1 Summary of the glass thickness measured by using Nikon Digi micro

Table 5-2 Experiment data of the THz waves passing through the glass measured

WIth the PYro deteCtOr. ... ..o 69

XV



CHAPTER 1
INTRODUCTION

1.1 Research background

Terahertz (THz) wave radiation, which lies between microwave and infrared
or in the range 300 GHz to 10 THz, is in transition between the electronic domain
and the photonic domain. Figure 1-1 shows the electromagnetic spectrum and the
position of the THz wave region [1]. The microwave as well as the infrared has
been explored and developed for a long time ago. In the electronics domain, we are
already familiar with radio communication, radar or microwaves technology terms,
such as high frequency or HF, very high frequency or VHF, and ultra high
frequency or UHF. In the photonics domain, terms, such as visible, x-ray, gamma-
ray, are also well known related with many established technology, such as optical
communications, medical imaging and also astrophysics. However, the utilization
of the THz waves is still under developed even though the frequency region has
many potentials for many kind applications as well. Lack of appropriate equipment,
especially THz wave source, is the main challenge of exploting the THz wave
region [2]. However, since the presence of femtosecond laser and photoconductive
antenna in the 1980°s [3], many researchers have been interested to explore the THz

wave for various applications.
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Figure 1-1The electromagnetic spectrum shows a THz gap between the

electronics domain and the photonics domain [1].

The THz wave has some attractive qualities, for example: it can yield extremely
high-resolution images and move vast amounts of data quickly. It is non-ionizing
meaning its photons are not energetic enough to knock electrons off atoms and
molecules in human tissue, which could trigger harmful chemical reactions. The
waves also stimulate molecular and electronic motions in many materials —
reflection off some, propagating through others, and being absorbed by the rest [2].
At the THz waves, the absorption served as chemical fingerprints can be utilized to
identify spesific or hazardous materials. These special characteristics have attracted
many researchers to explore potentials of the THz wave and to develop THz
technology. Various studies have been reported related to the development of THz
technology for various applications, such as non-destructive inspection of
concealed weapons [4], medical [5], food examination [6] [7] [8], pharmaceutical
examination [9] [10], and analysis of DNA molecules [11]. Figure 1-2 shows the
THz wave applications that have been reported by some researchers. In Figure 1-2
(@), the THz wave can reveal a concealed weapon in a suitcase for security
applications [4]. Another study as shown in Figure 1-2 (b) shows a pharmaceutical
examination of drugs [9]. The other advantage shown in Figure 1-2 (c) is a THz
technology can conduct a non-destructive technique of a food inspection, which do

not destroy the objects while the inspection being done [8].



(@) (b) (©)

Figure 1-2 Some study of the THz waves applications for (a) inspection a
concealed weapon [4], (b) pharmaceutical examination [9], and (c) non-

destructive food inspection [8].

The THz waves also have been studied and recommended to fulfill the demand
for high data access in telecommunication systems [12]. The increasing carrier
frequencies provided by the THz waves can be a solution to provide huge
bandwidth for use in wireless communications. Although atmospheric attenuation
in the THz wave frequency is larger than in the microwave frequency and poses a
problem for using terahertz frequency for long-range communication and radar, the
THz waves offers alternative for future wireless communications systems,

especially for indoor applications such as WLANs and WPANSs [13].

Although many reports have shown potentials of the development of THz
technology, there are some critical issues to develop the THz technology for actual
use, such as lack of appropriate source and detector performance, slow speed of
measurement and high cost of devices necessary for marginal system [14]. An
expected compact THz system should be powerful enough to overcome signal
attenuation, efficient, affordable, and small enough or compact to be deployed
practically in many fields. To make an affordable THz system, more researches are
still needed to provide low cost and more practical techniques in developing THz

systems. Among a lot of issues, in this work, we study two optical elements in the



THz waves region to improve performance of a THz system: a dielectric silicon
lens antenna for focusing and collimating beams of THz wave radiation and a soda-
lime glass as a low-cost THz wave attenuator for attenuating power of THz wave

radiation.

In a device work at high frequencies such as the THz wave region, the silicon
lens antenna is an effective solution to avoid total internal reflection for a THz wave
source made on a finite dielectric substrate; therefore, it can solve the surface
wave’s problem. Because quasi-optical systems are ordinary applied in THz
systems to reduce losses caused by diffraction effects, another advantage of the use
of a silicon lens is able to improve the coupling efficiency of a THz wave source or
a THz wave detector. By placing a THz wave detector, such as a THz bolometer
detector or a THz antenna, in the focus of the silicon lens antenna, we can also
improve its detectivity performance.

Study of the second element (the glass attenuator) is conducted to explore its
optical characteristics as a THz wave attenuator to be implemented in a THz
systems, such as 250 GHz radiation and body scanner system in this research. The
use of the glass attenuator offers low cost material and practical technique to
manipulate power of the THz waves radiation. The glass attenuator is a useful and
practical elements to reduce the THz waves intensity to obtain optimum condition

of the THz waves radiation applied in the THz system.

1.2 Materials for THz application

To design a THz element, we should consider an appropriate material works at
the THz wave region. Optical characteristics of a material in the THz region are
mostly different than in optics. Table 1-1 is a list of some potential materials for
THz elements and their optical constant of refractive index (n), extinction index (k)

and absorption coefficient (a) at frequency around 1 THz.



Table 1-1 Refractive index of several THz materials

at frequency around 1 THz

Materials Refractive Extinction Absorption
index coefficient Coefficient
(n) (k) o (cm™)

High-resistivity Si ! 3.4139 0.0001 0.04
Ge [15] 4.0052 0.00204 0.8549
Quartz (z-cut x-quartz) 2 2.1011 0.0007 0.3012
ZnTe [16] 3.1854 0.00572 2.58
GaAs [17] 3.611 0.0014 0.5867
LiNbO3 [18] 6.70 0.0045 1.8857
GaP [19] 3.3399 0.00453 1.8983
Polyethylene (PE) [20] 1.51381 0.0040 1.6762
Teflon (PTFE) [21] 1.43
Mylar (PET) [22] 1.712
THz Super lens (Tsurupica | 1.52
™) [23]
Glass 3 2.7152

In design a dielectric lens, refractive index of a material is one consideration to
focus or collimate THz beams. A high value of refractive index is necessary to focus
effectively the THz waves by the dielectric lens. As listed in Table 1-1, there are
some materials which have high value of refractive index, if we consider the
refractive index higher than 3, such as high-resistivity silicon, Ge, ZnTe, GaAs,
LiNbO3 and GaP.

! Obtained from transmission THz-TDS measurement
2 Obtained from transmission THz-TDS measurement
3 Obtained from transmission THz-TDS measurement



After we determine the materials with high refractive index, materials with low
extinction coefficient (k) or also known as the imaginary part of the refractive index
and absorption coefficient (o) are important to avoid losses when the THz waves
propagating in the dielectric lens. As listed in Table 1-1, a high-resistivity silicon is
the most appropriate material among those materials in order to make a THz

dielectric lens antenna.

We measure refractive index and absorption coefficient of the high-resistivity
silicon in the THz range for THz elements by using THz Time Domain
Spectroscopy (TDS) to verify its potential. Figure 1-3 shows that refractive index
of the high resistivity silicon has a low dipersion in the THz range (about 0.3 — 4
THz). Another measurement of a silicon by other group also shows comparable
results in the THz range [24]. This characteristic is useful to design a wide band
THz element. Absorption coefficient of the high resistivity silicon as shown in
Figure 1-4 shows that the material has low absorption coefficient not only at single

frequency as listed in Table 1-1 but also in the THz range.

—

s

Refractive index (real)

w

w
o
~

2
Frequency (THz)

Figure 1-3 Refractive index of High-resistivity silicon measured with THz Time
Domain Spectroscopy (TDS) in the THz region®.

4 Obtained from transmission THz-TDS measurement
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Figure 1-4 Absorption coefficient of High-resistivity silicon measured with THz
Time Domain Spectroscopy (TDS) in the THz region®.

Another variable that should be considered to design the THz optical element
IS resistivity (or conductivity) of materials. High-resistivity materials are necessary
to avoid free carrier absorption or to obtain low losses when THz waves propagating
in those materials. Resistivity of materials for THz applications are affected by
impurity concentration. For comparison of the resistivity affected by the impurity
concentration, Figure 1-5 (a) and (b) show resistivity characteristics of silicon and
GaAs as a function of impurity concentration, respectively [25]. Figure 1-5 shows
that the higher resistivity of both materials are obtained when the lower impurity
concentration. At room temperature, the resistivity of silicon as shown in Figure 1-
5 (a) is higher than GaAs as shown in Figure 1-5 (b). By using the high-resistivity
silicon, which has very low absorption coefficient and high resistivity, we can
consider only the real part of the refractive index to design a dielectric lens applied

for a THz system.

5> Obtained from transmission THz-TDS measurement
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Figure 1-5 Resistivity versus impurity concentration at temperature 300 K for (a)
silicon and (b) GaAs [25]

The high-resistivity, the low dispersion of the high refractive index and the low
absorption coefficient in the wide THz range shows that the high-resistivity silicon
is a good candidate material for designing a THz dielectric lens antenna to obtain
effective focusing of THz beams into THz elements (THz wave detecting or

transmitting elements) in a wide range of the THz region.



1.3 Quasi-optical in THz systems

In optics, wavelength of electromagnetic radiation is small compared to size of
the optical components, therefore, the diffraction effect can be ignored. Geometrical
optics is a relevant method to characterize the optical elements. For frequencies
lower than optics where the wavelength is probably becoming comparable to the

size of the optical elements, the diffraction effect become significant.

Methods of propagation, such as coaxial cables, micro strip, strip line, and slot
line, are ordinary applied at radio and microwave frequencies, which almost single-
mode systems. But, losses increases at higher frequencies. On the other hand, we
may consider the lossless of the electromagnetic propagation in free space.
However, any system that would satisfy the optical condition would be impractical

for a relatively large wavelength [26].

In THz systems, quasi-optical systems are ordinary applied as consideration of
the electromagnetic radiation wavelength. In order to solve the diffraction effect, a
coupling element, such as a dielectric lens, is used to couple the free space
electromagnetic propagation into a THz elements or vice versa. The dielectric lens
focuses the incoming radiation into a THz wave detector or collimate the emitted

radiation from a THz wave emitter.



1.4 Antennas on dielectric substrates

Study of a dielectric lens antenna is related with propagation of electromagnetic
waves. Electromagnetic waves are produced by a transmitting antenna. An antenna
placed on a semi-infinite dielectric substrate as shown in Figure 1-6 is most
sensitive to radiation coming from the dielectric substrate side and tend to radiate
most of their power into the dielectric substrate side [27] [28]. The ratio between
the radiation power radiated into the dielectric substrate and radiated to the air is
&,3/2 for an elementary slot antenna and &, for an elementary dipole antenna, where
&, is the relative dielectric constant of the substrate. For instance, Figure 1-7 shows
radiation patterns of a printed dipole antenna for different substrates [28]. If the
dielectric constant of the substrate increases, more radiation will going to the
substrate side. Therefore, in the substrate with high dielectric constant, the radiation

pattern can become unidirectional.

Zz
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,—f&f T /1
ground pltme105 (x) /%//
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(@) (b)

Figure 1-6 Geometry of antennas on a semi-infinte substrate. (a) Printed dipole.
(b) Slot dipole [28].
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E - plane o H - plane

Figure 1-7 Radiation patterns of a printed dipole antenna for different substrates
[28].

For an antenna placed on the dielectric substrate with a finite thickness, from
the ray point of view as shown in Figure 1-8, the rays of incident coming from the
antenna at angles larger than a critical angle are completely reflected back to the
dielectric substrate and trapped in the substrate as surface waves. For example, the
critical angle for fused quartz is about 30 degrees. The trapped rays produce surface
waves which reduce the radiation efficiency of the antenna. The surface wave
should be avoid from the transmitting antenna to obtain good radiation efficiency.

One way to avoid the surface waves is to integrate the antenna on a very thin
substrate, typically less than 0.021, for a dipole antenna and 0.044, for a slot
antenna [29]. We have studied this solution by using electromagnetic simulation
(EM) of dipole and slot antenna on substrate at resonant frequency 1 THz [30].
Although the surface waves can be minimized by using the thin substrate, the main
issue of this solution is the substrate becomes very thin and fragile at millimeter and

sub millimeter-wavelengths in the antenna fabrication process.
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Tropped Rays oy
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Figure 1-8 A transmitting antenna on a dielectric substrate showing the rays
trapped as surface waves. The critical angle 8, = 30°, an appropriate for fused
quartz (g, = 4) [31].

Another attractive method is to place the antenna on the back side of a dielectric
lens antenna which has same dielectric constant [32], therefore, the rays are nearly
normal to the surface and do not suffer total internal reflection as shown in Figure
1-9. If there is no lens attached to the back of a THz source (a THz antenna), most
of the generated radiation remains trapped in the THz source substrate because of
the total internal reflection [33]. The structure of the dielectric lens does not support
surface waves. The dielectric lens also allows free-space propagation of the THz
waves [34]. The use of the dielectric lens antenna takes advantage of the sensitivity
of an antenna to radiation coming from the substrate side and eliminates the surface

waves.
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Figure 1-9 Dielectric lenses antenna : (a) hemisphere, (b) extended-hemisphere
[27].

Generally, there are two types of substrate lens as shown in Figure 1-9:
hemisphere and extended-hemisphere. Both substrate lenses can be used to avoid
the surface waves from the transmitting antenna. The extended hemispherical
dielectric lens antenna is an attractive and practical element used in THz systems to
focus and collimate beams of the THz wave radiation. By adjusting the extension
length to the focal point and placing a detector or an emitter at around the focal
point, we can improve coupling efficiency of the THz system. A study of an
extended hemispherical dielectric lens antenna with a double-slot antenna feed
shows that the directivity, the far-field patterns and the Gaussian-beam coupling
efficiencies are strongly dependent on the extension length (especially at high
frequencies) [29]. The dielectric lens antenna has been used also for focusing,
collimating, expanding and reducing beams of THz wave radiation in quasi-optical
systems such as an emitter and a receiver [35]. The dielectric lens antenna also
provides compactness as well as mechanical rigidity, thermal stability and a

property to eliminate substrate modes of the integrated circuit antenna [36].
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1.5Design a silicon lens antenna for THz application

So far, researches on silicon (Si) lens, as one of the dielectric lens antennas,
have been reported by a number of groups [35] [33] [37] [38]. The Si-lens antenna
have been used widely to improve coupling efficiency in a THz quantum cascade
laser (QCL) [39], a photoconductive antenna (PCA) [40], a hot electron bolometer
(HEB) [41] and an antenna coupled detector [42]. A linearly polarized radiation is
ordinary in the THz systems. Therefore, it is important for designing THz systems
to supply a precise method to evaluate a power-flow-density distribution of
polarized THz radiation in the optical systems using the Si-lens antennas.

In the high frequency (optics), the transmission of a spherical or plane wave
through an arbitrarily curved dielectric interface can be solved by the geometrical
optics theory [43]. By following the Snell’s law of refraction, the rays are bent when
passing through a boundary between the two different media. In a spherical convex
boundary between air and a dielectric material, the rays are converged into a focus.
In an optical, a ray-tracing technique is widely used to analyze beam patterns in the
optical path [35]. In a quasi-optical system, the ray-tracing method based on the
geometrical optics theory is also used to analyze beam of THz wave radiation and
the power-flow density distribution by using a number-density of rays. Because
linearly polarized radiation is ordinary in the THz systems, a practical method to
calculate a precise profile of power-flow density distribution of the polarized THz
wave radiation is important to design a silicon lens antenna. The ray-tracing method
is, therefore, not enough for evaluating correct radiation-power refracted by a lens,
because the incoming rays reaching at different positions on a curved lens-surface
have different angles of incidence and different transmittances according to the

Fresnel’s law of transmission.

Analysis of complex electrically large structures using electromagnetic
analysis method, such as the method of moments (MoM), finite element method
(FEM), and finite difference time domain (FDTD) method, can become prohibitive

due to the need for large computational resources, especially at high frequency,
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such as in the THz wave region [44]. These methods are complete analysis for
electromagnetic problems. These methods are powerfull method applied in
microwave or lower frequencies application. On the other hand, asymptotic
methods such as geometrical optics (GO) [43] and physical optics [45] require much
less computational resources and are effective in modelling electrically large
structures but only for far-field calculations at high frequencies. Spectral Domain
Ray tracing (SRT) based on spectral theory of diffraction (STD) has been proposed
to improve the limitation of the geometrical optics in lower frequencies [44]. The
SRT represented the spectral samples of the plane waves as ray tubes that leave the
source plane and reach observation point. The geometric theory of diffraction
(GTD) is applied to these rays, where they undergo reflections, refractions, and
diffractions. The SRT method is shown to be as accurate as FEM and yet

computationally fast [44] [46].

In this study, we propose a ray-tracing method combined with Fresnel’s
transmission to calculate power-flow-density distribution in a silicon lens antenna
irradiated with linearly polarized THz wave. We present the distribution of power-
transmittance on the spherical boundary of the Si-lens antenna and the power-flow-
density distribution inside the Si-lens antenna calculated by our proposed method.
Our proposed method is a non-electromagnetic calculation method; therefore, it
does not use complex calculations of Maxwell’s equation and can be used to avoid
large calculations due to the large dimension of the silicon lens antenna relative to
the wavelength at the THz region. We compare our results with the calculations by

an electromagnetic (EM) and a regular ray-tracing simulator.
1.6 An extended hemispherical silicon lens antenna

An extended hemispherical dielectric lens is a practical element, since the
dielectric lens coupled to quasi-optical system is simply adjusted by varying the

extension length behind the hemispherical [36]. When the dielectric lens is

irradiated with THz wave radiation, the THz wave radiation passing through the
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hemisphere boundary is focused inside the dielectric lens antenna. The highest
number of power-flow density distribution is existed around the focus in the
extension. If a bolometer type detector which detects the radiation power on its
surface is placed around the focus in the extension, the detector detects the highest
power-flow density. As a result, the detector coupled to the dielectric lens has better
detection than without the dielectric lens. If the silicon lens is coupled to an antenna
type detector, the extension length can be determined by matching the focusing
beam with a main beam of the antenna radiation pattern. In the antenna theory, the
coupling is a similar technique as use the dielectric lens antenna for a reflector
antenna. Therefore, most energy from the focusing beam can be absorbed by the

antenna type detector.

Based on ray-tracing method simulated with an optical ray-tracing software
(Zemax), Figure 1-10 shows a parallel rays of incidence travelling from air to a Si-
lens antenna. On the hemisphere boundary, the incoming rays are refracted and
transmitted into the Si-lens antenna. After passing through the hemisphere
boundary, the rays are collected into a focus in the extension of the Si-lens antenna.
The changes of the rays’ densities indicate the changes of power-flow density
distribution. When we calculate the power-flow density distribution inside the Si-
lens antenna for linearly polarized THz wave radiation, we should consider the THz
wave polarization and transmittances occur at the hemisphere boundary, which is
not considered by the ray-tracing method. Polarization is direction of the
electromagnetic wave’s oscillation. Transmittance is a ratio of the radiation power
passed through the hemisphere boundary to the power of incidence. Based on
Fresnel’s equation of transmission, there are two components of transmittance, i.e.
parallel (Tp) and perpendicular (Ts) components. When a ray come from medium 1
(n,) to medium 2 (n,) with different refractive index, the two components are
determined by the plane of incidence and direction of the THz wave polarization.
The angle of incidence and the plane of incidence for a ray passed through the
hemisphere boundary is different than other rays, therefore, this condition leads to
different transmittances of every ray passing through the hemisphere boundary.

Because the transmittance is a ratio of the transmitted power to the power of
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incidence, the calculation of the power-flow density distribution inside the Si-lens
antenna is not only affected by the density of the rays but also the transmittance
depending on the power of incidence, the angle of incidence, the plane of incidence

and the rays polarization.

Figure 1-10 Parallel rays travelling from air to a Si-lens antenna simulated with an

optical ray-tracing software (Zemax).

1.7 Soda-lime glass for a THz wave attenuator

Among components in a THz system, an attenuator is a component needed to
prevent a saturated power when the THz waves detected by a detector. In general,
two techniques are used to attenuate power of THz waves: metal grid technique [47]
and substrate-based optical elements [48] [49]. The metal grids diffract THz waves
and absorb the rejected power. This technique can provide wide band spectrum
from 0.7 to 1200 um [50]. The precision fabrication of the metal grids and effective
absorption wall are important points to obtain a precise attenuation. The other
technique, which use a substrate with a particular thickness and attenuation level to
attenuate the emitted power, is simpler than the metal grids. A set of the substrate
attenuators can be arranged to achieve different levels of attenuation [51], [52]. To
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be able used in the THz range, a proper material for the substrate attenuator should
have low dispersion of refractive index in the THz range. Optical characteristics,
such as refractive index, absorption coefficient and attenuation level, are necessary
to determine whether a material is appropriate to be used as an attenuator of the

THz waves.

In this research, we propose a low cost material of an ordinary glass or also
known as soda-lime glass to effectively attenuate power of THz waves. We study
attenuation level of the glass at frequency 250 GHz. Three experiments are done to
obtain measurement data for the attenuation analysis: THz wave measurement with
a pyro detector, THz wave measurement with a body scanner system and refractive
index measurement with a transmission THz time domain spectroscopy system
(THz-TDS). By using statistical analysis, we analyze the attenuation measured with
the pyro detector and then compare with results obtained from the body scanner

measurement.

1.8 Purpose of this work

First purpose of this work is to provide a precise method for evaluating power-
flow density distribution focused by a Si-lens antenna irradiated with linearly
polarized THz wave radiation at frequency one THz. The proposed method
combines the ray-tracing method and Fresnel’s transmission to include the linearly
polarized THz wave parameters. The evaluation of the power-flow density
distribution around the focus and the focusing pattern of the transmitted THz wave
power are necessary for designing the dielectric lens, which is used to improve the
THz wave detectors. In this research, we consider a high-resistivity silicon for the
dielectric lens antenna, which has a very low dispersion of refractive index and low
absorption in the THz wave range. Therefore, the proposed method is applicable
for calculating the power-flow density distribution focused by the silicon lens in the

wide range of THz region.
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The second purpose in this thesis is to obtain attenuation characteristics of an
ordinary glass at the THz wave region. The attenution characteristics are studied by
using a 250 GHz THz wave source which radiates the THz waves passing through
the glass. Two method are used to detect the THz wave after passing through the
glass: a THz pyro detector and a body scanner system. A transmission THz Time-
Domain spectroscopy measurement is also conducted to provide refractive index
data of the material for the attenuation analysis. The measured signals as a function
of the glass thickness are analyzed statistically to extract the attenuation variable.
We expect that the glass attenuator as a practical method and also a low cost
component to be applied in THz systems. The attenuation characteristics obtained
from this study can be utilized to improve performance of THz systems, such as to
adjust THz source power irradiated to an object in an active measurement of a THz

body scanner system.

1.9 Thesis Outline

This thesis is organized into six chapters.

Chapter 1 gives an overview of research background, materials for THz application,
quasi-optical systems, antennas on dielectric substrate, design of silicon lens
antenna for THz application, basic principles of an extended hemispherical
dielectric lens, purpose of research, soda-lime glass for a THz wave attenuation and

outline of this thesis.

Chapter 2 is a review of some basic theories underlying the proposed method. The
discussion of geometrical theory as a basis of the ray-tracing method, Snell’s law
of reflection and refraction, and Fresnel equations are reviewed for bridging the

discussion in the next section.
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Chapter 3 explains research methodology of the proposed method. Parameters of
the Si-lens antenna model, derivation of the mathematical calculation, and the

analysis parameters are explained in this chapter.

Chapter 4 is discussing the results of our proposed method and its comparison with
other calculation method (EM simulation and regular ray tracing simulation).
Transmittance distribution of linearly polarized THz wave radiation on the
hemisphere boundary is discussed to understand the effect of the Fresnel’s
transmission. In the extension of the hemisphere, the discussion is done to
understand the power-flow density distribution and the focusing pattern. The
power-flow density distribution of linearly polarized THz plane waves irradiated to
the Si-lens antenna is calculated by the proposed method and compared with the
EM-simulation. The focusing represented with the radius of circles calculated with
the proposed method is compared with the pattern calculated with regular ray-

tracing method to know the effect of the Fresnel’s transmission.

Chapter 5 is discussing experiments and the measurement data analysis to study
attenuation characteristics of an ordinary of soda-lime glass at frequency 250 GHz.
Three measurements (transmission THz time domain spectroscopy, pyro detector,
and body scanner) are conducted to provide the measurement data for the analysis.
Statistical analysis method of least-square to an arbitrary and linear function utilized
to analyze the attenuation characteristics of the observed glass are discussed in this

chapter.

Chapter 6 contains conclusions and provides suggestion of this result to be

considered in the future research.
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CHAPTER 2
GEOMETRICAL OPTICS AND FRESNEL’S EQUATIONS
FOR TRANSMISSION AND REFLECTION

2.1. Geometrical optics

Geometrical optic theory is basic principle of the ray-tracing method. The
method is tracing the path of a ray of light through a system by calculating the angle
of refraction and the angle of reflection at every surface. In this section, we are
discussing three basis laws of geometrical optics, Snell’s law and total internal

reflection [53].

The three laws as the basis of geometrical optics are the law of rectilinear
propagation, the law of reflection, and the law of refraction. The law of rectilinear
propagation states that in a homogeneous medium light travels along straight paths.
To formulate the laws of reflection and refraction, we consider a ray of light
impinging upon a plane surface of separation between two transparent substances,
1 and 2; for example, air and water (Figure 2-1). Assume that each of the two
substances is homogeneous and isotropic, the latter qualification meaning that its
properties are the same in all directions. We find, in general, that the incident ray
splits into two: a reflected ray, which goes back into the medium from which the
incident ray came, and a refracted ray that penetrates the other medium. We also
find that:

1. The incident ray AO, the reflected ray OA’, and the refracted ray OB lie in
a plane perpendicular to the boundary surface, called the plane of incidence.

2. The incident ray and the reflected ray form equal angles with the normal
NN’ to the boundary surface.

3. If 6, is the angle between the incident ray and NN’ (angle of incidence), and

0, is the angle between the refracted ray and NN’ (angle of refraction).
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The last statement, called Snell’s law, has the analytical expression of Equation
2-1. The constant n,, is called the index of refraction of the second medium
relative to the first medium. The index of refraction of substance 1 relative to
substance 2 is the reciprocal of the index of refraction of 2 relative to 1; that is,
ny, = 1/n,,. This amounts to saying that if a light ray can follow the path OAB in
passing from the first medium to the second, it could also follow the inverse path

BOA in passing from the second to the first.

s ni; (2-1)

0,

Figure 2-1 Reflection and refraction of a light ray at the boundary between two

different transparent media.

Notice that the refraction brings a ray closer to the normal or farther from it
depending on whether n,, is larger or smaller than one. If ni> < 1, the angle of
refraction becomes equal to w/2 when sin 61 = n12. For such an angle of incidence,
the refracted angle goes off at a grazing angle. For a larger angle of incidence,
Equation 2-1 cannot be satisfied by any value of #.. The refracted ray no longer
exists and the light ray is completely reflected back into the medium from which it

came. This phenomenon is known as total internal reflection. For example, the

22



index of refraction of water relative to air is (about) 1.33, and that of air relative to
water is (about) 1/1.33. The angle whose sine equals 1/1.33 is 49°. Thus, rays
coming from a source under water are totally reflected at the surface of the water if

their angles of incidence are greater than 49°.

Total internal reflection in a glass prism is often used to deflect a light through
an angle of 90° (Figure 2-2). The cross section of such a prism (called a totally
reflecting prism) is a right isosceles triangle. The light ray enters the prism
perpendicularly through the face a, and strikes the hypotenuse face b at an angle of
45°, which is greater than the limiting angle for total reflection for all kind of glass.
Total reflection at the hypotenuse surface causes the light ray to emerge from the

prism perpendicularly through the face c.

45°

902 c ase

Figure 2-2 Total internal reflection of a ray at the surface of hypotenuse face b in

a glass prism.

The index of refraction is usually slightly different for light of different colors,
which is known as dispersion. When a ray of white light gives rise, upon refraction,
to a fanlike bundle of colored rays as illustrated in Figure 2-3 indicating that the

white light results from the superposition of light of different colors. In this study,
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we assume that we are researching with single wavelength, so that we may neglect

the dispersion.

White

Red

Violet

Figure 2-3 Dispersion of a ray of white light

2.2. Fresnel reflection and transmission coefficient

In this section, Fresnel equations are discussed by considering two types of
wave polarization vector, which are parallel polarization and perpendicular
polarization refer to the plane of incidence [54]. The Fresnel equations of reflection
and transmission are discussed to explain the reflection and transmission
phenomenon of electric field affected by the wave polarization when propagating

between two different medium.

A wave of arbitrary polarization may be described as the superposition of two
orthogonally polarized wave, one with its electric field parallel to the plane of
incidence (parallel polarization) and the other with its electric field perpendicular
to the plane of incidence (perpendicular polarization). These two polarization
configurations are shown in Figure 2-4. Polarization with E perpendicular to the

plane of incidence is also called transverse electric (TE) because E is perpendicular
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to the plane of incidence, and that with E parallel to the plane of incidence is called
transverse magnetic (TM) because the magnetic field that is perpendicular to the

plane of incidence.
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Figure 2-4 Schematic of a plane of incidence, a ray of incidence, a ray of
reflection, a ray of transmission, and the polarization vector for polarization (a)

perpendicular and (b) parallel to the plane of incidence.
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Figure 2-4 (a) shows perpendicularly polarized incident plane wave
propagation come to a boundary between medium 1 and medium 2. Equations 2-2
and 2-3 are expressions for the Fresnel reflection and transmission coefficients in
the perpendicular case, respectively. These two coefficients are formally known as
the Fresnel reflection and transmission coefficients for perpendicular polarization.
The two coefficients are related by Equation 2-4. If medium 2 is a perfect conductor
(n, = 0), Equation 2-2 and 2-3 reduce to rg = —1 and t, = 0, respectively, which
means that the incident wave is totally reflected by the conducting medium or there

are no waves transmitted into the medium 2.

E"g nq cos 0;—ny cos 0,
e =——= 2-2
S Elso nq cos 6;+n; cos 0, ( )
t. = Etg _ 2n4 cos 0; (2_3)
S Eiyg  mnqcos8;+nycos8;
ty=1+rg (2-4)

Figure 2-4 (b) shows parallel polarized incident plane wave propagation come
to a boundary between medium 1 and medium 2. Equations 2-5 and 2-6 are
expressions for the Fresnel reflection and transmission coefficient for parallel
polarization, respectively. The two coefficients are related by Equation 2-7. When
the second medium is a perfect conductor with n, = 0, the incident wave gets
totally reflected at the boundary. This condition is same for both the parallel
polarization and the perpendicular polarization, which givesr, = —landt, =0
meaning that the incident wave is totally reflected by the conducting medium or

there are no waves transmitted into the medium 2.

r = E"p _ micos 6;—ny cos 0; (2_5)
P El,y  nqcos@;+nycosf;

_ Etp _ 2nq cos 6; 2.6
t, = o P - (2-6)
po nq cos O;+ny cos 6;
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cos 0;

t, = (1+1) 0o (2-7)

Figure 2-5 shows Fresnel reflection and transmission coefficient as a function
of the angles of incidence of waves moving from air to water with refractive index
1.33. Figure 2-5 (a) shows the transmission coefficient decreases of the angles of
incidence increases. On the other parameter, absolute of the reflection coefficient
shows that the transmission coefficient increases if the angles of incidence increases.
In the case of the parallel polarization, Figure 2-5 (b) shows a Brewster angle
condition, which is defined as the angle of incidence at which the Fresnel reflection
coefficient equal zero, is occur at about 53 degrees. At the Brewster angle, the
parallel-polarized component of the incident wave is totally transmitted into
medium 2. The Brewster angle is also called the polarizing angle. This is because,
if a wave composed of both perpendicular and parallel polarization components,
the parallel polarized component is totally transmitted into the second medium, and
only the perpendicularly polarized component is reflected by the surface.

These coefficients are fractional amplitudes, and must be squared to get
intensities for reflection and transmission. But, the square of the transmission
coefficient gives the transmitted energy flux per unit area (intensity), and the area
of the transmitted beam is smaller in the refracted beam than in the incident beam
if the refraction is less than that of the incident medium. When we take the intensity
times the area for both the reflected and refracted beams, the total energy flux must

equal that in the incident beam [55].
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Figure 2-5 Plot for Fresnel reflection and transmission coefficient, which is
calculated from air to water (n=1.33), for (a) perpendicular polarization and (b)

parallel polarization.

2.3. Reflectance and transmittance

The reflectivity (also called reflectance in optics) is defined as the ratio of the
reflected power to the incident power. Power of the polarized wave is proportional
to the square of its amplitude. Therefore, the reflectance for perpendicular
polarization and parallel polarization are defined as the square of the Fresnel
reflection coefficient defined by Equations 2-8 and 2-9, respectively.
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Rs = |rs|2 (2'8)
2
R, = |r,| (2-9)

The transmittivity (or transmittance in optics) is defined as the ratio of the
transmitted power to incident power. The incident, reflected, and transmitted waves
have to obey the law of conservation energy. Conservation of the power requires
that the incident power equals the sum of the reflected and transmitted powers.
Therefore, the transmittances for perpendicular polarization and parallel
polarization are defined by Equations 2-10 and 2-11, respectively. Figure 2-5 shows
the reflectance and the transmittance of waves from air to water with refractive
index 1.33. The maximum transmittance of the perpendicular polarization as shown
in the Figure 2-5 (a) is at the zero degrees, then, the transmittance decreseas as the
angle of incidence increase. Figure 2-5 (b) shows the transmittance increases from
zero degree to the Brewster’s angle, then, it decreases afterwards. Because at the
Brewster’s angle can transmit almost perfectly one transmittance component of
non-polarized radiation, the reflected wave become polarized radiation. This

phenomenon is often utilized to polarize the electromagnetic radiation.
T,=1-R, (2-10)

T,=1—-R

) (2-11)

p
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Figure 2-6 Plot for Fresnel reflectance and transmittance, which is calculated from

air to water (n=1.33), for (a) perpendicular polarization and (b) parallel

polarization.
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CHAPTER 3

METHODHOLOGY TO CALCULATE THE RADIATION-
POWER-FLOW DISTRIBUTION IN A SILICON LENS
ANTENNA IRRADIATED WITH LINEARLY POLARIZED
RADIATION

3.1 Model of a Si-lens antenna

A schematic of an extended hemispherical Si-lens antenna irradiated by a
parallel beam of THz wave and incoming, reflected and refracted (transmitted) rays
are shown in Figure 3-1 (a) and (b), respectively. Direction of the ray of incidence
is same as the z-axis direction. The Si-lens antenna consists of two parts: a
hemisphere and an extended cylinder. In this study, the radii (R) of the hemisphere
and the extension length (d) are set to 2 mm and 1 mm, respectively. The sizes are
considered as an appropriate dimension to couple the incoming radiation at
frequency around 1 THz. The material of the lens antenna is high-resistivity silicon

(dielectric constant, &, = 11.7 at 1 THz), which has a very low dispersion of

refractive index and low absorption in the THz wave range [24].

We consider the silicon lens antenna is irradiated with plane waves. The
plane waves is as an approach of far-field radiation from a transmitting antenna.
The wave front of the plane waves are planes, therefore, the plane wave wavefronts

is represented by a parallel rays of incidence.
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Parallel rays Si-lens antenna

Reflected ray

Plane of incidence

09

Ray of incidence

- _, | Refracted ray
(transmission)

(b)

Figure 3-1 (a) lllustration of a model of a Si-lens antenna and parallel rays of
incoming radiation. (b) Schematic of incoming, reflected and transmitted
(refracted) rays around the boundary of air to a Si-lens antenna. R and d are a
radius of a hemisphere and a length of extension of the hyper hemispherical lens,

respectively.

When the parallel rays traveling to the z-direction reach the Si-lens antenna
between air and the hemisphere boundary of the Si-lens antenna, some radiation
power is reflected back to air and the rest is transmitted and refracted. When the
rays of incidence reach the hemisphere boundary, three kinds of angles are formed
as shown in Figure 3-1 (b). The angle of &;, 6r and 6 are the angle of incidence, the
angle of reflection and the angle of refraction, respectively. The three angles are
determined from the normal vector. The normal vector (dashed line) is obtained by
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making a line from the center of the hemisphere to the observed hemisphere
boundary where the rays of incidence hit the hemisphere boundary. For every ray
of incidence, the normal vector, and the ray of refraction (transmission), a plane of
incidence is shown in Figure 3-1 (b) as a rectangular dashed line. In a plane of
incidence, we find that the radius length of the hemisphere is a hypotenuse of a
triangle and the side length in front of the angle of incidence (6;) is square root of
the coordinate of the observed ray on x-y plane. Therefore, we can use Equation 3-
1 to calculate the angles of incidence (6;) for the rays of incidence that reach the
hemispherical boundary. Based on Snell’s law of refraction as defined in Equation
3-2, the angles of refraction (6,) are calculated by considering the refractive index
of air or medium 1 (n, = 1) and the refractive index of the Si-lens material (n, =
V). Because refractive index of the medium 2 is higher than the medium 1, the
angles of refraction (8,) are smaller than the angles of incidence. Therefore, the
transmitted rays seem to be bent after passing through the hemisphere boundary and
collected at around a focus in the extended length. At the boundary, we also
calculate the two component of Fresnel’s transmission depending on the irradiated
waves’ polarization. After passing through the hemisphere boundary, the

transmitted rays are traced in the Si-lens antenna.

0, = sin (£22) (3-D)
0, = sin™?! (%sin(@ﬁ) (3-2)

3.2 Method to calculate the power-flow density distribution focused by

a Si-lens antenna
Based on Fresnel’s law of transmission as defined in Equations 3-3 and 3-

4, we calculate transmittances for all transmitted rays when pass through the

hemisphere boundary by taking into account the angles of incidence (8;), the
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refractive indices of air and silicon (ny, n,), the angles of refraction (6;), the
planes of incidence, and the THz wave polarization. Two transmittance components
(Tp and T) are calculated depending on the THz wave polarization. Wave

polarization is vectors of electric field (E-field) oscillation, which can be divided
into two components, refer to the plane of incidence: the parallel component (E_,;)

and the perpendicular component (L_?;) Figure 3-2 shows the vector of the THz
wave polarization and the plane of incidence (dash line) determine vector of the two
transmittance components of the transmitted rays. In this study, we consider the
direction of the THz wave polarization is parallel to the x-axis (linear horizontal
polarization). The parallel component is the component whose vector is parallel to
the plane of incidence. The perpendicular component is the component whose
vector is perpendicular to the plane of incidence. After the two components are
calculated with Equations 3-3 and 3-4, the transmittances of the transmitted rays
are deduced with Equation 3-5. Angle of 6 calculated by Equation 3-6 is a tangent

function from the observed ray on x-y plane.

A 4

Figure 3-2 E-field vector (ﬁ) of an incoming ray on the x-y plane and the two

transmittance components of parallel (Ep) and perpendicular (Es) to the plane of

incidence around the hemisphere boundary.
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0 =tan”! () (3

After direction and transmittances of the rays passed through the
hemisphere boundary were identified, we trace the transmitted rays travelling inside
the Si-lens antenna. For a transmitted ray travelling from the hemisphere boundary
(point C) to z-axis (point A) as shown in Figure 3-3, it makes a triangle of ABC.
The angle at point A (6,) made by the z-axis and the path of the transmitted rays
can be calculated with Equation 3-7 as a function of the angle of incidence (6;) and
the angle of refraction (68,). By considering the triangle OBC and the length of OC
equal to the hemisphere radius of the Si-lens antenna, the length of BC can be
calculated by Equation 3-8. After the angle at point A (6,) and the length of BC
have been calculated with Equations 3-7 and 3-8, respectively, Equations 3-9 is
used to calculate the length of AB. By using Equation 3-10, we calculate the length
of OA to get the distance from the hemisphere center or the origin of the Cartesian
coordinates to point A. Equation 3-11 is used to calculate the distance of the
transmitted rays from the z-axis. After obtaining the length of y’ from Equation 3-
11 and the angle of 8 from Equation 3-6 for all transmitted rays, we can identify
the position of the transmitted rays on x-y planes at a certain position of the z-axis

in a format of a polar coordinates (y'£6).

0,=6;—-0, (3-7)

BC = Rsin(6,) (3-8)
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Figure 3-3 Schematic of a ray of incidence and a ray of transmission around the

boundary of air to the Si-lens antenna.

Power-flow density distribution for a transmitted ray on planes
perpendicular to the z-axis are calculated by taking into account the Fresnel’s
transmission, and the value of power-flow density in a unit area (VA/m?) of a ray
of incidence. In this study, we determine 1 VA/m? as the power-flow density of the
rays of incidence (P;). The power-flow density of a transmitted ray (Pr) is
calculated with Equation 3-12 as the power-flow density of a ray of incidence (P;)
multiplied by the Fresnel’s transmission (T). Power of the transmitted rays can be
calculated by multiplying the power-flow density and the unit area represented by

the the transmitted rays.

PT = PIT (3'12)
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Figure 3-4 Square meshes used to calculate the power-flow density distribution

on the x-y plane.

After all transmitted ray distribution on x-y planes in the Si-lens antenna
have been calculated with Equation 3-6 and 3-11 and the power-flow density of the
transmitted rays calculated with Equation 3-12, then, we calculate power-flow
density distribution on the x-y planes in the extended length. Figure 3-4 shows
square meshes used to calculate the power-flow density distribution. Because the
power-flow density calculation done on the x-y plane, two-dimensional matrix (m,
n) is used to identify the distribution of the power-flow density. For every square
unit has length of delta (AR), the power-flow density of every unit area is calculated
by summing the power for all transmitted rays which are located in the same unit
area as illustrated in Figure 3-5. The power density at a particular location of (m, n)
is obtained by dividing the total power with the unit area as described in Equation
3-13.

Power — flow density = % [W/m?] (3-13)
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T prays

Figure 3-5 Illustration of n rays located at a particular unit area with size 4R x 4R.

Analysis of the power-flow density focused by the Si-lens antenna is done
by observing the power-flow density distribution of several x-y planes from the
center (z-axis) to the edge of the Si-lens antenna. After the incoming rays passed
through the hemisphere boundary, the power-flow density beams on the x-y plane
are formed in circles. The radii of the circles are used to find differences of the
power-flow density among the observed planes. The radii of circles as a function of
the z-axis (z > 0) will show the focusing pattern in the cylinder extension of the Si-
lens antenna. We calculate the radii for some different percentages of the total
transmitted power in the Si-lens antenna calculated from the center of the circles
(z-axis) to the edge of the Si-lens antenna to show the effect of the Fresnel’s
transmission. The radii for the different percentages are also used to show the
concentration of the power-flow density distribution. Figure 3-6 is a flow chart as
a summary of the steps of the proposed method.
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Figure 3-6 Flow-chart of the proposed method to calculate the power-flow density
distribution and the radii of circles in the Si-lens antenna

In this study, we carry out the ray-tracing including the Fresnel’s
transmittance for the incoming rays with a linear polarization parallel to x-axis. We

deduce x and y components of transmittance from T, and T for each incoming

ray and then x and y components of a transmitted power-flow traveling along each
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refracted ray. We derive a transmitted power-flow densities passing through x-y
planes to the z-direction for the two components of polarization.

To compare with and confirm the results of the proposed method, we are
conducting electromagnetic (EM) simulation with a commercial software of CST
Microwave studio 2014. Under the same parameters considered in the proposed
method, the power-flow density distribution is simulated by radiating THz plane
waves into the Si-lens antenna as illustrated in Figure 3-7. We execute the EM
simulation by CST Microwave (MW) studio at several frequencies at the THz range
(0.1 THZ to 1 THz) frequencies for the incoming radiation with a linear polarization
to see the diffraction effect. We also compare the radii of circles between calculated
with the proposed method and simulated with a regular ray-tracing of an optical

simulator of Zemax to clarify the difference between them.

Plane waves

~

4
XLI

Figure 3-7 An illustration of linearly polarized plane waves irradiated to the

silicon lens.
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CHAPTER 4

RESULTS AND DISCUSSION OF POWER FLOW DENSITY
IN ASILICON LENS IRRADIATED LINEARLY POLARIZED
THZ WAVE

4.1 Transmittance distribution

Before we execute calculation by the proposed method and simulation by the
EM-simulator and the regular ray tracing simulator, we determined simulation
conditions of the Si-lens antenna and the polarized radiation for calculation
conducted by the proposed method. Radius of the hemisphere and length of the
extended hemisphere are 2 mm and 1 mm, respectively. Those sizes is considered
as an appropriate size to be implemented at frequency 1 THz. The dielectric
constant (er) of the silicon material is 11.7. Number of data in the proposed method
calculation is 256 x 256, therefore, the dimension of the unit area is 0.015625 mm
x 0.015625 mm. The THz waves irradiated to the Si-lens antenna have linear
(horizontal) polarization, which is parallel to the x-axis. The electric field (rms) of
the irradiated THz waves is 1 V/m. From the defined electric field, power flow of
the incoming parallel rays in vacuum estimated by considering vacuum permitivity
(e0=8.85 x 102 F/m) and speed of light in free space (Co = 3 x 108 m/s) is 2.7 x 10"
$ Watt/m?. By multiplying the power-flow density with a circular area limited by
the hemisphere boundary, the energy coming to the silicon lens is also able to be
estimated around 3.39 x 108 Watt.

Transmittance in power on a spherical boundary of air to the Si-lens antenna is
calculated for the parallel incoming-rays with linear polarization using the proposed
method. The transmittance shows the ratio between the power transmitted into the
Si-lens antenna and the power coming to the Si-lens antenna. Figure 4-1 (a) is the
transmittance distribution for the incoming rays with polarization parallel to x-axis,
which clearly shows an asymmetrical features. The asymmetrical distribution is due

to Fresnel’s transmission depending on the angles of incidence and the angles
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between the plane of incidence and the polarization-direction of the incoming rays,
which varied according to positions on the spherical boundary surface of the Si-lens
antenna. To obtain more clearly the different profiles of transmittances on position
between the parallel and the perpendicular of the incoming wave polarization,
Figure 4-2 (a) and (b) show transmittance on the x-axis (y=0) and y-axis (x=0),
respectively, when the linearly polarized THz wave radiation pass through the
hemisphere boundary of the Si-lens antenna. On the line y=0, the transmittance

becomes purely T, and the maximum transmittance appears near the edge of the

Si-lens because of the zero reflectance (i.e. 100% transmittance) at the Brewster’s
angle (76.9 degrees) which is close to the edge. On the line x=0, the transmittance
becomes purely T and the maximum transmittance appears at the center because
the reflectance increases and the transmittance decreases monotonously to the edge.
The power transmittance estimated by the proposed method is 68.3% of the input
radiation power; therefore the estimated transmitted power is 2.2775 x 10°% Watt.

The rest of the input radiation power is reflected back to the air.

The incoming rays except for on the lines of x=0 and y=0 have the difference
in Tp and T referred to the plane of incidence defined by a plane composed of z-
axis and the position of incidence, which produces a small component
perpendicular to the polarization of incoming rays. We, therefore, display the ratios
calculated from the parallel and perpendicular components of the transmitted power
referred to the incoming power with a linear polarization in Figure 4-1 (b) and (c),

respectively.
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Figure 4-1 Transmittance distributions of THz radiation just after passing from air
to the Si-lens for the rays of incidence with linear polarization parallel to x-axis.
(a) Transmittance calculated from the total transmitted-power referred to the
incoming power, (b) the ratio calculated from the parallel component of the
transmitted power to the incoming power, and (c) the ratio of the perpendicular

component of the transmitted power to the incoming power.
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antenna on (a) the x-axis and (b) the y-axis.

4.2 Power flow density distribution for frequencies 100 — 700 GHz

In this section, power-flow density distribution comparison between the
proposed method and the EM-simulation is conducted for frequencies 100 — 700
GHz of the plane waves irradiated to the Si-lens. Under the same condition, the
power-flow density distribution located between the backside plane of the
hemisphere and the extended length (at plane orthogonal to the z-axis at z=0 mm)
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is calculated by the proposed method and simulated by the EM-simulation. The
different frequencies conducted by the EM-simulation is to see effect of diffraction
for those frequencies.

Figure 4-3 shows the power flow density distribution at a plane perpendicular
to z-axis at z=0 mm calculated with the proposed method. The power-flow density
distribution is not a circular pattern but ellipse. The power density-profile at the y=0
mm is wider than the power density profile at the x=0 mm. This result can be
explained as the transmittance distribution in the previous section when the
Brewster’s angle occur if the incoming radiation polarization is linear (horizontal)
polarization or parallel to the x-axis. The power flow density around the center
(more than 0.02 Watt/m?) is much higher than power density of the incoming
radiation (around 2.7 x 10 Watt/m?).

y [mm]

X [mm]

Figure 4-3 Power flow density distribution at the plane orthogonal to z-axis at z=0

mm calculated with the proposed method.
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We execute simulation of the power-flow-density distribution for the polarized
rays of incidence by the EM-simulation in order to compare the result of the
proposed method. Linearly (horizontal) polarized THz plane waves are irradiated
to the Si-lens antenna. The electric field (rms) of the irradiated THz waves is 1 VV/m.
We applied perfectly matched layer boundary on the z-axis to perfectly absorb the
plane waves after passing the extended length and to avoid reflection of the plane
waves. On the x-axis and y-axis, we applied periodic boundaries to obtain perfect
plane waves. The distance between the Si-lens antenna and the periodic boundary
is set large to avoid the disturbances of the waves reflected from the adjacent
element of the periodic condition.

Figure 4-4 shows the power-density profile simulated by the EM-simulation at
Frequency 700 GHz at plane orthogonal to z-axis at z=0 mm. The power flow
density distribution is ellipse as obtained by the proposed method (Figure 4-3). The
result shows that the linearly polarized radiation produces ellipsoidal beam patterns,
which are the effect of the Fresnel’s transmission and the circular symmetry
irradiation parallel to the z-axis of the Si-lens. From this result, we calculate the
energy in the circle, which is 3.3376 x 10" Watt. The expected energy following
the law of conservation energy is 2.2775 x 10 Watt. Therefore, correction factor
is necessary to the EM-simulation data for comparison with the proposed method

results.
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Figure 4-4 Power-flow density distribution simulated by the EM-simulation at
frequency 700 GHz at plane orthogonal to the z-axis at z=0 mm.

The energy transmitted into the silicon lens antenna simulated by the EM-
simulation of frequency from 100 GHz to 700 GHz is shown in the Figure 4-5. The
EM-simulation results shows the transmitted energy, which shift to the law of
energy conservation. The discrepancies are affected by diffraction when the
wavelength become more comparable to size of the Si-lens. Other factor is three
dimensional environment simulation performed by the EM-simulation representing
complex conditions which some factor not included in the proposed method. As
shown in Figure 4-5, the difference between two method decreases as the frequency

increases or the wavelength decreases.
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Figure 4-5 Transmitted energy simulated for frequencies 100 — 700 GHz by the

EM-simulation

Figure 4-6 shows the power-flow distribution obtained with the EM-simulation
after applying the correction factor. The ellipsoidal beam patterns is effected by the
Fresnel’s transmission and the circular symmetry irradiation parallel to the z-axis
of the silicon lens. Compared to the proposed method in Figure 4-3, the power-flow
at the center, from the proposed method looks higher than the EM-simulation. At
close to the edge, the power-flow from the proposed method is lower than the EM-
simulation. The two results show that the irradiation of 700 GHz linearly polarized

plane waves suffer diffraction which widen the power flow density distribution.
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Figure 4-6 Power-flow density distribution simulated by the EM-simulation at
frequency 700 GHz at plane orthogonal to the z-axis at z=0 mm.

In order to see more clearly the diffraction effect for the 700 GHz simulation,
Figure 4-7 (a) and (b) show the profiles of the power-flow density distribution on
1-dimension at y=0 mm and x=0 mm, respectively. The results simulated by the
EM-simulation show the wider power-flow profiles and the lower peak value than

the proposed method results.
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Figure 4-7 Profiles comparison of the power-flow density distribution at plane
z=0 mm between the proposed method and the EM-simulation simulated at

frequency 700 GHz. (a) at line y=0 mm and (b) at line x=0 mm.

The effect of the diffraction occur in the Si-lens simulation can be seen in the
EM-simulation for different frequencies as shown in Figure 4-8. The results of the
EM-simulation become closer to the proposed method for the higher frequencies.
From these results, we can conclude that the results at higher frequencies than 700

GHz will give closer and comparable results calculated by the proposed method.
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Figure 4-8 Power flow density distribution comparison calculated with the
proposed method and the EM-simulation at plane orthogonal to z-axis at z=0 mm
(@) at line y=0 mm and (b) at line x=0 mm.

4.3 Power-flow density distribution at frequency 1 THz
We tried three dimensional (3D) EM simulations at plane wave frequency at 1

THz, but we had a serious problem. This is because the size of the Si-lens is much

larger than the wavelength of the THz wave and this condition led to difficulty of
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huge calculations, though the 3D calculation by the proposed method can be
performed more easily than the EM simulation. Therefore, for comparison at
frequency 1 THz, we execute two dimensional (2D) calculations by the proposed
method and simulation by the EM-simulation. The 2D calculations by both methods
are done under the same condition of THz power-flow-density of incoming
radiation with a linear polarization parallel to x-axis and an electric field (rms) of 1
Vim.

Figure 4-9 (a) and (b) are the power flow density distribution calculated by the
proposed method on the plane parallel and perpendicular to the polarization of
incoming rays, respectively. Figure 4-10 (a) and (b) are the power-flow-density
distributions on the plane parallel and perpendicular to the polarization of incoming
rays simulated with the EM-simulator, respectively. The power-flow-density
distributions calculated by the EM simulator on the planes parallel and
perpendicular to the polarization of incoming radiation (Figure 4-10) are similar to
the results of Figure 4-9. The rays are converged by the hemispherical boundary,
and the power-flow density increases to the focus on z-axis in the Si-lens. The
distribution of the power-flow density distribution in Figure 4-9 (a) is wider than
that in Figure 4-9 (b), which is consistent with the transmittance distribution shown

in Figure 4-1 (a).
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Figure 4-9 Power-flow-density distributions on the planes (a) parallel and (b)
perpendicular to the linear polarization of incoming rays with an electric field of 1

V/m obtained by 2D calculation of the ray-tracing with Fresnel’s transmission.
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Figure 4-10 Power-flow density distributions on the planes (a) perpendicular and
(b) parallel to the polarization of radiation of incidence, calculated by the EM
simulation for uniform radiation of incidence with linear polarization of the x-axis

direction and electric field of 1 VV/m.

We observed two locations close to the focus: at z=0.4 mm and at z=0.9 mm.
Figure 4-11 (a) and (b) show the power-flow-density profiles, which are calculated
by the proposed method and the EM-simulation, on the plane parallel to the
polarization of incoming radiation at z=0.4 mm and z=0.9 mm, respectively. Figure

4-11 (c¢) and (d) also show the power-flow-density profiles on the plane
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perpendicular to the polarization of incoming radiation at z=0.4 mm and z=0.9 mm,
respectively. The THz wave radiation is more converged at z=0.9 mm than at z=0.4
mm, and the power-flow-density profiles on the plane parallel to the incoming
polarization are wider than those on the plane perpendicular to the incoming
polarization, which is consistent with Figure 4-9 and 4-10. The results of two
methods have good agreement on both planes parallel and perpendicular to the
polarization of incoming radiation, but the profile of the EM simulation is wider
than the proposed ray-tracing with Fresnel’s transmission, which is because the
proposed method does not include diffraction and the interference of the THz wave
in the calculation. Because the dispersion of refractive index and the absorption of
high-resistivity silicon are very low in the THz region, our method is valid for

estimating the power-flow distribution in the wide frequency range of THz region.

Figure 4-12 is a power-flow-density distribution obtained by three-dimensional
(3D) calculation using our proposed method under the same condition of incoming
rays as in Figure 4-9. The power-flow-density distributions on planes orthogonal to
z-axis at z=0.4 mm and 0.9 mm are shown in Figures 4-12 (a) and (b), respectively.
These show that the linearly polarized radiation produces ellipsoidal beam patterns
even at converging positions, which is the effect of Fresnel’s transmission because
the patterns derived by the regular ray-tracing method have circular symmetry for
irradiation parallel to the central axis of an optical system. From the above power-
flow-density distributions, we can obtain the encircled power in an aperture referred
to the total transmitted power as a function of the aperture’s radius at z=0.4 mm and
0.9 mm as shown in Figure 4-13 (a) and (b), respectively. Figures 4-14 shows the
comparison of the encircled power referred to the total transmitted power as a
function of the aperture’s radius at z=0.4 mm for incoming linearly polarized rays
calculated by our ray-tracing method including Fresnel’s transmission and the one
obtained by the regular ray-tracing method (Zemax, LLC). In the latter, we adopted
a constant transmittance of the normal incidence from air to silicon. This figure
displays the results by the regular ray tracing has the error in the transmitted power
in comparison with the ray-tracing with Fresnel’s transmission. The power

transmittance estimated by the proposed method is 68.3% of the input radiation
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power; on the other hand the one by the regular ray-tracing is 70.0% of the value
for the normal incidence. This shows the proposed method is necessary for

executing the precise calculations.
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Figure 4-11 Comparison of power-flow-density profiles of 2D calculation by the
proposed method with the EM-simulation of CST MW studio. (a) and (b) are the
power-flow-density profiles by the two methods on the plane parallel to the
polarization of incoming radiation at z=0.4 mm and 0.9 mm, respectively. (c) and
(d) are the ones on the plane perpendicular to the polarization of incoming

radiation at z=0.4 mm and 0.9 mm, respectively.
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obtained by three-dimensional (3D) calculation using our proposed method for the
incoming radiation with the linear polarization parallel to x-axis and an electric
field of 1 V/m. (a) and (b) are the power-flow-density distributions on planes at

z=0.4 mm and 0.9 mm, respectively.
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Figure 4-13 Encircled power in an aperture referred to the total transmitted power

as a function of the aperture’s radius at (a) z=0.4 mm and (b) z=0.9 mm.
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Figure 4-14 Comparison of the encircled power in an aperture referred to the total

transmitted power as a function of the aperture’s radius at z=0.4 mm for incoming
linearly polarized rays calculated by our ray-tracing method including Fresnel’s

transmission and the one obtained by the regular ray-tracing. The latter assumes a

constant transmittance of the normal incidence from air to Si.
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4.4 Transmitted power focused in the Si-lens extension

The transmitted power focused in the Si-lens antenna is observed by the
transmitted power from the center (z-axis) to the edge of the Si-lens antenna. Term
of radii of circles for some percentages are distances determined by summing up
the power from the center to the edge of the Si-lens until obtain the determined
percentages of the transmited power. Figure 4-15 shows the comparison of the radii
of circles for some percentages (50%, 70% and 90%) calculated in the cylinder
extension between the proposed method and the regular ray-tracing. By including
the Fresnel’s transmission, the radii obtained by the proposed method are shorter
than the regular ray tracing. This difference shows the power-flow density
distribution in the Si-lens antenna irradiated with the linearly polarized THZ wave
radiation calculated with the proposed method is more concentrated than the results

calculated by the regular ray-tracing.
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Figure 4-15 Radii of circles for 50%, 70 and 90% of the transmitted power in the
cylindrical extension calculated by the ray-tracing with Fresnel’s transmission and

the regular ray-tracing software (Zemax).
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Table 4-1 Location of the focus on the z-axis and length of the radii for some

percentages of the transmitted power calculated by the proposed method

Percentages of z-axis (mm) Radius

transmitted power (um)
(%)

50 0.78 12.99

60 0.76 14.18

70 0.74 21.45

80 0.72 29.99

90 0.70 39.87

100 0.64 93.41

Table 1 is a summary of the focus position at z-axis and the radii length for six
different percentages (50%, 60%, 70%, 80%, 90% and 100%) of the transmitted
power. The location of the radii around the focus at the z-axis, where the highest
value of the power-flow density distribution, decreases once the percentage
increases. The changes of the radii locations are affected by a spherical aberration
factor. The spherical aberration occurs because the Si-lens antenna has a
hemisphere boundary, which is a large relative aperture; therefore, the focus is no
longer a single point. The aperture is a circular are with radius R or the front-view

of the Si-lens.

When we design a THz waves detector, such as a THz bolometer, or a THz
transceiver antenna, which will be coupled to the Si-lens antenna, the information
as shown in Table 1 is useful to find proper size and absorbing pattern (or radiation
pattern of an THz antenna) of the THz waves detector or the THz transceiver. The
appropriate length of the extended length of the Si-lens antenna and the dimension
of THz waves detector or transceiver will improve coupling between the

components. Because high-resistivity Silicon has a very low dispersion of refractive
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index and low absorption in the THz range, our proposed method is applicable for
calculating power-flow density focused by the Si-lens antenna in the wide range of

THz region.
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CHAPTER 5
EXPERIMENT AND ATTENUATION ANALYSIS OF GLASS
AT FREQUENCY 250 GHZ

5.1 Samples of the soda-lime glass

In this section, we discuss samples of the soda-lime glass used in our
experiments. Sizes of length and width of the glass are 10 mm and 10 mm,
respectively. We prepared five glasses with different thickness: 1 mm, 2 mm, 3
mm, 5 mm and 10 mm. The different thickness are used to identify the attenuated
power depending on the glass thickness. To get the real thicknesses, we precisely
measured the samples thickness at number of location on their surface by a digital
micrometer (Nikon Digi micro MF-501) and calculate the mean thickness and their
respective standard deviations. Table 5.1 is a summary of the measurement data.
From this measurement, the thickness from the thinnest glass to the thickest glass
are 1.003 + 0.003 mm, 1.883 + 0.002 mm, 2.837 + 0.002 mm, 4.834 + 0.003 mm
and 9.872 + 0.003 mm. The absolute uncertainties of the measured thickness are
relatively small, which meant that the glasses have uniform thickness. In the next

discussion, we use the mean thickness for analysis of the glass attenuation.

Table 5-1 Summary of the glass thickness measured by using Nikon Digi micro
MF-501

Glass Thickness (mm)

Min 1.001 1.881 2.835 4.832 9.870
Median 1.003 1.883 2.837 4.833 9.872
Max 1.007 1.885 2.839 4.837 9.875
Mean 1.003 1.883 2.837 4.834 9.872
STD 0.00183303 | 0.001345 | 0.001234 | 0.001159 | 0.001607
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5.2 Refractive index measurement with a transmission THz-TDS
Measurement

In our first measurement, we use a transmission THz Time Domain
Spectroscopy (THz-TDS) system to measure refractive index of the glass in the
THz region. The THz-TDS system is same as used in the reference [16] [56]. Figure
5-1 shows a schematic configuration of the transmission-type THz-TDS system. A
THz wave emitter is low temperature gallium arsenide photoconductive (LT-GaAs
PC) antenna, and the detection of the THz wave is done with a zinc telluride (ZnTe)
crystal through electro-optic (EO) effect. Dry nitrogen (Nz) filled the space where
the THz waves emitted, transmitted and detected. When the measurement are
conducted, the glass sample is placed in a sample holder. In this measurement, size
(length x width) and thickness of the sample are 20 mm x 20 mm and 1.883 mm,

respectively.

femtoseconl fiber laser

T — =

1/2 wave plate
probelight l optical delay

=
LT-GaAs
PCA mple hol

pump light H-V

ampHlifier
pheto detector
function
generator
LIA LIA(SIG)
(REF)

Figure 5-1 Schematic of the transmission THz-TDS system [56].
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During the measurement, the THz-TDS records a time-domain pulse of THz
electric field in two conditions: a sample signal passing through the sample under
investigation and a reference signal in the absence of the sample. Figure 5-2 (a) and
(b) show the reference signal and the sample signal recorded with the THz-TDS
system, respectively. Peak amplitude of the sample signal as shown in Figure 5-2
(b) is lower than the reference signal as in Figure 5-2 (a). This is meaning that the
THz wave power is attenuated when propagating in the glass. The time domain
sample signal is delayed due to the optical path length become longer when the

pulse propagating in the sample.

After the reference signal and the sample signal were measured by using the
THz-TDS system, the two signals are used to analyze the glass refractive index. In
order to determine the refractive index, the signals are converted to frequency-
domain by using a standard calculation of fast Fourier transformation (FFT) to
obtain intensity and phase spectra. These spectra are processed further to calculate
the refractive index. Theoretical explanation of this procedure can be found in
reference [16]. Figure 5-3 shows the refractive index and its standard deviation in
the THz range frequency analyzed from the two time domain signals. Figure 5-3
shows that the refractive indices measured with the THz-TDS system are reliable
from 0.2 THz to 1 THz, which allow the glass to works in a wide frequency range.
The refractive index at 250 GHz, which is around 2.715, is considered in the next
section to analyze the glass attenuation. The refractive index is higher than its
refractive index at optics, which is around 1.52.
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Figure 5-2 THz time domain signal of (a) the reference signal and (b) the sample

signal measured with the transmission THz-TDS.
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Figure 5-3 Refractive index and standard deviation analyzed from the measured

data of the transmission THz time domain spectroscopy

5.3 THz wave measurement with a THz pyro detector

After we obtained the refractive index measured with the THz-TDS, the first
measurement for the THz waves passed through the samples is conducted by using
a pyro detector of SPH-CM-Test (made by Spectrum Detector Inc.). Figure 5-5is a
schematic of measurement setup to measure the THz waves by using the pyro
detector. A THz wave source is prepared by using Anritsu MG3692C
RF/Microwave Signal Generator (13.2778 GHz, +10 dBm) combined with a
frequency multiplier of VDI Amplifier/Multiplier (x 18, VDI, WR 3.4). Information
for the others equipment is summarized in Table 5-2.
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Figure 5-4 A schematic of measurement setup with the pyrodetector to measure
the THz wave passed through the glass sample.

Table 5-1 Equipments used in the THz wave measurement with the pyrodetector

Equipment Type
DC power supply Kenwood PR18-1.2A regulated DC power supply
Signal generator Anritsu MG3692C RF/Microwave signal generator

Frequency multiplier VDI amplifier/multiplier chain + WR 3.4
Optical chopper system | ThorLabs optical chopper

Pyro detector SPH-CM-Test (made by Spectrum Detector Inc.)
Oscilloscope LeCroy WaveAce 102 Oscilloscope

Lock-in amplifier SR510 Lock-in amplifier Stanford research systems
Digital function NF digital function generator 0.1 mHz-2 MHz DF
generator 1906

During the measurement for every glass sample, the sample is placed in
between the THz wave source and the pyro detector. Beams of the THz waves from
the THz wave source is irradiated to the sample. After the THz waves passing
through the glass sample, the transmitted THz waves are chopped with an optical

chopper and then detected by the pyro detector. The detected THz waves is
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connected to a lock-in amplifier. The chopper signal is also used as a reference
signal connected to the lock-in amplifier. The output is measured with a multi meter.
The measurement is conducted at room temperature and atmospheric pressure. An
angle of inclination of the glass sample as shown in Figure 5-5 is applied to avoid
the THz waves reflected back to the THz source. The inclination angle should be
considered because it affect the optical path length inside the glass. The angle of
inclination of one glass is different to the others depending on its thickness. The
angles of inclination from the thinnest to the thickest are 18°+0.5° 17°+0.5°
16°+0.5°, 14°+0.5° and 9°+0.5°.

Before we measure the THz waves passed to the samples, we measure the
THz waves detected directly by the pyro detector without passing through the
glasses to get a reference signal. The reference signal is used to calculate
transmittance of the THz waves detected with the pyro detector after passing
through the glass samples. The measurement data (Table 5-2) shows that the power
level of the detected signal decreases when the thickness of the glass increases,
which meant attenuation occurs when the signal travelling in the glass. The detected
signal of one glass is bigger than two glasses, even have totally the same thickness.
The decreasing of the detected power when the THz wave passing through two
glasses is possibly affected by the amount of transmittance and reflectance between
air and the glass on the two glasses configuration is more than the one glass. Other
factor that possibly affect the detected signal is the angle of inclination (8). When
the angle of inclination (8) increases, the thickness of the glass passed through by
the THz wave also increases. For a polarized incoming radiation, the angle of
inclination (0) is also a variable to calculate the transmittance and the reflectance.

In the next discussion, we consider these factors in the attenuation analysis.
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Table 5-2 Experiment data of the THz waves passing through the glass measured

with the pyro detector

Glass Signal (mV)

thickness

‘d’ (mm)
None 4.677
1 2.795
1+1 1.118
2 1.173
2+1 0.501
3 0.631
2+3 0.129
) 0.261
10 0.065

5.4 THz wave measurement with a body scanner system

The second measurement for the THz waves passed through the samples is
conducted by using a body scanner system provided by KSK Corporation.
Schematic of this measurement setup is shown in Figure 5-7. The glasses are placed
between the THz wave source and the body scanner. The body scanner measures
intensity of the THz waves in images. Levels of the detected power are determined
with different brightness of the images. For every measurement for different
thickness of the glass, mean of the measurement data and its standard deviation are

used for the attenuation analysis.
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Figure 5-5 A schematic of measurement setup to measure the THz waves with the

body scanner

5.5 Attenuation calculation using data measured with the pyro detector

by least square fit to an arbitrary function

In order to determine the glass attenuation, the THz waves measured with the
pyro detector are analyzed with nonlinear regression analysis. Transmittance levels
are calculated from ratio between the THz waves passed through the glass and the
THz waves detected without passed through the glass. In order to do the attenuation
analysis, we derive a transmittance function depend on the refractive index, a
transmittance, a reflectance, and the angles of incidence. Figure 5-6 shows a
schematic of a ray of incidence, rays of reflection, rays of transmission and multi-
reflection in a glass with a thickness d. Once a ray of incidence comes from medium
1 (refractive index of n1) to medium 2 (refractive index of ny), the ratio of the power
reflected back to medium 1 to the power of incidence and the ratio of the power
transmitted to medium 2 to the power of incidence are calculated as reflectance (T1)
and transmittance (R1), respectively. After the transmitted ray traveling in the glass
reaches the second boundary, the reflectance (R;) and the transmittance (T;) are
also occur, which have the same value when the ray come from medium 1 to
medium 2. Those reflections inside the glass is named as a multi-reflection

phenomenon.
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Figure 5-6 A schematic of a ray of incidence, rays of reflection, rays of

transmission and multi-reflection in a glass with thickness d.

An angle of inclination of the glass sample as shown in Figure 5-5 is applied
to avoid the THz waves reflected back to the THz wave source. When the angles of
inclination (8) are more than zero degree, the optical path length inside the glass
will increase and become longer than the sample thickness (d). The optical path
length affected by the angles of inclination can be estimated by Equation 5-1. From
the measured thickness of the glasses and the maximum angle of inclination, the
maximum optical path length calculated with Equation 5-1 from the thinnest to the
most thickness of the glasses are 1.007 mm, 1.894 mm, 2.852 mm, 4.853 mm and
9.889 mm.

d

X = -
cos(sin—l(—n1 > 9))
L)

(5-1)

The transmittances are also affected by the THz wave polarization. If the THz
wave polarization is parallel to the plane of incidence, the transmittance increases
as the angle of incidence increases until reach Brewster’s angle as discussed in the
Chapter 2. If the THz waves polarization is perpendicular to plane of incidence, the

transmittance decreases as the angle of incidence increases. Figure 5-7 shows the
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transmittance, both the parallel polarization (T,) and the perpendicular
polarization (Ty), for linearly polarized wave traveling from the medium 1
(n; = 1) to the medium 2 (n, = 2.715). Figure 5-7 shows that the Brewster’s
angle is located at 70° for the parallel polarization. According to the output window
of the frequency multiplier and orientation of the angle of inclination, the
transmittance (T1) and the reflectance (R1) are calculated with Equation 5-2 and 5-
3, respectively, which the THz wave polarization vector is perpendicular to the
plane of incidence. Information of refractive indices (n1, n2), an angle of incidence
(6;) and an angle of transmission(6,) are needed to calculate the transmittance and
the reflectance. Refractive index of medium 1 is refractive index of air (n1=1).
Refractive index of medium 2 is refractive index of the glass obtained from the
THz-TDS measurement (ny = 2.715 at frequency 250 GHz). The angle of incidence
(6;) is the angle of inclination (8) depend on how the sample placed in the
measurement. The angle of transmission (6;) is calculated with Snell’s law of

refraction.
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Figure 5-7 Transmittance from air (n1=1) to the glass (n.=2.715) as a function of

angles of incidence. Tp and Ts are transmittance of the incoming radiation whose

polarization are parallel and perpendicular to the plane of incidence, respectively.
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n41c0860;—n,c050; |2
R1 — 1 i 2 t (5_2)

nicos0i+n,cos6;
T1 = 1 - Rl (5‘3)

As shown in Figure 5-6, the total power of the transmitted THz waves is the
summing of the power transmitted from medium 2 to the medium 1 which travels
in the right direction. Equation 5-4 is a derivation of the total transmitted power,
which is depend on the transmittance (T1), the reflectance (R1) and the optical path
length (x).

T12e—ax
T =—5——
1-Ry“e~2ax

(5-4)

To find a solution for Equation 5-4, we can use Least Square Fit to an arbitrary
function including experiment data of the pyro detector [57]. To simplify Equation
5-4 into one coefficient of the glass attenuation (a), we can use the refractive index
glass, which were measured by the transmission THz-TDS system. Therefore, the
solution for the glass attenuation (a) can be calculated statistically by using the
THz wave measurement data for the dependent variable of T and the glass thickness

for the independent variable of x.
2 — Ayi\?
X% =% () (5-5)
Ifo, =0
Ay;\2
22 =%i(L) = S Xiay)?

g

oyt = YiBy)? = Ny — y(x))"  (5-6)
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Chi-square (x?) in Equation 5-5 is a statistic which characterizes the
dispersion of the observed data from the expected data. The numerator of Equation
5-5 is a measure of the spread of the observations; the denominator is a measure of
the expected spread. Least-squares fitting procedure is done by minimizing y? with
respect to each of the coefficient. The minimum value of the function of Equation
5-5 expanded into Equation 5-6 is one which yields a value of 0 for the partial
derivatives with respect to each of the coefficients. Because we want to solve the
coefficient of a, the partial derivatives of Equation 5-6 with respect to coefficient a

(Equation 5-7) should be solved.

2o =2 [n(yi-y@x) | =0 )

We use the statistical method of least square fit to an arbitrary function to
analyze the measurement data of the pyro detector. We consider the total
transmittance equations (Equations 5-4) and the glass refractive index measured
with the transmission THz-TDS system to calculate the glass attenuation. We utilize
Matlab Curve Fitting Tool to make a fit plot and to calculate the glass attenuation.
As a comparison, we calculate the glass attenuation as a function of the glass
thickness by using an exponential function analysis without consider the

transmittance factor.

5.6 Attenuation calculation using data measured with the body scanner

by Least Square Fit to a linear function

Data analysis of the measurement data obtained with the body scanner
measurement are conducted for the detected signal in form of images. Figure 5-8
shows two sample images captured with the body scanner. The brightness levels in
those images show the levels of the power detected by the body scanner depend on
the glass thickness. An area around center with low scale is an area of beam
covering the THz wave source. Those areas of the images captured from varying
the glass configuration are analyzed to obtain the glass attenuation. Mean and
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standard deviation are two parameter considered in the attenuation analysis. The
transmitted power levels are determined by differences between mean of the
measurement data, which is the area covering beams of the THz wave source, and
a reference data as defined in Equation 5-8. The reference data is the background
data or the area where the beams of the THz wave source is not covered. Equation
5-9 is an exponential equation to calculate the attenuation coefficient (o). Equation
5-10 is a modification of Equation 5-9 to simplify the attenuation analysis by the
statistical method of least square fit to a linear function. To get the proper standard
deviation data from the measurement needed for the attenuation analysis, Equation
5-11 is used to transform the standard deviation, which is initially described in
Equation 5-8.

x10°* x10°*

13.2

13.5

128

126

(a) (b)
Figure 5-8 Sample images measured with the body scanner from three glass

configuration which the total thickness of (a) 6.854 mm and (b) 8.689 mm,

respectively.
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y=u-v->0’=0,°+0,° (5-8)

y=ce (5-9)
=Iny=Inc—ax (5-10)
=In(y) > oy = % (5-11)

Equation 5-12 is a general linear function to apply the least-squares fitting to
linear function. Equation 5-10 has same form with Equation 5-12. Least square fit
to a linear function (Equation 5-12) is used to analyze the attenuation factor
(b = a) of the glasses. Equation 5-13 — 5-15 are coefficients of the least-squares

fitting. Uncertainties of the coefficients are formulated in Equations 5-16 and 5-17.

y(x) = a+ bx (5-12)
pEsaosa®) 6w
b=;(C52 B -r5rY) (5-14)
A=355%  (2%) (5-15)
c,2 :i U_Z (5-16)
o =13 (5-17)
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5.7 Results and discussion

In the pyro detector measurement data, Figure 5-9 shows the transmittances,
which are determined as the ratio between the THz wave power passed through the
glass and the power detected directly without passing through the glass. Figure 5-9
and Figure 5-10 show the fitting plot to an exponential function and the function
described in Equation 5-4, respectively. The attenuation analyzed from the pyro
detector measurement data are around 0.556 mm™ and 0.492 mm™ when the
analysis conducted without and with consider the Fresnel’s factor, respectively. The
lower attenuation level in Figure 5-10 is caused by the transmission and the
reflection occur in the boundary between the glass and air. These factors have a
contribution to reduce the transmitted power. Therefore, the attenuation analysis in

Figure 5-10 is lower than in Figure 5-9 for the same detected power.
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Figure 5-9 Transmittance measured with the pyro detector and fitting plot to an

exponential function without consider Fresnel’s transmission and reflection.
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Figure 5-10 Transmittance measured with the pyro detector and fitting plot to the

function of Equation 5-4 consider Fresnel’s transmission and reflection.

In the body scanner measurement data, the signals are determined as the
differences between means of the beams area and means of the background. Figure
5-11 shows the measurement data and its fitting plot to a linear function of Equation
5-11 which not to include the Fresnel’s factors. The attenuation is around 0.574

mm* which is close to and clarify the pyro detector result.
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Figure 5-11 Signals measured with the body scanner and fitting plot to a linear

function.
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The attenuation analysis from the data measured with the pyro detector as well
as the body scanner show that the THz wave is attenuated around half for every one
millimeter thickness of the glass. After we obtain the glass attenuation, we can
estimate the attenuated power and the reflected power. Figure 5-11 shows an
estimation of the transmittance, the reflectance and the attenuated power (in ratio
to the initial emitted power).
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Figure 5-12 Estimation of transmittance, reflectance and attenuated power of the
glass as a function of the thickness.
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CHAPTER 6
CONCLUSION

We calculate and display the 3D power-flow-density distribution in an
extended hemispherical Si-lens by the proposed ray-tracing method including
Fresnel’s transmission for incoming THz rays with linear polarization. Our
proposed method is consistent with the electromagnetic simulation except for the
effect of diffraction and interference. Our method has advantages over the EM
simulation in simplicity and convenience and over the regular ray-tracing in terms
of preciseness in the calculation of the transmitted power-flow density in optical
systems using Si-lens antennas. Because both dispersion of refractive index and
absorption in high-resistivity Silicon are very low in the THz region, our proposed
method is valid for estimating the power-flow-density distribution in the wide
frequency range of THz region. The ray-tracing method with Fresnel’s transmission
will contribute to designing optical elements like dielectric lens antennas in THz

quasi-optical systems.

We have measured and analyzed optical characteristics of refractive index
and attenuation of soda-lime glass at frequency 250 GHz. The study of soda-lime
glass attenuation at frequency 250 GHz is conducted by using measurement data
obtained from the three measurement setup: the THz signal measurement with pyro
detector, the THz signal measurement with body scanner system and the refractive
index measurement with transmission THz time domain spectroscopy (THz-TDS)
system. The refractive index measurement shows that the refractive index of the
glass has low diffraction between 0.2 — 1 THz, therefore, the glass can provide an
attenuation element for a wide range frequency. The refractive index (around 2.715
at frequency 250 GHz) is higher than its refractive index at optics which is around
1.52. The glass attenuation analyzed from the pyro detector measurement data are
around 0.556 mm™ and 0.4988 mm™ when the analysis conducted without and with
consider the Fresnel’s factor, respectively. The attenuation analyzed from the body

scanner measurement without consider the Fresnel’s factor is around 0.574 mm™,
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which is close to the pyro detector result. The results show that the glass is a
potential and low cost material to reduce until half of THz wave power for every 1

mm.
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