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ABSTRACT

DETERMINATION OF OPTICAL CONSTANTS BY USING THZ TIME-
DOMAIN SPECTROSCOPY

HAFFAR, SALAH
M.Sc. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Ugur Cem HASAR
May 2017
58 pages

The Terahertz (THz) time-domain spectroscopy represents the spectrum region
between the microwave and the infrared with a range between 0.1-30 THz. In recent
years, the THz spectrum have received great attention of the scientific community
because of its non-destructive testing properties and its unique applications in various
fields. In order to effectively use the functionality of THz spectroscopy, optical
properties of materials should be extracted accurately and correctly. This thesis focuses
on proposing a new method for extracting optical constants of low-loss or lossless
materials using reflection-only signals.

We applied the following steps for validation of our method. First, time-domain signals
of the sample (Si or GaAs) with/out a perfect electric conductor (PEC) backing are
simulated using a commercial 3D electromagnetic simulator program (CST
Microwave Studio©). Then, appropriate windows are applied to sample out the
required components of the reflected signal and transmitted signal (for comparison).
Next, fast Fourier transform algorithm was implemented to transform the time-domain
signal components into frequency-domain signal components. Finally, frequency-
domain signal components are utilized to extract the optical properties of the analyzed
sample.

The advantages of the proposed method are that it doesn’t require the application of
any numerical technique with an appropriate initial guess, and it uses only reflection
properties so that the proposed formula is applicable to optical characterization of
samples backed by a PEC.

Keywords: Optical constants, self-calibration, reflection-only, time-domain
spectroscopy



OZET

THZ ZAMAN UZAYI SPEKTROSKOPISIiSiNi KULLANARAK OPTIiK
SABITLERIN HESAPLANMASI

HAFFAR, SALAH
Yiiksek Lisans Tezi, Elektrik-Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Ugur Cem HASAR
Mayis 2017
58 sayfa

The Terahertz (THz) zaman-uzay1 spektroskopi, 0.1-30 THz frekans araligina tekabiil
eden mikrodalga ve infrared bdlgeleri spektrumlar1 arasinda yer almaktadir. THz
spektrumu, tahribatsiz test imkan1 saglamasi ve farkli alanlarda 6zgiin uygulamalarda
kullanilabilmesinden dolay1, yakin zamanda bilim camiasinin ilgisini ¢ekmistir. THz
spektroskopinin fonksiyonel bir bicimde kullanilabilmesi i¢in malzemelerin optik
ozelliklerinin dogru ve hassas ¢ikarimi 6nem arz etmektedir. Bu tez kayipsiz ve az-
kayipli malzemelerin optik sabitlerinin ¢ikarimi i¢in sadace yansima sinyali bilgisini
kullanan yeni bir yontemin gelistirilmesi tizerinedir.

Onerilen ydntemin dogrulanmasi igin su adimlar uygulanmistir. ilkin, miikemmel
elektrik iletken (PEC) ile sonlandirilmig/sonlandirilmamis 6rne§in zaman-uzayi
sinyalleri ticari 3 boyutlu bir elektromanyetik program ile (CST Mikrodalga
stidyosu©) benzesimleri elde edilmistir. Sonrasindan, yansiyan ve iletilen sinyallerin
(karsilastirma i¢in) istenilen bilesenleri uygun pencere ile 6rneklenmistir. Ardindan,
zaman-uzay1 sinyal bilesenleri frekans-uzay1 bilesenlerine hizli Fourier transfromu
algoritmas1 kullanilarak ¢evrilmistir. Son olarak, frekans-uzay1 sinyalleri kullanilarak
analiz edilen 6rnegin optik 6zellikleri ¢ikarilmagtir.

Onerilen ydntemin avantajlar1, uygun baslangi¢ sartina sahip her hangi bir niimerik
yontemin uygulanmasina ihtiyag duymamasi ve yontemin uygulanmasinda sadece
yansima Olgiimleri kullanildigr i¢in PEC ile sonlandirilmis o6rneklerin optik
karakterizasyonu i¢in uygulanabilir olmasidir.

Anahtar kelimeler: Optik sabitler, 6z-kalibrasyon, sadece-yansima, zaman-uzay1
spektroskopisi
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CHAPTER 1

INTRODUCTION

Over the last decades the THz technologies has received a lot of interests among sci-
entists due to its applications and benefits in various fields. THz spectroscopy has
been applied in different areas, including bio-medical, pharmaceutical, security, and
non-destructive testing . The research interests have focused on the generation and de-
tection the THz spectroscopy for the aforementioned. In our work we will be focusing

on proposing a method that can be used in non-destructive applications.

1.1 Definition of THz spectroscopy

The THz region is the electromagnetic spectrum whose frequency lies in between the
microwave and infrared region of the spectrum with a commonly used frequencies

across (0.1-30) THz [1].

1.2 Terahertz Band

The Terahertz band is the spectrum of the THz region radiation. Some researcher
communities called it Terahertz radiation and thats simillalry to micowave, x-ray, and
Infrared radiations [1]. Others called it the T-ray which is the most common name
among researchers[1]. The Figure 1.1 [1] shows the T-ray band spectrum with its

mostly used parameters.
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Figure 1.1: The T-ray Band electromegnatic spectrum

From Figure 1.1 we can define some basic definitions as the following:

e Frequency: f =1 THz = 1000 GHz .

e Angular frequency w =2 7 f ~ 6.28 THz .
e Period : 7=1/f =1 ps.

e Wavelength : =c¢/f ~ 0.3 mm.

e Photon energy : hf = hw = 4.14meV.

e Wave Number : k =k/27 =333 cm™1.

e Temperature : T = hf/ k, = 48K.

where ¢ denotes the speed of light in space, / is the Planks’ constant, and k; is the

Boltzmanns constant.



1.3 THz Applications

There are a verity of application that uses the T-ray spectroscopy and we can explain

this usage breifly as follows:

1.3.1 Pharmacitical Industry

The THz spectroscopy can be used to perform coating to drug tables by taking a 3D
image and apply an analysis to it to examine the thickness and integrity and to iden-
tify the perfect localization of the chemical and phisical structure of the sample under

scanning [2].

1.3.2 Medicine and Biology

Lots of studies showed the benefits of using the T-ray spectroscopy in the medical and
biological feilds. For exsample using the terahertz radiations to inter molecular and
intramolecular vibrations to enable the investigations of the crystalline state of a drug
[2]. Similar to X-rays , terahertz radiations have a low photonic energy which doesn’t
cause a harmful damage to the human’s tissues so some of the terahertz frequencies
with its capability of penetrating can be used for detecting the differences in the water
content and tissue density [2]. The THz spectroscopy can also be used for detecting
the molecular interactions that occur in the compunds formed by the hydrogen bonds

and hydration reactions, Figure 1.2 shows the detection of the molecular bonds [3].

THz Images
Frequency

jevees

Optical Density

Frequency
THz Spectrum

Figure 1.2: A THz spectroscopy relation with different molecular bonds



1.3.3 Cultural Heritage

Because THz spectroscopy has a non-destructive propority, a lot of researchers used a
wide range of THz frequency spectrum that can penetrate plaster, wood and ceramics
[4] . Than to this properties it can show valuable information about the life history and

construction of the studied samples.

1.3.4 Security and Quality Inspection

Harmful objects that have been hidden in several kind of clothes or fabrics can be
detected by using different THz band frequencies [5]. On the other hand concealed
objects can be investigated by measuring the radiometric temperature under the human
clothing using the terahertz imaging by using broadband different terahertz images [7].

Figures 1.3 [5] and 1.4 [2] illustrate the scanning application of the technique.

Figure 1.3: A (0.85-THz) image by THz camera depict the ability of showing the objects
through clothes or fabric



Figure 1.4: A THz spectroscopy detector showing a man holding a hidden knife

The THz spectroscopy can by applied to detect strange unwanted metal, glass, sharp
object through a production line which can’t be otherwise detected by using the tradi-
tional x-ray detectors. As a result the THz radiation can be used as a quality inspector

during the production [6]. The Figure 1.5 [6] shows an example of a detected object
over the production line.

Chocolate
Glass
—-—

Pulse delay

y-position (mm)

0 10 20 30 40 50 60

x-position (mm)

Figure 1.5: A detected piece of glass within a bar of chocolate using THz spectroscopy

1.3.5 Gas Sensing

The THz spectroscopy is used for gas sensing to monitor gas emission of different

vehicles and factoris gas emission. Via gas absorption by a terahertz spectrometer [8].
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Besides measuring the gas temperature using different frequency range of the THz

spectroscopy can be another application [9].

1.3.6 Telecommunications

Due to the increasing needs for bigger bandwidth and higher data rates which will
exceed the 10 Gbit/s [10], it is considered the THz spectroscopy will be the future
candidate spectrum to deal with this huge amount of data needed to transfer with a
frequency range of 110 - 170 GHz (D-band) or range of 300 - 350 GHz. With a wider
terahertz range, it is possible to attain higher speeds to the wireless links which will
give a various and wide number of applications such as wireless short-range commu-
nications, body communication systems for health monitoring, and providing secure

defense wireless communication equipment for military purposes [11].

1.3.7 Materials Characterization

The THz spectroscopy can be used to characterize different materials by measuring
the difference between refractive indexes of various materials [12]. On the other hand
the THz spectroscopy can be used to measure the density of the lubricating oils due to

their low absorbance characteristic in the infrared region [12].

1.4 Thesis Outline

After introducing the definition and some main applications of the THz spectroscopy,

the rest of our work is organized as follows:

e Chapter 2: In this chapter, we will discuss previous contributions related to

our work and investigate the main advantages and limitations of each study.

e Chapter 3: We will then introduce our methodology by using the appropriate

equations and derivations to implement our self-calibration technique.

e Chapter 4: After finishing the theoretical studies we will validate our work
using different samples and calculations from a simulation software data and

compare it with the real result with an appropriate discussions.



e Chapter 5: We will make a conclusion of our work and discuss a potential

future work related to our study.



CHAPTER 2

LITERATURE REVIEW OF PREVIOUS STUDIES IN THZ TIME-DOMAIN
SPECTROSCOPY

The past two decades have witnessed a lot of interest in studying the THz time-domain
spectroscopy because of its various superior properties mentioned in the previous chap-
ter. There are two major concerns that the researchers are interested in this field; 1)
The derivation and calculation of the studied material Optical constants’ and 2) calcu-
lations of the material sample thickness. In this chapter we will review the previous

contributions based on these two categories.

2.1 Calculations of The Optical Constants

Many studies were presented to either extract the optical constants or to apply the
THz radiation for measuring the refractive index of the testing sample. The THz time-
domain spectroscopy is characterized by two major modes : the transmission mode

and reflection mode. Figure 2.1 shows the reflection mode of the THz spectroscopy.



Sample

Incident Signal

S

Reflected Signal

 ——

N
< 4

Reflection Geometry

Figure 2.1: Transmission and reflection regions

Moller et al. [13] used the reflection geometry characteristics to calculate the index of
refraction in a solution by dividing a reflected signal between a receiver and a testing
liquid by a reference reflected signal between air and a receiver. Another study using
the reflection geometry was done by Zhong et al. [14] to classify different types of
chemical substances by dividing a reflection signal on an incident beam signal. These
two techniques require the information of reference signals.

Like the reflection geometry, many other techniques were presented in the past few
years following the transmission mode which is shown in Figure 2.2 . Some algorithms
in the transmission mode were relying on the testing sample thickness and others were

using a reference signals to obtain the transfer function.
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Figure 2.2: Transmission mode geometry

Duvillaret ez al. [15] [16] proposed a numerical method to extract the optical constants
based on a pre-known sample thickness. However, the accuracy of this technique de-
pends on the closeness of the estimated sample thickness to the actual sample thick-
ness. Another technique to obtain the material’s optical parameters was presented by
Dorney et al. [17] in which they calculate the material parameters by using a reference
signal data to form their transfer function, but the main issue with this method is the
accuracy depending on the precise measurement of the reference signal. On the other
hand, Pupeza et al. [18] proposed another work related to the method proposed by [16]
in order to increase accuracy by measurements applied with special filter. The useage
of this added fiters’ measurements however will lead to much more complexity and
will increace the time consumed to obtain the results. In order to overcome the need
for reference measurement , Hejase er al. [19] presented a self-calibrated technique
to obtain the optical constants, but again the accuracy of the method will decrease by
the inaccurate sample thickness choice. Lately, Singh er al. [20] presented an algo-
rithm to calculate the optical parameters using the information of four transmission
and reflection data signals without the need for sample thickness or reference signal

data.

10



2.2 Sample Thickness Estimation

Besides extraction of optical constants extraction, researchers have an interest to es-
timate the sample thickness simultaneously with the calculation of optical constants.
Figure 2.3 shows a typical geometry for evaluation of sample thickness. One way
to extract estimate the sample thickness [16] is to measure the echoes obtained from
the measured data along with measurement of the optical constants. However, this
calculation procedure is susceptible to incorrect measurements due to the need of the
pre-known sample thickness. Another way proposed to estimate the sample thickness
[17] and [21] relies on extraction of the sample thickness iteratively by multiple calcu-
lations within the studied frequency. The main drawback of these methods is that the
iterative calculations are time consuming when applying calculations mutiple times.
In order to eliminate the need for pre-determined thickness and reference measure-
ment data, [20] used a method to calculate the sample thickness by using the received

reflected data from the sample.

Sample Thickness

4 4

D

Incident Signal

Transmitted Signal

Reflected Signal

44—

Figure 2.3: General Sample Thickness
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2.3 Motivation of our work

In our work we will be demonstrating a THz non-iterative time domain spectroscopy
technique using only the measurements of three reflected signals with no need to sam-

ple thickness knowledge, reference signal, or transmission data information.

12



CHAPTER 3

EXTRACTION OF THE OPTICAL CONSTANTS AND SAMPLE
THICKNESS USING THZ SPECTROSCOPY

In this chapter we will firstly review fundamentals of the electromagnetic equations.
Then, we will show basic relations of the reflection and transmission of a surface.

Finally, we will extract the optical constants based on our proposed method.

3.1 Basic Electromagnetic Field Equations

The Electromagnetic field in general is described by the following Maxwell equations

[22] :

V.D =p, 3.1)
V.B =0, (3.2)

Vx B = -aa—f, (3.3)
Vxﬁ:ﬁ+%i (3.4)

the equations above represent relations between the electric and magnetic fields and
sources (charge and current densities). Here, V denotes the three-dimensional gradient
operator (see Appendix A), the E and B are the electric and magnetic fields, and p
denotes the (free) charge density. J is the (free) current density in a specific medium,

D and B are the displacement electric and magnetic fields expressed by :

D =¢ekFE + P =¢E, (3.5)

13



B =puH+M = puH, (3.6)

J=0oE, (3.7)

where ¢, and i are the electric permittivity and magnetic permeability in free space.
e=¢g €, and u= po . where €, and p, are the material relative permittivity and per-
meability, P and M are the polarization and magnetization vectors of the medium,
and o describes the conductivity of the medium. Assuming that the medium is linear,
isotropic, homogeneous, and its constitutive properties are non-time varying [22], and

by applying the curl terms to both sides of the equation (3.3) we obtain

VXVXE:—m%WXﬁ% (3.8)
V2 x E=-VxV+V(V.E) (3.9)

In free space p =0, o= 0 and the equation (3.9) simplifies to

. ’E
2p
V°FE = —,LL()EUW. (310)
The equation (3.10) represents the wave equation of the electric field in free space
showing spatial and temporal dependence. A typical picture of the electric and mag-

netic fields is shown in Figure 3.1.

The Electric Field Plane

>

Direction
of wave
motion

The Magnetic Field Plane

Figure 3.1: The electrical and magnetic wave planes
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3.2 Transmitted and Reflected Waves

In the previous section we assumed that the wave is traviling in an unbounded free
space, but in general the electromagnetic wave travels through various interfaces and
mediums. When the electromagnetic wave propagates, it will encounter scattering
and attenuations [23]. For these reasons, a study on transmission and reflection at an
interface becomes important. The electromagnetic wave is composed of phase and
amplitude. Therefore, the transmitted and reflected waves are expressed as complex
quantities. In our study we will be considering the plane wave propagation in which
the electric plane is perpendicular on the magnetic plane, and we will assume that the

incident angle equal to zero(normal incidence).

3.2.1 Lossless Medium Incidence

We assume that an incident wave is incident to a planar boundary interface. Both media
(before and after the planar) have interface their own characterized constitutive rela-
tions related to both permittivity and permeability. So the permittivity and permeability
for the first medium are €; and i1, and for the second medium €, and 5 , respectively.
When the incident wave impinges to the surface, part of the wave will reflect back
from the surface and its remaining part be transmitted through the surface. Figures 3.2
shows the incident, reflected, and transmitted wave signals. The electric field in this
configuration is polarized in the x direction and the propagation is in the z direction. In
our analysis we consider e/“ time dependence. Then, we find the following [24]

—

E; = d,Eye 77, (3.11)

where =w?ey is the phase constant and Fj is the amplitude of the incident electric

field.
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Figure 3.2: Transmitted and reflected Waves

Because the interface is flat, polarization of reflected and transmitted waves will not
change [22].Then, the reflected and transmitted waves can be expressed as the follow-

ing:

E. = dyrEye’™*, (3.12)

E, = dytEye 1P2%, (3.13)

where r and ¢ are the reflection and transmission coefficients at the interface, respec-
tively . The values of the reflection and transmission coefficients are unknown and can
be determined by applying the boundary conditions between medium 1 and medium
2. Because of the plane wave propagation and the assumption of the planar wave in-
cidence, we will assume that the polarization of the reflected and transmitted waves
are having the same polarization as the incident wave which have a linear polarization.
Considering the same procedure as we did with the electric field we obtain the incident,

reflected, and transmitted waves on the y plane for the magnetic field as the following

H; = d,—2e 1%, (3.14)
T
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- THO :
A Jjp1z
H —elPE

= (3.15
Y om )
- tH, .
H, = d,—2e 1922, (3.16)
Up)

where 171 = /1 /€1 and 1y = \/ 9/ € are the intrinsic impedance of the medium 1

and medium 2, respectively. To obtain both reflection and transmission coefficients we
apply the boundary condition by equating the tangential components of electric and

magnetic fields at the tangent at interface (z=0) then, we find

EoedP1O) 1 pFue=i510) —  FeiP2(0), (3.17)
Eo(1 + 1) = tE,, (3.18)

So
1+r=t. (3.19)

Similarly applying the boundary conditions to the H field we find

1 1
_(1 _ r) S (3.20)
U T2

By solving the equations (3.19) and (3.20) for both reflection and transmission coeffi-

cients we obtain

r=12_M (3.21)
Mo + 1
and
2
R A (3.22)
m =+ 12

The generalized equations above called the Frensel equations for reflection and trans-
mission for a plane wave with no incident angle. In our study we considered non-
magnetic medium. The complex refractive index is given by n = ,/ex and for the

non-magnetic medium the complex refractive index equals to n = /e. The intrinsic
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impedance for a non-magnetic medium is 7 = 1/4/¢ and that yields to = 1/n. By

substituting 7 = 1/n in the equations (3.21) and (3.22) we obtain

n; — nj
i = , 3.23
" J n; + nj ( )
and
2n,;
ty = — (3.24)
n; + nj

The equations (3.23) and (3.24) represents the transmission and reflection coefficients

in term of the complex refractive index.

3.3 Wave Propagation Through A Sample

In the previous subsection, we studied the reflection and the transmission properties
of a certain interface. In this section we will first investigate the effect of wave prop-
agation through a sample. Then we will analyse reflection characteristics of a sample

backed by a perfect conductor (shorted sample).

3.3.1 Reflection and Transmission of a Sample Properties

Figure 3.3 illustates a sample immeresed in air regions (€q ,/4g, 0¢) for analyzing its
reflection and transmission properites (free-space analysis). THz source of signal is
placed at the end A, the distance between A and the left surface of the sample is denoted
as dp, the thickness of the sample is d, and the distance between the right surface of
the sample and the B end will be denoted as d;. When the incident wave from the THz
source passes through the sample, it will be subject to a discontinuity. So when the
signal collides with the left interface of the sample, part of the signal will be reflected
at the interface and its remaining part will be transmitted into the sample to produce a
transmitted signal at the end of the same model. The THz signal transmitted into the
sample will receive mutiple reflections within the sample, which is called by the Fabry-
Perot phenomena [18] [24]. Both the A and B ends will receive infinity many numbers
of reflected and transmitted wave signals. But, generally only five to six amplitudes

can be detected sufficiently due to loss nature of the sample.

18



I E (o)
|

| E ()
i<

| E,(0)
—

| EL(0)

E (@) |
' o

|

Ep@)
g
B
s

|

E (o) I

Figure 3.3: Transmission and reflection waves in a homogenous medium

Since we are interested in reflection and transmission properties of the sample in Figure

3.3. And because only few reflected and transmitted signals are needed in our theoret-

ical model, we can apply the ray-tracing technique [25]. According to this technique

the frequency domain for two transmitted signals can be expressed as

En(w) = Eiy(w)tiatasT Ry Ry,

Ep(w) = Em(w)t127’237’21t23T3RlR2-

(3.25)

(3.26)

In a similar fashion, the first three frequency-domain reflected signals can be given as

Where

E,3(w)

Erl (W)

Eo(w)

19

= Em(w)TuR%,

= Em(w)t127"23t21T2R%7

= By (w)tiorarista T RY.

(3.27)

(3.28)

(3.29)



T =¢e7° 0 = wngamd/c

Rl = 67]91 91 = wnairdl/c

RQ = 67]91 91 = wnmrdg/c

In the equations above the E;,(w) is the incident waves , 715 represents the reflection
coefficiant between regions 1 and 2 , 79; represent the reflection coefficiant between
regions 2 to 1, and ry3 represent the reflection coefficiant between regions 2 to 3. In
the same manner, the ¢;2, {51, and o3 represents the transmission coefficiants between
regions 1 to 2,2 to 1, and 2 to 3 , respectively. ngum, Nair are the complex refrac-
tive index of the sample and air, respectively. The complex refractive index is given
aS N = Nypeal + JNimag, Where n,., is the real part of the refractive index and 1,44
is absorption index which equals to k= o Ao /47 , where « is the absorption constant
and )\ is the wavelength is free space [27]. c is the speed of light in a vacuum , w
is the angular frequency. n,; and ng,, denote the complex refractive index of air
and the sample. In the study [20] two reflected frequency-domain and two transmitted
frequency-domain signals were used to extract the refractive index of the sample us-
ing calbration-independent data (no need for the values R; and Rs). In this thesis, we
will accomplish the same goal (determination of the refractive index of the sample us-
ing calbration-independent data), by utilizing three frequency-domain reflected signals

only [24]. From equations (3.27) to (3.29) we obtain

B (w)Ers(w)  riatioraristo B (w)?T4RY '
After cancelling the common parameters we find
E? tot
(W) _ liglon (3.31)

Erl(w)Er:s(w) N 12721
The previous equation is the simplest formula that consists of two only two reflection
and two transmission coefficients. Assuming that the sample is a dielectric sample,

then equations (3.23) and (3.24) for a lossless sample reduce to
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2n1 2n9o
liota1  Tignn mitne dning

(n1 —ng)(ngy —ny)’

ni—ns ng—mi
ni+ng ‘ng+ng

Since Nggm = /€0 and Ny = (/€ofg SO

12721

L2 4n,,
(W) _ NairMsam _ (3.32)

E?“l(w)Er?)(w) (nsam - nair)(nair - nsam)

Here M is a linear parameter obtained from suitable gating of the reflected signal, to be
mentioned in Chapter 4. For simplicity we assume that the complex refractive index
of air equals to n;,- =1- 0j so

n2, M — ngm(2M —4) + M = 0. (3.33)

sam

By solving equation (3.33) we obtain

(3.34)

Nsam = Nreal — jnimag =

(M —2) 5 /(M — 27 — 0P
M

Because we are dealing with the determiation of complex refractive index of conven-
tional materials, we consider n,.,; > 1 for the e/ time reference. However, it should
be point that for metamaterials (engineered materials constructed by special arangment
conventional materials) n,..,; can be less than zero [26], which is not considered in this
thesis. Besides the imaginary part of the refractive index must be grater than or at least
equal to Zero n;pq, > 0 for the e’“t time reference [26]. By using this algorithm it can
be easy to calculate the optical constants of a homogeneous medium. When we com-
pare the expression of ng,, in equation (3.31) in this thesis with the equation (10) in
[20] we notice that they are identical. However, the advantage of out technique is that
it allows the same calculation of ng,,, by using only three reflected signals, instead of
four reflected and transmitted signals as in [20]. Another advantage of our technique

is that it doesn’t necessitate the usage of any reference signal as used in [17] .

3.3.2 Reflection Properties of a Shorted Sample

As derived above, our proposed technique uses only the reflected wave signals with
no need for transmission signal informations. In this regard, our technique is specially
useful for the determination of complex refractive index of samples backed by a perfect

electric conductor (PEC). Figure 3.4 illustrate a configuration of a sample terminated
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in a PEC for analysing its reflection properties. Here, part of the wave propagated from
the THz source which has been placed at the A end impinges on the sample there by
causing reflection to the A end, and the other part will be transmitted into the sample
causing the aforementioned Fabry-Perot effect. When the travelling wave reaches the
right end of the sample, it will not continue its transmission to the B end due to the

existence of the PEC plate but instead it will just produce multiple reflection in the

sample.

l E ( CO) Sample I I
[} in I I ’ L]
| e |
| Erl (a)) -7 "4 ﬁ |
i€ r__ 4w ___ 48 w| | PECPlate -

Pt |
I EI‘Z (a)) - -7 4 I
" — " __________ ;. -
| e I
I EI‘3 (&)) L - - - I
" L e e e e = > .

Figure 3.4: Reflected waves in a homogenous medium with PEC plate

No transmitted signals from medium 2 to medium 3 means t23 = 0. By substituting it

in equations (3.25) and (3.26) we find

Etl (W) = Ezn((,U)tlQ(O)TRlRQ = 07 (335)
Etg(w) = Em((.d)tm’l“gg?bl (O)T3R1R2 = 0. (336)
So we can see that £y (w) = Ejp(w) = 0. It means that ro3 = —1 since rog = o3 — 1.

Substituting ¢53 = 0 into equations (3.27) to (3.29) we find that

En(w) = B (w)rio B3, (3.37)



Ey3(w) = Eip(w)tia(— 1)t T°RY, (3.38)

Erg((U) = El (w>t127’21<—1)2t217T4R%. (339)
Thus for r53 = —1 we have
Ef2(w) _ Efn(w)t%Q(—l)thlTﬁ‘R‘f (3.40)
En(w)Ers(w)  riatiarar(—1)%t9 Eip (w)*T4RY
resulting in
E? tot
(W) _ Li2lan (3.41)

Erl(w>Er3(w) 4 19791
We see that the result in equation (3.41) has the same formula as in equation (3.31).
What it means is that we can follow the same procedure discussed in subsection 3.3.1
to determine the complex refractive index of the sample n4.,. Specifically we can
use equation (3.34) and apply the passivity principle to ascertain the convert complex
refractive index of the conventional samples.
Summing all advantages of our proposed method are that it doesn’t require the appli-
cation of of any numerical technique with an appropriate initial guess, and it uses only
reflection properties so that the proposed formula is applicable to materials character-
ization of samples backed by a PEC. However, the accuracy of our proposed method
will decrease with the increment of the loss of the sample since it utilizes three fre-
quency domain reflected signals. In addition, our method needs that there must be
sufficient time delay between every measured reflected signals components in order to

separate the multiple signals to be discussed in subsection 4.1.1.
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CHAPTER 4

SIMULATION AND VALIDATION RESULTS

In this chapter we will validate our proposed technique by using some simulation.
Toward this end as shown in Figure 4.1, we will first obtain by using a commercial
3D Electromagnetic simulation program the time domain responses of two configura-
tions: a) the sample without any backing end and b) the sample backed by a perfect
electric conductor (PEC). Then, we will apply rectangular time gating to sample the
required reflected and transmitted components. Next, we will apply the fast Fourier
transform (FFT) to convert the time-domain gated reflected and transmitted compo-
nents into frequency-domain components. Finally, we will apply equation (3.33) to
determine the frequency-dependent optical constants of the two samples with different

electromagnetic properties.

‘ Obtain The Time Signals using 3D

Electromagnetic CST simulator

v

Apply the Rectangular Time Gating
For Time Signals Separation

’

Apply (FFT) to convert The Signals From
Time domain into Frequency Domain

'

Extract The Optical Parameters
Using Our Proposed Method

Obtain The
Results

Figure 4.1: Results obtaining flow chart
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4.1 Simulation Setup

To obtain our simulations, we used a three-dimensional full wave simulator Computer
Simulation Technology Microwave Studio (CST-MWS) [28]. The CST software uses
the mesh cell to calculate the transient wave propagation through a specific medium.
We used the time-domain built-in solver to obtain our results for gathering time-domain

reflected and transmitted signals components.

4.1.1 Simulation of Time-Domain Signals

To obtain the same geometry we studied in subsection (3.3.1) we build the computa-
tional volume shown in Figures 4.2 and 4.3. Both ports 1 and 2 will receive the re-
flection and transmission time signals. specifically, an incident signal transmitted from
port 1 will collide and pass through the sample to reach port 2 to produce transmitted
signals, while reflections into port 1 will constitute reflected signals. And because of

that multiple signals will appear on both ports.

-

2

Figure 4.2: Si Sample with dy= 1 mm and dz= 0.5 mm
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-

Z

Figure 4.3: GaAs Sample with d;= 1 mm and do= 0.5 mm

With the same procedure we built the computational volume as shown in Figures 4.4
and 4.5 to analyze reflection properties of a sample backed by a PEC plate. As men-
tioned before that the incident wave propagated through the sample from port 1 will
not propagate into the next port 2 because of the PEC shorts out electric signals. In-
stead, such a configuration results in reflected signals in reflected signals reaching port
1.

For shorting the sample in CST we used a perfect electric conductor (PEC) plate and
placing it between the sample and port 2 to ban any transmission from the sample

toward the port 2.

L.

Z2

Figure 4.4: Si shorted sample with d;= 1 mm
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Figure 4.5: GaAs shorted sample with dj= 1 mm

In order to insure the plane wave propagation, appropriate boundary conditions must
be applied. A plane wave with polarization in the x direction and wave propagation
in the z direction was assumed in our simulation. For both geometries in Figure 4.2
and 4.3. Similarly, for both geometries in Figures 4.4 and 4.5. We considered the
perfect electric conductors for the propagation in the x direction, and perfect magnetic
conductor in the y, and wave guide ports 1 and 2 in the z direction (reflection and
transmission properties). To test our method we used two different types of materials
with two different sample thickness. The first is Silicon(Si) which has a refractive
index of ng;= 3.42-j0 and the second one is Gallium arsenide (GaAs) which has a
refractive index of ngqas= 3.61-j0 , Tables 4.1 and 4.2 show our samples’ geometry

parameters.

Sample | Refractive Index (n) | Thickness (mm) | Dimensions (mm X mm)
Si 3.42-j0 3 2x2
GaAs 3.61-j0 4 2 x2

Table 4.1: Samples parameters

Sample | Refractive Index (n) | Thickness (mm) | Dimensions (mm x mm) | PEC Thickness (mm)
Si 3.42-j0 3 2x2 0.2
GaAs 3.61-j0 4 2x2 0.2

Table 4.2: Shorted samples parameters

After running the simulation, an incident signal £;,(¢) (shown in Figure 4.6) was sent
from a THz source placed at port 1 toward the sample. The ports 1 and 2 receives
multiple reflections and transmissions caused by the propagation of the signals. Figure

4.7 and Figure 4.8 show the reflections for both the Si and GaAs samples, respectively.
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Figure 4.8: Reflection waves of the GaAs sample

arrivals at the A end. So the thickness can be calculated as the following

d— C(tg —tl)‘

2nreal

28

From the Figures above we can see the first reflection F,(t), second reflection E,5(t),
and third reflection F,3(¢). The sample thickness can be calculated using the equation

from [20], which consider measuring the time of the first and second reflected waves

4.1)



Where t, and t; are the times of the second and first reflected signal waves arrival
and and n,..,; represents the real part of the studied sample. By taking the difference
between two maximum values of the first and second reflections. The first maximum
for the Si sample is ¢; = 0.029 ns and the second is 2 = 0.0935 ns and by applying the
equation we obtain d = 2.7 mm . For the GaAs sample ¢; = 0.029 ns and the second
reflection is ¢, = 0.1214 ns so the sample thickness is d = 3.8 mm which are close
values to the actual ones.

The transmission signals are shown in Figures 4.10 and 4.10 where E;; represents the

first transmission arrival at port 2, Fy, is the second transmission, and FEys is the third

transmission.
1 T T T
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w
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Figure 4.9: Transmission waves of the Si sample
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Figure 4.10: Transmission waves of the GaAs sample

The reflected waves for both Si and GaAs shorted samples are shown in Figure 4.11
and Figure 4.12. Following the same manner, To obtain the reflections of the shorted
samples we followed the same steps, but as mentioned in the subsection 3.3.2 the ex-
istence of the PEC plate caused the transmission to be zero for both Si and GaAs

samples. To calculate the sample thickness for the shorted sample we applied as pre-
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viously the equation (4.1). So the first maximum for the Si sample is ¢; = 0.029 ns and
the second is ¢, = 0.0975 ns aso the thicknedd is d = 2.8 mm . For the GaAs sample
t1 = 0.029 ns and the second reflection is 5 = 0.1254 ns so the sample thickness is d =

3.99 mm.
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S
=
L -
-

-0.5
o101 o0z 03 04 05 06 07
Time (ns)
Figure 4.11: Reflection waves of the shorted Si sample
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Figure 4.12: Reflection waves of the shorted GaAs sample

4.1.2 Application of time domain gating

To obtain the reflection and transmission signals separately, we applied a time gating
at the desired portion of the signal by using the rectangular windowing [29], which is
a simple gating technique to obtain the only desired portion of the signal. We selected
a time period At for our desired portion of the signal and zeroed the remaining signal
interval. We chose two different values of the time period in order to observe the effect
of the time gating on our final results. The first value we considered is At, = 0.023 ns
and the second value is At, = 0.059 ns. For the first gating period, the interval of the

first reflection of the Si sample is £, (¢) = (0.0113-0.0343) ns, second reflection ()
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=(0.801-0.1031)ns, and third reflection E,3(¢) = (0.1488-0.1718) ns. The Figures 4.13

to 4.15 show the chosen intervals selection for the Si sample.
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Figure 4.13: First gated reflection portion of the Si sample at At, = 0.023 ns
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Figure 4.14: Second gated reflection portion of the Si sample at At, = 0.023 ns
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Figure 4.15: Third gated reflection portion of the Si sample at At, = 0.023 ns

Similarly, the first gated transmission signal for the Si sample is Fy;(t) = (0.0400-
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0.063) ns and for the second FEi»(t) = (0.1087-0.1317) ns, which are shown in Figures
4.16 and 4.17.
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Figure 4.16: First gated transmission portion of the Si sample at At, = 0.023 ns
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Figure 4.17: Second gated transmission portion of the Si sample at Aty = 0.023 ns

And the GaAs gated signals for the first three reflection are F, ()= (0.0107-0.0337)ns
for the first reflection, E,5(t) = (0.1084-0.1314)ns for the second reflection, and the
third reflection F,3(t) = (0.2006-0.2236)ns as shown in Figures 4.18 to 4.20.
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Figure 4.18: First gated reflection portion of the GaAs sample at At, = 0.023 ns
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Figure 4.19: Second gated reflection portion of the GaAs sample at At, = 0.023 ns
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Figure 4.20: Third gated reflection portion of the GaAs sample at At, = 0.023 ns

The gated transmission signals for GaAs sample are Ey(t) = (0.0562-0.0792) ns and
for the second Ey5(t) = (0.1540-0.177) ns, which are shown in Figures 4.21 and 4.22.
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Figure 4.21: First gated transmission portion of the GaAs sample at At, = 0.023 ns
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Figure 4.22: Second gated transmission portion of the GaAs sample at At, = 0.023 ns

The gated signals for the shorted samples are obtained by the same steps we did with
the normal samples. By taking At, = 0.023 ns, the gated signals for shorted samples
are depicted in the Figures 4.23 to 4.25 for the Si sample where the Si sample. So
the first reflection is £,1(¢)= (0.0101-0.0331)ns, second reflection E,5(t)= (0.0813-
0.1043)ns, and third reflection E,.3(t)= (0.1474-0.1704)ns.
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Figure 4.23: First gated reflection signal of the Si shorted sample at At, = 0.023 ns
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Figure 4.24: Second gated reflection signal of the Si shorted sample at At, = 0.023 ns
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Figure 4.25: Third gated reflection signal of the Si shorted sample at At, = 0.023 ns
For the shorted GaAs sample, the first reflection of the GaAs sample is £, (¢)= (0.0098-

0.0328)ns, second reflection E,5(t)= (0.1089-0.1319)ns, and third reflection F,3(t)=
(0.2030-0.226)ns. Figures 4.26 to 4.28 show the gated GaAs shorted sample.
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Figure 4.26: First gated reflection signal of the Si shorted sample at At, = 0.023 ns
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Figure 4.27: Second gated reflection signal of the Si shorted sample at At, = 0.023 ns
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Figure 4.28: Third gated reflection signal of the Si shorted sample at At, = 0.023 ns

For the second signal time gating At, = 0.059 ns, the Si sample first reflection is given
as E,1(t)= (0.010-0.069)ns, second reflection E,5(t)= (0.0686-0.1276)ns, and third
reflection E,3(t)= (0.1374-0.1964)ns. Figures 4.29 to 4.31 show the gating signals for

the Si sample.
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Figure 4.29: The first gated reflection of the Si sample at Az, = 0.059 ns
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Figure 4.30: The second gated reflection of the Si sample at At, = 0.059 ns

0.6 1

0 =
N
T

1

Third Reflection
o
-

© o o
o N

0.1 0.2 03 04 05
Time (ns)

o

Figure 4.31: The third gated reflection of the Si sample at At, = 0.059 ns

And for the gated transmission signals for Si with At, = 0.059 ns, the gated portions
are Ey(t)= (0.0228-0.0818)ns, second transmission FEy»(t)= (0.0916-0.1506)ns and
they are shown in Figures 4.32 and 4.33.
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Figure 4.32: The first gated transmission of the Si sample at Aty = 0.059 ns
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Figure 4.33: The second gated transmission of the Si sample at Aty = 0.059 ns

The GaAs sample first reflection at At, = 0.059 ns is E,4(t)= (0.0015-0.0605)ns,
second reflection E,5(t)= (0.0867-0.1457)ns, and third reflection E,3(t)= (0.1952-
0.2542)ns. Figures 4.34 to 4.36 show the gated signals for GaAs sample.
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Figure 4.34: The first gated reflected signal of the GaAs sample for At, = 0.059 ns
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Figure 4.35: The second gated reflected signal of the GaAs sample for At, = 0.059 ns
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Figure 4.36: The third gated reflected signal of the GaAs sample for At, = 0.059 ns

The gated Transmission signals for the GaAs sample for At, = 0.059 ns are Ey;(t)=
(0.0433-0.1023)ns for the first transmission and E;,(t)= (0.1410-0.200)ns for the sec-

ond transmission. Figures 4.37 and 4.38 shows these gated signals.
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Figure 4.37: The first gated transmitted signal of the GaAs sample for At, = 0.059 ns

39



Second Transmission
( o«
[an] %]
_='=’=—-

-06- o

0 0.1 02 03 04 05
Time (ns)

Figure 4.38: The second gated transmitted signal of the GaAs sample for At, = 0.059 ns

In a same fashion, we obtained the gated signals for the shorted samples with At, =
0.059 ns. So the first reflection of the Si shorted sample is £, (¢)= (0.0050-0.064)ns,
second reflection £,5(¢)=(0.0609-0.119)ns, and third reflection E,3(¢)=(0.1322-0.1912)ns

and Figures 4.39 to 4.41 show the gating signals for shorted Si sample.
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Figure 4.39: The first gated reflected signal of the Si shorted sample for At, = 0.059 ns
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Figure 4.40: The second gated reflected signal of the Si shorted sample for At, = 0.059 ns
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Figure 4.41: The third gated reflected signal of the Si shorted sample for At, = 0.059 ns

For the GaAs sample first reflection is E,;(t)= (0.0049-0.0639)ns, second reflection
E,5(t)= (0.0791-0.1381)ns, and third reflection E,3(¢)= (0.1881-0.2471)ns. Figures
4.42 to 4.44 show the gating signals for shorted GaAs sample.
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Figure 4.42: The first gated reflected signal of the GaAs shorted sample for At, = 0.059 ns
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Figure 4.43: The second gated reflected signal of the GaAs shorted sample for At, = 0.059 ns
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Figure 4.44: The third gated reflected signal of the GaAs shorted sample for At, = 0.059 ns

4.1.3 The Frequency Domain Conversion

In the previous section we obtained the gated reflections of the samples in time-domain
. In order to extract the optical parameters of the sample we must convert the gated
time-domain signals into frequency-domain signals. We will do that by using the Fast

Fourier Transform [30] which is given by the following formula.

N—-1
ok
F(k) = ane 7N,
n=0
SO
N/2-1 N/2—1
o even —jQL —j2/N odd —JQL
F(k)= E ay e N2 fe g aytte TN, 4.2)
k=0 k=0

In equation (4.2) the F'(k) represents the number of samples and NV is the number of
computations. The FFT separate the even function of calculations a;’" and the odd
function of calculation of total function a°? to simplify the total number of calcula-
tions required. We calaculate the FFT conversion using the MATLAB [31] function
“fft’. After the Matlab calculations we determined our frequency interval by taking the
fsampie= 1/Atcsr where the Atcgr is provided from the CST simulation data, so the
fsampie= (1/0.00010851278)ns ~ 9215 GHz. The interval that we studied using the
CST is lying between the (100-200) GHz, so in order to obtain the signal lying be-
tween these two frequencies we divide the sample frequency fsqmpie by the multiples
of 2 until we reached the desired frequency. So by taking f,ump/32 ~ 288 GHz and

then we chose our studied intervals which lies between (100-200) GHz.
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4.1.4 The Extraction of Optical Parameters

After chosing the frequency interval, we applied our method to extract the optical
parameters. By using the equation (3.33) from previous chapter we obtained the optical
parameters. We compared our method with the proposed method by Singh er al. [20].
The Figures 4.45 and 4.46 and show the refractive index real and imaginary parts of

the Si sample correspondent to At, = 0.023 ns.
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Figure 4.45: Real part of the Si sample for At, = 0.023 ns
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Figure 4.46: Imaginary part of the Si sample for At, = 0.023 ns

The real and imaginary parts of the GaAs correspondent to At, = 0.023 ns. sample are

shown in Figures 4.47 and 4.48.
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Figure 4.48: Imaginary part of the GaAs sample for At, = 0.023 ns

The calculations was done the same with the shorted Si and GaAs samples . The Fig-
ures 4.49 and 4.52 show the refractive indices of the shorted Si sample correspondent

to At, =0.023 ns.
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Figure 4.49: Real part of the Si shorted sample for At, = 0.023 ns
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Figure 4.50: Imaginary part of the Si shorted sample for At, = 0.023 ns

And same for real and imaginary parts for the shorted GaAs sample correspondent to

Aty =0.023 ns are shown in Figures 4.51 and 4.52.
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Figure 4.51: Real part of the GaAs shorted sample for At, = 0.023 ns
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Figure 4.52: Imaginary part of the GaAs shorted sample for At, = 0.023 ns

After that, we applied the optical parameters calculations according to the second gated

signal value At, = 0.059 ns. The real and imaginary parts related of the Si sample are
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shown in Figures 4.53 and 4.54 with comparison with the Singh et al. method.
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Figure 4.54: Imaginary part of the Si sample for At, = 0.059 ns

The real and imaginary parts related to the GaAs sample of our method compared with

Singh et al. correspondent to At, = 0.059 ns are shown in Figures 4.55 and 4.56.
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Figure 4.55: Real part of the GaAs sample for Az, = 0.059 ns
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Figure 4.56: Imaginary part of the GaAs sample for At, = 0.059 ns

With the same fashion, we obtain the real and imaginary parts for the shorted Si sample

that correspondent to At, = 0.059 ns which are shown in Figures 4.57 and 4.58.
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Figure 4.57: Real part of the Si shorted sample for At¢, = 0.059 ns
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Figure 4.58: Imaginary part of the Si shorted sample for At, = 0.059 ns

And the real and imaginary parts for the shorted GaAs sample that correspondent to

At, = 0.059 ns which are shown in Figures 4.59 and 4.60.
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Figure 4.60: Imaginary part of the GaAs shorted sample for At, = 0.059 ns

4.2 Error Analysis

After the calculation of the optical parameters and in order to evaluate the closeness
of our results to the actual values, we used the standard deviation [32] for the error
observation in our calculations. The formula to calculate the standard deviation is

given as the following

o= = (zi—zm)2 (4.3)

i=1

In the equation (4.3), z; denotes the calculated refractive index with the proposed
method, z,, is the actual refractive index (which in our case n,,,), and n is the to-
tal number of samples. For the calculations of the refractive index using the gating
value At, = 0.023ns and after substituting in equation (4.3), the standard deviation

values are given in Table 4.3 for the normal samples and in Table 4.4 for the shorted
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samples.

Sample | Refractive Index (n) | o for real part | o for imaginary part
Si 3.42-j0 0.0023 0.00057
GaAs 3.61-j0 0.0169 0.0139

Table 4.3: Standard deviation for the normal samples at At, = 0.023ns

Sample | Refractive Index (n) | o for real part | o for imaginary part
Si 3.42-j0 0.0225 0.0263
GaAs 3.61-j0 0.0041 0.0327

Table 4.4: Standard deviation for the shorted samples at At, = 0.023ns

And for the gating period At, = 0.059ns, the standard deviation values are given in

Table 4.5 for the normal samples and in Table 4.6 for the shorted samples.

Sample | Refractive Index (n) | o for real part | o for imaginary part
Si 3.42-j0 0.0006 0.0016
GaAs 3.61-50 0.0019 0.0033

Table 4.5: Standard deviation for the normal samples at At, = 0.059ns

Sample | Refractive Index (n) | o for real part | o for imaginary part
Si 3.42-50 0.0001 0.0009
GaAs 3.61-0 0.0003 0.0008

Table 4.6: Standard deviation for the shorted samples at At, = 0.059ns

From these results we see that the selection of At, can effect the accuracy of our
method, and by that, the higher the value selected for gating the better the results we
obtained. And on the other hand we can see that by adding the PEC plate we obtained
better results of the optical material’s parameters from the shorted samples compared
with the normal samples. As we can see our proposed technique gave high accurate

results compared with the actual values of the studied samples’ refractive indices.
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CHAPTER 5

CONCLUSION

In this work we introduced a novel THz time-domain spectroscopy technique to extract
the material’s optical parameters. In order to do that we used measurements of the first
three reflection signals. By following our introduced formula in equation (3.31) we ob-
tained the optical parameters values of the samples. Because of the usage of only the
reflection geometry, we introduced another sample setup by placing a perfect electric
conductor (PEC) in the back of the samples which blocked the transmittance between
the sample and the B end. To validate our proposed technique, we used a full wave sim-
ulator called CST to study the behaviour of an electromagnetic wave in our theoretical
configuration. We performed our test using two different samples which has two dif-
ferent refractive indexes (ng,,) and two different thickness values which are , Silicon
(Si) sample and its refractive index is ng;= 3.42 - jO with a thickness of d = 3 mm and
Gallium arsenide which has a refractive index of nggas= 3.61 - jO and a thickness of
d =4 mm. We used two different time gating At, = 0.023 ns and At, = 0.059 ns
to invastigate the gating effects on the final parameters extraction results. We applied
our method on both normal and shorted (PEC) backed geometries. We calculated the
thickness of our samples by using the equation (4.1) from the provided CST data. Af-
ter obtaining the gated time-domain signals we converted them into frequency domain
signals in order to use our technique to extract the optical material’s parameters and
we compared it with the technique proposed in [20]. We tested the closeness of our
results to the actual result by applying the standard deviation on both samples and both
time gating values. Our technique showed a high accurate results compared with the

actual refractive indexes values.
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5.1 Potential Future Work

Our method gave an accurate results in lossless mediums. However, when the noise
levels rises we won’t be able to obtain a lot of reflections. Therefore, there will be a
need to study extraction of the optical parameters within lossy medium environments.
Another potential future work is to use our proposed method to study multi-layer struc-

tures.
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APPENDIX A

CURL TERM

The curl term is a spatial description of the non-uniform vector which can be described

as the following :

i ¥ 4
- _ ¢/99: 99y, .09 0g:\ 5,09, 0gs
Vxglz,y,z]= | 2 8% 2 | =X( o —E)—FY( - )+Z(8_x_ o ) = vector
9z Gy 9=

So the curl term is the cross product of the differential operator V.
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APPENDIX B

WAVE PROPAGATION CONVENTIONS

In some scientific societies the convention of the wave propagation equation is given

as the following :

Ei(w) = Eope*" ™"

While others consider the following propagation convention :

E@' (w) i Eoeﬁffwt

Where £ is the wave vector and 7 is the direction of propagation.
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Optical Constant and Thickness Determination
Using THz Time-Domain Reflection-Only Signals
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Abstract—A self-calibration noniterative technique for de-
termination of the optical constants and thickness of lossless
materials using only three reflection measurements is proposed.
A generalized model is derived based on the reflection mea-
surements. For validation, two different samples (Si and GaAs
samples) are considered for extraction of their optical parameters
and thicknesses by using a numerical full wave electromagnetic
imul It is d rated that the proposed method can
retrieve highly accurate results provided that reflected signal
components are accurately separated.

I. INTRODUCTION

The terahertz (THz) region is the electromagnetic spectrum
lying between the microwave and infrared regions of the spec-
trum with a commonly used frequency range of 0.1-10 THz
[1]. THz science and technology have immensely advanced
as a consequence of recent improvements in ultrafast opto-
electronics and low-dimensional semiconductor technologies
[2]. The advantages of the THz frequency spectrum are that
THz radiation has lower photonic energy, nonionizing nature,
high water absorption properties and bandwidths [1] and good
penetration into non-conducting and non-polar materials [2],
[3]. Therefore, THz radiation has been applied in various areas
such as pharmaceutical industry [4], biomedicine [5], security
detections [6], gas sensing [7], and electromagnetic property
extraction of coals [8].

THz spectroscopy techniques can grouped as a) reflection-
type [9], [10] and b) transmission-type. While the reflection
spectroscopy is applicable for absorbing materials, transmis-
sion spectroscopy gives the information about the whole of
materials. In our current study, we will concentrate on THz
spectroscopy techniques with transmission-mode. The THz
techniques in the literature either need to send out a reference
signal to self-calibrate the system or require precise knowledge
of the sample thickness. It has been demonstrated in [11]
that inaccurate knowledge of the sample thickness greatly
influences the determination of optical constants. In order
to determine the sample thickness, Duvillaret et. al. [11]
proposed a numerical technique using the transfer function.
It gives precise sample thickness values provided that an
initial guess for the sample thickness is close to the real
sample thickness value, which otherwise can yield to er-

Joaquim Jose Barroso
Instituto Tecnoldgico de Aerondutica
Sao José dos Campos 12242-680, SP, Brazil
E-mail: barroso@ita.br.

roneous thickness evaluation due to the numerical method.
Dourney et. al. [11] proposed a technique to estimate the
sample thickness by using deconvolution. Since it is also a
numerical technique, which is a time-consuming process, its
accuracy can be reduced by an incorrect information of the
sample thickness. In addition, their technique needs a reference
measurement as the technique in [12] does. However, any
inaccurate information of the reference signal could drastically
alter the accuracy of thickness measurements. Besides, in
order to remove the effect of inaccurate reference signal on
extracted optical properties, Hajase et. al. [13] proposed a
self-calibration process. Nonetheless, the accuracy of their
approach decreases by inaccurate information of the sample
thickness. Recently, Singh et. al [14] accomplished the non-
iterative optical constant determination without using any
reference signal. They determined the information of the
thickness from a simple formula, which takes into account
of travel time through the sample. However, they technique
requires reflection and transmission measurements of four
signals.

In this study, we propose another THz spectroscopy tech-
nique to non-iteratively determine optical properties of ma-
terials using reflection-only measurements of three signals.
For validation, we extracted the optical constants of both
the Gallium arsenide (GaAs) and Silicon (Si) samples with
thicknesses of 4.0 mm. This method will overcome the need
of the reference data and the sample thickness, and reduce the
need for both transmitted and reflected signal analysis to only
reflected signal analysis.

II. THEORETICAL STUDY

To derive the model, we consider the multiple reflection
model in Figure 1. A THz source is placed at A, the distance
between A and the sample is d;, the thickness of the sample
is d, and the distance between the sample and the B will be
denoted as d2. When the incident wave from the THz source
impinge on the surface of the sample, some of the wave will
be transmitted through the sample and some will be reflected
at the sample (multiple reflections). The transmitted wave
will undergo amplitude and phase variation while it travels
through the sample. The material sample will have multiple
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Fig. 1. Transmission and reflection waves representation in a homogenous
medium

reflections of the incident waves caused by the Fabry-Perot
[15] effect before exiting to the next end. Both the A and B
ends will receive multiple signals caused by transmittance and
reflectance and only five to six amplitudes which are above the
noise level can be detected unambiguously.

In our theoretical analysis, we will consider only the re-
flected signals. Applying the ray-tracing method, the reflected
signals can be expressed as

E,1(w) = Bin(w)r12R?, (1)
Eya(w) = Ein(w)tiarasta T° R?, (@)}
E,3(w) = Ein(w)tiara1793r03t1 T*R?, 3)
where
T =90 0 = (w)namd/c,
and

R=¢1% 0y = (w)ngiedy /c.

In the equations above, E;,(w) is the amplitude of the
incident electric field; r12, 721, and 723 represent, respectively,
the reflection coefficients from region 1 to 2, from region 2 to
1, and from region 2 to 3; ¢y, t2;, and 53 denote, respectively,
the transmission coefficients through region 1 to 2, through
region 2 to 1, and through region 2 to 3; c is the speed of light
in free space; w is the angular frequency; and 7, and ngm
are the complex refractive indices of air and the sample [15].
The Fresnel coefficients for both reflection and transmission
for a normal incident wave is given as the following

n; —n;
o= 4
B n; +n; ®
2.
tyy = — ®)
n; +n;

From (1)-(3) we obtain
E2(w) _ tiotar
Ep(w)Ers(w)  rizra
Substituting both (4) and (5) into (6) and assuming that n;
iS Ngir and 1 is Ngym yields
Bl (w) _ ) %)
B (w)Er3(w)  (Msam — Tair) (Tair — 7sam)
Assume that the complex refractive index of air equals to
one N, = 1 — 0 for simplicity, we obtain

6

i Nsam

AN Msam
(T2sam — Mair) (Maie — Msam)
From (8), we obtain after some manipulation the following
expression involving ngm only

n2 oM — ngm(2M — 4) + M = 0. )

‘sam

=M. ®)

By solving (9) we get

(M —2)F /(M —2)2 — M?
Tam = i .
The correct sign for ngm, can be ascertained by applying the
passivity condition; that is, 7imeg < 0. Important feature of the
expressions of ngn, in (10) is that ng,;, can be non-iteratively
and accurately determined without resorting to the information
of the sample thickness d. In addition, when compared with
the expression of the study in [14], ngm can be computed by
only using three reflection components instead of four signal
components (two for transmission and two for reflection). By
using this algorithm it can be possible to calculate the optical
constant of a homogeneous medium without the need for trans-
mission information or the need of reference measurements or
pre-known sample thickness determination. One of the issues
that must be taken into consideration is that this method will
not be suitable if the noise levels are high so it is not suitable
for materials considered as highly lossy mediums.

The sample thickness d can be calculated as in [14], by
measuring the time difference of the first and second reflected
signals reached to the A end as

d— c(ty —t1)

(10)

(11
2Neal

where ¢ and t; are the time values corresponding to maximum

of the second and first reflected signal components (see Fig.

5(a)).
III. RESULTS AND VALIDATION

To validate our proposed method we used a numerical three
dimensional electromagnetic wave simulator, called Computer
Simulation Technology Microwave Studio (CST-MWS) [16].
We build our sample geometry which is shown in Fig. 2 with
geometrical details in Table I. By using the time domain solver
provided by the simulator we obtained the transient analysis
of the wave. The boundary conditions between port 1 and port
2 were applied by considering the perfect electric conductor in
the a, propagation direction and perfect magnetic conductor
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Fig. 2. The computational volume: the sample is asymmetrically positioned
from the ports by distances d; = 1 mm and dz = 0.5 mm.

in the a, direction, and by opening the propagation in the a.
direction we ensure the plane wave radiation.

The both ports will receive multiple signals caused by
transmitted and reflected multiple signals. We used the GaAs
sample which has a refractive index of 3.61—140 and Si sample
which has a refractive index of 3.42—:0 as our testing samples.
The thickness of both samples was chosen as d = 4.0 mm
and area is set to 2 X 2 mm (see Fig. 2 and Table I). The
procedure for obtaining the optical parameters is described as
the following:

Collect the reflection data provided by CST time domain
simulator.

Perform a time gating in order to take each individual
signal separately.

Apply the Fast Fourier Transform (FFT) to convert the
gated time signals into the frequency domain.

Use the proposed method to extract the optical parame-
ters.

Figs. 3 and 4 show the time-domain incident and reflected
signals for both Si and GaAs samples obtained for a frequency
range of 100 — 200 GHz. Although our proposed method
does not require the incident signal (reference signal), we
demonstrate it in Fig. 3 just for completeness. Upon applying
the second step, it is important to determine the time range
for gating (Aty). It should be selected in the manner that it
includes as much signal portion (principal reflected compo-
nent) as possible and it should not interfere with the region
of other reflected signal portions. After analyzing the reflected
signals in Figs. 4(a) and 4(b), we determined Aty = 0.035 ns
for Si and then the time ranges of gating for the first reflected
signal between (0.010 — 0.045) ns, the second reflected signal
(0.100—0.135) ns, and the third reflected signal (0.190—0.225)
ns. The same gating procedure is repeated for GaAs sample
by taking the first reflected signal between (0.010 — 0.050)
ns, the second reflected signal (0.105 — 0.140) ns, and the
third reflected signal (0.205 — 0.235) ns. After taking the
time-response of each individual signal, the rest of whole
signal is zeroed to construct first, second, and third reflected
signal components E,1(w), Eyo(w), and E,3(w). Figs. 5(a)-
5(c) illustrate the first, the second, and the third reflected

TABLE I
OPTICAL CONSTANT, THICKNESS, AND COMPUTATION AREA OF SI AND
GAAS SAMPLES

Sample Refractive index | Thickness (mm) | Area (mm X mm)
Si 3.42 — 0.0 2.0 2.0x2.0
GaAs 3.61 —i0.0 2.0 2.0x2.0

Incident signal
o

0 01 02 03 04 05 06

Time (ns)

Fig. 3. The incident signal at THz frequency for both Si and GaAs samples.
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Fig. 4. Reflected signals of (a) the Si sample and (b) the GaAs sample.

signals from the Si sample obtained by zeroing the whole
reflected signal except for the specific time range over which
time-gating is obtained.

After obtaining the first, the second, and the third reflected
signals for both Si and GaAs samples, we applied the ‘fft’
function of the MATLAB to compute the FFT transformed
signals in frequency domain. Finally, we calculated 7y, from
(10) by using the FFT transformed E,(w), E,2(w), and
E,3(w) for both samples. Figs. 6 and 7 show the real and
imaginary parts of the extracted ngm of Si and GaAs samples.
It is seen from Figs. 6 and 7 that extracted ng,, values of
both samples are in good agreement with their assumed values
(3.42 — 40 for Si and 3.61 — 70 for GaAs) as well as extracted
values by the method in [14]. We note that extracted imaginary
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Fig. 5. (a) First, (b) second, and (c) third reflected signals the Si sample.

part of ngy, is partly oscillating for both samples, which we
think due to the selection of Alg. On the other hand, the
sample thickness d was calculated from (11) by the time
difference between maximum values of the first and second
reflected signals. Calculated d values for GaAs and Si samples
were around 4.2 mm and 4.1 mm, respectively. These values
are very close to the assumed values 4.0 mm for both samples.

As noted in [14], our proposed method has two drawbacks.
First, it requires the separation of the first, the second, and
the third reflected signal components from the whole reflected
signal for its application. Therefore, it is not suitable for ex-
traction of optical constant and thickness of samples with small
thicknesses. Second, it is not applicable for lossy samples since
the levels of reflected signal components, especially the third
one, will be drastically small.

IV. CONCLUSION

A novel technique for the optical constants and thickness
determination of lossless samples by using THz time-domain
signals. Our technique requires only three reflected signal
components as compared to four signal components required
by another technique in the literature. A generalized form is

% 3.45
g
c
— —’\
£ 34

5
3'3‘T’00 120 140 160 180 200
Frequency (GHz)

(b) 0.02
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Fig. 6. Extracted (a) real and (b) imaginary parts of ngm of the Si sample
over 100-200 GHz.
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Fig. 7. Extracted (a) real and (b) imaginary parts of nsam of the GaAs sample
over 100-200 GHz.

derived to obtain the optical parameters. An electromagnetic
full wave simulator (CST-MWS) has been used for the vali-
dation. Optical constants and thicknesses of Si and GaAs are
extracted by using our formalism for its validation.
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